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0. Introduction

The Fermi liquid description of metals is of paramount importance to the quantum theory
of solids. First formulated by Landau in the 1950’s, the theory predicts that at very low
temperatures a system of strongly interacting electrons can be described by weakly interacting
electron-like “quasiparticles”. Although these quasiparticles are in fact complex many-body
approximations, they have many properties in common with electrons: the quasiparticles
have the same quantum numbers as electrons and the quasiparticle energy spectrum is in
one-to-one correspondence with the energy spectrum of a free Fermi gas.

Starting in the early eighties, more and more materials have emerged whose experimentally
observed behaviour is inconsistent with Fermi liquid phenomenology. Most notably, exponents
characterizing the temperature-dependence of thermodynamic and transport quantities can
deviate from those predicted by Fermi liquid theory. This “Non-Fermi liquid behaviour”
encompasses a wide range of physical phenomena, many of which are subject of current
theoretical and experimental interest. For example, collective excitations of the electronic
quasiparticles can dominate the low-energy behaviour of a system in the vicinity of a quantum
critical point. In this case, the Fermi liquid paradigm in fact does not fail, since electronic
quasiparticles are still present in the system. In other cases, however, the quasiparticle concept
breaks down completely and the elementary excitations of the system are no longer of an
electronic nature at all. Examples are one-dimensional metals (Luttinger liquids), where
separate spin and charge degrees of freedom exist, and the fractional Quantum Hall effect,
where the elementary excitations can be shown to have fractional charge.

This thesis focusses on two classes of systems that exhibit non-Fermi liquid behaviour in ex-
periments. In the first part of the thesis we investigated aspects of chiral ferromagnets. In
these ferromagnetic materials, the absence of inversion symmetry and the subsequent appear-
ance of spin-orbit coupling gives rise to a helical modulation of the ferromagnetically ordered
state. A much-studied example for this class of systems is MnSi, in which the temperature
dependence of the resistivity has an exponent of 1.5 in a large section of the phase diagram.
Moreover, recent neutron scattering experiments uncovered the existence of a peculiar kind
of partial order in a region of the phase diagram adjacent to the ordered state of MnSi. So
far, no theoretical explanation has been found for either the non-Fermi liquid behaviour or
the partial order.

In the second part of the thesis, we study aspects of quantum critical points in antiferromag-
netic metals. There are many antiferromagnetic heavy-fermion systems that can be tuned
into a regime where they exhibit non-Fermi liquid exponents in the temperature dependence
of thermodynamic quantities such as the specific heat capacity; this behaviour could be due
to a quantum critical point. Unfortunately, an extension of the Ginzburg-Landau-Wilson
theory of order-parameter fluctuations to a position- and time-dependent order parameter
for quantum critical points fails to model the experimental data of many of these systems
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— a theoretical description of the observed non-Fermi liquid behaviour in such systems is an
ongoing challenge.

Thesis outline

The first chapter of the first part of this thesis constitutes an introduction to MnSi: an
overview of experiments as well as the current status of the theoretical description of the
system is given.

In the second chapter we study the motion of electrons in a helical state by calculating
the generic band-structure of electrons in the magnetically ordered state of a metal without
inversion symmetry. We found that even in the case of weak spin-orbit interaction, as realized
in MnSi, the answer to this question is surprisingly complex: the interplay of two weak spin-
orbit effects of similar strength leads to a pronounced restructuring of the Fermi surface.
For a large portion of the Fermi surface the electron motion parallel to the helix turns out
to be almost completely frozen. Signatures of this effect can be expected to show up in
measurements of the anomalous Hall effect.

In the third chapter we focus on the partially ordered state of MnSi, with the underlying
premise that this partially ordered state is indeed a thermodynamically distinct phase. We
therefore investigated an extended Ginzburg-Landau theory for chiral ferromagnets which
includes momentum-dependent interaction terms. In a certain parameter regime, we estab-
lished the emergence of crystalline phases that are reminiscent of the so-called blue phases in
liquid crystals. We discuss the relevance of our results to the phase diagram of MnSi. This
concludes the first part of the thesis.

The second part starts with an introduction to quantum critical points with a particular
emphasis on the Hertz-Millis-Moriya theory of order parameter fluctuations, its shortcomings
and possible alternatives. We also give a very brief overview of the experimental status.

Many recent experiments on quantum critical points focus on field-induced quantum criti-
cal behavior. A magnetic field applied to a three-dimensional antiferromagnetic metal can
destroy the long-range order and thereby induce a quantum critical point. In Chapter 5,
we investigated theoretically the quantum critical behavior of clean antiferromagnetic metals
subject to a static, spatially uniform external magnetic field. The external field does not only
suppress (or induce in some systems) antiferromagnetism but also influences the dynamics
of the order parameter by inducing spin precession. We investigated how the interplay of
precession and damping determines the specific heat, magnetization, magnetocaloric effect,
susceptibility and scattering rates. We found that the susceptibility x = OM/IB is the ther-
modynamic quantity which shows the most significant change upon approaching the quantum
critical point and which gives experimental access to the (dangerously irrelevant) spin-spin
interactions.

The subject of the last chapter of the thesis is the quantum critical behaviour of two-
dimensional antiferromagnetic metals. Going beyond an order parameter theory, we inves-
tigated the interaction of the electronic degrees of freedom with their collective fluctuations
by means of a functional Renormalization Group calculation. Preliminary results indicate a
behaviour of the system that is incompatible with the Hertz-Millis picture.
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1. Introduction

The transition-metal compound MnSi has been known for more than 35 years to exhibit
a helical modulation of the ferromagnetic order in its ordered phase, due to weak spin-orbit
(SO) coupling. This has been predicted theoretically [1], and verified in numerous experiments
2, 3].

1.1. Experimental observations

Experimentally, MnSi is one of the best-studied metals. Its crystal structure is P2;3 (T%),
with a lattice parameter a = 4.558A. Until recently, it seemed to be a textbook example for
Fermi liquid theory with a well-established magnetic phase diagram. At ambient pressure,
MnSi orders around 29 K with a helical modulation of the magnetization. It exhibits an
average moment of up to 0.4up Mn atom, where pp is the Bohr magneton. Small external
magnetic fields of about 0.12T reorient the helix parallel to the field, and magnetic fields
above 0.62 T destroy the helical order: the system becomes ferromagnetic [4].

While the physics of the ordered phase has been well understood for almost 25 years, the
interest in MnSi was recently renewed [5, 6, 7] after it was discovered [5] that moderate
pressures p suppress the long range helical order and drive the system for p > p. ~ 14.6 kbar
into a novel state (see Fig. 1.1). In this state, the system is characterized by an anomalous
resistivity, p ~ T3/2, which is incompatible with Fermi liquid theory. This behaviour is
observed over almost three decades [5] in temperature T and over a huge pressure range [6].
Lattice constants remain essentially unchanged throughout the pressure change.

Novel metallic phases have been postulated for a number of systems, notably in high-tempera-
ture superconductors and heavy fermion compounds. In most of these cases, the existence
of such phases is highly controversial, for various reasons: fine-tuning of the experimental
conditions is often necessary, the crystal structures contain defects, and characteristic energy
scales are of similar magnitude and cannot be separated properly. In MnSi, however, the
region of the phase diagram where anomalous resistivity behaviour is observed is so large
that fine-tuning is unnecessary. Moreover, MnSi can be produced at high purity and high
crystal perfection with a mean free path of 5000A and a residual resisitivity of 0.17u£2. Finally,
the three most relevant energy and length scales are well separated: first, there is itinerant
ferromagnetism on length scales of a few lattice constants, second, weak spin-orbit interaction
induces the helical modulation of the ferromagnetic order with a pitch of 170A at ambient
pressure, and third, spin-orbit coupling terms of higher order lock the direction of the helix to
qo = (111). The typical size of magnetic domains in the ordered state is 10*A. The resistivity
data on MnSi has therefore been taken as evidence for the existence of a genuine non-Fermi
liquid phase.
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10 20

0 helical partial

Figure 1.1.: (a) Temperature T versus pressure p phase diagram of MnSi. In the partially
ordered phase, the exponent describing the temperature dependence of the elec-
trical resistivity, «, changes apruptly from 2 to 1.5. The non-Fermi liquid phase
extens at least up to 30 kbar and down to temperatures of 20 mK. The transition
described by T, changes from second order to first order as T, drops below ~ 12
K. Taken from [8](b) Distribution of the magnetic scattering intensity for heli-
cal magnetic order observed at ambient pressure (left sphere) and for the partial
magnetic order observed for p > p. (right sphere). Taken from [7].

Recent neutron scattering results [7] for p > p. give tantalizing hints as to the origin of this
non-Fermi liquid phase: they suggest that while true long-range order is lost in this phase, a
peculiar partial helical order survives on intermediate time and length scales.

In the ordered phase, elastic neutron scattering experiments confirm the existence of long-
range helical ordering of the magnetization: at ambient pressure, resolution-limited Bragg
peaks are observed at q, = (111) and |gy| = 0.037A~!, corresponding to the helix wave
vector.

In the vicinity of the ordered phase but still within the non-Fermi liquid phase there is a
region where neutron scattering shows signs of static magnetic order (see Fig. 1.1), although
bulk properties suggest the loss of long-range order at p.. More precisely, the scattering
intensity is now peaked on the surface of a sphere with a radius equal to the helical wave
vector |gy| = 0.043A~!: scans radial to that sphere show resolution-limited peaks, whereas
tangential scans show a broad angular spread of the signal. There is almost no signal left
in the (111)-directions, the intensity is now peaked around (110) instead. The integrated
scattering intensity over that sphere is comparable in magnitude to the scattering intensity
at ambient pressure. This signal is lost above a crossover temperature 7j.

Recent experiments in magnetic fields further corroborate the existence of this partially or-
dered state, see Fig. 1.2: When tuning from the partially ordered state through the helical
phase into the ferromagnetic phase with a magnetic field, a hysteresis loop for the intensity
of the Bragg peak at gy = 0.04A~! can be observed. The intensity reaches its peak in the
helical phase, but goes down as the field is lowered once again, indicating that the helical
order is partially destroyed. Even for zero magnetic field, however, the intensity does not go
back down to zero; some kind of order remains.
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Figure 1.2.: (a) Temperature T" versus magnetic field B phase diagram of MnSi for a pressure
p = 15.50kbar about 1 kbar above the critical pressure. The magnetic state
changes from partially ordered to long-range helical order at H,, and becomes
ferromagnetically ordered above H.s. Taken from [8]. (b) Field dependence of
the intensity of the Bragg peak at gy = 0.04A! on a small angle scattering
instrument. For high fields, helical order is destroyed and ferromagnetic order is
induced. Taken from [9].

NMR-measurements complement this picture: recent data [10] support the existence of static
or slowly fluctuating magnetism well above the critical pressure p.. These results are partic-
ularly interesting because NMR measurements probe much longer time scales than neutron
scattering experiments.

What are other signatures of (i) the first order transition between the helical and the NFL
phase (ii) the crossover line Ty e.g. in thermodynamic and transport quantities? There is a
sharp drop in the residual electrical resistivity at 7., but no signatures are seen at Ty. The
a.c. susceptibility is equally unaffected at Tj.

There are a large number of materials with the same crystal structure as MnSi, e.g. FeSi and
CoSi. Although FeSi is a narrow-gap semiconductor and CoSi is a diamagnetic semimetal, the
doped material Fe,Co;_,Si is a metal with helical spin structure in the concentration range
0.2 < x < 0.95. The pitch of the helix in Fe,Coj_,Si is even larger than in MnSi (e.g. 2954
and 430A for x=0.8 and 0.9 respectively). In a recent publication [11], the helical spin order
in Feg5Cog.55i has been observed in real space by means of Lorentz transmission electron
microscopy. The images reveal a surprising number of helical magnetic defects in the form of
dislocations and domains with diffuse boundaries, which were not strongly pinned by atomic
defects and could be reoriented with an external magnetic field.

Finally, anomalous behaviour of the resistivity at low temperatures is observed in a number
of ferromagnets, notably ZrZny [12], UGey [13], UCoAl [14], CoSy [15] as well as NizAl and
YNis [16]. At very low temperatures, these materials exhibit a temperature dependence of
the resistivity of the form p ~ a + b1, with a well below 2. Moreover, this behaviour is
not always restricted to very low temperatures and a rather narrow pressure range [16], as
one would expect if a quantum critical point is at the origin of the anomalous exponents.
Therefore, there is a distinct possibility that the non-Fermi liquid behaviour observed in
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MnSi is not due to its lack of inversion symmetry and helical twist at all. On the other hand,
the ubiquitousness of non-Fermi liquid behaviour near ferromagnetic instabilities has led to
speculation whether the ferromagnetic phase of some of the materials listed above is not in
fact a long pitch spiral phase instead.

1.2. Theory

Little is known from the theoretical side either on the nature of the partially ordered state
or on the non-Fermi liquid behaviour observed. A number of scenarios have been proposed
to explain the neutron scattering data; among these are the formation of metastable droplets
[6], slowly meandering spirals or multi-domain states where the direction of the spiral varies
strongly from one domain to the next [7]. Belitz, Kirkpatrick and Rosch considered a theory
for the Goldstone modes in the ordered phase of a helical magnet [17, 18, 19]. The scattering
of the electrons off these Goldstone modes could then be of relevance to the non-Fermi liquid
behaviour seen in MnSi if the partially ordered state consists of domains that are large enough
for the electrons to interact with the Goldstone modes before they can scatter off domain
walls. This scattering mechanism, however, leads to a T°/2-dependence of the resistivity,
which means that it is an unlikely candidate to explain the non-Fermi liquid behaviour found
in MnSi.

There are two theoretical predictions for the transition between the partially ordered and
the isotropic phase, i.e. the Tp-line: Schmalian and Turlakov [20] interpret the Tp-line as the
continuation of the (2nd order) phase boundary between the helical and the disordered phase;
Tewari et al. have proposed a liquid-gas transition model to be relevant for the Ty-line in the
phase diagram of MnSi [21].

Recent, more general work of relevance to MnSi includes the investigation of quantum phase
transitions of itinerant helimagnets by Vojta and Sknepnek [22], and finally, Belitz et al. have
proposed to explain the change of the transition line 7, from second order to first order
behaviour to a tricritical point [23].



2. Electrons in the Ordered Phase

In the following we calculate the band structure of electrons within the magnetically ordered
phase of a chiral ferromagnet and discuss its experimental consequences. In a first step, we
neglect all spin-orbit effects besides the Dzyaloshinsky-Moriya interaction and show that in
this case, the mini-bands, which formally arise in the reduced Brillouin zone of the helical
phase, can be avoided by a specific choice of reference frame. In a second step, we take
the leading spin-orbit corrections in the band-structure into account, which then drastically
modify this picture: not only do minibands develop in a region of the Fermi surface, but this
region is comparatively large and the minibands are exponentially flat. We discuss several
experimental consequences of our results as well as the feedback of this peculiar shape of the
Fermi surface on Goldstone modes in the ordered phase. Most of the work presented in this
chapter has been published in [24].

2.1. Band structure from coupling of the electrons to the helix

A Ginzburg-Landau theory of magnetic systems like MnSi which lack an inversion symmetry
was investigated as early as 1980 by Nakanishi et al. and Bak and Hggh [2]. The cubic metal
MnSi is characterized by the space group P2;3 whose point group T consists only of cyclic
permutations of &, ¢ and 2, of rotations by m around the coordinate axes and of combinations
thereof. (The transformations contained in P2;3 as well as the irreducible representation of
the corresponding point group are given in Appendix A.2.) Spin orbit coupling is very weak
in this system and the strength of spin-orbit coupling defined below can therefore be used as
a small parameter. Spin-orbit coupling manifests itself in a Ginzburg-Landau expansion of
the order parameter in the form of the Dzyaloshinsky-Moriya interaction

" / B(x) - (V x ®(x)), (2.1)

where ® is the magnetization of the system, and the prefactor gg is of the order of the
spin-orbit coupling strength. The term (2.1) arises in the absence of inversion symmetries
in linear order of spin orbit coupling; for a more detailed motivation of (2.1) see Chapter A
of the appendix. As (2.1) is linear in momentum, a ground state with a finite wave vector
is energetically favourable. In this case, an arbitrary small ¢y destabilizes the ferromagnetic
state, twisting it into a helix of the form

®(x) = Dy(n;cosgyr + ngsingyx) (2.2)
d : .
= 70 (A1 — i722) "D 4 (g + ifag)e %]
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Figure 2.1.: Helical modulation of the magnetization. The direction of the magnetization
twists around the gj-axis, planes of constant magnetization are perpendicular to

do-

where n; L ny L g are three perpendicular vectors and |gg] = go. A more thorough
discussion of the Ginzburg-Landau theory of a chiral ferromagnet will be presented in the
following chapter. Since relativistic effects are weak, the pitch 27 /qg of the helix should in
general be large: it is 175A in the case of MnSi and even larger (> 300 A) in the case of the
isostructural compound Fe,Coj_,Si. The dimensionless constant dpy = qo/kp, where kp is
a typical Fermi momentum, is therefore at most of the order of a few percent. The energy
gain due to the formation of the helix is of order §3,;, as can be seen from Eq. (2.1): when
the helix solution (2.2) is inserted into (2.1), both the prefactor and the helix wavevector
contribute a factor of dpy. Higher order corrections of order 5?3M can be shown to lock the
direction of the helix to the (111) direction if gy is negative, which is the case for MnSi, or
to the (100) direction for positive gp [2]. While these terms are important for the Goldstone
modes in the system [17], they can be neglected for the following discussion.

The large pitch of the helix implies a large unit-cell in the ordered phase with more than 300
atoms which makes a band-structure calculation from first principles difficult. So far, only
non-relativistic calculations [25, 26] exist; those assume a ferromagnetic state and neglect
the helical modulation. The results are rather complex with several bands crossing the Fermi
energy, which is consistent with de Haas-van Alphen experiments [26] in large magnetic fields.
We will not try to model these details: for example, we will not keep track of multiple bands.
Instead, we want to capture the main qualitative features in the band-structure, and we
therefore consider the following simple non-interacting one-band Hamiltonian

Hy= > e c} crar +2 / Bx®(x)S(x) (2.3)

k,aa’

where S(x) = Ze"(k_k,)wc};a Oaa' /2 ¢k 18 the spin of the conduction electrons and ®(x)
is defined in Eq. (2.2). Note that (2.3) is already strongly simplified: in real systems ep®
can depend on the magnetization and interband couplings may be relevant for a quantitative

description, but we will neglect these aspects in the following calculation.

In a first step, we disperse with spin-orbit effects in the band-structure, assuming that e%o‘, =
e%&aa/. While we will show below that this approximation turns out to be unjustified, it will
serve as a starting point for the full calculation.

10



2.1. Band structure from coupling of the electrons to the helix

The coupling of the electrons to the helical ordered state ®, i.e. the second term of (2.3),
formally leads to a coupling of electrons with different wave vectors, since

2/d3x ®(x)S(x) = CIDO/d?’x Z el(k—K)z (CLT e 190® /) + cLl e'90® Ck’T) . (2.4)

However, for the case of a spin-rotation invariant band-structure, a residual symmetry leads
to a very simple band-structure. In the magnetically ordered state, the helical modulation
breaks spontaneously both the spin-rotation invariance and the translational invariance along
qo- Nonetheless, the product of a translation by a lattice vector  and a rotation of spins
around the g, axis by an angle —ggyx

T, = e®Pe=igoz [ 'z’ (S(@)qo)/a0 (2.5)

is still a symmetry of the Hamiltonian, where P is the generator of translations. As a
consequence, instead of many minibands (in a reduced Brillouin zone of width ¢g) just two
bands form like in the ferromagnetic state. This can be seen by going to a frame of reference
rotating with the helix, i.e. by applying the unitary transformation U with

; i C T z
U — eldemqoz Sa(x) _ 03 fd3:c qoz ca(x)aaa,ca/(x), (26)
where we assumed z||q, for notational simplicity, so that the electrons are transformed as

Cho — U+Ck,oU — /d?’x ei kx (e—iqoz %) Cy! (m) = Clk—0qy/2),0- (27)

oo’

In this coordinate system, ®(z) = ®o& is a constant vector pointing into the & direction and
the Hamiltonian (2.3) takes the form

0
€, aqg q)(]
_ o e+ k,
Hy =" (chychy) < o, ) < ckl ) (28)
2 ’

k

and the 2 x 2 matrix can now easily be diagonalized to calculate the dispersion:

(vrqo)?

P2 ~ ) + Py £+ ~— 200
+ 0 Ek 0 8’@0‘

(2.9)

where we used that ¢g is small. In this rotated frame, one obtains the Fermi surface of a
ferromagnetic state: the two bands are essentially separated by 2®, with a slight deformation
in the g, direction caused by the last term of (2.9). As emphasized above, no minibands
form. The eigenstates di, + in which Hy =), | El(k)dLdeZ is diagonal are given by d + =
+1/v2(cgt £ ck,|) to lowest order in spin-orbit coupling. The main results of this chapter
have been published in [24].

11



2. Electrons in the Ordered Phase

2.2. Form of the spin-orbit coupling term in the bandstructure

We want to derive the most simple form that spin-orbit coupling can take in the bandstructure
of the electrons while respecting the crystal symmetry. The crystal lattice of MnSi is invariant
under transformations of the space group P213 (T*). The lack of inversion symmetry of this
crystal lattice is a necessary prerequisite for spin-orbit coupling in the bandstructure: in the
presence of inversion symmetry,

E,Tc T—rezversal El

L 1nv(éslon E’t, (210)

and spin-orbit coupling terms are absent. In general, spin-orbit coupling is included in the
Hamiltonian via a term of the form

Hype x o (k x E), (2.11)

where FE is the electric field induced by the crystal potential. This term is of relativistic
origin; its prefactor is small.

Let us treat spin-orbit coupling as a perturbation and consider how crystal symmetry restricts
the form of the spin-orbit coupling correction of first order in § to the Hamiltonian at a general
point k in the Brillouin zone without band degeneracy and for one specific band, neglecting
interband mixing.

What kind of spin-orbit corrections in the band structure of the electrons are compatible with
the symmetry group? The general ansatz for spin-orbit coupling terms in the Hamiltonian is

Hsoc =40, (212)

where gy, = (95, g5 9%)- The possible form of g, in (2.11) is restricted by the requirement that
the representation of the space group of the crystal according to which Hy,. transforms has to
contain the identity representation. A list of the irreducible representations of T (i.e. the point
group of P2;3) is given in Appendix A.3. The irreducible representation according to which
o transforms has to be F, since T has only one three dimensional irreducible representation.
As a consequence, g, has to transform according to F' as well. When g, is expanded in
momenta, the lowest order term is simply

9i = k. (2.13)

since ky, ky, k. are basis functions for F' in k-space (see [27], erratum).

2.3. Electron band structure and the Fermi surface

Spin-orbit coupling terms in the band structure occur to first order in spin-orbit coupling and
therefore to the same order in spin-orbit coupling as the Dzyaloshinskii-Moriya interaction —
it is a priori not clear why they should be neglected. As discussed in section 2.1, we therefore
set e%o‘, = e%5aa/ +> 9;@02@' where g, < k. As g, arises to first order in the spin-orbit

12



2.3. Electron band structure and the Fermi surface

coupling, typical matrix elements are of order dgepr, where er is the Fermi energy and the
dimensionless constant dp has the same order of magnitude as dpys

5BN5DM :qo/kF~(5 (2.14)

and is therefore small, i.e. of the order of a few percent in MnSi. We will continue to use dp
as well as dpyr to make the origin of different contributions to the Hamiltonian of the system
more apparent. The full Hamiltonian H is given by

H=Hy+ Hgpo = Hy + ng;aéa,czacka/ (2.15)
k

with Hy from (2.3). Throughout the rest of this chapter we will set the z-axis parallel to the
helix wave vector q.

To extract the main effect of Hgp on the band structure discussed in section 2.1, a sequence
of transformations will be performed on H:

(1) Even though spin-orbit coupling terms break the residual symmetry (2.5) in real systems,
it is convenient to transform Hgpo first to the rotating frame, where

T
~ CL—QO/ZT glzc gi - igz Ck:—qo/2,T
HSONZ T T4 Y a7 c ’ (216)
% \ Ckiqo/2. I T g Ik k+qo/2,1

and then to the eigenstates dj, 1 corresponding to the energies Ey (k) in Eq. (2.9) ,

f 1 T .
HSO [~ lz d?'_qo/z"‘ o d?‘Qo/Qv_ < gi: y glf: - Zgl?i: > < dk_‘]o/2v+ - dk_Qo/Z— ) .
25\ g o T Deiaeo Gk tign 9k Aet-qo /2,4 T Akt-qy/2,~

(2.17)

In this basis, Hy is diagonal, and all off-diagonal matrix elements are at least of order §5 and
therefore small.

(2) Hso induces transitions from k to k + q, and leads to the formation of mini-bands in
the new Brillouin zone of width ¢y. As the + and — band of Hj are separated by ®¢ < qq,
transitions between these bands in the presence of Hgo can be neglected, and H can be
separated into two contributions Hgfo and Hg,:

€T - Y

_ 95 —ig
Hgo = Y B-(k)d_dy — <Z gy o it gy 2 + h.c.> (2.18)
HY = E.(k)d. . d dl 9k — 19k h 2.19
so = D Ee(k)dy i+ keay/24 g9 Cktao/2+ TG (2.19)

The contributions due to ¢g* only lead to a minor deformation of the bands and can therefore
be absorbed in E+. We will restrict the following discussion to H g,; analogous contributions
can be expected from H;O as well. Although the second term of Hg, is linear in spin-orbit
coupling, it is not always small compared to the first term: for regions on the Fermi surface

13



2. Electrons in the Ordered Phase

where E_(k) — E_(k + q) is very small, it is the second term that dominates and gives rise
to non-negligible corrections to the band-structure.

(3) To take a closer look at the region where E_ (k) — E_(k+ qq) < 1, where the main effects
from spin-orbit coupling terms in the band structure can be expected to arise, we expand
E_(k) around planes in momentum space where the Fermi velocity dx E_ (k) is perpendicular
to Qo and account for the band structure in the magnetic Brillouin zone of width ¢ in the
z-direction by introducing new momentum coordinates (£ , %.,n), where n is an integer (the
band index) and —qo/2 < Kk, < ¢o/2 is a momentum in the reduced Brillouin zone. By
construction, k., = k& + K, + ngo and O E_ (k1 ,k2)qy = 0. In this region,

E_(k1,kz,n) ~ E_(k1)+ (ks +ng)*/(2ms,) (2.20)
gy —igy, =~ const. (2.21)

where m,, | is a measure of the curvature of the Fermi surface. For fixed £, and k, the
Hamiltonian (2.18) takes the form

K
HES™ mep c10p(dl , dy + diidyi1) + 2680 (n — q—Z)Qden +c3 (2.22)

n

where ¢; = ‘glngkg — ingL,kQ‘/(%BEF)’ co = k%/(2my ep) and c3 = E_(r.,k?)/eF are con-
stants of order 1. The special case where ¢; vanishes at some points on the Fermi surface,
i.e. where |gj, X q¢| = 0, will be discussed below. For finite ¢;, interband coupling takes the
form of a tight binding Hamiltionian. The band-structure (2.9) was due to the second term in
Eq. (2.22), which contributes only to order 512:)M ~ 5]25. The first term, which originates from
g§ — igy, is linear in spin-orbit coupling and can therefore be expected to strongly modify
(2.9). The qualitative aspects of the spectrum of the Hamiltonian (2.22) can now already be
read off by comparing Eq. (2.22) to the Hamiltonian of a harmonic oscillator.

(4) For a more detailed analysis of the spectrum of (2.22) it is convenient to Fourier transform
it from band-index space n to the conjugate variable £. Setting

dy =Y e de, df, =" e, (2.23)
the Hamiltonian (2.22) reads (in first quantized notation)

2
HES"™ ~ep |2c10p cos(€) — 26y <8§ + 1%) +ec3| . (2.24)
0

The dependence of (2.24) on k. can be absorbed in the boundary condition by a gauge
transformation ¥ — ¢€%2/90W so that we finally have

Hgh = ep 2016 cos(€) — 20, 0% + c3] . (2.25)

The fact that the x,-dependence of (2.24) can be eliminated by a gauge transformation also
shows that the spectrum of (2.25) is the same as for (2.22) with varying k., or, in other words,
that the bandwidth of (2.22) in the gy-direction is the same as the bandwidth of (2.25). (2.25)
is now the familiar Hamiltonian of a particle in a periodic potential. Similar models show up
in many different problems, see e.g. ref. [28] where eigenfunctions of (2.22) are discussed in
detail.
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2.3. Electron band structure and the Fermi surface

V@

0 2Tt

Figure 2.2.: The cosine potential of (2.25). For energies much larger than the peak height,
particle motion is not affected by the potential. For very low energies, the particle
oscillates around a potential minimum. The instanton energy is equal to the
energy needed to cross the barrier, i.e. to the shaded area.

2.3.1. Band structure

Since the cosine potential, i.e. the first term of (2.25), is proportional to dp, this term
originates from Hgp in contrast to the second term which arises as a consequence of the
Dzyaloshinsky-Moriya interaction term in the original Hamiltonian. Whether Hgp modifies
the spectrum (2.9) or not depends on how strong the influence of the cosine potential is, and
therefore the spectrum of (2.25) can be easily obtained in two limits.

For energies F > FEy = erdp much higher than the cosine potential, the periodic potential has
little influence. The dispersion relation (2.9) is recovered, and the bandgaps at the boundaries
of the magnetic Brillouin zone are exponentially small and are therefore irrelevant.

In the other limit £ < Ej, the “particle” sits deep in the minima of the cosine potential.
In this limit, the potential can be approximated to great accuracy by a harmonic oscillator
potential, and the band-splitting, or rather the level spacing AFE, can be directly read off
from the prefactors of the terms in (2.25): Setting epcadt,; = 1/(2m) and epci1dp = mwi /2,
where m is the mass of the harmonic oscillator and wy its frequency,

AFE = wy = 2epdpmVOB/c1Ca X 5372, (2.26)

The harmonic oscillator levels are slightly broadened by tunnelling events, when the particle
tunnels from one minimum of the cosine potential to the next. This gives a finite bandwidth
W, which can be calculated with the help of a WKB approximation or an instanton expansion:

W~ AEe™%, (2.27)

(see [29], chapter 7), where S is the energy of one instanton, i.e. the energy needed by the
particle to tunnel from one minimum of the cosine potential to the next,

2 Opar

5o = / déVIm / df\/ 20153( se 1) =8V, [A V08 1 (2.28)

15



2. Electrons in the Ordered Phase

|
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do

N
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ES
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N

Figure 2.3.: Band structure of the Hamiltonian (2.3) with €}, = k%/2 — 1/2, &, = 0.3, g, =
(0,0,0.1), g3 = 0.1k, k, = 1.26, k, = 0 which corresponds to dpm = dp = 0.1,
c1 ~ 1.26, co =~ 1. The lowest bands have exponentially small band widths, e.g.
2-107 ¢y for the first band, consistent with Eq. (2.29). Only the E_ bands are
shown.

and therefore

W ~ AFEex
P c20pM Vo

And finally, the number of bands that are exponentially flat can be estimated by counting
the number of bands 7,4, Wwhose energy is smaller than Fjy:

Nmaz ~ & ~ ﬁ ~ 6_1/2‘
AE  dpum

-8 ﬂ@] ~ %% exp [—c'i] . (2.29)

(2.30)

To sum up, the interplay of the Dzyaloshinsky-Moriya interaction of strength dpys and spin-
orbit coupling in the band-structure parameterized by dp, two weak relativistic effects, leads
to the formation of exponentially flat bands. In those bands, the motion of the electrons
parallel to the wave vector g, of the helix practically stops. The non-analytic dependence of
W and AFE on g and dpys shows that this is a non-perturbative effect, which originates from
the interplay of resonant backscattering from the helix and crystal field effects. Corrections
to the exponent in (2.29) are of the order (n + 1/2)26pas/\/d5, where n is the band index.

We have confirmed our analytical results (2.26), (2.29) and (2.30) by comparing to a numerical
diagonalization of the Hamiltonian (2.3) shown in Fig. 2.3. Note that the transition from
equidistant harmonic oscillator bands to bands with negligible bandgaps, i.e. the transition
between the two limiting cases, happens quite abruptly over the distance of roughly two
bands.

2.3.2. Shape of the Fermi surface

In which way does the band structure found in the previous section affect the shape of the
Fermi surface? Let us consider the Fermi surface in the extended Brillouin zone, where
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2.4. Fermi surface: Experimental consequences

k= (k.,k;). For 5% = k%/2m quadratic in k and for g = 0, there are two ellipsoidal Fermi
surfaces, which are given by

K1 k24 (90/2)° Qo ks
=E —Ep=—-+ 422 + z b2 — F 2.31
0 £ k) F 2m + 2m < 2m > 20 o (2.31)

where Er is the Fermi energy. For g # 0, the £, - and k.-dependent parts of the energy are
still independent of each other, i.e.

2
K
E(ky, k) = ﬁ + f(k2), (2.32)
where f(k,) now describes minibands close to OxE(k) - gy = 0. The k) -dependent part of
(2.32) serves to shift the Fermi level through the energy levels of H (see Fig. 2.3) and thus
transfers the band structure of H to the Fermi surface. The resulting Fermi surface (for one
band only) is shown in figure 2.4.

The interplay of the two spin-orbit coupling terms present in the model causes a whole section
of the Fermi surface to split up into bands with negligible bandwidth and huge band gaps in
between. Electrons from that belt-shaped region of the Fermi surface will stop their motion
parallel to gy. The width w of the belt of minibands can be estimated from (2.30) as follows:
there are n,,q; minibands of width ¢, and therefore

ZUN]CF(;DMéﬁ =kp\/0B. (2.33)
DM

As a result, even for very small é5 of the order of a few percent, a sizable fraction of the Fermi
surface is affected by those ultra-flat bands. It is interesting to note that the belt of minibands
perseveres even if dg is small compared to dpys. In the limit dg — 0 and dpys = const. the
bandgaps do not close, but instead the section of the Fermi surface containing the mini-bands
gets smaller until it eventually vanishes. Even when dp is small, mini-bands are present in
principle, although only in a small region on the Fermi surface.

If |g) % gol = 0 at some singular points on the Fermi surface in the vicinity of the region
where g is parallel to the Fermi surface, the results quoted above are not valid close to those
points. In this case, glfgL K0 igzL xo can be approximately linearized, and the first term in

eq. (2.22) has to be replaced by ep > c’ldDMéB(dLHdn + denH)(n — Kz/qo). This term is

now of order 42 and will generate O(65/6par) =~ 1 minibands that will cover an area of width
kpdp close to these points.

2.4. Fermi surface: Experimental consequences

The interplay of the two spin-orbit coupling effects in the model leads to the opening of large
gaps on a considerable part of the Fermi surface. In this section we want to investigate what
characteristic signatures these band gaps show either directly in experiments that probe the
Fermi surface or indirectly by affecting e.g. transport coefficients.
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2. Electrons in the Ordered Phase

(a) (b)

Figure 2.4.: a) Fermi surface of the Hamiltonian (2.3) for k, = 0 in an extended Brillouin
zone (€}, = k?/2 —1/2, &9 = 0.3, qy = (0,0,0.1), g5, = 0.1k, k; = 1.26, k, = 0
which corresponds to dpyy = dp = 0.1, ¢1 = 1.26, ¢o =~ 1). b) Sketch of the
Fermi surface. In a belt of width \/dp the mini-bands are completely flat in the
direction parallel to the helix.

There are numerous experimental methods available to determine the shape of the Fermi
surface of a metal; however, most of them involve the application of external magnetic fields.
The experimental difficulty in this case lies in the fact that MnSi cannot be subjected to high
magnetic fields since fields larger than 0.62T destroy the helical spin ordering in the metal

[4].

2.4.1. De-Haas—van-Alphen Effect

When an external magnetic field B is applied to a metal, the magnetic susceptibility can be
shown to depend periodically on 1/B; this is the De-Haas—van-Alphen effect. The period of
the oscillations is proportional to the extremal cross-sectional area of the Fermi surface in a
plane normal to the magnetic field and therefore gives direct information on the shape of the
Fermi surface.

The De-Haas—van-Alphen effect can be derived theoretically from the semiclassical equations
that govern the motion of the electrons in the presence of a uniform magnetic field:

hk = —eB x k, (2.34)
= v(k) = %8;(:). (2.35)

The external magnetic field forces the electrons to move in the plane normal to the external
magnetic field, or more specifically, along paths formed by the intersection of the Fermi surface
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A(-h/2)
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Figure 2.5.: Highest miniband of MnSi: A magnetic field applied along k, causes electrons to
move along . The form of the band is simplified as shown.

with planes normal to the external magnetic field. Equation (2.34) can be used in concordance
with the Bohr phase-integral formula

jép -dr = (n+ ¢)2rh, (2.36)

where n is an integer and ¢ is a phase correction, to show that the energies of electrons in a
crystal subjected to an external magnetic field aligned along the k,-direction are given by

e(n, ky) = hwen + f(ky), (2.37)

which is quite similar to the free electron case. The harmonic oscillator frequency w,. can be
obtained from (2.34):

on B [ dk
T(e.he) = = = 2 7{ Tk)‘ (2.38)
5 | ks

where + is given by the intersection of the plane through &, and normal to B with the Fermi
surface.

The oscillatory part of the free energy of the system, from which the oscillations of the
magnetic susceptibility can be derived, has the form [30]

0 22y o0
2 1 eB fhw. Bl ch
Foge. = = (=1)Y—— - / dk, cos [ <—> A(kx)} , (2.39)
B VZ::l 8rt ch V2 gnh (%22:) J eB

where A(k,) is the area enclosed by the intersection of the Fermi surface with the plane
through £, and normal to B.

Turning back to MnSi, each of the energy bands supports electron oscillations and is responsi-
ble for a particular frequency in the oscillations. In the following, we evaluate the contribution
of the “highest” miniband (i.e. with maximal k;) only.

Approximating the band structure by two straight lines and taking only the ¥ = 1-component,
the area A(k,) encircled by the electrons can be evaluated as a function of k,, see Fig. 2.5.
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2. Electrons in the Ordered Phase

The oscillating part of the free energy is then approximately given by

; /// it o (Do) = 2 (Ba ), a0

where the area A(—h/2) can in turn be expressed as a function of the band height h and kp:

A(—h)2) ~ @\/ﬁ — O(R3/?). (2.41)

The sine of the free energy is zero for

ch
EA(—h/2) = 27n. (2.42)

Oscillations of the magnetic susceptibility can only occur upon variation of the magnetic field
up to a maximal value

ch
B =—A(—h/2 2.43
AT 9re (=h/2) ( )
i.e. where n = 1. Assuming kr to be equal to the typical Fermi wavevector in a metal, i.e.

kp ~1-101%m~! and setting go = 1/150 A, the maximal magnetic field is therefore

Buax = Vh 0.0003 T /m. (2.44)

For the oscillations to be actually observable, however, the mean free path Iy = vgT of the
electrons has to be such that they can travel a reasonable distance along such a maximal orbit
in the first band before they are scattered, i.e. the scattering frequency 1/7 has to be below
the cyclotron frequency:

WeT <K 2. (2.45)

The time T' = 27 /w, can be calculated from (2.38) where the path + is given by the intersection
of the Fermi surface with the plane normal to B that maximizes the area enclosed by ~.
Assuming a velocity of vy = 2 % 105 m/s for the electrons, the required mean free path I of
the electrons is (in metres)

4.4 %106
BVh

According to (2.44), B is at most of the order of 0.1 mT; furthermore, the bandheight A is
exponentially small, so [ can be expected to be of the order of at least centimetres. Therefore,
unrealistically clean samples of MnSi would be required for the oscillations to be actually
observable.

Ty/m. (2.46)

lmq = ’U(]T =
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2.4.2. Impurity scattering

Assuming that electron scattering is only due to impurities, the transport scattering rate 1/7
near the Fermi surface is given by [30]

1
p— = /d3k d(eg)(1 — cos dpr ) Wik, (2.47)
k/

where ¢ is the angle between vy = deg/dk and vy . If s-wave scattering with Wy = W =
const. can be assumed, then the cosine drops out due to cos ¢ + cos(m — ¢) = 0, so that

Lol oy / Pk d(ex) = W / ] (248)
Tk/ T 86%

k=kp

As the band gaps open, the contribution « 27kp\/0p to 1/7 in the absence of Hgo gets
replaced by ) 27 (kp +nm,, wo/kr)(vV/OB/Nmaz). Therefore, the presence of the minibands
on the Fermi surface in a region of size v/ép around kf leads to an additional contribution

1 o My Wo V 0B Nmaz + 1
A(;) —QWTm;TLO((SBéDMT (249)

to the transport scattering rate, where nq, < v/dp/0parr. This additional term is of the
order of §%/2 and therefore small.

2.4.3. Conductivity

The electrical conductivity due to impurity scattering is given by (see [31], chapter 13)
dk 0
Gap = € / = (er)vavy (—8—952% : (2.50)

where v = e, /Ok is the velocity of the quasiparticles, f(ey) is the Fermi function and 7(eg) is
the (elastic) transport scattering time of the quasiparticles. In a metal, this can be evaluated
at T = 0 to an accuracy of order (kgT/Er)? as:

dk
_ 2
O’aﬁ = —€ / H T(ek)’ua’l}g (5(6k — EF)

dk (2.51)

9

=—e T(EF)/RUQUI@,
FS

where the momentum integral in the last line is over the Fermi surface. The contribution of
the region of size vdp around k, = 0 to the zz-component of the electrical conductivity in
the absence of Hgo from one of the bands E7 is given by

k
Ao, = —e*7(EF) / j—s VU,
T
FS, —kp B <k.<kp’E
kp\ép/2
o2 ; 12 (2.52)
- _ £ JEe? g2 M2
= T(EF)27T2 / dk. \/kp® — k2 o~
—kp\/85/2
= 0(533/2)7
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2. Electrons in the Ordered Phase

where a spherical Fermi surface with radius kr has been assumed. This contribution is
missing when spin-orbit coupling terms in the band structure cause bandgaps to open, since
the bands are exponentially flat and the z-component of the Fermi velocity is zero to a very
good approximation. Once again, the effect is rather small for small dp and difficult to
observe.

2.4.4. Anomalous Skin effect

A high-frequency alternating electromagnetic field is able to penetrate into the body of a
metallic sample only up to a depth of A, the so-called skin depth of the metal. This phe-
nomenon is called the skin effect; the skin depth can be derived from classical electromagnetic
theory

A= —21— (2.53)
oW

where ¢ is the conductivity of the metal, w is the frequency of the external electromagnetic
field and ppg is the magnetic permeability. In the derivation of (2.53) it is implicitly assumed
that the mean free path [y is much smaller than A. When this assumption is no longer valid,
e.g. at high frequencies of the external field and low temperatures of the sample, the simple
theory ceases to be applicable, and the so-called anomalous skin effect can be observed.

In the regime of the anomalous skin effect it can be shown that the main contribution to
the electric current is given by electrons whose velocity vector forms an angle of Io/A or less
with the surface: only those electrons that remain inside the skin depth for most of their
mean free path [y can pick up energy from the electric field and participate in the absorption
and reflection of the electromagnetic wave. In other words, only electrons whose velocity
component vl% perpendicular to the surface is sufficiently large, UI% Jvp < A/ly, contribute
to the screening of electromagnetic waves. Those electrons originate from a narrow, belt-
shaped region around the Fermi surface, and therefore the measurable quantities like surface
impedance can be related to the geometry of the Fermi surface.

In contrast to the previous experiments, the advantage of this experimental technique re-
garding the belt of minibands is that it probes only the electrons in the relevant region in
momentum space.

The minibands affect the motion of electrons whose velocity component parallel to the direc-
tion of the helix is small. One can therefore expect a pronounced modification of the skin
depth when orienting the helix either parallel or perpendicular to the surface of the metal.
A rotating magnetic field can be used to rotate the helix to the necessary direction, since a

small magnetic field of about 0.12 T is sufficient [4, 32] to orient the helix parallel to the field.
If the helix is oriented parallel to the surface, fu]% is not affected by the minibands, see fig.
2.6. As only electrons with v /vp < A/ly contribute to o, the conductivity in eq. (2.53) is

reduced by a factor of order A/ly and therefore the anomalous skin depth Al is estimated to
be

Al ~ Ag\/lo /AL ~ (A210)1/3. (2.54)
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%

(b)—

Figure 2.6.: Belt of effective electrons that participate in the anomalous Skin effect (a) for B
perpendicular to the crystal surface (b) for B parallel to the crystal surface.

For an orientation of the helix perpendicular to the crystalline surface all electrons in a belt
of width v/dp move parallel to the surface, therefore the effective surface conductivity will
not drop below o+v/dp, which leads to a skin depth of order

AF ~ Ag/5Y (2.55)

for A|C|L/ lop € Vop or Ay < long/ 4 By rotating the small external magnetic field one can
directly compare the two orientations experimentally,

I 1 1/4 lo 1/3
Alyar~odt (2] . (2.56)
Ag

While it may be difficult to observe large ratios, a sizable qualitative effect can be expected
for Ag/ly < 6%/ 4 MnSi crystals can be grown with exceptionally high quality, ref. [6] reports

a residual resistivity pg &~ 0.17 uQ2cm. For frequencies of for example 20 GHz one obtains
Ag ~ 15004 which is already well below the estimated [6] mean-free path, lo > 5000A. While

larger frequencies or cleaner samples (Ag/ly pg/ 2 /+/w) may be needed to reach the regime

Ag/ly < 5?3/ * Where eq. (2.56) is valid, a measurable dependence on the field orientation can
nonetheless be expected for the parameters used above. A more quantitative estimate would
require a detailed study of the band structure.

2.5. Minibands and Damping

Finally, we want to calculate the effect of the minibands on damping in the ordered phase of
MnSi.
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2. Electrons in the Ordered Phase

Figure 2.7.: Correction to the bosonic propagator from integrating out the fermions.

Starting point is the action
S = /d% (@) (907) o Car(®) + 08 (x) - (V x S()) + JS(x)? (2.57)

where g is the propagator and S(x) = >_ el(k=FK') c,maaar /2¢kq is the spin of the conduction
electrons. The interaction terms can be decoupled by means of a Hubbard Stratonovich field
M, which leads to an action of the form

d3k: G(k)™! &k PE g Coe
5= / 2 M‘“/ (2m)? (27)3 ke ((g )M’é’“k’_M’“—’“’T) Ko
(2.58)

where (G(k))lk = J(Slk — qo€ijk kj.

Fluctuations of helical Goldstone modes in the ordered phase of MnSi and their effect on the
electron resistivity have been discussed extensively in [17]. Our aim here is simply to calculate
the effect of the belt of minibands on the dynamics of magnetic fluctuations in the ordered
phase.

In order to obtain an effective theory for the fluctuating magnetization ¥ we have to integrate
out the electrons in (2.58). This generates infinitely many one-loop diagrams with electrons
in the internal and and an even number of bosonic fields in the external lines. This will be
discussed in more detail in chapter 5. Of all these diagrams, the polarization bubble shown
in Fig. 2.7 will generate corrections to the propagator of W, i.e. to the first integral of (2.58).

To evaluate the polarization bubble, we need to diagonalize the electron propagator and
evaluate the form of the coupling to the bosonic mode. Let us therefore take a closer look at
the second integral in (2.58). In the ordered phase, M = ® + ¥, where ® is the chiral helix
(2.2),

b = 50 [(1 — i0) (2)°5(k + o) + (r + i122) (27)°(k — )] (2.59)
We have already seen in section 2.3 that the term that describes the coupling of the electrons
to ® is considerably simplified by transforming to a coordinate system that is comoving with
the helix, and even in the presence of spin-orbit coupling terms in the band structure of the
electrons, the transformation proved to be advantageous. So once again, we transform the
fields first to the rotating frame, taking ql|2:

co(xT) — <e‘iq0z07z> cor(®), cl(x) — cl, (x) (eiqoz%) . U(x) — LW (x), (2.60)

aa’ o'«
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2.5. Minibands and Damping

and then introduce the eigenstates E,f in which Hg is diagonal. The only term that will be
added to HT/~ are the terms that couple the electrons to the fluctuating magnetization ¥.
Introducing the complex field U = U 4+ i¥¥, these terms take the form

1 k& * *
—/ Tk b {M dp+ (U3 + 03 ) — 2d},, _dp_(Tk + T )

8 ) (2n)3 (2n)3 L7 ktPt k+p,—
+ 2dL+p,—de+(\I'# — ) - dL+p,+dp7—(\I’ﬁ - 0)

— i (A, dpt + iy ) | (261)

The main contribution to the low-energy physics of the order parameter should come from
coupling to electrons with the same index (+/—), so we will concentrate on that contribution
to the susceptibility II* of ¥, Furthermore, we will only calculate the contribution from
the +-quasiparticles to II*, since it can be argued that the —-quasiparticles give a similar
contribution. In the following calculation, we therefore set di, 4 = di.

As in previous calculations, we introduce momentum coordinates k = (k_,k,,n) in the
reduced Brillouin zone, with k, = k% + k. + ngo and —qo/2 < k. < qo/2. For —npez < n <
Nimazs With Ne, defined in (2.30), the true energy eigenstates f are related to d by a unitary
transformation U:

d'@J_vﬁzm = Z U;rszﬂj_vﬁmm7 dLL,nz,n = Z flJL,L,nz,mUmn‘ (262)
m m

In this notation,

/dgkdgplllt di . d

k+pdp
qo/2
— > [dr.d dq,dr, Ut dr d
1 qJ‘ qz FT R Kz HJ_+QJ_7’%Z(H/quZ)7m(n17n27HZ7q3) 91,922
ni,n2 _q0/2

The diagram that modifies the propagator of the Goldstone modes as the electrons are inte-
grated out is shown in Fig. 2.7. For very small external momenta of II', the only coupling
which is necessary is for n; = 0, and since we are only interested in the contributions from
the minibands region we can demand that 0 < no < n,pe.. Introducing the energy eigenstates
f defined previously, we obtain

q0/2
Z 1 T T
/ d’{l qu— / dqzdﬂz ql""‘/J_7’fZ7O Uvam(Ovnzvﬁzqu)UHQ,NQ fK;L—‘rQL,RZ(KiZ,qz),Nl qu_quyNQ'
—q0/2 ng2,N1,Na

Finally, we can separate this into an intraband and an interband contribution by using that
for [k, + ¢.| < qo/2, m(n2, k2, q.) = na2, and Zm Ule"QUJ;%NQ = 0Ny, N

q0/2
il
/dml 9. / dq-dr Z \Il'ﬂv'fmo rILJqu,Rz,le‘uv‘thz
_q0/2 N17N2
q0 q0 - q0
(n00e® (B = Iz + @l + A5, 2,0 (2 = (5 +02)) + A7, 2,0 (2 + 5 +02) )
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2. Electrons in the Ordered Phase

where

A]—i\}th = ZUvan"'lUl,NQ’ (263)

ANy vy = D UninaUf . (2.64)

The diagram to be evaluated (at 7' = 0) is the polarization bubble

1 1
HJ_(QJ.?QZ?“L}) = m—ﬂw
q0/2
q0 - q0
Z /d’QJ_ / dr <5N1,N2® (5 - (K/z + Qz)> + A4]\—/1,N2AN2,N1@ <’fz +q. — 5))

Ni,No a2

np(§t) — e, ) 0 65

No N 3 ( . )

glﬁ_-i-tu o Elﬁ_ Tw

2
where f,i\i = ;—; + Nwy— Ep, with wg from (2.26). For higher bands, ¢; (and as a consequence
wp as well) can no longer be taken to be constant but depends on k ; this dependence will
be neglected. Furthermore, the bands are taken to be absolutely flat in this calculation.

A detailed evaluation of (2.65) can be found in Appendix A.4:

1
HJ_ z = 5763 max 2.
Rell™(q1,4:,0) = g G " (2.66)
ImHL(QLyqsz) ~ qi q0 Mmazx- (267)
1

The contribution of electrons from the miniband region to the susceptibility is now completely
independent of g, at least as long as the momentum dependence of wqg is neglected, and
the dynamics induced by these electrons is proportional to the inverse of the momentum
component ¢, instead of g. This comes as no surprise: in that area the Fermi surface is
essentially two-dimensional, and the damping of magnons induced by coupling to the electrons
is o< w/q for either two-dimensional or three-dimensional metals. For g, — 0, damping is
enhanced compared to the case of a spherical Fermi surface.

2.6. Discussion

We have found that two small relativistic effects of spin-orbit coupling in a crystal without
inversion symmetry, the Dzyaloshinsky-Moriya interaction and the splitting of the Fermi
surface for opposite spin, conspire to produce exponentially flat minibands in a magnetic
metal. These minibands occur on a belt-shaped region of the Fermi surface where the helical
wave vector q is parallel to the surface; electrons from the belt can no longer move parallel

to qq.
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2.6. Discussion

Although the change to the Fermi surface is quite drastic, the minibands are difficult to
observe experimentally. For a direct probing of the miniband region by means of a de-Haas—
van-Alphen experiment, unrealistically clean samples would be required. The exponentially
flat minibands prevent electron motion ||qq, which has to influence transport quantities such
as the (residual) resistivity. Unfortunately, since electrons from that belt of width ¢ only
have a velocity component ||q, of order v ~ § in the absence of minibands, where § is the
strength of spin-orbit coupling in the system, the effect can be expected to be of order §%/2
and is therefore difficult to observe. However, for an experimental technique that only probes
the relevant belt-shaped region on the Fermi surface, such as the anomalous skin effect, the
opening of the bandgaps can be expected to leave a distinct and observable trace.

Finally, the opening of band-gaps on the Fermi surface can be expected to reduce damping
of Goldstone modes for momenta parallel to the helical wave vector.
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2. Electrons in the Ordered Phase
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3. New Phases from a Ginzburg-Landau
theory

The work presented in this chapter is motivated by the peculiar signature present in neutron
scattering data in the partially ordered state of MnSi. The transition from the helically
ordered phase to the partially ordered state is known to be (weakly) first order. Hysteretic
behaviour can be observed when a magnetic field is used to tune across Tp (see introduction).
Among the theoretical scenarios proposed for the partially ordered state are multi-domain
or emulsion-like configurations or entirely new phases. So far, experimental data cannot rule
out either of these scenarios.

We start from the assumption that the partially ordered state of MnSi is indeed a thermo-
dynamically distinct phase and, starting from the Ginzburg-Landau theory, attempt to find
new phases for chiral ferromagnets. We first review the construction of a Ginzburg-Landau
theory for ferromagnetic metals without inversion symmetry. We then briefly review work
done by Schmalian and Turlakov concerning the stability of the helix solution in an approxi-
mation of that Ginzburg-Landau theory, and proceed to a detailled local stability analysis of
the uniform helix solution in the third section. The results of this analysis motivated us to
propose an extended Ginzburg-Landau theory, which exhibits a phase consisting of crystals
of double-twist cylinders. This phase, which is the main result of our work, is closely related
to blue phase in liquid crystals. We give a detailled presentation of the phase diagram of the
extended Ginzburg-Landau theory and its consequences for MnSi in the final section of this
chapter.

3.1. Ginzburg-Landau theory and the helix

In thermal equilibrium, the state of any system is the one that minimizes its free energy. In a
Ginzburg-Landau theory of chiral ferromagnets, the free energy is given by the volume inte-
gral of the free energy density, which is constructed as a local function of the order parameter
and its derivatives that respects the fundamental symmetries of the system. This function
is expanded in powers of the order parameter, usually just far enough to guarantee thermo-
dynamic stability. A fourth order term, for example, ensures stability against unbounded
growth of the amplitude of the order parameter.

A first investigation of Ginzburg-Landau theory of magnetic systems such as the cubic metal
MnSi, which lacks inversion symmetry, has been carried out by Nakanishi et al. and Bak and
Hogh [2]. For a general chiral ferromagnet, the order parameter is the magnetization vector,
and the minimal free energy density is given by

Fr) = 2(M)? + % S (VM) + M - (V x M) +u(M)", (3.1)

29



3. New Phases from a Ginzburg-Landau theory

where M = M (r) is the position-dependent magnetization. All terms except for the third
one, the so-called Dzyaloshinsky-Moriya term, are invariant under separate rotations of the
magnetization and the coordinates; the Dzyaloshinsky-Moriya term is invariant under rota-
tions in coordinate space combined with a rotation of the magnetization. This term is a
consequence of the spin-orbit interaction present in systems without inversion symmetry, and
since spin-orbit coupling is a relativistic effect, v can be expected to be small.

The free energy density (3.1) is minimized by a magnetization of the form
M (r) = ®y(nq cos(qyr) + nasin(qyr)), (3.2)

where 1y L ny L g, are three perpendicular vectors (the spiral is right-handed for v < 0)
and |gg| = go. The values of ®y and gy can be determined by inserting (3.2) into (3.1):

= O I ez (8 g2 et
fhehx(T)—2<QO a) <I>0+<2 G o5 + ud

1 /5 A2 2
- <§ _ %> (3.3)

where the equilibrium values ¢y = v/a and ®2 = —(6/2 — v%/(2a))/(2u), which minimize
fhelix(7), have been used in to obtain the result in the second line. The helical order breaks
down for § > 72 /a.

The space group of MnSi is P213 whose point group 7T contains cyclic permutations of &,y and
z, rotations by 7 around the coordinate axes and combinations thereof. Additional terms to
this order in the Ginzburg-Landau expansion, which are not rotationally invariant but allowed
by the space group P23, are e.g. [2, 18]

%BQ (0 M2 + (9,M,)% + (0M.)?] + By ((02M)? + (92M)? + (92M)?)
+ D(M, + M, + M). (3.4)

These terms contribute to the free energy density to fourth order in spin-orbit coupling [18].
They serve to orient the helix in the (111)-direction (and symmetry-equivalent directions) for
Bs > 0 and in the (100)-direction for B3 < 0, where the former is the case for MnSi. These
terms will not be considered in the stability analysis of the following chapter, since we want
our analysis to be applicable to chiral ferromagnets in general.

3.2. Stability of the helix solution

How can the helix solution be destabilized? That this is in principle possible has been shown
recently by Schmalian and Turlakov [20], who investigated fluctuations around the helical
state of a chiral ferromagnet. We briefly review their results before we proceed to present the
results of a more extended stability analysis of (3.1).
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3.2. Stability of the helix solution
3.2.1. Quantum phase transitions of magnetic rotons

Schmalian and Turlakov show [20] that close to T' = 0, fluctuations can induce a quantum
phase transition of magnetic rotons. Starting from an action of the form 3.1, where the
components of the fluctuating magnetization M are coupled by the spin-orbit coupling term,
they diagonalize the propagator matrix for the magnetization and integrate out the two modes
with the highest masses to obtain an effective action for the remaining mode, which has the
form

1 A
S§=3 /,;, (!w\z/z +ro+ (lq] - 1)2) bgP-q +/ A2 G s gy b bagiba, (3.5)

q1,92,93 4

in momentum space. A term for the dynamics of the mode has been added, and momenta,
frequencies, the mass and the coupling constant have been rescaled to obtain an action in
terms of dimensionless variables.

The momentum dependence of A for an effective low energy action can then be derived
completely analogously to a renormalisation group treatment of interacting fermions [33]. In
the low-energy limit, the interaction predominantly couples fluctuations with momenta equal
to the helical wave vector: |g;| = |qy|- Momentum conservation then restricts a momentum
dependent interaction Ag, q,.q5.q 4‘\qi|=\%\ to have two components V and F': either there are
two pairs of collinear vectors, in which case V(q; - q3) = A_q, q,,~qs,q, Only depends on the
angle between the vectors, or two pairs of vectors form the same angle each, in which case F' =
gy .42.95.44 11 -a=as-q,- 11 the latter case, A depends not only on the angle between q; and qs,
but also on the angle between the planes containing q, g, and g3, g4, respectively. However,
V and F renormalize differently: while F' does not get any first-order corrections, V' flows to
infinity for 7' — 0. In the case of fermions, this corresponds to the BCS-instability: a system
of interacting fermions always becomes superconducting for T — 0. At finite temperatures
above the superconducting transition temperature, F' can dominate V', in which case one
obtains a Fermi liquid. Schmalian and Turlakov only consider an interaction of the V-type:
they proceed to approximate A in the low-energy theory by A = Aq, —q,.q,,—a, = V((q1" q5)?%),
presumably assuming that temperatures are sufficiently low for this term to dominate.

The helix solution has the form ¢peix(q) = ¢o [53(q —qy) +63(q + qo)] in this effective
theory, where ¢2 = —ro/(4(AL)3V (qq - q¢)) minimizes the free energy density. The energy
density takes the value —3r2/(16V (g, - qo)) in this phase. With this form of the interaction,
a local stability analysis for the helix solution leads to the condition

¢(2) (2V(k-qy) —V(go-qp)) >0 (3.6)

for the helix to be stable against fluctuations with a wave vector k. With the help of a renor-
malization group analysis for V = V(k - q,) (for generic directions k) and Vi =V(qo - o)
Schmalian and Turlakov then identify two possible scenarios for the transition from the he-
lically ordered to the disordered phase: If V dominates, the transition is 2nd order and
anisotropies dominate the low-energy physics. As a consequence, the direction of the helix is
fixed. If, on the other hand, V) — —oo in the RG-flow, then the transition is a fluctuation
induced first-order transition. In this case, the possible directions of the helix are degenerate
in the vicinity of the transition, and the mean-field solution is dubbed a magnetic roton.
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3. New Phases from a Ginzburg-Landau theory

Schmalian and Turlakov conclude their analysis by predicting a y/w-dependence of the con-
ductivity in the disordered high-temperature phase. To sum up, this analysis only investigates
the nature of the phase transition coming from the disordered phase; no predictions about
the nature of the partially ordered state are made.

3.2.2. A new phase for magnetic rotons?

The results of [20] allow to interpret the Tp-line as the continuation of the (2nd order) phase
boundary between the helical and the disordered phase, but the theory does not make any
predictions concerning the first-order transition between the helical phase and the partially
ordered phase.

It would be tempting to guess — as we did — ¢dgphere(q) = b0 6(|q| — qo) as another mean-
field solution to (3.5) with Ag,.q,.q5.ax = Aay,—q1.a0.—q, 3 above. This configuration solves
the mean-field equation and has an energy density of —rg /(4V1) per length, which has to be
compared to the energy density —3r8 / (16V||) per volume of the helix. The appealing property
of this solution is that in momentum space, its intensity is uniformly distributed over a sphere,
which matches experimental data to a first approximation.

The solution ¢gphere is extended in momentum space and therefore has to be localized in
real space; it simply means that if such a solution were to occur in a real system, it would
have to be in the form of a crystalline structure. However, ¢gphere Only solves the mean-field
equation of the theory (3.5) with A = Ag, —q,.q5,—a, = V ((q1-@2)?). As soon as the interaction
develops a component of the form F, for example, ¢gphere is simply no longer a solution of
the mean-field equations.

3.2.3. Stability analysis of the Ginzburg-Landau expansion

We then asked the question whether the helix solution can be destabilized by additional
terms in the Ginzburg-Landau expansion (3.1). This is more general than the analysis done
by Schmalian and Turlakov, since their effective action (3.5) with A\g, ¢,.q5.a, = Aqy,—a1,00,— a5
is only valid at very low temperatures and close to the phase transition line Ti.: two of the
three modes of the fluctuating magnetization have been integrated out, and the interaction
can take a different form for 7" # 0.

Our aim was to find a theory that exhibits a helix solution in some parameter regime, which
becomes unstable for a suitable choice of parameters and leaves open the possibility for a
second phase, which is thermodynamically distinct from the helical phase. We perform the
analysis at finite temperature, assuming that all modes with Matsubara frequencies w,,, n # 0,
are massive and can be integrated out.

We introduced a field ® for fluctuations around the helix by setting
M (r) = ®y(nq cos(gyr) + nesin(gyr)) + (r), ny L ng L q. (3.7)

We replaced the interaction term in (3.1), neglecting quantum fluctuations for the moment
(no dynamics for @), derived the Gaussian theory for ® and checked the propagator of ® for
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3.2. Stability of the helix solution

‘ interaction result of stability analysis
fm,w/ | M o[*| M o ° stable
S (5 VMi2) | Moy * + = ) stable
fm, (22 VM, )’ (Z'VMj,a:’)2 stable
Jow(Ma - (V x Mg))|My|* + 2 < ) stable
fa:,a:’( (VX Mg))(My - (Vx Mgy)) stable
N wf(@— )M g |*| M o |* stable for f Gaussian
fk w [k — k:’ WM _g- M) (M - M _y) unstable for f narrow Gaussian
fk ¥.q fk—E) (M- M_jyq)(Myy - M _y_,) | unstable for f (broad) Gaussian,

depends only weakly on shape of g;
unstable even for g = 1.

[, 1 Mg|* stable
fm(MmVMa:)2 unstable

Table 3.1.: Results of the stability analysis for various interaction terms in a Ginzburg-Landau
theory for chiral ferromagnets.

negative eigenvalues while varying the interaction strength; the prefactor of the interaction
was taken to be negative.

The practical difficulty in deriving an action for fluctuations around a helical phase arises from
the fact that a helix solution breaks translational invariance along its direction of propagation
do: ®(q) is coupled to ®(q + 2q,) in momentum space'. This introduces a Brillouin zone
of width 2q, and a bandstructure in the propagator of the fluctuations. Since a residual
symmetry remains, as discussed in the previous chapter, this difficulty could in principle
be avoided by chosing a rotating reference frame. In a rotating reference frame, however,
interaction terms would assume a considerably more complicated form. This convinced us
to keep the stationary reference frame, in which we diagonalized the propagator for the
fluctuations numerically and then looked for negative eigenvalues.

We did not restrict our stability analysis to local terms but also included non-local interac-
tions. In the limit of infinite-range interactions (first block of table 3.1), calculations simplify
considerably: the helix solution no longer couples modes of momenta that differ by 2q,.

The results are summed up in table 3.1. Above everything else, the stability analysis shows
that the helix configuration is surprisingly stable. Among the interaction terms that destabi-
lize a helical magnetization, the third of the long-range interaction terms of Table 3.1 seems
to be the least artificial. Setting g(g) = 1 and transforming back to real space we obtain an
interaction of the form

/ (Mac—i-y M) (Mg—y Mw)f(y) (3.8)
T,y

! In the first chapter, the interaction term coupled two fermionic fields to one bosonic field; the helix therefore
induced transitions between electrons whose wavevectors differed by g,. In this case, the interaction term
consists of four bosonic fields. When two of these are replaced by their mean-field value, the wavevectors
of the remaining fluctuating fields differ by 2q,,.
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3. New Phases from a Ginzburg-Landau theory

Doing a Taylor expansion of this then leads to a local interaction of the form

| fw [ el - ( [ 35w y?> ( / Z<MmaiMw>2>, (39)

and indeed, a local term of the form
3 / (MY Mg)* (3.10)
xT

also turned out to destabilize the helix for sufficiently negative £&. The term (3.10) can
be rewritten as (VM 2)2, it acts solely on the magnitude of the magnetization, not on its
direction. Therefore, it gives no contribution to the free energy if the magnetization takes the
helical form (3.2), which has a uniform amplitude. If a term such as (3.10) is present in the
Ginzburg-Landau theory, then a sufficiently large negative prefactor £ will cause the uniform
helix solution to be locally unstable in favour of a phase with a magnetization that varies
strongly in magnitude. If the free energy is dominated by (3.10), then it is unclear whether
there are remnants of helical order in such a new phase at all.

Finally, if a term of the form is included in the Ginzburg-Landau theory with a negative
prefactor, then higher order terms have to be included to ensure the stability of mean-field
solutions against unbound gradients and an unbound amplitude.

3.3. Blue Phases

A term such as (3.10), which favours amplitude fluctuations of the magnetization, will even-
tually drive the helical solution (3.2) to local instability. Before that happens, however, an
intermediate phase for negative but not overly large £ can be found, where a peculiar kind
of helical order remains. This phase, which is sandwiched between the helical phase and the
isotropic phase, can be reached from the helical phase in a first-order phase transition and
bears a strong semblance to blue phases in liquid crystals. In the following, we will therefore
briefly discuss what is known about blue phases in cholesteric liquid crystals, before examining
in detail the corresponding phase in chiral ferromagnets.

3.3.1. Blue Phases in cholesteric liquid crystals

Just as chiral ferromagnets, chiral liquid crystals exhibit helical order in a region of their phase
diagram. At the transition out of this helical phase, however, helical order is not completely
destroyed. Instead, the liquid crystals enter novel phases, the so-called blue phases (they
obtained their name from their visual appearance), which still harbour some kind of helical
order.

Blue phases in liquid crystals have been studied extensively, both theoretically and experi-
mentally. In this section, the salient points are mentioned briefly, closely following the review
by Wright and Mermin [34]. We will adopt their notation for this subsection. Three different
kinds of blue phases, which will be denoted by BPI, BPII and BPIII, have been observed in
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3.3. Blue Phases

chiral liquid crystals. Of these three phases, two can be described theoretically as crystalline
states, as will be discussed below. The provenance of BPIII is an unsolved theoretical problem
even today.

Starting point for a theoretical description of the blue phases is a Ginzburg-Landau theory
for the order parameter, which in the case of (uniaxial) chiral liquid crystals is a director field.
This director field is usually represented as a tensor, but in the case of a uniaxial chiral liquid
crystal it can be written as

1
Xij = %A(i% nin; — dij), (3.11)

where both the director n(r) and the overall amplitude A(r) are allowed to be position-
dependent. In the one-constant approximation, where temperature, length scales, the order
parameter and the free-energy density have been rescaled in such a way that the gradient part
of the free enery density only depends on the parameter x and the bulk part only depends on
t, the free energy density takes the form (see e.g. [35] for a detailled calculation)

® = Pbulk T Pgrad; (312)
Phullc = tA7 — A%+ A%, (3.13)

Pgrad = K <(V>\)2 - iv +3X2V - [(n-V)n —n(V -n)]

2
+3)\2{(V~n)2+[n><(V><n)]2+<n-Vxn+%> }) (3.14)

:/{2

1 1 ’
(VA = A% +3)7 <v,~nj + §5ijknk> ] (3.15)

In the case of a fixed amplitude A, it can be shown that the helical phase with
n"¥ (1) = & cos(qoz) + ¥sin(qo2), (3.16)

where gy = 1/2, gives the unique minimum to the Frank free energy, i.e. the last three terms
of (3.14). Since the first and the third term of (3.14) are zero for (3.16) (the first term is
zero because the helix has a constant amplitude and the third term constitutes a boundary
term), the helix solution minimizes the gradient part of the free energy density if a uniform
amplitude is required. More precisely, for the helix solution one obtains gogre;ﬁ‘ =—(1/ 4)/{2)\3,
which is however above the lower bound —(1/2)k?A2 for (3.15). It is impossible to find a

director field for which this lower bound is reached everywhere in space, i.e. which satisfies
1
ij + §Eijknk =0. (3.17)

This condition can, however, be fulfilled along lines with a director field of the form (in
cylindrical coordinates)

nd(r) = 2 cos(qr) — ¢sin(qr), (3.18)
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3. New Phases from a Ginzburg-Landau theory

for which the gradient energy density is given by

1 1 sin qr Sin(2 qr)
d d
<Vz’(n t)j + —Eijk(n t)k) = — + < > _ ; .

(3.19)

How can the director field (3.18) be visualized? In the helical phase (3.16), the sheets of
constant n form planes perpendicular to the axis of the helix. For a director field of the form
(3.18), these planes of constant n are wrapped around the axis 7 = 0 and form cylinders of
“double-twist” regions — double-twist because the director field twists about two directions
instead of one single direction in the case of the helix. For the configuration (3.18), the axis
of the cylinder points into the z-direction.

The equilibrium value of the double-twist wave vector is ¢ = 1/2, which is equal to the wave
vector of the helix (3.16) in the helical phase.

As can be seen from (3.19), the gradient free energy grows as r gets larger; one double twist
cylinder has to have a finite extension along r in order to be energetically favourable. The
maximal extension R, above which the cylinder has a higher energy density than the helix

solution (3.16), can be estimated by comparing cpgf;z‘ to cpgﬁad for the same, fixed amplitude:
R
d heli sin 5 2 sinr
Prad — Pgrad X /drr < - > —2—, (3.20)
2
0

where the equilibrium value for the double-twist wave vector, ¢ = 1/2, has been inserted. For
this difference to be negative, R cannot exceed 3.58, which corresponds to a maximal angle
of 102.56° that the director field is allowed to twist outwards. The difference is maximal for
R = 2.331, i.e. an angle of 66.8°. This should, however, not be taken too literally, since a
uniform amplitude A and a constant wave vector ¢ have been assumed in the calculation.
When these conditions are relaxed, the maximum allowed value Ry, for R can change. Also,
Rpax is influenced by the terms in ¢py or higher order terms which could be added to ppyk.
A consequence of (3.20) is that the amplitude A is necessarily nonuniform in a double-twist
cylinder phase, and double-twist cylinders can have a lower energy than the helix solution
only if the energy gain of (3.19) close to the axis of the cylinder is not offset by the energy
cost of a nonuniform amplitude A.

Necessary conditions for the existence of a single stable double-twist cylinder are therefore (i)
that its amplitude vanishes at large distances from the axis and (ii) that the isotropic phase
has lower free energy than the helical phase. If these are fulfilled, then there is a region just
above the isotropic-helical transition where single double-twist cylinders of variable amplitude
can become stable, as Hornreich, Kugler and Shtrikman [36] showed.

A stable phase that contains double-twist structures is obviously going to consist of many
such cylinders. One possibility is that these are well separated and embedded in the isotropic
phase. Such an arrangement is still a possible candidate for BPIII. When cylinders are tightly
packed in periodic structures, the amplitude A only has to drop to zero at isolated points or
lines, if at all. Such structures reduce the bulk free-energy cost further and are indeed believed
to lie at the heart of BPI and BPII.
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Figure 3.1.: The arrangement of double-twist cylinders in (a) the O2- structure and (b) the
OB%-structure. In both cases, the director twists out to 45° at the cylinder sur-
faces. There are other possibilities for realizing an O%-crystal with double-twist
cylinders, see Fig. 3.2. Taken from [34].

Figure 3.2.: Wigner-Seitz cell for the two ways of realizing O% symmetry with director field
double-twist cylinders. To make the structure apparent, cylinders are not shown
to touch. The director twists out to 45° at the cylinder surface in the O3~ -
configuration on the left side and out to 54.7° in the O%F-configuration on the
right side. Taken from [34].
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Figure 3.3.: (a) Sketch of the experimental phase diagram of chiral nematic liquid crystals;
and t are in arbitrary units. (b) Phase diagram calculated form Landau-Ginzburg-
de Gennes theory of Grebel et al. Taken from [34].

The possible structures are restricted by two basic requirements: First, the director fields at
points where cylinders touch have to be aligned. Second, the director can only turn as much
as roughly 100° from the cylinder axis. Two of the three-dimensional crystal structures that
meet these requirements, those belonging to the cubic space groups O% and O?, are shown in
Fig. 3.1 and Fig. 3.2. In calculations there is a very narrow region where a third structure,
O, has the lowest free energy, see Fig. 3.3. This structure has however not been found in
any real materials.

In order to determine which of these structures are realized, if at all, in liquid crystals,
Meiboom, Sammon and Berreman [37] carried out detailed calculations of the intensities of
the first few Bragg reflections, which were then compared to the experiments. For O%- and
O%-symmetric crystals with lattice constants a; and aso, the first Bragg reflexes are situated
at (110) and (111), respectively. Calculations based on an analysis of the free energy density
(3.12) predict a phase diagram as shown in 3.3. The transitions from helical phase to BPI,
BPII, BPIII and finally to the isotropic phase are all first order, with possible exception of
the BPIII-to-isotropic transition.

While the theory of BPI and BPII seems to be well established, the origin of BPIII remains,
so far, unclear. That some kind of BPIII might be relevant to the partially ordered state of
MnSi has first been suggested in [7]; Tewari et al. have tried to establish a closer connection
[21], as will be mentioned briefly below. Here, we just give a brief summary of the known
experimental facts on BPIII followed by a list of possible theoretical scenarios, both taken
from [38]:

e BPIII selectively reflects circularly polarized light but exhibits only one Bragg peak [39]
and not the higher order ones that would point to a crystal structure.

e The heat capacity shows a small peak at the transition between BPIII and BPI/II but
a much more pronounced peak between BPIII and the isotropic phase. The structure
of BPIII therefore seems to be closer to BPII than to the isotropic phase.
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Figure 3.4.: Double-twist structure in a plane perpendicular to the cylinder axis. Sheets of
constant magnetization are wrapped around the cylinder axis.

e At high chirality, the transition line between BPIII and the isotropic phase ends at a
critical point, similar to a liquid-gas transition.

e Electron microscopy images of freeze-fractured samples of BPIII exhibit a filamentary
structure [40].

Theoretical proposals concerning the nature of BPIII that have not yet been ruled out by
experiments include [38]

e the double twist model of Hornreich et al. [36] which assumes BPIII to be a spaghetti-like
tangle of double-twist cylinders, e.g. from melted lattices of double-twist cylinders,

e the cubic domain model wich assumes that BPIII retains a locally cubic structure but
only over very short correlated regions,

e the icosahedral model, i.e. a structure with reciprocal lattice vectors derived from the
vertices of a regular icosahedron,

e the liquid gas transition model: Lubensky and Stark provide a phenomenological model
of the BPIII-isotropic critical point in which ((V x x) - x) is viewed as the new, pseu-
doscalar order parameter, where x is the order parameter tensor. This model predicts
that the isotropic-to-BPIII transition is in the same universality class (3D Ising) as the
liquid-gas transition. Tewari et al. have argued [21] that this model should be relevant
to the Tp-line in the phase diagram of MnSi (see Figs. 1.1 and 1.2).

3.3.2. Chiral Ferromagnets

The free energy density of chiral liquid crystals is quite similar to that of chiral ferromagnets
in principle, as can be seen below. Both materials can be tuned into a phase with helical
ordering. Because of these similarities, one could be led to assume that the blue phases of
liquid crystals also have their counterpart in chiral ferromagnets. However, there are a few
obstacles in the case of chiral ferromagnets, as Wright and Mermin have shown [34].
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3. New Phases from a Ginzburg-Landau theory

The part bilinear in magnetization of the free energy density (3.1) can be rewritten by setting
M = \n, where X is the amplitude and 7 is the direction of the magnetization M:

O Y . SRR R GRS praae

f=3A (Vm]—kaswknk) L4 2(VX)
=r? |(VN)? — —)\2 + A% Vin, + 15-' n 2 (3.21)
- 2 U 2 ijkTk .

where we have rescaled the coordinates,  — a/(2v)x, in the second line and set 2 = 272/«
in order to facilitate the comparison with (3.15). When comparing (3.21) to (3.15), we see that
the two differ in the relative weights assigned to (V;n; —I—%sijknk)2, which favours double-twist,
and (V)2 which penalizes amplitude fluctuations. Wright and Mermin [34] argue that this
makes amplitude fluctuations just too costly for blue phases to appear in chiral ferromagnets.
They demonstrate this by using the identity

1
/-;%A?(Vm,» + §€ijknk)2 + /-i%(vx\)2 =

n%)\z{(v'n—i-n-V)\/)\)z—k(n-Vxn—i—%)z—k[nx(Vxn)—i—VA—n(n-V)AF}

1
- ZH%V + (k3 — K3 (VA)? (3.22)

where
k3 =rkr? for a ferromagnet, (3.23)
KE = %m% for a nematic liquid crystal. '

The term in the large curly brackets is the sum of three square and therefore nonnegative
terms. All of these vanish in the helical phase for a uniform amplitude A\. While the coefficient
of (VA)? is negative for the chiral liquid crystal, it is exactly zero for the chiral ferromagnet.
As a consequence, the helix minimizes the gradient as well as the bulk free energy in the
case of the chiral ferromagnet. It should be pointed out, however, that the double-twist
cylinders are still locally favourable for the chiral ferromagnet. For crystalline configurations
of double-twist cylinders where the amplitude is non-zero everywhere, blue phases might still
be possible for a system described by the free energy density given above.

The analysis performed by Wright and Mermin [34] pertains to the free energy density (3.21),
but the results do not necessarily have to hold true if higher order terms are taken into
account. And indeed, since it is precisely the role of the additional term (3.10) to make
amplitude fluctuations less costly, it comes as no surprise that there is a parameter range for
¢ where (3.10) can stabilize extended configurations composed of double-twist cylinders, as
we will show below.

The free energy density that will be investigated in subsequent sections is of the form

24 @ > (VM)? + M - (V x M) +uM* + {(MVM)? +nhi(M), (3.24)

fr) =35 5

where £ < 0, n > 0 and h;(M) is a term containing k powers of M and [ derivatives
(k > 4, 1 > 2), which is used to stabilize solutions against an unbounded magnetization
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and oscillations thereof. Possible choices are for example hi(M) = (MVM)?> (VM;)?,
ho(M) = (MVM)* and hz(M) = M?*(MVM)?.

While the free energy density formally depends on 6 parameters, three of these can be set to
one by a suitable rescaling of coordinates, the magnetization and the free energy F: setting
r —ror, M — MyM and f = f/Fy, (3.24) reads

(VM) + —2— M - (V x M) + M*

;. uMj o 9 o
fr) = Fy <2uMO2 * 2uM§r8 uMozro
Mk:—4
- iQ(MVM)2 + 1 L hi(MOM)>
urg ury

= OM? +) (VM;)? + M - (V x M)+ M* + §(MVM)? +ij hy(M), (3.25)

where the following values for the parameters rg, My and Fy were chosen so as to set the
prefactors of the second, third and fourth term to one,
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have been introduced. This is not the parameter region which is to be expected for MnSi.
Since the Dzaloshinsky-Moriya term is of relativistic origin, its prefactor should be at least
an order of magnitude smaller than the other prefactors, and especially in MnSi, |g,| = v/«
has been experimentally determined to be very small.

The energy density fieix of the helical phase of (3.25) has a quadratic dependence on s,

. 1/1 <\?
fHelix = _Z <Z - 5> s (332)

which places the phase boundary to the isotropic phase at 6 = 1 /4 in the absence of other
phases.

For the free energy density (3.25) we have found stable structures of single double-twist
cylinders as well as two-dimensional and three-dimensional crystals of cylinders.
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3. New Phases from a Ginzburg-Landau theory

3.3.3. Single Double-Twist Cylinders

As a first step we will explore stable configurations consisting of a single double-twist cylinder
at the transition from the helical to the isotropic phase. At this transition, the energy of the
helical phase is equal to the energy of the isotropic phase, i.e. exactly zero. If a single double-
twist cylinder can already be shown to have negative energy, then we can expect the formation
of a whole network of these structures, which will be the subject of the following sections.

We make the following ansatz for the magnetization (in cylindrical coordinates):
MY = OX(r) sin(qr) — 2A(r) cos(qr), (3.33)

where ¢ is the double twist wave vector and where we allow for a position-dependent amplitude
A(r). Inserting this into (3.25) leads to the following expression for the free energy density
fey1 of one cylinder (with A = A(r) and X = 9, A(r)):

_ 2 R "2 242 A2 2 2 2sin(2qr) T2
fcyl—ﬁ/o drr((()\) + q° A +r—251n (qr)>—<q)\ + A T>+5)\

+ M+ EAZN)2 4 7 hy(\, X)) (3.34)

with
hi(\) = A2 <(/\/)2 + ¢\ + i—jsin%qr)) (X2, (3.35)
ha(A) = X(X)Y, (3.36)
ha(\) = M(\)2. (3.37)

If X is taken to be constant, then the minimum value for the double-twist wave vector q is
g = 1/2 just as in the helix case.

We set 6 = 1 /4 so that the amplitude of the uniform helix is exactly zero, i.e. the system is
at the phase boundary of the helix solution in the absence of other phases. We discretized
A(r) in the interval 0 < 7 < R and minimized fe; with respect to R, A(r) and ¢ with the
boundary condition that A\(R) = 0. Results for the stabilizing terms hy and hy are shown in
figures 3.5 and 3.6. The term h3 does not lead to stable single double-twist cylinders: the
amplitude starts oscillating as soon as it drops below a certain level.

Let us go back to (3.24) for a moment and try to estimate for which parameter range of «,
~v and u in a real system single double-twist cylinders are most likely to form. As can be
seen from the parameters used in figures 3.5 and 3.6 and from their behaviour under rescaling
(3.29, 3.30, 3.31), these double-twist cylinders can occur in a parameter region of (3.24) where
~ and « are of comparable size (i.e. where ¢ is large, which favours terms with gradients) and u
is small, which favours a large amplitude of the magnetization. In this parameter region, only
small prefactors £ and n are required to stabilize double-twist cylinders. As a rule of thumb,
a small v penalizes terms with many gradients, and a large u penalizes terms in the Ginzburg
Landau expansion of higher power in the magnetization. Taking these considerations into
account, the stabilizing term hq (M) will be used exclusively in the following calculations.

42



3.3. Blue Phases

251}

15}

05}

1 2 3 4

Figure 3.5.: Amplitude function for the stabilizing term h; and the following choice of pa-
rameters: a =1, =0.25, vy = -1, u =1, £ = —6.5 and n = 5. The free energy
density takes the value fo,1 = —0.0043, and the width of the cylinder and the
wave vector are R = 3.98 and ¢/qo = 0.38, respectively.
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Figure 3.6.: Amplitude function for the stabilizing term hy and the following choice of param-
eters: a =1, =025 v=—1,u =1, £ = —15 and n = 7500. The free energy
density takes the value f.,1 = —0.00056, and the width of the cylinder and the
wave vector are R = 5.78 and ¢/qy = 0.78, respectively.

43



3. New Phases from a Ginzburg-Landau theory

Figure 3.7.: Square lattice of double-twist cylinders. Shown are the magnetization at some of
the points where cylinders touch as well as on the cylinder axes, the Wigner-Seitz
cell (dashed line) and the area of integration (dotted line) in the arrangement of
cylinders used for numerical calculations. The next closest cylinder not included
in the numerical calculation is shown in grey.

This analysis could be generalized further by considering a magnetization
M2 — OX(r) sin(w(r)) — 2A(r) cos(w(r)), (3.38)

i.e. by allowing not only the amplitude but also the wave-vector to be position-dependent. For
chiral liquid crystals, an analysis of this type showed w(r) to be approximately linear [36]. We
have not carried out such a calculation here, since the analyis of single double-twist cylinders
is of limited interest: A phase based on double twist cylinders will necessarily contain a whole
network of these structures, arranged so as to fill up space with the favourable double-twist
configuration as efficiently as possible. In these configurations, the magnetization only has to
drop to zero on lines or at points, if at all. It was important, however, to verify that single
cylinders can exist because it justifies the variational ansatz for the amplitude function that
we will adopt in the next sections and it gives credence to the assumption that stable double
twist regions can exist.

3.3.4. Crystal of Double Twist Cylinders I: Square Lattice

Compared to a director order parameter, the possibilities to form a crystal made up of vector-
order parameter double twist cylinders are greatly reduced: it is now vectors and not directors
that have to match where two cylinders touch; their orientation matters.

As far as two-dimensional lattices are concerned, the most likely candidate is the square
lattice as shown in Fig. 3.7. This kind of structure is also what one would expect locally in
the double-twist model for BPIII, see section 3.3.1.
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Figure 3.8.: Approximate region of stability of the square lattice of double-twist cylinders in
the é—ﬁ-plane for 6 = 0.25. The line shown indicates where the free energy density
has a value of —0.0034+0.00025. Below that line, the configuration of double twist
cylinders is stable for 77 > 0.

Since the magnetization of neighbouring cylinders has to match at the point where they touch,
the director has to twist out to 90° at the cylinder surface, which means that two neighbouring
cylinders touch at distances R = m/(2q) from the respective cylinder cores, where ¢ is the
double-twist wave vector. The size a of the unit cell is therefore given by a = 2v2R = /21 /q.
This is illustrated in Fig. 3.7.

We calculated the free energy density of a square lattice of double twist cylinders for various
values of § and £, using an amplitude function A(r) of the form

A(r) =yo - (r—ro)e™"/"O(r — o). (3.39)

This choice is motivated by the fact that this amplitude function is closely mimics the form
obtained from minimization for a single double-twist cylinder. Of the four parameters yg, 79, 71
and ¢, we keep rg fixed. We want to ensures that no other cylinders except for those considered
in the numerical calculation extend into the (part of the) Wigner-Seitz cell over which we
integrate, see Fig. 3.7. To fulfill this requirement, we could have chosen 7y to be as large as
4R = 27/q. To facilitate comparison with results from the next section, we set it to v/57/(2q)
instead. We then minimized the free energy density for the configuration shown in Fig. 3.7
with respect to the parameters yg, 1 and q.

As we will see in the next section, the square lattice of double-twist cylinders is not the
configuration with the lowest free energy density that can be constructed out of double-
twist cylinders. A disadvantage of the square lattice of double-twist cylinders is that the
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3. New Phases from a Ginzburg-Landau theory

magnetization in the center of the Wigner-Seitz cell has to drop to zero for symmetry reasons,
i.e. the magnetization is zero on lines. This can be avoided by stacking the double-twist
cylinders in three-dimensional configurations, which is the topic of the next subsection.

In a first step, we set the parameter ) equal to 0.25, i.e. at the phase boundary of the helix
phase in the absence of other phases. The free energy density (3.25) then only depends on
the parameters 5 and 7. We determined the boundaries of the region of stability of the square
lattice within the variational ansatz (3.40), the result is shown in Fig. 3.8. This ansatz is
likely to underestimate the extent of the stability region at the boundary to the isotropic
phase, i.e. for large values of 5 if 77 is fixed.

We then kept 7] fixed and calculated the free energy density for various é and §~ . The results are
presented in table B.1 in Appendix B, where the results for the variational parameters yq, 1
and ¢ are given in addition to the value of the free energy density. Within our variational
ansatz, the square lattice is not the configuration with the lowest free energy density. A
configuration with an even lower value of the free energy density will be presented in section
3.3.5.

Finally, what is the signature of the square lattice of double-twist cylinders that can be
expected in neutron scattering experiments? The lowest order Bragg reflexes should occur at
wave vectors 27/a = \/2¢; higher order reflexes are situated at 2v/27/a = 2q, 47/a = 2v/2q
and so on.

3.3.5. Crystal of Double Twist Cylinders Il: Cubic Lattice

There are strong experimental indications (see for example [37]) that the BPI and BPII in lig-
uid crystals consist of O8~- and O?-crystals of double twist cylinders respectively. Structures
for a director order parameter, however, do not automatically lead to admissible structures
when the order parameter is a vector. The crystals of double twist cylinders that are the
building blocks of BPI and BPII are believed to be realized with order parameter config-
urations that contain w-disclinations [41, 37, 42], i.e. order parameter configurations where
the director field rotates by 180° along a closed path enclosing the topological defect. A
m-disclination arises from a configuration of three cylinders as shown on the left hand side of
Fig. 3.9. These w-disclinations, which appear to be ubiquitous for liquid crystal blue phases,
are too expensive energetically for a vector order parameter: they necessitate the introduction
of singular planes across which the directions of the arrows reverse.

Of the cubic lattices considered for double-twist cylinders in liquid crystals, the configuration
shown in Fig. 3.1 (b) can be replicated with double twist cylinders that only form right-hand
corners, and, as a consequence, is a candidate for a cubic phase of double-twist cylinders in
chiral ferromagnets.

The symmetry transformations that leave this structure invariant are cyclic permutations of
the axes and a translation by a/2 along all axes combined with time reversal (i.e. M — —M).

Where cylinders touch, the magnetization has to form an angle of 45° with the axis of each
cylinder, which means that neighbouring cylinders touch at a distance of R = 7/(4q) from
the respective cylinder axes. The size of the unit cell is then a = 8R = 27/q.
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Figure 3.9.: Left hand side: cylinders arranged in such a way that magnetization does not
match at all of the three points where the cylinders touch; a m-defect is enclosed
by the cylinders. The energy cost of such a configuration is prohibitive for chiral
ferromagnets. Right hand side: the magnetization matches at all points where
cylinders touch; this configuration can be realized in chiral ferromagnets. Taken
from [43].

We checked numerically that in this structure the magnetization only vanishes at the points
a (%, g, %) and a (%, %, %) and symmetry-equivalent points in the unit cell.

As in the case of the square lattice, we used the stabilizing term hi(M) and employed the
following ansatz for the amplitude A(r):

A(r) = o+ (r —ro)e”"/"O(r —10). (3.40)

We arranged 24 cylinders in a configuration sketched in Fig. 3.10. For each plane, only
crossections with radius R of the cylinders whose axis is perpendicular to that plane are
shown. We then set ry = v/57/2¢ to make certain that no other cylinder further away extends
into the central Wigner-Seitz-cell over which we integrate; the extension of the amplitude of
one cylinder away from the cylinder axis is now controlled by the parameter r; only.

As in the case of the square lattice, we started by determining the region of stability for the
cubic lattice of double twist cylinders as a function of £ and 7 and for § = 0.25. The result is
shown in Fig. 3.11.

Then we set 77 = 5.375, 1.0 and 0.05 and calculated the respective free energy densities as a
function of § and 5 . This is more likely to be relevant for experiments, since the parameter
7 is probably less susceptible to changes of temperature and/or pressure than 6 and 7. We
determined the phase boundary between the helical phase and the cubic crystal of double-
twist cylinders, which are shown in Figs 3.12, 3.13 and 3.14. The results for the free energy
density and the values of the variational parameters are given in tables B.2, B.4 and B.6
in Chapter B of the Appendix. Of all the variational parameters, it is most interesting to
track the change of ¢/qp as shown in Figs B.2, B.4 and B.6 in Chapter B of the Appendix:
this ratio of the double-twist to the helical wave vector is around one as the phase boundary
between the helical and the cubic crystal phases is approached but drops significantly close
to the boundary to the isotropic phase.
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Figure 3.10.: Arrangement of the 24 cylinders. Shown are the crossections of the cylinders

with axes parallel to the z-axis. The sign indicates the orientation of the mag-
netization on the cylinder axis. Because of invariance w.r.t. cyclic rotations of
the axes, the corresponding diagrams for the z-z- and the y-z-plane are identical
to the one above. We integrate over the area enclosed by the dotted line. The
next closest cylinders to this area are shaded in grey.

20

15

=10

Figure 3.11.: Approximate region of stability of the cubic crystal of double-twist cylinders
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in the &-n-plane for 6 = 0.25. The line shown indicates where the free energy
density has a value of —0.003+0.00025, it is therefore below the transition line to
the isotropic phase. Below that line, the configuration of double twist cylinders
is stable for 7 > 0.
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Interestingly enough, for certain values of £ and 8, stable crystalline configurations exist at
small positive energies: the transition from the cubic crystal to the isotropic phase is probably
a weak first order transition. This leaves open the possibility that low energy excitations
at finite temperature assume crystalline form, even though the ground state of the system
consists of the isotropic phase.

In neutron scattering experiments, the elastic scattering cross-section (do/dQ)e at a wave
vector Kk is related to the Fourier transform of the magnetization in the following way [44]:

<j—;>elo<|@x (M(k) x &), M(x) = /W e, o

where K is the unit vector in k-direction. For symmetry reasons, the axes of the cubic crystal
of double-twist cylinders can be expected to be aligned with the axes of the crystal structure of
MnSi. The lowest-order nonzero Bragg reflections are the (100)-reflections at a wavelength of
a, where a is the lattice constant. This corresponds to a magnitude of 27/a = ¢ in reciprocal
space. The intensities of the higher order Bragg peaks of the cubic crystal depend on the
specific values of the variational parameters but can be expected to be only a few percent of
the intensity of the (100)-reflection.

Is this the only three-dimensional configuration that can be contructed from cylindrical
double-twist regions? For liquid crystals, it has been shown explicitly by Hornreich and
Shtrikman [41] that the O®~ configuration can in principle be constructed without intro-
ducing w-disclinations, which makes it a candidate for a three-dimensional cubic lattice for
chiral ferromagnets. If a true O® -crystal, which is essentially a bcc lattice, can be realized
with a vector order parameter, then the lowest order Bragg reflexes should lie at (110). The
construction of this structure is, however, rather involved and therefore left for future projects.

3.3.6. Phase Diagram

After having rescaled the free energy density, the coordinates and the magnetization, the
free energy density (3.25) still depends on three independent parameters. A complete phase
diagram as a function of these parameters is computationally expensive; instead we computed
phase diagrams as a function of two parameters, setting the third to a constant value.

For all points in the phase diagram that we checked, the cubic crystal of double-twist cylinders
had a lower free energy density than the square lattice. It is not at all obvious why that should
be the case, since a number of qualitative differences exist between the two configurations:
(1) In the square lattice of double-twist cylinders the magnetization has to drop to zero on
lines in the system and not only at points, as it is the case for the arrangement with cubic
symmetry. (2) In the square lattice, the magnetization rotates outwards as far as 90° from
the center before cylinders touch, compared to 45° in the case of the cubic lattice, and (3)
the fraction of the volume filled by the favourable double-twist regions is larger in the case of
the square lattice than for the cubic crystal.

Interestingly enough, for some parameters we obtained stable crystalline structures at positive
energies, which could exist as low-energy excitations well above the transition temperature
to the isotropic phase.
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Figure 3.12.: Phase diagram in the 0-¢-plane for 7 = 5.375. The dashed line interpolates
between the values listed in Table B.3.
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Figure 3.13.: Phase diagram in the S—E—plane for 7 = 1.0. The dashed line, which delimits
the phase boundary of the cubic crystal phase, interpolates between the values
listed in Table B.5.
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Figure 3.14.: Phase diagram in the 5—§—plane for 7 = 0.05. The dashed line interpolates
between the values listed in Table B.7.

Finally, the results for the free energy density obviously underestimate the extent of the “blue
phase” at the border to the helical phase, but it also overestimates the extent of this phase
for large &: at some point, amplitude fluctuations completely dominate the free energy and
destroy any remnants of helical order. However, this is not captured by our variational ansatz.
For a more realistic phase diagram, Monte-Carlo calculations are required.

3.3.7. Blue Phases and MnSi

Are configurations of double-twist cylinders likely to be in any way related to the partially
ordered phase of MnSi? In other words, how well does this scenario compare to existing
experimental data?

There are several aspects that need to be considered: (i) What are the values of £ and n
for the values of «, 7 and w that are typical for MnSi? (ii) What are the thermodynamic
signatures of the transition from the crystalline to the isotropic phase? And finally, (iii) how
well can double-twist cylinders explain the pattern seen in neutron scattering experiments?

The first of these three issues can be addressed simultaneously for all three configurations
of double-twist cylinders (single cylinder, square lattice and cubic lattice) discussed in this
chapter. Since the ratio of v and « (and with it the helical wave vector) is small in MnSi, a very
low interaction u and comparatively large values of £ and 1 would be needed to make double
twist structures possible. While this regime might be unrealistic, there are indications that
the prefactors of the quadratic and higher order terms in a Ginzburg-Landau expansion might
have unusual values in MnSi: although the magnetic moment is about 0.4up per Mn atom
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3. New Phases from a Ginzburg-Landau theory

and therefore quite large for itinerant ferromagnets, the phase transition to the ferromagnetic
phase (with a helical modulation) occurs at 7, =30K, which is considerably lower than the
typical transition temperatures of a few hundred K in metals. From a comparison of T, to
the Fermi energy Er, which is typically of the order of 10*°K, one might expect the magnetic
moment to be a very small fraction of the free Hund’s rule moment of Manganese, which is a
few pp.

As to the second question, if the partially ordered phase is due to any kind of crystalline
structure, the transition from the crystal to the isotropic phase is (weakly) first order or second
order and therefore should leave signatures in thermodynamic quantities. At the crossover
temperature Tg, no signatures are seen in either the a.c. susceptibility or the resistivity. But
this might not be the temperature at which the crystal is destroyed, since one could imagine
a scenario where the crystal structure fluctuates on timescales smaller than the one relevant
for neutron diffraction. However, there would still have to be a second phase transition
somewhere in the phase diagram, which is not seen at present.

Apart from the non-Fermi liquid behaviour of the electron resistivity, the most striking ex-
perimental observation in the phase diagram of MnSi is certainly the signature observed in
neutron scattering experiments: In the partially ordered state, the signal is spread over the
surface of a sphere of a radius close to the helical wave vector g, and peaked at (110). Any
model for the partially ordered state needs to explain these properties.

The anisotropic terms (3.4) present in the Ginzburg-Landau theory for MnSi orient single
double-twist cylinders in a way similar to the helix: from symmetry arguments alone we
can deduce that the axis of one double-twist cylinder, which is the only direction singled
out, points into the (111)-direction under the influence of (3.4). What are then the neutron
scattering signatures of the various double-twist cylinder structures that we investigated?

In the case where the cylinders are aligned completely randomly, the length scale relevant for
Bragg reflections is the radial extension of the cylinder. This would indeed give a spherical
signature in neutron scattering experiments, but with a certain radial extension of the peaks,
which contradicts the resolution-limited radial extension of the neutron scattering signal seen
in experiment.

If the double-twist cylinders predominantly self-assemble into crystals, the maxima in neutron
scattering signatures result from the Bragg peaks of the crystal structure. For the two crystal
structures we investigated, we found that the double-twist wave vector ¢ changes as a function
of the parameters but is approximately equal to the helix wave vector gy at the first order
phase transition from the helical to the crystalline phase.

Although we have not found any region in the phase diagram where the square lattice is
energetically lower than the cubic lattice of double-twist cylinders, the existence of such
regions cannot be entirely ruled out; let us therefore consider first the expected neutron
scattering signature from that structure. If the cylinders are preferrably aligned locally in a
square lattice, but in a direction that varies globally, in analogy to experiments with liquid
crystals [40], then the relevant scale is given by the lattice constant of the square lattice. This
would lead to primary Bragg reflexes at wave vectors v/2¢, where ¢ is the double-twist wave-
vector. In the square lattice, the anisotropic terms prefer to align the cylinder axes in the
(111)-direction, but the orientation of the lattice in the plane perpendicular to this direction is
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completely random. In neutron scattering experiments, reflexes can therefore be expected on
rings perpendicular to the (111)-direction, and these intersect (and can therefore be expected
to produce maxima) in the (110)-direction. Since g = qg as the first-order transition from the
helical into the double-twist phase is approached, the expected directions of the maxima in
neutron scattering match those observed in MnSi, but the magnitude of the wave-vector does
not.

The cubic structure we investigated can indeed be expected to produce reflexes at the double-
twist wave vector ¢ = qg, but at (100) positions, which is at odds with experiments.

In contrast to the helical phase, which has a uniform magnetization, the magnetization in
the crystals we investigated varies in amplitude. As was pointed out in [45], a non-uniform
magnitude can couple to magnetic impurities, which could lead to the smearing out of the
Bragg reflexes. The higher order anisotropic terms present in a Ginzburg-Landau theory for
MnSi cannot align the reflexes as precisely any more.

3.3.8. Other propositions for helical spin crystals

In the course of this work, we became aware of two other proposals for crystalline configura-
tions in chiral ferromagnets, which we briefly present here.

Closest to our approach is the work done by Ro8ler et al. [46, 47]. The “skyrmion”-configuration
of the magnetization which is explicitly shown in [46, 47] is relevant to chiral ferromagnets
with a crystal point group Cy, rather than 7', and therefore not directly applicable to MnSi,
but the main idea can easily be adapted.

The approach adopted in [46, 47] is best illustrated by going back to (3.22): Rofller et al. in-
troduce an ad hoc prefactor ko not equal to x; for the chiral ferromagnet in (3.22). For
sufficiently small ke < k1, the cost of amplitude fluctuations is reduced far enough that dou-
ble twist cylinders can appear, just as it is the case for liquid crystals. In fact, the only
difference to liquid crystals that still remains is that the order parameter is a vector, not a
director. In complete analogy to the work done by Hornreich and Shtrikman [36], Réfller et
al. determine stable configurations of single cylindrical objects, and they proceed to calcu-
late the free energy density of a square lattice of these cylinders, which is in fact the same
configuration as discussed in subsection 3.3.4.

The authors justify their ad hoc introduction of a prefactor that reduces the cost of amplitude
fluctuations by arguing that the term proportional to (V)2 i.e. the amplitude fluctuations,
is irrelevant for the critical properties of ferromagnets and scales differently than the term
proportional to (Vn)2. Their main argument is that since the energy they use does not change
the universal behaviour of an isotropic ferromagnet, they are free to use it. The authors do
not, however, substantiate this claim by a detailed renormalization group calculation.

RoBler et al. explain the neutron scattering results within their square lattice approach by
proposing that, since the cylindrical skyrmion tubes are oriented along the (111) direction,
the neutron scattering intensity in reciprocal space should lie on circles which intersect and
produce maxima of intensity in the (110) directions at |k| = ¢, i.e. equal to the double-twist
wave vector. However, since the vector rotates outwards by only 90° from the cylinder axis for
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3. New Phases from a Ginzburg-Landau theory

each cylinder in the square lattice, and since any Bragg reflexes in a crystalline structure are
generated by the crystal structure and not by any internal structure within the Wigner-Seitz
cell, our prediction for Bragg reflexes made in the previous subsection seems more likely.
Furthermore, it might be worth investigating within the context of their model whether a
cubic crystal of the form proposed in subsection 3.3.5 is energetically even lower than the
square lattice.

A different proposal for helical spin crystals has been made by Binz et al. [45]. The authors
also take the route of introducing additional terms in a Ginzburg-Landau theory for the mag-
netization: Similarly to Schmalian and Turlakov [20], they introduce a momentum-dependent
M*-interaction U (g1,99,93) and argue that it predominantly couples modes with g; = g,
i.e. with momenta equal to the helix wave wector. As was discussed in subsection 3.2.1,
the interaction can then be parameterized by two independent angles, U = U(6,¢). Binz
et al. expand the interaction in spherical harmonics Y}, with [ < 2, which adds three new
interaction terms and therefore three independent parameters Uyq, Usg and U to (3.1). The
authors then propose various linear combinations of six helices or spin spirals (3.2) as the new
ground states for suitable choices of Uy1, Usg and Use, and establish a phase diagram.

In which parameter regime can these structures be shown to be stable? Binz et al. claim
that their higher order terms induce a crystal of helical modes already for prefactors Uy; and
Uss of the order of the prefactor of the momentum independent M 4_term or below. This is
only true, however, because a factor (1/gg)? has already been separated out from U;; and
Uss in their calculation. If this factor was absorbed in U1 and Uso, the helical spin crystals
proposed in [45] would necessitate much larger prefactors. Once again, the tiny wave vector
of the helical structure in MnSi penalizes higher order gradient terms.

The three dimensional structures that Binz et al. find are distinct from the cubic crystal dis-
cussed in subsection 3.3.5. For example, whereas for the cubic crystal proposed in subsection
3.3.5 time reversal is equivalent to a translation, the crystalline structures of [45] are only
invariant under combined time translations and rotations. Binz et al. predict lowest order
Bragg reflexes for their cubic structures along the (110) direction. Since their helical spin
crystal is a superposition of six helices with wave vectors of equal modulus gy, these Bragg
reflexes are situated on a sphere with radius ¢ in reciprocal space and, as the authors argue,
smeared out because of the varying amplitude of the magnetization within a Wigner-Seitz
cell. Interestingly enough, although the three-dimensional structures proposed in [45] cannot
be realized with double-twist cylinders, they nonetheless contain large, clearly identifyable re-
gions where the magnetization twists about an axis as shown in Fig. 3.4: double-twist regions
are present in these structures.

Finally, let us remark that the approach to crystalline structures in chiral ferromagnet that
Binz et al. adopt is to a certain extent analogous to the “high chirality” approach to the
blue phases?. The “high chirality” theory (see e.g. [48, 49]) reconstructs blue phases from the
lowest Fourier modes of the crystal structure, as opposed to the “low chirality” approach by
e.g. Meiboom et al. [37, 42|, where a free energy calculation is done by stacking double-twist
tubes into crystals. Our work is closely related to these “low chirality” calculations. As far as

2 High or low chirality corresponds to large or small & in (3.15), respectively. From that classification one
would expect the low-chirality limit to be more relevant for chiral ferromagnets, as can be seen in Eq. (3.21):
K is proportional to v, which is small due to the relativistic origin of spin-orbit coupling.
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the blue phases in liquid crystals are concerned, the “high chirality” and the “low chirality”
approach are complementary: although valid in different regimes of chirality, both predict
double-twist structures in certain parameter regions. It is therefore interesting to see that
both of these approaches also lead to stable crystalline structures in MnSi, albeit for slightly
different Ginzburg-Landau theories.

3.3.9. Summary and further directions

We investigated extensions of the Ginzburg-Landau theory (3.1) for metallic magnets without
inversion symmetry and found terms that can destabilize helical order in these systems. In
this extended Ginzburg-Landau theory, crystalline configurations of double-twist cylinders,
which are reminiscent of the structures that constitute the “blue phases” in liquid crystals,
can be shown to minimize the free energy density for certain values of the parameters. To
be precise, we calculated the free energy density for two different crystals, one with a square
and one with a cubic lattice structure, and found the cubic lattice of double-twist cylinders
to be energetically more favourable in all regions of the phase diagram that we investigated.

It is of course possible that the structures we investigated are not in fact those with the
lowest free energy density, and this might be a first starting point for an extension of the
work presented in this chapter. A possible candidate for another crystal of double-twist
regions is the structure discovered by Hornreich and Shtrikman, who argued in [41] that there
is a way to realize the O8 structure in liquid crystals without introducing defects, which makes
it a candidate for a crystalline structure in chiral ferromagnets. The possibility that chiral
ferromagnets might support double-twist structures even in the absence of higher-order terms
in the Ginzburg-Landau expansion is intriguing, but for a definitive answer Monte-Carlo
calculations are required.

The influence of fluctuations on the phase-diagram of chiral nematic liquid crystals is con-
siderable, as has been shown by Englert et al. [50], and the same might be true for chiral
ferromagnets.

It is unclear at present whether crystalline structures are likely to play a role in the partially-
ordered state of MnSi, either the structures proposed by us, by Rofller et al. or by Binz
et al. If higher order Bragg reflexes could be seen in neutron scattering experiments, then
this would certainly support the crystal hypothesis. In the neutron scattering experiments
conducted so far, the integrated intensity on the sphere is of the same order as the intensity
of the peaks in the helix phase [7]. Higher order Bragg peaks should therefore be only of very
weak intensity, if they exist. However, the main problem with any kind of crystal is that there
would have to be another phase transition from the crystal to the isotropic phase, and this
second phase transition has not left any experimental signatures so far. It might therefore be
worthwile to investigate other structures where double-twist regions play a role. For example,
double-twist cylinders do not necessarily have to form crystals, they might also self-assemble
in an amorphous, glassy-like state.

In the case of MnSi, however, the ongoing challenge is to explain the anomalous temperature-
dependence of the electron resistivity found in the non-Fermi liquid phase. What are the
consequences of extended structures of double-twist cylinders for electron scattering? A cal-
culation that involves any kind of helical spin crystal seems rather daunting. A first calculation
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3. New Phases from a Ginzburg-Landau theory

could investigate the electron scattering from Goldstone modes of a single double-twist cylin-
der, assuming that in the material, cylinders are far enough apart for the electrons to scatter
from only one cylinder at a time. Considering that the mean free path for electrons is 1000
A, compared to a pitch of 1 /q = 170 A of the original helix and therefore a radial extension
of at most 7/(2¢) ~ 300 A, this is only a good approximation for a configuration of cylinders
that are well separated.

56



Appendix Part |






A. Minibands

A.1. Dzyaloshinsky-Moriya interaction

What follows is a brief sketch how a Dzyaloshinsky-Moriya interaction term such as (2.1) can
be derived. Quite generally, an order parameter theory for itinerant magnets such as MnSi
can be obtained by starting from a Hubbard-type model for the electronic quasiparticles,
introducing a Hubbard Stratonovich field for the spin-density interaction and integrating out
the electronic quasiparticles. This will be discussed in more detail in the context of quantum
phase transitions in 4.1.1, and in Chapter 5 the procedure will be applied to derive the order
parameter theory for a field-tuned quantum phase transition.

Here, we will not anticipate the details but instead just state that the terms bilinear in the
order parameter fields that will be generated by this procedure stem from a polarization
bubble diagram of the form shown in Fig. 2.7.

Spin-orbit coupling enters in the band structure of the electrons as a term of the form
50 - g(k), (A1)

where the specific form of g(k) depends on the crystal structure, as discussed in section 2.2.
In order to determine how this affects the effective action for the order parameter, we can
treat this term as a perturbation instead of incorporating it into the electron propagator.
The term to first order in spin-orbit coupling that (A.1) produces in the effective action then
originates from a diagram of the form

o-g(k)

where the cross indicates an insertion of (A.1). This contribution is proportional to

Tr[o'o™07] / % Z G (k + q,wn + Q) gm(k + q)Go(k,w,)
k n

1
— ey [ 530 O3k + g, + gl + )0(ko). (A2)

where Gy is the propagator of the electronic quasiparticles. For g(k) = k it is now very easy
to see that the diagram generates a momentum dependent term in the effective action for the
order parameter that takes the form (2.1).
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e 3cg,C2 4ez 4 linear functions, — quadratic cubic
rotations functions functions
A1 1 1 1 22 +y? + 22 Yz
IE 1 1 e ¢ z? —
E |1 1 e ¢ 322 — 12
F |3 -1 0 0 (z,y,2) (xy,x2,y2) (23,93, 23)
(Rz, Ry, R>) (zy?, 222, y2?)

Table A.1.: Character table of irreducible representations and basis functions for the cubic

group T with € = exp(i27/3).

A.2. The space group P2;3

The space group P213 (or 7% in Schénflies

Rx + t:
10
Ri=1| 01
0 0
-1
R3 = 0
0
0 1
Rs=1| 0 O
10
0
R; = 0
-1
00
Ry=| 1 0
0 1
0
Ry = -1
0

A.3. Representations and multiplication tables for T’

NI—oI— O

(@Y ISR

Nl= O Nl=

1
Ry=1| 0
0
-1
Ry = 0
0
0
Rg=1 0
1
0
Ry = 0
-1
0
Ry = 1
0
0
Rip =1 —1
0

notation) consists of 12 transformations &’ =

7t2

7t4

7t6

NN O Nl O NI N= ONl= O N[ =

/N —
O NI== N[ O

The cubic group T is the point group of T4, i.e. the group consisting of the rotations con-

tained in T%.

representations whose character tables [51] are given in A.1.

T is a non-abelian group with 12 symmetry elements, it has 4 irreducible

Direct products of representations can be reduced to direct sums of irreducible representations.
For T, the results are listed in A.2.
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| A 'E ’E F
AlA 'E ?’E F
B ’E A F
’E B F
F AD'E®?E @2F

Table A.2.: Reduction table for direct products of irreducible representations.

[51].

A.4. Polarization bubble: Calculations

Taken from

To determine the effect that the belt of minibands has on the order parameter susceptibility,
expression (2.65) has to be evaluated. We restrict the calculation to the case 0 < ¢, < ¢o/2,

where ¢, is the part of the external momentum that is parallel to the helix.

Re Hl(qj_v qz, 0)
q0/2

= ¢cP Z /dK,J_ / dk, (5N1,N2@ (q2_0 — (k2 "‘QZ)) + Aﬁl,NgARb,Nle (KZ T (]20))

N1, N2 q0/2
><nF( MY —np(El?y,)
gnl—i-ql _g
F(EY) —np(El
= cPZ/dm & —(5 s ta,) (90 — ¢z2)
'u-i-fu_
_ ne(Ed) —np(El?,))
+eP Y / A5 A% v AN v ( L s AR NP
N1,N2 é.’iJ_'i'QJ_ _é.

- CPZ/dRJ_nF(g,i\Z_) ( N ! N T N 1N )(QO—Qz)
N

SHL‘F(IL - g'ﬂ_ Sfﬂ_ o SHL_QL
+cP Z /dﬁj_an )<£N;’ e - | ¢

N1,No Kit+qr — SKL LA g'u—fu_

] 1
— P d d N
¢ Z / i M/ ¢ (“LQLCOSQS_qim “LQLCOS¢+qi/2>

KT (Ny)

i Afy v, A
+cP / d/ﬁ_lﬂ_/dqb 1,712 2,211
le]\fz 0 9 “LQLCOS¢+Qi/2+(N2—N1)mwO

+ —
o AN27N1AN1,N2
K1qLcos¢—qi/2+ (N1 — Na)muwy

mqx,

(A.5)

m (QO - QZ)

(A.6)
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where the prefactor ¢ = 1/(8(27)*). In the last line, ¢ has been introduced as the angle
between k and q |, and x**(N). Using

27 R
m 2m

d drr —— = —C A7
/ ¢/ rr?“qCOSQH—C’ q? ™ (A7)
0 0

the integrals can now be evaluated, and the result is
Re HL(QJ_ q 0) = 1 ! mqo Nmazx (A8)
T 8 (2m)3 ’

i.e. the real part of the susceptibility at zero external frequency is constant and proportional
to the width n.,q2qo of the belt. In the calculation, wg has been taken to be constant although
it actually acquires a momentum dependence for n approaching n,,., through its dependence
on ¢y = ]g]”gl’kg — iglzl,kg‘/(%BeF)’ see (2.26), which will introduce a momentum dependence
in (A.8) in turn.

It is convenient to evaluate the imaginary part of the susceptibility at finite external frequency
separately for interband and intraband contributions.

1
Im Hintra(qJ_v 4z, w)

1 1
= Tom @ 2= / disy (np(E) —nr(Ed 14)) 0 (€Y 1, — €Y —w) (20 — a2)
N

Q

0o 2

1 1

167 (27)3 %:/d/ﬁ_lﬂ_/dQS(qo_q,z)(JJ_HJ_COS(ﬁ
0 0

2
k1 _ gikL _
X 0 <2m + Nwy EF> d ( - cos ¢ w) (A9)

This can be evaluated to

2
n . m w 1 w
Im Hintra(QJ_a qz,w) ~ 8(27‘1’)4 (QO - QZ) EN 2m(EF — Nw(]) X qL (QO - QZ)nmax- (A.lO)

RS
=

The interband contributions are given by

1
Im Hinter(qJJ qz, w)

1 1 — N
= T [ A, (€D € o
Nip,N2

X6 (€M7, — el —w). (A.11)

For small (¢;,q.) and T = 0,

np(Ent) = (&), (A.12)
ne(El2, )~ O(EN?) +0(eNn L2, (A13
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and therefore

L
Im Hinter(qu qz, w)

1 - N N: Ny 4L COS O
= Tor @2n)p > /d'{J—AELNQANQ,Nl (9( rt) = O6:2) = (&) ——— ) ¢
Ni1,N2

X0 <£’Zivf+¢u_ B gé\il B w)

2
m - q
78(27?)4 q E Aj\_fl,NzANz,Mq_j_ <\/2m(EF — Nowg) — /2m(Ep — leo))
N1,N2

Q

2

* 8(2m)4 1 Z

Ni,N2

w— (Na2 — N1) wo AJJ\FH,NQAJ_VQ,M
ql 2m(EF - N2 WO).

(A.14)

Together with (A.10) we obtain the familiar result ImII*(q,,q.,w) x w/q, for a two-
dimensional ferromagnetic metal.
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B. New Phases from a Ginzburg-Landau
Theory

B.1. Square lattice

3 o f Yo 1 q/q0

-6.6 | -0.2 | -0.0634299 1.22811 | 2.84315 | 0.881585
-6.6 | -0.1 | -0.042926 1.22131 | 2.57234 | 0.862542
-6.6 | 0.0 | -0.02651 1.22113 | 2.32886 | 0.824992
-6.6 | 0.1 |-0.0139301 1.22039 | 2.08994 | 0.773794
-6.6 | 0.2 | -0.00506722 | 1.22131 | 1.85845 | 0.685905
-6.6 | 0.3 | 0.000130559 | 1.22197 | 1.584 0.51865

-7.0 | -0.4 | -0.127685 1.33299 | 3.1475 | 0.898715
-7.0 | -0.3 | -0.0980199 1.32993 | 2.90271 | 0.884973
-7.0 | -0.2 | -0.0725359 1.32565 | 2.68434 | 0.866063
-7.0 | -0.1 | -0.0511522 1.31815 | 2.47478 | 0.842907
-7.0 | 0.0 | -0.0337603 1.30963 | 2.27157 | 0.811973
-7.0 | 0.1]-0.0201183 1.3023 | 2.07653 | 0.767493
-7.0 | 0.2 ]-0.00999969 | 1.29835 | 1.88485 | 0.699498
-7.0 | 0.3]-0.00319207 | 1.29561 | 1.68857 | 0.601269
-7.5 | -0.8 | -0.31062 1.40782 | 3.9259 | 0.938045
-7.5 | -0.7 | -0.262095 1.41924 | 3.64668 | 0.920061
-7.5 | -0.6 | -0.218189 1.41566 | 3.44731 | 0.910453
-7.5 | -0.5 | -0.178701 1.42525 | 3.17356 | 0.90391

-7.5 1 -04 | -0.143514 1.4106 | 2.97908 | 0.895536
-7.5 | -0.3 | -0.112828 1.41893 | 2.77911 | 0.87391

-7.5 | -0.2 | -0.0862552 1.40372 | 2.59201 | 0.860076
-7.5 1 -0.1 | -0.0636989 1.40443 | 2.41482 | 0.833258
-7.5 | 0.0 | -0.0449836 1.38996 | 2.23794 | 0.807089
-7.5 1 0.1 ]-0.0299032 1.38541 | 2.07442 | 0.767499
-7.5 ] 0.2 ]-0.0181684 1.37703 | 1.91061 | 0.718022
-7.5 | 0.3]-0.00950419 | 1.3722 | 1.75894 | 0.652483
-7.5 | 0.4 ]-0.00354041 | 1.3605 | 1.60575 | 0.566954

Table B.1.: Results for the free energy density and the variational parameters for 77 = 5.375
and various values of 6 and £. The results for the wave vector ¢ are given as the
ratio of ¢ to the helical wave vector ¢yp. The free energy density is always above
the free energy density of the cubic lattice of double-twist cylinders for the same
parameters, compare to Table B.2.
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B.2. Cubic lattice

§ o1 f Yo 1 q/q0

-6.0 | -0.4 | -0.0867203 1.01602 | 2.34577 | 0.942959
-6.0 | -0.2 | -0.045515 1.05916 | 2.04732 | 0.0.851659
-6.0 0.0 | -0.0168056 1.08609 | 1.80318 | 0.745792
-6.0 | 0.075 | -0.00907941 | 1.10577 | 1.73741 | 0.686446
-6.0 | 0.15 | -0.00299682 | 1.10281 | 1.66106 | 0.626629
-6.0 | 0.17 | -0.00166924 | 1.10186 | 1.6393 | 0.605928
-6.6 | -0.3 | -0.0807239 1.15075 | 2.07356 | 0.879173
-6.6 0.0 | -0.0273827 1.21797 | 1.78286 | 0.731533
-6.6 0.1 | -0.0153748 1.20266 | 1.70698 | 0.689828
-6.6 0.2 | -0.00614206 | 1.21837 | 1.62375 | 0.613024
-6.6 0.3 | 0.00011378 | 1.22187 | 1.524 0.506723
-7.0 | -0.5 | -0.147666 1.22129 | 2.22282 | 0.908292
-7.0 | -0.2 | -0.0721489 1.2214 | 1.94029 | 0.841514
-7.0 | -0.1 | -0.0529395 1.22227 | 1.84778 | 0.811657
-7.0 0.0 | -0.0365803 1.22344 | 1.77131 | 0.774349
-7.0 0.1 | -0.0231284 1.25907 | 1.70463 | 0.702427
-7.0 0.2 | -0.0123396 1.26066 | 1.6312 | 0.654066
-7.0 0.3 | -0.00428697 | 1.26341 | 1.54717 | 0.577466
-7.0 0.4 | 0.000771441 | 1.27939 | 1.44023 | 0.419571
-7.5 | -0.9 | -0.32584 1.22344 | 2.62781 | 0.995465
-7.5 | -0.3]-0.11434 1.23194 | 2.0256 | 0.904934
-7.5 | -0.2 | -0.0900146 1.22791 | 1.92127 | 0.889297
-7.5 | -0.1 | -0.0687209 1.22864 | 1.84122 | 0.860896
-7.5 0.0 | -0.0503419 1.22942 | 1.76555 | 0.8264
-7.5 0.1 | -0.0354937 1.32542 | 1.71275 | 0.718334
-7.5 0.2 | -0.0226664 1.32489 | 1.64472 | 0.674869
-7.5 0.3 | -0.012446 1.3309 | 1.58057 | 0.618885
-7.5 0.4 | -0.00481807 | 1.33225 | 1.51314 | 0.54933

Table B.2.: Results for the free energy density and the variational parameters for 7 = 5.375
and various values of § and &. The results for the wave vector ¢ are given as the
ratio of ¢ to the helical wave vector gg.

g a b C 501 502
-6.0 | -0.151958 | 0.375493 | 0.00470287 | {-0.064, 0.17} | -
-6.6 | -0.143454 | 0.469668 | 0.00425618 | -0.38 0.30
-7.0 | -0.143333 | 0.524621 | 0.00289974 | -0.58 0.38
-7.5 | -0.149879 | 0.570923 | 0.00134286 | -0.86 0.57

Table B.3.: Parameters for the fit of the free energy of B.2 to the curve a(d — b)? + ¢ at fixed
€. This gives a value for &, at which the first order phase transition from the
helix to the cubic crystal of double twist cylinders takes place, and a value .9 for
the transition to the isotropic phase.
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B.1. Square lattice
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Figure B.1.: Free energy density of the helix (straight line) and the cubic crystal of double
twist cylinders for 77 = 5.375 and various values of ¢ as a function of J.
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Figure B.2.: The ratio ¢q/qo of ‘the double-twist to the helical wave vector for 7 = 5.375 and
various values of £ as a function of §.
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B. New Phases from a Ginzburg-Landau Theory

‘ 3 ‘ 5‘f ‘yo ‘7“1 ‘Q/QO ‘
-3.55 -0.6 | -0.156433 1.58189 | 1.56473 | 0.978807
-3.55 -0.5 | -0.127041 1.58128 | 1.51396 | 0.956831
-3.55 -0.4 | -0.100609 1.58152 | 1.47817 | 0.930315
-3.55 -0.2 | -0.056016 1.58065 | 1.40108 | 0.864947
-3.55 0.0 | -0.0228019 1.61507 | 1.32084 | 0.759843
-3.69 -0.3 | -0.0912361 1.67196 | 1.42478 | 0.885421
-3.69 | -0.15 | -0.0588059 1.67225 | 1.37382 | 0.835213
-3.69 0.0 | -0.0326011 1.67238 | 1.31886 | 0.774516
-3.69 | 0.15 | -0.012668 1.67042 | 1.26024 | 0.692765
-3.69 0.3 | 0.000326631 | 1.67299 | 1.17876 | 0.544219
-3.8 -0.6 | -0.190515 1.70102 | 1.52373 | 0.967482
-3.8 | -0.45 | -0.144018 1.70136 | 1.46966 | 0.934662
-3.8 -0.3 | -0.103721 1.70175 | 1.41642 | 0.895867
-3.8 | -0.15 | -0.0695865 1.70192 | 1.36686 | 0.848886
-3.8 0.0 | -0.0415821 1.70224 | 1.31472 | 0.792735
-3.8 0.15 | -0.0196921 1.70233 | 1.26042 | 0.719528
-3.8 0.3 | -0.00422413 | 1.70248 | 1.19472 | 0.610247
-3.9 | -0.75 | -0.260746 1.73448 | 1.5683 0.99557
-3.9 | -0.45 | -0.158154 1.73592 | 1.45501 | 0.935811
-3.9 -0.3 | -0.116186 1.73596 | 1.41248 | 0.899951
-3.9 | -0.15 | -0.0804703 1.73646 | 1.36527 | 0.854781
-3.9 0.0 | -0.0507799 1.73657 | 1.31434 | 0.803666
-3.9 0.15 | -0.0270963 1.73667 | 1.26437 | 0.738075
-3.9 0.3 | -0.00956019 | 1.7368 1.2064 0.64772
-4.0 -0.9 | -0.341223 1.76574 | 1.60608 | 1.02417
-4.0 -0.6 | -0.223116 1.76675 | 1.50866 | 0.96913
-4.0 -0.3 | -0.129822 1.7676 1.412 0.902527
-4.0 0.0 | -0.0610129 1.76834 | 1.31476 | 0.814529
-4.0 0.3 | -0.015976 1.76857 | 1.21693 | 0.677644

Table B.4.: Results for the free energy density and the variational parameters for 77 = 1.0 and
various values of é and . The results for the wave vector ¢ are given as the ratio

of ¢ to the helical wave vector qg.

g a b C 5c1 5c2
-3.55 | -0.141379 | 0.487607 | 0.0108152 | {-0.32, 0.20 } | -
-3.69 | -0.138855 | 0.553734 | 0.00996785 | -0.54 0.29
-3.8 | -0.13727 | 0.604216 | 0.00853375 | -0.69 0.35
-3.9 | -0.136392 | 0.651529 | 0.00722641 | -0.83 0.42
-4.0 | -0.135416 | 0.700124 | 0.00559444 | -0.97 0.50

Table B.5.: Parameters for the fit of the free energy of B.4 to the curve a(d — b)? + ¢ at fixed
&. This gives a value for d.; at which the first order phase transition from the
helix to the cubic crystal of double twist cylinders takes place, and a value .9 for

the transition to the isotropic phase.

68




B.1. Square lattice

Qv =0.2

Figure B.3.: Free energy density of the helix (straight line) and the cubic crystal of double
twist cylinders for 77 = 1.0 and various values of ¢ as a function of 9.

alg

Figure B.4.: The ratio q/qo of the double-twist to the helical wave vector for 77 = 1.0 and
various values of £ as a function of §.
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B. New Phases from a Ginzburg-Landau Theory

3 6| f Yo 1 q/q0
-1.32 | -0.6 | -0.169369 2.8514 0.832457 | 1.0749
-1.32 | -0.5 | -0.136708 2.84956 | 0.822066 | 1.04407
-1.32 | -0.4 | -0.106921 2.84826 | 0.811173 | 1.00935
-1.32 | -0.2 | -0.0563214 2.84598 | 0.787092 | 0.925239
-1.32 | -0.1 | -0.0358113 2.85213 | 0.772832 | 0.864438
-1.32 0.0 | -0.0188421 2.8589 0.756033 | 0.787998
-1.35 | -1.0 | -0.375309 2.91125 | 0.865703 | 1.18747
-1.35 | -0.4 | -0.140288 2.89919 | 0.810531 | 1.036
-1.35 | -0.2 | -0.0842116 2.89796 | 0.789025 | 0.961806
-1.35 0.0 | -0.040164 2.90032 | 0.76364 0.860432
-1.35 0.2 | -0.00967793 2.91246 | 0.729753 | 0.694391
-1.35 | 0.25 | -0.00454059 2.91812 | 0.717708 | 0.628769
-1.36 | -1.0 | -0.392143 2.92908 | 0.86473 1.19064
-1.36 | -0.6 | -0.22144 2.92015 | 0.829731 | 1.10076
-1.36 | -0.4 | -0.152365 2.91634 | 0.81052 1.04408
-1.36 | -0.2 | -0.0944851 2.91429 | 0.789621 | 0.973684
-1.36 0.0 | -0.0483743 2.91494 | 0.765539 | 0.8808
-1.36 0.2 | -0.0152335 2.92551 | 0.73543 0.736227
-1.37 | -1.2 | -0.512635 2.94451 | 0.878105 | 1.23712
-1.37 | -1.0 | -0.409492 2.94611 | 0.864042 | 1.19388
-1.37 | -0.8 | -0.317231 2.93845 | 0.847286 | 1.1553
-1.37 | -0.6 | -0.235672 2.93593 | 0.829198 | 1.10717
-1.37 | -0.4 | -0.164928 2.93388 | 0.810439 | 1.05204
-1.37 | -0.2 | -0.105251 2.93361 | 0.790757 | 0.982419
-1.37 0.0 | -0.0571224 2.93055 | 0.767299 | 0.896506
-1.37 0.2 | -0.0214872 2.93475 | 0.739033 | 0.768657
-1.37 0.4 | -0.000449464 | 2.95104 | 0.695845 | 0.517654

Table B.6.: Results for the free energy density and the variational parameters for 7 = 0.05
and various values of § and &. The results for the wave vector ¢ are given as the

ratio of ¢ to the helical wave vector gg.

g a b C 5c1 5c2
-1.32 | -0.156146 | 0.505081 | 0.0211646 | {-0.42, 0.08} | -
-1.35 | -0.147875 | 0.630251 | 0.0175338 | -0.88 0.29
-1.36 | -0.142752 | 0.702521 | 0.0213714 | -1.01 0.32
-1.37 | -0.14324 | 0.723814 | 0.0164064 | -1.28 0.39

Table B.7.: Parameters for the fit of the free energy of B.6 to the curve a(d — b)? + ¢ at fixed
&. This gives a value for .1 at which the first order phase transition from the
helix to the cubic crystal of double twist cylinders takes place, and a value d.o for

the transition to the isotropic phase.

70




B.1. Square lattice

Figure B.5.: Free energy density of the helix (straight line) and the cubic crystal of double
twist cylinders for 77 = 0.05 and various values of £ as a function of 4.

alg,

Figure B.6.: The ratio q/qo of the double-twist to the helical wave vector for 77 = 0.05 and
various values of £ as a function of §.
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Part II.

Quantum Phase Transitions in
Antiferromagnetic Metals
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4. Introduction

The study of quantum phase transitions is currently a very active field of research in the-
oretical as well as experimental condensed matter physics. Particularly in a large number
of metals — mostly heavy Fermion or transition metal compounds — the critical fluctuations
associated with a quantum phase transition induce anomalous behaviour in thermodynamic
and transport quantities like diverging specific heat coefficients or a linear resistivity quite
distinct from the behavior of a conventional Fermi liquid.

4.1. Theory

Phase transitions are omnipresent in nature: From the condensation of the Higgs particle
to the boiling of water, they influenced the physics of the early universe and continue to
occur in our daily lives. At a phase transition, a system undergoes a qualitative change in its
properties: it changes from one phase, such as water, to the next, such as steam. This change
can happen discontinuously, in which case both phases coexist at some stage, or continuously.
A continuous phase transition can usually be characterized by an order parameter, such as the
magnetization in the case of a magnetic ordering transition, whose expectation value is non-
zero in the ordered and zero in the disordered phase. As the phase transition is approached,
the order-parameter fluctuations become increasingly long-ranged in space as well as in time.
The fluctuations are characterized by a diverging length scale &, which is itself proportional
to the distance r to the critical point to some power, £ o |r|~", and a corresponding diverging
time scale 7. ox €% o< |r|7¥#, where the so-called dynamical critical exponent z is not necessarily
equal to one.

The temporal fluctuations of a system are caused by quantum effects, which can only become
important at T' — 0. At finite temperatures, the thermal energy scale kg1 acts as a cutoff
for the temporal fluctuations if it is larger than the typical energy scale hw,. of the quantum
fluctuations, and the phase transition is a so-called “classical” one. In this case, r is pro-
portional to |T'— T.|/T., where T, is the transition temperature. The behaviour of a system
close to a finite-temperature, second-order phase transition is dominated by long-range spatial
fluctuations of its order parameter and can be described by a local continuum field theory,
the Ginzburg-Landau-Wilson theory. At the phase boundary, macroscopic order is destroyed
by thermal fluctuations.

For T — 0, however, thermal fluctuations are suppressed, and quantum fluctuations can
dominate the behaviour of the system. A non-thermal control parameter then allows to tune
from one ground state of the system to the next. In the case of a magnetic quantum phase
transition, this control parameter can for example be an external magnetic field, which can
induce a transition from a paramagnetic into a magnetic phase.
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4. Introduction

Second order phase transitions are in most cases linked with the phenomenon of symmetry
breaking. There are exceptions such as topological quantum phase transitions, but usually, a
symmetry of the system (either continuous or discrete) is broken by the ground state of the
system upon entering the ordered phase. A Heisenberg spin system, for example, is invariant
with respect to spin rotations, but this rotational symmetry is spontaneously broken by a
ferromagnetic ground state, where all spins point into the same direction.

Close to the phase transition, the correlation length £ is the only relevant length scale and 7.
is the only relevant time scale, which means that physical properties must remain unchanged
if all lengths are rescaled by a common factor b, if time is rescaled by b® and if at the same
time the parameters of the system (such as r and the field conjugate to the order parameter
B, e.g. a magnetic field if the order parameter is the magnetization) are adjusted so that &
is unchanged. This scale invariance is one of the fundamental principles underlying phase
transitions, it leads to a homogeneity law for the singular part of the free energy density
f=—=(T/V)InZ of the form

fs(r, B, T) = b= f (1 b'/V  BbYB, T b?), (4.1)

from which similar laws for thermodynamic quantities can be obtained. The exponents v
and yp are the so-called critical exponents; other exponents are defined for thermodynamic
quantities. These sets of critical exponents characterize the critical behaviour of very dif-
ferent systems independently of the underlying microscopic details; this is the principle of
universality.

Correspondingly, the momentum- and frequency-dependent correlation functions also exhibit
scaling behaviour:

Q(r, B, T k,w) = b~ QlQ(rb*/", BW2 T b*: kb,wb?). (4.2)

By choosing e.g. b= 1/T"/#, one obtains

(4.3)

1 r B k w
Q(TaBaT;kaw) = T—[Q]/ZQ ( > 5

T Tusjz B i T

which means that @ is e.g. a function of the combination w/T and not of w and T separately:
the data collapses on a single scaling curve, which is important for the confirmation of scaling
behaviour at a phase transition in experiment.

The dimensionality of a system plays a decisive role in determining its critical behaviour, or
indeed if phase transitions are even possible. Mermin and Wagner identified a so-called lower
critical dimension d_ for phase transitions where a continuous symmetry is broken; below
d; no phase transition can take place, since fluctuations are strong enough to completely
suppress the ordered phase. There is another special dimension, the upper critical dimension
df, above which fluctuations are irrelevant, and the critical behaviour is correctly predicted
by mean-field theory. For systems above the lower but below the upper critical dimension,
the critical behaviour is strongly influenced by fluctuations. In this case, the system exhibits
truly universal behaviour, where scaling laws of the form mentioned above are obeyed exactly,
and where exponents will fulfill so-called hyperscaling relations. In systems above the upper
critical dimension, on the other hand, thermodynamic quantities can depend singularly on
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4.1. Theory

5 . quantum critical

E

©

]

o y

Q . / Fermi liquid

/' regime
ordered ’
phase S~/
0 ~\'QCP

0
control parameter r

Figure 4.1.: Schematic phase diagram of a quantum phase transition with a control parameter
rx B — B..

dangerously irrelevant operators, which have negative scaling dimension and therefore scale
to zero. In this case, scaling behaviour is modified.

It seemed to be a reasonable assumption that one can straightforwardly generalize the or-
der parameter theory for a classical phase transition to the corresponding quantum phase
transition by introducing an additional time-dependence for the order parameter field. As-
suming this is possible, it is then easy to see that quantum phase transitions are qualitatively
different from their finite temperature counterparts, in that the dynamics, i.e. the temporal
quantum fluctuations, of the order parameter determines the nature and universality class of
a quantum phase transition. At T = 0, a system in d spatial dimensions effectively behaves
like a d + z-dimensional system, and the universality class of a quantum phase transition can
therefore be expected to be qualitatively different from a finite temperature phase transition.
In particular, z is not necessarily equal to one, i.e. time is not simply one extra dimension.
For example, at the critical point of an insulating antiferromagnet, the dynamics of the order
parameter ® can be described [52] as in a Klein Gordon equation (97 — V2)®. In such a
system, typical frequencies w scale linearly with the momentum, w o ¢, where z = 1 is the
dynamical critical exponent. In contrast, in a metal the excitation of particle-hole pairs leads
to a Landau damping [53] of the antiferromagnetic order parameter, (0; + V?2)® and therefore
z=2.

There are many distinct kinds of quantum phase transitions to be found in nature. Examples
are metal-insulator transitions, superfluid-insulator transitions, phase transitions involving
topological order such as the Kosterlitz-Thouless transition, and magnetic phase transitions.
Thorough discussions of all these quantum phase transitions can be found e.g. in [52, 54].
This part of the thesis concentrates on quantum phase transitions in metallic magnets, which
are therefore also the subject of the remainder of this brief introduction.

4.1.1. Hertz-Millis theory of Quantum Critical Points in Metals

Starting from the assumption that one can generalize the theory of a position-dependent
magnetization, i.e. the order parameter of a finite-temperature magnetic phase transition
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4. Introduction

in a metal, to the corresponding quantum phase transition by considering a position- and
time-dependent order parameter, a Ginzburg-Landau theory for the (anti-) ferromagnetic
quantum phase transition in metals has first been derived by Hertz [53], and later corrected
and supplemented by Millis [55]. The procedure how to obtain an order parameter theory
from a microscopic model of interacting electrons is described in more detail in chapter 5,
where it is applied to derive the effective action for a field-tuned quantum phase transition
in a three-dimensional antiferromagnetic metal; it will only be sketched here. A much more
thorough derivation, correcting some factors of two of the original work [53, 55], can also be
found in [56].

According to Hertz, an order parameter theory for metallic magnets can be derived in the
following way: starting from a microscopic Hubbard-type Hamiltonian for the electronic quasi-
particles, (1) introduce a real order parameter vector ®(x) as a Hubbard-Stratonovich field
which decouples the interaction term, (2) integrate out the electronic quasiparticles to obtain
an effective local action for the order parameter which has the following form:

2i—1
L d'k 1 H2 dik 1 0;
S = / o dBZX (wn, k)@, k+2/< 27 3 ) b2i (P, k) (4.4)

The propagator X !(wy, k) and the coefficients by; are to be calculated from diagrams as
shown in Fig. 5.1 in chapter 5. Hertz and Millis assumed that the vertices by; are local and
can therefore be calculated by evaluating the corresponding diagrams at bosonic frequencies
equal to zero and momenta equal to the ordering wave vector. They argued that for ¢ > 2, the
bo;-vertices are irrelevant and can therefore be neglected, whereas the bs-vertex is marginal
for z = 2 and d = 2 and irrelevant otherwise. Therefore, as a last step (3), the effective action
is truncated such that only the frequency and momentum contributions to the gaussian part
of the action and a constant ®* interaction term are retained. The resulting local order
parameter theory reads

1 [ dk 1 ||
= [ — k> ") @2 o 4.
S 2/(2ﬂ)d5§n:< +r+kz—2> wn,k"‘u/k (4.5)

where k is measured from the order parameter wave vector, and z = 3 and z = 2 for a
ferromagnet and an antiferromagnet, respectively. The dynamics of the order parameter is
governed by the damping term |w|/k* 2, which comes from order parameter fluctuations
coupling to electron-hole pairs on the Fermi surface. In the case of a ferromagnet, where
the wave-vector of the order parameter is zero, these electron-hole pairs can originate from
everywhere on the Fermi surface; for an antiferromagnet at very low temperatures, only
electron-hole pairs from so-called “hot manifolds” (points on the Fermi surface separated by
the antiferromagnetic wave vector Q) can couple to the order parameter.

It should be noted that this theory can only describe the metallic magnet on the paramagnetic
side of the quantum phase transition. In the ordered phase, the non-zero vacuum expectation
value of the order parameter couples to the fermionic quasiparticles and gives rise to a gap in
their excitation spectrum, which is not captured by Hertz-Millis theory.

The dimensionality of (4.5) is given by (d + z), where d is the spatial dimensionality and z
its dynamical critical exponent, which can be read off from the dynamical term: z = 2 for an
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4.1. Theory

quantum critical d=2,2=3 d=3,2=2 d=3,2=3 d=2,2=2
Qer ™~ log 7 T2 T3 log log 7
Cer ~ T2%/3 —T3/2 T log % T log %

Table 4.1.: Critical exponents of the Hertz-Milliz-Moriya spin-fluctuation theory for three-
and two-dimensional ferromagnetic (z = 3) and antiferromagnetic (z = 2) metals.

antiferromagnet and z = 3 for a ferromagnet. The order parameter theory is therefore at its
upper critical dimension d} = 4 for a two-dimensional antiferromagnet or above d otherwise.
As a consequence, the interaction constant u is a (dangerously) irrelevant variable: scaling
might be violated and in a renormalization group calculation the theory flows towards a
Gaussian fixed point.

Starting from (4.5), critical exponents for thermodynamic quantities can be derived and
used for comparison with experiments. Results for the critical contributions to the thermal
expansion coefficient and the specific heat are summed up in table 4.1.

Spin fluctuation theory has been challenged both from the experimental and from the theo-
retical side. As will be briefly discussed in the next section, there are numerous experimental
results that contradict spin fluctuation theory and would, by themselves, raise questions con-
cerning the validity of Hertz-Millis theory. In particular, the specific heat coefficient in many
three-dimensional antiferromagnets diverges logarithmically in contrast to spin-fluctuation
theory, as can be seen in table 4.1. This behaviour is, however, to be expected for two-
dimensional systems. It has been suggested [57] that CeCug_,Au,, which is one of the
systems where a logarithmically diverging specific heat coefficient has been observed, exhibits
antiferromagnetic order in pairs of planes, but that different pairs of planes are incoherent.
In this case, the critical fluctuations of the magnetization would indeed be two-dimensional.

Another experimental fact which seems to contradict Hertz-Millis theory in some systems is
the w/T-scaling behaviour seen in the magnetic susceptibility e.g. of CeCug_,Au, [58]. Any
system below its upper critical dimension has to obey scaling laws of the form 4.2. Hertz-Millis
theory, however, is at or above the upper critical dimension for two- and three-dimensional
metals, respectively, and w/T-scaling can be violated. And indeed, e.g. in case of a three-
dimensional antiferromagnet, it can be shown that the inverse square of the correlation length
€2 ~ 77! behaves as uT3/? in the quantum critical regime (c.f. eq. 5.19), which corresponds
to w/T3/?-scaling as can be seen from 4.2 by setting b = 1/r".

4.1.2. Quantum critical points in itinerant ferromagnets

As we will see in the next section, quantum critical points that can be described by Hertz-
Millis theory are surprisingly rare. But even before putting the theory to the test, there are
problems inherent in the approach, as has first been pointed out by Belitz and Kirkpatrick
in the context of ferromagnetic quantum critical points.
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4. Introduction

Belitz and Kirkpatrick took a closer look at the second step of the derivation of the critical
theory, where electronic quasiparticles are integrated out to obtain an effective order param-
eter theory. A careful calculation of the static spin susceptibility in clean, ferromagnetic
systems in the disordered phase shows that it exhibits non-analytic wave vector dependencies
of the form [59]

const. + ¢1 log‘—}]‘,

d
xP(q) =< const. +c2lql, d
const. + c3 qzlog‘—}q‘, d

1,
2, (4.6)
3.

At zero wave-vector, these non-analyticities translate to diverging coefficients in a Landau-
Ginzburg-Wilson order parameter theory; a local Landau-Ginzburg-Wilson theory that de-
scribes the critical behaviour of the system does not exist.

Moreover, the authors subsequently found that even a non-local order parameter field theory,
with propagator and vertices given by the results cited above, fails to produce the exact
critical behaviour. When comparing the Gaussian critical behaviour of the non-local order
parameter theory to the critical behaviour of a model where the fermionic degrees of freedom
are explicitly kept, it turns out that the order-parameter theory fails to take certain marginal
operators into account which lead to additional logarithmic corrections to scaling [60].

A more physical interpretation of this result is that any step in which soft modes that couple
sufficiently strongly to the order parameter are integrated out, is potentially dangerous: the
quantum critical behaviour is instead determined by all of the soft (i.e. massless) modes in
the system, not only those corresponding to order parameter fluctuations. In other words, an
effective description in terms of an order parameter alone is impossible.

Belitz and Kirkpatrick put their findings in a more general context and concluded [61] that
Hertz-Millis theory breaks down if a quantum phase transition has a zero-wave-number or-
der parameter and if a source term H for the order parameter field changes the soft-mode
spectrum of the fermionic part of the action. The second condition ensures that the coupling
of the fermionic soft modes to the order parameter is indeed sufficiently strong. If the order
parameter is the magnetization, for example, the source term is an external magnetic field,
which can couple to the electronic quasiparticles via a Zeeman term, i.e. the magnetic field
generates a mass for the electronic quasiparticles.

4.1.3. Hertz-Millis theory and antiferromagnets

Belitz and Kirkpatrick showed that Hertz-Millis theory fails to properly describe ferromagnetic
quantum phase transitions, but their findings do not apply to antiferromagnetic quantum
critical points, which are after all characterized by an order parameter with non-zero wave
vector equal to the antiferromagnetic ordering wave vector Q.

However, while no problems have yet been found concerning Hertz-Millis theory in three-
dimensional antiferromagnets, various groups have found reasons to question the applicability
of Hertz-Millis theory to two-dimensional systems [62, 63, 64, 65].
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4.1. Theory

Vi \ a.

Figure 4.2.: Hot lines on a spherical Fermi surface in three spatial dimensions separated by
the antiferromagnetic wave vector Q.

Abanov and Chubukov [62] investigated a two-dimensional spin-fermion model of the form

Hsr = Z vp(k — kF)CJlrc,ackvoé + Z Xal(Q)SqS—q +9 Z CJIZ:-}-q,ao-Oéﬁck,ﬁ -S_q, (4.7)
k,Oé q qvk’vavﬁ

in which low-energy fermions interact with their own collective spin degrees of freedom: CL o

creates a fermion of wave vector k and spin «, and Sq are the collective bosonic spin degrees
of freedom. The bare spin susceptibility x 1 is generated by integrating out high-energy
fermions. This model can be thought to arise from a Hubbard type Hamiltonian, in which
the collective bosonic spin degrees of freedom have been introduced to decouple the spin-
density interaction just as in the first step of the derivation of Hertz-Millis theory, but where
the electronic quasiparticles have not been integrated out. Perturbative one-loop corrections
generate a Landau damping term in the ¢-propagator, but when the authors analyzed the
theory in the framework of a renormalization group calculation they found that, due to sin-
gular vertex corrections, the frequency dependence of the spin damping term at the quantum
critical point is actually w!'~®, where the exponent depends on the number of hot spots N
and o ~ 0.25 for N = 8. This is clearly in contrast to Hertz-Millis theory, as it would lead to
a dynamical critical exponent z ~ 2.67 for the bosonic degrees of freedom. In a later publica-
tion, Abanov, Chubokov and Schmalian [63] re-examined this result in the framework of an
iterative perturbative calculation and argued that the dynamical spin susceptibility should
have the form x(£2,q) x ((Q — @)% + |Qm|) 1T instead, again with a ~ 0.25. This would
leave z unchanged from the Hertz-Millis value.

Rosch investigated the possibility of a breakdown of Hertz-Millis theory due to pseudogaps
in the paramagnetic phase of an antiferromagnet [64]. In the antiferromagnetically ordered
phase, the coupling of the electrons to the order parameter ® causes gaps to open on the
Fermi surface.

On the paramagnetic side and close to the quantum critical point, the antiferromagnetic
background fluctuates, but if the electrons can adjust adiabatically to this background, pre-
cursors of gaps — pseudogaps — could develop even in the disordered phase. Damping of
the spin fluctuations would then be reduced, and the dynamical critical exponent zg of the
order parameter might be different from what Hertz-Millis theory predicts. In order to deter-
mine under which conditions such pseudogaps can form and influence the electron behaviour,
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Rosch estimates the effective size of the quasi-static antiferromagnetic order (@}2@70}* from

the (imaginary part of the) spin susceptibility 1/xq+(w) ~ g%+ (iw)?/?® to be

) w* oo
<<(I)>2{f’w*) rg/dw / d2QJ_ / dd_2Q||IH1Xq:|:Q(w)
0 —00

q1 <k*
~ (k*)d+2<p—2 + (k*)2(w*)(d+2<p—4)/2<p

~ A(d-‘qu) —4)(zp /20)+2

9

where the momentum integration takes into account that the momentum g of the electrons
parallel to the hot line can vary on the scale kg, see Fig. 4.2. In the last line, the mean-field
results have been used, according to which the width of the stripe in momentum space, on
which the gap opens, is k* ~ A/vp, and the size of the gap is w* ~ (k*)*F ~ A*F. Electrons
can see this quasi-static antiferromagnetic order on timescales 7* ~ 1/w* and lengthscales
& ~ k*, and if Aldtze—(2r/20)+2 ig [grger than the mean-field result A2, i.e. for

d+ zp <4, (4.8)

pseudogaps should appear. This suggests that the Hertz-Millis analysis is not valid in d = 2.

Finally, Abanov and Chubukov re-examined the Hertz-Millis derivation of an order parameter
field theory for two-dimensional antiferromagnets [65]. To be more precise, they carefully re-
examined the susceptibilities that are generated by integrating out the electrons, i.e. the
coefficients of the effective action (4.4). Hertz and Millis argued that the coefficients bo,, of
the ¢?"-terms, n > 2, are constant and can be obtained from the zero frequency and zero
wave-number limit. Abanov and Chubukov find that when the diagrams are evaluated at
finite bosonic frequencies 2; — 0 and momenta g, # Q instead, the @*"-terms (for d = 2)
have the form

2n Q‘
] (2qd)2 by, 2 with by, oc I | .
g2 /( qdQ) 2n(9Q.q) wi 2n X U% (= vpq + 15)2("_1)

(4.9)

Considering that momenta, frequencies and fields have the scaling dimensions 1, z and —1 —
(d+ 2)/2, respectively, a scaling dimension (2 — z)n is obtained for the coupling constant gay,.
This means that for z = 2, all vertices are marginal in d = 2, in contrast to Hertz-Millis theory.
Each of these marginal vertices leads to logarithmic corrections to the spin susceptibility Yy,
and Abanov and Chubukov argue that the logarithmic corrections sum up to a susceptibility
of the form

X 12 q) x (g - Q)72 +[)h' (4.10)

at the quantum critical point. This result is similar to what was obtained in [63].

Once again, these results suggest that all soft modes of a system are indeed necessary for a
correct description of its quantum critical behaviour.
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4.1.4. Other theories for heavy fermion criticality

The critical theory of a ferromagnetic metal cannot be a local order parameter field theory,
and even for a two-dimensional antiferromagnet, the applicability of Hertz-Millis theory has
been questioned. So far, no inconsistencies within Hertz-Millis theory have been found in the
case of a three-dimensional antiferromagnet, but as will be discussed in the following section,
the theory nonetheless fails to describe the physics at many of the putative quantum critical
points in three-dimensional antiferromagnetic metals such as CeCug_,Ag, and CeCug_Au,.
In addition to the intrinsic problems of Hertz-Millis theory, there seem to exist a number of
metals whose quantum critical behaviour is not captured by spin-wave theory.

The metals in which quantum critical points are thought to exist are almost exclusively
heavy fermion metals: these substances are characterized by a conduction band ¢ and a band
of localized f-electrons, which can hybridize to an extremely flat quasiparticle band. This
leads to an effective mass for the quasiparticles which is 100 or 1000 times in excess of the
mass of the free electron, which is at the origin of the name “heavy fermion” systems.

A starting point for the description of heavy fermion systems is the Kondo lattice, i.e. a
Hamiltonian of the form

J
HHF = Zk:EkCLaCka + 7[{ ZT: Srcqtao'aa’cTa’ + <Z;> [T,T’Sr . ST/, (411)
rr

where the first term describes the conduction electrons, the second term couples the con-
duction electrons to localized spin-1/2-moments S, on the lattice, and the third term, the
so-called RKKY exchange coupling, describes a Heisenberg exchange between the local mo-
ments. Almost three decades ago, Doniach suggested that the ratio § of the RKKY interaction
to the Kondo temperature is crucial for the interpretation of the behaviour of the system [66].
As long as ¢ is small, the quenching of the local moment through its Kondo coupling to the
conduction electrons dominates, and these metals can be described by Hertz-Millis theory: the
local moments hybridize with the conduction electrons and form quasiparticles. The screen-
ing of the local moments becomes imperfect at the quantum critical point, and a spin-density
wave instability develops; the system becomes magnetically ordered. However, if § gets large,
one could also imagine a scenario where Kondo-screening breaks down and the local moments
are polarized along the direction of the fluctuating magnetization via the RKKY exchange
coupling. This state is then no longer described by Hertz-Millis theory.

Several theories have been put forward to describe the breakup of the heavy fermion quasi-
particles and the role of the local moments at the quantum phase transition: Coleman et
al. [67] investigate spin-charge separation, Si et al. [68] introduce the concept of local quan-
tum criticality, and Senthil et al. [69] postulate the existence of so-called fractionalized Fermi
liquids. These theories have the Kondo lattice of local moments as their common starting
point for a description of heavy fermion quantum criticality, but they vary considerably in
their predictions for the physics behind the quantum critical behaviour.

In several articles [67, 70], Coleman, Pépin and coworkers put forward the idea of spin-charge
separation as a mechanism for the breakdown of Kondo screening. In this scenario, the
heavy fermion quasiparticles decay into a neutral “spinon” and a spinless charge e fermion
e; = Sy +¢~. A magnetic phase could then come about from a condensation of the magnetic
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spinors, while the ¢ fermion would propagate coherently. In this approach, it is not completely
clear, however, why the breakup of the heavy fermion quasiparticles should coincide with the
onset of magnetic order. In a later publication, Pépin [71] proposes the dynamics of the
spinless fermion to be the key to a description of various properties of YbRhsSis, such as a
T—1/3_upturn in the specific heat coefficient or the p ~ T-behaviour of the resistivity.

Si and coworkers [68], introduce the concept of local quantum criticality. Their basic idea
is that, in addition to the fluctuating magnetization, the magnetic moments constitute local
degrees of freedom that become critical at the quantum phase transition. These degrees of
freedom can only fluctuate in time and not in space, hence the name. The authors treat the
competition between Kondo screening and the RKKY-interaction between the local moments
in the framework of an EDMFT calculation, which maps (4.11) to an effective single-site
Bose-Fermi Kondo model of the form

J
Hj,. = TKS(CLO'QQ/CQI) + Zk:gkclacka + gzk: S - (¢k + (bT—k) + Zk:wk(b;i - Pf. (4.12)

In an extension of DMFT, the electron-self-energy X (w) as well as the spin self-energy M (w)
are determined self-consistently by requiring the local electron Green’s function Gjoc(w) and
the local susceptibility xioc(w) to be equal to the wavevector averages of the lattice Green’s
function and the lattice susceptibility:

- 1 _ pi(e)
M(w) = x5 (w) + (@)’ Xloc(w) = /dsiM(w) s (4.13)
S(w) =Gyt (w) — @7 Gloc(w) = /d&j#f)z(w)’ (4.14)

where po is the bare conduction electron density of states, and p(e) = >, (¢ — Ig). The
result for the spin self-energy M (w) now depends crucially on the form of p;(e). If p;(e) has
a square-root onset from the lower band-edge, which is characteristic for three-dimensional
magnetic fluctuations with e.g. Iq = I(cos gza + cos gya + cos q.a), then M (w) = —Ig — iaw:
Landau-damping of the spin-fluctuations is recovered. If, on the other hand, p;(¢) increases
from zero with a jump, which would be generated by magnetic fluctuations in two dimensions
with e.g. Iq = I(cos gza + cos gya), a spin self-energy of the form M(w) ~ —Ig + Aw® or, at
finite temperature, M (w,T) ~ —Ig + AT*W (w/T) is obtained. This reproduces the w/T-
scaling for the susceptibility seen in experiment, but it is unclear at present what mechanism
could cause the magnetic fluctuations to become two-dimensional.

Finally, Senthil et al. [69] extended the concept of deconfined criticality to magnetic quantum
critical points in heavy electron systems. The authors start from the assumption that the
Kondo effect becomes suppressed and that the local moments are removed from the Fermi
volume before the magnetic transition is reached: It is possible for the system to be non-
magnetic if the local moments are in a disordered ground state (e.g. a RVB spin liquid [72])
instead of ordering magnetically; this state is dubbed FL*. In this state, fluctuations of a U (1)-
gauge field, which formally arises from a “slave-particle” representation of the local moments
S, =1/ QfJaUaa/ frar and the subsequent implementation of a constraint, play a crucial role
and serve to produce e.g. a T'log 1/T singularity in the low-temperature specific heat [73]. The
“conventional” FL-state, in which the local moments hybridize with the conduction electrons,
can be reached from the FL*-state via a z = 2 quantum phase transition [73].
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If Kondo screening is lost, the number of charge carriers should change discontinuously at the
quantum critical point. It has been shown [74] that, if the Kondo lattice can be described as a
Fermi liquid, Luttinger’s theorem guarantees that the c- as well as the f-electrons contribute
to the Fermi volume. If the quasiparticles are broken up, no matter how, then this is no
longer true, and the Fermi surface only encompasses states whose number equals the number
of c-electrons. This discontinuous change should be observable in experiment. Coleman et
al. [75] suggested measuring the Hall constant in the vicinity of the quantum critical point.
While a spin density wave picture predicts a continuous change in the Hall constant at the
quantum critical point, any theory which describes a break-up of composite heavy fermions
necessarily has a jump of the Hall constant at the phase transition as a consequence. Possible
experimental evidence for a discontinuous change of the Hall constant at the quantum critical
point has been reported in the compound YbRhsSis [76].

4.2. Antiferromagnetic QCPs in Experiments

Is the behaviour predicted by spin-fluctuation theory really seen in experiments? Antifer-
romagnetic quantum critical points have been suspected in a number of systems, most no-
tably metals (heavy fermion compounds or transition metal compounds such as CeCug_,Ag,,
CeCug_zAuy, YbCus_,Al,, CeColns, and YbRhySiy), and rare-earth magnetic insulators
(such as TICuCly and BaCuSiyOg). In such systems, anomalous behaviour in thermody-
namic and transport quantities is observed and cannot be explained in the framework of
Fermi-liquid theory. In some of these systems, the predictions of spin-fluctuation theory fit
the experimental data surprisingly well, in other systems, the critical exponents do not match
at all (Fig. 4.3).

Only a few systems (e.g. CeNigGey [77]) have been found, which, upon cooling, already display
non-Fermi liquid behaviour and might therefore be very close to a quantum critical point. In
most heavy fermion systems, non-Fermi liquid behaviour has to be induced. Experimentally
there are three main methods to tune a system towards a quantum critical point: doping,
pressure, and magnetic field. Doping has the disadvantage that it induces disorder and it
cannot be easily adjusted within a single sample. These problems are absent if pressure is
used as the control parameter of the quantum phase transitions. However, the presence of
a pressure cell makes many experiments difficult. For this reason, many recent experiments
[78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89] investigate field-tuned quantum critical behaviour,
where an external magnetic field is used to control the distance from the quantum critical
point.

A thorough discussion of antiferromagnetic quantum critical points tuned by doping, pressure,
or by field is presented in [90]. We will just list a few examples for doping- and pressure-
induced non-Fermi liquid behaviour and provide a slightly more comprehensive overview of
field-tuned quantum critical points, since this will be the topic of chapter 5.

Doping has been used in a large number of systems, e.g. CePtSig.9Geg.1 [91], UCus.6Alg.4

[91] and CeCo; 2Cug gGey [92]. In these three substances, the specific heat coefficient diverges
logarithmically with temperature, which is at odds with Hertz-Millis theory.
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Pressure-tuned quantum critical points have been investigated in materials such as CeRusGes,
in which C/T is constant between 0.4 and 5 K [93], CeCus gAug.2, in which C/T ~ —logT
[94], and Ce7Nis, whose specific heat coefficient also diverges logarithmically with temperature
between 0.45 and 6 K [95].

Field-tuned quantum critical points have also been investigated in a number of experiments
[78, 79, 80, 81, 82, 83]. For example in CeCus2Agps [78] and CeCusgAugs [79] magnetic
order can be suppressed by moderate magnetic fields. In these systems the quantum critical
behaviour induced by a magnetic field B appears to be qualitatively different compared to
the critical properties for vanishing field (controlled by pressure or doping) (see Fig. 4.4). In
the presence of a field these systems seem to follow [78] the predictions from spin-fluctuation
theory [53, 55, 96] for three-dimensional nearly antiferromagnetic metals, while this is not
the case for B = 0 [94]. Similarly experiments [80] in field tuned YbCus_,Al, appear to be
consistent with spin-fluctuation theory, which is not found to be the case in YbRhySis where
magnetic order is suppressed by tiny magnetic fields [81]. Recently, in CeColns [84, 85] the
superconducting order was suppressed by a magnetic field — it is at the moment a contro-
versial question whether the observed anomalous behaviour is related to a superconducting
quantum critical point or whether magnetism plays a role in this system. Very recent resis-
tivity data under pressure [97] seems to indicate that the quantum critical point moves inside
the superconducting dome to lower fields as pressure is increased. This points towards an
antiferromagnetic quantum critical point.

Aside from (heavy fermion) metals, another interesting class of systems are insulators like
T1CuCls [87], SrCuy(BOs3)2 [88] or BaCuSiaO¢ [89] where antiferromagnetic order can be
induced by the application of a magnetic field B. These transitions [87] can be interpreted as
a Bose-Einstein condensation of spin-1 excitations. The energy of the “spin-up” component
of such triplets is lowered by B until it condenses at a critical field, B = B, thereby inducing
antiferromagnetic order perpendicular to the magnetic field.
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5. Field-tuned Quantum Phase Transitions

A large number of experiments on (possible) quantum critical points in metals have been
carried out by using a magnetic field to tune through the phase diagram. Generally it is
expected that the presence of a magnetic field changes the universality class of the transition
as in its presence time reversal invariance is broken. We will therefore extend the original
Hertz-Millis-Moriya theory of quantum critical points in metals and analyze theoretically the
quantum critical behavior of a clean itinerant antiferromagnet in three dimensions subject to
a static, spatially uniform external magnetic field B.

A magnetic field will have two main effects: first it will suppress (or in some cases [82] also
induce) magnetic order. More interesting is the second effect: It induces a precession of the
magnetic moments S perpendicular to the magnetic field

88 =DBx S (5.1)

and therefore modifies the dynamics of the order parameter. The linear time-derivative also
translates to a dynamical exponent z = 2, and therefore the question arises how the precession
competes with damping in a metal, which is characterized by the same dynamical critical
exponent. For precession to occur, however, the system has to be reasonably isotropic, which is
not the case for systems like CeCus 2Agg.s [78] or CeCus gAug 2 [79], where strong anisotropies
prohibit the precession of the spin.

In the following, we study the interplay of ohmic damping and spin precession terms in the case
of a nearly antiferromagnetic metal. First we present the model for the order parameter field
and a short derivation of the effective action. Then we list the renormalization group equations
for the parameters of the model and use them to derive the behavior of the correlation length.
In the following sections we calculate the specific heat, thermal expansion, magnetocaloric
effect, and susceptibility. We show for example that sufficiently large magnetic fields can
induce sign changes in the critical contribution to the specific heat and that the susceptibility
is particularly suited to probe the vicinity of the quantum critical point. Finally, we investigate
the influence of the B-field on the scattering rate of the electrons. The work presented in this
chapter has been published in [98].

5.1. Model and Effective action

Following the original arguments by Hertz [53], we describe the critical behaviour of an
antiferromagnetic metal entirely in terms of an effective Ginzburg-Landau-Wilson theory of
an order parameter field ®(r,t) which represents the fluctuating (staggered) magnetization
of the system. We restrict our considerations to the three-dimensional case, for which no
argument against an order-parameter field theory has been found yet, see next chapter.
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In the absence of a magnetic field the quadratic part of the action takes the form[53] (assuming
negligible spin-orbit coupling)

3
SL[®] = %/%Z@*(r—l—kz—l— )@, (5.2)

where r is a measure of the distance from the quantum critical point and momenta k are
given relative to the antiferromagnetic ordering wave vector Q. In the derivation of (5.2), the
|wn| term results from the (Landau-) damping of the spin-fluctuations by gapless fermionic
excitations in the vicinity of points on the Fermi surface that are connected by Q (assuming
Q < 2kr). In the low-frequency limit, damping dominates over a term oc w?, which is allowed
by symmetry. Since frequencies scale quadratically with momentum in (5.2), the model has
a dynamical critical exponent z = 2. In the case of a ferromagnet, Landau damping would
assume the form |wy|/k and result in a dynamical critical exponent z = 3.

Three modifications to (5.2) will arise in the presence of a magnetic field. First, r = r(B)
will acquire a magnetic field dependence, for example, r will grow for larger fields in systems
where antiferromagnetism is suppressed by B. Second, the magnetic field breaks the rotational
invariance and components of ® parallel and perpendicular to B will have different masses,
r, and 7, respectively. Third, as argued above, the magnetization will precess around B;
this is described by an extra term (in coordinate and time space for convenience)

B
SU[®] — / dr / drb-i(® x 0,3) (5.3)

0
= / / b(i®,0,®, — i®,0,®,) = / / b®* 9, P |

in the effective action, where b is parallel to B (taken to point into the Z-direction) and we
have introduced the complex field ®; = ®, + i®,. The term (5.3) arises when (9;®)? is
replaced by (9;® —iB x ®)?2, since the field acquires an additional precession d® = B x ®dt
in the time dt. Note that (5.3) breaks time-reversal invariance, and such a term is therefore
absent for B = 0.

We have deduced the form of the effective action on phenomenological grounds but it can
also be derived from a more explicit calculation. Starting point is a Hubbard-type model of
electrons moving in the presence of a magnetic field:

H = Z(fk + Bafm)?/};tgl/}ko +U Z"l"T' (5.4)
ko

Here, the magnetic field, which is taken to point along the z-direction, enters only via a
Zeeman-term; orbital effects are neglected, assuming that Landau levels are broadened by
disorder or thermal effects. Indeed, in the experimentally most relevant heavy Fermion sys-
tems, orbital effects are strongly suppressed compared to contributions from the Zeeman term
as the effective masses and magnetic susceptibilities are very large in those systems [99].

For simplicity, a commensurate antiferromagnet will be assumed; incommensurate antifer-
romagnets show the same qualitative behavior for all quantities discussed below. Following
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+ +...

Figure 5.1.: When the fermionic fields are integrated out in (5.6) to obtain an effective action
for the bosonic order parameter field, one-loop diagrams with fermionic internal
lines and an even number of bosonic external lines are created.

Hertz’s scheme outlined in the introduction, we introduce a real order parameter vector ®(x, t)
as a Hubbard-Stratonovich field by inserting a Gaussian integral

/ D@exp{ / dr / d%%@iﬁ} (5.5)

in the partition sum for the system, where J is the interaction in the spin-spin channel. The
field ® is shifted, ® — ® +i(¢Ta1))/2, to decouple the spin-density part J(a1))?/4 of the
interaction term of (5.4). This leads to the following action:

1
S = / dr / A3z (w;a,,o ((90) 000t +1®rz 0o ) Yrmor + Tb%) , (5.6)

where g, 1= jw,, — € — Bo* in momentum and frequency space. The action is now quadratic
in the fermionic field as well as the order parameter field, and the electronic quasiparticles can
subsequently be integrated out to obtain an effective action for the order parameter alone:

/mﬂw exp {/ dT/d3x ¥ (gp? +i<1>a)¢} =det [g; ! + i ®]

= det [go_l(l + igoo*I))]
= Cexp{Trin(1l +igoo®)}

= Cexp {Z (_nl!)nTr(igoaé)"}

n=1

This generates infinitely many interaction terms with coefficients given by diagrams of the
form shown in Fig. 5.1. We truncate the effective action, retaining the leading frequency
and momentum dependence of the Gaussian part of the action as well as a constant ®*
interaction term, since all other terms are irrelevant in the renormalization group sense
[53, 55] (cubic terms are discussed in appendix A.l). For the quadratic part one obtains
Sy = %ZW,k % p(daar/J + xga,(k:,iwn))@ﬁ/wm_k where x°_,(k,iwy) is the susceptibility in
the presence of the finite field B evaluated at J = 0 (first diagram in fig. 5.1). These suscep-
tibilities can now be calculated on the paramagnetic side of the transition, see e.g. [100]. We
obtain in momentum space

S = So[®] + S4[®], (5.7)
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where
/ d3/<;
m_+|wn|0080+k‘2 Wy, sin @ 0
wnik —wy, siné 71+ |wn|cos @ + k2 0 b, K
0 0 Ty + |wn| + k2
g d3k1 d k4
54[q)] = @/ (27‘(‘)3 . ( ) Z o kl + k2 + k3 + k4)6n1+n2+n3+n4
ni...n4
((I)W7L17k1 ! @W7L27k2)(@“)n37k3 : (I)Wn4yk4)' (58)

Here 8 = 1/kpT and w, = 27n/( is a Matsubara frequency and k is measured again from
the ordering wave vector. The coefficients of k? and |wp| cos @ have been made unity by an
appropriate choice of the bare length scale £y and temperature/energy scale Tj. In general the
prefactors of the k2 and |w| terms for ®, and @, y Will be different (even after rescaling), we
suppress these prefactors to keep the notations simple as they will not lead to any qualitative
changes in the results. It is, however, essential to keep track of the dynamics of @, i.e. of the
ratio of precession and damping terms parametrized by an angle 6. For small 6 the dynamics
is overdamped, while for § ~ /2 precession dominates. The value of 6 depends on details of
the band-structure and the size of the magnetic field with 8 < B for small magnetic fields.

As anticipated in (5.3), the z— and y—direction are coupled for # > 0. The Gaussian part
of the action can be diagonalized by introducing the complex field &+ = (&, + i®,)/V/2 as
above, and we obtain

3
1
Sg[@l,(I)Z]:/dk Z ke 2Xk (iwn)~ )q)tn

+ 5, k(K 472+ )22, (5.9)

where
Xu(iwn) = (k* + 71 + |wp| cos § — iw, sin §) ™! (5.10)
is the propagator of ®-.

As expected from the symmetry arguments given above, | and r, turn out to be different with
r. >7y andr,—r, oc B? for small B. Asr, ;| increases for increasing fields (r(B) ~ r(0)+cB?
for small B), an antiferromagnetic system sufficiently close to its quantum critical point can
be tuned to the paramagnetic phase by applying a magnetic field (assuming that no first
order transition is induced).

For the discussion of the behaviour close to the quantum critical point it is important to note
that the magnetic field enters into the calculations in the form of a B-dependent r as well
as through the B-dependence of the angle . We will see that whereas 6 is marginal (in the
renormalization group sense), r is a relevant operator close to the quantum critical point. If
the quantum critical point can be reached with a finite magnetic field B, 6(B) ~ 6(B.) can
be approximated by a constant (as checked below) while it is obviously essential to keep track
of the leading B dependence of the control parameter r(B) o< B — B..
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5.1.1. Magnetic insulators

The derivation of the effective action sketched above is obviously geared towards a metallic
magnet, not an insulator. It turns out, however, that a critical theory for magnetic insulators
such as TICuClg [87] or SrCus(BOj3)2 [88] is already captured by (5.8) with § = 7/2. Note that
the situation is different for BaCuSiaOg [89], which is — in its ordered phase — a frustrated
antiferromagnet; a brief discussion of the expected critical behaviour will be presented in
Appendix A.2.

The insulators we want to describe with (5.8) are dimer spin systems where the ground state
consists of a singlet configuration of spin-1/2-particles on each dimer site in the absence of
pressure or magnetic field. FExcitations in the form of triplets are gapped. Either pressure
or an external magnetic field reduces this gap and can be used to tune the system into an
antiferromagnetic phase where the ground state consists of triplet configurations on each
dimer site, making the system effectively a spin-1 system. The low-energy properties of
antiferromagnetically coupled spin systems can be extracted from an O(3) quantum rotor
model (for S = 1), which describes a particle constrained to move on the surface of a 3-
dimensional sphere via a 3-component unit vector 7o with 72 = 1. The form of the action for
such a rotor model is determined by symmetry requirements [52]:

S= / ir / Br((07)? + A(Voh)?). (5.11)

If the constraint A% = 1 is relaxed by introducing a coarse-grained field ®,, = > I Tr s
where N, is a neighbourhood of x, then the amplitude of ® is allowed to vary over a wide
range. As a consequence, the action for ® now has to contain a potential V(®) as well to
restrict amplitude fluctuations, which leads to an action of the form

S = /dT/d3x ((0-®)* + *(V,®)? + m®* + ud?). (5.12)

In this action, an external magnetic field is incorporated by replacing the time derivative 0,
(in imaginary time) with (9; + 1B x), and one retrieves (5.8) for § = /2.

For insulating systems the physics of the precession term has been widely discussed [52, 101,
102, 103, 104, 105]. The corresponding quantum critical behaviour as a function of magnetic
field of such an insulating magnet in an external field is actually well known: it is expected to
be in the same universality class as the quantum phase transition of a low-density interacting
Bose-Einstein condensate as a function of chemical potential. The relation of (5.8) to Bose-
Einstein condensation for § = 7/2 can be made apparent in the following way. We consider
So[®+]|g—r /2 in coordinate and time space. The Gaussian part of Sy [®1] is minimized for a
field ®1 that obeys the equation

0,0+ = Hd, H=(-V%2+4r)). (5.13)

This has the form of a Schrodinger equation for a particle in a constant potential given by
V =r;. When the interaction is added, this is turned into a non-linear Schrédinger equation
or Gross-Pitaevskii equation which describes the physics of weakly interacting Bosons. In
this interpretation, r| takes over the role of the chemical potential, and the quantum critical
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5. Field-tuned Quantum Phase Transitions

point of a field tuned insulating antiferromagnet (§ = 7 /2) is therefore in the same universality
class as the quantum phase transition of a dilute gas of Bosons driven by a chemical potential.
The non-magnetic phase (r; > 0) corresponds to a phase with negative chemical potential
where no Bosons are present in the T — 0 limit, while the Bose-Einstein condensed phase
corresponds to the magnetically ordered phase.

5.2. Renormalization group equations and correlation length

The physical properties of the effective action (5.8) can be analyzed with the help of renor-
malization group equations. As a first step it is useful to perform a simple scaling analysis of
S[®]. When momenta, frequencies and fields are rescaled as k' = kb, w’ = wb*, where z is the
dynamical critical exponent, and ®' = ®b~ d+5+2, S[®] remains invariant under scaling pro-
vided that z = 2. The masses 7% and the dimensionless coupling constant u = gfg /Ty have
the scaling dimensions 2 and 4 — (d+ z), respectively. In an antiferromagnetic metal, damping
as well as precession are linear in frequency and the terms therefore behave in the same way
under scaling. In the renormalization group terminology this implies that the precession term
is an “exactly marginal” perturbation with respect to Hertz’ fix-point (6 = 0,u = 0) which
can be expected to modify the behavior of the system at the quantum critical point.

The scaling dimension of r and the dynamical critical exponent z determine the crossover line
between quantum critical and Fermi liquid behaviour for the antiferromagnetic metal, where
thermal and quantum fluctuations are of comparable energy:

kpT ~ hwe ~ hEY ~ RET7 ~ hr?/? "2 B (5.14)

We therefore have to distinguish two regimes: for 7' < r, quantum fluctuations are negligible
and the system behaves like a Fermi liquid (or thermally activated for 6 = 7/2). For r < T,
the system will exhibit quantum critical behaviour.

The total dimensionality of a three-dimensional antiferromagnet is d + z = 5, which puts the
system above its upper critical dimension d = 4. As a consequence, the critical behaviour
should be identical to that predicted by mean-field theory, and it is possible that non-universal
corrections to thermodynamic quantities arise from the ®*-interaction term. We will see later
that this is indeed the case in this model.

Close to a (quantum) phase transition, the behaviour of a system is dominated by low-energy,
long-wavelength fluctuations. This can best be extracted from a RG-calculation, in which the
high-energy degrees of freedom are successively integrated out until a fixed point is reached in
the low-energy limit. Since the three-dimensional antiferromagnet is above its upper critical
dimension, we already know that this fixed point will be Gaussian, but we can still use the
RG-equations to determine the correlation length of the system.

The renormalization group equations for the parameters 7', r, and u with corrections to scaling

can be obtained by closely following the procedure employed by Millis [55]: We introduce
UV-cutoffs in the momentum and frequency integrals of a linked cluster expansion of the
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5.3. Thermodynamic quantities

free energy and express changes of these cutoffs in terms of changes of the parameters of the
model. The RG equations are as follows:

or(b)
Ologh 2T(0), (5.15)
gqéébg = 291 (b) + du(b) (2f3 (rL (), T (b)) + f5(r:(0), T (1)), (5.16)
gﬁgg = 2r2(b) + 4u(b) (f5 (rL(0), T (1)) + 3f5(r=(b), T (b)), (5.17)
ou(b)
dlogh (4= (d+2)u(b), (5.18)

where 7 is the running temperature. The expressions for f; " as well as details of the

calculation can be found in appendix A.3. For an antiferromagnetic system in 3 spatial
dimensions, d 4+ z = 5; the scaling dimension for u is therefore negative, and we only need to
consider contributions up to and including first order in u. To this order, the scaling law for
u remains unmodified. In addition, since 6 can only get finite corrections from contributions
at least of order O(u?), § remains unrenormalized to first order in u.

Equations (5.15) and (5.18) are solved trivially. As r,(b) > r, (b), ®, remains massive at the
quantum critical point (r, > 0 for r; = 0). In the following we will concentrate on the regime
T < r,, where the influence of the parallel mode ®, can be absorbed in a redefinition of the
bare r .

Eq. (5.16) can be solved for low temperatures in the limits r; /T < 1 and r, /T > 1,
corresponding to the quantum critical and (renormalized) Fermi liquid regime, respectively
(see Fig. 4.1). This provides us with an expression for the correlation length &, . We refer to
appendix A.3 for details of the calculation. In the quantum critical regime 5‘12 is given by

E7%(r, < T) =1 +16vV21%2((3/2) uT3/? cos(0/2), (5.19)
and in the Fermi liquid regime it has the form
1
AT <r) =7, + 367T3UT2T1L/2 cos 6. (5.20)

For all § < /2 one obtains the same qualitative behavior as in the case of vanishing exter-
nal magnetic field [55]. Only in the Fermi liquid regime for § = /2, the T? correction is
suppressed as Landau damping is absent in this limit and our model is characterized by an
energy gap which leads to an exponential dependence exp(—r, /T') of the correlation length.

5.3. Thermodynamic quantities

Predictions for thermodynamic quantities are particularly suited for making contact with ex-
perimental data. Quantum critical behaviour shows up in the form of unusual exponents in the
temperature and field dependence of e.g. the specific heat, and a large body of experimental
data is available for comparison.
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5. Field-tuned Quantum Phase Transitions

The free energy can be calculated directly from RG equations following again Ref. [55].
However, as the quartic coupling u is irrelevant, the leading behavior in the paramagnetic
phase can equivalently be extracted just from the Gaussian free energy (measured in units of

ToV/&):
e BE — %/D@le—sz[q’ﬂ

B CTTV [ &k oo

1TV d®k dw Bw 2(r + k?)w cos 6
= _Zg—g / o] = coth <7> arctan < et ) (5.21)

where y is given in 5.10 and we have set r = r|. We will compute thermodynamic quantities
from the dimensionless free energy density defined as

= ﬁ(F — F(T =0))
ToV

_ _i / (;F)T]; / d?w [coth (%u) - 1] arctan (2(Y::22))2wff29> , (5.22)

where the zero temperature contribution to the free energy has been subtracted so that
F(T =0) = 0. The expression for the free energy simplifies greatly for § = 7/2 and T < r:

VT 52 )T

T /T 5.23
In this case, the free energy depends exponentially on —r /T, and so will thermodynamic
quantities. This thermally activated behaviour is to be expected for systems with a gapped
spectrum (5.13).

f@:w/2 =

In Eq. (5.22) and in the results shown below we ignore contributions from the mode ®,, which
is after all characterized by a finite mass r, at r; = 0 and therefore non-critical. To leading
order, the corresponding (analytic) corrections to the free energy and its derivative are just
additive and can be obtained by replacing r by r,, by setting # = 0 and by dividing the result
by a factor 2 (as there are two modes perpendicular to B) in all formulas for thermodynamic
quantities given below.

In the following subsections we calculate the specific heat v, the temperature dependence of
the magnetization, the magnetocaloric effect I'g, and the susceptibility.

5.3.1. Specific heat

We first consider the specific heat coefficient ¢/T = (T,r) = —0?F/0T?. More precisely,
to obtain a finite result, we calculate the critical contribution to the specific heat coefficient,
ie. y=~(T,r) —y(T =0,r =0):

~_1/d3k /d_gc 2z
Ty end ) T

(k2 + )3 (4(k:2 +7)2((k% + )% + 272%22) cos 0 + 4T*2* cos(39)) 4cosd
(2 4 1) 4 Tl 4 2(k2 + r)2Ta? cos(26))° ke

. (5.24)
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Figure 5.2.: Scaling function for the specific heat coefficient %1, where a non-critical contri-
bution has been subtracted, ¥ = v(T,r) —v(T = 0,7 = 0). The function is not
completely universal but depends on the parameter 6. A crossover from 4 oc £772
for T < 7 to 4 ~ £V/T for r < T can be observed, where the signs depend on
the value of 6. 4(T') shows a maximum for 7/6 < 6 < 7/3 as can be seen more
clearly in Fig. 5.3.

this differs from the physical specific heat by a T'—independent (but UV-cutoff-dependent)
constant 7. cos 6.

The integrals can be evaluated exactly in certain limits. For § = 7/2 and low T' < r the
specific heat shows thermally activated behavior

T T2 T
0 =7/2,T —0) = (2‘{)3 75 XD [_T] . (5.25)

Forr < T'and T' < r, i.e. in the quantum critical regime and Fermi liquid regime, respectively,
we obtain for § < m/2:

Sr < T) = - 12Y27 (3) 7 cos(30). (5.26)

3272
1 w2 T?
(T <r)=—=r"?cos — — —— cos(30). 5.27
ST < r) = o cos(30) (5.27)
For & = 0, this reproduces well-known results [55] (correcting some factors of 2), and as
expected from scaling, exponents remain unchanged in the presence of the precession term.
However, precession influences not only the size of the prefactors but interestingly also induces
sign changes when the dynamics begins to be dominated by precession rather than damping.
In the quantum-critical regime the v/T correction is negative for § < /3 and positive for
6 > /3. In the Fermi liquid regime a sign change can be observed in the 72/ 3/2 contribution
at 0 = 7/6.
Fig. 5.2 shows the scaling function ﬂ\ﬁr) = fo(T'/r), which was obtained from a numerical

integration of (5.24). Due to the presence of an exactly marginal perturbation, the scaling
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Figure 5.3.: Specific heat coefficient as a function of temperature for § = 0.37 and different
values of r. Note that the total specific heat coefficient v is always positive. The
maximum for 7 > 0 is characteristic for systems with 7/6 < 6 < /3.

function is not completely universal but depends on the parameter 6. In an intermediate
regime, 7/6 < 0 < 7w/3, y(T,r) (and the universal scaling function :Y(L:)) shows a char-
acteristic maximum as a function of temperature as can be read off from the asymptotical
results (5.26) and (5.27). This maximum cannot be seen directly at the quantum critical
point (r = 0) but for any finite » > 0 as long as the critical corrections to the specific heat
dominate the non-critical ones.

5.3.2. Magnetization, magnetocaloric effect and Griineisen parameter

As was argued in Ref. [106], the specific heat is not the most sensitive thermodynamic quan-
tity close to a quantum critical point as it tracks only variations of the free energy with
respect to temperature (vertical axis in Fig. 4.1) but not with respect to the control param-
eter B (horizontal axis). Quantities that depend also on the control parameter are e.g. the
magnetization M = —dF/0B, the susceptibility y = —0?F/0B?%, and the T-derivative of
M, OM/OT = —0*F/(0BOT) = —0S/0B. The mixed derivative has the advantage that
— in contrast to specific heat coefficient and susceptibility — it vanishes in the T" — 0 limit
due to the second law of thermodynamics. This makes a comparison to measurements of
OM /0T easier, since it is not necessary to subtract any constant non-critical contributions
from experimental data.

Not only the termodynamic derivatives themselves but also their ratios can yield valuable
information on the nature of a quantum critical point [106]. For a field tuned critical point,
one such combination is

(OM/oT)p  1(9S/oB)r 1 OT

Us=- Ty T (9S/dT)g T 0B|g (5.28)
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Figure 5.4.: Scaling function \}—%]‘74 While for the specific heat shown in Fig.5.3 it was

necessary to subtract a non-critical constant contribution such a background does

: oM
not exist for 5T -

This describes the temperature change in the sample after an adiabatic change of the mag-
netic field, the so-called magnetocaloric effect. This quantity is constant close to a classical
transition but has been shown to diverge as T' —1/(v2) at a quantum critical point [106], which
makes it ideally suited for identifying quantum critical points.

For pressure-tuned quantum phase transitions, where 9/0B is replaced by d/0p, the quantities
related to OM/OT, x and I'p are the thermal expansion, the compressibility (and therefore
also to the sound velocity), and the Griineisen parameter [106].

Both the control parameter r and 6 depend on B; we can therefore expect two independent
critical contributions to OM /0T

oM _ _OF or  OF 08
9T ~ ~9ToroB  0T00 0B

2

B 1/ 3k /d_w 2¢/ (1) \ " o2 (k* 4+ 7)? +w?) cos 0 ar

4 ) @23 ) m \ew/T—1) T2\ ((k2+7)* + wt + 2(k% + r)2w? cos(20) OB
(k2 +7)2((k*> +7)? — w?)sin 2

(k2 4+7)2 — w?)2 + 4(k2 + r)2w? cos?(0) OB

n (5.29)

In the limits r, T — 0 we obtain

oM 321 6\ oOr
T rt 167T2C< >\/TCO < >aB

1521 32 00
- g< >T 9 5 (5.30)

oM 1T 87‘ 00
8—TT<<7« = 12 \/_ 9 \/7T sin Ha—B (531)
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Figure 5.5.: %—J‘:,CI as a function of temperature for # = 0.37 and different values of r. At the
quantum critical point we obtain %—]\f[ ~ —+/T while %—]‘:ﬁ[ ~ =T/\/r for T < r.

As r is a relevant perturbation at the quantum critical point while 6 is only marginal, the
contributions due to the B-dependence of 6 are subleading and can therefore be neglected.

With r « B — B., we therefore find
oM 0
— —VvT — 5.32
T vt ™ cos <2> , (5.32)
oM T
oT TLr VB — Bc
Neither (OM/OT),«1 nor (OM /0T )r«, changes sign as a function of #, and indeed, a nu-

merical evaluation of (OM/0T)r, shows it to be a monotonic function of T" for all values of
0 (see Fig. 5.4).

cos . (5.33)

For 8 = 7/2 and at low T, the temperature derivative of the magnetization also shows
thermally activated behavior

oM NZ G r1 or

— = — — —— | ==. 5.34

OT o=njor—0 (2133 T ¥ { T} OB (5:34)
Finally, we evaluate the magnetocaloric effect

(OM/0T)p
T'p— — 5.35
B T+ yccosh)’ (5.35)
which is given by:
6v/2cos(9)¢(2
Ip(r<«T)=— v2cos(3)((3) 5 =, (5.36)
32V T3 e cosf — 1512 T cos(36)¢(5)
1
I'p(T<r)= ~3 (5.37)

(67T —1)
in the limits r,7 — 0. As the non-critical contribution . enters Eq. (5.36), the result for
T — 0 is not fully universal [106].
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5.3.3. Susceptibility

Since r ~ B — B. and T have the same scaling exponents, one might expect that the suscep-
tibility x = M /OB = —0?F/0B? and the specific heat coefficient v = —9%F/9T? show very
similar behavior. This, however, turns out to be not correct. The technical reason for this is
that the susceptibility in the quantum critical regime is a singular function of the (dangerously
irrelevant) spin-spin interaction u. Practically, this implies that a measurement of the sus-
ceptibility is complementary to other thermodynamic measurements as it is highly sensitive
to a quantity which can otherwise be determined only by neutron scattering measurements
of the correlation length.

The susceptibility x = —0?F/0B? gets contributions both from the B-field dependence of
0 and of r. We only consider the leading corrections due to r (see discussion above) and
evaluate the quantity x(r,T) = x(r,T) — x(r = 0,7 = 0) with

N—/—d?)k /d_w np(w)lm !
X= @3 )« |" (k%2 + 7+ iwcosf — wsin #)?

1 ar\?
+ @(—w)Im<k2 + iwcos § — wsin 9)2] <8_B> ' (5.38)

Most interesting is the quantum critical regime, where the leading correction to the suscepti-
bility takes the form

K<)~ <8%§—4—{3ﬁ <§>> (57) .

This expression formally diverges for » — 0, which implies that we have to take into account
the interaction effects discussed in Section 5.2 and we have to replace the control parameter
r by €72(T) ~ 7+ uT3? given by Eq. (5.19). One therefore finds

X o for r <T < (r/u)?3, (5.40)

Sl

but

T 2/3

X X —— for T > (r/u)“/”. 5.41

o (r/u) (5.41)
There is a crossover line within the quantum critical regime, depending on whether the control
parameter itself or the temperature dependent correction w72 is the dominant contribution
to the correlation length 512(T). In the latter case, scaling is violated, i.e. the susceptibility
is no longer of the form x(r,T7') = fo(T/r)/+/r, as the dangerously irrelevant coupling u
determines y in this regime. It is interesting to trace back the origin of the 1//r contribution
in (5.39). It arises from the w, = 0 mode of the Gaussian theory (5.9) which leads to a

2
contribution of the form T, (ﬁ) to the susceptibility. Note that the static w = 0

contribution does not depend on the dynamics, i.e. it does not depend on #. However, the
correlation length &, (7') given in Eq. (5.19) does depend smoothly on 6 which leads to a slight
f-dependence of x.
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Figure 5.6.: Susceptibility as a function of temperature for u = 0.2, § = 0.01, and different val-
ues of r. Curves for other values of 6 look essentially identical and are not shown.
Note that the susceptibility is much more sensitive to small deviations from the
quantum critical point than the specific heat coefficient or OM /9T (c.f. Fig. 5.3,
5.5, where much larger values for r have been used). The T4 cusp at the quan-
tum critical point [Eq. 5.41] is rapidly washed out by tiny deviations from the
critical magnetic field and replaced by the linear dependence of Eq. (5.40).

In the Fermi liquid regime, the susceptibility is given by

_ 1 1 77 or\>
XT <r)= <—4—7T2\/;C089 + 185373 °O8 9) <8—B> , (5.42)

while for §# = 7/2 and low T < r it shows thermally activated behavior
NG r ar\?
0=n/2,T —0)= Y VT [——] a . 5.43
X0 =w/2.7 -0 = (LvTew [-1]) (55 (5.43)
The rapid crossovers between the 72, T and T'/* regimes are shown in Fig. 5.6.

The results for —92F/9B? given in this section are also valid qualitatively for a different kind
of susceptibility, namely the magnetostriction 5. This quantity is given by
0*F B O*F Or or

~ O0pdB ~ (Or)20poB (5:44)

g

and can be determined experimentally by measuring the length change of the material as a
function of magnetic field.

5.4. Scattering rate

Due to energy and momentum conservation, the scattering of electrons from spin-fluctuations
is most efficient close to “hot lines” on the Fermi surface, where Ky = Eyp1+g = 0, where Q is

102



5.4. Scattering rate

. . -

Figure 5.7.: Lowest-order contribution from scattering of the electrons from the fluctuating
magnetization to the electron self-energy.

the ordering vector of the antiferromagnet. In order to determine how spin precession modifies
the results we calculate the scattering rate as a function of 8. We will neglect all orbital effects
of the magnetic field and will not try to calculate the conductivity and the Hall effect. For
an extensive discussion of orbital effects and magnetotransport in nearly antiferromagnetic
metals see Ref. [99] which does, however, not consider effects of spin precession.

The lifetime of the spin-up electron scattering from fluctuations of ®; at T = 0 is given
by the imaginary part of the electron self-energy, which — to lowest order — consists of the
diagram shown in fig. 5.7. In second order perturbation theory, 7 is therefore given by [107]

1 k _
— = 242 g / dw Imy g (w)dlw — (B} — B, (5.45)
Tk k' 0

where g5 is a coupling constant, E,:/ " and v;/ ~ the energy and velocity of spin up/down
electrons and x is the spin fluctuation spectrum of Eq. (5.10),

1

_ 5.46
Xa(w) wq+ 7 +iwcosfd —wsing’ (5.46)

with wg = (g = Q)?/q3. We split the momentum integration in an integral over the Fermi
surface and an energy integration | k' = [ [dK Jvy [ dE;, and integrate first over E,,, then
over w to obtain

i ~ gg //dk/ (Cosﬁln [(Wk_k, s T)2 + 2E’: sinf + (El:)z]
T,l vp(2m)3 (We—p +7)?
—E;f cos 6
+ sin f arctan [ k COS+ - } > (5.47)
Wi + 7+ E sinf
2.2 Jons
R _‘qSAEzmin —k cos 0, T_ 05, (5.48)
v (2m)? 207 2

where 0, = r + (6k/qo)? and 0k is the distance of k + @ from the Fermi surface or, approx-
imately, the distance of k from hot lines on the Fermi surface. Analogously we obtain for
spin-down electrons

v %4 o [E 7T
— o~ 22 F —=cosf,— —0 5.49
T,i vi(2m)2 Tk i 202 8% ’ (5.49)

where the indices + and — have been exchanged w.r.t. (5.47). The scattering rate is strongly
dependent on the distance from the hot lines: at the quantum critical point and for dk /gy =~ 0
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the scattering rate is linear in the quasiparticle energy. Far away from the hot lines and the

. . . -2, .
quantum critical point the usual scattering rate 1/7',1’l o< E;r is recovered [99]. Spin-
precession does not lead to a qualitative change in the scattering rate.

5.5. Discussion

In this chapter, we have discussed the field-induced quantum phase transition of a clean,
three-dimensional antiferromagnetic metal, restricting our attention to the non-magnetic side
of the phase diagram. The main question was how the interplay of precession of the spins
in the presence of a finite magnetic field and Landau damping modifies the quantum critical
behavior.

Our analysis is not valid for (i) systems like CeCus2Agps [78] or CeCusgAuge [79], where
strong anisotropies prohibit the precession of the spin (f = 0), (ii) systems where the two
modes ®,, perpendicular to the magnetic field have different masses (in the presence of
sizable spin-orbit couplings, the masses will only be similar if the crystal has a sufficiently
high symmetry and if furthermore the external magnetic field is applied along a symmetry
axis of a crystal) and (iii), in the case of magnetic insulators, frustrated systems. The last
condition excludes e.g. BaCuSiyO2; an approach to the critical theory for this system is briefly
discussed in Appendix A.2.

The analysis for § = 7/2 is not only relevant for magnetic insulators but also for certain
magnetic metals: As long as the ordering vector @ of the antiferromagnet can connect the
spin-up and spin-down Fermi surfaces (Q < k‘}' +kp or, more precisely, E,": =E, =0 for a
line of momenta k), Landau damping is present and 6 < 7/2. In contrast, one finds § = /2
in all systems where no such connection exists (Q > kj. + k). However, the transition from
0 < /2 to  =m/2 is not expected to be smooth, as the interactions of the spin-fluctuations
diverge and become relevant[55, 108] at the point where Q = k. + k.

One main qualitative result of our analysis is that the critical behavior is not completely
universal: it depends on the continuous variable 6, which parametrizes the ratio of precession
and damping terms in the effective action. While critical exponents do not depend on 6,
this parameter strongly changes the scaling functions and even the sign of leading corrections
e.g. to the specific heat.

Presently, we are not aware of any experiments which show the maximum in the T" dependence
of the specific heat coefficient which we predict for 7/6 < # < 7/3. Under what conditions
can large values of 6 be expected? Obviously, large uniform magnetizations are required.
In heavy Fermion systems with Kondo temperatures of the order of a few Kelvin, one can
introduce strong magnetic polarizations with moderate external fields and it should therefore
be possible to induce sizable values of 8. A different class of systems which might be of interest
in this context are ferrimagnetic materials. If it is possible to suppress only the staggered
component of the magnetization in such systems either by external fields, pressure or doping,
the critical theory within the Hertz approach will be characterized by a finite (and again
sizable) 6.
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Figure 5.8.: Qualitative behavior of specific heat coefficient v and magnetic susceptibility x
in various regimes of the phase diagram.

According to our analysis, the susceptibility M /JB is a particularly interesting experimental
quantity to study close to a field-driven quantum critical point. First of all, it is expected to be
much more sensitive to small deviations from criticality compared to other thermodynamic
quantities (see Fig. 5.6). Second, it allows to measure the correlation length, a quantity
which cannot be extracted from other thermodynamic quantities, as for B = B, we obtain
from (5.39)

X(T) = x(T = 0)
T

x &(T). (5.50)

Third, it strongly violates the T'/(B — B,) scaling. This deviation from scaling for x can
be used to show that the relevant critical theory is above its upper critical dimension, a
central question for the interpretation of quantum criticality in systems like CeCug_,Au, or
YbRhsSis [79, 81]. All these three statements are actually independent of the value of §: they
apply equally for a dynamics which is overdamped, 8 < 1, or for a BEC system like T1CuCls
with § = 7/2. Note that in pressure-tuned quantum critical points the compressibility
(and therefore the sound velocity) plays the same role as x for field tuned quantum phase
transitions. An overview of the qualitative T dependence of the specific heat and susceptibility
is shown in Fig. 5.8.

Once again, this behaviour has not yet been observed in experiment, as far as we know. Most
experiments do not, in fact, probe OM /9B, but M /B instead.

Field tuned quantum-phase transitions in metals allow to study quantum critical behaviour
with a tuning parameter which can easily be controlled and with a conjugate field — the
uniform magnetization — which can directly be measured. They are therefore especially well
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5. Field-tuned Quantum Phase Transitions

suited to answer some of the central questions in the field of quantum critical metals, for
example, whether or not such systems can be described in terms of simple spin-fluctuation

theories.
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6. Beyond Hertz-Millis Theory

The underlying assumption of the Hertz-Millis theory of quantum phase transitions is that
the transition can be described by an effective field theory for the order parameter only. While
this assumption is justified in the case of classical phase transitions, where the behaviour of the
system can be successfully predicted from Ginzburg-Landau theory, this is not necessarily the
case for quantum phase transitions. In fact, a prerequisite for the LGW functional approach
to work is that the order parameter fluctuations are the only soft modes in the system. If
this is not the case, i.e. if there are other soft modes in the system which couple to the order
parameter, an attempt to integrate out those soft modes leads in general to an effective action
with singular and non-local vertices which precludes the application of the usual RG methods.
In the case of a ferromagnet, the non-local order parameter theory has moreover been shown
to be insufficient to describe the critical behaviour of the system.

In this chapter, we analyze two-dimensional antiferromagnetic metals in the vicinity of a
quantum critical point within a functional renormalization group approach, keeping both the
collective bosonic and the underlying fermionic degrees of freedom.

6.1. Functional Renormalization Group

All renormalization group schemes are based on the idea that degrees of freedom are treated
successively, depending on their energy scale, usually descending from the highest scale
present. In the functional Renormalization Group (fRG), this idea is implemented by in-
troducing an infrared-cutoff A in the propagator C of the bare action, which suppresses
modes with energies below A. If, for example, a cutoff-dependent propagator C* is defined
as CMw,k) = O(Jw| — A)C(w, k), the propagation of modes with frequencies below A is
suppressed in all internal lines of diagrams that contribute to the Green’s functions of the
theory.

Starting from a bare action with an infrared cutoff in the propagator, one can now track
the evolution of the free energy F (i.e. the generating functional for the connected Green’s
functions) and the evolution of the Legendre transform I' of F, the so-called effective action,
which is the generating functional for the 1-PI vertex functions, under a change of A. As the
cutoff goes from infinity to zero, the cutoff-dependent effective action interpolates smoothly
between the bare action of the system and the final effective action, from which all physical
properties of the system can be derived. The strength of the fRG now lies in the fact that the
flow equations for the 1-PI vertex functions, which can be obtained from the cutoff-dependent
effective action, have a comparatively simple form!, as we will see by applying this procedure

! Tt is also possible to derive flow equations for the connected amputated Green’s functions, but this imple-
mentation of the fRG scheme will not be used in this chapter.
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6. Beyond Hertz-Millis Theory

to the spin-Fermion model in the following sections. By introducing suitable approximations,
the flow equations for the 1-PI vertex functions can then be used to obtain results that go
beyond perturbative RG calculations.

Comprehensive introductions to the fRG can be found e.g. in [109, 110].

6.2. Model and fRG-equations

As already mentioned in the introduction, the spin-fermion model can be derived from a
Hubbard type Hamiltionian with a spin-density interaction term by introducing collective
bosonic degrees of freedom to decouple the interaction term. This is in fact the first step of
the derivation of Hertz-Millis theory, but we stop at this point and keep the fermionic degrees
of freedom in the theory explicitly. The partition sum of the resulting spin-Fermion model
reads

Zln, 7, A /D 5., ] exp{ /d2xd7<wa+¢—+1¢<w ) — ﬁw—zﬁn—Aqb)},
(6.1)

where a real vector field A has been introduced as a source for the bosonic field ¢ and Qp
is the fermionic inverse propagator. Since we will derive the fRG equations in momentum-
and frequency space, we provide here also the the partition sum for the Fourier transformed
action

1 [ dp 1
z—5 [prew{- [ £ 53 W Qe i P + 0, 5@, )

— 00

) d®p; d3py d3ps 1 — o
T B LS g b (e i)

ni,n2,n3

o
d3p 1
- / (27)3 Z Tosnp¥n 0 + Vo ,pMon,p + A—ion,—pPsy p) }7
—00

(6.2)

where Qp = &p — iwy,, and 2Qp = 1/(2J) is the inverse bosonic propagator.

6.2.1. Definitions and Notation

In this section, we briefly list the field definitions and conventions used. The generating
functional for the connected Greens functions, the free energy F, is given by

~7:[77>77> A] = _10gZ[777777 A] (63)
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6.2. Model and fRG-equations

The derivatives of F with respect to the sources 7,7, A generate the classical fields

oOF 1 1 11,
A,  (27)3 E<¢WJ> ~ (2n)3 Bd) w,q (6.4)
_ oF 1 lwc
Mg (2m)3 77
oF 1 1-
= _rl]Z)Cw7q‘

Mwgqg (@2m)3 03

In the following, the index ¢ will be dropped. A generating functional IV for the 1-PI vertex
functions can now be introduced via a Legendre transformation of the free energy F:

', 4, ] = Flig,n, Al (6.5)

d3p 1 _ _
+ / (277)3 B Z (77wmp¢wn7p + ’IIZ)WnJ)an,p + A_Wn,_quw'mp) :
n

In analogy to (6.4), we have:

or’ 1 1
_ Ta . . 6.6
Sbog @A (00
o 11
6¢w’q (27T)3 ﬁnw,tb
or’ 1 1

g @mP BT

In order to make the notation more concise, we collect the fields in superfields and introduce
supersources:

CI)Q = dj%q ) 6Q = (¢—w,—q 1Zw,q T;Z)w,q) (67)

HQ = _T]U.hq ’ HQ = (A_wv_q _nw7q ﬁw’qj) (68)

where we introduced a collective index ) for the frequency- and momentum-dependence.
These definitions allow us to rewrite (6.4) and (6.6) as

OF
0A_o —

ar 6F 11 11 [Pwa
e | T T 30T g | Yea | (6.9)
567» §Ho (2m)3 3 (27)3 8 b

Nw,q

or'
5P w4 A

; or’ 11 11 “.q

or

5] - __ _MHA = — 6.10
o | Tamg  @epBt T @ap g | e | (610
&if “Nw,q

w,q

109



6. Beyond Hertz-Millis Theory

where the matrix M is defined as

-1.0 0
0 1 0]. (6.11)
0 0 1

In this notation, the part of the action bilinear in the fields can be expressed as

1 _ B QB 0 0 (éwn,p
§(¢P7Q(P)(I)P) = (¢—w,—p ww,p ww,p) 0 ) O. %QF(iwnap) T;Z)wn,p
0 _QQF(Ime) 0 wwn,p

(6.12)

= (¢—wn,—p7 QB (iwn7p)¢wn,p) + (’IIZ_)WTLJ)? QF(iwnap)¢wn,p)-

where the inverse fermionic and bosonic propagators have been collected in the matrix Q.

By differentiating equation (6.9) with respect to the field ® and using (6.10), the following
relation between the connected two-point function and the 1-PI two-point function can be
derived:

5 6°I'[®] u 82 F[H|

6
16(P) — Py) = / AR (om) M (6.13)
where
52 52 52 52 52 52
52 B 5t§g¢ 5<§g¢ 6q§gw 52 B éggA 5?2577 _5?2517
3503 3 W g | SHOm = | PeA g | (6.14)
o SUoY  6pdyY oo A onoén  onom

To lowest order in perturbation theory, 6°I"/(6®6®)|4_5_, = Q. When the external fields
are set to zero, (6.13) becomes

1=T"P\MFO(P). (6.15)

From this we see that MF®)(P) = G(P) is the full propagator. Further relations between
connected Greens functions and 1-PI vertex functions can be obtained by taking higher-order
derivatives of (6.10).

In the following, it will be convenient to work with a slightly modified generating functional
for the 1-PI vertex functions defined by
_ 1 _
[®] :.7-"[H]—|—(H,<I>)—§(<I>,Q<I>). (6.16)

In contrast to I defined in (6.5), the two-point vertex function generated by I' is now equal
to the self-energy, i.e. I® = §°I'/(6®6®)|y_5_, = =. The relations (6.13) and (6.15) are
now changed to

2 2
16(P, — P) = /dK(zw)%? (% + Q(K)§(K — P2)> M%, (6.17)
L = (S(P2) + Q(Py) MF (1), (6.18)
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6.2. Model and fRG-equations

6.2.2. fRG Equation for the Effective Action I

We now want to derive flow equations for the effective action I', and as a consequence for the
1-PT vertex functions of the theory. We have two kinds of fields in our model and therefore
introduce two cut-offs sp, sg for the bosonic and fermionic degrees of freedom respectively in
the inverse propagator to separate high-momentum and low-momentum modes. For evalua-
tion of the flow equations, both cutoffs have to be expressed as (different) functions of a flow
parameter A, i.e. sp = sp(A) and sp = sp(A). Differentiating w.r.t. the flow parameter A
then generates a differential equation for the free energy as follows:

1
ONF = —zaAZ
- —zoaA<zo>—1 -~ Lo / DS+ Fro

= Onlog 20+ —5 / DO~ (B,9,Q ®) e~ SIPI+/x P

1 1 6 AO _F
—aAlogZ()—i- <5H oAQ )

2
= ST [MQY QM + (‘W 0@\ ) i [aAQA 62(%} . (619)
In the above equations, a shorthand notation is used where all indices and/or arguments of the
fields and of F are suppressed and where Tr denotes a trace over the entries of the matrices as
well as an integration over momenta and a sum over Matsubara frequencies. From Eq. (6.19)
we can now derive the flow equation for I', from which we will obtain the integro-differential
equations for the 1-Pl-vertex functions, which can then be solved numerically. We define I"
as

r(a] = FIH] + (7,8) - 5(T,Q" @) (6.20)

so that the two-point vertex function generated by I' is once again equal to the self-energy,
ie. T® = §2T/(6969)|4_5_, = = Using (6.19) and (6.16), we obtain the fRG-equation for
I

OAD = O\ F — %@,&\QA D)

1 82T !
“Tr [(0AQMM(QM) ] — = Tx (0 AM( A> 6.21
[(OAQMM(Q) ] = 5Tr | (9nQ%) se55 T @ (6.21)
If we now separate off the field-independent part from §2T'/(§®5®), i.e. if we define
B 2
=Ly (6.22)
0PoP

then, using (X + Q)™ = G, the inverse of 6°T'/(6®5®) + Q* can be expanded into a power
series:

5°T A _1_ RN
<5q>5$+@> =(1+6'7) g

(1 G 4 [GAT? - . ) g, (6.23)
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Figure 6.1.: Picture of the flow equations that can be derived from Eq. (6.24), up to and
including vertices with four external legs. A dot indicates a derivative w.r.t. A.

Using the cyclicity of the trace and defining S* = G4 (9 Q™) MG™, (6.21) can now be cast
into the following form:

OAT = 5T [(OAQYM(@Y) 1] - 3Tv [(0a @) MG
T [t (F-TorT+ )], (6.24)

Here, S? is the so-called single-scale propagator, since it has support only on the scale A in
the case of a sharp cutoff — in that case, 9,Q™ is a d-function,

Renormalization group equations for the 1-PI vertex functions can be obtained by differenti-
ating (6.24) with respect to the fields and setting the fields to zero. This leads to a hierarchy
of infinitely many coupled differential equations for the 1-PI vertex functions, which we have
to truncate before we can attempt to solve it.

At this point, let us briefly comment on the general form of the flow equations for the 1-PI
vertex functions. As can be seen from (6.24) and in Fig. 6.1, the flow equations for the vertex
functions have the basic shape of 1-loop renormalization group equations but with dressed
propagators and fully momentum and frequency dependent vertices.

For cutoffs sp,sp = o0, the fermionic and the bosonic propagator are identically zero:
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6.2. Model and fRG-equations

[$758= i3 equal to the interaction part of the bare action in the exponent of (6.2), and
this sets the initial conditions for flow equations for the 1-PI vertex functions.

6.2.3. Choice of Cutoff Functions

The questions to be adressed in regard to the cutoff-function are twofold: First, we have to
choose between a sharp and a smooth cutoff-function. Second, we have two kinds of fields in
our model that can in principle have cutoffs that are varied independently of each other.

Let us turn to the first issue: the form of the cutoff-function. In order not to obscure the
discussion with notation, we will assume that there is now only one cutoff A in the model. A
sharp cutoff of the form

(@Y7 (E) = xMw)QH(K) = O(lw| - Q™ (K) (6.25)

is rather convenient in the sense that the frequency integration in the flow equations for the
vertices is completely suppressed. However, it introduces one additional complication that
has first been noted by Morris in [111]: How should combinations of x* and x*, i.e. the
combinations of O(jw| — A) and —d(Jw| — A) in the flow equations, be interpreted? It was
shown [111] that expressions like these are indeed unique, if O(|w| — A) is implemented as the
sharp cutoff limit of a smooth cutoff function O.(|lw| — A):

Oc(jw| — A) =2 O(|jw| — A). (6.26)
e—0 1
5c(w] = M) F(O(Jw] — ) =2 5(jw] — A) /0 dt f(t). (6.27)

It is precisely relation (6.27) that turns the flow equations for the vertices into meaningful
equations. The question remains, however, at which stage in the derivation of the flow
equations (6.27) should be applied. Indeed, one has to be careful since the vertices themselves
(in the case of translational invariance) contain d-functions that can be affected by (6.27).
Let us therefore demonstrate the application of (6.27) in two particular cases: (i) for flow
equations for vertices with zero external frequencies and (ii) for flow equations with external
frequencies # 0, where all internal lines have different frequency arguments.

Let us first consider the case for frequency-dependent vertex functions. With the cutoff
defined in (6.25), the single scale propagator S* has the form

SA — gAQAMgA — gAaA(XA)_lQMgA — _gAXA(XA)—QQMgA

1 1
QM

= e 6.28
XALA +Q XALA +Q R
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6. Beyond Hertz-Millis Theory

After insertion into (6.24), relation (6.27) can be applied, assuming that the arguments ap-
pearing in the propagators are different, as indicated by different indices:

oATN — ST [(3@N)M((QY) 7 - 6]
_ %ﬁ (st (F-TgsT+..)]

1 .

S | LI Vo %y . (r—rgAr+...)]

27 At S+ ?

B 1

T I / 1 | -
- v M (r—rg r+...>

2 | / o oM s, 2

1T I
= —5Tr [ M+ Q) l(r—rg§r+...)]. (6.29)

Notice that the second term on the left hand side of (6.29) is field-independent and therefore
irrelevant for the flow equations for the vertex functions.

Consider now the flow equation for a vertex where all external frequencies 2, have been
set to 0. In this case, relation (6.27) has to be applied in a slightly different way since all
propagators in the loops of the flow equations for this vertex now have identical frequency
arguments. When a particular vertex is assumed to be frequency independent and is evaluated
at external frequencies Q0 = 0, it is useful to start from (6.21) and cast the flow equation into
a simpler form:

A _ oA Ay-1 S A ) AN
20, = TrOMM(QM) ﬁ[@ M((S(WI)JFQ) ]

A AAN—1 a [ 07T A
— TMQNQY) - T | MQ (m@ Q>
A

= OaTrM log (6.30)

6200 A’
505D Q
where 95 in the third line only acts on the cutoff-dependent inverse propagator Q*. Using

the cutoff given in (6.25) and relation (6.27), this leads to a slightly modified flow equation
for the vertex functions:

202 = Oy TrM log %
SPSD + Q
g Q
Cn (o _A>M1 @
’ A 520
0 5P6P + Q
8AX M dt— log ——— 52F
6<I>6<I> + Q
_ Q
= Tr(Oax*)M log T~
5653 Q
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Q Q+34
Q+X4Q+xA+TA
_ A —15A A SATA
= —Tr(Oax")Mlog(l 4+ Q™ "X%) — Tr(Oax")M log(1 + G I'*)

= Tr(dax™) M log

_ A C1yA A (=DF /apzn)F
Tr(Oax)M log(1 4+ Q') + Tr(Oa MM Y ~— (g T ) . (6.31)
k

where G* = (Q + )1, For better comparison with the last line of (6.29), let us rewrite
(6.31) as

oA + 1Tr((? XM Mlog(1 4+ Q7'xh) = lTr((‘) XA)MZ ﬂ (C;AfA)k (6.32)
A 5 A D) A k A s .

where the second term on the left-hand side is field-independent and therefore gives no contri-
bution to the flow equations for the vertex functions. It is now apparent that the prefactor of
the flow equation for a particular vertex depends crucially on whether its external frequencies
are set to zero or not: Flow equations derived from Eq. (6.32) get extra factors 1/k compared
to the fRG equations derived from Eq. (6.29).

The next question is how to vary the bosonic cutoff with respect to the the fermionic cutoff:
writing both sp and sp as functions of a flow parameter A, what is the actual form of sp(A)
and sp(A)? The results at the end of the RG flow should of course be independent of the
actual form of the cutoffs, but this is only strictly true for the full system of differential
equations. Whenever approximations are introduced, they can influence the choice of cutoff-
functions necessary to correctly model the behaviour of a system. For the spin-fermion model,

this is a delicate issue, as can be seen from prior investigations of this model in the literature
[62, 63, 65].

In these papers, two different routes were explored to generate a propagator for spin fluctu-
ations different from what Hertz-Millis theory predicts. As sketched in Section 4.1.3 of the
introduction, if the fermions are integrated out completely, retaining a frequency-dependence
in the diagrams that contribute to the coefficients bo; of Eq. (4.4) leads to the realization
that all of these diagrams are in fact marginal, and it has been suggested that all of their
logarithmic contributions to the bosonic self-energy add up to a susceptibility of the form
X 1(Q,q) x ((g— Q)*+ |2))'=7 [65]. In the language of our functional Renormalization
Group, this would mean that if we were to send sp to zero first without letting sp flow, we
would not be able to truncate the hierarchy of flow equations. Instead, we would need to
consider vertices I'pn with arbitrary n in order to reproduce the results of [65]. Clearly, this
is a scenario we have to avoid.

According to Abanov et al. [62, 63], there is another way by which an anomalous propagator
can be generated, namely via the fermion-boson vertex. Let us take a closer look at their line
of arguments. The lowest-order perturbative correction AV to the boson-fermion-vertex V
has the form [62]

AV 4 Vg
vV = Na arctan (E) log &, (6.33)
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6. Beyond Hertz-Millis Theory

where £ is the correlation length, r ~ €72, N is the number of hot spots, and the fermionic dis-
persion was linearized and had the form v, k; +vyk,. Furthermore, it was assumed that damp-
ing had already been generated, i.e. a bosonic propagator of the form (7’ +(q—Q)*+ ]w\) !
was used. The authors extend (6.33) to a RG-equation for the running coupling constant V%:

dVE 4 Uy R
= =z .34
T N arctan (vy> Vi, (6.34)

where L = log &, which as the authors argue gets replaced by L = (1/2)log 2 at the quantum
critical point. Using v, /vy =~ N7/(24L) for £ — oo from a RG-calculation, Eq. (6.34) can be
solved and has

VE = |07V | log Q|76 (6.35)

as a solution at the quantum critical point [62]. When this result is inserted back into the
calculation of a frequency-dependent bosonic self-energy X 5(€2) in lowest-order perturbation
theory, one obtains

g o QNN 1og Q715 (6.36)

In a subsequent publication [63], the authors also took the momentum-dependence of the
vertex and the bosonic self-energy into account and obtained a bosonic propagator of the
form

N-2)/N

XN, Q) x (419 + (g - Q%) log(v]22] + (g — Q) 7/3. (6.37)

However, these results are based on the assumption that damping for the magnetic fluctuations
has already been generated and can influence the vertex renormalization. Since the imaginary
part of the bosonic self-energy comes from low-energy fermions, this assumption is far from
being obvious. The fRG-equations make a more careful handling of the energy scales possible
and thus provide a more rigorous framework to investigate the interplay of the vertex function
and the bosonic self-energy, which is what we are aiming to do in the following.

If the bosonic cut-off sp is brought to zero at a suitable pace, we can expect the frequency-
dependent bosonic self-energy to generate corrections to the fermion-boson vertex. If the
vertex and the freqency dependence of the bosonic self-energy can then couple back into each
other, an anomalous frequency dependence of the bosonic self-energy might be generated. If
this feedback loop is generated within the flow by considering cutoffs that are suitably related,
cutting off the fRG-equations can be justified.

6.3. Flow Equations for the 1-Pl Vertex Functions

We first list the approximations for the vertex functions and then proceed to derive and
investigate a set of coupled fRG-equations for a certain choice of cutoffs sp and sp.

The flow equations can be straightforwardly derived from (6.24), using (6.27) if necessary;
the only complication that arises is that G and I" in (6.24) are actually matrices.
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6.3. Flow Equations for the 1-PI Vertex Functions

Since we employ a frequency cut-off and retain only the frequency dependence of the self-
energies and the fermion-boson vertex, the momentum integrations in the flow equations
can all be done analytically. This reduces the flow equations to a set of coupled differential
equations. It is most convenient not to use Matsubara frequencies but to convert the summa-
tion over the Matsubara frequencies into contour integrals and continue analytically to real
frequencies.

A word on notation: in the following, the “dot”-abbreviation for a derivative refers to d/(dA),
where it is assumed that the bosonic and the fermionic cutoff are both functions of A: sp =
sp(A) and sp = sp(A). In order not to clutter up the following formulas, we will not write
the cutoff dependence of the vertex functions explicitly.

6.3.1. Approximations in the Vertex Functions

We have already stated that the set of coupled differential equations for the vertex functions
that can be derived from (6.24) has to be truncated if one wants to solve it. This is usually
done by setting all vertex functions except for a very small set to zero. But even then, it is
usually computationally too expensive — and also unnecessary — to keep the full momentum-
and frequency-dependence of the remaining vertex functions, and further simplifications are
introduced to reduce the complexity of the set of coupled differential equations. On the one
hand, the approximations should not be too drastic: we want to ensure that the essential
physics is captured by the fRG-equations. On the other hand, it is of course desirable to
make the set of coupled differential equations as simple to solve as possible. In our model,
we need to make certain that the feedback-loop between the bosonic self-energy and the
fermion-fermion-boson vertex is implemented in the fRG-equations.

e Bosonic self energy X p

In the Hertz-Millis theory of antiferromagnetic quantum phase transitions, the decay of
spin fluctuations into particle-hole pairs gives rise to a damping term of the form |w| in
the spin susceptibility, leading to a propagator of the form

Xq(iwn) = (r + (g — Q)* + |wn|) " (6.38)

Abanov and Chubukov argued in [62] that the logarithmically divergent fermion-boson
vertex will alter this propagator significantly. Our main goal is therefore to investigate
how the fermion-boson vertex evolves in the fRG flow and how the boson propagator is
influenced by this in turn. We are mainly interested in the evolution of the damping part
of the bosonic propagator in the fRG flow. Assuming that a momentum-dependence of
the propagator has already been generated by high-energy fermions, we use a bosonic
propagator of the form

Xg(w) = (r+ (g - Q)% = Tp(w)) ™, (6.39)
where we approximate the bosonic self-energy as follows:
Ypw)=Yp(w,q=Q). (6.40)

We track only the change of the imaginary part of the bosonic self-energy in the flow.
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6. Beyond Hertz-Millis Theory

e Fermionic self energy > p

We will see that the fermionic self-energy only generates subleading corrections in the
fRG-equations for the fermion-boson vertex and is not relevant for the flow of the bosonic
self-energy; we can therefore neglect the flow of the fermionic self-energy ¥z for now.

Boson-Fermion interaction F@W

We consider a fully frequency dependent vertex and take the external bosonic mo-
mentum of Fqﬁiwwﬁu to be at the antiferromagnetic ordering vector and the fermionic
momenta to be on hot lines:

V(Q, Q)0 = Ty 5 (Q, Qi k% Qas k™ + Q,— Q) — Qy), (6.41)

where the first set of arguments of I' b, G, A€ the momentum and frequency arguments
of ¢;, the second set of arguments are the momentum and frequency arguments of 1,
and so on. A full justification of this approximation is given in the next section.

Four-boson vertex I' e

We want to avoid a contribution of the four-boson vertex in the flow equation for the
bosonic self-energy and therefore have to determine the choice of cutoffs for which such
a feedback would occur. The full vertex is a function of three frequencies and three
momenta after momentum and frequency conservation has been taken into account.
For T 41 to generate a frequency-dependence in the bosonic self-energy Y 5(2), we need
to consider the dependence on two external frequencies and one external momentum
and calculate the feedback in the flow equation for X 5. We find that for sp < 2sp, no
contribution from I’ ot enters the flow equation for X 5. Details are given in section B.4
of the Appendix.

Four-fermion vertex T’ Ppiprp

The four-fermion vertex will be set to zero in this version of the flow equations.

In order to avoid contributions from the vertex function I' in the flow equation for Xp, we
have to set sp < 2sp.

6.3.2. Flow for a constant Fermion-Boson Vertex

The aim of this subsection is to give a convincing argument why it is not sufficient to consider
a constant fermion-boson vertex in the flow equations. For that, let us first look at the flow
equation for the bosonic self-energy for the case of a constant fermion-boson vertex. Before
anything else can happen, the fermions have to generate a dynamics for this object. Since
the frequency arguments in the propagators of the respective diagrams are all different, the
renormalization group equation for X can be derived from (6.29) and has the following form:
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6.3. Flow Equations for the 1-PI Vertex Functions

where Ip(w, ) contains the momentum integration and is evaluated in detail in Appendix
B.3. At zero temperature, the fermionic distribution functions become step functions and
combine with the cut-offs to yield a flow equation of the form

0 -1 1
%ImEB(Q) vavy

20(|Q| — 2sr) sign(Q). (6.42)

Surprisingly enough, although the fermions generate a damping term in the bosonic self-
energy, which generates damping in the fermionic self-energy in turn, the damping of the
fermions does not couple back into the RG-equations for the bosonic self-energy at all. Fur-
thermore, a contribution to the imaginary part of the bosonic self energy at frequency 2 will
only be generated when s falls below [2]/2.

Let us now take a look at the flow equation for a frequency-independent, constant V, i.e. | .
at fixed external frequencies. Two natural choices for the external frequencies present them-
selves: we could set all external frequencies to zero or the external fermionic frequencies to
+sp and only the bosonic frequency to zero. The latter choice respects at least to some extent
how this vertex function enters the flow equation for ¥p.

Let us investigate each of these two possibilities in turn. Setting all frequencies to zero first,
we obtain the following flow equation for V' (for a detailled calculation see Appendix B.3.1):

dw dsp dsp
3 _ _ o5 _ _ o
V=V / - <5(|w| sB)O(|lw| — sr) dA + O(|w| — sB)d(Jw| — sF) dA>

1 Im>4
arctan <Uy> m B(C;) . (6.43)
2V vy (ImEg(w)) + 72

The contribution « dsg/(dA) from the fermionic cutoff will set all internal lines to the
fermionic cut-off: w = sp. However, we have just derived (6.42), from which we see that the
imaginary part of the bosonic self-energy at frequency w will only be generated for sp < |w|/2,
which means that the contribution o dsp/(dA) of (6.43) plays no role in the flow equation
for V at all. For the same reason, the contribution x dsg/(dA) to the flow equation for V' is
only present for sp > 2sp — precisely the choice of cutoffs we want to avoid.

The second choice for the external frequencies of Iy, consisted of setting only the bosonic
frequency to zero and the fermionic frequencies to £sg. In this case, the flow equation for V'
has the form (for a detailled calculation see Appendix B.3.2):

3 A
2V3 1 1t <Uy><@(2SF_SB)dsF Im¥4(—2sp) !
(22 vy Up dA (Imx4(—257))° + (r — ReSA(~2sp))
A
4 O(sp— 2sF)dSB IH;EB( sB) >
dA (ImE’é(—sB)) (r—ReEg(— ))

Now we can immediately see the next problem: although a dependence on the fermionic cutoff
now seems to be present, it requires the evaluation of the bosonic self-energy at a frequency
equal to £2sr. However, this is precisely the frequency in the flow at which an imaginary part
of the bosonic self-energy is created; the contribution from the fermionic cutoff is therefore,
once again, zero, and the contribution from the bosonic cutoff is only present for sp > 2sp.
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6. Beyond Hertz-Millis Theory

Figure 6.2.: Coupled flow equations for the bosonic self-energy and the fermion-boson inter-
action vertex. The feedback of the fermionic self-energy on the flow equations is
negligible; as a consequence, the flow of the fermionic self-energy is not consid-
ered.

6.3.3. Flow Equations for the Vertex Functions

We have found that, in order to avoid contributions from the vertex function Ipt in the
flow equation for X p, we have to set sp < 2sp, which also necessitates taking into account
a frequency-dependent V. As long as the condition sp < 2sp is fulfilled, i.e. as long as the
bosonic cutoff is sufficiently lower than the fermionic cutoff, the dynamics for the bosons is not
generated fast enough for contributions from the bosonic cutoff to occur. In the following flow
equations, we will therefore only have contributions from the dependence of the 1-Pl-vertex
functions on the fermionic cutoff sy as depicted in Fig. 6.2.

We now consider a fully frequency-dependent vertex function in the flow equations. As a
consequence, the flow equation for >z now has the form

s tnSa(@) = -3 [ CAV@V (2w + D (e + Dxe) Iale,2)

88}7 2 ™ F
1 [dw d

_ _5/—4V(Q,w)V(—Q,w+Q)—(XF(W+Q)XF(W))
T dsp

nrp(w+ Q) —np(w)
8y

)

where Ip(w, ) contains the momentum integration and is evaluated in detail in the Appendix.
At zero temperature, the fermionic distribution functions become step functions and combine
with the cut-offs to yield a flow equation of the form

0 -1

> V(Qw)V(-2,w+Q) (np(w) — np(w + Q) O(|lw+Q|—sF)

 Adrvgw
Y | w=tsp

+ Y VQwV(-Qw+Q) (npw) —npw+ Q) O(lw| — sp)| . (6.44)
w=tsp—0
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The second fRG-equation is the one for the fermion-boson vertex, see (B.20):

0 -1
%V(Ql’ 22) = 4Tv50y

V(w, D)V (21, w+ Q) V(—w,w + Q1 + Qo) x
w=tsp—Q2

O(|h + Q2+ w| — 5p)O(Jw| — sp)Iv(w, 1, Q)

+ Y V(e Q)V(Q,w+ D)V (—w,w+ Qi + Q) x
w=tsp—N1—0

O(|% +w| — sp)O(|w| —SB)fV(w,Ql,Q2)]. (6.45)
with
~ I ER
Iy (w,1,Q) = orini20 )lm Bg(zw)z 5
(T + # + @) + (ImEg(u)))
{coth <67w> + tanh <B(w + %1 + Qz)) — tanh (Mﬂ . (6.46)

At large Q; and Q2, OV (21, Q2)/(0sF) is suppressed by the explicit frequency-dependence of
the denominator of Iy, while for small ©; and Q9, OV (Q1,Q2)/(0sF) is suppressed by r.

We can absorb the common prefactor 1/(4mvgvy) of (6.44) and (6.45) by setting

V — dmvzo, V (6.47)
ImY¥p — 4mv,v, Im¥p (6.48)
T — ATV vy T (6.49)

This changes the prefactors of the frequency-dependent terms in the denominator of Iy

Ty (w0, 1, 0) Im¥&(w)
viw,8,8) = 2
(T‘—I— (2w+il;1-)%292)2 + 47?5%) + (Ing(a}))Q
{coth <67w> + tanh <B(w i f;l + Qz)) — tanh (Mﬂ , (6.50)

where we set v, = vy = vr/V2.

The scales that are present in the flow equations are now the Fermi velocity vp, the mass
r, the initial value of the interaction V(€;,€s) and the frequency-cutoff w,., up to which
the frequency-dependence of the 1-PI vertex functions is considered and which also serves
as a starting value for sp. This frequency-cutoff is in fact related to the Fermi velocity
since the frequency-dependence of Im>p is generated by fermions: a simple evaluation of
the polarization bubble with linearized fermionic dispersion yields Im¥ g(w) proportional to
w/(vyvy) ~ w/v. By this argument, the frequency-cutoff w, should be of the order of vZ.

For a numerical evaluation of the flow equations we set 477?)}1; =1 and w. = 1. We discretized
ImX¥ () in the interval —1 < Q <1 and V(Q1,Q9) for —1 < Q1,09 < 1 and used the initial
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Figure 6.3.: Plot of Im¥p(§2) versus frequency Q for r = 0.2 and AQ ~ 0.04, Asp = 0.01
(straight line) as well as AQ ~ 0.02, Asp = 0.005 (dashed line).
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Figure 6.4.: Plot of V (€1, 9) versus frequencies 1,5 for r = 0.2, AQ =~ 0.04 and Asp =
0.01.
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ImZ

-1 0.5 = 05 10

Figure 6.5.: Plot of Im¥p(f2) versus frequency Q for r = 0.1 and AQ ~ 0.04, Asp = 0.01
(straight line) as well as AQ ~ 0.02, Asp = 0.005 (dashed line).

Figure 6.6.: Plot of V(Q1,Q9) versus frequencies 21,9 for r = 0.1, AQ ~ 0.04 and Asp =
0.01.
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ImZ
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Figure 6.7.: Plot of ImXp(Q) versus frequency € for » = 0.05. The maximum (minimum)
becomes more pronounced as the number of frequencies at which Im>l g is sampled
becomes larger: the flow for Im¥5(2) is very likely to diverge at that point.
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Figure 6.8.: Plot of V' (€1, 2) versus frequencies 1,y for r = 0.05, AQ ~ 0.02 and Asp =
0.005.
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ImZ
B r=0.05
S r=0.1
. ——r=02

Figure 6.9.: ImX(Q) for AQ ~ 0.02, Asp = 0.005 and various values for r. The high frequency
behaviour is independent of the value of r.

values V(21,Q2)|sp=1 = Vo = 1 and Im¥X5(Q)|s,=1 = 0. We solved the resulting system of
coupled differential equations numerically, using the second-order Runge-Kutta method.

The results for Im¥p and V for r = 0.2, r = 0.1 and » = 0.05 are given in Figs 6.3 to
6.8. In order to ascertain whether the result is independent of the discretization, we varied
the grid spacing A€ and the step size Asp for each value of r. A first thing to observe in
Fig. 6.9 is that for large frequencies, the behaviour of the imaginary part of the self-energy is
independent of r.

For large r we can expect V to change very little in the flow, and Im¥p(f2), which can
then be computed straightforwardly from (6.44) with constant V', should be linear in 2 as a
consequence. For r = 0.2, the resulting curve for Im¥ 5 does not deviate much from the linear
behaviour yet, and V' (€1, Q2) grows only moderately for certain frequencies. For r = 0.1, the
increase of V(€1,8) at low frequencies is already more pronounced, see Fig. 6.6, and the
imaginary-part of the self-energy deviates from linearity for small frequencies {2 as shown in
Fig. 6.5. For r = 0.05, finally, the large peak of V (€1, 3) shown in Fig. 6.8 can be shown
to grow with decreasing grid spacing and/or step size, which points towards a divergence in
V (21, Q2). The steep increase in V' couples back into the flow equation for Im¥ g in such a way
that for r = 0.05, ImX¥p also shows a divergence: the maximum (minimum) of Im¥z(Q2) in
Fig. 6.7 can be seen to increase (decrease) as the grid spacing and the step size are decreased.

How can we explain this behaviour? Previous studies [62, 63] of the fermion-boson vertex
and its contribution to the bosonic self-energy in the spin-fermion model found no divergence
either in the imaginary part of the self-energy or the fermion-boson vertex, see Eqs (6.35) and
(6.36).

However, the vertices in our flow equations are now fully frequency-dependent — it is not at
all obvious at what point in the flow which parts of the 1-PI-vertex functions couple back into
each other. The following two scenarios for the flow of V serve to illustrate the significance
of this fact.
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6. Beyond Hertz-Millis Theory

If we approximate V by a constant and set Im¥X5(Q) = V2, which is what one would obtain
from a one-loop calculation or from the fRG equations in the presence of a constant V', the
RG-equation for V' can be simplified to

av SF SF

— =V = AV — 6.51
dsp g (#)2_‘_8% v 7:2_,_3% ( )
V*dV Fd Vv

SE * .

— - — 1 — | =~1 .52

% ’Y/ i 0g<vo> vlog 7, (6.52)
Vo

where v is a constant prefactor. In this case, the vertex function is perfectly well-behaved
and the power-law behaviour of (6.35) is recovered. Alternatively, it could happen that the
effective flow equation for the vertex has the form

av _ v

= o (6.53)

if the main contribution to V is always generated at a point in the flow where ImYp ~ 7.
Using separation of variables this reads

*

0
dv dSF 2 7"‘/02
— = | == V= . 6.54
/V3 / 27 — r—V02 ( )
Vo 1

In this scenario, V* diverges for r — V02.

6.4. Summary and Outlook

In this chapter, we presented first results for a treatment of the spin-fermion model in two
spatial dimensions within a functional Renormalization Group approach. With the specific
goal of testing Hertz-Millis theory for two-dimensional antiferromagnets in mind, we chose
the fRG-approach because it takes into consideration the feedback of the frequency-dependent
1-PI-vertex functions on each other.

We observed a divergence of the fermion-boson vertex and the imaginary part of the self-
energy as the distance r to the quantum critical point falls below a certain threshold. This
would indicate that the behaviour of the two-dimensional antiferromagnet is incompatible
with Hertz-Millis theory [53, 55]. Although previous investigations [62, 63, 65] of the spin-
fermion model arrived at the same conclusion, they did not observe a divergence in either the
fermion-boson vertex or the imaginary part of the self-energy. We believe that this is due to
the fact that we considered the full frequency-dependence of the fermion-boson vertex, which
was previously neglected.

This flow to strong coupling of the RG-equation for r below a certain value points towards the
fact that non-perturbative effects dominate for  — 0. One possibility is that the quantum
phase transition becomes first order, another possibility is that a pseudogap develops in the
electron spectrum. Further investigations are definitely needed. In particular, we should try
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to understand how the flow to strong coupling can happen in the approach where the electrons
are integrated out first.

How can this calculation be expanded and improved? Possible extensions of the fRG-equations
include considering the flow of Y and of the real part of ¥ 5. Furthermore, the results of
Abanov et al. [63, 65] suggest that the momentum dependence of X5 should also be of interest.
One should also perform a calculation analogous to the one presented in this chapter for three
spatial dimensions instead of two. From a theoretical side, no inconsistencies have been found
yet for Hertz-Millis theory for an antiferromagnet in three spatial dimensions. This could serve
as a verification for the validity of our results.

Although the four-fermion interaction vertex has been eliminated in the bare action in the
exponent of (6.2), it can be generated once again in the fRG-flow. We have neglected this
vertex in our flow equations, but it is precisely this vertex which would produce an instability
in the spin-density-channel in a RG-calculation in the purely fermionic model from which the
spin-fermion model has been derived: this instability indicates the onset of magnetic order.
Another interesting question concerns superconductivity mediated by magnetic fluctuations,
indicated by a divergence in the Cooper-channel of the four-fermion interaction vertex.

It would be preferrable to consider the four-fermion vertex in the flow in some way. Rather
than incorporating the four-fermion vertex with an additional fRG-equation, we have sketched
a preliminary version of the flow equations with a continuous Hubbard-Stratonovich transfor-
mation in Appendix B.5. This continuous Hubbard-Stratonovich transformation can be used

to set a momentum- and frequency independent spin-density interaction to zero at each point
in the fRG-flow.

We conclude by stating that the functional Renormalization Group seems to be a promising
tool for investigating the interplay of the electronic degrees of freedom and their collective
excitations close to a quantum critical point.
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A. Field-tuned Quantum Phase Transitions

A.1. Cubic terms in the effective action

In this appendix we briefly discuss whether cubic terms ®3 are present in the low-energy
effective Lagrangian. As ® carries the momentum @, the presence of such terms is forbidden
by momentum conservation in most systems with the exception of magnetic structures (e.g.
BCC lattices) where the sum of three ordering vectors adds up to 0. If such a system has
Ising symmetry, then a cubic term does exist and the magnetic field driven transition will
be first order. However, for xy symmetry perpendicular to the magnetic field (the case
mostly discussed in chapter 5), a rotationally invariant cubic term of the form (I>?i does not
exist. While terms like B®,|®, |? are allowed by symmetry, they lead effectively only to a
renormalization of the |®, |* interaction as ®, remains massive. Such terms can therefore be
neglected.

A.2. Frustration in BEC of Magnons

The insulator BaCuSioOs can be tuned to an antiferromagnetic quantum critical point by
applying an external magnetic field. Recent experiments seem to indicate that BaCuSisOq
exhibits quantum critical behaviour of a two dimensional system, with a phase boundary
T. (B — B.) instead of T, o< (B — B.)%/3.

BaCuSiyOs is a layered spin dimer system in which the dimers in one layer are arranged on
a square lattice, but neighbouring layers are shifted such that a dimer in one layer is at the
centre of a square of dimers in the next layer. In this system J = 4.45 meV, J' = 0.51 meV,
and J;y = 0.16 meV, where J is the antiferromagnetic spin interaction, J’ is the intra-layer
coupling, and Jy is the inter-layer antiferromagnetic interaction. Neighbouring layers are
decoupled in the ground state of the system: the inter-layer coupling is effectively removed
by frustration. However, neighbouring layers inevitably get coupled by fluctuations in the
so-called “order from disorder”-mechanism. The quantum critical behaviour should therefore
revert to that of a three-dimensional system below a certain temperature scale. Maltseva and
Coleman considered this system in the antiferromagnetically ordered phase in the framework
of linear spin-wave theory and estimated the transition temperature from 2D- to 3D-behaviour
to be ~ J'/In(J'/Jf) [112].

Within the “soft spin” approach to Bose-Einstein condensation of magnons, what are the
predictions for the quantum critical behaviour of a frustrated system like BaCuSisOs7 It
is not the purpose of this section to give a complete answer to that question, we simply
sketch how one might tackle this particular problem. In order to account for frustration,
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z_@+@+@+

Figure A.1.: Diagrams contributing to the self energy of magnetic fluctuations.

the dispersion relation of the propagator for @ has to be modified: defining k, and k, to be
momentum components within a layer and &, to be perpendicular to the layer, we can account
for intralayer exchange and interlayer hopping in a tight binding picture with a dispersion
relation of the form
, k.a kya

e(k) = J'(cos(kya) + cos(kya)) + 2J¢ cos(k,a) cos —5 cos 7, (A.1)
where a is the lattice constant, and the distance between layers is taken to be equal to the
lattice constant within one layer for simplicity reasons. For small deviations Ak,, Ak, and
Ak, of the momenta from 7 /a, the dispersion relation (A.1) can be approximated by

e(k) = %2J’ ((Aky)? + (Aky)?) +2 Jf“z2 (-1 + “; (Ak:z)2> (Aky)(Aky) + const. (A.2)

Introducing the momentum k) in the z-y-plane as well as the momentum &, perpendicu-
lar to it, let us approximate the inverse propagator for the order parameter field ® in the
corresponding “soft spin” theory by

X,zl(iwn) = kﬁ(l + k) + 1o — iwn, (A.3)

where 7 is an anisotropy parameter related to J' and Jy. A ki—term is missing in the bare
propagator but will be generated at the 2-loop level by the second diagram of Fig. A.1, which
leads to the following contribution to the self-energy of ® in the limit rq — 0, where r¢ is the
distance to the quantum critical point:

16 u
32 1oop (k) k1, 2 =0) = / dpL/dPHPH / qu_/dq”q”
_\/—A 0 -V A 0

pﬁ(l—i_ﬁi)_‘_q”(l‘i'%_)“‘(p”+Q||—k‘||) (1+(pl+qj__\/ﬁkJ_)2). (A.4)

where the frequency integrations have already been performed at T = 0 and the loop momenta
have been rescaled: ¢, = /nq, and p; = /fp1. The momentum integrals are dominated
by high momenta and necessitate the introduction of UV-cutoffs. To calculate the prefactor
of the k‘i-term in the self-energy generated by this diagram, let us consider the first term
of a Taylor expansion of 33 160p (0, k1,0) — X2 160p(0,0,0) in powers of kzi The remaining
integrals can be calculated, but the p, -integration diverges logarithmically in the UV-cutoff,
which means that the validity of the Taylor expansion is in question. Also, the logarithmic
divergence indicates that the main contribution to the p | -integrals comes from high momenta;
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|
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Figure A.2.: Diagram contributing to the free energy in O(u). The different contractions of
the internal indices of the fields involved have been made explicit on the right
hand side, where the dashed line represents the quartic interaction wu.

an expansion of (A.1) in the momenta to obtain the propagator (A.3) is an approach that
has to be reconsidered.

Assuming the Taylor expansion can indeed be done, the inverse propagator then has the
following form:

Xg (iwn) = k;ﬁ + crutlogn k? + 1o — iwy, (A.5)
where ¢; ~ A?log A is a cutoff-dependent constant.

Anisotropic models with a propagator of this form have been investigated in [56]: The quan-
tum critical behaviour of the system should change from two-dimensional to three-dimensional
at a temperature 7' < c;u?A%logn. It is obvious that a more careful calculation is required.

A.3. Derivation of RG-equations

Following Millis’s treatment [55, 56|, we perform the renormalization group analysis on the
free energy of the system described by the action (5.8) after having converted all Matsubara
sums to integrals. Although we restrict our calculations to metals in three spatial dimensions
and with a dynamical critical exponent of z = 2, we nonetheless keep the variables d and z
in the calculation in order to make the origin of certain factors more transparent.

The free energy can be obtained via a linked cluster expansion in the coupling constant wu.
The scaling dimension of u is 4 — (d + z), which is negative for an antiferromagnetic system
in 3 spatial dimensions. To first order in u, only the diagram in Fig. A.2 contributes to the
free energy. Up to first order in u, the free energy F is therefore given by

F=Fa+ullly+ Iy + L) + 2(I2 + I2. + I2.)], (A.6)
where
1 ’ d®k Fd 2(r + k?) 9
w r+ w COoS
- — coth t A7
2/ 277)3/77 <0 ( >arcan<(r+k2)2_w2> (A7)
0 0
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is the Gaussian free energy measured in units of 7oV/£3 with the cutoffs A and T, I, is given

A T
3k dw Ow w cos 6
= — coth [ — A.
/(27r)3/ v cot ( 2 > (r+k2)2 —2(r + k?)wsin 0 + w?’ (A.8)
0 0

and I, I,- are defined analogously.

In order to relate changes of (A.6) under a cutoff-change to changes of | and r,, let us first
rearrange (A.6):

F=Fa+uB(I} + L+ I2) + 2(I Ly + Ly + L Iy2)]
— Fo+ %[3(& 4 T 4 L )2+ 212 + (T + L — I)?,
where we used that I, —I,=0.

As a next step, we separate out of the momentum and frequency integrals in the expressions
on the right hand side of (A.6) the regions given by {A > k£ > A/b,I' > w > 0} and
{A>Fk >0, >w>T/b?}. Using that
0Fa 0Fa
I IL«=2—— I1:=2—
vt or, B X or,’
the change in F upon such a variation of the cutoff can be expressed as a change of | and
Ty

(A.9)

oF  0Fcg
dlogb  Ologh

oI oL~ Ol
+3u(IX—|—IX*+IXz)< N N X)

8logb+810gb+8logb
oI, - oI oI« Ol
Qu - —X— I, 4+ 1+ —1I.: X X X
F2ule g Tulhot I X)<8logb+alogb 8logb>
0Fa 4 6u <(9.7:G 3.7(;) < ol n Ol n 0l )

+

Ologb ory or, dlogb  Ologhb 0Ologh
0Fq Ol 0Fq OFq oI, Ol 0I,-
4 2 — -
e or, 810gb+ " <87‘l 87‘2> <8logb+810gb Ologb

 0Fe  0FG or, oI, oI, -
= Dlogh | or, <8“ <alogb T B10g5 ) T Fogh
0F oI, Ol oI,
TS <4u <8logb * 1095 ) T 12" Dlogt
1 0Fa 0Fq Ory 0Fqg Or,

~ dlogh " dry dloghb ~ Or, dlogh’ (A.10)

This leads to the equations
?51232 = 2r1(0) + 4u(d) (23 (rL(0), T(0)) + f3(r=(), T (1)), (A.11)
22;;‘?, = 20, (5) + 4u(d) (f3 (r(6), T(V)) + 35 (r.(0), T(1)) (A12)
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for the running masses 7 (b), 7,(b), where f5- and f§ are given by

2w((A% 4 71)? + w?) cos b
L, T) = K A3/— oth <ﬁw>
fo(rd, (A2 +71)2 + w?)2 — 4(A2 + r | )2w? sin? 0

A
zF d3/<; ﬂF 2 ((k® 4+ 7.)? +T2)cos @
= coth 207
T 27)3 (k2 +7r1)?24T12)2 —4(k? +r,)’T?sin” 0
0

dw Ow w
z 3
f5(r,, T) = K3A /_w coth <—2 ) (r FA22 102

ZP/A Pk oth <5P>( 3 . (A.13)
0

7 @ 2 ) (r.+k?)?+1?

In the following we assume that the system is close to the quantum critical point at tempera-
tures much smaller than r,. In this case, f5(r.,7) can be set to zero, and the renormalization
group flow of r, is determined by f5-(r,,7) only. There are two contributions to f;-, one
from the renormalization due to the separated momentum shell, where momentum is set on
shell £ = A, and one from the renormalization due to the frequency shell with w = I". For
subsequent calculations we note that

r
fa(ri,T) = fo(ri,0) = K3A3/d—w [coth <ﬁw> — 1] X

™

20((A2 +7)% +w?)cosd

O Al4
(A2 +71)2 +w?)2 — 4(A2 + 1 )2w?sin® 0 Ol ) (A.14)

in other words the contribution of the frequency shell renormalizes zero temperature properties
only and is exponentially suppressed at finite temperatures.

In order to obtain an expression for the correlation length, we first substitute r, (b) = R, (b)b?
to eliminate the naive scaling and then formally integrate equation (A.11):

Inbd

Ri(b)=ry +8 /dwe_mu(em)le(RJ_(em)em, Te*™). (A.15)
0

We then perform an expansion in temperature
Ry (b) ~ AL(b) + RE(b) + OR. (b), (A.16)
where three terms contribute.

The first term A (b) is the running mass at zero temperature,

Inb
AL() =rd +38 / do e~ u(e) f (A ()62, 0); (A.17)
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A. Field-tuned Quantum Phase Transitions

the integrand can now be expanded in A which leads to the following expression

Inb
Ay (b) ~ T(J]‘ + 8f2l(0, 0) /dac e_zxu(ex) bpo T(J]‘ — rcl
0
= T‘J_, (A18)

i.e. this defines the parameter which characterizes the distance from the critical point.

The other two terms in (A.16) are of first order in temperature: One contribution is due to
an explicit dependence of sz on the running temperature,

— 3 (R (e")e*,0)), (A.19)
and 0R (b) originates from the temperature dependence of the running mass,

Inbd

OR, (b)) = 8/dwe_%u(ex)(fQL(RJ_(ex)e%,O)
0
— f3 (AL (e")e*,0)). (A.20)

This term is of the order of u? and will be neglected from now on.

The inverse square of the correlation length &, is given by

Inb r
dw w
-2 _ 3 1 _ : —2x x 3 - _
&7 = bli{go{AL(b) +Ry(b)} =rL+ bILIEOS /d:ve u(e®)K3A / - {coth (2Te“) 1] X
0 0
2w((A% + R (e%)e?*)? + w?) cos (A.21)
(A2 + R (e®)e2®)2 + w?2)2 — 4(A2 + R (e*)e2)2w?sin? § '
= r.+ 16Ad+Z*2KdT2/Z/ d:cu(efATfl/Z)e“*?)z/ @(cothv -1) (A.22)
(L2 o T

AN7e* v ((A% + Ry (e"AT~V*)e® A2T—2/%)2 + 4A%%e%*%9?) cos §

(A2 + R (e*AT—1/2)e2e A2T=2/2)2 4 4N2%e25002)° — 16(A2 + R, (e*AT—1/7)e2e A2T—2/7) 22 \2%¢25% sin? §

where the transformations e* = e A~'T/* and v = w/2Te* have been introduced, and
u(e*AT~1%) = ug(e® AT—1/#)4=(d+2)  Expression (A.22) for the correlation length can now
be evaluated in the quantum critical and Fermi liquid regime.

In the quantum critical regime we can neglect the dependence of the integrand of (A.22) on
R, and extend the lower limit of the z-integral to —oco. Using the following integral

/OO s (25)"5 — T (n)C(n), n=0,1,2,... (A.23)
0

sinh?
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A.3. Derivation of RG-equations
we obtain

K, d—2 d—2
e = m+16$r<1+—>g<1+—>
ZCOS(WT() z z

xuT 5 cos <d — 29) . (A.24)

z

In the Fermi liquid regime and for low temperatures, we can replace the running mass R, in
(A.22) by the control parameter ). It is convenient at this point to introduce yet another
variable transformation of the form e2* = r| T~2/?¢2*_ To lowest order we can then neglect
the term Trlz/ % in the integrand. Furthermore, we can extend the lower limit of the x-integral

to —oo, thereby inducing an error of order O(ri/ 2 /A)?~%% and obtain
2 d—z—2
_9 ™ d—=z 9
=r +16——+——KgquT*r, 2 cosf A.25

in the Fermi liquid regime.
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B. Beyond Hertz-Millis Theory

B.1. Bosonic self-energy >3

The momentum integral of the flow equation for the bosonic self-energy in two dimensions
reads

2
In(w,Q) = / % ([ImGr(w, k)] Galw + Qb + Q)p(w)

+ GRr(w, k) [ImGRr(w + Q. k + Q)| nr(w + Q)), (B.1)

where GR, G 4 are the full retarded and advanced electron Green’s function, respectively. The
main contribution to this integral comes from the hot spots k* on the Fermi surface. It is
therefore convenient to shift the integration variable k by k*, linearize the fermionic dispersion
relation around the hot spots, and then set

gk*+k+Q = _vxkx + vykgp
fk*+k = _kam - Uyk?y. (BQ)
If we then perform a change of variables, setting
1
€ :vmk‘x—l—vyk‘y, ky = E(!El ‘1‘332)
1
Ty = Vzky — vyky, ky = — (21 — x2) (B.3)
2vy
so that
/oodk: /Oodk ! /OO dx /OO dx ! /OO dz /Oodw (B.4)
— — N — .
v Y 20,0y ! 2 20,0y ! 2
0 —00 —00 —x1 —00 0

the momentum integrals decouple and can be evaluated. For the imaginary part of Ip(w, )
we obtain

d*k
Im Ip(w, ) = / 2 ImGr(w, k) ImGr(w+ N,k + Q) [nr(w) — np(w + Q)]
1 7 dxl oodwg
- _ _ 0 it Y ]
Topu, W) —nr+ Q)] / or | 2m
—00 0
Im ! Im !
wt+az —SEW)  wH+Q+z—SEw+Q)
- Q — ReXf(w+Q
= GO 712F(w + Q)ﬂ' (z — arctan — i Se iChs )> (B.5)
2(2m)%v v, 2 Im¥ % (w + Q)
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B. Beyond Hertz-Millis Theory

If the lower limit of the xo-integral in (B.4) is extended to —oo, then the integrals (B.5) still
converge, and the result is

Im I (w, Q) = — ") gvni W+ (B.6)

which is completely independent of the electron self-energy.

B.2. Fermionic self-energy >

For the sake of completeness, we present the flow equation for the fermionic self-energy as
well. Since the frequency arguments in the propagators of the respective diagrams are all
different, the renormalization group equations for X can be derived from (6.29); it has the
following form:

d 2

L (oo + QP ) I, )
™ asg

where Irp(w, Q) contains the momentum integration and has the following form:

2
In(w,Q) = / % (Gr(w + 2k + k*) [InDg(w, k) np(w)

+ ImGr(w + Q, k + k*)] Dp(w, k)np(w + Q)), (B.7)

where G is the full retarded electron Green’s function and Dpg is the full retarded bosonic
Green’s function. The main contribution to this integral comes from momenta k close to the
hot manifolds. Following [107], we split the momentum integration in an integral over the
Fermi surface and an energy integration, [d%k = (1/vr) [ [dk1 k%% [ dE, and consider only
the energy dependence of the fermionic propagator and the dependence on k| of the bosonic
propagator. The integral (B.1) is then approximated by

Y 1 1
Ipw,Q) = —— [dk, [ dE I
F(w,Q) vF(27r)2/ L/ [w—l—Q—E—Z]I;(W‘FQ)m<ki+r_2§(w)>nB(w)
0 —00

1 1
1m <w+Q—E—2§(w+Q)> kiw—zg(w)"F(Wrm} (B-8)
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B.3. Fermion-boson vertex V

E+k+Q
w+ 0+ Qs

k- Q
-0 - Q2

(a) (b) (¢)

Figure B.1.: Fermion-boson vertex V (a) for external frequencies set to zero, (b) for an ex-
ternal fermionic frequency equal to the fermionic cutoff sp and (c¢) with full
frequency-dependence.

The imaginary part of the self-energy, to which the imaginary part of I(w, 2) contributes, can
now be computed without further approximations, and reads

[e.9]

~ np(w) +np(w+Q) 1
ImlIpw,Q) = vp(27)? /dkl fm <k‘i +r— Eg(w)> -

0
00

1
dET
/ m<w+Q—E—E§(w+Q)>

—0o0

oo

np(w )—i—np w—I—Q Im¥E(w)
/ e (k2 +r— Rezg(wB))2 + (ImXE(w))?

0

/ IE ImX&(w + Q)
(w4 Q—F—ReXE(w+ Q)2 + (ImEE(w + Q)2

e e (s )

2

Stm (r—f) (B.9)
If the lower limit of the k| -integration is extended to —oo, the result has the form
Q _
Imlp(w, Q) = MW Fre@+ Q) I (r— By (B.10)

’UF(27T)2
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B. Beyond Hertz-Millis Theory

B.3. Fermion-boson vertex VV

B.3.1. Fermion-boson vertex V' at zero external frequencies

Let us first take a look at the flow equation for the vertex function at zero external fre-
quencies and with fermionic momenta at hot spots and the bosonic momentum equal to the
antiferromagnetic ordering vector, i.e. the diagram (a) in Fig. B.1. In this case,

V = 53 / 2m) Z <2XF iwn )x B (iwn) —— dA 5y 2x B (iwn ) xF (lwy) —— A )

(D(iwn, k:)g(lwn, k+E")G(wn, K"+ k+Q)). (B.11)

where we used (6.27) to take care of the cut-off functions. After converting the summation
over Matsubara frequencies into an integral, the momentum integral that has to be evaluated
n (B.11) has the form

2
Iy(w) = / % (Grlw.k + k)G, k + K — Q) [Di(u, k)] s ()

+Im [Gr(w, k + k") Gr(w, k + k* — Q)] Da(w, k:)np(w)>. (B.12)

The imaginary part of this integral vanishes if the external frequencies are set to zero; the
real part at T' = 0, where np(w) = —np(w) = —O(—w), reads

Rely (w) = / (327];2 ( —Re[Gr(w, k+ k)Gr(w, k+k* — Q)] Im [Dg(w, k)]

+Im [Grw, k + K)Gr(w, b+ k* — Q)| Re[Dr(w, k)] ) O(~w)
Im/ Eh ok + k)G k + K — Q)Da(w, k)O(—) (B.13)
where it was used that
ReDip(w, k) = 5 (Dr(w, k) + Dig(w, k) = 5 (Dpfe,k) + Dafw, k) (B.14)

and so on. Once again, we can linearize the fermionic dispersion relation around the hot spots
k*, shift k and set

gk*—l—k:—l—Q = _U:ck:c + Uykya
gk*+k = —’Umk’m - Uyk?y, (B15)

in which case

/(;12]; Grw,k+ k" +Q)Gr(w,k+ k*)Ds(w, k + Q)

= L /dk dk 1 L
- (2n)2 Y (w - El{i(w) + vk )? — (vyky)? r 4+ k2 + k‘g — Eg(w)'

142



B.3. Fermion-boson vertex V

Evaluating this integral we find, as already stated by Abanov et al. [63] (see Appendix A),
that the contributions from the frequency dependence of the electron propagators only give
subleading corrections, and we can approximate Rely (w) by

O(—w) Ing(w)

e ———— arctan [ 2 .
Rely(w) = (27) vy ' < > (Im¥ 4 (w )) (7‘—Re2j§(a}))2

(B.16)

B.3.2. Fermion-boson vertex V at sp

We now want to consider the frequency-dependence of the vertex function at least to some
extent. The full vertex function depends on two independent external frequencies and two
independent external momenta. Another possible approximation consists of setting the ex-
ternal bosonic frequency to zero and the remaining external frequency 2 (see diagram (b) of
Fig. B.1) to the value of the fermionic cut-off sp, since the vertex enters into the fRG-equation
for the bosonic self-energy in such a way that one of its external fermionic momenta is set to
sp. The external momenta remain at the same values as above. Once again, we have to be
careful how to interpret the combinations of cut-off functions and apply (6.27) if necessary.
The flow equation then has the form

V:_g/d:< 2V3xp(w + sp)xp(w )Z_A—2V3 5w MF(M_FSF)ZE)

d*k .
/(277) <GR(w+3F,k+k)GR(w+sF,k+k — Q)Im [Dg(w, k)] np(w)

+Im [Gr(w+ sp,k+ k*)Gr(w + sp, k + k" — Q)] Dr(w, k)np(w + sF)).

Using the §-functions from the cut-offs, the frequency integration can be perfomed, and the
combination of cut-off functions and fermionic and bosonic distribution functions gives

. 1 3 d
V 271' < 2V @(QSF—SB) dA

I ( SB) — 2V3@(SB — QSF)Cf;—fIV(—QSF)> s

I (w) :/(ng];z <—Re [Gr(w+ sp,k+ Kk )Gr(w+ sp, k+ k* — Q)| Im[Dg(w, k)]

+Im [Gr(w + sp. k+ k") Gr(w + sp. k + k* — Q)] Re [Dr(w, k)] ) (B.17)

The momentum integration can now be performed in complete analogy to B.13, yielding a
flow equation

s e (Y N, ImEg(—ZsF)
©(2m)? v y ' (%)(6(2 TN dA (Im24(— 28F)) (r — ReSa(— QSF))2
Sp— s dSB Ing(—SB)
R e s
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B. Beyond Hertz-Millis Theory

B.3.3. Fully frequency-dependent V'

In order to take the full feedback of the vertex in the flow equation for the bosonic self-energy
into account, we should therefore consider the full frequency dependence of the vertex, taking
the external momenta at the same values as above. All internal propagators now have different
momenta, and the flow equation can be derived directly from (6.29):

—11
V(Q,Q) = =3 D 2V (w0, )V (4, w + )V (—w,w + Q1 + Q)

d . . . . . .
A (xr(iwy, +1Q1 +1Q92) x F (iw, +1Q92) x5 (Iwy,))

2
/ (gwl;:—z (D(iwn, k)G (iwn + i,k + k)G (wn + i +i, k" + k + Q).
(B.18)

We neglect the fermionic self-energy right from the start. In order to perform the momentum
integration, we convert the summation over Matsubara frequencies into an integral. One can
show that the most singular contribution of the last line (B.18) to the flow equation for the
imaginary part of the bosonic self-energy has the form

L o0 = ! Im¥(w)
VIW,01,3802) = 2\ 2
Paty (74 LetB200t | BT (mnf(w)

[coth <%w> + tanh <ﬁ(w i 21 i Qz)) — tanh (M)] . (B.19)

20,0y 2

The flow equation for the vertex is now rather complicated and has the form

. -1
V(Q,Q9) =

V(w, Q0)V(Qr,w+ Q) V(—w,w + Q1 + Q2)x
47vavy [w::l:sF—Qg

O + Qo+ w| — 57)O(Jw| — sB)d;—ffv(w, 01,Q2)

+ > V(w, )V (1, w+ )V (—w,w + Q + Q) x
w=tsp—01—Q9

(| + w| — 57)O(|w| — sB)dj—ffV(w,Ql,Qz)

+ > V(L w+ Q)V(—w,w + O + D) x

w==%sp

dsB -
O + 2 + w| = 5p)V(w, 2)O(|2 + w| - SF);—A[V(Wa 01,02) |

(B.20)

The last contribution (third line) to V is # 0 only if ImX%(s5) # 0, meaning that some
imaginary part has to be generated by the dependence on sg first.
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B.4. Four-boson vertex F¢4

at+qgt+@Q ©2-9-Q
Q+Q k+qa+qg+Q Q-0

1_1 w+Q +Q JJ

-

k A k+q+g
w+ Q1+ Qo

w )

/

rfk+qz+q+QLL
—2—q-Q w+Q+Qy -a+q+Q
-0 —Q -0 +Q

Figure B.2.: Fully frequency- and momentum-dependent four-boson vertex.
B.4. Four-boson vertex I'

The basic structure of the diagram that needs to be considered is shown in Fig. B.2. The
diagram depends in principle on three external momenta q, g; and g, and three external
frequencies 2, €21 and €25. To be consistent with the previous calculations, we neglect the
fermionic self-energies in the internal lines. For simplicity, we set T = 0 right from the start,
in which case the summation over discrete Matsubara frequencies turns into an integration:

dwd?’k 1 1
U(Q, 90,950,401, =W/ L «
(6,029, 41, 92) (2m)? iw = &k 1w + Q1 + Q) = &krq, +9+Q
1 1
W+ + Q) — Ehrgytq, W+ Q2+ Q) ~ErigrqrQ

(B.21)

We can now linearize the fermionic dispersion near hot spots as before, and perform the
momentum integrations to obtain [63]:

V4
U(Qvglvg2;q7QI7q2) = /dw

16mv,vy
sign(w) — sign(w + Q1 + Q) sign(w + Q1 — Q) — sign(w + 2 + Q) (B.22)
§q i+, — i€ + Qo) £Qra;—g, — i — D) S

In the system of fRG-equations we investigate here, the vertex only feeds back into the self
energy, see Fig. B.3. In the corresponding diagram for (d/dsp)¥p, two of the external lines of
the diagram shown in Fig. B.2 are contracted, and we effectively only need the dependence of
I 41 on two independent external frequencies for the flow of ¥ 5. When two adjacent lines of the
diagram shown in Fig. B.2 are contracted, which corresponds to setting 2; = Q9 and q; = q»,
the poles in (B.21) are positioned in such a way that the momentum integration gives zero.
A finite contribution to the flow of X5 only comes from diagrams where external legs that are
not adjacent to each other are contracted, i.e. where w = 0 and ¢ = 0. Furthermore, we only
consider a frequency-dependent bosonic self-energy at the antiferromagnetic ordering wave
vector and therefore only need the dependence of (d/ds F)F¢4 on one external momentum,
which will be the loop momentum in the second contribution to the flow equation of 3(Q)
shown in Fig. B.3. In this special case the flow equations are very simple, and we can therefore
take this momentum dependence of (d/ds F)I' 4 into account without introducing too many
complications in the flow equations.
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B. Beyond Hertz-Millis Theory

At this point, let us also take a look at the spin summations in the flow equation for I &t Or;
writing out spin indices more carefully,

5 .
5¢Z(le _Q)5¢] (_le _Q)5¢k(927 Q)5¢l (—QQ, Q) F‘@:u,:@:o' (B23)

The diagrams that we consider for the flow equation of Lyt ie. those where ¢; and ¢; are
not adjacent to each other, lead to the following summation over spin indices:

i ko§ o i 1§k i ko il ik
Tr [JWJWJUPJW + 1006050 pp + T 0050500 pp + T O0505p0 pp

E i 1 _j E 5 1 i I i _k _j Ik i
+01000%0p%pu T 0069690 op + 100606 pp T O Ovo Ucrpapu]
= 8(_5ij5kl + 5ik5jl + 5il5jk)~

In the flow equations, the diagrams with w = 0 and g = g; = 0 give the following contribution
to (d/dsp)L g

d 1. vt
—T (1, Qo; =8 —— | d
dsp ot (1 (21 0) 28167rvxvy/ wx
d

- (xr(W)xr(w+Q)xr(w +Q + Q)xr(w+ Q)
sign(w) — sign(w + O + Q2) sign(w + Q) — sign(w + Qo)
£q, — (1 +Q2) £10 £Q-q, — (U — Q) £0

(B.24)

In principle, all other diagrams also contribute to (d/dsp)T prn but since we are only interested
in those contributions to I & that influence the flow of the self-energy, we will neglect all other
contributions in the flow equation for Lyt

The frequency integration can now be performed. The cut-off functions combine with the
sign functions and one obtains

d 4 sign(Qy — Q
—F¢4(91792§Q2) = g. (£ 1) :
dsp 167T’l)x’l)y [fqz — (Ql + Qg) + 10] [gQ—qQ — (Ql — QQ) + 10]

V4 @(‘Ql - Qg‘ — QSF). (B25)

Note that only the terms in the second line depend on the fermionic cut-off sp. It is this simple
structure of the flow-equation for I" ot which permits us to take its momentum dependence into
account in the flow equation for the bosonic self-energy if we define a momentum-independent
function 744 (21,$22) such that

4 1
5 (21,9 q5) = S (01, Q).
o (1,223 02) = 7 [0 — (0 + Q) £10] [£g_q, — (2 — Q) £10] Vg (B, £22)
(B.26)
The flow equation for v,1(£1,22) reads
d .
d—’y¢4(Ql, Qg) = V4 @(‘Ql - QQ’ — 2$F)81gn(§22 - Ql) (B27)
SB
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B.4. Four-boson vertex F¢4
° d d
_ dse dsp
@-- an A

[ ]
_ dsp dsp
- T A

Figure B.3.: The flow equations shown in Fig. 6.2 are now supplemented by a flow for the
four-boson vertex and its feedback on the bosonic self-energy.

Finally, let us calculate the feedback of (B.25) in the flow equation for the imaginary part
of the bosonic self-energy, choosing €; = € to be the external frequency (a combinatorical
factor of 2 for the two possibilities of choosing the external frequency is now required) and
Q9 = w to be the loop momentum of the second diagram in the flow equation for X g in
Fig. B.3. Leaving aside the frequency-dependent cutoff-function and ’yf; for the moment, we
need to evaluate the momentum integrals of the following expression:

d2k7 1 . 1 1
/WB;D(lwn,k)i(Q+wn) A (TR (B.28)

where D is the dressed bosonic propagator. One can show that the most singular contribution
of (B.28) to the flow equation for the imaginary part of the bosonic self-energy has the form

e [ & <coth <%‘”> — coth <M> ~ coth (M)) .

Im¥&(w)
2 212 5
[7‘ + <%> + <%> ] + [ImZf(w)]

The main w—dependence of the denominator comes from the imaginary part of the bosonic
self-energy, and since v, is of the order of the Fermi velocity, the contribution x Q/v, can
also be neglected. At T = 0, the coth-functions become sign-functions, and we obtain the
following contribution to the flow equation for the imaginary part of the bosonic self-energy:

(B.29)

d 1 1
L mY Q) = ——— — _Gien(Q] —
dsp w35 (Q) 1672 (vxvy)281gn(‘ | = 5)
ImE%(—sB) ImEg(sB)

— ’7¢4(Q,—SB)+ ’7¢4(Q,SB) . (B.30)

(Imfj(—s5))" + 72 (ISf(s5))° + 17

147



B. Beyond Hertz-Millis Theory

This contribution is # 0 only if Im2§(|s B|) # 0, meaning that some imaginary part has to
be generated by the dependence on sp first. Since (9/0sp)Im¥ () is itself proportional to
O(|Q2] — 2sF), we can immediately see that the contribution (B.30) to the flow equation is
only present for sp > 2sp.

B.5. Continuous Hubbard-Stratonovich transformation

The Hubbard—Stratonovich transformation is originally introduced to eliminate the spin-
density interaction J(¢)(0/2))2. However, this would be once again generated in the RG-
flow, we therefore want to eliminate the spin-density interaction part at each point in the
fRG-flow by means of a continuous Hubbard-Stratonovich transformation. The general idea
of a continuous Hubbard-Stratonovich transformation has already been explored by Gies and
Wetterich [113], who introduced a continuous Hubbard-Stratonovich transformation for the
“classical” fields, i.e. the arguments of the Legendre effective action.

A continuous Hubbard—Stratonovich transformation can be incorporated in the RG-flow by
introducing an additional, cutoff-dependent parameter. It is not possible to eliminate the full
four-fermion vertex L' ygyp» which depends on three independent momenta and frequencies.
A more reasonable approach is to eliminate the momentum- and frequency-independent part
of the four-point vertex function which corresponds to the spin-density interaction, much in
the way the original Hubbard-Stratonovich transformation acts. There are several possible
ways to accomplish this. One could think of introducing a cutoff-dependent parameter

1. as a transformation of the (classical) fields, i.e. the arguments of I, as it was done in
[113],

2. in the action S as a transformation of ¢ during the RG-flow,

3. in S before the RG-flow starts, i.e. as a parameter in the original Hubbard—Stratonovich
transformation.

In the following, the different approaches will be discussed in order to find the one which is
the most convenient for the problem at hand.

The following difficulty arises in cases 2 and 3: As a result of introducing the additional,
cutoff-dependent parameter in S, the RG-equations invariably become more complicated. It
is therefore convenient to reduce the complexity of the RG-equations by using the field redefi-
nition invariance of Z, which will be discussed in the following section. This field redefinition
invariance can be cast into the form of functional differential equations; in particular the
following two cases will be needed:

e an infinitesimal Hubbard—Stratonovich transformation

B(z,7) — dla,7) + g(m,f)zp(a;,f)%ﬂ;(w) (B.31)

e an infinitesimal rescaling of the field ¢

¢z, 7) — (L +e(x,7))p(x,7) (B.32)
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B.5. Continuous Hubbard—Stratonovich transformation

B.5.1. Field redefinition invariance of the partition sum

In analogy to ordinary integrals, path integrals are left invariant by a change of integration
variables.

Consider a theory with fields ¢;(z), ¢ = 1...n, which are collectively denoted by a vector
® = (¢1,...,0n), a Lagrangian L(®,0,P), the vector of sources A = (Ay,..., A,) and the
generating functional

Z[A] = /pq)e— [x(L—-A2) _ /Dq)e—s[‘Pfo A (B.33)

where the shorthand notation X = (x,7) has been introduced, i.e.

/X = j dT_Z d3z. (B.34)

Consider infinitesimal field transformations of the form

¢i — ¢i+6¢i, 0 =efi{Pjx} (B.35)

where the f; are arbitrary functionals of ® subjected to the condition that they admit an
expansion in powers of the ¢;s. This ensures that the transformations may be inverted as
formal series. The field transformations induce the following changes

e in the action:

- dS[P]
S[® + 0] = S[@] + /X oy D) (B.36)
_ o 5S[®] )
S[®+5®] ~ —S[®] (1 _
e e <1 /X 500 (X) dor(X)+ ... (B.37)
e in the source term:
olx A@+i0) ~ [y AD <1 +/ A(X)oP(X) + .. > (B.38)
X
e in the Jacobian:
B 6 fe{®; X}
j_1+/)(75¢k(X) E+... (B.39)

Since a change of integration variable cannot change the partition function Z[A], the variation
dZ[A] must vanish. To first order in € this requirement is expressed as

0=0Z[A] = /D<I> </X [% + <Ak(X) - 5‘2@)) fk{q);X}D o S[®l+ [ A®
(B.40)
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B. Beyond Hertz-Millis Theory

Differentiating this relation with respect to the sources and setting the source terms to zero
yields relations between the Greens functions.

When the reparametrization (B.35) leaves the action invariant and the Jacobian unchanged,
as is generally the case for symmetry transformations, (B.40) has a particularly simple form:

0=206Z[A] = / Dd / [A(X) i {@; 2} ] eSO x AL, (B.41)
X

From this relation, Ward identities (in the case of linear field transformations) or Slavnov—
Taylor identities (in the case of non-linear field transformations) can be derived.

B.5.2. Method 1

It was first put forward in [113] (and then applied to the antiferromagnetic Hubbard model
in [114]) to use transformations of the classical fields, i.e. the arguments of I', to simplify
RG-flow equations. Following the approach of Gies and Wetterich, the field variable ¢ — ¢
is allowed to become cutoff-dependent, and ¢* is varied during the flow in the following
manner:

Op™ = — (Ona™) (&%w), (B.42)

where a? is an arbitrary function. The effective action T'y[¢), 1), ¢A] then obeys the modified
flow equation

5FA[7157 ¢7 ¢A]

5ok ongp™. (B.43)

8AFA [QZ? ¢7 ¢A] = aAFA [QZ) T,Z), ¢A] ‘qﬁA /

The function a® can now be chosen to flow in such a way that the four-fermion function

(or rather the spin-spin part of it at zero external momenta and frequencies) vanishes at all
scales.

When this transformation is used, it is uncelar for most transformations « which field x has
¢ as its expectation value:

_ O0Fp

ot = (M) = i (B.44)

and the higher derivatives of Fj are now related to correlation functions of x™.

B.5.3. Method 2

A different approach is to introduce transformations at an earlier stage, i.e. for the quantum
fields in the exponent of Z. A possible choice is to set

¢ —d+((H7V) (B.45)
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B.5. Continuous Hubbard—Stratonovich transformation

in the RG-flow, where ( = ((sp,srp) is a cutoff-dependent parameter. The partition sum
(6.1) is then changed to

2 / Do~ Ix (PQrit(9+C05 1)) Quti($+C(0G ) (95 ¥)~ Ad—is—in)

(B.46)
_ / D e~ Jx (PQrU+EQut(+2Qp)B(U V) H(CHC2Q) (DG ) ~Ad—iu—in)

and the differential equation for Z; has to include the flow of ¢ as well. It is obvious from
looking at the exponent of (B.46) that we have to pay special attention to the derivative
w.r.t. the bosonic cutoff sp, and we therefore exclusively consider ds,Z here:

2z~ [ Do {—85—“‘” 0,00~ 5 asgq} o~ SIBI4 [y Adiiin

— [os] - [ (o+c550)" s (1347

— {20+ 0Z¥)Qn +i0TV) } <w§w>awc]e—s[‘1’1+fx

This would obviously lead to a much more complicated form of RG-equations for I, since
three- and four-point functions would now have to be inverted.

It is however possible to simplify (B.47). By using the reparametrization invariance of Z(A)

e with respect to the transformation ¢ — ¢ + e(z)v g

0= [ D [(A-206+ CGF0)Qu +i@F0) §T0]e S (Bt

e with respect to the transformation ¢ — ¢ + c(x)¢:

0= [ DB [50) + (4 - 26+ (@F0)Qu +i(EFw)) ¢] W (B9

equation (B.47) can be written as

-o ¢2 o
0,2 = [ D0 [ { - A0F000.50+0,08| 8+ 5 AGT 0
_2Qp¢° 1 _ 2 —S[®]+ [y -
+ <2g 505 +i> 0n +i(5(0) + A¢ —2Qpd )] }e . (B.50)

This looks rather cumbersome and it is possible to do better.
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B. Beyond Hertz-Millis Theory

B.5.4. Method 3

The Hubbard—Stratonovich transformation is based on the identity
const. - e/ WFV)* = /D(ID e~ a7 $*T1W5Y) (B.51)

for Gaussian integrals. A way of introducing an additional parameter in Z that preserves the
general form of (B.51) is to replace (¢ + 2iJ1/)%1/})2 by (¢ + 2CiJ1/)%¢)2, while keeping the
source term fixed. Unless ( is equal to one at the start of the RG-flow, this corresponds to
an incomplete Hubbard—Stratonovich transformation, where the (1) %¢)2-vertex in the action
does not vanish completely.

This procedure leads to a partition sum of the form
Ze(sp,57) = / Do Jx FREUHIQBSHCHIGU)+(1-C) IS ~Ad—Tn—T), (B.52)
so that
. 4 -0 _
02 = [ D0 [ {00,006~ (- 20T@F )55 0(0, 0 oS (B.53)

A similar expression is obtained for dy,Z:. Equation (B.53) can once again be cast into a
simpler form. Using the reparametrization invariance of (B.52)

e under the transformation ¢ — ¢ + (z)yp Sy
0 [ e /X (42050~ 1€@%0)) (@) e 0 4x (B.54)
e under the transformation ¢ — ¢(1 + &(x)):

0 [ e /X [50) + (4~ 2056 ~ €@ Tw)) ¢] e F e (B.55)

to eliminate both the (¢/(0/2)1)%- and the ¢ () (o /2)1))-terms, equation (B.53) can be written
as

§ |
Dy 2 = / DD /X {—¢ (asBQB 21 - 4JQB)asB<> &= (1= 47Q8)5(0)0:,¢
—i(1 - 4JQB>§A¢OSB< + 2JA<«Z%w>asB<}e—s[‘1’]+fx . (B.56)

Note that the second part of the first term is zero in the case of a sharp cutoff.

Methods 2 and 3 are closely connected, but not the same, which can be seen by the following

consideration. Denoting the respective transforznation parameters by (2 and (3, we can com-

pare the coefficients of the field monomials ¢(1)$4) and (¢¥$1)? in the exponents of (B.46)
and (B.52):

i(3 =1+ 2@z, (B.57)

J(1—(3) =i+ (Qs. (B.58)
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B.5. Continuous Hubbard—Stratonovich transformation

These two conditions can only be fulfilled simultaneously if 4@ g = 1, which is exactly true
only at the end of the RG flow.

To conclude, considering the advantages and drawbacks of these approaches, method 3 seems
to be most suitable for the model in question.

@- O e W@ 5
bt dsp dsp
-O-= Q T an

Dy {) oo in s

}(\/
[}
B dSF dSB dC
N dA dA c dA
_ dSF dsB dC
0 = T i e WF
Figure B.4.: Form of the flow equations for a continuous Hubbard-Stratonovich transforma-

tion of the form presented in Section B.5.4. The dot in diagrams on the right-
hand side of the third and last fRG-equation is a bare fermion-boson vertex.
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Anhange gemall Prufungsordnung






Kurze Zusammenfassung

Die vorliegende Arbeit befasst sich mit zwei Klassen von Systemen, die Nichtfermifiiissigkeits-
verhalten zeigen: Wir untersuchten Aspekte von Helimagneten und von antiferromagnetischen
Metallen in der Ndhe eines quantenkritischen Punktes.

Helimagneten besitzen keine Inversionssymmetrie; in diesen Substanzen tritt daher Spin-
Bahn-Kopplung auf, die magnetische Spiral-Ordnung hervorruft. Wir untersuchten die Be-
wegung von Elektronen in der magnetisch geordneten Phase eines Metalls ohne Inversionssym-
metrie. Schon schwache Spin-Bahn-Kopplung veriandert die Form der Fermifldche drastisch:
Elektronen von einem groflen Teil der Fermiflache konnen sich nicht mehr parallel zur Spi-
ralachse bewegen. Dieser Effekt kann Auswirkungen in Experimenten zur Messung des anoma-
len Hall-Effektes zeigen.

Der Helimagnet MnSi zeigt in Neutronenstreuexperimenten nicht nur Spiral-Ordnung, son-
dern auch einen partiell geordneten Zustand, der an die spiral-geordnete Phase angrenzt.
Unter der Annahme, dass dieser partiell geordnete Zustand eine separate Phase darstellt, un-
tersuchten wir eine erweiterte Ginzburg-Landau-Theorie fiir chirale Ferromagneten. In einem
gewissen Parameterbereich dieser Theorie konnten wir kristalline Phasen identifizieren, die
starke Ahnlichkeit mit den sogenannten “Blauen Phasen” in Fliissigkristallen aufweisen.

Viele antiferromagnetische Schwer-Fermion-Systeme zeigen in einem bestimmten Parameter-
bereich Nichtfermifliissigkeitsverhalten z.B. in der Temperaturabhéngigkeit von thermody-
namischen Grofien wie der spezifischen Warmekapazitiat. Dieses Verhalten konnte auf einen
quantenkritischen Punkt hindeuten. Im Fall von feldinduziertem quantenkritischen Verhal-
ten unterdriickt das externe Magnetfeld nicht nur den Antiferromagnetismus, es induziert
auch Préazession und beeinflusst damit die Dynamik des Ordnungsparameters. Wir un-
tersuchten das quantenkritische Verhalten antiferromagnetischer Metalle ohne Unordnung
in einem statischen und rdumlich homogenen externen Magnetfeld und betrachteten die
Auswirkungen des Zusammenspiels von Prazession und Démpfung auf verschiedene ther-
modynamische Groéflen und Transportgrofien. Insbesondere stellten wir fest, dass die Suszep-
tibilitdt x = 9OM /OB die thermodynamische Grosse ist, deren Temperaturhéngigkeit die
stirksten Anderungen in der Nihe des quantenkritischen Punktes aufweist; dies erméglicht
insbesondere einen experimentellen Zugang zur Spin-Spin-Wechselwirkung.

Schliefllich betrachteten wir das quantenkritische Verhalten zweidimensionaler Antiferromag-
neten. Unter Verwendung der funktionalen Renormierungsgruppe untersuchten wir eine The-
orie, die sowohl die elektronischen Quasiteilchen als auch die fluktuierende Magnetisierung
berticksichtigt, und gingen damit tiber eine Ordnungsparametertheorie hinaus. Erste Ergeb-
nisse weisen auf Divergenzen im Renormierungsgruppenfluss schon bei endlichem Abstand
vom quantenkritischen Punkt hin und weichen damit stark von den Vorhersagen der Hertz-
Millis-Theorie ab.






Abstract

This thesis focusses on two classes of systems that exhibit non-Fermi liquid behaviour in
experiments: we investigated aspects of chiral ferromagnets and of antiferromagnetic metals
close to a quantum critical point.

In chiral ferromagnets, the absence of inversion symmetry makes spin-orbit coupling possible,
which leads to a helical modulation of the ferromagnetically ordered state. We studied the
motion of electrons in the magnetically ordered state of a metal without inversion symmetry
by calculating their generic band-structure. We found that spin-orbit coupling, although
weak, has a profound effect on the shape of the Fermi surface: On a large portion of the
Fermi surface the electron motion parallel to the helix practically stops. Signatures of this
effect can be expected to show up in measurements of the anomalous Hall effect.

Recent neutron scattering experiments uncovered the existence of a peculiar kind of partial
order in a region of the phase diagram adjacent to the ordered state of the chiral ferromagnet
MnSi. Starting from the premise that this partially ordered state is a thermodynamically
distinct phase, we investigated an extended Ginzburg-Landau theory for chiral ferromagnets.
In a certain parameter regime of the Ginzburg-Landau theory we identified crystalline phases
that are reminiscent of the so-called blue phases in liquid crystals.

Many antiferromagnetic heavy-fermion systems can be tuned into a regime where they exhibit
non-Fermi liquid exponents in the temperature dependence of thermodynamic quantities such
as the specific heat capacity; this behaviour could be due to a quantum critical point. If
the quantum critical behaviour is field-induced, the external field does not only suppress
antiferromagnetism but also induces spin precession and thereby influences the dynamics of
the order parameter. We investigated the quantum critical behavior of clean antiferromagnetic
metals subject to a static, spatially uniform external magnetic field. We studied how the
interplay of precession and damping affects various thermodynamic and transport quantities.
We found that the susceptibility x = 0M /0B is the thermodynamic quantity which shows
the most significant change upon approaching the quantum critical point and which gives
experimental access to the (dangerously irrelevant) spin-spin interactions.

Finally, we studied the quantum critical behaviour of two-dimensional antiferromagnetic
metals. Going beyond an order parameter theory, we included the electronic quasiparticles
as well as the fluctuating magnetization in a functional Renormalization Group calculation.
Preliminary results indicate a divergence in the fRG-equations already at a finite distance
from the quantum critical point — this is incompatible with the Hertz-Millis picture.
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