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DISSERTATION ABSTRACT

Sripoorna Paniyadi Krishna Bharadwaj
Doctor of Philosophy

Department of Physics

June 2017

Title: Theoretical Study of Spin-wave Effects in Quantum Ferromagnets

In this dissertation, we examine quantum ferromagnets and determine various
effects of the magnetic Goldstone modes or “magnons” in these systems.

Firstly, we calculate the magnon contribution to the transport relaxation rate
of conduction electrons in metallic ferromagnets and find that at asymptotically

/T and not as T? predicted

low temperatures, the contribution behaves as T%e
previously. To perform these calculations, we derive and use a very general effective
theory for metallic ferromagnets. This activation barrier-like behavior is due to the
fact that spin waves only couple electrons from different Stoner subbands that arise
from the splitting of the conduction band in presence of a nonzero magnetization.
The T? behavior is found to be valid only in a pre-asymptotic temperature window.
The temperature scale Ty is the energy of the least energetic ferromagnon that couples
electrons of different spins.

Second, we discuss magnon-induced long-range correlation functions in quantum

magnets. In the ordered phases of both classical ferromagnets and antiferromagnets,

the long-range correlations induced by the magnons lead to a singular wavenumber

v



dependence of the longitudinal order-parameter susceptibility in spatial
dimensions 2 < d < 4. We investigate the quantum analog of this singularity using a
nonlinear sigma model. In a quantum antiferromagnet at 7" = 0, a weaker nonanalytic
behavior is obtained, which is consistent with power counting. The analogous result
for a quantum ferromagnet is absent if the magnon damping is neglected. This is due
to the lack of magnon number fluctuations in the quantum ferromagnetic ground state.
Magnon damping due to quenched disorder restores the expected nonanalyticity.

Finally, we use an effective field theory for clean, strongly interacting electron
systems to calculate the magnon contribution to the density of states, the longitudinal
magnetic susceptibility and the conductivity in an itinerant ferromagnet. Utilizing a
loop expansion that does not assume the electron-electron interaction to be a small
parameter, we obtain the leading nonanalytic corrections to the Stoner saddle-point
results for these observables, as functions of the frequency and wavenumber in the
hydrodynamic limit.

The dissertation includes previously published and unpublished co-authored

material.
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CHAPTER I

INTRODUCTION

Magnets are among the most widely-researched condensed matter systems.
They have a wide variety of technological applications ranging from electric motors
to magnetic data storage devices and medicine. At the atomic level, the origin
of magnetism can be attributed to an intrinsic property of the electron, namely,
the angular momentum known as “spin”. Due to its spin, each electron basically
behaves like a tiny magnet. At low enough temperatures, the various interactions
between these electronic spins lead to a plethora of magnetic systems with interesting
arrangements of spins. At high temperatures, the thermal fluctuations in the system

cause disorder and the spins point in random directions.

Heisenberg Model

A model widely used to describe various magnetic systems is the Heisenberg
model. Consider a collection of atoms at lattice sites ¢, each with an associated
classical spin S, a three dimensional vector. According to the Heisenberg model, the
energy of this system, in the absence of an external magnetic field, is given by the
Hamiltonian [1, 2]

H=-J)_S;.8; (1.1)

(i)
where J is the exchange integral. It is related to the overlap of the charge distributions
of atoms at sites 7, j and represents the characteristic magnetic energy scale. The

symbol (ij) indicates that the interaction is only between nearest-neighbor pair of

spins [3].



When the quantity J > 0, the ground state of the system is the one where all
the spins are aligned parallel to each other, leading to a nonzero net magnetization,
as shown in Fig. 1(a). This state with a nonzero magnetization, exists below a
certain temperature known as the “Curie temperature”. This particular ground state
corresponds to a ferromagnet. Eq. (1.1) adequately describes simple ferromagnetic
insulators like CrBrs, EuO and EuS. In these materials, all the spins are ionic in
origin and in their ground states, the ionic spins are aligned parallel to each other as
in Fig. 1(a).

However, the Heisenberg model does not describe metallic ferromagnets like Fe,
Co and Ni. These metals obey a band or itinerant electron model of ferromagnetism
[4], which will be discussed in Chapter II. In short, the ferromagnetism in these
materials is due to the different populations of up-spin and down-spin electrons in

the system.

FIGURE 1. (a) A ferromagnetic and (b) an antiferromagnetic arrangement of lattice
spins

The case J < 0 corresponds to an antiferromagnet, where the classical ground
state has neighboring spins anti-parallel to each other as shown in Fig. 1(b), with a
net zero magnetization. This state is known as the “Néel state”, which exists below a
temperature known as the “Néel temperature” [5]. Some examples of antiferromagnets
are Cr, MnO and FeO. The spins in an antiferromagnet can be interpreted as
belonging to two sublattices A and B. The spins in a particular sublattice are parallel

to each other. But, the spins belonging to two different sublattices have the same
2



magnitude but are antiparallel to each other, i.e. S4 = —Sg. Above the ordering
temperature, in both ferromagnets and antiferromagnets, the spins point in random
directions and there is no long-range order in the system. This is the paramagnetic
state.

Some other ordered arrangements of electron spins are ferrimagnets, canted
antiferromagnets and helical magnets. A ferrimagnet is a more general version of
an antiferromagnet, where the antiparallel spins of the two sublattices have different
magnitude, i.e. |S4| > |Sg|. Examples of ferrimagnets are magnetite (Fe3Oy), ferrites
of the form MO.Fe;O3 where M is often Zn, Cd, Fe, Ni, Cu, Co or Mg [3].

Helical magnets are another interesting class of materials. The inversion
symmetry in the system is broken and the Hamiltonian has a Dzhyaloshinksi-Moriya
term [6, 7]. This leads to a helical or spiral order in the ground state, where the
magnetization is ferromagnetic in planes perpendicular to some pitch vector q, with
a helical modulation along the g- axis as shown in Fig. 2. A well-known helimagnet

is MnSi [8, 9].

FIGURE 2. A helical magnet with the spins modulated along the z-axis



There also exist more complicated forms of magnetism like spin glasses, spin
liquids, spin-density waves etc [10, 11, 12, 13]. This dissertation only considers

isotropic ferromagnets and antiferromagnets.

Order Parameter and Spontaneous Symmetry Breaking

The preceding section discussed some ordered arrangements of classical spins
that exist below an ordering temperature. In order to describe these systems, it is
useful to introduce a quantity that signifies the degree of ordering in the system.

?

This quantity is known as the “order parameter” of the system. Usually, the order
parameter is nonzero in the ordered phase and is zero in the disordered phase. For
ferromagnets, the net magnetization M is the order parameter. For antiferromagnets,
the net magnetization is zero even in the ordered phase. Therefore, one needs to
use the “staggered magnetization” as the order parameter. It is defined as M’ =
1/V'> (=1)'S;, where alternate sites are labeled even or odd.

1;1 both cases, the lattice model of spins can be coarse-grained into a continuum
model where the order parameter is a spatially-varying classical vector field ¢(x) [14].
Then, a continuum description of the ferromagnetic or the antiferromagnetic state can
be obtained in terms of a free-energy which is a function of the order parameter ¢.
In short, the partition function for the Heisenberg model, which is in terms of the
spins at individual sites, can be rewritten purely in terms of the continuous field by

integrating out the site-specific spin variables S;. What is left behind is the Landau-

Ginzburg free-energy functional [15],

Flg(@)] = [ d'a [5IVo(@)P + Sg@)* + {(e@)P?+.. . (12)



The coefficients ¢, u, r, ... are functions of the exchange energy J and temperature 7.
Eq. (1.2) is more general than Eq. (1.1) and describes both metallic and insulating
magnets.

Considering a spatially uniform ¢, one now analyzes the free-energy density
f(M) = (r/2)¢* + (u/4)p*. Here, ¢ is the magnitude of the order parameter. For
stability, it is assumed that u > 0. If » > 0, the free-energy is minimized when ¢ = 0.
This represents the disordered paramagnetic state. When r < 0, the free-energy is
minimized at nonzero ¢, which represents the ordered state. Generically, r o< T" — T,
for T' ~ T.. Therefore, T, represents the ordering temperature which is the Curie
temperature in ferromagnets and Néel temperature in antiferromagnets.

In the disordered phase, the symmetry of the system, namely the spin-rotation
symmetry, is unbroken. That is, the free energy remains invariant under arbitrary
rotations of the field ¢(x). However, in the ordered phase, the system chooses to order
along some arbitrary direction, e.g., ¢(x) = (0,0, ) and it is no longer invariant
under arbitrary rotations of ¢. Therefore, the spin-rotation symmetry has been
broken in the ordered phase. This phenomenon is known as “spontaneous symmetry
breaking” and it occurs in many physical systems like superconductors, liquid crystals,
particle physics etc [16, 17, 18]. The word “spontaneous” signifies that these systems
develop a nonzero order parameter on their own at sufficiently low temperatures,
without being subjected to an external magnetic field.

An important consequence of a generic continuous symmetry which is
spontaneously broken is the necessary presence of massless or soft excitations,
predicted by Goldstone’s theorem. These massless excitations are known as
“Goldstone modes”. In solids, spontaneously broken translational and rotational

symmetry results in phonons, which are the Goldstone modes. In both ferromagnets



and antiferromagnets, the breaking of the continuous spin-rotation symmetry results

in Goldstone modes known as “magnons”.

Magnons

As mentioned in the previous section, a spontaneously broken continuous
symmetry is accompanied by massless Goldstone modes. In ordered spin systems,
the Goldstone modes are magnons. These massless excitations have a wavelike form,
as shown in Fig. 3, and are analogous to lattice vibrations or phonons. Magnons
are oscillations in the relative orientations of spins on a lattice. In this dissertation,
the terms “magnons” and “spin waves” are used interchangeably. In the following,
the derivations of the ferromagnetic and the antiferromagnetic magnon dispersion

relation in [3] are briefly recapitulated.

VYT T VYTV Tyy
DOO0DBDBED

FIGURE 3. A spin wave on a line of spins, showing one wavelength. In the top row,
the spins are viewed in perspective. In the bottom row, the spins are viewed from
above

Ferromagnon Dispersion Relation

To derive the magnon dispersion relation, one assumes, for simplicity, a chain of
spins that prefer to align parallel to each other, i.e. J > 0 in the Heisenberg model.

From Eq. (1.1), the effective magnetic field felt by the [th spin is

By = (=2J/gpp) (Si-1 + Sit1), (1.3a)
6



where ¢ is the electronic g-factor and pp is Bohr magneton. From mechanics, the
effective magnetic field causes a torque on the [th spin. Then, the rate of change of

the angular momentum AS; is

hdsl

= (—gup)S; x By = (2J/h) [S; x 81 + 8; x S44]. (1.3b)

In general, these equations are nonlinear. Assume that the spins predominantly point
along the z-direction, i.e. S/ & S. Then, the transverse components Sy, S} < S,
which means that the amplitude of the excitations are small. With these assumptions,

the following linearized equations are obtained:

dsy

dt = (2J5/n)[25] = 5], - Sly+1] (1.4a)
dsY v o .
= = —(2J8/W)[25] = Siy = i) (1.4D)

To solve these linearized equations, plane wave solutions for S* and SY can be
assumed. Taking S/ = wexpli(lka — wt)] and S} = vexpli(lka — wt)], with u,v

constants, k the wavenumber and «a the lattice constant, Eqns. (1.4a) yield

—iwu = (4JS/h)(1 — cos(ka))v, (1.5a)

—iwv = —(4JS/h)(1 — cos(ka))u. (1.5b)

For nonzero v and v, the determinant of the coefficients must be zero. This yields

the ferromagnetic dispersion relation

fuw = 4JS(1 — cos(ka)). (1.6a)
7



The above expression is the magnon dispersion relation for a ferromagnetic spin chain.

For a ferromagnetic cubic lattice with nearest-neighbor interactions,
hw =4JS(N = > cos(k.6)). (1.6b)
B

The summation is over A/ vectors that join the central atom to its nearest neighbors.
For small wavenumbers, or equivalently long wavelengths, ka < 1. Thus, we obtain

a quadratic dispersion relation
hw = (2JSNa*)|k|?. (1.6¢)

For comparison, phonons have a linear dispersion relation. The coefficient of |k|? is

the spin-wave stiffness, which can be measured by neutron-scattering experiments.

Antiferromagnon Dispersion Relation

For antiferromagnets, the steps for the ferromagnetic case follow through in a
similar fashion. First, it is assumed that spins with even indices 2/ belong to the
sublattice A with (S* = S) and the spins with odd indices 2/ + 1 belong to the
sublattice B with (S = —5). Considering only nearest-neighbor interactions with

J < 0in Eq. (1.1), the set of linearized equations now read; for the up spins

T
d2l

dt = (2JS/h)[-2 gz - éyl—l - Sgl+1] (1.7a)
dSy X X X
Wm = _(QJS/h) [_2 20 7 P21 T 2l+1]7 (1-7b)



d x
j;rl = (2J85/h) [255 1 + S5 + S5.1»] (1.8a)

dSy
;éﬂ = —(2JS/h) (2S5, + S5 + S3.5) (1.8b)

for the down spins. Defining a new variable ST = S* 4 iSY, the equations can be

combined to yield

d +

% = (205/h) [285 + S5y + Sai] (1.9a)
dSs;

2 = (20T S/R) [28540 + S5 + S (1.9b)

Looking for solutions of the form

Sy = wexpli(2lka — wt)]; S5 = vexpli((2l + 1)ka — wt)], (1.10a)

one obtains

wu = 4|Q5(u+vcos(/m)), (1.10Db)
wy = —@(v—l—ucos(lﬁa)). (1.10¢)

As before, the above system of equations has nonzero solutions for u and v if

4118
h

4)Jls

w? = ( >

)2 (1 — cos®(ka)) = w

| sin(ka)]. (1.10d)

For long wavelengths, w =~ (4|J|S/h)|ka|, which is a linear dispersion relation.
The preceding discussion was in the context of classical spins. At very low

temperatures, quantum effects become relevant and the spins in the system must
9



be treated quantum mechanically. Therefore, the spins S; in Eq. (1.1) are now
quantum mechanical operators. In a spin 1/2 system, that is S = 1/2, the individual
components of S; are the Pauli matrices. Then, the spin waves in the ordered state

are quantized, analogous to photons and phonons.

Outline

In this dissertation, we are interested in studying the various effects of
magnons on certain thermodynamic and transport observables. In metallic quantum
ferromagnets, the conduction electrons can be scattered by magnons in a similar
fashion to their scattering by phonons and photons. In Chapter II, the magnon
contributions to the electronic single-particle and transport relaxation rates are
calculated. These relaxation rates are in turn related to the thermal and electrical
conductivity, respectively. At asymptotically low temperatures, both the relaxation
rates display an activation-barrier like behavior, which is in contrast to a previous
result [19].

In Chapter III, the zero-temperature magnon contributions to the longitudinal
order-parameter susceptibility of both quantum ferromagnets and quantum
antiferromagnets are calculated and compared, using some very general models that
are insensitive to the origin of the magnetic ordering. Since the magnons are massless,
one expects that they give rise to nonanalyticities in the long-wavelength/low-
frequency dependence of transport coefficients and thermodynamic quantities. These
nonanalyticities correspond to a power-law behavior of correlation functions in real-
time/real-space. However, the ferromagnetic magnon contribution vanishes at 7" = 0,
whereas the antiferromagnetic magnon contribution does not. Chapter III explains

the reason and examines the robustness of this null result.

10



Chapter IV considers a particular class of ferromagnets known as itinerant
ferromagnets and briefly introduces an effective field theory for these systems. This
field-theoretical approach allows for a systematic identification and analysis of the soft
modes in the system. Within the framework of this effective field theory, the spin-wave
contributions to the longitudinal susceptibility, the dynamical electrical conductivity
and the electronic density of states are calculated. The magnon contribution to the
longitudinal susceptibility matches the result from Chapter III. The corresponding
contribution to the conductivity is also found to vanish at 7' = 0 and differs from a
previous result [20]. The reason for this discrepancy is a sign error in the original
paper that led to an incorrect result. Chapter IV points out where exactly this error
occured and gives the correct result for the conductivity.

Chapters II and III contain previously published material co-authored with
D. Belitz and T. R. Kirkpatrick. Chapter IV contains unpublished material co-

authored with D. Belitz and T. R. Kirkpatrick.
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CHAPTER II

SPIN-WAVE CONTRIBUTION TO THE ELECTRONIC RELAXATION RATES
IN METALLIC FERROMAGNETS

This work was published in volume 89 of the journal Physical Review B in April
2014. Dietrich Belitz and Theodore R. Kirkpatrick were the principal investigators for
this work; Sripoorna Bharadwaj performed the calculations and produced the figures

in this chapter.

Motivation

In a metallic system, the electronic relaxation rates contain important
information about the various excitations. The single-particle relaxation rate
1/7 corresponds to the lifetime of the electrons and also determines the thermal
conductivity x = vpcy7/3. The transport relaxation rate 1/7, determines the Drude
electrical conductivity, o = n.e?n, /me. In this dissertation, we alternate between
referring to the electrical conductivity and its reciprocal, the electrical resistivity
(which is directly proportional to the transport relaxation rate). Here, and in
what follows, m, and n, are the conduction electron effective mass and number
density, respectively, vp is the Fermi velocity and c¢y is the specific heat. The
different excitations present in the system contribute to these relaxation rates. The
excitations can be propagating or particle-like — for example, longitudinal phonons.
Coupling of these phonons with the conduction electrons leads to the famous 7° Bloch
behavior of the electrical resistivity and 7° behavior of the thermal conductivity

[21]. If the system has some form of magnetic order, the coupling of the conduction

12



electrons to the magnetic Goldstone modes contributes to the relaxation rates. In
isotropic Heisenberg ferromagnets, the Goldstone modes are the “ferromagnons” or
“spin waves”. Ueda and Moriya found that the ferromagnons contribute a 72 term
to the transport relaxation rate [19, 22, 23, 24]. In helimagnets [7, 25|, which
have a helically modulated magnetic ordering, the corresponding Goldstone mode
— the “helimagnon”, leads to a T°/? contribution to the electrical resistivity at low
temperatures [26, 27, 28]. In antiferromagnets, the corresponding contribution is
proportional to 7% [29]. Tt should be noted that the aforementioned results are
dimensionality-dependent and in particular, hold only for three dimensional systems
— the only physical dimension in which magnetic order exists for 7" > 0 [30]. In
a generic dimension d > 2, the ferromagnons, which have the frequency-momentum

relation w ~ k2, are expected to contribute a T(@+1)/2

term to the resistivity.

There are also the dissipative excitations: excitations with a continuous
spectrum. An example of such excitations contributing to transport coefficients is
the well known Fermi liquid 7% behavior of both the single-particle and transport
relaxation rates due to the Coulomb interaction between the electrons in a metal.
In metallic ferromagnets, in addition to the propagating spin waves, there are
longitudinal magnetization fluctuations and “Stoner excitations” in the transverse
channel, which are opposite spin electron-hole excitations [24]. These excitations
are dissipative and non-hydrodynamic in nature, and are also found to contribute
a T? behavior to the resistivity, with a prefactor inversely proportional to the
magnetization [19].

The primary topic of discussion in this chapter is the ferromagnon contribution

to the electronic relaxation rates in ferromagnets. As mentioned previously, Ueda and

Moriya found that at low temperatures, the ferromagnons contribute a 72 term to the
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electrical resistivity. A problem with this established result was first noted in context
of helimagnets [31]. It turns out that if the 7% behavior is valid at asymptotically
low temperatures, then the helimagnetic and ferromagnetic cases are not mutually
consistent. To elaborate, when the ferromagnetic limit of the helimagnetic result was
taken by letting the wavelength of the helically modulated spin-ordering go to infinity,
the leading contribution to the resistivity, which yields a power law, vanishes. What

remains in the ferromagnetic limit is an exponential behavior of the form

1/7 oc (T?JX) exp(—Ty/T), (2.1)

where the temperature scale T is related to the conduction band splitting or
“Stoner gap” A, which in turn is directly proportional to the magnetization, and
the Fermi energy ep. This result is particularly noteworthy, given that the leading
magnetic Goldstone mode contribution to the relaxation rates in both helimagnets
and antiferromagnets are power laws. Understanding the difference between the
scattering of electrons with ferromagnons and other magnetic Goldstone modes is
important. Additionally, the electrical resistivity is a basic physical property that
can be easily measured and is very useful, for example, in tracking and identifying
magnetic phase transitions. Therefore, correctly establishing its true low temperature
behavior in the ferromagnetic phase is crucial.

In the following, the ferromagnon contribution to the single-particle and
transport relaxation rate in a metallic ferromagnets is calculated and it will be shown
that it is indeed an exponential behavior of the form shown in Eq. (2.1). We also
recover the Ueda-Moriya T? result, albeit only in a sizable preasymptotic temperature

window. The reason for the exponential “activation-barrier”-like behavior is the fact
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that, in a ferromagnet, the Goldstone modes are purely transverse and therefore only
couple to electrons in different Stoner bands. In other words, the effective electron-
electron interaction, mediated by ferromagnon exchange, is a purely inter-Stoner-band
scattering, hence leading to an activated process. This is in contrast with helimagnets
and antiferromagnets, wherein the effective electron-electron interaction has an intra-
Stoner-band coupling term, which leads to a power law. This coupling vanishes in
the ferromagnetic limit as the characteristic wavenumber of the magnetic order goes
to zero. These results are valid for all metallic ferromagnets, irrespective of the
origin of magnetism. The magnetism could be caused by the conduction electrons
themselves, such systems are referred to as “itinerant ferromagnets”, or by localized
electrons in a different band, referred to as “localized-moment ferromagnets” The
model considered for the necessary calculations is very general and only relies on

basic symmetry arguments.

Model: Magnon-mediated Electron-electron Interaction
Effective Action

We start with an action Sp[t, ] for the conduction electrons in terms of the
fermionic spinor fields 1) = (b, 1)) and ¢ = (¢4,7);). The suffixes (1,|) = (+,—) =0
are the spin projection indices of the fermions. In terms of ¢ and 1, the electronic

spin density is expressed as

ns(x) = Z]’QEJ(ZL')O'J7J/¢U/(ZL'), (22)

with o = (071, 09, 03) the Pauli matrices and = = (x, 7) corresponding to the real-space

position & and the imaginary-time variable 7. We now assume that the conduction
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electrons are subjected to a magnetization M (x), whose origin is not relevant for the
following calculations. This magnetization will act as an effective magnetic field that

the conduction electrons couple to, via a Zeeman term. Then, the action is

S[, ¥ = Solth, v + T [ do M(@).m,(a). (2.3)

I'; is a coupling constant, with the dimensions of energy times volume, or inverse
density of states. The ferromagnet is assumed to order in the 3—direction. Therefore,
(M;(x)) = 6;3m, with m, the value of the spontaneous magnetization. Now, in Eq.

(2.3), M is replaced by its average to obtain

S)\[’QE, ,lvb] - So[&ﬂﬂ + )\/dl’ 7’L573(1'), (24&)

where A = I'ym. Then, the partition function for the electrons is given by
Zy = [ Dl vl e, (2.4D)

We note that the Zeeman term splits the conduction band into two subbands, one
for each spin projection. Henceforth, A will be referred to as the Stoner gap. In
Eq. (2.4a), the fluctuations of the magnetization were neglected, in a mean-field

approximation. Considering the fluctuations of the magnetization 6 M,

S, 6] = Sal, 0] + T [ de SM (@), (). (2.52)

Along with the additional term in above, we must include an action that describes the

dynamics of § M. This extra term in the action must correspond to the fluctuations
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of the physical magnetization and therefore, must contain the ferromagnons. To

Gaussian order, this term reads
1
Sﬂuct [6M] = _5 /d!L’ d?/ 5Ms,z(x) Xz_gl (ZIZ’, y) 6M8,](y)a (25b)

where x;j(x,y) is the physical magnetic susceptibility. In the ordered phase of a
ferromagnet, the transverse components of x;;, which in this case are 7, j = 1,2 with
the assumed choice of the magnetization direction, correspond to the ferromagnons,
the Goldstone modes of the ordered phase. Therefore, these components of x;; must
be singular in the limit of small frequencies and wave numbers. By adding Egs.
(2.5a) and (2.5b) and integrating out the fluctuations 0 M using a Gaussian integral,

an effective action purely in terms of the electronic fields is obtained.

Seff[,lvzaw] = S)\['J]a ,lvb] + Sex['lzjawL (26&)

where

F2
Slthsv] = 5 [ dady dni(a) (. y) bmes(y) (2.6b)

describes the effective electron-electron interaction mediated by magnetization
fluctuations. If only the transverse components (i, j = 1,2) of x;; are considered, then
Sex corresponds to a ferromagnon-mediated effective electron-electron interaction.
To proceed with the calculations, we specify Sy and x;;. In general, Sy describes
interacting conduction-band electrons. However, for the purpose of evaluating the
ferromagnon-exchange contribution to the relaxation rates, the electron-electron

interactions that do not involve any ferromagnon exchange are of no qualitative
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importance and are neglected. Therefore, we work with an action Sy that corresponds
to non-interacting electrons in a band.

In Fourier space,

SO[QL ¢] = ; Z [iwn - gk] @U(k) ¢o(k>v (2.7&)

where k = (k,iw,), w, = 20T (n + 1/2),n € Z. k is the Fourier space momentum
and w, is a fermionic Matsubara frequency. &, = €, — p, where p is the chemical
potential and €, is the energy-momentum relation for the electrons in the band under

consideration. Then, Sy

S[th, 9] = Xk: > iwn — wo (k)] 1o () 1o (k) (2.7b)

with

wi(k) = fk + A (2.7C)

We see that the Zeeman coupling of the conduction electrons to the average
magnetization splits the conduction band into two Stoner bands for the two spin

projections as shown in Fig. 4, with their Fermi surfaces given by the equation,

wo (D) = 0. (2.8)
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FIGURE 4. Splitting of the conduction band Fermi surface. Here, ky = kit — k.
The blue and red Fermi surfaces represent the up-spin and down-spin electrons,
respectively.

For future reference, we define at the o— Fermi surface, the density of states

Ng and the corresponding Fermi wave number k7. In a parabolic band, where €, =

k?/2m,,

ki = kpy/14 M e, Ni = kifm,/2n°. (2.9)

The Green functions for the electrons in the two Stoner bands are

1
GA,U (p) = -

o — ) oo (D) (2.10)

In an isotropic ferromagnet where the crystal-field effects or spin-orbit coupling
are neglected, the Goldstone modes accompanying the spontaneously broken

symmetry in spin space, the ferromagnons, are purely massless.
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A ferromagnon of momentum k has a resonance frequency given by the dispersion
relation

wo(k) = D(\)K?, (2.11)

where D()) is the spin-stiffness coefficient and vanishes as A — 0. It is given by
a magnetic energy scale divided by a microscopic wave-number scale squared, on
the order of the Fermi wave number. The transverse magnetic susceptibility can be
written down in terms of simple poles that describe circularly polarized ferromagnons,

K\ 1

Xk, i) = N R ST Ry £ a0

(2.12)

where Q,, = 2mrmT,m € 7Z, a bosonic Matsubara frequency. The factor K(\) is
dimensionally an inverse volume. The coefficients K(\) and D(A) both are model-
dependent. However, the above expression has this particular form in any isotropic
ferromagnet, irrespective of the origin of magnetism. In k = (k, i€2,,) space, we write

down the transverse susceptibility tensor x7(k) in terms of x4 (k) using the symmetry

arguments: (k) = x5 (—k) and X2 (k) = xE(—k) = —xL (k).

X+ (k) +x-(k) il (k) = x-(F)]

xr(k) = 3 (2.134)
—i[x+ (k) = x-(k)] x4 (k) +x-(k)
which, for small k and 2,,, reads as
xr(k) = K ! DA —ilin) (2.13b)

(2NFF1§)2 wo(k)2 - (ZQm>2 Z(ZQm) D()‘>k2
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Using Eq. (2.13a), the magnon exchange interaction, Eq. (2.6b), is now
Sexth, 9] = Z/énm Voo (K)012010(—k),

where / = (1/V)>_ T >, and the effective potential V is
k

k iQm

Vg’cr(k> = VU’U(k) + Vacr’(_k)v VUU’(k) = (1 - 600’) F? XU’(k>'

Diagrammatically, this is shown in Fig. 5.

pb,o pb,o

/
k,oo

/

p—k',O' p/+k70

(2.14a)

(2.14D)

FIGURE 5. Effective electron-electron interaction mediated via magnon exchange.

The dashed line represents the effective potential V,, (k)

From Fig. 5, we notice that the ferromagnons couple only electrons with opposite

spin projections. Therefore, a ferromagnon-exchange mediated effective electron-

electron scattering is a purely inter-Stoner-band scattering process. This is the

crucial point that is in contrast to the helimagnetic case, where the effective electron-

electron interaction has an intra-Stoner-band scattering contribution and comes with

a prefactor that is proportional to the square of the helical pitch wave number [26].
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Stoner Model for Itinerant Ferromagnetism

In the previous discussion, a conduction band of electrons subject to a non-zero
magnetization of unspecified origin was considered. Now, we examine the case of
itinerant ferromagnetism, where the conduction electrons themselves are responsible
for the magnetism. Using the formalism introduced in the preceding discussion, we

have the fermionic action

S1, 4] = Sold v + 5 [ drmy(a)ma(o) (2.15)

where the second term now represents the spin-triplet interaction between the
conduction electrons, which is known to be responsible for magnetism. I’ is the
spin-triplet interaction amplitude. Sy is the same as the one defined in Eq. (2.7a).
Again, all other electronic interactions that do not contribute to magnetism, have
been neglected as they will not qualitatively affect the forthcoming results. In the
ordered state of an itinerant ferromagnet, (n,;) = d;3A/I';, assuming the system orders
along the 3— direction. A simple mean-field approximation can be made by replacing
one of the spin density fields in the second term of Eq. (2.15) by its expectation value.
Concretely,

n? ~ 2(n,).n, — (n,)% (2.16)

Upto an irrelevant constant term, we have

Sl 9] = Solth, ] + A/d:c Ny 3(x). (2.17)
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The mean-field approximation used to obtain Sy assumed (n,;) = d;3A/I';. To ensure

that this approximation is self consistent, we require the following:

A=Ti(nsa(x))r = %/DWW] Ny 3(z) e

d

Note that the average (...), implies that the average is determined by S, itself, as
stipulated by the usual self-consistent mean-field requirement. As before, a parabolic

band is assumed and the non-interaction Green function corresponding to Sy given

by
Golk, itoy) = ——— (2.19)
0 , Wy ) = iwn — é_k .
with the same &, defined previously. Eq. (2.18) then becomes
1= —or / L (2.20)
LG - N ’

The condition for a nonzero solution for A, which implies a nonzero magnetization, is
2NpI'; > 1. This condition is the famous Stoner criterion for itinerant ferromagnetism

[4]. Explicitly, after performing the integral in above, we find
A= 2NFFt%F (14 M ep)®2 — (1 — Mep)®2]. (2.21)

The action S) does not contain any ferromagnetic fluctuations. However, it is
useful for calculating the effective action. We designate S as the “reference ensemble”.

The spin susceptibility of the reference ensemble is defined as

X (%, 4) = (0ns,4(2)0n,5(Y)) s, (2.22)
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In terms of the reference-ensemble Green function

Ga(k) = Ggg(ak)(li) 50— GgQ(k:A) —3 % (2.23)
X 1s
Xnij(2,y) = —tr[o; Ga(z, y) 0; Ga(y, )] (2.24)

The trace is performed over the spin degrees of freedom. Upon tracing and performing

a Fourier transform, we find

Xxij(k) = | =fo(k) fi(k) 0 (2.25)
0 0 fi(k)
where
_ Gy'(p) Gy'(p— k) — N2
fi(k) = —2/p C2(p) — MG — k) — 7" (2.26a)
) Gy'(p) — Go''llp— k)
PK) = =200 | e G — )~ (2.26b)
_ Gy'(p) Go'(p — k) + N\
fa(k) = —2/p C2(p) = MG (p — k) = AT (2.26¢)
It is useful to note that
filk=0)=1/I", folk=0)=0. (2.27)

The first equality follows from Eq. (2.20).
It should be noted that the reference ensemble does not have the magnons that

are the Goldstone modes of the the spontaneously broken symmetry in the ordered
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phase. We require a theory of fluctuations, like Sy, in the previous discussion,
that is consistent with the treatment of the static magnetization to describe the
magnons. However, having obtained the reference-ensemble spin susceptibility, a
Gaussian action for the magnetization fluctuations, which in this case are dng(z),

can be written down in terms of y,.

1
Aoy (@)] = =5 [ dodyon, () X35 @,9) n5(0) (2.282)

such that,

X (@, y) = / D[on] ongi(x) ong j(y) e~ melins] (2.28b)

There is another term that is quadratic in dng, that has not been considered
until now. This term comes from the original spin-triplet interaction term in Eq.

(2.15). Adding this term to Eq. (2.28b), the complete Gaussian fluctuation action is

1
Anualom(@)] = =3 / daz dy 6n 5(2) X5 (2, y) Onas (1), (2.294)

where y is now the physical spin susceptibility, which is related to the reference

ensemble spin susceptibility y, by
Xij (2. y) = Xai5(2,y) — 65 6(z — y) T, (2.29b)

Aguet[01,] is a specific case of the general Spu.¢[6M] that was written down in Eq.

(2.5b).
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Considering only the transverse (T) components(i,j = 1,2) of x;;, in k =
(k, i) space,
ki) /N (ki) =Ty —fo(k.i€,,) /N (k. i,
vl i) = i )/N( )=Te = )/N( ) (2.300)
fa(k, i) /N (k, 1) fi(k, 1) /N(k, i) — T}
with

N(k,iQ,) = [fi(k, i) + [fo(k, Q)] (2.30b)

From Eq. (2.27), it is clear that, at zero frequency and wave number, y7' has two zero
eigenvalues. After performing the integrals in Eq. (2.26) using standard Matsubara
frequency summation techniques, and keeping terms up to linear order in i), and

second order in k, Eq. (2.30a) is

(2NpT;)?2 k* fr(A)/3 2i (i) fo(Ner /A

2Ny ’

X”El(kaiQM) = R R
—2i(i82n) fa(N)er /A k2 fi(\)/3

(2.31a)

with the normalized frequency-momentum k = k/2kp and Q, = Q,,/4ep. The
functions fx(\) and fq(\) are

s 3/2 3/2
f\) = —% {(1 _ %) (1 + %) - (1 + %) (1 _ %) },(2.3110)
3/2 3/2
(1 + ?) - (1 - ?) ] . (2.31¢)

Typically, the Stoner gap A is small compared to the Fermi energy ep. Therefore, in

fa(A) = g—i

the limit of weak ferromagnets, where 2Npl'y = 1 and \/ep < 1,

feA = 0) = fo(A = 0) =1+ 0(\?). (2.32)
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In this limit, after inverting y' in Eq. (2.31a) and comparing it with the general

transverse susceptibility written down in Eq. (2.13b), we find [24]

D(\) = K(X) = ANpA. (2.33)

It is useful to identify some relevant energy scales and their relation to
experimentally observable quantities. The following quantities are defined for the
simple case of one conduction band. One obvious fundamental magnetic energy scale
is the Stoner gap, A, which is also closely related to the exchange splitting 0 Fex = 2\
[32]. The latter can be measured by photoemission experiments and can also be
obtained from band structure calculations. Due to the fact that magnon-exchange
between the conduction electrons is a purely inter-Stoner-band process, the smallest
wave number that can be transferred by means of magnon-exchange is kg = d Fey /vp.
Specifically, for a parabolic band, this corresponds to kg = kit — kg, as shown in Fig.

4. Therefore, the smallest energy that can be transferred by magnon exchange is

(2.34)

1 6 Fox \ 2
Ty = Dk =~ ZDk%( > :

€r

The largest momentum transfer is given by k1 = kit + kp =~ 2kp. This corresponds
to the energy scale,

T, = 4Dk} (2.35)

which is expected to be close to the exchange splitting. In Stoner theory, 77 = 2)\/3 =

dEey /3. There is also the microscopic energy scale given by the Fermi energy, ep.
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We thus have a hierarchy of energy scales, Ty < T} < ep. Additionally, the ratio
of energy scales T /T} is given in terms of the Stoner gap and the microscopic energy,
Ty 17 X\?

— =) 2.36a

T1 4 (6];‘ ) ( )
In terms of electron number density, n. and the magnetization m, the above relation
becomes

TQ 1/m 2
O (). 2.
9 ( ) (2.36b)

Ne
Single-particle Relaxation Rate
Having obtained the effective electronic action, the single-particle inelastic
relaxation rate due to the exchange of magnons can now be calculated. The single-
particle relaxation rate is directly related to the electronic self-energy 3, which is

defined such that the full Green function G of the electron, with the interactions

taken into account, is given by a Dyson equation:

G, (p) = Gyo(p) — Ea(p), (2.37)

Gio(p) is defined in Eq. (2.10).
To linear order in the effective potential, Eq. (2.14) gives two contributions to

the spin-dependent self-energy >, as shown in Fig. 6.
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> = l
p_k70/

FIGURE 6. Self-energy contributions ¥, (p) for the o-spin Green function

Therefore, the self-energy ¥, can be calculated as

Zop) = [ 3 Ver () Grorlp+ )

= 27 [ (k) oo (p+ ). (2.38)

The single-particle relaxation rate I' for a quasiparticle with spin-o, averaged over

the o-Fermi surface is related to the self-energy X, as

1

Lol€) = ~Nay
F

Y 6(wo(p)) X (p.e), (2.39)

p

where Y'(p,¢) = ImX(p,iw, — € + i0) is the spectrum of the self-energy. The
Matsubara frequency iw, has been analytically continued to a real frequency e,

following the standard procedure in finite temperature Quantum Field Theory
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techniques. The factor é(w,(p)) pins the momentum p to the o-Fermi surface and the
factor 1/(INgV') is the appropriate normalization factor for the Fermi surface average.

Now, from Eq. (2.38),

Yo (p, iwy) = ZZVUG m) Gror (D + K, iw, +iQ,). (2.40a)
k iQm

We now use the spectral representations for the effective potential ¥V and the Green

function G ,,

, < du V] . (k,u
Vb0 = [ G T

V' (kou) = —2Im Vo (K, iQm — u + i0). (2.40b)

where V" is the spectrum of the effective potential, and

Gro (ke iwy) = /°° dv A7 (k,v)

. )
—00 2T W, — U

Al (k,v) = —2ImGy»(k,iw, — v +1i0) = 27 §[v — w (k)] (2.40¢)

where, AJ, is the spectrum of the Green function G, .. Then,

i ) A//( +k U) ‘

T V
5o (P, i) = — / d / dv 2.40d
(P, iwn) VZZQZ;L Y m— U W, + 180, ( )
Using the Matsubara summation identity,
1 1 nB(u) + nF(v)
-T = 2.40
ZiQm—uiwn+z’Qm—v Wy +u— ( °)
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VI (k,u)dfv—w (p+k
olpin) =~ [ 5 [ dofnto) ooy B e (L)
(2.40f)
Then, Eq. (2.39) yields
Iy(e) = Ng° /du np(u) +np(u+ €) ZV”
— 2I2N.° / du [np(u) + np(u+ €] ¥ (w), (2.41a)

where np(u) = 1/(e¥T — 1) and np(u) = 1/(¢”T + 1) are the Bose and Fermi

distribution functions respectively, and

\ )/ " o
VI(u) = NFNF NINTV? E §wo (k)] 0lwy (P)] Voo (kK — P, u). (2.41Db)
Similarly,
—1 _ 1 " _
Xo(u) = NENTTV2 }k,pj 8wy (k)] 8lwe (p)] X2 (k — p, ). (2.41c)

Recalling Eq. (2.12), we have

FK(M)7

Xi(k,u) = (ONGT, )2 Olwo(k) F ul. (2.41d)

It is useful to note that the single-particle relaxation rates, I',, have the symmetry
relation

NiT.(e) = Ni T_(—e). (2.41e)

Because the wave vectors k and p are pinned to different Fermi surfaces, a consequence

of pure inter-Stoner-band scattering contribution to the self energy, the spectrum
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Xo(u) is nonzero only in a range of frequencies, Ty < |u| < T;. On the energy shell

e = 0, the relaxation rate on the o-Fermi surface is

11(_0)_1 1K T/Tl/T dz
A=W T T 2NgTy ~ Jryr sinh(z)
Te /T if T < Ty
K |1
= Ngn | g/ T < T < T (2.42)
1

Therefore, the ferromagnon contribution to the thermal resistivity pg, = 1/k is

Te /T if T<Ty
6 7K |1
B 5 i : 2.43
Pth UI%CV NeTh 2T1n(T/T0) if ThgT <1 ( )
1
§T1n(T1/To) if T>T1T,

Transport Relaxation Rate

In the following, the transport relaxation rate, which determines the electrical
resistivity, or equivalently the electrical conductivity is calculated. Consider the Kubo
formula for the electrical conductivity tensor [33],

l

(7045 (1Q) — (i = 0)] (2.44a)

where

772] (ZQ = —62 T Z ‘1/ Z Uz wm 0( ) ¢n1+n,o(k) inz,cr’ (p) ¢n2—n70’ (p)>

ni,ne

(2.44D)
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m;; is the current-current polarization function. This correlation function describes
the linear response of the system to an applied electric field. Here, v(k) = O¢/0k.
Assuming a parabolic band, v(k) = k/m.. The average (...) is to be calculated using
the effective action in Eq. (2.6). In terms of the interacting Green function defined

in Eq. (2.37), Eq. (2.44b) becomes

;i (1)) = —ie TZ Z (P, iw) Go(p,iw — iQ) T (p; iw, iw — i), (2.45)

where I' is a vertex function. Diagrammatically, 7;; is represented by Fig. 7.

7Tz'j (ZQ) =

P,tw,o0

FIGURE 7. Diagrammatic representation of the current-current correlation function,
which describes the linear response of the system to an applied external electric field

The vertex function I effectively gives more weight to large-angle scattering of
electrons, as these processes contribute more to the transport relaxation rate. It is
important that the interacting Green functions G which contain the self-energy ¥, are
used. Also of importance is that the vertex I' and the self-energy Y are calculated

in a mutually consistent way [34]. Thus, for the self-energy formula used in Eq.
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(2.38) which is linear in the effective potential V', T' is calculated using the ladder

approximation,

o . p 1
T, (p; iw, iw — iQ) = i 2 + =
(p; iw, 1w — i92) zme %

Z Z Vggl(k — D, ZQ,)

kiQ o (2.46)
X Gy (k,iw +1iQ") Gy (k, iw — i + i)y (K iw + i iw — iQ + 1€Y).

The diagrammatic representation of Eq. (2.46) is given by Fig. 8.

piw—i), 0 p,iw—1iQ, 0 piw— i), 0

\ €1 kiw—iQ+iQ, o

|
|
|
+ Vo (k—p, zQ’)+ |
|
|
|

e

. . : k,iw+iQ, o
p;iw,0 p,ww, 0 p,ww,0 ’ * ’

FIGURE 8. Ladder approximation for the vertex function I"

The vector vertex function I'(p;iw, iw — i€2) has to be parallel to p. Therefore,
using the ansatz I'(p; iw, iw —i€2) = i(p/me)y(p; iw, iw —if2), a scalar vertex function

can be defined. Then Eq. (2.46) becomes

T k
Yo (piw,iw —iQ) =1+ = > Y p-% Voo (k — p,iSY)
Vi o P

X Gor(kyiw + i) Go (K, iw — i + i)y (Reyiw + i iw — iQ 4 i), (2.47)
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The polarization and the conductivity tensors are diagonal. Therefore, Eq. (2.44Db)

becomes
mi(iQ) = 05T — Z 2 (P, iw) Go (P, iw — Q) Vo (p; i, iw — i)
= 0 Hzg v ;pz Sy (p, 1€2), (2.48a)
where
Se(p, i) =T G,(p,iw) Go(p, iw — i) Vo (p; iw, iw — i€2). (2.48Db)

W

To calculate the Matsubara frequency sum, the following contour integral is

considered:

. o (e
Sa(pa ZQ) = - o nF(S)

—o0 2T

X {ga(p, e+ i) {G;‘et( £)Vo(p, e + 10,6 4+ i) — G4, (P, €) Vo (P, € — 0, + z’Q)}

+ Galp.e — i) | Gou(p. ) 1o(p, = — 10,2 + i0) - ;dv<p,e>%<p,e—m,e—zm]}.

(2.48¢)

Here, Gt and G.q, are retarded and advanced Green functions, respectively. They

are related to G by

Gret(P, €) = G(p, iw, — € +i0), Gaav(p,€) = G(p,iw, — € —i0).
(2.48d)
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From Eq. (2.44a), the dc conductivity is given by

o = lim Rea(z’Q — Q4+ 10)

62 1 ) Im [S, (p,iQ — Q +i0) — S,(p, Q2 = 0)]
= o7 Zp lim . L (2.480)

Eq. (2.48) yields

2

oo

2
3mm

G, (p, € + i0)|* 7, (p; € + 10, € — i0)

2
— Re [gg(p, €+ ZO)} Yo (p; € + 00, € 4+ i0)

e o de
3mm2 J oo 4T cosh?( 6/ 2T) V ZP

Gy (p, € +i0)|* 7, (p; € + 10, € — i0)

2
—Re [gg(p,e+i0)} Yo (p; € + 140, € +10) | .

(2.48f)

The momentum sum in the above expression is evaluated using the Abrikosov-Gorkov-
Dzhyaloshinksii approximation, in which the radial part of the momentum integral
is performed by means of a contour integral over the interval & € (—o0,00) [35].
The real part of the self-energy ¥, in G, only renormalizes the Fermi energy. The
imaginary part of the self-energy, from which the single-particle relaxation rate was
calculated in the previous section, vanishes at low temperatures, as can be seen from
Eq. (2.42). Therefore, the AGD approximation can be carried out in the limit of
vanishing self-energy. In this limit, the leading contribution to Eq. (2.48f) comes

from the first term, where the frequency arguments of the two Green functions lie
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on different sides of the real axis. Therefore, the second term in Eq. (2.48f) will be

neglected. Then,

e o de 1
3mm2 J—oo 4T cosh?(e/27T)

Zp G (p, € + i0)]? 75 (p; € + 70, € — i0). (2.48g)

g =

In the aforementioned limit of a vanishing self-energy, the dominant contribution
from the momentum integral comes from the momenta that obey w,(p) = €. This is
guaranteed by the pole of the Green function. Note that the energy € scales as T
Therefore, for leading T' dependence, all ¢ dependencies that do not appear as €/T

can be neglected. With these approximations, the conductivity is now given by

e? o de 1 A, (€)
2 J—oo 4T cosh?(e/2T) z(,:na Ly(e)’

o= (2.49a)

where n, is the density of o-spin electrons. I', is the single-particle relaxation rate

defined in Eq. (2.41). The quantity A, is defined as

Ay(e) = N;V 3" 6lws ()] 30 (B; € + 10, € — i0). (2.49D)

Using Eq. (IT), A, (€) obeys the following integral equation,

B o Ay (u+ €)
Ag(e) =1+ JZ NS / AW (u) () + (s ] T2 (2.50a)
with
Wt (1) = S5 Sl (k)] 3l (D) Vi k= pow) S2. (2.50D)
NFNF NENGV? & 2 e

Again, V!, is the spectrum of the effective potential.
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Using the fact that k and p are pinned to different Fermi surfaces by the

corresponding 0 factors in above, the resulting identity,

k —p)
k.p = k2 [1 - L]
p="h 2Dk2
can be used to express W, as
k \ 3/
W) = (R [0 0) — V22 ) (251a)
F
with V” ,(u) defined in Eq. (2.41b) and
V@ () = Z §we (k)] S[wsr (p)] VI, (k — p, ) wolk = p) (2.51b)
oo NF NF V2 oo ) QDI{?I%

According to the spectrum of V,,., which is related to the one in Eq. (2.41d), the
ferromagnon energy wo(k — p) in Eq. (2.51b) is equal to +u. Therefore, )_);/(’,(,2) (u)
has an additional factor of u relative to V”_,(u). Hence, the analog of I',(¢) in Eq.
(2.41a) can be defined as

' (e) = Ny /du np(u) + np(u + € ZV”@ (2.52)

Then, Eq. (2.50a) becomes

A(e) = < ) / du Z N {v” vg§,2>(u)] [nB(u)—l—nF(u—i—e)]%.

(2.53)
The usual procedure to solve this integral equation is to make an uncontrolled

approximation that replaces A(u + €)/I'(u + €) in Eq. (2.53) with A(e)/I'(e), thus

turning an integral equation into an algebraic equation [33]. However, it was pointed
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out in [36] that Eq. (2.53) is a Fredholm equation of the second kind. This
integral equation can be solved asymptotically exactly, and it was shown that the
temperature dependence given by the exact solution and the one obtained from the
simple approximation are qualitatively the same, only their prefactors are different.
Therefore, using the simple approximation, Eq. (2.53) turns into a system of two
coupled algebraic equations for Ay(e). As before, € is set to 0 in Eq. (2.49a), since
this will only affect the prefactor of the temperature dependence of the conductivity.

Using A, = A,(e =0) and I', = I',(e = 0), the equations for A, are

ke \ 2 A

o (B )
kF ) AL (2.54)

A =1 —F) [r_—r(_” A+

+(i F

I (e = 0) is given by Eq. (2.42). T'?) is obtained from an analogous integral with an

(e

additional factor of frequency in the integrand.

re — — gT_2 /Tl/TdI v
7 NZ T? Jryr  sinh(z)
2%0 (1 + %) e /TN T < T
- %% %QTZO Ty <T<T- (2.55)
1 ifT>T,

For T < Ty, we notice that I'® is proportional to I':

2T, T
r@ — 220 (1 —) I 2.56
T * Ty (2.56)
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Neglecting \/ep < 1 wherever it is not of qualitative importance, and using Egs.
(2.42), (2.41e) and (2.55), the solution of Egs. (2.54) is
A r.+r_—r%

_ , 2.57
Py —4Zp.r 410, 0% 40 0@ —1rPr® (2:57)

Using Eq. (2.57) in Eq. (2.49a), the transport relaxation time 7., defined via a Drude

formula o = (n.e/me)7., is given by

I — T2
- 5 , 2.58
T AR (TP 2T — (1O =

Here, [ ~ I, ~ I'_ and I'® ~ Ff) ~ T'® which are obtained from Eqs. (2.42)
and (2.55), respectively, with Ng replaced with Ng. These approximations give small
corrections of O(A/er) that only change the prefactor of the temperature dependence

of the transport relaxation time.

Finally, the ferromagnon-exchange contribution to the electrical resistivity p, =

1/ois
4.0 g /T
—T [ 0 lf T<< T(]
T
me K | 2
P = SN, —2T1T if Tho<T<T, (2.59)
T it T>1T

Validity of the Effective Action

In this section, the validity of the ferromagnon-exchange mediated effective
electronic interaction obtained in Eq. (2.6b) is discussed. To briefly summarize how
the effective electronic interaction was obtained, it was assumed that the conduction

electrons are subject to a magnetization and magnetic fluctuations of unspecified
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origin. The dynamics of these fluctuations are governed by the physical magnetic
susceptibility.  Then, these fluctuations were integrated out, leaving behind an
action purely in terms of the electronic fields. It is important to note that the
feedback of the electrons on the magnetic fluctuations has already been built into
the effective action, by means of the Zeeman coupling of the electronic spin density
to magnetization fluctuations. Therefore, it would be erroneous to use the effective
action to renormalize the susceptibility, either directly or indirectly.

However, for the purposes of calculating electronic relaxation rates, it is safe to
use the effective potential, Eq. (2.14b), up to first order in V perturbatively. For
localized-moment ferromagnets, where the magnetism is due to localized electrons in
a different band, the validity of this procedure is more obvious compared to the case
of itinerant ferromagnets. But, the coupling of the spin density to the magnetization
fluctuations, produced by other electrons either in the same band or a different band,
remains the same. Therefore, the above arguments must follow through similarly in
the itinerant case. To further illustrate this point, we will now obtain well-established
results for the electronic relaxation rates due to Coulomb interaction and due to
phonons, using the presented procedure to generate the effective action.

We start with a band of noninteracting electrons with action Sy, with a statically

screened Coulomb interaction given by

Sl ] = [ n(k) vwc(k) dn(—h). (2.60)

The screened Coulomb interaction is ve.(k) = 4me?/(k* + k%), with & the screening
wave number. n(k) is the Fourier transform of the number density field, given in

terms of the fermion fields by n(z) = (x)y(z). In the magnetic case, we had
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to assume a nonzero magnetization and define a reference ensemble with action S).
Here, the finite average number density of electrons is already built in via the chemical
potential i in Sy. Therefore, in this case, Sy itself is the reference ensemble. Mirroring
the steps in the magnetic case, one of the dn fields is replaced by 0N, a number
density fluctuation. We can interpret 0N as the density fluctuation created by all
other electrons, in analogy with magnetization fluctuations in the case of an itinerant

magnet. This yields, in real space and imaginary time,
S, v] = Solth, ] + [ dadydN(@)o(r, — 1) vel@ —y) dn(y).  (261)
Including a Gaussian action that governs the density fluctuations, similar to Sgyct[0. M|
Staal0N] = —3 [ dwdy SN () x " (x — ) 6N (y), (2.62)

where y is the physical density susceptibility. Integrating out the /N fields by means

of a Gaussian integral, we obtain

Sl 0] = Sold, 0]+ 5 [ 5k V (k) S~ (2:63)

with the effective potential
V (k) = [vse (k)P x (k). (2.63b)

Using this effective action, the single-particle relaxation rate is

1

— = T(e=0)=2N; /_OO du V" (u) ST (2.64a)
V() = ﬁ 5 (60 () V' (k — 1) (2.64D)
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From Eq. (2.63b), the spectrum of the effective potential V' is given by the spectrum
of the physical density susceptibility y, which to the lowest order in the Coulomb

interaction is nothing but the Lindhard susceptibility yo. The spectrum of yq is

N
Xo(k,u) = e for |u| <

U |k| — k2
vr|k|’ '

2.65
o (2.65)

Therefore, at low temperatures, we get the well-known Fermi-liquid result for the

relaxation rate,
r T T?
27’,3_e a 4 €F '

(2.66)

Hence, we conclude that the procedure followed to derive the effective electronic action
gives the correct result in case of Coulomb scattering of electrons.

If N represents ionic density fluctuations, they couple to én in the same way
as in Eq. (2.61), via a statically screened Coulomb interaction. In this case, the
susceptibility x describes ionic density fluctuations, which are the phonons. The
calculations for the previous case follow through in the same way, except that the

spectrum of effective potential, if we consider longitudinal phonons, is [37]
V7 (k1) = [t )X, ), Xk, w) = 7 g 8 [uP = (k) (267

with wy, (k) = c|k|, the longitudinal phonon frequency. p is the ionic number density, ¢
is the longitudinal speed of sound, and k = —(9V/dp)/V, with V the system volume
and p the pressure, the compressibility. This electron-phonon interaction in metals

leads to the single-particle relaxation rate

2
— =T Lt

T3 2.68
— 3 , (2.68)

NeMeC?
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which is consistent with the established result [21]. This serves as a further
justification of the validity of the magnon-exchange effective electronic action in the

calculation of electronic relaxation rates.

Discussion and Conclusions

In summary, the ferromagnon exchange contribution to the thermal and electrical
resistivity has been calculated, using a very general theory for the effective electronic
interaction mediated by the ferromagnons. The theory only relies on symmetry
arguments and is not sensitive to the origin of magnetization, be it localized electrons
in a different band or the conduction electrons themselves. Eqs. (2.43) and (2.59)
show that at asymptotically low temperatures, below a temperature scale Ty, both the
thermal and the electrical resistivity due to the ferromagnons are exponentially small.
The exponential dependence is a direct consequence of the conduction-band splitting
in a metallic ferromagnet. The Ueda-Moriya 77 behavior of the electrical resistivity
is recovered in a pre-asymptotic temperature window. The thermal resistivity is
proportional to 7" in the same window. This temperature window ranges from 7j to
a high temperature scale 77, which is typically close to the exchange splitting. For
T > T}, both resistivities show a linear temperature dependence.

To elaborate on the physical reason for the exponential dependence of the
relaxation rates at low temperatures, consider Fig. 4. The figure schematically
shows the splitting of the conduction band Fermi surface into two for the two spin
projections of the electrons. The ferromagnons couple only electrons with opposite
spins. Therefore, the minimum momentum that can be transferred in this scattering
process is kg = ki — kp ~ AFE./vp. Now, the magnon dispersion relation is

given by w = DE? which implies that the smallest transferrable energy in the
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scattering process is Ty = Dk3. Typically, the magnon stiffness coefficient D is itself
roughly proportional to AFE,.. Hence, the temperature scale Ty o (AECX)?’. When
the temperature T" < Tj, the ferromagnon-exchange electron scattering process is
greatly suppressed and thus, the relaxation rates show an activated behavior with
an activation energy Tj. The largest momentum transfer in this scattering process
is given by k; = ki + ky ~ 2kp, which corresponds to a largest energy transfer
of T = Dk:f ~ AF.. One may interpret 7} as the fundamental magnetic energy
scale, an analog of the Debye temperature ©p in case of electron-phonon coupling.
However, there is no analog of Tj in the electron-phonon problem, as the scattering
process in that case is inter-band.

The primary difference between the results presented above and the Ueda-Moriya
result [19] is that these authors neglected the exchange splitting of the conduction
band in their calculation. Consequently, there was no minimum energy scale Tj
and the T2 behavior of the transport relaxation rate, which is in fact only valid for
temperatures larger than 7y, was obtained at low temperatures. It is worth noting
that this discrepancy shows only in the ferromagnon contribution to the electrical
resistivity. The contributions from the dissipative spin-excitations, somewhat similar
to the Coulomb scattering case, remain unaffected by the exchange splitting and are
proportional to T2 even at asymptotically low temperatures.

In the following, numerical estimates of the values of Tjy and T} are discussed. To
start with, a fictitious case of simple, single-conduction-band, metals with magnetic
properties similar to the classic “high-temperature” ferromagnets Nickel, Cobalt and
Iron are considered. The values of the exchange splitting in these materials are
AFEg ~ 0.25,1.0 and 2.0 eV, respectively [32, 38]. These values are obtained from

photoemission experiments. Neutron scattering experiments give values for the spin-
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stiffness coefficient D, 364 for Ni, 500 for Co and 281 for Fe, in units of meV A? [3].
Assuming a generic value kp &~ 147" Fermi wave number and er ~ 10° K for the
Fermi energy, the temperature scales are, T &~ 10000 — 20000 K for these materials,
and Ty ~ 500 mK for Ni, 10 K for Co and 30 K for Fe. For weak ferromagnets, such as
MnSi or NizAl, D = 23.5 meV A% [39] and 70 meV A? [40], respectively. The magnetic
moments per formula unit is 0.4 pp for MnSi [41] and 0.17up for NizAl [40], about
two thirds and one third, respectively, that of Ni. Assuming a linear-correlation
between the magnetic moment and exchange splitting based on observations [38],
AFEy ~ 0.17eV for MnSi and 0.07¢eV for NizAl. Taking kp =~ 1A7" and er ~ 10° K,
yields, 77 ~ 1000 K and T ~ 20 mK for Mnsi, and 77 =~ 2800 K and Ty ~ 10 mK for
NizAl

Using the relation between K and A as in Eq. (2.33) and the fact that 77 ~ A, the
prefactor in Eq. (2.59) 7K /NgT) is of order unity. Comparing this with the Fermi-
liquid result Eq. (2.66), it seems that the ferromagnon 7 contribution is larger
than the Fermi-liquid 7% contribution by roughly a factor of ep/T} ~ 10 in a single-
band model. In reality however, the aforementioned materials are either transition
metals, or compounds containing transition metals, with a complicated band structure
and Fermi surfaces containing multiple sheets. Consequently, the electron-electron
Coulomb scattering contribution to the electrical resistivity is likely much larger than
implied by a single-band model. There have been suggestions that this scattering
makes the largest contribution to the observed T2 behavior at low temperatures
[42]. This is due to the fact that in a realistic multi-band case, different band edges
have different distances from the common chemical potential and thus, have different
effective Fermi temperatures. Depending on whether the electron spin is flipped or not

in the various scattering processes and whether or not these processes couple different
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sheets of the Fermi surface, the various relaxation rate contributions may or may not
be additive, leading to a complicated structure of the overall resistivity. In addition to
ferromagnons and Coulomb scattering, dissipative spin excitations also contribute a
T* term to the resistivity [19]. Hence, it turns out that the low-temperature transport
rate in Fe, Ni, and Co is roughly 100 times larger than the estimate given by the single-
band Fermi liquid result, Eq. (2.66), with a single Fermi temperature of 10° K [42].
The temperature scale 77 is largely unaffected by the complicated band structure. It
only depends on the spin-stiffness coefficient, which can be experimentally measured,
and the largest possible momentum transfer, which in a good metal is on the order
of 2w /a, with a the lattice constant, and is roughly close to the value 2kg for a single
spherical Fermi surface that yields the same electron density. Therefore, the estimates
of T are largely model independent. In conclusion, it turns out that the ferromagnon
contribution to the electrical resistivity in Fe, Ni and Co at temperatures T" > Tj
is about an order of magnitude less than the combined contribution from Coulomb
scattering and dissipative magnetic excitations. Although in MnSi and NizAl T}
is much lower and the magnon scattering is accordingly stronger, the observed T2
prefactors in the resistivity of these materials are orders of magnitude larger than
the ones in Fe, Ni and Co. The ferromagnon contribution to the resistivity cannot
possibly account for this.

The effect of the band structure on 7j is more complicated. Various scattering
processes involving electrons on different sheets of the Fermi surface are expected to
be have different values of T;. Therefore, with decreasing temperature, contributions
to the ferromagnon-exchange part of the electronic scattering rate will sequentially
freeze out as the temperature drops below a sequence of temperature scales Ty. The

estimates of Tj given previously are thus only rough estimates for the lowest of these
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temperature scales. Estimating higher temperature scales requires a detailed analysis
of the electronic band structure. The fact still remains that below the lowest Tj the
ferromagnon contribution to the relaxation rates will be exponentially small. Thus,
the obvious candidates for the low-temperature T2 behavior in metallic ferromagnets
are Couloumb scattering and dissipative magnetic excitations. Experimentally, one
would expect a distinct temperature dependence of the prefactor of the 72 term in
the electrical resistivity.

Additionally, in a material with complicated band structure, it could transpire
that there may be points or lines in reciprocal space where the two Stoner bands cross.
In such a case, the exponential suppression of the relaxation rates is expected to be
weakened, but the nature of this weakening will be highly dependent on the nature of
the crossing. Also, real materials always have some amount of quenched disorder. The
interplay of the scattering process discussed in this chapter and quenched disorder is
an interesting problem that is surely important for a quantitative understanding of
real materials. A complete discussion of disorder effects is a separate problem on its
own and will not be discussed here.

In the next chapter, we investigate the phenomenon of generic scale invariance
in quantum magnets. More specifically, we calculate and compare the one-loop spin-
wave contribution to the longitudinal order-parameter susceptibility in both quantum
ferromagnets and antiferromagnets. We also make predictions for neutron-scattering

experiments.
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CHAPTER III

MAGNON-INDUCED LONG-RANGE CORRELATION FUNCTIONS IN
QUANTUM MAGNETS

This work was published in volume 94 of the journal Physical Review B in
October 2016. Dietrich Belitz and Theodore R. Kirkpatrick were the principal
investigators for this work; Sripoorna Bharadwaj performed the calculations and

produced the figures in this chapter.

Motivation

In the previous chapter, the magnon contribution to the electrical resistivity
was calculated. Another important effect of these low-energy excitations is the
long-ranged nature of certain correlation functions, which can be easily probed by
neutron-scattering experiments. The magnons themselves can be directly observed via
neutron scattering [16, 37]. However, these transverse order-parameter fluctuations
(i.e. the Goldstone modes) also have profound indirect effects on other observables.
An example of this is the divergence of the longitudinal spin susceptibility, xi,, as
k — 0 in a classical Heisenberg ferromagnet or antiferromagnet. This divergence
exists in the ordered phase for all spatial dimensions 2 < d < 4 [43, 44]. The leading
contribution to xi, from the coupling of the longitudinal order-parameter fluctuations

to the transverse ones takes the form of a convolution of two Goldstone modes,

11 1 1
dp— = o dptx . 3.1
AL OC/ Por o=k~ Sy P pr = i (3.1)
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The diagrammatic representation of above is as shown in Fig. 9. This result was
originally derived for ferromagnets in perturbation theory and later shown to be
asymptotically exact using renormalization-group (RG) methods [45]. It reflects the
scale dimensions that characterize the stable RG fixed point describing the ordered
phase. Eq. (3.1) holds for both classical ferromagnets and antiferromagnets. In the
latter case, xi, is actually the longitudinal order-parameter susceptibility, which is
the correlation function of the staggered magnetization rather than the physical spin

susceptibility.

FIGURE 9. Diagrammatic representation of the coupling between the longitudinal
and the transverse spin fluctuations in the classical case: A longitudinal (L) mode
couples to two transverse (T) modes. The resulting contribution to the longitudinal
susceptibility xp, has the form given in Eq. (3.1)

This divergence of x1,, which in the absence of mode coupling with the Goldstone
modes is a non-singular quantity, is an example of a nonanalyticity. This nonanalytic
dependence of x1, on the wave number reflects long-range correlation functions in the
system due to the massless magnons. In real space, for large distances r, yp, falls off as
a power law, yp, o< 1/ r24=% This is an example of a more general phenomenon - soft or
massless modes in the system inducing long-range correlations that are then reflected
in the nonanalytic behavior in the limit of small frequencies and wave numbers.
Existence of soft modes in entire phases implies nonanalytic behavior, usually in the

form of power laws, over the entire phase. This phenomenon is known as generic

20



scale invariance [46]. Soft modes that exist only at isolated critical points are not
related to this phenomenon. In a magnetic system, magnons are not necessarily
the only massless modes in the system. There may be other soft modes that could
couple to any given observable and compete with the magnons in producing long-
range correlations or nonanalytic behavior. For instance, in disordered metals at zero
temperature (7" = 0), there are massless diffusive excitations known as “diffusons” and
“Cooperons” that lead to nonanalyticities in observables known as weak-localization
effects [47, 48].

The work presented in this chapter investigates the fate of the singular behavior
of the classical longitudinal spin susceptibility, Eq. (3.1), in the limit 7" — 0. In
quantum statistical mechanics, the statics and the dynamics are intrinsically coupled.
Therefore, at T' = 0, the expression for yr, must include a frequency integration in
addition to the wave-number integration, with the integrand being comprised of the
dynamic Goldstone modes. Power counting arguments suggest that this additional
frequency integration will weaken the classical singularity at 7" = 0. Specifically, for

quantum antiferromagnets at 7' = 0, power counting suggests that Eq. (3.1) becomes

1
~ d/d7~kd-3~9d—3 3.2

(13 2

for 1 < d < 3, with a logarithmic singularity in d = 3. The “~” symbol is
meant to denote “scales as”. An explicit calculation done later in this chapter agrees
with this guess. For quantum ferromagnets, the expression obtained by replacing the
denominator in Eq. (3.2) by (p®+w)?, which yields a k%2 or |Q|“~?/2 behavior, is not
correct. This can be seen from spin-wave theory, which expresses the spin operators
by bosonic operators via a Holstein-Primakoff transformation [3]. In a ferromagnet,

the longitudinal spin fluctuation is given in terms of the magnon-number operator
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and thus, xi, is actually the magnon-number correlation function. There are no
magnon number fluctuations at 7' = 0 and therefore, the contribution analogous to
Eq. (3.2), is identically zero (i.e. scales like k%% with zero prefactor). In other
words, in the ground state of a quantum ferromagnet the magnetization is at its
maximum value. Hence, the ground-state energy has the same value as it does
classically and cannot be decreased by quantum fluctuations. This argument clearly
does not hold for a quantum antiferromagnet. The classical Neél state is not an
eigenstate of the Hamiltonian, and the ground-state energy can be lowered below
its classical value by quantum fluctuations. Detailed calculations are performed and
discussed in this chapter, which will demonstrate the difference in the behavior of the
T = 0 longitudinal order-parameter correlation function in quantum ferromagnets
and quantum antiferromagnets. The calculations for both cases are performed using
the nonlinear sigma model (NLoM), which provides a convenient description of the
long-wavelength and low-frequency properties of the ordered phase of systems with
spontaneously broken symmetry. This model is essentially an effective field theory
that focuses on the Goldstone modes and integrates out all massive fluctuations in
the simplest approximation that respects the symmetry. The divergence of yp, in
a classical Heisenberg ferromagnet, Eq. (3.1), can be easily demonstrated using
the classical O(3)-symmetric nonlinear sigma model [49]. Therefore, it is natural
to consider a quantum NLoM to study the corresponding effect in quantum magnets.

The results presented here were published as [50].

NLoM for Quantum Ferromagnets

Consider a quantum ferromagnet with a fluctuating magnetization M (x) =

My(z)m(z), where x = (x,7) - © and 7 being the real-space position and imaginary-
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time, respectively. M, is the magnitude of the order parameter and the direction unit

vector m(z),

m(r) = (m (), my(x), 0(x)) (3.3a)

with

m?(z) = 7i(z) + m5(x) + o*(x) = 1. (3.3b)

In a NLoM description of a quantum ferromagnet, fluctuations of M, are neglected.

Taking My(x) = My, the partition function can be written as [51, 52]
7 = / Dlrn] 6(1n2(z) — 1) e~ J do Lemilin], (3.42)

1T
Here, / dr = / dt / dx, where T is the temperature and V' is the system volume.
0 v

The Lagrangian Ly is

Ps

Ley|m] = Y m(x).V2m(z) — MopH 1 (z)
—l—% (m ()0, ma(x) — mo(x)0-m (x)), (3.4b)

where p; is the spin-stiffness coefficient and is proportional to Mg, H is the external
magnetic field and p the Bohr magneton. In the right-hand side of Eq. (3.4b), the
first two terms are the same as in a classical O(3) NLoM [49]. The third term is
a topological Wess-Zumino term or a Berry-phase term that describes the quantum
dynamics [51, 52, 53, 54]. The Bloch spin precession is governed by this term. Note
that Eq. (3.4b) has been written down, assuming that the ferromagnet order is along

the z-direction.
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Expanding the action in powers of the fields m; and m, the Fourier-space

Gaussian action that governs the transverse fluctuations is as follows:

APy m5] = 20T S () Ty )y (), (3.50)

ij=1

I';; represents the matrix elements of a 2 x 2 matrix

Dk* + pH -Q,
(k) = (3.5b)
O, DEk* + uH
where D = py/M,. Here k = (k,i2,) with k a wave vector and Q, = 277Tn (n
integer) a bosonic Matsubara frequency. The external field is taken to be pointing

in the z-direction H = (0,0, H). The inverse of I' yields the Gaussian transverse

susceptibility matrix, i.e., the correlation function
M {(mi(k)m; (—k)) = X2 (k) (3.6a)

where
M, DE* + uH Qn,
Dk? + pH)? + Q2

xr(k) = ( (3.6b)

—Q, DE* + puH
The matrix I' is non-Hermitian and the frequency couples the magnetization
components M, and M,. This reflects the structure of the Bloch spin-precession
term in Eq. (3.4b). This term also shows the quadratic dispersion relation of the
ferromagnetic magnons, i€2, = £Dk*. The spin-wave stiffness coefficient D (not a
diffusion coefficient) is linear in My (since p, o M7). The eigenvalues of I'(k) are
s (k) with

Ai(k) = A\p(—k) = DE* + uH FiQ,,. (3.7a)
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The left and right eigenvectors are

(u,v), = (1,F9) ,

(w,0)p = (1,i) . (3.7b)

The Gaussian action can be diagonalized and written in terms of fields ¢, =

(¢L,+> QﬂL,—) and Yr = (¢R,+, ¢R,—),

[@DL,@DR— Xk: k) Yro(—k). (3-8)

U::I:

In terms of the ¢y, and 1R, the fields m; and 7y are

o= —(¢L+ W) = —= (Yry + iR ),

ks
LN

g =

(—'L.’l?b[,7+ + wL,_) — % (in7+ + wR7_) . (39)

SR

We note that the four fields ¢ ., g, are not independent. Eq. (3.9) yields

Y4 =r_ , Y- =1r . (3.10)

The above constraints restore the original number of degrees of freedom. Then, from

Eq. (3.8), the Goldstone mode can be obtained.

g+ (k) = (Ve (k)Vr+(—k)) = 1/ My Ay (k). (3.11)

This is massless in the absence of the symmetry breaking field H. Also, this equation

only represents one Goldstone mode, since the two eigenvectors are not independent,
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unlike the antiferromagnetic case, where there are two Goldstone modes [55]. Using

the Eq. (3.10), the following nonzero correlation functions can be written down.

<¢L,+(k5>¢L,—(_k>> = Z'/]WO>\+(]€)7
(r+ (k)R- (=k)) = —i/MoAi(=F). (3.12)

The normalized longitudinal magnetization fluctuations are given by do(z) =
o(x) — (o(x)). Then, the normalized longitudinal susceptibility is given by the
correlation function (§o(z)do(y)) = xw(z — y)/M;. Utilizing the NLoM constraint
from Eq. (3.3b), the following expansion can be written down for this correlation

function.

(0o (x)do(y)) = i<(7Tf(w)+7fi($))(Wf(y)+ﬂi(y))>—i<(ﬂf(w)+7f§($))>2+- - (313a)

In terms of the fields ¢;, and g, the above expression becomes

(6o (z)do(y

2
1,0 (2) U0 (3)) 1 9) ¥ (1) (3.13)

wL o 'QDR O’( ) ¢L,a’ (y) wR,a’ (y)>

ol

Finally, the one-loop contribution to the longitudinal susceptibility XS), obtained by

using Wick’s theorem and the correlation functions in Eq. (3.12), is

(k) = oszZgo 9o(p — k)

= ZZ mrEs (3.14)

Fig. 10 is the diagrammatic representation of this contribution.
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FIGURE 10. Diagrammatic representation of the coupling between longitudinal and
transverse spin fluctuations in the quantum case

At T = 0, the frequency summation in Eq. (3.14) can be turned into an integral.
Since the diagonalized Gaussian action in Eq. (3.8) only couples ¢y + with g 4
and ¢y, _ with ¥ _, the T" = 0 frequency integral is such that both the poles of the
integrand lie on the same side of the real axis. Therefore, at T' = 0, the one-loop
contribution to the longitudinal susceptibility vanishes, instead of being a nonzero
k92 or Q9272 contribution. Hence, adding a frequency dependence to the classical
expression has a much stronger effect than increasing the dimensionality by two, as
the naive power counting argument suggests and at 7" = 0, it completely suppresses
the effect. The absence of a nonanalyticity in the quantum case is a generic property
of ferromagnets at T" = 0 and can be readily traced back to the structure of the Bloch
precession term in the action. This null result is neither an artifact of the NLoM
nor the one-loop approximation. It is worth noting that this particular null result is
specific to the 2-point correlation function of o(x).

The following correlation function is an example of a nonzero T' = 0 one-loop

contribution in a quantum ferromagnet.

V(r—y) = — my (@) (7 (y) — m3(y)))

S 00" (Ur.o(2) Yro(2) Yoo (y) Yro (1)) (3.15)
o,0'=%

N e~
—
—~~
5
Lol V)
—~
&
SN—
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This correlation function is a physical, if hard to measure, correlation function.
It describes the response to a “field” A that makes the exchange coupling J in a
Heisenberg model anisotropic in the x —y plane: J, = J + A, J, = J — A. After a

Fourier transform, instead of Eq. (3.14), we obtain

T
=57 Zp; ZU: o k Pk (3.16)

At T =0, the frequency integral is now over a function that has poles on either side
of the real axis and the correlation function behaves as simple power counting would

suggest.

U(k,i, =0) oc const. + k|92,

U(k =0,iQ,) o const. + [Q,|¢"2/2, (3.17)

In d = 2, there is a logarithmic singularity. This nonzero 7" = 0 contribution is
in complete analogy to Eq. (3.2). This illustrates that the absence of a singular
contribution to xr, and the related fact that the maximally spin-polarized state is
an exact eigenstate of the Heisenberg ferromagnet, is not due to the absence of
quantum fluctuations. It is actually due to the fact that y; can be formulated as
a correlation function of the magnon number. Quantum fluctuations do exist in
the ground state of a ferromagnet and correlation functions like ¥, that cannot be
formulated entirely in terms of fluctuations of the magnon number, are affected by
these quantum fluctuations. The same holds for the longitudinal susceptibility in an

antiferromagnet.
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Now, the T" > 0 behavior of the one-loop contribution XS) in Eq. (3.14) will be

analyzed. Performing the Matsubara frequency sum, we obtain

(1) L H) = __]‘ n(wP+MH)_n(wp—k+MH)
xi, (k. H) 174 Z Wp — Wp—k + 082,

, (3.18)

p7o—

where n(x) = 1/(e*/T — 1) is the Bose distribution function. The units are such that
h=kp =1 w, = Dp®> = (p,/My)p® is the ferromagnetic magnon frequency. To
obtain the leading singular behavior as k — 0 for fixed 7', the Bose function can be
expanded, n(z) ~ T/x. Then, at zero external frequency, i.e. k = (k,i0) and zero

external field, Eq. (3.18) becomes

Mo\2 2T 1
W =0y~ (22

ps 72,,:1?2(19— k)> (3.19)

This leading contribution is necessarily linear in 7" and the wavenumber integral is a
convolution of two classical Goldstone modes. In d = 3, the explicit expression for
(1)

Xy, 18

1 T
Wik, H = 0) = Y {1 + O(\/wk/T)] (d=3). (3.20)

In generic dimensions 2 < d < 4, the singularity is proportional to T'/|k|*~?, with
a d-dependent prefactor. For d < 2, the singular integral has a zero prefactor since
My = 0, which can be understood using the Mermin-Wagner theorem [30]. The above
result is valid for pH < wy, < T. This implies that the range of validity of Eq. (3.19)
shrinks with decreasing temperature. In the asymptotic low-temperature limit in a

vanishingly small field, i.e., for pH < T < wy,

W (g g =0) =% Lk O(T d=3 321
X1, (k, —)—pm[ﬂL(/wk)](—) (3.21)
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Here, ¢, = \/7/2((3/2) ~ 2.395, with ¢ the Riemann zeta function. For T" < wy,
the T'//wy singularity crosses over to T3/ Jwk. Also, as T'— 0, the prefactor of the
singularity vanishes, which matches the 7" = 0 null result.

For w, < pH < T,

T
(1) _ _
X1, (k—0,H)= Tx DR () [1 + O(\/H/T)] (d=3). (3.22)
For T' < wy, < puH, the leading behavior is

1 T3
Xk H) = =7

—uH/T _
5 D € (d=3). (3.23)

Finally, for wp, < T" < puH, the result is proportional to 7' 126=rH/T with no singular
dependence on wy.

An important quantity in the context of neutron scattering experiments of
ferromagnets is the dynamical structure factor. The longitudinal part of the
dynamical structure factor Sz (k,w) = (2/(1—e */T))x! (k,w), with x} the spectrum
of the longitudinal susceptibility xr. From Eq. (3.18), the one-loop contribution is
43

_ p—(wtwg)?/4Tw,—pH/T
(1) - 1 T 1 (&
Sp (k,w) = 1— /T 47 D32 Jay, In (1 — 6—(w—wk)2/4ka—uH/T)' (3.24)

For small k,w and H and fixed T', the leading behavior is

S (k,w) ~ (3.25)

T? 1 (w+ wg)?/4Twy + pH/T
—————In :
A7 D3/2w [y, (w—wg)?/4Twg + pH/T
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Eq. (3.25) is also obtained by taking the classical limit, &# — 0 (u/h is independent
of h).
Figs. 11 and 12 show plots of a normalized version of Sg) as a function of the

frequency w, with T, wy, H fixed.

10 30
8 T=0.5 25 T=1

20
6

?n ?n 15
4
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2 5

-2 -1 0 1 2 -2 -1 0 1 2
w w
100 2000
T=2 T=10

80 1500
60

‘?’n T(n 1000
40

500
20

-2 —1 0 1 2 -2 —1 0 1 2
w w

FIGURE 11. The one-loop contribution to the longitudinal part of the dynamical
structure factor for a ferromagnet, Eq. (3.24), normalized by +/wy/ 47 D?? for H = 0
as a function of the frequency w for various values of the temperature T. w and T
are measured in units of wg. On the scale shown, the result for T'/w, = 10 is almost
distinguishable from the classical result, Eq. (3.25)
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FIGURE 12. The one-loop contribution to the longitudinal part of the dynamical
structure factor for a ferromagnet, Eq. (3.24), normalized as in Fig. 11, for T'/wy, as
a function of the frequency w for various values of the magnetic field H. w and H
are measured in units of wy and wy/u, respectively. Even a very weak magnetic field
broadens the resonance feature.

The following are some of the notable features of the structure factor in Eq.

(3.24).

1. There is a logarithmic singularity at w = +wy, the magnon frequency. This leads
to a broad feature, even for undamped magnons, whose width is independent

of the normalized temperature.

2. There is a marked decrease in the overall value of S; with decreasing

temperature.
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3. S, becomes strongly asymmetric at low temperature due to the detailed-balance

factor.

4. A nonzero magnetic field removes the logarithmic singularity, and even a small

magnetic field substantially broadens the resonance feature.

As an aside, the minus first frequency moment of the spectrum xi yields the
static susceptibility: xp,(k) = / dw x{ (k,w)/mw. Performing the frequency integral

recovers the results given in Egs. (3.20)— (3.23).

NLoM for Quantum Antiferromagnets

The NLoM for quantum ferromagnets is as follows [51, 52]. The partition

function is given by
Z = / DIA §(A2(x) — 1) e~ J 4= Larulal (3.26a)
with the action density

Larml] = 2]~ 40). 90(0) + C—l2(am(g;) —iuH x a(@))?). (3.26D)

Here, n(x) is the normalized staggered magnetization, p, the spin stiffness, ¢ is the
spin-wave velocity and H is a homogeneous external magnetic field. As before, we
can parameterize n(z) as n(z) = (m(x), mo(x), o(x)). The NLoM constraint is given
by

n?(z) = 7i(z) + m3(x) + o*(x) = 1. (3.27)

From Eq. (3.26a), it is clear that in the absence of an external field the dynamics

are given by a (0,7)? term, in contrast to the linear dependence on d, in the
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ferromagnetic case, Eq. (3.4b). Setting the external field H = 0 and proceeding
as in the ferromagnetic case, the Gaussian transverse fluctuation action diagonal in

the m-my basis is

2
A® [y, ) Z > k) p(k) mi(—k) (3.28a)
k=1
with an eigenvalue,
(k) = wi — (i), wp = c|k|. (3.28Db)

wg is the antiferromagnetic magnon frequency.

The one-loop contribution to the longitudinal order-parameter susceptibility is
calculated, in a manner similar to the ferromagnetic case. It should be noted that
in case of antiferromagnets, the longitudinal order-parameter susceptibility describes
the response to a staggered field, rather than a homogeneous one. Taking xr,(z—y) =

NZ(60(x)éa(y)), the antiferromagnetic analog of Eq. (3.14) is

g — [Mo?) T !
X' (k) = ( m ) % Zp:u(p)u(p_k). (3.29)

As in the ferromagnetic case, we first analyze Eq. (3.29) at T'= 0. In contrast
to Eq. (3.14), the frequency integration at 7' = 0 involves poles on either side of the

real axis. This yields a nonzero result,

2
Noe\ 1 1 1
Wk i, =0) = [222] =% X (3.30)
Ps 2V S Wpikj2Wpkj2  Wpik/2 T Wp_k/2

N002
Ps

X(Ll)(k =0,i,) = ( ) Z — m (3.31)
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Performing the momentum integration in above yields results expected from

naive power counting, Eq. (3.2). For 1 < d < 3,

i (K, iQ, =0) o |K[43,

Wik =0,i2,) o 2,4 (3.32)

The above derivation makes it clear that the difference in behavior of this
correlation function for ferromagnets and antiferromagnets, respectively, is a direct
consequence of the different spin dynamics in the two systems. In time space, a QZ_?’
low-frequency behavior corresponds to a 1/t%~2 long-time tail, as seen from Eq. (A.6).

In d = 3, the divergence is logarithmic. Keeping only the leading terms,

Ok, 10) = 20 | (3.33a)
XL X ) - 87T2p2 Og(WO/UJk), . a
. Néc
Xil)(k =0,i8,) = 87T§p2 log(wo/[2]), (3.33b)
(g — 0 i ay — Noc T
X1, (k=0,iQ, - Q+1i0) = Sn2,7 log(wo/|2|) + 4 B) sgn (2]. (3.33¢)

where wy is an ultraviolet cutoff frequency. In d = 2, the explicit result is

NZ2c? 1

(1) ‘N) — —0

X1, (k,i0) = 3 o (3.34a)

2.2
Ok — 0.0 :Noc 1 1
x1, (k= 0,iQ,) RN (3.34b)
N2 2 ;
Xk = 0,162, — 0+ i0) = 5 &+ (3.34¢)
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In the following, the 7' > 0 behavior of the one-loop contribution from Eq. (3.29)

is investigated. Performing the Matsubara frequency summation yields

, 2
Ps p,o Wp (wp + UZQN) — Wptk

0y [ Noc? g I n(wp) —n(—wp)
(k) = ( ) oyt ) (3.35)

The leading infrared behavior can be obtained by taking the small-momentum
behavior of the integrand. To this end, the following approximation is used,

n(x) &~ T/z. Then, at zero external frequency,

2
O in~ [N} Z 1

Like the ferromagnetic case, Eq. (3.19), the above expression reproduces the classical
result, Eq. (3.1). In d = 3,

Nje T [1 + O<(wk /7) log(wo/wk))]. (3.37)

(1) k.i0) =
X1, ( 7ZO> Spg Wi

The above expression is valid for wy < T < wy.
Taking the 7" — 0 limit of Eq. (3.35), when n(w,) — n(—w,) — 1, the integrals
of Eq. (3.30) are recovered. Specifically, Eq. (3.37) crosses over to Eq. (3.33a), for

T<<wk.
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From Eq. (3.35), the one-loop contribution to the longitudinal part of the

dynamical structure factor can be obtained. In three dimensions,

1)  Nge T/wy sinh(|wg + w|/4T)
SL (kv w) - 2 — /T :
dmps L e sinh(|wy — wl/4T)
Néc 1 w "
16mp2 1 — ew/T ' * Wi Wi
4T 1 — e~ lwrtwl/2T

In the second equation, the first term is a contribution that survives the
T — 0 limit and the second term is qualitatively very similar to the ferromagnetic
longitudinal structure factor from Eq. (3.24). The first term represents the quantum
fluctuations that are responsible for the singular behavior of Xil)(k) at "= 0. The
second term has the same logarithmic singularity at the magnon resonance frequency
w = Fwy as the ferromagnetic case. This structure factor is plotted in Fig. 13.

The zero-temperature limit of Eq. (3.38) does not vanish as w — oo, instead it
is constant. This statement is equivalent to the logarithmic divergence in the static
susceptibility. This fact can be verified by calculating the minus first moment of the
spectrum x/ (k,w) = (1 — e “/T)Sy(k,w)/2 in the T — 0 limit, which recovers Eq.

(3.33a).
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FIGURE 13. The one-loop contribution to the longitudinal part of the dynamical
structure factor for an antiferromagnet (left panel) and a ferromagnet (right panel),
normalized by NZc/4mp? and as Figs. 11 and 12, respectively, for T/w, = 0.05 as
functions of the frequency w measured in units of wg. The inset in the left panel
separately shows the T" = 0 contribution to the antiferromagnetic structure factor
(blue curve) and the contribution that vanishes as 7" — 0 (red curve). The structure
factor shown in the main panel is the sum of these two contributions, as expressed in
Eq. (3.38)

In the classical limit, Eq. (3.38) becomes

2 2 2
(g o) = Noc T (wk+w)
51" (k,w) A p? wwy, " w —w/ (3.39)
analogous to Eq. (3.25).
Ind=2at T =0, the result is
(1) Ngc? 2 2y OWw)
S;(k,w) = —— O(w* — wy) (3.40)
L 4p? k 2 2
Ps w? — wj,

Calculating the minus first frequency moment recovers Eq. (3.34a). For T' > 0, there

is no long range order in d = 2.
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All the previous calculations were performed in the case of a vanishing external
magnetic field. The following briefly describes the effects of a nonzero external field
H. The (H x 7)? term in the action, Eq. (3.26a), implies that in the ground state
the order-parameter vector 7 is perpendicular to H. Assuming H = (H,0,0) and

parameterizing as in Eq. (3.27), the Gaussian action is

A7, 5] = 2"; 3 ;m(k) 113 (k) i (— k) (3.41a)
where
(k) = pk) + (uH)?  pa(k) = p(k), (3.41b)

with u(k) unchanged from the zero field case. Therefore, one of the two Goldstone
modes in the zero field case acquires a mass and the other remains unchanged. Then,

the nonzero field counterpart of Eq. (3.29) is

(1) . N()C2 2Z 1
(k) = ( Ps ) 4 zp:z pi(p)pi(p — k)’ (3.42)

Therefore, due to the presence of a massless mode, there is a singularity for

k — 0even for H# 0. At T =0 in d = 3, to leading logarithmic accuracy,
Nge

0) (k. i0) = [10 (ﬂ)ﬂo ( “o )} 3.43
X1, (k,i0) Tor22 |98\, g NI (3.43)
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The corresponding result in d = 2 is

. N2 1 2
X (k,i0) = =0 [Hpg(wk/\/wiﬂwm?)], (3.44a)

16p2 wy
2
1 In(1+an) /2 forx =1
= dn ——= = . 3.44b
o) = [ (3.44b)

T forz — 0

For pH < wg, Eq. (3.34a) is recovered. For puH > wy, Xil)(k,iO) x 1/H.

)

Corresponding results are obtained for X(Ll as a function of the frequency.

Effects of Damped Ferromagnetic Magnons

In the preceding discussion, the effects of damping on the magnons have been
neglected. This section determines the effects of magnon damping on the longitudinal
susceptibility and the longitudinal dynamical structure factor in ferromagnets. To
this end, the effects of damping on the ferromagnetic Goldstone mode need to
be determined. Using the standard time-dependent Ginzburg-Landau theory for a

ferromagnet [14, 56, 57], we have an equation of motion

68
IM (x)

0, M (x,1) = M(z,1) x - [dyr@—y)

M (z,t)

M (y) (3.45a)

M(y,t)

Here, I'(x) is a damping operator and S a suitable action for the static magnetization

M (x), say the Landau-Ginzburg functional of Eq. (1.2). To linear order in M,

09 _ Ps 2
SM () = R VM (x) — nH. (3.45D)
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The notation used for the prefactor of the gradient-squared term is the same as the
one used in the ferromagnetic NLoM.
Using Eq. (3.45), the linear response of the transverse magnetization components

to the external field H, i.e., the transverse magnetic susceptibility yr, is calculated:

(k) = o
XTIV = Dk + pH)? + (Q, + sgn (Q,)Tk?)?
Dk* + puH Q,, + sgn (Q,)T1k?
X ()% . (3.46)

— (2, +sgn (2,)Tk?) DEK?* + pH

The above result is Eq. (3.6b) with the substitution 2, — €, +sgn (Q2,,)['vk*. Here,
'k is the Fourier transform of I'(x).

An interesting aspect of ferromagnetic magnons is that these excitations cannot
be overdamped, irrespective of the magnitude of the damping coefficient. This is
because the poles of xr(k,z), with z the complex frequency, always have a real
part given by +Dk?, independent of I'y. This is in contrast to a damped harmonic
oscillator, where the resonance frequency has no real part if the damping coefficient is
larger than a threshold value, and also to sound waves in fluids [37], antiferromagnetic
magnons and helimagnons in helical magnets [26] - all of which have the same
structure as a damped harmonic oscillator.

The one-loop contribution to the longitudinal susceptibility by the damped spin-

waves is still given by Eq. (3.14), but with AL replaced by

Ai(k, i) = DE* + pH F i€, F iTpk?sgn (2,). (3.47)
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The sgn (€2,,) in the damping term follows from causality requirements. The damping

coefficient is written as an expansion in the long-wavelength limit,
Fk_>0 =Y + ’)/ka. (348)

The above expansion separates two physically distinct cases [57]:

d
1. A nonconserved order parameter, i.e., EM total £ () in which case vy > 0. This

is realized, for example, by magnetic impurities [58, 59].

2. A conserved order parameter, i.e., %Mmm = 0, in which case 75 = 0.
This is realized by, e.g., damping by electron-magnon and/or magnon-magnon
interactions at 7" > 0 [60] or by nonmagnetic quenched disorder at any

temperature, including 7' = 0 [59, 61, 62].

In the following, the integrals in Eq. (3.14), with Ay as defined in Eq. (3.47) and

H =0, are performed.

Nonconserved Order Parameter

For a nonconserved order parameter, I', = . For d = 3 and at T = 0, keeping

only the leading terms,

(1) L 1 ~/vD
X1, (k — 0,i0) = const. — 37 2 1 D? NS (3.49a)
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Since wy, = DE?, X(l) k) has a |k| nonanalyticity at 7" = 0 for d = 3, with the
L

prefactor of the nonanalyticity that vanishes as 7y — 0. Similarly,

(1)]{3:0'9 _ l T 2/Ood 1 1
x ) TV zp: PP e e vk (T + Q)2
2 Q02 +20,I', p?
— 2. N1, p? In {1+ -2 Ll
v ; PP 0 00,1, p? n( " wp + (Ipp?)?
2 11 I, p?
= 2 | da= P . (3.49b
m Jo aV§a9%+2aﬂnfpp2+wf,+(l“pp2)2 ( )

In the last line, the logarithm has been expressed in terms of an auxiliary integral.
After splitting off the constant contribution at €2, = 0 in d = 3, and scaling out the

frequency,

: g
X(LI)(k: =0,i,) = const. — W%/? f(v0/D) |02, (3.49¢)
YWk =0,iQ, - Q+1i0) = const. —

0 . 1/2
ez 0/ D)1 = isn (0. (3494)

The function f is given by

@) = /1d [ L+ 2097
VT W ez b Y Yy agtan/ 1+ 22) + of/(1+ 22)

1
= 635 x5/2(1 —0—x2)3/2{[3 LT = Qx\/m} \/x2 +$\/14—7

_3(1 4+ 222 sinh M (v/Z/(1 + x2)1/4)}.

For small ~,/D,

f(=—0) = —+——+O(lg). (3.49¢)
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In d = 2, there is a logarithmic singularity. This can be seen easily by looking

at the last line of Eq. (3.49b) and power counting. Explicitly,

(1) 1 Yo
L (k — 0, ZO) = % W IH(WO/Wk), (350&)
1
Wi 0 4 _ o
Ak =0.10) = 55 70 /I, (3.50D)
. , 1
X(Ll (k=0,iQ, > Q+i0) = 2% 77 1D2 In(wo/|€2]) + i B) sgnQ (3.50¢)

Conserved Order Parameter

For a conserved order parameter, I', = Y9p*. Using this in Eq. (3.49b) and to

linear order in ~,, we get the following results.

For d = 3,
M) (L . o Y2 3/2 O(k2
L (k—0,i0) = const.—i—647TD7/2 + O(k?), (3.51a)
\/572

YWk =0,i,) = const. — [oNEES (3.51b)

T2 DT/2
XS (k=0,iQ, > Q+1i0) = const. + o JD7/2 [1 4 isgn (Q)]|Q*2. (3.51c)
In d = 2, the leading singularity is
Wk —0,i0) = const. — — 2wy In(wo/we),  (3.52a)
L ’ - . 48 2D3 k 0 k), .
Xﬁl)(k =0,i2,) = const. — o D3 12, (3.52b)
Xr(})(k =0,iQ, — Q2 +10) = const. + 67?[273 Q. (3.52¢)

The nonanalyticities obtained are weaker in comparison with the nonconserved

order parameter case.
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To summarize, in ferromagnets with undamped magnons, the nonanalytic
frequency and wave-number dependence of the one-loop contribution to the
longitudinal susceptibility is absent at zero temperature. This is due to the absence
of fluctuations that couple to the longitudinal magnetization fluctuations. However,
when damped magnons were considered, certain nonanalyticities were found. This
is a consequence of additional fluctuations introduced by the disorder in the system.
Furthermore, magnetic disorder which couples directly to the order parameter, has a

stronger effect than nonmagnetic disorder and thus results in a stronger singularity.

Renormalization-group Interpretation of the Results

In the following, we confirm all of the aforementioned ferromagnetic results using
scaling arguments and renormalization-group considerations. It will be demonstrated
that the exponents of the nonanalyticties obtained when damping is considered, are
asymptotically exact.

The following is a schematic Gaussian action, with a damping term included
according to the prescription €2, — §2,, + sgn (Qn)Fkkz2. This schematic action is in a

notation that shows only what is necessary for power counting and is as follows:
A® = / dz7w(z) [DO2 + 8, + H + 7,02 n(x), (3.53)

where 7(x) is the transverse magnetization fluctuations. Here, n = 0 and n = 2
correspond to cases of a nonconserved and conserved order parameter, respectively.

Any additional terms in the action fall into two classes:
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1. Gaussian with additional gradients, with the leading terms of the form
SA® = / dr 9'72(x), (3.54a)

or equivalent in terms of scale dimensions.

2. Higher order in 7, with leading terms of the form
SAD = / dz 927 (x), (3.54b)

or equivalent.

We now sketch a renormalization-group analysis of this action. Using the scheme

pioneered by Shang-Keng Ma [14], scale dimensions are assigned to lengths and

imaginary times, respectively: [L] = —1,[r] = —2. Then, there is a stable Gaussian
fixed point where 7 has a scale dimension [7(x)] = d/2. In Fourier space, this
corresponds to [r(k)] = —1. Thus, (r(k)x(—k)) ~ 1/k* ~ 1/,. This scaling

behavior describes the magnons and the Gaussian fixed point describes the ordered
phase where the symmetry is broken. The field H is relevant with respect to this
fixed point with a scale dimension [H] = 2. For a nonconserved order parameter, the
damping coefficient 7, is dimensionless, [y9] = 0, and the damping term is part of
the fixed-point Hamiltonian. The free energy density f, the magnetization m, and
the scaling part dxp, of the longitudinal susceptibility y;, = Om/JH then have scale
dimensions [f] = d —2,[m| = d, and [0x1] = d — 2, respectively. Then we can write

down the homogeneity law

Sxu(k, i) = b4 F, (kb,iQ,b%, 7o), (3.55)

76



with b an arbitrary length rescaling factor and F), a scaling function. This function

has the property F\(x,y,70 — 0) = O(7). This yields the scaling behavior

Sxw (K, i) ~ Yolk|?72 ~ 0| Q| @22, (3.56)

which agrees with the explicit calculations. The leading correction terms to the
fixed-point action are irrelevant by power counting, with scale dimensions —2 for the
operator in Eq. (3.54a) and —d for the one in Eq. (3.54b), respectively. This implies
that the one-loop results obtained in the previous section are exact as far as the
exponents are concerned. Higher order terms in the loop expansion will change the
prefactor of the nonanalyticity, but not the power.

In the case of conserved order parameter dynamics, the damping term is not part
of the fixed-point action. It is an irrelevant operator with a scale dimension [y5] = —2,
which is the same as the operator in Eq. (3.54a). The homogeneity equation for dxy,
is now

Sxw(k, i) = 6> F\ (kb iQ,b%, y2b~?). (3.57a)

Other irrelevant operators are not shown. Even though =, is irrelevant, the scaling

function still vanishes for v9 = 0. Therefore, to linear order in s,

oxu(k, i) = b4y, Fy (Kb, i2,b7) (3.57b)

with F’X another scaling function. This yields

Oxw (K, i) ~ Yalk|? ~ 72| Q|2 (3.58)

which agrees with the calculations.
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Conclusions

In summary, the coupling of the magnons in quantum ferromagnets and
antiferromagnets to other correlation functions, in particular the longitudinal
susceptibility and the longitudinal part of the dynamical structure factor, have been
investigated. In the case of ferromagnets with undamped magnons, the magnon
contribution to the longitudinal susceptibility vanishes at 7' = 0. In d = 3, and in
the absence of an external magnetic field, an interpolating expression that correctly

describes the leading behavior for both T" > wy and T < wy is

T 1

(1)
X1, (k, H=0)= ,
- 4D3/2\/Wk 1+ (72/cp)Jwi/T

(3.59)

where wy, = DE? is the ferromagnetic magnon frequency and ¢y, is a constant. For
T > wg, the classical 1/|k| is obtained. For T < wy, xi, vanishes as T%2. For a

quantum antiferromagnet, the corresponding interpolating expression is

g iy - Noc T 2
X1 (k,ZO) = 8—p2 w—k 1+ (wk/ﬂ' T) log(wo/wk) . (360)

Here, wy, = c|k| is the antiferromagnetic magnon frequency. This reflects the expected
scaling behavior: 1/|k| for high temperatures, and In|k| for low temperatures.
Similarly, the longitudinal structure factor vanishes at 7" = 0 in the ferromagnetic
case, whereas in the antiferromagnetic case, there is a nonzero contribution even at
T = 0. Quenched disorder introduces additional fluctuations, which lead to magnon
damping and qualitatively change the ferromagnetic results. Magnetic impurities,
which lead to a nonconserved order parameter, result in a longitudinal susceptibility

that scales as |k|*"2, where the zero exponent in d = 2 signifies logarithmic divergence.
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Nonmagnetic disorder leads to a weaker scaling, |k|?. For T' > 0, the longitudinal
dynamical structure factor has a logarithmic singularity at the magnon frequency in
both ferromagnets and antiferromagnets.

The classical singularity of yp, in the ferromagnetic case as a function of an
external field has been observed experimentally [63]. The theoretical prediction is
that in the limit of low temperatures, T" < puH, x1, becomes exponentially small. The
logarithmic singularity at the magnon resonance frequency is a remarkable feature in
the longitudinal dynamical structure factor. In a clean system at low temperature,
the magnon damping is very weak and the spectrum of the transverse dynamical
susceptibility has very narrow magnon peaks. The longitudinal susceptibility, or the
structure factor, by contrast, shows an intrinsically broad feature at the magnon
frequency. The prediction is that even a small magnetic field substantially broadens
and suppresses this logarithmic singularity.

In the following, we interpret the differing results of ferromagnets and
antiferromagnets using entanglement entropy arguments. The entanglement entropy
gives a global measurement of fluctuations in a system. It is defined as the von
Neumann entropy of a subsystem of linear size L. At zero temperature, the entropy
vanishes in the thermodynamic limit, and for L — oo, it grows more slowly than the
volume L% In systems that do not contain a Fermi surface, the leading contribution
is in general given by an “area-law” term that grows as L** [64]; this term is due to
short-range entanglement and has a non-universal prefactor. The leading universal
contribution, which is a measure of long-range fluctuations, in systems with Goldstone
modes grows as InL. This is true for both quantum ferromagnets [65, 66], and
antiferromagnets [67, 68, 69] for d = 2,3. But, the area-law term is missing in the

ferromagnetic case [66]. This is another indication that the fluctuations exist in the
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ferromagnetic ground state, although they may or may not be probed by a specific
correlation function. In metallic magnets, and more generally in systems with a
Fermi surface, there is an area-law term with a multiplicative logarithm that is due
to long-range fluctuations in the fermionic degrees of freedom. This is one of many
indications of the fundamental differences between metallic and insulating magnets.

Finally, we recall Eq. (3.34a), which predicts that in a 7" = 0 antiferromagnet
ind=2 "k =0,i0,) x 1/|Q]. In real-time, this nonanalyticity significs a
constant long-time behavior, Eq. (A.19). The following is a comment on the physical
meaning of this constant long-time behavior. Let T, be the maximum time scale,
which can be say, the total duration of the experiment, or L divided by the relevant
characteristic velocity. i, then depends on two times, t; and t5. As long as tq, ¢, and
|t; — o] all are small compared to Thax, X1 Will not decay as [t; — to| increases. In
position space, by contrast, yi, does decay, but only as a power: The 1/|k| divergence
in the 2-d quantum antiferromagnet is the same as the one in a 3-d classical magnet,
and implies that in the real space the correlation function decays as 1/r. This result
is an example of an effect that can be even stronger: In classical non-equilibrium
fluids, and in Fermi liquids even in equilibrium, there are correlation functions that
increase with increasing length or time-scales in a well-defined sense[70, 71, 72].

An important point worth repeating is that the behavior of the longitudinal
susceptibility, namely it vanishing at 7" = 0 in the undamped ferromagnetic case,
is not generic, but rather restricted to a class of correlation functions that can
be expressed entirely in terms of magnon number fluctuations. Other correlation
functions do show the expected w(@=2/2 frequency scaling. An example of a correlation
function belonging to the same class as the longitudinal susceptibility is the dynamical

electrical conductivity in a metallic quantum ferromagnet. They both share the same
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scaling behavior. This implies that the undamped magnons do not lead to an w(*2/2

frequency dependence of the conductivity at T = 0, or a Inw singularity in d = 2.
This is in contrast to the results from a previous work [20], which agrees only with
the latter conclusion, because there was a sign error in the calculations. The detailed

calculations of the conductivity are presented in the next chapter.
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CHAPTER IV

AN EFFECTIVE FIELD THEORY APPROACH TO ITINERANT
FERROMAGNETS

This work contains unpublished co-authored material. Dietrich Belitz and
Theodore R. Kirkpatrick were the principal investigators for this work; Sripoorna
Bharadwaj performed the calculations and produced the figures in this chapter. The
calculations presented here are, in large parts, a reproduction of the calculations in
[20]. However, there was a sign error in the original reference and this chapter reports

the correct results.

Motivation

In the previous chapter, the magnon contributions to the longitudinal order-
parameter susceptibility in quantum ferromagnets and antiferromagnets were
calculated. The nonlinear sigma model provided a general theoretical framework
for those calculations. The origin of the magnetization was not relevant in that
discussion. In quantum ferromagnets, when undamped magnons were considered,
their contribution to the longitudinal susceptibility vanished at T" = 0. This was
interpreted as a consequence of the longitudinal magnetization fluctuations being
purely determined by the magnon-number fluctuations. In general, correlation
functions that can be expressed entirely in terms of the magnon-number fluctuations
all share this property of vanishing 7" = 0 contribution. A correlation function that
can not be formulated as a correlation function of the magnon number, see Eqn.

(3.15), was also considered and a singular nonzero 7' = 0 contribution was found. In
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the conclusions section of the preceding chapter, we mentioned in passing that the
dynamical electrical conductivity in a metallic quantum ferromagnet is a correlation
function that belongs to the same class as the longitudinal susceptibility. The aim
of the work presented in this chapter is to perform the conductivity calculations
and explicitly prove this claim. For this purpose, the quantum ferromagnetic NLoM
of the previous chapter is not suitable because it only describes the behavior of the
magnetization, not the conduction electrons. Therefore, the Stoner model for itinerant
ferromagnets introduced in Chapter II is considered.

An effective field theory is developed in terms of the quaternionic fields (), which
are bilinear products of the fermionic fields 1/ and 1. This theory was used previously
to describe a disordered Fermi liquid [45, 73]. It turns out that this theory also has a
saddle-point solution, a “Stoner saddle-point”, that corresponds to a ferromagnet
- both with and without quenched disorder [20]. The magnonic soft modes are
identified in this theory. The contributions of these soft modes to various observables
like the longitudinal susceptibility, dynamical electrical conductivity and density of
states are calculated by expanding about the saddle point to Gaussian order. These
calculations are performed at the one-loop order within a loop expansion method
that does not assume the electron-electron interaction to be a small parameter.
This technique is fundamentally different from the perturbative schemes based on
many-body diagrammatic theory. The power and generality of the loop-expansion
method allows for a renormalization-group analysis that shows that the one-loop

results represent the exact leading nonanalyticities.
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Q-matrix Formalism
Action in terms of Composite Variables

We start with an action for the electrons in terms of the Grassmann valued
fermionic fields ¢ and 1, which includes the spin-triplet interaction responsible for

ferromagnetism,

S19. 9] = Solth ] + 5 [ de (o) mae). (4.1)

where Sy represents the free fermion action, x = (x, 7) denotes the real-space position
 and imaginary-time variable 7. n( Z@Da o 5w5 x) corresponds to the

123 are the Pauli matrlces. The fields 1 and ¢ carries

electronic spin-density. o
a Matsubara frequency index n and a spin index o = (1,]) = (4, —). Fermionic
Matsubara frequencies are denoted by w, = 277T(n + 1/2) and bosonic Matsubara
frequencies by €2, = 27 T'n. The units are such that h = 1 and kg = 1. The second
term in Eq. (4.1) represents the spin-triplet interaction.

We are interested in the effects of spin waves in an itinerant ferromagnet. These
spin waves involve fluctuations of the electronic spin density ng, which is a bilinear

product of ¢ and 1) . Hence, it is useful to transform to a field theory in terms of

composite variables. We introduce a matrix of bilinear products of the fermion fields,

—ither —Unthay Uity V142t
By — % —@%u?%m —@%u?%u —@%utbu (LAARTEPS ~ Op. (42)
Yoy V1o, Yyt~

—IEH%T —@niu —@nwu @lT%T

All the fields in Eq. (4.2) are taken at position  and (1,2) = (ny,ng) denotes the

fermionic Matsubara frequencies. The elements of B commute with each other and
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therefore are isomorphic to complex-valued (classical) fields ). Consequently, the
adjoint operation on a product of fermion fields is equivalent to complex conjugation
of the classical fields. We can then rewrite the partition function by constraining B
to () using a functional ¢ function. This delta function can be enforced by means of
a functional integral over an auxiliary or ghost complex valued field A, which plays
the role of a Lagrange multiplier. Then, the fermionic fields can be integrated out to

give an effective action entirely in terms of the classical matrix fields @ and A.

z = [ Dlb.vi et [ DIQIslQ — B]
_ / D[, ] 519 / D[Q] DIA] etlA@-5)] (4.3)
= / D[Q] D[A] M@,

The matrix elements of both @ and A are spin-quaternions, i.e. elements of
Q x Q, with Q the quaternion field. It is clear from Eq. (4.2) that expectation values
of the @ matrix elements yield single particle Green functions and Q- correlations
describe four-fermion correlation functions. To perform calculations involving the

matrix field @), it is useful to expand this 4 x 4 matrix field in a spin-quaternion basis,

3

Quz(z) = Y (7 ® 55) 1 Qua(). (4.4)
r,i=0
The same applies for A as well. Here, 75 = s is the 2 X 2 unit matrix, and Tj = —8; =

—i0j,(7 =1,2,3), with 0y 53 the Pauli matrices.
From Eq. (4.2), we note that i = 1,2, 3 correspond to the spin-triplet and r = 0, 3
describes the particle-hole channel (Y1) and 1¢). Spin-singlet is given by i = 0, while

r = 1,2 describes the particle-particle channel (¢ and ¢1)).
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In the spin-quaternion basis, the () matrices have the following symmetry

properties,

Q12 = (—1)" YQxn (r=0,3) (4.5a)
Qi = (=1 Qn (r=0,3i=123) (4.5b)
Q12 = JQu (r=1,2) (4.5¢)
Qi = — 1Qn (r=1,2i=1,23) (4.5d)
1@ = = 1 Q ny 1 ny (4.5¢)

where * denotes complex conjugation.
In Eq. (4.3), the ‘tr’ is a trace over all discrete indices that are not explicitly

shown. The action A is the following.
-1 ~ ~
AR, A = 5Trlog(Gg' —ih) + [ de tr(A@)Q(@)) + Aw.  (4.62)

Here,

Gyl = =0, + 92 /2m. + p (4.6b)

is the inverse free electron Green operator, 0, and J, being the derivatives with
respect to imaginary time and position, respectively. m, is the electon mass and p is
the chemical potential. “Tr’ denotes trace over all degrees of freedom, including the
continuous position variable. Aj;, corresponds to the interacting part of the action

and is given by

TQFt/d.’B Z(_1>r Z Z[tr((TT®Si)Qn1,n1+m(w))]

r=0,3 n1,n2,m =1

X [tr((7r © 8:)Qnytmns ()] (4.6¢)
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Stoner Saddle Point

The saddle point of the field theory Eq. (4.6) must represent an itinerant
ferromagnet, with a spatially homogeneous ground state. Assuming the system orders
along the 3-direction, the particle number density n and the magnetization M can be

defined in terms of expectation values of () fields in the spin-quaternion basis as
n=—4T>» (§Qu(x)) (4.7a)

M= ~4ipp TY (3Qun(@)). (4.7)

where pup is the Bohr magneton. The average (...) is taken with respect to the full
action Eq. (4.6).

Based on Eq. (4.7), the following ansatz for the saddle point can be used.

me\sp = 012[0,00i0Gn, + 0r30i3F 0, ], (4.8a)

f«]xm‘sp - 612[_57*052'07;27” + 57«3(513@An] (48b)

The saddle-point condition is

0A

A _ o4
5Q ~ A

_ oA

sps{isp

= 0. (4.9)
Q5P7Asp
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This yields the following equations,

) Wy — &k 1

= =— k 4.1

W -y - & 2w W o
i A i

F,=— : = — k 4.1
" 2V zk: (lwy, —&)2 — A2 2V 2 Falk) (4.10b)
2, =0 (4.10c)
A, =—4iT, Ty e“mF, = A, (4.10d)

with & = k*/2m. — p and A = I',M/pg. The last equation in Eq. (4.10) leads to

the familiar equation of state from Stoner theory:

1 1
1= —2Fthn: Vzk: (o 6 AT (4.11)

The above equation also recovers the Stoner criterion for the onset of magnetization.

The threshold value of I’y is given by
2Nply =1, (4.12)

where Ny is the density of states at the Fermi surface.

At this stage, a matrix saddle-point Green function can be defined as follows.

1

G, = (Ggl - z‘]\>_ (4.13a)

sp
with

(Gsp)iz = 612[Gn, (To @ S0) + Fn, (T3 @ s3)]. (4.13b)
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Gaussian Approximation

Expanding Q and A about their saddle points as: Q = Qsp+0Q) and A= ]\Sp—l—éf\,
the full action can be expressed in powers of 6Q and dA. Keeping only the Gaussian

order terms in the expansion gives A = Ay, + Ag with
1 _ _ _
Aq = ;T (Gsp SAG,, 5A> + Tr(6A 6Q) + A [60). (4.14)
After Fourier transforming the fields 0Q and JA as 6Q,0A(k) =
/da: exp(ik x) 0Q, 5]\(w), the piece of Eq. (4.14) quadratic in OA is

Aquad[(;]\] = %Z Z Z (SA 12 ]A12734(k) i((S]\)gzl(—k), (415&)

k 1234 r5={0,3} ij

with the matrix A defined as

J A1 31(K) = 013 00 [0, (R) mi i) (R)ym b on, (R) mid i+oin, (K) mys ]
(4.15b)
where

Z G (p)G° (p+ k), (4.15¢)

with a,b=10,3, G° = G and G° = F.
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The m matrices are defined as

my; = itr(ﬂ, Dtr(s;s T) (4.15d)
my . = itr(TrTgT )tI‘(SZSgST) (4.15¢)
e, = itr(m or(sysis)) (4.156)
+
my = i) || s (4.15g)
/.
n
with r, s = {0,3} and (:) = 0;0 — 0;1 — 02 + d;3. The matrix A has the following
structure. i
Xt o0 0 0 0 0 0o Yt
0 Xo. 0 0 0 0 Y. 0
0 0 Xom 0 0 Y. 0 0
A |0 o o Xt -vr 0 0 0 .
0 0 0 —Yr Xt 0 0 o0
0 0 -Y. 0 0 X 0 0
0 Y. 0 0 0 0 Xo. 0
vt 0 0 0 0 0 0 X!

where, using ¢ as defined in Eq. (4.15¢),

Xt = o0 £33

Yo = o ol (4.16D)
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Rescaling Q by a factor of 4, defining a new field A via

SA(k) = 2471 (6A (k) — 0Q(k)) (4.17)

and using the above expression for JA in Eq. (4.14), A and @ decouple. Then, A

can be integrated out, leaving behind a Gaussian action purely in terms of d().

Al ZZ?; o > H(0Qa(k) EMizg(k) 2(0Q)s(—k)  (4.18a)

234 r s={0,3} ij

<l

with
I Migza(k) = 613094 L[(Ar2) (k) + 2T T4 6193 4 0ps 055 (1 — Gi0)- (4.18b)

The matrix M is an 8 x 8 matrix, since 7, s = {0,3} and i, j = {0,1,2,3}. A~ is the
inverse of A defined in Eq. (4.15b). Using Eq. (4.18), the Gaussian @) propagators
can be written down. At this stage, frequency restrictions on the () matrix fields
are enforced by only considering matrix elements Q1o with n; > ny. This is done to

remove any redundancies arising from the symmetry properties of @, Eq. (4.5). We

find

(16Q)lk) L0Qm(~P))6 = drpgs BT EMida(k)  (4.190)

with

ULy =1+ 0bp[-1+ J7], (4.19b)
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The matrix J is given by the following.

JY = itr(TTTsTg) 0r0 {tr(sisjsg) +

tr(sjsisg)]

1 +
—+ Ztr(TrTsT;’r) (57«3 [tr(sisjsg) — tI‘(SjSZ‘S;r))) + 2 57‘3 52']‘ [(57«0 6@'0 + 5,«3 (1 — 520)]

(4.19¢)

and

:“]le_2l,34(k) = 013024 :“]sAmnz(k) + 51—2,3—4 i{sEn1N27n3,n4(k) (419d)

where the 8 x 8 matrix E, which is the interacting part of the propagator, is defined

as

-1

Emnz,nsm(k) = Amnz (k)B I[8><8_ Z 6nl—n2m5—n6An5n6 (k>B 'An3n4(k)7 (4196)

n5,N6

with

The elements of E that diverge as k — 0 and n; — ny correspond to the soft
modes of the system. Taking [Isxs — » 5n1_n2,n5_n6An5n6(k).B] , we identify which
ns,ne

elements on the diagonal and the anti-diagonal go to zero in the k — 0,177 — ny — 0

limit.
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Using the following,
Punk = 0) = opy (k= 0) = (4.20a)
and
L4207 [hn (k= 0) — o (k = 0)] = 0, (4.20b)

we find that “ F is massless for i, j = 1,2. (It should be noted that Eq. (4.20b) is the
same as Eq. (4.11).) These matrix elements are nothing but the magnetic Goldstone

modes. In the limit |k|/kp,Q,/er < A/ep < 1, they take the following form.

. d
gi(k,'ZQn) = m (421&)

with

A

Spin Waves and Longitudinal Susceptibility
One-loop Contribution

Having identified the spin-waves in the Gaussian order matrix field theory, we
proceed to calculate the one-loop contribution of these soft modes to the longitudinal

susceptibility xr,. The aim here is to try and reproduce the results from Chapter III.
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To perform this calculation, the following source term is added to Eq. (4.1).

-2 / A jun(®) DD 0 Vo () Yoo (@) (4.22a)

As before, the fermionic fields are integrated out by introducing the classical matrix

fields Q and A. The source-dependent partition function is
/ DO AQA) (4.22b)
with
A[Q, A, j] = %Tr log(Gg" + 7L —iR) + [ de n(A@)Q@)) + Aw,  (4.220)

where

(JL)12( Z Jm(®) L1z m (4.22d)

and
L127m = [(’T_ X 0'3) 5n1,n2+m — (7’+ (29 0’3) 6n27n1+m], T+ = To + ’éTg. (4226)

Then, x1.(k,,) is given in terms of derivatives of Z[j] as

82

) = G 0 ()

log Z[j]] (4.23)

J=0
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Expanding the first term in Eq. (4.22c) in powers of j and dA, and utilizing Eq.
(4.13), we find

Y

AlQ, A, 5] D —%Tr(GspJLGSp JL)+ —%Tr(GSpJLGspcS]\GSpéf\)

A2,0) An,2)
g Tr(GopJ LG oy0AGy, LG, 0 M) + Tr(GypJ LGy JLG 6 AGy, 0 A)
A2,2)
+ (higher order terms). (4.24)

Apa) Ay )

Y

+ + O(2-loop)

FIGURE 14. The solid lines represent §A and the wavy lines represent JL

Fig. 14 is a diagrammatic representation of the terms A9y and A?Lz)- The

higher order terms are neglected. Using Eq. (4.24) in Eq. (4.23),

a a]m(k)a]—m(_k)

1
(Aao)o+ (Aea)c +5(Aha)c]. (4.25)

XL(k7 ZQm)

Jj=0

The average (. ..)q is taken with respect to the Gaussian action derived in the previous
section. (A 0))c gives the tree-level longitudinal susceptibility. It does not involve
any spin-wave contribution. The spin-wave contribution comes from the last two
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terms in Eq. (4.25). However, it turns out that (A )¢ does not contribute at all
1
at zero temperature. Therefore, the focus is on calculating §<A?172))G. We start with

writing out A o) explicitly.

1 < n3n.
Ang = —5 /d:z:dydz tr {Gg‘plm(a: — y)JL"””(y)GSg Hy —2)

x JA™M™ (z) Gy (z — x)oA"" ()| (4.26)

We are only concerned with the singular terms originating from the wavenumber and
frequency dependence of soft modes. Therefore, we are justified in neglecting all

non-singular k and €2 dependencies. Then,

T .
Apg) ~ % > Aw2m(k) jm (k) (4.27a)
k,m
with
1 1 i —0
A(172)m(k) = _1 Z Z V Z Z g ’I‘SNTIJ
nin2 rs,ij P o=+
X i(éA)nlml-‘rnz p g(éA)erng,eram(—p - k), (427b)
where

f“]:an_J - Z tr(TaT—O'TbTTTCTS) tr(saa?»sbsiscsj) /dacdyG‘}L(ac)GfL(m - y)GfL(y)
a,b,c=0,3

b
Mgbe

= Z (T T o To T TeTs) tr(saagsbsiscsj)MSbc
a,b,c=0,3

= [(—1>T (57«5 + 10 (1 — 57‘3)] [—40' Nr(Ll) 52‘]‘ + (5@2(%1 — 52'15]‘2) 43 Nr(Lz)] (427C)
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The factors NV and N® are defined as follows.

N(l) _ M003 o M030 - M300 4 M333

Nr(?) — MSOO o M7(333 o MSOS + MS?’O. (427d>

This yields

; r i —o i —o’ 1
XL(kerQm”ono—loop: W Z Z Z ZO’U/ ]an TJSNfl V2

! ! 5 44l 51 ! ! !
n1,n2,M7,Ny 1,7,1°,]° T,8,7°,8" 0,0

%3 (OB a(P) £ OB P

X <‘£(6A)n1+n2,n1+o’m(_p — k) gi((SA)”i'i'n/g,n,l—U’m(_p/ + k))(}
(O im0 (P) L (O —orm (=1 + R

X <g(5A)n1+n2,n1+0m( -p— k) (5A)n1,n’1+n’2(p,)>G : (4'28)

The §A fluctuations contain the massive §A and the soft 6Q fluctuations. In the saddle
point approximation, the §A fluctuations can be integrated out by simply dropping
them. Recalling Eq. (4.17), dropping §A amounts to doing the following.

AWNT = 4N]/B;

A = 5Q, (4.292)

where

B, = - Yl p) ~ Fp) (1.290)
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The above procedure is valid for ¢, 7 = 1, 2, which is the channel that corresponds to

the soft modes. Thus,

// /
—0

ian_ iy N 1
SO Y Yoot o

ni,n2,n},nh 4,5,9,j' r,s,1’,s" 0,07 nj

S [(0Qmn 0 P) 0@ )

XL(k> ZQm) |one—loop -

<IS

X <g(5Q)m+n2,n1+om(_p - k) g:(éQ)"i'f'n’zm’l—a’m(—p/ _'_ k))(}
+ (G 0Qns 2 (P) 2 (O i —om (P + )

X <g(6Q)n1+n2,n1+0m( ) (5Q)n n +n2( ,)>G : (4'30)

We thus need correlation functions of the form

<i(5Q)n17n1+n2( ) (5Q)n1 n +n2( Na=V (27r)d é(p+p') Cii(m,nﬁnz,zﬂnlp ny+nj)

(4.31a)

98



with

y 1 y _
C:‘]s(nla n2ap|n3> 77,4) = i @(nl - n2)@(n3 - 77,4) :*]sMnllnz,ngml (p)

16
_'_
+ @(nl - n2)@(n4 - n3)(_1)8 i‘],;MT_Lllnz,n4n3 (p)
-/
+
+ ("‘)(HQ - n1>®(n3 - n4)(_1)7" i{sM;zlnl,ngn;; (p>
+) [+
-+ ("‘)(HQ - nl)®(”’4 - n3)(_1)7“+5 :;]‘;Mgzlnl,n:;nzl (p>

(4.31D)

The © functions in the above expression are a consequence of the frequency restriction
enforced in the previous section to get around the redundancies due to the symmetry
of ()—matrix elements.

The sums over r,7’,s,s',i,7',7,7 in Eq. (4.30) are performed. We restrict

i,7,4,7 = 1,2 because, as shown previously, the 4, j = 1,2 channel of the interacting
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part of the propagator . corresponds to the spin waves. This yields

64T

XL (K, i) [one-loop = v Z ZZ Bz Bz

ni,na, ”1 ’rL2O'O' p

X{[Nf(;l)Nr(L? {( Coo - UC%)( 00 - UC ) (UCO3 +aClg)(0630 to Cl?%)} (4.32)
NN (00 + o'CR) el — 0Tl — (o€ — T CH (o + o) }

wherein C in the first bracket is C(n1, ny +na, p|n’, n]+nj5) and in the second bracket
is C(ny + ng,ny + om, p + k|n} + ny,ny —o'm). In obtaining the above expression,
approximations have been made that do not affect the leading nonanalytic terms.
It turns out that the second term in Eq. (4.32) does not contribute to the leading

nonanalytic frequency dependence. In terms of Eq. (4.21), we obtain

XL(kaZQ )|0neloop P2 2_229 77,2
p n2

X {9*(1071’9”2)[ P+ ki, — i) + g7 (D + K, i, + i)

+ complex conjugate} (4.33a)

where

Finally,

C2|p|2|p + k|2 - Qn2(Qn2 - Qm)
C2p4 + Q%2>(02|p + k‘4 + (QnQ - Qm)2)
(4.34)

XL(kv ZQm) |ono—loop - 2Ffa2d2 Z Z

p n2

The above expression is mathematically equivalent to Eq. (3.14) from the previous

chapter. Therefore, Eq. (4.34) evaluates to zero at T' = 0 and there are no
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nonanalyticities. This is due to the lack of fluctuations coupling to the longitudinal

magnetization fluctuations.

Effects of Damping

In the preceding calculations, the damping of the magnons was ignored. In the

following, the effects of damping, due to quenched disorder, are calculated explicitly

by including the following term in the full action A[Q, A] from Eq. (4.6a):

QA = AQ.A]+ A
AlQ) = i [deir () (4.35)

TNpT

with Np the density of states at the Fermi level in saddle point approximation and 7
the single-particle scattering or relaxation time. The disorder term Ag; corresponds
to nonmagnetic impurities in the system.

As in the clean case earlier in this chapter, we make a saddle point ansatz like

in Eq. (4.8) and obtain the saddle-point equations,

i Wy — & — S, i
G, = — : = (K 4.36
QV%:(M”—&C—Z”)?—A% QV;Q( ) ( )
B o -y Bn I (4.37)

T2V (iw, — G — B2 — A2 2V 4T '

2
Y, = — G, 4.38
TNpT ( )
2i .

A, = — F — 40, T om0 4.

n 7TNFT n 11y ;6 m ( 39)

These equations lead to an equation of state,

1
iwn — & + 5sgnw,)? — A2
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(4.40)
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This integral is independent of the disorder to the lowest order in 1/7 and therefore
is identical to the Stoner criterion in the clean case, Eq. (4.12). This is the magnetic
equivalent of Anderson’s theorem for superconductors [35].

Using this disordered saddle point, the Gaussian () propagators can be calculated
using the Replica trick and in a similar fashion to the clean case. Then, Eq. (4.18)

in the presence of quenched disorder becomes

<l

Zki S H6Q)1a(k) T Mupsa(k) I(6Q)su(—k),  (4.41a)

1234 r,s={0,3} iJ

with

I Migza(k) = 613 0oy {f{s(Am)_l(k) —1/(mNwT) 6p5 055 | +2T Ty 01-2,3-4 6rs 6i5 (1 —040).
(4.41b)
Proceeding as in the clean case, the structure of the magnetic Goldstone modes can

be determined. We find

1
1 + 2Ft T Zm gfin+m(k)
X (k)£ Y (k)

Eonlk) = T k) £V (e Ne) (4.422)

with X~ and Y as defined in Eq. (4.16b).

In the limit |k|/kp, Q,/er < A/er < 1, we find

d(z)

*(k,iQ,) =
o) = o, DR (R0,

(4.42D)
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where ¢, d and 7 are constants that depend on the single-particle relaxation time 7.

To lowest order in 1/7,

2
A Vg

— 1 = 4.42
v T 0) (4.42¢)

c(l/7‘—>0):A d(l/T —0) = TS

62’

As 7 — oo, the damping coefficient 7 vanishes and Eq. (4.21) is recovered. The
structure of the damped Goldstone mode shown in Eq. (4.42b) is different from the

one obtained from the Time-Dependent Ginzburg-Landau theory,

d
(ki) = . 4.42
g~ (k, i) +i[Q, + sgn (2, )nk?] — ck? ( d)

Using Eq. (4.42b) in Eq. (4.34) and setting k = 0, the following relevant
dimensionless integral, which is proportional to XS) (k =0,i8,,), is obtained at T" = 0:
P!+ w1+ 7w — Qul) — w(w — Q)

P (1 +nlw|)? + [Pt (1 + nlw — Qn[)? + (W = Qn)?]
(4.43)

Il(Qm):%zp:/_o;dw[

Performing the integrals, we find

1y/2
T Zy=— v2r, (4.44)
6 35

L(Q — 0) = 1,(0) + Zgn | Q| Y2, Zy = —

This result is qualitatively very similar to the results for the “conserved-order-
parameter” damped magnons discussed in the previous chapter, Eq. (3.51).
Introducing nonmagnetic disorder results in additional fluctuations in the system that

couple to the longitudinal magnetization fluctuations and yields nonanalyticities.
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Some Finite Temperature Results

Recalling (4.34), the summation over the bosonic Matsubara frequency ns is

performed and the following result is obtained.

. 1
XL(R, 9 onetoop = 207a*d* 2 > _[ns(cp®) — np(clp + k[*)]

p

1 1
4.45
8 <c|p+k|2—ck2—l—zﬂm +c|p+k|2—ck2—zﬂm) (4.45)

where ng(z) = 1/(e®/T — 1), the Bose distribution function. This result is identical
to Eq. (3.18) from the previous chapter. The analytic continuation, i€, — w + id is
performed. In the regime w < ck®> < T,

R k ~ I2a%d?
e[XL( aw)] one-loop ta 202|k|’

(4.46)

which is the classical one-loop result also discussed in the previous chapter, Eq. (3.19).

The spectrum of yp, is given by

T 1 —exp|

o (ck? + w)?/4ck?|
4| k| 51- exp|

(ck? —w)?/4ck?]’

X1 (k,w) = T2ad? :g (4.47)

which is again identical to the spectrum x{ from the previous chapter.

Electrical Conductivity

The @-matrix field theory with an appropriate source field can also be used to
calculate the Goldstone mode contribution to the dynamical electrical conductivity.

The following is an identical reproduction of the calculations performed in [20].
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In terms of the Grassmannian fields 1 and 1, the dynamical electrical

conductivity is given by the Kubo formula,

in
Q) = °
o(€2) -y
1T _ _
dx dw, n1,0\(L 8901 n1+m,o (L no,o’ wl 8x’ no—m,o’ wl .
Sz 3 5 [ 4 o) Destns (&) s (&) Do @) |

(4.48)
Here, n, is the electron density and m, is the electron effective mass. In order to
calculate the one-loop spin-wave contribution to the conductivity, the following source

term is added to the action Eq. (4.1), in analogy to Eq. (4.22a).

Sy = =Yg [ 4 32 (@), (). (4.49)

As before, the Grassmannian fields are integrated out, leaving behind an action

analogous to Eq. (4.22¢) with JL, in this case, defined as
l .
(JL)12(x) = 5 > dmLiomOs = (JL)1505, (4.50a)

with

L127m = (7'_ (9 50)6n17n2+m — (7’+ (29 80)57127”1"1‘771‘ (450b)

Once again, the action Eq. (4.22¢) is expanded in powers of j and SA to give Eq.

(4.24). Then, according to Eq. (4.48),

e N iT 0?
meS)  QVm2 0§, 07—,

o(Q) = [(A(z,m)c +(Ap2)e+ %(A?mﬁe . (4.51)

J=0
iQ—Q+i0
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(A@0))c vields the Boltzmann conductivity since it does not include the effect of
spin waves. The spin-wave contribution comes from (A 9))q and — (A(l 2)G Ao
involves one Goldstone propagator whereas A%1,2) has two Goldstone propagators
and is therefore expected to be the dominant contribution. In the following, we

concentrate on calculating

iT 0?
Q) = A? 4.52
0(1,2)( ) QQVmg DimD7—m o < (1,2) ) ( )
050440
Writing out A 9y explicitly, we obtain
1 )
Auzy = = [ dwdydztr|Go (@ — y) T L ()G y — 2)

X 5]\"4"5(z)G;‘I§’"6(z — x)0A™™ ()

nans

1 [ / nang
_ _§/dmdydztr_G;g"2(w— Y)(TL) 0, 0 G5 (y — 2)

x SA™M™ (2)GIS™ (2 — x)SA"™M (2 )

e ——/dwdydztr

Y-yt

GL™ (=Y (L)1, 0 G (Y — 2)

nan3

x OA™(z + ) G (2)0A™ " (z)|. (4.53)
———

SA(x)+2.ViA(x)

X

It turns out that only z. VA contributes to A(1,2). As before, all non-singular p and

m, no dependencies are neglected. Then,

A = Z A 2ymIm, (4.54a)
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with

A =77 Z Z lex Z o ?sto i 5A)ﬂ17n1+n2 (p) g(aj\)m-i-nz,m—i-am(_p)a
n1n2 rSs 2]
(4.54D)

where

UN-T = Z T (To T o To Ty TeTs) t1(S0SpSi5cS ;) /d:cdyG“( )0s, G2 (2 — )11 G< (y)

a,b,c=0,3

(a1')ge

= Z tr(TaT_oTbTrTCTs)tr(SaSbSiSch)(M/)Zbc
a,b,c=0,3

= [(=1)" 0ps +io (1 — 6,)] [-ANP 635 + (0126,1 — 0i10;2) 4io NV],  (4.54c)

and

N(l) (M/)003 (M/)230 . (M/)iOO + (M/)i?:?)

N = (M0 — (M) — (MO 4 (M), (1.54d)
This yields
o) = — T Y>> Yo SN izp P
’ IGvag ni,n2,n,nh 4,503’ v,5,7’,s" 0,0’ ' . V2Pvpl

% (08 () 5O R g (P

X (20N s 4y +om (=) DOttt o (—P))
+ (LM 2 (P) D (ON) g gt —oren(—P))

X <g(5A)n1+n2,n1+om(_p) il’(éj\)n’l,n’l-i-n’z (p/)>G : (4’55>
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The above expression can be rewritten in terms of the 0@ fields via the following

substitutions, which is valid for 7, j = 1,2 (which correspond to the spin waves):

’ ; ,
N = 4ANT/B,

A = 00, (4.56)
where
B, = &Y (62p) ~ Filp)] (457)

Therefore, the leading ferromagnetic Goldstone mode contribution to o(; o) is

i Nz Ny
0(172)(9) = va2 Z Z Z ZU B2 B2 V2 me

x| - 6D (5@ e (P

X (U@ tnaims +om(—P) L(0Q)ns sy s —orm(—P))a

+ (0Q)ns 1402 () L (0Q) s sy mt—orm(—P))

X (2(0Q)ns 1z o (—P) 1 (0Q) g 1, (P)) s | (4.58)

With C¥ defined as before Eq. (4.31b) and carrying out the spin and quaternion

sums,

—64T oo’
Qv 2 ZszmB?

ni nznl n200 p

0(1,2) (Q) =

x { [Ny N {(aco% — 0'C33)(0'Cop — 0C33) — (0Co3 + 0'C33) (0 Ci + o—’col%)} (4.59)

NN (008 + 0'C) el — 00 — (o0 — e (oCE +o'CE)] }
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The sums over indices o and ¢ are performed. Keeping only the leading terms, the
above expression can be expressed in terms of the Goldstone propagators Eq. (4.21)

as

ZF a’T
0(1,2) (Q) = m2 % pr Z @ n2

X {g+(p,i9n2){ (1, — 1) + g7 (P, i, + Q)

+ complex conjugate , (4.60)

Qo —Q+10

with a as defined previously in Eq. (4.33b), albeit with (M")?* instead of M. The
above expression is almost exactly the same as Eq. (4.33a), except for an additional
factor of p? which comes from the vertex. Considering the undamped Goldstone

propagators Eq. (4.21), the relevant dimensionless integral at 7" = 0 is

1 o [ pt—w(w—Q,)
—vzp:p /_de , (4.61)

(p* +w?)(p! + (w —2n)?)

which evaluates to zero. Therefore, the spin waves do not contribute any nonanalytic
frequency dependence to the conductivity at zero temperature. This is due to the
fact that the current-current correlation function can be expressed purely in terms of
the magnon-number fluctuations. This result differs from the original one-loop result

for the conductivity given in [20]. According to [20],

zF a®T
0(1,2) (Q) = m2 Vv prZ@ n2

, (4.62a)

i1Qpm—Q+10

X {g(p, mw)[ (D31, — Q) + g(p, i, + i )]}
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where

9P, i) = g7 (p, i) + g (p, i)
—2dcp?

= 7{2% P (4.62b)
Then, the relevant dimensionless integral at 7" = 0 is
0 0 4
o = [T [
X e (wl_ SIE + PR (w1+ SIE (4.63a)
L(Q —0) = Iﬂo)—2adp£iMdﬁ®KLJW? (4.63b)

However, Eq. (4.62a) is not correct. This is because in [20], there was an error in
performing the sums over ¢ and ¢’ in Eq. (4.59), which led to some terms being
omitted. The correct result is Eq. (4.60), which shows that undamped spin waves
have a vanishing one-loop contribution to the conductivity at 7' = 0.

If the damped Goldstone propagators from Eq. (4.42b) are used, we obtain (with
Q=Q,)

o g, P+l = Q) — w(w—-9)
hmy_véhjlm [p*(1 +nlw)? + w?][p* (1 + nw — Q)% + (v — Q)]

(4.64a)

2
JQMPbQ%?) ifd =2
L9 = 0) = 1,(0) + €2 , (4.64b)

Rs|Q)? + Y3|QP”? ifd =3
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where Ry, R3 and Y3 are negative finite constants, all proportional to 7. pg is some
momentum cutoff. Then, the one-loop contribution of damped spin waves to the

conductivity is given by

_i[ll (Qm) - Il (O)]
Q Q0 — Q40

01,2 () o

(1/12ﬂ)nk§\%| if d=2

Reloq2(9)] = (4.65)

(4/637%) n ki |%|3/2 if d =3

The above contribution is a positive quantity, which means that it is localizing in

nature, i.e. the conductivity decreases with decreasing frequency.

Density of States

The single-particle density of states is another quantity that gets contributions
from the spin-waves. In terms of () fields, the frequency or energy dependent single-
particle density of states, with energy measured from the chemical potential p (which
is the Fermi energy ep at T'=0), is

N+ ) = = Re (§Qun(@)) | (4.66)

twn—w—+10

Using
(0Qun(@)) = 0Qunlsp + (5(6Q) (), (4.67a)

Eq. (4.66) becomes

wWn—w—+1i0

N(ptw) = Not = Re(8(0Q)m ()

= Np +ReQ“M(iw,) (4.67b)

twn—rw—+10
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To calculate this quantity, we start by recalling the action in Eq. (4.6a). This action
is written as a sum of the saddle-point contribution, the Gaussian part Eq. (4.14)

which is quadratic in Q and A, and non-Gaussian (cubic and higher order) terms.

A[Q, A] = A[Qqp, Ayp] + Ac[0Q, 5A] + i Aj[6A] (4.68a)
=3
where
AJ5A] = —%Tr (iGoydA). (4.68b)

The fields §A and 6Q in Ag can be decoupled by introducing a new field 6A as defined
in Eq. (4.17). Then,

A[Q,A] = Ay, + Ac[6Q, A] + i A2ATY(6A — 6QQ)]. (4.68¢)

=3

The diagrammatic loop expansion for the irreducible part of (0Q)), or equivalently

for the one-point vertex function, is shown in Fig. 15.

7 ¢

FIGURE 15. One-loop (a) and two-loop (b) contribution to the one-point vertex
function (5Q)

The one-loop term, Fig. 15(a), is given analytically by

(6Qun(2))1-100p = (6Qun () A3[2A71 (67 - 6Q)])c- (4.69)
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The leading nonanalyticities are given by contributions where the loop in Fig. 15(a)
is a soft mode. That is, the loop must be a Q-propagator, since the A-propagator is
massive.

Thus,

QM) = o S {B0Q)n(a) X — Tr (i 2470Q))

1-loop

161
- 37ﬂi4 Z Z Z Z Z tr (TaTr o TsTeTt)

q Dp1,p2,p3 ni1,n3,n5 rstijk a,b,c=0,3

X t1 (5a5i565;5.5k) Gy, (P3) ng (ps —p1) G, (P3 — P2 — P1)

X < 8(6Q)nn(q) i(éQ)mns (pl) ‘;(6@)”3”0 (p2) f(‘sQ)nsm (_pl - p2)>G

Apply Wick’s theorem

1612

=~ Z Z Z Z Z tr (7o 7 ToTs TeTt)

q Pp1,P2,p3 n1,n3,n5 rstijk a,b,c=0,3
X t1 (545:5555c5k) Gy, (P3) G?LS (ps —p1) G, (P3s — P2 — P1)
X A;11n3 (pl)Agglns (p2>A7:51n1 (_pl - p2)

X < 8(6Q)nn(q) f(‘sQ)nsm (_pl - P2)>G <7Z~(6Q)n1n3 (pl) g(éQ)nano (p2)>G

:1_‘?5511,131 +po 50k dot 5n,n5 5n,n1 Ann (Q)

:_WLV?)Z S D tr (raTe e Te) tr (Sasisys;se)

q p1,P3 N3 rsij a,b,c=0,3

x G4(p3) Gb. (ps — p1) G5 (ps — @) A, (P A, (g — 1)
X <:*(6Q)Tm3 (p1> g(éQ)nsn(q - pl))G
(4.70)
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_'_
QM (i) V2 ZZZ AL (P1) (1(0Q)nns (1) L(0Q) nns (—P1))
1—loop T Pl N3 18,ij _
a J
1
X v Z tr (T T Ty TsTe) U1 (SaSispSjSe) G (P3) ng (ps —p1) G5 (p3).
a,b,c=0,3

Performing the sum over the indices a, b, ¢ and assuming w,, > 0,

QM) = XY Y3 [l

m<0 k r,s=0,3 1,7=1,2 rs

x D2 (k) (~1)""1(1(0Q),,, (k) 1(0Q),,,(~K)) .

(4.71a)
where
0] = (AR — (L 6) (G — G B (R)
) = oSG PIG )G P+ K) + Oy )G, (PG + K
B = o SIGH B BI04 k)~ Oy )G )G P+ )
Dunk) = 53 UG, (P)G(p + k) + G, ()G -+ ) (171h)
with
+ _ 1 c
G = et a) (4.71c)

The constants ¢ and d are the ones defined in Eq. (4.21b). In the above equations, 7, s
and 14, j are restricted to {0,3} and {1, 2}, respectively, so that the 6Q) propagators

exclusively represent the spin-waves. The quantities A" (k) and B""(k) are
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calculated using the AGD (Abrikosov-Gor’kov-Dzhyaloshinskii) approximation. This

yields

1

(10— + 20002 — (0pk)
1

(10 + 2002 — (0pk)

AR A NFm'[ (A —A)]

B (k) ~ NFm'[ 2—(A—>—A)]. (4.72a)

We note that as m — n and k — 0, A" (k) and B" (k) remain finite, due to the

nonzero A. Therefore, to leading order in k and €2,,_,,,

. Npmi

A (k) —222

. Npmi (180, _p,

B (k) = —2E ( 5 ) (4.72b)

Clearly, B"™™(k) has an additional €2,_,,/A factor relative to A" (k). Therefore,
the leading contribution to the DOS correction comes from the A term, with the B
term contribution a subleading correction.

Thus, taking

174 dck?

(0Q) 1K) §(0Q),,, (—k)) = —STTD2, (k)i — (4T3

in Eq. (4.71a) and analytically continuing w,, the leading spin-wave correction to the

DOS turns out to be

d/2

“1 (4.74)

A

SNM () = Re QM (iw,) _ L gare Saa Ky
"Nivnswtio 8 d2m)? A

Sg4_1 is the surface area of a d dimensional hypersphere with unit radius.
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Conclusions

In summary, we have calculated the leading spin-wave contribution to the
longitudinal susceptibility, electrical conductivity and the density of states in itinerant
ferromagnets using the framework of a ()-matrix theory for the electrons and a Stoner
saddle-point solution of this field theory. For simplicity, a single parabolic band of
electrons has been considered and the effects of the spin waves on the transport
and thermodynamic properties have been calculated. Microscopic details like band
structure etc. do not affect the universal properties that are due to the soft modes in
the system.

As seen in the preceding sections and Chapter III, the one-loop spin-wave
contribution to the longitudinal susceptibility vanishes at 7" = 0, when undamped spin
waves are considered. If the disorder is neglected in the model, the spin waves are not
damped at long wavelengths and low frequencies, even by electron-hole excitations.
When nonmagnetic disorder is explicitly included in the model, the spin waves are
damped and the leading spin-wave contribution to the longitudinal susceptibility at
T = 0 is proportional to (1/7)|Q|%?. This result is in agreement with the very
general results presented in the previous chapter. When the single-particle scattering
or relaxation time, 7 tends to infinity the nonanalytic behavior turns off.

We have also calculated the leading spin-wave contribution to the electrical
conductivity. It turns out this contribution is structurally very similar to the one-loop
contribution to the longitudinal susceptibility, only differing by a factor of momentum-
squared in the relevant integral, which comes from the vertex. This is a result of the
current-current correlation function, like the longitudinal susceptibility, being purely
related to the magnon-number fluctuations. Naive power counting arguments and

previously published results suggested that the undamped spin waves contribute a
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Q=272 term to the conductivity at 7' = 0. However, a careful calculation of the
same revealed that this nonanalyticity has a zero prefactor, akin to the longitudinal

|4/2 contribution; the

susceptibility. The damped spin-waves lead to a positive (1/7)|Q2
positive sign signifies the localizing nature of the spin waves.
The leading spin-wave correction to the electronic density of states has also been
calculated. Unlike the other two observables, the undamped spin waves lead to a
nonzero correction, consistent with power counting. The correction is positive and
behaves like |w/A|Y2, where ‘w’ is the energy measured from the Fermi level. The
Stoner gap, A, provides a natural energy scale for this nonanalyticity. This behavior

can be probed using scanning tunneling experiments and measuring the zero-bias

tunneling anomalies.

117



CHAPTER V

SUMMARY

To summarize, the work presented in this dissertation leads to a better
understanding of the fundamental properties of metallic ferromagnets at low
temperatures and the various effects caused by the accompanying Goldstone modes.
This could have long-term implications on practical applications. As modern
electronic devices get smaller, quantum mechanical effects become more relevant
and therefore, knowledge of these effects will be helpful in the design and achieving
the desired performance of these devices. Hence, understanding the dynamics of
ferromagnets and the effects of Goldstone modes is important.

In Chapter II, the ferromagnon contribution to the single-particle and transport
relaxation rate was calculated using a model based on simple symmetry arguments
that did not depend on the origin of the magnetization. It was noted that the
ferromagnon-mediated electron-electron interaction is purely inter-Stoner-band in
nature and requires the flipping of the electronic spin. As a result, the relaxation rates
display an activation-barrier-like behavior at asymptotically low temperature,s and
below a certain temperature the ferromagnon contribution freezes out. Therefore, the
ferromagnon contribution is markedly different from the power-law contributions of
magnons in antiferromagnets and helimagnets. The previously reported 7?2 behavior
of the ferromagnon contribution to the transport relaxation rate [19] was found to
be valid only in a preasymptotic temperature window. The results of Chapter II are
compatible with the low-temperature helimagnet results [26, 27, 28], which was the

primary motivation in re-examining the validity of the 72 result.
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Chapter III explored the magnon-induced nonanalyticities in the long-
wavelength /low-frequency behavior of correlation functions in quantum magnets.
Specifically, the correlation function of the longitudinal order-parameter fluctuations
was considered. Naively, the coupling between statics and dynamics in the quantum
case is expected to lead to a weaker nonanalyticity compared to the classical case.
However, for quantum ferromagnets, it was found that the one-loop undamped-
magnon contribution to the longitudinal susceptibility vanished at 7" = 0. This
null result is not an artifact of the nonlinear sigma model used for the calculations,
or the one-loop approximation; rather, it is a property of correlation functions
that can be expressed entirely in terms of magnon-number fluctuations. The
longitudinal susceptibility in quantum ferromagnets is one such correlation function.
This is in contrast to quantum antiferromagnets: the longitudinal order-parameter
susceptibility is not such a correlation function and the expected nonanalyticity
exists at 7" = 0. This difference between the quantum ferromagnets and quantum
antiferromagnets is highlighted in the longitudinal dynamical structure factor, a
quantity relevant in neutron-scattering experiments. Further, damped ferromagnons
were considered and a nonvanishing one-loop contribution to the longitudinal
susceptibility was obtained. The damping can be due to some disorder in the system.
The quenched disorder introduces new fluctuations in the system, which restore the
nonanalyticity. A simple renormalization-group scaling analysis showed that the one-
loop result is exact, as far as the exponent of the nonanalyticity is concerned.

Chapter IV considered the Stoner model of itinerant ferromagnets and briefly
introduced an effective field theory in terms of quaternionic fields. The magnonic
soft modes were identified and their contributions to the longitudinal susceptibility

and the dynamical electrical susceptibility were calculated using a source formalism
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with the appropriate source field. It is found that that the dynamical electrical
conductivity, like the susceptibility, is given purely in terms of magnon-number
fluctuations. Therefore, the T" = 0 undamped ferromagnon contribution to the
conductivity vanishes, in disagreement with a previous result [20]. As before,
introducing quenched nonmagnetic disorder restored the nonanalytic low-frequency
dependence of the conductivity. The leading spin-wave correction to the single particle
density of states was also calculated and a nonanalyticity, consistent with power-

counting arguments, was found.
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APPENDIX

CAUSAL FUNCTIONS AND LONG-TIME TAILS

The following are some properties of the class of causal functions that the

longitudinal susceptibility belongs to. The proofs can be found in [74].

Non-integer Powers
Consider a causal function x of complex frequency z that behaves, for z — 0, as

1

x(2) = cos(an/2) (2% + (—2)°], (A1)

with « real and not integer. Here and in what follows, only even functions of z are
considered, since the magnetic susceptibility has this property. Only the asymptotic
small-frequency, or long-time behavior is given here; for z — oo x, or any causal
function vanishes.

On the imaginary axis, y takes the values

X(1€2,) = |2, (A.2)

Then, the reactive part " and the spectrum y”, respectively of y read as

X'(w) = —sin(ar/2)|w|*sgnw, (A.3)

X'(w) = cos(ar/2)|w|® (A.4)
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The real-time behavior of x is given by the Fourier transform of x”(w),

w0 = [~ L), (A.5)

—oo T

In the long-time limit, the Hardy-Littlewood tauberian theorem yields a long-time
tail:
Fa+1) 1

sin(a)

t— =1—— Torl”
x( o) =i T |t[otT

(A.6)

The ferromagnet with damped magnons in d = 3 is an example of this behavior,
with @ = 1/2 and a = 3/2 for a nonconserved and a conserved order parameter,
respectively. This behavior is also realized by both ferromagnets and antiferromagnets

in generic dimensions.

Even Powers

Considering the following causal function,

x(z) = (=) 22" [In z + In(—2)], (A7)
with an integer m. On the imaginary axis this yields,
(i) = [, [*™ In |Q,]. (A.8)

The spectrum and the reactive part are

X'(w) = #wzmsgnw, (A.9)
Y () = (=)"w? In|w| (A.10)
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and the long-time behavior is

(2m)!

X(t = o0) =i Mg

(A.11)

The above behavior is seen in antiferromagnets in d = 3 and ferromagnets in d = 2

with a nonconserved order parameter.

Odd Powers
Finally, taking
(—)m+L
X(z) = —5 22" In 2 — In(—2)] (A.12)
with m integer, which leads to
(i) = |Q, [P, (A.13)
and
X”(W) _ (_)2m+1 w2m+1. (A14)

A distinction needs to be made between m > 0 and m < 0. For m > 0, the spectrum

is analytic and the reactive part vanishes,

X(w) =0, (A.15)

and there is no long-time tail in the real-time domain. However, there is a long-time

tail in the limit of large imaginary time 7 — oco. x(7) is given by

x(t)=T Z e T (i€),,). (A.16)
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At T =0, the sum turns into an integral and one finds,

X(T — o0) = e (=)™ (2m + 1)! (A.17)

F2(m+1)

3

An example for this behavior is the ferromagnet with damped magnons in d = 2 with
a conserved order parameter.
For m < 0, the spectrum is singular at w = 0 and there is a long-time tail even

in real-time domain. For m = —1,

X' (w) = d(w), (A.18)

and the long-real-time behavior is a constant,

x(t) = —i. (A.19)

An example is the antiferromagnet in d = 2.
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