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Because electrons and ions form a coupled system, it is a priori clear that the dynamics of the lattice
should reflect symmetry breaking within the electronic degrees of freedom. Recently, this has been clearly
evidenced for the case of time-reversal and mirror symmetry breaking by observations of a large phononic
thermal Hall effect in many strongly correlated electronic materials. However, the mechanism by which
time-reversal breaking and chirality is communicated to the lattice is far from evident. In this paper, we
discuss how this occurs via many-body scattering of phonons by collective modes: a consequence of non-
Gaussian correlations of the latter modes. We derive fundamental new results for such skew (i.e., chiral)
scattering and the consequent thermal Hall conductivity. We emphasize that these results apply to any
collective variables in any phase of matter: electronic, magnetic, or neither; highly fluctuating and
correlated, or not. As a proof of principle, we compute general formulas for the above quantities for ordered
antiferromagnets. From the latter, we obtain the scaling behavior of the phonon thermal Hall effect in clean
antiferromagnets. The calculations show several different regimes and give quantitative estimates of similar

order to that seen in recent experiments.
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I. INTRODUCTION

Thermal conductivity is the most ubiquitous transport
coefficient, being well defined in any system with suffi-
ciently local interactions, irrespective of the nature of the
specific low-energy degrees of freedom. Therefore, it is
particularly important in systems for which charge trans-
port is either strongly suppressed (i.e., insulators) or
singular (i.e., superconductors). Moreover, the thermal
Hall conductivity plays a particularly special role in the
theory of exotic topological phases, as it can be related to
the chiral central charge, to the presence of edge modes, etc.
For all of the above reasons, experiments on thermal
conductivity have played a preeminent role in establishing
the nature of the most interesting strongly correlated states
of matter. A few notable examples are the observation of
metalliclike transport in an organic spin liquid [1], a
quantized thermal Hall effect in the Kitaev material
a-RuClj [2] (taken as evidence for Majorana fermion edge
states), and an exceptionally large and yet unexplained
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thermal Hall effect in underdoped cuprate high-temperature
superconducting materials [3,4].

Arguably, the Achilles heel of thermal conductivity
measurements is the contribution of lattice vibrations or
phonons to heat transport. Phonons are present in any solid,
and indeed, except at very low temperatures, usually
dominate the thermal properties of materials. A common
approach is to attempt to separate electronic and lattice
contributions by some subtraction scheme, for example,
based on measuring two electronically different but vibra-
tionally similar analog materials, or on the dependence on
temperature, field, etc., which might be attributed uniquely
to only one of the lattice or electronic degrees of freedom.
Of particular significance in this regard is the thermal Hall
effect, which, by Onsager relations, can only exist when
time-reversal symmetry is broken [5]. The Hall conduc-
tivity is captured by the antisymmetric components of the
thermal conductivity tensor k, namely,

K (T H. ) = (0 = %) 2. (1)

It is often assumed that the charge neutrality of phonons
and the large ionic mass are sufficient to prevent them from
coupling effectively to internal or external magnetic fields
and, therefore, that large thermal Hall signals must arise
uniquely from the electrons in a material. Many recent
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theoretical works have thus focused on the thermal Hall
conductivity of spin excitations [6—10], in particular, spin
waves [11-14].

However, recent experiments have conclusively shown
that this assumption is incorrect, via the simplest and most
persuasive of arguments [15—17]. In particular, studies of
materials that are electronically (or magnetically) two
dimensional have observed that the thermal Hall conduc-
tivity is three dimensional and remains large when the
thermal current within the sample is normal to the two-
dimensional planes [18]. One has no choice but to conclude
that the transported heat is carried by phonons.

The problem posed by these observations is then to
understand how lattice vibrations “sense” time-reversal
symmetry breaking. This must indeed be by an indirect
process, as ultimately it is the electrons that interact directly
and significantly with magnetic fields. In principle, there
are two broad ways in which the transfer of information,
i.e., the breaking of time-reversal symmetry, can occur from
electrons to the lattice. First, it can occur via the quasi-
adiabatic adaptation of electronic states to slow phonon
motions, which may modify the phonon dispersion rela-
tions and generate dynamical Berry phases [19-22]. While
this is certainly possible in principle, numerous estimates
indicate that this mechanism is unlikely to explain the large
magnitude of thermal Hall signals seen in experiments. The
second type of information transfer, depicted in Fig. 1, is
through scattering of phonons from the electronic modes,
which can be “chiral” when the latter break time-reversal
and reflection symmetries. In the electrical anomalous Hall
effect, such “skew scattering” is known to dominate in the
most highly conducting samples [23], and for similar
reasons, we expect it to do so for heat transport when
thermal conductivity is large.

With this in mind, it is critical to ask how time-reversal
symmetry breaking of electronic degrees of freedom is
communicated via scattering to phonons in clean systems.
We assume perturbative coupling of some set of collective
fields Q to the lattice, which is generally valid away from

[

1 VAU ¥ 4/% /‘, ﬂ
A /

b 1

I

/

FIG. 1. [Illustration of a scattering mechanism responsible for a
Hall effect. Only scattering processes that involve at least two
(virtual) collisions with collective fluctuations can contribute to a
Hall effect.

the limit of polaron formation [24,25]. To account for the
diversity of different electronic and magnetic phases being
studied, we allow the fields Q to be general, restricted only
by the requirements of unitarity of quantum mechanics and
equilibrium. We show that the full scattering data needed to
understand the thermal conductivity (both longitudinal and
Hall components) can be obtained from the time- and
space-dependent correlation functions of the Q fields.
Crucially, we show that the standard two-point correlation
functions of Q give vanishing contributions to skew
scattering and the Hall effect. Consequently, the skew
scattering can be attributed entirely to non-Gaussian
fluctuations of the collective modes. This is a challenge
theoretically (because as we discuss below, beyond-
Gaussian fluctuations are significantly more complex than
Gaussian ones) but also an opportunity. The absence of
lower-order contributions to skew scattering means that the
latter provides a direct probe of non-Gaussianity, which
does not require any subtraction. This suggests the prospect
of using measures of skew scattering of phonons, such as
the thermal Hall effect, as a means to interrogate the rich
higher-order correlations of electronic modes.

In this paper, we identify the corresponding higher-order
correlation functions that relate the multiphonon scattering
rates to the fluctuations of the collective modes. These are
complicated objects that depend upon several time and
space coordinates or, equivalently, multiple frequencies and
wave vectors. We show how to extract the essentially
antisymmetric part of these correlations that uniquely
contribute to the Hall effect, using symmetry and detailed
balance relations, which generalize well-known and ubiqui-
tously important laws that are used to analyze two-point
correlations throughout physics [26-28]. This provides a
recipe that can be applied in diverse systems, telling what is
known about the electronic modes coupled to the lattice and
how to use those data to obtain an understanding of the
thermal Hall effect of phonons. Notably, the results are
valid irrespective of the nature of the phase of matter
hosting the collective fields: It may be strongly fluctuating,
highly correlated, or even have no quasiparticles at all. This
contrasts greatly with prior theories of phonon skew
scattering that are based on very specific models of
electronic modes [29,30].

To demonstrate the methodology and as a proof of
principle, we also apply the general results to the case of an
ordered antiferromagnet, in which case the Q fields
correspond to magnetic fluctuations that can be decom-
posed into composites of magnons. The result is a richly
structured skew-scattering rate, visualized in Fig. 2.
Validating the general formulation, we obtain a nonvanish-
ing thermal Hall effect when all the symmetry criteria
(which we establish) are satisfied, and we explicitly show
that within a minimal model of an antiferromagnet with
strictly two-dimensional magnetic correlations, the thermal
Hall effect is three dimensional and its magnitude is
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FIG. 2. Calculated skew-scattering rate 2857+ /7o [see
Egs. (10) and (19)] to transfer a phonon in mode n'k’ to mode
nk, induced by coupling the lattice to a two-dimensional
antiferromagnet. The density plot shows the angular dependence
as a function of (k') € [0, z/2] (horizontal axis) and ¢(k,k’) =
¢(K") — ¢(k) (vertical axis) for fixed |k’| = 0.8/a, k, = 0.2/a,
ky =0, k, =0.1/a, my = 0.05Z, and temperature T =0.5T,.
Here, a is the in-layer lattice spacing, and ¢(k(")) and (k") are

the azimuthal and polar angles of k("), defined in the usual way.
Note that the color bar is not scaled linearly.

roughly independent of whether the thermal currents are
within or normal to the magnetic planes.

II. SCATTERING AND CORRELATION
FUNCTIONS

In this section, we present the main results for the
scattering rates of phonons due to collective modes. We
limit the discussion here to the simplest case in which
the couphng is linear in phonon creation or annihilation
operators a,, , a,k. Then, the coupling Hamiltonian is

H = Z(aZkQZk + a,x an)s (2)

nk

where Q, describes the collective mode arising from
electronic degrees of freedom, coupled to the nth phonon
polarization. For brevity, we subsume any electron-phonon
coupling constant into Q. We carry out a perturbative
analysis of H’, so Q, may be regarded as “small.”

A. Formulation

Our aim is to calculate the necessary terms in the
collision integral C,; of the phonon Boltzmann equation,

athk + Yk Vank = an [{Nn’k'}]’ (3)

where N, is the nonequilibrium average occupation
number of phonons in polarization mode n and

quasimomentum k with velocity v, = Vy®,,, where
w,i is the (n,Kk) phonon dispersion relation. Once the
collision integral is known, the Boltzmann equation can be
solved in a standard manner by linearizing around the
equilibrium distribution to obtain the nonequilibrium
change and thereby the transport current to linear order
in the temperature gradient.

We now summarize the method used to obtain the
collision integral from the microscopic quantum dynamics
and Eq. (2). The basic procedure is to determine the many-
body transition rate between microstates in the combined
phonon-electron system using the scattering matrix (7)
expansion and, from there, use the equilibrium distribution
for the electronic subsystem to evaluate the rate of change
of the mean occupation probabilities of phonon states that
enter the Boltzmann equation.

We begin with the Born expansion [31]:

Ti—)f - Tfl - f|H/

+oy (4)

E; E —l—m

where the |1),|f), |n) states are product states in the Q
(index s) and phonon (index p) Hilbert space; |g) =
l95)19,) for g=1i, f, n; and E, is the energy of the
unperturbed Hamiltonians of the Q and phonons in state g.
Here, 7 — 0" is a small regularization parameter.

The rate of transitions from state i to state f is obtained
using Fermi’s golden rule,

2n

i = N Ti¢[*6(E; — E¢). (5)
Note that I';_¢ is a transition rate in the full combined
phonon-Q system. By assuming equilibrium for the elec-

tronic modes, we obtain the transition rates within the
phonon subsystem,

Zrl—)fpll (6)

Yf\

lP_)fP

with p; = (1/Z;)ePE. This in turn determines the
collision integral through the master equation

Cok = Loy, (Nuc(fp) = N (i))pi. (1)
ip’fp

where p; =3, p;, with p; the probability to find the

system in state i.

B. Result

To carry out the above procedure, we first express the
microscopic processes generated in the Born expansion,
Eq. (4), and insert them into the square in Eq. (5). Then, the
sums over electronic states iy, f; in Eq. (6) can be converted
into dynamical multitime correlation functions of the Q
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operators. The corresponding technical manipulations are
described in Appendix A. The leading result for the
longitudinal conductivity [symmetric part of the tensor,
K" = (k" + k") /2] is dominated by diagonal scattering
(absorption or emission of a single phonon), and it is
given by

w n o1 DVt Uk
kT2 V 2 4D, sinh? (Bhar,y/2)

(8)

where V is the volume of the system; u,v = x, y, z; and
D, is the longitudinal scattering rate [see Eq. (11)]. For the
Hall effect, the important contributions are those from the

|

second-order terms in the Born expansion, which generate
processes in which a phonon is scattered from one state to
another, or in which pairs of phonons are created or
annihilated. Using Eq. (7) then leads to off-diagonal terms
in the collision integral, i.e., contributions to C,, propor-
tional to N, , with n'k’ # nk. The desired “skew”
scattering contributions, roughly speaking, correspond to
processes in which k is preferentially deflected “to the
right” of k', for example.

More precisely, we define antisymmetric scattering rates

2&3;;’,‘]’(, (9 = =) in such a way that they control the
antisymmetric (Hall) part of the thermal conductivity

v,
tensor, Ky = —Kkp:

nk,n'k’

Gt T (o
2 n
kpT?V &t "™ 2D,

where, for ¢q,q = +1,

!
S.99 2]Vuc iz
B = e Re e
1,11,

and

Do =35 [ e ([0 (0). @l Oy + D (1)

Here, (---); denotes the expectation value at inverse
temperature /5, and u,v = x, y, z; we define the phonon
current J4, = Nyl %, and N;j is the number of
phonons in mode nk in thermal equilibrium. Equation (11)
gives the leading-order result for the diagonal scattering
rate D,,, which enters Eq. (9). In general, it includes
contributions D, from other scattering channels (e.g.,
impurities) and higher-order contributions. In Eq. (10), we
introduced the notation Q7 = Q:gk and O, = Ok, as
well as ZZf;,k, = qw,x + ¢ o, and AZifr/l,k, = qw,x—
q' @, . Here and in the following, lower case latin ¢ (with
or without primes or subscripts) is used to indicate a
particle-hole index taking values +1 = =+.

Equations (9) and (10) constitute the central result of this
paper. They give a general formula for the skew-scattering
rate and the thermal Hall conductivity, given in Eq. (2),
assuming a small Hall angle (a condition which is nearly
always true), valid in any dimension. Even more general
formulas valid when electronic modes are coupled to both
linear and quadratic functions of the phonons will be given
in a separate publication [32]. These results can be applied
to any material provided the non-Gaussian correlations of
the collective degrees of freedom corresponding to Q,x
are known.

Ny £ sinh(Bhw, /2) sinh(fhay/2)

(ePhonc — gabho,n )RS+ 4 ) oPhon /2

Jy/ I 9
2Dn’k’ n'k ( )

Ziorne e 00 (1) (008 (=1 = 1), QL (=t + ) {00, (=11), Q% (1)) (10)

Considerable structure is encoded in Eq. (10). It is
straightforward to show that the skew scattering vanishes
if O, is taken to be Gaussian: In this case, Wick’s theorem
is obeyed, and its application to Eq. (10) implies that
Qﬁfkn,k, is zero if (n,k) # (n/,k’). Hence, nontrivial
contributions to the skew scattering arise entirely from
non-Gaussian correlations. Physically, 8%+ (respec-
tively, 28°~7) corresponds to scattering processes where
two phonons are emitted (respectively, absorbed), and
WS, WS~ to processes where one phonon is emitted
and one is absorbed. The contribution to the Hall conduc-
tivity has been carefully isolated so that the rate obeys the
“anti-detailed balance” relation:

o, ! _ ! 9,_ —q'
WAt = —ePlaontden)ggyeaTT (12)
as well as
0.4 _ g3©.d'q
Lo — RS (13)

The combination of the commutator and anticommutator in
Eq. (10) ensures the validity of these relations.

ITII. APPLICATION TO AN ORDERED
ANTIFERROMAGNET

We now provide an application of the above results to the
specific case of an insulating antiferromagnet. This is
important as a proof of principle to confirm that the general
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formula in Eq. (10) indeed results in a nonvanishing Hall
effect of phonons from skew scattering. It is also a relevant
test case as it corresponds to the situation in many recent
experiments, and it is perhaps the simplest situation in
which time-reversal symmetry breaking of spins is com-
municated to phonons in an insulator.

To model the antiferromagnet, we employ a spin-wave
description and, for concreteness, assume the spin corre-
lations are purely two dimensional: Each layer of spins is
presumed to be completely independent. The latter
assumption is not essential, but it is illustrative: Using it,
we demonstrate that even when spin correlations are
confined to two dimensions, their influence can lead to
thermal Hall conductivity with heat current oriented
perpendicular to those layers. In any case, the general
formulas in the first subsection below can be easily
modified for the case of three-dimensional spin waves.

A. Formulation and general results within linear
spin-wave theory

The spin waves are described by magnon operators b;k’z
(byk ), which create (annihilate) a magnon in branch
with momentum k in layer z € N, whose Hamiltonian is

+
Hm: E Qkfbfk_zbfk.z'
k,z

(14)

Note that the effect of a magnetic field is already included
in H,; i.e., here, the spin-wave modes are based on an
expansion around the spin order including the effect of the
field. The collective modes Qf, can be expanded in a series
in the spin-wave operators, and the dominant contribution
to scattering comes from second order [33]:

n,01.62|91929 eikzpti 9>
\/“‘ E :B bf, Pk, zbfz -p+ik.2’
uc pf] fz

nk

where ¢ = £1 and the sums run over p in the 2D Brillouin
zone, and g, = &1, z€N, and 7, over the magnon
branches. Here, we define the notations

ibT

+
b p.2’

£poz by, ="bs (16)

—p.z-
Note the minus sign in the momentum in the second relation.
Generally, this means that (b7 , )" = b, , . To make the

Z,—p.z°
coefficients unambiguous, we choose the symmetrized
form Bn-flfﬂ%l]zq _

Brf20114:09 Demanding that Q7
(Oy)" implies that By Auflaat -

Equation (14) contams the energy dispersion Qy , of the
spin waves, but their wave functions are implicit. That
information is encoded in the B coefficients. To obtain
them, one should start with a microscopic spin-lattice
coupling, expand it with Holstein-Primakoff bosons, and
then use the canonical Bogoliubov transformation, which
achieves the diagonal form of Eq. (14), to express the
coupling as in Eq. (15). We apply this procedure to a
particular case in Sec. III B. The following general results
hold beyond this specific case and only assume Egs. (14)
and (15) as a starting point.

We proceed by evaluating Egs. (9) and (11) and use
Wick’s theorem [valid for the free boson Hamiltonian in
Eq. (14)] to compute the necessary correlation functions,
decomposing them into products of the free-particle two-
point function,

(Bﬁ»;zfl \—112—‘11—)*'

(bF 2 (1)D2 L (12)) =¢,.4,62, 2,84, 4,0, +p>.0
X f o, (Q, gip, )€ 4220w (102)

(17)

Here, f,(Q) = (1 + ¢)/2 + np(Q), where ng(Q) is the

Bose distribution.

e This results in the following expressions for the diagonal
(15) and off-diagonal scattering rates:
|
inh (2
(s) Slnh(f ha)nk) O ' —s n, e |+s—2
D) — 5w, — Q sQ B , 18
e thﬁ? Zp: ; sinh(6 nQp™) sinh(4 hQSJkS) (@ =% pi )| kip+5 (18)

where s =+ and D, = > ;D nk + D, Here, we define Q

= Q. and for q,q' = £1,

©.qq9 _ nn'|q19243.616203 g d1 4294416263 ntrt5|q2q39 "fzf1| 3919
B e = h4 N2D E E D gk’ p Skgrp M B, i ok g Bi oK
P {%iq}
Bmf f4| q194— qB"f4fz| q94=qr—4q' anﬁ\ q1=494— qB”f4fz|44 929
< PP k.p-+igk K p+gk+ig'k’ K .p+ig'k’ K.p+igk+4¢'k’
Aflq/ + Q =41 _ sz 42 -2 Qfa-—fh A‘I‘I Q 1,491 + sz 42 -2 Qﬁ-% ’
nkn'k! T d15%p q> p+qk+q'k’ q452p gk nkn'k! — d15%p q p+gk+q'k’ 44 p+q'k’

(19)
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where {¢;,q;} = {¢1.0>.65.€4.41.92.q3. g4}, With g; = £1, and £, runs over the magnon branch indices. Here, we used,

as before, 27!\ = qw,x + w0, AL = g, — g w0, and we defined the product of delta functions ® and

“thermal factor” §:

aqym l919203.616265 _ 5(23ﬁ/n’k’ + qlglf;l»—lh + ngfz-fh /)5(

gkq'k’p p+agk+q'k

WA — g, (g (L) + 1) (2na () + gy + 1) (2na (4

qkq’k’.p p+q'k’

These formulas make no further assumptions on the nature
of the spin-wave modes or spin-lattice couplings, so they
could be applied to general problems involving spin-lattice
couplings using a spin-wave approach. Note that although
we take the spin-wave operators to be free bosons, with
Gaussian correlations, the Qf, operator defined through
Eq. (15) is generally non-Gaussian, as it is bilinear in the b
fields.

B. Square lattice two-sublattice antiferromagnets

Now, we evaluate the diagonal and Hall scattering rates
specifically for spin waves on the square lattice in low
magnetic fields. We assume the magnon dispersions

Qsx = \/v2k> + A2 (£ =0, 1 in this case), with magnon

velocity v, and magnon gaps A,, and take isotropic
. . _ 2 2
acoustic phonons with @, = vpy\/ k™ + k7 (we define

k= \/k?+k}). We obtain the coefficients Bﬁi;fz‘q‘qzq

from the continuum description of the spin waves in terms
of local fluctuating uniform and staggered magnetization
fields, and the symmetry-allowed couplings of these fields
to the strain. The expressions for these coefficients are
algebraically complicated, and some further details are
given in Appendix B, with a full exposition of the
calculations to be presented in a separate publication
[32]. Here, instead, we sketch the important properties
of the coefficients and their origins.

1. Scaling

First, when the temperature is smaller than the magnon
gaps, kpT < Ay, all contributions to scattering become
exponentially suppressed by thermal factors, and the
scaling is unimportant. For larger temperatures, the gaps
are negligible, and the momentum sum(s) in Eqgs. (18) and
(19) are dominated by momenta of order k, p ~ kgT /vy,
Then, the B coefficients, evaluated for momenta of this
order, are sums of three types of contributions:

kgT \z _ ykgT no
B~ YW Ay 2——+ 1 Agp—— |+ 21
(M”;}) "o (mm ng Tt " xkT 2

Here, M is the mass per unit cell of the solid, n is the
ordered (staggered) moment density, y is the uniform

/
3.~
ﬁn’k’ + 2Q3Q 3

C1—q, 42,92
2 + q2Qp+qk+q’k’>’

)+ qx+1). (20)

gk~ 91

p+gk+q'k’

|

susceptibility, and 4,,,, 4,,, and 4,,, represent couplings
of the strain to exchange terms quadratic in local magneti-
zation fluctuations &m, local staggered magnetization
fluctuations én, and the product of the two, respectively.
Microscopically, this arises from effects like magnetostric-
tion, the modification of orbital overlaps due to strain-
induced bond length and angle changes, etc. The different
powers of temperature multiplying the different A couplings
arise from the fact that the order parameter of the
antiferromagnet is the staggered magnetization, and there-
fore, its fluctuations are more singular than those of the
uniform magnetization, which is, however, still a low-
energy mode in an antiferromagnet.

Depending upon the relative magnitudes of these differ-
ent couplings, distinct scalings are observed for the
diagonal and off-diagonal scattering rates, and hence for
thermal conductivity components. To perform a full evalu-
ation, we use parameters (given explicitly in Appendix B)
that describe a typical situation corresponding to weak
spin-orbit coupling and, correspondingly, weak anisotropy
of magnetic exchange. In this case, there is a hierarchy
that 4,,,, > ,,,, A4,,, (Which is ultimately a consequence of
Goldstone’s theorem). Furthermore, in the low-field
regime, i.e., when the field-induced magnetization m, of
the antiferromagnet is much smaller than m, the saturation
value, mq < my, the mixed coupling 4,,,, is proportional to
mg and 4,,, < 4, as well.

These facts allow one to estimate the scalings of the
important physical quantities. The longitudinal scattering
rate [Eq. (18)] scales as

1
D ~ ; ~ Td-1 |B|2 ~ Ta+2x (22)

Here, d is the dimensionality of the spin system (which we
later take equal to d = 2 for numerical calculations), while
phonons are always three dimensional. The crucial expo-
nent x = 1 occurs in the high-temperature regime domi-
nated by 4,,,, while a crossover to behavior controlled by
Apn With x = —1 can occur at lower temperatures if the
minimum magnon gap is sufficiently small. This behavior
corresponds to the longitudinal thermal conductivity
[Eq. (8)] behaving as

Ky ~ T3_d_2X, (23)
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when magnon-phonon scattering dominates the phonon
mean free path. Again, the power laws apply in certain
distinct regimes and should be pieced together, along with
the influence of nonzero gaps and other scattering mech-
anisms of phonons, to form a complete picture of the
thermal conductivity. This is captured in the numerical
calculations.

Next, we turn to the thermal Hall effect. It is crucial to
keep in mind the effective time-reversal symmetry of an
antiferromagnet under the combined action of time-reversal
symmetry and a translation that exchanges the two sub-
lattices. The uniform magnetization is invariant under this
symmetry, but the staggered magnetization is odd.
Consequently, the couplings 4,,,, and 4, are even under
effective time-reversal symmetry, while only 4,,, is odd.
This implies that the Hall conductivity and Hall scattering

rate WO, with WA = W, + WY,
which are odd under effective time-reversal symmetry,
must be proportional to an odd power of 4,,,, and to linear
order in the magnetic field or average magnetization, these
quantities are simply linear in 4,,,,. From Egs. (19) and (21),

we therefore obtain
%}e,eff ~ Td_l/lmn(lmmT + /'LnnT—l)f'v ~ Td—l+3x' (24)

The natural definition of a skew-scattering rate multiplies
the above by a phase-space factor to account for the sum
over different final states of the scattering, which
giVES l/Tskew ~ T3me,eff ~ Td+2+3x.

We would like to emphasize that within any scattering
mechanism of the phonon thermal Hall effect, the skew-
scattering rate is a more fundamental measure of the
chirality of the phonons than the thermal Hall conductivity.
This is because the Hall conductivity inevitably involves
the combination of the skew and longitudinal scattering
rates (in the form 72 /7., ), and the longitudinal scattering
rate of phonons has many other contributions that do not
probe chirality and may have complex dependence on
temperature and other parameters that obscure the skew
scattering.

Consequently, instead of the thermal Hall conductivity,
we discuss the thermal Hall resistivity ¢z, which is simply
proportional to 1/7g., at least in the simplest view where
the angle dependence of the longitudinal scattering does
not spoil its cancellation.

We define the thermal Hall resistivity tensor as usual by
the matrix inverse, ¢ = k~'. In particular, considering the
simplest case of isotropic K¥** — k; and k; > k***, one
thus has

Tl e, T . VR SO
" 2 22 K2

The quantity ¢/ is independent of the scale of the
longitudinal scattering, in the sense that under a rescaling

D,k = {D,, ¢y is unchanged. If we assume that
D, = 1/7 is (n,k) independent, e.g., as is the case if
dominated by some extrinsic effects, then we can readily
extract the scaling of the thermal Hall resistivity. One finds

oy ~ %e.eff ~ Td—1+3x’ (26)

which is verified numerically. This scaling behavior should
also be roughly true in the presence of more angle-
dependent scattering, given the aforementioned independ-
ence on the scale of scattering.

Finally, we comment on the role of spin-orbit coupling in
the present model. The coefficient 4,,, communicates the
lack of effective time-reversal and mirror symmetry break-
ing to the scattering rate 2B°, and thereby, the Hall
resistivity begins at linear order in this coefficient. In the
present model, 4,,, is also proportional to (symmetric)
spin-orbit coupling terms (microscopically, derivatives of
such terms with respect to ionic displacement)—see
Appendix B. In general, however, for more complex
magnetic ordering patterns, a nonzero Hall effect may be
obtained from our formulation even in the absence of spin-
orbit coupling.

2. Numerical evaluation

It is important to verify that the formulas in Egs. (18) and
(19) are sufficient to generate all the expected symmetry-
allowed scattering processes and thereby contributions to
the thermal Hall conductivity. To do so, we evaluate these
formulas numerically, which also allows a test of the
scaling predictions above. In the numerical calculations,
we take specific values for the microscopic parameters,
which define the dispersions of the magnons and phonons,
as well as those that underlie the B coefficients, comprising
spin-lattice couplings and the mass per unit cell.
Equations (8), (9), (18), and (19) were evaluated by a
C code using the Cuba and Cubature libraries for numerical
integration [34].

It is convenient to measure energies in units of the
phononic energy scale e, = kzTy = hvy,/a, which is
equal to the Debye temperature up to a factor, and we
report thermal conductivities in units of kg = kzvy,/ a2,
which gives a natural scale for phononic heat transport.

To make our numerical calculations more directly rele-
vant, we choose key dimensionless parameters to loosely
match those of Copper Deuteroformate Tetradeuterate
(CFTD), a square lattice S = 1/2 antiferromagnet that
has been intensively studied via neutron scattering [35—
37] due to its convenient scale of exchange, which suits
such measurements. For our purposes, CFTD has the
desirable attribute that the magnon and phonon velocities
are comparable (based on an estimate of the sound velocity
from the corresponding hydrate [38]), which creates a
significant phase space for magnon-phonon scattering. In
particular, we take v,/ vy, = 2.5, while the corresponding
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(b)

Longitudinal thermal conductivity k; with respect to temperature 7', for four different values of y,,. (a) Results on an order-

one temperature scale, with y. = 1 x 10‘1(1)ph /a),z € [4,7], from darker (z =4) to lighter (z = 7) shade. A crossover occurs
between two scaling regimes with x = 1 and x = —1 [see Eq. (23)]. Inset: log-log plot. The scaling behaviors are consistent with the
analysis presented in the text. (b) Results on a smaller temperature scale, with e, = 1 x 107%(vy/a), z € [[6,9]], from darker (z = 6) to

lighter (z = 9) shade. The peaks are features related to the magnon gaps.

ratio in La,CuQy, vy,/vp, is approximately 30. We also
use the mass per unit cell M. appropriate to CFTD. The
parameters ny = 1/2 and y = 1/(4Ja?) are chosen to be
consistent with spin-wave theory. We include small mag-
non gaps, Ag = 0.2¢p and A; = 0.04¢,. The microscopic
spin-lattice couplings are taken to be consistent with
the expectations for weak spin-orbit coupling, and they
are given in Appendix B. Finally, in the calculations, we
include a small constant contribution D, — .y, indepen-
dent of (n,k), to model additional scattering channels. In
very clean monocrystals and in the absence of any other
phonon scattering events, y.x ~ vpn/ L reduces to the rate at
which phonons bounce off the boundaries of the sample (of
size L). We vary 7. to show the dependence on these
extrinsic effects. For the calculations of the Hall effect, we
include a small nonzero magnetization in the direction of
the applied field, 1/20th of the saturation magnetization.
Figure 3 shows the results for the longitudinal thermal
conductivity versus temperature in zero or low applied
magnetic field (the results are insensitive to small magne-
tizations), for different choices of . In panel (a), a broad
temperature range is shown, which exposes the evolution
from an extrinsic scattering regime x; o 7> at low temper-
ature to an intrinsic one x; o 1/7 at high temperature. In
panel (b), further features emerge related to the scales of the

magnon gaps.

7%
o /00
A % : :
% /0 E ¢
0.005} A . . lli
v 1,0” . 1
QI;:I X T4 oy 5
0.001 ./' A : 7
o : !
0.004 - \ A : . A
1074 ,,0" - L II
- / :
el / :
1075 3 o . ! .
0.003 - s : R :
- . : A :
1076 »;I T/TO ,’ .
. > / :
i 0.5 T 15 :
0.002}- = ,/ :
zZx Ty & :
*0g = 0g :
. . S u
0.001{ s : v : : Pt
: : : -7
B N . " N ’fﬁl
: ke - :
: P 4 ---u :
: —— L _-E- : :
_ v -E’: —— = ! L3
05 1.0 1.5 )
T/Ty

FIG. 4. Thermal Hall resistivity ¢y and ¢4 (in units of

Qo = Ky 1) with respect to temperature 7. The transverse mag-
netization values (mj, m§) used for computing ¢j; and g} are
(0.0,0.05) and (0.05,0.0), respectively. Inset: log-log plot. The
scaling behavior is consistent with the analysis presented in

the text.
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Next, we turn to the calculations of chiral scattering and
the thermal Hall effect. Figure 2 shows a density plot of the
Hall scattering rate 28%-~" as a function of the polar angle of
k', 0(k’), and of the difference in azimuthal angles of k" and
k, (k. k') = ¢(k’) — ¢(k). We see that it has an intricate
structure reflecting kinematics and energetics. The thermal
Hall resistivity in the constant longitudinal scattering
approximation (D, = 1/7 independent of n, k) is plotted
in Fig. 4 for two different field orientations: For a field along
the z axis, normal to the planes, we plot Q’;;V, and for a field
along the y axis, within the planes, we plot ¢3;. Both curves
perfectly fit the T scaling expected theoretically from
Eq. (26) (usingd = 2, x = 1) with weak spin-orbit coupling.
Notably the magnitudes of the thermal Hall resistivity for the
two orientations are comparable, and it is actually larger for
an in-plane field than for an out-of-plane one.

IV. CONCLUSION

In this paper, we presented a theory for the skew
scattering of phonons coupled to a quantum collective
field, which gives rise to a phonon thermal Hall effect. A
general formula, given in Egs. (9) and (10), allows the latter
to be calculated for arbitrary correlations of the collective
variable. We then explicitly calculated these correlations for
the case in which the collective field is bilinear in canonical
bosons, e.g., spin-wave operators. A formula with no
further assumptions is given in Eq. (19). Applying this
to the regime of long-wavelength magnons in a square
lattice antiferromagnet, we obtained a nonzero thermal Hall
effect and its scaling with temperature in various regimes.

While we are not aware of any general results on the
intrinsic phonon Hall conductivity due to scattering, there are
a number of complementary theoretical papers, as well as
some prior work, that overlap a small part of our results. The
specific problem of phonons scattering from magnons was
studied long ago to the leading second order in the coupling
by Cottam [39]. That work, which assumed the isotropic
SU(2) invariant limit, agrees with our calculations when
these assumptions are imposed. The complementary mecha-
nism of the intrinsic phonon Hall effect due to phonon
Berry curvature was studied by many authors [23,40-42],
including how the phonon Berry curvature is induced by
spin-lattice coupling in Ref. [43]. The majority of recent
theoretical work has concentrated on extrinsic effects due to
scattering of phonons by defects [44-47]. The pioneering
paper of Mori et al. [48], in particular, recognized the
importance of higher-order contributions to scattering for
the Hall effect and is in some ways a predecessor to our work.

Do the present results explain experiments on the
cuprates? We have not attempted a quantitative compari-
son, for several reasons. This would require some detailed
knowledge of spin-lattice couplings. It also is numerically
difficult because in the cuprates there is a very large ratio of
magnon to phonon velocities (of order 30), which renders
the scattering phase space narrow and the integration

challenging. Nevertheless, it is interesting to ask about
the order of magnitude of the response. For this compari-
son, we follow the logic outlined in Sec. III B 1 in which we
argued that the thermal Hall resistivity is a better quantity
for which to compare theory and experiment. We obtain the
thermal resistivity from the experimental data in Ref. [18]
on the undoped material La,CuQO,4: At about 20 K, the
longitudinal conductivity «,, ~ 10 W/(K m) (from their
extended data in Fig. 2), and the thermal Hall conductivity
Ky &40 mW/(K m). Using Eq. (25) and the value of“© ~
2.6 K m/W, we then obtain (¢/00)"° ~ 1.5 x 107*. This
is at least comparable to values in Fig. 4.

Regardless of whether the intrinsic picture is correct for the
cuprates (we think it is most promising for systems like
CFTD for which there is a good phase-space match of
phonons and magnons), we believe that a scattering mecha-
nism of some kind is very likely at work. Therefore, we
would encourage the analysis of future experimental data in
terms of gy rather than k.

In a companion paper [32], we will expound on the results
of the present paper and give several extensions covering
even more general types of coupling of phonons to collective
degrees of freedom. There also remain many other related
problems that would be interesting to explore, for example,
the influence of electronic disequilibrium upon the phonons,
and vice versa, and the interplay of scattering, presumed here
to be dominant, and phononic Berry phases. We hope that the
present study provides a theoretical framework to begin to
approach these and other intriguing questions.
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APPENDIX A: FROM INTERACTION TERMS
TO THE COLLISION INTEGRAL

1. First Born order

First, we consider only the first term of Born’s expan-
sion. The transition rate associated with H' at this order
derives from the matrix elements:
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. +1 n
T =S Vi, + T 08 i, 2 ). (AL

nkq

where I(i pqﬂ( f,) means that the only difference between
li,) and [f,) is that there is ¢ = £1 more phonon of
species (n,Kk) in the final state.

We then compute the squared matrix element. We have

1 n
T = 5 (Mo + 5 16,7,

nkq
X <lS‘Q |fs><fs|an J > (A2)
Next, we enforce the energy conservation §(E: — E;) =

5(qw,x + E; — E; ) by writing the latter as a time integral,
e, [Todre™ =2n5(w); identify A(r) = eTiH!Ae~H1,
use the identity 1 =3, [f,)(f]; and take the Q field
in the initial state to be in thermal equilibrium,
pi. = Z;'e™PFis . Finally summing over |i;) and identifying
(A)y = Z;'Tr(e7PMA), we find that the scattering rate
between phonon states at first Born order reads

131 g+ 1Y, gk
) = 3 (M 16,2,

nkq

x / ® dte o Q7 (0% (0)),. (A3)

(5]

To arrive at the collision integral, the final step involves
summing over final phononic states f, and taking the
average over initial phononic states i,,. First, we notice that
a change of variables in (Q,/(1)Q;y (0)); leads to the
detailed-balance relation

(O (DO (0))5 = (O (1) @,k (0)) g™ Pme. (Ad)
It is then straightforward to show that only the commutator
term on the right-hand side of Eq. (A3) satisfies this

relation. In turn, the final expression for the diagonal of
the collision matrix takes the form of the spectral function:

. —+o00
Dl - [

as quoted in the main text.

dte—iw,,ktqQ;k([),Q;Lk(O)Dﬂ, (A5)

2. Second Born order

As discussed, the first Born approximation alone does
not lead to a nonzero thermal Hall effect. Here, we compute
what appears when the Born expansion is taken up to the
second Born order. We have

!

1-—
1—>f Z \/ ’k’+Tq

nk.n'k’' q,.q'=+

XZ<fs|Qn/k’|ms><ms‘QZk|is>H(i 11'_")kf)

p

. (A6
_me —quy , —+ i}/] g 'K p ( )

mg

The squared 7-matrix elements now include cross terms
between the first and second orders of the Born expansion.
Here, we give details of the calculation of one term, the

square of Eq. (A6), |T[ll_1]f In the numerator, the matrix
elements of the Q operators can combine in two diffe-

rent ways, which we denote in the following as
@) (i Q[ ms) (m lenk/lfs><fs|Q,,kr|m>< m;|Q,lis) and
(b) (i| Qi) (my | Ol | ) (F | il I (ml | Q).

We use the following time integral representation of each
of the denominators (using a regularized definition of the
sign function),

1
x=xin

:—/ dt e"*sign(t;) + / dte™ (A7)

1
=PP_F ind(x)

and introduce a third time integral to enforce the energy
conservation E¢ — E; = q'w, + qo,x + Ef — E; . The
product of the denominators [cf. Eq. (A7)] leads to four
terms, which can be labeled by two signs s, s’ = +, and we
define, for convenience,

Oy (11, 1) = [sign(1))] T[sign(1,)] T (A8)
Then, the transition rate coming from this part of the total

squared matrix element can be written as a sum of eight

terms:
s .ooq+l1 ; q+1
E = Y S (M )(N :
nk,n”’k’ q.q
(i) . gqnk
Z Z Wnkan q ( P ,;,)k,fp)’ (A9)
s,s'=+i=a.b

where we defined (notice the order of the first two operators
in the correlator and the sign #; £ ¢, in the exponential):

[LILL1] (a),s
Wnkq,n’k’q’

:/dtdtldt2®ss/(l‘1,tz)ei(qw”k+q/w'l’k’)tei(t1+f2)(qw”k_q/w"'k')

(O (—1 = 1) Q% (- t""_tZ)QZ:k/(_tl)QZk("i_tl»ﬁ’
(A10)
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[11):[1.1].(D) .58
Wnkq.n/qu/ .

—/dtdtldl‘z(assr(tl’tz)ei(qwnk+qlmn/k/)tei(tl_

t2>(qwnk_q/wn’k’)
X (Q (1 = 1) Qi (=14 1) Q% (1) Q% (1)) .
(A11)

One can show the following (‘“‘anti-’)detailed-balance
relations:

[L1L[1,1],(a),ss' [L1E[11).(a)'s  —p(aa o
Wnkq,n/k'q/a 5 /W k' — q nk— q”e /}<CI )”k+q nk ) (Alz)
WLll;ltjj’EI/i(l/](}b),Ss’ /WLIkl]q[lnll](/ /S Se_/}(qw’lk+qlwn’k’)‘ (AIS)

From this, the same holds for the symmetrized in nkg <

[1,1],ss [1,1]5[1,1],(i),s5"
n'k’q’ scattering rate Wnkq Wk = 2aimab Wokgnig
(nkg<n'k'q), i.e
(L[ ]ss" —B(qw, '@ 1 [1L1]5[1,1],8"
Wnkq.n/qufs = g5/ e Plawtd o )Wnk—q,n’k’sjq" (A14)
We can then identify
W NI s
@.[L1:[1.1].q [L1):[1.1]
§IBnk n'k’ Nuczwnkq n’k/ fs’ (A16)
which, by construction, satisfy
%:’k[h}k,[l’l]’qq/ — ge_/}((lwnk+qlwn/k/)%Zi%jt/{l’l]v—q_q/’ (A17)

where o =@ (respectively, 0 = ©) indicates that 23 satisfies
detailed balance (respectively, anti-detailed balance). Only

me,[l-l],[lyl]wqq

k'K contributes to the thermal Hall conductivity.

APPENDIX B: DETAILS OF THE
MAGNETIC MODEL

1. General symmetry-allowed model

We begin with a semimicroscopic coupling of the local
strain tensor £, to continuum nonlinear sigma-model
fields: the density m, of uniform magnetization and n,
of staggered magnetization (a = x, y, z), which is

H{etra(r)
o (At A
Z E n,ny + 2 m,my, s (Bl)
4o "0
(&).ap

where n( is the ordered moment density. The A j
coefficients are constrained by the tetragonal symmetry

of the crystal. The nonlinear sigma model is defined by the
constraints n - m = 0 and n? + m?/n3 = 1.

We expand the above to second order in the fluctuations
(6m, én) around the average values due to both sponta-
neous ordering and the applied field. We take the
Néel vector along %. Then, n,=1-3%7,_ [6n}+
(1/ng)(m§ + 6my)*], and m, = =37, (mf + 6my,)én,.
Here, m, is the average uniform magnetization, which lies
in the y — z plane. We assume m < ny, SO quantities are
expressed to linear order in m, whenever possible. This
gives

{etra<r) ~ Zg;fﬁ Z Z j’ab 55’”0 ’7a§r’7b§’r7 (B2)
ap a,b=y,z £,£=0,1

where 1,y = on, and n,; = om,, and
= N A2

af
j’ab;Ol - )’ba;lo

-1 a Koy 197
= — [mEAL ™ + 8miAL T + mEAL ), (B3)

no

where y = z, Z = y and we have associated { =n & =0
and E=m& E=11in AY.

Here, each A¥) tensor, which we define to be symmetric
in both ab and af variables, has seven independent

coefficients, which we call A(lé) — A — A§§)'y 7 Ag§> =
A&f)” — A)(ci)yy A(3§) — Ag?xx — Agg)»}’y Af) — Ag()’zz —
AD= AD Z ADE D _ AG _ 7A@ _ A@ _

)
AD™, and AP = AP = AP = A = A =
AP = AP = A5 = A5 Al other A are
zero. This is the most general coupling allowed by the
symmetries of the lattice and of magnetic order.

To cast this in the form of Egs. (2) and (15), we insert the
(very standard) free field expressions for the strain and
magnetization fluctuations in terms of phonon and magnon
creation or annihilation operators, respectively, into
Eq. (B2). For the strain,

& (x)
1 l/2 i v v iK-
= D (k) (R R )
nk n

(B4)

where p,, is the mass density. For the magnetization
densities, diagonalization of the nonlinear sigma-model
Hamiltonian density
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TABLE I. Numerical values of the fixed dimensionless param-
eters used in all numerical evaluations. The upper and lower
entries for mj, and m§ correspond to the two cases for calculating
ey and g 3

, respectively. The couplings A;* are given in units

of ¢y/a.

Dm €a: n Muctma m? A A

Ton X€o 0 7i 0 0 0 P €
0.0 0.05

25 0.19 1/2 8x10° 0 0.2 0.04
0.05 0.0

¢ N RN N BN YOG

n=0 120 100 140 100 120 0.6 0.8

m=1 -10.0 -12.0 -140 -12.0 -100 -0.8 —-0.6
M, §(|V5n‘|2+ Von.2)
;(6my + om?) uzy;)%‘%_l on2  (BS)
yields
Nagr = Z Z z Uaerg(P)F,e™", (B6)
=t
with
Uacrq(P) = =041 r-2 mod 2Fzq¢ (D) (B7)
Fegr () = (iq)*(=1)% (4Qpp) > (B8)

We defined E=1-¢, ie, 0=1,1=0, as well as
a=ysa—1=0and a=z<a—-1=1. In addition,
in Eq. (BYS), p is the antiferromagnetic spin stiffness, and y
is the magnetic susceptibility. Inserting these definitions
into Eq. (B2), some algebra leads to the form given in
Egs. (14) and (15), with the coupling coefficients

n212091424 _ —&=8 pq.t1f 4q
ka I 2\/—1102’1 Enkiff’zFffhfl <p+§k>

&

q
X Fey (—p + §k> , (B9)
where
k(e )T+ kP (%)
I S A (a)? + K (e ) (B10)

& / ’
a.p=xy,z Dk

Al af  af
and ’155’ ’1f —Emod2,/'—&' mod2;£E

Note that the 4,,, coefficients involved in the Hall
conductivity, namely, the 4,,,9; rank-2 tensors, are written

explicitly in Eq. (B3). They are proportional to the net
magnetization m,, as is consistent with the fact that they are
associated with a time-reversal breaking quantity. One can
also observe that they involve only the anisotropic co-

efficients Aé?, which, in a microscopic derivation, arise
from spin-orbit coupling; see Ref. [32].

2. Numerical implementation

In the numerical implementation, we use values of the
parameters roughly appropriate for CFTD, which we
provide in Table I. The phonon polarization vectors &,y
are chosen to form an orthonormal basis in which k points

along the [1, 1, 1] axis, so k - &, = (|k|/v/3) Vn.
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