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Theory of the phonon side-jump contribution in anomalous Hall effect
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The role of electron-phonon scattering in finite-temperature anomalous Hall effect is still poorly understood. In
this work we present a Boltzmann theory for the side-jump contribution from electron-phonon scattering, which
is derived from the microscopic quantum mechanical theory. We show that the resulting phonon side-jump
conductivity generally approaches different limiting values in the high and low temperature limits, and hence
can exhibit strong temperature dependence in the intermediate temperature regime. Our theory is amenable to
ab initio treatment, which makes quantitative comparison between theoretical and experimental results possible.
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I. INTRODUCTION

Electron-phonon scattering plays a key role in electronic
transport in crystalline solids [1,2]. For longitudinal transport,
electron-phonon scattering limits the intrinsic mobility, and
its effect can now be well evaluated via a combination of the
first-principles band structure calculation and semiclassical
Boltzmann approach [3-10]. However, its role in the anoma-
lous Hall transport is much more subtle [11-18], and a clear
understanding has yet to be achieved.

Theoretical study of the anomalous Hall transport has been
mostly performed with static impurities [12]. In the weak
scattering regime, anomalous Hall conductivity is known
to have three important contributions arising from different
mechanisms in the semiclassical picture [19,20]: intrinsic
contribution from Berry curvatures in band structures [21,22],
side jump from electron coordinate shift during scattering
[23,24], and skew scattering from the asymmetric part of the
scattering rate [25,26]. Particularly, side jump is a very pecu-
liar contribution in that although it results from scattering, its
value is found to be independent of the impurity concentration
for static impurity scattering [12,23,27,28].

Will phonon scattering be any different? Typically, the
phonon energy scale (kgT') is much less than the Fermi energy
€r, so the energy transfer in phonon scattering would be negli-
gible. It seems that the phonon side-jump contribution should
be similar to that of static impurities, and hence it should
be insensitive to temperature (7') [23,29,30]. This speculation
has gained support from experiments performed at elevated
temperatures where the longitudinal resistivity shows linear
in T dependence [31-33]. Recently, researchers do realize
that the side jump from phonon and impurity scattering can
be different, thereby the change of their relative importance
with temperature can lead to 7-dependent behavior [15,34].
However, the T independence of the phonon side-jump con-
tribution alone has not been doubted.

In a very recent work [35], it is realized that the phonon
side-jump contribution can indeed be T dependent. The key
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ingredient is the T-dependent phonon occupation number,
which makes the average momentum transfer, i.e., the ef-
fective range, of electron-phonon scattering 7 dependent.
By analogy with the recently revealed sensitivity of the
anomalous Hall conductivity to the scattering range of static
random impurities [36], one can understand qualitatively the
T dependence of phonon side jump.

However, we do not yet have a theory of phonon side
jump with quantitative predictive power, accounting for the
dynamical and inelastic nature of electron-phonon scatter-
ing. Here we develop such a theory within the semiclassical
Boltzmann framework. Surely one may choose to construct a
theory on a more fundamental level, with a fully quantum field
theoretical treatment, and there were indeed a few attempts
in the past [37,38]. Unfortunately, due to the complexity
in modeling phonon scattering, such transport theories are
extremely complicated, lacking physical transparency, and too
difficult to be combined with ab initio calculations for real
materials. In comparison, the semiclassical theory presented
here enjoys the advantages of being physically intuitive and
easily implementable with ab initio calculations. As an ap-
plication of this theory, we show that the phonon side-jump
conductivity generally saturates to two different values in low
and high temperature limits, and the strong 7 dependence
naturally appears in the temperature regime in-between.

Our paper is organized as follows. In Sec. II we review the
semiclassical theory for side jump from impurity scattering,
and propose the theory for phonon-induced side jump in a
heuristic way. In Sec. III we present a general argument for
the T dependence of phonon side-jump conductivity. This 7
dependence is explicitly demonstrated in Sec. IV, by applying
our theory to study the concrete massive Dirac model. Finally,
in Sec. V we discuss the possible experimental scheme to con-
firm our result and conclude this work. The detailed derivation
of our theory is presented in the Appendices.

II. BOLTZMANN THEORY FOR PHONON SIDE JUMP

We start by reviewing the theory for side jump induced by
impurity scattering. The semiclassical nonequilibrium distri-
bution function f for electron wave packets in phase space is
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governed by the Boltzmann equation:
@& +7- 8 +k-8)f = Lol f]. 1

With a uniform dc electric field and in the steady state, the
linearized equation takes the form of (sete = /i = 1)

E 00, f0 = =Y [weefol = fr) = (€ < )], (Qa)
el

where the added subscript £ = nk labels the Bloch state,
v) = ke, is the band velocity, f° is the equilibrium Fermi-
Dirac distribution function, the collision term I.o;[f] on the
right-hand side is explicitly written out with a scattering-out
term (£ — ¢) and a scattering-in term (¢’ — £), and w is
the corresponding scattering rate. We may write f; = ff +
8fr = f2 + (=3, f0)ge, where the second equality indicates
the fact that the nonequilibrium deviation should be around
the Fermi surface and g, is a smooth function of energy and
momentum. In the absence of side jump, using the principle of
detailed balance, namely, wmfeo(l — fKO,) = wM/feO,(l — flo),
and keeping terms to linear order in E, one can show that
Eq. (2a) can be put into the following form for g,:

1— 0
E-) = Z ;wze(ge ge). (2b)
¢

Here we emphasize that Egs. (2a) and (2b) are valid for both
static (impurity) and dynamical (phonon) disorder. For static
impurities, the factor (1 — £2)/(1 — ) in Eq. (2b) (which
may be called the Pauli factor) becomes unity, and the result
reduces to the familiar one in textbooks.

Side jump refers to the coordinate shift of the electron wave
packet during scattering, for which Sinitsyn et al. have derived
a general expression [24]:

Orpg = —0ryy =Ap — Ay — (O + ) argVee, (3)

where Ay = i{ug|0k|u¢) is the Berry connection, |u) is the
periodic part of the Bloch state, and Vy, is the scattering
matrix element.

Due to this coordinate shift, the E field does a nonzero
work in scattering, which has to be accounted for in en-
ergy conservation [19]. For static impurity scattering, one
then has ¢y = €y + E - 8ryy. Consequently, the equilibrium
distribution no longer annihilates the collision term, because
flo — fo = =0, fZOE - 8ryp¢, and from the Boltzmann equation,
this leads to an additional (anomalous) correction to the
distribution function: § f{' = (—d, f)g, satisfying

E. Z Weedrep = — Z wee (87 — 8%)- @
Iz v

Thus, the out-of-equilibrium part of the distribution is

Sfo=08f + 810 = (—0,f0) (¢! + &%), ®

where the terms with superscript n refer to the “normal”
contribution, satisfying Eq. (2b) without the side-jump effect.
Meanwhile, the side jump also corrects the electron velocity,
which becomes

ve =) + 02 + oY (6)

Here v = @, x E is the anomalous velocity induced by
Berry curvature Q, =0 x Ay, and

vg = wa&‘u @)

is called the side-jump velocity. Applying the E field in the
x direction, then the intrinsic anomalous Hall current is given
by ji, =Y, f2(v%),. The side-jump induced Hall current,
which is the focus of this paper, contains two terms to linear
order in E:

SJ(I) SJ(2)

JAH =Jan TJan = Zafe

Note that countmg the order in relaxation time t, & f" ~T,
8%~ 1% v~ 1% and v9 ~ 7!, s0 both terms in ;3 are
on the order of ‘L’O For static 1mpur1tles the side-jump con-
tribution is independent of the impurity density as well as the
scattering potential strength. The above semiclassical theory
was shown to be consistent with fully quantum mechanical
treatment for static impurities [20]. Particularly, the side-jump
velocity in Eq. (7) was found to correspond to the scattering-
induced band-off-diagonal elements of the out-of-equilibrium
density matrix [24,39,40].

Now let us turn to phonon scattering. In the following
we present a heuristic argument for the theory. First of all,
we note that Egs. (2a) and (3) apply for dynamical disorder
like phonons as well. Like before, the side jump leads to an
additional work done by the E field, modifying the relation
between ¢, and ¢,/, with

+25f@ ), ®

g[/ = €y +E . (Srw + Wy, (9)

where the last term indicates the absorption or emission of
a phonon with mode label g. Then the linearized Boltzmann
equation becomes (details in Appendix A)

1 — fOee)

where €y = €, £ w,. Subtracting Eq. (2b) from Eq. (10)
shows that the anomalous correction to the distribution due
to side jump satisfies the equation

]—f? 1_f(£0’ a a
E-Y ——Gwedrey ==Y ——gwe(gi — &)
=1 =
(1D

Comparing Eq. (11) with Eq. (4) suggests that the proper
definition for the phonon side-jump velocity should be

1= /%)
E-v)= Z #wm(gz — g +E -dree), (10
"

0

S 1_f
UZJ — Z I _fz u)ggargg (12)

V4

The above three equations are the main results of this paper.
Here the main difference between Egs. (11) and (12) and
Egs. (4) and (7) is the appearance of the Pauli factor, which,
as we have discussed before, reflects the dynamical character
of phonon scattering. For static impurity scattering, the Pauli
factor becomes unity, and the theory correctly recovers the fa-
miliar one. In metals the Pauli factor is important for acoustic
phonons in the low-T regime where w, is of the order of kpT,
thus the electronic occupancy fz0 and fzo, differ significantly.
Whereas in semiconductor low-dimensional electron systems
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with small Fermi energy, the Pauli factor is also important for
highly inelastic optical phonons [10].

With the new definition of the side-jump velocity in
Eq. (12) and with g solved from Eq. (11), the side-jump
current will still be calculated with Eq. (8). This completes
our semiclassical theory for phonon side jump.

This theory, albeit seemingly simple and intuitive, is in fact
nontrivial. Its justification requires tedious derivation from
microscopic theories of coupled electron-phonon system. We
have demonstrated that the theory can be derived from two dif-
ferent fundamental approaches: the density matrix equation of
motion approach [41] and the Lyo-Holstein’s transport theory
[38,42]. The details are relegated to Appendices C and D.

III. TEMPERATURE DEPENDENCE
OF PHONON SIDE JUMP

As we have mentioned at the beginning, for k3T < €r, the
common belief is that the phonon side-jump Hall conductivity
UEH =j AH/Ex) should be independent of the strength of
disorder scattering (so its value remains the same even if the
disorder density approaches zero), and hence it should have
little T dependence. As an application of our theory, we shall
see that this naive conclusion is generally incorrect in the
case where side jump arises from spin-orbit-coupled Bloch
electrons scattered off phonons.

Consider the low-T" limit, which is specified by T < Tp,
where Tp is the Debye temperature (note that in this discus-
sion, € is always assumed to be the largest energy scale). For
such a case, the scattering is dominated by long wavelength
acoustic phonons, which are short ranged in momentum
space. Hence, the coordinate shift reduces to éry, =~ 2, x
(k' — k). From Eq. (11) we find that g = E - (R, x k), whose

contribution to the Hall conductivity (corresponding to ]”(2))

is UZJS) =—, (R x k), fz Meanwhile, straightforward
calculation of ]SJ(I) yields 021}(11) > (¢ x k)0, f7. Thus,
the phonon side-jump Hall conductivity in the low-T limit can
be put into a compact form of

o = = (@ x k) x 3 f].. (13)

L

For two-dimensional systems, the Berry curvature has only
z-component 2, = ,Z, so the above result can be further
simplified as

ol = Zsze k- o fP. (14)

In the high-7 limit with T > Tp, we find that the major
T dependence comes from the scattering rate, which can be
approximated as

ksT
2B S(er —ep).  (15)
C()

~ 2
wee ~ A7 [(uplug)1* |V

Here we have written Vi, = Vo k(ug/|ug) with V" the plane-
wave part of the electron-phonon scattering matrlx element,
and we have used the relation that N; >~ (N, + 1) = kT /w,
in the high-T limit, where N, is the Bose-Einstein distribution
for the phonon mode g. Hence in the high-7" limit, we have

g~ T L v~T, g~ 79, and thus asz should saturate to

a T-independent constant value. Although we cannot write
down a compact analytical expression for this limiting value
(because of the complicated model-dependent interband scat-
tering processes), it is clear that this value should generally
be different from the low-7 limit value in Eq. (14). This
analysis demonstrates that the phonon side-jump conductivity
a/iJH approaches different values in the low-7 and high-T
limits, therefore pronounced 7" dependence must exist in the
intermediate range when the two limiting values differ by a
significant amount.

IV. APPLICATION TO A MASSIVE DIRAC MODEL

In this section we illustrate the above points by a con-
crete model calculation using our theory. We take the two-
dimensional massive Dirac model

Ho = v(keoy + kyo,) + Ao, (16)

which is considered as the minimal model for studying
anomalous Hall effect. Here v and A are model parameters,
and the o’s are the Pauli matrices representing the two Dirac
bands. Recalling that we work under the condition kg7 <
€r, hence, to proceed analytically, we neglect the phonon
energy in the scattering, such that k = k' for the two electronic
states before and after scattering [1]. We consider the metallic
regime € > A with low carrier density such that the Fermi
surface is much smaller than the size of the Brillouin zone.
Thus the Umklapp process does not occur. We assume the
scattering is dominated by acoustic phonons, and the electron-
phonon coupling can be described by the deformation poten-
tials (details in Appendix B). The coordinate shift for this
model can be found as

Av? (k, — ky)
2(A% + (k)72 [y |uge) >

And straightforward calculation (see Appendix B for details)
based on our theory leads to

i LA AN
Tan = oo 1—(;) Rier, T), (18)

where the temperature dependence is dumped into the factor
R defined as R = t%/1¥, where " is the transport relaxation
time with

Orr)y = —

a7

1— 0
Z Ty Swi(l—cos ), (19)

try—1
() .

79 is defined as

. —fO w
siy—1 k kK'k
R

(g |ug) |2

(1 — cos gpg)s (20

and ¢y is the angle between k and k'. In the low-T and high-
T limits, we have respectively

R— 1 and R — 4[1 +3(A/er)*] " 1)

This demonstrates clearly that the phonon side-jump contri-
bution approaches different values in the low-T and high-T
limits. This behavior is illustrated in Fig. 1, where the T de-
pendence in the intermediate regime is obtained by assuming
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FIG. 1. Temperature dependence of the acoustic phonon limited
side-jump Hall conductivity (in units of ¢?>/h) in the massive Dirac
model. Inset: 7-dependent longitudinal resistivity p shown in the
log-log plot. ppg is a characteristic resistivity defined from the
expression of p [9], whose value is not important here. Here Tpg
is the Bloch-Gruneisen temperature (see the text), and we have set
€ = 2A.

isotropic Debye spectrum w, = ¢,q (c; is the sound velocity).
The T dependence of the phonon side-jump contribution
becomes apparent when 7 < Tgg/2. Note that in the same
regime, one can show that the phonon-limited longitudinal
resistivity also departs from the linear-7 scaling (see the inset
of Fig. 1). Here Tgg = 2kic;skr /kp is the Bloch-Gruneisen
temperature, which marks the lower boundary of the high-
T equipartition regime (p ~ T') in two-dimensional metallic
systems [9].

V. DISCUSSION AND CONCLUSION

We discuss the possible experimental scheme to confirm
our result. The d-band ferromagnetic transition metals such as
Fe and Co offer suitable platforms, because their band split-
tings are much larger than room temperature, and the Curie
temperatures are much higher than 7p. It follows that the
intrinsic Berry-curvature contribution to the anomalous Hall
conductivity should be T insensitive up to room temperature.
In order to observe the electron-phonon dominated behavior
at lower temperatures (where p deviates from the linear-in-T
scaling), one needs to work with high-purity samples (the
resistance ratio should be at least 100), which are experimen-
tally accessible [2]. The skew scattering contribution due to
non-Gaussian impurity correlations should be first subtracted
from the data. This can be done by using the recently de-
veloped thin-film approach [15,43]. In this approach one can
limit the scattering of electrons to two main sources—the
interface roughness and phonons, and achieve independent
control of each one by tuning the film thickness and the
temperature [43]. The aforementioned skew scattering Hall
conductivity in this case is given by agpg/p>, where py is
the residual resistivity, and ¢ is a system-specific param-
eter independent of film thickness that can be determined
by tuning film thickness in the low-7 regime [15]. After
subtracting the skew scattering contribution, one can verify
the T dependence of the side-jump conductivity predicted
here. Quantitatively, one can further subtract the T-insensitive
intrinsic contribution obtained from the ab initio method [22],
and then compare the remaining to the phonon side-jump

Hall conductivity yielded by the ab initio Boltzmann approach
based on our result.

In conclusion, we have proposed a semiclassical Boltz-
mann theory for the phonon side-jump contribution in the
anomalous Hall effect. This intuitive theory has been derived
from microscopic quantum mechanical transport theories of
coupled electron-phonon systems. We demonstrate that the
phonon side-jump anomalous Hall conductivity can gener-
ally be temperature dependent, which disproves the previous
common belief that this contribution is 7" independent. The
possible experimental scheme to confirm our result has been
discussed. The proposed Boltzmann formalism can be easily
implementable with ab initio calculations, making quantita-
tive comparison between theoretical and experimental results
possible.
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APPENDIX A: HEURISTIC ARGUMENT FOR THE SIDE
JUMP IN THE BLOCH-BOLTZMANN EQUATION

In the presence of a dc weak uniform electric field E and
weak static disorder, the conventional Boltzmann equation
for charge carriers (charge ¢) in nonequilibrium steady state
reads [1]

o2 _ )
¢E - v, e —Z(wwfe wee fer).

V'

(AD)

In the case of static disorder there is no room [39] for the
Pauli blocking factors (1 — fir) and (1 — fy), which were
introduced into the collision term of the Boltzmann equation
phenomenologically by Bloch when studying phonon-limited
mobility in metals in order to ensure the equilibrium Fermi
distribution (rather than Bose or Boltzmann distributions) for

é) [44]. In the case of dynamical disorder such as phonons,
the Bloch-Boltzmann equation takes the form of Eq. (2a),
where wy, and wyy are calculated in the quantum mechanical
perturbation theory. The collision term is considered only in
the linear response regime. To the lowest order in Born expan-
sion, the principle of microscopic detailed balance holds, as
can be directly verified for electron-phonon scattering. Thus
Wep = weeeP =) and the Bloch-Boltzmann equation reads

d
eE - v?(—i> = wa[fz(l —fe)
m

0
¢
365

—eP = £ (1 = f)).

The argument about introducing the coordinate shift into
this equation is similar to that in the case of static disorder,
but is a little more involved because f,; appears in both the

(A2)
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scattering-in and scattering-out terms. In the scattering-out
term (¢ — ¢') of Eq. (A2), the kinetic energy of an electron in
state £ after scattering out of state ¢ via absorbing (emitting)
a phonon is €, £ fiw; + €E - 6rp,. In the scattering-in term

J

D weel fe(l = fu) = PO fu (1= fo)]
"

(¢’ — ), the kinetic energy of an electron in state £’ before
scattering into state ¢ via emitting (absorbing) a phonon
is €¢ = fiwy — €E - éryp. Thus in the linear response regime
(e = €; £ haw,), we have

=Y wee{[f%€) + 81 = fO(er + eE - 6rp) — 8 fu] — O[O (ev + B - Srpe) + 8 £ 1(1 = £ — 812)}
-

P 0
=Y weed el — fO(er)] — D [l — fOUe} + D weed—fOer) — PO — £, )]}gfyeE - Sree
v o

+ Y werfill = fOen)] = £O(e)s fo + PO (fO(en)s fu — S full — fO(en)])) + OED),
-

(A3)

where §f is the out-of-equilibrium distribution. On the right-hand side of the last equality the first term is zero, and other two
terms can be simplified, leading to the following modified Bloch-Boltzmann equation:

1 f%ee)

of AN _ o e "
EE'V‘< 3€e>_;w”[5fel—f0(€e) e T Peny e O

By expressing §f; = gg(—%), we arrive at Eq. (10) in the
main text.

APPENDIX B: CALCULATION DETAILS IN THE 2D

MASSIVE DIRAC MODEL
In thg two-dimensional massive Dirac model, Q; =
—m is the Berry curvature in the positive band.

Thus the side-jump velocity and the anomalous distribution
are given by

t
sj Qkkx g

T,
vy, =——y and g = —eExszkky—’;j. (B1)
Tk Tk
By using the identity
1— £ + w,) 1— e —w,)
— TN —_ ¥IN 1
=i et T T el

_ fUe—wy) = fe o)
TN = fOe)]
the slight inelasticity of acoustic phonon scattering renders

1_f18 27 2
—_— g — — ! V(?
T g0 ek = T o) Vi

N(wy)[N(wg) + 1], (B2)

}2

2hw,
X TUN,(Ny + D3 — €), (B3)
kgT

where g = 2k sin %d’kk“ Thus

74 J A We,,, (1 — cos ¢y

o5 , (B4)
[ due (e lu)*We,,, (1 — cos gp)
where
2 ha)q 2
W¢kk’ = AkgT k_T Nq(Nq + 1), (BS)
B

0 0
STep) of i| (Ad)

(

and A is the so-called electron-phonon coupling constant for
the deformation-potential treatment of the electron-phonon
coupling [9.45]: 2|V8, I*/hiwg = A2

In the high-T regime W = A%kpT is uniformly distributed
on the Fermi circle, and drops out of both the numerator and
denominator of 7"/, thus o)}, takes the same T-indep-
endent value similar to that due to scalar zero-range impuri-
ties. While at low temperatures the temperature dependence
of N, influences the integrals in 7;'/7;", and o,}; becomes
T dependent. In the low-T limit W/kgT is highly peaked
around ¢y = 0 hence |(uy lug)|> — 1, 7%/7;) — 1 and o
coincides with that due to long-range scalar-impurities [46].

APPENDIX C: GENERALIZED BLOCH-BOLTZMANN
FORMALISM FROM THE DENSITY MATRIX APPROACH

To prove the validity of Eqgs. (10)—(12) in the main text,
in the following two sections, we provide the microscopic
foundation for the Boltzmann formalism in weakly coupled
electron-phonon systems. First, the density-matrix equation-
of-motion approach [39,40] is applied to the many-particle
density matrix for the whole electron-phonon system [41].
The quantum Liouville equation is analyzed in the occupa-
tion number representation perturbatively with respect to the
coupling parameter. Aside from the usual assumption that the
phonon system remains approximately in thermal equilibrium
[1,42,44], a basic statistical assumption is needed, which is
analogous to the assumption of molecular chaos made in
deriving the classical Boltzmann equation from the classical
Liouville equation [47]. We also show that the side-jump con-
tribution is connected to the scattering-induced interband-
coherence responses in the microscopic transport theory, sim-
ilar to the case of static disorder [19,24]. This clearly goes
beyond the relaxation time treatment where the effect of
phonons is embodied only in an inelastic lifetime of electrons
[13].
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For discussing problems in a quantum many-particle sys-
tem, the second quantized formalism is a common starting
point. We introduce the notation A to denote the representation
of an operator A in the second-quantized formalism. For a
single-particle operator, i.e., A = > A; where A; depends
only on the dynamlcal variables of the ith carrier, we write

Zw Awaea@ where Ay is the corresponding matrix
elements in the £ representation, and al ) and a, are the creation
and annihilation operators for the single-electron state |£).
The original version of the Kohn-Luttinger density-matrix
approach [39] rests on the existence of a single-electron
Hamiltonian which contains all the information in the case of
independent electrons interacting with static disorder. In the
case of dynamical disorder such as phonons and magnons, as
first pointed out by Argyres [41], one can apply the Kohn-
Luttinger treatment to the many-body density matrix in the
occupation number representation for the whole system. Such
a total Hamiltonian reads

ﬁTzﬁe+ﬁ/+ﬁF +I'Zw (Cl)

where H, = D (ﬁe)mm,a;am, is the electron Hamiltonian
in the absence of external electric fields and scattering, and
Hy = D (HF )mm/a a,y is the external-electric-field pertur-
bation with Hr = H;e" (H] = —¢E - 1) turned on adiabati-
cally from the remote past. The electric field is turned on much
more slowly than the scattering time (s — 0) [39,48]. H, is
the Hamiltonian of the scattering system, and H' = AV is the
interaction of electrons with the scattering system, where A
is a dimensionless parameter used for analyzing the order in
the perturbative analysis and is set to 1 eventually. (H'),,,, is
still an operator in the Hilbert space of the scattering system.
In the occupation number representation {|nN)}, H,|nN) =
> ¢ €ng|nN) = E,|nN) and H,|nN) = Ey|nN). Hereafter we
set E,y = E, + Ey, n and N are the many-particle state in-
dices for the electron system and scattering system, respec-
tively. 71, = a;fag, and its eigenvalue n, denotes the electron
number on the Bloch state marked by the index ¢ with single-
electron eigenenergy €,. In the linear response regime the total
many-particle density matrix reads

pr=p+Fe", (C2)

where p is the equilibrium many-particle density matrix for

the whole system, and F' is linear in the electric field. The

quantum Liouville equation

L0 5

ZEEPT = [Hr, pr] (C3)

becomes ifisF = [Hy + H, + H', F1 + [H,,

pation number representation {|n/N)} one has

(EnN - En

- ~ ~ - ~
= E (FnN,n”N”Hn”N”,n’N’ - HnN,n”N”El”N”»”’N’) + C”N'",N,’
WN

p]. In the occu-

n — TAS)Fun i

(C4)

where CnN,nrNr = [p, Hl]nN,n’N" Hereafter we sometimes use
the notation L = nN, L’ = n’N’ to simplify expressions.
The linear response of an observable A is A = Tr(FA) =
o i S
ZLL’ FLL’AL’L = ZL FLALL + ZLL’ FLL’AL’Ly where Tr de-
notes the trace operation in the occupation-number space, and

the notation " means that all the index equalities in the
summation are avoided. Here we first outline the main results
of the following detailed derivation. The linear response of the
velocity of electrons is

v = Tr F Z Fv + Z Frovpr. (C5)

To obtain F; and Fj;, in the weakly coupled system we make a
perturbative analysis of Eq. (C4) with respect to the coupling
parameter. The off-diagonal elements F;;, can be expressed in
terms of the diagonal ones F;, resulting in an equation for F; .
Because by definition f? =Tr(fi p) = Y, n¢pr, and

8fe =Te(F) =) nFy, (C6)
L

we derive the modified Bloch-Boltzrzlann equation (10) of the
main text based on the equation for F7. According to Eq. (C6)

one has
Ay =YY Vn =
LVLL = L \NS
L L ¢

Whereas Z/LL, Frp¥op is proven to yield the transport contri-
butions from the Berry-curvature anomalous velocity and the
side-jump velocity:

> s T+ Ton| S

LL

Z sfv).  (CT)
4

0

we 100 I'M:|,
7

(C8)

where dry is given by Eq. (3) of the main text. We also show
. _ 40

that the side-jump velocity v =", L—%ﬁwywrm arises

from scattering-induced interband coherence, so does the

anomalous distribution function g7 [Egs. (11) and (12)].

1. Perturbative analysis of the quantum Liouville equation

We split the quantum Liouville equation into diagonal and
off-diagonal parts in the [nN) representation:

(EnN + I:In/N - En’N’ - ﬁn/’N’ - ihs)FnN,n’N’

=" G By e — B o Frnr )
e

+ (FnN - Fn’N’)I:I,;N,n/N' + CnN,n’NH (C9)

for nN # n'N’, and

I
. o o !/ '/ o ~
—ihsk,y = E (FnN,n/N’Hn/Nf,nN - HnN,an'Fn’N/,nN) + G-
n'N’

(C10)

According to the spirit of the Boltzmann theory, the first-order
energy shift H,, is incorporated into the renormalization of
the band energy and henceforth neglected [39,40]. To solve
these two equations in the weak coupling regime we make the
standard order-by-order analysis with respect to the coupling
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parameter of the interaction with disorder:
ElN _F( 2)+F( 1)+F(0)+'.' s

(=1 0) (1)
F;lN N = FnNn/N’ =+ FnN W —+ FnN N + -,

(C11)
2 0) (eV) (2)
CnN,n’N’ CnN n'N’ + CnN n'N’ + CnN n'N’ +o

Hereafter the superscript (i) denotes the order in A.
For Eq. (C9) one can obtain: in O(A™")

(Ean — Exw — ii)ES )y = [ESY — ESP H yons

N, 'N’
(C12)
in O(A%)
. 0
[EnN - En’N/ - lhs]El(N)n’N’
— = (—1) H 3 =(—1)
Z [EG S Bl = i o B ]
n'N”
(=1) =D/ (0)
+[Ey = By THowone + Col s (C13)
in O(L)
(Ew — Ean — iBSIEQ,
— ) all a0 i (0)
- Z [FnN n’N’H "N".WN' HnN,n”N”Fn”N”,n’N’]
jrert
i (0) i+ (0) (1)
+[E = Bon Hoyon: + Co (C14)

For Eq. (C9) one can obtain: in O(A")

1 0
0= Z [Fn(N n?NH 'N’,nN HriN,n’N’F’N nN] + Cn(N)’ (CIS)
n'N'
in O())

§ : 0) 7 (0) A1)
0= [FnN n'N’ H,/N’,HN HnN n'N' Fn/N’ nN] + CnN d (C16)
n'N’
J

CO =[p©, Hy] = Z; ' (—eE) - exp(—BH,) | exp

in 0(A2)
1 5 1 ~(2
0= Z [Fn(N)n’N H,’N’.nN HnN n'N’ F(’N) nN] C,(,N) (C17)
n'N’

For simplicity we assume the bosonic quasiparticles of the
dynamical scattering systems, e.g., phonons and/or magnons,
can be approximately thought to be in thermal equilibrium.
Although this standard assumption after Bloch [1] can only
be clearly justified at high temperatures, it was shown to work
well in many cases beyond that regime [1,9,49]. Here we
adopt it to simplify the derivation (which is still quite tedious
even after making this assumption).

The off-diagonal (with respect to L) elements F;;/ can be
expressed in terms of the diagonal ones F;, and F; are related
to the diagonal (in the single-electron Bloch representation)
elements of the single-electron density matrix [Eq. (C6)].
Thus the Bloch-Boltzmann theory formulated in the single-
electron Bloch representation can be derived from the micro-
scopic transport theory presented in the occupation number
representation.

2. Perturbative calculation of Cy;/

Applying the Karplus-Schwinger expansion [50]
1
ATE — A +/ dre1=AgA
0

1 Y S
—i—/ dke(l_x)ABeM/ d) e "B 4 ...
0 0

(C18)

up to the second order of B one can calculate the equilibrium
density matrix p = ZVeMBIA=—BH, — uN, + H,), B =
—BH'] in weakly coupled systems. The partition function is
given by Z7!' >~ Z'(1 4+ y), where Zy =), ¢’ and y ~
o(B?). We have (p© = Z;'et)

—BY_H.()|. DR
J i

= (—¢E)- p" ) " exp(Be)lexp(—BH,), Flwajar

124

= ip"eE (Z Jeelexpl—Blee — €] = lalav + (- ﬂ>2_”‘>

e

then

co

Next we look at

C(l) = [Z)(l),gl] = i|:'/A dke(l )‘)ABe ]
Zy

0

nN,n’'N' — = ieE - |:Z JN’(e_ﬂ(eﬂ_Q) l)p(O)(azaﬁ’)n.n’(l n n ) + ( ,3) Z _nﬁp n n’:|8N,N"
o

(C19)

U= HAH) F1 JHAH) g—1Ac [eAH HI]ZZ’aga(f’

/ ‘MZ +eOPESIA [ palap e Pt
| e AR (=2 [ (=0 11, al T M Pt

There are so many terms that one should have some guiding principle to simplify the analysis. According to the insight we
obtained in the discussion of static-disorder case [40], some trivial renormalization effects can be neglected and only the diagonal
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(in the Bloch representation for electrons) elements of electric-field perturbation survive in the final contribution to C;’, which
appears in the following Eq. (C34) as an anomalous driving term [39,40] . Thus, we obtain

~(0) ~(0)
P WN' Pnn

!
N = O B [(Je = Je)Hy p + iHyy oD arg Hyy oy 1(ajar Dt 5
n’N’ — LnN

(44

: (C20)

where D = 9 + o, Jo = (ug|Oklue) and Jeo = Sy (4| 0k |uer). Meanwhile the anomalous driving term that will appear in
Eq. (C34)

o c) M,N, N

Chy = Z Nd]_v— —cc. (C21)

N’ nN,n’N'

only contains nontrivial correction to the driving term of the transport equation with C'SL), given by Eq. (C20). One can
verify that (Cr(dl\, n,N/)* = —Clill\),, N Henceforth an wn = Exv — Eyy L ilis. In the above derivation we used [p, 1],y =
—i Yy e pere — peordere) — iDpee for € # € and [, vl = —i Yy Jee pee — peedee) — i2-pee-

3. Conventional Bloch-Boltzmann equation

In the zeroth order of electron-disorder interaction one has

0=C"+in)y ap[F ™ - F7). (C22)
L/
S~ (2) 25 2 _
with @;;, = |HLL,| S(E,ny — E,n'). Then
0= anc“” +2mi Y Nl o PO By — B ) — ) ESG2, (C23)
nN,n'N’
where
€y
©0) _ ¢ (0) (0)
HXN:WC”N = leE~(—ﬁ); o %:nene/pmv = (=p)ieE - Z o anp
) dey 0 deg 3fg ) afy
= ieE - —(— 1— f0) = ieE - = ieE . —L C24
ieB - — (=B (1 - f7)) =ie K e, — B g (C24)
and
i Y N o P8 By — B )i — ) ESG?
nN,n'N’
=2mi Y Y Hpy oy (1 = 10801280, 4120, 8(Ex — Eny + €0 — €0) (e — m)F?
nN,n/’N' ¢’
= ih Z Z o on (1 = np) = 0y yne (1= ) F| Fiy®.
nN,N' ¥
In the derivation one uses
(@jar n (@@ ) n = Seduene (1 = ne)8n, 1 Sny 4120, - (C25)
Thus we obtain [41]
dfy
¢E- hai( + Z Z nggNng(l —ny)— a)mwn@(l - ”fi)] F? =0, (C26)

nN,N'" ¥

where a)zzfv N = 27” [Hyy ornr |28(EN — En' + €, — €). Since the bosonic quasiparticles of the dynamical scattering systems (e.g.,
phonons or magnons) are assumed to remain in equilibrium, we introduce the following assumption for factorizing the entire
many-particle density matrix [41]:

FGD = pOFC), (C27)
then

Z Z a)m one(l —ng) — wz'NeN/W’(l — nz) F( 2 Z Z w((gz,z)nz(l —ng)— wﬁr)nz'(l - nz)]Fn(iz),

nN,N'" ¥
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where

2 0 27 0
wp) = ZPIEI W on = ZPIEI \Hy o P8(En — Ey + €, — €0,

N,N' N,N’
2w
2 0 0
off = Y PRy on = 2 D B Hiy o8By = En + € — o). (€28)
N,N' N,N’

Now one has to introduce another basic statistical assumption, i.e.,

S o FS = 1ffl T = 1150+ 1701 (C29)
n
which is analogous to the assumption of molecular chaos introduced in deriving the classical Boltzmann equation from the

classical Liouville equatlon (BBGKY hierarchy) [47]. Therefore, under the assumptions (C27) and (C29) one arrives at the
Boltzmann equation for fe

"9k +Z G = Uefel ™) = 0 (772 = Uefel D)) =0, (C30)

which is just the linearized Bloch-Boltzmann equation. Utilizing the microscopic detailed balance that can be verified directly
in the lowest order perturbation theory, one has

2 2
o fO(1 = 17) = 0@ fo(1 = 7) (C31)
and (8f; = fo — f})
fo 1— f(? 1— fQ fO
8fe(1 = f0) + £ (=8fe) — M[m(l — )+ f(=8f0)] = 8fe—% — 8 fu 5. (C32)
0= 1) -1 e
thus
1—£9 o fD
el I S A | C33
mﬁz [ -] =0 (©33)
which is just the practical form of the Bloch-Boltzmann equation, i.e., Eq. (2b) in the main text (note that w,gzl) = wye and
C =81,
In the case of static disorder, the conventional skew scattering appears in the Boltzmann equation in the first order of disorder
potential [19]. The harmonic approximation is assumed for the scattering system, then one has “’(32 ~2} =0, C D' — 0, and

Ci(z),HL/ . =0. Thus 7" = 0 and fe( " = 0. This leads to vanishing conventional skew scattering due to phonons, as pointed
out in Refs. [15,29,38] and experimentally confirmed in Refs. [11,15].

4. Anomalous distribution function
In the second order of disorder potential the transport equation for FL(O) can be decomposed into
0=_C/+iny ap[F™ - ™ (C34)
I
and 0 = Y, @ F D" — ED" +in Y, (@i B2 — b B2, where £ = FO" + F© and €7 is given by Eq. (C21).
Here we only analyze the equation for F"L(O)’“, yielding the anomalous distribution that is related to the side-jump effect. FL(O)’”
is related to the so-called intrinsic skew scattering, which is not likely to have an intuitive generic description in the case of

dynamical disorder [38].
Utilizing
~ / / 1 l
an Z nN n/N’ n'N' nN/an N C'C'] = Z (nk - nk)Cr(LN)nN’H 'N’, N/ nN,n'N’'
nN’ nN N’
and Eq. (C25) and similar techniques to those in deriving the conventional Bloch-Boltzmann equation, we get

!/ /

ZWCZN = Z Z —( BliheE-[iJy — iJe + Darg Hyy py by oyne(1 — ne)ply
nN 4 nNN/

— Z Z E( BliheE-[iJ, — i), + DargHEN E,N]a)%,\,/ onte (1 — ng),o(o).

¢ nN,N'
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Notice arg Hyy ;. = arg Hyy, .y = arg H;,, because the the quanta of the scattering system is boson, and ,0(0) P&O)Fn(o), we
obtain

~ 1 ’
> = —E(—ﬂ)iheE-Z Sree[ol) 21— £2) + o0l 0 (1 = )] (C35)
nN v
By Eq. (C31) we obtain
Zn C!y = —(—P)iheE: Zér/ a)(z)fo(l — fp) = —ilieE- Z —f — 2 PDsr, 3f¢0 (C36)
< LN ~ CeLprg e v = fO e Ot 86[
Then we treat the collision term by employing the basic assumption
F =By EO (C37)
and the “assumption of molecular chaos”
Znenzlﬁn(o),a — [ﬂle](o),a = [(0) af( + fg (O)a7 (C38)
yielding the Boltzmann equation for f, ©.a,
0=—cE|Y" L=/ W38Ty o, > @ U = f)] O = o 1fu (1= f10}. (C39)
= 1 é) @Z aez - e (2
Utilizing Egs. (C31) and (C32), we get
0= —eE.[Z ?wafgar”} o, Z m[ ©al” ]J} ;f””j} } (C40)
—Je I

This is exactly the same Boltzmann equation for the anomalous distribution function f(o)“ =4§f; as we obtained via
phenomenological arguments in the main text.

5. Berry curvature anomalous velocity and side-jump velocity

For the observables of interest, A is diagonal with respect to N, hence FL(;” does not contribute to the off-diagonal response,
and the off-diagonal response Y, Fi /Ay is equal to

Z EW0Ap, = 6™A + 894, (C41)
LL'
where
s"A=>"c A (C42)
— g, —E; —ihs
is the intrinsic part, whereas
; o[ (H, H., AL H ,H, AL
A=Y F 2>[<%§“ + c.c.) + %] (C43)
bt dt.di, d;y.dy;,

is the disorder-dependent part.

a. Intrinsic contribution: Electric-field induced interband coherence

Due to Egs. (C19) and (C25), we have (p(o) P(O),Z)(O))

An’ n.
sing — ZZZEE Z Jo(e™ Bley—er) 1),0(0)(055113’)nn N.nN

m E,—E, —ihs

(0)
_pn ,
- E ieE - § JN’AKZ —inhs [I’l((l nl’)éng—lzn28n5/+l=n2, _n[(l n[/)éné—l_mSn +1= nw]v

n, I‘l
where we used p(V[e PE—E) — 1] = p (0) — p\9. Notice that for fermions

’
n[(l - n[’)(sn’eflzn(8n;,+l=ny = (1 - nl)nl/(sn’[fl:ngfsn;,ntlzn[/v
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we get

5O rCDA
3" = —ieB 37 Y NeeAve (1 =) = me(l =)l = ) (C44)

Er—lﬁs € — €y — ihs
nooe ¢ o TSt

where C\Y) = ieE - Joo (f9 — f0). This is just the intrinsic contribution §™A = Y, f25™A, to linear response with respect to the
uniform and time-independent electric field. Here we use vy dy = —l(q — €p)Jgp for £ #£ ¢/, and 5inAg is just the intrinsic

correction to A, in the semiclassical Boltzmann formulation [51]. In the case of A = j = ev, Siny, = V is the Berry-curvature
anomalous velocity.

b. Side-jump velocity: Scattering-induced interband coherence

Now we analyze §9A. Here

Z/ F( 2 H’;N ”’N'H,”N” nNA ',n"
"N (E.n — E N — ihs)(E,y — En» + ils)

naN.w'N'.n"N"

’ ’ ’ , , + T +
-y ’Z FE) Dee Do i Hinon Hion oA i@y @ )nw (@@ ) (@i n

o " (Eny — Enne — ihS)(Eyy — Egoyr + ihs) ’

since N’ = N” and then n’ # n” and thus j # j'. Using
T T il —
(a[aé’ )n,n/ (ajfaj)n’,n” (ak/ak)n”,n = Sk’jaj’l’akﬁn(f(l - I’l])(l - nj’)8111(7lzni,’ganrl:n;.’Sn;’,Jrl:n;,‘Sn_,-,n}(sn;_’,,nj/ 8n,’(,n,’!

- 8kj’8k’2’8j£nj’(1 — Ny )nj‘snj/flzn;/, 8n5/+1:n}’,(Sn}ffl:n;anjr:n an/[/_n;f, an n/

we get
/ i i A
B Hy o Hy, nNA,,/

FED)
N n’]vz’nuNu "™ (Ewy — Ewn' — ihs)(Eay — Ey + ilis)

/ 0)
Y S iy P Hiy o onAjne(1 = np)(1 = ny)

Py (Ey — Ey 4+ € — €y —ihs)(Ey — Ey' + €p — € + ihs)

/ (0) gy/ ’
B Z ZF( 2) 2ejy Pn Hin v B enAjrj (1 = nonjny
(Ev —

w NN En 4+ €0 — €jr — ihs)(Exy — En' + €, — €+ ihs)’

where we have applied the assumption (C27). In the case of A = v, v;;; = %1y ;(€; — €;) thus

/ ~ ~ -~
Z F(,2) HI;N,n’N’Hr,t”N”,nNA”',””
BNANG nN — Lp/'N’ _i S nN — LprNr i S
nN,n’N',n"N " (E E h)(E E, +h)
riiH ]
—2Re F( De(1 —nj) P<°> Hoy T By on —2Re S = S ECVu (1 —njny
H, ¥ /H/ ’ Iy r/gH ’
« ZPS)) eN N TN N —2ReZ ZF( 21 — npnen; ZPIi’O) jN NN N .
Ey —En + € —€j —ihs Ey —En 4+ € —€j —ihs

N.N' ejj NN

The reason for writing the last term in this form will be clear soon. Thus we get

/ ~ ~ -~
Z F( 2) HV/lN n’N’Hr/z”N”,nNAn’,n”
nN,n'N',n’N" N (EnN - En’N’ - ihs)(EnN — En”N” —|— lhs)
H. .rivH, .,
— 2Re F( Dl —n pO eN,jN'"JJ" 2N AN
Z Z =m) 3R
Ljj' N,N' ;
!
[ ~ Hyy inlriiH oy oy + Hiy jntyed
—2Red - F 0 —nn, P(O) J . 45
%h;n Z( ])JNZM EN_EN""GZ_Ej_th ( )
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Besides, we have

Z’ F( 2) HI;/NI’nHNHH N nNAﬂ n e
e nN (E.n — Eyny +iks)(E,y — Epne + th)

v H o onvAging(1 —ni ) (1 —n;)
_ZZF( 2)|:Zl// v i evAeine J Py e

(e¢ — €j +ihs)(Ey — Ex' + €, — € + ihis)

n NN’

v H oy oyAjite(L —njing
_ZZF( 2)|: Zeu ZN]N N/ EN4YJ T J' i C':|.

PRl (ej —€j+ihs)(Exy — Ey' + €, — € + ilis)

= o= Lp (e — €.
In the case of A = v, vj; = rjj(e; — €;) thus

Z ,F~,(—2)|: Hl,,L”HL”LALL’ C.i|
&t L(EL— Ep + iks)(EL — Ep + ihs)
H,. . H.. . Tirg
= —2Re FEn(1=njp)y PV NN TN TN T
; ; j,\%,:, Ey —Eyx + € —€; —ihs
’
i ~(— KN N’[HN’ /Nrj/(—i-r]]/H/N,[N]
+2ReY =S FEn —nn; Y PO J .
%j;hzn: ! ‘ j)JNZA;N Ey — Ey + € —€; —ihs

Together with Eq. (C45), we obtain (the D|H J/ NN |2 term is neglected as trivial renormalization effect, as in Ref. [51])

!/

OO , o
Z FL(_2) HL'L.//HL///LALL’ : + c.C. + Z FL(_Z) HL/,L./HL///LAL/L” :
LLL (Ep — Epr + ihs)(Ep — Ep + ihs) o (EL — Ep — ihs)(Ep — Epr + ihs)
PO
— 2Rel ZZF} ng(l — nJ)Z \Hyy jy P[=Darg Hly, o — (0 — iJ )1,

Ey —Ey + € —€j —ihs

which is equal to

L 2 . . ,
Y3 BT n —n,)ZP;V")?wWN,Fa(EN —Ey +e —€)liJ; — i), — DargH ]

TR N.N'

(-2) ol =f
Z Z e fofsr“'

2 0 0 2
Here we used op) =Yy Py Oy v = 5 L PN 1Hin o "8(En —En + e —€)  and o) f0(1 = f) —

1(3%/)]013/(1 - fz ) =

Summarizing, in the case of A = v we get

s / f )
§9v = Z [fg(l — f[/)]( Z)C()EZZ)(SI‘@/[ = Z =2 |:Z fl wé225r5«5:|, (C46)
174 1% ¢

where we have used Eqs. (C28) and (C31) as well as the two statistical assumptions (C27) and (C29), and applied the techniques
used in Appendix A of Ref. [51]. This result confirms our heuristic argument on the “proper definition” of the semiclassical

side-jump velocity VZJ =Y, 1 J;O wé Z)Srw in the case of dynamical disorder in the main text (note that wéze) = wyy and f, =2 —
1. ‘
Similar to the case of static disorder, the interband-coherence nature of VZJ and thus that of the anomalous distribution function

g} are not quite obvious when vzj is expressed in terms of dryp [40,51]. Therefore, in the following we provide some more
information about scattering-induced interband-coherence response %A when A is not necessarily the current [40,51]. In the
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following derivation the interband-coherence nature of vzj is apparent. In general cases of A, we have

/ ~ ~ ~
Z F&2 HI:N,n’N’Hr;”N”,nNAnﬂ,n”
N - -
AN N N7 " (E.n — Eyn — ihs)(E,y — Eyne + ihs)
! 4
A -H |
- Hyy ivAjiHpn on
=2Re Fone(1=n)) :
%:Xn:z;v: " € —€f Eny — En' + €, —€; — ihs
/ / ,
H), AiH, 1
i (— eN NG N N
—2Re FCoPn,(1 —npny —=t JN'
N JMj -
%:Xn:];v:/ ’ € —€; Ey —Ey + €, —€; —ihs
! / /
H,. ...H. . A 1
2) eN NN A e
+2Re F( (1_n4)n5n., :
%;% nN J J € — € EN_EN’+€Z—€j—th
and
! g/
Z F(_Z) Hn/Nr’n//NHH "N" .nN ce
i ™| Ew = Egn + ilis)(Eny — Eyne + ihs) ©

! /
Hyy inHjy jnAje

/
=2R FSPne(1 —nj)(1 —ny * '
GZZZ eI —n;)( nj)(fg—Ej’—ihs)(EN—EN/+€[—€j—ihs)

¢jj n NN

H/

—nj)n;

~ (N, A H e nne(l j
B 3 .
" (ej —€j —ihs)(Ey — En + €, — €j — ihis)

Ljj n NN
thus by some permutation of indices we get

1

/
8YA = 2Re FSPn,(1 —n; H o
) B I e e

¢jj n NN

e

ey N,N' N,N'

ie., 894 =Y, fI289A, with

— 1) 2R+ ZP(O)} Ex

N,N' N,N'

89A, = 2ReZ|: (1=£)> PO+ ZP(O):|

4 /
, Ajj’H j'N' AN H JN’, j’NAj/f
+
€; —€j € — €
/ / . 7 U

HZN,Z’N/ HZ’N’, j’NAﬂ Ay ./’H j'N' AN (C47)
—ENf—f-G[—ng—ihS ég—Ej/ Gj/—ng ’

’ ’ g’

HZN N’ sz', j/NA.i"z ApjH J'N',EN (C48)

ENf‘f‘E[—Ey—lﬁS € — € €y — €y '

From the interband matrix elements A;; and A, (the momenta of the two states denoted by the subscripts are equal) one can

see that the interband coherence plays a role in both terms.

For static impurities, the state of the scattering system remains unchanged thus N = N’, and

) zy7 / _ ©) zy7 / _ ’ oy
E PN HZN,IZ’N/HE’N/,]"N = E Py HIZN,Z’NHE’N,j/N = <H€£’H€/j’>
N,N' N

(C49)

is just the average over the disorder configurations. Therefore, after some algebra we obtain

(H éZ/Hé/'z)Af’f/’

-S| ¥

00

2R
(€o—co —ihs)(er — o +ils) T °1E 2 (e, — e + ifis) (e, — €pr + ifis)

<Hé/[r/ Hé//g )A[[’

; (C50)
v

which just reproduces the result obtained in the single-particle 7 -matrix formalism in the case of static disorder [40,51].

APPENDIX D: GENERALIZED BLOCH-BOLTZMANN
FORMALISM FROM THE LYO-HOLSTEIN
TRANSPORT THEORY

The Lyo-Holstein theory [38,42] takes into account the
many-body effects in weakly coupled electron-phonon sys-
tems. Lyo [38] split the electron coordinate operator into intra-

(

cell and intercell parts and considered separately the resulting
four components of the velocity-velocity correlation function.
The theory thus contains some nongauge-invariant quantities
which are difficult to interpret. Partly because of these compli-
cations, the theory has not found wide applications. The main
theoretical results of Lyo are his Eqgs. (3.39) and (3.43). The
latter representing the crossed part of intrinsic skew scattering
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appears in the third Born order and is too complicated to be
applicable in practice. We focus on Lyo’s Eq. (3.39), which
contains the contents of Lyo’s Egs. (3.25)- (3.27), (3.37), and
(3.38). We show that, Lyo’s Eq. (3.39) includes the intrinsic
and side-jump anomalous Hall conductivities. The proof of
the equivalence are outlined as the following four steps:

(D Lyo’s transport equation (3.27) is our Eq. (2b) in
the main text for gy, i.e., the conventional Bloch-Boltzmann
equation.

(IT) The opposite of the anomalous velocity defined by
Lyo’s Eq. (3.26) is the last term of our side-jump velocity:

5] Lyo 2 :U)[(

Here wy, is the electron-phonon scattering rate taking the
same form as the lowest-Born-order expression in the density
matrix approach, but with all the quantities renormalized
by many-body effects (RPA-type renormalizations). For ex-
ample, wézg is proportional to |V,|* with the renormalized
electron-phonon coupling Vy,. But Lyo’s anomalous velocity
is not gauge invariant (under the gauge transformation |u;) —
€ |ug)).

(II) Lyo’s transport equation (3.37) corresponds to our
Eq. (11) in the main text for the anomalous distribution
function g%, but has a different form

0( Darg Vi), (D)

¢E . sz,Lyo — Z we ( r a Lyo _ gj;Lyo)’ (DZ)
because Lyo defined his transport function as
§P° =gt — eE - A, (D3)

with A, the Berry connection. The so-defined transport func-
tion is not gauge invariant and not a real distribution function.

(IV) Combining (I)—(III) we recognize that Lyo’s
Egs. (3.25) and (3.38), whose sum gives his (3.39), take the

following form in our notations:

(je)ijyo’sj(l) _ eZ < af( >g,é( sj, LyO)y’ (D4)
14

864
e \Lyo-si df,
= 8 (4 Y,

Both of them are gauge dependent. But we show that the sum
of them is gauge invariant. In fact we show

(je);j(l) — (jE);}’O—Sj(l) _ eZE)r Z < afk >(A@)y(vl) (D6)
4

(D5)

and

GNP = (RN 4+ ZE, Z( of; >(Az)x(vz)

(D7)
thus
ORIV GNP = GOFV + GNP + G
(D8)
As an example we provide the derivation of Eq. (D6):
GRD = (e
af 0) — f(er)
= —[-(A
e%( giWey —fO(Gz)[ (Ap)y]
1 — fOer)
+e ; ng/U)u/ m(Ag )y
(ep
:eZ( ) z))zwu J}O(Z)[g" g’é]
¢

= —¢’E, Z <—a—fo)(Ag)} (v9)..

where the interchange of £ and ¢ is used in the first step and
the conventional Bloch-Boltzmann equation of the main text
is used in the last step.
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