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We develop the theory of the scaling of the anomalous Hall effect (AHE) in the insulating regime, which is
observed in experiments to relate the anomalous Hall and diagonal conductivities by oA o o407 for a large
range of materials. This scaling is qualitatively different from that observed in metals. Basing our theory on the
phonon-assisted hopping mechanism and percolation theory in random networks, we derive a general formula for
the anomalous Hall conductivity, in which the percolation theory averaging of the random-linked triad clusters is
a key aspect that captures the correct observed physics. We show that it scales with the longitudinal conductivity
as ava ~ o with y predicted to be 1.33 < y < 1.76, quantitatively in agreement with the experimental
observations. Our theory predicts that this scaling remains similar regardless of whether the hopping process is
of long-range (variable-range hopping) or short-range type (activation hopping), or is influenced by interactions,

i.e., the Efros-Shklovskii regime. Our theory completes the understanding of the AHE phase diagram in the

insulating regime.

DOI: 10.1103/PhysRevB.84.165304

I. INTRODUCTION

The anomalous Hall effect (AHE) is a central topic in the
study of ferromagnetic materials.! It exhibits the empirical
relation p,, = RoB; + RgM; between the total Hall resistivity
and the magnetization M, and external magnetic field B,.
Here, Ry and Rgs are, respectively, the ordinary and anoma-
lous Hall coefficients. In experiment, the anomalous Hall
resistivity (AHR) is usually observed to follow a power-law
form versus the longitudinal resistivity pva ~ ,Ofx, with o,
varied by changing the temperature 7', disorder scattering,
or density of states (DOS) around the Fermi surface. When
transformed to the anomalous Hall conductivity (AHC) O’SH,
the scaling relation takes the form o\ ~ p2 /o2 ~ o’
Three regimes are observed with respect to their dependence
on the diagonal conductivity o,,.' In the metallic regime, the

AHC o )M is observed to be linearly proportional to oy, for the

highest metallic systems (o,, > 10° Q7! cm™!) and roughly
constant for the rest of the metallic regime. This dependence
indicates the different dominant mechanisms in ferromagnetic
metals. These are understood to be the skew scattering, side
jump scattering, and intrinsic deflection mechanisms. The
intrinsic contribution is induced by a momentum-space Berry
phase linked to the electronic structure of the multiband
spin-orbit (SO) coupled system."> The side jump scattering
mechanism gives the same scaling relation as the intrinsic

o . AH-sj ..
contribution, i.e., oy ¥ x 00, and the skew scattering is
AHsk o . While

XX

linear in the longitudinal conductivity oy

these mechanisms are now better understood, the maximum
scaling exponent of the AHC can not exceed unity in the
metallic regime.!

On the other hand, experiments in the insulating regime
exhibit an unexpected scaling relation of the AHC: o/ o
o 40~175 with the scaling exponent generically larger than
unity.*"'* Earlier experiments on AHE in this regime were done
in magnetite Fe;0,4>, and the recent experimental observations
of this scaling are reported in a large range of materials

including granular Fe/SiO, films, magnetite epitaxial thin
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films, dilute magnetic semiconductor (DMS) Ga;_,Mn,As,
and ferromagnetic semiconductor anatase Ti;_,Co,0,_s. The
observed scaling in the insulating regime has remained
unexplained and a major challenge in understanding fully the
phase diagram of the AHE.

The hopping transport regime prevails when a system
is in the disordered insulating regime, with the impurity
on-site energies randomly distributed. At low temperature
(T K« Eyg/kp with Ej the ionization energy of the bound
states), the charge transport in such a system will be dominated
by the phonon-assisted hopping of electrons and holes between
impurity sites.'®!”

To capture the Hall effect, one requires the hopping process
between impurity sites (Fig. 1) to break the time-reversal
(TR) symmetry. The two-site direct hopping preserves TR
symmetry, and contributes only to the longitudinal charge
transport. The hopping through triads (three sites) is the
minimum requirement to model theoretically the Hall effect.'®
The total hopping amplitude is obtained by adding the direct
and indirect (through the intermediate k site) hopping terms
from i to j sites. The two hopping paths give rise to
an interference term for the transition rate that breaks TR
symmetry and is responsible for the Hall current in the hopping
regime. For the ordinary Hall effect (OHE), the interference is
areflection of the Aharonov-Bohm phase, and for the AHE, it
reflects the Berry phase due to SO coupling.

While the hopping through triads reveals the minimum
element contributing to the AHE in the hopping conduction
regime, the crucial step to understand the insulating AHE and
the observed scaling relation is hidden in the evaluation of
the AHC within percolation theory. In the hopping conduction
regime, the charge transport is not dominated by the whole
impurity system but by specific percolation clusters, which
span the whole material, but cover only part of the impurity
sites. To correctly evaluate the AHC, one must address a highly
nontrivial issue: how to average the AHC over the percolation
clusters with triads.

The few previous studies of the AHE in this regime have
been focused on manganites and Ga;_,Mn,As by employing
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FIG. 1. (Color online) AHE in the insulating regime. In this
regime, charge transport occurs via hopping between impurity sites.

Holstein’s theory in the anomalous Hall system. In manganites,
a nonuniform magnetic system, the AHC is determined only
by optimal triads and, therefore, this material does not exhibit
the scaling observed in the typical disordered insulators.'®?
On the other hand, the studies on insulating Ga;_,Mn, As did
not appreciate the central aspect of the hopping conduction
that the AHC should be averaged over percolation cluster,
and thus failed in explaining the observed scaling.?’'?* A
numerical study of the AHE using metallic theory observed
a scaling in a disordered metallic regime, but both the AHC
and oy, remained metallic in this study, while the scaling
was only present for a particular sign of the impurities."!3
The AHE theory in the metallic regime is generally based
on the perturbation expansion in terms of small parameter
1/(kpl). Here, kr is the magnitude of the Fermi wave
vector and [ is the length of mean-free path. Hence, the
available microscopic theories of metals fail in the insulating
regime since the condition k! >> 1 is no longer satisfied for
disordered insulators by its own construction.!!?

In this paper, we develop a theoretical approach to study
the scaling of the AHE in the insulating strongly disordered
amorphous regime. The AHC in this regime is correctly
formulated and exactly calculated by averaging over the
percolation cluster. In light of the fact that the charge transport
is dominated by the percolation cluster, we derive rigorously
a new configuration averaging formula for the AHC, with
the key physics that the Hall currents are averaged over
percolation cluster containing triads completely considered.
With our formalism, we calculate the upper and lower limits of
the AHC, which correspond to different extreme situations for
the triad spatial distribution, and show that they scale with o,
as O'A;H ~ o), where y is predicted to be 1.33 < y < 1.76
with only a slightly quantitative dependence on the specific
hopping types. Namely, the scaling remains similar in
the Mott variable-range hopping (VRH), Efros-Shkolvskii
(E-S) regime, and in activation E3 hopping regime. This
matches the experimental observation that the scaling is seen
in many types of insulators with different hopping types
dominating.

II. THE MODEL

Our theory is based on a minimal tight-binding Hamilto-
nian. With the particle-phonon coupling considered, the total
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Hamiltonian H = H, + H. + H,

At A At A At A
= Zeicmcia Z tia,jCiyCip + ZM - TapCioCip s
i

ia,jp ia,B
. - - —1/2 (g1
He=inY (G &)wy, *(be® " —

ik
th = Z a),\bib;“
A

Here, H, describes localized states, H. gives the particle-
phonon coupling with n the coupling constant, Hp;, is the
phonon Hamiltonian, « is the local on-site total angular mo-
mentum index, and ¢; is the energy measured from the Fermi
level. Here, we consider that the magnetization is saturated
and thus assume M = Mé,. We rewrite the Hamiltonian H,
in the diagonal basis of the exchange term and obtain

p - Zélacmctu - Z [l()l jﬂclacjﬂ7 (1)

ia,jB

phs with

l‘[/ )C Clotv

where €;, = €; + M1ty,. The hopping matrix #; is generally
off diagonal due to SO coupling. For example, for the dilute
Ga;_,Mn,As, the matrix #;,, ;s describes the hopping of the
holes localized on the Mn impurities. Under the spherical ap-
proximation, f;, js can be obtained based on a unitary rotation
U(R;;) from the &, direction to the hopping direction i —
7. We thus have t;4 jg = [UT(R;)diagU (R;)]ap With taiag =
diag[t32,t1/2,1_1/2,2_3/2] representing the situation that the
hopping direction is along the z axis. Another example is for
the localized s-orbital electrons. In this case, the hopping ma-
trix is given by t;; = UT(R;)[%;(1 + i;; - )IU(R;;).%° Here,
fij = diaglt1/2.t-12] and U;; = % [Z/[VV(r) x dF'] with V(r)
including the ion and external potentials, the SO coupling
coefficient « =1/ (4m2c?), and m the effective mass of the
electron. The localization regime has the condition |ti4, jg| <
le; —€j| in average. The specific forms of the relevant
parameters (#;;, M, spin operator 7,g) are material dependent
and do not affect the scaling relation between (IAH and oy,.
Considering the dominant contributions to the longitudinal
and Hall transports, which include the one- and two-real-
phonon processes through triads (Fig. 2),'® we obtain the

two-phanon o—p—fi v, R.z 'fgl',- G .RA ; j’,
processes: 3 + ) o F i
r X R, R, R< R,
q; 4, i i
o g, 5d. q AR q; t_
gl —_ # i + i P &
/ \ - b A ) /& __v - /}\ i
9’—»—‘.R_ ) R.- P RJ: Rr(?. : _R.r_ R. r,:q' _R,-
k1, i One (real) phonon & D1 G w owg, R, iy g a4
processes: —r—a + .‘w./i/\_ +. /\_ + 4 ‘,’
R Ry R . R, R, R, R,
- /\} A /\.
R % R R
i ¥ q,; )
Direct process ]ndncm process

FIG. 2. (Color online) The hopping processes through triads with
up to two real phonons absorbed or emitted. (Top) Typical diagrams of
the two-phonon direct and indirect hopping processes. (Bottom) One-
phonon direct process and typical three-phonon (one real phonon)
indirect hopping processes.
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charge current between i and j sites in a single triad with
applied voltages?!

Lij = GijVij + Gijk(Vie + Vi), )

where the direct conductance

2)\06
= Z| tia jg * T, 3)

with T;S'Z) - |Aij|e—%ﬁ(\em|+|e,-;;|+|e,-u—e,ﬂ\), Aij = €iq — €p,
€iq = €; + M1y, and the constant Ag o< 52.'® The second term
in /;; is responsible for the Hall transport and

Gijk = ksT Z [Im(tla BLjBky Ty i) uk] “)

(3) 3) (3) (3)
Where Tl]k Tl .k + Tk.ij + T] ki»

e —3B(lejpl+ley |+l€ia— &yl tleie—€jsl)  The

with Tz(?;)k = |A,‘ink|

function Im(fq, jg
1ig.kyltiy,ia) gives a geometric phase term corresponding to
the closed-path hopping i — j — k — i. The formula of
I;; gives the microscopic conductance in any single triad. To
evaluate the macroscopic AHC, one shall properly average it
over all triads in the random system. This is achieved with the
aid of percolation theory, a fundamental tool to understand
the hopping transport.

III. PERCOLATION THEORY

We first map the random impurity system to a random
resistor network by introducing the connectivity between
impurity sites with the help of a cutoff G.(T). When the
conductance between two impurity sites satisfies G;; > G,
we consider that the i, j sites are connected with a finite resistor
Z;; = 1/G;;. Otherwise, they are treated as disconnected, i.e.,
G;j — 0. The Hall effect will be treated as a perturbation to the
obtained resistor network. The cutoff G, should be properly
chosen so that the long-range critical percolation paths and
clusters appear and span the whole material and dominate
the charge transport in the hopping regime. The macroscopic
physical quantities will finally be obtained by averaging over
the percolation path and cluster.

The hopping coefficient generally has the
t,a s _tl(g)]ﬂe‘”R'/, with a~! the localization length and

R;; = |R; —Rj|. The direct conductance holds the form
Gij= Go(T)e~2Ri=3Plleial+lep1+leiw€isD)  and then the cutoff
can be introduced by G, = Goe P& 24 Here, BE. is a
decreasing function of T, indicating the material in the
insulating regime. The number of impurity sites connected
to a specific site i with energy ¢; can be calculated by

form

n(en k) = f de; / & Ryyp(e; R)OGy — G, (5)

Here, ®(x) is the step function and the DOS p(e,ﬁi) ~
% > ;8(e —¢;) is approximated to be spatially homoge-
neous. The number n(e;,£,) can also be given by n(e;,&.) =
> Pulei &), with P, (€;,&,) being the probability that the nth
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smallest resistor connected to the site i has the resistance less
than 1/G.. The function P, reads® as

1 n(e;)
e *x"ldx, (6)
(n—=1D!Jo

which can be derived according to the Poisson distribution.
The percolation path and cluster appear when the average
connections per impurity site 77 = (n(e€;)). reach the critical
value 7., where the definition of {(...). is given in Eq. (7).
Suppose a physical quantity F(eq, ... ,€u;71, ... I y) iS an m-
site function, requiring the ith site to have at least n; sites
connected to it. The averaging of F(e;7) reads as

NF /dé] fdG,n/d ria . ‘/\dSFm,Lm

x HPni(ei)F(el,...

i=1

Pn(Eisgc) =

(F(e;7))e

7Em’r1""5rm)7 (7)

where A is a normalization factor and the probability function
P (e) = ple;) Z,@m Pi(¢;). The term Z,@m Py (¢;) entering
the probability function has an important physical reason.
The configuration averaging is not conducted over the whole
impurity system, but over the percolation cluster, which covers
only a portion of the impurity sites. Therefore, the probability
that an impurity site belongs to the percolation cluster must be
taken into account for the probability function. Moreover, this
probability function also distinguishes the physical origins of
the AHC and o,,.. For ny ,one has n; = 3, and for o,,, one has
n; = 2. This indicates the averaging of o, is performed along
the one-dimensional (1D) percolation path, while for AHE,
which is a two-dimensional (2D) effect, one shall evaluate
AHC over all triads connected in the 2D percolation cluster.

IV. CONFIGURATION AVERAGING OF THE
ANOMALOUS HALL CONDUCTIVITY

According to the formula (7), the average value of
the one-site function n(e;,&.) in the percolation cluster is
calculated by

de;in(e;)p(ein(e;

- _ [ dene@pten(e) )

[ dein(e)p(e;)
When the DOS p(¢;) = ,00 is a constant, the number n(e;) is
given by n(e;) = ¥ (Zamﬁ (& — le&i* (2 — |€i). Then, we
have i1 = 0.4067 Gk, T);E 4. The hopping conduction occurs
when the average value i reaches the critical value .. We

; __[QakpT)’n.71/4

f)btsun then the cutoff value &, by &.(T') _[0_437[)0] . Thus,
1t gives

T 1/4 3—C
ﬂ%‘c:(?o) . Ty=162"¢,

BP0

€))

which is the Mott law.!” Accordingly, if we assume the density
of states p(e€) ~ €2, we obtain straightforwardly the E-S law
ﬂgc — (%)1/2.26,27

Numerical solutions show that the critical site connectivity
is i1, = 2.6 ~ 2.7 for the appearance of a percolation path and
cluster in three-dimensional (3D) materials.?32° This indicates
that the triads are sparsely distributed in the percolation cluster,
as shown in Fig. 3. The AHC can be derived by examining
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FIG. 3. (Color online) Typical resistor network in the material.
The present situation indicates V) , and V¥ in the region from
x — Ax to x + Ax are zero, where no triads form.

the transverse voltage VyH (along the y axis) induced by the
applied longitudinal current /,. We denote by N (x) the number
of triads distributed along the y axis in the region around
position x. (Note that M is along the z axis, hence, we assume
the system in this direction to be uniform.) The transverse
voltage equals the summation over the voltage drops of the
N (x) triads:

N(x)

> o (10)
=1

For the general situation, we allow some Vl.H ’s to be zero
(see Fig. 3). In that case, no triad forms for the incoming
current /; under the condition that all direct conductances in
a triad must be no less than G.. To calculate ViH , the voltage
contributed by the ith triad, we employ perturbation theory
to the equation30 Iij = G,’j V,'j + Zk Q,-jk(V,-k + ij). First, in
the zeroth order, we consider only the normal current, namely,
the Hall current is zero and, thus, }°; I;; = >, Gi V(O) =0,

with which one can determine the voltage Vi(o) at each site.
Then, for the first-order perturbation, we have Z I;; =

> GiVii+ J(H)_Owhlchleadsto.](m > J(H)z

22 gijk(Vj(]?) +V (0)) = —2_;Gi;Vij. The current J(H)
can also be written as

3
(H) 0)
J! :52 GinVip- (11)
ik

VyH(x) =

For the hopping regime, the triads are dilutedly distributed,
and the Hall voltages induced by different triads are considered
to be uncorrelated. Therefore, we obtain the Hall voltage of
the ith triad from the transformation indicated in Fig. 4 that

3] g(l)
‘/Z(H) i1izi3 (12)
Gllh Gl7l3 + Glll3 Glzl3 + Gl311 G1112
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FIG. 4. (Color online) Resistor network transformation.

From the resistor network configuration, one can see
Z;V(x) I; = 21y. For convenience, we denote I; = 2Iy);(x)
with ), A; = 1. For a macroscopic system, one has N(x) —
oo. Furthermore, we consider that, at the position x for each
Mi, there are n;(x) triads that have such same current fraction
X;. Then, the average transverse voltage reads as

- 610—/dxz)\

;3> 1
Z J1J2J3 . (13)
j=1 GGy +GjijsGhjs +GjjiGjijy

To simplify this formula, we extend the current distribu-
tion {);} for the region between x — Ax and x + Ax to
the whole space along the x direction, and then we can
exchange the order of the integral and the first summa-
ton: - [dx Y, MY - Mg [dx Y 7(’? In
the 11n11t N(x) = o0 and when the length L, is much
larger than the typical length L of the triad, the calculation
1 [dx ;’(x) gives the average of all possible configurations
of the triads through the percolating cluster. This leads to

g(l)
60 Y i ,
Yl Gii, Giyiy + Gi,igGizig +Giiy Giia [,

with7i; = (1/Ly) f dx n;(x) the average number of triads with
ingoing and outgoing current /;. Note the identity ), n;A; =
1 is independent of position x and, therefore, we have also
>.7i;A; = 1. For this, we obtain the AHC

kBT <Za,3y [Im(tla Jﬁt]ﬂ k)’tkl’ lOl) ljk] >

2 27 (2)(2)
e Yiojor it PT T

H—3L02

(14)

where L is the correlation length of the network. Note that the
configuration integral given by Eq. (7) is derived for the AHC
in this paper. This is an essential difference from the former
theory by Burkov et al., ! where the configuration averaging
applies to the whole system rather than to 2D percolation
cluster. With our formalism, the key physics that Hall currents
are averaged over percolation clusters can be studied, which
is a crucial step to understanding the insulating regime of the
AHE phase diagram. The above configuration integral can not
be solved analytically. In the following, we study the upper and
lower limits of the AHC with Eq. (14) by considering different
extreme situations for the triad distribution, with which the
range of the scaling relation between o} and o, can be
determined.

Before proceeding further, we would like to present a few
remarks on Eq. (14). First of all, this formula is generally
valid for the disordered insulating regime, as long as the triads
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are sparsely distributed in the percolation cluster. Second, for
different types of hopping regimes (Mott, ES, and activation
E5 hopping regimes), the functions of the DOS p(e) and
connectivity n(e;) in the configuration integral are different.

V. SCALING RELATION BETWEEN ANOMALOUS HALL
CONDUCTIVITY AND LONGITUDINAL
CONDUCTIVITY

The lower (upper) limit of the AHC can be formulated by
keeping only the maximum (minimum) term in the denomi-
nator and the minimum (maximum) term in the numerator. In
this section, we shall study the scaling relation in the Mott,
ES, and activation E3 hopping regimes, respectively.

A. Mott variable-range hopping regime

In this regime, we first approximate the DOS to be
constant although this approximation is relaxed later. Under
this condition, one obtains straightforwardly the probability
P, (¢;) from the number n(¢;). Note in the hopping conduction
mechanism that dependence of the conductivities is dominated
by exponential functions. It can then be expected that the
scaling relation between o2 and o, will be governed by the
exponential functions in G; }k and G;;. To focus on the scaling
relation, we first drop off the summation of the spin states.
This procedure ignores an important physical consequence that
the summation over spin-up and spin-down states contributes
oppositely to the AHE (we shall return to this discussion later),
but keeps the central result of the scaling relation unchanged
between af‘,H and oy,. As aresult, with further simplification,
we find

AH 2 kBT ﬁé& rrrr%g(
{ny }n"35?< ~3Loy, —Zt(o) <Rz’jk )c(eijk )c’
€ max/min
(15)
where (R[n;}{n% — ea(R[/+Rik—Rik)c |Rij~Rjk<R,‘k , (65'1?% —

eo~513<|5i|+|5j|+|5j_5k|_|5i—€k|>c|‘Ei|<|€j‘<‘€k|, <R;1;2x>c and (Eg}z)c)c
hold the same form for the calculation, but the restrictions
change to be R;;,Rjx > Ry, and |e| > |e;| > |,

coefficient tl(]?;x/min

respectively. The represents  the

maximum/minimum element in the matrix ti@). In obtaining
Eq. (15), we have approximated the configuration averaging
of the exponential functions to be the configuration averaging
of the exponents. This approximation loses the information of
the power-law dependence of the AHC on the temperature,
and it requires that the dominant temperature dependence of
the AHC should be in the exponential form. In the hopping
conduction regime, this condition is satisfied.

It is instructive to point out the underlying physics of the
two limits. In the hopping regime, charge transport may prefer
a short and straight path in the forward direction with larger
resistance than a long and meandrous path with somewhat
smaller resistance.'®?> This picture introduces an additional
restriction complementary to the percolation theory for charge
transport. The bonds in a triad that play the major role for the
current flowing through it are determined by the optimization
of the resistance magnitudes and spatial configuration of
the three bonds. A quantitative description can be obtained
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by phenomenologically introducing an additional probability
factor to restrict the charge transport.'®> Here, we only need
to adopt this picture to present the two extreme situations
corresponding to {0 A"} imay. To get the upper limit, we
assume that for each triad of the percolation cluster the two
bonds with smaller direct conductance dominate the charge
transport, i.e., the product of the two smallest conductances
minimize the denominator and take the maximum value for the
numerator of Eq. (14). For the opposite limit, the situation that
the two bonds with larger conductances in each triad dominate
the charge transport corresponds to the lower limit of the AHC.

We study first the lower limit of the AHC. For convenience,
we neglect the spin indices. According to Eq. (7), we know
the configuration averaging (R;; + Rj; — Rik)C|R[j,R/k<R,k
is a nine-dimensional (9D) integral over the position
[d®R;; [ d®Rj; and the on-site energies [ de;de;de,. We
sPall flrst qperforqm the integral over position. Denote by
R = R;j,R, = Rj; for convenience, and then R3 = Rj; =
(Rl2 + R% — 2R R, cos6)!'/2. We then study the integral [ =
& [ &R, [ @®Ry(R\ + Ry — Ry) with N, = [ d*Ry [ d*R,.
Note that, in the configuration integral, we have the restrictions
R; < R;max and R, R, < R3, with R; 1, determined through
2aR};.’aX + %,3(|ei| + lejl + |le; — €]) = B&. (from the condi-
tion G?}m = G, or Z;’J‘.a" = 1/G,). For this, we can show that
the integral satisfies

1 Romax T Rimax
I< ./\—/.87'[2-/ dRzkg[f de/ dR,R?sin6
r 0 /2 0

x (R + R, —\/R%+R§—2R1R2cos9)

/2 Rimax
+ / d@/
/3 2R, cos 6

X(Rl+R2—\/Rf+R§—2R1RZCOSG)i|, (16)

dR|R}siné

where Ny = 53725 [0 dO fm d Ry R} sin @ +
872 [y dRyR3 [7) d6 [y dR R} sinf. By a straight-

forward calculation, we obtain further
[ ~0.4247°R] /N, 17)

with the normalization factor N, = 27w2RS_ . Here, Ryax =
max{Rimax, Romax}- We should emphasize that, to this step,
we can not cancel the function R’ in the numerator of the
Eq. (17) by the normalization factor N,. This is because both
of them are only part of the original configuration averaging
(Rij + Rji — Rii).. The final result needs to further integrate

over on-site energies, and gives that

In g?;n)c ~ 0.1568&.. (18)

. . min
Now, we evaluate the configuration averaging (€, )c.
which corresponds to a 3D integral over on-site energies.

165304-5



XIONG-JUN LIU, XIN LIU, AND JAIRO SINOVA

Similarly, the formula is given by

PHYSICAL REVIEW B 84, 165304 (2011)

In (ei;nkin )c -

To simplify the above integral, we check |e€; — €| — |€; — €]
with the restriction |¢;| < |€;| < |e|. For the case (i) sgn(e;) =
sgn(e;) = sgn(ey) = =1, we have |€; — €| — | — €l =
—lei — €;l; for (ii) sgn(e;) = sgn(e;) = —sgn(ex) = 1, we

have |€; — | — |e; — €] = —|€e; — €]; for (iii) sgn(e;) =
sgn(ex) = —sgn(e;) = £1, we have |e; — €| — |6 — & =
—|e; — €j[; and for (iv) sgn(e;) = sgn(e;) = —sgn(e;) = £1,
we have |e€; — €| — |€; — €x| = |€; — €;|. For this, we ob-

tain that (|e;| + |€;| + €; — ex| — l&; — €xl)e = (lei| + |€;| —
%|€,‘ — €j|)c. Then, by a straightforward calculation, one can
verify that

min

In <6ijk )C = 0.0868¢,. 20)
Together with the results in Egs. (18) and (20), we get
<R;?;(H>L<6:;1]ICH>L ~ e().242/f5&'r . (21)
The lower limit of the AHC is then obtained by
kgT 1
AH 2 KB 0.242¢,
o8 in = 3Lo% —5 5245 (22)

max

Note the longitudinal conductivity o, is calculated based on
the two-site function of G;;, which should be no less than G,
in a percolation path. The evaluation of o,, with percolation
theory has been well studied in the published literatures.'%>*2>
It can be shown that the result of o, equals G, divided by the
correlation length of the network and takes the form o,, =
o0(T)e P%, where o(T) gives at most a power law on 7242
Comparing this form with the lower limit of the AHC obtained
above, we reach that

{UAH}min — 3LO_(§).242]€B_TLO_14758' (23)

Xy 2 ,(0) “xx
€” Imax

The upper limit can be studied in the same way.
Considering the different restrictions, we obtain (R;; +
Rjx — Rik)elRr Ry<ry = 0.483B8./a and (|e;| + |e;| + |e; —
€| — lei — 6k|>c||€i|>|€/|>|€k| = 0.275&.. For this, we obtain
(RII) o 04838 (e o~ ¢013%F% and the upper limit of
the AHC by

kgT
AH _ 0.621 KB 1.379 v
{OXy }max =3Loy 2210 Opy ~ X Oyy- (24)
min

Comparing the above results with the AHC, we reach
(A min/max ~ 05 "0 4" with y, = 176 and y, = 1.38.

This leads to the scaling relation between ofyH and o, of
the AHE in the Mott VRH regime:
oM ool 138 <y < 1.76. (25)

The maximum (minimum) of the AHC corresponds to the
smaller (larger) power index ¥, (y,). This scaling range
can be confirmed with a numerical calculation of Eq. (15).

_ 058 [ deidejderp(e) Y o3 Pi(e)p(€) Y 1o3 Pile)p(er) D ins Pile)(lei| + |€j| + ej — ex] — lei — &)
[ deidejderp(e) Y o3 Pi(e)p(€) Y- 1o3 Pilej)p(er) D15 Piler) ’

19)

Furthermore, a direct numerical study for the configuration
integral (14) gives the scaling exponent y & 1.62, which is
consistent with the analytical prediction of the lower and upper
limits.

It is noteworthy that the configuration averaging over
the position (R;jx). undergoes a relatively large change in
magnitude between the upper and lower limits. This result
reflects an important property of the (variable-range) hopping
conduction regime presented below. In the VRH, the hopping
process allows us to go beyond between nearest-neighbor
impurity sites to minimize the resistivity. The optimization
of the typical hopping length plays a major role in determining
the scaling of the conductivities with respect to temperature.!”
The lower and upper limits correspond to the opposite
extreme situations of the triad distribution, which have distinct
influences on the optimization of the hopping distances for the
Hall transport and, thus, lead to very different results for the
AHC after spatial averaging. We should emphasize that this
remarkable difference between (R;*). and (R{;?}c“)c is obtained
in the case of a constant DOS around Fermi energy. One can
expect this effect will be suppressed in the E-S hopping regime
where the DOS is a parabolic function of the on-site energy
and the difference between configuration integrals with respect
to energies become more important (refer to the discussion in
the next section).

‘We make a further remark here to compare our results with
those obtained by Burkov et al.?! In the final result of the
AHC in Ref. 17, the configuration averaging was actually not
performed but simply replaced by the maximum value of the
integrand in their formalism. This procedure, not surprisingly,
can not predict the correct scaling relation. Here, we have
performed the exact calculation of the lower and upper limits of
the AHC based on the correct configuration averaging formula.
With our procedure, the key physics that the Hall currents are
averaged over percolation cluster is completely considered and
reflected in our evaluation.

So far, in the calculation we have assumed a constant DOS.
This approximation is applicable for the ferromagnetic system
with strong exchange interaction between local magnetic
moments and charge carriers (e.g., oxides, magnetites) and
half metals in general. In this case, we do not need to sum over
spin-up and spin-down states, which contribute oppositely to
the AHE, and the previous results are valid.

However, when the Fermi energy crosses both spin-up and
-down impurity states, a symmetric DOS with p(e) = p(—¢€)
leads to zero AHC. This is because under the transformation
€0 —> —€,—¢ (I =1,j,k), Gijx changes sign, while G;; is
invariant. Thus, the averaging for AHC over all spin states and
on-site energies cancels.>! We relax the previous simplifying
restriction by expanding the DOS by p(e) =), % ‘f;;—’f "

where we consider py = p(€p) is finite and has only a
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FIG. 5. (Color online) Scaling relation between the AHC and
longitudinal conductivity. The theoretical results are compared with
the experimental observations.

relatively small variation in the range |€| < &.. Substituting this

expansion into Eq. (14) yields o3 = >~ %), with the first
dpo

and second nonzero terms, respectlvely, proportional to 5%

dep
and m . We can similarly evaluate the lower and upper limits
of a H as before. The first two nonzero terms in the expansion

2=Ya/b _Ya
are {ny Ymin/max ™~ M ,00 ‘Ec(T) /mbx/b and {ny }min/max

0.002M %Ef (T)GO2 V“/ "oy The appearance of M is due to
F

the summation over the spin-up and -down states. We have also
employed the result (|€|). = 0.112&.. Note that og) and O’)g)

have different physical meanings. The term o} dominates
when the DOS varies monotonically versus €. Furthermore,
when the DOS has a local minimum at the Fermi level,
which may be obtained due to particle-particle interaction
(Coulomb interaction), we have dp/der = 0. Then, the term
o\ varnishes and o} dominates the AHE. The result that
the AHC af;H proportlonal to dpg/der (when the DOS varies
monotonically with respect to energy around Fermi energy) or
d3py /de-; (when the DOS has a local minimum at Fermi level)
indicates an interesting property that the AHC may change
sign when the first- or third-order derivative of DOS with
respect to energy changes sign. This result is consistent with
the observation by Allen et al.”

Figure 5 shows that our theoretical prediction is consistent
with the experimental observations of the scaling relation in
this regime, hence completing the understanding of the phase
diagram of the AHE.

~

B. Efros-Shkolvskii regime

In the case with strong Coulomb interaction, the DOS may
be greatly reduced around the Fermi energy in disordered

PHYSICAL REVIEW B 84, 165304 (2011)

insulators.?®?’ In this case, the assumption in the preceding
section that the DOS has a small variation relative to o is not
valid. The limit situation is that both the DOS and the first
derivative at Fermi level vanish (i.e., the E-S hopping regime),
which corresponds to the appearance of a gap due to Coulomb
interaction. In this case, p9p = 0 and dp/der = 0, and thus

N 1d 2:00 2 1 d? £0 3

p(e)_zdeze +6d € (26)
The E-S hopping regime is different from the cases discussed
in the previous section since, around the Fermi energy, DOS
is not dominated by a constant but by a parabolic function of
on-site energy. This may lead to a quantitative variation of the
probability function in the configuration averaging, and finally
affect the quantitative but not qualitative result of the scaling
relation. The formula of the connectivity n(e;,&.) is now
given by

1 27 d?py
n(e,»,f;‘c) = (2(1/(3T)3 T de? 305 - _E |€I| +
1 1 3
+ Zéfléilz - §|€i|3$3 + E|€i|5€c - %|€i|6)~
(27)

The configuration averaging of AHC can be calculated
following a similar procedure. Specifically, for the lower limit,
we obtain

Q009265 < em]1(n>

m ~ 0295 (28)

(RiE) =~
Comparing the above results with those obtained in the Mott
VRH regime with a constant DOS, we can see that the magni-
tude of energy averaging in the E-S hopping regime increases,
while the magnitude of position averaging decreases. This is
reasonable since the DOS varies as a function of €2, which
increases the contribution to the Hall effect from the impurity
states with energies far away from the Fermi energy and,
accordingly, decreases the contribution from hopping between
impurity sites with large distances. The lower limit of the AHC
is then obtained by

1 d?p
o dfs (1ol (29)

max

{od) i = 0.059Log" 38(T)

0.298¢,

For the upper limit of AHC, we get (R;*)c >~ e and

(€/1¥)e = €*?%% This leads to the scaling relation in the upper

limit

My 1 &3
AH ~ 0.67 0 Po 133
{ny }max 0.026Lo, (T) (0) e 3 . (30)

Therefore, in the E-S hopping regime, the scaling relation
between anomalous Hall and longitudinal conductivities be-
comes a H o o), with 1.33 < y < 1.62, which has a small
quantltatlve shift relative to the scaling obtained in the case
with a constant DOS. This result is consistent with the
observations in the experiments by Aronzon et al.* and by
Allen et al.,” who found the scaling relationas 1.4 < y < 1.6
for the E-S hopping conduction regime. Again, the AHC

in the E-S regime QH is proportional to d°py/de;., and
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thus may change sign when the third-order derivative of
DOS with respect to energy changes sign. Finally, it can
be expected that the general situation with a reduced DOS
(not necessarily zero) at Fermi level will be associated with a
scaling falling in-between the E-S hopping regime and the case
with a constant DOS. This confirms that the scaling relation
between afyH and o, is insensitive to which types of hopping
conduction the material belongs to, and is therefore generic
for the disordered insulating regime.

C. Activation E; hopping regime

Finally, we present a brief study on the AHE in the activation
E3 hopping regime, which dominates the charge transport
in the disordered insulating system when the temperature
T > Ty. Here, Ty is given by Eq. (9). In the activation
E5 hopping regime, the hopping between nearest-neighbor
impurity sites dominates the charge transport.”’-3! In this case,
the hopping configuration in the position space is not affected
by temperature. Thus, the configuration averaging over po-
sition space is independent of temperature. The temperature
dependence of the conductivities is solely determined by the
energy configuration integral. Again, we consider that the
impurity sites are homogeneously distributed in position space.
Then, connectivity n(e;) for a specific impurity site with on-site
energy ¢; is given by

4 R} lei] + l€j] + 1€ — €
3 /dfj/)(ej)@<E3— ’ =),

2
(€29

n(e;) =

where Ej is the cutoff for on-site energy and R, represents
the typical distance between the neighbor impurity sites. For
a constant DOS, one has

n(e;) = 37 R} po(RE3 — |€i), (32)

with |e] < E3. It can be seen that, for the present regime,
n(Es) = 37w R?poE3 > 0. This is different from the situation
in the VRH regime considered in previous sections. By
substituting the above formula into Eq. (8), one can calculate
the relation between the cutoff E; and 7 straightforwardly,
with which one can verify that E3 is a constant independent of
temperature and E3 o 1/(poR?).3! The longitudinal conduc-
tivity is then given by

Oy = ope B3/ kT (33)
The AHC is still given by Eq. (14) with the function of

n(e;) given by Eq. (31), but now the configuration integral
over position is unrelated to that over on-site energies and,

PHYSICAL REVIEW B 84, 165304 (2011)

thus, does not affect the temperature dependence of af;H. For

this, we obtain the upper and lower limits of the AHC that
keT guR(, min
AH ~ 2 "B max
{ny } %zl& ~3Log, T(Eijk )c' (34)
€ tmax/min

By a direct numerical evaluation we obtain that (ei“;,‘;x)c ~
e0-01BEs <65}in)c- ~ ¢034PFs | with which we obtain the scaling
relation afH oy, where 1.39 < y < 1.66. With this result,
we conclude that the scaling in the activation E3 hopping
regime has only a quantitative small shift relative to the scaling

in the VRH hopping regimes.

VI. CONCLUSIONS

We have developed a theory based on the phonon-assisted
hopping mechanism and percolation theory to study the
anomalous Hall effect (AHE) in the disordered insulating
regime. A general formula for the anomalous Hall conductivity
(AHC) has been derived for the hopping conduction regime,
with the key physics that the Hall currents are averaged
over percolation cluster being completely considered. We
calculated the lower and upper limits of the AHC and show
that it scales with the longitudinal conductivity as o[\ ~
o). with y predicted to be 1.33 < y < 1.76. The predicted
scaling only slightly depends on the specific hopping types,
and is quantitatively in agreement with the experimental
observations.

From our theory, the scaling relation in the insulating
AHE is fully determined by the microscopic origin: phonon-
assisted hopping conduction mechanism, and by the fact
that the AHC is dominated by the percolation clusters. It
is clear that these two aspects are generic for the hopping
conduction regime of the disordered insulators, and, therefore,
the obtained scaling in this regime is qualitatively generic in the
disordered insulating AHE. We have shown that this scaling
remains similar regardless of whether the hopping process
is Mott variable-range hopping, influenced by interactions,
or activation E3 hopping (nearest-neighbor hopping) regime.
Our results explain naturally how the scaling between the two
quantities remain true even when the diagonal conductivity
crosses regimes and why this type of scaling is so prevalent in
the insulating regime. Our theory completes the understanding
of the AHE phase diagram in the insulating regime.
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