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We study the transport properties of two-dimensional electron systems with strong Rashba spin-orbit coupling
(SOC) doped with interacting magnetic impurities. Interactions between magnetic impurities cause the formation

of magnetic clusters with temperature-dependent mean sizes distributed randomly on the surface of the system.
Treating magnetic clusters as scattering centers, by employing a generalized relaxation time approximation we
obtain the nonequilibrium distribution functions of Rashba electrons in both regimes of above and below the
band-crossing point (BCP) and present the explicit forms of the conductivity in terms of effective relaxation
times. We demonstrate that the combined effects of SOC and magnetic clusters cause the system to be anisotropic
and the magnetoresistance strongly depends on both the clusters’ mean size and spin, the strengths of SOC, and
the location of Fermi energy with respect to the BCP. Our results show that there are many contrasts between the
transport properties of the system in the two regimes of above and below the BCP. By comparing the anisotropic
magnetoresistance (AMR) of the two-dimensional Rashba systems with the surface AMR of three-dimensional
magnetic topological insulators, we also point out the differences between these systems.
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I. INTRODUCTION

Two-dimensional electron systems with Rashba spin-orbit
coupling (SOC) play leading roles in novel spintronics. Lock-
ing of the spin degrees of freedom with the spatial motion
of itinerant electrons splits the spin-degenerate band of the
system into two parabolic bands with opposite spin-helicity
intersecting each other at the band-crossing point (BCP). The
presence of two bands with different spin states is one of
the hallmarks of two-dimensional Rashba electron systems
(2DRSs) in spintronics applications, especially in the ma-
nipulation of the spin state of electrons in the absence of
external magnetic fields [1-7]. Topological changes of Fermi
surface and the variations of band structure from two spin
states to the valley band with a single spin state in passing
through the BCP lead to several phenomena in the low-density
regime [8—10], such as qualitatively significant modifications
of thermoelectric and thermopower properties [10,11], modi-
fications of the classical Dyakonov-Perel mechanism of spin
relaxation [9], and the enhancement of the superconducting
critical temperature in 2DRSs with strong SOC [8].

Doping of 2DRSs with magnetic impurities leads to many
exotic phenomena [12—16] such as the anomalous Hall effect
and anisotropic magnetoresistance (AMR). The combined ef-
fects of Rashba SOC and localized spins significantly modify
the transport properties of the system; they lead to resonant
enhancement of anomalous Hall conductivity [12] and giant
AMR [17]. For systems with low impurity concentrations,
interactions between magnetic impurities are negligible and
the transport properties of the system are properly given by
considering single-impurity scattering effects [17]; however
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when doping increases these interactions become crucial.
One of the effective solution for systems with high impurity
concentrations is taking the effects of multiple scatterings into
account [18]. In this paper we use the concept of magnetic
clusters and study the effects of magnetic clusters on the
transport properties of 2DRSs. Exchange interactions between
magnetic impurities cause the formation of clusters where
they are constructed of correlated magnetic impurities fluc-
tuating consistently in the same direction. The clusters’ mean
sizes (CMSs) and their number (CN) depend on temperature.
The cluster model was first proposed in Refs. [19,20] for
explaining the temperature dependence of the magnetoresis-
tance of magnetic semiconductors, and recently developed
for investigating the surface conductivity of three-dimensional
magnetic topological insulators [21]. In this paper by treating
magnetic clusters as scattering centers randomly distributed
on the surface of the 2DRSs, and considering a long-range
scattering potential, we demonstrate that the combined effects
of Rashba SOC and magnetic clusters cause the system to be
anisotropic and the anisotropy strongly depends on different
parameters such as the clusters’ mean size and spin direction,
the strengths of SOC, and the locations of Fermi energy with
respect to the BCP. We obtain the nonequilibrium distribution
functions of electrons in different bands within the semiclas-
sical Boltzmann approach, and compute the conductivity and
the AMR of the system in both regimes of above and below
the BCP. We demonstrate that for large CMSs the angular
dependence of the AMR is unconventional in comparison with
conventional ferromagnets. We also show that there are many
contrasts between the transport properties of the system in the
two regimes of above and below the BCP.

This paper is organized as follows. In Sec. II, we obtain
the band structure of 2DRSs and present the generalized
relaxation time approximation (GRTA) in order to find the
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FIG. 1. The band structure of the 2DRS. Above the BCP (e > 0)
Fermi energy intersects the band n, at the point k, (er) = kD (n+/Zxr +
1+ &r). However, when the Fermi energy lies in the interval

—%R < er < 0, it intersects the branch v at the point k,(ep) =

kO[/Er — (—1)"/Zg — 1]. The parameter k2 = \/2mep/i’ is the
Fermi wave number of free electrons (without SOC). &g is defined
as eg/2¢er for e > 0, and e /(2|¢g|) for g < 0.

nonequilibrium distribution functions of electrons in each
bands. In Sec. III, we present the explicit form of the con-
ductivities in the two-band regime. In this section we also
compare the relaxation times obtained by other approaches.
The results of the single-band regime are presented in Sec. I'V.
The summaries and conclusions are given in Sec. V. At the
end of this paper we present the details of our calculations in
three different Appendices.

II. SCATTERING POTENTIAL AND GRTA
The Hamiltonian of a 2DRS is given by

n2k?
Hy = — + a(oyk, — oyky), (1)
2m
where the first term is the kinetic energy of electrons with
effective mass m, and the second term is the Rashba SOC
with the strength of «. The Pauli matrices oy, indicate spin
of electrons, and k, , are the two components of the electrons’
wave vector, k. The eigenenergies and eigenstates of the
Hamiltonian Hy are given by

R2k2 7’ R
(k) = — — nka = — (k — nkg)* — —, ()
£,(k) oy ke 2m( nkg) >
ek —nie‘“”)
n ksr T L) 3
¥ (K, 1) _2A< 1 3)

where n (= %) represents the Rashba bands, er = ”’—";2 is the
Rashba energy (er/2 is the minimum value of the band + at
kr = %), A is the area of the 2DRS, and ¢ = arctan(k,/k;)
is the polar angle of the k vector. In the presence of SOC,
the energy spectrum splits into two energy bands + and
—, intersecting each other at the band-crossing point (BCP),
illustrated in Fig. 1.

Strong SOC has been observed in several materials
[22-25], such as the Te-terminated surface of the polar semi-
conductor BiTeX (X=I, Br, and Cl) [26-31], where Rashba
SOC is on the order of 1.7-3.8 eVA, which is one order of
magnitude larger than the Rashba SOC in conventional III-V
semiconductor heterostructures.

Above the BCP, band velocities are readily obtained as
Vi = %(No /N+)Ky, where N (¢), the density of states (DOS)
in the bands =, is given by

ki(e)
ki(é‘) — l’lkR-

Here, Ny = 27’{’22 is the DOS of 2D free electron systems.
Above the BCP, band velocities are always in the direction
of the k vector. Below the BCP, the energy + behaves non-
monotonically: it decreases by increasing k for k < kg (branch
2), becomes minimum at kg, and increases by k for k > kg
(branch 1). The band velocities for the two branches 1 and 2
are given by v, = (—1)”%(N0/NV )Kk,, where the DOS N, (¢g)
is given by

Ni(e) =Ny “

ky(e)
kv (e) — kg
In a two-dimensional electron system doped with magnetic
impurities, the interaction between an electron with spin o at
the position r, with an impurity with spin S located at R, is
given by the following Hamiltonian:

Hys = —J(r — R)o(r) - S(R), Q)

Ny(e) = No &)

where J(r — R) is the exchange coupling. In dilute magnetic
systems itinerant electrons interact with individual single
magnetic impurities, and the exchange coupling is modeled by
the Dirac § function as J(r — R) o Jpd(r — R), where Jj is a
coupling constant on the order of a few meV [32-34]. When
doping of magnetic impurities increases, the interactions be-
tween magnetic impurities become significant and we should
consider their effects on the transport properties of the system.
Actually, the exchange interactions between impurities lead
to the formation of various magnetic domains with different
sizes in the entire system. These ordered domains, which
are called “magnetic clusters,” are constructed of correlated
magnetic impurities with the same spin directions. Scattering
of electrons by these clusters (rather than single impurities)
alters the transport properties of the system [21]. In order to
investigate the effects of magnetic clusters on the conductivity,
we model the scattering potential of electrons by clusters as

Hos = Joexp(—|r — R[/§)a(r) - S(R), (N

where £ is the clusters’ mean size, depending on both tem-
perature and impurity-impurity exchange coupling, and o is
the spin of the magnetic cluster located at R. The scattering
potential in Eq. (7) is long-range and & appears as a char-
acteristic length, indicating the range of scattering potential.
Without loss of generality, we consider the spins of clusters
as classical vectors in the yz plane, i.e., S = S(0, sin 6, cos 9),
where 0 is the tilt angle of S with the axis normal to the surface
of the 2DRS (see Fig. 2).

In order to obtain the nonequilibrium distribution function
of electrons in the presence of magnetic clusters, we use
the semiclassical Boltzmann approach. In the presence of
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2DRS

FIG. 2. The schematic illustration of a single magnetic cluster
with size of £, centered at R = 0. Red arrow represents cluster’s spin
S, and 0 is the tilt angle of S with the z axis. S is subjected to rotation
in the zy plane.

a uniform electric field E, the nonequilibrium distribution
function of electrons in the band n, f,(k, E), satisfies the
following relation:

AN ofy
()u=ewsGa) o

where v, (k) is the band velocity, and f,? is the Fermi-Dirac
distribution function in the band n. By considering elastic
scatterings and using detailed balance, the left-hand side of
Eq. (8) is also written as [35]

0 n / 4
( ; ) = wow (K KO = fu(K)] i (K)
coll

ot wl

=Y wuaK R = frK)Ifu(K),  (9)

n' kK

where w,, (K, k) is the transition rate between the two eigen-
states of the Hamiltonian Hy (|nk) and |n’'k’})). Using Egs. (8)
and (9), the Boltzmann equation is written as

fy A
evn(k) . E<¥> = Z wn,n’(kv k )[fn’(k ) - fn(k)]s (10)

n
n' k'

where the interaction between electrons has been neglected.

In the isotropic 2DRSs (6 = 0), the scattering rate depends
on the angle between k and k' (A¢ = ¢ — ¢’), and relaxation
times of electrons in the bands 4+ and — depend only on
the magnitudes of k and k’. By using standard methods
such as the modified relaxation time approximation (MRTA)
[17,36] and other analytical exact solutions of self-consistent
equations for relaxation times [11,37], we can solve Eq. (10).
But in the anisotropic case, when 6 # 0, the scattering rates
as well as the relaxation times depend on both the magnitudes
and the directions of k and k', so it is no longer possible to use
the standard methods for obtaining the nonequilibrium distri-
bution function f,. Using the method developed by Vybrony
et al. [17], we approximate f;, as

3 f?
e,

fu— ,?=eEvn(k>( )[an«b)cosx + by (@) sin x],

an

where @ is the polar angle of the band velocity v, and x is
the angle between the electric field and x axis.

Above the BCP, band velocities are always in the direction
of the k vector and the polar angle ® is equal to ¢. Below
the BCP, in branch 1, the band velocity v; and the k vector
are parallel and ® = ¢. For this branch we will write the
nonequilibrium distribution function the same as the two-band
case. However, in branch 2 the band velocity v, is antiparallel
with k, and ® = —¢. The distribution functions of electrons
in this branch will be expressed in terms of the polar angle of
the k vector, with some modifications.

In the following we investigate the transport properties of
the 2DRSs, for the two regimes of e > 0 and ¢r < 0, in the
two separate sections.

III. TWO-BAND SCATTERING (e > 0)

The conductivity of electron systems is obtained from the
following general formula:

—e d*k
Gij = E_] Zn:/ (27_[)2 Un(k)fn(k’ E)’

where i and j denote the x and y directions, and v’ (k) is
the band velocity along the i direction. Above the BCP the
band velocity is given by v,(k) = v, (k)(cos ¢, sin ¢») and the
conductivities in the x and y directions are obtained as (see

Appendix A)
af}? n
de, )C1 (k)j| )

_ e 2
Ooc = 1~ / kdk; |:vn(k)(—
2 P 0
Oy = :_n / kdk )~ |:v,21(k)<_ 8{;" >s’f(k)},
n=+ n

where the coefficients cf(k) and sf(k) are introduced in
Appendix A. They have a dimension of time and depend on
the parameters k, 6, &, and «. We treat them as momentum
relaxation times of electrons along the x and y directions and
define the following dimensionless variables: 7* = wpci and
Tt = wost, where @y = ”Z;{ff
of the scattering rate.

Since the temperature region where £ and 5. vary is
much smaller than the Fermi temperature of the system, we
can approximate the function 9f°/de, with the Dirac delta
function §(¢ — ef). For example the Curie temperature for the
ferromagnetic IV-VI compounds like Ge;_,Mn,Te is about
80 K [38]. Moreover, in a large class of materials containing
heavy 5d elements together with rare-earth or transition metal
elements, the critical temperature is much lower than the
Fermi temperature. These materials are nonmagnetic in the
bulk but exhibit 2D magnetism at the surface. For example
Eulr,Si, with nonmagnetic bulk reveals controllable 2D fer-
romagnetism below 48 K [39].

With the above assumptions, the conductivities (13) reduce

to
O = 00v/Er + 1) Tl (ep)nv/Er + v/Er + 11,
n==
oy = 00/Er + 1 Y 1 (ep)nv/ER + Ve + 11,
n=%+

12)

is a scale factor with units

(14)
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8mAe}

T3S
the absence of SOC when £ is about the Fermi wavelength
of free electrons A% = h/+/2meg. 1. is the number of clusters
(CN) with mean size. In general, both & and n. depend on
temperature. They are not independent and we should take
into account the dependence of 7. to & on the conductivity.
However, according to the function of 7.(§) considering this
dependence does not change the behavior of the conductivity,
qualitatively, and one can consider the number of clusters 7,
as an scale factor in the conductivity.

When the spins of magnetic clusters are normal to the
surface of the 2DRS (6 = 0), the scattering amplitude depends
only on A¢ and the system is isotropic. In this case, the coef-
ficients matrix in Eq. (A7) reduces to a block-diagonal matrix
and the relaxation times 7, = (z;", 7;) and 7, = (7.}, 7;7) are
simplified to

where o9 = (%) is the conductivity of the system in

‘[x=‘[y=‘[=A61'd1’ (15)

where T = (1, t7).

We have plotted in Fig. 3 the relaxation times T versus
CMS, for different strengths of SOC. As is seen they de-
crease by increasing £, become minimum, and gradually go
to infinity at large CMSs. The emergence of such a minimum
(which is a combined effect of SOC and magnetic clusters)
is attributed to the efficient scattering of electrons when their
Fermi wavelength is comparable with CMS. At a given Fermi
energy, the Fermi wavelength of electrons in the band n
depends on the strength of SOC as A} = )»g/(\/éR + 1+
n+/gr). When CMS increases, maximum scattering of elec-
trons in the band n occurs at Af ~ 27§. Since Af # Ag,
minimums of t* appear at different CMSs. For small SOCs
the Fermi wavelength A% behaves as A}, ~ A%(1 — ny/Zg), and
the separation between minimums increases by SOC as /Zg.
For large SOCs the minimum of T+ gradually approaches the
point £ = 0, but 7~ becomes minimum at larger CMSs. Also,
since A{ is smaller than Ag, the relaxation time t7 is always
larger than 7.

In the isotropic case the relaxation times 7, and 7' and
consequently the conductivities along the x and y directions
are equal (oy, = oy, = 0). We have plotted in Fig. 4 the
conductivity o versus CMS, for different strengths of SOC.
For small CMSs the conductivity is very large; however by
increasing CMS it decreases rapidly, becomes minimum at a
£ (say Epin), and finally increases monotonically, as shown in
Fig. 4. To describe this nonmonotonic behavior, we investigate
the behavior of the scattering amplitude. Let us write the T
matrix as

Teie =TTk (16)
which is a multiple of two parts: (1) The spin-dependent part,
T? , which depends on the tilt angle @. This part is given by

nn'’

T? , = cosO(mn'e®® — 1) —sin0(n'e ™ +ne'®). (17)

n,n

(2) The &-dependent part, written as
Tow = / dre kTer/E T (18)

which depends on the clusters’ mean size, &.
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FIG. 3. The relaxation times of electrons in the bands + and —
vs & = £+/2meg /1, for different strengths of SOC, when the spins
of magnetic clusters are normal to the surface of the 2DRS (6 = 0).
Here, Fermi energy is located above the BCP.

For large CMSs, in the limit of £ — oo, the £-dependent
part of the 7 matrix becomes proportional to the Dirac delta
function §(k — k'), and consequently only intraband forward
scatterings have determinant effects on the 7" matrix. On the
other hand, from the spin-dependent part we see that at 8 = 0,
the intraband scattering amplitudes, Tin 4 and Tfﬁ, are equal
toexp(iA¢) — 1. These amplitudes are vanishing for A¢ = 0,
which means that no intraband forward scattering occurs in
the system. Summing up the above arguments, we conclude
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FIG. 4. The conductivity of the isotropic 2DRS (6 = 0) vs CMS
for different strengths of SOC. At a given Fermi energy above the
BCP (er > 0), by increasing the strength of SOC, the conductivity
increases and its minimum emerges at smaller values of €.

that at @ = 0, for § — oo the scattering amplitude approaches
zero which results in an infinite conductivity.

For small CMSs, in the limit of £ — 0, the scattering
potential becomes weaker, and thus no scattering happens in
the system and the conductivity is very large.

We can also explain the physics behind the nonmonotonic
behavior of the conductivity by comparing the CMS, &, with
the average Fermi wavelength of electrons. This wavelength
is readily obtained as

0

av Ny + N- = s
A = Ap + Ap = —. (19)
N++N_ N++N_ 1+8R

At a given &g, when CMS increases, backscattering of elec-
trons by clusters increases until £ becomes comparable with
AR, When & ~ A’ /27 the ability of clusters to scatter elec-
trons is greatly increased and electrons are most efficiently
scattered by magnetic clusters. At this point the conductivity
becomes minimum. But for CMSs larger than A{, this ability
decreases and the conductivity enhances monotonically by
increasing CMS.

The location of the minimum of the conductivity depends
on the strength of SOC. In the absence of SOC, the Rashba
system (1) reduces to a free electron system and the conduc-
tivity always decreases by increasing . However, when SOC
increases, due to the relation in Eq. (19) the average Fermi
wavelength becomes smaller and thus Emin decreases.

A comparison with other approaches. So far, several meth-
ods have been proposed to solve the Boltzmann equation for
isotropic 2DRSs. In the method presented by Xiao et al., by
developing the Boltzmann technique they established a set of
self-consistent equations for the transport times [11,37]. Their
calculations are based on the exact transport time solution
(ETTS) of the Boltzmann equation in the Born approximation.
In this method, by introducing an isotropic transport time for
electrons with energy ¢ in the band n, via

o_ (3
o= £ = (52 JE- W@ @), (20)

n

150

100f

FIG. 5. The relaxation times in the bands + and — vs CMS when
gr = 0.25. Left: The dashed lines are the results of ETTS method,
and the solid lines are obtained by GRTA. Right: The dashed lines
are the results of MRTA, and the solid lines are obtained by GRTA.

and using the Boltzmann equation, we obtain the following
self—consistent equation for the relaxation times:

TETTS(E'F) = Z / Wp, n’(SF)

x |:1—cos(A¢)vn/(¢/) v (SF)}. Q1)

Ut1(¢) Tn(SF)

By solving this integral, we reach two linear equations for
the relaxation times t™ and t~ (not shown). In Fig. 5 (left
panel), we have plotted the relaxation times obtained by the
ETTS method. The results of the GRTA are also plotted for
comparison. As is seen, these two methods are completely
consistent.

The modified relaxation time approximation (MRTA) is an-
other method for solving the Boltzmann equation for isotropic
2DRSs. In this method, the relaxation time in the band #n is
given by [17,36]

Un’(d)/)
—_—— = n,n’ - A :
rMRTA(sF> Z/ E (8”[ c0s(89) n<¢>>}

(22)

In both the ETTS and GRTA methods, we need to solve two
coupled equations in order to obtain the relaxation times,
while in the MRTA method the band dependence of Tyrra
is neglected. In Fig. 5 (right panel), we have plotted the
relaxation times obtained by the MRTA. In the band —, due
to the larger Fermi wavelength, we expect the relaxation time
to be smaller, but in the GRTA, because of the coupling
between the two bands, the relaxation time 7~ is larger than
the corresponding one in the MRTA. Similarly, in the band
+, because of the coupling with the band —, the relaxation
time is smaller than the corresponding one in the MRTA.
Regardless of the differences in these methods, the behaviors
of the relaxation times versus CMS are qualitatively the same.
The same discussions are also valid when the Fermi energy is
located below the BCP.

Anisotropic magnetoresistance

When the spins of magnetic clusters are aligned in a direc-
tion given by 0 (see Fig. 2), the system is highly anisotropic
and the conductivities in the x and y directions behave differ-
ently. The conductivity o,, increases after the minimum and
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FIG. 6. Left column: The conductivity of the 2DRS along x
and y directions vs CMS, for different values of the tilt angle 6,
when &g = 0.5. Right column: The conductivity of the 2DRS along
x and y directions vs CMS, for different strengths of SOC, when
0 = 7 /6. Here, Fermi energy is located above the BCP.

saturates at large CMSs; however o,, decreases by increasing
CMS as shown in Fig. 6. Such a different behavior can be
explained as follows. When the electric field is applied along
the x axis, most of electrons involved in o,, move in the x
direction, and due to the spin-orbit locking their spins lie in
the y direction. By increasing the tilt angle 6, S, becomes
larger and due to the electron-cluster interaction the spin
accumulation along the y axis increases which, in turn, causes
the increase of conduction electrons along x direction. But, for
conductivity along y axis, electrons’ spins are perpendicular to
S,. When S, becomes larger, electrons try to align their spin
with S, to minimize the exchange energy. Again due to the
SOC, electrons have to change their direction of motion which
leads to a reduction of o,.

As an amount of the anisotropy of the system, we investi-
gate the behavior of AMR, defined as

_ Oxx — Oyy
AMR = 2= 20 (23)
Oxx + Oyy

In Fig. 7, we have plotted the AMR versus CMS, for different
values of the tilt angle 6, when the strength of SOC is &g =
0.75. By increasing £, the AMR increases monotonically and
saturates to unit at large values of £. Also, by increasing the
tilt angle 6 the AMR increases, implying that the system is
more anisotropic when clusters’ spin lies on the surface of
the 2DRS. We have also plotted in Fig. 7 the AMR versus
£ for different strengths of SOC when 6 = 7. As is seen,
by increasing &g the anisotropy of the system enhances (this
behavior, i.e., the increase of AMR by increasing the strength
of SOC, occurs only for the regime of g > 0. In the regime
of er < 0 the AMR experiences a minimum at an &g, which
will be discussed in next section. In order to see the angular
dependence of the AMR, we have also plotted in Fig. 7 the
AMR versus 6, for different values of CMS, at &g = 0.5.
As is seen, the angular dependence of the AMR changes by
varying €. The unconventional behavior of the AMR as a
function of the tilt angle 6 is a combined effect of SOC and
magnetic clusters. The maximum value of the AMR increases
by increasing &gr. To show this dependence for very small
CMSs, we have also plotted in Fig. 7 the AMR versus &g for
different CMSs, at 6 = 7 /2. As is clearly seen the anisotropy
exists even at very small SOCs; it grows monotonically by
increasing SOC and saturates to 1. This property is not seen
in the regime of g < 0. As we will show in the next section,
below the BCP, for small CMSs the AMR is almost constant
with respect to &g.

The behavior of the conductivity in 2DRSs is generally
similar to the surface conductivity of 3D magnetic topolog-
ical insulators [21]. However, in contrast to the topological
insulators, in 2DRSs £, strongly depends on the strength of
SOC (see Fig. 6). By decreasing the SOC, Smin increases and
goes to infinity in the limit of & — 0.

IV. SINGLE-BAND SCATTERING (ef < 0)

Below the BCP, the conductivity of the 2DRS is obtained
as (see Appendix B)

0w =00v/Er — 1 Y T/ (lerl)[/ER — (—1)"V/ER — 1],

v=1,2
oy =00V/Er — 1 ) T (lep))VER — (—=1)"v/Er — 1],
v=1,2

(24)

< =075
—§-05
— §,=025
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< §,=0.05
—§,=0.025
£,=0.0025

«ee E20.001

&

S 10 15 200 1

2 3 4 5 60 025 05 075
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FIG. 7. From left to right: The AMR vs CMS for different values of the tilt angle 6, when & = 0.75. The AMR vs CMS for different
strengths of SOC, when 6 = 7 /2. The AMR vs the tilt angle 6 for different CMSs, when &g = 0.5. The AMR vs & for different CMSs, when

0 =m/2.
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FIG. 8. The conductivity of the isotropic 2DRS for different
strengths of SOC, when Fermi energy is located below the BCP
(—SR/Z <& < 0)

1

where &g = er/(2|ep|). In the isotropic case, T, = 7! and

x ¥
rxz = rvz, and the conductivities along the x and y directions
are identically the same. In Fig. 8, we have plotted the conduc-
tivity of the system versus £ for different strengths of SOC.
Similarly to the two-band case, by increasing € the conduc-
tivity decreases rapidly, becomes minimum at &y, ~ A%’ /27,
and then increases gradually. Here, the Fermi wavelength
of electrons in the branch v is given by A, = AY/[VEr —
(—1)"+/&r — 1] and the average Fermi wavelength is given
by A& = AY//Zx. In contrast to the two-band case, below
the BCP the conductivity decreases by decreasing the SOC
and goes toward zero in the limit of &g — 1. Actually, by
decreasing SOC the numbers of electrons with the same
k (kir = kpp) but opposite velocities are almost equal and
consequently conductivity is zero. In contrast, above the BCP
the velocities in the bands + and — are always in the same
directions and the system possesses a nonzero conductivity.

Anisotropic case (6 # 0)

Below the BCP the behavior of the conductivities o, and
oyy, is generally the same as the corresponding ones above
the BCP. However, there are some obvious contrasts between
these two regimes, which are seen in the behavior of the AMR.
In Fig. 9, we have plotted the AMR of the system versus £, for
different strengths of SOC and various tilt angles 6. Unlike the
two-band case, for a given 0 the starting point of the AMR at
& = 0 is independent of SOC. The behavior of the AMR with
respect to CMS is not monotonic for different strengths of
SOC. In order to demonstrate such a nonmonotonic behavior,
we have also plotted in Fig. 10 the AMR versus &g for
different values of £ and various tilt angles 6. For small CMSs,
unlike the two-band case, the AMR is almost independent
of &g and the SOC does not have significant effects on
the anisotropy of the system. By increasing CMS the AMR
becomes more sensitive to g: it decreases by increasing &g,
becomes minimum, and then increases to a value less than
1 (this value depends on the CMS). When CMS increases

(b)

0.8 - r
£.=1.5
§=137| [
& 0.6 &
= £=15
T 04 =12 r
£,:=1.05
0.2f * -
0=90° 0=60°
O 1 1 1 1 1 1 1 1
1

AMR

FIG. 9. The AMR vs CMS for different strengths of SOC.

the minimum approaches the point &g = 1. For larger CMSs
this minimum disappears and independently of the strength
of SOC the AMR becomes almost 1. The reason behind such
kind of behavior can be understood by looking at the direction
of electric current in the presence of an electric field. When
a field is applied along the x axis, two types of currents
are generated in the system: one is by electrons with wave
vector kir along the x axis, and the other is by electrons
with wave vector Kor in the —x direction. Since the current
in branch 1 is larger than 2, a net current flows along the
x direction. Moreover, the Fermi wavelength A g is smaller
than A, for all values of g > 1; therefore for a given &, by
varying &g electrons with kjp reaches the efficient scattering

() lf(b)
0.8 \//
§ 0.6\ 5
[ o~ A
T04F —E o001 = ;%
I —&=03 —&S5 i
0.2f _g:0.5 §:10
[ —&=1 —&=20 | | !
JL=E -
(© lf/__(d)
0.8F //
0,6_\/ L
<
= 0
= 0.4r 3
%,.
012515 175 2 | 125 15 175 2
ER SR

FIG. 10. The AMR versus the strength of SOC, for different
CMSs, when (a) 8 = 90°, (b) & = 60°, (c) & = 30°, and (d) 6 = 10°.
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L —&5 —£=03
- &2 — £=0.001
& 0.6j —_=1 «ss TESR
= I
w |
0.4j
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FIG. 11. The AMR as a function of the tilt angle 0, for different
CMSs, when &g = 1.25. The black dashed line is for TIs doped with
magnetic impurities, where the scattering potential is the Dirac §
function.

point where A g ~ 27 &, and due to the maximum scattering
of electrons in branch 1 and also the negative conductivity
of electrons in branch 2, o,, is minimum. By increasing &g,
Fermi wavelength of electrons in branch 1 decreases, and
positive conductivity along x axis begins to be enhance. These
variations in oy, cause a minimum to emerge in the AMR
versus &r. By applying the electric field along the y axis,
the variations of oy, are exactly the same as oy,, but since
Oy, is larger than oy, it has a dominant contribution on the
AMR. By decreasing &g the Fermi wavelength of electrons
in branch 1 increases and hence the minimum approaches
the point & = 0. Also, for large enough CMSs, the Fermi
wavelength of electrons in branch 1 remains always smaller
than £ and no efficient scattering occurs for electrons in this
branch, so by increasing £ this minimum disappears and for
very large values of £ the AMR saturates to 1. For large
values of &g, the Fermi wavelength of electrons in branch 1
becomes smaller, and by a decrease of the CMS the minimum
location approaches infinity and the AMR becomes a constant
(this constant is determined by the clusters’ tilt angle). The
main reason for this behavior is the anisotropic band structure
below the BCP.

Figure 11 shows the angular dependence of the AMR. Like
the two-band case, the AMR behaves unconventionally for
large CMSs (for £ almost larger than 1). For small CMSs the
AMR is given by

AMR = sin0/(2 + cos® ), (25)

which is nothing but the AMR of 3D magnetic topological in-
sulators with short-range Dirac § scattering potential [21,40].

V. SUMMARY AND CONCLUSION

We presented a comprehensive study of the transport prop-
erties of 2DRSs with strong SOC doped with interacting
magnetic impurities. Exchange interactions between magnetic
impurities cause the formation of magnetic clusters whose

mean sizes (CMSs) and number (CN) depend on temperature.
Treating magnetic clusters as scattering centers and modeling
the interaction of itinerant electrons with magnetic clusters
by a long-range scattering potential, we demonstrated that
the combined effects of Rashba SOC and magnetic clusters
cause the system to be anisotropic. Using a semiclassical
Boltzmann approach we computed the relaxation times, the
conductivities, and the AMRs of the system in both regimes
of above and below the BCP. We demonstrated the following:
(1) In the isotropic case the conductivity is a nonmonotonic
function of CMS: it decreases by increasing CMS, becomes
minimum at &,,;, , and then increases by CMS. By increasing
the strength of SOC the conductivity increases for all CMSs.
(i1) In the anisotropic case, the AMR strongly depends on
the CMS: it increases by increasing CMS and saturates to
unit at large CMSs. Moreover, the angular dependence of the
AMR is unconventional in comparison with the well-known
cos? 6 angular dependence seen in ferromagnets. For small
CMSs, below the BCP the angular dependence of the AMR
is consistent with 3D magnetic topological insulators. (iii) In
contrast to the two-band regime in which the AMR always
increases by increasing the strengths of SOC, in the single-
band regime it experiences a minimum at an &g which strongly
depends on the CMS. For small CMSs, in the single-band
regime the AMR is almost constant and does not change
by varying &g; however in the two-band regime the AMR
strongly depends on the strength of SOC even at small CMSs.

Both the CMS and CN depend on temperature. By knowing
their temperature dependence, the temperature dependence
of conductivities can be obtained, which is crucial in in-
vestigation of the thermoelectric properties of the 2DRSs.
The temperature dependencies of the CMS and CN can be
obtained using Monte Carlo simulations, which are left for
future study.

APPENDIX A: THE CONDUCTIVITY
OF 2DRS ABOVE THE BCP

When the Fermi energy is located above the BCP, both
bands are involved in the transport properties of the 2DRS,
and we should take the contributions of backscatterings
and intra-band scatterings into account in computing the
nonequilibrium distribution functions (f;. and f_). Substitut-
ing Eq. (11) into (10), and writing E - v, as Ev, cos(¢ — x),
we achieve the following integral equations:

cosd = 4 ($)ay (@) — / ¢/ Tw 4 (6, ¢)as (8
+ ws (@ @) (@),
cosp = i_(@a_($) — / d¢'Tw__ (. @)a_(@)

+ w_s (¢, ¢ar(¢)], (AD)

Sing = s ()b (@) — f 4§/ Tw+(§, $ )b+ (&)
w6 $b_ ()]
sing = D_($)b_($) / ¢/ Tw__ (9, $Yb_(¢))

+ w_i(¢, ¢)bi (9], (A2)
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h n =A2 2 (Kdk nnkk/ d
R Pt eV o G G § e

golden rule, the transition rate is written in terms of the
scattering amplitude |7, ,, (K, K)|? as

2
waw (K, k') = 7”|Tn,n/<k, K)PS(em — ewr).  (A3)

Within the first Born approximation, the 7" matrix is given
by Tk, K) =~ (nk|Hys|n'K’), where H,s is the scatter-
ing Hamiltonian, given by Hy5 = ). g Hos. Since magnetic

J

By considering elasticity of the scattering we obtain

clusters are uncorrelated and distributed randomly on the
2DRS, one can show that (|7, ,(k, KD ens = ne|Hys(k —
K')|?, where (... )., denotes ensemble average, and H,s(k —
k') is the Fourier transformation of Eq. (7) at R = 0. As the
unperturbed Hamiltonian in Eq. (1) is gapless and the time-
reversal symmetry is preserved in the system, other mecha-
nisms such as skew scattering, anomalous velocity, and side
jump have vanishing contributions to the transport properties
of the system (anomalous Hall conductivity is zero) and the
lowest-order Born approximation gives reliable results for the
transport of the system [41].

Nyzyl—nn (cos26‘cos¢cos¢>’+sm¢sm¢)

Wy = WO 5
Mo~ (1+&2[k2 + kg,]) (1 — Q. cos Ag)3
4 1 ’ er/2¢ (A4)
} E(1+n aR/zs+1) 3, .5 5 L,
W) = wp Z 3 5 Ermn Q. sin” 6 cos 2¢ + 71(2 + Qn w — 3nn’ cos 9) ,
= (1+ 820+ kg ]) (1-97,)°
2
where Q, ,; = 1@%}%, 0 = njz;fg ,and & = &/2meg /R,
In order to solve Eqs. (A1) and (A2), we employ the Fourier expansions of a1 (¢) and by (¢) as
o
as($) =) _ 3y cos[2m + D], (AS)
m=0
o0
bi(p) = Y 5h,,, sin[@m + D], (A6)
m=0

which satisfy the particle number conservation. Since the functions w, ,» (¢, ¢’) and W, (¢) are invariant under the transformations
(¢, ¢") = (—¢p, —¢') and (¢, ¢') > (r — P, 1 — ¢'), the functions a(¢) and b.(¢) should satisfy the relations a,(—¢) =

ax(¢), ax(m — ¢) =

—ay(9), bi(—¢) = —bi(¢p), and by (w — ¢) = b1 (¢); hence only the Fourier coefficients cii and sii with

odd i have appeared in the above expansions. cgfﬂ 41 and szim 1 have a dimension of time and depend on the CMS, the CN, the
tilt angle 6, and the Rashba energy er. By substituting Eq. (AS) into both relations in Eq. (A1), we obtain the following set of

linear equations for the coefficients ¢;:

Ay C; 0 ...
Cl Al Cz 0
C A G 0

0
0 0 C A3 C
0 0 0 Ci A

where the matrix elements are the following 2 x 2 matrices:

LT+ K
Ao:[ 0 0
Gs +Dg

and

Kt D LY G
=8 2] e[l %)

m m

Ci _dl
c3 d;
Cs d5
e | =Veola, | (A7)
C5 . Co do
G, + Dg}
2 2, (A8)
0 + KO
(A9)
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are the following dimensionless functions:

where LE, K*, G, and D
F(m, Qx2)(1 — cos20)(1 £ 5872/3:?1)
Li(e,£,0)/8" = ks + kazg — . ,
® (1+282%2)°
N L, [Q(m, Qus) = {F (m, Qus) + F(m + 1, Qua)}(1 + cos 20)1(1 £ /72425
K, (,5,0)/8" = phax + phag — 2723 ’
(1 +2&%k%1)
(A10)
. 4 F(m, Qiz)(1 — cos26)(1 + SE/RZ/E-T-I)
GE(e,£.0)/E" = N :
(1 + &2[k% + k1)
D et 0yt o 2 B Quz) + Fm+ 1, Qup)}(1+cos 20)I(1 £/ -5257)
m\€s 6, (1+Ez[ki+k:2|:])3 ’
where
' Qe sin® 0(1 +n' | 425
Koy = _ . (A11)
(1+&k+i]) (1-,)
m(2+ ., —3nn cos?0) (1 +n' 8:%3;)
I‘Lnn, = 3 § ’ (Alz)
(1+&2[k +k]) (1-2,)
and
721 +2)! Y2 7T (Q2m + 2k + 2)! /y\2mt2k
Fmy)=3 ) = (3)
L 4(1 = m)\(I+m)!1\2 0 AKm+ bl \2
(L +m)(1 +2m) (y\2m 3 2
= > (5) 211‘7 §+m,2+m,1+2m,y )
(21 + 3)! Y2+ 7T (2m + 2k + 3)! /y\2mt2k+1
Qm,y) =3 —— ,(-) = ] .(‘>
(1 —m)!( +m+ DI\2 — k@m+k+ D! \2
y 2m+1 5 2
=27r(m+1)(3+2m)(§) oF |2 m, St m 2+ 2m. P . (A13)

Here, »F [% +m,24+m,142m,y*] and ,F[2 + m, % +m, 2 + 2m, y*] are hypergeometric functions. Since for &g /e > 0,

we have 0 < ©,,,» < 1, the functions F (m, 2, ,») and Q(m, 2, ) are simplified as
2+, +6m /1 —Q2  —4m*(1 - Q2 )]
5 ’

F(m, Q) = ’ >
49,2 (1 + W) (1-92,)
3m — 371\/1——%(1 —2m) +4xmm —1)(1 - ;)
o+ fi-e2,)" 1 -a2,) '

(Al4)

Q(m - 17 Qn,n’) =

The vectors ¢, and d,, in Eq. (A7) are the following two-component vectors:
1
ot , m>1,

mild, = 1 (A15)

cmz[
Cm
0, m=1.

For solving the linear equations in (A7), we have to truncate the series (A5) at some point. For an specified &, 6, and ¢g, by
selecting a proper number of trigonometric functions in the series (AS5), we obtain the a (¢) and a_(¢) functions, precisely [21].
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By selecting the first j-independent trigonometric functions, the matrix equation (A7) reduces to

rAc C; 0 0
C, A G 0

0 C A G

Now we have a set of j 4+ 1 equations with j 4 1 variables.
Since dyj4; = 0 for j > 1, we begin with the two last equa-
tions j + 1 and j; then by eliminating the coefficient ¢, we
reach the following equation:

C;'-Cii-epgoin + A e =0, (Al7)

where

Aj=C;'- A —A-C; (A18)
By using the (j — 1)th equation of (A16) and Eq. (A17) we
can eliminate the coefficient ¢,;_;. Repeating this method to
the first equation of (A16) we reach

woe; = (AN ¢ -dy, (A19)
where
AF=C1 AL — (AL DTG -G (A20)

By obtaining ¢; from Eq. (A19) and substituting it into
Eq. (A7), the other ¢; vectors, and finally the functions a4 (¢),
are obtained in terms of k, «, &, 6, and 1,.

By the same procedure, we have also obtained the func-
tions bi(¢) in terms of the nonzero coefficients siﬂt =
sii(k, o, &,0,n.), with odd i. All these nonzero coefficients

are given in terms of s; by the relation

wos1 = (A7) - Cr' -4y, (A21)
s+
where s, = [s’ﬁ], and
- _ -1 +y—1 —1
AT =C;"-By—(ADH) - Ct -y, (A22)
with
_[Ky =Ly Dy =Gy
Bo= [Dé -Gy Ky -rL ] O

APPENDIX B: THE CONDUCTIVITY OF
THE 2DRS BELOW THE BCP

When the Fermi energy is located in the interval —eg /2 <
e < 0, we have unconventional intrabranch and interbranch

071 ¢ d;
0 (V) d;
: Cs ds
=1/wo| . (A16)
0 .
C; || - dyj—y
A | Lezjn dajy

j =

(

scatterings in the band +, with the scattering rate

N, ., 1 —cos26 cos¢cos¢’ — sin¢sing’
wv,u/ = _—

wONO 22 1 12 1)3 3’
(1 + & [kv + kv,]) (1 =T, cosA¢p)

er/2le| ]
er/2|e|—1

54[(_1)1-&-\)—\/ +
wv(¢) =w 3
0 Z (1+8[R+k2])’(1-12,)?

3
X |:§71I‘W/ sin? 6 cos 2¢+n(2+FiU, —3cos’ 6)],

(BD)
with [, ,, = % In order to obtain the nonequilibrium
distribution functions of electrons in branches 1 and 2, we
should solve two equations like (Al) and (A2). Because
of the nonmonotonic dispersion of the band +, below the
BCP the band velocity of electrons is not always parallel
to their k vector. In order to include this issue in our cal-
culations, we replace ¢ by ®,(¢), defined by v,(¢, ¢) =
v, (g, p)(cos ®,,sind,), where ®; =¢ and &, =¢ + 7.
Therefore, according to the relation v, = (—1)"%(N0 /NyK,,
and the method used to obtain the nonequilibrium distribution
functions, we define the nonequilibrium distribution functions
of electrons in the branch v as (see Appendix C)

0
S _f\? = eEUv(?)fv

)[au(%)cos X + by (P,)sin x],
(B2)

€y

where a,(®,) and b, (®, ) satisfy the following relations:
cos @y = W (¢P)ax(P2) — /d¢'[w2,2(¢7 ¢ar (P)

+ wa,1($, ¢Nai (@],
cos @y = wi(@)ai(P1) — /d¢/[w1,1(¢, ¢"ai (@)

+ wi2(¢, #Hax ()], (B3)

sin @y = W7 (¢)br(P2) — /dfl)'[wz,z(fﬁ, @by (P))
+ w1 (¢, @b (P))],
sin®; = w(¢)b(Py) — /d¢/[w1,1(¢,¢/)b1(d’i)

+ wi2(¢, @by (P))].

For solving the coupled Egs. (B3) and (B4), the same as the
two-band case, we use the Fourier expansions of a,(®,) and

(B4)
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b,(®d,), and achieve

ay(®,) = chmﬂ cos[(2m + 1)®,],
" (BS)
by(®y) =D b, sin[@m+ D), ],

m=0

where ¢;,, | and s3, ., are coefficients with a dimension of
time. By using the relation (12), and considering the orthogo-
nality of trigonometric functions, the conductivity for —% <
er < 0 is obtained in terms of only the first coefficients of
the expansions, ¢] and s). As mentioned in the two-band
case, these coefficients act as momentum relaxation times
of free electrons and can be regarded as effective relaxation
times along the x and y directions. By defining ;' = wyc] and
ry‘.’ = wps] we obtain the conductivities of the 2DRS, as in
Eq. (24).

APPENDIX C: BOLTZMANN EQUATION BELOW THE BCP

In elastic scatterings, the magnitude of electron velocity v
does not change, and the nonequilibrium distribution function
of electrons in anisotropic systems depends on the angle of
velocity with x axis (®). The nonequilibrium distribution
function can be written up to the linear order of the electric
field as follows [42]:

0 af°
f=r =el— |uE- ©(®), (CD)
ae
where 7(®) is the relaxation time vector. In order to obtain the
relaxation time vector we define the coefficients a(¢) and b(¢)

as relaxation times along the x and y axes, and write Eq. (C1)
in the form of Eq. (B2) for each branch. In order to use the
relation (B2) in the Boltzmann equation, we need to write @,
(the angle of the velocity of electrons in the branch v with
x axis) in terms of ¢, the polar angle of the k vector. In the
systems with monotonic band structure, the electron velocity
v is always parallel to the k vector and @, = ¢. Butin 2DRSs
with strong Rashba SOC, below the BCP, the electron velocity
and wave vector are not always in the same direction and
depending on the branch band, v is parallel or antiparallel to
the k. By considering the relation ®, = ¢ + [1 + (—1)"]7 /2,
according to the angular dependence of the functions a,(®,)
and b,(®,) on &, [a,(P) and b, (D) respectively depend on
cosine and sine functions], the relations in Egs. (B3) and (B4)
reduce to the following equations:

cos ¢ = i, (¢)a, ()

- f dp'w, (@, ¢)(—1)"""av(@), (C2)
m¢=mémw>

- / dp'w, (¢, ¢ )(=1)"""by(¢).  (C3)

As in the two-band scattering case, by employing the Fourier
series of a,(¢) and b,(¢) and performing some straightfor-
ward calculations, we reach the relaxation times in branches 1
and 2, and finally obtain the conductivity and the AMR of the
system.
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