2403.15817v1 [cond-mat.mes-hall] 23 Mar 2024

arxXiv

Bilinear magnetoresistance in 2DEG with isotropic cubic Rashba spin-orbit interaction
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Bilinear magnetoresistance has been studied theoretically in 2D systems with isotropic cubic form
of Rashba spin-orbit interaction. We have derived the effective spin-orbital field due to current-
induced spin polarization and discussed its contribution to the unidirectional system response. The
analysed model can be applied to the semiconductor quantum wells as well as 2DEG at the surfaces

and interfaces of perovskite oxides.

I. INTRODUCTION

The magnetotransport is a phenomenon that is know
in condensed matter physics for more than hundred
years [1-3]. The associated magnetoresistance is cur-
rently also a hallmark of spin electronics, that was de-
veloped after the discovery of giant magnetoresistance in
metallic multilayers at the end of 80’s [4-6]. Nowadays
spintronics takes advantage of spin-to-charge intercon-
version effects [7-10] that lead to new magnetoresistance
phenomena such as spin magnetoresistance and various
unidirectional magnetotransport effects [11-16].

The magnetoresistance (MR) is typically a quadratic
function of the magnetic field (or magnetization)
amplitude. The linear scaling with magnetic
field/magnetization is rather unique and dictated
by specific symmetry requirements. Recently, the linear
dependence on the magnetic field has been reported in
single crystals of antiferromagnetic metals (i.e., TmB4),
where MR can be tuned from quadratic to linear one
depending on the orientation of magnetic field [17, 18].
It has been shown in recent years, that the spin-orbit
interaction can lead to spin-currents and non-equilibrium
spin polarization, that can coupled to the external mag-
netic field or equilibrium magnetization of the system
leading to unidirectional magnetotransport [19-23].
The unidirectional spin magnetoresistance in general
is a consequence of non-equilibrium spin polarization
at the interface of the hybrid structures consisting of
a ferromagnetic thin film and a layer of heavy metal
or topological insulator (TT). Interestingly, it has been
shown that the unidirectional magnetoresistance also
appears in nonmagnetic materials. This effect is called
bilinear magnetoresistance, BMR, as it scales linearly
with the charge current density and external magnetic
field. The BMR effect can be a consequence of the
strong spin-orbit interaction in systems with highly
anisotropic Fermi contours. This is for example a case
of TTs with strong hexagonal warping [19, 20]. In this
case the nonlinear spin currents appear in the system,
which in the presence of external magnetic field are
partially converted to the nonlinear charge current.
Another mechanism was proposed to explain the bilinear
magnetoresistance in systems with isotropic Fermi con-
tours. This mechanism is related to the non-equilibrium
spin-polarization (also known as inverse spin-galvanic

effect or Edelstein effect) that appears in the system
under external electric field and leads to the effective
spin-orbital field that couples to the electron spin. [22].
The Berry curvature dipole can also give contribution to
the unidirectional magnetotransport.

In this work we analyze the BMR in the 2D system
with isotropic cubic form of Rashba spin-orbit coupling
(SOC). Such a form of Rashba SOC can be found in
2DEG emerging in the semiconductor quantum wells as
well as 2DEG at the surfaces and interfaces of perovskite
oxides [22, 24-32]. The detailed description of the model
of 2DEG electron gas in the presence of isotropic cubic
Rashba SOC can be found, e.g., in [33, 34].

The paper is organised as follows. In sec. II we will
present the effective Hamiltonian describing 2DEG with
isotropic cubic Rashba coupling and formalism that will
be used to describe transport characteristics. Next, in the
sec. 111, we will derive analytical expressions for charge
current density and non-equilibrium spin polarization in
the absence of external magnetic field. The main re-
sults will be presented in Sec. IV, where we will present
derived analytical expressions for bilinear magnetoresis-
tance. Next, we will present numerical results. The gen-
eral conclusions and summary will be provided in Sec. V.

II. MODEL AND METHOD
A. Effective Hamiltonian

We consider the effective Hamiltonian, obtained upon
two canonical transformations from 8 x 8 Luttinger
Hamiltonian for p-doped semiconductor quantum wells
with structural inversion assymmetry [35, 36], and takes
form [33]:
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where k = ,/kZ + k2 is the wavevector amplitude, m*

is the effective mass. The second therm describes the ef-
fect of cubic Rashba SOI [33] and is expressed by Rashba
coupling parameter, «, and k+ = (k; £ik,). In addition,
o+ = 3(0, £i0y), where 0, (n = ,y,2) denotes n-th
Pauli matrix. Note that, m®! and « are material pa-
rameters and are defined in A. The effect of the external



in-plane magnetic field, B, is taken into account by the
Zeeman term, where B = {B,, B,,0} is in the energy
units, that is B = gugb (g - g-factor, up - Bohr magne-
ton, b - magnetic field in Tesla), and spin operators are
2 x 2 matrices that can be written by the identity matrix
and Pauli matrices as:

Sa= Y shos (2)

B=0,z,y,2

where the coefficients s§ are provided in A.

Finally, the last term in the Hamiltonian describes the
coupling of electron spins to the effective spin-orbital
field, Bg,, that can be expressed by the non-equilibrium
spin polarization emerging due to the inverse spin-
galvanic effect and proportional to the charge current
density (and thus to the external electric field), i.e,
Bs, ~ S ~ j. As the effective cubic Rashba model con-
sidered here is defined by much more complex spin opera-
tors, the coupling between spin polarization and electron
spin is defined by the two coupling constants: Jp that
couples non-equilibrium spin polarization to the part of
the spin operator proportional to the identity matrix oy,
and coupling constant J; that couples spin polarization
to the part of spin operator proportional to Pauli matri-
ces Oz y,

By, -S§= JQSasgCT() + Jlsa(sgdf + SgO'y) (3)

where S, is a-th component of the non-equilibrium spin
polarization. The coupling constants Jy; have been
derived and presented in B. Here we stress that non-
equilibrium spin polarization induced by the charge cur-
rent in 2DEG with isotropic cubic Rashba SOC has been
studied recently in detail by Karwacki et al. [34]. Here,
we will use the general results for current-induced spin
polarization presented in [34], and adapt them to derive
the theoretical description of BMR.

B. Model assumptions

Without losing the generality in our further analysis
the external electric field is applied in the z-direction.
This means that current-induced spin polarization, under
zero magnetic field, has only y-component. We focus on
the (unidirectional) bilinear correction to the magnetore-
sistance, i.e., we characterize the term in magnetoresis-
tance that is proportional to the in-plane magnetic field
and simultaneously to the charge current density (elec-
tric field). The higher order terms with respect to B
and j, that can eventually appear and lead to additional
corrections in magnetoresistance (e.g., in strong magnetic
fields) are not considered here. Accordingly, we treat per-
turbatively the terms proportional to the in-plane mag-
netic field and spin-orbital field in Hamiltonian (1), i.e.,
H = Hy + Hpert, where:

K2 k2
H =
0 2m*

oo +ia(kPor —kio_), (4)

and the perturbation is defined as:

Hyery = Z beff,B g (5)
B=0,z,y
where
beto = Basp + (By + JoSy)sh (6)
etz = Besy + (By + JlSy)sg (7)
befry = Bxsgj + (By + JlSy)sZ (8)

Thus, the Hyere has a form of Zeeman-like term acting
in the pseudospin space.

Note, that the effective spin-orbital field is approxi-
mated in our calculations by the non-equilibrium spin
polarization under zero magnetic field. This simplifi-
cation is justified as the additional components of spin
polarization that appear in the presence of an external
magnetic field are a few orders of magnitude smaller than
the component which survives under zero magnetic field.
The magnetic field contribution to the leading term of
spin polarization results in higher order terms in magne-
toresistance that are neglected here.

C. Method

To obtain magnetotransport characteristics, we have
used Matsubara-Green’s function formalism within linear
response theory [37] and used the following formula for
the quantum-mechanical average value of the observable,

O,, corresponding to the operator O,,:
Oy = — lim ebgh

w—0 (27)3w

+ Oa AR (€)1 (e — w)}

where AfA(e) = [GE(e) — Gi(e)] and GS/A(s) is the
retarded/advanced Green function related to the Hamil-
tonian Hy. Derivation of this formula can be found, e.g.,
in [34, 37, 38]. The operator corresponding to n-th com-
ponent of the charge current density is

Jo = €0y = Eaﬁo
Ja o 7 kg’

and spin-polarization should be derived using the spin
operators given by Eq. (2).

(10)

III. SPIN-TO-CHARGE INTERCONVERSION:
LIMIT OF ZERO MAGNETIC FIELD

In the first step we consider 2DEG with cubic Rashba
SOC under zero magnetic field. Based on Eq. (9) the
general relation between dc charge current density and
spin polarization can be derived. This relation is starting
point for our further consideration of nonlinear magne-
totransport.

/ Pk / de f()Tr { OuGl (e +w)is A (e)

(9)



A. Charge current density

In the dc limit, the charge current density, calculated
based on Eq. (9), takes the following form:

o =— [f'(Ey) = f/(E-)]
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In the low-temperature limit, the above expression leads
to:
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where kpy are the Fermi wavevectors [39]:

1 h2 2mao
= F- 1—4/1—-4
trs = Ty i1 (2 ))
1 B2 \? 2mao

with n denoting the charge carrier density and v+ having

sense of density of states:

m
h2 (14390 kp, )

vy = (14)

In the presence of randomly distributed point-like impu-

rities, the relaxation rate, I' = % (7 is the relaxation

2
time), takes the form I' = n; Vi (v +v_) /4 where n;

is the concentration of impurities and Vj is the impurity

potential.

B. Current-induced spin polarization

The non-equilibrium spin polarization, Sy, in dc limit
takes the form:

4
==t [ad e - e
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(15)
that in the low-temperature limit can be written as:
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Note that in the above expressions s¢,; are material pa-
rameters, that characterize the material and define the
spin operators. Their explicit forms are provided in A.
Combining (12) and (16) it is possible to express the spin
polarization by the charge current density:

50850 — 51Ss1 .

Sy = 17
where § = 3% (K3, —k3_) + = (k3, +k3_).
In the limit of v; > 74 one finds:
m .
(13) Sy = so~_Jx. (18)
where
02
» = —ETE,. 1
Jo= €T (19)

with 7 denoting relaxation time linked to the relaxation
rate, ', through the simple relation I' = 7/(27).

IV. MAGNETORESISTANCE

A. Longitudinal charge conductivity in the
presence of magnetic field

The current-induced spin polarization determines the
spin-orbital field. Treating the effective field beg as a



Hyere  Hpert

FIG. 1. Feynman diagrams for diagonal conductivity up to
the second order perturbation due to beg.

perturbation the diagonal conductivity can be expressed
as:

; 2 2
Je € h d“k Ra
Oz = AT /(2 E 5 Tr {0, Gy, .G} (20)

~A/R
where Gk/ are
retarded Greens’

impurity-averaged advanced and
functions in the weak magnetic
field limit: GL/4 GEA 4+ GEAH, W GE
GE/AHPC“GS/AHPC“GIIE/A. Note that contributions re-
lated to two retarded and two advanced Green’s functions
(see Eq. (9)) have been neglected, as they do not affect
the final results.

Based on Eq. (20) and diagrammatic theory one finds
six diagrams, depicted in Fig. 1, that can be grouped into
three terms, according to the order of perturbation:

e?h
Oax = o3 (D1 + D23+ Das) (21)

The first diagram, related to the expression D; describes
the conductivity in the absence of beg, and is given by:

2 £ n 92T kv N kiv, ,
r 2 \T?2+a2k8 T2 +a?kS
(22)

which in the low-impurity concentration limit, I' — 0,
leads to:

D) =

2§
r

The second and the third diagrams do not contribute,
as Dy 3 =0. The diagrams (4) — (6) lead to D4_g that
contains B-linear and B-quadratic terms:

Di=m (23)

Dyg = [BQ (]—‘1’32 + 55 cos(21/1)) + Bsin(qp)Sy}'jB] ,

(24)
with Fs being rather cumbersome functions of ki, vy
and «, thus not shown here.

B. Bilinear magnetoresistance

The magnetoresistance can be expressed in a standard
form BMR = (pzz — p%.)/ 0%, where po = 1/c(}) is the

rT

diagonal resistance in the absence of magnetic field and
Puz = 1/(08) + 04-9). Note that the transverse conduc-
tivity, o4y, (planar Hall effect) is much smaller than o,
and has been neglected here.

The unidirectional (bilinear) contribution to magne-
toresistance is defined as:

BMR = | [MR(j, = j) - MR(: = )] (25)
Since the effect of in-plane magnetic field is assumed
to be small, ie., D;>D, g, the diagonal resis-
tance can be written as pp, = p%,. (1 —Dy_g/Dy),
and BMR can be described as BMR =
—[D4—6(ju = +Jj) — Da—6(jz = —j)] /(2D1). Finally, the
BMR can be written in the form:

JaBsin(y)
e&?

x [Jos5Cs0 + (Jo + J1)5051Cs0s1 + J157Cs1)]

(%)

BMR = — (80880 — 81851)
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Eq. (26) is the main result of this article.

C. The limit: v; > v

When v1 > 79, the coefficients s > s; and Jy > J;.
In such a case the spin polarization and charge current
density are given by Egs. (18), (19), whereas the spin-
orbital field By, ~ JyS,. The expression describing bi-
linear magnetoresistance simplifies to

ij sin()
e&?

Taking explicit forms of Jy, Sso, Cso we finally get the
following formula:

BMR = Jos3Ss0Cs0- (28)

BMR = 37730 f . 2 —joBsin(v) (29)

where n = %2 (10(1/_ +uvy)+ %Q(VE +v3)— Z—t(ui + 1/3’_))
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FIG. 2. Bilinear magnetoresistance, BMR, as a function of the angle v (the angle between the in-plane magnetic field and

#-axis) for different values of magnetic field, b, (a,b). The amplitude of BMR, ABMR = BMR(¢) = 37/2), as a function of
carrier density, n, for the indicated values of magnetic field, b (c) and for the indicated values of the quantum well potential,
eF/eFy, (d). ABMR as a function of the external electric field, eF,, for the indicated values of magnetic field, b, and for the
carrier density n = 1-10"2 cm™2 (e) and n = {1,7.5} - 10'? ecm™2 (g). ABM® as a function of the in-plane magnetic field, b, for
the indicated values of electric field, eE,, and for the carrier density n = 1-10'2 cm™2 (f) and n = {1,7.5} - 10" ecm™? (h).
The solid lines represent the total formula on BMR, Eq. (26), while the light dashed lines correspond to the formula in the
limit v1 > 72, Eq. (28), i.e., for s1 = 0 and J; = 0. Other parameters are taken from Refs. [26, 34] for an STO-surface, i.e.;:

eFy = 450 - 10° eV/m, 1 = 0.66, 2 = 0.003, L, = 100 - 10~'° m, m = 1.5mo and J1/Jo = —0.23.

D. Numerical results

Figure 2 collects numerical results, obtained based on
formula (26). Figures 2 (a),(b) present the BMR as a
function of the angle ¢ defining the relative orientation
of charge current density and external in-plane magnetic
field (i.e., ¥ defines the orientation of in-plane magnetic
field with respect to the #-axis). Linear dependencies of
the BMR signal amplitude, APMR  as a function of the
amplitude of magnetic field, b, and electric field, eF,., are
presented in Figs. 2(e)-(h). Finally Fig. 2(c) shows ABME
as a function of the carrier concentration, n, for the
fixed amplitude of the in-plane magnetic field b, whereas
Fig. 2(d) presents ABMR as a function of n for the fixed
strength of quantum well potential, eF’. The presented
results reflect the linear dependence of BMR with re-
spect to both electric and magnetic fields. Moreover, for
the low carrier density, the simplified expressions (29),
(30) and (39) are sufficient to describe the charge cur-
rent, spin polarization, and BMR. In Fig. 2, the results
obtained from the simplified expressions are indicated by
the dashed lines, whereas the solid lines present the BMR
described by the full expression (37). For higher charge
carrier concentrations, one can note a deviation of the re-
sults obtained form the simplified expression from those
based on the full formula. In turn, the BMR signal de-
creases with increasing n. Accordingly, the simplified

expression is sufficient in the carrier concentration range
for which one can expect the strongest BMR signal.

V. SUMMARY

We have studied theoretically the unidirectional mag-
netoresistance in a 2D electron gas with the isotropic
cubic form of Rashba spin-orbit coupling under external
in-plane magnetic field. The mechanism leading to the
unidirectional magnetoresistance response is here based
on the effective spin-orbital field originated from non-
equilibrium spin polarization. The obtained analytical
results indicate that BMR can be of an order of a few
percent in a range of low carrier densities. The results
presented in the manuscript have been derived for the
model Hamiltonian that may be used for the descrip-
tion of electronic properties of p-doped semiconductor
quantum wells as well as for the description of electron
gas emerging at surfaces or interfaces of perovskite ox-
ides (for a certain energy window). Thus, these results
may be useful for interpretation of experimental data of
a relatively large group of materials. For example, the
bilinear magnetoresistance has been measured recently
in LAO/STO [22], where a new scheme for determining
the linear Rashba parameter has been proposed. The
theoretical model provided in our article allows deter-
mining the cubic form of Rashba coupling parameter



in such structures, with chemical potential gated above
the Lifshitz point, where energy subbands reveal strong
anisotropy due to cubic Rashba term.
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Appendix A: Linking the effective Hamiltonian (1)
to the materials parameters

This appendix collects explicit forms of the parameters
and spin operators corresponding to Hamiltonian (1).
Accordingly, the effective mass takes the form:

) (A1)

with the electron rest mass mg, and 712 denoting
phenomenological parameters of the Luttinger Hamilto-
nian [35, 36].

The Rashba coupling parameter, « is defined by the
following expression:

2563

= (492~ G S

512eF L442
o = 6
976 (31 + 1072) (71 — 272)

(A2)

where L, and eF are the width and potential of the quan-
tum well, respectively.

Hamiltonian (1) has been obtained perturbatively
based on 8 x 8 Luttinger Hamiltonian and mapping into
the lowest heavy-hole subbands [33], thus, spin opera-
tors are no longer simply expressed by Pauli matrices
on. To obtain proper spin operators one needs to per-
form the same unitary transformations as that made to
obtain Hamiltonian (1) [33]. The explicit forms of spin
operators are listed below:

a o
S0 = g 5303, (A3)
B=0,z,y,z
T _ Y _ T _ oy 2 _ 1.2
s§ = —soky, s§ = soka, sy = sy =s1(k; — k),
xr __ — x z z z —
sy = 2s1koky, st = —sy, s§ = s; = s; =0, s = 3h/2.

The parameters sg; are material parameters defined as
follows:

512eFL*
So = 672 ¢ Z’}/Qmo (A4)
97672 (3, + 1072) (11 — 272)
3 25672 ,
=(— — L. A5
°1 (47r2 374 (37, + 1072)2> = (AY)

It should be stressed that in the energy window for
which the considered model Hamiltonian is applicable

(i.e., small carriers concentration) one finds y; > 7y and
contribution to the spin-dependent transport properties
proportional to s; is rather small, and can be negligible
(see for example data collected in Tab. I in [34]). In such
a case:

LIRS —S()kyU(], §y ~ SOkIUOa 5, = 50—2

(A6)

Hpcrt = bCHO oo (A7)
In this paper, we consider magnetoresistance for the gen-
eral effective Hamiltonian, as well as for the simplified
model that leads to simpler analytical expressions appli-
cable in the limit v > v,.

Appendix B: Estimation of Jy; parameter

Under an external electric field, the Fermi contour is
shifted in the momentum space by Ak, = -5 FE,. In
turn, the diagonal charge current density is given by
eq. (19) (the leading term), thus one finds the relation
between Ak, and j, in the form Ak, = —e‘%jw.

Due to the correction originating from the non-
equilibrium shift in the momentum space, the Hamil-
tonian Hy, Eq. (4), takes the form Hy(k, + Ak,) =
Hy + Hag,, where:

h2
Hay, = =—kyAkyoo + 6akykyAkyo,
2m
—3a(k? — k2)Akyoy + O((Aky)®).  (B1)

In turn, the effective spin-orbital field introduced to our
theory in (1) is defined as:

Bsoysy = JSy5, = JSysokgzo0 — JSy2s1kzkyoy
+JSys1(k2 — k)o, (B2)

By the comparison of terms standing in front of the same
Pauli matrices in Eq. (B1) and Eq. (B2) one finds:

h2
—s51JSy = 3aAk, (B4)
51JSy = —3aAk, (B5)

Accordingly, the above relations indicate that two cou-
pling constants should be introduced. From the first
equality, one finds J = Jy, whereas the second and third
equalities are identical and result in J = J;. Thus the
parameters Jy 1 reads

27h
Jo=———(50Ss0 — 51Ss1) "

p— (B6)

47 3o _
Ji = — (50850 — 518s1) "

B (B7)



where
h2
Sw::3a(k%—”—‘*k%+V+)*‘g{(k%_V—-%k%+V+)
=Koy + K- (BSa)
h2
S =30 (kp_v 4 kpyvi) + — (v + k)
=k — ki (B8b)
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