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We theoretically study the impacts of linear spin-orbit coupling (SOC) on the Ruderman-Kittel-Kasuya- Yosida
interaction between magnetic impurities in two kinds of three-dimensional noncentrosymmetric systems. It
has been found that linear SOCs lead to the Dzyaloshinskii-Moriya interaction and the Ising interaction, in
addition to the conventional Heisenberg interaction. These interactions possess distinct range functions from
three-dimensional electron gases and Dirac/Weyl semimetals. In the weak SOC limit, the Heisenberg interaction
dominates over the other two interactions in a moderately large region of parameters. Sufficiently strong
Rashba SOC makes the Dzyaloshinskii-Moriya interaction or the Ising interaction dominate over the Heisenberg
interaction in some regions. The change in topology of the Fermi surface leads to some quantitative changes
in periods of oscillations of range functions. The anisotropy of Ruderman-Kittel-Kasuya-Yosida interaction in
bismuth tellurohalides family BiTeX (X = Br, Cl, and I) originates from both the specific form of Rashba SOC
and the anisotropic effective mass. Our work provides some insights into understanding observed spin textures

and the application of these materials in spintronics.

DOI: 10.1103/PhysRevB.96.115204

I. INTRODUCTION

Inversion symmetry may be broken at the surface or
interface, and the resulting electric fields entangle momentum
of an electron to its spin, leading to the Rashba spin-orbit
coupling (SOC) [1]. The Rashba SOC has mostly been studied
in two-dimensional electron or hole gases in semiconductor
heterostructures [2], the surface states of conventional metals
[3], and even the two-dimensional electron gases (2DEG)
at the interface or surfaces of complex oxides [4-9]. The
Rashba SOC, Hg = ag(o x k) - Z, plays acentral role in a vast
number of phenomena in condensed matter physics, such as
spin Hall effect, spin galvanic effect, spin—orbit torques, chiral
magnetic textures, topological phases of matter, and Majorana
fermions [10-13]. In particular, the interplay between SOC
and magnetism is of increasing importance. Rashba SOC
could induce a chiral Dzyaloshinskii-Moriya (DM) interaction
[14,15], which leads to spin helix, chiral domain walls, and
magnetic skyrmions. In addition, Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction, an indirect exchange interaction
between two magnetic impurities mediated by conduction
electrons, may provide an alternative mechanism for the DM
interaction. The strength of RKKY interaction, characterized
by the range function, usually oscillates as a function of dis-
tance between magnetic impurities with the period determined
by the Fermi level, the effective mass of conduction electrons,
and other material-dependent parameters [16—18].

Recently, the Rashba SOC in three-dimensional (3D)
systems lacking inversion symmetry has been receiving sig-
nificant interest [19,20]. In the bismuth tellurohalides family
BiTeX (X = Br, Cl, and I), the structure inversion asymmetry
results from the asymmetric stacking of Bi, Te, and X

“hrchang @mail.ustc.edu.cn
tjianhuizhoul @ gmail.com

2469-9950/2017/96(11)/115204(11)

115204-1

layers, in which an exceptionally large Rashba parameter had
been revealed by angle-resolved photoemission spectroscopy
measurements [21,22]. For example, the strength of Rashba
SOC reaches the value of 3.9—4.3 eVA for BiTel as large
as that of the surface state of topological insulators [22].
Symmetry analysis suggests that the conduction electrons
in By compounds (a class of cubic helimagnets) [23] and
noncentrosymmetric metal Li(Pd;_,,Pt,);B [24] possess a
strong SOC of the form k - 0. Many nontrivial spin textures
have already been observed in BiTe X [21,25,26] as well as By
compounds [27-30]. To thoroughly understand the observed
various interesting spin textures and to engineer exotic states
of quantum matter, we would like to systematically study the
effects of linear SOCs on the RKKY interaction.

In this paper, we find that 3D linear SOCs give rise to
the DM interaction, the Ising interaction, and the Heisenberg
interaction, which possess entirely different range functions
from those of 3D electron gases (3DEG) and Dirac/Weyl
semimetals. In the weak SOC limit, the Heisenberg interaction
dominates over the other two interactions for a relatively
large region of parameters. As the Rashba SOC increases,
sufficiently strong Rashba SOC makes the DM interaction
or the Ising interaction more favorable than the Heisenberg
interaction. As the topology of the Fermi surface changes, the
periods of oscillations of range functions vary accordingly. In
the family BiTeX, both the Rashba SOC and the anisotropic
effective mass contribute to the anisotropy of the RKKY
interaction.

The rest of this paper is organized as follows. In Sec. II, we
outline the formalism for the RKKY interaction. In Sec. III, we
derive the exact analytical expressions of RKKY interactions
for noncentrosymetric metals and the approximate expressions
in weak SOC limit and in long-range limit. In Sec. IV, we
reveal the general features of RKKY interactions for 3D
Rashba semiconductors numerically and find the analytical
expressions in weak Rashba SOC limit. In Sec. V, the main
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results of this paper are summarized. Finally, in the appendices,
we give the detailed calculations of range functions of the
RKKY interaction.

II. RKKY INTERACTION AND SPIN-ORBIT COUPLING

The RKKY interaction is an indirect exchange interaction
between two localized spins via the spin polarization of
conduction electrons [16—18]. In recent years, it has been
shown that the RKKY interaction plays an important role
in giant magnetoresistance in multilayer structures [31],
ferromagnetism in diluted magnetic semiconductors [32],
topological phases, and Majorana fermions [11]. We restrict
ourselves to a pair of magnetic impurities, S; and S, located at
R, and R, respectively. We assume the interaction between
magnetic impurities and conduction electrons is described by
the standard s-d interaction [33]:

Hyg=1) 8 -08(r R, M
=12

where ¢ = (0,,0y,,0;) denotes for the vector of Pauli spin
matrices and J refers to the strength of the s-d interaction.
At zero temperature the indirect exchange interaction between
these two localized spins mediated by itinerant electrons is
given by [34]

J2 &r
HRKKY = —;Im/ dETI‘[(Sl . O')G(R;é‘ + lO+)
—o0

x(8-0)G(—R;e +i0M)], 2)

where R = R, — R\, ¢ is the Fermi energy, and Tr represents
the trace over the spin degree of freedom of itinerant electrons.
The Green’s functions in the energy-coordinate representation
can be obtained from the Fourier transform:

&k
G(*R;e +i0") = f WG(k;s +i0M) exp (£ik - R),
T

3

where G~ !(k;e +i0") = ¢ +i0t — Hy(k) is the inverse of
momentum-space Green’s function, Hy(k) is the Hamiltonian
for the noninteracting conduction electrons, and 0" is a positive
infinitesimal.

The specific expressions of the RKKY interactions strongly
depend on the spatial dimensionality of systems [35,36],
energy dispersion of the conduction carriers, and the property
of Rashba SOC. For instance, the RKKY interaction for
3D Dirac electrons with linear dispersion in the context of
Dirac/Weyl semimetals [34,37,38] greatly differs from that of
the conventional 3DEG [16—-18]. The influence of the Rashba
SOC had been extensively examined in both one-dimensional
electron gases (1DEG) [39-42] and 2DEG [39,43—47]. In the
present paper, we shall focus on the impacts of linear SOC
on the RKKY interactions in both 3D noncentrosymmetric
metals and Rashba semiconductors BiTeX. In the former,
each component of spin is parallel to momentum and forms
hedgehog spin texture, as shown in Figs. 1(a) and 1(b). In
the latter, for a given k,, the in-plane components of spin and
momenta are perpendicular to each other as the manner of
2DEG with linear Rashba SOC [see Figs. 1(c) and 1(d)]. Note
that the topology of the Fermi surface changes at e = 0.
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() (d)

FIG. 1. Distinct spin textures at Fermi surfaces of 3D noncen-
trosymmetric metals (a) and (b) and 3D Rashba semiconductors (c)
and (d). For (a) and (c), the Fermi energy is positive ¢ > 0, while for
(b)and (d), e < 0. The green and red arrows show the spin directions
at the Fermi energy for a given k. as a function of the two momenta,
k, and k,. The topology of Fermi surface changes at ¢ = 0 from two
Fermi surfaces with different spin directions in (a) and (c) to a closed
Fermi surface in (b) and (d) or vice versa.

III. THREE-DIMENSIONAL NONCENTROSYMMETRIC
METALS

Three-dimensional noncentrosymmetric metals, such as
B»y compounds [23,48] and the Li,(Pd;_,,Pt,);B family [49],
can be effectively described by the following Hamiltonian:

k2
HYS = o~ +ak-o, )

and the energy dispersion reads

2
ek = —— + Aak, )
2m

where m is the effective mass, k = (k.,k,,k;), and k =
kZ +k? + k2. » = 1 denotes for the two energy bands

with opposite chirality, o > 0 represents the strength of
SOC. The superscript NCS stands for the noncentrosymmetric
metals. For a positive Fermi energy e > 0, there are two
distinct Fermi wave vectors kpy = Fma + /m2a? + 2mep,
characterizing the two Fermi surfaces in Fig. 1(a). On the
other hand, for —ma? /2 < er <0, only one closed Fermi
surface exists in Fig. 1(b), but is characterized by two Fermi
wave vectors kpy = ma £ /m2a? + 2mep > 0. As will be
shown below, the change in topology of the Fermi surface leads
to some quantitative modifications to the RKKY interactions
[see Figs. 2(c) and 2(d)].
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FIG. 2. The exact range functions of RKKY interactions in 3D noncentrosymmetric metals for different values of SOCs. The change in
topology of the Fermi surface leads to quantitative changes in the periods of oscillations (c¢) and (d). The effective mass is equal to half of the

electron rest mass.

After some straightforward calculations, one gets the
corresponding Berry curvatures of Bloch electrons as

k
2k3°
which can be viewed as effective magnetic monopoles in the
momentum space, similar to those in 3D Weyl semimetals [50].
One thus expects that the electrons in noncentrosymmetric
metals inherit the properties of electrons from both the
conventional 3DEG and the Dirac/Weyl semimetals [51].

According to Eq. (4), one directly evaluates the Green’s
function in the momentum space as

Qi(k) = F (6)

C70+)J:7'0’
e — ey +i0+’

1
G(k;e +i0") = 3 >

rA=%

(N

where k = k / k denotes for the unit vector parallel to k and o
refers to the identity matrix. Due to the rotational symmetry
of itinerant electrons described by Eq. (4), without loss of
generality, we align the two magnetic impurities with the j
axis, i.e., R = Re;, with R being the distance between two
magnetic impurities. After carrying out Fourier transform, we
decompose the real-space Green’s function into two parts as

G(£R;e +i0") = Gooo £ Ggoj, 8)
where the functions are given as
—mexp (i§) o
Go=——"— ,
0 ITRG + iO+)(€ cos¢ +i¢sing)
@) ©
mexp (i
Gr= P22 _[(i& — 1)sing + ¢ cos ],

2 R(E +i0%)

with two dimensionless parameters { = maR and § =
vm?a? + 2meR. The second term Ggo; in Eq. (8) comes

from the Rashba SOC and greatly modifies the RKKY
interactions. Consequently, the RKKY interaction contains
three terms: Heisenberg interaction, Ising interaction, and DM
interaction:

HYeey = FuS1 - Sa + FIsingS{Sg + Fpm(81 x 82);, (10)

where these three range functions are given by

2J% [
FH =———Im

T [ (63 + GR)ae.

—00

Fi —4J21 EFsz 11
Ising — 7 m rYE, ( )
—0oQ

452 e
FDM = —Im/ iGoGRdS.
T —00

The Rashba SOC has two obvious impacts on the RKKY
interaction. First, it modifies the Heisenberg interaction in
Eq. (11). Second, both the Ising interaction and the DM inter-
action entirely originate from the Rashba SOC. It should be
emphasized that the DM vector along R = Re; is compatible
with the symmetry of By compounds [23]. Therefore, the
RKKY interaction here may provide us an alternative physical
origin for the DM interaction, which is essential for the chiral
spin textures [27-30]. Physically, the cross-product nature of
the DM interaction implies that an inversion operation about
the center of the joint line would exchange two neighboring
spins such that the DM interaction flips sign. The DM inter-
action would disappear if the two localized spins are parallel
or antiparallel. However, the Heisenberg interaction and Ising
interaction tend to align neighboring spins and are unchanged
under this operation, respecting the inversion symmetry.
After performing these complex integrals, one has the exact
analytical range functions in Eq. (11) (the detailed calculations
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can be found in Appendix A):

Fu(r.0) = "R {28F cos(28) cos(28F)

—[4¢ sin(2¢) 4+ 3 cos(2¢) — 2] sin(2€F)
—2[2¢7 cos(2¢) + g(£)1si(2&)},

W{%F[l — c08(2¢)] cos(2&F)

+ [4¢ sin(2¢) 4+ 5 cos(2¢) — 5] sin(2€F)
+4[2%(cos(20) + 1) + g(O)Isi(2€R)},

—— _{2£p sin(2¢) cos(2&F)

FIsing(‘i:F,é‘) =

Fom(ér,¢) =

(krR)*
+ [4¢ cos(2¢) — 3sin(2¢)] sin(2€F)
— 4[¢7 sin(20) + ¢ (cos(20) — D]si(2r)},
(12)
where g(x) = —2xsin(2x) — cos (2x) + 1, Er =

vm?a? +2mepR, kp = 2mler| is the Fermi wave
vector in the absence of SOC, si(z) = — fzoo dfsint/t is the
sine integral function, and C = J 2mkj‘T / (27)3. The three
range functions in Eq. (12) exhibit several features. First, as
shown in Fig. 2(a), for a weak SOC, the Heisenberg interaction
dominates over the other two interactions within a moderately
long range. Second, the magnitudes of Fermi wave vectors
of these two Fermi surfaces are unequal kp_ — kp = 2ma
for er >0 or kpy —kp_ =2/m?a? +2mep for s <0
such that the range functions in Eq. (12) oscillate with two
distinct periods and form beating patterns in Fig. 2(b). Third,
while the range functions for ¢ < 0 share similar features
to those for e > 0, Figs. 2(c) and 2(d) clearly show that the
oscillation period quantitatively differs between the two cases.
In addition, Fig. 2 shows that these range functions display a
damped oscillatory behavior with increasing distance R, with
each term dominating in different regions of the parameters
er, R, and a. The competition among these interactions leads
to rich spin textures, which can be detected by a variety of
experimental tools.

To gain more insight into the impacts of SOC on the RKKY
interactions, let us examine the weak SOC limit akr/er < 1.
Expanding the analytical expressions of range functions in
Eq. (12) in power of o and keeping the correction up to o?,
one finally gets the following approximate range functions:

Fy =~ 4Fy(R) — 4C¢*h(kr R),
Fising = 8 Fo(R), (13)
Fpm =~ —8Fy(R)¢,
where h(x) = [x cos (2x) + sin (2x)]/x4, Fy(R) is the range
function for the conventional 3DEG [16-18]:

C[2krR cos 2kr R) — sin (2kr R)]

Fo(R) =
o(R) 2R

(14)

According to Eq. (13), the Ising interaction and DM interaction
are quadratic and linear in ¢, respectively. Thus, in the weak
SOC limit akr/er < 1, the Heisenberg interaction becomes
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dominant as that of the 3DEG. It qualitatively coincides with
the behavior of the exact range functions depicted in Fig. 2(a).

When the magnetic impurities are dilute, the RKKY
interaction is mainly controlled by its long-range behavior. Let
us turn to the long-range case of & > 1 and & > ¢, whichare
equivalentto R > 1//m2a? + 2mey and /m2a? + 2mep >
ma, respectively. Under these conditions, we have si(2§p) ~
—cos (2&r)/2&Fr and hence &p|cos (2EF)| > ¢|cos 2&F)| >
£2|si(2Ep)|. As a result, the long-range RKKY interaction can
be cast into a simple twisted form:

FINCS 2CEp cos 2&F)
RKKY — —(kF R)*

Si-8,, (15)

where S, stands for the twisted spin operator of the second
localized magnetic impurity and can be obtained from a
rotation in spin space around the j axis (the direction of R)
by an angle 2¢ [52]. For example, taking R = Re,, after such
a rotation the x component of S, remains unchanged, but the
other two components become S = cos (2¢)S) — sin (2¢)S3
and 83 = sin (2¢)S) + cos (2¢)S5. It is clear that the SOC
tends to twist the spin to form a collinear coupling of localized
spins. This kind of twisted exchange interaction was also
discussed in the context of 1DEG and 2DEG with standard
Rashba SOC. However, their range functions essentially differ
from ours. Specifically, the corresponding range functions
in 1D and 2D are proportional to si(2&r) and sin(2€r)/ R?,
respectively [39]. In addition, the range function in Eq. (15) is
the same as that of 3DEG at large distance by replacing kr R
with &£F, up to a degeneracy factor. Furthermore, it should be
noted that the spatial dependence of R~3 is the same as both
3DEG [35] and 3D Dirac/Weyl semimetals [34,37,38].

IV. THREE-DIMENSIONAL RASHBA SEMICONDUCTORS

The electrons in 3D Rashba semiconductors BiTe X can be
described by the following effective Hamiltonian [21,53,54]:

k+ky K
SDR = 7}) + 2_’/:!3 +aR(a X k)Z’ (16)

and the corresponding energy dispersion is given as

k’%+k§+ k + Aag,/k2 + k2 (17)
= Tom 2my RV T

where the superscript 3DR refers to the 3D Rashba semicon-
ductors, A = =+ stands for the chirality of energy bands, ag
is the strength of Rashba SOC, and m and m3 denote for the
effective masses in the x-y plane and along the z direction, re-
spectively. A series of experiments show that the ratio of m3;/m
ranges from 5 to 10. As shown in Fig. 1(c), for e > 0, there are
two distinct Fermi surfaces (spindle torus), whereas only one
closed Fermi surface (ring torus) exists for ¢ < 0 [25]. This
topological transition of the bulk Fermi surface as a function
of the Fermi energy had been detected through Shubnikov—de
Haas quantum oscillation [55,56] and thermoelectric effects
[57]. The kinds of semiconductors described by Eq. (16) can be
intuitively seen as a coherent superposition of layers of 2DEG
with Rashba SOC along the z-direction. Unlike noncentrosym-
metric metals, the Rashba SOC in Eq. (16) only entangles &,
and k, with o, and o,, respectively, but leaves k, and o, free.
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Therefore, the magnetism for in-plane magnetic impurities
should significantly differ from that for out-plane ones.

In the bismuth tellurohalides family BiTeX (X = Br, Cl, I),
the structure inversion asymmetry results from the asymmetric
stacking of Bi, Te, and X layers, in which an exceptionally
large Rashba parameter and w Berry phase [50] had been re-
vealed by photoemission studies [21] and quantum oscillation
experiment [59], respectively. The strengths of Rashba SOC
have been obtained experimentally: 3.9—4.3 eVA for BiTel,
2.0—2.1eVA for BiTeBr, and 1.7—2.2 eVA for BiTeCl [22].

We shall consider the general case with the relative position
vector between magnetic impurities R = R.e, + Rye, +
R.e.. Following the similar procedure, one gets the RKKY
interaction as

HRRy = FuS1 - 82+ Fising (S} sing — 7 cos ¢)
x (83 sing — 83 cos @) + Fpm
X[(S1 x 82), sing — (S x Sy),cosg],  (18)

where these range functions have the same form as those in
Eq. (11) but different real-space Green’s function G(£R,;
e+i0") = Go(R;e +i0M)og = Gr(R;e +i0) (o, sing —
oy cos @) with ¢ = arctan (R, /R,). In contrast to the noncen-
trosymmetric metals, the DM vector in Eq. (18) lies in the x-y
plane and is perpendicular to the line connecting two magnetic
impurities.

Direct numerical calculations of the range functions in
Eq. (18) show several main features of the RKKY interactions
of 3D Rashba semiconductors [58]. First, for a positive Fermi
energy &r > 0 and a weak Rashba SOC, the Heisenberg
interaction dominates over the other two interactions within
a relatively large range in Fig. 3(a). Second, as the Rashba
SOC increases, the Ising interaction and DM interaction would
be enhanced gradually. Eventually, these three terms compete
with each other. In some regions, the Ising interaction or the
DM interaction dominates over the Heisenberg interaction, as
shown in Figs. 3(b) and 3(c). Third, Figs. 4(a)-4(c) show that
these three interactions also compete with each other as the
Fermi energy varies. For a small ¢ and a strong Rashba SOC,
the Heisenberg interaction is greatly suppressed within a large
range of distance. In addition, Fig. 4(d) depicts change in the
periods of oscillation of the Ising interaction as the Fermi
energy varies. In other words, the magnetism of magnetic
impurities can be effectively manipulated through tuning the
carrier concentration.

Due to the great complexity of general expressions of
the range functions, in the present paper, we mainly focus
on the analytical expressions in the weak Rashba SOC
case agkr/er < 1 and perturbatively treat the Rashba SOC.
Keeping the contribution of Rashba SOC up to a%, one arrives
at the approximate range functions (the detailed calculations
are given in Appendix B):

Fu = 4y*Fo(R) — 8y*m’*a%
5 5 _ Csin(2kpR)
X |:(RX + Ry)FO(R) + W]’

Fising = 8y’ m’ag(R? + R2) Fo(R),

Fom = —8y2maR\/R§TR§F0(1§), (19)
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FIG. 3. RKKY interactions of 3D Rashba semiconductors BiTe X
for different strengths of Rashba SOCs. (a) shows that the Heisenberg
interaction dominates over the Ising and DM interactions within a
large range. The solid lines in (a) correspond to the approximate range
functions at zero temperature. For a strong Rashba SOC, these three
interactions compete with each other in (b) and (c). Other parameters
are given in Ref. [58].

where R = /R2 4+ R2 +y2R2, and y = \/m3/m measures
the anisotropy of the effective mass. One immediately rec-
ognizes that the anisotropic effective mass may result in an
anisotropic RKKY interaction. In addition, both sets of range
functions in Eq. (13) and Eq. (19) share a similar dependence
on the strength of SOC. It should be noted that the approximate
range functions are consistent with the exact numerical results
(hollow circles) with a small Rashba SOC, as shown in
Fig. 3(a). It implies that the low finite temperature only leads
to small quantitative modifications.

More interestingly, when the two magnetic impurities locate
on a line perpendicular to the x-y plane (R = R.e;), only the
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FIG. 4. The evolution of RKKY interactions of 3D Rashba semiconductors BiTeX for different values of Fermi energies. (a)—(c) show the
suppression of the Heisenberg interaction for a small Fermi energy and a strong Rashba SOC. The dependence of the periods of oscillation of
the Ising interaction on the Fermi energy is depicted in (d). Other parameters are identical to those in Fig. 3.

Heisenberg interaction survives and has the range function as
Cm?a?% sin (ZVkFRZ):|
kiR
The vanishing of the Ising interaction and the DM interaction
can be traced back to the fact that the Rashba SOC only entan-
gles the in-plane spin components and in-plane momentum, as
schematically shown in Figs. 1(c) and 1(d). Hence, the special
form of Rashba SOC leads to the intrinsic anisotropy of the
RKKY interactions. One also finds that the range function with
an isotropic mass has a modification quadratic in o compared
with Fy(R;) for the conventional 3DEG. When the range
function is negative, the magnetic impurities spontaneously
align in parallel. Once the spin of magnetic impurities is not
perpendicular to the z direction, the resulting magnetization
would give rise to a finite anomalous Hall current [60].

Fu =~ 4|:J/2F0(VRZ) — (20)

V. CONCLUSIONS

In summary, we have demonstrated that two kinds of linear
SOC:s lead to the distinct RKKY interaction, including the
Heisenberg interaction, the DM interaction, and the Ising
interaction. In the weak SOC limit, the Heisenberg interaction
is dominant over the other two interactions in a moderately
large region of parameters. The sufficiently strong SOC makes
these three interactions compete with each other. We have
revealed that the change in topology of the Fermi surface is
accompanied by a shift in periods of oscillations of range
functions. The anisotropy of RKKY interaction of the family
BiTeX comes from both the special Rashba SOC and the
anisotropy of the effective mass. Our work provides some
insights into understanding the nontrivial spin textures and
paves the way for the application of 3D noncentrosymmetric
materials in spintronics.

ACKNOWLEDGMENTS

We thank Wen-Yu Shan for useful discussions. J.Z. was
supported by the Research Grant Council, University Grants
Committee, Hong Kong under Grants No. 17301116 and No.
C6026-16W. S.-X.W. and H.-R.C. were supported by the
National Natural Science Foundation of China under Grant
No. 11547200. H.-R.C. was also supported by the China
Scholarship Council, the NSERC of Canada, and FQRNT of
Quebec (H. Guo). We thank Compute Canada and the High
Performance Computing Center of McGill University where
the numerical part was done.

APPENDIX A: RKKY INTERACTIONS FOR
3D NCS METALS

In this Appendix we consider the RKKY interaction
between two magnetic impurities in NCS metals. The Green’s
function in momentum space is given by

00+)JAc-a

_— Al
e — &y +i0T (AD

1
. Nty —
G(k;e +i0 )_§§

A==+

where k = k/k, and &, = % + Aak. Thus, the Green’s
function in real space reads

1 &k O'():l:)\,i('ﬁ
G(£R:¢ +i0") = =
(£R; e +i07) 22/(2n)38—8,\k+i0+

xexp(ik - R).

(A2)

In general, the momentum k can be decomposed as k =
ky+k, =R -k)R+ (R x k) x R, where R = R/R is the
direction of R and k - R = kR cos 6. After integrating over ¢,
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one finds that the part of k, vanishes and has

G(£R;e +i0") = Gooo £+ Gro - R, (A3)
where
1 k? sin 0dkdé exp (ik R cos 6)
== —,  (Ad)
(2m)? & — gy +i0t
_ 1 Z/ k*sin@dkdd r 9 exp (ikR cos 0) (AS)
@2n):  ikdR e — ey +i0T
Integrating over 6 yields
kexp (ikR)dk
Go= > Z / —IR
2(271) 00 & — & + 10
exp (ikR)dk
Gr = . Z / SRR
2(271) R 0o & — &k + 10
(A6)

Note that we have used the property of even function to extend
the range of integral to the whole real axis. In this way, all the
remaining calculations become standard contour integrals and

J

PHYSICAL REVIEW B 96, 115204 (2017)

can be carried out immediately:
/"O kexp(ikR)dk /°° 2mk exp(ik R)dk
o0 & — & + 10T —oo (k—k* +i0T)(k—k} — i0%)
2mQ2mi)k’; exp(ik’; R)
k: —k* +i0t

A
= —i2mm (1—%_4_%) exp (i&§—i)¢),
(A7)
where k% = +v/m2a? + 2me — Ama, § = V/m2a? + 2meR,

and ¢ = maR. Similarly, we have

i2nmR

/‘°° exp (ikR)dk _ (& —iA0) (A8)
oo & — Eak +i0T E+i0+expl e
Plugging these results into Eq. (A6), we find
___mexps) ¢ s
Gy = 7RG+ l_0+)(g cos¢ +igsing),
Gr= MRS e 1ysing + ¢ cost]. (A9)

2w R(§ +i07T)

Inserting the real-space Green’s functions in Eq. (A3) into
Eq. (2), and using the trace formulas for Pauli matri-
ces Tr[o;o;] = 2§;;, Tr[o;0;01] = 2ig;j;, and Tr[o;0700,,] =
2(8i18 jm + 8im8j1 — 8ij01m), we get

HRiGy =FuS1 - S2 + Fising(S1 - R)(S2 - R) + Fpm(S1 x $2) - R, (A10)
where the range functions are of the form
2k
Fyy = ——1Im / (G5 + GR)de
sz . 12
= 234 °° (28)Z5(2) — [2¢ sin(28) + cos (28) — 1]Z1(2) — 5[24“ c0s (2¢) + g(H)]Zo(2) ¢ (A1)
4J? s
FIsing = TIm . GRd8
J*m .
= WQ[K sin (2¢) + cos (2¢) — 11Z1(2) + [1 — cos (20)15(2) + [¢*(cos (20) + 1) + g(O1To(2)}.  (A12)
4J? er
FDM = —Im iGoGRdS
ys —00
—I’m
= iR 2 {8in (20)T5(2) + [2¢ cos (27) — sin 20)]T1(2) — [¢7 sin (22) + ¢(cos (22) — D]Zo()}, (A13)
[
with g(x) = —2xsin(2x) — cos (2x) + 1, & = form
Vm?a? +2mepR. Ty ,(x) are given in Appendix C.
Substituting 7y ; 2(2) into Egs. (All), (A12), and (A13), we R
. . . . . 1 A' k
finally obtain the range functions in Eq. (12) in the main text. Glke +i0%) = & Z oo+ Ao x ky), ’ (B1)

APPENDIX B: APPROXIMATE RANGE FUNCTIONS FOR
3D RASHBA SEMICONDUCTORS

In this Appendix, we calculate the RKKY interaction in
3D Rashba systems up to the corrections due to Rashba SOC
up to (x%. The momentum-space Green’s function takes the

ZAzi g—e6y +i0T

where k| = ke, + k,e, denotes the in-plane component of

k, I}” = k”/kH, k” = /k)% +k% and €k = % +)\C¥Rk”. Here
we adopt the isotropic mass m3 = m at first.
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The real-space Green’s function reads

1 &k o9+ Ao x k)
G(£R; i0T) = = <
(ER; e +i07) 22/(271)3 £ — e +i0*

X exp[i(k“ . RH + szz)]s (Bz)

where R = R.e, + Rye, + R.e; and Rj = R.e; + Rye, is
the in-plane component of R. Let us express the in-plane
component of k as ky = (kjcos@d)R + (k;sing)e, x R,
= Ry/,/R?+ R? is the in-plane direction of R,
¢ is the relative angle between k and R). After integrating

over ¢, one finds that the second part of k vanishes and has
the real-space Green’s function

where R

G(£R;e +i0") = Goop £ Gr(o x R)),,  (B3)

with
1 k? sin 0dkdd Jo(kR) sin®)
Gy = - xp (ikR, cos6),
0 22/ Qr)Y & — ey +i0F p (kR cosf)
kdkdf Jo(kR) sin0)
et
2 8RH (27’[) S—EAk‘i‘lO
x exp (ikR; cos 0):|, (B4)

where Jy(z) is the zeroth-order Bessel function of the first kind,
ky =ksinf, and k; = kcos 6.

Due to the complexity of the integral, we expand the Green’s
function as a power series of the Rashba SOC «g. The zeroth-
order term of G takes the form

Goo = f k2 sin9d2kd9 Jo(kR) sin @) exp ('ikRZ cos 0)’ (BS)
2m) e — ¢ +i0t
where ¢, = % The first-order term
2 sin6dkdd
Go = Aagk sin 6
01 Z / (Aag ) o)
Jo(kR” sin@)exp (ik R, cos 6) (B6)

(e — & +i07)

vanishes after summing over band index A, while the second-
order term

k% sin 6dkdo
Gy = /(othksiné’)zs(uzl—)2

Jo(kR” sin®)exp (ikR, cos 6)
(e — & +i0T)

(B7)

is nonvanishing. One can immediately conclude that the
contributions from upper and lower bands vanish all the
odd-order terms of Gy. Up to the leading corrections due
to Rashba SOC, we then approximate Gy =~ Ggp + Gpz. On
the contrary, we find that Gz only contains odd-order terms.

PHYSICAL REVIEW B 96, 115204 (2017)

Therefore, the first nonvanishing term of G is linear in ag
Gri = —I— / (agk sin O)kdkde
IRy @)
Jo(kRH sin@)exp (ikR, cos 6)
(e — & +i0T)? '
Note that we approximate G g as Gg =~ Gg;. We then calculate

Goo, G, and Gpg; in a similar way. By use of Eq. (C8),
integrating over 6 leads to

(B8)

i  kexp (ikR)dk
GOO = - 2 N+ (B9)
2r)' R J_oo € — € +i0

where R = /Rﬁ + R? and the last step is similar to Eq. (A6).

Carrying out the straightforward contour integral, we have

mexp (iksR)
Goo = _p—’

B10
2n R ( )

where k. = +/2me. For G, the integration over 6 is the same
as that of G in Eq. (B5). Hence one immediately gets
d [1 [ kexp(ikR)dk
(XR2_|:_/ Xp (i ) 2i|. (B11)
r)  OR| LR J - (¢ — & +i07)
Performing the standard contour integral, we arrive at the result
imRexp(ik:R) _,
27 R? ’

where the dimensionless parameter ' = mag R. The last one,
G2, can be calculated similarly. Using Eq. (C11), we integrate
over 0 and get

Gri =—

Ggr1 = (B12)

Gp=—

i {lfoo k3 exp (ikR)dk
2n)? oo (6 — € +i0T)?

02 [1 (> kexp(ikR)dk

| = ————— . (BI13)
ORZ| R J_ oo (¢ — € +i0T)

After some algebra, we have

. . RZ
Goy = _mexp(lkgR)( i B _”>§/2. (B14)

2R k.R+i0T 2R?

Collecting the results in Egs. (B10), (B12), and (B14), we have
the following approximations:

_mexp (ik; R) 1+ i _R_ﬁ 0
27R kR +i0T 2R ’

__ imRyexp(ik.R) ,
Gr = 27 R?

Since the real-space Green’s function in Eq. (B3) has the same
structure as that in Eq. (A3), the RKKY interaction in 3D
Rashba systems takes a similar form:

Higgy = FuSi - $2

+Fpml(S1 X 82), sing — (81 x 82), cos ¢]

Gy~

(B15)

+ Fising (S] sing — S} cos ) (83 sing — S5 cos ),
(B16)
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where ¢ = arctan (R, /R,) and the ranges functions are given
as

272 [er
Fu=-——Im | (G}+ G%)de,
T —00
4J2 [e
Fising = —1Im | Grde, (B17)
T _
o0

4 [or
-7:DM = —Imf iGoGRdS.
T —00

Plugging Eq. (B15) into Eq. (B17) and using the basic
integrals in Egs. (C9) and (C10), we obtain the following
approximations up to the leading corrections from SOC:

Csin (2kpR)
Fu = 4Fy(R) — 8m>a’} [RﬁFQ(R) + TR;}
F
Fising =~ 8m*ap R} Fo(R),
Fom =~ —8mag R Fo(R), (B18)

where Fy(R) is the range function for 3DEG in Eq. (14).

The impacts of anisotropy of the effective mass y =
Jm3/m # 1 in Eq. (16) can be encoded into the RKKY
interaction through a transformation introduced in Ref. [34].
Specifically, the real-space Green’s functions for the isotropic
Hamiltonian and the anisotropic one can be connected by
the following transformation (k,,R;) — (yk;,R./y). We note
that the above transformation preserves the volume of the
Fermi sphere. After some algebra, one gets the relation
G(RX,R),,RZ) = yG(R,,R,,¥R;), leading to the anisotropic
RKKY interaction

Hrxky(Ry, Ry, R;) = y* Hrgxy(Rx, Ry, ¥ Ry), (B19)
which implies that the anisotropic effective mass may result in
an anisotropic RKKY interaction. Thus, it is easy to reach the
approximate range functions in Eq. (19).

APPENDIX C: SOME INTEGRAL FORMULAS

In this Appendix we evaluate two sets of frequently used
integrals Z,(x) and J,:

5 " exp (ix&)
T,0) =1 L EPTES) e, Cl
) m/m o (@)

b
Tn = / (sin®)*"*! Jo(k Ry sin @) exp (ikR, cos 0)d6, (C2)
0

with n being a nonnegative integer. For n > 1, Z,(x) and 7,
can be generated by Zy(x) and Jy, respectively.

" §F exp (ix€) 3" To(x)

T,(x) = I o tdE = ——, (C3
) ax”[m/;ooé-i-i()* s] )
1Lt g,

T = E o R (C4)
m=0

PHYSICAL REVIEW B 96, 115204 (2017)

#lm), is the binomial coefficient. Note that the
infinitesimal 0" in the numerator in Eq. (C3) can be safely
omitted. Therefore, our task is to compute Zy(x) and Jo.

Let us first deal with Zy(x) as follows:

where C' =

¥ exp (ix§)
&r i ér
_ Im[P/ expézxé)dE _ i”f exp (ixs)S(é)dS]
= %sgn(x) + Si(xép) — m, (C5)

where we have used the identity

—gr = P(2) — imd(x), with

‘P denoting the Cauchy principle value. Si(z) = foz drsint/tis
the sine integral [61]. Since only the case x > 0 is of interest,
we have

To(x) = % + Si(xép) — 7w = si(x&p), (Co)

with si(z) = — [ drsint /1 = Si(z) — 7/2. Next, we turn to
evaluate Jo:

Jo = /(;n sin @ Jo(k R sin 0) exp (ik R, cos 6)df
- /On Jo(kRy/1 — cos? ) exp (ik R, cos 8)d(cos 0)
- /_ 11 Jo(kRy/1 — 12)exp (ikR.t)dt
=2 /0 1 Jo(kRy/1 = 12) cos (kR,1)dr. (C7)

Using the formula in Ref. [61], we get

7= 2sin (kR)7

0 R (C8)

where R = /Rﬁ + RZ2. From Egs. (C3) and (C4), we have

dsi(x&p)  sin(x&)

Ti(x) = 5 ; (€9
X X
r = PUOE) _breosttn) _sintetn) oy
X X X
and
_ 1 9% \2sin(kR)
\71—<1+p8—RZ2>T, (C11)

which are used in Appendices A and B. Those who are
interested in higher-order corrections from SOC need to
continue to look for the expressions of larger n.
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