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The spin-spin exchange interaction is an important observable that helps in understanding the magnetism
of materials. Topological materials are of particular interest due to their strong spin-orbit coupling, which
makes them promising for applications in valleytronics and spintronics. In this study, we have theoretically
demonstrated the ability to control the switching of ferromagnetic (FM) and antiferromagnetic (AFM) couplings
between two magnetic impurities on the (001) surface of the topological crystalline insulator SnTe. By
considering experimental parameters such as doping, strain, and gap opening at surface Dirac cones, we provide

a generic way to build the FM-AFM and clockwise—counterclockwise phase diagrams of SnTe(001), which are
still missing in the literature, especially for the spintronics community.

1. Introduction

spin—spin exchange interaction on the surface or in the bulk of a
material [1-3] is important for spintronic applications [4,5]. One spe-
cific type of such interaction is the indirect Ruderman—Kittel-Kasuya—
Yosida (RKKY) coupling between two classical magnetic impurities
doped on a conductor [6-8], which strongly depends on the behavior
of electrons of the host material [9]. Magnetic moments of the doped
impurities form ferromagnetic (FM) and antiferromagnetic (AFM) cou-
plings. RKKY coupling oscillates between FM and AFM [10-15] phases
with increasing the distance between impurities.

A new class of materials, so-called topological insulators, have
introduced a new phase where insulating and metallic phases coexist
in the bulk and on the surface, respectively. Their bulk states are
gapped, while their surface states are gapless. Additionally, these ma-
terials have strong spin—orbit coupling due to the presence of heavy
atoms. A notable characteristic of topological insulators is their time-
reversal symmetry [16-19], which adds to their unique properties
and is responsible for protecting the gapless surface states. However,
there exist considerable topological materials such as weak topological
insulators [20-23] and topological crystalline insulators (TCIs) [24-29]
in which the gapless surface states are additionally protected by the
crystal symmetries. Unlike topological insulators, TCIs have an even
number of gapless states. This property makes them potentially useful
for transport applications in both valleytronics and spintronics.
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Controlling the electronic properties is an effective way to tune the
physical properties of systems. This is because other degrees of freedom
can be easily affected through a connection to the charge degree of
freedom. As an example, the anisotropic ferroelectric distortion has
been shown to modulate the RKKY interaction on the SnTe(001) sur-
face, which is a well-known TCI. This modulation can switch the FM
and AFM couplings [30]. Moreover, research has also shown that a
weak Floquet optical driving can form a noncollinear twisted RKKY
interaction on the doped SnTe(001) surface [31].

It is crucial to control magnetic orders in topological materials for
spintronics applications such as magnetic data storage devices [32]. In
this study, we have successfully achieved the switching of FM and/or
AFM coupling of magnetic impurities on the surface of TCIs through
the implementation of doping (due to the presence of an electron or
hole bath), strain (due to mechanical stress or pressure), and gap (due
to substrate effects, electrical gating, nanoscale sculpturing, etc.). It is
important to note that the term “gap” refers to the energy gap (or band
gap) that can appear at the Dirac point on the surface. This approach
provides new and valuable physical and practical insights that have not
been explored before.

This paper is structured into four sections. In Section 2, the Hamil-
tonian model of the pristine and strain- and gap-induced SnTe(001)
surface is presented, and the RKKY interaction is calculated in the
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Fig. 1. (a) The pristine Dirac cone in the low-energy limit around the X point of the
SnTe(001) surface is located at the x and x’ points. (b) When doped, the Dirac cone
undergoes changes in its electronic properties. (c) When strained, the Dirac cone is
displaced. (d) When gapped, the Dirac cone’s electronic properties and carrier density
can be modified.

presence of doping, strain, and gap opening. Section 3 presents the
results for switching between FM and AFM couplings. Finally, the paper
is summarized in Section 4.

2. Theoretical background

In this section, we present a continuum model for the Dirac
fermions (gapless states) on the SnTe(001) surface [26-29,33,34]. The
model is constructed using p orbitals of sublattices Sn and Te, and
spin—orbitally coupled states |1) = (||, Sn) + |T,Te))/\/§ and |2) = (|1
,Sn) + ||, Te))/ \/5 The ground states are formed by two spin-orbitally
coupled coaxial Dirac cones, which are separated in the low-energy
limit, see Fig. 1(a). These cones, located around the X point on the
projected Brillouin zone (BZ) of SnTe(001) surface, are denoted as x =
Vn2+6%/v, and x' = —V/n? +62/v, [30,33-36]. The Fermi velocity
along the x-direction is found to be v, = 3.53 eV.A [35,37], while
the intervalley scattering parameters are n = 0.055 eV and 6 = 0.04
eV [33,35,35,37]. There are also two Dirac cones (not shown here),
y and Y/, located around the Y point with a Fermi velocity of v, =
1.91 eV.A. To obtain the Hamiltonians of the y and y’ Dirac cones
around the Y point on the SnTe(001) surface, C, symmetry should be
applied on the X point.

Let us focus on the non-pristine states. We start with the effects of
doping on the system. When we add or remove electrons from a solid,
the band structure is affected, and the Fermi level shifts accordingly.
This change in energy level is known as the chemical potential (u), see
Fig. 1(b). We can incorporate the effects of doping by including it in
our model’s Fermi energy, which will affect the RKKY couplings.

In the case of the strain effect, the orbital degrees of freedom are
modulated as the main origins of the electronic properties in solids [38,
39]. It is achieved by shifting the momentum space due to a lattice
displacement i with components u,,» = (0,uz+0d,u,)/2 (we neglect the
shear terms u,, and u,,, as an approximation) along the {#, 7'y e {x,y}
direction. To analyze the strain effect in the momentum space, a gauge
field vector potential A = % — x is employed, where % represents the
strained Dirac cone, as illustrated in Fig. 1(c). This results in A =
(€yttyy + Coltyy, ythy,, + couy) [40], where strained momenta (compared
to the pristine ones (k.. k,)) are given by k, = k, + cju,, + cou,, and
k, =k, + cju,, + cou s ¢ = 037! and ¢, = 1.4v~! refer to orbital
nature of the strained electronic bands [38].

In the case of the gap effect, we employ a universal description of
various effects such as substrate effects, electrical gating, and nanoscale
sculpturing to open a band gap 4, at each Dirac cone, see Fig. 1(d).
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Eventually, the strained and gapped Hamiltonian reads
Hx/xr(k, 4,) =0k, F x)o, — vyI}yax + %az s m

where 7, = 6/x [35] and {oy,0,) are the sublattice Pauli matrices. In
what follows, we neglect the weak anisotropicity in the Hamiltonian
and use 0, = v, = vp =2 eV.A.

Now, we consider two magnetic impurities (§1 := moment, 131 =
position) and (§2, I_éz) on the SnTe(001) surface [6-8]. Also, we consider
the host itinerant electron 5. The interaction Hamiltonian between
magnetic impurities and the itinerant electron is given by H;, =
J Zil S, - 5, where J is the bare exchange interaction. Assuming
R = R, — R, as the impurity separation, the second-order perturbation
theory gives rise to the following RKKY Hamiltonian
HE (R =T Y Sl (RS @

7%
where a and g refer to the sublattices Sn and Te and {#,7¢'} = {x, y,z}.
Importantly, )(;g,(ﬁ) depicts the spin susceptibility, which can be calcu-
lated from the retarded Green’s functions in the spin space [11-13,41]:

= 2
20 (R) === s/

E,

" dEq? (E,R) 3
Nppr 5> 1O 5

o0

where 7’ (E.R) = Trlo, Gp(E. R oy Gyo(E.—R)] and Ep = u is
the Fermi energy and/or the chemical potential at zero temperature.
The presence of spin—orbit coupling on the SnTe(001) surface has a
significant impact on the retarded Green’s functions, which results in
the spin contribution of sublattices. This consequently implies that
every element of the Green’s function is non-zero. In contrast, without
spin-orbit coupling, the off-diagonal terms vanish. This finding is
crucial in understanding the behavior of Dirac materials and can lead
to significant advancements in the field of spintronics. Therefore,

" R T R
_ |GER GlE.R)
Gyp(E, R) = . G
) R H R
Gaﬂ(E, R) Gaﬁ(E’ R)
To cover the entire BZ of the surface with an area of Qqp, and enable

cross-talk between all the Dirac cones, it is necessary to consider all
directions. Thus,

» /dzice“ | e¥RGy &+ X )
SBZ
+eTRGHE+Y.E) |,

Gy (E, R) =
(5)

where {s,s’} = {1,l}. Rewriting the above equation results in G;;;

BY — SXR, (LixRopss (F R xRS (F B iY R, ( iy R, yss’
(E,R) = ¢ (e'x VS (E,R) + e ~£aﬂ(E,R)) + e Ry <e Wi
(E,R)+ e—"y"ym;fﬂ’(E,ﬁ) , where R, = R cos(pg) and R, = R sin(ppg)
with @ being the direction between two impurities. By defining E +
iot = ie for ot < 1, we make use of the relation

0 2 N 5
V(e Ry = =+ /0 kdk /0 dpe VR OoR P (R g), ©

Q7
where 7 = tan~!(k,/k,) and we have v;;’x (k€)= 1/lie = Hy (k. A,)]
around the X point. Incorporating the strain effect into the angle
between two impurities through the phase factor in Eq. (6) is an
interesting scenario, resulting in $ = @ +0,, where 6, = tan™!(4,/A,)
with A, = cju,, +cyuy, and A, = cyu,, + cuy,.

Thereby, the Green’s functions for the x and x’ Dirac cones are based
on hybrid states |1) and |2) [31] read

V(e B = = € (ie+ ()% ) Ko R/vp), (72)
Vison)(& R) = — (+) Cée" PR K, (2 R/vp), (7b)

where C = 2x/Qgpy 2, & = /(e — ip)? + 42/4, and Ky, is the modified
Bessel function. As for the Dirac cones around the Y point, similar
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expressions can be obtained following the C, symmetry. The follow-
ing relations are valid between Vs: Vy5(e,—R) = V| (e, R) and
Vig/a1(e.—R) = =Vy3/5) (e, R). Finally, we obtain

HEoY (R) = Z To(R)SL ST + v, (R)STS) + 87535
14

S, XY
+IY (8 xSy, (8a)
HEPw (R) = T (R)STSF — J,(R)S]S) — J(R)S?S%
+I7 (S xSy, (8b)

where v = +1 (-1) and ¢ = +1 (-1) refers to the TeTe (SnSn) and
TeSn (SnTe) sublattices, respectively, and

j:i: = (‘,as,x’ V‘las,y’ O) ’ (93)
fa: = (_‘]as,x’ 0, _TJs,xy) . (9b)

The full expression of the RKKY components can be found in Ap-
pendix; the J, /. couplings represent the XYZ-Heisenberg interaction,
while J, ., and J,,/, correspond to the symmetric and Dzyaloshinskii~
Moriya (DM) asymmetric interaction, respectively [31].

3. Results and discussion

It is worth noting that our band model and spin susceptibility (nor-
malized by a factor of 10~°) are limited to energies between —n and n
which is important for meeting the criterion of meaningful separation
of Dirac cones. On the other hand, our theory is valid for all directions
@r and impurity separations R. From Eq. (A.1), it is evident that
Hyyxy(@r) = Hrgky(@gr+mn), where m is an integer number. Focusing
on the in-plane direction of ¢ = x/3, to keep the system stable
mechanically and phenomenologically, we set the upper limit of strain
modulus to +10%, where u > 0 (u < 0) stands for the tensile (compres-
sive) strain. Lastly, we comment that all RKKY components are even
under 4, - —A4,.

It is necessary to note that the paper only considers two magnetic
impurities residing on the same sublattices TeTe. For the impurities on
the same sublattices SnSn, the components J; ., and J,; , switch their
signs for the FM/AFM and clockwise/counterclockwise (CW/CCW) cou-
plings, following Egs. (8) and (9). Lastly, we note that for the impurities
on different sublattices, the components J, and J, in the Heisenberg
coupling as well as J, and J, ,, in the DM coupling switch their signs.

In Fig. 2, it is shown how the RKKY couplings behave for differ-
ent scenarios (when the chemical potential is inside and outside the
induced gap) as a function of the impurity separation. The effects of
a uniform biaxial strain u,, = u,, = +5% and the induced gap are
considered simultaneously. The results indicate that, for long impurity
separations R/a > 40, the couplings approach zero due to small
values of modified Bessel functions and the competition between the
gap and chemical potential, which tunes the available states in the
system for RKKY responses. However, oscillations appear for short and
intermediate separations, which are responsible for characterizing the
FM and AFM couplings depending on the RKKY component. The J, J,,
J2s Jsxys Jasxs and Jyg , components display AFM, FM, FM, AFM, CCW,
and CW couplings between magnetic impurities, respectively, when
A, < u, i.e., when the chemical potential is outside the gap. When the
chemical potential is inside the gap, i.e. 4, > y, it is observed that the
Jasx and Jyg , couplings disappear. This is because there are no states
in the gap that are involved in the response. As a result, a Heaviside
step function can be defined for the asymmetric DM interaction to
emphasize that it requires doping. This requirement has been confirmed
both theoretically and experimentally in previous studies [31,42]. This
can be understood from Egs. (A.1e) and (A.1f) in which the imaginary
of integral vanishes for A, > u. For the biaxial strain u,, = +5%
and u,, = ¥5%, i.e., when the strain components are applied along
different directions (compressive/tensile or tensile/compressive), we
have J, (tuyy, Fuyy) = —Jp(Ltyy, £Uy,).
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Fig. 2. The behavior of the RKKY couplings on the SnTe(001) surface with respect
to the impurity separation R/a along the direction @p = /3, strain u,,,,, = +5%,
a chemical potential 4 = n/2, and induced gap (a) 4. = n/4 and (b) A, = n. The
results show that the asymmetric DM components are active only when 4, < u, while
the symmetric and Heisenberg components remain almost unchanged in both regimes
A, <pand A, > p.
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Fig. 3. The RKKY couplings as a function of the chemical potential and biaxial
strain (including u,, = +5%) at the impurity separation R/a = 10 along the direction
@r = n/3. The induced gap is A, = n/4. Various switching of FM/AFM and CW/CCW
couplings are evident due to the interplay between doping, strain, and gating effects.

Depending on the biaxial strain strength (considering u,, = +5%)
and doping in a certain gap strength A, = n/4, different responses
can be extracted. Redistribution between the host states involved in
the RKKY response via the chemical potential indicates an interesting
magnetic moment flipping. The main observation is that the results of
the DM components are consistent with the previous finding such that
asymmetrical J,; . and J,, , components vanish for 4 < 4 independent
of the strain strength, see Figs. 3(e) and 3(f). Additionally, we find
Jasx/y(—H) = —Jys (1), in agreement with Refs. [31,42], while
for Heisenberg and symmetric components, we have Jifypsy(—H) =
+Jy/y/xy(+H), see Figs. 3(a)-(d). For all components, however, the
translational symmetry for the strain field (# — —u) is broken. In-
terestingly, various switching between FM to AFM couplings occurs,
which is the main aim of the present research. For u,, = —5%, we
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Fig. 4. The RKKY couplings as a function of induced gap and the chemical potential at
a biaxial strain of u,, = +5% and u,, = +5%, with an impurity separation of R/a = 10,
and the direction ¢, = 7 /3, it is observed that FM/AFM and CW/CCW couplings do not
switch for 4, > u. These findings shed light on the complex nature of RKKY couplings
and the importance of considering multiple factors when analyzing their behavior.
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Fig. 5. The RKKY couplings between the two magnetic impurities are analyzed in the
presence of different induced gaps and strains at specific conditions. At u,, = +5%,
the chemical potential y = n/2, the impurity separation R/a = 10, and the direction
@r = n/3, the analysis revealed that the gap and strain did not affect the FM
coupling of the z-component of the RKKY interaction. However, the study finds various
FM/AFM and CW/CCW couplings for other components, indicating the complexity of
the interplay between different fields and the rich physics of spintronic applications.

overall achievement of the study is the ability to control magnetic
orderings FM/AFM and CW/CCW in a doped-strained-gapped phase of
the SnTe (001) surface, which was previously not well-documented in
the literature of RKKY physics in Dirac materials. This finding proposes
significant advances in spintronics compared to the pristine phase of
matter.

Next, in Fig. 4, we turn to the role of coexisted gap and doping at
fixed u,, = +5%, u,, = 5% with the same set of parameters R/a = 10
and @i = 7/3. As we discussed before, the RKKY interaction vanishes
for asymmetric DM components for 4 < A,. It is also the case for

—u > A4, ie, Jy,/ = 0for |u| < A, as presented in Figs. 4(e)

again find the previous relation J,(tu,,, Fu,,) = —J,(tu,,, +u, ). The
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and 4(f). In addition to the relation J, , 1y (=1) = Jos 5 (1), We observe
the following relation Jy, /. (—p) = —Jy ./, (). The susceptibility in
Egs. (A.1a)-(A.1d) is directly related to the physics of the system.
Upon careful consideration, it appears that the final response of the
susceptibility is determined by the competition between the chemical
potential and the induced gap. It turns out that the Heisenberg and
symmetric components switch their initial FM and AFM couplings only
when |u| > 4,, as shown in Figs. 4(a)-(d). Interestingly, this behavior
is independent of the gap size. By analyzing the spatial symmetries in
the strained model, it is found that

Trefyz Gt Fldyy) = Ty (R, 2uty) (10a)
Ty (s Fily) = = Jg o (U, Fldyy) (10b)
Jasx (Flhes Flhyy) = Jog o (Fthy, Fuyy) (10c)
Jasy(Fhys Fity) = = Ty (U Fuy)) (10d)

Now, we focus on the competition between the gap and strain in
tuning or switching the FM/AFM and CW/CCW couplings, as shown in
Fig. 5. This configuration is presented for pedagogical and comprehen-
sive purposes to further our understanding of the interplay between
gap, strain, and magnetic couplings in TCIs. First, we argue that for
a fixed u,, = +5% and u = n/2, all RKKY components behave as
Jo(-u,,) = —Jy(+u,,). In this phase, the asymmetrical treatments
mentioned before hold for the strain dependencies. For 4, > 0.055 eV,
i.e., for A, > 2y, J, and DM couplings approach zero. In contrast to the
two previous systematic investigations in Figs. 3 and 4, there is no FM
and AFM switching between magnetic moments of impurities for the J,
component, while both FM/AFM and CW/CCW couplings can appear
for the other five components. To mimic the sensitivity to the gap and
strain in the experiment, a gate along with applying the ferroelectric
distortion to control the low-energy orientations has been applied, as
reported in previous studies [35,43]. These techniques can ultimately
be linked to the RKKY interaction on the surface of TCIs in the way we
proposed here.

4. Conclusions

Assessing the magnetic structure of topological materials that have
strong spin—orbit coupling due to the presence of heavy atoms in their
compounds, is challenging to do so because their surface density of
states is high. However, we used real-space Green’s function and linear
response theory techniques to reveal the evolution of ferromagnetic
(FM) and antiferromagnetic (AFM) couplings as well as clockwise (CW)
and counterclockwise (CCW) between two magnetic impurities on the
doped, strained, and gapped (001) surface of a topological crystalline
insulator SnTe. We also derived the FM-AFM and CW-CCW phase dia-
grams of this compound in the low-energy limit, which was previously
unknown. We argue that the magnetic cross-talk between impurities on
the SnTe(001) surface can be differently impacted by various electrical
and mechanical fields. Therefore, the interplay between them should
be fully accounted for in reality when their rich physics is considered
for spintronic applications.
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Appendix. RKKY components

By defining J,(R) = J,(R)/zJ2C?, we have

J.(R) = nJ*C2e(R)S / :o ide 8 [K2(E R/ve) + cosQpp)K2(E R/ve)| . (A.la)

T, (R) = nJ*CPER)T /., :o ide 8 [K2(E R/vg) — cosQpp)Ki(E R/vp)] . (A.1b)
T.(R) = zJ*CPER)S / :0 ide 8 [K2(E R/vg) + K*E R/vy)

- ﬁg(ﬁ)s /:o ideK2(E R/vp), (A.10)

Jory(B) = T2 CRER)S /a :o ide 8 sinpR)K2(E R/vp), (A.1d)

Jux(R) = = 22T C2E(R)sin(@p) § /o | dedy /&2 — 22 /4 Ky(E R/vp) K, (2 R/vp),

(A.le)
sy (R) = = 22J2C2E(R) cos(p) S /ﬂ+ de &4/ — A2 /AK((E R/vp) K (ER/vg),
(A.1f)

where the intersection between Dirac cones along all directions on the
SnTe(001) surface with the lattice constant a ~ 6.3 A is given by

éj(ﬁ) = cos2(x1~{x) + cosz(yﬁy) + 2cos(xﬁx)cos(yﬁy) cos(ﬁ [Rx - Ry]) N

(A.2)

where R, = Rcos(@g) and R, = Rsin(@g).
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