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Spin-orbit interaction and structure inversion asymmetry in combination with magnetic ordering is a
promising route to novel materials with highly mobile spin-polarized carriers at the surface. Spin-resolved
measurements of the photoemission current from the Si-terminated surface of the antiferromagnet
TbRh2Si2 and their analysis within an ab initio one-step theory unveil an unusual triple winding of
the electron spin along the fourfold-symmetric constant energy contours of the surface states. A two-band
k · p model is presented that yields the triple winding as a cubic Rashba effect. The curious in-plane spin-
momentum locking is remarkably robust and remains intact across a paramagnetic-antiferromagnetic
transition in spite of spin-orbit interaction on Rh atoms being considerably weaker than the out-of-plane
exchange field due to the Tb 4f moments.

DOI: 10.1103/PhysRevLett.124.237202

Spin-orbit interaction (SOI) combined with exchange [1]
or Kondo interactions [2] in noncentrosymmetric two-
dimensional (2D) systems is the basis for novel magnetic
materials with spin-polarized carriers at the surface. The
underlying phenomena are the momentum-dependent spin-
orbit splitting of 2D states governed by the Rashba effect
and the Zeeman-like exchange splitting, whose simulta-
neous action brings about an exotic spin structure very
different from textbook examples [1–4].
The Rashba effect significantly influences the spin

properties of the carriers inmagnets evenwhen the exchange
interaction is much stronger than SOI [3]. The SOI-induced
splitting and in-plane spin-momentum locking often deviate
from the prediction of the classical [linear, Rð1Þ] Rashba
model with its helical effective magnetic field (EMF). In

reality, the k dependence of the splitting is far from linear,
and the spin-momentum locking is not orthogonal [5,6].
Vivid examples are semiconductor quantum wells [7,8]

and oxide surfaces and interfaces [9–13],which prominently
feature the so-called cubic, Rð3Þ, Rashba effect responsible
for the nonlinear (∝ jkj3) dependence of the spin-orbit
splitting of 2D heavy-hole states [14–16]. Remarkably,
the EMF in the Rð3Þ model has a different symmetry from
the Rð1Þ model, so that the in-plane pseudospin of the heavy
hole rotates three times faster in moving around the Fermi
contour and is no longer orthogonal to k everywhere
[9,17–20].
Here, using spin- and angle-resolved photoelectron

spectroscopy (SR-ARPES), we unveil a system that realizes
a Rð3Þ effect for the true spin: the Si-terminated surface of
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the antiferromagnetic (AFM) TbRh2Si2 (TRS). It belongs
to a family of RET2Si2 materials (RE and T are rare-earth
and transition metal atoms, respectively) of the ThCr2Si2
type [21]. We report the first observation of the exotic spin
structure predicted ab initio for the RET2Si2 family [3],
which has the distinctive triple winding of the in-plane spin
[1] along the fourfold-symmetric constant energy contour
(CEC). In the present context, the term spin refers to the
expectation value of the spin operator rather than to a
pseudospin. We corroborate our observation with a calcu-
lation of the spin photocurrent within an ab initio one-step
theory [22,23]. Furthermore, we derive from the full
microscopic Hamiltonian a minimal relativistic k · pmodel
that proves the observed spin structure to be due to the Rð3Þ
effect.
The angle-resolved photoelectron spectroscopy (ARPES)

experiments were performed at the I05 beam line of the
Diamond Light Source, while the SR-ARPES measure-
ments were conducted at the ESPRESSO instrument (BL-
9B) of the HiSOR facility [24] and at the SR-ARPES
instrument of RGBL-2 beam line at BESSY-II. These
instruments are equipped with VLEED and Mott detectors
for spin analysis, respectively. All the data were measured at
ℏω ¼ 55 eV and linear polarization. Single crystalline
samples of TRS were grown using a high-temperature
indium-flux method [25]. The calculations in Fig. 1 were
performed with the full-potential local orbital method [26]
within density functional theory (DFT) (see Supplemental
Material [27]). The ARPES spectra were calculated within
the one-step theory [32], in which the outgoing electron is

described by a (scalar-relativistic) time-reversed LEED state
[33]. The initial states are eigenfunctions of a thick slab
obtained from a large-size relativistick · pHamiltonian (see
Supplemental Material [27]).
Antiferromagnetic TRS has the Néel temperature of

∼90 K. In the AFM phase, the Tb 4f moments in the
ab plane are ferromagnetically ordered with out-of-plane
orientation [34]. The neighboring planes of Tb are sepa-
rated by silicide Si–Rh–Si blocks and the ordered Tb 4f
moments couple antiferromagnetically along the c axis.
Upon cleavage, the resulting surface exhibits either Tb or Si
termination. The latter has surface states in a large projected
band gap around the M̄ point. Figure 1(a) shows Fermi
contours in PM (paramagnetic) and AFM phases. The
surface states are seen as four-point stars around the corners
of the surface Brillouin zone (SBZ) with a strong splitt-
ing typical of the AFM-ordered Si-terminated RET2Si2
materials [2,35–38].
The DFT band structure alongside the ARPES from the

Si-terminated surface of TRS is shown for PM in Fig. 1(b)
and for AFM in Fig. 1(c). The three surface states are
labeled α, β, and γ. The occupied states α and β are clearly
seen in the experiment in perfect agreement with the theory.
For the PM phase, the states α, β, and γ have only in-plane
spin components Sx and Sy. The splitting obviously stems
from the SOI of Rh in the noncentrosymmetric Si-Rh-Si-Tb
surface block [2,3,38]. The inset in the M̄-X̄ graph of
Fig. 1(b) shows a magnified ARPES map of α with a
well-resolved k-dependent splitting, which reaches
35 meV at the Fermi level (see the black arrows). In

FIG. 1. (a) Fermi contours from ARPES for PM and AFM phases. Red and blue arrows indicate color schemes used for in-plane spin
components derived from DFT calculation in graphs (b) and (c). Calculated and measured band structure for Si-terminated TRS for
PM (b) and AFM (c) phases. The inset in (b) shows the spin-orbit splitting of the α state: black arrows indicate the 35 meV splitting.
Black arrows in (c) indicate the 140 meV splitting of the α state in AFM phase. Violet-brown palette shows calculated surface-projected
bulk states. For the surface states the in-plane spin polarization is shown in red and blue, while yellow and green highlight the positive
and negative spin component Sz, respectively. Spin-resolved ab initio CECs for the state α in the PM (d) and AFM (e) phase calculated at
the binding energy of 0.23 eV. The in-plane spin orientation, Sk, is indicated by pink (purple) arrows for the inner (outer) contour. In
AFM phase, the color of the spin vector S ¼ Sk þ Szẑ shows the sign of Sz as in Fig. 1(c).
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Figs. 1(b) and 1(c), the color indicates the orientation of the
in-plane spin: clockwise (red) or anticlockwise (blue)
assuming the origin at M̄ [see the sketch of the SBZ in
Fig. 1(a)]. Thus, the line M̄-Γ̄ is related to M̄-X̄ by an
anticlockwise rotation around M̄ by π=4, whereby β and γ
preserve their chirality (a classical Rashba behavior),
whereas the chirality of α reverses: along M̄-Γ̄ the inner
branch becomes red and the outer becomes blue [Fig. 1(c)]
indicating the rotation of spin by 3π=4.
The comparison of Figs. 1(b) and 1(c) suggests that the

in-plane spin-momentum locking of the states α, β, and γ
survives the transition from PM to AFM phase, i.e., the
emergence of the ferromagnetic order within the Si-Rh-Si-
Tb surface block. The experimentally observed large
Zeeman-like splitting [Fig. 1(c)] and the perfect symmetry
of the split contours [Fig. 1(a)] points to the out-of-plane
orientation of the Tb 4f moments [38]. This gives rise to a
sizable out-of-plane spin component Sz of α and β and
strongly enhances their splitting, cf. Figs. 1(b) and 1(c),
i.e., the exchange field felt by these states is much stronger
than the SOI. The splitting of γ is only slightly affected
by the magnetization because of the negligible overlap
with Tb.
The calculated spin orientation for the state α over the

CECs around M̄ for both PM and AFM phases is shown in
Figs. 1(d) and 1(e). For the PM phase, the spin lies in
plane with a curious triple winding around the fourfold-
symmetric contours. In Fig. 1(d), the points between which
the spin rotates by 2π are shown by the encircled arrows.
For the AFM phase, the sizable Sz is due to the magneti-
zation, Fig. 1(e). In spite of a relatively weak SOI on Rh
atoms, the unique in-plane spin-momentum locking sur-
vives and remains practically unaltered in the AFM phase.
The essence of the triple winding is a fast rotation of the

in-plane spin Sk ¼ Sxx̂þ Syŷ over a symmetry-irreducible
fragment of CEC between the directions M̄-X̄ and M̄-Γ̄.
Experimentally, we are limited by the fact that the spin-
quantization axes X, Y, and Z of the spin analyzer depend
on the emission direction J: X and Y are perpendicular, and
Z is parallel to J, the respective components of the
photocurrent being JX, JY , and JZ. Thus, the k points
must be selected such that the actual direction of Sk be close
to X or Y axis and, at the same time, unambiguously
manifest the effect. In particular, in Fig. 2(a), the energy
distribution curves (EDCs) for the PM phase at two
characteristic k points show the flip of the JX polarization,
i.e., of the net-spin X photocurrent.
In the AFM phase, for each branch of α or β, Sz is large in

magnitude and does not change sign along X̄-M̄-X̄ and
Γ̄-M̄-Γ̄. This is expected to manifest itself in a sizable JZ
polarization of the same sign (see Supplemental Material
[27]). In the SR-ARPES measurements, depending on the
tilt and polar angles, the large Sz also contributes to JX and
JY . In turn, JZ may be influenced by Sk. An additional
contribution to the JZ polarization may be caused by the

light breaking the symmetry of the experiment. This is a
matrix element effect (MEE), which depends on the light
incidence and on the final state [23], and the present
photoemission theory is instrumental in separating the
different sources of JZ.

FIG. 2. SR-ARPES measurements of state α for PM (a) and
AFM (c) phases of TRS. Measured k points are denoted 1 and 2
for PM (b) and 1–6 for AFM (e)–(f). Red and blue symbols show
spin-up J↑ and down J↓ EDCs for JX (a) and for JY (c). Yellow
and green symbols in (c) are J↑Z and J↓Z. Brown symbols are the
net spin J↑-J↓. Calculated EDCs for AFM (c) are shown with
lines of the same color code. EDCs are energy broadened and k
averaged along the analyzer slit to mimic the experimental energy
resolution and acceptance angle. Lines in graph (a) are a guide for
the eye. Energy momentum maps in graph (d) show calculated
net spin photocurrent without broadening and averaging. Theo-
retical data in (c) and (d) are averaged over the opposite
magnetization directions. The XYZ axes of the analyzer relative
to SBZ are shown in graphs (b), (e), and (f) by brown arrows (see
Supplemental Material [27] for details of geometry). In (b), (e),
and (f), arrows (pink for inner and purple for outer CEC) are a
guide to relate EDCs in (a) and (c) to spin polarization in
ground state.
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However, the observed behavior of JZ cannot be rec-
onciled with the assumption that the signal comes from a
single magnetic domain: JZ has opposite polarization in
points 1 (4) and 3 (6), the JZ polarization is weak, and at M̄
it changes sign depending on the experimental geometry,
cf. points 2 [X̄-M̄-X̄ setup, Fig. 2(e)] and 5 [Γ̄-M̄-Γ̄ setup,
Fig. 2(f)] in Fig. 2(c). According to our theory, Fig. 2(d),
this implies a presence of oppositely magnetized domains
(see Supplemental Material [27] for details). If we assume
that in the ground state they counterbalance each other, then
the averaging over magnetization would destroy the out-of-
plane spin and eliminate its contribution to JZ. This leads to
the overall good agreement both at points 1 (4) and 3 (6)
and at M̄. Also, the Sk contribution to JZ turns out to be
rather weak in the AFM phase, not only in the vicinity of M̄
but also far from it. Thus, the JZ EDCs in Fig. 2(c) are a
manifestation of the MEE, since the influence of the initial-
state spin is here unimportant.
Another manifestation of the MEE is that over a rather

wide range around M̄ the JY polarization strongly deviates
from the spin Sk of the initial state, cf. Fig. 2(d) and 1(c),
while sufficiently far from M̄ it follows Sk, both in the
theory and in the experiment. The good agreement between
the theoretical and measured JY and JZ in Fig. 2(c) fully
supports the triple-winding interpretation of the measured
spin structure.
To prove that the observed spin pattern is a manifestation

of the Rð3Þ effect, let us focus on the PM phase. In the
literature, the term “cubic” implies a specific form of the
two-band Rashba effective Hamiltonian for the total
angular momentum states jjmji with the z projection mj ¼
�3=2 (in particular for 2D heavy holes) [14,39,40]. There,
the cubic spin-orbit splitting of these states is due to the
term Hð3Þ

R ¼ iγ̃ðk3−σþ − k3þσ−Þ, where k� ¼ kx � iky,
σ� ¼ ðσx � iσyÞ=2, and σρ (ρ ¼ x, y, and z) are Pauli
matrices referring to a pseudospin since they operate on the
jjmji states, as emphasized in Refs. [19,41]. To highlight
the impact of the Rð3Þ effect on the pseudospin, the k-cubic
contribution is expressed as a Zeeman-like term Hð3Þ

R ¼
γ̃σ ·Bð3Þ

R , where Bð3Þ
R ¼ k3ðsin 3φk;− cos 3φk; 0Þ is the

EMF with k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2x þ k2y
q

and φk being the polar angle

of k. Thus, the EMF drives pseudospin to be collinear with
Bð3Þ

R at a given k {see Fig. 3(a)} [15]. As a result, the triple
winding of the pseudospins with a complete 2π rotation of
k is a hallmark of the cubic effect. In contrast, the Rð1Þ two-
band Hamiltonian is Hð1Þ

R ¼ iα̃ðk−σþ − kþσ−Þ ¼ α̃σ ·Bð1Þ
R

with a single winding of the EMF Bð1Þ
R ¼ kðsinφk;

− cosφk; 0Þ [Fig. 3(a)].
In order to understand whether the observed triple

winding of the true spin is a manifestation of the Rð3Þ
effect, we draw on the microscopic approach of
Refs. [3,4,42] to derive a two-band k · p Hamiltonian of
the form [27]

H2×2
kp ¼ ½ϵþMðkÞk2 þWðk4þ þ k4−Þ�σ0

þ iα̃ðkÞðk−σþ − kþσ−Þ þ iγ̃ðk3−σ− − k3þσþÞ: ð1Þ

Here, ϵ is the surface-state energy at M̄. The effective mass
MðkÞ ¼ Mð2Þ þMð4Þk2 includes a second order correction,
and W describes the fourfold warping of the CECs. In
Eq. (1), the parameter α̃ðkÞ ¼ α̃ð1Þ þ α̃ð3Þk2 accounts for the
conventional (orthogonal) in-plane spin-momentum lock-

ing governed by Bð1Þ
R . The term with γ̃ is responsible for the

Rð3Þ effect we are interested in. Note that the respective
EMF Bð3Þ ¼ k3ðsin 3φk; cos 3φk; 0Þ has a fourfold sym-

metry, whereas the “heavy-hole” field Bð3Þ
R has a twofold

symmetry [see Fig. 3(a)].
The spin polarization of the states α and β rapidly grows

in moving away from M̄. Being practically unpolarized in
the vicinity of M̄, they become almost completely polarized
far from it [Fig. 1(c)]. This is due to the interaction between
α and β, and, naturally, the 2 × 2 Hamiltonian (1) does not
have this property. However, if we associate the σ matrices
in Eq. (1) with the spin [27] [Fig. 3(b)], the Hamiltonian
turns out to accurately describe both the triple winding in
the α contour [Fig. 3(c)] and the single winding in the β
contour [Fig. 3(d)].

FIG. 3. (a) Effective spin-orbit magnetic fields Bð1Þ
R (Rð1Þ effect,

blue arrows), Bð3Þ
R (“heavy-hole” Rð3Þ effect, green arrows), and

Bð3Þ (Rð3Þ effect for the state α, orange arrows) as a function of
polar angle φk. The legends on the left show the rotation direction

of the vectors Bð1Þ
R , Bð3Þ

R , and Bð3Þ with the anticlockwise rotation
of k (gray dashed arc arrow). (b) Band structure of the states α
and β by the Hamiltonian (1) presented by red (Sy > 0) and blue
(Sy < 0) bands. Graphs (c) and (d) show spin-resolved CECs by
the k · p model at the binding energy of 0.2 and 0.7 eV,
respectively [indicated by dashed gray lines in graph (b)], with
the Sk orientation shown by pink (purple) arrows for the
inner contour and by purple (pink) for outer contour of the
state α (β).
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The spin of the state α follows the winding of Bð3Þ
[Fig. 3(c)], revealing the dominance of the k�-cubic term
over the k�-linear one. Actually, for this state γ̃ is almost
twice as large as α̃ð3Þ (the microscopically obtained
parameters are listed in Table I). By contrast, for the state
β, the k�-linear term dominates because here γ̃ is two times
smaller than α̃ð3Þ (Table I). This results in a single spin
winding around the CEC [Fig. 3(d)]. Thus, we conclude
that the observed spin structure is an interference of the Rð1Þ

and Rð3Þ effects that yields the winding of surface-state spin
in Fig. 1(d).
In summary, with SR-ARPES we unveiled an unusual in-

plane spin structure of surface states with a triple winding
of the spin along the constant energy contours in the
exemplary antiferromagnet TbRh2Si2, a representative of a
wide class of rare-earth ternary materials. The unique spin
structure appears to be rather robust and persists when a
strong out-of-plane magnetic order of the Tb moments sets
in. This property is due to a cubic Rashba effect, whose
strength can be tuned by a proper choice of the transition
metal atom. Combined with a different orientation and
strength of the exchange field near the surface, it can
create a variety of fascinating spin patterns. A fundamen-
tally important finding is that relatively light atoms
like Rh may give rise to a distinct spin-momentum gyration
stable in an exchange field much stronger than the spin-
orbit field.

This work was supported by the German Research
Foundation (Grants No. KR-3831/5-1, No. LA655/20-1,
GRK1621, Fermi-NESt No. ANR-16-CE92-0018, and
SFB1143, project-id 247310070) and the Spanish
Ministry of Science, Innovation, and Universities (Grant
Nos. FIS2016-76617-P and MAT-2017-88374-P). We also
acknowledge funding from the Department of Education of
the Basque government (Grant No. IT1164-19), St.
Petersburg State University (Project ID 51126254), and
the Russian Foundation for Basic Research (Grant No. 20-
32-70127). The SR-ARPES experiments at HiSOR were
performed with the approval of the Proposal Assessing
Committee of the Hiroshima Synchrotron Radiation
Center (Proposal No. 18BG023). We also acknowledge
the Impuls-und Vernetzungsfonds der Helmholtz
Gemeinschaft (Grant No. HRSF-0067).

*Corresponding author.
Denis.Vyalikh@dipc.org

[1] S. Schulz, I. A. Nechaev, M. Güttler, G. Poelchen,
A. Generalov, S. Danzenbächer, A. Chikina, S. Seiro,
K. Kliemt, A. Yu. Vyazovskaya, T. K. Kim, P. Dudin,
E. V. Chulkov, C. Laubschat, E. E. Krasovskii, C. Geibel,
C. Krellner, K. Kummer, and D. V. Vyalikh, Emerging 2D-
ferromagnetism and strong spin-orbit coupling at the surface
of valence-fluctuating EuIr2Si2, npj Quantum Mater. 4, 26
(2019).

[2] A. Generalov, J. Falke, I. A. Nechaev, M. M. Otrokov,
M. Güttler, A. Chikina, K. Kliemt, S. Seiro, K. Kummer,
S. Danzenbächer, D. Usachov, T. K. Kim, P. Dudin, E. V.
Chulkov, C. Laubschat, C. Geibel, C. Krellner, and D. V.
Vyalikh, Strong spin-orbit coupling in the noncentrosym-
metric Kondo lattice, Phys. Rev. B 98, 115157 (2018).

[3] I. A. Nechaev and E. E. Krasovskii, Relativistic splitting of
surface states at Si-terminated surfaces of the layered
intermetallic compounds RT2Si2 (R ¼ rare earth; T ¼ Ir,
Rh), Phys. Rev. B 98, 245415 (2018).

[4] I. A. Nechaev and E. E. Krasovskii, Spin polarization by
first-principles relativistic k · p theory: Application to the
surface alloys PbAg2 and BiAg2, Phys. Rev. B 100, 115432
(2019).

[5] L. V. Bondarenko, D. V. Gruznev, A. A. Yakovlev, A. Y.
Tupchaya, D. Usachov, O. Vilkov, A. Fedorov, D. V.
Vyalikh, S. V. Eremeev, E. V. Chulkov, A. V. Zotov, and
A. A. Saranin, Large spin splitting of metallic surface-state
bands at adsorbate-modified gold/silicon surfaces, Sci. Rep.
3, 1826 (2013).

[6] R. Friedrich, V. Caciuc, G. Bihlmayer, N. Atodiresei, and
S. Blügel, Designing the Rashba spin texture by adsorption
of inorganic molecules, New J. Phys. 19, 043017 (2017).

[7] R. Moriya, K. Sawano, Y. Hoshi, S. Masubuchi, Y. Shiraki,
A. Wild, C. Neumann, G. Abstreiter, D. Bougeard, T. Koga,
and T. Machida, Cubic Rashba Spin-Orbit Interaction of a
Two-Dimensional Hole Gas in a Strained-Ge=SiGe Quan-
tum Well, Phys. Rev. Lett. 113, 086601 (2014).

[8] H. Liu, E. Marcellina, A. R. Hamilton, and D. Culcer,
Strong Spin-Orbit Contribution to the Hall Coefficient of
Two-Dimensional Hole Systems, Phys. Rev. Lett. 121,
087701 (2018).

[9] H. Nakamura, T. Koga, and T. Kimura, Experimental
Evidence of Cubic Rashba Effect in an Inversion-Symmetric
Oxide, Phys. Rev. Lett. 108, 206601 (2012).

[10] P. D. C. King, S. M. Walker, A. Tamai, A. de la Torre, T.
Eknapakul, P. Buaphet, S.-K. Mo, W. Meevasana, M. S.
Bahramy, and F. Baumberger, Quasiparticle dynamics and
spin-orbital texture of the SrTiO3 two-dimensional electron
gas, Nat. Commun. 5, 3414 (2014).

[11] J. Varignon, L. Vila, A. Barthélémy, and M. Bibes, A new
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