PHYSICAL REVIEW B 108, L121107 (2023)

Editors’ Suggestion

Strongly anisotropic spin and orbital Rashba effect at a tellurium — noble metal interface
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We study the interplay of lattice, spin, and orbital degrees of freedom in a two-dimensional model system: a
flat square lattice of Te atoms on a Au(100) surface. The atomic structure of the Te monolayer is determined by
scanning tunneling microscopy and quantitative low-energy electron diffraction. Using spin- and angle-resolved
photoelectron spectroscopy and density functional theory, we observe a Te-Au interface state with highly
anisotropic Rashba-type spin-orbit splitting at the X point of the Brillouin zone. Based on a profound symmetry
and tight-binding analysis, we show how in-plane square lattice symmetry and broken inversion symmetry at the
Te-Au interface together enforce a remarkably anisotropic orbital Rashba effect which strongly modulates the

spin splitting.

DOI: 10.1103/PhysRevB.108.L121107

The Rashba effect [1-3] gives rise to a momentum-
dependent spin splitting in two-dimensional (2D) electron
systems [4—12] with inversion symmetry breaking (ISB) act-
ing in a polar out-of-plane fashion. The latter causes an
alignment of the electrons spin perpendicular to its wave
vector via spin-orbit coupling (SOC), similar to topological
surface states [13], paving the way towards spintronics.

Anisotropic spin-orbit effects arise when in-plane lattice
symmetries are taken into account, such as valley splittings
in systems with Cs;, symmetry [14—19]. Moreover, anisotropic
Rashba splittings can emerge around time-reversal invariant
momenta (TRIM) with reduced point group symmetries such
as Cy, or Cy;, [20-24]. Those effects are usually treated in
the framework of k - p theory [19-22] directly incorporating
real-space point group symmetries into the momentum-space
electronic structure. However, this provides only limited in-
sights into the underlying microscopic mechanisms.

Recently, the so-called orbital Rashba effect (ORE) [25,26]

Hisg = agsp - L(z x k), (1
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related to the ISB-induced formation of a chiral orbital angular
momentum (OAM) L, has been established as the origin of
the spin Rashba effect [12,25,27]. In such a manner, control
and enhancement of the ISB strength «jsg further allows to
maximize spin-orbit splittings up to the atomic SOC energy
[11]. The ORE has also been discussed as one of the main
driving forces of spintronic phenomena [28-30] and, likewise,
orbital precursors were predicted in the context of spin-valley
physics [31,32]. Overall, this leads to the new field orbitron-
ics, exploiting OAM itself as the leading quantum degree of
freedom [33-39]. The ORE, in turn, represents a key element
of this approach. Moreover, due to its connection to Berry
curvature [40,41], the OAM has proven to be an important ob-
servable for the study of topological quantum matter [42,43].
However, in contrast to the spin Rashba effect, the fundamen-
tal influence of more complex effects of lattice symmetries on
the ORE has remained largely unexplored.

In this Letter, we establish a mechanism by which lattice-
modulated orbital textures enforce a highly anisotropic ORE
and spin-orbit splitting. To this end, we investigate the Rashba
effect in a square lattice Te/Au(100). Adsorption of Te on a
Au(100) substrate leads to the formation of interface states
with Te-p and Au-d characters. Using experiments and model
calculations, we show how the symmetry-selective formation
of OAM gives rise to a twofold anisotropy of the Rashba

©2023 American Physical Society
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parameter for these interface states. The key ingredient is the
momentum-space orbital texture, which is governed by the
underlying point group symmetries. These findings deepen
the understanding of the microscopic interplay between lattice
symmetries and spin-orbit coupling effects.

Symmetry analysis of the electronic states in Te/Au(100)
requires a precise verification of the atomic arrangement.
Therefore, we first focus on the analysis of the surface atomic
structure employing quantitative low-energy electron diffrac-
tion [LEED-I(V)], scanning tunneling microscopy (STM) as
well as density functional theory (DFT), and subsequently
discuss the electronic structure based on angle-resolved pho-
toelectron spectroscopy (ARPES) experiments, DFT, and
tight-binding (TB) band-structure calculations. Details about
the experimental and theoretical methods can be found in the
Supplemental Material (SM) [44].

Deposition of 4—11 ML of Te [where 1 ML (monolayer) is
defined as the surface atomic density of Au(100)] at 90 K
and postannealing the sample to 820 K results in a well-
ordered (2 x 2) phase [see Fig. 1(a)]. Atomically resolved
STM images [see Fig. 1(b)] reveal that within the unit cell one
bright protrusion is observed which must be associated with
Te atoms. We note that our calibration of the Te amount to
about 1% of a ML relies on a series of other structures that we
studied previously [12,45,46]. Based on this, the LEED-I(V)
analysis was restricted to four physically plausible models,
the Te-Au exchange at the surface, and the Te adsorption on
the top, bridge, and hollow sites. The first three could be
ruled out in regard to Pendry R factors Rp > 0.6 against the
hollow-site model. The LEED analysis is guided by the R
factor that describes the matching between experimental and
calculated intensity spectra. Here, Rp = 1 means completely
noncorrelated and Rp = 0 stands for a perfect match. After
further refinement of the model parameters we obtain a final
best-fit Rp = 0.085 at a data redundancy of p = 29.8. This
high fit quality is visualized by the close-to-perfect match of
measured and calculated best-fit LEED-I(V) spectra, which
are depicted in Fig. 1(c). A complete set of data is provided
in SM Sec. IV. Further evidence for the correctness of the
hollow-site model comes from the close correspondence of
derived LEED best-fit parameter values with those obtained
for the corresponding relaxed DFT model (within 3 pm) for
every adjusted parameter [see Figs. 1(d) and 1(e)].

With the precise knowledge of the atomic structure, we
can now evaluate the electronic structure of Te/Au(100).
Figure 2(a) shows an ARPES measurement taken along a
['XM path in the surface Brillouin zone (BZ). A variety of
features crossing the Fermi level are found (labeled as B),
which correspond to bulk bands of the substrate backfolded
by the (2 x 2) superstructure. In excellent agreement with our
DFT band-structure calculation shown in Fig. 2(b), two more
bands, named oy and B, can be recognized that arise upon
adsorption of the Te layer. While S is only visible in a small
ky area close to T' owing to the strong hybridization with the
projected substrate bulk bands, o is clearly visible within
the entire k range. It has a maximum energy of —0.84 eV at
the X points and from there evolves into oval hole pockets, as
can also be seen in the constant energy cuts in Fig. 2(e). Effec-
tive masses of the almost parabolic dispersion correspond to
m* = —0.16 £ 0.01m, and m* = —3.38 & 0.02m, along XM
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FIG. 1. Structural data for the (2 x 2) phase of Te on Au(100).
(a) LEED pattern at 40 eV electron energy. Golden arrows mark
the (1 x 1) unit cell of the unreconstructed Au(100) surface and
the green square the (2 x 2) Te superstructure cell. (b) STM image
(U = —0.27 V, I = 0.13 nA) showing the perfectly ordered (2 x 2)
lattice. Te atoms are assigned to the bright protrusions. (c) Selected
best-fit LEED-I(V) spectra of the (2 x 2)-Te structure with single-
beam R factors close to the overall R-factor value of Rp = 0.085. The
fit has a redundancy of p = 29.8. The complete data set comprises
a total energy range of 8720 eV and is presented in the SM [44].
(d) Ball model of the LEED best-fit structure in side view along the
path indicated by the arrow in (e). (e) Top view. Parameters (atomic
distances in pm) given in (d) and (e) correspond to the LEED best-fit
(red) and the relaxed DFT structure (green) for comparison.

and XT, respectively, revealing a strong anisotropy around
X. We find that—along the considered k| path [see the inset
in Fig. 2(a)]—the electronic states in oy are predominantly
built from Te-p, orbitals. However, also the d orbitals of the
subsurface Au layer have a considerable contribution (see SM
Sec. Il and Fig. S1 [44]). In Fig. 2(d), the charge density of o,
as calculated by DFT at the X point, is shown. In addition to
a distinct p, shape around the Te atom, it is directly apparent
that the surrounding Au-d orbitals decisively shape the elec-
tronic wave function as well. Overall, o4 can be considered
as a Te-Au interface state arising from hybridization between
mirror-symmetry-equivalent Te-p and Au-d orbitals.

Since inversion symmetry is broken at surfaces and in-
terfaces, the formation of spin-orbit splittings is in general
allowed for states that are localized there. Indeed, we find a
substantial splitting into two spin branches oy and o_ away
from the X point, which denotes a TRIM of the BZ and thus
enforces spin degeneracy. The calculated spin polarization
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FIG. 2. Band structure of Te/Au(100) along (a), (b) a XM path [see the inset in (a)] and (e) isoenergy contours at given binding energies.
Bands denoted as «, B, and B correspond to adsorbate-induced interface states and substrate bulk bands, respectively. ARPES data in (a) were
taken with circularly polarized light (left 4- right) at hv = 38 eV. The dot size and red-blue color code in the DFT slab calculation (b) reflect the
calculated spin polarization perpendicular to k. We plotted (S, ) as (S,) along k, (XT) and —(S,) along k, (XM), where blue (red) stands for
positive (negative) values, respectively. (c) Spin-resolved energy distribution curves (hv = 38 eV, p polarization) taken at momenta indicated
as dashed lines in (a). (d) DFT-calculated partial charge |W,_x(r)|? of o at the X point.

[Fig. 2(b)] reveals a Rashba-type spin-momentum locking
perpendicular to kj, which is nicely reproduced by our spin-
resolved ARPES measurements along XI" and XM shown in
Fig. 2(c).

The strength of Rashba-type spin splittings is quantita-
tively described by the Rashba parameter ag given by the
common Rashba Hamiltonian Hg o aro - (z x k). Hence, it
directly determines the slope of the k-linear energy splitting,
which is plotted in Figs. 3(a) and 3(b) as extracted from
ARPES and DFT, respectively. In a certain range around X
one clearly finds AE « k, while for larger wave vectors devia-
tions arise, most likely due to more pronounced hybridization
of these states with bulk bands [see Fig. 2(b)]. Interestingly,
the Rashba parameter is drastically different along the two
normal high-symmetry directions: Along XM one finds an
experimental value of ojf™ = 0.74 £0.01 eV A, strikingly
similar to the surface state in AgTe/Ag(111) [12] and more
than two times larger than the paradigmatic Shockley surface
state on Au(111) [4,5,66]. In contrast, the Rashba parameter
along XTI is more than seven times smaller and reads o' =
0.10 £ 0.01 eV A. In good agreement, the same trend is ob-
tained from DFT [Fig. 3(b)], i.e., here we find o™ ~ Sy .

Taken together, not only the band dispersion, particularly
the bandwidth, but moreover the Rashba effect is strongly
anisotropic around the X point of the Te/Au(100) square BZ.
To further elaborate on this aspect, we analyzed the depen-
dence of the Rashba parameter on the polar angle ¢ in more
detail. The result is shown in Fig. 3(c) and clearly proves
a nearly twofold symmetric anisotropic behavior of ag(¢x).
The anisotropy around X arises from its twofold point group
symmetry, which in general allows for anisotropic spin split-
tings [20-23]. More precisely, using k - p theory [20,21], it

was shown that C,, symmetry leads to a Rashba Hamiltonian
@)

yielding two directional Rashba parameters ar , and og .
This results in a characteristic ¢, dependence or(¢y) =

\/(oz]zh_ + a]%’y)/Z + (agq, — a]%,y)/Z cos 2¢y, which fits well

to our experimental data in Fig. 3(c) confirming the latter is
properly described by the Hamiltonian in Eq. (2).

We now come back to the symmetry of the spatial wave
functions and discuss the influence of the orbital texture on
the anisotropic spin splitting. The calculated charge density
[Fig. 2(d)] and orbital projections (see SM Sec. II and Fig. S1
[44]) reveal a Te-p, and Au-d,.-like orbital character at the
X point [at (ky, k) = (7v/a, 0)]. The wave function is thus
twofold symmetric as expected from C,, symmetry. Overall,
two mirror operations have to be considered, which along XT'
and XM yield an odd symmetry with respect to M, : y > —y,
and an even character under M, : x — —x, respectively. This
texture is further confirmed by light-polarization-dependent
ARPES measurements and appropriate photoemission calcu-
lations (see SM Sec. II and Fig. S2 [44]). To understand the
decisive role of orbital symmetry on the electronic structure,
we devise a TB model for a 2D square lattice. Since the d-
orbital mirror symmetries already cover those of the p-orbital
subspace, an effective five-band d-orbital model is considered
[67], as discussed further in SM Sec. III [44]. Moreover,
our DFT calculations reveal a vanishing contribution of the
Te-p orbitals to the Rashba effect in Te/Au(100), further
justifying this assumption (see SM Figs. S3 and S4 [44]).
Within a TB picture, the Hamiltonian can be divided into
three parts H = Hy + Hisg + Hsoc. The first term describes

ngz“ X aR ckyoy — QR ykyoy,
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FIG. 3. Anisotropy of the Rashba effect around the C,,-
symmetric X point. (a) Spin splitting extracted from the experimental
data [see Fig. 2(a)] along XM and XT lines as a function of k.
(b) Same as in (a) but obtained from DFT [see Fig. 2(b)]. (c) Rashba
parameter oy as a function of ¢ (see text), where X is the origin and
0° and 90° being along T" and M, respectively. (d) Same as in (c) but
obtained from the utilized tight-binding model as a function of differ-
ent y;*! values (red ;' = 0, black ;' = 0.2, and cyan y;*' = 0.3).
Markers in (c) and (d) correspond to data points extracted from the
experimental data and TB model, respectively. Solid lines are fits to
those (see text).

the unperturbed system and the bands are classified in terms of
a characteristic symmetry-induced momentum-space orbital
texture, as shown in Fig. 4(a). The bands o+ and § belong to
the textures d, and dg, respectively. Without ISB these bands
do not hybridize with those of the {d,y, d\>_, d,»} manifold,
due to the different out-of-plane symmetry M, : z — —z. At
the Te-Au interface, Rashba-type breaking of inversion sym-
metry, in turn, enables hybridization parameters given in the
second term Hisg. This drives the formation of finite OAM
expectation values (L) in the eigenstates, i.e., for the given ISB
term, the ORE [Eq. (1)]. Atomic SOC (Hsoc = AsocL - S)
transforms the ORE into the spin Rashba effect by alignment
of OAM and spin, resulting in an energy splitting of the OAM
carrying bands [12,25,27]. This effect can be seen directly
in the model calculations shown in Figs. 4(b) and 4(c): In the
inversion symmetric case [Fig. 4(b)], OAM is quenched in the
eigenstates, which leads to a complete suppression of the spin
splitting. In contrast, breaking inversion symmetry [Fig. 4(c)]
leads to the formation of OAM and Rashba splittings occur
upon inclusion of SOC (lower panel). In the latter case, the
OAM is oriented antiparallel in the two spin-split branches
of a given band. This is evident not only in our toy model
calculation but also in the full DFT-based Wannier model (see
Fig. S4 [44]). These observations show that in Te/Au(100) the
atomic SOC strength is larger than the energy scale associated
with ISB, Eijsg = (Hisg). A more detailed discussion of this
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FIG. 4. (a) Momentum-space textures in a d-orbital square lat-
tice. Parity of a respective texture can be identified along specific
high-symmetry lines. (b)—(e) Band structure plots obtained from the
tight-binding model as a function of varying ISB parameters y,".
The top panels in (b)—(e) are when SOC is not being taken into
account (color scale adjusted compared to the lower panel for better
visualization; see SM Fig. S8 [44] for a direct comparison). The
bottom panels show the outcome when SOC is considered.

aspect can be found in SM Sec. III [44]. It should also be
noted that the absolute OAM in . is weaker along XT' com-
pared to XM. This results from the fact that the eigenstates
along the two high-symmetry directions correspond to differ-
ent OAM manifolds. That is, the maximum expectation values
are |L,| < 2k along XM but only |L,| < 17 along XI'. This
aspect will be particularly crucial for the following discussion.

Similar to the experimental observation, one finds this
splitting to be anisotropic, as shown in the polar plot (black
markers and line) in Fig. 3(d). The absolute magnitude of
ar differs from Fig. 3(c) due to the semiquantitative nature
of the TB model. To examine the anisotropy in more detail
(see also SM Sec. IIT [44] for further discussion), we will
again focus on the ISB term Hisg. Essentially, two separate
hybridization terms y," emerge, namely 155" o (dyz,y:|H|dyy)
and yzﬁ X (dxz,yz|H|d2 x2_y2). In this notation, m; refers to
the magnetic quantum number, where the quantization axis is
in plane and perpendicular to k|, i.e., the OAM has a chiral
Rashba-like vortex texture. With the OAM operators L™ of
the corresponding orbital subspace, Hisg can be decomposed
into two contributions, arising from the distinct hybridization
terms. We can now explore the effect of individual contribu-
tions on the formation of OAM. The crucial aspect here is that
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the in-plane mirror symmetry of the respective orbitals in the
texture [Fig. 4(a)] must be taken into account, since yfl and
yzﬁ couple odd and even states, respectively. Accordingly,
in the calculation in Fig. 4(d) without SOC (upper panel),
we find that ;" forms OAM in « along XM, while there
is no OAM along XT. In contrast, for yzil [Fig. 4(e)], the
opposite behavior is observed, i.e., OAM appears only along
XT. Notably, this anisotropy consistently reverses for the dg
band due to the inverted orbital texture.

In direct analogy to Eq. (2), we can express the anisotropic
orbital Rashba effect (see SM Sec. Il [44]) for « around the
C,,-symmetric X point [(7 /a, 0)] as

Higy () = gy - LPky — engy - Lk, 3)
where 0‘1(51;1)3 = —y;'a and 0‘1(31)3 = y;"%a are the directional
orbital Rashba parameters with a being the lattice constant.

Including SOC in Figs. 4(d) and 4(e) (lower panel), we
find that the anisotropic ORE converts into the anisotropic
spin Rashba effect [see Eq. (2)]. For yzil = 0 [Fig. 4(d)], the
suppression of OAM in « along XTI enforces spin degeneracy
along the same k path. Vice versa, for yzﬂ = 0, we find that
spin degeneracy is preserved along XM [Fig. 4(e)].

From the polar plot in Fig. 3(d), it becomes further evident
that the splitting anisotropy can be controlled by oefslif). By
tuning af;g to smaller (red) or larger (cyan) values, while
keeping ozl(é])3 fixed, the anisotropic Rashba effect changes
accordingly. The Rashba parameters ag (x,y) are proportional
to the atomic SOC strength Agoc and to the orbital Rashba
parameters, which quantify the energy scale of SOC and ISB,

. . . . (1’2).
respectively. The anisotropy is determined by o gy~

1 2
QR.x X ASOC - Alah,  OR.y O ASOC - Olap- 4

That is, we can attribute the experimentally observed
anisotropy of the spin-orbit splittings in Te/Au(100) to
a momentum-selective formation of OAM, the so-called
anisotropic ORE [Eq. (3)]. A key ingredient for this effect
is the orbital texture [see Fig. 4(a)], which is dictated by

the C,, symmetry of the X points in the square BZ. Using
ARPES measurements with variable linear light polarization
(see SM Sec. II and Fig. S2 [44]), we find direct experimen-
tal signatures of the crucial underlying orbital symmetries.
We have shown that the ORE and the OAM-based paradigm
of spin-orbit splittings—which have recently received broad
attention [11,12,14,43,67,68]—are generally applicable to
distinct point group symmetries such as C,,. As such, our
findings will be crucial for future investigations of orbitronics
phenomena, such as orbital torques [36,38], the orbital Hall
effect [28], and the Rashba-Edelstein effect [39].

Controlling momentum-dependent spin splittings consti-
tutes an important task for the exploration of novel spin-based
quantum materials. In this respect, particularly ISB has been
established as one of the major tools [11]. The symmetry-
selective formation of OAM and resulting anisotropies in
Rashba splitting pave the way toward spin and orbital en-
gineering in 2D materials. This provides prospects for the
design of optimized spintronics materials exploiting symme-
try effects and orbital hybridization.
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