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Abstract

Strong spin-orbit coupling creates exotic electronic states such as Rashba and topological surface
states, which hold promise for technologies involving the manipulation of spin. Only recently has
the complexity of these surface states been appreciated: they are composed of several atomic
orbitals with distinct spin textures in momentum space. A complete picture of the wavefunction
must account for this orbital dependence of spin. We discover that symmetry constrains the way
orbital and spin components of a state co-evolve as a function of momentum, and from this, we
determine the rules governing how the two degrees of freedom are interwoven. We directly observe
this complexity in spin-resolved photoemission and ab initio calculations of the topological surface
states of Sb(111), where the photoelectron spin direction near I' is found to have a strong and
unusual dependence on photon polarization. This dependence unexpectedly breaks down at large
|k|, where the surface states mix with other nearby surface states. However, along mirror planes,
symmetry protects the distinct spin orientations of different orbitals. Our discovery broadens
the understanding of surface states with strong spin-orbit coupling, demonstrates the conditions
that allow for optical manipulation of photoelectron spin, and will be highly instructive for future

spintronics applications.
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I. INTRODUCTION

Materials with strong spin-orbit coupling (SOC) and spin-split surface states have gar-
nered significant attention for possible use in spintronic devices, in which the spin degree
of freedom would be manipulated electrically! ™. While the proposed utility of Rashba or
topological surface states stems from their spin textures in momentum space, these spin
textures carry complexity not usually considered. The pseudospin described by commonly
used models can actually correspond to several different momentum-dependent spin textures,

each belonging to wavefunctions with distinct atomic orbital character.

In states subject to spin-orbit coupling, in the atomic limit, spin and orbital angular
momenta (S and L) are not good quantum numbers; total angular momentum J is instead
the conserved quantity”. In fact, it has recently been observed in topological surface states
that the spin and orbital textures can be “entangled” such that, at a given momentum, there
is a mix of orbitals that each have a distinct spin orientation®®. Thus, to fully understand
the wavefunction of these potentially useful states means characterizing the complex spin-

orbital texture.

While deepening our understanding of spin-orbit surface states, the dependence of spin
texture on wavefunction atomic orbital character can give rise to a rich array of physical
phenomena. It causes photoelectron spins to point in a direction dependent on photon po-
larization, allowing for optical control of spin polarization®!°. In fact, the relative weight of
Pzy,- Orbitals, and hence spin texture of BiySes, varies through the atomic layers containing
the surface state wavefunction”!!. Thus, many distinct spin polarization patterns are pos-
sible as different photoemission geometries will be sensitive to the interference of varying

contributions from different layers”. It has even been seen that in Bi/Cu(111), hybridization
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at large momentum can abruptly change the relative strength of different orbital compo-
nents and thereby change the overall spin polarization of a surface band!?. That orbitals
have distinct spin textures even enabled a photoemission experiment to reveal the strength
of spin-orbit coupling in spin-degenerate bands in SroRuO,'. Knowledge of how the spin
and orbital degrees of freedom mix is key to interpreting experimental results from spin-orbit

materials, as well as possibly utilizing them technologically.

To reveal this spin-orbital texture, access is needed to specific orbitals’ contributions
to the spin-dependent electronic structure. Spin- and angle-resolved photoemission spec-
troscopy (spin-ARPES) with tunable photon polarization is uniquely capable of studying
this, as demonstrated with the surface states of BisSes, where the spin polarization of pho-
toelectrons was observed to reverse for light polarization rotated 90°71%1!. This effect was
predicted based on symmetry arguments and a model Hamiltonian”, and was further dis-
cussed microscopically in terms of the constituent atomic orbitals making up the band®.
With total angular momentum as the conserved quantity, the J, = j:% basis is used to de-
scribe the surface state near I'. Under this constraint, spin-orbit coupling gives each of the
Pzy,» Orbitals its own spin texture. Light will select p orbitals oriented along the direction

of photon polarization according to the selection rules for the photoemission process®.

This optically tunable spin texture was first studied in the topological surface state of
BisSes, in which the occupied surface state Dirac cone is near the Brillouin zone center
and isotropic in momentum or k space. Previous discussion of this phenomenon therefore
focused on strong spin-orbit coupling and the symmetries at the I' point in BiySes: time
reversal, mirror, and C3 rotational symmetry. Similar phenomena have been observed in

Bi/Ag(111)*, W(110)'1¢ and BiTel'". Thus far, there have been no tests of how it evolves

at high wavevector k as the symmetry changes, leaving open questions about the fundamen-
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tal nature of coupling of orbital textures to distinct spin textures. While it is known that
orbital components of a surface state can couple to distinct spins and that a band’s overall
spin texture can change as the relative strength of orbital components change, the rules that
determine how a particular orbital couples to spin and how symmetry shapes this coupling
across the Brillouin zone have never been clearly determined.

Antimony, a topologically non-trivial semimetal, provides an intriguing test case. The
Sb(111) surface states have been investigated with ARPES and spin-ARPES, confirming
the spin polarization due to strong SOC and nonzero Berry’s phase'®?3. While the (111)
surface of Sb has the same symmetries as BisSes, its surface states are distinct in their strong
k dependence. They remain separate from the bulk states out to large |k|, allowing for a
comparison of the spin-orbital texture near I' to that in areas of reduced symmetry, where

we will demonstrate that there are significant differences.

II. EXPERIMENTAL DETAILS

Single crystal Sb (Goodfellow Corp.) was cleaved in situ, exposing the (111) surface.
It was kept at ~80 K and inside ultrahigh vacuum of ~ 5 x 107! Torr. The sample was
probed with 6 eV photons generated through fourth harmonic generation from a Ti:sapphire
oscillator and examined with a high efficiency spin- and angle-resolved photoemission spec-
trometer. Instrumental energy resolution was 15 meV and momentum resolution was 40.02
A~1. The instrument and its use with a laboratory laser have been described previously?*2?.

The spectrometer detects electron energy by the time-of-flight down a drift tube, allowing
measurement of an entire energy distribution curve (EDC) at once. The light arrives 45°

from the direction of detected photoelectrons. As shown in Fig. 4a, the angle of the sample

with respect to the analyzer (labeled 6) is rotated to scan emission angle, which corresponds
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to cutting along k,. The spin-TOF system achieves very efficient spin detection with a low

energy exchange scattering polarimeter.

The rapid data collection allows exploration of a wide experimental phase space, including
measuring spin-ARPES spectra with different probing photon polarizations. Measurements
were made with both s-polarized (linear vertical, € entirely in the sample plane) and p-
polarized photons (linear horizontal, é includes an out-of-plane component). In this work,
the spin polarization, defined as P = (I4 — I)/(I1 + I}) where I is photoemission intensity,
was always measured along ¢, the component of spin that is allowed by symmetry along
mirror planes. It is worth noting, however, that when experiments are performed with light
that is polarized at an angle between s- and p-polarized, finite P, and P, spin polarizations
are allowed and can yield information about the interference between +P, and -P, compo-

nents of the wavefunction?6.

III. SPIN-RESOLVED ARPES RESULTS

A spin-integrated ARPES map along I-K and I'-M high-symmetry directions is shown
in Fig. 1a alongside a schematic (Fig. 1b) of the bands indicating the spin texture measured
previously,'®?° that of the dominant p, orbitals. This work will show that this is part of a
larger, more complex spin texture. We will use this finding to demonstrate rules governing
the coupling of spins to orbitals. Along I'-M, two surface bands cross the Fermi level near
[. However, along [-K, the lower one bends back down towards the bulk valence band

rather than cross Er. Spin-resolved EDCs measured with p-polarized light at two momenta

(Fig. 1c,d) corroborate this picture. The lower band appears red for k, < 0, indicating
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FIG. 1. The surface states of Sb(111), as measured with p-polarized (linear horizontal)
light. a, Spin-integrated ARPES map along '-K (—k,) and I-M (+k;) directions. b, Schematic of
the surface states, color-coded to indicate spin polarizations measured previously?’. Blue indicates
P, > 0, as defined in 3 a,d, and red indicates P, < 0. c,d, Representative spin-resolved energy
distribution curves (EDCs) taken at momenta shown in a. The spin-polarization, defined as P, =

(Iy — 1})/(Iy + I}), is shown below corresponding EDCs.

P, <0, while the upper band is blue, indicating P, > 0 on that side of the Brillouin zone.

Figure 2 shows spin-resolved EDCs at select momenta along cuts through both high
symmetry directions. By following the maximum peak positions (marked as 3, 7, d, ), the
spin characters of the bulk valence band and the two surface bands are resolved. Panels b and
e show stacks of spin-resolved EDCs along I-M and I'-K, respectively. The corresponding
spin polarizations for the two high symmetry directions are shown in panels ¢ and f. The
intensity peak is primarily spin-up (blue) for the surface band g while it is primarily spin-
down (red) for the surface band . At the outer Fermi level crossings along I'-M, the absolute
value of the spin polarization for both surface state bands is greater than 60% (-67% for ~

in k; and +65% for 5 in kg). As the I' point is approached along I'-M, the spin polarization
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decreases to -47% for v in k3 and 4+34% for f in k4. Intriguingly, the bulk valence band (0)

shows a small spin polarization of +12% in k;.

Surprisingly, when the experiment is performed with s-polarized photons, as shown in
Figure 3, we observe an overall reversal of the spin polarization near the I' point. The 3
band now shows a negative spin polarization while v shows a positive polarization. Along
[-M, v now has a polarization of +25% at k;: somewhat weaker in magnitude than what
was measured with p-polarized light, perahps due to imperfect light polarization. We believe
that, as was the case for BiySe3!, this spin reversal is a manifestation of strong spin-orbital
entanglement. Specifically, p,, py, and p, orbitals couple to different spin textures and are
each probed by different polarization components of light. Interestingly, we observe that far
from the T’ point along I'-K, the spin polarization does not reverse upon rotation of light.

This is seen in comparing spectra at ki, ks, ks, and kg along [-K betwen Fig. 2 and 3.

Figure 4 shows the full spin-resolved energy maps for both spin-up and spin-down elec-
trons along I-M and I'-K for both light polarizations. The maps are obtained by combining
thirty EDCs and are shown with a colorscale in which brightness (from light to dark) cor-
responds to total photoemission intensity while color (from red to blue) corresponds to spin
polarization. These two-dimensional colorscales are scaled nonlinearly in order to clearly

resolve each band.

Beginning with the I'-M direction, the data taken with p-polarized light (Fig. 4a) match
the cartoon of Fig. 1b and previous measurements'®?°. The I' point is enclosed within an
electron pocket with positive spin polarization for —k, and negative spin polarization for
+k,. The two branches of the surface state meet at I' and bend back up to the Fermi level.
Note that with p-polarized light, the stronger photoemission matrix elements for the spin-

down branch (also apparent in 1lc,d and 2), which can be strongly affected by experimental
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FIG. 2. Spin-Resolved measurements with p-polarized light a, Schematic of bandstructure
along I'-M with positions of measurements marked by dashed lines. b, Spin-resolved EDCs at
momenta marked in a. Peaks are marked corresponding to bands in a. ¢, Spin-polarization

corresponding to EDCs in b. d-f Same as a-c but along the I'-K direction.

geometry?”, yield a net negative measured spin polarization at the I' point.

However, when the same map is made with s-polarized light (Fig. 4b), both surface bands
show the opposite spin polarization. The upper electron pocket encloses I' with spin-down
electrons at —k, and spin-up at +k,. The lower branches also fully reverse their spins at
all momenta from I' to k, ~ +0.13A!, when they cross Ep. Furthermore, as in Bi,Ses,
the spin polarization can be adjusted continuously, as shown in Fig. 4c, by rotating the
angle of linear photon polarization, effectively selecting the orientation of p orbitals being
photoemitted.

The I'-K direction (Fig. 4d-f) demonstrates a strong contrast. The same spin dependence
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FIG. 3. Spin-Resolved measurements with s-polarized light. a, Experimental geometry for
measurement along I-M. The angle o of photon polarization can be rotated from p-polarized to
s-polarized. b, Spin-resolved EDCs at momenta marked in a. Peaks are marked corresponding to
bands in a. ¢, Spin-polarization corresponding to EDCs in b. d-f Same as a-c but along the I'-K
direction. In e, arrows mark the peaks that are not reversed relative to Fig. 2 with p-polarized

light.

on photon polarization is seen near I'. P-polarized light, selecting p, and p, orbitals, shows
the electron pocket enclosing I having + P, at —k, and —P, at +k,. S-polarized light reveals
the opposite spin polarizations for p, orbitals near r.

However, near k, ~ 40.08A~!, this behavior ceases, and for larger |k|, s-polarized light
yields the same spin polarization as p-polarized in the lower surface band. This abrupt
end to p, having opposite spin of p, and p, orbitals is highlighted in Fig. 4f, showing rapid
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FIG. 4. Spin-resolved maps of I'-M and I'-K direction of Sb(111). a,b Spin-resolved maps
of the I'-M direction, taken with p-polarized (a) and s-polarized (b) light. The two-dimensional
colorscale displays the total photoelectron intensity by relative darkness and the spin polarization
by the balance of red and blue. ¢, Spin polarization of the two surface bands as a function of
photon polarization angle. The bands are labeled in a, and spin polarizations were extracted at a
fixed k, as indicated by the small regions marked with arrows. d,e Similar to a,b but with sample
azimuth rotated to cut along I'-K. f, Spin polarization along the left branch of the lower band, as
measured with both p- and s-polarized light. The stretch of k space plotted here is indicated by

dispersive lines in d,e.

1 reversal of the spin polarization measured with s-polarized light in a fairly small range of
2k along the left half of the band dispersion. Along the same dispersion, p-polarized light
173 yielded a constantly negative spin polarization. At high k, all orbitals in this band show —P,
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at —k, and 4P, at +k, regardless of the photon polarization used. Such a transition cannot
be captured by previously used two-band models®?, but is consistent with predictions made
about photoemission from BiySes?® and the photon polarization-independent spin textures
measured in its lower Dirac cone®.

Besides the rapid change in spin texture of the lower surface band, an unusual spin
polarization appears around the top of the bulk continuum to the left of the dashed line
and arrows in Fig. 4g. In particular, the part of the valence band closest in energy to the
surface band shows the opposite spin of the surface band: +P, at —k, and —F, at +k,.
Normally in the bulk limit of an inversion-symmetric, non-magnetic crystal, each state is
spin-degenerate. Thus, these results are indicative of surface effects creating new surface
states in addition to the topological surface states?:.

It is seen for the first time that the locking of orbital textures to distinct spin textures
can be strongly momentum-dependent. It can change rapidly as the surface band mixes
with other nearby bands, yielding similarly oriented spins for all p orbitals. On the other

hand, symmetry requires the spin and orbital degrees of freedom to remain tied to each

other along the mirror plane in k space.

IV. AB INITIO TIGHT-BINDING CALCULATIONS

To understand these findings, we performed an ab initio tight-binding simulation”. The
basis is chosen to be the Sb p orbitals, and the hopping parameters and on-site energies
for the surface and bulk regions were extracted from first-principles calculations within
density functional theory (DFT) using the Quantum Espresso package®’. Norm-conserving
pseudopotentials with the local density approximation by Perdew-Zunger®® were used for

Sb in both scalar- and fully-relativistic forms. DFT calculations for periodic bulk and a
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12-bilayer slab were performed to obtain the hopping parameters within the atomic orbital
basis by Wannier90 code®'. The 12-bilayer slab and the bulk DFT calculations are performed
to extract the parameters for surface and bulk, respectively. In the tight-binding model, we
separate the slab into top and bottom halves, and repeat the bulk unit cell in between to fill
the two halves. The onsite energies in the bulk region are adjusted to match the middle layers
in the 12-bilayer slab. Eventually a 90-bilayer slab is constructed. All the physical quantities
such as band structures, spin textures, orbital projections and photoemission predictions are
calculated from this tight-binding model following the method in Ref.”. In the tight-binding
model, the SOC strength can be tuned by weighting the hopping parameters between those

extracted from scalar- and fully-relativistic DF'T calculations.

Fig. 5 shows the calculated p orbital-dependent spin textures and the simulated spin-
ARPES results. The simulated spin measurements utilize the optical selection rule for the
dominant p to s transitions, namely, that photons linearly polarized along the i-direction
(1 = z,y,2) will only allow a p; to s transition (if spin-orbit effects in the light-matter
interaction are neglected). Although the final states reached in the photoemission process
can shape the measured spin polarization®?, the s-wave final states reached in this 6 eV
experiment should accept any spin, yielding information about the initial state being probed.
Our simulations included p, orbitals, as probed by s-polarized light, and p, orbitals, as
probed by the z-component of p-polarized light. While p, orbitals also contributed to
the measurements with p-polarized light, their spins match those of p, orbitals along the

directions measured, allowing us to focus on a comparison of p, and p, only.

In Fig. 5, it is clear that in the vicinity of I', the spin textures of the lower surface band are
the same as those predicted for the Dirac cone in BisSe;™ ™ with p, orbitals having opposite

spin of p,. However, when moving far enough away from I' along the I'-K direction, the spin
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FIG. 5. Calculated spin-orbital textures and simulated spin-ARPES plots. a, Left panel:
spin texture of p, orbitals in the lower surface band, with & (horizontal dashed line) oriented
along I-M. These states can be photoemitted by p-polarized light. The black vectors are in-plane
expectation values (S ,). Right panel: simulated spin-ARPES measurement along [-M using p-
polarized light. Spin polarization of the p, component of the bands is shown by the color from
blue to red, while the band energies are indicated by gray lines. The spin polarization of the
lower band (with arrows) is associated with the spin texture in the left panel. b, Left panel: spin
texture of p, orbitals in the lower surface band, with & oriented along [-M. These states can be
photoemitted by s-polarized light. Right panel: simulated spin-ARPES measurement along I'-M
using s-polarized light. c¢,d, Same as a,b, but now with # oriented along I'-K and therefore the
simulated measurements along I'-K. Note that in the lower band, the orbital dependence of the

spin texture ceases at large |k| for [-K but remains in T-M, consistent with experimental results.
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polarization of p, orbitals matches that of p,. We note that the calculations of the upper
surface band reveal a similar end to the p orbital dependence of the spin orientation, albeit
once the band is above the Fermi level in measurements. In contrast, the spin of p, orbitals

along I'-M remains fixed opposite to p, orbitals for all k.

The simulation of Fig. 5c,d shows another important aspect of the experiment: the
apparent spin polarization around the top of the valence band as the surface state dispersion
bends down towards it. From I' to K, as is evident by the spin polarization, around |k| =
0.06A! the lower surface band is decoupling from the upper surface band, and starts to
pair with another surface state band that is closer in energy to the bulk valence continuum.
Therefore, the experimentally observed spin polarization around the valence band top and
below the topological surface bands should be attributed to this newly emerged surface

band.

The results from Sb(111) indicate that the p orbital dependence of the spin texture
breaks down as band mixing alters the basis states for the surface state wavefunction. This
is highlighted by tuning the strength of SOC, «, in the tight-binding Hamitonian with
H, = Hy+aAHgsoc, where AHgsoc = H— Hy, and H is the Hamiltonian with full SOC, and
Hy without SOC but with scalar relativistic effects. In addition to shrinking the bandgap,
reducing « reduces the splitting between coupled bands, affording a clearer picture of which
states are paired, meaning that they would be degenerate at each k without SOC («a = 0).
Fig. 6 shows the band structure with varying values of a. Violet is used to highlight the
paired surface states. As shown in Fig. 6b, along the I'-K direction, the lower topological
surface band clearly couples with the upper topological surface band around the zone center.
However, farther from I, the two switch partners: the upper one runs into the conduction

band continuum, and the other couples with a new surface state band which emerges above
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FIG. 6. Band structure evolution with spin-orbit coupling strength («). a, Calculated
90-bilayer Sb band structures with full SOC (« = 1). The darkly shaded area is the projection of
bulk states onto the surface Brillouin zone. The violet color indicates the surface states that would
be degenerate in the absence of SOC (a = 0). b, Detailed band structures along two directions
(M-T-K), with different SOC strength o. Along I'-M, the two surface bands always couple to each
other and stay within the gap; along I'-K, the lower surface band couples to the upper surface
band near £ = 0, then switches to a new surface band closer to the valence bulk continuum at
larger |k|. ¢, Projected p orbital character at various SOC strengths along the lower topological
surface band indicated by dashed lines in b. A rapid change in the orbital character is seen along
the T-K direction. d, Similar to ¢, showing the two limits of full SOC (a = 1, solid lines) and no
SOC (a = 0, dotted lines), respectively. Note that along I'-K, all orbitals have a finite projection
even in the absence of SOC, whereas along I'-M, py is finite only with SOC. The missing parts of
the curves in the 0.06 < k£ < 0.12 range (shaded area) shown in c,d in the small o cases represent

the fact that the band of interest disperses into the bulk continuum, as can be seen in b.
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the bulk valence band. These two eventually disperse together into the bulk valence band
continuum, as clearly shown in Fig. 6a with full spin-orbit effects considered. In contrast,
along I'-M (Fig. 6b), the two surface states of interest are always coupled to each other and

remain within the gap, maintaining the p orbital dependence of their spins.

The surface bands appear in pairs at any individual k point due to the degeneracy when
SOC is completely turned off. The presence of SOC will split the degenerate bands, high-
lighting the fact that each of the single surface bands connects the valence and conduction

bulk continuum, a result of the topologically non-trivial nature of Sb.

In Sb, as in BisSes, the electronic states around the Fermi level are dominated by p, , .
orbitals, which can take on S, = j:%. In the topological surface states near I', L and S are
coupled in such a way that J, = i%‘r”g. As shown in Fig. 6d, in the absence of SOC, at I'
there is only p, character, i.e. the orbital projection is zero for p, and p,. An eigenstate of J,
will remain such even with L - S turned on. Thus, SOC will mix in p, , orbitals, giving them
a finite projection in 6¢,d, while keeping J, = i% dominant in the vicinity of I'. This means
that in this region, the states can be described sufficiently by a two-band model>?. The
J, = i% requirement determines the spin texture that each p orbital must have. In other
words, for in-plane orbitals |py) = \%(:Hpﬁ —i|py,)), with angular momentum L, = £1, the
surface state can be constructed from two basis states, [p+,}) and |p_, 1), carrying J, = £3.

Such states will always show a p orbital-dependent spin texture, meaning opposite spins will

be measured with s-polarized and p-polarized light.

Symmetry provides similar constraints along I-M. In the absence of SOC, mirror sym-
metry excludes p, orbitals along this momentum direction because they cannot mix with
Dz, orbitals. This is shown in Fig. 6d, where the o = 0 case has a p, projection of zero

along the [-M line. Turning on SOC will mix in p, orbitals (making their contribution finite
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along I'-M in 6¢,d) by allowing them to couple to spinors in a way that respects mirror
symmetry, i.e. p, will couple to the opposite spinor of that to which p, . orbitals couple.
The p,, orbitals at T, and the p, orbitals along ['-M are present only because of SOC and
are subject to symmetry rules. Therefore, they are constrained in the spins to which they

couple.

However, at high |k| along T-K, where there are not the same symmetry constraints,
Pa,y Orbitals contribute appreciably even in the absence of SOC (o = 0), as can be seen in
6d. Therefore, turning on SOC will change the orbital character only slightly here, and the
properties detected with any photon polarization are primarily non-SOC effects. At high |k,
two basis states are no longer sufficient to describe the surface complexity, as is evident from
the presence of extra bands along I'-K in 6a. In this region with more states, more basis
vectors are needed: |p,,7T) and |p_,]), with J, = :I:%. Generally, the inclusion of J, = :I:%
components without symmetry constraints will alter the phase between the spin-up (| 1))
and spin-down (] J)) components of the real spinor wavefunctions that couple to p orbitals,
and may lead the spins not to reverse with different photon polarizations (e.g. non-zero
linear combinations of |p,,1) and |py,]) will never show this effect). This less constrained
spin-orbital coupling along I'-K is in contrast to I' and I-M, where symmetry protects the
way that J, = i% and J, = i% mix, preserving the observation of opposite spins with
different photon polarizations. Lastly, we note that hexagonal warping effects®®, could not
be responsible for the sudden change of the spin texture at large |k| because they do not alter

the orbital texture and instead just diminish the magnitude of in-plane spin polarizations.
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V. CONCLUSION

This work shows that the coupling between the spin textures and orbital textures can vary
across the Brillouin zone. Knowledge of the full complexity of a surface state’s wavefunction,
including the symmetry rules governing the coupling of spin and orbital degrees of freedom, is
a fundamental prerequisite for its application to spintronics or other technologies. One would
expect to see orbitals with different spin orientations in the parts of a spin-orbit material’s
surface Brillouin zone where various symmetries protect it. Away from these momenta,
surface states are allowed to mix with other states, ending the requirement that each orbital
character couple to distinct spin textures. This picture provides an understanding of the

full complexity of a surface state’s spin degree of freedom.
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