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We have investigated the spin polarization and orbital configuration of the spin-split surface states in a non-
symmorphic semimetal HfSiS by spin- and angle-resolved photoelectron spectroscopy using polarized tunable
photons combined with detailed theoretical calculations. We have found that the surface states surrounding the
X point with C,, symmetry exhibit an exotic unidirectional spin texture coupled with d,, orbital. The observed
unidirectional spin texture is well reproduced by the theoretical calculations. Our work clarifies the significance
of orbital symmetry in the manipulation of spin orientations, providing an approach to realize the persistent spin
texture for the prolonged spin-coherence time in spintronic applications.
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I. INTRODUCTION

Recently extensive studies have been done on materials
with strong spin-orbit coupling (SOC) because they may
exhibit quantum phenomena originating from nontrivial topo-
logical properties of the electronic structures [1,2]. Further-
more, via strong SOC, the electron spin can be manipulated by
the electric field, attracting many interests from the viewpoint
of potential applications to spintronics as well as information
technology [3—6]. One of the challenges for the spintronics
application is to prolong the spin-coherence time. This can be
achieved by creating a persistent spin texture (PST), where
the spin orientation is independent of the momentum and
maintains a quasi-one-dimensional spin configuration [7-15].
PST has been found in semiconductor heterostructures equal-
izing the Rashba and Dresselhaus spin-orbit contributions by
external electric field [10,11]. However, the PST realized by
a fine tuning of the external electric field has rather limited
practical applications. Alternative ideas to realize PST without
applying an external electric field have been proposed for
(1010) surfaces of the wurtzite group of crystals with an
in-plane electric polarization, and in the strained spin-split
LaAlO3/SrTiO; interfaces [16—18]. Very recently, the possi-
bility of PST was also predicted in noncentrosymmetric bulk
material BilnO3 and SnTe (001) oriented film with in-plane
ferroelectricity [19,20].

Recently the non-symmorphic Dirac nodal-line semimetals
WHM (W = Zr, Hf, La; H = Si, Ge, Sn, and Sb; M = S, Se,
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Te, O) [21-29] have been theoretically and experimentally
investigated. HfSiS is the most representative compound be-
cause of the emergence of spin-split surface states (SSs) due to
strong SOC at the X point with C,, symmetry near the Fermi
level [22,24]. Thus, HfSiS could be a good candidate to realize
exotic orbital and spin texture due to spin orbital fields on the
surfaces. However, until now, there has been no systematic
investigations on the orbital configuration and spin texture of
these surface states.

In this study, we have directly investigated the orbital and
spin configurations of the surface-derived states in HfSiS by
means of spin- and angle-resolved photoelectron spectroscopy
(SARPES) employing variable linearly polarized light as well
as theoretical calculations within density functional theory.
We demonstrate that the spin texture of the SSs is unidirec-
tional, namely, the spin direction is almost parallel to the
['X line irrespective of the k point and that the spin texture
is originated from the modulation of the orbital texture and
can also be reproduced by considering equal contributions
from the Rashba and Dresselhaus spin-orbit coupling terms.
Because of the ease in fabrication, environmental friendliness,
and easy accessibility to the PST configuration, HfSiS is a
promising candidate for applications in spin transistors and
spin-logic circuits with the potential to enhance substantially
spin coherence time [30].

II. EXPERIMENT AND METHODS

High quality single crystals of HfSiS were grown by
the chemical vapor transport method described elsewhere

©2019 American Physical Society
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FIG. 1. (a) Crystal structure of HfSiS with P4/nmm symmetry. The glide mirror plane is colored orange; top and side views of the lattice
structure are given on the right. (b) Bulk Brillouin zone and projection onto the (001) surface. (¢c) Experimental configuration: the x-z plane
is a mirror plane. Sy — Sy — Sz are the spin coordinates. (d) Experimental Fermi surface measured at hv = 60 eV in p-polarization geometry
(i) and s-polarization geometry (iii). Blue and red arrows denote cuts (c1, c2, c3, c4) for the measured ARPES band dispersion in Figs. 2(a)
and 2(b). The T'X (k,) line is parallel to the laboratory x axis [Fig. 1(c)]. (ii) and (iv) Corresponding calculated Fermi surfaces for the p- and

s-polarization geometries, respectively.

[31]. Angle-resolved photoelectron spectroscopy (ARPES)
measurements with changeable linearly polarized light with
a photon energy of 60 eV were performed at BL-1 of the
Hiroshima Synchrotron Radiation Center (HSRC) [32]. Based
on the Fermi’s golden rule, the photoelectron intensity is in
proportion to the square of the matrix element (¢¢|A - P|¢;)
for the dipole transition, where |¢;) and |¢/) are the initial
and final states, respectively, and A and P are the incident
photon vector potential and the electron momentum operator,
respectively [32,33]. Note that A is parallel to the electric field
vector E of incident photon. In the present experiment, we
set the incidence plane of 100% linearly polarized undulator
radiation to coincide with the detection plane of the electron
energy analyzer. By rotating the electron analyzer around
the incident light axis, we can switch the vector potential
parallel to the incidence plane (p-polarization geometry:
A - P is even symmetric with respect to the detection plane) or
perpendicular to the incidence plane (s-polarization geometry:
A - P is odd symmetric with respect to the detection plane).
Here we assume that the final state [¢/) is free-electron-like
being even symmetric with respect to the detection plane. By
setting the mirror plane of the sample to the detection plane (=
incidence plane), the matrix element is exactly zero for the ini-
tial state |¢;) being odd symmetric with respect to the mirror
plane in the p-polarization geometry. On the other hand, the
matrix element is exactly zero for |¢;) being even symmetric
with respect to the mirror plane in the s-polarization geometry.

Therefore, one can selectively observe even or odd symmetric
initial states by changing the polarization geometry.

SARPES measurements were performed at Av = 24 and
26 eV using the high-resolution SARPES apparatus (efficient
spin-resolved spectroscopy observation machine: ESPRESSO
[34]) installed at beamline BL-9B of the HSRC. The typical
energy and momentum resolutions were 10 meV and 0.1°,
respectively. The high efficiency of the very low energy
electron diffraction spin polarimeters enables us to perform
the SARPES measurements with high energy and angular
resolutions (E ~ 20 meV, 8 ~ £ 0.35°). The experimental data
were collected under ultrahigh vacuum conditions at a pres-
sure below 6 x 10~!! Torr. The effective Sherman function of
the detector was 0.22. Samples were cleaved in situ around
30 K under a vacuum condition better than 6 x 10~ Torr
at both beamlines. The in-plane (S, Sy) and out-of-plane
(S;) spin components of the sample can be obtained by the
spin-detector system. The difference between the original
spin polarizations in the sample coordinate system and the
projected spin component onto the spin-detector coordinate
system are considered [35,36].

Electronic structure calculations were carried out using the
projector augmented wave method [37,38] implemented in
VASP [39]. The exchange-correlation energy was treated us-
ing the generalized gradient approximation with the Perdew-
Berke-Ernzerhof functional [40]. The Hamiltonian contained
scalar relativistic corrections, and the SOC was taken into
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FIG. 2. (a) and (b) Measured energy-band dispersions along the MX and T'X lines, respectively. The black and green dotted lines are
visual guides for the bulk and surface bands. (c) and (d) Calculated orbital-resolved band structures corresponding to (a) and (b). The size of
the colored circles indicates magnitudes of the d> or d,, orbital weight in the energy bands. The blue and red arrows point to the surface states

SS1 and SS2, respectively.

account by the second variation method [41]. To calculate the
(001) surface electronic structure and to prevent finite size
effect we use symmetric 30-atomic layer slab with 12 A of
separating vacuum. Constant energy contours were calculated
within recursive green function technique [42,43] on top of
the linear combination of pseudo atomic orbitals approach as
realized in the OPENMX code [44].

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b), respectively, show the crystal struc-
ture and Brillouin zone (BZ) of HfSiS. The band struc-
ture is characterized by space group P4mm (or point group
Cyp) at the T point and Pmm?2 (or point group C,,) at the
X point. To observe electronic states in detail we study
the Fermi surface map (FSM) of HfSiS [Fig. 1(d)] using
the p- and s-polarization geometries shown in Fig. 1(c). The
prominent feature in the FSM is the olive-shaped electron
pocket around the X point [marked by the green rectangle in
Fig. 1(d) (i)]. Considering the experimental geometry and the
matrix elements for the dipole transition (see Fig. 1(c) and
Ref. [31]), one can observe initial-state orbitals having even
symmetry with respect to the k, — k, mirror plane [p,, p.,
dy, dxz,yz, dp, see Fig. 1(c)] in the p-polarization geometry,
whereas only initial states having odd symmetry are excited
(py, dyy, dy;) in the s-polarization geometry. As seen from
Fig. 1(d), the shape and distribution of the spectral weight
in FSM around the X point are significantly different for the

p- and s-polarization geometries indicating clearly directional
alternation of the orbital symmetry.

The calculated Fermi surface spectral function for the p-
and s-polarization geometries [Fig. 1(d) (ii) and (iv)] matches
very well the experimental results. Our analysis shows that the
Hf-derived d,- ER d., and d,, orbitals contribute to the spec-
tral weight mainly along the I"X-line when the p-polarized
geometry is used (see Fig. 1(c) and Fig. S1 of Supplemen-
tal Material [45]). In contrast, the data acquired with the
s-polarization geometry clearly highlights additional bands
being part of the SSs with the odd p,, d,., and d,, orbitals
(Fig. 1(c) and Fig. S1 of the Supplemental Material [45]).

To understand further the electron orbital configuration, we
focus on the high-symmetry lines in the BZ. We find that
the Rashba-like spin split SSs along the MX-line (indicated
as SS1) [Fig. 2(a) (i)] appear in the p-polarization geometry.
While under the s-polarization geometry [Fig. 2(a) (ii)], the
Rashba-like surface spectral weight is strongly suppressed, in-
dicating the even orbital character. As can be seen in Fig. 2(c),
the density functional theory calculations of the surface band
structure result in a good agreement with the measured data.
Additionally, analysis of the orbital composition shows that
the main contribution to SS1 corresponds to the d,» orbitals
(see Fig. S2 in Supplemental Material for details [45]).

In Fig. 2(b) (i), the band dispersion along the ['X-
line shows a Dirac-electron-like band dispersion in the
p-polarization geometry. The M-shaped dispersion around
—300 meV is connected with previously observed SS1 along
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FIG. 3. (a) ARPES dispersion intensity maps of HfSiS with p-polarized light acquired with a photon energy (hv) of 24 eV along the
MX-line [c] in Fig. 2(a)]. (b) SARPES energy distribution curves (EDCs) (red and blue lines show the spin-up and spin-down EDCs), and the
wave vector positions of the spin-resolved EDCs [Figs. 3(a) and 3(d)]. (c) (i) Spin-resolved EDCs for the spin components along the y direction
measured at the positions marked 7-9 in Fig. 3(d) and below is the corresponding net x component of spin polarization for cut 9. Right is the
net x component of spin polarization for cutl (2) and y component for cut 4 (5). (d) Schematic figure of the spin texture of the surface-derived

electron pocket based on the experimental results.

the MX direction and emerges from the bulk states at lower
binding energies. In contrast, the ARPES result for the s-
polarization geometry [(Fig. 2(b) (ii)] exhibits a surface state
(SS2) which has a steep dispersion and forms the arc-like
Fermi surface piece of the electron pocket around the X
point [Fig. 1(d) (iii) and (iv)]. We conclude that SS2 is
dominated by odd-symmetry orbitals, and according to the
theoretical calculations such orbitals mainly correspond to
the d,,; type [Fig. 2(d)]. Consistent with its behavior along
the MX line, the spectral weight of the M-shaped SS1 almost
vanishes along the ['X line in the s-polarization geometry. All
these results clearly indicate that SS1 and SS2 are distinct
states which are formed by orbitals with opposite symmetries
(even or odd).

After identifying the orbital character of the surface-
derived electron pocket, we also find that SS1 state has in-
triguing orbital resolved spin texture. To analyze the spin po-
larization of the SS1 by SARPES, we plotted the spin-up (I1)
and spin-down (1) energy-distribution curves (EDCs) and the
related spin polarization measured at the different positions
of the electron pockets around the X points in Figs. 3(b) and
3(c). Here we examine spin-resolved EDCs along the MX line

(i.e., k, direction) with k, position —0.04 f‘fl (labeled as 1)
and +0.04 A_l (labeled as 2) in Fig. 3(a). In Figs. 3(b) (i
and ii), the EDCs with in-plane spin components (x) exhibit
reversed spin polarizations with the opposite k, momenta with
respect to the X point, giving clear evidence of a Rashba-type

contribution in the spin splitting of the SS1. As expected from
symmetry-reflection arguments, in Figs. 3(b) (iii and iv), the
spin polarization is negligible for the y component for cuts 1
and 2 [Figs. 3(a) and 3(d)].

To scrutinize the spin character of this surface-derived
electron pocket (SS1), we have also measured SARPES for
the upper and lower electron pockets around the X point
at the positions marked 3-9 in Fig. 3(d). The measured
spin-resolved EDCs for the y spin component for cut 3 (4)
[Fig. 3(b) (v)] and cut 6 [Fig. 3(b) (vi)] on the inner and
outer branch of the upper electron pocket show reversed spin
direction. Interestingly, the x spin component for cuts 3-6
were found to be negligible [Fig. 3(b) (vii and viii)], which
supports a unidirectional spin texture with nontangential spin
orientation being distinct from the conventional Rashba-type
spin texture. Noticeably, label 5 on Fig. 3(d) is the k point on
the outer branch close to the corner of the electron pocket,
which shows the largest spin polarization for cuts labels 1-6
[see in Fig. 3(b) (v) and Fig. 3(c) (iii, vi)]. Furthermore, the
spin-resolved EDCs for the y spin component for the cuts
labels 7-9 shows the same spin direction [Fig. 3(c) ()] as in
those of the cuts 5 and 6, while negligible x spin component
was further confirmed as shown in Fig. 3(c) (ii). Thus, we
verify an exotic unidirectional spin texture and clarify the
whole spin texture of the four electron pockets as shown
in Fig. 3(d), where the spin orientation rotates clockwise
remaining independent of the momentum as one travels along
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FIG. 4. (a) Sketch of the X pocket with spin directions near the MX-line deduced from SARPES data. (b) Corresponding theoretical total
spin texture of the surface-derived electron pocket at the Fermi level; Arrows indicate both the total spin magnitude and direction, the blue and
red coloring indicating different spin directions. (c) p; and p, projected charge distribution of the surface states onto the x-z and x-y plane at
the k positions, respectively, labeled as 1 and 2 in panel (b). (d) Calculated orbital-resolved spin configuration.

the inner branch, but counterclockwise for the outer branch
for all the electron pockets around the X point.

Figure 4(a) shows experimentally observed Fermi surfaces
around the X point. The distinct Fermi surfaces where two
contours have opposite spin direction and shifted with respect
to each other in momentum space are well reproduced by
our theoretical calculations [Fig. 4(b)]. Theoretical spin tex-
ture analysis of these states reveals dominant S, contribution
with the absence of the S, spin components [Fig. 4(b)].
The spin texture distinctly shows almost no changes in the
spin orientation, and the spin polarization reaches the largest
magnitude around the corner of the electron pocket, which
are in complete accord with our experimental results. Fur-
thermore, we find that the calculated persistent spin texture is
coupled with the orbital symmetry as shown explicitly for the
tangential spin character with d_» exactly along the MX line,
while maintaining a uniform spin orientation configuration
imposed by the d,, orbital component [see Fig. 4(d) in detail].
Evidently, this orbital modulation in the spin texture is fully
consistent with our linear-polarized light experimental results.

The resulting spin texture in HfSiS cannot be described
within classical Rashba Hamiltonian model. To explain the
observed features, we start with the charge density distribution
of the SSs over the x —z and x — y planes at the k points
marked as 1 and 2 in Fig. 4(b). The charge density distribution
over the x — z plane for both positions show strongly localized
SSs within the outermost trilayer block with maximum on

the Hf atom [Fig. 4(c) upper panel]. The charge density
vanishes gradually in the bulk and is quite anisotropic along
the z direction introducing an out-of-plane local electric field.
Such effective electrostatic potential gradient in the direction
perpendicular to the surface of HfSiS is the origin of the “con-
ventional” Rashba spin-orbit contribution. More importantly,
charge density is also characterized by in-plane anisotropy
[Fig. 4(c) lower panel].

Since the HfSiS surface possesses Cy, point group symme-
try at the X point, we employ the k - p Hamiltonian to get fur-
ther insight into the spin-split SSs at nonzero k (with respect to
the X point). The SOC Hamiltonian possessing C,, symmetry
for SSs near the X point has two linear contributions:

Hk) = ajocky + Broyk, )

= O5R(kay - O'ykx) + aD(kay + o'_vkx)’
where ag = 3(a; — B1) and ap = (o + B) describe the
respective strengths of the Rashba contribution and of the C,,
warping (Dresselhaus) term because of the nonequivalence of
the two in-plane directions. In the special case of ag = ap
(see Fig. 5), one obtains «; = 2ag(= 2ap) and B; = 0, and
the remaining term a0k, produces the unidirectional spin
polarization [46]. Thus, the proposed spin—orbit Hamilto-
nian model with equally strong Rashba contribution and Cy,
warping term allows us to reproduce the calculated and the
observed unidirectional spin texture.
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FIG. 5. Calculated spin textures of two-dimensional free electron system using k - p Hamiltonian with C,, symmetry for (a) e = ap =0,

®)ar #0,ap =0,(c)ag =0,0p #0,and () ag =ap #0.

IV. CONCLUSIONS

To summarize, spin and orbital characteristics of the spin-
split SSs in HfSiS have been confirmed by spin- and angle-
resolved photoelectron spectroscopy with variable light polar-
izations. First, we clarified that the SSs are mainly composed
of d» along the MX line that switches to dy, along the I['X
line. More importantly, we confirmed a unique unidirectional
spin texture mainly linked to the d,;, which is also well
reproduced by the ab initio calculation. The combination of
the Rashba and Dresselhaus spin-orbit interaction terms with
equal contribution reasonably explains this unidirectional spin
texture and can be applied for further theoretical investigation
of materials with similar properties. Our result suggests that
orbital symmetry linked to the spin orientation is crucially
important for the formation mechanism of the persistent spin
texture that provides a direction to prolong the spin coherence
time through the manipulation of the orbital symmetry in the
layered non-symmorphic materials.
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