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In this work, the band structure of quasi-one-dimensional HfSe; was investigated with nanospot angle-
resolved photoemission spectroscopy (nano-ARPES) in both the p- and s-polarization geometries and with
density functional theory calculations. HfSe; has a rectangular surface Brillouin zone where the effective hole
mass along the chain direction (I" to Y) measured with p-polarization geometry is —0.27 & 0.01 m,, which is
smaller than the effective hole mass along the direction perpendicular to the chains measured with s-polarization
geometry (T to B), —1.17 & 0.01 m,, in agreement with the calculated hole masses of —0.25m, (I" to Y) and
—1.11m, (T to B), respectively. A band separation of 0.22 £ 0.01 eV is observed at the top of the valence band
in the experimental band structure along " to Y. This band separation may be partly enhanced due to intrinsic
spin-orbit coupling effects, as the band structure calculated with density functional theory shows a significant
separation of 0.29 eV, for the two bands closest to the top of the valence band along [ to Y, only when spin-orbit

interactions are included.

DOI: 10.1103/k4sz-qkh6

I. INTRODUCTION

It is widely acknowledged that the layered transition-
metal trichalcogenide (TMTC) semiconductors, such as TiS3
[1-13], TiSes [7], ZrS; [3.4,7,10,14-17], ZrSes [7,14,16,
18-20], HfSs [10,14,21], and HfSes [14,18], have highly
anisotropic band structures. These quasi-one-dimensional
(1D) materials give rise to highly anisotropic optical prop-
erties [4,18,20-36] and dichroitic phototransistors have been
demonstrated [4,19,21,22,24,25,35]. There is, furthermore, a
loss of inversion symmetry at the surface, and indeed, there
are no mirror planes at the (001) surface, permitting the
demonstration of a chiral phototransistor for TiS;(001) [37].
Yet, in spite of the loss of crystalline symmetry at the metal
trichalcogenide MX3(001) surface (M = Ti, Zr, Hf; X =S,
Se), band symmetries are still generally preserved [4].

It has been suggested that the band separation at the
top of the valence band for ZrS; and especially for ZrSes
and HfSe; is the result of spin-orbit coupling effects [18].
If true, this makes two-dimensional (2D) layers of the
TMTCs with higher atomic number (Z) possible candidates
for spintronic transistor devices due to the enhancement in
on/off ratio [38—40]. Indeed, this would be spintronics with-
out magnetism [38—40] because of the enhanced spin-orbit
coupling.

As band symmetries were not assigned in the prior work
[18], it is paramount to investigate the electronic structure
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of HfSes in depth to determine whether the band symme-
tries are preserved, as have been observed for TiS;(001) [4],
MoS,(0001) [41], and WSe,(0001) [42], even in the absence
of any mirror plane. Few such experimental studies exist
for the trichalcogenides, and this is a deficiency because the
transition-metal trichalcogenides belong to a small group of
materials for which the calculational methodology can result
in surprisingly large variations in the band structure. These
variations in theory are evident in the wide range of calculated
hole effective mass by as much as 20% for TiS3 (on comparing
[8] to [6]), more than 100% for ZrS; (from comparing [17]
to [15]) and ZrSes (comparing [14] to [7]), and sometimes
theory even fails to correctly predict whether the light hole
mass is along or perpendicular to the quasi-one-dimensional
TMTC chains (as in the theory for ZrSs3 [7,10,14—17] vs the
experimental band structure [3]).

The goal of the present work is to investigate the elec-
tronic structure of the quasi-1D HfSe3;(001) in great depth to
explore the role of band symmetry, spin-orbit coupling, and
anisotropy in the hole effective mass. This effort compares the
experimental band structure of HfSe;, obtained from nanospot
angle-resolved photoelectron spectroscopy (nano-ARPES) in
both the p- and s-polarization geometries, with the theoretical
band structure obtained from density-functional-theory (DFT)
calculations, as has been done successfully for MoS,(0001)
[41] and WSe»(0001) [42].

©2026 American Physical Society
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FIG. 1. (a) The schematic of layered quasi-one-dimensional (1D)
chains of HfSe; with the crystallographic b axis direction specified.
(b) The unit cell of HfSe; highlights the inner selenide (Se?>~) and
outer diselenide (Se%’) species. (c¢) The surface Brillouin zone of
HfSe;(001) with the nominal high-symmetry points labeled.

II. METHODOLOGIES

The HfSe; crystals were synthesized by chemical vapor
transport of metallic hafnium foil and selenium powder in a
quartz ampule sealed under vacuum of about 200 mTorr at
600°C, as described in the Supplemental Material in more
detail [43]. The long black nanowhiskers of HfSes; (Supple-
mental Material Fig. S1 [43]) were characterized by powder
X-ray diffraction (XRD) measurements at room temperature.
The XRD spectrum of HfSes (Supplemental Material Fig. S2
[43]) indicates a primitive monoclinic structure with space
group P2, /m and lattice constants a = 5.379 A, b=3.7164A,
c=9.412 A, and the cant angle of 8 = 97.585°. These values
remain within the range of previously reported values [16,44].

The crystallographic Z axis of HfSe; crystals, which we as-
sign as the y axis, is along the chains as shown in Fig. 1(a).
Like the other metal trichalcogenide isostructural counter-
parts, such as HfS; [21], HfSe; has two distinct species of
a chalcogen atom, in this case Se atoms, where the inner Se
atoms are selenide (Se?~) and the outer ones are diselenide
(Se%’), as can be seen in Fig. 1(b). It is also worth noting that

the rows of inner Se atoms align with Z, and the diselenide
bridges of outer Se atoms are perpendicular to the chain di-
rection.

The occupied band structure of HfSe; crystals along both
[ to Y and T to B high-symmetry directions are studied
using nano-ARPES done at the ANTARES beamline at the
SOLEIL synchrotron [45]. The nanowhiskers of HfSe; were
exfoliated in situ under ultrahigh vacuum. The spectroscopic
imaging mode of the ANTARES microscope in the analysis
chamber at the experimental end station was used to en-
sure the precise alignment of the HfSe; crystals along the
high-symmetry directions of the Brillouin zone to the cor-
rect beamline geometry using the nanospot x-ray illumination
with spot size of ~500nm [2—4,45,46]. The high-resolution
MBS A-1 hemispherical electron analyzer allowed the detec-
tion of photoelectrons with an energy resolution better than
~40meV at room temperature and angular resolution of
~0.2°.

The nanospot size of the incident photon flux ensured
that the incident radiation was focused on a single indi-
vidual nanowhisker during the angle-resolved spectroscopic
measurements. According to the crystallographic coordi-
nate system of HfSe;(001), the surface Brillouin zone is
rectangular, as shown in Fig. 1(c). The key reciprocal space
directions from the Brillouin zone center (I") are I to Y, which
corresponds to wave vectors along 1D chains of HfSej in real
space, while T' to B is the surface Brillouin zone direction
perpendicular to the 1D chains of HfSes. Based on the lattice
constants a and b obtained from XRD (Supplemental Material
Fig. S2 [43]), in reciprocal lattice space, the distance from I" to
B is 0.584 A~! and from I to Y is 0.845 A~!. To investigate
the two different nominally high symmetry directions along
the surface Brillouin zone of the HfSe; nanorods, we used
two different alignments of the analyzer slit with respect to
the HfSe3(001) chains. The band dispersions along the I’
to Y and " to B directions were obtained by aligning the
analyzer slit parallel and perpendicular to the 1D chains, re-
spectively. For the purposes of this work, the band symmetries
assignments use the coordinate system of (z) to be along the
surface normal, (y) to be along the chains, in the plane of the
surface (or " to Y in reciprocal space), while the (x) is to be
perpendicular to the chains, in the plane of the surface (or T’
to B in reciprocal space), consistent with the conventions of
most surface science studies.

The experimental band structure was acquired in two
different photoemission geometries, p-polarization (even
symmetry) and s-polarization (odd symmetry), where the in-

cident light vector potential (Z) is along the scan plane and
perpendicular to the scan plane, respectively. The use of the
two different photoemission geometries allows us to char-
acterize the even and odd initial valence-band states along
different high-symmetry directions. Throughout this work we
have used vertically polarized light and have obtained two
orientations, one case in which the incident light polarization
is parallel to the 1D chains and a second case in which the
sample is rotated in such a way that the incident light polar-
ization is perpendicular to the 1D chains.

The orbital-resolved electronic band structure of HfSe;
was calculated using DFT as implemented in the QUANTUM
ESPRESSO package [47]. To balance computational feasibil-
ity with accuracy, calculations were carried out using two
sets of exchange correlation functionals. For geometric struc-
ture minimization (ionic relaxation) the exchange-correlation
energy was treated within the generalized gradient approxima-
tion (GGA) [48] using the Perdew—Burke-Ernzerhof (PBE)
functional [49]. Van der Waals interactions were included
using Grimme’s DFT-D3 correction [50]. All calculations
employed optimized norm-conserving Vanderbilt (ONCV)
pseudopotentials [S51] in both scalar-relativistic and fully rel-
ativistic forms for calculations without and with the inclusion
of spin-orbit coupling (SOC) interactions, respectively. The
electronic wave functions were expanded in a plane-wave
basis set with a kinetic energy cutoff of 60 Ry. Self-consistent
calculations were converged to 10~° Ry, and atomic positions
were relaxed until all forces were smaller than 0.001 Ry/Bohr.
Our simulation supercell, based on one-layer HfSe3, was con-
structed with the optimized lattice constant of a = 5.35 A,
b=3.71A. A vacuum spacing of 22A was introduced,
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FIG. 2. The isoenergy (constant energy) contour plots taken us-
ing an incident photon energy of 95 eV with two different sample
orientations, (a) where the incident light is along the chains and
(b) where the incident light is perpendicular to the chain direction,
taken at binding energies 0.3 eV and 0.5 eV below the top of the
valence band, respectively, or 0.7 eV and 0.9 eV below the Fermi
level, respectively. The edges of the surface Brillouin zone indicated
by black bold lines show the difference in high-symmetry directions
based on the sample orientation.

between layers, to avoid spurious interactions between pe-
riodic images. Brillouin zone integrations were carried out
using a Monkhorst-Pack k-point mesh [52] of 6 x 8x 1.
For higher accuracy than possible with PBE, the electronic
band structure was then calculated with the Heyd—Scuseria—
Ernzerhof (HSEO06) hybrid functional, with ng, = ng, =
ngs = 1. Note that while theory places the Fermi level at the
top of the valence band, the Fermi level in experiment is well
within the band gap; thus, to compare theory with experiment,
the binding energies from theory need to be offset by 0.34 eV.

III. SYMMETRIES OF THE OCCUPIED BANDS OF HfSe;

The band structure of HfSe;(001) is highly anisotropic,
as indicated by prior experimental [18] and theoretical band
mappings [14]. The isokinetic energy contour plots near the
top of the valence band, shown in Fig. 2, are illustrative of
the anisotropic band structure of HfSe;(001). The binding
energies chosen for the constant energy plots in Figs. 2(a) and
2(b) are based on the energies at which the bands are clearly
visible. In Fig. 2(a) the incident x-ray polarization is along

the chain direction (crystallographic Z axis), and in Fig. 2(b),
the incident light polarization is perpendicular to the chain
direction, with these isoenergy plots taken at binding energies
0.3 and 0.5 eV below the top of the valence band, respectively.
This indicates that the band structure is anisotropic. Further-
more, from Figs. 2(a) and 2(b) we can observe that the left and
right sides of the constant energy plot are slightly different
along T' to B. This lack of perfect mirror symmetry in the
isoenergy plots is apparent at two different isoenergy cuts and
for both even and odd symmetry. Although there is no mirror
plane symmetry along I to B (with T to Y the nominal mirror
plane), as is most evident in Fig. 2, there is also no mirror
plane symmetry along the I’ to Y either (with T’ to B the
nominal mirror plane). The lack of perfect mirror symmetry in
the isoenergy plots is due to the lack of mirror plane inversion
symmetry at the (001) crystal surface, so strictly speaking,
the symmetry of the HfSe;(001) is lower than the nominal

C,, symmetry of a rectangle. As we look at the sample from
the top, along the chains as in Fig. 1, we can see that the

=
rectangular surface Brillouin zone is C; symmetric along p
(v axis). We can also assign two vertical mirror planes, o,
and o, even though they are not true mirror planes due to the

canted angle between the a and ¢ axes and the general lack
of inversion symmetry at the HfSe3(001) surface.

The DFT band-structure calculations provide a compelling
picture that the contributions of Hf — 5d orbitals and of the
inner and outer Se — 4p orbitals of the HfSe;(001) valence
bands along T to Y and T' to B high-symmetry directions
can differ significantly, as shown in Figs. 3 and 4, respec-
tively. The calculated spectral contributions from Hf ds.._,»
and selected additional rectangular representations, not shown
in Figs. 3 and 4, are shown in the Supplemental Material
(Figs. S3 and S4 [43]). As is fairly typical when comparing
theory and experimental data for a semiconductor or insulator
band structure, adding an offset to the Fermi level is needed
to align theory with experiment. Along the I" to Y direction
of the surface Brillouin zone, the top of the valence band has
dominant contributions from the inner Se p, and Hf d,; or-
bitals, followed by the contribution of the outer Se p, orbital.
There is a separation of the two bands at the top of the valence
band, with spectral weight from Hf d,, and significantly from
the inner Se contributing to the band with a binding energy of
0.34 eV below the Fermi level, and that from the Hf d,- _y and
ds2_,2 and inner Se p, and outer Se p, orbitals contributing
to the band 0.63 eV below the Fermi level at T', as seen in
Figs. 5 and 6. Among the Hf 54 orbitals, d,, appears to be
among the few that contribute to the top of the valence band,
and it is strongly hybridized to the inner Se p,. Although this
Hf 5d,. is an odd-symmetry band, contributions are allowed
in the even geometry just the same, as there is no actual mirror
plane along I to Y of the surface Brillouin zone (as discussed
above). The strong valence-band contributions for the bands at
greater binding energies, at around —1.09 eV, —1.33 eV (away
from T point), —1.39 eV and —1.83 eV, are from the outer
Se py, px, p. and inner Se p, orbitals, respectively. Among
the Hf 5d orbitals, d.., dy, and d;, (d, and d., shown in
Supplemental Material Fig. S3 [43]) provide contributions to
the bands at binding energies of about —1.09 eV, —1.52 eV,
and —1.39 eV, respectively, but these spectral weight contri-
butions are smaller compared to the contributions from outer
Se py, Px, and p; orbitals for the same greater-binding-energy
valence bands.

The valence-band maximum along I to B direction (shown
in Fig. 4), near the T' point or the center of the Brillouin
zone, has significant contributions from the inner Se p, and Hf
d,, orbitals. Again, among the Hf 5d orbitals, d,, is the only
orbital that contributes to the top of the valence band. As seen
in Fig. 5, as the wave vector increases away from the center
(T), the band increases in binding energy from around 0.34
eV below the Fermi level, and increased contributions from
the outer Se p, orbital all the way until the top valence band
approaches closer to the Brillouin zone edge at B, which is
at around —0.9 eV. For the bands with binding energy farther
from the Fermi level, at around —0.63 eV, —1.1 eV, —1.15
eV, and —1.39 eV, there are strong spectral contributions from
the inner Se p, and p;; outer Se p,; p, and p, orbitals,
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FIG. 3. A comparison of the orbital contribution of various bands to the valence-band structure of HfSe;(001) along I to Y high-symmetry
direction of the surface Brillouin zone, based on DFT calculations. The brighter colors show more significant intensity from each orbital
contribution. The inner and outer Se represents Se>~ and Se3, respectively. The Hf orbitals shown are the 5d orbitals and are labeled by their

rectangular representation.

respectively. It is important to note that except for the inner
Se p, and p, orbitals, all other orbital contributions are small,
near the T' point, the center of the Brillouin zone. Along I to
B direction of the surface Brillouin zone, the Hf d,, and d.,
orbitals contribute to the bands farther away from the Fermi
level, well within the valence band, at binding energy around
—1.1 eV, shown in Supplemental Material Fig. S4 [43].
Although the C,, group symmetry, in Schonflies notation,
is not strictly attributable to the HfSe3;(001) surface Brillouin
zone (because of the lack of mirror planes), there is value
in applying photoemission symmetry selection rules [53,54]
in the context of Fermi’s golden rule using the C,, point
group, as shown in the case of TiS3(001) [4]. This is evident
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in the comparison of the calculated band structures for the
HfSe;(001) orbitals and the corresponding experimental band
structures as seen in Figs. 5, 6, and 7.

Not all the even-symmetry states, along I' to Y direc-
tion of the surface Brillouin zone [Fig. 5(a)], dominate the
experimental band structure measured by nano-ARPES in
largely the p-polarization geometry [Fig. 5(b)]. The even-
symmetry bands along I" to Y include py, p., dy2_,2, d_ 2,
and d,.. The experimental band structure is, in fact, dominated
by the Se py, Se p;, ds3;>_,2, and Hf d\>_,» orbitals, with latter
two orbitals clearly of a; irreducible representation. In spite of
the fact that not all the orbitals of even symmetry contribute
significantly to the experimental band structure at this photon
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FIG. 4. A comparison of the orbital contribution of various bands to the valence-band structure of HfSe;(001) along T to B high-symmetry
direction of the surface Brillouin zone, based on DFT. The brighter colors show more significant intensity from each orbital contribution. The

inner and outer Se represents Se?~ and Se%‘, respectively.
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FIG. 5. (a) The even bands obtained from DFT calculations, with the valence-band maximum displaced by 0.34 eV, to greater binding
energy to align with the experiment and (b) the experimental data from nano-ARPES, with the p-polarization geometry (i.e., with light vector
potential largely along the scanning plane, as shown in the schematic), along T to Y direction of the surface Brillouin zone. The experimental

band structure was obtained at a photon energy of 95 eV. (c) The superimposition of the DFT calculations on the experimental data. The critical
point Y, at the surface Brillouin zone edge, occurs at 0.845 A=,
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FIG. 6. (a) The odd bands obtained from DFT calculations, with the valence-band maximum displaced by 0.34 eV, to greater binding
energy to align with the experiment and (b) the experimental data from nano-ARPES with s-polarization geometry (i.e., with incident light
vector potential perpendicular to the scanning plane, as shown in the schematic) along I' to Y direction of the surface Brillouin zone, taken at a

photon energy of 95 eV. (c) The superimposition of the DFT calculations on the experimental data. The critical points at the surface Brillouin
zone edges are at 0.845 A"
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FIG. 7. (a) The odd bands obtained from DFT calculations, with the valence-band maximum displaced by 0.34 eV, to greater binding
energy to align with the experiment and (b) the experimental data from ARPES with s-polarization geometry (i.e., with incident light vector
potential perpendicular to the scanning plane, as shown in the schematic), in odd geometry, taken with 95-eV photon energy, both along I" to

B direction. (c) The superimposition of the DFT calculations on the experimental data. The critical points at the surface Brillouin zone edges
are at 0.584 A~!.
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energy, taken largely in the p-polarization geometry, experi-
ment and theory show good agreement along " to Y direction
of the surface Brillouin zone [Fig. 5(c)].

Now, on comparing our calculated band structure in the
odd geometry along " to Y direction with the experimen-
tal data, we can see that the intensities at the top of the
valence band are not prominent, as the top valence band
near the I" point is not evident in the nano-ARPES measure-
ments, as shown in Fig. 6(b). The computed odd-symmetry
bands [Fig. 6(a)] along T to Y arise from p, and d,., but
the experimental band structure obtained from angle-resolved
photoemission in s-polarized geometry is dominated by the
outer Se p, and p, orbitals and away from the center of
the Brillouin zone (T"), and also by d,,, rather significantly
[Figs. 6(b) and 6(c)].

The even-symmetry bands along T' to B should include
the orbitals p., p;, ds2_,2, d2_y, and d,;, while the odd-
symmetry bands should have contributions from p, and d..
The odd-symmetry bands along T' to B in fact include the
contributions from inner and outer Se — p, and Hf — d,, or-
bitals, as shown in Fig. 7(a), but the contributions from inner
and outer Se are not equal, as the outer Se is at the surface.
In fact, the experimental band structure contains significant
contributions from the Se p, orbital because of the odd ge-
ometry, while the outer Se p, should dominate over the inner
Se p, orbital contribution. This explains the negligible experi-
mental intensity at the top of the valence band at the center
of the Brillouin zone (I'), along I" to B, with the intensity
increasing with increasing wave vector away from the cen-
ter of the Brillouin zone (I"). Thus, the weak photoemission
intensity at the top of the valence band, for the center of the
Brillouin zone (I"), in odd geometry, can be reconciled with
theory [as shown in Fig. 7(c)] when one weights the outer
Se orbital contributions which are stronger than the inner Se
orbital contributions.

IV. THE ROLE OF SPIN-ORBIT COUPLING

As noted above, the nominal two vertical mirror planes, o,
and oy, are not true mirror planes because of the canted angle

between @ and ¢ axes and the general lack of inversion sym-
metry at the HfSe;(001) surface. This low inversion symmetry
has already been noted for other trichalcogenides and leads to
chiral effects and spin-orbit coupling, as seen for TiS;(001)
[37]. The effect of spin-orbit coupling in lifting degeneracies
is evident in Fig. 8(a) by comparing the splitting of some of
the blue dotted curves (with the inclusion of spin-orbit inter-
actions) to the red curves (no spin-orbit coupling) along I' to
A in the bulk-band-structure calculations. As shown in Fig. 5,
there is a separation of the bands at the top of the valence
band, seen in even geometry along I' to Y. The energy sepa-
ration between the bands is estimated to be 0.22 +0.01¢V,
as can be seen in Fig. 8(b). The energy separation of d,,
and dy2_,» (m; = -2 and m; = 2) at the top of the valence
band is often a signature of spin-orbit splitting [42,55,56], but
here, for the HfSe3(001) surface, there is a separation between
bands of d,; and d,>_,» (m; = 1 and m; = 2) symmetry, So not
strictly speaking a spin-orbit splitting. This energy separation
of the Hf 5d d.; and d,»_,» bands at the top of the valence
band, in the region of the center of the Brillouin zone (I"), is

A
k)
N oW

N

Binding Energy E-E (eV)
m

Wave vector k-point path

FIG. 8. (a) The DFT calculated band structure with spin-orbit
coupling, shown in the blue dotted curve, unveils the splitting of
bands along T to Y and Y to A. These splittings are not visible
in the red dotted curves which were calculated without considering
spin-orbit coupling. After the position of the valence-band maximum
from theory has been shifted to align with experiment, the separation
of the bands at the top valence band is highlighted in (b) and (c).
The energy separation of these bands at the top of the valence band,
seen in even geometry along T' to Y direction in (b) experimental
band structure, is 0.22 4= 0.01 eV, and from (c) DFT calculated band
structure is 0.29 eV.

nonetheless sensitive to the intrinsic spin-orbit coupling, and
this band separation increases in the presence of spin-orbit
coupling. This is evident in the band-structure calculations of
HfSe;, with and without the inclusion of spin-orbit coupling,
as shown in Fig. 8(a). We observe that the band separation
at the top of the valence band increases along I' to Y when
spin-orbit coupling is included. The calculated effect of spin-
orbit coupling is to increase the energy separation of the Hf
5d d.; and d,>_> bands, at the top of the valence band at
the center of the surface Brillouin zone (I'), to —0.29 eV
(E-EF), as shown in Fig. 8(c). This is slightly larger than the
experimentally measured energy separation 0.22 eV for the Hf
5d d; and d,>_,» bands, at the top of the valence band by 70
meV [Fig. 8(b)].

In fact, it is between the Y and A symmetry points of the
Brillouin zone for the bulk band structure where the majority
of the spin-orbit splitting occurs, as seen in the DFT calcula-
tions of Fig. 8(a). Thus, the band separation at the top of the
valence band at the center of the Brillouin zone (I') is not a
true signature of spin-orbit splitting, in spite of previous sug-
gestions otherwise [18]. Just the same, this energy separation
between the HfSe3(001) bands of 220 meV, as can be seen in
even geometry along I to Y [Fig. 8(b)], is much larger than
the 110-meV band separation seen for TiS3(001) at the top of
the valence band along T to Y [37].

V. THE EFFECTIVE HOLE MASSES AT THE TOP
OF THE VALENCE BAND FOR THE OCCUPIED
BANDS OF HfSe;(001)

By comparing the experimental band structure along the
['to Y and T to B directions of the HfSe;(001) surface
Brillouin zone, specifically at the top of the valence band, the
anisotropic nature of the bands along the orthogonal directions
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TABLE I. A compilation of the effective hole mass of MX;
(M =Ti, Zr, or Hf; X = S or Se) obtained from DFT calculations
and experiments.

F'toY "'toB
TiS; Theory —0.98 [1,7] —-0.32[1,7]
—0.998 [8] —0.308 [8]
—0.99 [9] —0.30[9]
—0.971 [10] —0.321 [10]
—0.83 [6] —0.33 [6]
Heavy [11] Light [11]
Heavy [12] Light [12]
Heavy [13] Light [13]
Experiment —0.95 [2,3] —0.37 [2,3]
7rS; Theory —0.682 [15] —3.22 [15]
—0.42 [7] —1.28 [7]
—0.321[14] —1.366 [14]
—0.35[10] —1.703 [10]
—0.31[17] —1.39[17]
Light [16] Heavy [16]
Experiment —1.0[18]
—0.87 [3] —0.49 [3]
HfS; Theory —0.313 [14] —1.269 [14]
—0.327[10] —1.356 [10]
TiSes Theory —0.85[7] —3.57 [7]
ZrSe; Theory —0.161 [14] —1.508 [14]
—0.89 [7] —2.36[7]
Light [16] Heavy [16]
Experiment —0.7 [18]
HfSe; Theory —0.166 [14] —0.862 [14]
—0.25* —1.11*
Experiment —0.8 [18]
—-0.27% —1.172

“Represents the results obtained in this work.

of the surface Brillouin zone is clearly visible, which is not
only clear from Fig. 2, but from comparing Figs. 5 and 7.
The effective hole masses have been determined from the
experimental band structure along both the T to Y and the T to
B directions, using the parabolic fits, as indicated in the Sup-
plemental Material (Fig. S5 [43]). The effective hole mass at
the top of the valence bands along I to Y with even symmetry
is —0.27 + 0.01 m,, whereas the effective hole mass along the
direction perpendicular to the chains (I" to B) measured with
s-polarization geometry is —1.17 & 0.01 m.. The effective
hole mass along the direction perpendicular to the chains (T to
B) is clearly much higher than the effective hole mass along
the chain direction (along T" to Y). These mass values align
well with the hole effective mass determined through curve
fitting of the band structure obtained from DFT calculations,
which are —0.25 m, along T to Y and —1.11 m, along I to B
(Supplemental Material Fig. S6 [43]).

The effective mass of the Hf 5d,, and d,»_,» plus Se p,
band, observed just below the top of the valence band at " and
also measured from the experimental band structure along the
I" to Y direction with odd symmetry, is —0.43 £ 0.01 m,. This
further establishes that the top of the valence band is evident
in the p-polarization geometry but not in the s-polarization
odd geometry, as observed in Figs. 5(b) and 6(b). From this

work it is now clear that the top of the valence band was not
identified in the prior work [18].

The effective hole mass along T to B direction determined
from prior DFT calculated band structure of —0.862 m, [14] is
somewhat smaller (in terms of absolute values) than the mea-
sured value —1.17 m, here and the current calculated value
of —1.11m,. The key point is that the light effective mass
for HfSe3(001) is along I" to Y not I to B, as observed in the
experimental band structure of TiS3(001) [2,3] and ZrS;(001)
[3,18], as summarized in Table 1.

The trichalcogenides are remarkable in that they are among
the few crystalline systems for which the calculated band
structure is not always a good predictor of experiment. Table I
displays a comparison of the effective hole masses of different
MX; (M =Ti, Zr, or Hf; X = S or Se) discussed here. Only
a few systems, such as methyl ammonium bromide [57] and
the trichalcogenides, as summarized in Table I, exhibit large
variations in calculated effective hole masses. Such behavior
is not only unusual because of the agreement between DFT
and the measured occupied band structure is highly variable.
For TiS3, the calculated effective hole mass along ' to Y
and T to B is in the range —0.83m, [6] to —0.99 m, [9]
and —0.3m, [9] to —0.33m, [6], respectively, and resem-
bles the experimentally measured values of —0.95 m, [2] and
—0.37m, [2] along T to ¥ and [ to B, respectively. For
ZrSs, the measured effective hole mass from I to Y is in the
range of —0.87m, [3] to —1.0m, [18] and from T to B is
—0.49 m, [3], whereas the calculated effective hole mass is in
the range of —0.321m, [17] to —0.682m, [15] from [ to Y
and is —1.28 m, [7] to —3.22m, [15] from I to B. Clearly,
for ZrS3, experiment and theory do not align. The experimen-
tal band-structure study on ZrSe; provided an effective hole
mass of —0.7m, [18] along T to Y, which is closer to the
calculated value of —0.89 m, [7] than the calculated value of
—0.161 [14]. Obviously the estimates of the effective mass
from theory vary widely for ZrSes, as is also the case for
the calculated effective masses along I" to B, which is in the
range of —1.5m, [14] to —2.4 m, [7,14]. Here, the agreement
between theory and experimental values for the effective hole
masses seen for HfSe3(001) is quite good, and it is evident that
the effective hole mass of HfSe; along the chains (I to Y) is
the lightest of all the reported values for other isostructural
materials.

In all the above-discussed cases, summarized in Table I,
strong in-plane anisotropy at the top valence bands is evident,
emphasizing that for TMTs of the form MXj3, the electronic
behavior can be different along different high-symmetry
directions.

VI. CONCLUSION

We have studied the symmetry dependence of the band
structure of quasi-one-dimensional HfSe; (001), along both
high-symmetry directions, T to Y and T to B, of the sur-
face Brillouin zone using nano-ARPES measurements under
p- and s-polarization geometry and DFT calculations. HfSes3
(001) is a less studied member (compared to TiS3 and ZrS3)
of a class of materials for which the understanding of the
occupied band structure has been evolving over time. The
experimental band structure measured with both geometries
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along ' to Y and T to B is shown here to align with the calcu-
lated band structure. The effective hole mass at the top of the
valence band along T to Y is —0.27 £ 0.01 m,, and —1.17 &
0.01 m, along T" to B, determined from angle-resolved pho-
toemission, similar to the calculated effective hole masses of
—0.25m, and —1.11 m, obtained from DFT along " to Y
and T to B, respectively, which is in exceptional agreement
with the experimental measurements. We have identified that
the effective hole mass of HfSe; along the chains (T to Y) is
the lightest of all the hole masses previously reported for the
isostructural counterparts.

The band separation of 0.22 +0.01 eV of the bands at
the top of the valence band along the ' to Y direction of
the HfSe;(001) surface Brillouin zone is not the result of
spin-orbit splitting per se; this band separation, nonetheless,
appears sensitive to spin-orbit coupling effects. This energy
splitting is in good agreement with the value of 0.29 eV
calculated from DFT.
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