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Combined photoemission and inverse photoemission study of HfS2
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We report on a comprehensive study of the electronic structure of the layered semiconductor 1T-HfS2. The
occupied and unoccupied band structure has been investigated by combined angle-resolved photoemission and
inverse photoemission. The results are discussed in the context of a fully relativistic linear-muffin-tin-orbital
calculation as well as an extended linear-augmented-plane-wave calculation showing a very good agreement
between experiment and theory. From the measurements, we obtain an indirect band gap of 2.85 eV between
G and M/L. This value differs significantly from optical results ('2 eV!. In the normal direction we observe
the direct band gap of 3.6 eV.
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I. INTRODUCTION

There has been a number of experimental and theore
investigations of the geometric and electronic structure of
transition-metal dichalcogenides.1–5 Especially, semiconduc
tor heterojunctions of layered materials grown by van
Waals epitaxy showing nearly defect-free interfaces~van der
Waals epitaxy! led to an increasing interest in the la
years.6,7 For the understanding and the improvement of
heterojunction properties, it is important to have an accu
picture of the electronic structure of the layered semicond
tors.

In the case of HfS2 , the determination of the electroni
properties is partly still incomplete. According to optic
experiments,8–10 HfS2 has an indirect band gap of about
eV. The band structure has been calculated by several m
ods. All theoretical results give an indirect band gap. Fo
et al.11 ~empirical pseudopotential method! and Bullett12

~atomic-orbital method! get a fundamental band gap of abo
1.9 eV, Murrayet al.13 ~semiempirical tight-binding method!
and Mattheiss14 @nonrelativistic augmented plane-wav
~APW! method# predict a fundamental gap of about 2.7 e
They all find the valence-band maximum at theG point and
the conduction-band minimum at theL point ~Fonget al. at
theM point!. Jakovidiset al.15 determined the band structur
of HfS2 in the GM direction by angle-resolved photoemi
sion spectroscopy and discussed it in the context of the th
ries of Bullett12 and Mattheiss.14 To our knowledge there
exists no work about the unoccupied band structure of H2.

In this paper we present a complete study of the valen
and conduction-band structure of HfS2. The experimental
band structure and the band gap were investigated by m
of combined angle-resolved photoemission and inverse p
toemission spectroscopy~CARPIP!.16 The experimental re-
sults will be compared with band-structure calculations us
the relativistic linear-muffin-tin-orbital~RLMTO! method
for the occupied bands and the extended linear-augmen
plane-wave~ELAPW! method for the unoccupied states.

The schematic description of the structural and electro
properties of HfS2 in Sec. II is followed by details about th
0163-1829/2001/63~3!/035107~8!/$15.00 63 0351
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experimental setup~Sec. III!. Afterwards we will focus on
the experimental determination of the valence-band ma
mum ~VBM ! and conduction-band minimum~CBM! ~Sec.
IV !. In the subsequent Sec. V, we will describe the ba
structure calculations and make conclusions about their
sults. Finally, a comprehensive discussion of the experim
tal valence- and conduction-band structure will be presen
and compared with theory in Sec. VI.

II. STRUCTURAL AND ELECTRONIC PROPERTIES

Due to the layered structure of the transition-metal dich
cogenides, their macroscopic and microscopic properties
hibit a pronounced two-dimensional character. This strik
anisotropic structure results from the strong ionic and co
lent intralayer bonding and the weak van der Waals-like
terlayer bonding. Hence, we can observe a strong anisotr
behavior in, e.g., optical and electronic properties among
transition-metal dichalcogenides.

One layer consists of one-layer plane of hexagonal clo
packed Hf atoms sandwiched by two-layer planes of a
hexagonal close-packed S atoms. The Hf atom is octa
drally coordinated by the chalcogen atoms@Fig. 1~a!#. HfS2
adopts the CdI2 structure~1T structure! with the correspond-
ing space groupP3̄m1. Therefore, the lattice constantc is
spanned by only one sandwich layer. The lattice parame
area53.635 Å21 andc55.837 Å21 ~from Ref. 5!. Figure

FIG. 1. ~a! Coordination of theS atoms in 1T-HfS2 ~according
to Wilson and Yoffe Ref. 2!, ~b! Brillouin zone of HfS2.
©2001 The American Physical Society07-1
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1~b! shows the corresponding Brillouin zone of HfS2. Capi-
tals denote points of high symmetry.

The schematic density of states suggested by Liang1 gives
a rough picture of the electronic structure of transition-me
dichalcogenides~Fig. 2!. The energetically lowest valence
band states show mainlyS4s and S4p character. Since for
group IVB transition-metals the intralayer bonding sho
about 30% ionic character, the octahedral coordination is
vored. The resulting band gap depends strongly on the ac
materials. The following cationliked states can be divided
into the bands showingt2g symmetry (dz2, dx22y2, dxy) and
the bands witheg symmetry (dxz , dyz). The main contribu-
tion of the antibondings andp states arises from the cation

III. EXPERIMENT

The angle-resolved photoemission spectra were ta
with the angle-resolved photoelectron spectrosco
~ARPES! experiments at the HONORMI beamline of th
DORIS III storage ring at Hamburg Synchrotron Radiati
Laboratory ~HASYLAB ! ~photon energy range 9 eV,hn
,33 eV) and in Kiel using a He discharge lamp (hn
521.22 eV!. The electron detection was performed by
180° spherical analyzer mounted on a goniometer that ca
driven around two independent axes. By these two deg
of freedom, we get the final sample adjustment with h
accuracy by taking spectra in small angle steps around
critical points without moving the sample. The spectra illu
trated in this paper show an angle resolutionDq,0.25° and
an overall energy resolution of 50 meV,DE,130 meV us-
ing synchrotron radiation, andDE565 meV using He Ia ex-
citation.

The inverse photoemission spectra were taken by usin
compact grating spectrometer with parallel detection of p
tons in the energy range of 10 eV<hn<40 eV in discrete
channelsgk .17,16As electron source we used an electron g
of the Erdman-Zipf type.18 The focus of the electron beam
on the sample is about 1 mm2 spot size and has an ang
divergence of less than 3°. Energy and momentum res

FIG. 2. Schematic view of the electronic band structure of H2
~according to Liang Ref. 1!.
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tions are typically 400 meV and 0.05 Å21.
To determine the electronic transitions from the spec

the inverse photoemission data have been deconvoluted
maximum entropy algorithm.19,20 A Gaussian resolution
function with full width at half maximum~FWHM! depend-
ing on the energy of incidenceeU0 has been assumed vary
ing from 360 meV FWHM ateU0511 eV to 800 meV
FWHM at eU0527 eV. Noise has been taken into accou
by the assumptionDk5a1bAgk with gk being the intensity
in channelk of the channel plate and constantsa, b adapted
to the experimental conditions. The maxima in the decon
luted spectra have been identified as the electronic tra
tions. This approach is more precise than an ambigious fi
the broad non-Gaussian peaks in the original spectra.
photoemission spectra with their much better resolution w
directly fitted by Gaussian peaks.

Concerning semiconductors like HfS2 , the energy is usu-
ally referred to the valence-band maximum~VBM !. By the
combination of the angle-resolved photoemission and
verse photoemission~CARPIP! spectroscopy we get a com
mon energy scale for both spectroscopies.16 This is achieved
by detecting the electron energy from the inverse photoem
sion electron gun with the photoemission electron ene
analyzer. In this way, the Fermi level becomes obsolete
reference energy and band-bending effects are elimina
Therefore, CARPIP is the ideal tool for investigation of th
occupied and unoccupied band structure with high accura
especially of the fundamental band gap.

The samples used in these experiments were grown
chemical vapor transport using iodine as transport gas. T
were stuck to the sample holder by silver containing epo
glue. By cleaving the crystals parallel to the sandwich lay
we obtained clean surfaces in the ultrahigh vacu
(;10210 mbar!. The orientation of the crystallographic axe
was determined by Laue x ray diffraction. The crystal qual
was characterized by low-energy electron diffraction, sc
ning tunneling microscopy, and the surface sensitivity
photoemission and inverse photoemission itself.

IV. DETERMINATION OF VBM AND CBM

In the case of semiconductors, the energies usually
referred to the valence-band maximum~VBM !. Thus, for the
discussion of experimental results together with ba
structure calculations, it is important to have a precise
perimental determination of the VBM. An appropriate to
for this purpose are investigations by means of ang
resolved photoemission spectroscopy in combination w
synchrotron radiation.21–24

The spectra in Fig. 3~a! were taken in the energy distri
bution curve~EDC! mode, i.e., at constant photon energy t
kinetic energy of the detected electrons is scanned.
changing the photon energy as a parameter thek' compo-
nents in the EDC spectra can be changed. The VBM t
turns out as the emission feature highest in energy.

As shown in Sec. VI, we find that the energetically hig
est peak in theGM (AL), as well as in theGK(AH), direc-
tion disperses towards higher binding energies for increas
polar angleq, respectively. As predicted by theory~Sec. V!,
7-2
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COMBINED PHOTOEMISSION AND INVERSE . . . PHYSICAL REVIEW B 63 035107
we therefore expect the VBM in the normal direction (GA
direction!.

To take into accountk' effects alongGA we have taken
normal emission (ki50) EDC spectra at different photo
energies and constant initial energy spectra~CIS! for differ-
ent initial energies~Fig. 3!. The energetically highest valenc
band marked by circles shows nearly no dispersion. Beca
of the weak van der Waals interaction between the lay
one would expect nearly no dispersion of the bands perp
dicular to the layers as verified for WSe2.24 However, be-
sides two nearly dispersionless valence-band peaks~circles
and triangles! in Fig. 3~a!, we observe energy bands showin
distinct dispersion~rhombus and squares! as generally found
for the 1T materials. This is also observed in the CIS spe
of Fig. 3~b! where a distinct dispersion of the final stat
between 18 and 22 eV appears.

For the determination of thek' component, we discus
the spectra in Fig. 3~a! in the context of the ELAPW calcu
lation ~Fig. 9 in Sec. V!. For the final states of the photoele
trons we assume free electronlike dispersion. Figure 4 sh
the comparison of the band structure of experiment
theory~ELAPW! in the GA direction. For an inner potentia
V054.5 eV and two reciprocal-lattice vectors folding ba
the experimental valence-band structure into the redu
Brillouin zone, a reasonable agreement between theory
experimentally determined transitions is obtained.

The energetical positions of the bandsA and C from
theory are in very good agreement with the two dispersi
less bands~circles and triangles!. The dispersive band~rhom-
bus! can be identified with the theoretical band between
and 2.4 eV binding energy (B). At the zone centerG, these
two bands (A,B) overlap slightly. This behavior can be ob

FIG. 3. ~a! Normal emission photoelectron spectra of Hf2

taken in the EDC mode. Strong emissions are marked by symb
~b! Normal emission constant initial state~CIS! photoelectron spec
tra.
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served in the EDC spectrum taken athn519 eV photon
energy. Therefore, by use of the theoretical band struc
we find the valence-band maximum at theG point, i.e., the
center of the Brillouin zone.

The conduction-band minimum is investigated by mea
of CARPIP. This method provides a common unique ene
scale for the spectra of photoemission and inverse ph
emission independent of the Fermi energy. In this way

FIG. 5. ~a! ARICIS spectra inGA direction (ki50). ~b! Maxi-
mum entropy deconvolution of~a!.

ls.

FIG. 4. Valence-band structure alongGA as derived from the
spectra in Fig. 3.
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M. TRAVING et al. PHYSICAL REVIEW B 63 035107
get k-resolved information about the band gap.
The spectra of the unoccupied states are taken in

angle-resolved inverse constant initial energy spectrosc
~ARICIS! mode, i.e., at constant electron energy the sp
trometer detects the photon spectrum. Therefore theki com-
ponent of the peaks is constant in the whole spectrum
contrast to EDC spectra in ARPES.

In Fig. 5, ARICIS spectra taken for a normal incide
electron beam are shown. Upon changing the electron
ergy, thek' component is varied alongGA direction of the
Brillouin zone~perpendicular to the layers!. At about 3.6 eV
above the VBM, we observe a nearly nondispersive pe
With increasing polar angleq in GM direction, the peak
disperses towards lower energies@Fig. 6~a!#. At M (L), this
band is running through a minimum. Figure 6~b! presents
ARICIS spectra taken in theML direction at different elec-
tron energies. The lowest conduction band shows a p
nounced intensity modulation, but nearly no dispersi
Thus, we find the conduction-band minimum in theML di-
rection in line with the ELAPW calculation, which places th
CBM at L ~Fig. 9!.

Therefore, the observed fundamental band gap is indi
and has a value of 2.85 eV~Fig. 7!. The direct band gap we
observe in the normal direction~3.6 eV!. On the other hand
optical measurements result in a smaller band gap ('2.0 eV
and 1.96 eV!25 ~Greenawayet al.10! than CARPIP shows
The energy difference in the determined band gaps prob
arises from exitonic effects involved in optical measu
ments.

FIG. 6. ARICIS spectra alongGM taken at an initial electron
energy of 21 eV~a! and alongML ~b!.
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V. BULK BAND-STRUCTURE CALCULATION

The bulk band structure of HfS2 was calculated self-
consistently within the local-density approximation usi
two techniques. For the valence bands, the fully relativis
linear-muffin-tin-orbital ~RLMTO! method26,27 was used,
while for the conduction bands the scalar-relativistic e
tended linear-augmented-plane-wave~ELAPW! method28

was applied. The ELAPW method is accurate even
higher unoccupied energies because of the extended r
basis set.29 For both methods, an atomic basis of three ato
and one empty sphere were used, as in Ref. 12 witz
50.25.

For the RLMTO calculations, basis functions were us
that included angular momenta up tol 53 for Hf, l 52 for S,
and l 51 for the empty sphere. Non-atomic-sphere appro
mation~ASA! contributions to the overlap matrix were take
into account, i.e., the so-called combined correction w
used.30 The ELAPW set of basis functions was made up
all APW’s with reciprocal-lattice vectorsGW for which uGW uS
,9.6, whereS52.418 a.u. is the radius of all the muffin-ti
spheres. There were 487 usual APW basis functions and
extension functions.

Since the layered crystal HfS2 has an inert~0001! surface,
no surface states are expected and only the bulk band s
tures have been determined. The valence-band structur
well as an extended range of the conduction-band struct
were calculated since for the construction of electro
transition~ET! plots the knowledge of the final states is ne
essary. The ET plots assist in the identification of elect
transitions in theory and experiment. As long as no calcu
tions within the one-step model of photoemission a

FIG. 7. Direct and indirect band gap of HfS2 as derived from the
measurements in Figs. 3, 5, and 6.
7-4
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COMBINED PHOTOEMISSION AND INVERSE . . . PHYSICAL REVIEW B 63 035107
available, ET plots are indispensable for reliable stateme
on the band structure.

The electron transition plots~see Figs. 10 and 11! are
derived from the LMTO valence bands~Fig. 8! and ELAPW
conduction bands~Fig. 9!. The overwhelming amount o
ELAPW final state bands that are far from a simple parab
behavior should be mentioned. The valence band part is
shown for comparison and completeness. Focusing on
GA direction, free electronlike branches folded back at
zone boundaries appear for high energies, besides a ser
gaps and less dispersive bands below 15 eV. Parts of the
electronlike bands are mainly associated with wave vec

FIG. 8. Band structure of HfS2 calculated by the fully relativis-
tic RLMTO method. The valence-band maximum is chosen as
energy zero.

FIG. 9. Band structure of HfS2 ~dots and lines! calculated by the
scalar-relativistic ELAPW method. The valence-band maximum
chosen as the energy zero.
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perpendicular to the layer planes only. However, in contr
to the well-known normal emission finding that forwa
emission often dominates the photocurrent, here we co
not detect such a behavior. Rather, the electron transi
plots to be discussed in the following show that the elect
emissions accumulate rather from the regions of high o
dimensional density of states as given by the band edge
by the low-dispersive bands.

In the RLMTO calculation, as well as in the ELAPW
calculation, we find the VBM at theG point and the CBM at
theL point, so that in agreement with experiment an indire
band gap results. The lowest unoccupied bands atM and L
show hardly any dispersion@in line with Fig. 6~b!#. Conse-
quently, from the theoretical point of view, we cannot deci
whether the CBM is atM or L. Since the exchange
correlation potential is treated within the local-density a
proximation, we encounter in our band-structures the w
known effect that the gaps between occupied and unoccu
bands are too small when compared to the experimenta
sults.

FIG. 10. Electron transition plot of the valence bands in theGA
direction of HfS2. Symbols represent the experimental data, lin
the theoretically possible photoemission transitions using
RLMTO calculation for the valence bands, and the ELAPW calc
lation for the conduction bands.

FIG. 11. Electron transition plot for conduction bands showi
transitions from unoccupied states in theGA direction of HfS2.
Solid lines represent theoretically possible transitions. Experime
data are plotted by symbols. The theoretical states are shifte
2.69 eV.Ei andEf denote the energy of the initial and final stat
respectively.
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VI. RESULTS AND DISCUSSION

A. Electronic structure along GA

For the investigation of the electronic structure in theGA
direction EDC and CIS spectra, as well as ARICIS spec
were taken perpendicular to the layers~Sec. IV!. At the sur-
face, i.e., the bulk-vacuum interface, the periodicity of t
bulk crystal is terminated. Consequently, thek' component
of the wave vectorkW in photoemission spectroscopy~PES!
and inverse PES~IPES! is unknown.

There exist two possibilities to compare experimental a
theoretical results in this direction. In the case of photoem
sion, the final-state dispersion can be approximated by
rabolas~inverse photoemission, vice versa!. From the transi-
tions we can determine thek' . The result of this procedure
is shown in Fig. 4. The second possibility makes use of
electron transition~ET! plot where initial-state energies ar
plotted against final-state energies~experiment and theory!.
In this way, thek' problem can be avoided.

In the case of the theoretical valence-band structure
possible photoemission transitions between the occu
states of the RLMTO calculation and the unoccupied sta
of the ELAPW calculation were considered and plotted
the graph omitting selection rules~Fig. 10!. The final-state
bands in the ELAPW calculation were shifted byDE52.69
eV to higher energies resulting in a band gap in line w
experiment. In the same way, experimental peaks were p
ted in the graph. All energies are referred to the VBM.

At Ei2EVBM'20 eV andEi2EVBM'22.5 eV, we ob-
serve transitions whose initial-state bands show nearly
dispersion, respectively~Sec. IV!. At Ei2EVBM'20 eV the
highest~in theory twofold degenerate! valence band includ-
ing the VBM is involved. The other band is also twofo

FIG. 12. ~a! EDC spectra inGM (AL) direction for photon en-
ergy hn521.22 eV.~b! EDC spectra inGM 8(AL8) direction for
photon energyhn521.22 eV.~c! Maximum entropy deconvolution
of the ARICIS spectra inGM (AL) direction of Fig. 6.
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degenerate where the theoretical band appears 0.5 eV a
the strong emission atEB522.8 eV. In addition, in photo-
emission we observe two dispersive structures betweenEB
524.8 and23.8 eV as well as betweenEB521.7 and
20.4 eV partly showing good agreement with theoretic
transitions. Especially, atEi2EVBM522.8– 0 eV and
Ef2EVBM518– 22 eV, the transition in theory fits well with
the transitions in EDC~rhombus! and CIS spectra~crosses!.

Concerning the transitions between conduction bands,
initial states, as well as the final states were taken from
ELAPW calculation. The comparison of the transitions
experiment and theory is shown in the ET plot in Fig. 11. W
observe a good agreement in binding energy (Ef2EVBM) of
the three lowest, nearly dispersionless, emissions w
theory.

B. Electronic structure along GM „AL …

For the determination of the electronic structure
GM (AL) andGK(AH) direction we took off-normal emis-
sion EDC spectra athn521.22 eV and off-normal incidence
ARICIS spectra atEi526.1 eV.

In Fig. 12~a! EDC spectra inGM (AL) and GM 8(AL8)
direction are shown, respectively. InGM (AL) direction the
polar angle spans fromq50° to q559°, so that atEB50
eV andq559° theG point in the second Brillouin zone is
nearly passed. This behavior is clearly observable at
highest valence-band emission showing distinct dispersio

In Fig. 12~c! ARICIS spectra inGM (AL) direction recon-
structed by the maximum entropy method~Sec. II! are
shown@The original ARICIS spectra are shown in Fig. 6~a!#.

FIG. 13. Comparison of the occupied and unoccupied b
structure inGM (AL) direction with a projection of the RLMTO
calculation~Fig. 8! and the ELAPW calculation~Fig. 9!.
7-6
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COMBINED PHOTOEMISSION AND INVERSE . . . PHYSICAL REVIEW B 63 035107
At normal incidence, the lowest conduction-band emissio
3.6 eV above the VBM. With increasing polar angleq this
band disperses towards lower energies until atq
524°@M (L)# it becomes the CBM~see Sec. IV!.

The comparison between experimental and theoret
band structure inGM (AL) direction is pictured in Fig. 13
For the occupied states, the RLMTO method was chosen
the unoccupied states the ELAPW method. Due to the b
ken symmetry perpendicular to the layers thek' components
in the ~inverse! photoemission spectra are unknown. The
fore, the peaks determined from the spectra are plotted
projected band-structure calculation. Since the LDA cal
lates the band gap much too small, the ELAPW deriv
bands were shifted byDE52.69 eV to higher energies.

Generally, there is a very good agreement between
perimental and theoretical results. Especially, the disper
of the highest valence-band emission alongGMG is in line
with theory. Concerning the unoccupied electronic ba
structure, we observe mainly three distinct emissions that
be identified with bands from the ELAPW calculation. Th
lowest conduction band is reproduced exactly from theo
According to theory, this band shows nearly no depende
on thek' component and therefore on the initial energyEi .
This is verified by the measurement inGA direction~Fig. 5!
and theML direction @Fig. 6~b!#. At M (L) we observe the
CBM.

C. Electronic structure along GK„AH …

In this section we investigate the electronic structure
GK(AH) direction. The theoretical band structure was pl
ted in the same way as in Sec. VI B forGM (AL), e.g.,
RLMTO calculation for the occupied states and ELAPW c

FIG. 14. ~a! EDC spectra inGK(AH) direction for photon en-
ergyhn521.22 eV.~b! ARICIS spectra inGK(AH) direction taken
at initial electron energyEi521 eV. ~c! Maximum entropy recon-
struction of these spectra from~b!.
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culation for the unoccupied states. As in Sec. VI B, w
shifted the conduction-band structure byDE52.69 eV to
higher energies. The angle-dependent EDC spectra s
from q5221° to q557° @Fig. 14~a!#. Starting at theG
point (q50°) with increasingq one is crossing theK point
and then reaching theM point. Fig. 14~b! contains original
ARICIS spectra inGK(AH) direction. The maximum en-
tropy reconstruction of these spectra is given in Fig. 14~c!
~Sec. II!.

Figure 15 compares experimental and theoretical b
structure alongGK(AH). The three highest valence-band
whose individual dispersion can clearly be separated c
cide very well with RLMTO. As inGA ~Fig. 10! and in
GM (AL) direction ~Fig. 13! we observe atEB522.3 eV a
dispersionless band in experiment as well as in theory.
ARICIS spectra yield four emissions that can be associa
with theoretical bands, respectively. The lowest conduct
band of theory is in very good agreement with the expe
mental emissions. The remaining experimental conduc
bands show about 0.5 eV higher energies than the ELA
bands do.

VII. CONCLUSIONS

We determined the valence- and conduction-band st
ture of the semiconducting layered material HfS2 by means
of CARPIP as well as by RLMTO and ELAPW calculation
We applied the maximum entropy method to inverse pho
emission data analysis. From the experimental results, we

FIG. 15. Comparison of the occupied and unoccupied b
structure inGK(AH) direction with a projection of the RLMTO
calculation~Fig. 8! and the ELAPW calculation~Fig. 9!.
7-7
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M. TRAVING et al. PHYSICAL REVIEW B 63 035107
an indirect band gap of 2.85 eV. The rather large band ga
2.85 eV exceeds the value of optical investigations of 2
The difference may probably be attributed to exitonic effec
The VBM is situated atG, the center of the Brillouin zone
The CBM is observed inML direction. The direct band ga
of 3.6 eV is found in normal direction. The comparison
experiment and theory along the high-symmetry directio
GA, GM , and GK show a convincing agreement for occ
pied as well as unoccupied states.
03510
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