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Electronic band structure of GaSe„0001…: Angle-resolved photoemission andab initio theory
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By performing extensive angle-resolved photoemission measurements using tunable linearly polarized syn-
chrotron radiation with photon energies from 15 to 31 eV on high quality cleaved samples we have succeeded
in experimentally mapping the occupied electronic bands of GaSe~0001! along all key symmetry directions.
The experimental results are in very good agreement with state-of-the-artab initio theoretical calculations. The
data were analyzed assuming a direct transition model and final-state effects are discussed in the analysis of the
normal-emission data. The off-normal emission spectra accurately reproduce the gaps in the calculated pro-
jected band structure. The azimuthal symmetry of the photocurrent revealed the polytype of the samples
investigated.
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I. INTRODUCTION

Recently there has been a revival in interest in III-
semiconductors because they have remarkable nonlinea
tical properties and when doped with transition metal io
form a new class of layered diluted magnetic semicond
tors. Magnetic measurements on GaSe doped with Mn o
reveal remarkable differences in the magnetic interacti
and anisotropy of these materials.1 Gallium selenide is par-
ticularly interesting because it is transparent over the reg
from 0.65 to 18 mm with a very small absorption
coefficient.2 Thin films of gallium selenide have been grow
on various substrates including Si~111! and GaAs~001!.3–10

GaSe is a layered III-VI semiconductor, its crystal stru
ture is highly anisotropic and consists of covalently bond
stacks of four atomic layers that are held together by a w
interstack interaction of the van der Waals type. The stac
a sandwichwith top and bottom layers of Se and two laye
of Ga ions in the middle~Se-Ga-Ga-Se!. This essentially
two-dimensional layered structure accounts for the very
isotropic mechanical properties. It was predicted from th
retical calculations11–15and confirmed by experimental ban
structure studies16–19 that in addition to the electronic state
with two-dimensional properties there are also states w
three-dimensional character. The unusual electronic pro
ties of these layered semiconductors make them interes
both for theoretical investigations and potential applicatio

II. EXPERIMENTAL

The samples were grown by an improved Bridgma
Stockbarger method in quartz ampoules at the Chernivtsi
vision of the Institute for Problems of Materials Scienc
National Academy of Sciences of the Ukraine. Prior to t
photoemission experiments clean surfaces were prepare
cleaving under ultrahigh vacuum~UHV! conditions. The
natural cleavage plane is between the Se layers of the a
0163-1829/2003/68~12!/125304~8!/$20.00 68 1253
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cent sandwiches and the surface normal is perpendicula
the sandwich layers. The samples were orientedin situ using
low-energy electron diffraction~LEED!. The angle-resolved
photoemission experiments were performed in the 15–31
photon energy range at the F2.2 beamline at HASYLA
Hamburg ~Germany!. This beamline is equipped with
Seya-Namioka monochromator and a VG ADES400 pho
electron spectrometer. The spherical sector electron en
analyzer is mounted on a goniometer that can be rotate
both azimuthalw and polarq angles around the sample. Th
measurements were performed with linearly polarized li
incident at 45° in thep configuration.21 The electron energy
analyzer was adjusted to lie on the plane defined by the
coming photons and the normal to the sample surface.
energy distribution curves~EDC’s! were recorded with a
typical resolution of 200 meV.

III. THEORETICAL CALCULATIONS

There are several GaSe polytypes which differ in t
stacking sequence of the basis layer units;22 the three most
important,b-GaSe,«-GaSe, andg-GaSe, are shown in Fig
1 and the corresponding Brillouin zones are given in Fig.
The b and « polytypes have a 2H stacking sequence~unit
cell extends over two sandwiches with hexagonal symme!
and theg polytype has a 3R stacking sequence~three sand-
wiches, rhombohedral!. Polytypesb and« have eight atoms
in the primitive cell~four Ga and four Se! and theg polytype
has four atoms in the primitive cell14 ~two Ga and two Se!.
The band structures of theb and« polytypes are very similar
but that of theg polytype is markedly different because
has four atoms in the primitive cell and corresponding
fewer valence bands in the reduced Brillouin zone. In t
paper we will concentrate on the« andg polytypes.

The density functional theory~DFT! calculations were
performed within the local density approximation using t
FHI98MD package.23 Gallium and selenium atoms were re
©2003 The American Physical Society04-1
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L. PLUCINSKI et al. PHYSICAL REVIEW B 68, 125304 ~2003!
resented by norm-conserving scalar-relativis
pseudopotentials24 Ga31 and Se61 ~no Ga 3d levels were
included in the Ga pseudopotential!. An overview of the geo-
metrical parameters is given in Table I. The experimen
lattice constants depend on the polytype25 and x-ray diffrac-
tion measurements on our GaSe samples26 gave an experi-
mental lattice constantc516.0 Å for the dominating poly-
type. For consistency we decided to use the lattice const
given in Ref. 13 for our theoretical calculations.27 The
atomic positions in the plane perpendicular to thec axis are
close-packed hexagonal and depend only on the lattice
stant a; the distance between the adjacent sandwiches
pends on the lattice constantc. An overview of the structures
and atomic coordinates of the different polytypes is given
Refs. 14 and 25. The intrasandwich distances between
inner Ga layers and outer Se layers along thec axis are
particularly important and have a big impact on the ba
dispersions as discussed in the literature.12 The calculations
presented in this paper were performed with these param

FIG. 1. Unit ~primitive! cells for b-GaSe ~left!, «-GaSe
~middle!, andg-GaSe~right!.

FIG. 2. Brillouin zones forg and«-GaSe polytypes.
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fixed as in Ref. 13 for the case of theb polytype. The influ-
ence of the intrasandwich distances on the DFT-LDA ba
dispersions will be discussed elsewhere.28 It is well known
that the DFT-LDA approach cannot describe van der Wa
interactions adequately29,30 and our attempt to determine th
structure via energy optimization using the DFT code did
produce the desired result.31

The bulk band structure of«-GaSe along selected hig
symmetry directions in the Brillouin zone is presented in F
3 where the zero of the energy scale was adjusted to
valence band maximum~VBM !. In this work we concentrate
on the subbands indicated by I, II, and III in Fig. 3 whic
originate from the hybridization of Se 4p with Ga 4s and 4p
orbitals.11 The lowest band appearing atG between214.41
and214.04 eV derives from Ga 4s orbitals. As is usual for
the LDA approximation the calculations for«-GaSe yield a
small direct fundamental gap atG of only 0.267 eV whereas
experimentally it has an indirect gap of 2.065 eV.20 In Fig. 3
the conduction bands were shifted to fit the experimen
direct gap atG of 2.120 eV.20 The density-of-states~DOS!
shown in Fig. 3 was calculated using 720k points in the
irreducible Brillouin zone with a small Gaussian broadeni
of 0.10 eV, however, the DOS calculated with 420k points
already was qualitatively very similar.

Comparing our band structure to the one recently p
sented by Camaraet al.11 on the b polytype (b and «
polytypes have nearly identical band structures—our DF
LDA calculations, for example, revealed differenc
less than 0.01 eV in theG-A direction! we find significant
differences in the energies of several bands. Camaraet al.
reported26.8 eV for the bottom of the subband III atM
whereas our calculation gives27.73 eV. At G subband II
appears in our calculation between24.96 and23.86 eV
which is nearly 1 eV higher than in the calculation
Camaraet al. The width of the subband I of 1.78 eV atG
is significantly larger in our calculation. Nevertheless t
overall shape of the valence bands is similar in both cal
lations and differ qualitatively from the earlier results give
in Refs. 12–14.

In Fig. 3 the gray-shaded areas show the bulk band st
ture projected on the (0001) surface for theGMLA and
GKMLHA planes sampled with 10k points ink' . The over-
lap of the bands alongG-K-M and A-H-L and the small
dispersion reveals the two-dimensional nature of the ban

TABLE I. Primitive vectors, intrasandwich distances and latti
constants used in our calculations.

e-GaSe g-GaSe

t15(2a,0,0) t15„2a/2,2a/(2A3),c/2…
t25(2a/2,aA3/2,0) t25„a/2,2a/(2A3),c/2…
t35(0,0,c) t35„0,a/A3,c/2…

Intrasandwich distances
DGa-Ga50.1543c DSe-Se50.3003c

Lattice constants~Å!

a53.755 c515.94
4-2
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ELECTRONIC BAND STRUCTURE OF GaSe~0001!: . . . PHYSICAL REVIEW B 68, 125304 ~2003!
FIG. 3. Theoretical bulk band structure of«-GaSe. Solid lines show the bands alongG-M -K-G-A as indicated at the top of the figure
Dashed lines show bands alongL-H-A as indicated at the bottom of the plot. Shaded areas show the occupied projected bulk band s
for theGMLA andGKMLHA planes. The zero of the energy scale set to the VBM, and the direct gap atG was adjusted to 2.120 eV as give
in Ref. 20. The density-of-states is shown on the right hand side.
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It is clear that subbands II and III are two dimensional with
the experimental accuracy over a significant portion of
Brillouin zone particularly in theKMLH rectangle. This
holds for the bottom of subband I, however, in subband I
projections of some bands have significant widths.

Figure 4 shows subband I for both« andg polytypes. The
energetic positions of the bands are very similar for the t
polytypes and ink' direction the differences are not larg
than 0.01 eV, but ing-GaSe half of the bands are missin
because it has half the number of atoms in the primitive c
The expanded energy scale in Fig. 4 allows the bands to
distinguished and the dispersive structure I~a! can be readily
separated from the relatively flat I~b! bands.

FIG. 4. Band structure of subbandI along G-A-G for «-GaSe
~solid lines! andG-Z for g-GaSe~dots!.
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IV. EXPERIMENTAL RESULTS

A. Azimuthal scans

Larsenet al.32 showed that an InSe sample could be o
ented by measuring azimuthal scans of the photocurren
rotating the sample about its surface normal. Here we pre
similar results on GaSe although our samples were initia
oriented using LEED; both methods gave the same orie
tion. The azimuthal scan is performed by rotating the sam
keeping the position of the electron analyzer fixed (40°,q
,60°). A detailed analysis of such scans on layered tan
lum dichalcogenides, was performed by Smith and Trau33

and the azimuthal dependence was found to have eith
threefold or a sixfold symmetry. The Fermi surface measu
ments on TiTe2 performed by Rossnagelet al.34 employed
azimuthal scans at the Fermi edge.

FIG. 5. Left: top view of the GaSe~0001! surface. The primitive
hexagonal cell is indicated by dotted lines and the primitive c
used in the band structure calculations of« andb-GaSe by a solid
line. Right: the corresponding Brillouin zone withM andM 8 points
indicated.
4-3



i

th

r

a
u-

o
o
V
th
e

na
si
s

ed
e

by

in-
al.
ese
d II

er
b-

ara
-
d 8

end
on

ent

y

ur

ere

a
t
from
nal

ith

did

. 7
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Figure 5 shows a top view of the GaSe~0001! surface
which can also be regarded as a projection of one sandw
on the surface plane. The GaSe~0001! surface has threefold
rotational symmetry and so theG-M and G-M 8 directions
are nonequivalent. By employing the bond between
second layer Ga and the surface Se as a reference~e.g.,
within the unit cell in Fig. 5! we define that theG-M direc-
tion points from Ga to Se andG-M 8 from Se to Ga. Using
the primitive vectorst1 andt2 as defined in Fig. 5 the vecto
2t11t2 is alongG-M and t12t2 alongG-M 8.

As a test to unambiguously distinguish between theG-M
and G-M 8 directions we have performed an azimuthal sc
of the Ga 3d level. This scan was performed with a resol
tion of 500 meV and an energy window of60.25 eV was
taken to evaluate the intensity of the Ga 3d levels. The result
shown in Fig. 6 reveals the threefold symmetry of the ph
tocurrent. In the experiments we could only scan 120°
azimuthal dependence due to limitations of our UH
manipulator so the data were extrapolated to produce
figure. There are several reasons why the observed symm
is not hexagonal, however, screening effects in the fi
state as discussed in Ref. 33 seem to be the most plau
explanation.35 Since the 3d levels are localized on Ga atom
the final state screening is larger in theG-M direction
and a higher photocurrent is expected in theG-M 8 direction.

FIG. 6. Azimuthal scan of the Ga 3d level taken atq560° with
a photon energyhn539 eV.

FIG. 7. Azimuthal scan of the valence band feature atEi5
21.55 eV with respect to the VBM recorded forq540°.
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Additional structure in the azimuthal intensity may be relat
to emission from Ga atoms in the lower layer of th
sandwich.

The azimuthal scans in Figs. 7 and 8 were recorded
fixing the initial energy with respect to the VBM at21.55
and26.85 eV, respectively, and integrated over energy w
dows60.15 eV while turning the sample around its norm
The resolution of the analyzer was set to 150 meV. Th
initial energies correspond to the top of band I and to ban
and both result from the hybridization of the Se 4p with Ga
4s valence orbitals with a dominant Se contribution. A larg
Ga 4s contribution is expected for the feature related to su
band II according to the partial DOS calculated by Cam
et al.11 As in the case of the Ga 3d scan the azimuthal de
pendencies of the photocurrent presented in Figs. 7 an
have threefold symmetry.

The intensities of the spectral features should dep
mainly on the structure of a single sandwich and not
the multilayer stacking sequence. In the« andg-GaSe poly-
types there are only primitive translations between adjac
sandwiches and no rotations. The (11̄00) surface of GaSe
can be regarded as polar for the« andg polytypes and non-
polar for theb polytype. Only if the sample were ideall
terminated and step-free would theb-polytype have three-
fold symmetry. Since the illuminated sample area at o
beamline is macroscopic (;134 mm2) the threefold sym-
metry of the photocurrent is only to be expected from« and
g-GaSe. These results clearly indicate that our samples w
either of polytype«, or g, or a mixture of the two. MBE
grown samples prepared by Koe¨bel et al.5 and Dai et al.4

were g polytype, however, for single crystals typically
mixture of« andg is reported.25 In our experiments differen
cleaves on the same sample gave the same orientation
the photocurrent indicating long-range three-dimensio
ordering.

B. Normal emission

Previous angle-resolved photoemission experiments w
synchrotron radiation on GaSe~Ref. 17! assumed that the
electronic structure was essentially two-dimensional and

FIG. 8. Azimuthal scan with the same parameters as in Fig
but for the lower peak in the valence band atEi526.85 with re-
spect to the VBM.
4-4
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ELECTRONIC BAND STRUCTURE OF GaSe~0001!: . . . PHYSICAL REVIEW B 68, 125304 ~2003!
not attempt to map the band dispersions along theG-A
@0001# direction. However, the theoretical calculations p
dict significant dispersion alongG-A. Here we will show that
the experimental dispersions obtained from normal-emiss
measurements within a simple free-electron final state mo
are in good agreement with our calculated DFT-LDA ba
structure. The comparison of the DFT-LDA final bands w
free-electron final states provides insight into the surprisin
good agreement between theory and experiment.

FIG. 9. Set of normal emission EDC’s from GaSe. Thick
ticks indicate clearly dispersive peaks and thinner ticks less w
defined spectral features. The zero of the energy scale was set
VBM.
12530
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Figure 9 shows a set of normal-emission spectra meas
for photon energies betweenhn515 and 31 eV. The spectr
contain several well-defined features with the most p
nounced at around24.5 eV ~with respect to the VBM!. The
energy positions of the features were found with the help
inverted second derivatives and are indicated in Fig. 9
ticks. The emission at the VBM is clearly seen as a shoul
in the spectra at aroundhn523 eV. The features indicate
in Fig. 9 were used to construct the band structure show
Fig. 10 which also includes the theoretical bands. Wave v
tors k were calculated assuming free-electron final sta
using

k'5A2m

\2
~Ekin1V0!, ~1!

whereEkin is the kinetic energy of the electrons andV0 is the
inner potentialrepresenting the potential barrier at the su
face in this model. TypicallyV0 is fitted to provide best
agreement with the theoretical calculations and for Fig.
V0510 eV was used.

The agreement between theory and experiment is v
good for subband II. The feature related to the subband
clearly visible in our spectra and provides an unambigu
comparison with theory. The energetic position of the le
dispersive subband III is reproduced well in our data. T
indicates that our theoretical value for the bottom of th
band of27.16 eV atG is a better estimate than the valu
from earlier calculations.11–15

The agreement for the subband I is good, but there
some discrepancies. There are several weaker features in
region which do not fit the theoretical calculation, howev

ll-
the

FIG. 10. Band structure constructed out of the features indica
in Fig. 9. Circles represent features clearly visible in the EDC’s a
the squares other features. Solid lines show the theoretical resu
«-GaSe alongG-A as indicated on the top of the plot. The dotte
lines show the theoretical results forg-GaSe alongG-Z as indicated
at the bottom of the plot.
4-5
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the width of subband I compares very well with our pred
tion. The calculation gives the top of the subband I~b! to be
21.287 eV whereas experimentally it is found at21.1 eV,
however, our theoretical analysis indicates that the posi
of the subband I~b! can be varied by regulating the intrasan
wich lattice distance.

In Fig. 10 it can be seen that the experimental data po
lie on the bands shared by« andg polytypes. At first glance
it would appear that our samples were mainlyg polytype,
however, the contributions from«-GaSe could be maske
due to the symmetry selection rules in photoemission. I
worth noting that one of the challenges in the analysis of
normal emission data from GaSe was to cope with the r
tively short distance betweenG andA in the Brillouin zone
of «-GaSe since the features indicated in Fig. 9 lie aw
from the first«-GaSe Brillouin zone.

The additional small features in the energy region
tween22 and24 eV in the EDC’s in Fig. 9 may be due t
the coupling of bulk and surface imperfections to the h
DOS. They were not included in the experimen
band structure because of their low intensity and because
such features a direct transition model would be inappro
ate. We could not identify any special surface-rela
features.

A central problem in analyzing angle-resolved photoem
sion data is the choice of appropriate final bands~FB’s! to
calculate the initialk vectors. Typically for energies greate
than 25 eV the complex array of calculated FB’s beha
effectively as a parabolic band for generating the photoem
sion spectra. At lower energies there are typically disti

FIG. 11. DFT-LDA final bands for« ~dotted line! andg-GaSe
~thinner solid line! with free-electron~primary-cone! final bands for
« ~dashed line! andg-GaSe~thicker solid line!. Free-electron bands
for «-GaSe lie on theg-GaSe lines.
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features in EDC’s which cannot be explained within the fre
electron final-state model. In general it is possible to est
lish the FB’s usingab initio calculations together with in-
verse photoelectron spectroscopy, or very-low-ene
electron diffraction.36 Here we compare the DFT-LDA FB’s
with free-electron final states. The results for the final ene
range 12–32 eV are shown in Fig. 11, where the final ba
were shifted to fit the experimental direct band gap of 2.1
eV at G. Such shifting of the LDA final states has bee
shown to be justified for II-VI compounds from GW
calculations37 for final state energies up to 35 eV, however,
is not guaranteed to work well for layered III-VI compound
Figure 11 shows that for bothg-GaSe and«-GaSe there are

FIG. 12. Set of off-normal spectra at constant hn523 eV for
GKMLHA emission plane. The zero of the energy scale was se
the VBM.
4-6
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ELECTRONIC BAND STRUCTURE OF GaSe~0001!: . . . PHYSICAL REVIEW B 68, 125304 ~2003!
final state bands which lie in the vicinity of the free-electr
parabola and this explains the unexpectedly good agreem
found in Fig. 10.

C. Off-normal emission

The normal-emission photoemission results clearly rev
the three-dimensional character of the GaSe band struc
Here we present off-normal spectra collected for
GKMLHA and GMLA emission planes and compare t
results with the theoretical calculations.

Figure 12 shows a set of off-normal ARPES spectra
the GKMLHA emission plane at a photon energyhn
523 eV. This photon energy was chosen to be close to thG
point for features near the VBM at small angles. Spec
were fitted with Gaussians and thek vectors in the paralle
direction were found using the formula

kuu5A2m

\2
Ek sin~q!. ~2!

The corresponding band structure is shown in Fig. 13. H
we find comprehensive agreement between the experime
data and the theoretical results for all significant featu
appearing in the experimental spectra. All the experime
energy positions given in this section have an accuracy
60.1 eV due to instrumental resolution and fitting precisio
As in the normal-emission spectra the subbands II and III

FIG. 13. Band structure for theGKMLHA emission plane.
Solid lines show the calculated band structure alongG-K-M , the
dashed line alongA-H-L and the gray areas show the project
band structure.
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clearly reproduced, however, the experimental values
slightly lower at K lying at 26.8 eV for band II and
27.8 eV for band III. The experimental position of band I
slightly lower, however, the gaps in our projected band str
ture are compatible with experiment. The biggest differen
is found for the two bands having energies24.5 and
24.8 eV at theK point. These significantly two-dimensiona
bands are a continuation of subband I~b! which becomes
more dispersive in the ‘‘off-normal’’ direction. The uppe
subband is found atK and M with the experimental values
24.75 and23.25 eV, respectively, and the lower subba
at M is located at24.35 eV.

In Fig. 14 the band structure for theGMLA emission
plane is shown together with the experimental spectra plo
on a gray-scale using Eq.~2!. At M the experimental energie
of the subbands II and III are26.9 and28.0 eV, respec-
tively, and the subbands I~b! are located at23.30 and
24.35 in very good agreement to the results obtained for
GKMLHA plane.

V. SUMMARY

Gallium selenide layered crystals have been studied
angle-resolved photoemission using linearly polarized s
chrotron radiation with photon energies 15–31 eV. The thr
fold symmetry of the photocurrent intensity in azimuth
scans allowed us to identify that the samples we measu
were either«, g, or a mixture of the two polytypes. From th
Ga 3d azimuthal scan we could distinguish unambiguou
between theG-M andG-M 8 Brillouin zone directions. Nor-
mal emission results analyzed within the free-electron fin
state model gave good agreement withab initio theoretical

FIG. 14. Band structure forGMLA plane. In the background the
off-normal spectra forhn523 eV are depicted as a gray-sca
structure plot. The symbols represent the fitted spectral features
the solid lines the theoretical bands alongG-M for «-GaSe.
4-7
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calculations performed with the intrasandwich distan
given in Ref. 13. Comparison of the DFT-LDA and fre
electron final states indicated why free-electron final sta
could be used to analyze the normal emission data. The
normal data allowed us to determine the energies of sev
bands at the high symmetry pointsK andM with an accuracy
of 60.1 eV. Finally, it should be noted that the results
ported here on GaSe probably represent the best agree
betweenab initio DFT theoretical calculations and exper
mental photoemission band-mapping achieved to date.
t-

i,

g

J

en

ni

.

e,

.

12530
s

s
ff-
ral

-
ent

ACKNOWLEDGMENTS

We would like to thank the HASYLAB staff for their
assistance and fruitful discussions with Andrzej Fleszar
acknowledged. L.P. would like to acknowledge the supp
of the DFG-Graduiertenkolleg 463 ‘‘Spektroskopie an Lok
isierten Atomaren Systemen.’’ The work was supported
KBN ~Poland! Projects No. 2 P03B 046 19, 2 P03B 020 1
SPUB-M/DESY/P-03/DZ-213/2000, BMBF Project No. 0
KS1GUC/3 and by the IHP Contract No. HPRI-CT-199
00040 of the European Commission.
e
the

B:

m-

is
5.

ett.

ed
-

and
are

er,
,

.J.
1T.M. Pekarek, C.L. Fuller, J. Garner, B.C. Crooker, I. Mio
kowski, and A.K. Ramdas, J. Appl. Phys.89, 7030~2001!.

2N.C. Fernelius, Prog. Cryst. Growth Charact. Mater.28, 275
~1994!.

3S. Meng, B.R. Schroeder, and M.A. Olmstead, Phys. Rev. B61,
7215 ~2000!.

4Z.R. Dai, S.R. Chegwidden, L.E. Rumaner, and F.S. Ohuch
Appl. Phys.85, 2603~1999!.
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