PHYSICAL REVIEW B 68, 125304 (2003

Electronic band structure of GaS€0001): Angle-resolved photoemission andb 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 @984 along all key symmetry directions.

The experimental results are in very good agreement with state-of-the-anitio 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.
DOI: 10.1103/PhysRevB.68.125304 PACS nuni®er73.90+f, 71.15.Mb, 71.20-b, 79.60-i
[. INTRODUCTION cent sandwiches and the surface normal is perpendicular to

the sandwich layers. The samples were orieirtesitu using

Recently there has been a revival in interest in 1lI-VI low-energy electron diffractioLEED). The angle-resolved
semiconductors because they have remarkable nonlinear ophotoemission experiments were performed in the 15-31 eV
tical properties and when doped with transition metal iongphoton energy range at the F2.2 beamline at HASYLAB,
form a new class of layered diluted magnetic semiconducHamburg (Germany. This beamline is equipped with a
tors. Magnetic measurements on GaSe doped with Mn or F8eya-Namioka monochromator and a VG ADES400 photo-
reveal remarkable differences in the magnetic interactionglectron spectrometer. The spherical sector electron energy
and anisotropy of these materidl§allium selenide is par- analyzer is mounted on a goniometer that can be rotated in
ticularly interesting because it is transparent over the regioboth azimuthalp and polard angles around the sample. The
from 0.65 to 18 um with a very small absorption measurements were performed with linearly polarized light
coefficient? Thin films of gallium selenide have been grown incident at 45° in thep configuratior? The electron energy
on various substrates including($11) and GaA§001).3-1° analyzer was adjusted to lie on the plane defined by the in-

GaSe is a layered IlI-VI semiconductor, its crystal struc-coming photons and the normal to the sample surface. The
ture is highly anisotropic and consists of covalently bondecenergy distribution curvesEDC’s) were recorded with a
stacks of four atomic layers that are held together by a weaflypical resolution of 200 meV.
interstack interaction of the van der Waals type. The stack is
a sandwichwith top and bottom layers of Se and two layers
of Ga ions in the middlgSe-Ga-Ga-Se This essentially
two-dimensional layered structure accounts for the very an- There are several GaSe polytypes which differ in the
isotropic mechanical properties. It was predicted from theostacking sequence of the basis layer uffitthe three most
retical calculations**and confirmed by experimental band important, 3-GaSe,s-GaSe, andy-GaSe, are shown in Fig.
structure studié¢§~°that in addition to the electronic states 1 and the corresponding Brillouin zones are given in Fig. 2.
with two-dimensional properties there are also states wittthe 8 and ¢ polytypes have a i stacking sequenceunit
three-dimensional character. The unusual electronic propetell extends over two sandwiches with hexagonal symmetry
ties of these layered semiconductors make them interestinghd they polytype has a B stacking sequencghree sand-
both for theoretical investigations and potential applicationsyjiches, rhombohedralPolytypess ande have eight atoms
in the primitive cell(four Ga and four Seand they polytype
has four atoms in the primitive c&fl(two Ga and two Se
The band structures of th@ande polytypes are very similar

The samples were grown by an improved Bridgman-but that of they polytype is markedly different because it
Stockbarger method in quartz ampoules at the Chernivtsi Dihas four atoms in the primitive cell and correspondingly
vision of the Institute for Problems of Materials Science,fewer valence bands in the reduced Brillouin zone. In this
National Academy of Sciences of the Ukraine. Prior to thepaper we will concentrate on theand y polytypes.
photoemission experiments clean surfaces were prepared by The density functional theoryDFT) calculations were
cleaving under ultrahigh vacuuriJHV) conditions. The performed within the local density approximation using the
natural cleavage plane is between the Se layers of the adjaHiosmp package’? Gallium and selenium atoms were rep-

IIl. THEORETICAL CALCULATIONS

IIl. EXPERIMENTAL
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fixed as in Ref. 13 for the case of tiiepolytype. The influ-
ence of the intrasandwich distances on the DFT-LDA band
dispersions will be discussed elsewh&tdt is well known
that the DFT-LDA approach cannot describe van der Waals
interactions adequatef*® and our attempt to determine the
structure via energy optimization using the DFT code did not
produce the desired resdt.

The bulk band structure of-GaSe along selected high
symmetry directions in the Brillouin zone is presented in Fig.
3 where the zero of the energy scale was adjusted to the
valence band maximurfvBM). In this work we concentrate
on the subbands indicated by I, Il, and Il in Fig. 3 which
originate from the hybridization of Sepdwith Ga 4s and 4p
orbitals!! The lowest band appearing Btbetween—14.41
and —14.04 eV derives from Gadlorbitals. As is usual for
the LDA approximation the calculations ferGaSe vyield a
small direct fundamental gap Etof only 0.267 eV whereas
experimentally it has an indirect gap of 2.065%8Vh Fig. 3
the conduction bands were shifted to fit the experimental
direct gap afl” of 2.120 eV The density-of-state¢DOS)
shown in Fig. 3 was calculated using 7RQpoints in the
irreducible Brillouin zone with a small Gaussian broadening
of 0.10 eV, however, the DOS calculated with 42@oints
already was qualitatively very similar.

Comparing our band structure to the one recently pre-

ented by Camarat all’ on the B polytype (8 and ¢
Eolytypes have nearly identical band structures—our DFT-

e Ga
@ Se

B €

FIG. 1. Unit (primitive) cells for B-GaSe (left), s-GaSe
(middle), and y-GaSe(right).

resented by norm-conserving scalar-relativistic
pseudopotentiafé Ga&" and S&" (no Ga 3l levels were
included in the Ga pseudopotentiaghn overview of the geo-
metrical parameters is given in Table |. The experimental

It?t::c;cons:arr:[sr(ljtepe:d OP éhespoly%nd\i(—ra)r/]dlifrac;_ LDA calculations, for example, revealed differences
on measurements on our -ase Samplgave an exper- ..o whan 0.01 eV in thE-A direction we find significant

mental lattice constant=16.0 A for the dominating poly- ifferences in the energies of several bands. Carete
type. For consistency we decided to use the lattice c:onstanfgported_6 8 eV for the bottom of the subbénd n M.

given in Ref. 13 for our theoretical calculatioffsThe whereas our calculation gives7.73 eV. AtT subband ||
atomic positions in the plane perpendicular to thaxis are appears in our calculation betWeen4.§6 and —3.86 eV
close-packed hexagonal and depend only on the lattice Collich is nearly 1 eV higher than in the calculation of
stanta; the distance between the adjacent sandwiches deCamaraet al. The width of the subband | of 1.78 eV Et
pends on_the Iatt|c_:e constantAn Overview of the structures. is significantly larger in our calculation. Nevertheless the
and atomic coordinates of the different polytypes is given in

Refs. 14 and 25. The intrasandwich distances between ﬂ]%verall shape of the valence bands is similar in both calcu-

inner Ga layers and outer Se layers along thaxis are ations and differ qualitatively from the earlier results given

particularly important and have a big impact on the band" I;elf:si. 1;;&: rav-shaded areas show the bulk band struc-
dispersions as discussed in the literattf@he calculations 9: gray

> O . re projected on the (0001) surface for théILA and
presented in this paper were performed with these paramet MLHA planes sampled with 10points ink, . The over-

lap of the bands along’-K-M and A-H-L and the small

b . . : .
; ’ dispersion reveals the two-dimensional nature of the bands.
Z
b F A b2 TABLE I. Primitive vectors, intrasandwich distances and lattice
—~——M ] constants used in our calculations.
- Ve
y-GaSe VR :
e-GaSe y-GaSe
t;=(—-a,0,0) t,=(—al2,—al(2y3),c/2)
t,=(—a/2,ay3/2,0) t,= (a/2,—al(24/3),c/2)

t;=(0,0¢) t;=(0,a/+/3,c/2)

Intrasandwich distances
DGa—Ga: 015[b< C Dse_se.: 0300>< C

Lattice constantgA)
a=3.755 c=15.94

FIG. 2. Brillouin zones fory ande-GaSe polytypes.
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FIG. 3. Theoretical bulk band structure &fGaSe. Solid lines show the bands aldngv-K-I"-A as indicated at the top of the figure.
Dashed lines show bands aloheH-A as indicated at the bottom of the plot. Shaded areas show the occupied projected bulk band structure
for theI'MLA andI’KMLHA planes. The zero of the energy scale set to the VBM, and the direct davas adjusted to 2.120 eV as given
in Ref. 20. The density-of-states is shown on the right hand side.

It is clear that subbands Il and Il are two dimensional within IV. EXPERIMENTAL RESULTS
the experimental accuracy over a significant portion of the
Brillouin zone particularly in theKMLH rectangle. This - _
holds for the bottom of subband I, however, in subband | the Larsenet al.”> showed that an InSe sample could be ori-

projections of some bands have significant widths. ented by measuring azimuthal scans of the photocurrent by

Figure 4 shows subband | for bothand y polytypes. The rotating the sample about its surface normal. Here we present

energetic positions of the bands are very similar for the tWoS|m|Iar results on GaSe although our samples were initially

polytypes and irk, direction the differences are not larger o_riented usi_n g LEED; bOFh methods gave the_ same orienta-
han 0.01 eV b tl' -GaSe half of the band . 2~ tion. The azimuthal scan is performed by rotating the sample
than O. - €V, but Ijy-ase hall of the bands are missing keeping the position of the electron analyzer fixed (4@P
because it has half the number of atoms in the primitive ceII.<600). A detailed analysis of such scans on layered tanta-
The expanded energy scale in Fig. 4 allows the bands to Qﬁm dichalcogenides, was performed by Smith and Tr&um
distinguished and the di;persive structute)ican be readily  gnd the azimuthal dependence was found to have either a
separated from the relatively flat(h) bands. threefold or a sixfold symmetry. The Fermi surface measure-
ments on TiTe performed by Rossnageit al3* employed
azimuthal scans at the Fermi edge.

A. Azimuthal scans

r A I
6 2
0.0 1@ Y is
\ 1
— -0.54 g 2 _ 05
% 0.5 5 2,
= g0 ~ 05
? -1.04 I® B 2 -1
5 /
;;g""'" \\: 4 -2
L5 ST 6 4 2 0 2 4 6 2 -1 0o 1 2
length [A] k[1/A]
20 FIG. 5. Left: top view of the Ga§6001) surface. The primitive
T y4 hexagonal cell is indicated by dotted lines and the primitive cell

used in the band structure calculationscond B-GaSe by a solid
FIG. 4. Band structure of subbarndalongI'-A-T" for e-GaSe line. Right: the corresponding Brillouin zone wilthandM ' points
(solid lineg andI'-Z for y-GaSe(dots. indicated.
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Additional structure in the azimuthal intensity may be related
to emission from Ga atoms in the lower layer of the
sandwich.

The azimuthal scans in Figs. 7 and 8 were recorded by
fixing the initial energy with respect to the VBM at 1.55
and—6.85 eV, respectively, and integrated over energy win-
dows £0.15 eV while turning the sample around its normal.
The resolution of the analyzer was set to 150 meV. These
initial energies correspond to the top of band | and to band Il
and both result from the hybridization of the Sp with Ga
- 4s valence orbitals with a dominant Se contribution. A larger
270 Ga 4s contribution is expected for the feature related to sub-
band Il according to the partial DOS calculated by Camara
et al As in the case of the Gad3scan the azimuthal de-
pendencies of the photocurrent presented in Figs. 7 and 8
have threefold symmetry.

Figure 5 shows a top view of the Ga®860l1 surface The intensities of the spectral features should depend
which can also be regarded as a projection of one sandwicmainly on the structure of a single sandwich and not on
on the surface plane. The G48@0J1) surface has threefold the multilayer stacking sequence. In thend y-GaSe poly-
rotational symmetry and so the-M andI'-M’ directions types there are only primitive translations between adjacent
are nonequivalent. By employing the bond between th&andwiches and no rotations. Thel(D) surface of GaSe
second layer Ga and the surface Se as a referéage, can be regarded as polar for theand y polytypes and non-
within the unit cell in Fig. 3 we define that thé-M direc-  polar for the 8 polytype. Only if the sample were ideally
tion points from Ga to Se ani-M’ from Se to Ga. Using terminated and step-free would thepolytype have three-
the primitive vectorg; andt, as defined in Fig. 5 the vector fold symmetry. Since the illuminated sample area at our
—t,+t, is alongI’-M andt;—t, alongI’-M". beamline is macroscopic{1x4 mn?) the threefold sym-

As a test to unambiguously distinguish betweenliabl ~ metry of the photocurrent is only to be expected frerand
andT-M’ directions we have performed an azimuthal scany-GaSe. These results clearly indicate that our samples were
of the Ga 3l level. This scan was performed with a resolu- €ither of polytypee, or y, or a mixture of the two. MBE
tion of 500 meV and an energy window af0.25 eV was 9rown samples prepared by Kuel etal” and Daietal.
taken to evaluate the intensity of the Ga [Bvels. The result Were ¥ polytype, however, for single crystals typically a

shown in Fig. 6 reveals the threefold symmetry of the pho-mixture ofz andy is reported” In our experiments different
tocurrent. In the experiments we could only scan 120° Ofcleaves on the same sample gave the same orientation from

azimuthal dependence due to limitations of our UHvthe photocurrent indicating long-range three-dimensional

manipulator so the data were extrapolated to produce thgrdermg.

figure. There are several reasons why the observed symmetry

is not hexagonal, however, screening effects in the final B. Normal emission
state as discussed in Ref. 33 seem to be the most plausible
explanatiort® Since the 8 levels are localized on Ga atoms
the final state screening is larger in ti&M direction
and a higher photocurrent is expected in IhiM’ direction.

FIG. 6. Azimuthal scan of the Gadlevel taken at)=60° with
a photon energhv=239 eV.

Previous angle-resolved photoemission experiments with
synchrotron radiation on GaS®ef. 17 assumed that the
electronic structure was essentially two-dimensional and did

'™ I'™M

'™ ™ 270
270
FIG. 8. Azimuthal scan with the same parameters as in Fig. 7
FIG. 7. Azimuthal scan of the valence band featureEat but for the lower peak in the valence bandEt —6.85 with re-
—1.55 eV with respect to the VBM recorded for=40°. spect to the VBM.
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FIG. 10. Band structure constructed out of the features indicated
in Fig. 9. Circles represent features clearly visible in the EDC's and
22 eV the squares other features. Solid lines show the theoretical result for
e-GaSe alond’-A as indicated on the top of the plot. The dotted
lines show the theoretical results fprGaSe alond -Z as indicated
21eV at the bottom of the plot.

20 eV Figure 9 shows a set of normal-emission spectra measured
for photon energies betwedn/=15 and 31 eV. The spectra
contain several well-defined features with the most pro-

19eV nounced at arouné 4.5 eV (with respect to the VBN The
energy positions of the features were found with the help of
inverted second derivatives and are indicated in Fig. 9 by
ticks. The emission at the VBM is clearly seen as a shoulder
in the spectra at arounldv=23 eV. The features indicated

17 eV in Fig. 9 were used to construct the band structure shown in
Fig. 10 which also includes the theoretical bands. Wave vec-

tors k were calculated assuming free-electron final states

. 15eV 2m
l l ! ! k =1/ E(Ekin"_vo): (1)

8 6 4 -2 0
E-E [eV] yvhereEkm is.the kinetic energy of the eI_ectrong aviglis the
VBEM inner potentialrepresenting the potential barrier at the sur-
FIG. 9. Set of normal emission EDC's from GaSe. Thicker fac€ in this model. Typically, is fitted to provide best
ticks indicate clearly dispersive peaks and thinner ticks less well2greement with the theoretical calculations and for Fig. 10
defined spectral features. The zero of the energy scale was set to tNe= 10 €V was used.
VBM. The agreement between theory and experiment is very
good for subband Il. The feature related to the subband Il is

not attempt to map the band dispersions along @&  clearly visible in our spectra and provides an unambiguous
[0001] direction. However, the theoretical calculations pre-comparison with theory. The energetic position of the less
dict significant dispersion along-A. Here we will show that  dispersive subband Il is reproduced well in our data. This
the experimental dispersions obtained from normal-emissioimdicates that our theoretical value for the bottom of this
measurements within a simple free-electron final state modddand of —7.16 eV atl’ is a better estimate than the values
are in good agreement with our calculated DFT-LDA bandfrom earlier calculations:=°
structure. The comparison of the DFT-LDA final bands with  The agreement for the subband | is good, but there are
free-electron final states provides insight into the surprisinglysome discrepancies. There are several weaker features in this
good agreement between theory and experiment. region which do not fit the theoretical calculation, however,

18 eV
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FIG. 11. DFT-LDA final bands foe (dotted ling and y-GaSe 22.5°
(thinner solid ling with free-electror(primary-cong final bands for 20.0°
¢ (dashed lingand y-GaSe(thicker solid ling. Free-electron bands \/\//\/\
for e-GaSe lie on they-GaSe lines. \/L 17.5°

\__/\f/\ 15.0°
the width of subband | compares very well with our predic- m
tion. The calculation gives the top of the subbafim to be \J\M 12.5°

—1.287 eV whereas experimentally it is found-al.1 eV, L~ 10.0°
however, our theoretical analysis indicates that the position

of the subband(b) can be varied by regulating the intrasand- \/\/\’/\\/\» 1.5°
wich lattice distance. W 5.0°

In Fig. 10 it can be seen that the experimental data points
lie on the bands shared layand y polytypes. At first glance 2.5°
it would appear that our samples were mainlypolytype, 0.0°
however, the contributions from-GaSe could be masked : ' : :
due to the symmetry selection rules in photoemission. It is -8 6 4 -2 0
worth noting that one of the challenges in the analysis of the E- EVBM [eV]
normal emission data from GaSe was to cope with the rela-
tively short distance betwedn andA in the Brillouin zone FIG. 12. Set of off-normal spectra at constamt=t23 eV for
of e-GaSe since the features indicated in Fig. 9 lie awayl KMLHA emission plane. The zero of the energy scale was set to
from the firste-GaSe Brillouin zone. the VBM.

The additional small features in the energy region be-
tween—2 and—4 eV in the EDC’s in Fig. 9 may be due to features in EDC’s which cannot be explained within the free-
the coupling of bulk and surface imperfections to the highelectron final-state model. In general it is possible to estab-
DOS. They were not included in the experimentallish the FB’s usingab initio calculations together with in-
band structure because of their low intensity and because foterse photoelectron spectroscopy, or very-low-energy
such features a direct transition model would be inapproprielectron diffractior?® Here we compare the DFT-LDA FB’s
ate. We could not identify any special surface-relatedwith free-electron final states. The results for the final energy
features. range 12—-32 eV are shown in Fig. 11, where the final bands

A central problem in analyzing angle-resolved photoemiswere shifted to fit the experimental direct band gap of 2.120
sion data is the choice of appropriate final baEB’s) to eV atI'. Such shifting of the LDA final states has been
calculate the initiak vectors. Typically for energies greater shown to be justified for 1l-VI compounds from GW
than 25 eV the complex array of calculated FB's behavesalculationd’ for final state energies up to 35 eV, however, it
effectively as a parabolic band for generating the photoemisis not guaranteed to work well for layered I1I-VI compounds.
sion spectra. At lower energies there are typically distinctrigure 11 shows that for both-GaSe and:-GaSe there are
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Q:CCD nggoﬁtu.gf
-8 cr " FIG. 14. Band structure fd’M LA plane. In the background the

LI LI LTI S I L off-normal spectra forhy=23 eV are depicted as a gray-scale
00 03 06 09 12 15 18 21 structure plot. The symbols represent the fitted spectral features and
k [1/A] the solid lines the theoretical bands aldngvi for e-GaSe.

FIG. 13. Band structure for th& KMLHA emission plane. clearly reproduced, however, the experimental values are
Solid lines show the calculated band structure albhg-M, the slightly lower at K lying at —6.8 eV for band Il and
dashed line along\-H-L and the gray areas show the projected _7 g ey for band IIl. The experimental position of band I is
band structure. slightly lower, however, the gaps in our projected band struc-

. S S ture are compatible with experiment. The biggest difference
final state bands which lie in the vicinity of the free-electronis found for the two bands having energies4.5 and

Foaurﬁgoilnalfigd ;g's explains the unexpectedly good agreemegt4_8 eV at theK point. These significantly two-dimensional

bands are a continuation of subbar(t)lwhich becomes
more dispersive in the “off-normal” direction. The upper
subband is found & and M with the experimental values
The normal-emission photoemission results clearly reveat-4.75 and—3.25 eV, respectively, and the lower subband
the three-dimensional character of the GaSe band structurat M is located at—4.35 eV.
Here we present off-normal spectra collected for the In Fig. 14 the band structure for thEMLA emission
I'KMLHA and 'MLA emission planes and compare the plane is shown together with the experimental spectra plotted
results with the theoretical calculations. on a gray-scale using ER). At M the experimental energies
Figure 12 shows a set of off-normal ARPES spectra forof the subbands Il and Il are-6.9 and—8.0 eV, respec-
the TKMLHA emission plane at a photon energyw  tively, and the subbands(b) are located at—3.30 and
=23 eV. This photon energy was chosen to be close td'the —4.35 in very good agreement to the results obtained for the
point for features near the VBM at small angles. Spectrd’ KMLHA plane.
were fitted with Gaussians and tkevectors in the parallel
direction were found using the formula

C. Off-normal emission

V. SUMMARY

2m ) Gallium selenide layered crystals have been studied by
k= \/ﬁEk sin( ). (2)  angle-resolved photoemission using linearly polarized syn-
chrotron radiation with photon energies 15—31 eV. The three-
The corresponding band structure is shown in Fig. 13. Heréold symmetry of the photocurrent intensity in azimuthal
we find comprehensive agreement between the experimentatans allowed us to identify that the samples we measured
data and the theoretical results for all significant featuresvere eithek, vy, or a mixture of the two polytypes. From the
appearing in the experimental spectra. All the experimentaGGa 3d azimuthal scan we could distinguish unambiguously
energy positions given in this section have an accuracy dbetween thd’-M andI’-M' Brillouin zone directions. Nor-
+0.1 eV due to instrumental resolution and fitting precision.mal emission results analyzed within the free-electron final-
As in the normal-emission spectra the subbands Il and Il arstate model gave good agreement wath initio theoretical
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