
PHYSICAL REVIEW B 69, 045320 ~2004!
Band symmetries of GaSe„0001… studied by spin-resolved electron spectroscopy
using circularly polarized radiation
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We have studied the symmetry properties of the bands of the layered semiconductor GaSe along theD
direction by means of spin-resolved electron spectroscopy using circularly polarized synchrotron radiation and
by means of a relativistic LAPW band-structure calculation. The photoelectron spectra show in the main a pair
of weakly dispersing peaks caused by direct transitions from valence-band states with symmetriesD9

5, D9
6 and

D7
5, D8

6. Our data determine the spin-orbit splitting of these valence bands to beDEso50.360.1 eV. We find
a gap in the unoccupied bands alongD about 8 eV above the fundamental gap. The analysis of the photoelec-
tron spin polarization reveals that also unoccupied states with low symmetriesD7

5, D8
6 andD9

5, D9
6 are involved

in excitation and emission. Spin resolved spectra measured at Auger electrons following the decay of Ga 3d
core holes confirm thatp derived unoccupied states exists below the vacuum level.

DOI: 10.1103/PhysRevB.69.045320 PACS number~s!: 73.61.Le, 71.20.Nr, 71.15.Rf, 71.70.Ej
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I. INTRODUCTION

Spin-resolved photoemission spectroscopy using cir
larly polarized radiation has been proven to be an esse
tool to study the electronic structure of nonmagnetic so
and their surfaces, especially with respect to ba
symmetries.1–4 Spin-dependent effects in these photoem
sion experiments originate from spin-orbit coupling. Via t
relativistic dipole selection rules the spin polarization of e
cited electrons strongly depends on the symmetry of the
tial and final electronic states involved in th
photoexcitation.5,6 Spin-resolved photoemission excited b
circularly polarized radiation has been successfully app
to determine the band symmetries of the cubic crys
Pt~111! ~Ref. 3!, Ir~111! ~Ref. 7!, Xe~111! ~Ref. 8!, Pd~111!
~Ref. 9!, and of the layered semiconductors WSe2(0001)
~Ref. 10! and InSe~0001! ~Ref. 11!. In these layered materi
als WSe2 and InSe the spin-orbit split bands are close
spaced, and even with high-resolution photoemission sp
troscopy it is very difficult to identify transitions from differ
ent bands. As emission from neighboring bands split by sp
orbit coupling yields for each band out of the pair an elect
spin polarization of opposite sign, split bands can be clea
separated by spin-resolved photoemission spectroscopy.9–11

As the relativistic dipole selection rules are valid also
photoexcitation of core hole states, the orientation~and with
that the spin polarization! of the hole states depends on t
symmetry of the final states reached in the photoexcitat
and will vary with the photon energy if the final-state sym
metry varies. With an Auger decay of the excited hole sta
the core hole orientation is transferred to the outgoing Au
electrons.12–17 Therefore, the Auger-electron spin polariz
tion ~measured as a function of the photon energy! is suitable
for probing the symmetry of the unoccupied final states
ing reached by the primary photoexcitation. This is of spec
interest for unoccupied states below the vacuum level, e
0163-1829/2004/69~4!/045320~7!/$22.50 69 0453
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with energies between the conduction band minimum and
vacuum level in the case of semiconductors. For these e
gies, the electronic states are not accessible by di
photoemission.18 First measurements of spin-dependent A
ger emission using excitation by circularly polarized rad
tion have been performed at nonmagnetic alkaline layers
these studies the symmetry of unoccupied states with e
gies below the vacuum level was determined.15–17

In this paper we extend the studies of the layered se
conductors to GaSe, a material which shows similarities w
InSe but very different band symmetries just above
vacuum level. As with InSe the electronic structure of t
semiconducting III-VI compound GaSe is interesting from
fundamental point of view: GaSe also crystallizes in a la
ered structure with strong covalent bonding within the lay
but only weak van der Waals bonding between adjacent
ers and shows quasi-two-dimensional properties.19–21 GaSe
also belongs to the nonsymmorphic space group D6h

4 . The
~0001! surface of GaSe is formed by chemically saturated
layers which are hexagonal closed packed and showC6v
point symmetry.22 We use a new relativistic calculation fo
the empty bands of GaSe and spin-dependent measurem
to study the symmetry properties of the band structure
GaSe~0001! along theD direction.

II. EXPERIMENT

The experiment was performed at the 6.5-m normal in
dence monochromator beamline for circularly polarized o
plane bending-magnet radiation at the BESSY I storage
in Berlin using an apparatus described previously.1–3All data
were recorded in the highly symmetric setup of normal in
dence of the circularly polarized synchrotron radiation a
electron emission within an acceptance cone around the
face normal. Photon energies were used in the range fro
to 27 eV. The degree of circular polarization was (0.
60.03),23 the bandwidth of the radiation about 0.5 nm. T
©2004 The American Physical Society20-1
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calibration uncertainty of the monochromator was about
eV. The emitted electrons were analyzed with respect to t
energy using a simulated spherical field 180° spectromet24

with an energy resolution of about 150 meV. Due to an
celeration voltage of 5 eV between the sample and the s
trometer entrance optics, the acceptance cone of the s
trometer was slightly dependent on the electron kine
energy Ekin . While electrons withEkin51 eV were ac-
cepted within a cone of64°, this cone narrowed to63° for
higher electron energies.25,26The spectrometer was followe
by an UHV Mott polarimeter operated at 100 keV. The Mo
polarimeter recorded the electron spin-polarization com
nentP parallel to the spin of the incident photons.

We prepared the clean~0001! surface of GaSe by cleavin
in ultrahigh vacuum.27 The surface structure was monitore
by low-energy electron diffraction~LEED!.

III. BAND STRUCTURE CALCULATION

We calculated a relativistic band structure of GaSe us
the full-potential linearized augmented plane-wave meth
~LAPW!. We added ‘‘local orbitals’’ for the high-lying
‘‘semicore’’ states to improve the linearization and used
WIEN97 package.28 We treated exchange and correlati
within the generalized gradient approximation29 and added
spin-orbit coupling in a second variational step. We used
measured lattice parameters from Ref. 21.

Figure 1 shows the calculated relativistic band structure
GaSe~0001! in the D direction with the symmetry labels in
cluded. The valence part is on the left and the unoccup
one is on the right. The zero of energy is the valence-b
maximum~VBM ! (G point!. The symmetry assignments fo
the calculated bands have been obtained by applying a g
theoretical analysis of the respective wave functions of b
relativistic and nonrelativistic bands. An alternative meth
to obtain the symmetry assignment for the calculated rela
istic bands is reported elsewhere.30 For the symmetry labels
we use the notation of Koster.31,32 Dotted lines indicate tota
symmetric bands with symmetriesD8

3, D7
1, dashed and solid

lines indicate bands with symmetriesD9
5, D9

6 and D7
5, D8

6,
respectively. In each symmetry label the subscript and su
script indicate the double-group representation and sin
group representation from which each is derived, resp
tively. For the symmetry labels of the unoccupied bands
use abbreviations, e.g.,D8

3 as 8~3! andD7
1 as 7~1!.

It should be noted that in the valence part avoided cro
ings exist between theD7

1-band and the twoD7
5-bands~solid

lines!. Therefore, the shape of the twoD7
5-assigned bands i

not identical to the shape of the twoD9
5-bands~dashed lines!.

Indeed, without any avoided crossing theD7
5-bands and the

D9
5-bands would have an identical shape because they

spin-orbit split bands.5

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows spin-separated photoemission spectra
tained from GaSe~0001! for photon energies ranging from
to 19.4 eV. They are measured along theD direction in EDC
mode~energy distribution curve mode! at normal incidence
04532
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of the circularly polarized radiation and normal emission
the electrons. All spectra are normalized by the photon fl
They also are normalized to the circular polarizationPcirc
5100%. The energy scale of the spectra gives the init
state energy with the VBM defining the zero of the energy33

In the spectra, besides the spin-independent total intensiI,
the spin-separated partial intensitiesI 1 and I 2 ~thick and
thin lines in Fig. 2, respectively! totally spin polarized par-
allel and antiparallel to the photon spin, are given, resp
tively. I 1 andI 2 are related to the electron spin polarizatio
P and the total intensityI 5I 11I 2 by

I 65 1
2 I ~16P!. ~1!

PositiveP corresponds to a preferential spin direction of t
electrons parallel to the photon spin.

As in the case of InSe~Ref. 11! all the spin separated
spectra show one main peak in each of the two partial int
sities I 1 and I 2 , e.g., for the photon energyhn512 eV in
the I 1 spectrum at the binding energy21.9 eV~peakB) and
in the I 2 spectrum at the binding energy22.2 eV~peakC).
For these two peaks nearly no dispersion is present over
full range of photon energies. Each of the peaksB and C
appears only in one partial intensity. This behavior cor
sponds to totally spin polarized electrons photoemitted fr
each of the spin-orbit split valence bands. The binding en
gies of the peaksB andC differ by 0.3 eV60.1 eV which is
the spin-orbit splittingDEso of the valence-band states

FIG. 1. Calculated relativistic bandstructure of GaSe~0001!
along theD direction. The valence bands are displayed on the l
The unoccupied bands on the right. The valence-band maxim
~VBM ! is chosen as the energy zero for both parts. For the sym
tries of the unoccupied parts we use abbreviation, e.g.,D7

1 is given
as 7~1! andD8

3 as 8~3!.
0-2
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FIG. 2. Spin-separated photoelectron spec
measured in EDC mode from GaSe~0001! for
photon energies between 9 eV and 19.4 eV.I is
the total intensity, andI 1 and I 2 are the two
partial intensities.A1 , A2 , B, and C mark ob-
served peaks. The arrow marks a final-state pe
The vertical error bars given inI 1 and I 2 repre-
sent the single statistical uncertainties in the me
sured data.
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Though the widths of the two peaks are comparable with
spin-orbit splitting of the initial states, the splitting can b
determined via the spin separated partial intensities resu
from spin-resolved photoelectron spectroscopy. It is wo
noting that similar peaksB and C appear in photoemissio
from InSe, and that the splitting of these peaks reveals
identical spin-orbit splitting. As GaSe and InSe have
same crystal structure, the valence-band states which s
up in the peaksB andC must be derived from atomic orbital
of Se, the atomic constituent which is identical in both m
terials. In accordance with Ref. 19 these orbitals are the
4pxy orbitals.

At photon energies below 9.4 eV peakB is present in the
partial intensityI 2 only and so is due to excitations resultin
in negative spin polarization of the photoelectrons. At a p
ton energy of about 9.6 eV peakB disappears, but with the
photon energy increasing above 10.2 eV it reappears in
partial intensityI 1 and so is due to excitations resulting
positive spin polarization. At photon energies above 16
peakB disappears inI 1 and reappears inI 2 , i.e., the elec-
tron spin polarization of peakB again changes the sign
These changes of sign will be discussed later. The disapp
ance of peakB for photon energies ranging from 9.6 to 10
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eV corresponds to a gap of width 0.660.3 eV within the
unoccupied bands alongD above the fundamental gap. Pea
C behaves identically to peakB, but with the partial intensi-
ties I 1 andI 2 exchanged, i.e., with opposite sign of the sp
polarization.

A peak A1 appears at binding energies betwe
20.4 eV and21.0 eV, and a peakA2 between24.3 eV
and25.2 eV. While peakA1 exists only for photon energie
between 9.6 and 11.5 eV, peakA2 is present for photon en
ergies between 15 and 18 eV. PeakA1 and peakA2 are
present inI 1 as well as inI 2 with nearly identical weight, so
the spin polarizationP approaches zero in each of the tw
peaks.

There is a so-called final-state peak at about 7.4 eV ab
the VBM. It appears significantly in the 10.6 eV spectrum
Fig. 2 and is marked by an arrow. Final-state peaks
caused by a high density of states of the unoccupied ba
They can be distinguished from direct photoemission pe
by their kinetic energy being constant, i.e., the appear
binding energy changes by amounts equal to the chang
the photon energy.34,35 Final-state peaks usually show n
spin polarization.30
0-3
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FIG. 3. ~a! Calculated relativistic valence
band structure of GaSe~0001! in the D direction
taken from Fig. 1.~b! calculated bands shifted b
0.6 eV to higher binding energies. The uppermo
bandD8

3 is adjusted to connect the bandD7
1 at the

point A with the VBM at the pointG. ~c! data
points obtained from the partial intensitiesI 1 and
I 2 , partly shown in Fig. 2. ForB andC the data
points represented by closed symbols correspo
to measured peaks appearing inI 1 ~connected
with P51) while open symbols correspond t
measured peaks appearing inI 2 ~connected with
P521). The unpolarized peaksA1 and A2 are
given by partly filled circles.
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To correlate the calculated valence-band structure with
measured data, Fig. 3~c! shows the initial-state energies co
responding to the measured peaks versus the final-state
ergy (Ef) with the VBM used as energy zero. The da
points are obtained from the spin-separated spectra show
part in Fig. 2. For peaksB andC the data points represente
by filled symbols correspond to peaks appearing inI 1 while
open symbols correspond to peaks appearing inI 2 . The
crossing of the data points for peakB and peakC reflects the
changing preferential spin direction in these peaks. The
polarized peaksA1 andA2, they are present inI 1 and in I 2

with identical weight, are shown by partly filled circles. T
improve the alignment of the calculated and the measu
data given in Fig. 3~a! and Fig. 3~c!, respectively, in Fig. 3~b!
the calculated valence bands are rigidly shifted by 0.6 eV
higher binding energies. However, to keep the VBM at theG
point,27,36 the uppermostD8

3-band is adjusted to connect th
correlatedD7

1-band at the point A with the VBM at the
G-point. The shift could be due to a self-energy correction4,37

not considered in our LAPW calculation. Comparison
Figs. 3~b! and 3~c! shows that the peaksB and C originate
from the initial states with the symmetriesD9

6, D9
5 and D8

6,
D7

5, respectively, while peaksA1 andA2 originate from ini-
tial states with symmetriesD8

3, D7
1.

An assignment of the measured peaks with direct tra
tions between the calculated occupied and unoccupied b
of different symmetry is hard to perform, because especi
the calculated unoccupied bands shown on the right sid
Fig. 1 are too complex. Starting with the possible symmet
of the occupied bands given in Fig. 3 and assuming the fi
states to be totally symmetric, the relativistic dipole select
rules given in Table I allow proving the existence of t
states involved in the photoemission process.5,6 The final
states should be totally symmetric, because in the nor
emission geometry of our experiment other states should
couple to the outgoing plane waves in the vacuum. It
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worth noting that the symmetry of the totally symmetr
~free-electron-like! bands is not unique in the nonsymmo
phic space group.38,39Along theD direction the selection of
D7

1 andD8
3 as possible symmetries of the unoccupied sta

has been verified.38 Such unoccupied states also result in o
LAPW band-structure calculation~see Fig. 1!.

First the spectra measured for photon energies below
eV and above 16 eV shown in Fig. 2 must be considered.
these energies peakB appears inI 2 ~spin polarizationP5
21), peakC in I 1 ~spin polarizationP511). According to
the relativistic dipole selection rules, peakB is due to exci-
tations from the initial statesD9

6, D9
5 to the final states of

symmetriesD8
3, D7

1, while peakC appearing inI 1 is due to
excitations from the initial statesD8

6, D7
5 to the identical final

states of symmetriesD8
3, D7

1. The changed sign of the elec
tron spin polarization at photon energies between 10.2

TABLE I. Group theoretical prediction for the electron spin p
larization following for transitions between states with symmetr
out of the point groupC6v excited by circularly polarized
radiation.32 Initial states are given on the left, final states are on
top.a andb mean polarizationP51 andP521, respectively. For
the sign ‘‘2 ’’ the transition is not allowed. The definition ofP
.0 in Ref. 32 is contrary to the definition applied in this table a
throughout this paper. It should be noted thatD7

2 is omitted in Table
I because dipole transitions from or toD7

2 cannot occur.

D7
1 D8

3 D8
4 D7

5 D9
5 D8

6 D9
6

D7
1 2 2 2 b a 2 2

D8
3 2 2 2 2 2 b a

D8
4 2 2 2 2 2 b a

D7
5 a 2 2 2 2 2 b

D9
5 b 2 2 2 2 a 2

D8
6 2 a a 2 b 2 2

D9
6 2 b b a 2 2 2
0-4
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BAND SYMMETRIES OF GaSe~0001! STUDIED BY . . . PHYSICAL REVIEW B69, 045320 ~2004!
and 15 eV, however, implicates the low-symmetric fin
statesD7

5, D8
6 and D9

5, D9
6 in excitation as well as in emis

sion.
This situation is more closely demonstrated in our s

resolved CIS~constant initial state! spectra. Figure 4 show
CIS spectra measured for two the different initial states
ergiesEi521.9 eV andEi522.2 eV, corresponding to th
binding energies of peakB and peakC, respectively. The
total intensityI and the corresponding electron spin polariz
tion P versus the final state energy (Ef) above VBM appear
in Figs. 4~a! and 4~b!, respectively, and the partial intensitie
I 1 andI 2 appear in Fig. 4~c!. As shown in the upper part o
Fig. 4~a! our CIS spectra are divided into several regio

FIG. 4. Constant initial state~CIS! spectra from GaSe~0001! for
two different initial states, corresponding to the peaksB and C in
Fig. 2. ~a! total intensities,~b! electron spin polarizations,~c! partial
intensities,~d! assumed symmetries of the unoccupied bands.
energy interval is divided into several regions on the basis of
intensity and the electron spin polarization, region Ia : from vacuum
level (5.760.1 eV above the VBM! to 6.5 eV, region Ib : from 6.5
to 7.7 eV, region II: from 8.3 to 13.5 eV, region III: above 13.5 e
In addition to the statistical uncertainties represented by the e
bars the spin polarization has a scaling uncertainty of 5% of
given values. The measured spin polarization does not re
P561 because peakB and peakC are partly mixed and an inelas
tic background cannot be removed.
04532
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according to the gap in the unoccupied bands along thD
direction, the intensities, and the electron spin polarizati
region Ia : from vacuum level@5.760.1 eV ~Ref. 40!# to 6.5
eV above VBM, region Ib : from 6.5 to 7.7 eV, region II:
from 8.3 to 13.5 eV, region III: above 13.5 eV. In regionsb
and III the electron spin polarizations for the peaksB andC
is in accordance with the group theoretical prediction
total symmetric unoccupied bands with the symmetriesD7

1,
D8

3 as discussed above. But in regions Ia and II our measure-
ments for peaksB andC reveal opposite electron spin pola
ization. This discrepancy indicates that the often used mo
of free electron final state bands33 does not apply to GaSe. In
order to obtain positive electron spin polarization for peakB,
relativistic dipole selection rules demand transitions from
initial statesD9

6, D9
5 to final states with low symmetriesD7

5,
D8

6 as shown in Table I. Normal emission out of these sta
is not allowed as they are not totally symmetric. But, em
sion out of such states is possible inside the acceptance
of our spectrometer, as shown for Xe~111! ~Ref. 25!,
WSe2(0001) ~Ref. 10!, and InSe~0001! ~Ref. 11!. We mea-
sure this off-normal emission results in the peaks and s
polarizations the regions Ia and II. Correspondingly, peakC
requires the final states of the symmetriesD9

5, D9
6 to obtain

the measured negative electron spin polarization. Theref
flat unoccupied bands of symmetriesD7

5, D8
6 or D9

5, D9
6 have

to be supposed in the regions Ia and II. A scheme of these
regions and their corresponding symmetries is shown in F
4~d!.

The assumed symmetries of the unoccupied states
supported by the data for the peaksA1 and A2. Transitions
from the bands with symmetriesD7

1, D8
3 located in the vicin-

ity of the binding energies assigned to the peaksA1 andA2

are allowed only to bands with symmetriesD7
5, D8

6 or D9
5,

D9
6. Therefore, the assumption of unoccupied bands of s

metries D7
5, D9

5 or D8
6, D9

6 in region II also explains the
observation of peaksA1 and A2. The vanishing spin polar-
ization within the peaksA1 andA2 is caused by the mixing
of transitions to final state bandsD7

5, D9
5 andD8

6, D9
6, respec-

tively.
To characterize the unoccupied states with energies be

the vacuum level, we applied spin dependent Auger elec
spectroscopy following the photoexcitation of Ga 3d co
hole states by circularly polarized radiation. Figure 5 sho
spin separated constant final state~CFS! spectra measured
for photon energies from 19.4 eV to 27.0 eV at the two fix
kinetic energiesEkin50.5 eV60.2 eV ~upper panel! and
Ekin51.7 eV60.2 eV ~lower panel!, respectively. With the
vacuum levelEvac55.7 eV above VBM the kinetic energie
Ekin50.5 eV andEkin51.7 eV correspond to energies of 6
eV and 7.4 eV above VBM, respectively. ForEkin50.5 eV
three significant peaksD, F, andG are observed at photo
energies of about 20.7 eV, 22.9 eV, and 25.1 eV, respectiv
A weak peakE is present around 22.1 eV. While forEkin
51.7 eV the peaksD, E, andF appear at the same photo
energy, peak G is shifted by 1.2 eV. With reference to VB
the binding energies of the Ga 3d5/2 and 3d3/2 states areEi
5218.85 eV andEi5219.2 eV, respectively.41 Thus peak
G appearing at about 25.1 eV turns out to be due to dir

e
e

or
e
ch
0-5
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photoemission involving excitation from 3d-core states into
p-derived conduction-band states. The partial intensitiesI 2

and I 1 preferred at the low- and the high-energy edge
peakG are in accordance with the relativistic dipole sele
tion rules,5,6 respectively. The peaksD, E, andF appear at
photon energies for which direct transitions into the obser
constant final states atEkin50.5 eV andEkin51.7 eV do not
exist. However, inverse photoemission measurements
GaSe give lower band edges at about 2.1 eV, 2.4 eV, 3.1
3.4 eV, 4.3 eV, and 4.8 eV above VBM.36,42 Transition from
the 3d-core states must not necessarily be allowed to all
corresponding bands. However, the band-edge energies
eV, 3.1 eV, and 4.3 eV added to the Ga 3d binding energies
correspond to the appearance energies of the peaksD, E, and
F. Thus by transitions from Ga 3d states to these unoccupie
states, 3d5/2 and 3d3/2 holes can be created which in the ca
of p-derived unoccupied states will be spin polarized antip
allel and parallel to the photon spin, respectively.15,17 These
holes will decay by CVV-Auger processes resulting in t
Auger electrons which we have observed atEkin50.5 eV
and 1.7 eV. The significant preference ofI 1 at the low-
energy edge of the peaksD, E, and F clearly confirms the
primary excitation intop-derived states if the Auger decay o
the 3d5/2 core holes is supposed to be a process with the

FIG. 5. Spin resolved constant final state~CFS! spectra of
GaSe~0001! at two different kinetic energies of 0.5 eV~upper
panel! and 1.7 eV~lower panel!. PeaksD, E, andF are due to the
Auger decay of Ga 3d core holes while peakG is due to direct
photoemission from Ga 3d core states. The thin and the thick ve
tical lines indicate the expected positions for direct photoemiss
from the 3d5/2- and 3d3/2-core states, respectively.
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polarization transferred to outgoing electrons by the involv
valence-band electrons coupled to a singlet.16

In Fig. 6 the calculated relativistic band structure and
measured results are compared for the unoccupied part.
ure 6~c! shows the measured symmetry properties taken fr
Fig. 4~d! for the energies above the vacuum level and tak
from Fig. 5 for the energies below the vacuum level. W
shifted the calculated bands by 0.8 eV rigidly to higher e
ergies to align the calculated bands and the measured on
shown in Figs. 6~b! and 6~c!. Again the physical reason fo
the shift is a self-energy correction4,37 not considered in our
LAPW calculation as we mentioned for the case of the
lence bands. From a comparison between Figs. 6~b! and 6~c!
the general agreement between the calculated band sym
tries and measured ones is good. Especially, in the regiona
and II the calculation reveals bands with the low symmetr
D7

5, D8
6, D9

5, andD9
6 and these bands allow the change of t

sign of electron spin polarization measured in our measu
ment. We also calculated the partial density of states from
relativistic band structure~not shown in this paper! and it
shows that GaSe has a strongp-like density of states~DOS!
up to about 10 eV above VBM andd-like thereafter. The
strongp-like DOS was also revealed in a recent~nonrelativ-
istic! band structure calculation.43 This p-like DOS allows
the measured Auger peaksD, E, andF with preferential posi-

n

FIG. 6. Comparison between calculated symmetries and m
sured ones for GaSe~0001! in the D direction. ~a! Calculated rela-
tivistic unoccupied bandstructure taken from Fig. 1.~b! Calculated
bands shifted by 0.8 eV to higher energies.~c! Measured symmetry
properties of the unoccupied bands taken from Fig. 4~d! for energies
above vacuum level and taken from Fig. 5 for energies be
vacuum level. The shaded areas below vacuum level present jus
energetic positions of the bands revealed from the Auger peakD,
E, andF of Fig. 5 and it does not mean that they have any dep
dency along theD-direction.
0-6
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tive spin polarization. The results show similarities with t
results revealed from InSe, a material with identical crys
structure and also Se as one of its constituents. But the
portant difference is that in GaSe just above the vacu
level the bands with the low symmetriesD7

5, D8
6, D9

5, andD9
6

exist.

*Present address. Center for X-Ray Optics, Lawrence Berk
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32M. Wöhlecke and G. Borstel, Phys. Status Solidi B106, 593

~1981!.
33P. Thiry, Y. Petroff, R. Pinchaux, C. Guillot, Y. Ballu, J. Lecant

J. Paigne, and F. Levy, Solid State Commun.22, 685 ~1977!.
34P.K. Larsen, S. Chiang, and N.V. Smith, Phys. Rev. B15, 3200

~1977!.
35G. Margaritondo, J.E. Rowe, and S.B. Christman, Phys. Rev

15, 3844~1977!.
36R. Sporken, R. Hafsi, F. Coletti, J.M. Debever, P.A. Thiry, and

Chevy, Phys. Rev. B49, 11 093~1994!.
37W. Speier, R. Zeller, and J.C. Fuggle, Phys. Rev. B32, 3597

~1985!.
38D. Pescia, A.R. Law, M.T. Johnson, and H.P. Hughes, Solid S

Commun.56, 809 ~1985!.
39Our notationD3 in single-group representation corresponds toD2

in Ref. 38.
40With the GaSe crystals used in the experiment the vacuum l

was determined to be 5.760.1 eV above VBM.
41F.R. Shepherd and P.M. Williams, Phys. Rev. B12, 5705~1975!.
42In Ref. 36 all band energies are referred to the Fermi ene

However, as the authors used material showing a conducti
high enough to avoid charging, the Fermi energy can be p
sumed to be near to VBM.

43M.O.D. Camara, A. Mauger, and I. Devos, Phys. Rev. B65,
125206~2002!.
0-7


