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We have studied the symmetry properties of the bands of the layered semiconductor GaSe albng the
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 synmgemiéand
A?, Ag. Our data determine the spin-orbit splitting of these valence bands AdEhg=0.3+0.1 eV. We find
a gap in the unoccupied bands alakgbout 8 eV above the fundamental gap. The analysis of the photoelec-
tron spin polarization reveals that also unoccupied states with low symméafiess andA3, AS are involved
in excitation and emission. Spin resolved spectra measured at Auger electrons following the decaydof Ga 3
core holes confirm that derived unoccupied states exists below the vacuum level.
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I. INTRODUCTION with energies between the conduction band minimum and the

vacuum level in the case of semiconductors. For these ener-

Spin-resolved photoemission spectroscopy using circugies, the electronic states are not accessible by direct
larly polarized radiation has been proven to be an essenti@hotoemissior® First measurements of spin-dependent Au-
tool to study the electronic structure of nonmagnetic solid€Je€r emission using excitation by circularly polarized radia-
and their surfaces, especia”y with respect to bandion have been performed at nonmagnetic alkaline Iayers. In

symmetries Spin-dependent effects in these photoemisthese studies the symmetry of unoccupied stgltes with ener-
sion experiments originate from spin-orbit coupling. Via the9i€S below the vacuum level was de_termlﬁé‘dl. _
relativistic dipole selection rules the spin polarization of ex- !N this paper we extend the studies of the layered semi-
.conductors to GaSe, a material which shows similarities with

cited electrons strongly depends on the symmetry of the inis ; o
tial and final electronic states involved in  the InSe but very different band symmetries just above the

photoexcitatior:® Spin-resolved photoemission excited by vacuum level. As with InSe the electronic structure of the
. : L -~ semiconducting 11I-VI compound GaSe is interesting from a
circularly polarized radiation has been successfully applie

to determine the band symmetries of the cubic Crystal%undamental point of view: GaSe also crystallizes in a lay-
red structure with strong covalent bonding within the layer,
P(11D) (Ref. 3, Ir(11]) (Ref. 7), Xe(11]) (Ref. §, Pd11]) but only weak van der Waals bonding between adjacent lay-

(Ref. 9, and of the layered semiconductors W8®01) g5 and shows quasi-two-dimensional propeffied GaSe
(Ref. 10 and InS€000)) (Re_f. 1D). _In tht_ase layered materi- ¢4 belongs to the honsymmorphic space gro@p.ljhe
als WS¢ and InSe the spin-orbit split bands are closely gpoy) surface of GaSe is formed by chemically saturated Se
spaced, and even with high-resolution photoemission SP€¢ayers which are hexagonal closed packed and stigw
troscopy it is very difficult to identify transitions from differ- point symmetry??2 We use a new relativistic calculation for
ent bands. As emission from neighboring bands split by spinthe empty bands of GaSe and spin-dependent measurements
orbit coupling yields for each band out of the pair an electrono study the symmetry properties of the band structure of
spin polarization of opposite sign, split bands can be clearl\GaS¢0001) along theA direction.
separated by spin-resolved photoemission spectroscéby.

As the relativistic dipole selection rules are valid also for Il. EXPERIMENT
photoexcitation of core hole states, the orientatiend with
that the spin polarizationof the hole states depends on the The experiment was performed at the 6.5-m normal inci-
symmetry of the final states reached in the photoexcitationdence monochromator beamline for circularly polarized off-
and will vary with the photon energy if the final-state sym- plane bending-magnet radiation at the BESSY | storage ring
metry varies. With an Auger decay of the excited hole stategn Berlin using an apparatus described previotishAll data
the core hole orientation is transferred to the outgoing Augewere recorded in the highly symmetric setup of normal inci-
electronst?~7 Therefore, the Auger-electron spin polariza- dence of the circularly polarized synchrotron radiation and
tion (measured as a function of the photon engigyuitable  electron emission within an acceptance cone around the sur-
for probing the symmetry of the unoccupied final states beface normal. Photon energies were used in the range from 7
ing reached by the primary photoexcitation. This is of speciato 27 eV. The degree of circular polarization was (0.90
interest for unoccupied states below the vacuum level, e.g+0.03) 2 the bandwidth of the radiation about 0.5 nm. The
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calibration uncertainty of the monochromator was about 0.1
eV. The emitted electrons were analyzed with respect to thei
energy using a simulated spherical field 180° spectrortfeter
with an energy resolution of about 150 meV. Due to an ac-
celeration voltage of 5 eV between the sample and the spec
trometer entrance optics, the acceptance cone of the spei
trometer was slightly dependent on the electron kinetic
energy E,;,. While electrons withE,;,=1 eV were ac-
cepted within a cone of 4°, this cone narrowed ta 3° for
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higher electron energiés?® The spectrometer was followed ~ == 9 S
by an UHV Mott polarimeter operated at 100 keV. The Mott E _ﬁfﬂ‘_\_ 2
polarimeter recorded the electron spin-polarization compo- = 5 [ ()ZQL/__;:::;; 8 §
nentP parallel to the spin of the incident photons. ur [~ 47 '-”

We prepared the cled@00)) surface of GaSe by cleaving 83) W
in ultrahigh vacuunt’ The surface structure was monitored W | 4 WG 1°
by low-energy electron diffractiofLEED). 4L :::;«;'8—(6_) """ ===

. | Poo_ ________Ja
I1l. BAND STRUCTURE CALCULATION /.Af/ 8@;_7—(5_)""

We calculated a relativistic band structure of GaSe using .5 | 84 70) 18
the full-potential linearized augmented plane-wave method — = 2
(LAPW). We added “local orbitals” for the high-lying L ]
“semicore” states to improve the linearization and used the EE ]
WIEN97 package® We treated exchange and correlation -6 0
within the generalized gradient approximafidrand added r A A T A A

spin-orbit coupling in a second variational step. We used the -, 1 cajculated relativistic bandstructure of GHEO1

meqsured lattice parameters from Re.f.. 2;'" along theA direction. The valence bands are displayed on the left,
Figure 1 shows the calculated relativistic band structure ofpe unoccupied bands on the right. The valence-band maximum

GaSe000]) in the A direction with the symmetry labels in-  (yBm) is chosen as the energy zero for both parts. For the symme-

cluded. The valence part is on the left and the unoccupiegies of the unoccupied parts we use abbreviation, agis given
one is on the right. The zero of energy is the valence-bands 71) andA$ as §3).

maximum(VBM) (I" point). The symmetry assignments for
the calculated bands have been obtained by applying a grousf the circularly polarized radiation and normal emission of
theoretical analysis of the respective wave functions of bothhe electrons. All spectra are normalized by the photon flux.
relativistic and nonrelativistic bands. An alternative methodThey also are normalized to the circular polarizat®g,.
to obtain the symmetry assignment for the calculated relativ=100%. The energy scale of the spectra gives the initial-
istic bands is reported elsewhéfeFor the symmetry labels state energy with the VBM defining the zero of the enéfyy.
we use the notation of Kost&h*?Dotted lines indicate total In the spectra, besides the spin-independent total intehsity
symmetric bands with symmetries;, A3, dashed and solid the spin-separated partial intensities and | _ (thick and
lines indicate bands with symmetriﬁ, Ag and A3, Ag, thin lines in Fig. 2, respectivelytotally spin polarized par-
respectively. In each symmetry label the subscript and supegllel and antiparallel to the photon spin, are given, respec-
script indicate the double-group representation and singletively. I, andl _ are related to the electron spin polarization
group representation from which each is derived, respec® and the total intensity=1,+1_ by
tively. For the symmetry labels of the unoccupied bands we N
use abbreviations, e.g\3 as §3) andA? as 71). l.=z1(1£P). @)
It should be noted that in the valence part avoided crosspositiveP corresponds to a preferential spin direction of the
ings exist between tha}-band and the twa3-bands(solid  electrons parallel to the photon spin.
lines). Therefore, the shape of the twio-assigned bands is As in the case of InSéRef. 11) all the spin separated
not identical to the shape of the twig-bands(dashed linegs  spectra show one main peak in each of the two partial inten-
Indeed, without any avoided crossing thé-bands and the Ssitiesl . andl_, e.g., for the photon enerdy»=12 eV in
A3-bands would have an identical shape because they afB€!+ spectrum at the binding energyl.9 eV(peakB) and
spin-orbit split bands. in thel _ spectrum at the binding energy2.2 eV (peakC).
For these two peaks nearly no dispersion is present over the
full range of photon energies. Each of the pe&ksnd C
appears only in one partial intensity. This behavior corre-
Figure 2 shows spin-separated photoemission spectra obponds to totally spin polarized electrons photoemitted from
tained from GaS@00)) for photon energies ranging from 9 each of the spin-orbit split valence bands. The binding ener-
to 19.4 eV. They are measured along thelirection in EDC  gies of the peakB andC differ by 0.3 e\V+=0.1 eV which is
mode (energy distribution curve mogl@t normal incidence the spin-orbit splittingAEg, of the valence-band states.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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Though the widths of the two peaks are comparable with theV corresponds to a gap of width @:®.3 eV within the
spin-orbit splitting of the initial states, the splitting can be ynoccupied bands alony above the fundamental gap. Peak
determined via the spin separated partial intensities resulting pehaves identically to ped® but with the partial intensi-

from spin-resolved photoelectron spectroscopy. It is worthjes |, andi _ exchanged, i.e., with opposite sign of the spin
noting that similar peak® and C appear in photoemission polarization.

from_InSe, and that th_e_splitting of these peaks reveals an A peak A, appears at binding energies between
identical spin-orbit splitting. As GaSe and InSe ha_lve the70_4 eV and—1.0 eV, and a peald, between—4.3 eV
same crystal structure, the valence-band states which Shoé{vnd—S 2 eV While peald.. exists onlv for photon enerdies
up in the peak8 andC must be derived from atomic orbitals ' ' P L > only for p 9

of Se, the atomic constituent which is identical in both ma_between 9.6 and 11.5 eV, ped is present for photon en-

terials. In accordance with Ref. 19 these orbitals are the Sgrgies petween 15 an'd 18 .eV. PeAk. and. peakAz are
4p,, orbitals. presentinl , as well as inl _ with nearly identical weight, so

At photon energies below 9.4 eV peBks present in the the spin polarizatiorP approaches zero in each of the two
partial intensityl _ only and so is due to excitations resulting P&aks.
in negative spin polarization of the photoelectrons. At a pho- There is a so-called final-state peak at about 7.4 eV above
ton energy of about 9.6 eV pedkdisappears, but with the the VBM. It appears significantly in the 10.6 eV spectrum of
photon energy increasing above 10.2 eV it reappears in theig. 2 and is marked by an arrow. Final-state peaks are
partial intensityl . and so is due to excitations resulting in caused by a high density of states of the unoccupied bands.
positive spin polarization. At photon energies above 16 eVThey can be distinguished from direct photoemission peaks
peakB disappears i, and reappears ih_, i.e., the elec- by their kinetic energy being constant, i.e., the appearing
tron spin polarization of pealB again changes the sign. binding energy changes by amounts equal to the change of
These changes of sign will be discussed later. The disappeahe photon energ#>° Final-state peaks usually show no
ance of pealB for photon energies ranging from 9.6 to 10.2 spin polarizatior’°
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:E.Egé?é%:f:: FIG. 3. (a) Calculated relativistic valence-
— band structure of Ga®8001) in the A direction
2 S \A75 Aae\Af taken from Fig. 1(b) calculated bands shifted by
0.6 eV to higher binding energies. The uppermost
< bandA?3 is adjusted to connect the bang at the
A sL i i point A with the VBM at the pointl’. (c) data
§ points obtained from the partial intensities and
L i , s I _, partly shown in Fig. 2. FoB andC the data
uIJ‘ E—— \.jﬁ points represented by closed symbols correspond
4 ) = - . .
\ to measured peaks appearing lip (connected
Al /,,J-’ [ — | ¢¢ with P=1) while open symbols correspond to
__n_._.___,.f/’ \\\\ measured peaks appearinglin (connected with
5 = P s J A, P=—1). The unpolarized peak&; and A, are
I - ® given by partly filled circles.
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To correlate the calculated valence-band structure with thevorth noting that the symmetry of the totally symmetric
measured data, Fig(& shows the initial-state energies cor- (free-electron-lik¢ bands is not unique in the nonsymmor-
responding to the measured peaks versus the final-state gohic space group*®Along the A direction the selection of
ergy (Es) with the VBM used as energy zero. The dataA% and Ag as possible symmetries of the unoccupied states
points are obtained from the spin-separated spectra shown fas been verifietf Such unoccupied states also result in our
part in Fig. 2. For peakB andC the data points represented LAPW band-structure calculatiofsee Fig. L
by filled symbols correspond to peaks appearing,irwhile First the spectra measured for photon energies below 9.4
open symbols correspond to peaks appearing_in The eV and above 16 eV shown in Fig. 2 must be considered. For
crossing of the data points for peBkand pealC reflects the these energies pedk appears in _ (spin polarizationP =
changing preferential spin direction in these peaks. The un-1), peakCin | . (spin polarizatiorP= +1). According to
polarized peak#\; andA,, they are present ih, and inl _ the relativistic dipole selection rules, peBkis due to exci-
with identical weight, are shown by partly filled circles. To tations from the initial stated$, Ag to the final states of
improye th_e al_ignment of _the calculated_ and _the_measuregymmetriesm, A%, while peakC appearing inl . is due to
data given in Fig. @) and Fig. 3c), respectively, in Fig. @)  excitations from the initial states§, AS to the identical final
the calculated valence bands are rigidly shifted by 0.6 eV Qtates of symmetriea?, A%. The changed sign of the elec-

highezrgisnding energies. I;|owevgr, to I-<eep the VBM atlihe ., spin polarization at photon energies between 10.2 eV
point,”"*"the uppermost 3-band is adjusted to connect the

correlatedA%-band at the point A with the VBM at the TABLE I. Group theoretical prediction for the electron spin po-
I'-point. The shift could be due to a self-energy correéidn  'arization following for transitions between states with symmetries
not considered in our LAPW calculation. Comparison ofout of the point groupCe, excited by circularly polarized

Figs. 3b) and 3c) shows that the peak® and C originate 32 Initial states are given on the left, final states are on the

radiation:
from the initial states with the symmetrié@, Ag andAg, top. @ andB mean polarizatio®?=1 andP= —1, respectively. For

AS tivel hil KA dA iqinate e the sign “—" the transition is not allowed. The definition d®
A respec '_Ve y, while pea3 1 ?n 2 originate from ini-— - g iy Ref. 32 is contrary to the definition applied in this table and
tial states with symmetrieag, Az. throughout this paper. It should be noted thatis omitted in Table

An assignment of the measured peaks with direct transir pecause dipole transitions from or 4 cannot occur.
tions between the calculated occupied and unoccupied bands
of different symmetry is hard to perform, because especially Al Ad Al AS AS AS AS
the calculated unoccupied bands shown on the right side of
Fig. 1 are too complex. Starting with the possible symmetrieg\7 - - - B a -
of the occupied bands given in Fig. 3 and assuming the finaa - - - - -
states to be totally symmetric, the relativistic dipole selections - - - - -
rules given in Table | allow proving the existence of the A3
states involved in the photoemission proct¥sthe final A
states should be totally symmetric, because in the normai§
emission geometry of our experiment other states should ngt§ - B B a - - —
couple to the outgoing plane waves in the vacuum. It is

I ™™
Il ™R R |

I ™ R
I
|
R
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according to the gap in the unoccupied bands alongAthe
direction, the intensities, and the electron spin polarization,
region L : from vacuum leve[5.7+0.1 eV (Ref. 40] to 6.5

eV above VBM, region }: from 6.5 to 7.7 eV, region Il
from 8.3 to 13.5 eV, region lll: above 13.5 eV. In regiogs |
and Il the electron spin polarizations for the pe&andC

is in accordance with the group theoretical prediction for
total symmetric unoccupied bands with the symmetﬁés

Ag as discussed above. But in regiogshd Il our measure-
ments for peak8 andC reveal opposite electron spin polar-
ization. This discrepancy indicates that the often used model
of free electron final state bartdsloes not apply to GaSe. In
order to obtain positive electron spin polarization for p&ak
relativistic dipole selection rules demand transitions from the
initial statesA$, A3 to final states with low symmetriess,

A% as shown in Table I. Normal emission out of these states
is not allowed as they are not totally symmetric. But, emis-
sion out of such states is possible inside the acceptance cone
of our spectrometer, as shown for (1&1) (Ref. 25,
WSe,(0001) (Ref. 10, and InS€000]) (Ref. 11). We mea-
sure this off-normal emission results in the peaks and spin
polarizations the regions, land Il. Correspondingly, peak
requires the final states of the symmetriey A§ to obtain

the measured negative electron spin polarization. Therefore,
flat unoccupied bands of symmetrias, AS or A3, A§ have

to be supposed in the regionsdnd Il. A scheme of these
regions and their corresponding symmetries is shown in Fig.
4(d).

The assumed symmetries of the unoccupied states are
supported by the data for the peaks and A,. Transitions
from the bands with symmetries;, A3 located in the vicin-
ity of the binding energies assigned to the peaAksand A,

are allowed only to bands with symmetrids, A5 or A3,
two different initial states, corresponding to the pe&kandC in AS. Therefore, the assumption of unoccupied bands of sym-
Fig. 2.(a) total intensities(b) electron spin polarizationgc) partial ~ metries A3, AS or A8 Ag in region Il also explains the
intensitigs,(d) as_sunjgd symmetries of the_unoccupied bar_lds. Thgypservation of peakd; andA,. The vanishing spin polar-
tenety and the lection spin polarzation regignirom vacuam 220N Within the peaks, and A, is caused by the mixing

, . . 5 6 A6
level (5.7-0.1 eV above the VBMto 6.5 eV, regiony: from 6.5 Ei):‘/ér;nsnlons to final state bandé, Agandig, Ag, respec-

to 7.7 eV, region II: from 8.3 to 13.5 eV, region Ill: above 13.5 eV. To ch terize th ied stat ith ies bel
In addition to the statistical uncertainties represented by the error 0 charactérize the unoccupied states with energies below

bars the spin polarization has a scaling uncertainty of 5% of théhe vacuum level, W? applied spin depen_dent Auger electron
given values. The measured spin polarization does not reacRPECtroscopy following the photoexcitation of Ga 3d core

P=+1 because peaR and peakC are partly mixed and an inelas- hole states by circularly polarized radiation. Figure 5 shows
tic background cannot be removed. spin separated constant final sta@FS spectra measured

for photon energies from 19.4 eV to 27.0 eV at the two fixed

and 15 eV, however, implicates the low-symmetric finalkinetic energiesg,;,=0.5 eV+0.2 eV (upper pangl and
statesA3, A§ and A3, A§ in excitation as well as in emis- Eyn=1.7 V0.2 eV (lower pane), respectively. With the
sion. vacuum leveE, ,.=5.7 eV above VBM the kinetic energies

This situation is more closely demonstrated in our spinExin="0.5 eV andg,;,=1.7 eV correspond to energies of 6.2
resolved ClS(constant initial statespectra. Figure 4 shows eV and 7.4 eV above VBM, respectively. FBg;,=0.5 eV
CIS spectra measured for two the different initial states enthree significant peakB, F, andG are observed at photon
ergiesE;=—1.9 eV andE;=—2.2 eV, corresponding to the energies of about 20.7 eV, 22.9 eV, and 25.1 eV, respectively.
binding energies of peaB and peakC, respectively. The A weak peakE is present around 22.1 eV. While fd,;,
total intensityl and the corresponding electron spin polariza-=1.7 eV the peak®, E, andF appear at the same photon
tion P versus the final state energi{) above VBM appear energy, peak G is shifted by 1.2 eV. With reference to VBM
in Figs. 4a) and 4b), respectively, and the partial intensities the binding energies of the Galg, and 3;/, states are;
I, andl_ appear in Fig. &). As shown in the upper part of =—18.85 eV andgj=—19.2 eV, respectivel§* Thus peak
Fig. 4@ our CIS spectra are divided into several regionsG appearing at about 25.1 eV turns out to be due to direct

FIG. 4. Constant initial statéCIS) spectra from Ga$6001) for
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FIG. 6. Comparison between calculated symmetries and mea-

3d,_3d ) e
P sured ones for Gaga001]) in the A direction. (a) Calculated rela-
20 21 22 23 24 25 26 27 tivistic unoccupied bandstructure taken from Fig(l). Calculated
Photon energy (eV) bands shifted by 0.8 eV to higher energiés.Measured symmetry

) ] properties of the unoccupied bands taken from Fd) fbr energies
FIG. 5. Spin resolved constant final stateFS spectra of  ghove vacuum level and taken from Fig. 5 for energies below
GaS¢000) at two different kinetic energies of 0.5 eWpper  yacyum level. The shaded areas below vacuum level present just the
pane) and 1.7 eV(lower pane). PeaksD, E, andF are due to the  gnergetic positions of the bands revealed from the Auger pPaks

Auger decay of Ga 8 core holes while peas is due to direct g andF of Fig. 5 and it does not mean that they have any depen-
photoemission from Gadcore states. The thin and the thick ver- gency along the\ -direction.

tical lines indicate the expected positions for direct photoemission

from the 35~ and 35 ,-core states, respectively. L . .
Sz vz P Y polarization transferred to outgoing electrons by the involved

photoemission involving excitation fromd3core states into  valence-band electrons coupled to a sindfiet.

p-derived conduction-band states. The partial intensities In Fig. 6 the calculated relativistic band structure and the
and |, preferred at the low- and the high-energy edge ofmeasured results are compared for the unoccupied part. Fig-
peakG are in accordance with the relativistic dipole selec-ure 6c) shows the measured symmetry properties taken from
tion rules>® respectively. The peakd, E, andF appear at  Fig. 4d) for the energies above the vacuum level and taken
photon energies for which direct transitions into the observedrom Fig. 5 for the energies below the vacuum level. We
constant final states &;;,=0.5 eV andg;,=1.7 eV do not  shifted the calculated bands by 0.8 eV rigidly to higher en-
exist. However, inverse photoemission measurements fargies to align the calculated bands and the measured one as
GaSe give lower band edges at about 2.1 eV, 2.4 eV, 3.1 el¢hown in Figs. @) and Gc). Again the physical reason for
3.4 eV, 4.3 eV, and 4.8 eV above VBR#*? Transition from  the shift is a self-energy correctib# not considered in our

the 3d-core states must not necessarily be allowed to all th& APW calculation as we mentioned for the case of the va-
corresponding bands. However, the band-edge energies 2dnce bands. From a comparison between Fifs. &d Gc)

eV, 3.1 eV, and 4.3 eV added to the Gd Binding energies the general agreement between the calculated band symme-
correspond to the appearance energies of the f@aksand tries and measured ones is good. Especially, in the regjons |
F. Thus by transitions from Gad3states to these unoccupied and Il the calculation reveals bands with the low symmetries
states, 85, and 3, holes can be created which in the caseA3, A§, A3, andA§ and these bands allow the change of the
of p-derived unoccupied states will be spin polarized antiparsign of electron spin polarization measured in our measure-
allel and parallel to the photon spin, respectivVely’ These  ment. We also calculated the partial density of states from the
holes will decay by CVV-Auger processes resulting in therelativistic band structurénot shown in this papérand it
Auger electrons which we have observedE,=0.5 eV  shows that GaSe has a stropdjke density of state$sDOS)

and 1.7 eV. The significant preference lof at the low- up to about 10 eV above VBM and-like thereafter. The
energy edge of the peaks, E, andF clearly confirms the strongp-like DOS was also revealed in a recénonrelativ-
primary excitation intqp-derived states if the Auger decay of istic) band structure calculatidi. This p-like DOS allows

the 3ds, core holes is supposed to be a process with the spithe measured Auger peaks E, andF with preferential posi-
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