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Valence-band electronic structure of ZnSe(001) thin films: Theory and experiment
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Angle-resolved photoemission spectra of Z(®d) thin films have been measured using monochromatic
vacuume-ultraviolet synchrotron radiation. The experimental width of the valence band at high symmetry points
differs significantly from previously published data, but agrees well with our abwinitio band structure
calculated including relativistic effects. Surface states were clearly identified by comparing the angle-resolved
photoemission spectra with the surface electronic structure calculated for the(OB®SE?2 X 2)

reconstruction.
DOI: 10.1103/PhysRevB.70.125308 PACS nuni®er79.60.Bm, 71.20:b, 73.20-r
[. INTRODUCTION emission experiment only the wave vector component paral-

Zinc selenide is a wide band-gap semiconductor with 4el to the surfacek, is conserved since the. presence of t_he
very low absorption coefficient for wavelengths betweensurface breaks the translational symmetry in the perpendicu-
0.63um to 18um. Itis a key material in high-power infra- lar direction; the momentum transfer of the photon can be
red lasers and used for infrared windows, lenses, and prismgeglected in the vacuum-ultraviol€VUV) region. Within
Recent progress in fabricating ZnSe laser diodes for the bludhe direct transition modek, can be determined by assum-
green and white spectral regidnshas rekindled interest in INg appropriate final states. Either free-electron-like or.calcu—
the fundamental properties of this material. The successfupted final states are frequently employed, and experimental
photonics applicatiot® motivated the present comprehen- techniques to establish the absolute crystal momentum have
sive investigation of the electronic structure of Zf®s) also been developedHere we present both experimental
which combines experimental photoemission studies witfnd theoretical results on the bulk and #{@x 2) surface
state-of-the-art theoretical calculations. electronic structure of Zn$@01), calculated using density

Previous photoemission studies on MBE-grownfunctional theory within the local density approximation
ZnSe&001) samples have provided some important insights(DFT-LDA). We are able to derive a detailed picture of the
but remain incomplete. For example, the recent experimental@lence band electronic structure of Zi3&l) by combining
investigations of Drogeet al® focused only on normal- Vvarious approaches to interpret the angle-resolved photo-
emission photoelectron spectra. The earlier work of Zhetng €mission data.
al.” on the Se-rich(2x 1) surface provided evidence for ~ This paper is organized as follows: experimental details
three surface resonances, and the publication by etis8  are presented in Sec. Il and the theoretical calculations in
emphasizes the experimenta| differences in the e|ectr0ni§ec. 1. The bulk electl’oniC structure Of ZnSe iS described in
structure between the Se-ri¢Bx 1) and thec(2x2) zn-  Sec. IV and the surface electronic structure of Z084)-
terminated surfaces. To our knowledge no theoretical result&(2 % 2) is discussed in Sec. V.
on the surface electronic band structure of different recon-
structions of ZnS@O01) have been published to date.

Angle-resolved photoelectron spectrosca®yRPES is
widely used to determine the energy and momentum of the High quality ZnS€001) thin films were grown on
occupied electronic states in crystalline solids. In a photoGaAg001) substrates using molecular beam epit@d4BE)

II. EXPERIMENT
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at Wirzburg University. The samples were transfered under 4 _ n
ultrahigh vacuum(UHV) from the growth chamber in } / I
Wirzburg to the beamlines at the Hamburg Synchrotron Ra- | // -
diation Laboratory(HASYLAB) using a portable chamber | N >/ I
developed for both x-rd§ and photoemission investigations. 4 = | 4
The samples were passivated with a Se-cap for additiona_ | |
protection although the pressure in the transfer chamber wa, 6] ™ f 6
better than 5 10°° mbar. The 0.27% lattice mismatch be- & | —_—— T
tween the GaAs substrate and the epitaxial ZnSe film induce's T L
pseudomorphic strain. Since the critical thickness for this i et ]
system is well above 100 ni@iRef. 11) the samples investi- 10+ - L 10
gated here, with thicknesses 50—-100 nm, were all pseudo ] I
morphically strained. 12 |2

The experiments were performed at the Seya-Namioke | “\\ e |
monochromator beamline F2.2 at HASYLABThe results 14 14
presented in this paper were obtained on the Z0&b- I XU L r KW X

c(2x2) reconstructed surface prepared by annealing to
450 °C as described by Chen al!® The samples were ori- _
ented using low energy electron diffractipEED). During 28" of the energy scale was adjusted to the VBM. O_n the Ief'_[-hand
the measurements the pressure in the analyzer chamber wi4e an experimental spectrum taken at normal emission Aith
better than & 10-1° mbar. =25eVis shown for comparison, and thg theoretical density of
The momentum space was mapped in detail along thétates(DOS) 's depicted on the right-hand side.
main symmetry directions in the Brillouin zon®Z). The )
linearly polarized synchrotron light was incident at 45° to theUpper part from —5.55 eV dtto 0 eV atl’ has mainly Se ¢
sample normal and the polarization vector was in the plan&haracter. The uppermost part of the valence band consists of
defined by the direction of the incoming photons and theSiX electronic bands which form three doubly-degenerate
sample normal. The overall instrumental energy resolutiofP@nds in thd’-X andI'-L directions. In this papeias in Ref.

was typically 100 meV, with an angular resolution of 2°.  16) we call the lower of the valence bands appearing at
—-5.10 eV atX the sh (split-off hole) band and the two upper

bands appearing at —2.54 and -2.36 eVXathe |h (light
ll. THEORY hole) and hh (heavy holé bands. Note that for th&-K-X

. direction the degeneracy is removed, but the splittings of the
The bulk band structure of ZnSe was calculated usingpree bands aregsmallsgthe nomenclature mitHI?\ anghh

i 12+ + ; ; ;
DFTTL.DA with Zn'2" and S€ p'seudopoten'UaIs including can still be used. Band structure calculations on ZnSe have
relativistic effects. The experimental lattice constaamt .., performed by many groups in the past. In Table | we

=5.67 A and a cutoff energy for the plane waves of 60 Ry, ompare our results for the eigenvalues of the valence bands
were used. The band structure of the occupied valence ban X andL to some of the published resuls?

is depicted in Fig. 1 and for comparison a representative The theoretical photocurrent was calculated using the

normal emission spectrum recordedfiai=25 eV is plotted 4 14en ryle formalism by generalizing the formula given in

cgngpth; Igfé—faeri/d V\Sl;ﬁgh %u;aﬁa:gzli[:ggﬁ zfﬁpgrgﬂn%ﬁiﬂfheﬁ 21 to arbitrary emission angles. The angle-resolved pho-
. . toelectron energy spectrum at photon enefigy is
experimental value of 2.82 eV at 0 tRef. 14 but this is a g9y sp P i

well-known deficiency of LDA. The Zn @ bands afl” are

calculated to lie between -6.68 and =7.19 eV, which is about (B, 9) = Ef dK'f dk, Nt (Wl A - Pl

2 eV higher than the experimental binding energy. This is a ¥

further well-known problem of the local-density approxima- X 8(Ef(K) - Ei(k) — fiw) S(E — E¢(K)) 8(0 — E)

tion and has been discussed in detail by Zhanhgl!® 1
The lowest part of the valence band between -13.47 eV at (1)

I' and -12.36 eV aW originates from Se glevels and the whered;, E; and i, E; are the Kohn-Sham wave functions

FIG. 1. Theoretical valence band structure of bulk ZnSe. The

TABLE |. Eigenvalues of thesh, Ih, andhh bands for ZnSe dt and X relative to the valence band maximum. The experimental values
extracted from results presented in Secs. IV B and IV C are givenlifhadhh bands are not degenerate in ourtZncalculation.

Ref. 17 Ref. 18 Ref. 18 Ref. 19 Ref. 20 This work This work
Point Znt?* Znt?* Znt?* GW GW zn?* Znt?* Experiment
L sh -5.21 -4.39 -5.53 -5.23 -5.3 -5.16 -5.55 -54
X sh -4.82 -4.24 -5.02 -5.03 -4.7 -4.94 -5.10 -5.1
X' Ih, hh -2.20 -1.56 -2.39 -2.08 -2.2 -2.02 -2.36, -2.54 -2.6
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FIG. 2. Brillouin zone for zinc-blende lattice together with the
related surface Brillouin zone for t@01) surface. The dashed line
indicates the surface Brillouin zone for tle€ X 2) reconstruction.
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and energies of the bulk initial and final statd&,Aw,9) is
calculated as a function of the binding energy of the occu- E-Ep[eV]
pied statesE, the incident photon energyw and the polar VBM

angle 9. The polar angle of the outgoing electrofisis re- FIG. 3. Set of normal emission spectra measured on Q&g

lated tok, by k= \,r(szlz)a( sin 9, Ay is the inelastic mean Bars indicate features .take.n ipto account for congtructipg the band
free path of excited electrons in the bulk. The quantity strl_Jcture. The dottec_i line |nd|cat¢_as one of the dlspersmg features
describes the transmission coefficient across the surface bg}zblch could not be interpreted within the free-electron final state
rier for a final state/y; and is calculated by projecting each model.
bulk final state onto outgoing plane waves characterized by . . i
appropriate wave vectof$.The double integral in Eq(l) @ two-dimensional array of DFT-LDA final states, a(g)
was calculated using Lorentzians for téefunctions and a comparison with theoretical spectra.
dense discrete mesh kf andk, points.

The calculations of the surface electronic band structure

of ZnS&001)-c(2x 2) were performed using theHI98vD A. Normal emission

program packag@ with Zn** and S&" pseudopotentials— When mapping the valence band electronic structure us-
details are presented in Sec. V. The relationship between tH8g ARPES with synchrotron light one first collects a set of
bulk and surface Brillouin zones is shown in Fig. 2. normal emission spectra for the whole accessible photon en-

ergy range. Normal emission results are easiest to interpret
and permit a strategy for subsequent off-normal scans to be
IV. BULK ELECTRONIC STRUCTURE defined. Figure 3 shows a set of normal emission spectra
from ZnS&001). The energy scale is relative to the valence
Photoemission experiments on solids in the VUV photonband maximum(VBM). All spectra are background cor-
energy range are very surface sensitive due to the short meaected and normalized. Peaks related to direct transitions
free path of the photoelectrongypically 0.5—2 nm and  were located using inverted second derivatives. The spectra
hence the spectra contain both bulk- and surface-related fea Fig. 3 are dominated by the dispersive peak related to the
tures. The separation of bulk and surface features is a diffish band for photon energies frofw=19 to 32 eV. The fit
cult task, and one of the best tests is to compare the expette this peak is unambiguous. The less dispersive and less
mental results to the calculated surface band structure. In thgistinct features related to thle andhh bands between -1.3
following we present a relatively complete picture of theand 0 eV foriw from 17 to 27 eV and the spin-orbit split
bulk band structure of Zn$@01) by interpreting the spectral features near thd" point for Aw from 13 to 15 eV are
features using in successidi) free-electron final-stateé)) marked. The decrease in the intensities of theand hh
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FIG. 4. Band structure alonfj-X constructed from the spectral
features indicated in Fig. 3. Solid lines show the theoretical band
structure.

bands with increasing photon energy can be explained using
selection rule argumentd. The nondispersive features at

-5 eV are discussed in Sec. IV C. PO P T R R R
The features indicated in Fig. 3 were used to construct the 00 0z 04 06 08 10
band structure shown in Fig. 4 which also includes the re- r k[1/A] X

sults of the theoretical calculations. The wave vectors of the _ o
corresponding transitions were found using free-electron FIG. 5. Final state bands for bulk ZnSe along fh« direction.

final-states with The experimental final staFe pands are marked&bmd D. symbols
and theV and O symbols indicate the corresponding initial states.
om The primary-cone and secondary-cone free-electron parabolas are
k, = ﬁ(Ek+V0), (2 indicated by the dotted and dashed lines.

whereE, is the kinetic energy of the photoelectrons and theSymbols was created from the features indicated by the dot-
inner potentialV, takes into account the potential barrier atted line in Fig. 3. This band is in agreement with the DFT-
the surface. When using free-electron final statgds ad-  LDA calculation and there is no free-electron parabolei-
justed to give good agreement between the experimental arfier primary nor secondary conat could be assigned to it.
theoretical band structure. We found best agreemenvgor This shows that for final-state energies in the lower region
=11.2 eV and this value was used to construct the banfelow 20 eV the free-electron model fails to explain some

structure in F|g 4. There is good agreement between thglstlnct features present in the EDCs. In Spite of the known
calculation and the dispersion of the experimental featureBroblems of the DFT-LDA method for excited states our con-

from Fig. 3. The experimental spin-orbit splitting of clusion is that thescissorsoperator shifted array of DFT-
0.40-0.45 eV at th& point is very close to the theoretical LDA final states is in surprisingly good agreement with ex-
value of 0.41 eV. periment for final-state energies up to about 24 eV. For
There are more dispersive peaks in Fig. 3 than thos&nergies above 28 eV the experimental results do not corre-
marked with bars. The dotted line marks a dispersive featurépond to the DFT-LDA final states and the free-electron pa-
that could not be explained within the free-electron final-rabola gives better agreement.
state model. This feature is not an Auger transition because
the kinetic energy is not constant. B. Off-normal emission in the TKWX plane
In Fig. 5 we show experimental final-state bands on top of , N '
the free-electron parabolas and the DFT-LDA band structure,, W'th‘?Ut a knowledge .Of both the initial apd flnal state
The unoccupied DFT-LDA bands were shifted to reproduced'Spe_rs'onS it is not possible to follow an arbltfarlly defined
the experimental band gap. The experimental final-stat@@h in the BZ in an off-normal ARPES experiment. How-
bands were created on the assumption that the theorstical €/€"» ©N€ can maximize the probability that the momentum

band is correct and the band indicated by theymbols was of the probed states Is close to the dgsired one by assuming
created from the dominant peak in the normal-emissior{ree'ele‘:tron final states when choosing the photon energy

EDCs. It can be seen that the symbols follow both the free@nd emission angle according to

electron and the DFT-LDA bands, but a gap starts to open up om
in the region closer td'. The final-state band indicated by K=/ 57 Eksind,
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FIG. 6. Off-normal emission spectra in th&WX plane from
ZnSe001). Dispersive spectral features are indicated by bars.

k, = \/Zh—r?(Ek cog 9+ V). (3)

Here primary-cone direct transitions are considetgdand

V, are defined as in Eq2), and ¥ is the polar angle of the

emitted electrons with respect to the sample normal.
Figure 6 shows a set of off-normal spectra in fAigWX
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plane performed with small angular steps. In order to follow
the I'-X direction in the bulk BZ, the photon energies and
detection angles were chosen using EH®) with V,
=11.2 eV such thdt, is kept constant for features appearing
at the VBM. The scan was performed in the plane defined by
the direction of the incoming photons and the surface nor-
mal. The spectra in Fig. 6 show several distinct dispersive
features that could be easily identified and fitted. The band
structure constructed from the features indicated in Fig. 6 is
shown in Fig. 7 where the majority of the featu(ptotted as
circleg can be ascribed to primary-cone bulk transitions, but
there are also features marked by crosses that cannot be de-
scribed in a simple way. As in the normal emission spectra
the spin-orbit splitting is observed near theoint. The ex-
perimental and theoretically calculated spectra are compared
in Fig. 8. The calculation of the theoretical spectra based on
Eqg. (1) gives only spectral features arising from the bulk
band structure. The experimental data reveals two peaks that
are clearly not present in the theoretical spectra which shows
that they must be surface related. We will discuss these sur-
face features in Sec. V.

At k;=(1,0,0 X 27/a, related to theX point, we find that
the sh band lies at —5.1 eV anth and hh bands are at
—2.6 eV (no splitting was observed experimentallyrhe
value for thesh band can be assigned to tiepoint since,
according to theory, at;=(1,0,0 X 27/a only those bands
from the X-W direction which lie in a narrow range between
-5.1 and —-4.95 eV are projected onto the surface. The value
for thelh andhh bands may be less accurate due to a larger
band width in theX-W direction and final-state effects.

C. Off-normal emission in 'KLUX plane

We have performed a scan in th&LUX plane assuming
free-electron final states to select the appropriate photon en-
ergies and emission angles to map along FhK-X [110]
direction. This scan was performed in the plane perpendicu-
lar to the plane defined by the directions of the incoming
photons and the surface normal.

Figure 9 shows the experimental band structure in the
I'KLUX plane, constructed assuming free-electron final
states, plotted on top of the projected bulk band structure. In
this figure one can see that the majority of the spectral fea-
tures can be attributed to bulk states. Let us concentrate on
the peak at the bottom of the valence bandkftwetween 0.5
and 1 A indicated by theVV symbols. The corresponding
spectra and their inverted second derivatives are shown in
Fig. 10. The minimum of the band is at —5.4 eV which is
0.3 eV lower than the position of th&h band atX given in
the preceding section. This band is related to emission from
the sh band near thé point which is explained as a transi-
tion to non free-electron final-state since the spectra were
collected in the'KLUX plane. TheL point has the coordi-
nates 2r/al3,3,3) and sincek, is conserved in the photo-
emission process emission froin in the reduced zone
scheme is only possible fdk,|=y2m/a~0.78 At which
fits very well to the bottom of the band as can be seen in Fig.
9. If we assume free-electron final states and secondary-cone
emission with aG=(2=/a)(-1,-1,-) final state band we
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higher

FIG. 7. (Color onling Band structure con-
structed using the features indicated in Fig. 6.
Circles indicate primary-cone bulk related fea-
tures, triangles indicate surface related features
and the nondispersive feature at around -5 eV,
and crosses indicate secondary-cone emissions or
features related to final-state effects. Solid lines
show the theoretical band structure alohigX.
Color map areas represent the same spectra as in
Fig. 6 but plotted in thé(k) plane withk vectors
calculated using Eq3).

energy [eV]
intensity

lower

05 . 1 :
r k[1/A] X r

find for the feature at -5.4 eV in the spectrum fab values are away from tHe point. Thus the free-electron final
=19.5 eV and 39° state model fails to predict the discussed emission from the

] 5 5 bottom of thesh band.
k, =VEMAIE - [k +G)|*~ G, = 0.12x (27/a), Olguin et al?* have presented an interpretation for the

while primary-cone emission(G,=0) gives k, ~0.19 nondispersive features, which lie at energies5 eV, based
x (27/a), after reduction to the first BZ. Both of these on tight-binding calculations and a Green’s function formal-
' ism assuming an unrelaxed, unreconstructed, ideal interface.

. . . It is apparent from Fig. 9 that these nondispersive features lie
on the edge of the projected bulk band structure. In our in-

., T terpretation they are transitions from the neighborhood of the
Z [\\__ 45°22.1 eV
~ - \\\—- 44°21.6 eV
{43211 ev
NN 0207ev
w‘\ 41°202 eV
VA N 4001996V
a5 [30°105ev
DN |38 1916V
dN (370 1886V
/A \ \ 36°18.5 eV
/ N 3501826V >
AJ\\ 34° 18.0 eV B
S 331776V 2

320 17.5 6V
319173 eV
130° 17.1 6V

28°16.7 eV
O _6 : : : -
26°16.3 eV 0 0.5 1 1.5 2 2.5
24° 160 eV r k[I/A] K X K
201386V FIG. 9. The band structure féiKLUX plane constructed assum-
20°155eV ing free-electron final states. Circles show bulk-related primary-
18°15.3 eV cone features. Squares and triangles indicate other dispersions that
! ! ! cannot be explained as primary-cone free-electron features. Darker
-6 -4 22 0 gray areas show the projected bulk band structur@ KrtUX plane
E-E_;\[eV] for k, from 0 to 7/a and lighter gray areas fdt, from /a to

27/a. Solid lines show bands ilKLUX plane atk , =0 (along
FIG. 8. Comparison of the experimeni@oty and theoretical I'-K-X), dashed lines fok | =/a (this includesL point), and dot-
(solid lineg spectra for off-normal emission in tHeKWX plane.  ted lines fork , =2x/a (along X-K-I'). It is also schematically
Surface related features are indicated by the guidelines. The expeghown on the top-right of the figure in the BZ section. See the text
mental spectra are a selection from Fig. 6. for details.
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FIG. 11. Left, top view of the Zn§601)-c(2 X 2) reconstructed
surface[four c(2 X 2) surface unit cells are showrRight, the sur-
face Brillouin zone for this surface. Solid lines show1 and
dashed lineg(2 X 2) Brillouin zones.

S
L

Inv. 2nd der.

il L L
6 55 -5 45 4

FIG. 10. Energy distribution curves fd=0.5-1 A1 in the  etry was established using tRa198vD program package to
'KLUX plane and the corresponding inverted second derivativegninimize the surface energy. The program uses a periodic
near the valence band minimum. The vertical dashed line positionedupercell geometr§?-32We used a Zff pseudopotential and
at -5.4 eV indicates the valence band minimum. a slab containing 31 layerd6 layers of Zn and 15 of Se

with ¢(2 X 2) reconstructions on both sides. The vacuum dis-
X point induced by surface-Umklapp scattering V&, tance between the slabs was equivalent to the thickness of
=(1,1,0 vector$® as is apparent from the projected bandthe slab. The relaxation criterium was to minimize the force
structure in Fig. 9. The existence t,,=(1,1,0 vectorsis on each atom below 0.01 eV/A. The resulting surface energy
a property of tha001) surface of fcc crystals and is inde- perc(2X2) surface unit cell was 1.28 eV lower than for the
pendent of the surface reconstruction. The discussed nondigarelaxed surface with ideal bulk atomic positions. However,
persive features do not arise from @& X 2) reconstruction it should be noted that our theoretical relaxed geometry may
since they were also clearly observed in photoemission spe®¢ slightly inaccurate because the Zth fates were not in-

tra from the Se-rich X 1 surface(not presented heye cluded in the pseudopotential. After optimizing the atomic
geometry the same slab was used for the band structure cal-
culations.

V. SURFACE ELECTRONIC STRUCTURE

Several theoretical and experimental results on the geom-
OF ZnSe(001)-c(2X 2)

etry of the ZnS€&)01)-c(2 X 2) reconstruction have been pub-

Electronic states at the surface of a single crystal aréshed previously>2=%n Table Il we compare our theo-
strictly two-dimensional and have dispersions which differretical results to the most recent surface x-ray diffraction
significantly from bulk states. It is convention to distinguish measurements. The Zn surface atoms are nearly coplanar
between surface states which lie in the projected band_giglth the second layer Se atoms which means t_hat the surface
and surface resonances which lie within the bulk band strucén-Se bonds are shorter than the corresponding bulk bonds
ture projected on the surface. Surface states can be readf@nd the positions of the second layer Se atoms are modified
identified using angle-resolved photoemission since they argorrespondingly.
not mixed with bulk states. If the geometric structure of the
atoms in the near surface region is known it is possible to B. Surface electronic structure of
calculate the surface electronic band structure using modern ZnSe(001)-c(2X 2) along T-J
computational techniques. T2 X 2)-reconstruction is the .
most stable Zng601) surface structure and has been the 1he surface electronic structure of Zri8@Y)-c(2X2)
subject of a number of experimerftd$1l132627 gng ~ Was established by inspecting tkeand eigenvalue-resolved
theoretica®®-3° studies. The generally accepted Zn—vacanCyCharge densities along the slab. The supercell contained 30
model® for the ZnSee(2x 2) reconstruction was first pro- < 2=60 electrons given by the Z‘ha_nd 30<6=180 elec-
posed by Farrekt al3! Here we compare our ARPES results trons given by the SSé_pseudopot_ennals. The total nu.mber
to ab initio theoretical calculations to obtain a more complete®f 240 electrons provides 120 eigenvalues at eagivint
understanding of the electronic structure of the Z08@-  SINCe Spin effects are neglected. There are 90 elgenvalues'out
c(2X 2) reconstruction of these 120 in the valence band between -5 and 0 eV with

respect to the VBM. Thé'-J distance was sampled in &

points (including I' and J), and the result is plotted in Fig.
12. In this plot the dots represent the 90 eigenvalues at each
The geometry of the Zn-vacancy model for X 2)  k point. For each of these eigenvalues the spatial charge den-
reconstruction and the corresponding surface Brillouin zonsity was inspected. The eigenvalue was identified as being
are shown in Fig. 11. The relationship between the bulk andurface related and marked with a full circle in Fig. 12 if a
surface Brillouin zones is given in Fig. 2. The atomic geom-significant charge density was located in the surface region

A. Geometry of the surface
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TABLE II. Relative coordinates of the atoms in the Zii@&l)-c(2x 2) surface reconstruction. The
positions are relative to ideal bulk positions and the values are in lattice coagtanits using coordinates
of the cubic fcc lattice cell. A lattice constaag=5.59 A was used for the calculations.

Position[ag]
x (100 y (010 z (00))
Our DFT-LDA results
Surface Zn 0.000 0.000 -0.199
Second layer Se 0.034 -0.034 0.013
Third layer Zn 0.000 0.000 -0.004
Weigandet al. (Ref. 10 (x-ray data
Surface Zn 0.000 0.000 -0.208
Second layer Se 0.029 -0.029 0.010
Third layer Zn 0.000 0.000 0.001
Fourth layer Se 0.003 0.003 0.003
Fifth layer Zn 0.000 0.000 0.004
Sixth layer Se 0.001 -0.001 -0.001

with a small or decaying contribution in the bulk. We found  The borders of the projected bulk band structure are indi-
that similar to the calculations on CdTRef. 32 bonding- cated in Fig. 12. The eigenvalues of tb@ X 2)-terminated
antibonding combinations of the surface states occur due tslab do not correspond exactly to the projected bulk band
artificial interactions across the slab. The surface state begyycture; the projection is folded such that betwEeandJ
tween —3.5 and -4 eV exhibits this effect, but the splitting iSpoth halves of the bullf-X distance appear due to the su-
less than 0.05 eV. We identified three surface-related bandgecell of thec(2 x 2) reconstruction. The borders of the pro-
the two upper bands are localized in the near surface regiofcieq band structure could be easily identified from the den-
and the Iowe_s,t band is more resonancelike and decays OVEfiy of eigenvalues as indicated in Fig. 12. By comparison
several atomic layers into the bulk. with Fig. 13 these borders agree with the projected band
structure calculated with the bulk primitive cell geometry.

The use of the Z# pseudopotential causes the width of
the projected bulk band structure for thk band atX to be
reduced to 4.94 eV. The projection of tteh band atX
=(1,0,0X27w/a is determined by the dispersion along
X-W, and it is only 0.16 eV when calculated with ¥# in-
cluding spin effectgas discussed in Sec. IV)Bwhereas it is
0.44 eV using ZA". Our experimental results show that the
calculations with ZA" are more reliable, but Zi pseudopo-
tentials are faster and permit larger supercells.

A comparison between the theoretical and experimental
results is given in Fig. 13. The above-mentioned splitting of

energy [eV]

r

e T T

00

r
FIG. 12. The eigenvalues from the band structure calculation in __

the periodic slab geometry. The dots represent the eigenvalues and FIG. 13. Surface electronic structure alohigl. Dots show the

full circles indicate the eigenvalues for which the charge is locatedheoretical calculation and the triangles indicate the same features

in the surface regiosurface states and resonanc@#e borders of as in Fig. 7. Shaded areas represent the bulk band structure along
the projected bulk band structure are marked by dashed lines.  [100] projected on th€001) surface.

125308-8



VALENCE-BAND ELECTRONIC STRUCTURE OF. PHYSICAL REVIEW B 70, 125308(2004)

the theoretical bands due to bonding-antibonding combina
tions, arising from artificial interaction across the slab, is (A) (B)
averaged out and hence is not shown in Fig. 13. The exper
mental bands are those given in Fig. 7, and we label them S
and S4 as in Ref. 8. The different periodicity of the projected

bulk band structure and surface band structure albay
results in surface states only being present in every secor
period of thec(2x2) surface Brillouin zone. The energy

positions of the calculated surface band$ are -1.1, -3.7,
and —4.5 eV. Both of the surface states S1 and S4 are clear
found in the experimental data, however, the experimente
bands are located about 0.4 eV below the calculated pos
tions. This disagreement is related to the?Zpseudopoten-
tial and is expected from the similar shift of the bulk band
structure atX for the lh band. For S1 and S4 we find good
agreement with the results of X al®

More surface states were detected in Ref. 8 using th
following criteria: (1) when the dispersion could not be as-
signed to bulk transitions by comparison to the structurg
plots generated using free electron final sta8swhen the
dispersion displayed the same periodicity as the surface B2
and (3) when the dispersion was insensitive to different ex-
citation energies. As we have shown, an analysis using free- F|G. 14. Charge densities of surface featu(as. Total valence
electron final states cannot explain all of the experimentallypand density of state&3) dangling-bond surface state at 1.1 eV at
observed features in the Zn®8Y) spectra, so at least crite- T (c) back-bond surface state at -3.7 eVIatand (D) surface
rium (1) from Ref. 8 is questionable. Criteriu@) can only resonance at —4.5 &t (A)—~C) are side views in the plane contain-

be appligd to the state S1 since the other spectral featurcﬁ.fg the surface Zn atom and second layer Se atgBisis a top
showed in Ref. 8 do not extend over enough of the surfacgiey, in the plane containing the second layer Se atoms.

BZ. Thus our conclusion is that only surface states S1 and S4

are confirmed experimentally. the sh band is correct. The data analysis in terms of free-
The lowest theoretical surface band, a resonance on thelectron parabolas and an array of DFT-LDA conduction

edge of the projected bulk band structure, is not found exbands led to the conclusion that the latter can qualitatively

perimentally. However, this is not surprising since this bandexplain all of the experimental results.

is not sufficiently localized in the surface region. The surface electronic structure of Zri8@1)-c(2X 2)

» Thi 4Ch;r:3ezggnsslitrlsi?a(r)f tg]etr?:rf?ecsil?sangs e(gr(emsér{)(iwn Was obtained along th&-J direction. Two surface states

9. - were unambiguously identified by comparing the experimen-
c(2x2) given in Ref. 32. Itis clear that dt the surface state tal results to the theoretical surface electronic structure and
at -1.1 eV is due tor-like bonding of Se p states, the theoretically calculated photoemission spectra. The first sur-
surface state at —3.7 eV is due ¢elike bonding of Se #  face state is due to dangling bonds originating from e 4
states, hybridized with Zn sistates, and the resonance atorbitals, and the second is a back-bond surface state arising
—-4.5 eV arises from a combination af ando-like bonds in  from the hybridization of Se gtwith Zn 4s orbitals.
the surface plane.
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