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Atomic and electronic structure of the CdTeg001) surface: LDA and GW calculations
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The CdT€001) surface has been studied theoretically by means of the local-density approxith&ibdnto
the density-functional theory and the many-bdaly approach. Within the LDA method the minimum-energy
geometry is determined for several reconstruction models and a phase diagram of stable structures is estab-
lished. For the most stable reconstruction model over a large range of ambient condition$?2 ¥h2)
Cd-vacancy reconstruction, the surface electronic structure has been determined by means of the analysis of the
spatial behavior of Kohn-Sham orbitals and the local density of states. In addition, self-energy corrections to
the energies of the surface states are determined usinG\Wenethod. The spin-orbit interaction, which is
important in CdTe, is perturbatively included in calculatiof$80163-1829)06323-7

[. INTRODUCTION temperaturea Te-terminated, (1) reconstruction is ob-

Recent success in the fabrication of optoelectronic de__served with a Te coverage of 1.5 monolay€rShis behav-

vices on the basis of II-VI compounds has attracted renewed. resemb[es very much that of the ZriGel) surface,
whose similar atomic structure has been experimentally

interest in these materials. The technological applIcab'“tYdetermineEF*mand confirmed by first principles, total energy

rellgs on the pr_eparat|on of well defl.ned _heterostructures, 'rc]:alculationsﬁ*ls Therefore the polarf001) surfaces of a
which the quality of substrate and junction surfaces deter-

mines the characteristics of the device. The Cdied the number of II-VI'matenaIs display a rather similar atomic
similar Cd,geZNgosT€) are often used as substrates for thestructura_l behavior. S .
96711004 The aim of the present article is twofold. First, we would

g;?;,i\lcﬂl]l;rf tter:g?(r)}(l) ]{)I-VlroSVStT%Or:;dnlgcligg ?r?t?;(;]u;(g;ggjl'alrn like to provide a theoretical verification of the above experi-
P ! gro . mental findings for CdT@021) via total energy calculations,

beam epitaxy process is frequently_ applied. qu these reallr—] analogy to the work done on the Zn®81) surfacel’-1°
sons, a knowledge of the physical properties of the"I'he second goal is the study of the electronic structure of the

CdTg001) surface is of great importance. . : . :
Many new experimental studies of the Cd0@1) surface c(2x2) reconstr_uctlon, which, a_ccordlng to both experiment
ind our calculations, is energetically the most stable surface

have been undertaken recently. Among surface-sensitive el | ¢ h diti Th dv of th
perimental techniques that have been applied are scannil‘l)qer a large range of growth conditions. The study of the
e

tunneling microscopy.grazing incidence x-ray diffraction, ~lectronic structure, i.e., of the one-particle excitation spec-
reflection high-energy electron diffractidf;’®? high- trum in the system, requires in principle a complicated appa-

resolution transmission electron microscdpgnd high- ~ ratus of many-body techniques. We shall therefore analyze in
resolution low-energy electron diffractiSnThe electronic ~ detail the electronic structure of thg2x2) surface within
structure at the CdTe01) surface was studied by angle- the density-functional-theory—local-density-approximation
resolved photoelectron spectroscopy in the energy domain ¢PFT-LDA) theory’® and theGW approximation, calculating
valence band§;® x-ray photoelectron spectroscdpy'?in  explicitly self-energy corrections to one-particle binding en-
order to determine the surface core level shifts and surfacergies of surface states and resonarices.
compositior1% and very recently, by reflection electron en-  In the next section technical information about our com-
ergy loss spectroscopy. putational method will be briefly reviewed. Then, in Sec. I,
As a result, the atomic structure of the Cdd@l) surface results of the total energy calculations for CdTe surfaces
is experimentally well understood. For most preparation conwith atomic positions optimized from self-consistently calcu-
ditions, the most stable Cdi@01) surface under vacuum lated forces will be presented. In Sec. IV, we will analyze the
conditions is Cd terminated with a Cd coverage of 0.5 atomiclectronic excitation spectrum for tloé2 X 2) reconstruction
layers. The dominant reconstruction pattern is eithe(2  model and present plots of the dispersion of surface states
X 2), or a mixedc(2x2) and (2<1) structure. Under spe- and resonances. This will be compared with experimental
cial preparation conditionghigh Te flux and low annealing results.
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Il. COMPUTATIONAL METHOD gling bonds being saturated by hydrogenlike atoms carrying

. _ . a charge ofZ=0.5, following a suggestion of Shiraisffi.
Calculations have been performed within the Iocal—densnyl.he regulting dipole momentgof the%?ab was compensated by
approximation to the density-functional formaligthThe

I L ion has b delecbiniti a virtual dipole layer in the vacuum spacing whose magni-
electron lon interaction has been modelecabyinitio, NOIM- ,qe was calculated self-consistently. Exchange and correla-

conserving pseudopotentials. 1I-VI semiconductors are Nnofion contributions were modeled employing the LDA in the
easy subjects for the application of the pseudopotential COMsarametrization of Perdew and ZungérThe scheme of
cept, because cations from the group (En, Cd, HJ pos-  Monkhorst and Pack was adopted for the generation of a
sess shallow “semicoret states which, as shown by Wei got of speciak points, their number being equivalent to 32
and Zungef!" contribute to the chemistry of these com- per 1x1 surface cell. The positions of all atoms with the
pounds. This problem can partly be overcome by keeping thgyception of those in the lowest two CdTe atomic layers
shallowd states of cations in the core, and including a non+yere relaxed using Hellmann-Feynman forces until the mag-
linear core correction in the exchange-correlation energyitude of each force component was below 0.02 eV/A. A
functional, as proposed by Louie, Froyen, and Coffeln  detailed description of the prografhi9émdthat was used
additional difficulty, which cannot be ignored when studyingfor this part of our calculations can be found elsewtére.
the electronic structure of tellurides, is due to strong relativFrom simulations at different cutoff energies, we conclude
istic effects, which result in a large spin-orbit splitting on the that the differences in surface energies for iso stoichiometric
order of ~ 1 eV of the uppermost valence bands at the reconstructions converged to within less than 5 meV per 1
point. For both these reasons we have probed severail surface cell.
pseudopotentials generated according to specific demands of The absolute surface energies were calculated from the
successive stages of our work. total energies of the respective slabs using a scheme intro-
The calculations of total energies were performed usingluced by Qian, Martin, and Chatfiin doing so, first a suit-
the nonrelativistic Ci" and Té" pseudopotentials gener- able energy was subtracted in order to account for the con-
ated according to the Troullier-Martifisand Haman#f  tribution of the hydrogenlike passivated lower side of the
scheme. In order to improve the performance of the Cdslab. Then the surface enerfywas computed from the for-
pseudopotential for the simulation of CdTe surfaces, thenula
partly ionized valence configuraticst®p®® was chosen for
its calculation. By doing this we expect to model the frozen I'=E{—0.5Ncg—Nre) A, (1)
core of the Cd pseudopotential and especially theosital |\ here
in a way that makes it resemble the Cd atom in the CdTe

c_rystal more closely. We found that the Cd pseudopotential E{o=Etor— 0.5(Ngg+ Nre) K.~ 0.5(Ncg— Nte)

yields the best results when the nonlosaindp components

are of the Troullier-Martins type and the loadilcomponent X (K — by 2

of the Hamann type. Furthermore, the nonlinear core

correctiof? was applied. The Te pseudopotential was con- Ap=(pog— wk) — (re— uB%). (3
structed entirely according to the prescription of Hamann for

the s’p* ground state. Here n denotes the number of atoms of the respective

The performance of these pseudopotentials was tested Igpecies within the supercell, and denotes the respective
simulating basic properties of CdTe bulk at a plane wavechemical potential. The superscript “bulk” refers to the
cutoff energy of 20 Ry. The equilibrium lattice constant for chemical potential of the elementary bulk material referred
the zinc blende crystal was computed to be 6.54 A, its bulko in the subscript. The chemical potentials of bulk Cd and
modulus 0.434 Mbar, the frequency of the TO phonon at thdulk Te were calculated self-consistently by optimizing their
center of the Brillouin zone 151.6 ¢, and its cohesive respective supercell geometries until the minimum of the to-
energy 5.40 eV, in good overall agreement with experimenial energy was reached. Calculating from these data the heat
tally determined values. Therefore the performance of oupf formation for CdTe bulkAH{(CdTe we found a value of
pseudopotentials is comparable to other pseudopotentials for0.67 eV, which is significantly lower than the experimen-
Cd and Te which can be found in the literatdre. tally determined value of-1.05 eV3! In the above expres-

In order to estimate the convergence of our calculationsion for I', Au extends over the interval- AH3<A,LL
we repeated these calculations with a cutoff energy of only<AH{). Since this formula is symmetric with respect to the
15 Ry. While the above listed CdTe bulk properties are vir-chemical potentials of the two constituents, we expect that it
tually unchanged, we found that our calculated value for thevill minimize the error arising from the difference between
heat of formation moved closer to its experimental vdkee  the self-consistently calculated value fofk.and that taken
below) when the higher cutoff energy was employed. Therefrom the literature.
fore a cutoff energy of 20 Ry was finally chosen for the
surface energy calculations. . IIl. STABILITY OF RECONSTRUCTIONS

For the calculgnon of the surface.energ|es aslab geometry OF THE CdTe (001) SURFACE
was chosen which consisted of six or seven monoatomic
layers of CdTe, depending on the surface termination, and Schematic ball and stick representations of the reconstruc-
the equivalent of five or six monoatomic layers of vacuumtions considered in this work are shown in Fig. 1. The sur-
between adjacent slabs. The lower side of the slab consistddce energies of these reconstructions are plotted in Fig. 2
of an unreconstructed Te-terminated surface with the damagainst the variablé\ ., as defined in Eq(3). Enclosed
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FIG. 2. Surface energies of the reconstructions from Fig. 1 plot-
ted against the chemical potential of Te.

110
® Cd T
O Te 110 of ®=0.5, compared to ZnSe. The angle between the two
Te—Cd bonds at the surface is about 173°, indicating that
FIG. 1. Schematic ball and stick models of the surface reconthe surface Cd atoms are mairgy hybridized. The length
structions considered in this work. of the Cd—Te bond at the surface is about 6.1% shorter than

in CdTe bulk, due to the rigidity of the CdTe lattice beneath
within the dashed lines is the interval given by the self-the surface.

consistently determined value for the heat of formation of precise atomic positions for the(2x 2) reconstructed
bulk CdTe. The abscissa extends towards lower values as faurface have been established from a grazing incidence x-ray
as—1.05 eV and to higher ones as far as 1.05 eV, the exdiffraction study conducted by Veroet al? The positions
perimental value fodH{(CdTe. they published are shown in Table | compared to those for
According to Eq.(1) the slopes of the lines shown in Fig. the same surface that were found in our simulations. In par-
2 represent the different stoichiometries of the respective reticular, the displacements in the second atomic layer are
constructions. The lines representing the half-covered sumearly equal. The difference in the fourth layer can be attrib-
faces are flat since the difference between the numbers of Gated to the hindrance imposed in our simulations in which
and Te atoms per cell is zero and therefore the surface emhe atoms in the layers beneath were fixed at their ideal bulk
ergy does not depend on the difference in the chemical pgpositions. The difference in theé positions of the surface Cd
tentials of the involved species. atom is significant, but since it is less tightly bound than the
From Fig. 2 we predict the Cd-terminated and half-atoms in the layers beneath, it may be explained by a variety
covered surface to be most stable over the greater part of thef reasons on the theoretical as well as the experimental side.
range ofA u. Similar to the ordering observed for ZnSe the While the vertical displacements beneath the top layer point
c(2x2) reconstruction is energetically favorable to the 2in opposite directions, we mention that the outward displace-
X 1 reconstruction although the difference in surface enerment of these layers has also been found by @asnd
gies is less than half that observed for ZnSe. Gaamd  Northrup’ for ZnSe.
Northrup” demonstrated that the difference in energies for In the case of the CdTe surfaces terminated with one
the two Zn-terminated ZnSe surfaces could be explained bgtomic layer of Te, the increased stability of th& 2 recon-
screening of the electrostatic repulsion between the surfacstructed surface with respect to tkeé2x2) reconstructed
Zn atoms. The increased lattice constant and higher dielectrisne has already been explained for the case of ZnSe by
constant of bulk CdTe with respect to ZnSe might explain aGarca and Northrug, who pointed out that lateral relax-
least in part the decrease in the difference in energies betion in the second atomic layer is inhibited by the symmetry
tween the two Cd-terminated reconstructions with a coveragef the ZnSe surface. The energy difference of 0.07 eV per

c(2x2)

TABLE |. Surface atomic positions given by Verat al, compared to the relaxed positions obtained
from the present simulations. Coordinates are in units@&o on theX andY axes andh, on theZ axis.

Veronet al. Present work
Xo+AX Yo+AY Zo+AZ Xo+AX Yo+AY Zo+AZ
Cd1 0.25 0 —0.25+0.239 0.25 0 —0.25+0.227
Te 2 0.0-0.036 0 0.0 0.6-0.035 0 0.0
0.5+0.036 0 0.0 0.5 0.035 0 0.0
Cd 3 0.0 0.25 0.250.005 0.0 0.25 0.250.002
0.5 0.25 0.25-0.005 0.5 0.25 0.250.002
Te 4 0.25 0.25-0.005 0.5-0.008 0.25 0.250.001 0.5+0.005

0.25 0.75+0.005 0.5-0.008 0.25 0.7%0.001 0.5+-0.005




15 264 S. GUNDEL, A. FLESZAR, W. FASCHINGER, AND W. HANKE PRB 59

1X1 surface cell between the two Te-terminated reconstruc- 4 .

tions of the CdTe surface found in this work is comparable to
that published by Garal and Northrup for ZnSF:a. The i 1
Te—Te dimer length is about 2.79 A and is almost identical 2 L i
with the Cd—Te bond length of 2.83 A in CdTe bulk.

At the Cd rich limit of A, a 1X2 reconstructed CdTe 1r .

surface featuring Cd dimers becomes energetically equal to

the c(2X2) reconstructed surface described above. Al- o
though this value ofA i is outside the range that is spanned 1
by the self-consistently determined heat of formation for
CdTe bulk, it is at the edge of the one given by the experi- -2
mental value ofAH{)(CdTe). Experimental evidence for a

Cd rich surface has already been given by Tataresilad,°

who observed &(2Xx 2) reconstructed surface that was ter- al J
minated with about 0.8 atomic layers of Cd, using x-ray
photoelectron spectroscogXPS). It may be assumed that -5 :

such a Cd rich surface consists of a mixture of the most r x

stable reconstructions in this range/of:. Consequently the FIG. 3. Calculated bulk electronic structure of CdTe and the
reconstruction that is formed on such a mixed surface Wi"normal.en.wission ARPES resilts of Niles anddHst (Ref. ) (full
depend on the interaction between the different terminationgircles)_
that are present on it.

Similar to ZnSe, where a surface covered with 1.5 atomic
layers of Se is known to become stable within the allowed,,

range of the chemical potential of Se, we find that such

. in-orbit interaction due to Tegbstates, we have used the
Te-terminated CdTe surface should become stable at the %é)lativistic Te pseudopotential from Ref. 33 and the’Cd
rich limit of Aw. Such a ZnSe surface has in fact been pre-

pared, not by epitaxial growth but by capping a ZnSe Iaye'pseudopotentlal with the partial core charge correction from

i . Ref. 25, whose analytical form is similar. Figure 3 shows a
with S_e and slowly evaporating _the Se caTherefore the ortion of the bulk band structure of CdTe alohig andI'L
formation of such a surface might also be demonstrate

. s . ““directions obtained with these pseudopotentials at the experi-
though perhaps not in thermal equilibrium, within experi- P P P

is aimed at the i tiqati f odT th. Daudi mental lattice constant. The full circles denote the experi-
ments aimed at he investigation o € growth. Dau In’mentally determined dispersion of occupied bands along
Brun-Le Cunff, and Tatarenkbreport on atomic layer epi-

I'X.” The agreement with photoemission measurements of

taxy (ALE) growth of CdTe at substrate temperatures beIOWNiles and Hahst is excellent. Another technical difference

24°C where a growth rate of one monolayer per cycle WaSrom the preceding section is the construction of the periodic

obtained. Tfheycérllgerpre; their obseévatlltck)]nis 5bytass_ur|n|ng th(%lab. Here we do not cover one surface of the slab with
_pl)_reesenceo a € surtace covered with 1.5 atomic fayers ydrogen atoms, but instead use symmetric slabs. Such a

Surface reconstruction of the CdTe surface terminate(g
with 0.5 atomic layers of Te is predicted to remain unstabl

The calculations of this section technically differ from
ose of the previous one. Because of the importance of the

eometry introduces an artificial interaction of surface states
cross the slab. In order to minimize this effect we have used
he whol fth hemical ial ; arger slabs, which in the case of the LDA calculation con-
over the whole range of the Te chemical potential. We founqina 21 atomic layers. The resulting energy splitting of

fchat tlhe7g£1gl7e?E)etvr\]/$enhthi th Ied- ehb_ondbs at 'tshio/surfacE bonding-antibonding combinations of surface states from op-
'i on yh '_CdTW tl)eli e donh er]lgt |s.a.|out ' h 0 sm? Clhosite surfaces was smaller than 0.04 eV. In the same time
than that in e bulk and therefore similar to the surfacg, o paye relaxed the cutoff limit for plane waves to 10 Ry.

bonql Ienr?th of the most Etable de-terminr?tetz)d. ds_urfscehs. ASI‘he energy shift of the bulk band structure caused by this
suming the Te atoms at the surface tosgehybridized, the o4, \ction of the cutoff was on average smaller than 0.08 eV.

expected bonding angle WQUId be 9(.302 We think that.thel'he atomic positions of the uppermost three layers have been
further decrease in the bonding angle is induced by the rlg'délssigned to the values calculated in the preceding section.

ity of the bonds extending from trep” hybridized Cd atoms  \yg haye determined the binding energies of surface states
in the second layer. This explanation is supported by then4 yesonances from a comparison of the local density of
observed lateral displacement of these atoms towards the (Qates at the surface with that of the bulk and from an inspec-

Te atoms. tion of the spatial behavior of the Kohn-Sham wave func-
tions. The results are presented within the Brillouin zone for
IV. ELECTRONIC STRUCTURE OF THE Cd-VACANCY the unreconstructedX 1 surface. We first present results of

CdTe(001)-c(2% 2) SURFACE the LDA calculation.

In this section we will present a detailed analysis of the
electronic structure at the CdI®1) surface in thec(2
X 2) reconstruction model. First, the results of the Kohn- For the Cd-vacancg(2x2) structure there are half as
Sham-LDA approach will be discussed. Next, self-energymany Cd atoms at the surface as in a regular Cd atomic
shifts due to electron-electron interactions, calculated withinayer. Each surface Cd atom provides two electrons. The
the GW approximation, will be presented. Cd-vacancy structure permits redistribution of these two

A. LDA calculation
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Local Density of States

FIG. 4. Local density of states calculated in the central ldgelid line) and the surface layddashed lingof the 21 atomic layer thick
slab for CdTe(001)(2% 2) Cd-vacancy type reconstructiai@ shows the dispersion of LDOS along tBEK direction and(b) along the

F’Fdirection.a” is given in 2r/a units, witha=12.245 a.u(c) shows thec(2X 2) Brillouin zone. The symbolEﬁ, andK are defined
in the text.

electrons such that the dangling anifre) bonds are fully  contour plots for these orbitals. The results shown in Fig. 4
occupied and the catiofCd) dangling bonds fully empty, together with a detailed analysis of the spatial character of
thus leading to a semiconducting energy structure. each orbital allow a determination of the surface band struc-
Figures 4a) and 4b) show the dispersion of the local ture for thec(2X2) reconstruction model. Full circles in
density of stategLDOS) computed at the central layers of Fig. 7 show surface featurésurface states and resonances
the slab(solid line) and at the surface layedashed ling along theJI'K line obtained in this way. Open circles give
along three crystallographic directions. Alternatively, the
solid lines could be obtained by superimposing the bulkt

LDOS for two differentq, vectors shifted byG = (2w/a) ing points in Ee surface Bnlloum_zoner(0,0), K
X(1,0). Figure 4(c) presents the(2x 2) surface Brillouin  =(27/a)(1,0), J=(2n/a)(3,3), andJ’' =(27/a)(3,~ 3),
zone and the symmetry directions along which the electronigvherea is the cubic lattice constant. For th@01) surface of
structure is analyzed. Since the LDOS has been calculatgfle zinc blende symmetry materials the directigis and
with an energy broadening of 0.15 eV, the sharp structures i,
LDOS have been smoothed. LDOS from 6 eV below the
valence band maximurfvBM) to 4 eV above are shown.
The lower-energy region, containing the Te-&nd Cd-4
states, is not properly described by our calculation, due to th : O X
lack of Cd-4d states. It is also not covered by the publishedxz). reconstruction has a double per|od_|c:|ty_|n ﬂieO]_dl—
angular-resolved photoemission results of Niles aridH46 rection, the actual border of ttef2x 2) Brillouin zone is at
and Gawliket al®® the (2m/a)(3,0) point, which is represented by a vertical
The dashed lines in Figs.(@ and 4b) show distinct ~ dotted line.
peaks caused by the presence of surface states and reso-There are two main occupied surface resonances visible in
nances. An inspection of the spatial behavior of the Kohnig. 7. Both exhibit a rather small dispersion along He

Sham orbitals in these energy regions confirms the surface. .. ; ; A
character of these states. In Figéa)sand 8a) the planar Girection and a more pronounced dispersion alongIilie

average of two occupied orbitals at the center of two surfac@NdI'J’ lines. The binding energy at the center of the lower
peaks in LDOS at);=0 is shown. Figures(6) and @b) give  resonance at thE point is 3.74 eV and of the upper reso-

he results for thd'T line. The symbols denote the follow-

I' are not equivalent, therefore, the surface structure at
both lines is different. We show the results on top of the
surface projected bulk band structuhadowed regions of
gig. 7) for the unreconstructed surface. Because ¢h2
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FIG. 5. (a) Surface normal dependence of the planar average of

the modulus square of the wave function of the occupied dangling®Sonance
bond surface resonance atl.22 eV at thel' point. Full circles

show the position of Cd atomic layers, empty circles of the Teparticle excitations in a many-electron system, e.g., the band
atomic layers(b) Contour plot in the Cd-Te plane for this orbital. structure of a solid measured in the photoemission experi-

. . . ments. Nevertheless, it is also well known that for weakly

nance is 1.22 eV with respect to the valence band maximunyqe|ated materials, apart from the gap problem, the Kohn-
An analysis of the spatial character of the wave functlonsSham energy bands agree rather well with experimental mea-

reveals that the upper band-atl.22 eV is built from occu- o
pied dangling bonds on the subsurface Te atfiFig. 5b)]. surements. This is also documented by the good agreement

The angle between the FeCd bond and the dangling bond

is close to 90°. The lower resonance-aB.74 eV is formed 4
by the bonding states between the surface Cd atoms and th
subsurface, neighboring Te atoms. As was pointed out in the
preceding section, the Cd-Te distance is shorter for surface
atoms compared with the bulk atoms, which favors a stron-
ger binding of these states.

Our LDA calculation places the vacuum level at 4.9 eV .,
above the valence band maximum. There are two branchesg
of unoccupied dispersive resonances below the vacuumd
level. They form true surface states in the large energy gap

along thel'J, T'J’ directions and a rather flat surface state

below the projected bulk bands in th&’ direction.

Finally we note that the configuration of occupied and JJ T K
empty surface states would not favor the formation of a sur-
face charge |ayéf‘ at the CdT€01)-c(2x2) surface and FIG. 7. Electronic structure for the CdTe(004)2%x2) Cd-
this surface should remain neutral. Consistent with this convacancy surface shown within the unreconstructes {} Brillouin

CIUS|0n, the eXlstence Of Surface Charges and the resultlnﬁ)ne Full and empty circles glVe the pOSitionS of the surface states
band bending has not been experimentally reported. and resonances obtained within the LDA approximation for the 21

atomic layer thick slab. Full circles: surface features alonglthi€
B. GW calculation direction. Empty circles: along th# " direction. The vertical dot-

It is a well known fact that the Kohn-Sham one-electronted line denotes the border of tlg2x2) Brillouin zone in the
energies do not, formally, represent the energies of oned,0) direction. The symbol§',J,J’, andK are defined in the text.

FIG. 6. Same as in Fig. 5 for the occupied backbond surface
at-3.74 eV at thd” point.
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of the LDA bulk valence bands with the experimental pho-
toemission spectrum as seen in Fig. 3. However, an interest- 0
ing and important question is whether the same holds for
surface states and resonances. There ia poiori obvious =1
answer to this question, because in the surface region severa’%
factors, such as a sharp change in the electron density, its—-2
smaller values, and the localization of the electron states, &
could lead to the enhancement of correlation effects. A few :5’_3
existing calculations of many-body shifts of surface states in
semiconductors show certain effects, whose understandinc _,4
and the possible prediction of systematic trends has not yet
been fully achieved. Motivated by this lack we have done an
explicit calculation of the self-energy within theW ap-
proximation for thec(2x2) Cd-vacancy structure.

. . FIG. 8. Electronic structure for the CdTe(004)2x2) Cd-
We shall not describe here details of B8 method but vacancy surface calculated within the LOAmall full circleg and

mSt.ead%rgger.the interested reader to tW_O Very Fece”{he GW (big full circles) approximations. Empty triangles and
reviews™ " Briefly, we have calculated thetatic dielectric . cjes: ARPES results of Ref. 8.

matrix for a uniform mesh ok points within the surface

Brillouin zone*’ and have applied the so-called plasmon-pole;epresent the LDA results, shown previously in Fig. 7. It is
approximatiori®**in order to model the energy dependencepgteworthy that the effect of many-body interactions on the
of the screening. BecausBW calculations are numerically | pa surface features is clearly a shift towards higher bind-

complex and the computational requirements increase ex—g energies. This shift igll dependent, contributing to the

tremely fast with the increasing system size, the number of! ; ; . )
atomic layers in the(2x 2) slab was reduced to nirrom slightly enhanced dispersion of occupied surface bands. Val

21 with which the LDA electronic structure in Figs. 4—7 was ues of the self-energy shifts range between 0 and 0.2 eV.

calculategl. The cutoff for screening matrices in Fourier This resultis in agreement with basically all previously pub-

cpace was set to 5 Rv. We stress here the importance of thshed GW calculations for semiconductor surfadé4?
P Y. P where a rather pronounced negative shift of occupied surface

consideration of the full matrix character of the respons& . res is reported, with the exception of the Si(001)-(2

functions, because the site dependence of screening is COQ'l) and Ge(001)-( 1) (Ref. 43 surfaces. It is interesting

tained in their off-diagonal matrix elements. An important to note that the self-energy shifts are slightly bigger for the
point in the analysis of the results ofGW calculation done angling bond states on the subsurface Te atéFig. 5

for the slab geometry is a proper assignment of energy shift .
of surface features. The problem arrises from the small size an for the backbond statésig. 6).
of slabs used, which together with the higher sensitivity of _ _ _
the nonlocal self-energy operator to the more distant space C. Comparison with experiment
regions, compared to the LDA exchange-correlation poten- \We are aware of three angle-resolved photoelectron spec-
tial, leads to convergence difficulties in the precise reproductroscopy(ARPES measurements of the electronic structure
tion of the bulk electronic structure in the central region of of the CdT€001) surface, with which our calculations could
the slab. This problem was discussed by Hybertsen ange compared. Niles and ldbst have reported normal emis-
Louie in Ref. 41. Following a suggestion of these authorsgsion ARPES done on the CdTe(001)x2) surface. Gawlik
we have determined the self-energy shifts of surface featurest al® have presented the results of an ARPES study of the
by comparing their relative shiftSn the GW and LDA cal-  unreconstructed CdTe(001)-Kl1) surface. In a following
culations with respect to main bulk peaks in the one dimen-article by the same groubnormal emission spectra for the
sional (IZH-resolved local density of states. The self-energy CdTe(001)e(2X2) surface have been given. None of the
shifts of surface states and resonances obtained in this maabove articles makes a definitive statement about the termi-
ner have been added to the LDA positions of these stategation and stoichiometry of the surface. Whereas the work of
shown in Fig. 7 and the results are presented in Fihi§ Niles and Hehst is focused on dispersive photoemission
filled circles. We consider here only the occupied part of thestructures, which correspond to bulk transitions, both studies
spectrum. As was shown for CdS in Ref. 40 and also conef Gawlik et al. give information about possible surface fea-
firmed by our calculation, the use of a €dpseudopotential tures. For the unreconstructedX1) surface, Gawlilet al®
results in an absolute energy gap which is too large. For theeport off-normal emission spectra, resulting in a surface
bulk energy gap of CdTe we obtain a value which is 0.7 €Vglectronic structure along tHeK line.
larger than the experimental one. Our opinion is that this simple considerations based on the electron counting
overestimation is connected to the absence of semicorg e exclude the unreconstructed and clean CdTe(001)-(1
Cd-4d states, whose presence, as well as that of other corg 1) surface from the set of stable structures. However, no
states from the Cch=4 shell® is necessary for a correct metallic behavior and a clear energy gap is seen in the
description of the energy gap in cadmium chalcogenides. ARPES spectra of Ref. 8. Therefore, it is very likely that the
The big filled circles in Fig. 8 indicate the binding ener- apparently (X 1) unreconstructed surface was a result of
gies of occupied surface features along iéK line, calcu-  disorder and the small size of domains possessing an “al-
lated within theGW approximation. The small filled circles lowed” reconstruction pattern. A typical low-energy electron
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diffraction (LEED) picture of the CdTe(001§{2x2) sur- ~ emission states. We suggest that at leastiheeak in Fig. 1
face shows a stronger &1) pattern and a weakex(2  Of Ref. 9 has a similar character. _

X 2) superstructur®, which is consistent with the pro-  TheS;, S andSg surface ARPES features seen in the
nounced relaxation of the surface Cd atoms towards the suf§&me normal emission spectra for the CdTe(08BX 2)
surface Te plane. It is also known that thex(1) LEED surface are very close to the positions of the empty triangles
patterns seen sometimes on the O@04) surfaces are never N the open pocket of the prolect_ed bulk states in F|g._8 and
sharp and clean, which complies well with the conjectureto our lower surface band. Thus it appears that the existence
that they origina’ée from a surface disord®We shall as- of this surface band is experimentally well established. As

sume that the ARPES spectra presented in Refs. 8 and 9 far as the upper surface band is concerned, the authors of

ef. 9 do not assign a surface feature at the energy range
\(/ijilti tcc))utrhgs(SI;;Z) Cd-vacancy structure and compare themabout— 1 eV below the VBM in their ARPES spectra for

: N - CdTe(001)e(2X%2). However, there seems to be present in
The ernpty't'rlangles n ',:'g' 88 r_epresent distinct surfacepje Fig 1 a nondispersive broad peak at this energy, which
features identified by Gawlilet al.” in the ARPES spectra.  a5h6ars when the photon energy enters the surface-sensitive
The agreement between our calculations and the ARPES €¥ange of energiesh(®>20 eV).
periment is rather remarkable for the surface states with @ There js another nondispersive feature present in basically
binding energy of about 3.9 eV, which are located in thea|| ARPES spectra for various CdTe surfaces and for other

open pocket of the projected bulk bands close tokhmoint.  materials as well. This is a broad peak at the lower edge of
The agreement is also satisfactory for the surface statdge valence band placed at4.4 eV in Ref. 7 and at

above the upper bulk edge near ﬂﬁepoint, although here .—4.7 QV in Ref. 9. This photoemission structure is some-
times interpreted as a surface feature and sometimes as a

:Egsga:t::tlzgo?ﬁe\(;\llezsgrog;;/rﬁa:icz)vxe;ei;gr?ri/e ﬁ)_cs'g'?g;ltzorbulk feature due to indirect transitions from the high density
' ) of states region around the critical points in the band struc-

further away from the experlmental results. An open 9UY€Stre. The authors of both ARPES studiggavor the latter

tion remains as to whether this effect comes from the CoNjerpretation. Our calculations, in which no surface feature

vergence requirements of th&W method (slab size, s found at the lower edge of the valence band, seem to

samplingk mesh, etg, or from the surface disorder and corroborate the latter interpretation as well.

preparations of experimental samples. It is understandable

that both surface bands show up in the ARPES experiment V. SUMMARY

around theK point and not near thE point, although in the The CdT€001) surface has been studied theoretically
c(2X2) structure both points are equivalent and the calcuwithin the LDA and GW methods. In the first step, atomic
lated surface electronic structureli periodic. As we have 9eometries of various reconstruction models have been opti-
- — L - mized by means of total energy and force calculations. A
explicitly checked, for both surface statesIgtthekc+G  phage diagram of stable structures has been determined. It
coefficients of the Fourier expansion of wave functionsyas shown that over a broad range of ambient conditions the
strongly dominate over th& coefficients, where th& vec-  ¢(2x2) Cd-vacancy reconstruction model with a strong re-
tors are the reciprocal-lattice vectors for the unreconstructethxation of surface Cd atoms in the direction of the bulk is
(1x1) surface. Such wave functions couple more stronglythe most stable structure. In the second part of the article the
to outgoing plane waves with off-normai= ki vector. electronic strugture at'the(2><2) surface has 'been obtained
and analyzed in detail. We have found basically two occu-

The empty circles in Fig. 8 indicate the positions of those”, : i .
ARPES features for which the evidence of their surface charpIed surface bands, which show up as distinct peaks in the

acter is not as strong because of the presence of bulk trané?—cal. de"?s'ty of state curves calculated W'th.'n the LDA ap-
. : R ) roximation for very large slabs. Many-body interactions ob-
tions in their vicinity. These states are not present in ounp

T : : tained within theGW approximation shift these surface reso-
calculation:® Whereas the experimental evidence of the sur- . ; .

. ; ngnces slightly downward. Our theoretical electronic
face character of these states is rather weak, the assignmen

of the empty circles to surface resonances in Ref. 8 Wastructure has been compared to angle-resolved photoemis-
Pty . . ' ion measurements and agrees rather well with these and
based on a calculation of a Cd-terminated amttecon-

: : other published experiments. At some points, our results
structedCdTe(001)-(1< 1) surface, which predicted surface seem to suggest a new interpretation of the experimental

[ﬁissozsgcc:lissil(;]nthca)tnetrll‘]irgo)ftl‘:‘g?If?gﬁ(?l'ltlt](E,'ezlrj]léf do rcl)(;titiC(?nn;IZEata' We hope to motivate future angular-resolved photo-
T ' 9y P mission measurements on high-quality samples with well

the empty circles ab’ agree well with theS, andS, features  defined surface geometry.

in the normal emission ARPES results for the

CdTe(001)e(2%x2) surface reported later by the same ACKNOWLEDGMENTS
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