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Large-angle bond-rotation relaxation for CdTe(110)
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A combination of x-ray standing-wave measurements and first-principles total-energy calculations
have determined the surface relaxation of the clean CdTe(110) surface. These two methodologies direct-
ly determine the local atomic geometry and therefore provide a model-independent means of verifying
the results obtained indirectly from elastic low-energy electron diffraction (ELEED) studies. By compar-
ing our results for this strongly ionic material (Phillips ionicity f =0.72) with the results of numerous
earlier studies of less ionic ITI-V compounds, we are able to assess the influence of ionicity on the degree
of relaxation for the cleavage faces of zinc-blende semiconductors. Our measurements and calculations
indicate that, contrary to a previous theoretical study but in agreement with ELEED, the relaxation is
approximately independent of the semiconductor ionicity. Our model-independent measurements yield
a vertical buckling A, ;=0.120+0.023 (in units of the lattice constant a =6.482 A), which agrees well

with our calulated buckling of 0.114.

I. INTRODUCTION

The (110) surfaces of the zinc-blende-structure III-V
semiconductors are probably the most studied and best
understood of all the semiconductor surfaces; numerous
elastic low-energy electron-diffraction (ELEED) stud-
ies'™* and many calculations’™’ have repeatedly
confirmed their atomic and electronic structures. The lo-
cal geometries of these surfaces conform to a universal
topology, which consists approximately of a bond-
length-conserving top-layer bond rotation characterized
by a rotation angle , of approximately 29°(+3°).!~7 The
surface anion moves up out of the surface relative to its
ideal, bulk-terminated position, while the surface cation
moves down into the surface. In the simplest approxima-
tion, the driving force for this relaxation is the rehybridi-
zation and lowering in energy of the doubly occupied
anion-derived dangling-bond states. The detailed
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structural parameters describing the relaxations are near-
ly independent of the compound when they are scaled by
the respective bulk lattice constants.

There is compelling experimenta and theoreti-
cal’~!! evidence that the relaxations of the (110) surfaces
of the more ionic II-VI and I-VII semiconductors possess
the same universal local topology as that of the III-V’s.
This circumstance raises the question as to the role
played by ionicity. Clearly there must be a Coulomb en-
ergy cost for increasing the vertical separation (perpen-
dicular to the surface plane) between the negatively
charged surface anions and the positively charged surface
cations. The effective charges on the anions and cations
are larger for more ionic semiconductors and so the ener-
gy cost should also be larger. Therefore, in addition to
the one-electron contribution to the total energy indicat-
ed above, there must also be a Coulomb contribution,
which increases with ionicity and favors the bulk-
terminated geometry.
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Questions concerning the role of ionicity have been dis-
cussed in the literature.!? Tsai et al.!® predicted that the
equilibrium bond-rotation angle w; will decrease with in-
creasing ionicity, going to zero for the I-VII semiconduc-
tor CuCl. However, this prediction for the CuCl(110)
surface has recently been contradicted by an ELEED
analysis® and a first-principles calculation,!' both of
which found a large-angle bond-rotation relaxation.
Nonetheless, it remains true that all of the experimental
evidence for a universal local topology, independent of
ionicity, has come from ELEED data.!> These data are
difficult to analyze because they do not yield the atomic
structure directly but require a model as input. In the
case of the III-V (110) surfaces, several other techniques
(e.g., ion scattering!#) were applied before consensus was
reached on the atomic structures; but, no techniques oth-
er than ELEED have been used for the more ionic II-VI’s
or I-VID’s. In addition, for the CuCl ELEED study,® the
surface was prepared in situ by congruent evaporation,
which may raise uncertainties regarding the surface per-
fection, stoichiometry, and overall structure.

In contrast to ELEED data, x-ray standing-wave
(XSW) measurements provide a model-independent
means of directly determining the surface atomic
geometry.!>1® In this work, we use the XSW technique
to study the atomic structure of the clean CdTe(110) sur-
face. CdTe is the most ionic of all the zinc-blende II-
VID’s (Phillips!” ionicity £ =0.72), and comparable in ion-
icity to CuCl (f=0.75). CdTe is suitable for XSW stud-
ies because Cd and Te possess strong surface sensitive
Auger peaks at 370 and 490 eV, respectively. The (220)
Bragg energy of 2707 eV (for the back-reflection
configuration at the Bragg angle of 90°) is also easily ac-
cessible experimentally. Good quality crystals of this
easily cleaved material can be selected. (Our XSW mea-
surements directly determine if the crystal is twinned, as
is very commonly the case.)

In addition to the XSW measurements, we have also
carried out first-principles total-energy calculations for
the CdTe(110) surface. The accuracy of the first-
principles methods [based on the local-density approxi-
mation (LDA)] in the determination of surface atomic
structures is well established.*”!! Our combined XSW
measurement and first-principles calculation of the sur-
face structure, therefore, provides an independent test of
the prior ELEED analyses. %1

The remainder of this paper is organized as follows. In
Secs. II and III, we describe our experimental and
theoretical methods, respectively. Our combined results
are presented and compared to previous work in Sec. IV.
Finally, Sec. V contains a short summary.

II. EXPERIMENTAL METHOD

The XSW technique has been used to measure the vert-
ical displacement of the surface In and P atoms on non-
polar (110) planes of InP.!> This earlier work established
the applicability to surface structure problems of the
back-reflection diffraction geometry combined with the
detection of Auger electrons. The use of low-energy elas-
tic photoelectrons or Auger electrons results in extreme
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surface sensitivity, as is well known from low-energy pho-
toemission studies. The surface sensitivity is further
enhanced by our experimental geometry in which the
central axis of the double-pass -cylindrical-mirror
analyzer (CMA) is parallel to the surface. The advantage
of the back-reflection configuration lies in the fact that
the Bragg condition is achieved at the lowest possible en-
ergy, minimizing problems with secondary effects in-
duced by energetic electrons excited in the bulk of the
sample. These electrons could induce Auger or fluores-
cence transitions, which are also frequently used to mea-
sure the standing-wave patterns.

The XSW method relies on the change of phase and
hence the electric-field intensity of a standing wave near a
Bragg condition. As the photon energy is swept through
the Bragg energy, the electric-field intensity relative to
the diffracting planes varies spatially. The analysis of
changes in the absorption of the surface atoms provides
information on the separation between these atoms and
the diffracting planes. As in EXAFS, the absorption can
be measured through a secondary channel proportional
to the absorption. In this work, we use the Auger yield
of the Cd and Te MNN transitions. Contrary to adsor-
bate studies, which are often performed with XSW, there
is no elemental discrimination of the signal because both
surface and bulk are made of the same atoms. In order to
extract information about the surface relaxation, the ex-
treme surface sensitivity of the yield from the elastic elec-
trons has to be referenced against the bulk sensitive yield
of secondaries or against the total yield. For surfaces of
compound materials, elemental discrimination exists in
the sense that displacement of different atoms making up
the surface can be individually established. Specifically
for CdTe, the positions of the Cd and Te surface atoms
are determined separately and the difference gives the
vertical buckling of the top-layer chains.

The present XSW experiment was performed on the
beamline X-24A of the National Synchrotron Light
Source in a standard UHV chamber equipped with a
double-pass CMA. Data from cleaved CdTe crystals
were obtained by scanning a pair of Si(111) monochroma-
tor crystals through the CdTe 220 Bragg energy, which
occurs at around 2707 eV for the back-reflection
geometry. The Cd and Te MNN Auger yields and the
respective background spectra at kinetic energies 50 eV
above the Auger peaks have been measured around the
Bragg condition. The background spectra from the
inelastically scattered electrons are representative of the
bulk substrate standing waves and give the same signa-
tures as the total yield. Since the elastic component is a
sum of surface and bulk contributions, the analysis is per-
formed by fitting the ratio of the “on peak” and back-
ground scans, as described in our previous paper.!” In
this way, no prior knowledge of the electron escape depth
is required to determine distances, provided that the en-
ergy dependence of the background is indeed a unity
standing wave and the surface has low disorder. This was
established to be the case by the direct fitting of the back-
ground data. The reflectivity spectra were measured by
monitoring the variation of the current from the incident
flux monitor, which consists of an 80% transmitting Ni
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grid upstream of the monochromator. Near the Bragg
energy, the back-reflected signal is superimposed over a
constant incident flux. The measurement of reflectivity,
which provides information on energy calibration and
resolution, is critical for reliable data analysis.

III. THEORETICAL METHOD

We use a full-potential linear-muffin-tin orbital (FP-
LMTO) method,!»?°~22 which makes no shape approxi-
mation for the crystal potential. The crystal is divided up
into regions inside atomic spheres, where Schrodinger’s
equation is solved numerically, and an interstitial region.
As in all LMTO methods, the wave functions in the inter-
stitial are Hankel functions. The interpolation procedure
we use for evaluating interstitial integrals involving prod-
ucts of Hankel functions is accurate for close packed but
still nonoverlapping atomic spheres. As is customary for
the zinc-blende structure, we include empty atomic
spheres at the interstitial sites, producing an overall
sphere-packing equivalent to that in the bcc structure.
However, these empty spheres do not contribute to the
basis but merely improve the accuracy of the interpola-
tion procedure.

The basis is composed of one set of s, p, d, and f
LMTO’s per atom with Hankel function kinetic energy
—«k*=—0.7 Ry plus two additional sets of s, p, and d
LMTO’s per atom with Hankel function kinetic energies
of —«k*=—1.0 and —2.3 Ry, for a total of 34 orbitals
per atom. The Hankel functions decay exponentlally as
e "7 we find that taking energies —«? closer to zero
leads to an inaccurate description of the exponential de-
cay of the charge density just outside the surface. We
also find that a layer of empty spheres is needed outside
the surface in order that the interpolation procedure be
sufficiently accurate in this region. The charge density
beyond this layer of empty spheres is small so that only a
single layer is needed. The angular-momentum sums in-
volved in the interpolation procedure are carried up to a
maximum of / =6 for all of the spheres.

The calculations presented here are based on the LDA,
using the exchange-correlation potential of Hedin and
Lundqvist.?® The scalar-relativistic Schrodinger equation
(without spin-orbit interactions) was solved self-
consistently for the (110) surfaces of CdTe. The Cd 5s,
5p, 4d, and 4f states and the Te Ss, 5p, 5d, and 4f states
were all treated as valence. The semicore Cd 4p and Te
4d states were treated as full band states by carrying out
a two-panel calculation. The second-panel band calcula-
tion for the semicore states included the Cd 5s, 4p, and 4d
states and the Te 5s, 5p, and 4d states. The Cd 5d states
were not included in either the first or second panel. The
Brillouin sums were carried out using 12 irreducible k
points in the first panel and 4 irreducible k points in the
second panel. The (110) surface was approximated by a
supercell consisting of seven CdTe layers and the
equivalent of nine vacuum layers. The surface calcula-
tions were carried out using the theoretical equilibrium
lattice constant in order to avoid spurious nonzero pres-
sures, which could alter the calculated atomic
geometries. The accuracy of our FP-LMTO method for
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sulif;azcze calculations has been demonstrated previous-
ly." "

The 1X1 symmetry of the relaxed CdTe(110) surface
reduces the number of independent degrees of freedom
per atom from 3 to 2. These are conventionally referred
to as the y coordinate, measured parallel to the (110)
planes and perpendicular to the zig-zag chains, and the z
coordinate, measured perpendicular to the (110) surface.
We have minimized the total energy with respect to five
independent degrees of freedom: the y and x coordinates
of the surface Cd and Te plus the rotation angle for a
bond-length-conserving second-layer counter rotation.

IV. RESULTS

Figure 1 shows the best fits to the normalized XSW
data. These fits place the topmost Cd and Te atoms 0.75
A below and 0.03 A above thelr respective truncated sur-
face positions (errors £0.1 A). Taken together, these
XSW data indicate a 16% mean contraction of the top-
most bilayer. The corresponding vertical shear between
the surface Cd and Te atoms, labeled 4, ;,'*'* is 0.78 A
(£0.15 A) or 0.120 (£0.023) in units of the bulk lattice
constant (¢ =6.482 A). This value is in excellent agree-
ment with our FP-LMTO calculations which give
A,,=0.114 and a corresponding tilt angle w;=29.5°.

The results obtained from our XSW measurements and
first-principles calculations are compared to previous ex-
perimental and theoretical studies in Table I. The listed
structural parameters are illustrated in Fig. 2 and are the
same as those defined in Refs. 10 and 18. All of the dis-
tances are given in terms of the bulk lattice constant.
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FIG. 1. Photon-energy dependence of the Cd MNN and Te
MNN rationed XSW data near the CdTe(220) Bragg back-
reflection condition. Solid lines represent fits to the data points
(see text).
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TABLE 1. The structural parameters that describe the relaxation of the (110) surface of CdTe (the
parameters are illustrated in Fig. 2 and are the same as those defined in Refs. 10 and 18). All of the dis-
tances are given in terms of the bulk lattice constant while the angle w, is in degrees. The values ob-
tained from our XSW measurements and first-principles calculations (FP-LMTO) are compared to two
earlier ELEED analyses and a previous tight-binding calculation. The XSW value of @, corresponds to

a bond-length-conserving rotation.

Ay Al,y d12,y d12,1 A, dy, (1
ELEED 1* 0.127 0.784 0.594 0.241 —0.028 0.367 30.5
ELEED 2° 0.127 0.784 0.560 0.245 —0.013 0.362 30.5
TB* 0.117 0.791 0.580 0.247 —0.039 29.3
XSW 0.120 (28.7)
FP-LMTO 0.114 0.798 0.573 0.255 —0.020 0.363 29.5
2See Ref. 18.
®See Ref. 19.
°See Ref. 10.

The experimental lattice constant is 6.482 A; this value
was also used in the tight-binding (TB) calculations. The
theoretical value obtained from our FP-LMTO calcula-
tions is 6.426 A. The TB entry for w, is not the one listed
by Wang et al.'° in their Table II, but is calculated from
their values of A, and A, ,. The present XSW study
only determined displacements perpendicular to the sur-
face plane and, therefore, the listed XSW angle w, as-
sumes a bond-length-conserving rotation. The FP-
LMTO calculations minimized the total energy with
respect to only five independent degrees of freedom so
that one of the distance parameters involving the second
layer is redundant (as is the angle w,).

Until now, the surface relaxation of CdTe has been
measured by only two independent ELEED studies.
Duke et al.'® reported A, ,=0.127 and w,=30.5° and al-
most identical values were reported by Cowell and de
Carvalho.!” Our XSW data and calculations for the vert-
ical shear are well within the experimental errors of both
techniques. The tight-binding total-energy calculation of
Wang et al.'° gave A;,=0.117 and »;=29.3; again in
excellent agreement with our data and calculations as
well as the ELEED results. All of these results contra-
dict Tsai et al.'® who calculated a value of @, =7".

The Phillips!” ionicity for CdTe is 0.72, which is al-
most as large as that of CuCl at 0.75. We have deter-

@® Te
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FIG. 2. Schematic drawing of the CdTe(110) surface illus-
trating the structural parameters in Table I.

mined the tilt angle w; to be approximately 29°, which
confirms the results of the earlier ELEED analyses. A
large body of literature! 7 has demonstrated convincing-
ly that the tilt angles for the less ionic III-V compounds
are approximately 29°+3°. The ionicities for these com-
pounds are as low as the value of 0.26 for GaSb. Thus, it
is clear that the tilt angle and, therefore, the gross
features of the relaxation are essentially independent of
ionicity over a large range. It is still true that there is an
ionicity-dependent Coulomb contribution to the total en-
ergy but evidently the one-electron contribution still
dominates for the II-VI and I-VII compound semicon-
ductors.

V. SUMMARY

We have presented the results of XSW measurements
and first-principles total-energy calculations, which both
yield a large-angle bond-rotation relaxation for the
CdTe(110) surface. Our results have provided model-
independent verification of earlier ELEED analyses,
which determine the atomic structure only indirectly. By
comparing the relaxation of CdTe(110), with a Phillips
ionicity of 0.72, to the well-established relaxations of the
less ionic III-V compounds, we are able to conclude that
the gross features of the local atomic structure for zinc-
blende (110) surfaces are essentially independent of ionici-

ty.
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