
PHYSICAL REVIEW B 67, 115340 ~2003!
Theoretical and experimental study ofa-Sn deposited on CdTe„001…
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Gray tin films enriched by over 95%119Sn and grown by molecular beam epitaxy on CdTe~001! wafers are
characterized by inelastic nuclear resonance spectroscopy and investigated theoretically by embedded-cluster
density-functional theory methods. Experimental tin phonon densities of states are obtained via analysis of
resonant scattering of the 23.88-keV nuclear transition, making use of a high-resolution spectrometer at the
Advanced Photon Source. Conventional Mo¨ssbauer spectroscopy is used in the scattering mode to determine
hyperfine parameters of thea-Sn phase and, after thermal treatment, theb phase. Electronic structure in the
vicinity of Sn-Cd and Sn-Te interfaces is calculated in order to determine local charge transfer and changes in
hyperfine parameters for119Sn atoms in the interface region. Although, due to sample thickness, both experi-
ments reveal properties essentially of the bulk, the calculations allow investigation of surface and interface
regions at an atomic level, thus providing complementary information. Effects of interlayer relaxation are
explored.
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em
he
e
y
h
n

an
T
e
vi

na

d
ik

pr
e

ta
o

ti

l

ons
it is
r
e-
-

ain
ing

ros-
n

me
on

s
o-

ll
e is

the
try,
eta-
udy

salt

ical
I. INTRODUCTION

The low-temperature diamond structure phasea-Sn ~gray
tin! has been the subject of much interest as a zero-gap s
conductor, which can be stabilized at room temperature w
grown upon suitable crystalline substrates. The existenc
in-plane lattice mismatch between substrate and overla
and the resulting strain in the tin overlayer provides a mec
nism for opening the band gap which has intrigued ma
workers both from the theoretical point of view, and with
eye toward creating tunable band-gap photon detectors.
existence of quantum size effects on the band gap, du
film thickness, has also been demonstrated by resisti
measurements for a CdTe~001! film orientation1 and by high-
resolution electron energy loss spectroscopy for a CdTe~111!
orientation.2 The in-plane lattice mismatch ofa-Sn with
semiconducting CdTe~001! is only 0.18%, thus providing an
attractive pair for multilayer (a-Sn)m(CdTe)n superlattices,
which have been studied theoretically by density functio
~DF! band structure methods.3 Ultrathin superlattices of
composition SnTe2Cd, SnCd2Te, and Sn2CdTe correspond-
ing to ~001! monolayerstructures were also considered.4 The
well-known limitations of DF theory with respect to ban
gaps, particularly in the case of a sensitive material l
a-Sn, restrict its predictive capabilities;5 however, with some
empirical adjustments, theoretical band structures can
vide useful interpretations, including the pressure-depend
transition betweena and b phases.6 Svaneet al. demon-
strated the value of DF theory in calibration and interpre
tion of 119Sn hyperfine interactions measured in a variety
tin compounds, including both monatomic phases.7 The ex-
istence of one-dimensional quantum well states for~111! in-
terfaces was also predicted on the basis of linear combina
of atomic orbitals~LCAO! band structure calculations.8

The growth ofa-Sn on differently oriented CdTe crysta
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i-
n
of
er,
a-
y

he
to
ty

l

e

o-
nt

-
f

on

faces has been demonstrated for polar~001!,9 ~111!,10 and
nonpolar~110!11 interfaces and superlattices.12 As polar sur-
faces typically reconstruct, and considerable perturbati
could be expected at the semiconductor-Sn interface,
interesting that monocrystallinea-Sn can be obtained unde
suitable deposition conditions for both Cd- and T
terminated~111! substrates.10 For high deposition tempera
tures it is not surprising that a reaction with the~111! sub-
strate is observed, resulting in the formation of a cert
amount of SnTe in the rock-salt phase and an intermix
zone extending over several bilayers.10 The formation of a
tetrahedrally coordinated (Sn12xCdx) Te interface alloy layer
has been proposed for Cd-terminated~111! interfaces, based
upon core level and angle-resolved photoelectron spect
copy ~PES!.13 PES studies of~001! interfaces suggest a
abrupt and nonreactive termination;14 on the other hand, a
layer-by-layer deposition and annealing study of the sa
interfaces by He scattering, low energy electron diffracti
~LEED! and Auger electron spectroscopy~AES! gave a quite
different picture.15 The data of Ref. 15 were interpreted a
vertical Sn diffusion leading to formation of ordered nan
crystalline SnTe at the interface, upon whicha-Sn could
grow. A study of CdTe~001!/a-Sn/CdTe single quantum we
structures led to the conclusion that a Cd-stabilized surfac
more suitable for clean interface growth.16 It thus appears
that fairly strong chemical interactions between Sn and
substrate atoms may determine the initial interface geome
and that abrupt nonreactive interfaces may represent m
stable structures. In this context, a pseudopotential DF st
of lattice stability in CdxSn12xTe solid solutions is quite in-
teresting, showing a pronounced preference for the rock-
structure over most of the mixing range.17

In this paper we present experimental and theoret
studies ofa-Sn films deposited on CdTe~001! surfaces, using
119Sn inelastic nuclear resonant scattering~INRS!, Möss-
©2003 The American Physical Society40-1
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bauer spectroscopy~MS!, and DF embedded cluster met
ods. The INRS data permit the extraction of tin-s
vibrational structure and its comparison with bulk tin expe
ment and theory, while the MS data reveal details of
electronic structure around the tin site. DF calculations
used to elucidate the variation of electronic properties ac
the Sn/CdTe interface region, in comparison with bulk a
free surface structures. The remainder of the paper is o
nized as follows: Sample preparation and experimental d
are given in Sec. II, the theoretical methodology is outlin
in Sec. III, and an analysis of theoretical results is given
Sec. IV. Our conclusions are presented in Sec. V.

II. EXPERIMENT

A. Sample preparation

Films of a-Sn were grown by molecular beam epitaxy
semiconducting CdTe~001! substrates of 1 mm thicknes
Prior to tin deposition a 3000 Å CdTe buffer layer was grow
on the substrate at a temperature of 250 °C. During tin de
sition a growth rate of 0.4 Å per second was maintained
temperature 0 °C. Samples of thickness 2000 Å were p
pared with an enrichment of over 95% in119Sn and verified
to have a~131! reconstructed surface byin situ reflection
high-energy electron diffraction~RHEED!. The in-plane lat-
tice mismatch ofa-Sn with the CdTe substrate was found
be only 0.18%, consistent with the bulk lattice constant
6.49 Å.

B. Inelastic nuclear resonant scattering

The phenomenon of inelastic nuclear resonant scatte
with synchrotron radiation permits the use of nuclear re
nant isotopes as probes to study local vibrational dynam
of the isotopes in diverse solid state and molecu
structures.18–21 Within the context of harmonic lattice ap
proximation, it is possible to map out the localized vibr
tional density of states~DOS!, going beyond the capabilitie
of traditional Mössbauer spectroscopy. The nuclear reson
energy for 119Sn is 23.88 keV; two monochromators we
designed and constructed at the Advanced Photon So
with energy resolutions of 3.6 and 1.0 meV in the 24 k
X-ray energy range, each using two flat perfect silic
crystals.22,23The typical photon flux within this energy band
width is about 33108 photons per second at a 100 mA sto
age ring current. Enriched powder samples of SnO, Sn2 ,
and CaSnO3 were studied to characterize the vibration
DOS of oxides and its response to pressure. Enriched
natural foils of metallic b-Sn ~white tin, double body-
centered tetragonal, stable above 13.2 °C! were also studied
at room temperature, under normal pressure and at high p
sures, where a transition to simple body-centered tetrag
structure occurs. The very smallf factor ~recoilless fraction!
of 0.03 and overwhelming multi-phonon terms prevented
traction of a quantitative DOS forb-Sn samples at room
temperature. Fortunately, the stabilizeda-Sn films have anf
factor of 0.16, sufficiently large to permit separation
single-, double-, and higher-order phonon excitations of
measured phonon spectrum.
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In order to increase the count rate, we put twoa-Sn films
side by side along the X-ray beam direction and made
X-ray beam incident at a shallow angle. The electronic
sorption length is 133mm in a-Sn for 23.88 keV X-rays, and
the elastic nuclear resonant absorption length is only 0
mm. The inelastic nuclear resonant absorption is mu
weaker and has longer absorption length. Since the films
0.2 mm thick, the entire sample contributes to the INRS s
nal, and since the surface and Sn/CdTe interface contrib
very little to the total, we essentially measure the bulk pro
erty of a-Sn.

The INRS spectrum is shown, along with resulting on
two-, and three-and higher-phonon excitation probabi
densities in Fig. 1. The energy range scanned in the ac
experiments was 160 meV, centered at 23.88 keV, the nuc
resonant energy of119Sn. In the figure, the data are present
in a smaller energy range for greater legibility. The recoile
fraction factorf and derived lattice dynamics properties24,25

~in the context of a harmonic lattice approximation! are listed
in Table I. A comparison of the INRS one-phonon DOS w
results of a density functional pseudopotential band struc
calculation on bulka-Sn26 is given in Fig. 2. Coherent in-
elastic neutron scattering experiments have also been do27

resulting in dispersion curves along a few high symme
directions, which compare well with the above-cited ele
tronic structure theory and lattice dynamics modeling.
comparing these experimental data and theory, we can

FIG. 1. ~a! INRS spectrum fora-Sn/CdTe~001!. Panel~b! shows
separated one- and two-phonon probability densitiesS1(E) and
S2(E), and three-phonon and higher probability densitiesS31(E).
E2E0 is the X-ray energy minus the nuclear transition energy.
0-2
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that these gray tin films exhibit characteristic bulk properti
with no sign of severe stress- or interface-related anoma
It would be very interesting to carry out similar measu
ments on multilayer Sn/CdTe structures with individual lay
thickness of less than 10 Å in order to enhance and exam
interface effects. A recent study of Sn/amorphous
multilayers28 showed that in a 10 Å-thick layer, Sn maintain
an a-Sn-like structure but is influenced by adjace
amorphous-Si layers and also becomes amorphous. Unf
nately, for Sn/CdTe the attempts to grow multilayers ha
had limited success, as apparently interface roughness
disorder grows with the number of deposited layers.10

C. Conversion electron Mössbauer spectroscopy„CEMS…

The Mössbauer measurements were carried out at Ce
Brasileiro de Pesquisas Fı´sicas at room temperature in a co
ventional CEMS chamber with a gas mixture of 96% of H
and 4 % of CH4, for as-received and annealed thin film
The CEMS spectra were obtained using a 12 mCi metast
119mSn source in a BaSnO3 matrix, in constant acceleratio

FIG. 2. Partial phonon density of states fora-Sn from INRS
measurements, together withab initio results of Ref. 26.

TABLE I. Recoilless transition factorf, mean kinetic energy
per atom^T&, mean force constant̂K&, and estimated mean dis
placement^u& of a-Sn derived from INRS measurements. Fro
Refs. 18, 19.

f ^T& ^K& ^u&

~meV! ~N/m! ~Å!

0.16~2! 13.4~2! 155~16! 0.19
11534
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mode. For all experiments, source and absorber were ke
the same temperature during the measurements. The C
spectra were fitted using a single line for the as-recei
sample, and a set of single lines and quadrupolar compon
for the annealed Sn/CdTe samples. Heat treatments u
temperatures of 150 °C were done in as-received sam
inside a high temperature Mo¨ssbauer furnace, with a vacuum
condition better than 1025 mbar.

The CEMS spectrum of the as-received samples,
shown, displays a single line with an IS value of about 1
mm/s and therefore associated with thea-Sn phase, confirm-
ing the INRS results, and consistent with values previou
published for bulka-Sn,29,7 as shown in Table II. On the
other hand, CEMS spectra of the annealed samples s
basically that~i! an enhancement of an oxidized (SnO2) frac-
tion of the film as temperature and time of annealing
crease; and~ii ! an irreversible change in crystalline structu
of the film as the annealing temperature increases,
changes froma-Sn tob-Sn and to a new Sn phase, with I
close to 2.95 mm/s.

TABLE II. Mössbauer parameters for bulk tin phase
a-Sn~001! surface layer and Sn/CdTe~001! films at room tempera-
ture and after annealing at;130 °C.

Isomer shift
~mm/sec! h

Quadrupole
splitting
~mm/sec!

a-Sn phase expt. 20.52~2.02!a – 0
theory 20.66b –

20.41@20.51#c

a-Sn~001! surface
layer ~theory!

10.67c 0.42d 22.85d

b-Sn phase expt. 0.00~2.54!a 0 u0.43uf

theory 0.00b 0 u0.36ub

0.00c 0 20.75d

Sn/CdTe~001!
~as-received!expt.e

20.58~1.96! 0 0

Sn/CdTe~001! 20.58~1.96! a-phase:26% 0
~130 °C! expt.e 0.00 ~2.54! b-phase:23% u0.65u

0.41~2.95! alloy:48% 0
22.54 ~0.00! oxide:3% 0

aReference 29, with respect tob-Sn. Values in parentheses are rel
tive to the common SnO2 reference.

bReference 7. Calibration factora50.092 and nuclear momen
uQu512.8 fm2 fitted to the data.

cThis work, with respect tob-Sn reference; calibration factora
50.0844 fitted to Sn12 and Sn14 data ~Ref. 37!. The value in
square brackets is for calibration factora50.092 of Ref. 7. Further
details appear in Table V.

dThis work. The value of the nuclear momentQ520.109b is from
Ref. 39; further details appear in Table VI.

eThis work. Cd or Te ordering at interface undetermined. Relat
spectral areas of each component are given in the third colum

fFrom Ref. 30.
0-3
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The structural transition is clearly seen in Fig. 3, whi
shows the CEMS spectrum of the film annealed at 130
This spectrum was fitted with four components: a subsp
trum with hyperfine parameters of SnO2 ~3% of the spectrum
area!; a single line with an IS ofa-Sn ~26% of the spectrum
area!; a doublet with an IS of 2.54 mm/s and quadrupo
splitting ~QS! of 0.65 mm/s~23% of spectrum area! which
we identify with bulk b-Sn ~white tin! values7,29,30 and fi-
nally a broad single line with an IS of 2.95 mm/s. The broa
ening effect observed for this new line with an IS of 2.
mm/s may be an indication for an existence of a small q
drupolar interaction around Sn atoms. This component m
be attributed to alloy formation at the interface between
Sn and the substrate. However, it is difficult to understa
why such a large fraction of this component is observed
such low annealing temperatures, unless the interfac
somewhat unstable.

III. THEORETICAL METHODOLOGY

A. Embedded cluster density functional method

Density-functional calculations have been performed
ing the discrete variational~DV! method in the local density
approximation31 ~LDA ! for studying the structural and hy
perfine properties ofa-Sn/CdTe~001! heterojunctions. The
DV method is widely described in the literature;32 here, we
will give only a brief description of its main features. In th
method, the solid is represented by a finite cluster of ato
embedded in the potential of a set of atoms representing
external crystal environment. The one-electron orbitals
obtained by solving the Kohn-Sham equations in a thr
dimensional grid where the potential field is a functional
the electronic charge densityr~r !. These one-electron orbit
als are constructed as linear combinations of numer
atomic orbitals,~LCAO!, which in turn are obtained by
density-functional calculations in the LDA for free ions
atoms. The basis set configurations are typically optimi
by reference to the self-consistent charge distribution.
the exchange and correlation potential terms in the effec

FIG. 3. Conversion electron Mo¨ssbauer spectra of Sn
CdTe~001!, after heat treatment at 130 °C.
11534
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Hamiltonian, we employed the parametrization of Vosk
Wilk, and Nusair of the Ceperley-Alder results.33 For total
energy calculations, we employed the gradient correction
the LDA developed by Becke34 and Perdew35 for the ex-
change and correlation terms, respectively. To prevent a
rious migration of electronic charge of cluster atoms to e
ternal atoms, for the latter a simple pseudopotential is us
consisting of a truncation of the attractive potential in t
core region to simulate effects of the Pauli exclusion pr
ciple. We made extensions to the existing DV codes so a
describe two-dimensionally periodic bicrystalline an
multilayer interfaces involving both metallic and ionic stru
tures. In order to deal efficiently with charge transfer a
long-range interactions in these ionic systems, an Ewa
summation method for surfaces developed by Parry36 was
adapted for the construction of the multilayer bicrystal Co
lomb potential.

A model density is employed to facilitate the calculatio
of the Coulomb interaction term in the matrix elements
the Kohn-Sham Hamiltonian. The model density is given
a multipolar expansion centered at the atomic nuclei, us
radial functions constructed from the LCAO set and ad
tional highly localized analytic functions. This model dens
is fitted by least-squares error minimization to the ex
charge density. In the present calculations, terms ofl 50
only have been considered. The criterion of converge
considered in self-consistent calculations was a differenc
,1025 in the electronic charge density-model between t
successive cycles.

The 4d, 5s, and 5p basis atomic orbitals~valence orbit-
als! were considered in the variational approach for the C
Te, and Sn atoms of the cluster; the inner atomic core orbi
were considered frozen. The valence orbitals were explic
orthogonalized against core orbitals in the first iteratio
Atomic orbital occupancies were analyzed, using
Mulliken-type population analysis, based on the LCAO e
pansion coefficients. The orbital occupations in turn serv
to define partial densities of states~PDOS! useful in a
energy-band type of description of state distributions. T
self-consistent wavefunctions were further used to gene
graphical displays of interface charge density, and to ca
late hyperfine properties relevant to Mo¨ssbauer measure
ments on119Sn.

The transition used for119Sn Mössbauer spectroscopy
the 23.875 keVg-ray from the first excited state withI 5 3

2 to
the ground state withI 5 1

2 . For the calculation of the IS, we
employed the expression:

IS5aS8~Z!@ra~0!2rb~0!# ~1!

where the calibration constanta50.0844ao
3 mm/s was ob-

tained by correlating the experimental IS of a series of Sn~II !
and Sn~IV ! compounds with their respective electron
charge densities at the Sn nucleus obtained by DF calc
tions with the DV method.37 Here S8(Z) is the correction
factor for relativistic effects, which for119Sn is 2.306,38 and
@ra(0)2rb(0)# is the difference between the non-relativist
electronic charge density at the tin nucleus of systema and
reference systemb. Recently, the value ofa was also calcu-
0-4
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THEORETICAL AND EXPERIMENTAL STUDY OFa-Sn . . . PHYSICAL REVIEW B 67, 115340 ~2003!
lated by comparing experimental IS of tin compounds w
relativistic electronic charge densities calculated w
the Full-Potential Linear-Muffin-Tin-Orbital~FP-LMTO!
method within the LDA.7 Their value ofa50.092ao

3 mm/s
is similar to the one obtained in Ref. 37.

The I 5 3
2 to I 5 1

2 transitions result in twog rays due to
the quadrupole moment Q of the excited state, with an
ergy difference~QS! given by the expression

QS5
1

2
eQVZZS 11

h2

3 D 1/2

, ~2!

whereVZZ is the main component of the electric field grad
ent andh is the asymmetry parameter, defined ash5(VXX
2VYY)/VZZ with the conventionuVZZu.uVYYu>uVXXu. The
components of the traceless electric-field gradient tensorVi j
at the Sn nucleus are calculated by the expression~in atomic
units!

Vi j 52E r~r !~3xixj2d i j r
2!/r 5dr

1(
q

Zq
eff~3xqixq j2d i j r q

2!/r q
5, ~3!

where the first and second terms are the electronic and p
ion contributions respectively.r(r ) is the valence electron
charge density andZq

eff is the effective nuclear point charg
~nuclear charge screened by core electrons! of atoms sur-
rounding the Sn probe. The value ofQ employed here was
20.109b obtained experimentally by comparing Mo¨ssbauer
spectroscopy and perturbed angular correlation meas
ments on tin impurities in a Cd host.39 The magnitudeuQu
50.128b was also estimated in Ref. 7 by comparing expe
mental QS values of tin compounds with their respect
calculated electric-field gradients.

B. Interface and cluster geometry

In order to study the properties ofa-Sn/CdTe~001! het-
erojunctions, we considered two types of structural confi
ration at the interface layers.

~1! Sn layers with diamond crystalline structure on
CdTe~001! surface terminating in a Cd layer. Such cluste
will be henceforth calleda-Sn/CdTe.

~2! Sn layers with diamond structure on a CdTe~001! sur-
face terminating in a Te layer. Such clusters will be cal
a-Sn/TeCd.

The variational clusters were embedded in a poten
field generated by more than 30 000 external atoms, gen
ing the semi-infinite diamonda-Sn and zinc-blende CdT
host structures. For both half-crystals the experimental lat
parameter of CdTe~6.48 Å! was employed. The electroni
configurations of the embedding atoms were obtained
self-consistent cluster calculations on the constituent b
materials, projected onto Mulliken populations. The cha
transfer from Cd to Te was found to be approximately 1.2e
in the bulk compound, with effective configurations f
the valence orbital basis of: 4d105s0.495p0.26 for Cd,
4d105s1.955p5.30 for Te and 4d105s1.665p2.34 for a-Sn. A total
11534
n-

nt-

re-

-
e

-

s

d

l
at-

e

y
lk
e

of 79 atoms was considered for the construction of the c
ters mentioned above and distributed as follows: for thea-Sn
segment, we considered 46 atoms distributed in five lay
for the CdTe segment we considered 33 atoms distribute
four layers ~two Cd layers and two Te layers!. Table III
shows a typical distribution of the Cd, Te, and Sn atoms
each layer for the clusters considered; hereI indicates the
interface layer,I 21 the first neighbor layer toI, and so on.
Local properties are calculated at the most central atom
each layer, to avoid spurious effects of the surface of
clusters.

For the purpose of comparison with the interfaces
scribed above, electronic structure calculations ofa-Sn and
CdTe pure crystals have been performed with diamond
zinc-blende crystalline structures respectively using the
perimental lattice parameter of CdTe. In this way clus
‘surface states’ and any other effects due to finite cluster
can be identified and compensated for. 79- and 85-atom c
ters were considered to represent thea-Sn and CdTe pure
crystals, respectively. For the construction of the cluster r
resentinga-Sn, we considered nine layers. For the constr
tion of CdTe clusters, we considered two different structu
configurations.

~i! A cluster composed of five Cd layers and four Te la
ers, with a central Cd layer. This cluster is called CdTe~I!,
and is appropriate for comparison witha-Sn/TeCd clusters.

~ii ! A cluster composed of five Te layers and four C
layers, with a central Te layer. This cluster is called CdTe~II !,
and is appropriate for comparison witha-Sn/CdTe clusters.

For the sake of further comparisons with electronic str
ture of tin in different environments, we carried out ana
gous calculations on a free~001! surface ofa-Sn and on bulk
b-Sn, using clusters of 46 and 79 atoms, respectively.

IV. THEORETICAL RESULTS

To explore the equilibrium structural configuration at t
interface layers in the heterojunctions, we calculated the t
energy of the embedded clusters, changing only the dista
between the two half-infinite crystals. All other structur
parameters were kept constant; i.e., differential perpendic
relaxation and transverse reconstructions were not con

TABLE III. Distribution of Cd, Te, and Sn atoms ina-Sn/CdTe
anda-Sn/TeCd clusters.

a-Sn/CdTe a-Sn/TeCd
layer N0 atoms layer N0 atoms

SnI-4 5 SnI-4 5
SnI-3 8 SnI-3 8
SnI-2 12 SnI-2 12
SnI-1 8 SnI-1 8
SnI 13 SnI 13

CdI 8 TeI 8
TeI-1 12 CdI-1 12
CdI-2 8 TeI-2 8
TeI-3 5 CdI-3 5
0-5
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FIG. 4. Interfacial energy ofa-Sn/CdTe.
d is the distance between the interface laye
(CdI-SnI).
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lity
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no-
ered. The relative interfacial energies~total energy minus
energy of isolated atoms in the basis configuration, divid
by interface area! vs distance between the interface layers
shown in Figs. 4 and 5 fora-Sn/CdTe anda-Sn/TeCd clus-
ters respectively. Negative distances in Fig. 4 indicate ov
lapping between the CdTe anda-Sn crystals. In the idea
unrelaxed interface the interplanar spacing is 1.62 Å, and
see that the energy minimum for the Sn/TeCd interface
slightly expanded with respect to this value. On the contra
the energy minimum for the Sn/CdTe interface occurs
actly where tin and cadmium lie in the same layer, essenti
forming a monolayer intermetallic SnCd compound. E
dence of such an interface alloy layer was found via vale
band photoemission studies of~111! heterostructures.13 Simi-
lar self-consistent-field and total energy calculations w
carried out for smaller 53-atom clusters, giving essentia
identical energy minima; thus we consider that the predic
structure is reliable, within the limitations of a sing
11534
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interplanar-distance variable. The energy-minimum geo
etries of Sn/CdTe and Sn/TeCd interfaces are shown in F
6 and 7, respectively.

Electronic properties can be rapidly surveyed by exam
ing self-consistent Mulliken populations and the associa
partial DOS~PDOS!. In Table IV we present a layer-by-laye
comparison of populations and charges, which demonst
the variable charge transfer and atomic configurations ac
the selvage region. Selected PDOSs are presented in Fi
and 9, representing the 5sp valence band distribution of se
lected sites in the vicinity of the Fermi level. The Cd 4d
levels are also included in the energy interval shown; the
4d is located at considerably lower energies. The variabi
of the Sn PDOS with bulk state, surface, and interface en
ronments is evident in Fig. 8, while the perturbation of C
and Te distributions are shown in Fig. 9. Although the clus
method, with its discrete level structure, can not reliably p
dict the existence or size of band gaps, we immediately
rs

FIG. 5. Interfacial energy ofa-Sn/TeCd.

d is the distance between the interface laye
(TeI-SnI).
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tice @Fig. 8~a!# the very low Sn DOS forE;EF in a-Sn,
compared to all other cases, including the free surface@Fig.
8~b!#. The tin PDOS at the Sn/Te and Sn/Cd heterojuncti
@Figs. 8~c! and 8~d!# shows a notable band broadening due
mixing between the two species. For Sn/Te we see so
evidence of bonding structure at the bottom of the vale
band~VB!, nonbonding states;EF , and antibonding state
in the unoccupied region as would be expected for ion
covalent bonding. The SnICdI interlaced minimum-energy
layer has a typical metallic appearance, consistent with e
tronic density maps presented below. The summed Cd an
PDOSs shown in Fig. 9 for bulk@~a! and~b!# and Sn/Te~c!,
and Sn/Cd~d! interface configurations, each representi
two atomic layers, show a VB with a strong peak domina
by Cd 4d and an extremely low intensity aroundEF which
can be associated with the band gap~1.44 eV at 300 K! of

FIG. 6. 79-atom cluster representing thea-Sn/CdTe heterojunc-
tion in the equilibrium structural configuration. The white, gray, a
black spheres represent Sn, Cd, and Te atoms respectively.

FIG. 7. 79-atom cluster representing thea-Sn/TeCd heterojunc-
tion in the equilibrium structural configuration. Sphere specifi
tions as in Fig. 6.
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the host CdTe semiconducting compound. The excel
agreement between CdTe~I! and CdTe~II ! bulk cluster con-
figurations confirms the overall accuracy of the cluster r
resentation and its independence of coordinate origin. A s

-

TABLE IV. Mulliken population of valence orbitals and charge
Q at the central atoms inI and I-1 layers fora-Sn/CdTe anda-Sn/
TeCd clusters, at the central atoms inS ~surface! andS-1 layers for
a-Sn surface and at the central atoms Snc for a-Sn andb-Sn bulk.
The interface layers distanced is given in Å.

Cluster Interface site Population Q

d 4d 5s 5p

a-Sn/CdTe 1.62 SnI-1 9.99 1.68 2.44 20.10
SnI 9.99 1.77 2.18 0.06
CdI 9.93 0.66 0.28 1.13
TeI-1 10.00 1.96 5.00 20.96

0.53 SnI-1 9.99 1.70 2.36 20.04
SnI 9.99 1.67 2.30 0.04
CdI 9.88 0.61 0.37 1.14
TeI-1 10.00 1.95 4.90 20.85

0.00a SnI-1 9.99 1.69 2.31 0.01
SnI 9.99 1.68 2.35 20.02
CdI 9.88 0.62 0.37 1.12
TeI-1 10.00 1.93 4.85 20.78

20.79 SnI-1 9.99 1.67 2.17 0.17
SnI 9.99 1.74 2.42 20.14
CdI 9.89 0.70 0.44 0.96
TeI-1 10.00 1.87 4.72 20.59

a-Sn/TeCd 1.85a SnI-1 9.99 1.67 2.36 20.02
SnI 9.99 1.78 2.15 0.08
TeI 10.00 1.93 5.23 21.15

CdI-1 9.96 0.67 0.36 1.01

1.62 SnI-1 9.99 1.66 2.32 0.03
SnI 9.99 1.75 2.24 0.01
TeI 10.00 1.91 5.19 21.10

CdI-1 9.96 0.69 0.36 0.99

1.53 SnI-1 9.99 1.66 2.30 0.05
SnI 9.99 1.74 2.28 20.01
TeI 10.00 1.90 5.19 21.08

CdI-1 9.96 0.69 0.37 0.98

1.06 SnI-1 9.99 1.64 2.26 0.11
SnI 9.99 1.67 2.56 20.21
TeI 10.00 1.86 5.12 20.97

CdI-1 9.96 0.71 0.38 0.95

a-Sn surface - SnS 9.99 1.85 2.01 0.15
- SnS-1 9.99 1.65 2.48 20.12

a-Sn bulk - Snc 9.99 1.64 2.37 0.00
b-Sn bulk Snc 9.99 1.73 2.28 0.00

aMinimum-energy configuration.
0-7
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of Cd 4d spectra toward higher energy was indeed obser
by Tanget al.14 for ~001! interfaces; however, the absolu
value of shift measured was only 0.24 eV. The energy diff
ence is mostly due to excited state core-hole relaxation
fects not included in the present~ground state! calculations.
In Fig. 9~c! we note a strong perturbation of the Te plus C
VB states for atoms neighboring the Sn/TeCd interface, c
sisting of valence band broadening and a shift of the Cdd
peak to lower energy. The Sn/CdTe interface, while struc
ally more extreme than that of Sn/TeCd, shows a similar
weaker VB displacement with the Cd 4d peak shifted;3 eV
to greater binding energy. These VB shifts correspond
potential shifts due to charge transfer and bonding inte
tions at the interface, and are the local representation co
terpart of much-discussed ‘‘band-bending’’ effects found
band-structure approaches to interfaces.

Mulliken population analysis of the valence orbital dist
butions and net atomic charges for each of the systems s
ies is presented in Table IV. Net atomic charges are defi
as the atomic numberZ minus the total electron populatio
on the atom. For both bulk Sn phases we see ansp hybrid-
ization characteristic of the Sn-Sn bonding interactio
while thea-Sn surface layer SnS shows a charge transfer o
;0.15e, mostly to the neighboring SnS21 layer. The corre-
sponding tin layers in contact with the Sn/CdTe or Sn/Te
interfaces typically show a lesser charge transfer,Q<0.1e,

FIG. 8. Tin partial densities of states in different environmen
~a! bulk a-Sn, ~b! free ~001! a-Sn surface layer,~c! a-Sn/TeCd
interface layer, and~d! a-Sn/CdTe interface layer.
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except for the highly perturbed interpenetrating case ofa-Sn/
CdTe (d520.79 Å) and short-distance case ofa-Sn/TeCd
(d51.06 Å), both unstable configurations. Thus we m
conclude that in the vicinity of the CdTe substrate, Sn
mains essentially neutral; 5s-5p hybridization is also presen
in the a-Sn layers on CdTe.

The isomer shift and quadrupole splitting at the cent
atom SnI site were calculated for bulka-Sn, b-Sn, for an
a-Sn~001! surface, and a-Sn/CdTe~001! and a-Sn/
TeCd~001! interfaces for different bi-crystal distances. Th
oretical results for the two phases of bulk tin, along w
experimental data, were given in Table II; analysis
the interfaces is shown in Tables V and VI. The calcula
IS difference betweena-Sn and b-Sn of 20.41 mm/sec
is in reasonably good agreement with the experimen
value of 20.52 mm/sec, using the previously derived ca
bration factor of 0.0844a0

3 mm/s.37 Use of the more recen
calibration by Svaneet al.7 would make the agreement e
sentially perfect. Thus we may have some confidence in
variation of the IS with the surface-vacuum interface a
variation with the Sn/CdTe interface distance displayed
Table V.

The mechanisms responsible for variations in the IS
charge transfer and volume~or orthogonality! effects. To ex-
plain the values of the IS displayed in Table V, we first no

: FIG. 9. Cd and Te partial densities of states in different en
ronments:~a! bulk CdTe(II ) with the cluster centered on Te,~b!
bulk CdTe(I ) with the cluster centered on Cd,~c! a-Sn/TeCd inter-
face layers, and~d! a-Sn/CdTe interface layers.
0-8
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that no correlation is found between the IS and the chargeQ
on Sn ~see Table IV!. On the other hand, a clear relatio
exists between the IS and the Sn 5s population, fora-Sn,
b-Sn, thea-Sn~001! surface, and thea-Sn/CdTe interface a
several distances~see Table V!. Since in the non-relativistic
approach this orbital is solely responsible for the valen
density at the Sn nucleus, it is thus seen that the IS shoul
directly proportional to its population. In particular, the lar
value of the IS at thea-Sn surface is seen to be due to a lo
of 5s-5p hybridization brought about by the decrease in c
ordination of the surface atoms, and the consequent s
toward the free atom 5s25p2 configuration.

In the case of the interfacea-Sn/TeCd, a clear proportion
ality between the IS and the 5s population exists among th
several distances. However, it may be observed that for
Sn-Te interface all the ISs are shifted to higher values. T
may be tentatively ascribed to a ‘‘volume contraction’’ effe
of the Sn valence wavefunctions, caused by the exten
valence functions of the neighboring Te negative ions at
interface. As for the core functions of Sn, which were ke
‘‘frozen’’ in the calculations, it was considered that their co
tribution to r~0! is approximately the same in the differe
cases, and thus do not contribute to the IS.

The predicted structural variations of the QS are m
dramatic, ranging from the symmetry-imposed value of z
in a-Sn to 20.75 mm/sec inb-Sn, to 22.85 mm/sec on a
free~001! a-Sn surface, as may be seen in Table VI. We n
here that the calculated QSs representsemicore and valence
contributions (4d,5p) to the electric field gradient only; th
omitted deep-core polarization terms could be expected
reduce the predicted values slightly. Large QSs are expe
in the reduced symmetry of surfaces and interfaces; for

TABLE V. Nonrelativistic valence charge densityr~0!, isomer
shift ~IS!, and 5s Mulliken population for bulkb-Sn ~central atom!,
bulk a-Sn ~central atom!, anda-Sn surface~central atom at surface
layer!, and at the SnI sites fora-Sn/CdTe anda-Sn/TeCd interfaces

System Interface layers
d ~Å!

r~0!
(a0

23)
ISa

~mm/s!
5s

population

b-Sn ~bulk! - 24.51 0.00 1.73

a-Sn ~bulk! - 22.39 20.41 1.64

a-Sn ~surface! - 27.95 0.67 1.85

a-Sn/CdTe 1.62 23.86 20.13 1.77

0.53 23.04 20.29 1.67

0.00b 23.48 20.20 1.68

20.79 25.33 0.16 1.74

a-Sn/TeCd 1.85b 27.68 0.62 1.78

1.62 27.44 0.57 1.75

1.53 27.32 0.55 1.74

1.06 26.29 0.35 1.67

aa50.0844a0
3 mm/s, from Ref. 37. The correction factorS8(Z) for

relativistic effects is 2.306~from Ref. 38!. Values of the IS are
given relative tob-Sn.

bMinimum-energy configuration.
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ample, electrodeposited monolayer and submonolayer
films on Pt were observed withuQSu>1.4 mm/sec.40 The cal-
culated strong variation of magnitude of the QS and its ch
acteristic sign~oblate/prolate distortion ofr! with interface
chemical nature and interlayer distance suggests the utilit
future measurements on very thin films.

The direction ofVzz is in the plane of the~001! surface of
a-Sn, and in the SnI plane of the interface ina-Sn/CdTe and
a-Sn/TeCd, for all distances. The contribution of the s
rounding screened nuclei@see Eq.~3!# is much smaller than
the electronic contribution toVzz, typically about 10%. The
electric-field gradients at SnI of the interface have opposit
signs in Sn/CdTe and Sn/TeCd. The valenceVzz around a Sn
nucleus is produced by the anisotropic filling of the 5px ,
5py , and 5pz orbitals, as well as spatial distortions of th
valence functions which may be different in different dire
tions. The complex combination of these factors results
the calculated values in Table VI.

Contour maps of electronic charge density are given
Figs. 10 and 11 for the energy-minimum geometries of S
TeCd and Sn/CdTe, respectively, in a plane perpendicula
the interface. In Fig. 10 we clearly see the formation
ionic-covalent bonds between Sn and Te in the central SnITeI

layers, and can compare the interlayer packing due to
somewhat large Te compared to Sn to that seen in the p
tin region. The apparently empty regions are simply due
the offset of alternating atom planes~ABCDABCD...! above
and below the plotting plane. The CdISnI alloy layer of Sn/
CdTe is dramatically evident in Fig. 11. It is interesting th
if one considersmetallic radii only, such a packing would
appear unfavorable; however, the positive charge on Cd
sults in a considerably reduced ionic radius, compatible w
the predicted structure.

TABLE VI. Electric field gradientVZZ , asymmetry paramete
h, and quadrupole splitting~QS!, for b-Sn, bulk a-Sn, anda-Sn
surface, and at the SnI sites for a-Sn/CdTe anda-Sn/TeCd. The
interface layer distanced is given in Å.

System Interface
d

VZZ

(1017 V/cm2)
VZZ

(a0
23)

h QSa

~mm/s!

b-Sn - 10.91 1.12 0.0 20.75

a-Sn - 0 0 – 0

a-Sn ~surface! - 40.46 4.16 0.42 22.85

a-Sn/CdTe 1.62 27.73 20.80 0.55 0.55

0.53 238.48 23.96 0.11 2.64

0.00b 236.07 23.71 0.24 2.49

20.79 215.42 21.59 0.77 1.15

a-Sn/TeCd 1.85b 33.00 3.40 0.33 22.30

1.62 34.90 3.59 0.22 22.41

1.53 35.33 3.64 0.15 22.43

1.06 32.95 3.39 0.12 22.26

aQ520.109 barn, from Ref. 39.
bMinimum-energy configuration.
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V. CONCLUSIONS

Films of a-Sn~001! of thickness;2000 Å enriched in
119Sn were grown by molecular beam epitaxy on CdTe~001!
wafers, and were found to be stable up to a temperatur
;130 °C. Nuclear resonant scattering at 23.88 keV was m
sured, using a novel spectrometer with a resolution of;1
meV, revealing a local phonon density of states indist
guishable from that of bulka-Sn. Conventional Mo¨ssbauer
spectroscopy was used in the scattering mode, verifying
perfine parameters to be those of bulka-Sn, and observing
the high temperature transformation tob-Sn. Density func-
tional embedded cluster calculations were carried out
both bulk phases of tin, for ana-Sn~001! free surface, and
for bicrystals with structures ofa-Sn~001!/CdTe and
a-Sn~001!/TeCd. Although, due to sample thickness, bo
experiments revealed properties essentially of the bulk,
calculations presented here allow an investigation of surf
and interface regions at an atomic level, thus provid
complementary information. Therefore, calculations w
performed for bulka-Sn andb-Sn, for calibration and com
parison with experiments, as well as for free surfaces
interfaces, for which no data were obtained and thus pre
tions were made. Effects of interlayer relaxation were
plored, by allowing rigid translation ofa-Sn along the@001#
axis; for the Sn/CdTe case the minimum energy configu
tion was found for a mixed Sn/Cd interface layer similar
that suggested on the basis of photoemission studies of~111!
interfaces. For Sn/TeCd the minimum energy is found fo
surface layer spacing SnI-TeI of d51.85 Å, somewhat ex-
panded compared to bulka-Sn, and consistent with th
larger Te anion radius. The Mo¨ssbauer isomer shift an
quadrupolar splitting were found to be surface and interf
sensitive, IS values of;0.6 mm/s~relative tob-Sn! being
predicted for free surface and for the SnI layer of Sn/TeCd.

FIG. 10. Contour map of the electronic charge densityr~r ! in a
plane perpendicular to the interface layers ofa-Sn/TeCd cluster, at
the equilibrium structural configuration. Contours vary fro
0.0e/a0

3 to 0.1e/a0
3 with intervals 5.031023e/a0

3.
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Reduced symmetry at the interfaces, and lowered ato
coordination induces QS values of magnitude 2.3–2.9 m
in the various cases, which would be easily detecta
in interface-sensitive measurements, e.g., on multilayer
erojunctions. The observed shift of near-interface Cdd
semicore levels to greater binding energies was also s
in calculated densities of states. Charge density maps
the Sn/CdTe and Sn/TeCd interface regions permit visual
tion of the contrast between Sn-Cd metallic bonding a
Sn-Te ionic-covalent charge transfer predicted for the t
structures, and made quantitative by Mo¨ssbauer IS and QS
values.

In view of difficulties encountered in attempts to gro
multilayer Sn/CdTe and related structures, and exp
mental evidence of surface roughening, formation of mic
crystalline SnTe, etc., we suggest that an atomistic mode
of these interfaces could be useful in better understand
chemical reactions there and in developing improved gro
strategies. The large number of degrees of chemical
structural freedom preclude the direct application of fir
principles methods; however, such methods would be
portant in validating structures proposed on the basis
simulations. The INRS technique permits a rapid measu
ment of local vibrational structures associated with the t
site, information obtained previously only with great diffi
culty. Applications to additional Sn-containing compound
alloys, and biologically active systems will be present
elsewhere.
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FIG. 11. Contour map of the electronic charge densityr~r ! in a
plane perpendicular to the interface layers ofa-Sn/CdTe at the
equilibrium structural configuration. Contour specifications as
Fig. 10.
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