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Gray tin films enriched by over 9594°Sn and grown by molecular beam epitaxy on Q@0d) 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 $dbauer spectroscopy is used in the scattering mode to determine
hyperfine parameters of the Sn phase and, after thermal treatment, gheghase. 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 fdt°Sn 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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l. INTRODUCTION faces has been demonstrated for pan1),° (111),° and
nonpolar(110*! interfaces and superlattic¥sAs polar sur-

The low-temperature diamond structure phasen(gray faces typically reconstruct, and considerable perturbations
tin) has been the subject of much interest as a zero-gap senteuld be expected at the semiconductor-Sn interface, it is
conductor, which can be stabilized at room temperature wheimteresting that monocrystalline-Sn can be obtained under
grown upon suitable crystalline substrates. The existence cfuitable deposition conditions for both Cd- and Te-
in-plane lattice mismatch between substrate and overlayeterminated(111) substrated® For high deposition tempera-
and the resulting strain in the tin overlayer provides a mechatures it is not surprising that a reaction with ttill) sub-
nism for opening the band gap which has intrigued manystrate is observed, resulting in the formation of a certain
workers both from the theoretical point of view, and with anamount of SnTe in the rock-salt phase and an intermixing
eye toward creating tunable band-gap photon detectors. Thene extending over several bilayé?sThe formation of a
existence of quantum size effects on the band gap, due tetrahedrally coordinated ($n,Cd,) Te interface alloy layer
film thickness, has also been demonstrated by resistivithas been proposed for Cd-terminatddl) interfaces, based
measurements for a CAD®1) film orientatiort and by high-  upon core level and angle-resolved photoelectron spectros-
resolution electron energy loss spectroscopy for a Cdlle  copy (PES.™® PES studies of001) interfaces suggest an
orientation’ The in-plane lattice mismatch of-Sn with  abrupt and nonreactive terminatithpn the other hand, a
semiconducting CdTe0Y) is only 0.18%, thus providing an layer-by-layer deposition and annealing study of the same
attractive pair for multilayer ¢-Sn),,(CdTe), superlattices, interfaces by He scattering, low energy electron diffraction
which have been studied theoretically by density functionalLEED) and Auger electron spectroscofAES) gave a quite
(DF) band structure methodsUltrathin superlattices of different picture’® The data of Ref. 15 were interpreted as
composition SnTgCd, SnCdTe, and SpCdTe correspond- vertical Sn diffusion leading to formation of ordered nano-
ing to (001) monolayerstructures were also considefefihe  crystalline SnTe at the interface, upon whiaaSn could
well-known limitations of DF theory with respect to band grow. A study of CdTé€01)/a-Sn/CdTe single quantum well
gaps, particularly in the case of a sensitive material likestructures led to the conclusion that a Cd-stabilized surface is
a-Sn, restrict its predictive capabiliti€)owever, with some more suitable for clean interface growthit thus appears
empirical adjustments, theoretical band structures can prdhat fairly strong chemical interactions between Sn and the
vide useful interpretations, including the pressure-dependerstubstrate atoms may determine the initial interface geometry,
transition betweenr and B phase$. Svaneet al. demon-  and that abrupt nonreactive interfaces may represent meta-
strated the value of DF theory in calibration and interpretasstable structures. In this context, a pseudopotential DF study
tion of *°Sn hyperfine interactions measured in a variety ofof lattice stability in CgSn, _, Te solid solutions is quite in-
tin compounds, including both monatomic pha&@he ex- teresting, showing a pronounced preference for the rock-salt
istence of one-dimensional quantum well states(fdr) in-  structure over most of the mixing range.
terfaces was also predicted on the basis of linear combination In this paper we present experimental and theoretical
of atomic orbitals(LCAO) band structure calculatiofis. studies ofa-Sn films deposited on Cd{@01) surfaces, using

The growth ofa-Sn on differently oriented CdTe crystal '°Sn inelastic nuclear resonant scatteriihyRS), Moss-
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bauer spectroscopgMS), and DF embedded cluster meth- 800 T T
ods. The INRS data permit the extraction of tin-site
vibrational structure and its comparison with bulk tin experi- @
ment and theory, while the MS data reveal details of the §
electronic structure around the tin site. DF calculations are &
used to elucidate the variation of electronic properties acrossg 400
the Sn/CdTe interface region, in comparison with bulk and .€
free surface structures. The remainder of the paper is orgaag
nized as follows: Sample preparation and experimental date3
are given in Sec. ll, the theoretical methodology is outlined

in Sec. lll, and an analysis of theoretical results is given in 0
Sec. IV. Our conclusions are presented in Sec. V.

600 -

200

Il. EXPERIMENT
A. Sample preparation

Films of a-Sn were grown by molecular beam epitaxy on
semiconducting CdTe01) substrates of 1 mm thickness.
Prior to tin deposition a 3000 A CdTe buffer layer was grown
on the substrate at a temperature of 250 °C. During tin depo-
sition a growth rate of 0.4 A per second was maintained, at'g

tation probability density

Cl

temperature 0°C. Samples of thickness 2000 A were pre-“c’

pared with an enrichment of over 95% t'Sn and verified e

to have a(1x1) reconstructed surface kg situ reflection 2 e e e e e
high-energy electron diffractioRHEED). The in-plane lat- < 40 30 20 40 0 M0 20 %40
tice mismatch ofa-Sn with the CdTe substrate was found to E - E; (meV)

be only 0.18%, consistent with the bulk lattice constant of

6.49 A FIG. 1. (a) INRS spectrum forw-Sn/CdT€001). Panel(b) shows

separated one- and two-phonon probability densifglE) and
S,(E), and three-phonon and higher probability densiSgs(E).
B. Inelastic nuclear resonant scattering E—E, is the X-ray energy minus the nuclear transition energy.

The phenomenon of inelastic nuclear resonant scattering
with synchrotron radiation permits the use of nuclear reso- In order to increase the count rate, we put t&n films
nant isotopes as probes to study local vibrational dynamicside by side along the X-ray beam direction and made the
of the isotopes in diverse solid state and molecularX-ray beam incident at a shallow angle. The electronic ab-
structureg®2! Within the context of harmonic lattice ap- sorption length is 13zm in a-Sn for 23.88 keV X-rays, and
proximation, it is possible to map out the localized vibra-the elastic nuclear resonant absorption length is only 0.24
tional density of state€0S), going beyond the capabilities um. The inelastic nuclear resonant absorption is much
of traditional Massbauer spectroscopy. The nuclear resonaniveaker and has longer absorption length. Since the films are
energy for%Sn is 23.88 keV; two monochromators were 0.2 um thick, the entire sample contributes to the INRS sig-
designed and constructed at the Advanced Photon Sourcel, and since the surface and Sn/CdTe interface contribute
with energy resolutions of 3.6 and 1.0 meV in the 24 keVvery little to the total, we essentially measure the bulk prop-
X-ray energy range, each using two flat perfect siliconerty of a-Sn.
crystals?>?3The typical photon flux within this energy band- ~ The INRS spectrum is shown, along with resulting one-,
width is about 3< 1% photons per second at a 100 mA stor- two-, and three-and higher-phonon excitation probability
age ring current. Enriched powder samples of SnO, ;SnO densities in Fig. 1. The energy range scanned in the actual
and CaSn@ were studied to characterize the vibrational experiments was 160 meV, centered at 23.88 keV, the nuclear
DOS of oxides and its response to pressure. Enriched angsonant energy dfSn. In the figure, the data are presented
natural foils of metallic 8-Sn (white tin, double body- in a smaller energy range for greater legibility. The recoiless
centered tetragonal, stable above 13.2#@re also studied fraction factorf and derived lattice dynamics propertié®
at room temperature, under normal pressure and at high pre@n the context of a harmonic lattice approximati@me listed
sures, where a transition to simple body-centered tetragonat Table I. A comparison of the INRS one-phonon DOS with
structure occurs. The very smalfactor (recoilless fraction  results of a density functional pseudopotential band structure
of 0.03 and overwhelming multi-phonon terms prevented ex<calculation on bulka-Srf® is given in Fig. 2. Coherent in-
traction of a quantitative DOS fop-Sn samples at room elastic neutron scattering experiments have also been%one,
temperature. Fortunately, the stabilize<Sn films have af  resulting in dispersion curves along a few high symmetry
factor of 0.16, sufficiently large to permit separation of directions, which compare well with the above-cited elec-
single-, double-, and higher-order phonon excitations of thdronic structure theory and lattice dynamics modeling. By
measured phonon spectrum. comparing these experimental data and theory, we can say

115340-2



THEORETICAL AND EXPERIMENTAL STUDY OFa-Sn.. .. PHYSICAL REVIEW B 67, 115340(2003

TABLE I. Recoilless transition factof, mean kinetic energy TABLE 1l. Mossbauer parameters for bulk tin phases,
per atom(T), mean force constanK), and estimated mean dis- «-Sn(001) surface layer and Sn/Cd{@1) films at room tempera-
placement(u) of a-Sn derived from INRS measurements. From ture and after annealing at130 °C.

Refs. 18, 19.
Quadrupole
f (T (K) (uy Isomer shift splitting
(meV) (N/m) A) (mm/seg 7 (mm/seg
0.162) 13.42) 155(16) 0.19 a-Sn phase expt.  —0.522.02% - 0
theory -0.66° -
—0.41-0.51°
that these gray tin films exhibit characteristic bulk properties,
with no siggrll o)f/ severe stress- or interface-relatedpangmalie -Sn(00D) surface +0.67 0.42 —2.88
It would be very interesting to carry out similar measure- ayer (theory
ments on multilayer Sn/CdTe structures with individual layerg-sn phase expt. 0.0D.54? 0 |0.43f
thickness of less than 10 A in order to enhance and examing@eory 0.08 0 |0.36°
interface effects. A recent study of Sn/amorphous-Si 0.0 0 —0. 7%
multilayer£® showed that in a 10 A-thick layer, Sn maintains
an «-Sn-like structure but is influenced by adjacentSn/CdT€00D —0.581.99 0 0
amorphous-Si layers and also becomes amorphous. Unfort{@S-receivelexpt®
nately, for Sn/CdTe the attempts to grow multilayers haves,/cqT¢oo1) ~0.581.99 a-phase:26% 0
hgd limited success, as apparently mterf_ace roughness a@ggo °Q expt® 000254  pBphase:23%  [0.65
disorder grows with the number of deposited lay@rs. 0.41(2.95 alloy:48% 0
—2.54(0.00 oxide:3% 0

C. Conversion electron Msbauer spectroscopfCEMS)

.. . dReference 29, with respect ®BSn. Values in parentheses are rela-
The Mossbauer measurements were carried out at Centrg, .« o the common SnOreference.

Brasjleiro de Pesquisas'sﬁcrag atroom temperature in a con- PReference 7. Calibration factar=0.092 and nuclear moment
ventional CEMS chamber with a gas mixture of 96% of He |Q|=12.8 fn fitted to the data.
and 4 % of CH, for as-received and annealed thin films. crpis work, with respect tq3-Sn reference; calibration factar
The CEMS spectra were obtained using a 12 mCi metastable. 5 gga4 fitted to Sh? and Sit* data (Ref. 37. The value in
119 i e : ' - 20

"Sn source in a BaSnQmatrix, in constant acceleration gquare brackets is for calibration facter0.092 of Ref. 7. Further

details appear in Table V.

1600 T T 9This work. The value of the nuclear momedt —0.10% is from
Ref. 39; further details appear in Table VI.
1400 i €This work. Cd or Te ordering at interface undetermined. Relative
spectral areas of each component are given in the third column.
From Ref. 30.
1200 | .
mode. For all experiments, source and absorber were kept at
1000 | N the same temperature during the measurements. The CEMS
N, spectra were fitted using a single line for the as-received
800 1 i sample, and a set of single lines and quadrupolar components
for the annealed Sn/CdTe samples. Heat treatments up to
500 temperatures of 150°C were done in as-received samples

400

200

0 5 10 15 20 25 30
phonon energy (meV)

inside a high temperature Msbauer furnace, with a vacuum
condition better than I mbar.

The CEMS spectrum of the as-received samples, not
shown, displays a single line with an IS value of about 1.96
mm/s and therefore associated with th&n phase, confirm-
ing the INRS results, and consistent with values previously
published for bulka-Sn?%" as shown in Table Il. On the
other hand, CEMS spectra of the annealed samples show
basically thati) an enhancement of an oxidized (Sn@ac-
tion of the film as temperature and time of annealing in-
crease; andii) an irreversible change in crystalline structure
of the film as the annealing temperature increases, i.e.,

FIG. 2. Partial phonon density of states ferSn from INRS  changes fromu-Sn to 8-Sn and to a new Sn phase, with IS

measurements, together wil initio results of Ref. 26.

close to 2.95 mm/s.
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. 7 T T T T Hamiltonian, we employed the parametrization of Vosko,
Wilk, and Nusair of the Ceperley-Alder resuftsFor total
energy calculations, we employed the gradient corrections to
the LDA developed by Becké and Perdew for the ex-
change and correlation terms, respectively. To prevent a spu-
rious migration of electronic charge of cluster atoms to ex-
ternal atoms, for the latter a simple pseudopotential is used,
consisting of a truncation of the attractive potential in the
core region to simulate effects of the Pauli exclusion prin-
ciple. We made extensions to the existing DV codes so as to
describe two-dimensionally periodic bicrystalline and
multilayer interfaces involving both metallic and ionic struc-
tures. In order to deal efficiently with charge transfer and
long-range interactions in these ionic systems, an Ewald-
T summation method for surfaces developed by Plmwas
adapted for the construction of the multilayer bicrystal Cou-
lomb potential.

FIG. 3. Conversion electron Késbauer spectra of Sn/ A model density is employed to facilitate the calculation
CdT€001), after heat treatment at 130 °C. of the Coulomb interaction term in the matrix elements of

the Kohn-Sham Hamiltonian. The model density is given as

The structural transition is clearly seen in Fig. 3, which@ multipolar expansion centered at the atomic nuclei, using
shows the CEMS Spectrum of the film annealed at 130 °C|_'adia| functions constructed from the LCAO set and addi-
This spectrum was fitted with four components: a subspectional highly localized analytic functions. This model density
trum with hyperﬁne parameters of SE](B% of the Spectrum IS f|tted by |eaSt'SqUares error minimization to the exact
area; a single line with an IS o0f-Sn (26% of the spectrum charge density. In the present calculations, termd 00

area; a doublet with an 1S of 2.54 mm/s and quadrupoleOnly have been considered. The criterion of convergence
splitting (Q9) of 0.65 mm/s(23% of spectrum argavhich  considered in self-consistent calculations was a difference of

we identify with bulk 8-Sn (white tin) value<?>*° and fi- <10 ° in the electronic charge density-model between two
nally a broad single line with an IS of 2.95 mm/s. The broad-successive cycles.

ening effect observed for this new line with an IS of 2.95 The 4d, 5s, and % basis atomic orbitalévalence orbit-
mm/s may be an indication for an existence of a small quaals) were considered in the variational approach for the Cd,
drup0|ar interaction around Sn atoms. This component maye, and Sn atoms of the cluster; the inner atomic core orbitals
be attributed to alloy formation at the interface between thévere considered frozen. The valence orbitals were explicitly
Sn and the substrate. However, it is difficult to understancPrthogonalized against core orbitals in the first iteration.
why such a large fraction of this component is observed af\tomic orbital occupancies were analyzed, using a
such low annealing temperatures, unless the interface #ulliken-type population analysis, based on the LCAO ex-

SnCdTe alloy

Relative Intensity

'
©
\
)
A
s
]
o+------§-4
nN
rS
o
@

Velocity (mm/s)

somewhat unstable. pansion coefficients. The orbital occupations in turn served
to define partial densities of statd®DOS useful in a

IIl. THEORETICAL METHODOLOGY energy-band type of description of state distributions. The

_ _ self-consistent wavefunctions were further used to generate

A. Embedded cluster density functional method graphical displays of interface charge density, and to calcu-

Density-functional calculations have been performed uslate hypelrlfme properties relevant to Bibauer measure-
ing the discrete variationdDV) method in the local density MeNts on 95” 3 _
approximatiof® (LDA) for studying the structural and hy-  The transition used fof**Sn Massbauer spectroscopy is
perfine properties of-Sn/CdTé001) heterojunctions. The the 23.875 keVy-ray from the first excited state with= 3 to
DV method is widely described in the literatuiehere, we  the ground state With=_%. For the calculation of the IS, we
will give only a brief description of its main features. In this €mployed the expression:
method, the solid is represented by a finite cluster of atoms,
embedded in the potential of a set of atoms representing the IS=aS'(Z)[ pa(0)—pp(0)] D
external crystal environment. The one-electron orbitals are
obtained by solving the Kohn-Sham equations in a threewhere the calibration constant=0.08443 mm/s was ob-
dimensional grid where the potential field is a functional oftained by correlating the experimental IS of a series dfl$n
the electronic charge densipyr). These one-electron orbit- and SilV) compounds with their respective electronic
als are constructed as linear combinations of numericatharge densities at the Sn nucleus obtained by DF calcula-
atomic orbitals, (LCAO), which in turn are obtained by tions with the DV method’ Here S'(Z) is the correction
density-functional calculations in the LDA for free ions or factor for relativistic effects, which fot'*Sn is 2.306%® and
atoms. The basis set configurations are typically optimizedp,(0)— pp(0)] is the difference between the non-relativistic
by reference to the self-consistent charge distribution. Foelectronic charge density at the tin nucleus of systeand
the exchange and correlation potential terms in the effectiveeference systerh. Recently, the value o& was also calcu-
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lated by comparing experimental IS of tin compounds with  TABLE lll. Distribution of Cd, Te, and Sn atoms ia-Sn/CdTe
relativistic electronic charge densities calculated withanda-Sn/TeCd clusters.
the Full-Potential Linear-Muffin-Tin-Orbital (FP-LMTO)

method within the LDA’ Their value ofa=0.0923 mm/s a-Sn/CdTe a-Sn/TeCd
is similar to the one obtained in Ref. 37. layer N™ atoms layer N™ atoms
Thel=2 to | =3 transitions result in twoy rays due to S 5 S
. . N4 N-4 5
the quadrupole moment Q of the excited state, with an en-
diff 9 qi by th . Sn.3 8 Sn.a 8
ergy differenceQS) given by the expression Sn., 12 Sn, 12
1 772 1/2 Sn., 8 Sn.q 8
. . L . Cd, 8 Tg 8
whereV;; is the main component of the electric field gradi- Te 12 cq 12
ent and7 is the asymmetry parameter, defineds (Vyy Cd,_l g Tq'l g
—Vyy)/Vz7 with the conventiorV,4|>|Vyy|=|Vxx|. The Tq'z c Cq_z c
-3 -3

components of the traceless electric-field gradient tewgor
at the Sn nucleus are calculated by the expressatomic
units)

of 79 atoms was considered for the construction of the clus-
ters mentioned above and distributed as follows: ford#en
Vi = —f p(r)(3xix,-—5ijr2)/r5dr segment, we considered 46 atoms distributed in five layers;
for the CdTe segment we considered 33 atoms distributed in
four layers (two Cd layers and two Te layersTable llI
+ 2 Z8(3xgiXqj— 8T ITE, (3)  shows a typical distribution of the Cd, Te, and Sn atoms at
q each layer for the clusters considered; heiadicates the

where the first and second terms are the electronic and poiniaterface layer] —1 the first neighbor layer t and so on.

ion contributions respectively(r) is the valence electron Local properties are calculated at the most central atom of
charge density and®" is the effective nuclear point charge €ach layer, to avoid spurious effects of the surface of the
(nuclear charge screened by core electrasfsatoms sur-  ClUSters. _ _ _

rounding the Sn probe. The value @ employed here was For the purpose of comparison with the interfaces de-
—0.109 obtained experimentally by comparing S&bauer scribed above, electronic structure calculationsye®n and
spectroscopy and perturbed angular correlation measur&dTe pure crystals have been performed with diamond and
ments on tin impurities in a Cd ho&t.The magnitudg Q) zinc-blende crystalline structures respectively using the ex-

=0.12% was also estimated in Ref. 7 by comparing experi_perimental lattice parameter of CdTe. In th_is_ way clust_er
'surface states’ and any other effects due to finite cluster size

mental QS values of tin compounds with their respective , =
calculated electric-field gradients. can be |dent|f|eq and compensated for. 79- and 85-atom clus-
ters were considered to represent ta&n and CdTe pure
crystals, respectively. For the construction of the cluster rep-
resentinge-Sn, we considered nine layers. For the construc-
In order to study the properties @-Sn/CdT€001) het- tion of CdTe clusters, we considered two different structural
erojunctions, we considered two types of structural configu€onfigurations.
ration at the interface layers. (i) A cluster composed of five Cd layers and four Te lay-
(1) Sn layers with diamond crystalline structure on aers, with a central Cd layer. This cluster is called Qd)le
CdTd00)) surface terminating in a Cd layer. Such clustersand is appropriate for comparison wighSn/TeCd clusters.
will be henceforth calledv-Sn/CdTe. (i) A cluster composed of five Te layers and four Cd
(2) Sn layers with diamond structure on a CdJ@l) sur-  layers, with a central Te layer. This cluster is called GtiTe
face terminating in a Te layer. Such clusters will be calledand is appropriate for comparison withSn/CdTe clusters.
a-Sn/TeCd. For the sake of further comparisons with electronic struc-
The variational clusters were embedded in a potentiature of tin in different environments, we carried out analo-
field generated by more than 30 000 external atoms, generagous calculations on a fré801) surface ofe-Sn and on bulk
ing the semi-infinite diamondv-Sn and zinc-blende CdTe B-Sn, using clusters of 46 and 79 atoms, respectively.
host structures. For both half-crystals the experimental lattice
parameter of CdT¢6.48 A) was employed. The electronic
configurations of the embedding atoms were obtained by
self-consistent cluster calculations on the constituent bulk To explore the equilibrium structural configuration at the
materials, projected onto Mulliken populations. The chargenterface layers in the heterojunctions, we calculated the total
transfer from Cd to Te was found to be approximately &.25 energy of the embedded clusters, changing only the distance
in the bulk compound, with effective configurations for between the two half-infinite crystals. All other structural
the valence orbital basis of: d4%s%4%p%26 for Cd, parameters were kept constant; i.e., differential perpendicular
4d1%5s19%5p5Ofor Te and 411%s16%5p?34for a-Sn. Atotal  relaxation and transverse reconstructions were not consid-

B. Interface and cluster geometry

IV. THEORETICAL RESULTS
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0.00 4 o-Sn/CdTe

-0.05 -
-0.10 4

-0.15

FIG. 4. Interfacial energy ofa-Sn/CdTe.
0.20 d is the distance between the interface layers
han (Cd-Sn).

Interface Energy (eV/A%)

-0.25

-0.30 4

-0.35

d(A)

ered. The relative interfacial energi¢®tal energy minus interplanar-distance variable. The energy-minimum geom-
energy of isolated atoms in the basis configuration, dividecktries of Sn/CdTe and Sn/TeCd interfaces are shown in Figs.
by interface areavs distance between the interface layers ares and 7, respectively.

shown in Figs. 4 and 5 fo-Sn/CdTe andx-Sn/TeCd clus- Electronic properties can be rapidly surveyed by examin-
ters respectively. Negative distances in Fig. 4 indicate overing self-consistent Mulliken populations and the associated
lapping between the CdTe an#dSn crystals. In the ideal partial DOS(PDOS. In Table IV we present a layer-by-layer
unrelaxed interface the interplanar spacing is 1.62 A, and weomparison of populations and charges, which demonstrate
see that the energy minimum for the Sn/TeCd interface ishe variable charge transfer and atomic configurations across
slightly expanded with respect to this value. On the contrarythe selvage region. Selected PDOSs are presented in Figs. 8
the energy minimum for the Sn/CdTe interface occurs exand 9, representing thesp valence band distribution of se-
actly where tin and cadmium lie in the same layer, essentiallyected sites in the vicinity of the Fermi level. The Cd 4
forming a monolayer intermetallic SnCd compound. Evi-levels are also included in the energy interval shown; the Te
dence of such an interface alloy layer was found via valencdd is located at considerably lower energies. The variability
band photoemission studies @fL1) heterostructureS Simi-  of the Sn PDOS with bulk state, surface, and interface envi-
lar self-consistent-field and total energy calculations wereonments is evident in Fig. 8, while the perturbation of Cd
carried out for smaller 53-atom clusters, giving essentiallyand Te distributions are shown in Fig. 9. Although the cluster
identical energy minima; thus we consider that the predictednethod, with its discrete level structure, can not reliably pre-
structure is reliable, within the limitations of a single dict the existence or size of band gaps, we immediately no-

0.12 4
1 o-Sn/TeCd

0.10 5

0.08 +

0.06

0.04 4 FIG. 5. Interfacial energy ofa-Sn/TeCd.
d is the distance between the interface layers

0.02 - (Tg-Sn).

Interface Energy (eV/ AZ)

:

-0.02

-0.04

1.0 1.5 2.0 2.5
d(A)

115340-6



THEORETICAL AND EXPERIMENTAL STUDY OFa-Sn.. .. PHYSICAL REVIEW B 67, 115340(2003

TABLE IV. Mulliken population of valence orbitals and charges
Q at the central atoms ihandI-1 layers fora-Sn/CdTe andv-Sn/
TeCd clusters, at the central atomsSitsurface andS-1 layers for
a-Sn surface and at the central atomsg 81 «-Sn andg-Sn bulk.
The interface layers distanckis given in A.

Cluster Interface  site Population Q
d 4d 5s 5p

@-Sn/CdTe 162 Sn 999 168 244 —0.10
Sn 999 177 218  0.06
Cd 993 066 028 1.3
Te, 10.00 1.96 5.00 —0.96

0.53 Sp, 999 1.70 2.36 —0.04
Sn 9.99 1.67 230 0.04
Cq, 9.88 0.61 0.37 1.14
FIG. 6. 79-atom cluster representing #en/CdTe heterojunc- Te.; 10.00 1.95 4.90 —0.85
tion in the equilibrium structural configuration. The white, gray, and
black sphergs represent Sn, Cd, ancilJ Te atoms respectivgely.y 0.00 Shy 999 169 231 0.01
Sn 9.99 1.68 235 -0.02

Cd 9.88 0.62 0.37 1.12
Te, 1000 1.93 4.85 —0.78

o-Sn/CdTe

tice [Fig. 8@a)] the very low Sn DOS folE~Eg in a-Sn,
compared to all other cases, including the free surf&ig.

8(b)]. The tin PDOS at the Sn/Te and Sn/Cd heterojunctions -0.79 Sp; 9.99 167 217 0.17
[Figs. &c) and 8d)] shows a notable band broadening due to sn 999 174 242 —0.14
mixing between the two species. For Sn/Te we see some Cd 989 070 0.44 0.96

evidence of bonding structure at the bottom of the valence
band(VB), nonbonding states Er, and antibonding states
in the unoccupied region as would be expected for ionic- a-Sn/TeCd 1.8%5 Sn, 999 1.67 236 —0.02

Te.;, 10.00 1.87 4.72 —0.59

covalent bonding. The $@d, interlaced minimum-energy Sn 9.99 178 215 0.08
layer has a typical metallic appearance, consistent with elec- Tg 10.00 1.93 5.23 —1.15
tronic density maps presented below. The summed Cd and Te Cd, 996 0.67 0.36 1.01
PDOSs shown in Fig. 9 for bulka) and(b)] and Sn/Tec),

and Sn/Cd(d) interface configurations, each representing 162  Smp 999 166 232 003
two atomic layers, show a VB with a strong peak dominated Sn 9.99 175 224 001
by Cd 4d and an extremely low intensity arour#: which Te 1000 191 519 -1.10
can be associated with the band dgap44 eV at 300 K of Cd, 996 069 0.36 0.99

153 sp, 999 166 230 005
Sn 999 174 228 —0.01

Q J O Te 1000 1.90 519 —1.08
J J o Q Cd, 996 069 037 098
\» J \) U u 1.06 S, 999 164 226 011
, ] Sn 999 167 256 —0.21

J , ’ J Te 10.00 1.86 512 —0.97
y ) J Cd, 996 071 038 095

9

o-Sn/TeCd

a-Sn surface - Sn 999 185 201 0.15
- Sng; 999 1.65 248 -0.12

O
0.0
ao%% a-Sn bulk - Sn 999 164 2.37 0.00
03

B-Sn bulk Si 9.99 173 2.28 0.00

Minimum-energy configuration.

the host CdTe semiconducting compound. The excellent

FIG. 7. 79-atom cluster representing theSn/TeCd heterojunc- agreement between CdTeand CdTéll) bulk cluster con-
tion in the equilibrium structural configuration. Sphere specifica-figurations confirms the overall accuracy of the cluster rep-
tions as in Fig. 6. resentation and its independence of coordinate origin. A shift
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Sn, (0-Sn/CdTe) @ 6_' a-Sn/CdTe @
1
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o
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~ 1 - =
E <
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¢ M M\\ 2
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FIG. 8. Tin partial densities of states in different environments: FIG. 9. Cd and Te partial densities of states in different envi-
(@ bulk a-Sn, (b) free (001) «-Sn surface layer(c) a-Sn/TeCd  ronments:(@ bulk CdTe(l) with the cluster centered on Té)
interface layer, andd) a-Sn/CdTe interface layer. bulk CdTe() with the cluster centered on C@) a-Sn/TeCd inter-

face layers, andd) «-Sn/CdTe interface layers.

of Cd 4d spectra toward higher energy was indeed observed
by Tanget all* for (001) interfaces; however, the absolute except for the highly perturbed interpenetrating case-8i/
value of shift measured was only 0.24 eV. The energy differCdTe d=—0.79 A) and short-distance case ®fSn/TeCd
ence is mostly due to excited state core-hole relaxation eftd=1.06 A), both unstable configurations. Thus we may
fects not included in the presefdround statecalculations. conclude that in the vicinity of the CdTe substrate, Sn re-
In Fig. 9(c) we note a strong perturbation of the Te plus Cdmains essentially neutrals5p hybridization is also present
VB states for atoms neighboring the Sn/TeCd interface, conin the «-Sn layers on CdTe.
sisting of valence band broadening and a shift of the @d 4  The isomer shift and quadrupole splitting at the central
peak to lower energy. The Sn/CdTe interface, while structuratom Sn site were calculated for bulk-Sn, 8-Sn, for an
ally more extreme than that of Sn/TeCd, shows a similar but-Sn(001) surface, and a-Sn/CdTé€001) and «a-Sn/
weaker VB displacement with the Cdi4eak shifted~3 eV ~ TeCd001 interfaces for different bi-crystal distances. The-
to greater binding energy. These VB shifts correspond tmretical results for the two phases of bulk tin, along with
potential shifts due to charge transfer and bonding interacexperimental data, were given in Table II; analysis of
tions at the interface, and are the local representation courthe interfaces is shown in Tables V and VI. The calculated
terpart of much-discussed “band-bending” effects found inlS difference betweem-Sn and 8-Sn of —0.41 mm/sec
band-structure approaches to interfaces. is in reasonably good agreement with the experimental
Mulliken population analysis of the valence orbital distri- value of —0.52 mm/sec, using the previously derived cali-
butions and net atomic charges for each of the systems stutiration factor of 0.084@8 mm/s3’ Use of the more recent
ies is presented in Table V. Net atomic charges are definedalibration by Svanest al.” would make the agreement es-
as the atomic numbef minus the total electron population sentially perfect. Thus we may have some confidence in the
on the atom. For both bulk Sn phases we ses@hybrid-  variation of the IS with the surface-vacuum interface and
ization characteristic of the Sn-Sn bonding interactionsyariation with the Sn/CdTe interface distance displayed in
while the @-Sn surface layer Syshows a charge transfer of Table V.
~0.1%, mostly to the neighboring $n, layer. The corre- The mechanisms responsible for variations in the IS are
sponding tin layers in contact with the Sn/CdTe or Sn/TeCctharge transfer and volunfer orthogonality effects. To ex-
interfaces typically show a lesser charge transfes0.1e, plain the values of the IS displayed in Table V, we first note
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TABLE V. Nonrelativistic valence charge densigf0), isomer TABLE VI. Electric field gradientV,,, asymmetry parameter
shift (IS), and 5 Mulliken population for bulkB-Sn (central atom, 7, and quadrupole splittingQS), for B-Sn, bulk a-Sn, anda-Sn
bulk a-Sn (central atony anda-Sn surfacécentral atom at surface surface, and at the Smsites for -Sn/CdTe andwa-Sn/TeCd. The
layen, and at the Srsites fora-Sn/CdTe andw-Sn/TeCd interfaces. interface layer distance is given in A.

System Interface layers p(0) IS? 5s System Interface V22 Vzz n Qs

d(A) (ap® (mm/9 population d (10 Vicm?)  (ag?) (mm/s

-Sn (bulk) - 2451  0.00 1.73 5-Sn - 10.91 1.12 0.0 —0.75
a-Sn (bulk) - 2239 -0.41 1.64 a-Sn . 0 0 _ 0

a-Sn (surface - 27.95 067 1.85 a-Sn (surface - 40.46 416 042 —2.85

a-Sn/CdTe 1.62 23.86 —0.13 177 a-Sn/CdTe 1.62 —7.73 -0.80 0.55 0.55

0.53 23.04 —0.29 1.67 0.53 -3848 —396 011 2.64

0.0 23.48 020 1.68 0.00 —-36.07 —3.71 024 249

-0.79 2533 0.16 174 -0.79 -1542 —-159 0.77 115

a-Sn/TeCd 1.85 27.68  0.62 1.78 a-Sn/TeCd 1.8 33.00 3.40 0.33 —2.30

1.62 27.44 057 1.75 1.62 34.90 359 0.22 —2.41

1.53 2732 0.55 1.74 1.53 35.33 3.64 0.15 —2.43

1.06 26.29 035 1.67 1.06 32.95 3.39 0.12 —2.26

aoz=0.0844a3 mm/s, from Ref. 37. The correction factst(Z) for
relativistic effects is 2.30&from Ref. 38. Values of the IS are
given relative tog-Sn.

®Minimum-energy configuration.

Q= —0.109 barn, from Ref. 39.
bMinimum-energy configuration.

ample, electrodeposited monolayer and submonolayer Sn
films on Pt were observed wif(p§=1.4 mm/seé® The cal-

that no correlation is found between the IS and the cha@ges Culated strong variation of magnitude of the QS and its char-
on Sn(see Table IV. On the other hand, a clear relation acteristic sign(oblate/prolate distortion o) with interface
exists between the IS and the Ss population, fora-Sn, chemical nature and interlayer distance suggests the utility of
$-Sn, thea-Sn001) surface, and the-Sn/CdTe interface at future measurements on very thin films.
several distanceee Table V. Since in the non-relativistic The direction oV, is in the plane of th¢001) surface of
approach this orbital is solely responsible for the valencex-Sn, and in the Srplane of the interface ia-Sn/CdTe and
density at the Sn nucleus, it is thus seen that the IS should be-Sn/TeCd, for all distances. The contribution of the sur-
directly proportional to its population. In particular, the large rounding screened nuclgsee Eq(3)] is much smaller than
value of the IS at the-Sn surface is seen to be due to a lossthe electronic contribution t¥,,, typically about 10%. The
of 5s-5p hybridization brought about by the decrease in co-electric-field gradients at $mof the interface have opposite
ordination of the surface atoms, and the consequent shifligns in Sn/CdTe and Sn/TeCd. The valekGearound a Sn
toward the free atom$5p* configuration. nucleus is produced by the anisotropic filling of thp,5

In the case of the interface-Sn/TeCd, a clear proportion- 5p  and 5, orbitals, as well as spatial distortions of the
ality between the IS and thesfopulation exists among the yajence functions which may be different in different direc-

several distances. However, it may be observed that for thigons, The complex combination of these factors results in
Sn-Te interface all the I1Ss are shifted to higher values. Thigne calculated values in Table VI.

may be tentatively ascribed to a “volume contraction” effect  ~qntour maps of electronic charge density are given in

of the Sn valence wavefunctions, caused by the extendegigs_ 10 and 11 for the energy-minimum geometries of Sn/

yalence functions of the neighporing Te negat_ive ions at theI'eCd and Sn/CdTe, respectively, in a plane perpendicular to
interface. As for the core functions of Sn, which were keptthe interface. In Fig. 10 we clearly see the formation of

“frozen” in the calculations, it was considered that their con- ionic-covalent bonds between Sn and Te in the centralén
tribution to p(0) is approximately the same in the different . .
layers, and can compare the interlayer packing due to the

cases, and thus do not contribute to the IS. .
The predicted structural variations of the QS are more>°Mewhat large Te compared to Sn to that seen in the pure-
dramatic, ranging from the symmetry-imposed value of zerdiN région. The apparently empty regions are simply due to
in @-Sn to —0.75 mm/sec in3-Sn, to —2.85 mm/sec on a the offset of alternating atom planéaBCDABCD..) above
free (001) a-Sn surface, as may be seen in Table VI. We noteand below the plotting plane. The (3h alloy layer of Sn/
here that the calculated QSs repressrhicore and valence CdTe is dramatically evident in Fig. 11. It is interesting that
contributions (41,5p) to the electric field gradient only; the if one considersmetallic radii only, such a packing would
omitted deep-core polarization terms could be expected t@ppear unfavorable; however, the positive charge on Cd re-
reduce the predicted values slightly. Large QSs are expectesllts in a considerably reduced ionic radius, compatible with
in the reduced symmetry of surfaces and interfaces; for exthe predicted structure.
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FIG. 11. Contour map of the electronic charge dengity in a
plane perpendicular to the interface layers ®Bn/CdTe at the
FIG. 10. Contour map of the electronic charge dengity in a eguilibrium structural configuration. Contour specifications as in
plane perpendicular to the interface layerseo6n/TeCd cluster, at Fig. 10.
the equilibrium structural configuration. Contours vary from
0.0e/aj to 0.1e/a3 with intervals 5.0< 10 %e/a3.

Reduced symmetry at the interfaces, and lowered atomic
coordination induces QS values of magnitude 2.3—-2.9 mm/s
in the various cases, which would be easily detectable
in interface-sensitive measurements, e.g., on multilayer het-
Films of «-Sn(001) of thickness~2000 A enriched in erojunctions. The observed shift of near-interface Qi 4
119%n were grown by molecular beam epitaxy on Cd0@l)  semicore levels to greater binding energies was also seen
wafers, and were found to be stable up to a temperature dh calculated densities of states. Charge density maps of
~130 °C. Nuclear resonant scattering at 23.88 keV was medhe Sn/CdTe and Sn/TeCd interface regions permit visualiza-
sured, using a novel spectrometer with a resolution~df tion of the contrast between Sn-Cd metallic bonding and
meV, revealing a local phonon density of states indistin-Sn-Te ionic-covalent charge transfer predicted for the two
guishable from that of bulle-Sn. Conventional Mssbauer —structures, and made quantitative by $dbauer IS and QS
spectroscopy was used in the scattering mode, verifying hyvalues.
perfine parameters to be those of bulSn, and observing In view of difficulties encountered in attempts to grow
the high temperature transformation geSn. Density func- multilayer Sn/CdTe and related structures, and experi-
tional embedded cluster calculations were carried out fomental evidence of surface roughening, formation of micro-
both bulk phases of tin, for an-Sn(001) free surface, and crystalline SnTe, etc., we suggest that an atomistic modeling
for bicrystals with structures ofa-Sn(001)/CdTe and of these interfaces could be useful in better understanding
a-SnN(001)/TeCd. Although, due to sample thickness, bothchemical reactions there and in developing improved growth
experiments revealed properties essentially of the bulk, thetrategies. The large number of degrees of chemical and
calculations presented here allow an investigation of surfacetructural freedom preclude the direct application of first-
and interface regions at an atomic level, thus providingprinciples methods; however, such methods would be im-
complementary information. Therefore, calculations wereportant in validating structures proposed on the basis of
performed for bulka-Sn andg-Sn, for calibration and com- simulations. The INRS technique permits a rapid measure-
parison with experiments, as well as for free surfaces anthent of local vibrational structures associated with the tin
interfaces, for which no data were obtained and thus predicsite, information obtained previously only with great diffi-
tions were made. Effects of interlayer relaxation were ex-<ulty. Applications to additional Sn-containing compounds,
plored, by allowing rigid translation af-Sn along thg001]  alloys, and biologically active systems will be presented
axis; for the Sn/CdTe case the minimum energy configuraelsewhere.
tion was found for a mixed Sn/Cd interface layer similar to
that suggested on the basis of photoemission studi€klaf
interfaces. For Sn/TeCd the minimum energy is found for a
surface layer spacing $ifg of d=1.85 A, somewhat ex- This work was supported by CNPq and by the U.S.
panded compared to bulk-Sn, and consistent with the National Science Foundation, under the MRSEC program
larger Te anion radius. The Nsbauer isomer shift and at Northwestern University, Grant No. DMR-0076097.
qguadrupolar splitting were found to be surface and interfac&alculations were carried out in part at the Supercomputing
sensitive, IS values of-0.6 mm/s(relative to 8-Sn) being  Center of the Federal University of Rio Grande de Sul,
predicted for free surface and for the,Sayer of Sn/TeCd. Brazil.
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