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Analysis of structure and vibrational dynamics of the BeTe„001… surface using x-ray diffraction,
Raman spectroscopy, and density functional theory
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The atomic structure and lattice dynamics of epitaxial BeTe~001! thin films are derived from surface x-ray

diffraction and Raman spectroscopy. On the Te-rich BeTe~001! surface@11̄0#-oriented Te dimers are identi-
fied. They cause a (231) superstructure and induce a pronounced buckling in the underlying Te layer. The
Be-rich surface exhibits a (431) periodicity with alternating Te dimers and Te-Be-Te trimers. A vibration
eigenfrequency of 165 cm21 is observed for the Te-rich surface, while eigenmodes at 157 and 188 cm21 are
found for the Be-rich surface. The experimentally derived atomic geometry and the vibration modes are in very
good agreement with the results of density functional theory calculations.
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I. INTRODUCTION

Epitaxial thin-film growth has become a key technolo
for fabricating semiconductor-based electronic and optoe
tronic devices. Atomic layer by layer deposition is achiev
in the molecular beam epitaxy~MBE! process by monitoring
and controlling the growth parameters; for example, the s
strate temperature and the particle flux in the molecu
beams are of crucial importance. However, in order to und
stand the growth scenario and optimize device fabricatio
detailed knowledge of the atomic arrangement at the sur
is necessary. With this information it becomes possible
carry out computer simulations and model the growth p
cess. Diffraction techniques are generally employed to rev
the periodic geometrical structure of surfaces and interfa
Here we make use of x-ray diffraction with synchrotron r
diation because it is particularly a direct and powerful te
nique. Raman spectroscopy provides unique insights into
local atomic arrangement and the associated atomic f
constants. Recent advances in computing machinery
software have made feasible first-principle calculations
predict both the surface atomic geometry and surface
namical properties of compound semiconductors. In this
per we employ all three methods to elucidate the BeTe~001!
structure.

The samples we have investigated are BeTe epila
grown on GaAs~001! wafers. BeTe is a wide band-gap II-V
compound. II-VI semiconductors in general are interest
for electro-optical applications and have been the objec
several investigations over the past ten years.1–4 Recently the
incorporation of manganese atoms as isoelectronic magn
dipoles has triggered new interest in these systems for s
tronics applications.5–8 Beryllium teluride is unique among
0163-1829/2003/68~3!/035339~8!/$20.00 68 0353
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II-VI compounds and exhibits unusual electronic, vibr
tional, and elastic properties. It has a large band gap~4.2
eV!,9 a high p dopability,10 the lowest ionicity of all II-VI
compounds, and a very high shear modulus.11 The extreme
mass asymmetry in the compound leads to a very spe
and unusual phonon dispersion.12 Furthermore, the lattice
mismatch to GaAs and ZnSe is very small, which perm
high quality epitaxial growth of heterostructures and sup
lattices. High film quality and defect-free interfaces are
sential for achieving injection of totally spin-polarized ele
trons into nonmagnetic semiconductors~see Refs. 5–7 and
references therein!.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Sample preparation

The samples were prepared at Wu¨rzburg University in a
Riber MBE System using standard techniques. The B
layer was deposited at a substrate temperature of 350 °C
a freshly grown, undoped GaAs buffer layer~thickness 40
nm!. To avoid defects arising from film relaxation the BeT
layer thickness was typically less than 25 nm, i.e., well b
low the critical thickness for pseudomorphic growth. Durin
growth, the partial pressure of Te was 1.131026 mbar and
the partial pressure of Be was only 2.631028 mbar which
limited the BeTe growth rate to 0.4 Å per second. Reflect
high-energy electron diffraction~RHEED! monitoring of the
growth process revealed the presence of a weak (231) re-
construction during growth. In the last stage of sam
preparation the growth parameters were modified to yi
either a Te-rich or a Be-rich surface. Te-rich surfaces w
achieved by maintaining the Be and Te pressure cons
©2003 The American Physical Society39-1
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until the end of growth. The Be flux was then turned off, a
the sample was cooled while maintaining the Te pressur
1.131026 mbar. In contrast, Be-rich surfaces were obtain
by gradually reducing the Te pressure down to 1
31027 mbar ~i.e., a reduction by a factor of 7! before ter-
minating the growth process by removing the Be flux.

When transporting the samples between the MBE gro
system and the experimental stations for the Raman and
face x-ray diffraction investigations the samples were eit
kept under ultrahigh vacuum conditions~typically 3
310210 mbar) or protected by a two-layer cap and a nit
gen atmosphere. The two-layer cap consisted of an am
phous Se layer on top of an amorphous Te layer, both no
nally 100 nm thick. The cap layers were thermally desorb
prior to the Raman and x-ray studies by raising the sam
temperature stepwise to 280 °C while monitoring the lo
energy election diffraction~LEED! pattern. Both transpor
methods resulted in samples with clear and sharp LE
spots.

B. Surface x-ray diffraction

The surface x-ray diffraction~SXRD! measurements wer
performed on thez-axis diffractometer at the BW2 wiggle
beamline at HASYLAB using an x-ray wavelength of 1.30
Å. After aligning the surface of the sample with respect
the incident x-ray beam, the angle of grazing incidence w
set to 0.2°. For the (231) reconstructed Te-rich surface,
full in-plane data set and several fractional order and inte
order Bragg rods were measured. The intensity of each
flection was determined by rotating the sample about its
face normal (v scans!. The peaks were integrated, bac
ground subtracted, and corrected for Lorentz a
polarization factors, active sample area, and rod intercep
the standard manner as described in Refs. 13 and 14. S
the zinc-blende~001! surface has only twofold symmetr
there is only one rotational domain and the diffraction p
tern had p2mm symmetry. By averaging symmetry
equivalent reflections a systematic error inuFu2 of e522%
was determined for the in-plane data set. The relatively h
value can be attributed to the fact that the measurem
were performed at an incidence angle of 0.2°, which is cl
to the critical angle of BeTe. The diffracted signal is e
hanced at the critical angle which helps to compensate
the relatively low intensity of the BeTe superstructure refl
tions but the sample positioning also becomes more criti
The final data set consisted of 28 inequivalent in-plane
flections, eight fractional-order rods with 258 reflection
and two crystal truncation rods~CTR’s! with 60 reflections.
For fitting the data we used the code ‘‘fit.’’15 Standard
LEED coordinates (a51/2@11̄0#bulk , b51/2@110#bulk ,
c5@001#bulk) are used in the following. Note that the thick
ness of the BeTe film was below the critical thickness
pseudomorphic growth, so the BeTe unit cell is slightly d
torted. An exact evaluation of the positions of the~020! and
the~011! Bragg reflections@corresponding to~220! and~111!
in bulk units, respectively# yielded uau5ubu54.002 Å
'(1/A2)aGaAs and ucu55.583 Å.
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C. Raman spectroscopy

The Raman spectroscopy investigations of BeTe surf
vibration eigenmodes were performed in a specially desig
UHV-optics chamber, equipped with a docking station an
reentrant viewport for efficiently collecting the scatter
light. Experimental details are described in more de
elsewhere,16 while more general considerations on UHV
Raman experiments can be found in Refs. 17 and 18.
Raman spectra were recorded in a quasibackscattering g
etry using the 476.5-nm laser line of an Ar1-ion laser for
excitation with an incident power of 80 mW focused to
spot diameter of 300mm. The polarization vectors of the
incident and scattered light were aligned with the princip
axes of the surface, i.e.,@11̄0# and @110#. In
Porto-notation19 the configurations were 001(̄11̄0,11̄0)001,
001̄(11̄0,110)001, and 001(̄110,110)001. The Raman sca
tered light was collected by an objective lens system wit
numerical aperture of 1:3, analyzed by a SPEX 1403 dou
monochromator (f 585 cm) and detected with a GaAs ph
tomultiplier in photon counting mode. The samples we
cooled to 80 K in order to reduce the thermal broadening
the phonon peaks and to suppress the GaAs substrate
tiphonon structures, e.g., 2TA~X! at 160 cm21, which might
obscure the BeTe surface vibrational modes.

D. Density functional theory

First-principles calculations, applying density function
theory ~DFT! within the local density approximation~LDA !
were used to calculate the surface equilibrium configurat
and the corresponding surface vibration modes. We used
fhi96md ~Ref. 20! program code with norm-conservin
pseudopotentials. The basis set of the electronic states
sisted of plane waves with a kinetic energy cutoff of 163
eV ~12 Rydberg! and a 231 supercell. The supercell con
sisted of a Te dimer layer on top of four bulk bi-layers
BeTe and was extended in the normal direction above
surface by 24 Å vacuum. The back side of the crystal wa
terminated with a charge ofZ50.5 in order to avoid dan-
gling bonds. A cubic unit cell with a lattice constant o
alattice55.576 Å (510.54aBohr) was used. The surface wa
allowed to relax to the minimum-energy configuration wi
only the atoms in the lowest BeTe monolayer constrained
remain on bulk lattice sites.

In the second stage the surface vibration modes were
culated for the DFT-derived structure, using the frozen p
non approximation.21 Starting from the equilibrium configu
ration, the Te atoms in the surface dimers we
symmetrically displaced along the dimer axis. Subseque
displacement patterns of the bulk atoms were generated
cording to the resulting forces on all atoms in the slab. T
leads to a successive creation of the eigenmode pattern.
calculated forces, induced by the various displacement
terns, together with atomic masses were used to set up
dynamical matrix of the system within the harmonic appro
mation. Finally, the vibrational frequencies were obtained
the eigenvaluesv2 of this dynamical matrix, while the eigen
vectors gave the related displacement pattern of the mod
9-2
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III. RESULTS AND DISCUSSION

A. Surface structure

When evaluating surface x-ray-diffraction data it fr
quently turns out that finding a good starting model for t
least-squares refinement is a crucial step. A good star
model should be sufficiently close to the correct solution t
the refinement algorithm will converge rapidly and not g
trapped in a subsidiary minimum. A useful initial step is
determine the interatomic vectors projected on the surf
plane by calculating the two-dimensional Patterson functi

P~x,y!}(
h,k

uFhk0u2cos@2p~hx1ky!#, ~1!

where uFhk0u2 is the measured intensity of the in-plane r
flections (hk0). A Patterson contour plot calculated from th
BeTe data is shown in Fig. 1. Positive peaks in the m
indicated by solid contour lines, identify interatomic distan
vectors in the unit cell projected onto the surface plan22

The irreducible unit contains only one distinct peak
~0.66, 0!, corresponding to a distance vector with a length
2.63 Å, close to the Te-Te covalent bond length of 2.7
Thus we can immediately conclude from the Patterson fu
tion that Te dimers oriented along the@11̄0# direction are
present on the surface. The small size of the unit cell and
p2mmsymmetry means that there is only one way to posit
the Te dimer in the unit cell. Thus the atomic arrangem
for the starting model is now fixed and consists of one
dimer—centered in the (231) unit cell—on top of a Be-
terminated bulk crystal. In the following we discuss t
least-squares refinement performed with this starting mo

In a first iteration the positions of the Te dimer and t
atoms in the two uppermost BeTe bilayers were refined. T
yielded x252.69 for the whole data set, however, the i
plane data and the fractional order rods yielded better
results than the integer order rods as discussed below. As
was consistently observed in several trials we decided to
clude the integer-order data from the subsequent struc
refinement. Using only the fractional-order datax251.47
was obtained for a model with the same set of paramet
Next the occupation of the atomic sites in the surface reg
was investigated and it was found that all sites were oc
pied. Variation of the Debye-Waller factors revealed th
three different Debye-Waller factors were necessary to fit
data, one for the Te dimers and one for each atomic spe

FIG. 1. Contour plot of the Patterson map calculated from
measured in-plane data set. One complete (231) unit cell is
shown. The axes are scaled in LEED units (uau54.0020 Å). Posi-
tive ~negative! values are plotted as solid~dotted! contour lines. A
thick dashed line indicates the irreducible unit.
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in the uppermost bulklike layer. All other Debye-Waller fa
tors were fixed at bulk values. Several fits were perform
using these constraints to optimize the positions of differ
numbers of BeTe bulk layers. Models with two and thr
bilayers fitted the experimental data almost equally w
(x251.18 and 1.14, respectively!. Refining the positions of
more than three bulk bilayers produced an increase inx2 due
to the increase in the number of fit parameters. It should
noted that because of the small atomic scattering factor o
compared to Te, to ensure physically reasonable sites for
Be atoms, it was necessary to include the Keating energy23,24

as an additional constraint in the fit procedure. A penalty w
added to the goodness-of-fit~GOF! function proportional to
the deviation of the squared BeTe bond length from
‘‘ideal’’ covalent bond length of 2.436 Å. The Keating term
was only applied to bulklike Be-Te bonds and not to t
Te-Te surface dimers and was needed to constrain the B
bond lengths to reasonable values. In this way it was poss
to avoid unphysical coordinates for the Be atoms wh
would have falsified the positions of the surface Te atoms
summary, for the final fit shown in Fig. 2, 14 positional p
rameters ~the Te dimer and three BeTe bilayers!, three
Debye-Waller factors, and two scaling parameters were
justed. The fit parameters are listed in Table I and the co
sponding atomic model is shown in Fig. 3.

As indicated above we could not fit the measured crys
truncation rods using the Te dimer model. The solid line
Fig. 2~c! shows the intensity variation calculated using o
final model, but the dashed lines in the figure demonstr
that the measured intensities are much closer to

sin22(1
2pl)-dependence which is expected for the~hkl! rods

with evenh andk for an unreconstructed surface. Disorder
areas on the surface would also generate a similarl depen-
dence for the intensities along integer-order rods. The re
suggests that this particular BeTe~001! surface contains (2
31) reconstructed domains for which the model develop
here is valid, and additional unreconstructed areas which
not contribute to the fractional-order reflections. The sha
of the CTR’s, in particular their slope near the bulk Bra
points, indicates that the intensity difference in the CTR’s
not simply due to surface roughness, but mostly to dis
dered or unreconstructed areas. To ensure that the mode
veloped in this paper is not misled by an inhomogene
sample, all integer order data were omitted from the qua
tative analysis of the surface structure. Usually the data
needed to determine the registry of the adsorbate relativ
the substrate, but for BeTe~001! the relative position of ad-
sorbate and subtrate atoms is obvious from the bond ch
istry and constrained by the stepwise relaxation of the ato
towards their bulklike positions in underlying layers.

Our DFT calculations of the Te rich BeTe~001! surface
also yield a (231) reconstruction, the dominant structur
features of which are symmetric Te dimers located 1.4
above the underlying Be plane. The dimers are orien
along the@11̄0# direction and arrange themselves in on
dimensional rows. The occurrence of symmetrical dimers
quite common for (231)-reconstructed II-VI ~001!
surfaces.25,26 In Table I detailed atomic positions derive

e
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C. KUMPF et al. PHYSICAL REVIEW B 68, 035339 ~2003!
from the DFT calculations are listed and compared with
SXRD results. The dimer distance, evaluated by DFT is 2
Å, compared to the value found in the SXRD experiment
2.778~6! Å. Both values are in very good agreement w
each other and are also consistent with the value of twice
covalent radius of Te~2.80 Å!. Another important feature in
the structure is the extreme vertical buckling of the Te ato
in the topmost bulklike layer. The SXRD refinement yield
a height difference ofD50.395(9) Å between the atom

FIG. 2. ~a! Plot of the in-plane data. The areas of the open a
filled semicircles represent measured and calculated intensities
spectively. Two open semicircles indicate the error range in
experimental data. Gray/white circles have been scaled by a fa
of 0.5 with respect to the black/white circles.~b! Fractional and~c!
integer order rods. Error bars represent the measured data,
lines are calculated using the best fitting model~see Fig. 3 and
Table I!. The dashed lines in~c! are calculated for an ideal, unre
constructed BeTe surface~see text!.
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Te-1 and Te-2~see Fig. 3!, which again is in good agreemen
with the value found in the DFT calculations~0.41 Å!. This
buckling is caused by a strong outward relaxation@0.248~6!
Å# of the Te-1 atoms lying between the dimer rows and
smaller inward shift of the Te-2 atoms located below the
dimer rows@20.147(7) Å from their bulk positions#. The
interaction between the buckling effect in the first bulk lay
and the dimerization in the adlayer is mediated by the B
atoms lying between the Te dimers and the Te-2 ato
These atoms exhibit a lateral relaxation of 0.16~7! Å in the
direction towards the center of the unit cell.

These strain-induced relaxation effects proceed i
deeper layers with a decreasing amplitude, but they can
be detected in the third Te bulk-layer as indicated by
0.030~7! Å difference in height between the Te-4 and Te
atoms. Small arrows in Fig. 3~c! illustrate the displacements
The atoms in the sequence of BeTe bilayers are shifted a
nately in lateral and vertical directions which enables
strain induced by the surface dimers to be relaxed in
three uppermost bulk layers.

We believe that the lateral relaxation of the Be-1 atoms
the reason for the linear arrangement of the Te-dimer ro
which results in the (231) superstructure. The alternativ
one might think about, namely the formation of ac(232)
superstructure with alternating dimers, means that every
ond dimer in the row would be shifted by (1,0)LEED, half of
the unit cell in @11̄0#bulk direction. This would inhibit any
lateral relaxation of the Be-1 atoms due to thec2mmsym-
metry of that unit cell.@In a c(232) unit cell the Be-1 atoms
lie on the intersection point of two glide planes.# This means
that the buckling of the Te-2 and -3 atoms would also
inhibited and the upper bulk layers would not be able
accommodate the strain induced by the dimerized adlaye

B. Vibrational dynamics

Figure 4~a! shows Raman spectra from a clean Te-ri
(231) reconstructed surface for three different polarizat
configurations. The polarization directions of the incide
and scattered light are indicated by theEi andEs arrows. The
strongest spectral features are the optical-phonon peaks
the GaAs substrate at 294 cm21 ~GaAs-LO! and 271 cm21

~GaAs-TO!. Since the BeTe bulk TO and LO frequencies a
462 and 502 cm21, as obtained from infrared and Rama
spectroscopy,12 they are not included in Fig. 4~a!.

An additional feature is observed at 165 cm21 only when
both Ei andEs polarizations are along the@11̄0# direction.
This nonequivalence of the@110# and @11̄0# directions is
inconsistent with the symmetry of the zinc-blende bulk stru
ture of BeTe and GaAs and indicates that the peak is du
a surface or interface vibrational mode. The Raman spe
from a sample with a Be-rich surface, shown in Fig. 4~b!, has
two peaks which appear at 157 and 188 cm21. There is a
clear dependence on the surface termination of the sam
and hence we can assign these features to surface-re
modes. The polarization dependence is the same as fo
Te-rich surface. In the following we consider the symme
selection rules for Raman scattering from reconstruc
BeTe~001! surfaces.
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TABLE I. Atomic parameters for the (001)-(231) reconstruction of BeTe determined by SXRD and DFT. Isotropic Debye-Waller~DW!
factors determined from the SXRD data are listed in column 2. Values missing in the table were fixed at their bulk values (0.80 Å2 for Be
and 2.43 Å2 for Te!. In columns 3 and 4 the atomic positions~SXRD results! are given in LEED coordinates and Å, respectively. T
standard deviations listed in these columns were calculated assuming uncorrelated parameters. Values listed without error were
due to thep2mmsymmetry constraints. For the Be atoms relatively large errors were determined since no Keating-energy constra
used for the error determination. In column 5 the results of the DFT calculations are listed, and column 6 contains the deviations
the results of both methods~in LEED units!.

DW SXRD results: DFT results: Deviation
Site in Å2 Positions (x,y,z) Positions in Åa Positions (x,z) b SXRD-DFT (x,z)

Te-d 2.94~8! „0.651(1), 0.5, 0.267(1)… „2.604(4), 2.001, 1.209(7)… (0.643, 0.274) (0.008,20.007)
Be1 1.3~9! „0.54(2), 0.0, 0.02(4)… „2.16(7), 0.000,20.18(22)… (0.550, 0.020) (20.010,20.002)
Te1 1.0~2! „0.0, 0.0,20.206(1)… „0.000, 0.000,21.430(6)… (0.0, 20.195) (0,20.011)
Te2 1.0~2! „1.0, 0.0,20.276(1)… „4.002, 0.000,21.825(7)… (1.0, 20.269) (0,20.007)
Be2 „0.0, 0.5,20.45(4)… „0.000, 2.001,22.78(20)… (0.0, 20.461) (0, 0.012)
Be3 „1.0, 0.5,20.50(2)… „4.002, 2.001,23.08(10)… (1.0, 20.510) (0, 0.008)
Te3 „0.479(1), 0.5, 20.719(4)… „1.918(3), 2.001,24.28(2)… (0.483,20.739) (20.004, 0.020)
Be4 „0.50(1), 0.0, 20.98(8)… „2.00(4), 0.000,25.64(45)… (0.492,20.993) (0.011, 0.014)
Te4 „0.0, 0.0,21.243(1)… „0.000, 0.000,27.012(7)… (0.0, 21.250) (0, 0.007)
Te5 „1.0, 0.0,21.237(1)… „4.002, 0.000,26.982(7)… (1.0, 21.242) (0, 0.005)

aFor the conversion from ‘‘LEED’’ to Å units pseudomorphically distorted surface lattice units, i.e., those of the GaAs@110# surface were
used~see end of Sec. II B!.

by is fixed due to the symmetry of the unit cell, and therefore identical to the number given in column 3.
re
le
ll

.
s of
ace
76.5
FIG. 3. Structural model for the BeTe~001!-(231) surface
viewed from~a! above and~b! from the side. Be and Te atoms a
shown as light gray and black circles. Gray bars represent cova
bonds. In~a! the (231) unit cell is indicated by a gray area. Sma
arrows in~b! indicate the direction of relaxation of the atoms.
03533
The (231) reconstructed~001! surface of a zinc-blende
crystal in general has the symmetry point groupCs . A dimer
stretching vibration has theA8 symmetry, which is described
by the Raman tensor

S a 0 0

0 b d

0 d c
D . ~2!

nt

FIG. 4. UHV-Raman spectra of BeTe/GaAs~001! heterostruc-
tures for~a! the Te-rich surface and~b! the Be-rich BeTe surface
For each spectrum the arrows indicate the polarization direction
the incident and scattered light with respect to the principal surf
axes, as shown in the inset. The wavelength of the laser was 4
nm, the sample temperature 80 K.
9-5
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C. KUMPF et al. PHYSICAL REVIEW B 68, 035339 ~2003!
Symmetric~i.e., in-plane! dimers produce a higher sym
metry surface withC2v point group andA1 symmetry for the
symmetric-dimer stretching vibration. This means that
componentd of the Raman tensor becomes zero. The exp
mental data in Fig. 4 yield a finite value forc, butb andd are
zero. These observations are consistent with symme
dimers (d50), the polarizability of which is large along th
dimer axis@11̄0# ~finite c) and nearly zero perpendicular t
the dimer axis (b'0). The symmetry characteristics of ou
Raman spectra are entirely consistent with the surface ge
etry derived from the SXRD and DFT results.

By comparing the frequencies of the surface vibratio
modes derived from the DFT calculations with the observ
Raman lines we were able to uniquely identify the lines. F
the Te-rich (231) surface, the DFT-derived Te-dimer vibra
tion pattern is indicated by the arrows in Fig. 5~a!. For this
eigenmode, the LDA calculation yields a frequency
166.8 cm21, which is in excellent agreement~within 1.1%!
with the experimental finding of 165 cm21 and confirms our
peak assignment. This strongly supports the correctnes
the BeTe~001!-(231) model for the Te-rich surface pre
sented here.

The Raman spectra from the Be-rich surface reveal
peaks located at 157 and 188 cm21, as shown in Fig. 4~b!.
These peaks cannot be explained by merely substituting
dimers for the Te dimers because the lighter Be dim
would have a significantly higher frequency in the region
600 cm21. In the literature a (431) reconstruction has bee
reported for the Be-rich surface,27,28 which may be accom-
panied by a transition between (431) and (331) phases.28

We chose a series of candidate surface configurations, b
on a well established set of II-VI-surface structures,29 and
calculated their surface excess energies using the D
method. Our DFT calculations covered the whole chem

FIG. 5. Vibrational eigenmodes of BeTe~001! surfaces, derived
from density functional theory calculations. A view along the@110#
direction is shown for~a! a Te-rich (231) surface with Te dimers
~b! a Be-rich (231) surface with Te-Be-Te trimers, and~c! a Be-
rich surface with alternating Te-Be-Te trimers and Te dimers. T
arrows indicate the atomic displacement patterns, derived from
zen phonon calculations.
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potential range from Te-rich to Be-rich surfaces. The can
date configurations consisted of Te dimers (231), Be
dimers (132), Be-Te-Be trimers (132), Te-Be-Te trimers
(231), and a configuration consisting of alternate Te dim
and Te-Be-Te trimers (431). The DFT-calculated surfac
excess energy values of these configurations are plotte
Fig. 6. Clear trends are visible for the Te dimers and the
dimers. As expected, the Te dimers on Te-rich surfaces h
the lowest excess energy. They constitute the most st
configuration and, furthermore, their excess energy increa
with increasing Be content. Similarly, the Be-dimer exce
energy decreases with increasing Be content, but it rem
significantly higher than the other candidates. The trim
configurations yield nearly constant energies, while the
31) configuration with alternating dimers and trimers sho
an intermediate dependence on the Te/Be ratio. We were
prised to find for the Be-rich surface that the three poss
configurations all had rather similar excess energies.
DFT calculations clearly rule out Be dimers on the surfa
and make Be-Te-Be trimers less likely, but cannot unambi
ously guide us to a single surface configuration.

As a next step we calculated the vibrational frequencies
Te-Be-Te trimers, and alternate Te-Be-Te trimers and
dimers, following the procedure described above for the
dimers on the (231) surface. A configuration consisting o
consecutive Te-Be-Te trimers, as shown in Fig. 5~b!, results
in a single vibration mode with a frequency of 210.0 cm21,
which clearly does not agree with our experimental Ram
data. The arrangement with alternating Te-Be-Te trimers
Te-Te-dimers, as depicted in Fig. 5~c!, produces two surface
modes: a Te-dimer frequency of 159.7 cm21 @slightly down-
shifted compared to Te dimers on a Te-rich (231) surface#
and a Te-Be-Te-trimer frequency of 187.5 cm21. These fre-
quencies are again in excellent agreement with the exp
mental results of 157 and 188 cm21. Thus our Raman result
are fully consistent with the local atomic arrangement sho

e
o-

FIG. 6. DFT-derived surface excess energiesG for different con-
figurations of Te and Be dimers as well as Be-Te-Be and Te-Be
trimers, plotted vs the chemical potential.
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in Fig. 5~c!, which corresponds to a (431) surface recon-
struction as reported in Refs. 27 and 28. On our samples
only observed a very weak (431) diffraction pattern in
LEED. We attribute this to a lack of sufficiently large cohe
ent regions on the sample surface and this also hampere
SXRD experiments on the Be-rich surfaces. Raman spec
copy as a local probe yielded the essential information
was not obtainable via conventional diffraction technique

The formation of Te-Be-Te trimers may be understood
the incorporation of Be atoms, which break the Te-dim
bonds and locate themselves midway along the broken d
bond. In the MBE process these Be atoms may act as nu
ation centers that catch the incoming Te atoms which loc
themselves above the Te-2 atoms. Here they find neigh
for forming dimers and can bond to Te atoms adsorbed ab
the Te-1 site, and in this way the growth of one BeTe bila
can be completed. Thus our models for the atomic confi
rations of the Te-rich and the Be-rich surfaces are consis
with plausible scenarios for the BeTe growth process.

IV. SUMMARY

In summary, we derived a detailed model for the atom
configuration and lattice dynamics of the BeTe~001! surface.
The model is based on SXRD, Raman spectroscopy,
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