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The atomic structure and lattice dynamics of epitaxial B8U# thin films are derived from surface x-ray
diffraction and Raman spectroscopy. On the Te-rich Bed® surface[lTO]-oriented Te dimers are identi-
fied. They cause a (21) superstructure and induce a pronounced buckling in the underlying Te layer. The
Be-rich surface exhibits a (41) periodicity with alternating Te dimers and Te-Be-Te trimers. A vibration
eigenfrequency of 165 cnt is observed for the Te-rich surface, while eigenmodes at 157 and 188 ara
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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[. INTRODUCTION II-VI compounds and exhibits unusual electronic, vibra-
tional, and elastic properties. It has a large band @ap
Epitaxial thin-film growth has become a key technologyeV),” a high p dopability° the lowest ionicity of all 11-VI
for fabricating semiconductor-based electronic and optoelescsompounds, and a very high shear moddfuhe extreme
tronic devices. Atomic layer by layer deposition is achievedmass asymmetry in the compound leads to a very specific
in the molecular beam epitaxiBE) process by monitoring and unusual phonon dispersitiFurthermore, the lattice
and controlling the growth parameters; for example, the submismatch to GaAs and ZnSe is very small, which permits
strate temperature and the particle flux in the moleculahigh quality epitaxial growth of heterostructures and super-
beams are of crucial importance. However, in order to underattices. High film quality and defect-free interfaces are es-
stand the growth scenario and optimize device fabrication aential for achieving injection of totally spin-polarized elec-
detailed knowledge of the atomic arrangement at the surfac&ons into nonmagnetic semiconductdsee Refs. 5-7 and
is necessary. With this information it becomes possible toeferences therejn
carry out computer simulations and model the growth pro-
cess. Diffraction techniques are generally employed to reveal
the periodic geometrical structure of surfaces and interfaces. Il. EXPERIMENTAL AND THEORETICAL METHODS
Here we make use of x-ray diffraction with synchrotron ra-
diation because it is particularly a direct and powerful tech-
nique. Raman spectroscopy provides unique insights into the The samples were prepared at k&hurg University in a
local atomic arrangement and the associated atomic forcBiber MBE System using standard techniques. The BeTe
constants. Recent advances in computing machinery ardyer was deposited at a substrate temperature of 350 °C on
software have made feasible first-principle calculations tca freshly grown, undoped GaAs buffer layghickness 40
predict both the surface atomic geometry and surface dyam). To avoid defects arising from film relaxation the BeTe
namical properties of compound semiconductors. In this palayer thickness was typically less than 25 nm, i.e., well be-
per we employ all three methods to elucidate the Bed® low the critical thickness for pseudomorphic growth. During
structure. growth, the partial pressure of Te was %.10 ® mbar and
The samples we have investigated are BeTe epilayerthe partial pressure of Be was only X&0 8 mbar which
grown on GaA&01) wafers. BeTe is a wide band-gap 1I-VI limited the BeTe growth rate to 0.4 A per second. Reflection
compound. 1I-VI semiconductors in general are interestinghigh-energy electron diffractiotRHEED) monitoring of the
for electro-optical applications and have been the object ofrowth process revealed the presence of a weakl(Pre-
several investigations over the past ten yéaf®ecently the ~ construction during growth. In the last stage of sample
incorporation of manganese atoms as isoelectronic magneteparation the growth parameters were modified to yield
dipoles has triggered new interest in these systems for spirgither a Te-rich or a Be-rich surface. Te-rich surfaces were
tronics applications=® Beryllium teluride is unique among achieved by maintaining the Be and Te pressure constant

A. Sample preparation
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until the end of growth. The Be flux was then turned off, and C. Raman spectroscopy

the sample was cooled while maintaining the Te pressure at The Raman spectroscopy investigations of BeTe surface
1.1X10"° mbar. In contrast, Be-rich surfaces were obtained,ibration eigenmodes were performed in a specially designed
by gradually reducing the Te pressure down to 1.5yHV-optics chamber, equipped with a docking station and a
X 10™ " mbar (i.e., a reduction by a factor of) before ter- reentrant viewport for efficiently collecting the scattered
minating the growth process by removing the Be flux. light. Experimental details are described in more detail
When transporting the samples between the MBE growttelsewheré® while more general considerations on UHV-
system and the experimental stations for the Raman and suRaman experiments can be found in Refs. 17 and 18. The
face x-ray diffraction investigations the samples were eitheRaman spectra were recorded in a quasibackscattering geom-
kept under ultrahigh vacuum conditiongtypically 3  etry using the 476.5-nm laser line of anAion laser for
x 1010 mbar) or protected by a two-layer cap and a nitro-excitation with an incident power of 80 mW focused to a
gen atmosphere. The two-layer cap consisted of an amoppot diameter of 30qum. The polarization vectors of the
phous Se |ayer on top of an amorphous Te |ayer' both nominc|dent and scattered ||ght Were_a“gned with the prInCIpa|
nally 100 nm thick. The cap layers were thermally desorbedixes of the surface, i.e.,[110] and [110]. In
prior to the Raman and x-ray studies by raising the sampl@orto-notatio?® the configurations were 09110,110)001,
temperature _stepv_vise to 280 °C while monitoring the '°W'00T(1T0,110)001, and 0?(]110,110)001. The Raman scat-
energy election diffractiofLEED) pattern. Both transport o e jight was collected by an objective lens system with a
methods resulted in samples with clear and sharp LEED, merical aperture of 1:3, analyzed by a SPEX 1403 double
spots. monochromator (=85 cm) and detected with a GaAs pho-
tomultiplier in photon counting mode. The samples were
cooled to 80 K in order to reduce the thermal broadening of
the phonon peaks and to suppress the GaAs substrate mul-
The surface x-ray diffractioSXRD) measurements were tiphonon structures, e.g., 2T%) at 160 cm', which might
performed on the-axis diffractometer at the BW2 wiggler obscure the BeTe surface vibrational modes.
beamline at HASYLAB using an x-ray wavelength of 1.305
A. After aligning the surface of the sample with respect to
the incident x-ray beam, the angle of grazing incidence was D. Density functional theory

set to 0.2°. For the (21) reconstructed Te-rich surface, @  gjrst-principles calculations, applying density functional
full in-plane data set and several fract|on_al ord_er and 'ntegetrheory(DFT) within the local density approximatiofLDA)

order Bragg rods were measured. The intensity of each rgyere used to calculate the surface equilibrium configuration
flection was determined by rotating the sample about its sursq the corresponding surface vibration modes. We used the
face normal f scang. The peaks were integrated, back- thiggmd (Ref. 20 program code with norm-conserving
ground subtracted, and corrected for Lorentz andyseydopotentials. The basis set of the electronic states con-
polarization factors, active sample area, and rod intercept iisted of plane waves with a kinetic energy cutoff of 163.2
the standard manner as described in Refs. 13 and 14. Singg/ (12 Rydbery and a 2<1 supercell. The supercell con-
the zinc-blende(001) surface has only twofold symmetry gisteq of a Te dimer layer on top of four bulk bi-layers of
there is only one rotational domain and the diffraction pat-geTe and was extended in the normal direction above the
tern had p2mm symmetry. By averaging symmetlry- gyiface by 24 A vacuum. The back side of the crystal was H
equivalent reflections a systematic error|if{? of e=22% terminated with a charge &=0.5 in order to avoid dan-
was determined for the in-plane data set. The relatively hig ling bonds. A cubic unit cell with a lattice constant of
value can be attribute_zd .to the fact that the measurementy - _ 5576 A (= 10.545,;,) was used. The surface was
were performed at an incidence angle of 0.2°, which is closgjiowed to relax to the minimum-energy configuration with
to the critical angle of BeTe. The diffracted signal is en-qny the atoms in the lowest BeTe monolayer constrained to
hanced at the critical angle which helps to compensate fofamain on bulk lattice sites.

the relatively low intensity of the BeTe superstructure reflec- |, the second stage the surface vibration modes were cal-
tions but the sample positioning also becomes more criticaly jated for the DFT-derived structure, using the frozen pho-
The final data set consisted of 28 inequivalent in-plane reg g, approximatioR® Starting from the equilibrium configu-
flections, eight fractional-order rods with 258 reflections,ration, the Te atoms in the surface dimers were
and two crystal truncation rod€TR'’s) with 60 reflections.  gymmetrically displaced along the dimer axis. Subsequently
For fitting the data we used the code “fit> Standard displacement patterns of the bulk atoms were generated, ac-
LEED coordinates &=1/4110]y,x, b=1/2110,k, cording to the resulting forces on all atoms in the slab. This
c=[001]y,) are used in the following. Note that the thick- leads to a successive creation of the eigenmode pattern. The
ness of the BeTe film was below the critical thickness forcalculated forces, induced by the various displacement pat-
pseudomorphic growth, so the BeTe unit cell is slightly dis-terns, together with atomic masses were used to set up the
torted. An exact evaluation of the positions of 20 and  dynamical matrix of the system within the harmonic approxi-
the (011) Bragg reflectiongcorresponding 16220 and(111)  mation. Finally, the vibrational frequencies were obtained as
in bulk units, respectively yielded |a=|b|=4.002 A  the eigenvalues? of this dynamical matrix, while the eigen-
~(1/\2)agaasand|c|=5.583 A. vectors gave the related displacement pattern of the mode.

B. Surface x-ray diffraction
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in the uppermost bulklike layer. All other Debye-Waller fac-
tors were fixed at bulk values. Several fits were performed
using these constraints to optimize the positions of different
numbers of BeTe bulk layers. Models with two and three
bilayers fitted the experimental data almost equally well
(x*=1.18 and 1.14, respectivélyRefining the positions of
more than three bulk bilayers produced an increasg idue

FIG. 1. Contour plot of the Patterson map calculated from thet0 the increase in the number of fit parameter_s. It should be
measured in-plane data set. One complete<12 unit cell is noted that because of the small atomic scattering factor of Be

shown. The axes are scaled in LEED unita € 4.0020 A). Posi- compared to Te, to ensure physically reasonable sites for the
tive (negativé values are plotted as solidotted contour lines. A B€ atoms, it was necessary to include the Keating ergéfdy

thick dashed line indicates the irreducible unit. as an additional constraint in the fit procedure. A penalty was
added to the goodness-of-{il6OF) function proportional to
lll. RESULTS AND DISCUSSION the deviation of the squared BeTe bond length from the

“ideal” covalent bond length of 2.436 A. The Keating term

) ) ) ) was only applied to bulklike Be-Te bonds and not to the
When evaluating surface x-ray-diffraction data it fre- to_1e surface dimers and was needed to constrain the BeTe

quently turns out that finding a good starting model for they, 5 |engths to reasonable values. In this way it was possible

least-squares refinement is a crucial step. A good starting, o.0iq unphysical coordinates for the Be atoms which

model should be sufficiently close to the correct solution that, ;14 have falsified the positions of the surface Te atoms. In
the refinement algorithm will converge rapidly and not getsummary, for the final fit shown in Fig. 2, 14 positional pa-

trapped in a subsidiary minimum. A useful initial step is to rameters (the Te dimer and three BeTe bilaygrdhree

determine the interatomic vectors projected on the S“rfaCBebye-WaIIer factors, and two scaling parameters were ad-

plane by calculating the two-dimensional Patterson functionjsied. The fit parameters are listed in Table | and the corre-

sponding atomic model is shown in Fig. 3.
P(X,Y)* >, |Fhol?cog 27 (hx+ky)], (1) As indicated above we could not fit the measured crystal
h.k truncation rods using the Te dimer model. The solid line in
where|Fpol2 is the measured intensity of the in-plane re- Eig. 2(c) shows the intensity \./ariat'ion calgulated using our
flections (1k0). A Patterson contour plot calculated from the fin@l model, but the dashed lines in the figure demonstrate
BeTe data is shown in Fig. 1. Positive peaks in the map’fhat the measured intensities are much closer to a
indicated by solid contour lines, identify interatomic distancesin™ %(3ml)-dependence which is expected for tikl) rods
vectors in the unit cell projected onto the surface pBne. with evenh andk for an unreconstructed surface. Disordered
The irreducible unit contains only one distinct peak atareas on the surface would also generate a sirhitiapen-
(0.66, 0, corresponding to a distance vector with a length ofdence for the intensities along integer-order rods. The result
2.63 A, close to the Te-Te covalent bond length of 2.7 A.suggests that this particular B&W081) surface contains (2
Thus we can immediately conclude from the Patterson funcx 1) reconstructed domains for which the model developed
tion that Te dimers oriented along tﬂjéTo] direction are here is valid, and additional unreconstructed areas which do
present on the surface. The small size of the unit cell and thBot contribute to the fractional-order reflections. The shape
p2mmsymmetry means that there is only one way to positiorPf the CTR’s, in particular their slope near the bulk Bragg
the Te dimer in the unit cell. Thus the atomic arrangemenPOintS, indicates that the intensity difference in the CTR’s is
for the starting model is now fixed and consists of one Tenot simply due to surface roughness, but mostly to disor-
dimer—centered in the (21) unit cel—on top of a Be- dered or unreconstructed areas. To ensure that the model de-
terminated bulk crystal. In the following we discuss theVeloped in this paper is not misled by an inhomogeneous
least-squares refinement performed with this starting modefample, all integer order data were omitted from the quanti-
In a first iteration the positions of the Te dimer and thetative analysis of the surface structure. Usually the data are
atoms in the two uppermost BeTe bilayers were refined. Thigeeded to determine the registry of the adsorbate relative to
yielded x2=2.69 for the whole data set, however, the in-the substrate, but for Be@01) the relative position of ad-
plane data and the fractional order rods yielded better fiforbate and subtrate atoms is obvious from the bond chem-
results than the integer order rods as discussed below. As thigiry and constrained by the stepwise relaxation of the atoms
was consistently observed in several trials we decided to exowards their bulklike positions in underlying layers.
clude the integer-order data from the subsequent structural Our DFT calculations of the Te rich Be(®1) surface
refinement. Using only the fractional-order dad=1.47  @lso yield a (2<1) reconstruction, the dominant structural
was obtained for a model with the same set of parameterdeatures of which are symmetric Te dimers located 1.4 A
Next the occupation of the atomic sites in the surface regio@bove the underlying Be plane. The dimers are oriented
was investigated and it was found that all sites were occualong the[110] direction and arrange themselves in one-
pied. Variation of the Debye-Waller factors revealed thatdimensional rows. The occurrence of symmetrical dimers is
three different Debye-Waller factors were necessary to fit thguite common for (X 1)-reconstructed II-VI (00J)
data, one for the Te dimers and one for each atomic speciesirface$®>?® In Table | detailed atomic positions derived

A. Surface structure
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Te-1 and Te-Zsee Fig. 3, which again is in good agreement
—0—q————p———————— with the value found in the DFT calculatiori8.41 A). This

; : buckling is caused by a strong outward relaxafior2486)

| | A] of the Te-1 atoms lying between the dimer rows and a
O--Q-t------—1 smaller inward shift of the Te-2 atoms located below the Te

} : dimer rows[ —0.147(7) A from their bulk positiorfis The
: interaction between the buckling effect in the first bulk layer
and the dimerization in the adlayer is mediated by the Be-1
atoms lying between the Te dimers and the Te-2 atoms.
These atoms exhibit a lateral relaxation of G76A in the
direction towards the center of the unit cell.

These strain-induced relaxation effects proceed into
deeper layers with a decreasing amplitude, but they can still
be detected in the third Te bulk-layer as indicated by a
0.0307) A difference in height between the Te-4 and Te-5
atoms. Small arrows in Fig.(8) illustrate the displacements:
The atoms in the sequence of BeTe bilayers are shifted alter-
nately in lateral and vertical directions which enables the
strain induced by the surface dimers to be relaxed in the
three uppermost bulk layers.

We believe that the lateral relaxation of the Be-1 atoms is
the reason for the linear arrangement of the Te-dimer rows
which results in the (X1) superstructure. The alternative
one might think about, namely the formation ofté2Xx 2)
superstructure with alternating dimers, means that every sec-
ond dimer in the row would be shifted by (1,@}p, half of

the unit cell in[110],,, direction. This would inhibit any
lateral relaxation of the Be-1 atoms due to gtmmsym-
metry of that unit cell[In ac(2X 2) unit cell the Be-1 atoms
lie on the intersection point of two glide plang$his means
that the buckling of the Te-2 and -3 atoms would also be
inhibited and the upper bulk layers would not be able to
accommodate the strain induced by the dimerized adlayer.

k[r.lul]

T

|F|? (arb. units)

B. Vibrational dynamics

Figure 4a) shows Raman spectra from a clean Te-rich
(2X1) reconstructed surface for three different polarization
configurations. The polarization directions of the incident
and scattered light are indicated by taeandEg arrows. The

. trongest spectral features are the optical-phonon peaks from
FIG. 2. (a) Plot of the in-plane data. The areas of the open an _ ) 1
filled semicircles represent measured and calculated intensities, E%e£$gsg?ﬁégatﬁeaég$: gmg?%A;nlaoL 8'}?623;[”%25 are
spectively. Two open semicircles indicate the error range in th ) d

_1 . .
experimental data. Gray/white circles have been scaled by a fact(ﬂ62 and 502 cm’, as obtained from infrared and Raman

of 0.5 with respect to the black/white circleé) Fractional andc) spectroscqpﬂf they are not included in Fig.(&.
integer order rods. Error bars represent the measured data, solid AN additional feature is observed at 165_c’r‘anIy when
lines are calculated using the best fitting mo¢ete Fig. 3 and both E; and Eg polarizations are along tHel 10] direction.

Table ). The dashed lines ifc) are calculated for an ideal, unre- Thijs nonequivalence of thpl10] and [1T0] directions is
constructed BeTe surfadsee text inconsistent with the symmetry of the zinc-blende bulk struc-
ture of BeTe and GaAs and indicates that the peak is due to
from the DFT calculations are listed and compared with thea surface or interface vibrational mode. The Raman spectra
SXRD results. The dimer distance, evaluated by DFT is 2.8%rom a sample with a Be-rich surface, shown in Fith)4has
A, compared to the value found in the SXRD experiment oftwo peaks which appear at 157 and 188 ¢mThere is a
2.7786) A. Both values are in very good agreement with clear dependence on the surface termination of the sample,
each other and are also consistent with the value of twice thand hence we can assign these features to surface-related
covalent radius of T¢2.80 A). Another important feature in modes. The polarization dependence is the same as for the
the structure is the extreme vertical buckling of the Te atomde-rich surface. In the following we consider the symmetry
in the topmost bulklike layer. The SXRD refinement yieldedselection rules for Raman scattering from reconstructed
a height difference ofA=0.395(9) A between the atoms BeTeg001) surfaces.

|F[? (arb. units)
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TABLE I. Atomic parameters for the (001)-¢21) reconstruction of BeTe determined by SXRD and DFT. Isotropic Debye-Wall&f)
factors determined from the SXRD data are listed in column 2. Values missing in the table were fixed at their bulk value$ {&.®eA
and 2.43 & for Te). In columns 3 and 4 the atomic positiofSXRD result$ are given in LEED coordinates and A, respectively. The
standard deviations listed in these columns were calculated assuming uncorrelated parameters. Values listed without error were not refined
due to thep2mmsymmetry constraints. For the Be atoms relatively large errors were determined since no Keating-energy constraints were
used for the error determination. In column 5 the results of the DFT calculations are listed, and column 6 contains the deviations between
the results of both method# LEED units.

DW SXRD results: DFT results: Deviation
Site in A2 Positions ,y,2) Positions in A2 Positions &,z) ° SXRD-DFT (x,2)
Ted 2.948) (0.6511), 0.5, 0.267(1) (2.6044), 2.001, 1.209(7) (0.643, 0.274) (0.008- 0.007)
Bel 1.39) (0.542), 0.0, 0.02(4) (2.167), 0.000, — 0.18(22) (0.550, 0.020) €0.010, - 0.002)
Tel 1.42) (0.0, 0.0,—0.206(1) (0.000, 0.000,~1.430(6) (0.0,—0.195) (0,—0.011)
Te2 1.02) (1.0, 0.0,—0.276(1) (4.002, 0.000-1.825(7) (1.0, —0.269) (0,—0.007)
Be2 (0.0, 0.5,—0.45(4) (0.000, 2.001~2.78(20) (0.0, —0.461) (0, 0.012)
Be3 (1.0, 0.5,—0.50(2) (4.002, 2.001~3.08(10) (1.0, —0.510) (0, 0.008)
Te3 (0.4791), 0.5, —0.719(4)  (1.91§3), 2.001,—4.28(2)  (0.483,—0.739) (—0.004, 0.020)
Be4 (0.50(1), 0.0, —0.98(8) (2.004), 0.000,—5.64(45)  (0.492,—0.993) (0.011, 0.014)
Ted (0.0, 0.0,—1.243(1) (0.000, 0.000—7.012(7) (0.0, — 1.250) (0, 0.007)
Te5 (1.0, 0.0,—1.237(1) (4.002, 0.000-6.982(7) (1.0, — 1.242) (0, 0.005)

8 or the conversion from “LEED” to A units pseudomorphically distorted surface lattice units, i.e., those of th¢1G@)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.

The (2x1) reconstructed001) surface of a zinc-blende
crystal in general has the symmetry point gratyy A dimer
stretching vibration has th&" symmetry, which is described
by the Raman tensor

T4 T ald 1T ald
)b BE.I0BW .40
LIl T ARIA [ Bl
Ll LI
(4 | AL | AT
D840 BDW I

[110]

intensity (cps)

100 150 200 250 300
Raman shift (cm™)

FIG. 4. UHV-Raman spectra of BeTe/Ga881) heterostruc-
FIG. 3. Structural model for the Bel@1)-(2x1) surface tures for(a) the Te-rich surface antbh) the Be-rich BeTe surface.
viewed from(a) above andb) from the side. Be and Te atoms are For each spectrum the arrows indicate the polarization directions of
shown as light gray and black circles. Gray bars represent covalenie incident and scattered light with respect to the principal surface
bonds. In(a) the (2x 1) unit cell is indicated by a gray area. Small axes, as shown in the inset. The wavelength of the laser was 476.5
arrows in(b) indicate the direction of relaxation of the atoms. nm, the sample temperature 80 K.
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a) > <« b) = <
A\ Y ) Y g .
3 ]
= 1.24
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- 10 (1x2) Be-Te-Be trimers
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FIG. 5. Vibrational eigenmodes of Be(@®1) surfaces, derived
from density functional theory calculations. A view along fid.0]
direction is shown fofa) a Te-rich (2<1) surface with Te dimers,  fig,rations of Te and Be dimers as well as Be-Te-Be and Te-Be-Te
(b) a Be-rich (2x1) surface with Te-Be-Te trimers, arid) a Be- trimers, plotted vs the chemical potential.
rich surface with alternating Te-Be-Te trimers and Te dimers. The
arrows indicate the atomic displacement patterns, derived from fro-
zen phonon calculations.

FIG. 6. DFT-derived surface excess enerdiger different con-

potential range from Te-rich to Be-rich surfaces. The candi-
date configurations consisted of Te dimersX(2), Be

Symmetric(i.e., in-plang dimers produce a higher sym- dimers (1x2), Be-Te-Be trimers (X 2), Te-Be-Te trimers
metry surface witlC,, point group and\; symmetry forthe  (2x1), and a configuration consisting of alternate Te dimers
symmetric-dimer stretching vibration. This means that theand Te-Be-Te trimers (41). The DFT-calculated surface
component of the Raman tensor becomes zero. The experiexcess energy values of these configurations are plotted in
mental data in Fig. 4 yield a finite value forbutb andd are  Fig. 6. Clear trends are visible for the Te dimers and the Be
zero. These observations are consistent with symmetrigimers. As expected, the Te dimers on Te-rich surfaces have
dimers @=0), the polarizability of which is large along the the lowest excess energy. They constitute the most stable
dimer axis[ 110] (finite c) and nearly zero perpendicular to configuration and, furthermore, their excess energy increases
the dimer axis ~0). The symmetry characteristics of our with increasing Be content. Similarly, the Be-dimer excess
Raman spectra are entirely consistent with the surface georenergy decreases with increasing Be content, but it remains
etry derived from the SXRD and DFT results. significantly higher than the other candidates. The trimer

By comparing the frequencies of the surface vibrationalconfigurations yield nearly constant energies, while the (4
modes derived from the DFT calculations with the observedx 1) configuration with alternating dimers and trimers shows
Raman lines we were able to uniquely identify the lines. Foran intermediate dependence on the Te/Be ratio. We were sur-
the Te-rich (2< 1) surface, the DFT-derived Te-dimer vibra- prised to find for the Be-rich surface that the three possible
tion pattern is indicated by the arrows in Figap For this  configurations all had rather similar excess energies. The
eigenmode, the LDA calculation yields a frequency of DFT calculations clearly rule out Be dimers on the surface
166.8 cm'%, which is in excellent agreemefwithin 1.1%) and make Be-Te-Be trimers less likely, but cannot unambigu-
with the experimental finding of 165 c¢m and confirms our  ously guide us to a single surface configuration.
peak assignment. This strongly supports the correctness of As a next step we calculated the vibrational frequencies of
the BeT€001)-(2x 1) model for the Te-rich surface pre- Te-Be-Te trimers, and alternate Te-Be-Te trimers and Te
sented here. dimers, following the procedure described above for the Te

The Raman spectra from the Be-rich surface reveal twalimers on the (X1) surface. A configuration consisting of
peaks located at 157 and 188 th as shown in Fig. &). consecutive Te-Be-Te trimers, as shown in Figh)5results
These peaks cannot be explained by merely substituting B a single vibration mode with a frequency of 210.0¢in
dimers for the Te dimers because the lighter Be dimersvhich clearly does not agree with our experimental Raman
would have a significantly higher frequency in the region ofdata. The arrangement with alternating Te-Be-Te trimers and
600 cni L. In the literature a (% 1) reconstruction has been Te-Te-dimers, as depicted in Fig(ch produces two surface
reported for the Be-rich surfaéé?® which may be accom- modes: a Te-dimer frequency of 159.7 chislightly down-
panied by a transition between ¥4l) and (3<1) phase$®  shifted compared to Te dimers on a Te-rich{(2) surface
We chose a series of candidate surface configurations, basadd a Te-Be-Te-trimer frequency of 187.5 ¢t These fre-
on a well established set of Il-VI-surface structufésnd  quencies are again in excellent agreement with the experi-
calculated their surface excess energies using the DFmental results of 157 and 188 crh Thus our Raman results
method. Our DFT calculations covered the whole chemicahbre fully consistent with the local atomic arrangement shown
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in Fig. 5(c), which corresponds to a (41) surface recon- DFT results. The Te-rich BeT@0l) surface has a (1)
struction as reported in Refs. 27 and 28. On our samples W construction, with symmetric Te dimers along (ngTo]

only observed a very weak ¢41) diffraction pattern in direction. The strain relaxation in the topmost layer leads to
LEED. We attribute this to a lack of sufficiently large coher- concomitant strain relaxation in the underlying layers and
ent regions on the sample surface and this also hampered oduces a sequence of alternating lateral and vertical shifts in
SXRD experiments on the Be-rich surfaces. Raman spectrosuccessive BeTe bi-layers. In contrast, the Be-rich surface
copy as a local probe yielded the essential information thagends to form a (4 1) reconstruction consisting of alternat-
was not obtainable via conventional diffraction techniques. ing Te dimers and Te-Be-Te trimers oriented in {Hel0]

The formation of Te-Be-Te trimers may be understood agjirection. Characteristic surface vibrational eigenmodes were

the incorporation of Be atoms, which break the Te-dimerghseryed in Raman spectroscopy for light polarized along
bonds and locate themselves midway along the broken dimgfe axis of the dimers or trimers. Their eigenfrequencies

bond. In the MBE process these Be atoms may act as nuclggyree within 1% with the values calculated from density
ation centers that catch the incoming Te atoms which locatg,nctional theory. The atomic configurations suggest plau-

themselves above the Te-2 atoms. Here they find neighbotgyie models for the growth of BeTe thin films with molecu-
for forming dimers and can bond to Te atoms adsorbed abovg, peam epitaxy.

the Te-1 site, and in this way the growth of one BeTe bilayer
can be completed. Thus our models for the atomic configu- ACKNOWLEDGMENTS
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