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Scanning tunnelling microscopy and spectroscopy (STM/STS) and low-energy
electron diffraction (LEED) techniques are used in combination to study the
surface structure of GaTe cleavages. Two different structures, hexagonal one
on macroscale and monoclinic one randomly distributed on nanoscale, are
identified on the crystal cleavage surface. The hexagonal unit cell parameters,
a=b=4.08A, c=16 A, determined by STM are in a good agreement with the
bulk ones and, besides, with planar parameters a, b obtained using LEED. The
monoclinic unit cell parameters, a=24 A, b=4 A, c=10 A, are consistent with
ones of the known monoclinic modifications. LEED and STS data indicate that
the GaTe surface is not flat, but is characterized by a well-developed staircase
structure formed by cleavage. As concluded, the possibility of partial on-
nanoscale reconstruction of base hexagonal structure to the monoclinic one is
directly related to the number of surface defects such as loosely arranged
steps of one single Te—Ga—Ga—Te packet height.

3a IOIIOMOT0I0 KOMILIEKCY MEeTOJ CKaHiBHOI TyHEeJIbHOI MiKpPOCKOIII Ta cIeKT-
pockorii (CTM/CTC) i gudpakmii noinbaux eaektporis ([IIIE) mocaimikeno
CTPYKTYPY IIOBEPXOHB CKoJI0BaHHS KpucraaiB GaTe. BeramoBieno icHyBaHHA
IBOX PiBHUX CTPYKTYP Ha IMOBEPXHi CKOJIOBAHHS KPUCTAJNY: M'eKCaroHAJbHOI B
MakKpoMacIiTadi i MOHOKJIIHHOI, AKA € BUIIAAKOBUM UMHOM POBIOIiJIEHOI0 Ha
nmoBepxHi B HamomaciuTabi. IlapameTpu rexkcaroHaJabHOI I'paTHHIL a=bz=
=4,08 A, c=16 A, axkux ogep:xano 3a gonomoroo CTM, 1o6pe y3roIKyIOThCA 3
JaHUMU A 00’eMy KPHUCTATy, a TaKOK i3 mapamMeTpamMu d, b IJis IMOBEpPXHi
Kpucrany, omep:kaHuMu 3 BukopucrtanHam [IIE. ITapamerpu MOHOKJIiHHOL
rpatHuni a=24 A, b=4 A, c=10 A e TakuMu x, 4K i 1714 ofHiel 3 BizoMux Mo-
HOKJIHHUX CTPYKTypHUX Monudikaiiii. BinmoBigHo 40 pe3yabTaTiB, ofepska-
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Hux 3a gonomororo JIIE i CTC, BcranoBieHo, 1o nmoBepxHs GaTe He € mIacKkoro
i xapakTepu3yeThCa HAABHICTIO [0OOpe PO3BUHEHOI CXilUaCTOl CTPYKTYDPH, KA
YTBOPIOETHCA BHACJILOK CKOJIOBAaHHSA KPUCTAJNy. 3p0O0JEHO BUCHOBOK IIPO T€,
110 MOJKJIMBICTh JIOKQJIBHOI B HaHOMACIITAabi PEKOHCTPYKIIii 6a30BOi rexkcaro-
HAJILHOI CTPYKTYPY B MOHOKJIIHHY ITOB’A3aHa 3 KiJIbKiCTIO TOBEpXHEBUX Aede-
KTiB, TaKUX, AK JOBiJIbHO PO3MIiIIEHI CXOAMHKY 3 BUCOTOIO, III0 JOPiBHIOE TOB-
muHi oguoro nakera Te—Ga—Ga—Te.

C mIOMOIIbI0 KOMILJIEKCA METOAO0B CKAHUPYIOIell TYHHeJIbHON MUKPOCKOIIUN U1
cuexktpockonuu (CTM/CTC), a Tax:ke mudpakiuu MeAJeHHBIX 3JIEKTPOHOB
(IMD) uccnemoBaHa CTPYKTypa IIOBEPXHOCTEI CKaJIbIBaHUA KpuctayaiaoB GaTe.
VYcTaHoBIEHO CYINECTBOBAaHME OBYX PA3JIUUYHBIX CTPYKTYP Ha MMOBEPXHOCTHU
CKaJIbIBAaHUS KPUCTAJLJIa: FeKCarOHAJIbHON B MaKpoMacIiiTabe ¥ MOHOKJINHHOIM,
KoTopas caydYaiiHbIM 00pasoM paciipefesieHa II0 MOBEePXHOCTH B HAHOMACIIITA-
6e. IlapaMeTpHI reKcaroHaIbHOM peméTku a=b=4,08 A, c =16 A, moxyuennsie
¢ momoribio CTM, X0pOTIITo coryiacyioTesA ¢ JTaHHBIMHU I 00bEMa KpUCTAJIa, a
TaKIKe C [IapaMeTpaMu @, b IJisi TOBEPXHOCTU KPUCTAJIA, IOJYUYEHHBIMH C HC-
monnszoBauem JIMD. IlapameTphl MOHOKJIMHHOH permnétiky a=24 A, b=4 A,
c=10 A — Takue ke, KaK U B OJHOH U3 M3BECTHBIX MOHOKJIMHHEIX CTPYKTYP-
HBIX Momudukramuii. CoracHo pe3yabTaTaM, MOJYUEeHHBIM ¢ ToMOoIbio MO u
CTC, ycraHOBIE€HO, UTO TOBEPXHOCTH GaTe He ABJAETCA IIJIOCKOM 1 XapaKTepu-
3yeTcsa HAJIUYMEM XOPOIIO PA3BUTOM CTYIIeHUATON CTPYKTYPhI, KOTOpas obpa-
3yeTcs B pPe3yJIbTaTe CKaJblBaHUA KpucTasuia. Crenano 3aKII0YeHre O TOM, UTO
BO3MOKHOCTD JIOKAJIBbHOI B HaHOMAacIlITabe PeKOHCTPYKIMYU 0a30BOM reKcaro-
HAJIBHOH CTPYKTYPHI B MOHOKJMHHYIO CBA3aHA C KOJIMUYECTBOM IIOBEPXHOCTHBIX
IedeKToB, TaKUX, KaK CAYUYailHO PACIIOJOKEHHbIe CTYIIeHbKU C BBICOTOM, KO-
TOpas paBHAETCA ToJIIHe ogqHOoro nakera Te—Ga—Ga—Te.

Key words: gallium telluride, layered crystal, scanning tunnelling microsco-
Py, scanning tunnelling spectroscopy, low-energy electron diffraction.
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1. INTRODUCTION

Gallium telluride semiconductor crystal belongs to the layered III-VI
group chalcogenides and has been characterized for a long time [1-3].
It is known that these crystals exhibit anisotropic properties [4].
Moreover, the results of structural studies of bulk GaTe crystal indi-
cate the presence of hexagonal and monoclinic structural modifica-
tions. The latter one is characterized by a rather wide variety of values
of lattice constant. At least, one hexagonal phase of GaTe with unit cell
parameters of a=b=4.06 A, ¢c=16.96 A [1, 3] and several monoclinic
phases of a=23.64 A, b=4.0T7TA, c=10.46 A, y=134.47°,a=17.45A,
b=10.47A, c=4.09A, y=104.5°; a=17.34 A, b=4.06A, c=10.61A4,
v=104.44° [3, 5] have previously been reported. The results of GaTe
thin-film studies are interesting for their model representations of the
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structural hexagonal-monoclinic transformations[2].

It is well known that GaTe differs from other III-VI group chalco-
genides of similar chemical compositions, such as GaS, GaSe, InSe, by a
stronger planar anisotropy that characterizes a single layer of GaTe
[4]. In fact, apparently, it might result in the possibility of total or
partial reconstructions of the cleavage surfaces, which are known not
to be typical of layered crystals and, as it was reported, lead to a broad
number of structural phases with different lattice parameters.

The basic prerequisites for this GaTe surface study are the follow-
ing. Firstly, the conclusion contained in the article [3] about the possi-
bility of phase transformation in the bulk crystal from hexagonal to
monoclinic one upon grinding a single crystal to powder for XRD pow-
der diffraction analysis. Obviously, this might be due to an increase in
the surface-to-bulk ratio, and thus, a surface structure study is essen-
tial. However, it should be noted that paper [6] reports on a completely
reverse partial structural transformation on the cleavage surface of
GaTe crystal. Secondly, the known result of [2] that hexagonal-to-
monoclinic phase transformation occurs in the polycrystalline thin
films at elevated temperatures.

A variety of existing structural unit cell parameters is reported.
Nevertheless, there is lack of ‘direct’ observation of evident surface
phase transformations at the nanoscale by scanning probe methods
such as scanning tunnelling microscopy/spectroscopy (STM/STS). The
phase state of the GaTe surface is obviously important to characterize
the crystal, which is the aim of our study employing the STM/STS and
LEED methods.

2. EXPERIMENTAL

The STM/STS data were acquired using the Omicron NanoTechnology
STM/AFM System, at room temperature under ultrahigh vacuum
(UHV) conditions (4:107° Pa). The STM images were taken in the con-
stant-current mode. Considering the importance of quantitative data
obtained in the step height analyses the STM scanner vertical move-
ment was calibrated using commercial (NT-MDT) 6H-SiC test sample
with half of lattice constant (0.75 nm) in [0001] direction steps and in
situ prepared Si (100) substrate with single atomic steps (height of
0.14 nm). The STM/STS data processing was carried out using the
WS&M v.4.0 of Nanotec Electronica[7].

The LEED data were analysed using the SPECS SAFIRE Diffraction
Image Acquisition and Processing System for LEED and RHEED.
LEED analysis was carried out using incident beam energies 10—
150 eV, and spot size less than 1 mm. Heating the sample in situ was
possible up to 500-600°C.

GaTe single crystals were grown by the Bridgman method. The sam-
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ples for the STM/STS and LEED studies had dimensions of 8x4x6 mm?®
and a special shape suitable for multiple cleavage directly before intro-
ducing into the vacuum chamber. Previous bulk-structure investiga-
tions indicated the hexagonal structure of the studied GaTe crystals
with unit cell parametersa=6=4.06 A, c=16.96 A.

3. RESULTS AND DISCUSSION

Recent GaTe crystal cleavage STM observations revealed only a rela-
tively poor-resolution set of sixfold chains composed of clusters with
an average size of 6—8 nm [6]. This size of the experimentally observed
structures is clearly not associated with the LEED data dimensions
given in the same paper. However, a combination of STM and LEED
methods is productive in terms of cleavage surface characteristics and
structural phase transformations inherent in GaTe crystals. General-
ly, integral LEED results confirm the crystallographic data obtained
by STM on the nanoscale. STM measurements are crucial, particularly,
to identify and assign the satellite spots and streaks to coexistent dif-
ferent superstructures, which might be superposed incoherently in the
diffraction pattern.

3.1. STM/STS Results

Figure 1, a shows a typical 2D STM image with a very weak periodic
pattern that could potentially be associated with the GaTe crystal lat-
tice order. We were able to obtain such lattice resolution usually for
large-scale images, 21x21 nm?, as shown in Fig. 1, a, and a better one
for a negative bias. A lot of areas on the different cleavage surfaces
were investigated with a view to dropout a ‘tunnel version’. It is also
important to see that self-correlation filtering pattern (see inset in
Fig. 1, a) exhibits a good periodicity with the period a=11.85 A. Fig-
ure 1, b presents known GaTe structural models described elsewhere
[2]. Comparison of these models suggests that the surface of the mono-
clinic phase in general is less smooth than the hexagonal one. It would
manifest itself by the characteristic furrows, and therefore can be eas-
ier ‘captured’ in STM studies.

In accordance with the model presented in [2] on conversion of h-
GaTe to m-GaTe, the sheets are still parallel to the surface except now
the lattice parameters have changed and some geometric features of
the layers are different. The localized twist of every third Ga—Ga moie-
ty in the h-GaTe structure occurs on going to m-GaTe. Thus, furrows
observed in top and bottom boundary regions in Fig.1,a and con-
firmed in the self-correlation filtering pattern are the result of such
lattice reorganization when the (—201) plane becomes as the surface
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one instead of (001).

Figures 1, ¢, e show 2.8x2.6 nm? and 5.3x4.5 nm? fragments, taken
within the ‘smooth’ central and ‘furrowed’ upper near boundary areas
in Fig. 1, a, respectively, obtained by 2dFFT filtering. Figure 1, ¢ dis-
plays honeycomb structure, which is typical for h-GaTe crystal struc-
ture [2]; cf. Fig. 1, g. Since we are dealing with the surface of the crys-

h-GaTe

c[001]

b[010]

Fig. 1. STM study of GaTe cleavage surface: 21x21 nm? 2D image obtained at
—2.3V bias, 0.122 nA. Inset: self-correlated filtered image (a); structural
models for GaTe monoclinic m-GaTe and hexagonal h-GaSe or h-GaTe phases
[2] (b); 2.8%x2.6 nm? and 5.3x4.5 nm? 2D FFT filtered fragments taken within
the ‘smooth’ central and ‘furrowed’ upper near boundary areas of (a) image
(respectively, c, e), and their corresponding 3D visualization (d, f). The sche-
matic models of the hexagonal and monoclinic GaTe surface unit cells are
drawn as guide to the eye. The model hexagons have 4.08 A length sides. The
size of model rectangular is 1.8x0.408 nm?. Schematic diagram showing the
relative directions of unit cells’ vectors, a and b, in the monoclinic and hexag-
onal GaTe phases (g).
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tal, which consists of two kinds of atoms, and it is known that the sur-
face is not flat, for better identification of the surface structure, Fig.
1, d shows 3D image of Fig. 1, ¢ represented by the shaded texture,
which allows better visualization of hexagonal structure. The presence
of hexagonal structure on the surface of GaTe crystal cleavage basical-
ly confirms data previously obtained for the bulk of this crystal and as
shown below is also confirmed in the LEED study. Analysis of the peri-
odicities observed in Fig. 1, e, which actually represents visually ‘fur-
rowed’ structure in Fig. 1, a, suggests the presence of another pattern,
that is characteristic in accordance with GaTe structure model repre-
sentations in [2] for monoclinic GaTe structure. 3D visualization of
this pattern (see Fig. 1, g) clearly illustrates the typical structure of
the monoclinic GaTe phase surface, as can be seen in Fig. 1, b.

Figures 1 ¢, e are supplemented by schematic models of hexagonal
and monoclinic unit cells, respectively, that are superimposed on the
corresponding structures observed on the surface. The model hexagons
have 4.08 A side lengths. The size of model rectangular is 1.3x0.408
nm?. However, it should be taken into account that, in fact, the cleav-
age surface in any of the structural phases is not flat, as can be seen
from the Fig. 1, b, but, even in this case, there is a good correlation of
STM image and relevant unit cells models. Thus, as seen from Figs. 1, c,
e and more strikingly from Figs. 1, d, f, which are their appropriate 3D
images, the structure of GaTe surface is not homogeneous even on na-
noscale.

The evaluated parameters of 4.08 A in STM studied hexagonal struc-
ture in the surface plane correlate well with lattice constants a and b of
the hexagonal GaTe phase. As for the parameters of the monoclinic
structure derived from STM study, the value 0.408 nm is consistent
with b lattice constant in one of the known monoclinic phases. As for
the 1.3 nm periodicity, which apparently does not correlate with any of
known bulk structures, it should be noted that the monoclinic unit cell
of GaTe, as well as the hexagonal one, consists of two Te—Ga—Ga—Te
packets with a different stacking sequence relative to each other (see
Fig. 1, b). Considering the above, it is possible to estimate the parame-
ter of the monoclinic structure toward the a axis, giving a value of
2.6 nm for the GaTe monoclinic lattice parameter. When evaluating a
unit cell parameter for the monoclinic structure by STM, it should be
also considered a certain angle between [-201] and [100] axes that de-
pends on one or another monoclinic phase. Therefore, we can assume
that w;: were able to identify the monoclinic phase with a equal to
23.64 A.

The schematic diagram showing the relative directions of the sur-
face unit cells a and b vectors, however, in ‘projection’ on the certain
surface plane, for the monoclinic and hexagonal GaTe phases is pre-
sented in Fig. 1, g.
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The corresponding unit cells models are taken from Figs. 1, ¢ and e
and reduced to a common scale. According to the model representa-
tions of h-GaTe towards m-GaTe phase transformation described in [2],
two hexagonal cells on the surface are involved in the process of rear-
rangement into surface monoclinic unit cell. Thus, as mentioned
above, the direction and size of the lattice vectors a and b are changing
asitisshownin Fig. 1, g.

It should be noted that patterns shown in Figs. 1, ¢ and e actually
obtained for individually selected areas on ‘raw’ STM image, like Fig.
1, a, give reason to believe that we are dealing with two locally distinct
‘topographic’ structures on the surface of GaTe cleavage, rather than
‘electronic’ features like local density of states (DOS) oscillation shown
by Moiré pattern.

Thus, the detailed STM study of the surface and comparing the ob-
tained distances with known data for bulk structures suggests the co-
existence of both hexagonal and monoclinic phase on the surface of the
GaTe cleavage, at least on nanoscale.

Another major issue is the possibility of direct observation of not
only planar a and b lattice vectors of GaTe crystal, but also ¢ vector
which, for the hexagonal structure is normal to the surface plane, and
for the monoclinic one does not form normal angles with the plane of
the surface (there are several monoclinic structures as mentioned
above). For such an STM study, it is important that, besides the differ-
ence in the c lattice-vector angle relative to the surface plane, the geo-
metric heights of the 2-GaTe and m-GaTe layers are different. Thus,
according to the obtained height differences, which can be quite well
identified in the vicinity of steps, we succeeded in determining the
value of the ¢ lattice parameter and, consequently, the structural
phase of the surface layer associated with it.

Figures 2, a, d show 2D and 3D STM images of rather an elongated
step on the GaTe cleavage surface. It should be noted that stepped
structure is characteristic of the GaTe crystal cleavage surfaces on
macroscale as it will be shown in the LEED study discussed below. Fig-
ure 2, b shows a typical height profile of the step, which indicates that
the average height difference in the vicinity of the step tends to 8 A.
The statistical evaluation of the height differences in the array of im-
age pixels, which could be obtained via standard feature of WS&M ap-
plication such as that for roughness analysis, is even more reliable.
Figure 2, ¢ shows a corresponding histogram for height intervals of im-
age pixels in the surface region marked with rectangle in Fig. 2, a. It is
clear that there is some height distribution of pixels along both sides of
the step, which is depicted in Fig. 2, ¢ by the ‘Bactrian structure’, but
the actual height difference between the maxima of the distributions is
about 8 A. The above suggests that the monoclinic or hexagonal unit
cell of GaTe contains a double Te—Ga—Ga—Te packet. Taking into ac-
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Fig. 2. STM study of the ¢ axis unit cell parameter of GaTe crystal: 400x400
nm? 2D (a) and 3D images (d), obtained at 2.3 V bias, 0.8303 nA; the subse-
quent typical height profile indicating the single Te—Ga—Ga—Te packet thick-
ness in hexagonal structure (b); height distribution of image pixels obtained
from roughness analysis, including both sides in the vicinity of the step as
marked with rectangle in Fig. 2, a (¢); height distribution of image pixels ob-
tained from roughness analysis made along the narrow area of Fig. 1, a and
indicated by inset (only for better visualization the inset shows appropriate
3D image of 2D FFT filter of Fig. 1, a) (e).

count the known data on the ¢ parameter, we can conclude that have ob-
served a hexagonal structure of the surface layer. Moreover, only indi-
vidual Te—Ga—Ga—Te packet could form the observed step, because the
actual thickness of the GaTe hexagonal packet structure is a multiple of
=8 A, rather than = 5 A as would be in the case of a monoclinic one.

The question arises about the nature of the possible partial recon-
struction of the hexagonal bulk structure at the GaTe cleavage surface
toward the monoclinic one. Thus far, we analysed the height distribu-
tion of image pixels along the narrow area that is selected in the cen-
tral region of Fig. 1, a, also by using a roughness analysis tool of
WS&M. Such choice of the analysed area is reasonable, since the ob-
served pattern of the central region of Fig. 1, a exhibits lack of perio-
dicity, which is inherent in monoclinic structure, while the hexagonal
pattern is present. From the obtained height distribution histograms
(see Fig. 2, e), we were able to identify two characteristic heights sepa-
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rated by size of about 5 A. This value is approximately equal to the typ-
ical thickness of a single Te—Ga—Ga—Te packet in the majority of
known monoclinic structures, particularly, such as that in Fig. 1.

Consequently, the STM results show that the surface of the crystal
cleavage contains local areas of both hexagonal and monoclinic struc-
ture, which is indicated by the presence of steps with different heights.

Regarding STS studies of GaTe surfaces, it is known that one of
their direct outcomes is the ability to evaluate the energy band gap of
semiconductor crystal. However, the obtained value may be character-
istic of local points or rectangular regions of the surface, after averag-
ing over some array of points on the nanoscale. It should be noted that
local structural inhomogeneity, particularly the steps, could signifi-
cantly affect the local DOS and, consequently, result in the band gap.
Figure 3, a shows a typical set of the normalized (dI/dV)/(I/V)=f(V)
curves spatially averaged each over an area of 50x50 nm?. The corre-
sponding STS derived band gap ranges from 1.65to 1.75eV.

There are a number of known, but ‘integrated’ data on GaTe band
gap magnitudes obtained by different methods. The values range be-
tween 1.65 and 1.7eV [3, 8, 9] for bulk crystals and between 1.7 and
1.9 eV for GaTe films [2]; and there is evidence of only slight differ-
ence in band gap values between monoclinic and hexagonal structures.
Our STS data on band gap values (see Fig. 3, a and Fig. 3, b, curve 2),
obtained for a local nanoscale surface area, correlate well with these
data. Thus, the wide apparent band gap, shown as a magnified frag-
ment in Fig. 3, ¢, curve 2, suggests the absence or a negligible quantity
of intrinsic surface states for the fundamental bulk band gap.

Curve 1 in Figure 3, b represents the spatially averaged normalized
(dI/dV)/(I/V)=f(V) STS spectrum from the averaged electronic struc-
ture of the stepped 1x1 um?® surface. It is not possible to distinguish
spectra of the step edges and the centre of relatively flat areas from
each other due to a poor image resolution. However, even the averaged
STS spectra from the whole 1x1 um? area give evidence of a significant
inhomogeneity of the surface on macroscale. This assertion arises from
comparing the zoomed up band gap regions with the normalized dI/dV
STS curves averaged over the 1x1 um? and 50x50 nm? areas (see Fig. 3,
¢). One could find that the band gap is significantly less for a larger ar-
ea than the one, which is obtained for a local 50x50 nm? surface area
and ‘narrows’ to about 1 eV. Certainly, it must be considered that this
effect could arise from the decrease of the transmission coefficient for
electron tunnelling with tip/sample separation, leading to a broader
range around the zero bias voltage without a detectable tunnel current.
However, the actual tip/sample separation for all curves changed only
slightly. Thus, so significant differences in the average values of band
gap over the studied areas could be explained by availability of signifi-
cant tails of DOS near the bottom of conduction band and the top of va-
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Fig. 3. STS data obtained from the GaTe cleavage given by the normalized
(dI/dV)/(I/V)={f(V) curves: STS curves, each one shows the averaged data of
6400 local curves from three different 50x50 nm? areas within the relatively
large 1x1 um? area, of which an averaged spectrum is given by curve I in Fig.
3, b (a); comparison of averaged STS I and 2 curves typical of the large
1x1 um? and small 50x50 nm? areas of the surface, respectively (b); zoomed up
fragment of figure (b) showing in detail the region of the GaTe energy gap (c¢).

lence band. Thus, the peculiarities of the local DOS spatial distribu-
tion, particularly, in the vicinity of zero bias, are determined by the
inhomogeneous distribution of structural defects on the stepped sur-
face of cleavage. The fact that a highly stepped surface provides the
major impact on the acquired STS data is also confirmed by our LEED
studies of GaTe crystal cleavage.

3.2. LEED Results

In order to check the structure of GaTe cleavage surface on the mac-
roscale and get more information about the structures observed by
STM on nanoscale, the LEED experiment was performed. Some of the
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structural periodicities measured by STM are confirmed by diffraction
patterns. First of all, the spots of the hexagonal pattern are intense
and clearly visible anytime.

Figure 4, a shows a typical hexagonal pattern obtained from cleav-
ages, which presents several orders of spots. Diffraction spots indicate
a formation of long-range order as concluded from their sharpness.
Dimensions of the hexagonal structure lattice vectors, as derived from
the reciprocal ones observed in the LEED pattern, are equal to about
4 A. Thus, they are in accordance with the reported STM local data ob-
served on the nanoscale.

However, we were not able to observe the spots characteristic of the

Fig. 4. Typical LEED patterns from different areas of the GaTe cleavage sur-
face taken at the primary electron beam energy of: 121.5¢eV (a), 28 eV (b),
52.5eV (¢).
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monoclinic structure, which, in accordance with our STM data, could
be present on the surface of cleavage. Obviously, this one could be re-
lated to the random distribution of local areas, where the monoclinic
structure could be seen. The additional reason for the lack of monoclin-
ic structure spots under observation might be a relatively weak inten-
sity of this structure spots caused by the fact that, at least, one of the
monoclinic structure lattice parameters is sufficiently larger than that
of hexagonal one to contribute to a smaller proportion in the surface
and, consequently, its spots are much less intense than those of the
hexagonal structure and below the camera sensitivity.

However, the detailed STM/STS data on surface structure defects,
including the steps on the GaTe surface, are confirmed by LEED data.
Generally, the LEED technique provides statistical information about
the distribution of defects, because structural defects strongly influ-
ence the spot profiles. The randomly distributed height of the steps or
terraces has an impact on all diffraction spots in such a way that their
width periodically varies between sharp and diffuse appearance, par-
ticularly with observation of streaks, with increasing electron energy.
Otherwise, the LEED pattern, which shows some integral order spots
split into doublets, indicates terraces on the surface that have a single
orientation, regular spacing and height. Besides, all spots might ap-
pear alternately as doublets and single spots with changes in electron
energy. It is obvious that spacing of the doublets depends on the ter-
race width and the doublets direction is normal to the step direction.

Typical LEED patterns recorded from the GaTe cleavage surfaces,
which concern the above common considerations, are shown in Figs. 4,
b, c. Figure4,b shows very prominent threefold streaks along the
[110], [010] and [100] directions, and Fig. 4, ¢ exposes clear doublets
associated with the spots of hexagonal structure. As already men-
tioned, the streaks in Fig. 4, b are caused by random distributed ter-
races, while the spot splitting demonstrated in Fig. 4, ¢ is caused by
regular arranged step arrays. The observed characteristic spot split-
ting is about 8.55% of BZ (Brillouin zone) that corresponds to the
width of about 48 A (6 single packet distances in hexagonal structure).

The possibility of structural transformations on GaTe cleavage sur-
faces as a result of thermal heating up to 500—-600°C has also been in-
vestigated by LEED, considering the known results on the hexago-
nal/monoclinic transformations in GaTe polycrystalline thin films [2]
at elevated temperatures. The characteristic hexagonal reflections,
which were observed directly after the cleavage at room temperature,
never disappeared also after consecutive heating at 200, 300, 400°C up
to 500-600°C. However, diffraction spots of monoclinic structure
were not observed in the LEED pattern even after the heating, thus,
one could not state about the reconstruction of the cleavage surface, at
least on macroscale.
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4. CONCLUSIONS

The results of the combined scanning probe and electron diffraction
study of the GaTe cleavage surface indicate the presence of different
structures: hexagonal one on macroscale and local monoclinic one ran-
domly distributed at the nanoscale. Furthermore, it is found that the
surface structure is not perfectly flat, but is characterized by a well-
developed staircase structure that is formed by cleavage. All this con-
firms the possibility of partial hexagonal/monoclinic surface recon-
struction after the cleavage, when the local stepped structures on the
surface appear as thick as one Te—Ga—Ga—Te packet.

We believe that such reconstruction, generally atypical of layered
crystals, is determined by the presence of double Te—-Ga—Ga—Te pack-
ets in the structure of the unit cell and from the corresponding anisot-
ropy, which is higher for GaTe than for similar structures of GasS,
GaSe, and InSe layered crystals. The possibility of partial on-nanoscale
reconstruction of the basic hexagonal structure towards a monoclinic
one is directly related to the number of surface defects, such as the
loosely distributed steps, which are as high as a single Te—Ga—Ga—Te
packet. This helps to understand why the structural monoclinic phase
cannot be detected in LEED patterns, namely, the cause is the random-
ness and incoherence of the above-mentioned stepped areas that are
formed on the surface due to cleavage.

Data of this study might be directly applied to explain experimental-
ly obtained results such as those of paper [3], for the GaTe hexagonal-
to-monoclinic structural transformations upon grinding due to the in-
crease of the surface-to-bulk ratio in the powder.
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