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Abstract: Gele films present diffuse streak patierns
when examined with the electron microscope. These streaks are
associated with low index reflections and their behaviour as «
funciion of temperature indicates that they are due to interaction
of the eleetrons with lattice vibrations. The configuration of the
streak pattern can be described as resulting from a network of
walls perpendicular to low inder planes in reciprocal space,
which are the transform of linear scatterers in the real space.
Diffused streaks associated with supperlattice reflections are
attributed to anomalously soft phonons.

i. Introduction

Germanium Telluride exhibits a faulted structure in the bulk %2
and also in epitaxially grown single crystalline lavers ¢ The main
characteristics ol these faults arise from the transformation from the
cubic phase to a distorted rhombohedral one which leads to a highly
twinned structure. In studying single crystal {ilms of GeTe by electron
microscopy we have observed, especially on (001) sections, intense
diffuse streak patterns interlinking the spots of Laue - Bragg refle-
ctions. These streak patterns appeared as tetragonal networks around
the central spot. 1t has been known that two dimensional substructures
produce similar patterns 5. Such substructures are stacking disorder,
plate like precipitation or numerous twin interfaces on (110) and
(100) planes, which cause linearly extended intensity regions in reci-
procal space. Nevertheless, in the above cases the streaks appear only
for certain rational electron indices which are grazing the habit planes
of these substructures and are transformed to spots at non - rational
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positions. In our case the streaks remained unaltered in position by
changing the angle ol cbservation, with only a change in the shape
of the network, while there was nol a single case in which these streaks
could be changed to irrational spots. There is by no means any relalion
between these observed streaks and the Kikuchi lines, which are due
to secondary Laue - Bragg reflections, since these lines are displaced
quite fast along the direction of tilting. In figure 1 we present a dif-
fraction pattern of a specimen i which both Kikuchi lines and diffuse
streaks coexist,

Fig. 1
Diffuse streak pattern and Kikuchi lines ecexisting.

The configuration of this streak network varies when the direclion
of the primary beam ts changed in the neighbortiood of a certain rational
crystallographic axis, bul a distinctive change oceurs only when the
incidence is changed from one such rational incidence to another (fig. 2).

Another feature of these streaks is that they vary in intensity from
place to place in the same specimen, and in all cases the intensity is
enhanced by increasing the temperature. This latler chservation con-
slitutes a rather strong evidence that Lhey have thermal origin, that
is, they are due to interactions of the incident eleclrons with lattice
vibhrations along prefered crystallographic directions ¢ The wibrations
of the lattice in the optical branch are expecled to have a frequency
of the order 10** s—' which is small compared to the electron frequency
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of the order 10Y s {which corresponds to an eleclron energy of 100
KeV). Thus in a time interval of 10-5 s the atom will have described

2e 2d

Fig. 2
Diffuse streak networks as they appear in different crystallographic sections a) (001)
section b) (310) scetion ¢} (311} section d) (211) section.

one thousand of its orbit, while in the same interval a frain of about
6
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1000 electrons will be diffracted. As far as the electron beam is concern-
ed, the atoms are regarded stationary and slightly displaced from the
positions of exact geometrical regularity, so that instcad of a single
spot in the diflfraction pattern, an elongation of this spot is expected
along the direction of the vibration.

2. Experimental procedure and results

Single crystalline GeTe films were grown epitaxially on vacuum
cleaved KCl substrates under the conditions reported elsewhere 2.
Tilting experiments were performed in a Jeol 100B electron microscope
at room temperature and at the transition temperature around 400°C,
The heating was accomplished in situ using a heating tilting stage.

In figures 2a, 2b, 2¢ and 2d the diffraction patterns of GeTe films
of orientation (001) are presented at different angles of observation.
As it i1s evident from fig. 2a, which is a diffraction pattern at normal
incidence, the streaks lie along the [100] and [010] directions. The spots
indicated by arrows A are extra spots which may be attributed to a
superstructure 4, Taint streaks, marked by arrows B, appear also at
half distances [rom regular reciprocal lattice points. The reciprocal
lattice vector that describes them has indices {h 0 0}, with h always odd.
Fig. 2b is the diffraction pattern of the same specimen, as in 2a, tilted
180 along [010], which corresponds to the (310} lattice section. The
splitting of spots that may be noticed is due to the existence ol twins
of (010} type 2 Fig. 2¢ is the diffraction pattern of the same specimen,

tilted 259 along [011], which corresponds to the (311) reciprocal lattice
section. The network of the diffuse streaks changes progressively in
shape from tetragonal to rhombic. Finally in figure 2d, which corres-
ponds to a (211) reciprocal lattice section the shape of the network is
orthogonal with the streaks lying along the < 110> directions, their
intensity considerably reduced as compared with the intensity of the
streaks in the (001) section.

In all these observations it is evident that there are no diffuse
streaks passing through the origin; in other words the intensity of the
zero - order streaks is zero. This means that the streaks are non - radial.

By heating the specimen in situ, the intensity of the streaks increases
considerably (fig. 3). At 4000 C the extra spots disappcar, as due to
a superstructure related to the rhombohedral phase, while zero - order
streaks appear. These zero - order streaks could be interpreted as
resulting from multiple diffractions, with a Bragg - scattered beam
acting as a zero order to give its corresponding diffraction pattern b
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Thus the observed zero order sireaks arise from a 200 reflection. Evi-
dence of these mulliple diffraction effects 1s provided by the existence
of multiple (220) rings around (200) spots. These (220) rings are due to

Fig. 3
Diffuse streak pattern at £00° C,

the fact that in some areas a mixture of epitaxial (001) and poorly
oriented {111) grainz occur.

3. Reciprocal lattice palterns of the diffused slreaks

Non radial dilfuse streaks have been observed previously in mo-
nochromatic X - ray diagrams of varions substances %% and in ele-
ctron diffraction patterns 1. In the latter caze the streaks appear
more clearly, due to a superposition of the primary streaks by secon-
dary cnes ariging [rom strong Laue - Bragg reflections. A second reason
for the more clearly resolved streaks iuelectron microscopy 1s the
fact thal electron - phonon interaction is expected to be larger than
the photon - phonon inleraction in X - rays.

The conliguration of the streak patterns can be described as the
interseclions between the Ewald sphere and networks of walls stand-
ing perpendicular to low index net planes in reciprocal space 2. Since
a needle crystal has an intensity distribution in reciprocal space similar
to that of a disc perpendicular to the needle, a linear chain, which 1s
the Timit of a needle, will be expected (o have an analogous intensity
distribution. Therefore the observed streak patterns can be atiributed
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to linear scatterers consisting of neighboring atoms slightly shifted
from their regular positions (fig. 4a), without disturbing by this shift
the relative distances of the atoms in the chain. This latter elfect
results to a diffuse scattering of the electrons, superimposed on the
corresponding sharp scattering due to the crystal as a whole.

foo1]
A

—— [100]

4a

We calculated this factor in a manner similar to the one applied
in the case of random - layer structures 1. Let us assume a linear chain
of atoms parallel to the [100] direction (fig. 4a), with a to be the tran-
slational vector along this direction. The chains of atoms are displaced
parallel to each other, with the origin of each chain bearing no fixed
relation to that of its neighboring chains. This assumption excludes
a periodicity along the two other directions, and therefore it is not
possible to refer to the b and ¢ axis. Instead one may assign distances
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u and d to the neighboring chains lying perpendicular to the one under
consideration, along the [010] and [0(1] directions. The position vector

A

Qi

ki

a’ Aha

4h
Fig. A&
@) Chain of nearest neighbours along [100] direction displaced by ¢ small amount 4.
b) HRepresentation of the intensity walls in reciprocal space.

of an atom belonging to a chain, with the origin displaced by § along
a is

R =r,+ ma -+ myu + md | 8a (1)
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where r, ig the position vector of the nth atom of the chain and m,,
m,, my are integers. 1[ the [irst Laue condition is satislied, that is

(s—s.).a=hxr

the scattered intensity is given by

., sin?chN) Vv
I=FF e = & = 2 ew —[ ($-8,)(m,-m, )11+(S 8, )(my-my ) +-
where the primed indices indicate complex conjugates ol the unprim-
ed, » the wavelength, I' the structure factor and (s - s,) the diffraction
vector. When h =0 the above cquation reduces to

I gin® [l §-8 )1\2“] I [ So)Nad]
T L™ 3
sin® [%(S s, u ] sin? [% (s—so)d] )

This indieates that Okl reflections are normal crystal reflections, since
the term which introduces the diffuse part, (§ - §}h, vanishes. There-
fore these reliections are independent of any parallel displacements
of the atomic chains along the [100] direction.

With the above considerations the reciprocal lattice construction
for parallel random displaced chains follows eastly. The diffraction
vector in reciprocal space (8-8)) =g I8

g = pri* + pab* + pge* {4)

where a*, b* and ¢* are the reciprocal unit vectors, and py, py, ps nume-
rical coeflicients. ¥rom the orthogonalily relations we have

g — rha* + [g. ulb* +[g.dje* = rha* + &y (5}

The vector oy lies on a plane perpendicular to a*, and since in this
case a* coincides with the vector a in real space, the chain of atoms
is normal (o the reciprocal lattice plane {[ig. 4b). Also the (0kl) refle-
ctions are normal crvslal refllections, so that zero order sheets have
no intensity weight.

4, Discussion

Considering the case of a Born - Von Karman lattice with a basts
to represent the atomic arrangement in the casc of (eTe, neglecting
the actual displacement of the aloms in the rhombohedral phase 4,
it is possible to apply an harmonic oscillator approximation to inter-

WnoiakA BiBAI0BAkN OedppacTog - TuAua Mewloyiag. A.MN.0.



Cy" o mWngiakh suAdoyi \O
\"oFDzPAZTOL"

BiBAI0OnRkn

~ThApa Mewloyiag
i AMN.O /6

&7

pret the observed difluse scattering. W. Cochran has shawn > (hat
within this approximation the intensity ol Lhe dilluse scattering due
to thermal motions may be expressed as a series of terms with an order
determined [rom the number of phononsinvolved in Lhe process. The
intensity from the one phonon process, described by the first term,

s inversely proportion to the square of the phonon frequency
1

v(q)

[{q) o

(6)

where q is the position vector of a point in reciprocal space relered Lo
the nearest reciprocal latlice poinl. Therefore it is expected that waves
of low Irequency are responsible for the diffuse scaltering in directions

away from Bragg reflections.

For GeTe in the rhombohedral phase the <100 direction is the cne
of the closest distance ol ueighboring atems, lherefore the chains of
atoms to be considered lie along ihis directions. This is consistent with

the observations reported in fig. 1,2,3.

An important observation thal should be emphasized are the
observed dilfuse streaks that belong to rellections with prohibited in-
dices {h00}, where h 1s odd (fig. 5). In fig. 6 the intensity diffuse distri-

Fig. 5

bution along the 100 direction, taken with a densitometer passing
through the [50G] spot and also through the middle belween the [500]
and [600] spots, 1s presented. From these traces 1t is abvious that the
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supperlattice reflections are associated with diffuse scattering. It should
be noted that the supperlattice reflections are rather weak, therefore
diffuse streaks associated with them to be visible indicate that they

—

Arbitrary scale

Order of streaks

Fig. 6
Densttometer tracings of diffused strcoks a) near regular spots b) olong supperlattice
reflections. Comnparison of the tweo eurves indicoles that the sccondary muxime, indical-
ed by arrows, coincide with superlattice refleciions.

are due to interaction with phonons of the type q —{h, 0, 0}, with h
odd, anomalously soft, with a frequency approaching zero as the tem-
perature tends to the transition pont.
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