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A1l of the components of the tensor of deformation of EiJ are ac-

quired using a method of X-ray diffractometry at liquld nitrogen tem-
perature and the nature of the stressed state of samples of monccrys-
talline Bl and Bil_bex (x £ 0.1) alloys, deformed in annular rings

using a method whlch has been widely used to create strong anisofrop-
le deformations in semimetals, 1s determlned.

Work [1] describes a technique for strong anisotropic deformation of mono-
crystals which has been successfully used-in investigating the band structure
[2 and 3], the electron topologlcal transitions [2 and 4], and the propagation
of magnetoplasma waves [5 and 6] in Bi, Sb, and their alloys.

. This technique includes locklng the slippage planes by rigid attachment of
the d4isk shaped sample in an annular ring subjected to stretching by two con-
centrated forces F (Fig, 1). The locking of the planes of the easlest slippage
{the (111) plane in semimetals) advances the elasticlty limit into a range of
much greater deformations. It 1s substantive that the deformation takes place
at low temperatures.

Despite the large volume of different experimental data acquired using the
method in [1], the question about the size and nature of deformations in such a
system, in essence, remains unanswered. This is assoclated with the dilfficul-
ties of direct measurement of deformation in small samples at low temperature
using reslstance straln gages. On the other hand, calculation of deformations
in 2 sample-ring system performed within an isotropic planar problem 1n the
theory of elasticity, which was used until recently [l and 2], contains a num-
ber of assumptions, such as exclusion of the layer of polymerlzed Araldit resin
which fills the gap of ~20 um between the sample and the ring from examination,
as well as the potentilal for inelastic effects at the stress concentration
points. The reason for performing the X-ray investigation was the lmpossibil-
ity of quantltative description of the deformed state using the tensor of de-
formation calculated in [1], in particular, the absence of any sort of agreement
between the acquired components of the tensor of deformational potentlal and the
available literary data [7 and 8]. Since the technique [1] has already been
quite wldely used, experimental identifiication of the nature of the deformations

created using it 1s requilred.
© 1986 by Allerton Press, Inc.

100



P Iz

s|a J 27 b /7

H

2

3

s

8

- N T T A T S

%a %85 - 84,3 044 645
. 5,0

Fig. 2

Fig. 1. A device for anlsotroplc defermation [1]: 1) an ananular ring
with a diameter of 4 mm and a thickness of 0.8 mm made of 40KhNYu non-
magnetic steel; 2) a disk shaped sample with a dlameter of 3 mm and a
thickness of 0.75 mm glued into the ring (the triangular axis 03 is
parallel te the Z axis), and 3) a layer of Araldlt resin.

Fig. 2. The shift of the diffractlon maximums for copper radiation
in the Fi¢y (a) orientationand for molybdenum radlaticn in the f& (b)
orientatlion (b) with a change in loading: a) the (5 5 §) plane; F =
= 0 (1), 140 (2), and 280 N (3) and b) the plane (10 10 10); F = @
(1), 100 (2), and 200 N (3).

The purpose of this work was to take direct low femperature X-ray measure-
ments of the change in the diffraction angles from different crystallographile
planes with deformation of samples of Bl and Bil—bex (x £ 0.1) samples using

a technique from [1] and to identify using these data the specific values of the
components of the deformation tensor 1n the investigated system. .

Heasurement results and the sampies. The shift in the diffraction maxi-
mums of reflection of the X-rays relative to the deforming force, whose value
could be changed, was investigated at liquid nitrogen temperature. Special low
temperature attachments to a DRON-2 X-ray diffractometer with a GUR-5 goniome-
ter, whose layout 1s described in detail in work [9], were developed for this
purpose. ' -

Twenty-six samples of Bi and Bil-bex (x £ 0.1), whose elastic modull in a

range of small concentrations of antimony differed by notmore than 3-4% [10],
were investigated. The mirror reflectling surface {(the {1l11) plane) was produced
through shearing in 1liquid nitrogen. Just as in all of the previously performed
investigations using the technique from [1], the samples differed in orientation
of the crystallographic axes relative to the stretching force F: 1) FjCy; 2) FiC.
The above cilted number of studled samples made 1t possible to collect satlsfac-
tory statistics for a sufficiently precilse ldentiflcation of Eij in both orien-
tations.

The work was performed in the Ka line of copper and more rigid molybdernium

1
¥-ray radiation, where the Ku—K. doublet for the planes used (8 > 60°) 1is per-
mitted for more than 0.5°. For the Cu K,y and Mo K , lines the penetration
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Fig. 3. Change in the diffractilon angle from the planes (& 3 3) (1)
and (5 5 5) (2) with deformation of a Bly g55by g5 sample (copper

radiation and an Fi¢: orientaticn). The open points are acguired
wlth application of loading and the darkened are with removal of the
locading.

depth 1s 2.8~10'4 and 5.2-10'4 cm, respectively. Planes with rhombohedral in-
dices of (10 10 10), (12 4 8), (4 12 8), (4 10 10), and (12 6 6) for molybdenum
radiation and of (5 5 5), (2 5 5), (6 3 3), and (3 5 5) for copper radiation
were investigated.

Several deformaticn cycles were performed in each sample; recording of the
diffraction maximums was performed both with the application and wifth removal |
of the loading. As an example, Flg. 2 1llustrates the shift of the diffraction
maximum from the (5 5 5) plane for copper radiation and the (10 10 10) plane
for molybdenum radiation in a sample of 310.953‘00 05 with a change 1n leoading.

The dependence of the shift of the Bragg angle of reflection A8 from the ap-
piied force F is linear and reversible (Fig. 3), which indicates the elastie
nature of the deformation right up to F = (200-250) N. Graphs analogous to
those cited in Flg. 3 are bullt for each loading e¢ycle in each of the investi-
gated samples. The slants of these graphs are used in solving a system of
equations for determining Eij'

X-Ray ldentiflcatlon of the deformatlon tensor from the change in the in-
terplanar distances 1n the monccrystal 1s based on the fact that when the per~ |
pendicular to any plane (h, k, 1) forms angles of ay with the axes, in which ,
the deformation tensor e is assigned, then the change in 1ts interplanar dis-!

iJ
- 3
tance {Ad/d)™ is determined by the relation (Ad/df* =Yg, cosgcose;, Having selected’
-

a sufficlent number of crystallographic planes {1-6 depending on the number of
nen=zéro components of the deformation tensor) in the deformed monocrystal, and:
having determined the change in their interplanar distances based on the change:
in the diffraction angle of the X-rays, it 1s possible to write a system of
equations for finding the unknown Eij' The change in the Bragg angle A8 and

1g2



Table 1

The Compenents of the Tensor of Deformations and Stresses in
Bi,_,Sb, (0 < x 2 0.1) with Deformation in Angular Rings

£y o108 N7
Y axperiment, this work theoreticat o :{1 :'_Nl ‘:::
FIC, F1C, caiculation
txx 4,240,6 4,1x0,8 4 Oxx 5635
By —9,740,5 —9,8+1,0 -9 Gy —404£35
24z 3,20,3 3,3:0,6 —2 G2z —5,0420
82 0.240,2 4,240,5 - Ozx 0
2z —4,4:£0,3 0,1£0,3 - Cay 0,010
Exy - = 0 Txy 0

Ad/d are assoclated with sufflciently small deformations by the relation Ad/d=
=—Afctgf [11]. The nonlinear corrections to this dependence in this work are
less than 1-2% and may be ignored. In light of the symmetry of the studiled sys-

tem presented in Fig. 1 and the assumption that the shift deformation Exy is

ignorably small in the central part of the sample, the changes 1n the interplan-
ar dlstances must be determined in five different planes whlch are sufficiently
slanted ¢o the binary C_, the bissector Cl’ and the triangular C3 axes of the

erystal. It is also required that the Bragg angles of reflection of these
planes 8 be sufficiently large (8 > 60°) since only in this case do the small
deformational changes 1ln the interplanar distances lead to a noticeable shift
in the diffractlion maximums.

Due to the deslgn characteristics of the low temperature attachments used

(9], five components of the deformation tensor €y syy, €09 Exy and eyz for

each was determined in a series of two deformaticn cycles: three planes which

pass through the X axls were 1lnvestigated and the components eyy, eyz, and E o

were determined in the first cycle and in the second, in a second type attach-
ment, the planes which pass through the Y axis and the Cxx? Exzo and € {(re-
peated) components.

In each set of three planes one ("perpendlcular") colncided with the sur-
face of the sample (the "XoY" plane), while the other two ("the obligue™) had
different Bragg angles and slant angles ¢ tc the surface of the sample equal in
size, but different in angle. With such selectlon of the planes, the system of
equatlons 1s simplified and has the form, for Iinstance, for determinlng ¢

£ £ :
xx? and Xz of

zz?

—AB,ctgl,=e,,
—A4A0,, clg Oy =e,, cos? @ + g, 5in @ + 2., sin 20,
—AQ, cig 0, =&, cos? p + 8, sin® ¢ —e,, sin 29,

where en and ek are the Bragg angles of the "perpendicular" and "obllque" planes,

while Aen, Aek ,and ASR are the changes in these angles wlth deformation. The
i 2

system of equatlons for determining €09 € and Eyz locks similar,

¥y’
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The acquired values of the components of the tensor of deformation are
cited in Table 1.

In light of the lsotropy cof the elastic propertles of Bi in a basis plane,
the diagonal compconents Eij are ldentical at FiiC; and FiC,, while the shift de-

formations 1n accordance with the type of matrix of the constants of rigidity
in Bi are different.

The components of the tensor of stresses Uij (Table 1) are calcualted by us-

ing Hook's law and the experimental valilues of Eij and the values of the compo-

nents of the matrix of s2lastlc constants from work [1C]. The stresses colnelde
for the twe orientations which 1s alsc caused by 1sotropy of the compre551b111ty
of Bi in the basis plane.

It should be noted that the values presented in Table 1 correspond onliy

to the central part of a sample with a surface of approximately 1 mme. During
the measurements the entire peripheral part of the sample was covered with lead;
foll (a mask) approximately 0.05 mm thick, which completely absorbs the X-ray
radiation. Positioning an opening in the lead mask in different sectors of the
periphery, it was possible to determine that near the point of force application
(the X-periphery) and in a perpendlcular direction (the Y-periphery) the values
of the deformations differ by approxlmately 20-30% from the values in the cen- |
tral part, so that on the whole, the deformation throughout the sample is more !
uniform than follows from the calculation in [1]. ;

The lack of change iIn the amplitude and form of the X-ray diffraction max-:
imums with deformation, which is normally the case for the coverwhelming major- ;
ity of samples (see Fig. 2), indicates the high degree of uniformlty of defor-
mation in the central part of the sample. The fact that the values of defor-
mations are the same for both types of radiation used is also significant.

This indicates the absence of a noticeable gradient in deformation in the dir-
ection perpendicular to the surface and supports the fact that the deformatlon—:
al changes in the near surface layer are characteristlc to the entire volume of
the sample.

t

Discussion of the results. A noteworthy fact 1s that the deformatilons ac—|
quired for the central part of the disk do not colncide {(with the exception of
the Eyy component ) with the results of fthe theoretical calculatlon [1]: e 1s

XX
smaller by almost a factor of four times; €rp has a different sign and 1s a

factor of 1.5 times larger than the calculated in absolute value; and ezr (FlIC2)
or szz (FIC:) differ greatly from zerc. The results of the calculation of T4y

(see Table 1) show that a planar stressed state 1s actually reallzed in the cen+
tral part of the studied system, as was hypothesized in [1]. However, unlike
the calculation, the compressing stress Oyy exceeds the stretching stress o,

by almost an order of magnitude, i.e., the nature of the anisotropic deforma-
tion corresponds more to monocaxial compression than to monoaxlal stretching,

as was previously proposed. A comparison of the calculated [1] and experimen-
tally determined nature of the stressed state in the peripheral sectors of the
sample shows that the stretching stress 1s not released In the thiclkness of the:
sample, but in a thin layer on the boundary of the sample and the ring. In '
fact, even in sectors of the X-periphery where, according to the calculation,
stretching stress g must dominate, in fact the stretceching stress cyy domin-

XX
ates, !

The most probable cause of this is the presence of a thin (appyoximately

104



15=20 um) layer of the polymerized Araldit resin, unconsidersd in the calcula-
ticns, which links the sample with the ring. In those sectors where the layer
is subjected tc compression {(the Y-periphery) it fully transmits the compres-
ging force tc the sample, while with stretching (the X-periphery), it dces not
provide rigid attachment between the sample and ring, as 2 result of which the
stretching stress is released. More likely, this occurs as a result of layer-
ing off of the resin in the small range ¢f the maximal stress concentratlon near
- the points of force F application, which is not evident to the naked eye. The
probability of plastic effects Iin the samples themselves in this range is ap-
parently unlikely in light of the linear dependence A8(F) (see Pig. 3}, although
tue release of stretching stresses due to the formation of microscopic cracks
along the secondary junctlon planes (I1l) in the field of the X-periphery with
loads of F < 10 N must not be completely ruled out. On the whole, however, the
zeneral nature of deformation in the sample cannct be attributed toc simple mono-
ax1al compression to which the nenzerc value of the Oy component which 1s be-
yond the measurement error indicates.

Calculation of the components of the tensor of the deformational potential
for electrons and holes based on data about the change In the energy spectrum
of bismuth with deformation in the investigated system [2] with the use of the
values of eij from this work produces good agreement wlth the results of works

[7 and 8]. It should be noted that the values of Eij determined in a system

wlth dimenslons as indicated in the subscript to Fig. 1, apparently,will bevalid
for samples of any dilameter with preservatlon of the similarity of the entire
system as a whole and an increase in F in accordance With 1ts transverse dimen-
sions.

The authors would like to express thelr endebtedness to N. B, Brandt for
his interest in the work and to B. N. Kodess for making 1t possible to perform
the measurements on the DRON.2 X-ray diffractometer.
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