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The electrical conductivity, p ~', thermal conductivity, x, and thermopower, a, of high purity tin single
crystals with p 3,/ po~ 10° have been studied in the temperature range from 3.7 to 16 K. A pronounced
anisotropy was found in a(T') for T > 8 K which can be related to features of the lattice vibration spectrum of
tin. Two types of changes in the kinetic coefficients occur as a result of flexural deformation: those which are
changed by annealing up to 300 K and those which remain unchanged after annealing. It is suggested that
point defects are mainly responsible for the first and twin boundaries for the second. Point defects lead to a
change in the diffusion part of the thermopower and twin boundaries to a reduction in the phonon drag of
electrons. These suggestions are confirmed quantitatively by analysis of the present experiments.

PACS numbers: 72.15.Jf, 63.20.Pw, 61.70. — r, 62.20.Fe

The kinetic coefficients p, », and a enter into the
standard transport equations, which for a crystal of
cubic symmetry in the absence of a magnetic field have
the form'

E=pj+aVT, Q=Ij—xVT, I=af. (1)

From Eq. (1) one can see which kinetic coefficient is
determined under which experimental conditions. For
example, the absolute thermopower « is usually deter-
mined by measuring the voltage U across the specimen
along which there is a fixed temperature difference
AT, so that

a=U/AT| ;. (2)

At low temperatures, transport processes in pure
metals are mainly attributable to the conduction elec-
trons. The magnitudes of p and » are determined by
scattering of electrons by lattice imperfections and by
phonons. According to modern ideas,' thermopower has
its origins in two processes: the direct action of a
temperature gradient on the electron system yields the
diffusion part a,, and the dragging of electrons by the
phonon current which results from the temperature
gradient, yields the phonon drag part ,, i.e.,

a=acta, a.~al, oa,~bl* (3)

in the low temperature region.

There has been noticeably less experimental work on
studying thermopower than resistivity p and thermal
conductivity », and this is due both to the experimental
difficulties (typical values of thermopower for metals
are ~10® V -K™, so that at low temperatures when AT
~107 K, the voltage U~10"° V), and to the complex-
ities in interpreting the measurements. In fact, among
the various kinetic coefficients the thermopower is one
of the most sensitive, both to the electronic structure of
the metal and to the nature of the scattering of quasipar-
ticles, i.e., while p and » are determined by the density
of states and by the scattering probability at the Fermi
surface, the thermopower is determined by the energy
derivatives of these quantities.

New high-sensitivity apparatus based on SQUID’s,
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for example the SKIMP device, have in recent years
been designed which have appreciably simplified the ac-
curate measurement of the thermopower of metals at
low temperatures and also of p and ». As a result of
the work carried out, features of the variation in
thermopower at low temperatures, the role of chemical
impurities on the magnitude of «, (see Ref. 2 for tin)
etc. have been elucidated, but the possible effect on the
magnitude of a of deforming the crystal structure of the
specimen remained uncertain. The result of Rumbo’s
work® carried out in this direction is not sufficiently de-
tailed for deciding on the effect of lattice distortion un-
ambiguously, especially because it is possible that some
uncontrolled deformation of the specimens could arise
in the experimental equipment (see the discussion of this
work in Ref. 4). The effect of lattice distortion on the
electrical and thermal conductivities of metals has been
much studied, the majority of the work being devoted

to the elucidation of the effect of radiation-produced
defects.® Specimens with a high defect density were
usually studied in these experiments and with rare ex-
ceptions they were polycrystalline, which complicates
the interpretation of results.

The initial aim of the present investigation was the
explanation of the influence of distortions of the crystal-
line structure of a metal, produced by low tempera-
ture deformation, on the kinetic properties in the limit-
ing case when the defect density is still small. Tin was
chosen as the material to be studied because its kinetic
properties were well known to us and this simplified the
interpretation of results. In addition, according to Ref.
6, annealing of defects in tin only starts at 20 K and this
makes available a sufficiently wide temperature inter-
val for study. The investigation was carried out on
single crystals, since even preliminary experiments
showed that the effect of deformation depends not only
on the crystallographic orientation of the specimen, but
also on the direction of deformation.

During the course of the work it was, naturally,
necessary to try to explain the anisotropy of the kinetic
properties of perfect tin crystals. Some data on the
anisotropy of p and » are known.”'® Data on the aniso-
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tropy of a are contradictory. According to van Baarle
et al.®, the thermopower of specimens of tin with In
impurity is very anisotropic [the value of b in Eq. (3)
varies from 2.6x 107° V -K™ to —-3.5x 10710 V - K],
This result is, however, not confirmed by the work of
Zavaritskii and Altukhov'® on specimens of higher pur-
ity. Results obtained in the present work show that an
appreciable anisotropy in the thermopower of tin (to be
more precise, in the phonon drag) arises only at temp-
eratures above 8 K, increasing with a further rise in
the temperature up to 16 K. There is evidence of a
possible anisotropy in phonon drag from earlier studies
carried out on Ga (Ref. 11) and also, perhaps, for Zn,
Cd, and Mn (Ref. 12).

Anisotropy of phonon drag is taken (see, for example,
Refs. 12 and 13) to be related to features of the phonon-
electron interaction, on the assumption that phonons en-
train electrons only in separate parts of the Fermi sur-
face. It is clearly essential that for such a selective
drag

Tpe K Tee, (4 )

where 7,, is the phonon relaxation time determined by
electrons and 7,, the relaxation time within the electron
system. For semiconductors or semimetals, in which
the electronic surfaces are spread over several parts
of the Brillouin zone, Eq. (4) is usually satisfied even
at helium temperatures.

In the metals mentioned above, because n=V,_ /€y
(V“ are the Fourier components of the pseudo-potential
and ¢ is the Fermi energy) is small, the distance be-
tween the different parts of the Fermi sphere in momen-
tum space is small, and Eq. (4) will evidently only be
satisfied at lower temperatures, where reliable mea-
surements of phonon drag are still missing.

In the present work, the fact that the magnitude of the
phonon drag depends on umklapp processes within the
phonon system itself is introduced to explain the aniso-
tropy of phonon drag. The strength of umklapp proces-
ses in turn depends on the direction of propagation of
phonons in the lattice. This feature of phonon umklapp
processes was earlier introduced to interpret results
of measurements of the anisotropy in the thermal con-
ductivity of solid helium, !5

EXPERIMENTAL SECTION

1. Apparatus. The experiments were carried out with
the apparatus shown in Fig. 1. It consists of a vacuum
container with electrical leads and an arrangement for
flexural deformation of the specimen. The leads were
introduced into the container by means of either sol-
dering to platinum-glass seals 1 or through capillaries
2. Superconducting leads 4 for the circuits used to
measure U and AT on the specimen 5 were introduced
into the container through the capillaries.

The specimen was deformed at 4.2 K by bending on
the template 10, with R =12 cm (the standard deforma-
tion). Movement inside the apparatus was achieved by
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a rod through bellows 11, bronze draw-thread 9 and pul-
ley 8. The specimen was attached to plate 6 (2 mm
glass-textolite) which had a shape chosen to achieve uni-
form curvature of bending even for intermediate de-
formations. This plate could be returned to its initial

position on removing the load.

The specimens studied were 4 mm diameter, about
60 mm long, single-crystals of tin, with the ratio p,y,/
po~10°. The starting material was heated at a temp-
erature of 300°C and pressure <10”° mm Hg for a per-
iod of three hours. The melt was poured into a slight-
ly ground glass former to which a seed of the required
orientation was soldered. After evacuation, the ap-
paratus was filled with helium gas. The tin solidifica-
tion zone was moved at a rate of 1.5 mm/min. The
glass containing the specimen was etched with hydro-
gen fluoride. Some specimens were grown along the
[001] axis in a quartz sand. After preparation, the
orientation of the specimen was checked by X-rays with
an accuracy of ¥2°. A 1.3 mm diameter hole was made
in the specimen to mount the carbon thermometer 7.

TABLE 1.
. Mea- [ Direction [Direction [Radius AX10'* (B, x 10*
Speci- |surc. | ¢ speci- |of deform-|of curval Po X 10% Qeem  |emeW . Comments
men No. wgfn men axis Jation ture cm| M | g-s K-!
1 1| (0] 12 5.38 24
2 [100] 29 2,55 5,64 29
3 18 3.7 6.2 32
4 12 5.7 6,5 3.54
5 74 74 3.92 *
6 191 11.3 6.72 b
7 20.6 118 742 ¢
8 13.0 9.9 5,57 |‘Anneal 7TK
9 2.65 6.04 31 Anneal 300K
2 10 [110] 1.25 55 2.4
11 [100] 12 6.0 73 384
12 2,0 6.3 282 |Anneal 300K
13 [100] 13.9 108 6.24 *
14 245 6.2 2.9 Anneal 300K
k3 15 [001] 2.35 82 4.0
16 [100] 12 108 13.8 7.6
17 58 108 5.5 Anneal 300K
18 [100] 54.1 21.0 139 *
19 9.05 124 6.8 Anneal 300K
4 20 [100] 1.5 5.34 2.5
21 [110] 12 10,65 124 6.6
22 6.6 8.4 49  |Anneal 300K
23 [110] 52.8 16.0 11.7 g
24 85 88 56 [ Anneal 300K
5 25 [100] 14 5.6 2.2
26 [001] 12 8.5 12.6 54
27 583 9.34 40 Anneal 300K
6 28 [110] 14 5.5 245
29 [oo1] 12 44 7.0 34
30 16 5.7 26 Anneal 300K

Note. The asterisks denote deformation bybending and unbend-

ng.
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FIG. 2. Temperature dependence of the thermal resistance of
tin in the normal state. Values of py/L from the measured re-
sidual resistivity are indicated by arrows. The numbers indi-
cate the measurement number in Table I. ®—original speci-
men; -a—standard deformation with radius of curvature R= 12
cm; 4—maximum deformed specimen by bending and unbend-
ing; O—specimen after annealing at 300 K for 40 h.

Thermal contact between thermometer and specimen
was achieved with GKZh grease. Leads of 0.05 mm
diameter NbTi were soldered to the specimen ~50 mm
apart. Junctions 7 of thermocouples made from 0. 05
mm diameter NbTi and 0.1 mm diameter Au+0.03%
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FIG. 3. The dependence of o/T on T2, Dashed line is o/T cal-
culated from Eq. (3) with a (7) calculated from Eq. (13). The
numbers against the curves mean the same as in Fig. 2.
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FIG. 4. The dependence of o/T on T? for specimens deformed
along [001]. The numbers against the curves mean the same
as in Fig. 2.

Fe were stuck to the specimen next to the soldering
positions; they were calibrated in a subsidiary experi-
ment (¢ ~10"°V -K™), Part of the thermocouple was
laid over the perimeter of the specimen to improve
thermal contact. There were two heaters on the speci-
mens: H1 to produce the temperature difference and H2
for changing the mean specimen temperature. The
specimen was soldered to the 2.5 mm diameter copper
rod 3 inside the container and electrically insulated
from the case (see Fig. 1). The specimen temperature
was determined by the carbon resistance thermometer
7. The temperature difference AT was measured with
the thermocouple in the range from 3.7 to 9 K. Above
9 K, AT was determined by carbon thermometers.
When measuring resistivity, the current through the
specimen was ~10 mA. A null method was used to mea-
sure the potential difference across the specimen and
in the thermocouple. The apparatus for this was a
SKIMP device. The voltage across the specimen could
be measured to an accuracy of 10™* V and the tempera-
ture difference to 10 K. With carbon thermometers
the temperature difference could be measured with an
accuracy of 10 K. The temperature difference across
the specimen during experiments was 102 to 107 K at
temperatures from 3.7 to 9 Kand 0.5 to 5x 102 K at
temperatures between 9 and 17 K.

2. Experimental vresults. Results of measurement of
the resistivity show that it could be well represented by
the relation

p=pst+AT*. (5)

The values of p, and A for the original, deformed and
annealed specimens are shown in Table I. p, changes
proportionally with 1/R on deforming, where R is the
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radius of curvature.

The results of measurements of thermal conductivity
are shown in Fig. 2 and are represented by the expres-
sion

T/x=po/L+BT>. (6)
Values of B,=B,_, are given in Table I.

The results of measurements of thermopower are
shown in Figs. 3 and 4.

DISCUSSION OF RESULTS
1. Perfect single crystals. Anisotropy of p, » and o

Several specimens were always studied for each chos-
en orientation, and their characteristics can be found in
Table I. The residual resistivity of all specimens be-
fore deformation differed insignificantly: p,=1.5 to
2.0x107° Q-cm for specimens along [001] and p,=1.2
to 1.5x107° Q-cm for specimens in the (001) plane.
The difference in the magnitude of p, could be related
both to anisotropy in the residual resistivity” and to the
existence of uncontrolled impurities in the specimen.

The anisotropy of that part of the electrical and ther-
mal conductivity which is produced by scattering of
electrons by phonons was about 30%. The values of A
from Eq. (5) and of B from Eq. (6) for specimens in
the (001) plane were A=5x% 10""* Q-cm-K™ and B=2.2
x10"* W?K™ cm and were A=6.5% 10" Q-cm-K™ and
B=3,1x10" WK™ cm for specimens along [001].
These results define only slightly more accurately the
values found before.”®

The thermopower of specimens in the (001) plane
agrees with Eq. (3) for 7< 8 K with the values a=0.05
x10®V-K2 p==1.94x10"°V - K™, At temperatures
below 5 K, a(T) is usually somewhat smaller and can
change from specimen to specimen. We were unable to
explain this conclusively because tin becomes super-
conducting at 3.7 K and then has no thermopower. At
present one can only talk with certainty about the sign
of a =a, for the case when scattering of electrons is
by phonons.'® It can be seen from Figs. 3 and 4 that
at temperatures below 7 K the anisotropy of a(7) is
small. Using Eq. (3) to interpolate the a(T) dependence
we obtain for specimens along [001], with not very great
accuracy, that ~0.2x10® V- K2 and b~-2.7x10™°
V :-K™. An appreciable difference in the temperature
dependence of the thermopower for the [001] direction
and for the perpendicular direction occurs above 8 K.
This difference was especially evident after carrying
the measurements up to 16 K (Fig. 5). Since the ex-
perimental results were very reproducible for single
crystal specimens produced by different techniques, we
have no basis for ascribing the observed anisotropy in
a(T) to chance factors.

The magnitude of the thermopower and its tempera-
ture dependence for perfect specimens is mainly deter-
mined, over the temperature range studied, by phonon
drag of electrons. The ozt,:bT3 dependence follows, in
fact, from the assumption that the energy flow, trans-
ported by phonons, is proportional to the lattice heat
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capacity, i.e. «T3, and that this energy (or some
temperature-independent fraction of it) is transferred
to the electron system.

Considering the possible interactions in the phonon
system, it is easy to deduce that the energy (or mo-
mentum) transferred to the electrons is, to a first ap-
proximation, proportional to

T'r_‘

P @
where 7, is the characteristic time for processes in the
phonon system in which momentum is lost. It is clear
that while 7, < 7,, which certainly occurs at helium
temperatures, =1 and a,:boTs. However, on raising
the temperature to 7~©6/20 umklapp processes start
occurring in the phonon system and 7, decreases sharp-
ly. It follows from measurements of the thermal con-
ductivity of insulators'” that

1,~C exp(T*/T). (8)

The decrease in 7, leads in turn to a reduction in 8 and,
thereby, in the phonon drag. In the temperature range
where we still have 7,> 7,,,

1922 en(-F) ®

We should point out that, unlike Ziman,'® we are con~
sidering umklapp processes only in the phonon system.
Taking account of the temperature dependence of um-
klapp processes in the phonon-electron systems for a
metal such as tin, in which the Fermi surface inter-
sects the Brillouin zone boundaries many times and 7

is small, represents an over-refinement of the calcula-
tions given below.

In order to establish whether a description of the
change in thermopower with temperature for tin can be
arrived at in such a way, the deviation of a(7) from
the relation which follows from Eq. (3) was analyzed.
We considered the quantity

a+b T —a(T) /T=(1—B) ba/T. (10)

As can be seen from Fig. 6, In(1 —8) does change pro-
proportionally with inverse temperature, as could be ex-
pected from Eq. (9). The value of T* was equal to

N. V. Zavaritskii and O. E. Omel’yanovskii 1181



L"‘"‘/r-(a + M'I}l
/Al

FIG. 6. The dependence of
Inle/T - (a+ b,T%| on 1/T.

2 {n]

s

55+ 10 K for a [001] specimen and 85+ 10 K for a [110]
specimen. The former value is not very reliable be-
cause of arbitrariness in the choice of the parameters
a and b.

The value of 7,,~5x107'°T™ s can be derived by using
the results of measurements of the thermal conductivity
of tin.’® Using the value of 8 determined above, we ob-
tain 7,~3 x 10" sec at 10 K for [110] and 7,~107° sec
for [001]. Analysis of the experimental results thus
shows that phonon umklapp processes take place more
rapidly in tin for phonons in the [001] direction.

We shall try to explain how this agrees with features
of the phonon spectrum for tin®® (Fig, 7). The first
Brillouin zone for the tin crystal lattice is shown in
Fig. 8, with the reciprocal lattice vectors G,. The
condition for three-phonon umklapp processes is

pitp=pst+G, e,te.=¢,,

(11)

where p and ¢ are the momentum and energy of phonons
taking part in the collision process. We shall be in-
terested in processes with the minimum value of €. For
phonons in the [001] direction, umklapp processes are
possible in which G, and G, participate. For G, the min-
imum ¢ corresponds to scattering in which the phonons
taking part are TA phonons (near the point M, in Fig.

7), TA or LA [001] phonons with small momentum and
€= ey, — £y, and TO or LA phonons of energy £~ ¢y,
Clearly for this process €,,~€,,~55 K. For processes
with four G, vectors, processes are possible in which
the participants are a TA phonon (point M, in Fig. 7),

a TA or LA phonon with £=¢, ~¢€,,, and a LA or TO
phonon in the [ 100] direction with £ = €y For these
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FIG. 8. The first Brillouin
zone and reciprocal lattice
vectors of 8-tin,

processes €,,, = 55 K as well.

There are thus five channels for momentum loss by
umklapp processes for phonons along (001). Umklapp
processes for [110] phonons take place with the G, vec-
tor participating. It is easy to see that if phonons in
the [110] direction take part in the collision, then g,
~80 K. However, the required value of the total phon-
on momentum, equal to G,, can also be reached in the
collision of two (001) plane phonons, directed at the
same angle to the [110] direction. The necessary ener-
gy for these processes decreases as the angle increases
and reaches ¢,,, =55 K when two phonons in the [100]
direction with energies ¢,, and ¢, and a TA or LA
phonon in the [110] direction of low energy take part.

The treatment carried out shows that for the [001]
direction there are appreciably more channels with ¢,
~55 K by which momentum can be lost through phonon
interactions by means of umklapp processes. We as-
sume that the anisotropy of thermopower in tin at temp-
eratures from ~10 to 20 K is related to this fact. It is
possible that this mechanism is also responsible for
anisotropy of phonon drag in other metals with com-
plicated crystal structure. A fully quantitative agree-
ment between experiments on the a(T) anisotropy and
the phonon spectrum can evidently only be achieved
through a quantitative calculation of the effect, similar
to that carried out earlier for helium.!®

2. Deformed specimens

Flexural deformation is accompanied by the formation
of dislocations, point defects, twinning and plastic de-
formation by slipping. At low temperatures, plastic
deformation by twinning is usually more probable than
by slipping.?*

The dislocation density can be estimated from the ra-
dius of curvature of the specimen, R, and the Burgers’
vector, B:

N ~(RB)~".
For the standard radius of curvature R=12 cm, N,
=10° cm™.

Annealing, as is known,?® leads to the disappearance
of point defects and probably to some ordering of the
atomic positions near twin boundaries. The surfaces
of deformed crystals were examined with a microscope
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after annealing at 300 K. As a result, the density of
twins for specimens of different orientation was deter-
mined.

The values given in Table II are, of course, of only
an approximate nature because we could not distinguish
separate twins within bundles, by means of which twin-
ning usually takes place, and also because thin twinned
layers are usually removed on annealing.?* X-ray
examination confirmed that (301) is really the twinning
plane.

Resistivity. The increase in the resistivity as a re-
sult of deformation depends on specimen orientation.
For specimens along [110] it is about half the value for
specimens along [100] and [001] (for the standard de-
formation). Annealing of the specimen to 300 K always
leads to a reduction in p,. This change in p, as a result
of annealing is about the same for specimens of all or-
ientations and is Ap{~4x10™° © .cm. We presume that
this annealable part of the resistance is mainly attribu-
table to point defects. Calculation® of the change in re-
sistivity on scattering of electrons by vacancies leads
to the value p!/c~6x10"° Q -cm, where ¢ is the per-
centage defect density. It follows from this that the
density of point defects in the specimens N, ~ 10" cm™.

The deformation-induced resistivity p? remaining after
annealing the specimens at 300 K is evidently due to
scattering of electrons by dislocations and twin boun-
daries. For estimating the former we assume, as
usual, that the cross section for scattering of electrons
by dislocations is of the order of B. Then for N,~ 10°
cm™ we obtain p§< 1072 © -cm. This is an order of
magnitude smaller than p} even for specimens along
[110] for which p? is a minimum. The magnitude of p§
is thus mainly determined by scattering of electrons at
the boundaries. The scattering by a single twin bound-
ary can be estimated from the density of twins. It turns
out that a twin boundary gives rise to an increase of
resistivity by not more than 1072 £ - cm (this value is
about an order of magnitude less than the change in
resistivity on scattering of electrons by the crystal
boundaries, which has been studied by Aleksandrov
et al.®®). It was also noted there that appreciably less
electron scattering takes place at twin boundaries than
at the crystal boundaries.

Deformation also leads to some increase in A in Eq.
(5) (A determines the magnitude of the scattering of
electrons by phonons). The increase in A occurs pro-
portionally to p, (see Fig. 9), and this is one of the
many phenomena of non-additivity studied in scattering
of electrons by phonons and by static defects. The
anisotropy of the change in A is small. The results
in Fig. 9 were used to determine A and B, in the same

TABLE II.

Sppcimep Deformation Twin density cm ™!

orientation direction
[110] [001] 10
[110] [100] 20
[100] [110] 200-300
[100] [001] 200-300
[001] [100] 200--300
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FIG. 9. The dependence of A and B, on p, from Egs. (5) and
(6), where By= Bp +,, for [110] and [001] specimens.

specimens.

Thermal conductivity. The magnitude of the thermal
conductivity of all deformed specimens is well de~
scribed by Eq. (6). The value of B, as of A, changes
slightly with p, (Fig. 9) and with temperature, as had
already been established earlier. No deviation from
the Wiedemann-Franz law »p,=LT was found for tin or
from the previously studied® change in » on going into
the superconducting state, i.e., those deviations the
existence of which in deformed specimens Fedotov
et al.? had discussed.

Thermopower. The change in the thermopowér of tin

.as a result of deformation by bending specimens at

4.2 K is large and depends appreciably, not only on the
crystallographic orientation of the specimen axis, but
also on the direction of the deformation. We shall try
to sort out the picture which at first sight seems con-
fused. As can be seen from Fig. 3, the effect of the
deformation in [110] specimens, deformed along [100]
is removed by annealing. It is natural to assume that
the effect induced by the deformation is produced by
point defects. A change in the diffusion part of the
thermopower would primarily be expected from this be-
cause of its dependence on the intensity of electron scat-
tering by a point defect.

Figure 10 shows the dependence of the thermopower
produced by deformation, a,, on the residual resistivity
of the specimen. At first a linear rise in a,(p,) is ob-
served after which a tendency to reach saturation is
seen. A similar form for a(p,) was observed earlier
in studies of the influence of small quantities of impur-
ities.'® The limiting value ¢;*=1.4x10® V- K™ is
close to the value calculated,’ a;~—0.8x 107 V -K™ for
the case of scattering of electrons by vacancies.

We shall now turn to a consideration of the unusual
form of the temperature dependence of the thermopow-
er of deformed specimens (Fig. 3) which clearly cannot
be described by Eq. (3). Equation (3) can only hold if
the main mechanism for scattering the excitations is
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FIG. 10. The dependence of the thermopower a; produced by
deformation on p,: @—specimen 1; O—specimen 2 (see Table
1); . -—specimen annealed at 77 K for 40 h,

unchanged over the whole temperature range. If this is
not so, then the values of a and b in Eq. (3) can depend
on temperature. We have already used this fact in
justifying the possibility of anisotropy arising in phonon
drag of electrons.

For specimens with p,=10° Q-cm, scattering of el-
ectrons is mainly produced by lattice defects at 3.7
to 5 K and mainly by phonons at temperatures T > 6 to
7 K. Corresponding to this, a would be expected to
change from the value appropriate to scattering by lat-
tice defects, a,, to the value corresponding to scatter-
ing of electrons by phonons, a,, as the temperature is
raised from 3.7 to 9 K. The magnitude of a, can, in
general, be slightly different from the value obtained
for an ideal specimen since effects arise related to non-
additivity of scattering of electrons by phonons and by
lattice defects.

We shall start from the simplest assumption that the
change in a, as a result of the introduction of defects in-
to the specimen is small. We use the well known em-
pirical relation®

a= Y awn [ Y s (12)

to estimate the form of the temperature dependence of
a, where g, and w, are the thermopower and thermal

resistivity for different electron scattering mechanisms.

We are interested in the case
a(T)=(awt+a,w;) [w. (13)

The values of w,, w,, and w can be determined directly
from the results of the measurements of thermal con-
ductivity (Fig. 2). The dashed curve in Fig. 3 shows
the a/7T variation calculated from Eq. (3) with b=-1.94
x 10°V .K™ and a(T) from Eq. (13). The agreement
between the calculated and experimental values is vis-
ible. This demonstrates that the unusual temperature
variation of thermopower can, probably, be explained
along these lines. The values of a; used in analyzing
the experimental variations in this way are shown in
Fig. 10.

The general dependence of a; on p, only applies if the
properties of the specimen are measured immediately
after the deformation. Experiment showed that a; de-
parted from the general q,(p) relation for specimens
which underwent an intermediate anneal up to 77 K.
This would indicate that the change in the strain field
near a defect has more effect on the thermopower than
on the resistivity of a metal.
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In analyzing the properties of [110] specimens de-
formed along [100] using Eq. (13) we assumed that the
diffusion part of the thermopower related to scattering
of electrons by phonons, a,, does not change appreciab-
ly as a result of the deformation. This is not always
so. The results obtained for a [110] specimen deformed
along [001] (Fig. 4) show that for this case not only a,
arises but there is a sharp change in ¢,. This change
in @, manifests itself as a parallel shift of the a/T(T?)
curves. The maximum change in @, is several times
smaller for deformation of [110] specimens along [100].

It could be expected that the characteristics of speci-
mens oriented in the (001) plane and deformed in the
same plane would be identical. It turned out, however,
that an appreciable difference between them was ob-
served (see Fig. 3). We can compare specimens along
[110] and [100]. For a [110] specimen a sharp change
in g, is observed as a result of deformation, while for a
|100] specimen this change is appreciably less; no
change occurs in phonon drag for a [110] specimen
while a noticeable reduction (~10%) in phonon drag is
observed for a [100] specimen.

We have remarked that the difference in p, produced
by deformation in these specimens could result from
different twin boundary density. If it is assumed that
scattering of electrons near a twin boundary does not
lead to an appreciable change in a,, then the difference
in the value of a; produced by deformation in [110] and
[100] specimens can easily be explained by using £q.
(12). In fact, taking the resistance introduced because
of point defects and twin boundaries in a [100] specimen
as p,=p, , we obtain a{!%l ~ 3¢'*°1 which is observed in
the experiments.

Phonon drag. The change in the phonon drag of elec-
trons as a result of deformation could be produced by
additional phonon scattering by both deformation of the
crystal structure of the specimen and by twin boundar-
ies. We shall estimate the magnitude of these effects.

1. For scattering of phonons of frequency w by dis-
locations**

15 ~Ny(1*Bo/2n)

and for y~1 and N,~10° cm™ we obtain 7,~10™ sec.
The scattering of phonons by point defects can be cal-
culated from the relation

3ca?
Tt~ a S,
nu

where S is a quantity characterizing scattering by dif-
ferences in mass, velocity # and radial displacement

R, and ¢ is the relative defect density. Taking the max-
imum possible values of all parameters (AM/M~ du/u
~AR/R~1) and substituting N, ~10'° cm™, we obtain 7,
~10™ sec. Since the time 7,,~107° sec at T ~10 K, it
is clear that scattering of phonons by the lattice defects
considered cannot produce a noticeable change in phon-
on drag for the defect densities occurring in our speci-
mens.

We shall consider the effect of twin boundaries (301).
A change in crystallographic structure occurs at
these. The velocity of sound in tin is anisotropic so
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TABLE III.
Sound veloci . .
Specimen ino riginalomty Specimen orienta- Sound velocity
orientation Mode crystal 10° tion in twin (of unit | in twin 10°
cm/sec vector) cm/sec
[100] } L 3.342 [ 0.457 0 0.889] 3.629
T 1.950 1.948
[001] } L 3731 [—0,889 0 0,457) 3,397
T 1.907 1.956
[110] } L 3,646 [ 0,336 0.704 0.626] 3.543
T 1,907 2.098

that it can turn out that the velocity of phonons prop-
agating along the axis of the specimen is different on
either side of the twin boundary, so that there will be

a reflection of phonons from the twin boundary. (We
shall only consider phonons propagating along the spec-
imen axis and possible refraction in phonon propaga-
tion will not be taken into account).

The reflection coefficient for phonons from a twin
boundary should be K = Au/u, where Au is the differ-
ence between the velocities of sound on both sides of the
twin. The change in phonon drag as a result of this
process is

1—B=27pe/Tps, (14)

where 7,, is the time during which phonons reverse their
momentum as a result of reflexion from twin boundar-
ies:

tw~lKu, (147

where [ is the average distance between twin boundar-
ies. Table III shows the velocities of sound in tin along
the principal directions and in the corresponding twins.

As can be seen from Table III, K~0.1 for longitudinal
modes of vibration in the [100] and [001] directions.
Substituting the distance between twin boundaries and
T, into Eqs. (14) and (14), we obtain at 5 K

1—B~102,

This is in fact a calculation of the lower limit of the ef-
fect since we could not distinguish individual twins in
the bundles which usually arise on deforming tin.*

The absence of a noticeable change in phonon drag in
[110] specimens is evidently due to the fact that the re-
flection of phonons from twin boundaries in that direc-
tion is appreciably less (Table III) than for [100] and
[001] specimens, as well as to the small twin density.

It seems to us that the discussion we have given shows
fairly conclusively that the change in phonon drag as a
result of deforming metals which have a complex cry-
stal structure is due, in the first place, to the reflection
of phonons at internal boundaries arising as a result
of damaging the structure of the material.

CONCLUSIONS

An attempt has been made in the present work to sort
out the influence of crystal deformation on the kinetic
properties of tin, starting from the simplest assump-
tions of the independence of changes in the phonon and
electron systems. Within the framework of these simp-
lest assumptions it has been possible to understand the
existence of anisotropy in the thermopower in tin, the
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change in phonon drag on deformation, the appreciable
change in the diffusion component of the thermopower
related to scattering of electrons by point defects and to
explain the unusual form of the variation of thermopower
with temperature, i.e., to find one’s way among rather
difficult and, at first sight, confusing phenomena.
There remains, however, beyond the limits of the ques-~
tions discussed here, the deformation-induced change
of those parts of the kinetic coefficients which are de-
termined by scattering of electrons by phonons (4, B,
and a,). For this a more detailed theoretical analysis
is required first of all, which takes into account that
mechanisms of scattering by phonons and by lattice de-
fects are, in fact, not independent.
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