’D. 1. Pushkarov and Kh, I. Pushkarov, J. Phys. C 10,
3711 (1977).

$D. I. Pushkarov, Zh, Eksp. Teor. Fiz. 64, 634 (1973) [Sov.
Phys. JETP 37, 322 (1973)].

"Kh. 1. Pushkarov and D. I. Pushkarov, ICTP, Trieste, Int.
Rep. IC/77/142.

Translated by J. G. Adashko

Anisotropy of the scattering of conduction electrons by

dislocations in aluminum

V. T. Petrashov

Institute of Solid State Physics, USSR Academy of Sciences
(Submitted 15 December-1977)
Zh. Eksp. Teor. Fiz. 74, 1853-1862 (May 1978)

The de Haas-van Alphen effect was used to measure the broadening I', due to electron scattering by
dislocations, of the Landau levels of the electrons of the 8 and 7y sections of the Fermi surface of
aluminum. The dislocations were produced by uniaxial dilatation of the samples directly in the course of
the measurements at 1.3 K, at a load o || [111], and in a magnetic field B || [110]. It was observed that T’
depends strongly on the position of the electron orbit on the Fermi surface and on the dislocation density.
A ratio I',/T; =3.5 is obtained for dislocation densities D~ 10%, and decreases to 2 with increasing D.
An increase in the areas S of the extremal sections of the Fermi surface is observed at the same time
when the degree of uniaxial deformation AV /V is increased. The values of u = —(3/2)(AS/S)/(AV/V)
were measured and found to be 90 and 60 for the B and 7y sections, respectively. These values of p were
used to calculate the anisotropy of the broadening of the Landau levels in accord with Watts’ theory
[Phys. Cond. Matt. 19, 125 (1975)]. The values obtained are in satisfactory agreement with the results of

the direct measurements.

PACS numbers: 71.25.Hc, 72.15.Qm

1. INTRODUCTION

We have investigated the scattering of conduction
electrons by dislocations in aluminum with the aid of a
procedure based on the measurements of the amplitude
of the de Haas—van Alphen effect, followed by calcu-
lation of the Dingle temperature!®? that characterizes
the collision broadening I' of the Landau levels. Parti-
cular attention was paid to the study of the relation be-
tween the Dingle temperature for electrons on different
sections of the Fermi surface, a relation governed by
the anisotropy of the scattering in momentum space.

In the case of electron scattering by point defects,
the Dingle temperature x; and the (non-transport) elec-
tron collision frequency 77! in a zero magnetic field,
averaged over the i-th electron orbit, are in essence
equivalent characteristics of the scattering!’:

X.=T/nk=h/2xkx. (1)

The connection between the Dingle temperature and the
characteristics of electron scattering by dislocations in
a zero magnetic field has not yet been rigorously estab-
lished. We shall therefore regard the measured Dingle
temperature as an autonomous characteristic of the
scattering, and use relation (1) to calculate the effec-
tive frequency of the collisions with the dislocations in
a magnetic field when we compare the obtained data
with the results of the investigation of scattering by
other methods.

The dependence of the Dingle temperature on the

-
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electronic characteristics and on the parameters of the
dislocation system was investigated theoretically in a
number of papers.!+1°! This dependence is clearly seen
from the Watts formula!”? calculated on the basis of the
mechanism of “dephasing of the quantum oscillations”:

_ heF 2 {(u.);’ez, t=R:D<{,
~ kem, B\ <p e/, £, @)
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where B is the magnetic field, D is the dislocation den-
sity, R is the Larmor radius, F is the oscillation fre-
quency, €=AV/V is the change of the volume in the uni-
axial deformation, [ is the correlation length (seem),

L is the length of the classical electron trajectory, and
AF/F =—(2/3)pe.

If we assume that €2 ~D and I~ D"'/2 then, as seen
from (2), X ~D'? in the case of large dislocation den-
sities (¢>>1) and X ~D/B in the case of small dislo-
cation densities (£ << 1). This agrees with the results of
Vinokur,'® who calculated the probability of the scatter-
ing of conduction electrons by dislocations in the Born
approximation.

It should be noted that the quantities € and [ in form-
ulas (2) are not uniquely determined by the dislocation
density D. Thus, for example, the formation of dislo-
cation dipoles decreases ?—, although the dislocation
density may not change in this case. For this reason,
and also because the existing experimental methods of
determining the dislocation density are not accurate
enough, the comparison of the experimental and theore-
tical dependences of the Dingle temperature on the dis-
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location density is apparently not a sufficiently reliable
means of verifying the theory.

However, as seen from formulas (2), the anisotropy
of the scattering of the conduction electrons by dislo-
cations, i.e., the ratio of the Dingle temperatures of
different electron groups on the Fermi surface in the
limiting cases of high and low dislocation densities, de-
pends much less on the parameters of the dislocation
system and is determined mainly by the electronic
characteristics of the metal:

Xo WF3: mt

i R — ’ D_bol
Xy me gy
X,  (ubF?  Lym® (3)
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If a set of samples with different dislocation densities
is available, it is possible to trace the variation of the
scattering anisotropy and make a quantitative compari-
son with the theory, after first determining all the elec-
tronic parameters that enter in (3). The purpose of the
present work was in fact to carry out such a measure-
ment program.

In parallel with the measurements of the Dingle tem-
peratures, we determined also the transport frequency
73 of the electron collisions from the helicon damp-
ing.!'!) Comparison of the absolute values of T3 and 73!
leads to conclusions on the dependence of the electron-
scattering probability on the scattering angle.['% 13}

2. PROCEDURE AND CONDITIONS OF EXPERIMENT

1. Determination of the Dingle temperature. The de
Haas-van Alphen effect was registered by the *“helicon
generator” procedure first proposed by us for-this pur-
pose.t**) The sample in the form of a plane-parallel
plate was placed in crossed coils. The primary and
secondary coils were connected respectively to the out-
put and input of an amplifier having a sufficiently high
gain and provided with a phase shifter. When positive
feedback is produced, such a system generates oscil-
lations at the frequency of the first helicon resonance*®?
that corresponds to excitation of helicon of fixed wave-
length A =2d in the sample (d is the sample thickness).

In the absence of quantum effects, the generation fre-
quency varies linearly with the magnetic field. In the
quantum region, quantum oscillations are superimposed
on the linear frequency dependence. In our geometry,
the relative value of the frequency oscillations is ac-
cording tof®’

Af oM

7':2“ 55 e 4

where 8 is the angle between external magnetic field B
and the normal to the sample surface.

An important fact from the experimental point of view
is that relation (4), which connects the oscillating
magnetic susceptibility 8M /8B with the generation fre-
quency, does not enter in the instrumental factors.

This affords a unique opportunity of measuring the ab-
solute value of the amplitude 8M /8B of the oscillations
in the de Haas~van Alphen effect without additional cal-
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ibrations. The oscillating quantity is the frequency,
which is readily measured with high accuracy.

(171

According to the Lifshitz—Kosevich theory, when

account is taken of scattering,
oM T exp(—2n*kX/ha.) 2nF

= ———— ()8 ———,
3B Bhsh ZokT/hey) B (5)

where
2e\ TGessMe \| 978 |7
A= () werens ()| S|
mel TN\ Tom, T
w.=eB/m.c.

The Dingle temperature X, as can be easily seen from
(4) and (5), can be determined from the slope of the
plot of
L[ AF L g2kTN

lnG—ln[—;—-sh(ﬁt—)B ]
against the reciprocal field 1/B. Typical plots of InG
for two types of oscillations in aluminum are shown
in Figs. 1a and 1b.

Knowing simultaneously the absolute value of 8M/8B,
the Dingle temperature, and the cyclotron mass we can
calculate the coefficient A in formula (5); this coeffic-
ient is a constant for a given trajectory in a given host
metal and does not depend on the prior history of the
sample. It turned out that 4, =1.6.10%(m’ =0.13m, 1**)),
Ag=1.7+10%(m5=0.118m, **). Knowledge of A, and 4,
makes it possible to calculate the Dingle temperature in
any sample if the temperature T and the absolute am-
plitude 8M /8B are known. This was used by us to de-
termine the increment of the Dingle temperature when
the sample was deformed.

- 2. Determination of the transport frequency of the
collisions. The transport frequency was determined
from the @ of the helicon resonance using the formula

T,,“:eB/Zchc.

The cyclotron mass is m,=9.1% 107?®g. Particular at-
tention was paid to the decrease of the contribution
made to the damping by nonlocal mechanisms, which
are capable of increasing substantially the error in the
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FIG. 1. Dingle plots. Dependence of In G (see the text) on

the reciprocal field for two types of oscillations in aluminum:

a) v oscillations in the third zone of the Fermi surface, b)

B oscillations.
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FIG. 2. Geometry of
experiment,

\
[orf)

{17

measurements of T;}.[1°!

3. Samples, deformation, determination of 1., mag-
netic field. The oriented single-crystal samples were
grown in a dismountable graphite mold, from aluminum
with a resistivity ratio p(300K)/p(4. 2K) = 20 000.

The samples were strips measuring 0.8 X 4 X 40 mm.
The sample orientation is shown in Fig. 2. To prevent
the metal from sticking to the mold, CO, gas (p =50
Torr) was admitted into the vacuum chamber prior to
filling the mold with the metal.’ When the sample
was cooled in the mold, the difference between the
thermal expansion coefficients of the aluminum and
graphite produced stresses in the metal; stresses were
produced also in the course of removal of the sample
from the mold. To relieve these stresses, the finished
samples were annealed in vacuum for 3-5 hours at
500°C.

No stacking faults or large-angle grain boundaries
were observed in the samples prepared in this manner,
and the dislocation density was ~10° cm™, A typical
electron-microscope photograph of an undeformed sam-
ple is shown in Fig. 3.

The Dingle temperatures of 8 and ¥ electrons in the
third zone of the Fermi surface of aluminum®®!?! were
measured directly in the course of unaxial deformation
of the samples at 1.3K. As shown earlier,??? the Ding-
le temperature under these conditions is determined by
the electron scattering by the dislocations, whose den-
sity increases with increasing degree of the plastic de-

FIG. 3, Typical electron-microscope photograph of the
original sample. Individual dislocation lines can be seen, as
well as circular orbits of electrons having areas correspond-
ing to the 8 and v electrons in fields of 8000 G (1), 10000 G
(2) and 15000 G (3).
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formation. Thus, in our experiments the measurements
were made infact on alarge set of samples with different
dislocation densities, starting with the usual D~ 107

- 10°cm™ and ending with relatively high densities at
which the de Haas—van Alphen effect is not longer ob-
served.

The important fact was that only the defect structure
of the sample was altered in the course of the experi-
ment, but the geometry of all the electric and magnetic
fields and their orientations relative to the crystallo-
graphic axes and the sample axes remained unchanged.
This increased significantly the measurement accuracy,
especially in the investigation of the behavior of the an-
isotropy of the Dingle temperature with increasing dis-
location density.

The samples were deformed under creep conditions.
A tension force ranging from 0 to 3 kgf/mm? was ap-
plied to the sample in steps of approximately 0.05-0.1
kgf/mm?®. During each step, the load was fixed and the
electronic characteristics of the samples were mea-
sured. The deformation geometry is shown in Fig. 2.
The deforming unit made it possible to deform the sam-
ple directly in the liquid-helium cryostat at decreased
pressure. Great care was taken in the design of the de-
forming unit to keep the sample from rotating about the
tension axis during the deformation.

Besides the irreversible decrease of the amplitude of
the quantum oscillations in the course of deformation,
which corresponded to an increase of the electron Ding-
le temperature, we observed a reversible change of the
phase of the oscillations (Fig. 4), due to the change of
the areas of the extremal sections of the Fermi surface.
This has made it possible to calculate, by the proced-
ure described, e.g., in [23], the parameters u that char-
acterize the sensitivity of the investigated cross sec-
tions to the uniaxial deformation and are close in char-
acter to the parameters {u) that enter in formulas (2)
and (3). A magnetic field up to 20 kG was produced
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FIG. 4. Typical experimental plots of the oscillation fre-
quency of a helicon generator at various loads. The changes
of the amplitudes and phase of the oscillations can be seen.
Short period-—y oscillations, long period—p oscillations.
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with an electromagnet. The field homogeneity was not
worse than 10°° over the sample dimensions. The cur-
rent-control system made it possible to build up the
field at a rate 1-50G/sec.

3. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

1. Characteristics of electvon scattering in the initial
samples. The electron Dingle temperatures depended
strongly on the sample preparation procedure, and no
correlation whatever was observed between these tem-
peratures and the purity of the metal, the latter being
determined from the resistivity ratio p(300K)/p(4.2K).
The transport collision frequency 73!, measured with
the aid of the helicons, was on the contrary strongly de-
pendent on the purity of the metal (it decrease mono-
tonically with increasing resistivity ratio of the sample)

and depended little on the sample preparation conditions.

The Dingle temperatures of the 8 and ¥ electrons in
three initial samples prepared by the indicated method
were respectively 0.2+0.1K and 0.7+0.1K. The trans-
port frequency 73 in these samples was 6 X 10° sec™?,
corresponding to X =0.007K.

If the sample is subjected to an annealing similar to
that described in Ngst’s method,'**} wherein the dislo-
cation density is decreased, then the oscillation ampli-
tude increases sharply (the Dingle temperature of the
y electrons is decreased to approximately one-fourth),
but the helicon damping remains practically unchanged.
The Dingle temperature of the ¥ electrons of samples
that were deformed and then annealed by the Ngst meth-
0d?* was 0.2+0.1K, and T3 =6 x 10° sec™ .

It can thus be stated that the transport collision fre-
quency in our initial samples is determined mainly by
scattering from impurities, while the Dingle temper-
ature is determined by scattering from dislocations and
their clusters.

This conclusion agrees with the notion that the depen-
dence of the scattering probability W on the scattering
angle 6 in collisions of electrons with dislocations has
a sharp small-angle peak. If it is assumed that elec-
tron scattering through an angle 00~1/N NV is the num-
ber of Landau levels below the Fermi level) influences
effectively the magnitude of the direct current, then the
height of the peak in our initial samples is W(1/N,=107?)
>10*W(n/2). The effective diameter for scattering by
the dislocations, estimated from the data on the de
Haas-van Alphen effect, which is close to the total
scattering diameter, equals 1700 A for B electrons and
6000 A for ¥ electrons.

2. Change of anisotrophy of electron scattering in the
course of uniaxial deformation. Typical experimental
iplots of the Dingle temperatures of 8 and ¥ electrons
against the stress produced in sample are shown in Fig.
7. Two regions are clearly seen: 1) stress region
where the Dingle temperatures and the oscillations am-
plitude are unchanged, corresponding to the Hooke
'strain region; 2) stress region where the Dingle tem-
peratures increase (the oscillation amplitude decreases)
with increasing load (plastic region) (Fig. 4). The am-
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FIG. 5. Dependence of
the relative change of the
areas of the extremal
electron orbits on the
Fermi surface of alumi-
num in the third band:
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plitude decreases irreversibly during the deformation.
The character of the change of the oscillation phase
(Fig. 4) is different: first, the phase varies linearly
with load at all the attained loads; second, the phase
change is reversible, i.e., when the load is removed
the oscillation phase returns to its previous value.

A plot of the relative change of the areas of the g and
Y extremal sections of the Fermi surface of aluminum
in a magnetic field parallel to the [110] axis, and at a
load perpendicular to the magnetic field and parallel to
the [111] axis, calculated from the change of the oscil-
lation phase, is shown in Fig. 5. From the slopes of the
lines on Fig. 5 we calculated the values of the paramet-
ers p (see formula (2)), namely pg =90 and p, =60 (u=1
in the free-electron model).

There is only one known publicationt?®’ devoted to the
effect of uniaxial deformation on the Fermi surface of
aluminum, but the B orbits at B||[110] were not investi-
gated there. The oscillation frequencies F coincided,
for both types of oscillation, with the values obtained:
by Vol’skii*?'): F, =2.8x10°G, and Fg=5x%10°G. The
length L of the trajectory was calculated from the known
area (which was calculated from the known frequency F)
under the assumption that the y trajectory is an equi-
lateral triangle and the B trajectory is a circle.

1 el
Ap,fﬂ sec

21 XpK

3
T;, 10" sec?

FIG. 6. The Dingle temperatures X for the extremal § and v
orbits of the electrons on the Fermi surface of aluminum in
the third zone. Different points on the plot correspond to
different dislocation densities. The dash-dot line should be
the locus of the points in the case of isotropic (in momentum
space) scattering of the electrons by the dislocations. The
dashed lines should be the loci of the points in accord with the
Watts theory!! in the limit of low and high dislocation densi-
ties. The circles mark the experimental results.
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FIG. 7. Dingle temperatures of y and 8 electrons in aluminum
(curves 1 and 2, respectively) vs. uniaxial tension load in
creep conditions at Dingle temperatures corresponding to the
linear section of Fig. 6: ®—first deformation, O—deforma-
tion after heating for 5 hours to 300 K.

The change of the anisotropy with increasing dislo-
cation density is best plotted with Xz and X, as coordin-
ates. In the case of isotropic scattering (in momentum
space) the experimental points should lie on a line mak-
ing an angle 45° with the X; and X, axes. Thisisthe dash-
dot line in Fig. 6.

In the limit of low and high dislocation densities, the
experimental points should lie, according to formulas
(3), on the dashed lines of Fig. 6. The slopes of the
plots correspond to the directly measured electronic
parameters. The shaded region corresponds arbitrar-
ily to the transition region where §,=1 and £, 1. The
same figure shows the experimental points obtained in
the course of the uniaxial deformation.

It is seen that the anisotropy, i.e., the ratio of the
Dingle temperatures, does not remain constant when the
dislocation density is increased, in agreement with the
predictions of the theory, and changes from 3.5 to 2.
The sign of the change of the anisotropy coincides with
the prediction of the theory, but the experimental slope
of the curve as D - = is approximately double the the-
oretical. This disparity can be regarded as acceptable.

We conclude by noting the following. According to
Watts™? and Vinokur,'® the Dingle temperature is pro-
portional, in the limit of high dislocation densities, to
the square root of the dislocation density, X ~D'/2,
while according to classical concepts'?’ the stress in
face-centered metals deformed under creep conditions
should have a similar dependence on the dislocation
density, 6~D'2, Thus, in our experiments, at high
dislocation density and far from the initial stage of
plastic deformation, the following law should be satis-
fied:

X=Ao,

i.e., a linear dependence of the Dingle factor on the
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load. This is observed in experiment and is shown in
Fig. 7.

It is of interest to investigate in greater detail, both
theoretically and experimentally, the connection be-
tween the electronic characteristics and the parameters
that describe the deformation of a metal under various
conditions. This would lead to a better understanding,
of the mechanisms whereby conduction electrons inter-
act with a real crystal lattice, on the one hand, and of
the metal-deformation mechanisms on the other.

In conclusion, I thank Yu. A. Osip’yan for a number
of useful remarks, V. Ya. Kravchenko and E. P. Vol’ -
skii for a discussion of the results, and S. F. Kosterev,
M. G. Lazarev, S. N. Nikonov, and A. T. Sokolov for
technical help.

The difference between the coefficients of the proportionality
of X and 7! obtained by Bychkov3! and by Dingle!?! leads to
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