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The electron-phonon collision frequencies, averaged over the extremal orbits, are ob-
tained for 20 orbits in copper from measurements of the temperature dependences of the
radio-frequency size-effect Iine amplitudes. The collision frequency as a function of the
point on the Fermi surface is determined by mathematical treatment of the data. The
results are represented on a stereographic projection. The relation between the collision
frequency measured experimentally and the electron-phonon interaction matrix element
is analyzed.

Anisotropy of the probability of electron scattering by

This research is devoted to the experimental investi-
gation of the dependence of the electron-phonon col l i -
sion frequency in copper on the position of the electron
on the Fermi surface. As init ial  data, we used the tem-
perature dependences of the line amplitudes of the
radio-frequency size effect on the closed trajectories
for various directions of the magnetic field.

As is known, the size-effect l ines are produced by a
comparatively narrow layer of orbits on the Fermi sur-
face, located near the extremaf orbit, and the line am-
plitude is proportional to the number of electrons from
this layer which pa.ss without scattering from one side
of the plate to the other. Therefore, the temperature
dependence of each separate l ine gives electron-scatter-
ing information averaged over the points lying along the
corresponding extremal orbit  on the Fermi surface. I f
the network of the investigated orbits covers the entire
Fermi surface suff iciently densely, then a suitable
mathematic procedure allows us to find the scattering
probability as a funetion of the point on the surface.[t]

Copper is one of the few metals for which this pro-
gram can be carr ied out at the present t ime, since the
mathematical treatment of the experimental results
makes i t  necessary to specify the Fermi surface V(k)
= 0 of the metal in k space and the velocity v(k) distr i-
bution on it with sufficiently great accuracy. We have
used in our calculat ions the parameters of the electron
spectrum of copper which are given in the work of
HaIse. t2l

The frequency of the electron-phonon col l isions in
copper for a whole series of points on the Fermi sur-
face was recently measured by Doezema and Kocht3l by
using the temperature dependence of the Iine shapes of
the resonances on the magnetic surface levels. The
agreement of our and their results serve as a confirma-
t ion of the correctness of both methods. which is im-
portant, since the two methods were in fact used for the
first t ime in a detai led study of the anisotropy of elec-
tron- phonon scattering.

T H E O R E T I C A L  B A S E S  O F  T H E  M E T H O D

The ampli tude of the size-effect l ines on closed
trajectories is

.4 (r) -  [exp (nr er /  A) - 1] ' ,  (1 )

where Q = el l /mc is the cyclotron frequency (t t  is the
magnetic field, e and m the charge and cyclotron mass
of the electron), and the effect ive col l ision frequency is

the sum of the effective frequencies 7o of the collisions
with impurities and other static defects and 7(T) with
phonons: is11 = Vo + t(T). In principle, the frequency of
electron-electron col l isions also enters in z(T); how-
ever, from the temperature dependence of Z(T) in
copper, measured by different methods in a number of
researches[ '-5] (,  -  T3), i t  fol lows that col l is ions with
phonons predominate in Tfor copper. I f .  ni"y/Q >> l ,
so that the electron can make only a half revolution
along its trajectory in the entire range of temperature
studied, then Eq. (1 ) is material ly simpli f ied:

,4 (z) - exp (-nr /  a) (2)

and becomes very convenient for the measurement of
r(r) .

The fact that the argument of the exponential in (1)
and (2) is expressed not in terms of the path length, as
is customary, but in terms of u, is important in two
ways. First, the scattering probability has a more ex-
plicit physical meaning and it is more naturally com-
pared with theory. Second (and this is the more im-
portant),  when this forrr is used, i t  is not necessary in
the treatment of the results, to calculate the path Iength
of the electron from one side of the plate to the other
along the trajectory, but one can use the known values
of the cyclotron masses. I t  is then more natural to use
for H in the expression for Q not the cutoff f ield,
which corresponds to the left  edge of the l ine, but the
value of the field in that part of the line where the am-
pl i tude A is measured, i .e.,  the half-way between the
characterist ic extrema of the l ine.

The main experimental result that must be compared
with theory is the frequency of the electron-phonon
collisions as a function of the point on the Fermi sur-
face. We shall  f i rst analyze i ts connection with the
parameters of electron-phonon interaction and with the
quantity /, measured in the experiments. The ampli-
tude of the size-effect line reflects the change due to
the collisions of the nonequilibrium increment Af of
the electron distribution function. We choose a phonon
with such a wave vector q and energy e that the
coliisions with it are allowed by the conservation laws.
The changes af at the point k are due both to the
change in the number of departures from the state k in
collisions with the phonon q:

A lv6" ;  A l [q . ( l -1o , " )  *  (q .  +  1 )  (1  - l ' - , )  ] ,  (3 )

and to the change, as a consequence of the Pauli princi-
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ple, in the number of arrivals into the state k from the

state k + q:

1N' '  -  -Al[ .p./"-"+ (q. + 1)lu*.] (4)

(here E is the initial energy of the electron, fp and

e I are the distribution functions of the electrons and
phonons; the two components in square brackets in (3)

and (4) ref lect the presence of two types of col l is ions:

with absorption and with emission of phonons).

The total change in the number of particles, normal-

ized to a single electron, is equal t6t61
\ \ '  I- 
ft 

: 
= 

t.l,vue[ l.v * ) - 2q" + I + | "+ " - l"-"- o (rr, e).

Inasmuch as the nonequilibrium increments to the func-
tions E6 and fg are small, we have

( e "  +  t ) z  ( ep  + ,  1 )

scalar and taking some average value s, we discard from

M'(k, q) factors of the type of the square of the cosine
between e and Aq; on the other hand, we integrate in
(6) along one of the acoustic branches, in correspond-
ence with the fact that, for a scalar A, M" = 0 for pho-
nons with a purely transverse polarization. Therefore,
the final result of the experiment, which is subject to
compa.rison with theory, must be taken to be the colli-
sion frequency u*(kF) and not the scalar function
a(kf) connected with i t  by Eq. (9). The meaning of the
numerical coefficient in (9) is that it emphasizes that in

calculat ions of y+(kF) i t  is necessary to use the func-
t ion rD(E, e ) in the form (5) and to average (8) over the
energy.

In order to establ ish a connection between v*(kf)
and the quantity 7 which enters in Eqs. (1) and (2), it is
necessary to average y* over states along the extremal
orbit .  Here, however, complications can arise, associ-
ated with the effectiveness of the electron-phonon col-
lisions in the size effect. When scattered by a thermal
acoustic phonon, an electron is displaced along the
Fermi surface by a distance qT E kBT/hs. This change
in the wave vector of the electron is reflected in the
line amplitude A, only in the case when q1 is larger
than the dimensions of the range of effectiveness on the
Fermi surface, i .e.,  the region in which Af * 0. For the
size effect on closed trajectories, the dimensions of the
region vary along the extremal orbit: they are of the
order (6/d)kF (o is the depth ofthe skin layer, d the
thickness of the plate) wherever the electron moves
along the normal to the surface of the plate, and of the
order (o/d)t/ 'kp where i t  moves along the surface i t-
seU. In ]

If  qr/kf ,  (o/a)! ' ,  then any col l ision with a phonon

makes the electron ineffective. Then

h e  y ' i l . k
\ r - - V -

znm,  J  u \
(10 )

( vr is the projection of the velocity of the electron on
the plane of the orbit and the index j denotes the set of
data specifying the extremal orbit)" In our experiments,
however, the inequality

( 6 / d 1 ' ' t q , / k , > 6 / d ( 1 1 )

holds, so that the effect iveness of.the col l isions can
change along the trajectory. In order to take this cir-
cumstance into account, we have assumed, in purely
model fashion, that averaging in (I0) gives rise to an
additional weighting factor

'':*$rr+rit' 02)
where 7 is the angle between the electron velocity v
and the normal to the surface of the sample.

Thus, in experiments on the size effect, one can
measure the quantity I for various orbits; Eq. (12)
(or (10)) allows us in principle to find the function
y*(kf) from them, making possible a comparison with
theory.

E X P E R I M E N T

The amplitudes of the size-effect lines were meas-
ured on plots of the derivatives of the magnetic field
with respect to the real part of the surface impedance,

aR/ aH or azP.f alj,z, in the frequency range 1-8 MHz
(the modulation frequency of the magnetic field was

( e e  -  1 )  ( s " + a +  l )  ( e "  e +  1 ) '
" -u ; : ' '  P :# (5)

(Ep is the Fermi energy, kB the Boltzmann constant).
The total frequency of collisions with phonons is

,  - 1 [ . I r , ( k , q ) o ( E  c ) 6 ( f 1 , -  E t .  r t t J " q .  ( o )
h ,h  J

where k' = k a q, the O function guarantees the satis-
faction of the conservation laws, and M" is the square

of the interaction matrix element. In the simplest
mode l t? l

M'(k'  q) :  f tqL" /  2Vs (7)

(a is the deformation-potential constant, s the speed
of sound, p the mass of a unit  volume of the crystal).

The expression (6) depends on the energy of the

initial state of the electron. In such kinetic effects as

the size effect, the increment Af is proport ional to

aff,)/aE, where ff,) is the equilibrium distribution func-

tion. This means that the nonequilibrium electrons of
interest to us all have an energy within the limits of
the thermal spread. In this interval, u changes little in
compa.rison with i ts mean value, which al lows us,by
averaging the quantity v itself along the normal to the
Fermi surface:

To use the value y+ already averaged over the energy
in the final expression for the line amplitude.

Substi tut ing nqs. (5)-(7) in (8), and changing the
order of integration, we obtain (under the assumption
that the radius of curvature of the Fermi surface kF
>r kBT/hs, cf . t t l )

" '1r,,1:J-A(aLi : ' -ear-" : te?l o::f . ' ' ) ' ,  (e)
2n h's'pu J (e" - 1)" x h's"trtu

where the ( function t(3) = 1.20, and v is the Fermi
velocity. The subscript index F in the argument of the
function y* in (9) serves to emphasize the fact that now
the argument takes on only values lying on the Fermi
surface itself, since the averaging takes place along the
normal to i t .

Actually, the deformation potential is a tensor I and
enters in the matrix element in the form of the combina-
tlon

! ,pu , /  d r l -  (eAq) ,

where u is the deformation vector, and e is the unit
vector of the phonon polarization. Replacing i  Oy a

v ' ( f r . ) : T t u ) t t a r  / T o t o u .  ( d )
J  I J
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18 Hz). An autodyne generator was connected in a nega-
tive feedback loop of the type proposed by Egoroy.troJ
This allowed us to carry out studies over a wide tem-
perature interval at a practically constant sensitivity
of the recording circuit. Furthermore, the stabilization
of the amplitude of oscillations made it possible to op-
erate at low levels of generation (50.1V), which
guaranteed the absence of heating of the sample (rela-
tive to the thermometer) by the induction currents.

Measurements were carried out over the tempera-
ture range 1.5-12'K. The coi l  of the generator, to-
gether with the sample inserted in it, was located inside
a copper vacuum-tight vessel filled with gaseous
helium. The temperature was regulated by means of a
bifilarly wound heater wire on the outer surface of the
vessel. Thermal isolation of the vessel from the tank
with liquid helium was accompJished by the use of a
foam plastic covering, sealed with vacuum grease that
hardened upon cooling. The temperature was deter-
mined by measuring the resistance of a 100-ohm Allen-
Bradley radio resistor with a power rating of 0.1 W.
The thermometer was calibrated against the vapor
pressure of l iquid hel ium in the range 1.5-4.2'K and
against the superconducting transition for lead; in the
region of higher temperature, the calibration was ex-
trapolated according to the formula

The accuracy achieved, *tr i" t  *" est imate at +0.02",
appreciably exceeded that necessary for reduction of
the measurements.

Samples in the shape of plane parallel plates were
cut from single-crystal bars. Five samples were used
with the normal to the surface of the plate along the

[100] axis, and eight samples with the normal along

[110] (the angle between the corresponding axis and the
normal did not exceed 1"). The f irst group of samples
was prepared from copper which has a resistance"ratio
r293"y/ r4.2"K of about 400 before annealing in
oxygen and ?000 after annealing; the second was pre-
pared from purer coppert) with a resistance rat io of
?000 and 14000. The method of preparation of the sam-
ples has been described in detai l  in a previous pape1.IrrJ
Most of the measurements were carried out on samples
of thickness 0.5-0.8 mm (the relat ive l ine widths here
were 3-4%). The measurements of ampli tude of the neck
size-effect l ines were made on very thin samples of
0.2-0.35 mm (I ine widths about B7o).

For amplitude measurements, it is important that
the shape and width of the lines do not change through-
out the entire temperature range. At the same time, it
is known that under conditions when the electron returns
many times to the skin layer, the skin-Iayer thickness
6 and the width ofthe size-effect l ine depend on the path
Iength 7.tu1 AII our measurement" *ut" made in a f ield
H parallel to the surface of the sample, so that multiple
reentries of electrons in the skin liayer were possible in
principle. Therefore, we checked the constancy of the
shape and of the width of the lines in each series of
measurements. Changes actually took place for the
size-effect Jine from the central sections in thin (0.2-
0.3 mm)samples. There were no changes in thick sam-
ples which, in addition to everything else, indicates the
absence of multiple reentries and the applicability of
Eq. (2). For the neck size-effect l ines, samples of
thickness 0.2-0.3 mm were thick enoush.

0 200 t00 a00 600 ,oo, ,roorr, 
!!o!{

FIG. 1. Temperature dependences of the amplitude of the size effect
lines on a sample of copper of thickness d = 0.53 mm with normal along
the I l00f axis. The frequency o;l2r = 3.5 MHz. The numbers at the
straight lines indicate the orbits in correspondence with the enumeration
given in the table and in Fig. 2.
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No. of l-on 
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l * *
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3
4
5
6
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of orbit
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s c r . ' K  3

0
5

l 0
l 5
20
25

E

B

c)

\.370
1.365
r .353
1.351
r 365
1 . 4 1 0

0
8

l 6
i0

60
65

50
55
60
65
i0

3 .  l3
3 .  l0

3.16
3.6 I
4.65

7 . ,
8
p
l 0
l t
t 2
l 3

b

O

1.370
t.3ti5
1 .355
1.402
1.385
1.400
r .458

3 .  l 0
3 . i t
3.22
2 . 1 6
202
25;
i 4 8

' 1 " .  
|  

45  
I i  ' ' ,  I  704

3

? - ' :  I  a . ( l s r ) ' .
L)

0.467
0.46
0.468
0.500
0.547

l 6 I
22.4
18.2
17.8
16.7

" l
*0 and g are the spherical coordinates of the direction of the magnetic field

( 0  = 0 c o r r e s p o n d s r o  H  l l  [ 0 0 1 1 . 0  = q 0 " . p = 0  H  l l  [ 1 0 0 ] .
**Orbits I and 7 are distinguished by points of tangency of the trajectory with

the surface of the sample.
***Orbit l4 is known in the l iterature under the name "dog bone."
****An open orbit, the effective mass for which is unknown; in the calculation

of i lT3,we have tentatively set m = mo.

The anisotropy of the orbits with extremal dimen-
sions in copper were studied in detail by the size ef-
fect[t ' ]  and also by magnetoacoustic osci l lat ions.ttal
We used the results of these researches to i.dentifv the
observed l ines.

Inasmuch as the temperature nange in which the
measurements were carried out was always sufficiently
large (see, for example, Fig. 1), the determination of
the power of T in the function t(T) Oia not entail any
difficulty. On all the orbits studied by us, the quantity
z was undoubtedly proportional to T3. The results of
the measurement of the coefficient of proportionality as
a function of the position of the orbit on the Fermi sur-
face are shown in the table and in Fig. 2. The cyclotron
masses in the (110) plane were taken from the work of
Koch et al. , I i5] and in the (100) plane from our calcula-
t ions (see below).

The results were averaged over a large number of
values obtained with various samples and in various
experiments. The scatter of the points about the mean
value did not exceed 1070, which characterizes the ac-
curacy of our measurements.

According to Kamm's identification of the orbitsItn],
one of the lines measured by us (group I in the (100)
plane in the Kamm notation) belongs to an open orbit.
Therefore a conditional value of 7 is given in the table,
computed under the assumption that the cyclotron mass

A(r)/A(0)
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FIG. 2. Dependence of the collision frequency, averaged over the
orbit, on the direction of the magnetic field. For convenience in the
following discussion, the orbits were renumbered (see the table). The
dashed line connects points obtained for orbits on the neck for various
directions of H. See the text concerning the continuous lines near
oo in t s  l - 13 .

101

FIG. 3. Location of the studied orbits on the stereographic projection
of the Fermi surface. The broken lines indicate orbits obtained for H in.
the {100} plane, the continuous lines - for H {l l0}. The orbits I and 7
are ident ical .

is equal to the mass of the free electron me. This point
was not plotted in Fig. 2.

Because of the cubic symmetry, al l  the physical ly
different points of the Fermi surface of copper can be
mapped on l/ 48 of the stereographic surface of a sphere
(the vicinity of the [111] direct ion is occupied by the
neck). Then each orbit has the shape of a broken line.
As is seen from Fig. 3, the orbits studied by us form a
sufficiently dense net covering the entire Fermi surface,
with the exception of the immediate vicinity of the neck.

MATH EMATICAL TREATMENT OF
T H E  R E S U L T S

In order to transform the values obtained for Zi, i.e.,
to f ind the function y*(k) from them, we used the 

"

fol lowing procedure.It ]  Represenfing y"(k) in the form
of a sum of test functions:

substituting this sum in (12), and calculating the inte-
grals over the sections of the surface V(k) = 0 by
means of a computer:

o, : _L_d; I' ( k) | cos r I a* _ _!_f ft'f, I cos r I I v V I dE"'-i",r,,- Y ,'(kJ- *,""*J 
--(kTffi' (14)

,
we reduce Eqs. (12) to a set of algebraic equations:
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n / T '  : \ a 4 w , ,  j  :  1 , 2 , . . . ,  p ;  i :  1 , 2 , . . . , t ,

in which the number of equations p is equal to the num-
ber of experimental points used, and the number t of
the unknowns is equal to the number of terms in the
sum (13). Naturally, the functions Fi should have cubic
symmetry, as does the desired function z+(k), and the
inequality t < p should hold, inasmuch as the computed
coefficients aii and (especially) the experimental values
ii arc known only with a certain accuracy. The solution
of the overdetermined set (f5) is found from the condi-
tion of the minimum of the quadratic form:

S  t  t  - +  \ 2
,  , : T l  r , -  z ' ) ' . a  u , l

When choosing the set of test functions, we must keep
the following in mind. Even for accurately known I; and
ai;, the problem has an infinite number of solutiond.
Actual ly, the function u+(k), which is a solut ion of the
problem, can be measured arbitrarily at those parts of
the Fermi surface through which our p contours do not
pass (for example, in the vicinity of the point G in Fig.
3), without spoit ing Eqs. (12) here. I t  is natural that we
must strive to find the simplest, smoothest solution
from dmong all those which satisfy the experimental
data. Therefore the test functions should oscillate as
little as possible and their number should be as small
as possible.

This same limitation follows from other considera-
tions. l.et us assume that the aii are calculated with
relat ive accuracy 4 = Aaij /ai1. t tren we must have,
fo r  a l l  j ,

a v i  f - \  ,  ,  v i- : = n l  l a . D l < < -
? J J  ' /  I

For each specific system of t test functions Fi, the
inequality (16) means that the root (15) should not be so
Iarge in absolute value to make z1 in (1b) a small dif-
ference between large numbers. 

'

From the theoretical calculations of Nowak.[]61 from
the data of Doezema and Kocht3l,  and aLso from the
preliminary analysis of our data, it follows that the de-
sired function r;+(k) has a very sharp maximum in the
vicinity of the neck" In order not to increase the number
of terms of the expansion (18), we have chosen to
eliminate orbits 14 and 15, which pass through the neck,
not to consider the function zf(k) 'obtained from (fg) in
the immediate vicinity of the neck, and to use the
directly measured value frs tor va on the neck (see the
table ).

As the test functions Fi we used the first terms of
the Fourier series

F / r - \  f ]  lak '  nak . ,  mak,r r " a ( K ,  :  
) ,  c o s  _ ; - c o s - - ; - c o s -
1 ! : l

(17)

( l  + n  +  m  = 0 ,  2 ,  4 r . , . ,  a  =  3 . 6 0 3 A ,  t h e  s u m  i s  o v e r
the permutation of the indices x, y, z), the f irst terms
of the series of cubic harmonicsIrt ]  Ki( g, E), and also
combination of the functions (13) and the modulus of the
radius vector (t f l  + t<f,  *kZ)4".In both calculat ions,
the number t of terms of the sum (18) did not exceed
four. Even at t  = 3, and the more so at t  = 4, for any of
the combinations of test functions given above, the re-
sults are accurate within the Iimit

o, :  lo ._  r , l ,a . ,w . l  / r ,<  ro , lo .I  t t

V. F. Gantmakher and V. A. Gasparov

a 1 5

i\
+ t

r u711 ' r u  |  r c c - ' . ' 6 - r
t t t
201

,rI
I

t r l
O L

(15  )

(16 )ir01 |

(13  )

20 30 t0 50 60 70
l//0] a,deg

867



trl

"f o
+

o
+

0"
l/ili 

-'' 
i- 0n]

FIG. 4. Anisotropy of the quantity r* in the {100} and {l l0} planes.
The shaded bands and the value of u* on the neck (denoted by the cross)
are the results of our measurements. The points are the measurements of
Doezema and Koch. [3] See the text concerning the continuous and dot-
dash curves.

The functions y+(k) were naturally different each
time, but the differences were comparatively small.
This is seen, for example, from Fig. 4, on the inter-
sections of the lunction y+(k) with the planes {tOO} anO
{ftO}. ttre region where the values of the functions
y+(k) fal l  for various functions Fi is shown shaded.
The points refer to the results of Doezema and Koch[s],
the crosses to the value of y+ obtained from our ex-
perimental result (see the table) from Eq. (12) under
the assumption that y+ and zy do not change along the
orb i t  a t  the  neck :  u+  =  n i rs i2 .

In the neighborhood of the (110) direct ion, the
shaded region encloses a region of negative values.of
y+. The fact is thatthe true value of y* inthis port ion'
of the Fermi surface is much smaller than the mean
value uju. Therefore, the contribution of this region to
the integrals (12) and (t+) is very small  and is com-
parable with the inaccuracy of the calculations them-
selves. The inaccuracy of the final results (the band-
width) is approximately the same over the entire Fermi
surface, and was found in this part to be greater than
the value of the function itself. Thus, while we have
artificially eliminated the region y*(k) >> r$u (the
vicinity of the neck) from consideration in the first
stage of the calculat ion, the region /+(k) << r{u i tsel-f
drops out in the course of the calculation.

To be able to estimate the role of the model weight-
ing factor I  cos I I  introduced in (12), we have drawn
two curves of ,+(k) for comparison, both obtained for
the same functions Fi. One of them was calculated with
account of I  cos 7 l ,  i .e.,  with Eq. (12) taken as the
starting point; it is described by the formula

y' /  T" :  (3. '16-28.61,,0 - 6.65F,,0 + 36.61,,,)  .  103 sec-r oK-3 (t01

(the solid curve). The second was calculated without
lcos I l ,  start ing with formula (fO) (tne dot-dash curve).
It is seen that the weighting factor leads mainly to a
shift  of the function u*(k) along the ordinate axis, with-
out affecting the location of its extrema on the Fermi
surface.

For each of the obtai.ned functions y*(k), we can use

{m1l ft011

FIG. 5. The function (18) u*(k)/T3 in units of 106 sec-r 
oK-3 for the

Fermi surface of copper in stereographic projection. There are no reliable
data in the shaded regions.

Eq. (12) to construct the function n\ l / lHl ),  which in
our problem is essentially the initial function fiust this
function was known at the p points). The result of such
calculations for the function (19) at H rotating in the

{toO} ana {ftO} ptanes, is shown by the sol id curve in
Fig. 2. A compa.rison of this curve with the experi-
mental points 1-13 demonstrates the accuracy of the
mathematical algorithm employed. The function (18),
constructed over the entire Fermi surface, is shown in
Fig. 5; With account of all that has been noted above,
this drawing can be regarded as the basic experimental
result of our research.

DISCUSSION

First. we should note the coincidence of our results
with the results oftul. From the point of view of the dis-
cussion of the correctness of our experiments, this
agreement confirms the validity of the choice of the
effect iveness weighting factor, introduced in (12). Our
first experimental data-the values of zi give in Fig. 2
and in the table-agree with the values obtained from
the cyclotron-resonance measurements of lldusler and
Welles (points 1 and 15). It seems to us that this indi-
cates that even in cyclotron resonance there is an un-
equal effectiveness of the small-angle scattering along
the Iarmor orbit. The width of the layer of resonating
orbits in cyclotron resonance is determined by the de-
pendence of the cyclotron mass m on kg. However,
another usually smaller dimension of the region of ef-
fectiveness, the dimension along the extremal orbit, is
more important from the viewpoint of scattering effec-
t iveness. As in the size effect, i t  is equal to (O/R)kF
whereever the electron moves along the normal to the
surface of the metal and the scattering leads to a shift
in the center of the trajectory along this same direction
(R is the Iarmor radius). Where the electron moves
along the surface and the scattering act involves only
its phase or rotation, the dimension of the region of ef-
fect iveness is equal to (6/n)t/ ' �kp.

Of course, the weighting function I cos 7 |  is not
universal.  Measurements of 7 on copper at H rt [100]
were also performed intsl by means of ultrasound damp-
ing. Here a value of t was obtained that was half the
size of our result and the result oft*1. The same authors
assume that the divergence is explained by the fact that
the conditions for effectiveness in their experiments
were satisfied with an insufficient margin.

Reference was made above to the theoretical calcu-
I;ations of the frequency of electron-phonon collisions in
copper, carr ied out by Nowaktt6l by means of a pseudo-
potential taken from the augmented plane wave model.
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Nowak[tu] and Doezema and Koch[3] made a comparison
of these calculations with experiment and noted their
qualitative agreement with the anisotropies of the col-
l is ion frequency z*(k) experimental ly observed in[3J,
but in the presence of compa.ratively small quantitative
divergences: the experimental points were above the
theoretical curve almost everywhere. In relation to the
calculat ion of Nowakl '8],  there are some obscurit ies.,
F i rs t ,  the  numer ica l  coe f f i c ien t  (S / r )g (3)  *  1 .15  ob-
tained by us in Eq. (9), is somewhat different from the
coeff icient (24/ 7r) (( 3) E 1.31 obtained by Nowak int l8l
(see Eq. (9) there), although the course of reasoning is
similar. Second, the results of the calculation shown in
Figs.4 and 5 of Nowak's worklt6l do not agree with one
another. In view of this fact, i t  seems to us somewhat
premature to draw any definitive conclusions as to the
significance of the quantitative divergences between
theory and experiment.

The authors are grateful to L. G. Fedyaeva and
P. D. MiI'man for help and valued advice in the math-
ematical calculat ions, to G. I .  Kulesko and V. N.
Matveev for help in preparation of the samples, to
J. Ie Hericy for supplying a single crystal of pure
copper, and also M. Ice, who kindly sent some pre-
liminary results of his calculations.

: .  -r)This single crystal was grown by J. Le Hericy (Centre d'etudes de
Chimie Metallurgique, France.
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,{nisotropy of the Electron-Phonon Scattering
Rate in Metals

V. n'. Gantmakher and V. A. Gasparov
Institute of Solid State Physics of the Academy of Sciences of USSR,

Chernogolovka, USSR

A method of measuring the temperature dependent part of the electron seattering rate
v(T) for separate groups of electrons has been developed on the basis of the radio-frequency
size effect. The temperature dependence of the amplitude of a radio-frequency size effect
line yields information on the probability of electron scattering averaged over the vicinity
of the corresponding extremal cross section of the Fermi surface (FS).

This method was applied to trvo problems:

1. the determination of the electron-phonon scattering rate on the FS point-by-point in
noble metals; and

2. the extraction of the contribution of electron-phonon scattering collisions with elec-
tron transfering from one sheet of t'he FS to another to the total electron-plonon scattering
rate,

tr'rom experiments in copper and silver performed in the range 1.5-10 oK the
values u(T) : atTs are obtained for 26 different orbits covering the FS of these
metals with a rather dense network. The electron-phonon scattering rate was
restored on the n'S point-by-point from the data by a mathematical procedure.
The results are presented on stereographic projections. The function r(lc) has
strong maxima on the necks and minima along the (110) directions. Again, there
are local maxima along (100). Maximum - scattering - rate anisotropy is of
about a factor of 30.

The analysis of relations between the scattering rate and the momentum gap
value between neighbouring sheets of FS shows that freezing out of electron-
phonon collisions with electron transfering from one sheet of tr'S to another leads
to a complicated temperature dependence of the scattering rate. The behaviour
of the function u(T) for small groups of electrons in tin and indium was studied
in the range 2.3-5.5'K. The electron-phonon scattering rate is approximately
proportional to T3. Some correlation of the coefficient a and the minimum gap
value (minimum space to another sheet of the X'S) along the extremal orbit is
observed.

Discussion

Pippard: Could I just ask for information, of anyonc s'ho kno'ws the answer? Do you
understand why the curve has the shape it does ? Why is the strong interaction at [100] so
rveak at [110] ?

Koch: I think this is really something for the theorists to answer. The neck, quite clearly,
represents the interactions with the transverse phonons. I don't know why the [100] point
is as strong as it is, although if you look at the local radius of curvature of the Fermi surface
at the [100] point, it is only 1/3 of the free electron value, so it is st'rongly distorted but still
spherical.
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Mueller: It is basically the effect of hybridization which is mixing in the d electrons
rvhich gives rise to the distortion of the X'ermi surface of copper. As a result one sees here in
copper the differences between strong p-coupling (at the neck) which is very large, d-coupling
which is very small and s-coupling, which is sort of moderate. So what you are seeing is the
different admixtures of these couplings as you move around the X'ermi surface, coupled basi-
cally through the transverse modes. We agree very much with what Mann was saying, in
that approximately 700/6 of the coupling is due to transverse phonons, through Umklapp
processes rather than longitudinal phonons, as you might at first think, So, these anisotropies
that you are seeing are reproduced in, and are due to, the different character of the wave
functions at each point on the T'ermi surface, caused by different kinds ofhybridization with
the d bands.

Seegcr: It surprises me that, Gantmakher is able to represent such big anisotropies with
a spherical harmonic expansion. My own experience, in other fields, is that this just doesn't
rvork, because such a large anisotropy, a factor of 30, usually calls for a large number of
harmonics.

Koeh: One point to notice is that he clearly does nof get a factor of 30 out of it. In the
fit itself he produces a variation which ranges from negative values for [110], which is cer-
tainly unphysical, to something like 15, which is almost a factor of 21/2 less than the maximum
that's really observed. He does put the neck point back in, saying that, after all, it has been
measured and it is that high, but the cubic expansion does not reflect the full anisotropy.


