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The anisotropy of the electron-phonon collision frequency on the Fermi surface of silver has been determined
from the temperature dependence of radio-frequency-size-effect (RFSE) line amplitudes. In all cases when In 4
is plotted vs T? the expected linear relationship is observed. The average collision frequency for 18 parallel
field orbits on the Fermi surface was determined from the temperature dependence of the corresponding
RFSE signals. Using these average values in an inversion tecimique,a functional form for the collision
frequency over the Fermi surface was determined. Several different functional forms were assumed in order to
determine the best fit to the experimental data. In addition the average collision frequency about five tilted
field orbits has been determined. These average values are in reasonable agreement with values calculated from

the derived analytic expression of the collision frequency.

INTRODUCTION

For many years, the parallel-field radio-fre-
quency size effect (RFSE) has been used as a valu-
able tool for measuring the caliper values of the
Fermi surface of many metals,' and for obtaining
information about electron-phonon collision fre-
quencies.? Experimentally, the RFSE involves the
detection of changes in the surface impedance of a
thin single-crystal slab of metal placed in a mag-
netic field applied parallel to the crystal surface.
At magnetic field values such that an extremal
cyclotron orbit of a carrier exactly spans the sam-
ple thickness, an abrupt change in the surface im-
pedance of the sample is observed. The magnitude
of the magnetic field at which the change occurs is
directly proportional to an extremal dimension of
the Fermi surface.

More recently it has been suggested that tilted-
field RFSE signals should provide a powerful tool
for determining the electron-phonon collision fre-
quency at points on the Fermi surface.® These
signals occur when the magnetic field is tilted with
respect to the sample surface, and the carriers
having their velocity parallel to one surface spiral
along the field to the opposite sample surface
where they again enter the skin depth having their
velocity parallel to the surface in an integral num-
ber of turns. In the case of tilted-field signals
arising from nearly spherical portions of the Fer-
mi surface, however, angles of tilt of the magne-
tic field out of the plane of the sample from 8° to
15° are usually required to observe signals of suf-
ficient strength to be easily resolved.*™® In order
to get point-by-point information for the collision
frequency on the Fermi surface, one would have to
use tilt angles of about 1°. Such angles have proved
to be prohibitively small, thus, a new technique to
obtain point information was required.

The first attempt to develop such a technique was

14

made by Gantmakher and Gasparov,” who deter-
mined the anisotropy of the electron-phonon colli-
sion frequency V*(E) on the Fermi surface of cop-
per. Subsequently, Gasparov® has used their tech-
nique to measure v*(k) in silver. They used the
temperature dependence of the amplitude of paral-
lel-field RFSE signals to calculate the average col-
lision frequency around the orbits giving rise to
the parallel-field signals. From the orbit aver-
ages of the collision frequencies, an inversion
scheme for the data was applied to obtain a func-
tional form for v*(ﬁ). This procedure requires a
knowledge of an analytic expression for the Fermi
surface zp(l?): 0, and the Fermi velocity distribu-
tion. Such information exists for all of the noble
metals.®

In order to accurately compare the values of
V*(E) measured from parallel-field results to cal-
culations, it is necessary to obtain results from
samples much thicker than the electron mean free
path. We have devised a method for extrapolating
measured results to this limit,'° and all of the data
presented here are obtained from this procedure.
In addition, we have measured the temperature de-
pendence of large-angle (~13°) tilted-field RFSE
signals, and have determined the average collision
frequencies for these orbits. These averages are
then compared with the calculated averages, using
the function obtained from the inversion process.

THEORY

In the presence of a magnetic field ﬁ, the elec-
trons in a metal move in reciprocal space on the
Fermi surface in a plane perpendicular to the di-
rection of H. Such motion can result in two types
of orbits in real space (Fig. 1), which can be ob-
served by means of the RFSE. One type of orbit,
Figs. 1(a) and 1(b), arises from extremal dimen-
sion trajectories on the Fermi surface, and re-
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FIG. 1. (a) Electron trajectory on a spherical Fermi

surface in real space for the parallel-field RFSE. (b)
The orbit corresponding to (a) in 2 space. (c) Electron
trajectory on a spherical Fermi surface in real space
for the limiting point tilted-field RFSE. (d) The orbit
corresponding to (c) in % space. In all cases, H denotes
the magnetic field, d the sample thickness, 6 the skin
depth, and ¢ the tilt angle.

sults in closed orbits in real space. These extre-
mal orbits will just fit inside of a sample consist-
ing of a thick flat metal crystal of thickness d,
when H is parallel to the sample surface, and when
=(e/nic)Hd, where k, is an extremal diameter of
the Fermi surface, e is the electron charge, 7 is
Planck’s constant divided by 27, and ¢ is the speed
of light,!! Such orbits are called parallel-field ex-
tremal orbits. A second type of orbit, Figs. 1(c)
and 1(d), results from limiting point trajectories
on the Fermi surface, and arises from spiral or-
bits in real space. An integral number »n of com-
plete revolutions of an electron around a spiral or-
bit will just fit into the sample, provided that it
enters the skin depth on each side of the sample
with the velocity parallel to the surface. Such an
orbit will give rise to a signal if the magnetic field
is tilted at an angle ¢ with respect to the sample
surface, and H= 254K /2sind /ed, where K™'/? ig
the Gaussian curvature of the Fermi surface at
the limiting point.!? These orbits are called tilted-
field orbits.

The measured amplitude of either type of orbit
is governed by the probability that an electron can
traverse the sample along an orbit without being
scattered.? In the case of parallel-field extremal
orbits, an electron could possibly make many such
traverses without being scattered, in which case

s B (5[ (5)
(1)

where V., is the average effective collision fre-
quency for all types of scattering about an orbit,
and Q=eH/m*c is the cyclotron frequency, where

* is the cyclotron mass. In the case where v,/

>>1, so that an electron will have a high proba-

bility of being scattered during half of a cyclotron
orbit while traversing the sample only once, A
=A,exp(-nVg,/Q). For tilted-field orbits, how-
ever, the electrons scatter off of the sample sur-
face after making only one traverse of the sample
during a complete cyclotron orbit, so in this case
A=A, exp(-2nV,,/Q) independent of the relation-
ship between v, and Q.

Unfortunately, parallel-field RFSE measurements
cannot always be made on samples which are in the
limit where #v,,/Q> 1. Therefore, a correction
must be made for multiple orbit effects.'® To
make this correction, one must consider the total
effective scattering frequency, Ve, =v,+vp(T),
where v, is the temperature-independent collision
frequency of electrons with static impurities, and
vp(T) is the temperature-dependent collision fre-
quency of electrons with phonons. For the orbits
we are considering, it is observed that plots of
InA vs T°® yield straight lines, and so vp,=CT?,
where C is a constant for a particular orbit and a
particular sample thickness. (The reasons for,
and the implications of the observed 7° behavior
will be discussed below.) Substituting for v, in
Eq. (1), we obtain

(n/2)CT? = (5/92)v; — In(1 - e™eit/?) |

(2)

For the orbits and temperature range we are con-
sidering, nV,;/S is on the order of one and #C7?/%
<« 1. Under these conditions, Eq. (2) becomes'®

Ind=1nA, -

In(A /A0)= C,+ (1r/&2)CzT3 ,
where

C,= = (nv,/52) =In(1 — e™™1/%)

and

C =C, (1 v-rv,/Q)
Therefore, the slope s of a InA-vs-T72 plot is s
=(n/R)C,, yielding

7/Qs=(1/C)1 —e™™1/9) |

Finally, substituting Q=eH/m*c and H= kjic/ed
for each observed orbit, we obtain

d_ k ﬁ -(um*/k h)D

s—mn*C 1- a) @)
If a value of v, can be obtained, Eq. (3) can be
used to extrapolate values of C, the electron-pho-
non scattering rate in a sample in which multiple
electron orbits can be completely neglected (i.e.,
Tgy:/2>>1). The values of C will be the true val-
ue of the collision frequency around the corre-
sponding orbits on the Fermi surface.
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In order to obtain values of ;, values of d/s
must be obtained as a function of d, and Eq. (3)
must be fit to these values. Such a procedure need
only be used on one orbit if v, is isotropic. Anisot-
ropies in ¥, can be found by applying the analysis
to several orbits widely spaced on the Fermi sur-
face.

Using the extrapolated values of C=v,/T? for
parallel-field extremal orbits, one would like to
be able to calculate a functional form for the elec-
tron-phonon collision frequency V*(E)/T3 over the
Fermi surface. Such a function can be obtained
using the procedure devised by Gantmakher and
Gasparov.” In this case,

— n v*

ij_Tﬂ’l? f VJ_ dk .
where j denotes an extrem«l orbit, and V| is the
projection of the Fermi velocity onto the plane of
the orbit. If one measures values of C; for a series
of extremal orbits and assumes a functional form
for V*(E) containing adjustable parameters, then
using the integral relationship stated above, the
parameters can be determined. Once an analytical
expression for v* has been obtained in this man-
ner, it can be used to compute the average colli-
sion frequency for any electron trajectory.

The RFSE imposes boundary conditions on the
electron orbits which could affect the scattering
efficiency at different points on the orbits. Gant-
makher and Gasparov’ have used a factor of
lcosy|, where 7 is the angle between the electron
velocity and the sample surface, to account for
the scattering efficiency. Gasparov later described
in detail the geometrical conditions under which
one should use this correction. We will show that
while the effects described by these authors can
be present, they must lead to a temperature de-
pendence other than the 7° dependence we have ob-
served.

The T® dependence of the scattering frequency or
mean-free path arises in the following manner. In
general, there are three factors that enter into
determining the temperature-dependent mean-free
path of an electron in a metal.!® First there is the
number of phonons available to cause the scatter-
ing, and because the electrons are confined to the
Fermi surface and the temperature is low, this
number is proportional to 72. Second, the square
of the matrix element for the interaction is pro-
portional to the magnitude of the phonon wave vec-
tor g, and this leads to an additional 7' dependence.
These two factors give the 7° law, and it is expli-
citly assumed that all scattering events are effec-
tive. If there is any angular dependence to the ef-
fectiveness, then the 7° law must be altered. For
example, to obtain the resistivity, one must multi-

ply by a factor of (1 — cos6), where 6 is the aver-
age angle through which the electron velocity di-
rection is changed. At low temperatures, this
leads to a T° law. Thus, one concludes that if all
scattering events are effective, v, should be pro-
portional to T3.

In the RFSE one must consider the effect of aver-
aging the collision frequency along the extremal
orbit to account for different scattering efficiencies
caused by the presence of the skin depth and the lo-
cation of the sample surfaces relative to the orbit
center.>»™® Gasparov and Gantmakher® have given
geometrical arguments for the experimental con-
ditions under which these effects would be appreci-
able, and Wagner and Albers!* have made detailed
calculations of the effect of small-angle scatter-
ing. If one considers a circular orbit of radius R,
then the effect of a scattering event due to a phonon
of average wave-vector ¢, which causes a change
in an electron’s velocity direction by an angle 6
is illustrated in Fig. 2(a). When this event occurs,
the center of the electron orbit is shifted by a dis-
tance d. The angle ¥ in Fig. 2 differs only from
the angle between the direction of the electron
velocity and # by 6. Since 0 is very small at all
temperatures of interest, ¥ is used to mean either
angle.

As scattering through the angle 6 occurs at var-
ious points on the real space orbit, the locus of
new orbit centers defines a circle of radius d. As
can be seen from Fig. 2(a), the shift in the orbit
center is given by d=R(q/k;). If the scattering
event is to be effective in removing the electron
from the signal, then the orbit center must be
shifted toward the surface of the sample (in the z
direction) by an amount greater than the skin
depth 6. This gives rise to the effectiveness con-
dition Az> &, given by Gasparov and Gantmakher.?
Since Az =d cosy, the condition for effective scat-
tering is d cosy> b, or R(q/kp)cosy>5. This con-
dition can only be satisfied when there is some
value of y such that cosy>&/d. In Fig. 2(b), this
value of ¥, 7., defines the boundary between the
shaded (ineffective) and unshaded (effective) re-
gion of shifted orbit center positions. The bound-
ary between ineffective and effective scattering
positions on the orbit is defined by

COSY o= (0/R) kp/q .

The average value of ¢ in this equation is tem-
perature dependent. Thus, for different temper-
atures, a different number of electrons are effec-
tively scattered. The ratio of the number of effec-
tive scattering events to the total number of scat-
tering events is proportional to the unshaded area
of Fig. 2(b). Thus, one concludes that if a geome-
trical effectiveness weighting factor is to be used
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FIG. 2. (a) Result of a scattering event on a circular
orbit in the RFSE geometry, where v is the angle be-
tween the orbit center displacement and #. (b) Locii of
orbit centers produced by scatterings shown in (a) at dif-
ferent points on the orbit. The thickness of the shaded
area is twice the skin depth, and the radius d is deter-
mined by the average scattering angle 6.

in the analysis of data, it should only be necessary
when the strongest temperature dependence of that
factor occurs, and the data does not exhibit a 73
behavior. We have not been able to detect any de-
viation from 7 behavior for any of our data,
therefore, no geometrical effectiveness factor has
beén used in the analysis. Gasparov and Gantmak-
her™® used an effectiveness factor in-analyzing Cu,
but not in analyzing Ag. Since all of their data
appears to exhibit a 7° dependence, we conclude
that it should not have been used in either case.

EXPERIMENTAL CONSIDERATIONS
Sample preparation

The experiments were performed on thin single-
crystal samples of silver which were spark cut

from a large oxygen-annealed crystal having a re-
sistance ratio of about 7000. Slabs 2 cm in dia-
meter were cut to a thickness of 3 mm, and then
thinned using an acid polishing technique similar
to that described by Young and Wilson.?® Slightly
more than 1 mm of material was removed from
each side of the sample during polishing, thus in-
suring that the spark damage resulting from the
cutting was completely removed. The samples
were polished using a mixture of H,PO,, CH,COOH,
and HNO,, in a ratio of 55:25:20. The resulting
surfaces had a mirrorlike finish, and no strain
could be detected from x-ray photographs. Two
samples were produced. One sample had a [001]
normal, and was 0.201 mm thick, while the other
sample had a [110] normal, and was 0.238 mm
thick. In addition, a second [110] normal sample
was cut. This sample was thinned in stages. From
it we measured values of d/s vs d, in order to ob-
tain the values of v, necessary for the extrapola-
tion of the data obtained from the other two sam-
ples.

Apparatus

The sample was placed in the tank coil of a 5-
MHz limiting oscillator.'® This coil consists of
about 30 turns of No. 27 wire, and was free stand-
ing after being cast in Duco cement. The oscilla-
tor was part of a standard field modulation RFSE
detection system,'! using a modulating frequency
of 25 Hz. The amplitude of the RFSE signals was
measured from plots of dR/dH versus either mag-
netic field or tilt angle, depending on whether par-
allel-field or tilted-field measurements were be-
ing performed. The sample coil and dewar system
were located in the gap of a 12-in.-diam pole-face
iron-core magnet which provided a horizontal mag-
netic field in the plane of the sample. The sample
normal # is vertical in this arrangement, and the
magnitude of the horizontal field can be swept as is
necessary for parallel-field measurements. In
this system, the direction of the overall magnetic
field can be tilted out of the plane of the sample
by changing the current in a vertical solenoid sur-
rounding the bottom of the dewar system. To ob-
serve tilted-field signals, the horizontal field was
held constant and the vertical field in the solenoid
was swept. Thus, the resultant field in the sam-
ple rotates out of the plane of the sample. For
small tilt angles, such a system effectively sweeps
the angle, requiring only a small correction for the
change in magnitude of the field. This system is
very convenient, since the orientation of the di-
rection of the field with respect to the crystal axes
can be changed between sweeps by simply rotating
the magnet producing the horizontal field about a
vertical axis.



3290 P. B. JOHNSON AND R. G. GOODRICH 14

The temperature of the sample was controlled
between 1.2 and 7 K by a stainless-steel double-
wall vacuum-can system which isolated the sample
from the liquid-helium bath. The inner can, which
contained an exchange gas, was heated above the
temperature of the 1.2 °K bath by means of a heat-
ing element attached to the can. The temperature
inside the inner can was monitored using a cali-
brated carbon resistor. Using this system, it was
possible to hold the temperature inside of the can
constant for an indefinite period of time.

EXPERIMENTAL RESULTS

Parallel-field orbits

Values of d/s vs d were measured for two paral-
lel-field orbits in the 71/[110] samples at sample
thicknesses of 0.238, 0.43, and 0.59 mm (Fig. 3).
At 0.7 mm, the amplitude of the observed signals
was too small to measure accurately, and at 0.8
mm, no signals were observed. The orbits were
observed when the magnetic field was oriented at
5°and 55° from the [100] direction. We fitted Eq.
(3) to this data, and obtained the best fit in each
case with a value of v,=3X10° sec™. Since the
two orbits yielded identical valuesof v,, we have as-
sumed that 7, is isotropic and have used this value
of 7, to correct all of our data.

Eighteen parallel-field central belly-orbit sig-
nals were observed in the 71 [001] and 72 [| [110]
samples by rotating the horizontal magnetic field
in 5° increments (Table I, Fig. 4). The orienta-
tion of the symmetry axes in the sample with re-
spect to the magnetic field direction was deter-
mined to within 0.5° from the symmetry of the
field position of the RFSE lines. Using the rela-
tion k.= (e/fic)Hd, we determined the sample thick-
ness from the known caliper values k. of the Fermi
surface,”!” along with the measured magnetic

200

d/s (mm K)

150 |~

100— ]

50—

| |
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FIG. 3. Measured values of d/s vs d in #][[110] sam-
ples. The squares and triangles represent data taken
with the magnetic field oriented at 6§ =55 and 6=5, re-
spectively. The curves are the best fit to the data using
Eq. (3). P,;=3x%10° sec”! for each curve. C=3.29x10°
sec~! for the 6 =55 curve and C =4.16x10% sec™ for the
6=5 curve.

field values for the belly orbit signals when the
field was parallel to one of the [100] axes. For the
belly-orbit signal in the 7|/ [001] sample, &, =2.52
X 10® cm™ and H=824 G, and in the 7 /[110] sam-
ple, 2,=2.31x10° cm™ and H=640 G. The result-
ing thicknesses are 0.201 and 0.238 mm, respec-
tively. These thicknesses agree within our mea-
suring accuracy 1%, with values obtained by weigh-
ing and measuring the surface area.!! Using these
thicknesses, the calipers for the other 16 orbits
were calculated and compared with the appropriate

TABLE 1. Values of 6, the angle of the magnetic field measured from [100]; m*, the cyclo-
tron mass in units of the electron mass, and extrapolated values VP/T3 in units of 10% sec™1°K™3
for each of our measured orbits in the [001] and [110] samples. v4/T? are Gasparov’s values

for the same orbits.

7||[001] sample

n||[110] sample

No. ] m* vp/T? vL/T? No. 6 m* v/T? vL/T?
1 0°  0.930 3.92 5.9 9 0°  0.940 4.23 5.9
2 5 0.930 3.15 5.5 10 5 0.939 4.29 5.9
3 10°  0.932 2.28 5.4 11 10°  0.937 4.31 6.1
4 15°  0.935 3.18 5.4 12 15°  0.930 4.23 6.2
5 20°  0.947 5.22 6.1 13 20°  0.938 4.64 6.4
6 25°  0.962 6.84 8.1 14 50° 0.944 3.36 4.9
7 30°  1.027 8.28 10.5 15 55  0.940 3.28 4.8
8 35°  1.180  18.06 16 60°  0.950 4.85 6.0

17 65  0.985 6.66 7.9

18 70° 1.025 8.35 11.0
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FIG. 4. Location of measured parallel-field RFSE or-
bits on the Fermi surface of silver. Group A corre-
sponds to orbits 1-8, B to orbits 9—-13, and C to orbits
14-18 listed in Table I.

values of the Fermi diameter calculated by Halse.®
The agreement was good to within 0.3%.

The amplitude of each of the 18 orbits was mea-
sured as a function of temperature from 1.2 to
6 °K, and in all cases the linear relationship of
InA vs T° was observed. The slopes of the plots
were determined by the least-squares method,
and the coefficient of determination for each plot
was at least 0.99. Using these values for the
slopes, along with the measured magnetic field
values and the experimental cyclotron masses m*,
as determined by Howard,'® we extrapolated values
of C=v,/T? for each orbit (Table I). In addition,
we measured the amplitude of signals arising at
twice the field of the primary signal. Such double
field signals correspond to orbits of half the dia-
meter of the primary orbit, and therefore, it takes
two orbits to span the sample. The temperature
dependence of the amplitude of the double field sig-
nal was identical to that of the primary signal.

Tilted-field orbits

Five tilted field RFSE signals were measured in
the 71| [001] sample by tilting the magnetic field
with the solenoid (Table II). Each signal corres-
ponds to a particular horizontal field between 6
=25°and 45°, in 5° increments, where 6 is mea-
sured from the [100] axis. For the #/[001] sam-
ple, the expression H=2m#%K™/2sing /ed yields H
=2971sin¢ if n=1 and if K™'/? is assumed to be the
free electron Fermi radius. With the horizontal
field fixed at 550 G, the »=1 signal is expected to
occur when the vertical field in the solenoid is at
129 G (Fig. 5). The resultant field is 565 G, and
the tilt angle ¢ is 13.22°. The position on the sig-

TABLE II. Values of 6, the angle of the horizontal
magnetic field measured from [100]; m*=h/2mm,) $(1/
V,)dk; vp/T3, the experimental value for the collision
frequency in units of 10% sec™!°K™3, and v%/T%=(k/
2mm*) $(v*/V ) dk for each tilted-field orbit.

n||[001] sample ¢ =13.22°
No. 0 m* Vp/T? vp/T?
1 25° 1.321 10.69 9.20
2 30° 1.119 10.37 8.70
3 35° 0.997 12.46 7.51
4 40° 0.935 7.23 6.37
5 45° 0.918 9.53 5.84

nal corresponding to these values occurs slightly
toward the small tilt-angle side (Fig. 5). It has
been thought that the small-angle side of the signal
should correspond to orbits which just reach from
the skin depth near one surface to the skin depth
near the other, while the large-angle side of the
signal corresponds to orbits going from one sam-
ple surface to the other. In this case, the large-
angle side of the signal should correspond to the
predicted tilt angle.* However, assuming a value
for the skin depth which is about 10 times larger
than expected, we can, at most, expect the signals
to be 0.5° wide instead of the measured 4°. There-
fore, the standard argument does not apply, and
there seems to be no reason to favor the large-
angle side of the signal as corresponding to the
calculated tilt angle. We are unable to account
quantitatively for the 4° width of the signal, but it
seems to be standard for tilted-field signals aris-

»
=
c
o J
>
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o
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<
7 11 [oo]
x|z Hy = 550 ¢
ol
d = 0.20imm
Il | | | ! | 1 |

0 25 50 75 100 125 150 175 200 225
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FIG. 5. Example of a limiting point tilted-field RFSE
signal. dR/dH is plotted vs the vertical magnetic field
in the solenoid. » =1 and » =2 denote the points on the
line corresponding to where the one revolution and two
revolution spiral orbits are expected to occur. The hor-
izontal magnetic field H, is parallel to [100].
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ing from spherical regions on the Fermi sur-
face.*"®

The temperature dependence of the amplitude
was measured for each signal, and the resulting
plots of 1nA vs T°® yielded straight lines (Fig. 6),
the slopes of which were calculated by a similar
technique and with an equivalent error to that de-
scribed in the parallel-field case. Using the ex-
pression v, = (£2/2n)In(4,/A), values of V/T* were
calculated from the slope, the value of H, and the
value of m* for each orbit (Table II). In this case,
however, the values of m* were calculated from
Halse’s® analytic expression for the Fermi velocity
by numerically evaluating the integral m* =(%/27)
x$(1/Vy) dk, where the integral is performed
around the particular tilted-field orbit. It should
be remembered that in tilted-field orbits, multiple
orbit effects can be neglected since the electron
can complete only one orbit before being scattered.

ANALYSIS
Parallel-field data

Using the extrapolated values of v,/7? for each
orbit, a functional form for v*(E) can be calculated
following the procedure outlined by Gantmakher
and Gasparov.” Assuming v*(k) is of the form
v¥(K)= T3¢, w,F,;(k), and substituting into the in-

|

log (Amplitude) (Arbitrary Units)
T
|

(Temperature)® (°K*)

FIG. 6. Log (amplitude) vs (temperature)3 for each of
the measured tilted-field orbits in the [001] sample. 6 is
the orientation of the horizontal magnetic field measured
from [100].

tegral expression

- _ kK v*(K)
VPJ—anf.£< V. )dk ’

one obtains

Upj '
_T—3—= =1aljw{’ ]=1,2,---,P ’

in which
a;;= r fF’.(E)dk
HTamm%S v (k)
where

V.([©)=VE) (1 - Ty B/|F0|| B2

the line integral is around the jth orbit on the Fer-
mi surface given by zp(lz)= 0,° and p is the number
of measured orbits. In general, {<p, yielding an
overdetermined set of equations whose best set of
coefficients, w;, can be determined by minimizing
the Euclidean norms.
As an initial guess for Fi(E), we used the first

terms of the symmetrized Fourier series expansion'®

F,mn(§)=zcos< > cos <@;_kx> cos <nazk,> 7

(®+m®*+n%=0,2,4,... for an fcc lattice, a=4.0692
A, and the sum denotes the permutation of x y z)
and determined the best fit for from three to eight
terms of the series. The best four-term fit (Fig.
7) is
v*/T3=(-99.28 - 306.0F,
-39.93F,,, — 2.T03F,,,) (10° sec™ °K™3),

(4)

lak,
2

and has a root-mean-square error of 16%. The
large error is mostly due to orbits Nos. 8 and 18
in Table I. These two orbits go far up onto the
neck and as a result have large values of v,/7T3.
If this four-term fit is redone without including
these two orbits in the data (Fig. 7), the rms er-
ror decreases to 13.5% and we obtain

v¥/T3= (~54.56 — 166.5F,
-24.46F ,, —10.05F,,,) (10° sec™ K™) .
(5)

As can be seen in Fig. 7, the maximum near {010)
has decreased, and the increase in the vicinity of
the neck is not so rapid in the curve resulting from
the 16-orbit fit compared to the curve resulting
from the 18-orbit fit. Apparently, by including
orbits Nos. 8 and 18, the accuracy in the vicinity
of the neck is increased, while the accuracy near
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v¥T? (10° sec' K?)

- - - 1° 1 1 1 1 1
45° 30° 15 9) I5° 30° 45° 60° 75° 90°
<Io> <010> <> <lo>

FIG. 7. Anisotropy of v*/T? along symmetry lines of
silver. The dashed curve corresponds to Eq. (4), the
dotted curve to Eq. (5), and the solid curve to Eq. (6).

(010) is decreased. The problem in fitting data
near the neck arises from the fact that the function
is forced to become much larger in the vicinity of
the neck than elsewhere. In order to overcome this
difficulty, we have developed a slightly different
procedure. Previous work on copper’ and silver?®
has shown that the anisotropy in v*(E), in general,
follows the anisotropy of the Fermi radius.?® Thus,
we have multiplied each F,(E) by the dimensionless
quantity (|K| - kg.0)/%mia, Where &, is selected to
be some number that is less than |k|, the Fermi
radius, for all k on the Fermi surface. This ex-
pression forces the expansion to be large near
(010), and larger yet near (111). We have treated
kmin as a variable quantity and retained the first
three terms so that we effectively still have a
four-term fit. By adjusting kmin to be 1.148 72

X 108 cm™, we obtained the following function

(Fig. 7):

v*/T3=(-319.1 - 1416F,,, - 201.6F ,,,)
X [(| k| = 2aan) Pmia] 10° s€C™E K3 (6)

which has an rms error of 13%. This error is
slightly smaller than the error obtained in the four
term fit without the orbits near the neck (Eq.
5); however, in determining the coefficients

for Eq. (6), we have included all 18 orbits. As can
be seen in Fig. 7, this fit retains the accuracy of
the 16-orbit fit [Eq. (5)] near (010), and even im-

proves on the 18-orbit [Eq. (4)] fit near the neck.
In addition, Eq. (6) has the pleasing property of
being positive everywhere, and therefore always
yielding a physical solution.

By increasing the number of terms beyond four
in any of the fits, the function v*(k) starts to oscil-
late. An example of this behavior is shown in Fig.
8, where the results for three, six, seven, and
eight-term fits to 18 orbits using only a symme-
trized Fourier series expansion are shown. The
three-term fit has the same anisotropy as the
four-term fit (Fig. 7), and is only slightly dif-
ferent in magnitude with a slightly larger er-
ror. The error in the six-term fit is 21%,
the seven-term fit is 14%, and the eight-term
fit is 13.5%; however, both the six and eight-
term fits oscillated between (110) and (010). Al-
though the seven-term fit is smooth and has about
the same magnitude as our best fit [Eq. (6)] near
(010), it is negative near (110) and therefore can-
not be correct in this region.

A similar investigation of the effects of increas-
ing the number of terms in the fit has been done
for the symmetrized Fourier series expansion 16-
orbitfit. Inthis case we do not include the two orbits
which contribute tothe large increase inthe region of
theneck, and asaresult, the increase in the magni-
tude of the oscillations with increasing number of
terms is not so great. We have also redone the
Gantmakher and Gasparov fit” to their copper data.
This data is for orbits which include even less

T T T T T T

v/ T3 (10° sec’ K?)

L 1 1 1 1 1 1 1
45° 30° 15° O° 15° 30° 45° e0° 75° 90°
<IHo> <010> <> <lor>

FIG. 8. Anisotropy of v*/T? along symmetry lines of
silver. The solid curve shows the results of including
three terms in the fit, the dotted curve includes six
terms, the dashed curve includes seven terms, and
the dash-dot curve includes eight terms.
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emphasis on the neck region, and in this case the
oscillations are smaller still, but (as they point
out) four terms correspond to the most reasonable
fit.

A similar determination of V*(E) in silver has re-
cently been reported by Gasparov.? He also used
values of /T3, determined from the temperature
dependence of parallel-field RFSE signals, and fit
his datatoafive-term symmetrized Fourier series
expansion. As canbe seen in TableI, his measured
values of /T % are all larger than ours. Because he
did not account for multiple electron orbits within his
samples, we would expect his values to be larger
if his measurements were not made in the limit
where 7V,,/Q> 1. As can be seen in Fig. 3, the
values of d/s increase with thickness, and there-
fore, Vp/T? should decrease as we approach the
asymptotic value corresponding to the conditions
where 7V, /Q> 1. It should be noted that his data
on the 7 |/[110] sample show approximately the
same anisotropy as ours; however, his data on the
# [ 001] sample do not. Our values of 7,/T®
from 6=0° to 6=15° show a larger anisotropy
than his. It is possible that the anisotropy dif-
ference is a result of our data having been taken
on a thin sample. We observed the line shape of
the signals to be more resolved in thin 7 || [001]
samples. The problem occurs because the paral-
lel-field belly orbit signal overlaps another sig-
nal, due to open orbits. The belly orbit and open
orbit signals merge together as the sample thick-
ness is increased. In fact, the caliper values
computed from the field positions of our signals
agree exactly with Halse’s® calipers, while Gas-
parov had to refit Halse’s expression for the Fer-
mi radius to obtain agreement with his caliper
data.

Tilted-field data

Using our Eq. (6), we can calculate the average
collision frequency about each of our measured
tilted-field orbits by evaluating the integral

- _ K v *(K)
VP_Z'nm* V., dk

where v*(k) is given by Eq. (6). These results are
listed in Table II, and as can be seen, are in rea-
sonably good agreement with the experimental val-
ues. In a similar investigation of tilted-field or-
bits on the Fermi surface of copper,? our experi-
mental values were about 3.5 times larger than the
values calculated using Gantmakher and Gaspa-
rov’s’ expression for v*(k)/T 2. The reason for
the discrepancy in this case is probably due to the
fact that their data did not include orbits which ex-
tended far up onto the necks. Therefore, their ex-

pression for V*(E) is not accurate in the neck re-
gion of the Fermi surface over which the mea-
sured tilted field orbits ran. In the case of silver
orbits, Nos. 8 and 18 in Table I went up onto the
neck, and this data was included in our best fit
(Eq. 6). This fit has the additional factor (|E]
—kpin)®min, Which greatly improves the fit in the
neck region. The good agreement between the
measured and calculated average collision fre-
quencies of the tilted-field orbits reflects the ac-
curacy of this fit to the parallel-field data, as op-
posed to fits obtained from a straight symmetrized
Fourier series expansion. When tilted-field orbit
average scattering frequencies are computed using
the straight symmetrized Fourier series best fit
[Eq. (5)], discrepancies with experimental values
arefoundfor Ag similar to the ones found in Cu.

SUMMARY

We have observed the temperature dependence of
the amplitude for 18 parallel-field extremal orbits
and five tilted-field orbits on the Fermi surface of
silver. In all cases, plots of InA vs T° demon-
strated the expected linear relationship, and from
the slopes of the graphs, the average electron-
phonon collision frequency v /7T was determined
for each orbit. Using the extrapolated values de-
termined from the parallel-field data, a functional
form for the anisotropic e —p scattering frequency,
V*(E) was derived which fits the data with an rms
error of 13%. This function uses a combination of
thefirstterms of a symmetrized Fourier series ex-
pansion and an empirical factor which increases the
anisotropy inboth the vicinity of the neck and near
(010). The factor we have introduced is (|k| - Bpin)/
ko0, and it multiplies each of the expansion terms.
This factor helps to distort v*(l?) to insure a more
accurate fit over all regions of the Fermi surface,
including the neck. Using this improved fit, we
have calculated the average collision frequency
for each of the tilted-field orbits, and compared
them with the measured values. In all cases, the
calculated valués were in good agreement with the
measured values.
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FIG. 2. (a) Result of a scattering event on a circular
orbit in the RFSE geometry, where ¥ is the angle be-
tween the orbit center displacement and 7. (b) Locii of
orbit centers produced by scatterings shown in (a) at dif-
ferent points on the orbit. The thickness of the shaded
area is twice the skin depth, and the radius d is deter-
mined by the average scattering angle 6.



