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Electron-phonon scattering in silver: Surface Landau-level resonance
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Measurements of the anisotropic electron-phonon collision frequency on the Fermi surface of Ag
are reported for a number of points on the intersection of the Fermi surface with the (100) and (110)
central planes and at the neck and (110) point in the (111) plane. Analyses of the temperature-
dependent surface Landau-level resonance (SLLR) line shapes are used to obtain the electron-
phonon scattering rates at each resonant electron location. The results of this experiment, in con-
junction with previous measurements, give a complete picture of the anisotropy of electron-phonon
scattering in Ag.

INTRODUCTION

In recent years there have been a number of investiga-
tions of the anisotropic electron-phonon scattering rates
I~(k) y=(k)T in the noble metals, copper, silver, and
gold. Theoretical calculations of y(k) have been carried
out for Cu (Refs 1—3) and all three metals have been the
focus of experimental programs employing radio-
frequency size effect (RFSE) [Cu (Refs. 4 and 5), Ag
(Refs. 6 and 7), and Au (Ref. 8)], surface Landau-level
resonance (SLLR) [Cu (Ref. 9)], and most recently time of
flight effect (TFE) [Ag (Refs. 10 and 11)] measurements.
The results of these investigations confirm the existence
of a strongly anisotropic dependence of y(k) on the
Fermi-surface (FS) location of the electrons. Both the
theoretical and experimental studies agree on the general
behavior of the anisotropy, but the details of the magni-
tude of the anisotropy are not in good agreement. In par-
ticular, there are substantial differences between results
obtained using the various experimental techniques.
These differences are especially apparent in the studies
that have been made on Ag. It is the purpose of the
present work to present an independent measurement of
y(k) at a number of FS locations in Ag in an attempt to
resolve some of the existing discrepancies.

The results presented here were derived from measure-
ments of the temperature dependence of surface Landau-
level resonance (SLLR) line shapes. In a recent paper'z
we have reported the results of constant-temperature
SLLR measurements on Ag and have determined the FS
locations as well as the Fermi velocities of the resonant
electrons. Doezema and Koch ' (DK) have made an ex-
tensive study of the electron-phonon scattering rates in Cu
using SLLR and we, in general, follow their technique
and notation in this paper.

The electrons contributing to the SLLR signals are lo-
cated in a small, on the order of 1, angular range about
the k, =0 region on the FS, where k, is the component of
the resonant-electron momentum perpendicular to the
sample surface. The width of this angular range depends
on the depth and radius of the skipping orbit contributing
to the signal. The principal contribution to the signal
comes from electrons having an extremal value of the res-

onance parameter R =(K/Uz)~, where K is the radius of
curvature of the FS in the direction of the orbit and uz is
the Fermi velocity. The symbol l indicates that only the
components of K and uz perpendicular to the magnetic
field are to be considered. In addition, there are smaller
contributions from electrons lying on the k, =O band on
either side of the extremal point. The angular extent of
this contributing region depends on the variation of the
resonance parameter about its extremal value.

It is expected that a single phonon scattering event will
remove an electron from the resonant band with the result
that all scattering events are equally effective. In addi-
tion, as discussed by DK (Ref. 9) and Prange (Ref. 14),
most scattering events will result from collisions with
bulk rather than surface phonons. Finally, in the
(1.5—10)-K temperature range over which the experiment
was performed, electron-phonon scattering will be the
dominant temperature-dependent effect. This means the
total scattering rate should be of the form

where I o(k) is the temperature-independent rate due to
impurities, lattice defects, and surface roughness or curva-
ture.

EXPERIMENTAL

Basic details of the experimental apparatus and sample
preparation were given in Ref. 12 and we describe here
only the additional provisions made for varying and
measuring the temperature of the sample. Thermal isola-
tion of the microwave cavity was achieved by mounting
the copper resonant cavity at the end of a section of thin-
wall stainless-steel waveguide within a vacuum can be im-
mersed in liquid He. The temperature was adjusted by
varying the microwave power incident on the cavity and
by using a noninductive heater wound on the outside of
the cavity. Overall, long-term temperature stability of
better than 0.5% was achieved for the measurements.

Temperatures were measured using an ac bridge to
determine the conductance of a carbon thermometer. The
thermometer was thermally grounded to an oxygen-free
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high-conductivity (OFHC) copper backplate and a
phosphor-bronze spring was used to attach the backplate
and the Ag sample to the microwave cavity. Care was
taken to ensure that a11 thermometer leads were thermaBy
anchored to the cavity and backplate and that good
thermal contact was made between the sample and the
backplate. The thermometer was calibrated at 30 points
between 1.4 and 15 K using a commercially calibrated
germanium thermometer as a standard. The calibration
points were fit using a six-term logarithmic series and ex-
perimental temperatures were determined from this. Con-
sidering calibration, thermal coupling, and instability, the
uncertainty in the temperature determination for each res-
onance curve is approximately 0.5%.

LINE-SHAPE CONSIDERATIONS

Resonance peaks in the first magnetic field derivative
of the microwave surface impedance (dR/dH) measured
as a function of applied magnetic field are observed in an
SLLR experiment. t. The resulting line shapes are described
in the Nee, Koch, and Prange' (NKP) skipping-orbit
theory by three line-shape fitting parameters: R, P, and
I *. The resonance parameter R determines the field posi-
tion of the resonances while P determines the relative am-
plitudes of peaks in a particular resonance series. In a
previous paper' we determined the values of R and P for
the observed resonant-electron locations on the Ag FS and
take these to be known. The third parameter I *=I /co
determines the width 6Hz at half-amplitude and the abso-
lute amplitude of the peak.

DK have used a library of NKP characteristic spectra
to find a relationship between the fractional half-width
bH&/Hz and I'*, where Hz is the field value of the reso-
nance peak and hMz is the width of the line measured at
half-amplitude. Using the (1-2) transition and measuring
the amplitude from the low-field side of the resonance
line, they found 6Hz/FEz to be linear in I * over the range
of fractional half-widths characteristic of their experimen-
tal values. For a cylindrical FS a relationship
b.H /Hz ——1.51I *+0.007 was found to apply in the
range of I * from 0.025 to 0.225. Similarly, for a spheri-
cal FS geometry, where the effects of k~ broadening must
be considered, hH~/H~ was found to be linear over the
range of I * from 0.025 to 0.150 with bH&/Hz
=1.56I *+0.02. We have used the same library of NKP
spectra and have obtained identical results over these
ranges of j. . The Ag FS is locally spherical around most
of the points studied and our line-shape analysis uses the
calculated spectra typical of a spherical FS. However,
while all of the Cu measurements reported by DK fell
into the range of I * from 0.025 to 0.15, this was not true
for Ag. The resonance lines measured in Ag were typical-
ly broader than in Cu and while most of the data fell
below bH /Hz ——0.254 (I "=0.15), some did not. As not-

JP P
ed by DK the relationship between b,H&!FI& and I
changes above I =0.15 for a spherical FS, but we have
found it to be-linear in the range I *=0.15 to 0.3 and ex-
pressible as hMz/H~=1. 82I' —0.018. In addition, we
have examined the relationship of LH {$ 3) /H{ I 3) to I
for the (1-3) transition. Measuring the amplitude of the

(1-3) peak from the high-field side we find a linear rela-
tionship bH(I 3)/H(I 3) —1.71I"+0.005 in the range of
I * from 0.125 to 0.275. We have checked this relation-
ship on lines analyzed using the (1-2) transition with good
agreement and have used it in the analysis of one reso-
nance location.

The experimentally obtained value of I represents a
weighted average of the local values of 1 ' over the range
of contributing electrons. A calculation of the precise na-
ture of the weighting and of the range over which the
average applies requires prior knowledge of the manner in
which the values of I * and R vary around the extremal
location. The simplest case is that of a cylindrical FS,
where both parameters are constant along the k, =0 zone.
Here the value of 1 * is representative of all electrons in
the narrow ( —1') strip about the k, =O line. Only slight-
ly more complex is a region of FS where the cross-section
parallel to the sample surface is circular and has constant
X, U~, and I *. For small I * the only weighting factors
are geometric and the effective range of the contributing
electrons is an angle a around the extremal location for
which

R~ —R„, AHp

R,„, H

DK have calculated this condition to give an effective
strip length on the order of 10 'kF for a typical reso-
nance linewidth AH/H=5%. Real FS conditions are dif-
ferent to varying degrees from these examples, although
for most of the measured FS locations the geometry is lo-
cally spherical and so the second example provides a
reasonable estimate of the length of the effective band.
This estimate must be considered to be an upper limit
since the effective strip length calculated in this manner
neglects all nongeometric line-broadening factors such as
surface, impurity, and defect scattering

A second consideration is that, for a highly anisotropic
I (k), the length of the effective strip and with it the
range of I (k) values contributing to the linewidth is tem-
perature dependent. The variation in the length of the ef-
fective strip can be estimated by examining the effect of
temperature changes on the relative magnitudes of contri-
butions to the resonance line shape from FS locations hav-
ing differing y. The magnitude of the contribution to the
resonance line amplitude from a local region of FS is ex-
pected to vary as I I (Ref. 16), where I I is the charac-
teristic scattering rate of the local region. However, the
temperature dependent part of I causes less than a 5%
variation in I over the (1—10)-K range. This results in a
maximum 10% change in the relative amplitudes of local
contributing regions over the entire effective band. Since
the largest contributions to the overall signal come from
electrons near the extremal location the result of a change
in effective strip length is expected to be small over the
measured temperature range.

This conclusion is supported both by this work and by
that reported by DK since a significant dependence of the
measured linewidth on small variations in the length of
the effective band should cause a deviation from a T
dependence of the measured I *. The measured I * values
are, in fact, closely T dependent for all measured ex-
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tremal FS locations, leading once again to the conclusion
that the temperature dependence of the length of the ef-
fective strip has little effect on the overall resonance
linewidth.

Considering all of these factors, we find that Eq. (1) ap-
plied at the lowest measured temperature provides a
reasonable estimate of the upper limit of the size of the
FS region contributing to the measured resonance
linewidth. The value of y(k) determined from analysis of
the variation of the experimental linewidths with changes
in the sample temperature must be considered as
representing an average over this effective region although
this averaging does not alter the point character of the
measurements to a great extent since the size of the effec-
tive region is small.

EXPERIMENTAL RESULTS

As shown in Ref. 12, the actual spectrum obtained for a
given magnetic field orientation is a superposition of the
individual spectra of electrons at several different FS loca-
tions. The identification of these FS locations from the
associated magnetic field direction is discussed in Ref. 12.
In Ref. 12 only the magnetic field value of the (1-2) [or in
one instance (2-3)] transition peak was used in the mea-
surements and the only requirement was that two distinct
spectra be separable to the extent that any peak shifts in-
troduced by their overlap were negligible. In this work,
considerably more stringent criteria have been adopted.
Since I' is found from the width at half-amplitude of the
peak being measured, we require that no other peaks have
a significant influence on the line shape. This criterion
greatly reduces the number of FS locations which can be
included for analysis.

At the FS locations where this clean-signal criterion is
met we have recorded dR/dH spectra at several tempera-
tures between 1.5 and 10 K. From these experimental

curves we measure ~&/H& and using the appropriate re-
lation find I'*(T). As discussed above, we expect the
dominant temperature-dependent effect on the line shape
to result from single-event scattering between the resonant
electrons and bulk thermal phonons, and this is expected
to yield a linear dependence of I *(T) on T . We have
plotted our data at representative FS locations against
powers of T from T' to T . Qver the temperature range
measured we find a straight line in the T plots showing
only expected experimental scatter in the data points
while other powers of T show varying amounts of con-
sistent nonlinearity. This being the case, we have fitted all
data to a linear dependence on T and use the results to
find the values of y(k) =I~(k)/T . The resulting values
of y(k) at representative FS locations are given in Table I
and in Fig. 1. In Table I, as in Ref. 12, the angle 8 is the
orientation of the external magnetic field, while in both
Table I and Fig. 1 the angle (t gives the FS location of the
resonant electrons.

Also given in Table I are the temperature-independent
scattering rate I 0 at each location. It should be remem-
bered that I o includes both the temperature-independent
scattering due to the bulk and that due to surface rough-
ness or curvature. The values of I o given show some
variation from location to location on the same sample
and considerably more variation between samples. Care
should be taken in interpreting the variation in the mea-
sured I 0 with FS location as reflecting a true anisotropy
in the temperature-independent scattering. In fact, the
relative consistency of the values of I o obtained for a par-
ticular sample suggests that any such anisotropy is small.

An exception to the above general discussion of line
shapes applies to the locations measured in the (111)sam-
ple plane. As discussed in Ref. 12, the amplitude of the
neck signal was less than that of the other resonances ob-
served in this sample. In addition, there was some in-
terference with the neck signal at all magnetic field orien-
tations with the result that it failed to meet our clean-
signal criterion. This failure meant that. measurements of

TABLE I. Experimental values of the electron-phonon scattering parameter y(k) and the
temperature-independent scattering rate I 0. The angle 8 is the magnetic field direction measured from
the (010) axis in the (100) zone, and from the (110) axis in the (110) and (111)zones. The angle (I) is
the FS location measured from ( 100) in the (100) and (110)zones aud from ( 112) in the (111)zone.

(100)

0 (deg)

15
45

P (deg)

4.6
10.8

I (10' sec ')

4.58
4.13

y (10 sec 'K ')

1.91
1.68

(110) 0
10
20
40
70
40
90

0
5.6
9.0

14.2
19.3
38.6'
70 2'

2.41
2.21
2.51
2.31
2.7
2.04
2.06

1.94
1.91
1.65
1.40
0.92
1.94
3.16

17
neck

30 6.05
2,345

0.37
7.1

'These measurements were performed after the sample had been removed from the sample holder and
rem ounted.
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FIG. 1. Anisotropy of the electron-phonon scattering param-
eter y(k) over the (100) and (110) zones of Ag. The TFE points
are taken from the plot in Fig. 4 of Ref. 10. The uncertainty
ranges shown for the SLLR points reflect the uncertainty in fit-
ting the measured values of I (T) to an equation of the form
I ( T)=I"o+y(k) T . Uncertainty ranges are omitted from the
SLLR points at /=4. 6 and /=10. 8' for clarity. The boxes
around the points shown at (110) reAect the range of y(k) over
which they are averaged. The solid line is the five-term inver-
sion of TFE data taken from the plot in Fig. 3 of Ref. 11.

the half-width of this signal could only be obtained by an
unfolding procedure. Fortunately, the structure of the
overlapping peak proved relatively simple. The interfer-
ing peak was found to have a very low characteristic y(k)
which allowed its shape to be estimated from data taken
at higher temperatures where the effect of the neck peak
was negligible. This information was used to extrapolate
the shape of the peak to lower temperature and its ampli-
tude in the overlap region was subtracted point by point
from the composite amplitude. The result was a plot of
the neck signal alone and this was used to find y(k) at the
neck. A check on this method can be made by determin-
ing y(k) for the interfering peak. This was done both for
a range of temperature where the interference for the neck
signal was significant, using the extrapolated peak shape,
and for the temperature range ~here the neck signal was
negligible. In the lower-temperature range a value of
4.08 & 10 sec ' K was calculated for y, while the
value found in the high-temperature range was
3.71X 10 sec 'K . These values differ by about 10%
which is well within their cumulative uncertainty. Be-
cause of the difficulty involved in obtaining usable spectra

it proved impossible to investigate any anisotropy in y(k)
around the neck.

The resonance line which we have analyzed in perform-
ing the unfolding of the neck signal is of considerable in-
terest as well. The amplitude of the resonance associated
with /=90' ((110)) in the (110) sample was quite small
and it proved impossible to measure any temperature
dependence at this location. As discussed in Ref. 12,
however, the principal resonance observed in the (111)
plane is associated with a cylinder-like band of electrons
near a line connecting the necks on either side of the (111)
central plane and containing the (110) point in that
plane. The FS is not symmetric about the (111) central
plane except at the (110) points with the result that these
are the only points on the central plane for which k, =O.
As one moves away from (110), the k, =O point falls
near a line between (110) and the nearest (111). This
line corresponds to the region of FS in the (110) central
plane on either side of (110). For a considerable range
around (110) the k, =O points are cylinder-like in the
sense that E, uz, and R vary slowly. The detected signal
is representative of an average over this cylinder-like re-
gion. This may explain the approximate factor-of-4
difference in the (110) scattering rate measured in this
manner and that extrapolated from TFE measurements
since the value of y(k) is expected to change rapidly away
from (110) and our signal includes an average over a
large range of FS along this line. In Fig. 1 the box around
the (110) point represents the predicted range of y(k)
entering into the measured average value.

Finally, we consider the assignment of uncertainties to
the measured values of y(k). The statistical variations
found in the least-squares analysis of the slope of I *(T)
as a function of T reflect the approximately 0.9% uncer-
tainty in T as well as uncertainties in the measured
linewidths and are typically less than S%. In addition,
there is some uncertainty from the use of an idealized
spherical FS geometry and constant P=0.5 in developing
the library curves and from their application in finding
I *(T) from the measured 6Hz/Mz without considering
in detail the possible differences in kH broadening at dif-
ferent locations. We estimate these factors to result in a
possible additional uncertainty in the measured slopes on
the order of. 3—6%, depending on the difference between
the P value associated with a particular resonance series
and 0.5. Combined with the statistical uncertainty in the
slopes this yields an overall uncertainty in the measured
values of y(k) of 6—8%. The value reported for the neck
in the (111) plane has a greater uncertainty associated
with it due to the unfolding procedure. The value given
for (110) in the (111) plane is taken from data at tem-
peratures where the neck signal, which has a measured
scattering rate nearly 20 times greater, has little effect.
The point then meets the clean-signal requirement and its
uncertainty is treated accordingly.

COMPARISON TO TFE AND RFSE

The comparison of the results obtained from this exper-
iment to those from RFSE (Refs. 6 and 7) and TFE (Refs.
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10 and 11) experiments is very interesting but presents
some difficulties. The only other point determination of
the electron-phonon scattering rate anisotropy in Ag is
that reported in Ref. 10. Here the TFE signals were inter-
preted to give a measurement of y(k) fP(k) in Ref. 10] at
several points in the (100) zone. Each point of the TFE
measurements actually represents an average over an an-
gular range which we estimate to be on the order of +3'.
The TFE results were obtained from data taken at 45
GHz and should be directly comparable to ours obtained
near 35 GHz. We have reproduced these points in Fig. 1

from the plot given in Ref. 10.
An inspection of the TFE and SLLR points in Fig. 1

shows that where they overlap near 5' and 10' in the (100)
zone, they agree to well within experimental uncer*tainty.
This supports our previous conclusion that the angular
range of the effective strip around any extremal point is
on the order of a few degrees. The point near 4.6' mea-
sured in TFE has an angular range of about +3. If the
angular range corresponding to our 4.6' measurement
were much larger than this, it would be an average over
the large anisotropy near (100) and would give a smaller
value than the TFE result. Considering the close
correspondence between the two experimental results in
the regions where they both apply, we feel that the TFE
and SLLR measurements taken together provide a very
clear point map of the anisotropy in y(k).

In comparing the SLLR and point TFE results to those
obtained from inversion of orbit average measurements
from TFE (Ref. 11) and two separate RFSE experi-
ments, ' several factors have to be considered: (a) The
adequacy of the functional forms used in the inversion
procedures. (b) The energy to which the electrons are ex-
cited by the experiment prior to their being scattered. (c)
The extent to which the measurement technique samples
the energy distribution of the electrons in the +kz T inter-
val around the Fermi energy.

We will discuss each of these considerations in turn and
point out some inconsistencies in arguments that have
been made in previous comparisons.

(i) The TFE experiments can be analyzed in two ways.
By taking the amplitude differences between successive
TFE signal peaks, the point measurements given in Fig. 1

are obtained although the amplitude of an individual peak
results from a much longer orbit average of the scattering
frequency. In Ref. 11, Gasparov et a/. have used these
longer orbit averages as data in an inversion procedure to
obtain an analytical expression for the anisotropy of y(k).
The anisotropy obtained in this manner is also given in
Fig. 1. Since the present SLLR results agree with the
point TFE result while the orbit-average inversion falls
below these values, we conclude simply that the number
of terms used in this symmetrized Fourier expansion (5) is
not sufficient to represent the magnitude of the anisotropy
in y(k). While a small number of terms (five or seven) is
perfectly adequate to represent the small variations from a
constant encountered in Fermi radii (+ 10%), it is not suf-
ficient for the order-of-magnitude variation in y(k).

(ii) The SLLR and the TFE measurements were made
at microwave frequencies, with Aco=k~T, whereas the
RFSE measurements are in the MHz range, where

fico « k~ T. The electrons contributing to conduction pro-
cesses in a metal are distributed in energy over a range of
-2k~ T around the Fermi energy and are expected to have
a sharply-energy-dependent scattering rate' with the
minimum scattering rate occurring at the Fermi energy
Ez. Both of the microwave measurements accelerate elec-
trons to energies above the equilibrium Fermi distribution
at any temperature in the few Kelvin range. However,
since electrons at any energy near the top of the equilibri-
um distribution can be raised into the excited state by this
constant energy excitation, an energy distribution in the
excited state resembling that of the equilibrium distribu-
tion, but centered around an average energy E,„=EF+fice
is expected. We assume that the energy averaged y(k) for
this distribution is the same as that of the equilibrium dis-
tribution. The RFSE measurements, on the other hand,
sample electrons within the equilibrium distribution and
do not disturb it significantly. Thus, the SLLR and TFE
results are expected to occur from a distribution of elec-
tron energies centered at a slightly different energy from
the RFSE results but nevertheless having the same y(k).

(iii) The final question is to what extent the various ex-
periments sample the thermal energy distribution of
scattering rates. Since electrons at the center of the distri-
bution are expected to have the longest times between
scattering events (lowest y), in both RFSE measurements
attempts have been made to make measurements on only
these electrons. The RFSE requires that an electron
traverse the sample thickness at least once in order to con-
tribute to the signal. By making the sample sufficiently
thick, only electrons near . E~ should contribute.
Gasparov made measurements on the thickest samples in
which signals could be observed ( -0.8 mrn), while
Johnson et al. made thickness-dependent measurements
and extrapolated the results to infinite thickness. The re-
sults of these two measurements are quite different with
variations of 50% occurring for various orbits. Gasparov
et al. " have argued that the extrapolation procedure is
not valid and should lead to temperature-dependent
linewidths. However, we have reexamined the data of
Ref. 7 and find that all linewidths from the thinnest sam-
ples, where the largest temperature dependence would be
anticipated, are the same to within experimental uncer-
tainty at all temperatures. It may be that the thick sam-
ples used in Ref. 6 are not sufficiently thick to yield
values of y at E~, but give values somewhere in between
yE and the thermally averaged value. If this is correct,
then for samples of this thickness departures from a T
behavior should be observed. Recent high-precision mea-
surements of the RFSE amplitudes on samples even thick-
er than those used in Ref. 6 show this non-T behavior. '
Since the values given in Ref 7are fro.m extrapolations to
infinite thickness, they give yE .

In the SLLR a complete thermal average of the energy
distribution being sampled is measured' since mean free
paths in these experiments are always longer than a single
skipping orbit. This is apparent in our experimental spec-
tra since all but one of our measurements were made on
(1-2) transitions and the (1-3) and (1-4) transitions were
observable at all temperatures even though they have
longer skipping orbit trajectories. On the other hand the
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TFE again requires the electrons to traverse the sample
thickness for a signal to occur. The measurements of
Refs. 10 and 11 are stated to be in a limit of sample thick-
ness such that again only the longest lived electrons con-
tribute to the signal. As can be seen from Fig. 1, however,
the results of the SI.I.R and point TFE measurements are
the same. Thus it appears that even on moderately thick
samples the TFE measures a completely thermally aver-
aged scattering rate.

What is in question here is the definition of the thick-
sample hmit. The definition that has been used is that the
sample thickness d should be greater than A, , where A, is
the total mean free path of the electrons contributing to
the signal. It appears instead that what is required to
measure yz directly is that d »A, and that this condition

was not achieved with the apparatus of the sensitivity
used in the TFE measurements, or in the RFSE measure-
ments of Ref. 6.

For d less than the thick-sample limit, electrons with
energies different from EF contribute significantly to the
signal, and thermal averaging effects are evident. The
magnitude of the effect of thermal averaging on the mea-
sured values of y(k) depends on the degree to which d
fails to meet the thick-sample criterion, d » A,, and on the
details of the experiment. The RFSE and TFE are similar
only in that electron trajectories on the same part of the
FS contribute to the measured signal amplitude. In the
RFSE the contribution of a particular electron to the sig-
nal depends on the number of half-orbits it completes, and
this depends on the electron energy within the thermal
distribution. An electron at Ez can have a mean free path
more than twice that of one at the extremities of the dis-
tribution. Thus, the total contribution, including multiple
passes, to the signal amplitude from an electron at a given
energy depends on the electron lifetime at that energy. If
d is such that electrons away from Ez contribute to the
signal, the measured y(k) is a weighted average of the
scattering rates of the contributing electrons. Thus, the
mean free path for these experiments cannot be considered
to be a simple mean, but rather it is a mean of the mean
path at each energy.

In the TFE, however, conditions are quite different.
The observed signals result from what are called type-II
orbits in which electrons strike each surface of the metal
at relatively large angles of incidence and are scattered
diffusely. Electrons in these orbits are not expected to
complete more than one transit of the sample regardless
of their lifetime. The weighting of the thermally averaged
scattering rate is different than in RFSE since all elec-
trons whose lifetimes are such that they have a high prob-
ability of crossing the sample once make an essentially
equal contribution to the signal amplitude. This differ-
ence may explain the variation in the scattering rates ob-
tained in RFSE and TFE measurements on the same sam--
ples.

The Fermi surface of Ag is nearly spherical except for
small regions near the necks. For a spherical FS the
difference between the ihermaBy averaged y and yE
should be a constant factor' of —,', . In Fig. 2 we give a
point-by-point comparison of the SLLR and point TFE
thermally averaged values of y(k) multiplied by —,', to the

5.0

4.0—
Present
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—RFSE
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FIG. 2. Anisotropy of y(k) adjusted for the effects of
thermal averaging. The solid line is the best four-term fit to
RFSE data from Ref. 7. The SLLR and TFE points have been
scaled by a factor of

&~
.

values of y@„(k) obtained in Ref. 7 from an inversion of
RFSE data extrapolated to d = oo orbit averages. As can
be seen the agreement is reasonable at all points including
the neck. As in the case of the TFE inversion the slightly
lower ( —10%) values from RFSE can be due to the small
number of terms (4) used in this inversion. The RFSE
values from Ref. 6 did not include orbits which extended
into the neck region and so the inversion is not expected
to be valid in this region. In the regions where it is valid
the values of y lie between the completely thermally aver-
aged y .and yE„at all points, indicating that these samples

were not in the thick sample limit.

The results of the present experiment and previous ex-
periments are as follows:

(1) The electron-phonon scattering rates in Ag are high-
ly anisotropic and vary by a factor -70 over the FS.
This is shown in Fig. 1. Symmetrized Fourier expansion
of orbit-averaged scattering rates using a small number of
terms appear to be unable to reproduce the magnitude of
this anisotropy.

(2) The results of different experimental techniques and
conditions can be brought into agreement when the effects
of thermal averaging over energy-dependent scattering
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rates are properly taken into account.
(3) The difference between thermally averaged scatter-

ing rates and values at the Fermi energy on this nearly
spherical FS is approximately —,', , as expected theoretical-
ly. This is shown in Fig. 2.

(4) Finally, the combination of the SLLR, TFE, and
RFSE measurements provides an experimental determina-

tion of the electron-phonon scattering anisotropy in Ag in
more detail than for any other metal.
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