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teraction in iron contributes significantly to
the magnon energies.

Our data also contain information on the form
factor associated with the spin waves via the
observed intensities. As seen in the upper plot
in Fig. 1, the magnon intensity falls off slight-
ly, but significantly, with increasing 20. This
behavior is even more pronounced in the data
for larger misset angles. This angular depen-
dence is approximately what one expects for
a 3d-type form factor. Thus in the range of

q values for which data are presented here,
we are dealing with fluctuations whose spin
density is comparable to that of Bd unpaired
electrons.

A few measurements on a single crystal of
pure iron were also made; however, the inclu-
sion of small misoriented crystallites inherent
in the nature of the growth process precluded
the possibility of taking all the data from this
crystal. The results shown in Fig. 2 for the
two points that were measured are in excellent
agreement with the iron-silicon data. Also
drawn for comparison purposes is the quadra-
tic law with the value D =286 meV A'.

The exact values of P and y are subject to
change as further data at higher energies are
included. Measurements are currently under-
way to extend the data into this region. It is
also planned to determine the entire dispersion
curve by direct energy analysis utilizing po-
larized neutrons.

We are very grateful to Dr. T. Riste, Dr.
M. Blume, and Dr. R. D. Lowde for many stim-
ulating discussions, and to Dr. H. J. Williams
and Dr. A. J. Williams for the loan of an ex-
cellent single crystal.
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We have observed electron spin resonance
in single-crystal copper at a frequency of 9400
Mc/sec, over a, temperature range from 1.4
to 60 K, utilizing the "selective-transmission"
technique. ' ~ In this method there is a dc mag-
netic field and a perpendicular rf magnetic field
in the usual manner, and the electrons absorb
power from an rf field at their resonant fre-
quency during the time they are in the skin
depth. However, if the spin relaxation time
is longer than the electron collision time, some
of the electrons diffusing over to the other side
of the sample will still be in a nonequilibrium
state. That is, there will be a net precessing

magnetization at the Larmor frequency. This
precessing magnetization will set up eddy cur-
rents and radiate power. It is this "transmit-
ted" power that is measured as a function of
frequency (or dc magnetic field). Under suit-
able experimental conditions this power can
be made larger than the power transmitted
via the normal skin-effect damping and spur-
ious leakages and, hence, can be a very sen-
sitive unambiguous test for electron spin res-
onance.

The samples were 2.5 cm in diameter, 0.0038
(I), 0.0127 (II), and 0.0441 (III) cm thick and
formed part of the common wall between a pair
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of TEypj cavities tuned to the same frequency.
The exposed sample area was 0.4&0.4 in.
The microwave power into the "transmit" cav-
ity was 1000 cycle modulated and was =100
m%. The "receive" cavity was coupled to a
superheterodyne detector incorporating a 60-
Mc/sec i.f., phase-sensitive detection, which
had a sensitivity of =10 ' W for a one-second
time constant. By careful construction and
sample mounting the leakage power was down
170 db under normal skin-effect conditions.
Additional unmodulated microwave power was
fed through a phase shifter to the mixer crys-
tal which operated as a linear detector. This
system thus allows the detection of that com-
ponent of the transmitted power which is in
phase with the reference microwave field.
The dc magnetic field was always perpendic-
ular to the rf field and could be rotated in the
plane normal to the sample. Temperatures
were determined utilizing a calibrated carbon
resistor, and temperatures intermediate to
liquid helium and hydrogen were obtained us-
ing a cold-finger in conjunction with a heater,
controlled via a sensing device and suitable
electronics. Samples I and II were cut with
an acid-string saw, chemically polished and
extensively electropolished with special pre-
cautions taken to insure a uniformly thick sam-
ple. Their orientations were (110) and (ill),
respectively. Sample III was spark-discharge'
cut and then treated as the other samples.
Its orientation was (111).

Typical traces of transmission signal ver-
sus magnetic field are shown in Fig. 1. The
phase shifter was adjusted to give a symmet-
ric "absorption"-type signal for all cases.
In the case of the usual reflection measure-
ments on samples thicker than the skin depth,
an asymmetric absorption (or its derivative)
is observed, '" and the location of the reso-
nant field must be determined from a knowl-
edge of the parameters affecting the over-all
line shape. In this experiment, inasmuch as
we are at liberty to adjust the admixture of
g' and y", we can always obtain symmetric
lines. The validity of this approach was checked
experimentally by measuring the transmission
signal for lithium and comparing with a refer-
ence g marker of phosphorus-doped silicon
for the temperature range from 1.5 to 300'K.
The g value for copper as determined from
the center of the line is 2.031+0.003 and is
independent of orientation, temperature, and
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sample to the. accuracy stated. Vfe know of
no theoretical calculations for the g value of
copper but note that it has a g shift opposite
to the alkalis, and in the same direction as
beryllium. '

%'e take the linewidth, LUI, to be the width
of the line at half the peak height. These data
are plotted in Fig. 2. It is important to real-
ize that the ~ as plotted are subject to cor-
rection if one attempts to convert them in a
consistent way to a spin-relaxation time T, .
This is because the signals are observed over
a range of conditions for which it is not easy
to determine the theoretical line shapes. That
is, as the temperature is lowered, the skin
depth changes from normal to strongly anom-
alous, the electron mean free path becomes
comparable to the size of the sample, and
the electron diffusion length in a time T, ranges

FIG. 1. Typical recorder traces of transmission
microwave signal versus dc magnetic field for sam-
ple II. Transmitted power is proportional to the
square of the signal. The frequency is =9400 Mc/sec,
and the g value is 2.031 + 0.003. In (a), using a broad
sweep at low temperatures, the 'geometric cyclotron-
resonance" signals are present in addition to the elec-
tron spin resonance. (b) is the same as (a), but ad-
justed for optimum observation of the electron spin
resonance signal. For temperatures above =25'K, the
baseline is straight and the line broadens I(c) and (d)j.
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FIG. 2. I.inewidth (6&) versus temperature. Esti-
mated errors for I and II at all temperatures and for
III below 10'K are +10%. For I and II the dc field was
parallel to the sample surface. For III it was at an
angle of 40 .

lo—

from less than to much greater than the sam-
ple thickness. Again, by comparison with lith-
ium one can establish that the relation y~T,
-1 5

One of the advantages of the transmission
technique is that there is no signal (barring
leakage) in the absence of resonant transmis-
sion. Therefore, one can expect field-inde-
pendent baselines, without the complications
of spurious absorptions commonly seen in re-
flection spectroscopy. This is indeed found
to be true to within the noise level of the equip-
ment under normal skin-effect conditions.
However, when the electron collision time ~

is long enough such that &7 &1, and if the sam-
ple is comparable in thickness to a cyclotron
radius, it is conceivable that one can observe
transmission cyclotron-resonance signals.
We have observed signals which we term "geo-
metric cyclotron resonance" in many metals
under the conditions mentioned above. The
observed signal is dependent on the orienta-
tion of the magnetic field and the thickness
of the sample, and will be treated in a sepa-
rate paper. For our present experiment it
presented experimental problems at low tem-
peratures, as one had to extract the electron
spin resonance line shape from a background
signal often orders of magriitude larger. This
constitutes the major source of uncerta, inty
in the low-temperature measurements. At
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the higher temperatures, as expected, these
effects disappeared, since w7 is &1, but due
to the increasing linewidth and a. diminishing
transmission due to a, shorter electron-spin-
diffusion length, the signal-to-noise ultimate-
ly becomes a problem.

In Fig. 3 we have plotted the relative resis-
tivity of the samples measured after the spin-
resonance runs. The data, for samples II and
III and bulk I were obtained using the eddy-
current method, ' while those for sample I were
obtained by standard measurements of cur-
rent and voltage. If one takes into account the
changes of observed resistivity due to surface
sca,ttering when the mean free path is compa, r-
able to the dimensions of the sample, the data
are consistent with the bulk-resistivity ratio

pR T /p4 2.K-5500, and where the fraction of
electrons specularly reflected is 0 &P & 0.5.

A comparison of the temperature dependence

FIG. 3. Relative resistivity versus temperature. A
resistance ratio of pR T /p4 2oK=5000 is 2 in the units
shown. The estimated errors are +5%.
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of the linewidths for the different samples in
Fig. 2 in their linear region underscores the
danger of interpreting the intrinsic tempera-
ture dependence as a function like T" unless
a wide temperature range is covered and un-
less it is invariant over the relevant sample
parameters The linewidth data below 20'K
and the resistivity data below 8'K are essen-
tially temperature independent. A compari-
son of Fig. 2 and Fig. 3 suggests that the line-
widths at the lowest temperatures can be writ-
ten as the sum of a surface-relaxation term
(~s), and a constant term due to impurity
scattering (ddI;). Since the mean free path
is greater than the thickness of the sample,
we will assume ~ is inversely proportion-
al to the thickness. A consistent fit of the
three equations in the two unknowns can be
made for linewidths chosen within the limits
of error yielding AH =7 G. We expect the
curve drawn for sample III to be the closest
to the intrinsic behavior of copper, and after
subtracting the correction of AH we find the
linewidth is proportional to the resistivity from
60'K (taken as the limit of the extrapolated
curve) down to 27'K.

The only bulk metal to exhibit a temperature-
dependent linewidth before this work was so-
dium. ' Various attempts have been made to
determine the temperature dependence using
small particles. "~" A theoretical analysis
of the dependence of T, has been covered in
a review by Yafet, who concludes that the
linewidth should vary as the resistivity. If
one plots the observed data for sodium in a
manner similar to Fig. 2, one finds good agree-
ment between the various reported measure-
ments, and that the curve is similar to that
for sample I over the same temperature range.
At high temperatures the linewidth is propor-

tional to the resistivity. This suggests that
surface effects and other temperature-inde-
pendent relaxation processes have probably
been the determining factor in the linewidths
in sodium at low temperatures, and that fur-
ther work to determine quantitatively their
separate contributions must be done before
conclusions about low-temperature spin-relax-
ation processes in metals can be made.
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