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Influence of frequency and temperature on the
conduction-electron spin-resonance linewidth and g value in copper
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The CESR linewidth and g value of pure Cu is measured over the temperature range 4,2 to
50 K at the frequencies of 9.27, 21, and 59.6 6Hz. The linewidth is shown to have a linearly

frequency dependent, but temperature-independent term giving 0.040+0.002 mT/6Hz. A

second term, when ascribed to partial breakdown of motional narrowing, is found to be much
weaker than proposed elsewhere. The g value is found also to be temperature and frequency
depe nde n t.

I. INTROI3UCTION

The first anomalous results of the influence of the
observational frequency on the conduction-electron
spin-resonance (CESR) linewidth and g value of me-
tals were reported by Lubzens et al. ' in aluminum,
mentioning similar effects in copper and silver,
although the g value of the latter metals was found to
be frequency independent. These results were ob-
tained at 9.2 and 35 6Hz using the transmission
CESR technique (TESR). They interpreted their
results using the many-body interaction theory of
Fredkin and Freedman3 (FF). This appeared to be
satisfactory though later work did not support this
conclusion. In a subsequent paper the frequency
dependence of the residual linewidth 58„,of alumi-
num and copper was investigated at three frequencies
(1.27, 9.2, and 35 GHz). It was proposed that 6B„,
for aluminum was linearly dependent upon the fre-
quency fwhile the same parameter for copper was

proposed to be proportional to f2 These result. s were
also in contradiction with the FF theory for Al while
the proposed f2 dependence for copper suggested
that the partial breakdown of motional narrowing
theory7 (BMN) could be applicable. More recent ex-
periments carried out at higher frequencies and a
general reinterpretation of the aluminum results
showed that AB of aluminum contains a term n f (n
is a constant independent of the temperature T )
which was not recognized during earlier interpreta-
tions. In view of these results the linewidth and g
value of copper have been carefully investigated as a
function of f, where the f range has now been ex-
tended to 60 GHz. The f dependence of AB in the

phonon-dominated regime (T & 25 K) is of much in-
terest as the experimental data previously available in
this region are poor. 2

II. EXPERIMENT
I

A. Sample preparation

Samples were prepared by rolling out small pieces
cut from polycrystalline Cu rods. The starting materi-
al' was either 99.999% or 99.9996% nominally pure
Cu. During rolling, frequent etching and cleaning in
either acetone, propanol, or distilled water was em-
ployed to remove any surface contamination pro-
duced by the rolling. The rolled foils were chemically
thinned to the final desired thickness. In order to in-
crease the residual resistance ratio (RRR) and make
it possible to detect CESR in these samples, . anneal-
ing in an oxygen atmosphere was essential. " After
this treatment the samples had a measured RRR of
140 and 780 for the 4- and 11.1-p,m sample, respec-
tively, which corresponds to bulk RRR values of 740
and 16 700, respectively, if one assumes diffuse
scattering at the sample surface. '

The sample thicknesses chosen here, which appear
to be rather thin compared to Cu CESR samples
used elsewhere, were selected to give a favorable
signal-to-noise ratio. ' Furthermore, it was conclud-
ed from measurements at 21 6Hz on samples with
thickness d «20p, m, that the 11.1-p,m foil behaved
like a "thick" sample which assured us that the typical
bulk CESR properties were not masked by the rather
small thickness of the sample, in agreement with pre-
vious results on Al.
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B. Experimental results and discussion

1. Lineeidth

The results presented here were obtained with re-
flection spectrometers working at frequencies of 9.27,
21, and 59.6 GHz. Linewidth data in the tempera-
ture range 4.2 to 50 K are shown in Fig. 1. These
linewidths together with the g values were deduced
from experiments using careful line-shape fitting.
The JIBvalue obtained at 4.2 K is 3.4+0.2 which is
in good agreement with Dyson's theory as rewritten
by Pifer and Magno. ' '5 Several unusual features
can be seen from Fig. 1. b,B for higher frequencies
shows an increase in linewidth to a residual value
48„,as T decreases. The magnitude of AB„„and
the temperature at which the linewidth reaches its
minimum depends on the measurement frequency
and the sample. At 9.27 GHz no dip was observed in
either sample while at 21 GHz only a shallow dip of
about 0.25 mT was observed at 17 K for 'the 11.1-p,m
foil. The 59.6 GHz data shows the dip phenomenon
in both samples although the effect is much ~eaker

1

J total

= ~B„„I= ~8, + ~8, + ~8,

+nf+b8, (f T)

in the 4-p, m sample; the minimum in linewidth at
59.6 GHz occurs at about 25 K. Another important
feature to be noted from Fig. 1 is the fact that the
linewidth values measured at different frequencies do
not seem to join in the phonon-dominated regime
(T & 25 K), which suggests the linewidth is also f
dependent in this high-T region. To further investi-
gate this f dependence, we plot 58 against f for two
temperatures, see Fig. 2(a), from which it can be
concluded that in the range T ) 25 K-, 58 is linearly
dependent on frequency to the same extent for both
samples. Comparing the AB results obtained on the
4-p, m sample at 9.27 and 21 GHz, for which no dip
occurs, one can see that this linearly frequency-
dependent term is also present at low temperatures.
As such, similar with interpretations on other metals
we can describe the observed total linewidth of Cu as
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FIG. 1. Conversion factor corrected linewidths as a func-
tion of temperature at three frequencies for two' copper foils.
The open symbols represent data from a 11.1-p,m foil and
the solid ones stand for a 4-pm sample; 0: 9.27 GHz;
AA: 21 GHz; oa: 59.6 GHz. The solid lines represent the
linewidths calculated from Eq. (5).

f (GHz)

FIG. 2. Linewidth against frequency is plotted in (a) at
two temperatures for two copper samples; Ak: 30 K; Ga: 36
K, (b) gives the residual linewidths against frequency for
the two samples. The diamonds are data from Ref. 6 meas-
ured on a 50-p, m thick, single-crystal plate, and the dashed
lines are parabolic fits to the experimental data. Open and
solid symbols represent the data from 11.1 and 4-p, m thick
foils, respectively. The fitted solid lines in both figures have
a slope of 0.040+0.002 m T/GHz.
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where 58; is the linewidth due to impurity and defect
spin-flip scattering, supposed to be T and f indepen-
dent. 58, is a f-independent term due to surface
scattering, given in our case (d « g, ) by Dyson's
result ' '

AB, =
dy

(2)

where vq is the Fermi velocity, e is the electron
spin-flip probability per surface collision, and 5, is
the spin depth; g, = ( 3

vFXT~)'. , where X is the elec-

tron mean free path and T~ is the electron-spin relax-
ation time. 58~ is the phonon contribution and nf is
the term linearly proportional to f„which appears to
be T independent. Finally AB, (f, T) is the term
which describes the rise in the linewidth as T de-
creases, and which is f and T dependent. In an ear-
lier interpretation of results from copper, 6 this term
was believed to be due to BMN related to the g an-
isotropy over the Fermi surface and which is there-
fore given by
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AB, (f, T) = 58aMN = 1 og

(o.g/g) cur « I

where o-~ is the mean g spread over the Fermi sur-
face, y is the gyromagnetic ratio, and 7 is an electron
collision time appropriate for the motional narrowing
argument and which is usually assumed equal to v~,
the resistivity scattering time.

We will now elaborate further upon each of the
proposed contributions to the total linewidth and try
to determine to what extent each of these terms con-
tributes to the total linewidth. One can easily deduce
58~ from AB„„~. For the 9.27 GHz results from
both samples and the 21 GHz results from the 4-p, m
sample one can put

58~(f) = 58„„((f) —AB„,(I)
as one notes that 48„, is not troubled by a
AB, (f, T) term, and all other terms in 58„„~are as-
sumed to be T independent. This supposition is con-
firmed below by the smallness of the KB,(f, T) term
in these cases. For the 59.6 GHz measurements and
the 21 GHz data from the 11.1-p,m sample, one takes

EBp = ABto„, —[58( T = T~) —EBp'(T = T„)I

Here Tq is the temperature where the linewidth
reaches its minimum and 58~'(T = Tq) is the phonon
contribution at this temperature deduced from the
data obtained at the lowest frequency. The phonon
contribution determined as such is shown in Fig. 3
for the thicker sample. It can be seen that within the
experimental error the 58~ term is identical at the

FIG. 3. Phonon-dependent part of the linewidth 58~ as a
function of temperature at three frequencies for a 11.1-p,m
thick 99.999% pure copper foil: 0: 9.27 GHz; 6: 21 GHz;
0: 59.6 GHz. This plot indicates that 68& is equal at the
three frequencies. The solid line is a least-square fit of the
data between 23 and 41 K, and is given by
58 =1.3 X10 T — mT.

three frequencies. The least-squares fit represented
by the solid line in Fig. 3 gives

58~ =1.3 x 10 T +- mT

in accordance with earlier observations reported in
the literature. ' Within the experimental errors the
same 58~ term was found for the 4-p, m sample.

Now returning to the uf term, the value of n aver-
aged over T is n =0.040+0.002 mT/GHz for both
samples; this is demonstrated at 30 and 36 K in
Fig. 2(a). From this plot one also obtains 58, + 58,
The intercepts of the straight lines in Fig. 2(a) with
the 48 axis should represent 48; +48, + AB~ at the
marked temperatures. Subtracting off AB~ given by
Eq. (4) gives for d 8, +58; the mean values of
0.40 +0.08 and 1.31 +0.1 mT for the 11.1 and 4-p, m
sample, respectively. It is not realistic to try to ex-
tract an e value' from a comparison between these
two samples using the d ' dependence of AB„given
by Eq. (2). However, we note that if one assumes
that the whole of the AB, +AB; contribution deduced
from this interpretation is caused by surface relaxa-
tion, one finds that e «10, which is smaller than
the values reported elsewhere. '

One now can deduce the frequency and tempera-
ture dependence of

AB, (f, T) = 68(,t,(
—(68~+ 58;+58g + nf)

It is found that 48, does not depend on T below
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13 K and decreases almost linearly to zero at 26 K for
59.6 GHz; these temperature values shift to some-
what lower values for the lower frequencies. Fig.
2(b) is a 68„,against f plot for both samples; while
the thicker sample data fit a straight line very well

within the experimental errors, the thinner sample
fits better to an f2 dependence and in view of previ-
ous interpretations, ' the latter dependence will be fit-
ted. The fitted solid lines represent curves of
68;+58, + uf +Pf2, with P = 1.3 & 10~ and
3.5 X 10 mT/GHz for the 4 and 11.1-JMm sample,
respectively. Note that these fits do give intercepts
on the 48 axis which give values of 48;+ 48, in ac-
cordance with the values deduced from Fig. 2(a).
Figure 2(b) also contains Lubzens and Schultz's6
values of 68„,for a 50-p, m thick single-crystal sam-
ple, together with the parabolic fit proposed by them.
It is clear that this parabola is too steep for our ex-
perimental results from the 11.1-p,m sample, which
in view of the reported RRR values2 has about the
same ~~ value as their 50-p, m sample. Putting, as
usual r = r~, from Eq. (3) we find that o.g/g =0.009
and 0.008 for the 4 and 11.1-p,rn sample, respective-
ly, which values are indeed smaller than the one de-
duced by Lubzens er al. ' (a.g/g =0.013).

It is surprising that these authors do not find a dip
in the 58(T) plot at 35 GHz in a 50-p, m-thick sam-
ple since a dip was observed at 21 GHz in the 11.1-
p, m foil. %his suggests that their 58„,data did not
contain much of the 68,(f, 'r) term, in which case a
straight-line fit through their points should give the
nf term originating from our experimental data,
which is indeed the case [see Fig. 2(b)]. Moreover
they do not see an nf contribution in the phonon-
dominated regime; this may be due to their low
signal-to-noise ratio in this T region, the errors asso-
ciated with the background signals or the smaller fre-
quency range available, 2 all of which might have ob-
scured the nf term.

It should also be noted that by fitting either a
linear or parabolic f dependence to our ll. l-p, m sam-

ple data, one finds that 58;+48, is only about 0.1

m T wider than the corresponding quantity of their
50-pm single-crystal sample and it is very likely that
the first sample has a bigger 48, content so that we
may conclude' our thick foil to be at least as pure as
the 50-p, m sample. This accords with their reported
RRR value2 of 1000.

From this analysis we find that 48t„,~ for our
copper samples is given by

and

,(d =4pm) =(1.31+0.1) +1.3 x10 T" +- 2 +(0040+0.002)f+1.3 X 10 f mT

58«„~(d =11.1@m) =(0 40 +0 08) +1 3 x 10-7T4.6+o2s+(0040+0 002)f+3 5 x 10 4f mT

(5)

where f is expressed in GHz. The theoretical
linewidths calculated from Eq. (5) are plotted in Fig. 1

as the solid lines which show very good agreement
with the experimental data.

2.035—

2. g value

The g value was found to be constant, within ex-
perimental error, over the whole range 4.2 & T ( 50
K, both at 9.27 and 21 GHz. The averaged values
are given by 2.0328 +0.001 and 2.03325 +0.0003 at
9.27 and 21 GHz, respectively. These averaged
values agree with other published results. ' As
shown in Fig. 4, the g value at 59.6 GHz however in-
creases slightly as T decreases below 30 K, the in-
crease being more pronounced for the 11.1-p,m sam-
ple. This agrees with the view that if the g increase is
related to the P(T)f2 term in the linewidth, then the
P(T) of the 4-pm sample is smaller than that of the
11.1-p,m sample one, as found above.

III. SUMMARY
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FIG. 4. g factor at 59.6 GHz plotted against temperature
for two copper foils. The solid and open circles stand for
data taken on a 4 and 11.l-p, m thick foil, respectively.

In this paper we have shown that the CESR
linewidth of pure copper, as well as in aluminum,
contains an af term which is found to be tempera-
ture independent as found previously~ for aluminum.
A further frequency-dependent term appears only at
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low temperature and is probably proportional to f,
although because of the uncertainties in the data we
cannot preclude a fit which is merely linearly depen-
dent on f. If the former conclusion is correct then
the P(,T),f term in the linewidth and the associated g
shifts observed can, in view of the measured 7'~

values of our samples, still be explained by a simple
partial breakdown of motional narrowing argument
taking into account the g spread of the conduction
electrons over the Fermi surface. However, now the
magnitude of the BMN term is much smaller than
proposed in earlier work. 6 Finally we note that the
general expression for the linewidth of the CESR of
copper is very similar to that reported elsewhere for

aluminum9 and is once again at variance with that
normally accepted.
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