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Larmor waves in single-crystal copper at 80 GHz
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Larmor waves have been studied using a transmission technique in thin plates of high-purity,
single-crystal copper at a frequency of 80 GHz. Observations were made over the temperature
range 4-25 K in magnetic fields 0-60 kG with the principal axes (100), (110),or (111)oriented
perpendicular to the plane of the specimen. In contrast to earlier observations at 9 6Hz, the
present studies find a Larmor-wave period which is temperature dependent, and, at the lowest tem-

peratures for certain orientations, an asymmetry in amplitude, with the Larmor-wave oscillations on
the high-field side of the conduction-electron-spin resonance being considerably stronger than those
on the low-field side. This behavior is not in complete agreement with present theory and may be
due to a combination of many-body effects and the detailed geometry of the Fermi surface of
copper.

I. INTRODUCTION

Larmor-wave signals have been studied in thin plates
of high-purity, single-crystal copper (Cu) using a mi-
crowave frequency of 80 GHz. Larmor waves were
discovered in the metals Cu and gold by Janossy and
Monod' in 1976. The signals are observed in microwave
transmission experiments carried out at cryogenic tern-
peratures in the presence of a dc magnetic field. The me-
tallic sample, in the form of a thin plate, makes up a com-
mon wall between two microwave cavities tuned to the
same frequency. Microwaves are introduced into one
cavity, the transmit cavity, where they excite the conduc-
tion electrons on one surface of the sample. The other
cavity, the receive cavity, acts as a receiving antenna
picking up any microwave power carried across the sam-
ple by the conduction electrons. Under the conditions of
low temperature and high magnetic field, the conduction
electrons in a pure metal will have co, v. ))1, where co, is
the cyclotron frequency of the electrons and v is the aver-
age momentum scattering time. Under these conditions
there exists a large number of modes by which the elec-
trons can be excited and transport energy across the sam-
ple. These include modes associated with the electrons'
orbital motion and modes associated with spin preces-
sion, such as conduction-electron-spin resonance (CESR)
and paramagnetic spin waves.

Larmor waves are another mode by which electron
spins carry energy across the sample. They are single-
particle excitations and results from a small fraction of
the electrons on the Fermi surface. This is in contrast to
the spin-wave modes which are collective waves in which
electron spins are coupled together by the exchange in-
teraction and all electrons on the Fermi surface contrib-
ute towards the wave phenomenon. The Larmor waves
are associated with the precession of the individual spins
in a magnetic field applied perpendicular to the surface of
the sample. Under this condition, electrons at the surface
experiencing the driving microwave fields will develop a
net precessing magnetization transverse to the dc field.

As the electrons move away from the surface on their cy-
clotron orbits, the transverse magnetization will continue
to precess at the Larmor frequency determined by their g
values. Electrons reaching the opposite side of the sam-
ple without scattering will have a transverse magnetiza-
tion whose phase relative to the driving fields is given by

P = (too to)1. /uH—

where to&&=gpitH/A is the Larmor frequency, co is the
driving frequency of the incident microwaves, L is the
sample thickness, and Uz is the average drift velocity of
the electrons along the field. Equation (l) gives the phase
for all electrons on a thin slice cut through the Fermi sur-
face perpendicular to the field. The various slices making
up the Fermi surface will each contribute to the propaga-
tion of magnetization, but the phases in general will differ
from slice to slice due to variations in uH (and also coo if g
anisotropy is present). The net signal is obtained by sum-
ming the contributions from the various slices. This
gives a very weak signal which is due to those electrons
on orbits for which the phase is extremal, for only such
orbits will have in their proximity many electrons which
can arrive at the receive cavity with approximately the
same phase. For a spherical Fermi surface such an ex-
tremal orbit corresponds to the limiting point where elec-
trons travel almost parallel to the applied field. The
Larmor-wave signal consists of a linear oscillation in the
phase of the transmitted microwave field which occurs as
the magnetic field is swept [see Eq. (1)].

One very useful feature of the Larmor waves is that
they give information about a particular group of elec-
trons on the Fermi surface rather than information which
has been averaged over the entire electron distribution.
However, as a consequence of the small number of elec-
trons that contribute to these signals, the Larmor waves
are exceedingly weak and have only been detected with
the use of special techniques to enhance their strength. It
was first noted by Janossy and Monod that the coupling
between the incident microwave fields and the electron
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spins in a metal could be strongly enhanced by applying a
thin ferromagnetic layer to the surface of the metal. By
applying such ferromagnetic layers to both surfaces of a
sample, it is possible to enhance the Larmor-wave spectra
by a factor of several hundred to a few thousand, ena-
bling their easy detection with a conventional transmis-
sion spectrometer. For the original observations the fer-
romagnetic layers consisted of a few hundred angstroms
of either evaporated permalloy or an amorphous alloy of
cobalt and phosphorus.

Surprisingly, very little has been published on the ex-
perimental observation of Larmor waves in metals. All
that exists in the literature are the original observations
by Janossy and Monod' in Cu and gold, and a more ex-
tensive later report by Janossy on Cu, gold, and
tungsten. These two publications concentrate on single
crystals of Cu oriented with either the (100) or (110)
crystal axes perpendicular to the plane of the specimen.
All these observations were carried out at J-band fre-
quencies (9 6Hz). The motivation for the present study
at 80 GHz was an initial observation at 80 GHz of two
Cu samples provided by Janossy from the original ones
which had been studied at 9 GHz. As reported recently
by us, the higher-frequency observations were quite
different from the original ones, with the amplitude and
period of the Larmor waves showing a much stronger
temperature dependence. Further study on those samples
showed that they were no longer single crystals, so a new
set of single-crystal plates was prepared for the study re-
ported here.

The theoretical nature of Larmor waves was studied by
Montgomery and Walker. Their theory includes not
only the effects of Fermi-surface anisotropy and g-tensor
anisotropy but also takes into account Fermi-liquid in-
teractions, which arise from the quantum-mechanical ex-
change interaction between the electrons. The presence
of the Fermi-liquid effects modifies the spacing of the
phase oscillation such that their period in magnetic field
becomes

2vrkUH(1+8o )bH=
gPBL

2pkvH

g spPal-
(2)

where Bo is the first spin-dependent Landau Fermi-liquid
parameter. Bo represents the contribution of an effective
exchange field due to neighboring spins which must be
added to the externally applied magnetic field. The free-
electron result is obtained by letting Bo go to zero. As in-
dicated in Eq. (2), the factor 1+Bo can be combined with
the usual g value (determined from the CESR) to obtain
the "single-particle" g value:

ggsP= 1+80

gsp which can be measured by the de Haas —van Alphen
(dHvA) Effect, determines the precessional frequency of a
single spin in an applied external field when all the other
spins are frozen in their equilibrium positions. This
modification of the g value represents another method to
take into account the exchange field due to neighboring
spins. Under certain simplifying conditions and Fermi-

surface geometries, Montgomery and Walker were able
to calculate Larmor-wave line shapes. Unfortunately,
none of the computations appears to provide a complete,
realistic description of what has been seen in our Cu
specimens.

II. EXPERIMENTAL TECHNIQUE

TABLE I. Cu samples used in the study of Larmor waves.

Orientation ( 100) ( 110) ( 111) Polycrystalline

Thickness
(pm)

1060+5
824+5
722+-5
621+4
513+5
411+3
312+3
294+5
211+3
164+5
156+3

623+5
441+3
333+3
294+6
240+3
168+3
136+5
91+3
60+5

691+5
542+4
418+3
292+3
165+3
62+4
48+2

212+3

A. Sample preparation

The samples consist of thin plates of high-purity,
single-crystal Cu with the principle axes (100), (110),
and (111) oriented perpendicular to the plane of the
specimen. The samples were aligned to within 1' or
better of the desired direction using back-Laue x-ray
reAection. Table I lists the individual samples studied
and their thicknesses at low temperature. This includes
one polycrystalline sample run for comparison purposes.
The thicknesses were measured at room temperature with
a micrometer and then corrected for a 0.3%%uo thermal con-
traction to liquid-helium temperatures. ' On several oc-
casions thinner samples were prepared from thicker ones
after completing the study with the larger dimension.

Initially, relatively thick slices were cut from a large
single crystal of Cu using a low-speed diamond saw.
These were next lapped to approximately the desired
thickness and then etched in a dilute solution of nitric
acid to remove the damaged layer at each surface. To
maximize the low-temperature electrical conductivity,
the samples were annealed at 900'C in air at a pressure of
10 Torr. " This produced a residual resistance ratio
(RRR), measured between 295 and 4.2 K, of 6800 for the
bulk material. A reduced RRR was observed in the
thinner samples due to an increased surface scattering of
the conduction electrons.

To enhance the electromagnetic coupling to the elec-
tron spins, ferromagnetic layers were deposited on both
surfaces. For all samples this was accomplished by elec-
troplating an amorphous alloy of cobalt and phosphorus
(Co-P) as described in Ref. 7. The thickness of the film is
estimated to be of the order of 1000 A, much less than
the microwave skin depth of the Co-P. In some cases
samples were run both with and without the ferromagnet-
ic coating so that the Larmor-wave signals could be com-
pared with the underlying Gantmakher-Kaner oscilla-
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tions' (GKO), which are due to the orbital motion of the
conduction electrons in the applied field and are readily
visible in the unplated specimens.

B. Microwave spectrometer

The 80-GHz transmission spectrometer has been de-
scribed in detail elsewhere. ' The sample is clamped be-
tween the two microwave cavities with indium gaskets on
both sides of the sample to prevent the accidental leakage
of microwaves around the specimen. The two rectangu-
lar cavities are aligned parallel with each other and used
in the TE,O, resonant mode. As a consequence, the con-
duction electrons on one side of the sample are driven by
a linearly polarized rf magnetic field (parallel to the sur-
face and perpendicular to the applied dc magnetic field),
and on the other side of the sample the receive cavity
responds to the linearly polarized component of the
transmitted microwave field having the same orientation
as the driving fields.

The microwave detector is an InSb bolometer operat-
ing at 4.2 K in a hot-electron mode. The bolometer is
used as a microwave mixer, being biased by a small frac-
tion of the microwave power which is incident on the
transmit cavity. The detected signal is thus proportional
to the cosine of the phase difference between the
transmitted microwave field and that of the microwave
reference. The sensitivity of the detector is approximate-
ly 10 ' W. A room-temperature Schottky microwave
mixer diode is used to monitor the microwave power
reflected from the transmit cavity. This allows one to
monitor the ferromagnetic resonance (FMR) from the
Co-P layer on one surface of the specimen.

The sample and cavities are situated at the center of a
superconducting solenoid (60 kG capacity) inside of a
vacuum can surrounded by liquid helium. Helium ex-
change gas in the can allows thermal contact with the
helium bath. With the use of a heater and thermistor
thermometer attached to the cavities, the temperature of
the sample can be regulated and measured to within +0.2
K over the temperature range 4—40 K.

III. OBSERVATIONS

In this section we display examples of data for samples
of varying thickness with the magnetic field aligned with
the three principal axes. In addition to the Larmor-wave
(LW) oscillations, GKO's can also occur (especially for
the thinner samples). As the present theory is not able to
account for the line shape of the data, we concentrate on
the period of the oscillations in the magnetic field. Ac-
cording to Eq. (2) the product of the period and the sam-
ple thickness, hHL, should be the same for all samples
with a fixed orientation, and this we call the "normalized
period" (NP). The NP is calculated only in regions
where the oscillation period is constant over a range of
several kG. This specifically excludes magnetic fields in
the vicinity of the Cu CESR and the Co-P FMR, where
the phase of the transmitted signal oscillates more rapid-
ly. The LW oscillations have been divided into two
classes: the "low-field" oscillations and the "high-field"

oscillations depending on whether they occur at magnetic
fields less than or larger than that of the Cu CESR, re-
spectively. As will be seen, these two classes of oscilla-
tions can have amplitudes and temperature dependencies
which are rather different from each other. It should also
be noted that the FMR of the Co-P has a strong loading
effect on both cavities, reducing the Q's and coupling to
the two cavities. Consequently, in the vicinity of the
FMR both the transmitted and reflected signals are re-
duced considerably in amplitude from what would be
seen without this loading effect.

A. H))(100)

In this geometry Cu samples whose thicknesses range
from 1060 to 156 pm have been studied. Figure 1 shows

both the transmission and reflection spectrum for the
thickest sample at a temperature of 4.2 K. The transmis-
sion spectrum, shown in 1(a), displays LW oscillations in

only two small regions of magnetic field: the low-field os-
cillations centered at 20 kG and the high-field oscillations
centered at 45 kG. No GKO signals are present and nei-

ther is the Cu CESR, which occurs at 27.5 kG for this

frequency. The more slowly varying baseline is due to an

unusually large amount of accidental microwave leakage
between the two cavities for this particular sample.
Within experimental uncertainty, the NP of the low-field

oscillations (37.5+0.6 Gcm) is equal to the NP of the
high-field oscillations (36.5+0.6 G cm). This is very close
to the NP = 38 G cm observed by Janossy at 9 GHz. The

temperature dependence of the LW for this thickness was
not studied as the signal was too weak.

The reflection spectrum from the transmit cavity,
shown in Fig. 1(b), displays three separate peaks, labeled
as A, B, and C, which are associated with the Co-P layer.
The largest peak, A, corresponds to the uniform FMR
mode. This is also seen in the microwave leakage super-
imposed on the transmission spectrum of Fig. 1(a), where
it has been labeled as feature D. This resonance in the
ferromagnetic layer is shifted by the demagnetization
field, ' 4vrM, where M is the dc magnetization of the Co-
P. The FMR generally occurs at fields of 43+3 kG, with
variations due to small differences in the Co-P magnetiza-
tion from sample to sample. The peaks B and C are
identified as bulk and surface spin-wave modes' of the
ferromagnet, respectively. Note that the high-field LW's
are most closely associated with the surface spin-wave
mode.

As the sample thickness is reduced, the transmission
signal rapidly grows larger due to the increasing number
of electrons which cross the sample without scattering.
In addition, the magnetic field range over which the
LW's are present increases. The low-field oscillations
remain centered at 20 kG (for which we have no simple
explanation), and the high-field oscillations remain
strongest in the vicinity of the FMR. For the thinner
samples we often calculate the NP of the high-field oscil-
lations at magnetic fields lying between the Cu CESR and
the Co-P FMR, where the period appears to be most uni-
form. Figure 2 displays that portion of the transmission
spectrum extending from 17 to 49 kG for a 722-pm-thick
specimen at 4.2 K. In addition to the low-field and high-
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FIG. 1. The (a) transmission and (b) reflection spectra observed in a (100) Cu specimen of thickness 1060 pm at 4.2 K.

field LW's indicated in the figure, the Cu CESR is also
clearly seen. As the temperature was increased to 16 K,
the LW weakened, due to increasing electron-phonon
scattering, while the CESR signal narrowed in width with
the amplitude remaining virtually the same. This obser-
vation on the CESR is in agreement with previous studies
done on unplated Cu, ' and is due to the presence of g an-
isotropy' on the Fermi surface coupled with motional
narrowing. ' Once again, for this sample the NP for os-
cillations on both sides of the CESR did not show an ap-
preciable temperature dependence.

When the thickness of the sample is further reduced,
GKO signals appear in certain portions of the transmis-
sion spectrum. Figure 3 shows the transmission signal
for a 411-pm-thick specimen at 4.2 K. In addition to the
CESR and low-field LW signals, fine structure is observed
at still lower fields in the range 5 —13 kG. This fine struc-
ture is due to the third and fifth subharmonics of a cer-
tain class of GKO signal (extremal helical trajectory) as
seen in unplated Cu specimens and described in detail in

Ref. 12. The NP for the GKO signals seen in Fig. 3 is in
exact agreement with that obtained with unplated sam-
ples. Another class of GKO signal seen in unplated sam-
ples for this geometry (arising from a cutoff of the topo-
logical effectiveness' ) has a normalized period
NP=51.8+2 Gcm, which is sufficiently different from
that of the LW as to be easily distinguished.

For the thinner specimens it is observed that the NP
becomes different for the low-field and high-field oscilla-
tions. Furthermore, a corresponding temperature depen-
dence is recorded as well, which is most prominent for
the high-field LW. Figure 4 displays the temperature
dependence of the NP for five different samples ranging
in thickness from 824 to 156 pm. Also indicated is the
temperature-independent value measured by Janossy at 9
GHz. As can be seen for the two thicker samples, the
high-field and low-field LW oscillations have approxi-
mately the same NP, which is relatively temperature in-
dependent and close to the 9-GHz value. On the other
hand, the three thinnest samples display a distinct varia-

low-fie11 LW high-field LW

20 25 30 35 40

MAGNETIC FIELD (kG)

FIG. 2. The transmission signal for a ( 100) Cu sample of thickness 722 pm at 4.2 K.
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FIG. 3. The transmission spectrum for a ( 100) Cu sample of thickness 411 pm at 4.2 K.

tion with temperature. The low-field oscillations are least
affected by temperature and lie closest to the 9-GHz mea-
surement. The high-field oscillations have a NP that is
several percent less and relatively temperature indepen-
dent in the range 4—12 K, but which increases at higher
temperature, approaching the value of the low-field oscil-
lations (and the 9-GHz value) at temperatures around
18—20 K. This temperature variation at 80 GHz may
reflect a dependence on the quantity cov., which, accord-
ing to dc electrical resistivity measurements, is also ap-
proximately constant over the temperature range 4—12
K. This possibility is also consistent with the smaller
differences between the high-field and low-field NP seen
in the thinnest samples, which would have a reduced co~

from increased surface scattering.
Because the temperature dependence of the NP is

present only in the thinner samples, another mechanism
which might play a role could be the contribution of two
or more groups of electrons from different parts of the
Fermi surface which individually would have somewhat
different periods. For samples whose thickness is larger
than the electron tnean free path A (the thickest samples
or thinner samples at elevated temperature where
electron-phonon scattering makes a significant contribu-
tion), scattering events rapidly attenuate the strength of
the signal. In such a sample, the signal would be dom-
inated by just one class of extremal electrons —those hav-
ing the largest value of UH and traversing the sample
most quickly. For situations in which L & A, however, it
may be possible for another group of extremal electrons
to make a significant contribution. Having a smaller
value of v~, this group of electrons would give rise to
LW's with a smaller period bH [see Eq. (2)]. These
characteristics are consistent with the general features
seen in the thickness and temperature dependence
displayed in Fig. 4. LW oscillations made up of a com-
bination of signals of different frequencies should in gen-
eral display a beating pattern. This is indeed observed to
some extent in the high-field oscillations as illustrated in
Fig. 5, where a clear amplitude modulation is visible over
the magnetic field range 30—40 kG.

B. HE~& 110&

In this geometry Cu samples whose thicknesses range
from 623 to 60 pm have been studied. Figure 6 shows the
transmission spectrum for the thickness sample at a tem-
perature of 4.2 K. For this orientation the signal ampli-
tude is quite asymmetric with respect to the CESR with
the high-field oscillations being considerably stronger
than the low-field oscillations. Only the high-field LW's
are shown as the low-field ones are too weak to obtain
much useful data. Also, the temperature dependence of
the transmission spectrum was not studied for this sam-
ple. The NP of the high-field oscillations for this sample
is 20.8+0.5 G cm. The NP of the GKO observed by Hsu
and Dunifer' over this field range for unplated (110) Cu
samples varied between 23 and 27 G cm. This is
sufficiently close to that of the oscillations in Fig. 6 that
some caution must be exercised to ensure that there are
no complications from GKO present in the background.
Referring to Fig. 8 of Ref. 12, it is seen that the GKO sig-
nals in this region have a magnetic field dependence to
their amplitude which is rather different than that seen in

Fig. 6. Two classes of GKO are superimposed, one hav-

ing an amplitude which slowly decreases from 27 to 43
kG, and the other being a localized signal peaked at 35
kG. Furthermore, there is no beating pattern present in

Fig. 6. Consequently, it appears quite certain that the ob-
served oscillations are due to LW only.

Figure 7 displays the transmission signal for a 441-
pm-thick sample at 4.2 K. Figure 7(a) presents the low-
field data for H (30 kG. GKO signals (due to an ex-
tremal helical trajectory' ) are present at the lowest mag-
netic fields. The NP of 10.6+0.3 G cm for these oscilla-
tions agrees with the value obtained by Hsu and Dun-
ifer 10.7+0.3 G cm. The low-field LW's are indicated
in the figure and have a uniform period over the range
21 —26 kG with a NP=17 Gcm. GKO oscillations at
these magnetic fields have a NP =35 G cm, twice as large.
Figure 7(b) shows high-field oscillations for H &30 kG.
The high-field LW's have a uniform period, NP
=21.2+0.3 G cm, over a range of 15 kG. This is in con-



5022 A. T. %'IJERATNE AND G. L. DUNIFER 41

40-

8 38-
Q

36-

34-

(a)

NP at9GHz

o low field

~ high field

38
8

36-

s
4

32

30

(c)

NP at 96HzII

II

a low field

~ high field

32
0

I I i

10 15 20

TEMPERATURE (K)

I

25 30
I I

10 20
TEMPERATURE (K)

30

42

40-

42

40-

(d)

8 38-
Q

36-

NP at9GHz
36-

NP at9GHz

34- low Geld

~ high field

34- a low' field

~ high field

32 T I

5
i I I

10 15 20

TEMPERATURE (K)

I T

25 30
32

0
I I

10 20
TEMPERATURE (K)

30

42

40-

8 38-
Q

36-

(e)

NP

at 9 GHz

34

32
0

D low field

~ high field

I I

10 20
TEMPERATURE (K)

30

FIG. 4. The temperature dependence of the NP for (100) Cu samples of different thicknesses. The horizontal arrow indicates the
temperature-independent value measured at 9 6Hz. The various thicknesses are (a) 824 pm, (b) 621 pm, (c) 294 pm, (d} 211 pm, (e)
156 pm. [The data in (c) are obtained from one of Janossy s original samples, and although mostly (100) orientation, may contain
small crystallites of other orientations. ]

trast to the GKO in unplated samples whose period
varies by more than 15% over the same magnetic field
range. Once again, the amplitude of the high-field LW
dominates that of the low-field LW: by approximately a
factor of 15 for this sample. Transmission spectra were
studied up to a temperature of 13 K for this thickness.

As was done for the previous geometry, Fig. 8 displays
the temperature dependence of the NP for (110) samples
having different thicknesses. The 441-pm sample, shown
in 8(a), displays essentially no temperature dependence;

however, the high-field LW's have a NP approximately
25% larger than that of the low-field oscillations. The
thinner samples do show a dependence on temperature,
and presumably so would the 441-pm sample if the LW's
could have been followed to somewhat higher ternpera-
tures before they faded away. The general behavior seen
for the two thinnest samples, Figs. 8(c) and 8(d), is that
the low-field LW's have an almost constant period,
displaying, perhaps, a small increase at the highest tem-
peratures. The high-field LW's have a NP that is essen-
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FIG. 5. The transmission signal for a ( 100) Cu specimen of thickness 211 pm at 14 K. Note the signal enhancement near 46 kG
due to the Co-P FMR and the 4X increase in gain at 52 kG.

C. H~~( I»)
In this geometry Cu samples whose thicknesses range

from 691 to 48 pm have been studied. Figure 9 shows the
transmission spectrum for the thickest sample at a tem-
perature 4.2 K. The high-field and low-field LW's and
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FIG. 6. The transmission spectrum for a (110) Cu sample of
thickness 623 pm at 4.2 K.

tially constant from 4—12 K, decreasing from 12-16 K,
and becoming equal to that of the low-field LW for
T ~ 16 K. This is the same type of behavior observed for
(100) samples except that in this case the high-field
LW's have a NP at low temperature which is larger than
instead of less than that of the low-field ones. The values
obtained for the NP for (110) Cu samples studied by
Janossy at 9 GHz at 4.2 K are scattered between 18 and
22 G cm, covering approximately the range of our mea-
surements.

the CESR are indicated. The profile of this trace is simi-
lar to that obtained for the thicker (110) samples, where
the high-field LW's are considerably more intense than
the low-field ones. The low-field LW's reach maximum
intensity at about 24 kG and have a uniform period ex-
tending over a range of about 5 kG. The high-field LW's
have a uniform period over a range of almost 10 kG, but
display a sudden change in their characteristics at mag-
netic fields in the vicinity of 37 kG. This is due to in-
terference of the LW with exceptionally strong GKO,
which occurs for H ~ 36 kG in the (111) geometry. '

This interference is further illustrated in Fig. 10 for a
418-pm-thick sample at 4.2 K. The dotted curve in the
figure displays the modulus of the GKO signal recorded
by Hsu and Dunifer' in an unplated Cu sample of compa-
rable thickness. It is very clear from the figure that the
beating pattern occurs over exactly the same range of
magnetic field in which the GKO's have a significant am-
plitude. As the temperature is raised, electron-phonon
scattering reduces the amplitude of the GKO more rapid-
ly than that of the LW signals. By 18 K the GKO have
essentially vanished for the 418-pm sample, allowing the
high-field LW to be followed over a range of 20 kG as
shown in Fig. 11. As the temperature is raised and the
beating pattern disappears, the average NP of the oscilla-
tions for H ~ 37 kG decreases from 39 G cm (at 4.2 K) to
33 G cm (at 18 K), the same as that of the LW for H (37
kG. Figure 12 shows the low-field transmission signal in
this sample at 4.2 K. As can be seen, the low-field LW's
occupy only a limited region of the spectrum with GKO
(of the extremal-helicial-trajectory type' ) dominating the
remainder.

Figure 13 plots the temperature dependence of the NP
of (111) samples of different thicknesses. The general
trend present in the figure is that the NP of the hi gh Pe1d'-
LW is relatively temperature independent (NP=33+1
G cm), while the NP of the low-field oscillations has some
temperature dependence. The low-field LW's have a NP
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FIG. 7. The transmission signal for a (110) Cu sample of thickness 441 pm at 4.2 K. (a) Low-field regime. Note the change of
gain near 21 and 27 kG. Highest gain is at the lowest fields; lowest gain is at the highest fields. (b) High-field regime. Note the
change of gain near 40 kG.

which is constant and less than that of the high-field ones
for temperatures less than 10 K, but which increases at
higher temperature and approaches that of the high-field
LW at temperatures around 15 K. This is similar to the
behavior exhibited by the ( 100 ) and ( 110) samples ex-
cept that the roles of the high-field and low-field LW's are
interchanged. When the same plots are made for still
thinner samples, there is more scatter in the data and less
evidence for any particular pattern present. There exists
no study of LW's for ( 111) samples at 9 GHz with
which the above data can be compared. The NP of the
GKO observed by Hsu and Dunifer' in unplated Cu
samples for this crystal orientation was 44 G cm in the vi-
cinity of the high-field LW and 25.4 G cm in the vicinity
of the low-field LW.

D. Polycrystalline sample

A polycrystalline sample of thickness 212 pm and
RRR=1400 was studied for comparison purposes with
the single-crysta1 specimens. Viewed under an optical
microscope, the surfaces displayed individual crystallites
having typical dimensions of 0.6 mm. Approximately 25
of the individual crystallites were directly exposed to the
microwave fields of the transmit cavity. The transmis-
sion spectrum was studied between 4.2 and 20 K.

At 4.2 K complex GKO signals appeared at the lowest
and highest fields. LW oscillations, along with the CESR
signal, are found for 20 kG~H ~40 kG. Interestingly,
the LW's showed no significant temperature dependence
to their period. The NP for the low-field LW was 33+2
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velope of the GKO signal observed in an unplated Cu sample of comparable thickness for this orientation.

Gcm; while the NP for the high-field L% was 31+2
Gcm. These periods are closest to those displayed by
single crystals of (111)orientation, indicating that there
may be a preferred ( 111) orientation within the poly-
crystalline specimen.

IV. ANALYSIS AND DISCUSSION

As shown by Montgomery and %alker, the magnetic
field dependence of the L% amplitude becomes dificult
to calculate for anisotropic Fermi surfaces, such as Cu,
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FIG. 11. The high-field LW for a (111)Cu sample of thickness 418 pm at 18 K. Note the doubling of the gain at magnetic fields

near 36 and 44 kG.
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especially in the presence of a significant exchange in-
teraction. On the other hand, Eq. (2) for the normalized
period is expected to be quite generally valid. We will
use this equation to calculate the NP for the known Fer-
mi surface of Cu and compare the results with the experi-
mentally determined periods for the three crystal orienta-
tions studied.

LW's arise from those groups of electrons on the Fermi
surface whose phase passes through an extremum. From
Eq. (2) it is seen that this requires an extremum in the
quantity vH/gsp. Presumably for a material with g an-

isotropy on the Fermi surface, the extremal quantity
should actually be vH /(gsp ), where (gsp ) is the time-

averaged g value for one complete orbit of an electron
around the Fermi surface. UH has already been defined as
the average drift velocity of the electron along the field.
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FIG. 13. The temperature dependence of the NP for (111)
Cu samples of diiT'erent thicknesses: (a) 691 pm, (b) 542 pm, (c)
418 pm.

FIG. 14. A contour map showing the variation of gsp on the
Fermi surface of Cu. The dashed curves show the approximate
orbits which are excepted to produce the dominant LW signals:
A, H)((100); B, H(~(110); and C, H(~(111). Note that orbit B
has four separate segments.
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gsp has been measured for Cu by Randles' using the
dHvA effect, and Fig. 14 displays its variation on the Fer-
mi surface in the form of a contour map. Only —,', of the

Fermi surface has been shown as the remainder can be
generated from symmetry. The characteristics displayed
in the figure arise from both the exchange interaction and
spin-orbit coupling to the lattice potential. The total
variation of gsp is only 16%, which is considerably small-

er than that expected for vH. Consequently, LW signals
will arise, to a good approximation, from those orbits for
which the quantity vH is extrernal.

vH has been previously computed' ' ' using Halse's
dHvA data on the Fermi surface of Cu. This is

displayed in Fig. 15 for the three geometries we have
studied. kH is the component of the electron's wave vec-

tor parallel to the applied field, and the normalizing
quantity k„E represents the radius of the Fermi surface
for a free-electron gas having the same density as the con-
duction electrons in Cu. Arrows on the figure correspond
to regions where vH has an extremum or is approximately
constant, both of which can give rise to LW signals.

For the (100) geometry, shown in Fig. 15(a), three
different values of kH have been indicated which might
produce LW's. The value of uH associated with k3 is
about 3 times smaller than that of the other two wave
vectors. Because these electrons are much more likely to
suffer a scattering event in crossing the sample, it is not
likely that they will generate observable LW's except in
the thinnest samples. The values of vH lying between k&

and k2 vary by only about 4%. Consequently, one might
expect a significant fraction of the electrons lying be-
tween these two values could participate in the observed
LW signal. For comparison with the experimental data,
we have calculated in Table II, using Eq. (2), the NP ex-
pected for those electrons having kH =k, . For the indi-
cated value of ki, we have listed in the table the associat-
ed values of UH and (gsp) used in the equation. The
value given for (gsp ) is not an exact value, but rather a
"best estimate" obtained by averaging the g value over
the required orbit with the aid of the contour map in Fig.
14 and a tracing of the orbit on a three-dimensional mod-
el of the Cu Fermi surface. The approximate location of
this orbit on the contour map is given by the dashed
curve labeled A.

The calculated value NP =35.8+0.7 G cm can be com-
pared with the experimental values displayed in Fig. 4.
For the two thickest samples, which do not show much
temperature dependence, the NP's are just a little larger
than the calculated value. For the 211-pm sample, which

(a) &100)

0.5

k2 k,

(b) (110)

0.5

(c) (111)

0.5—

0
0 0.5

I I I I I t

1.0

kH l kFF

FIG. 15. A plot of vH vs the ratio kH/kFE for Cu. (a)

has the largest temperature dependence, the calculated
value is close to that observed in the high-temperature
limit where the low-field and high-field values are ap-
proaching each other and that measured at 9 GHz. Be-
cause of this, we list for the experimental NP in Table II
the value 38.3+0.7 G cm, which is obtained by averaging
the high temperatur-e results for all the (100) samples.
This number is about 7% larger than the calculated value
and somewhat too large to allow overlap of the two sets
of error bars. Recalculating the NP using the electrons
at kH=k2 gives NP=34. 7 Gcm, which agrees even less
well with the experimental data.

For the (110)geometry, shown in Fig. 15(b), there is a
range of wave vectors, 0.2 &kH/kFE &0.35, over which

vH is essentially constant and from which LW's might
arise. The specific orbit which plays the dominant role

TABLE II. Comparison of the experimental
surface geometry.

LW period with values calculated from the Fermi-

Crystal orientation

k, /kFE
vH {10 cm/s)
&~sp)
NP, .„(acm)
NPexpt (G cm)

& 100)

1.01
1.096+0.005
2.19+0.02

35.8+0.7
38.3+0.7

&110)

0.20
0.488+0.005
2.02+0.04

17.2+0.5
17.8+0.4

0.87
0.99+0.01
2.16+0.04

32.8+0.8
32.9+0.7
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may be determined by where (gs~ ) has an extremum in

this vicinity. Guessing that this orbit, labeled with
kH=k, , might be the one in which the electron just
skims by the necks on the Fermi surface, we calculate the
NP for this orbit in Table II in the same manner as was
done for the (100) geometry. The approximate location
of this orbit on the contour map is given by the dashed
curve labeled B in Fig. 14. The calculated value
NP=17.2+0.5 G cm is to be compared with the experi-
mental data in Fig. 8. Once again, agreement is best at
high temperatures, where the 1ow-field and high-field
periods merge together. The experimental value listed in
Table II, NP=17.8+0.4 Gcrn, is the high-temperature
average for all (110) samples. This agrees well with the
calculated value above.

For the (111) geometry, shown in Fig. 15(c), there is
only one wave vector k, at which UH has an extremum.
The NP of the LW for electrons in this orbit is calculated
in Table II as before. The approximate location of this
orbit on the contour map is given by the dashed curve la-
beled C. The calculated value, NP=32. 8+0.8 Gcm, is
compared with the experimental data in Fig. 13. As be-
fore, the agreement is best at high temperature, where the
average value for all ( 111) samples, NP =32.9+0.7
G cm, is in almost perfect agreement with the calculated
result. We thus find very good agreement between the
calculated and high-temperature experimental NP for the
(111) and (110) orientations, but somewhat poorer
agreement for the ( 100) direction.

The other two features of interest in the experimental
data are the asymmetry in the LW amplitude with
respect to the CESR for the (110) and (111) samples
and the variation of the NP with temperature seen for all
three orientations. Montgomery and Walker show how
the asymmetry in amplitude can result from an exchange
interaction between the electrons (Bo having a nonzero
value). From numerical computations for both a spheri-
cal and cylindrical Fermi surface, they show that a nega-
tive value of Bp will enhance the amplitude of the high-
field LW over that of the low-field ones. Using a value
Bo= —0.285 (appropriate for potassium metal), they find

an enhancement factor of as much as several hundred.
Previous studies on the temperature and frequency
dependence of the Cu CESR (Refs. 16 and 18) indicate
that Bp for this metal is negative, but with a rather small
magnitude: Bp= —0.01. This number is consistent with
the enhancement of LW's on the high-field side of the
CESR and also with the enhancement factor of 3—10 seen
in the ( 110) and ( 111) samples (assuming the enhance-
ment is proportional to ~Bo~). Why the enhancement is
not seen for (100) oriented specimens is not clear
without a more detailed calculation taking into account
the actual Cu Fermi surface.

We are not able to interpret the variation of the LW
period with temperature at this stage. No variation was
observed at 9 GHz, but it is clearly present for all three
orientations studied at 80 GHz. The temperature depen-
dence seen for the (100) orientation may be partly due
to electrons in the vicinity of kH =kz [Fig. 15(a)] making
a larger contribution in thinner samples as discussed in
Sec. IIIA. This, however, cannot be the complete ex-

planation, as no temperature variation was recorded at 9
GHz while observing some of the same samples. The
temperature dependence may be due to a combination of
many-body effects and the detailed geometry of the Fermi
surface of Cu. Under the condition ~corBo l(1+Bo)~

~ 1,
many-body effects become much more prominent, '
than when ~corBol(1+Bo)~ ~ 1. With the small magni-
tude of Bp in Cu, it is very likely at 80 GHz that one
passes from one regime to the other as the temperature is
raised from 4 to 20 K. On the other hand, at 9 GHz it is
not likely that ~~rBol(1+Bo)~ will approach 1 at any
temperature. What is needed at this point is a rigorous
calculation of the LW spectra in Cu taking into account
the proper geometry of the Fermi surface and allowing a
nonzero exchange interaction. The results of such a cal-
culation should enable a more quantitative interpretation
of the experimental data presented here and, perhaps, an
accurate determination of the parameter Bp.

We conclude with a final remark on the Cu CESR.
Since the CESR arises from all the electrons on the Fermi
surface, one would expect this signal in general to be
much stronger than the LW signals. This is the case in
Figs. 1 —4 of Montgomery and Walker in which they
display the results of numerical calculations for several
different situations. On the other hand, as seen in some
of the experimental traces presented here, the CESR may
be either weaker than the LW or absent altogether. A
more exact calculation for Cu should show how this situ-
ation arises.

V. CONCLUSION

LW's at 80 GHz have been studied in Cu samples plat-
ed with thin ferromagnetic layers for three crystal orien-
tations (and one polycrystalline specimen). The normal-
ized periods obtained for these LW's showed a tempera-
ture dependence of varying degree for the three orienta-
tions, in contrast to what was observed in earlier studies
at 9 GHz. Despite the temperature dependence, the
high-temperature NP's are comparable to the theoretical
predictions and consistent with the lower-frequency stud-
ies. The observed asymmetry in the LW amplitude with
respect to the CESR, seen for (110) and (111)samples,
may be due to a weak exchange interaction (Bo= —0.01).
The present theory of LW's should be reevaluated using a
more realistic model for Cu.
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