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other words, there may be preferred configura-
tions that characterize collisionless plasmas
which are continuously perturbed thermally by
bulk flow inhomogeneities. The nature and num-
ber of the kinetic processes responsible for the
existence of these preferred configurations is at
present not known.

Qne such process is evidently the ion-ion two-
stream instability since a marginally stable con-
figuration has been experimentally isolated in the
above data by Feldman et al.' and shown to agree
in detail with the two-dimensional numerical
simulation by Forslund and Shonk. ' Here a sym-
metric distortion (about the bulk flow of the com-
posite plasma) produced by two equal intensity,
interpenetrating ion beams, each with the same
thermal energy, is initially characterized by T„/
T, » i, but q ~~

= q ~ = 0. The results of Forslund
and Shonk showed that if the plasma is two-
stream unstable, short-wavelength longitudinal
electrostatic waves grow in amplitude. The na-
ture of the process is such that the relative
streaming energy is fed into thermal energy
preferentially perpendicular to the relative
streaming direction. The net result is a velocity

distribution with T„/T„=1 in qualitative agree-
ment with the empirical q ii(Tii/T~) and qi(Tiki/T~)
relations (i.e., when T„/T~=1, q„and q, are
small). Such empirical relations, where applica-
ble, can be used to close the Vlasov moment
equations.
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Cyclotron phase resonance {CPR) is observed at 1&6 GHz in sodium and potassium.
The CPR signal shows effects due to electron correlations, including notches in the
transmission amplitude, an asymmetry, and possibly a shift in resonance 'field from
the Azbel-Kaner cyclotron-resonance {AKCR) value. A simple model describing these
effects appears to indicate that CPR is a k=o resonance in the conductivity, i.e„a
uniform resonance whose shift from AKCR should give the Fermi-liquid parameter &&.
Values found for A&, however, disagree with previous estimates.

Cyclotron-phase-resonance (CPR) experiments
have been previously reported for copper and
silver at 35 GHz. ' The detailed explanation of
those experiments required knowledge of the rath-
er complicated shapes of the Fermi surfaces.
%e have extended these measurements to 11.6
GHz, investigating sodium and potassium, met-
als whose spherical Fermi surfaces would be ex-
pected to yield rather simple spectra, and have
observed certain novel phenomena which must
be ascribed to electron-electron correlation ef-

fects. Such effects are accentuated at high val-
ues of ~T. These phenomena, observed in the
phase-resonance transmission amplitude as a
function of magnetic field, include notches in
the amplitude, a strong asymmetry between the
oscillations on the low-field and high-field sides
of the resonance, and a possible shift in the po-
sition of the peak from that of Azbel-Kaner cyclo-
tron resonance (AKCR). The analysis of the da-
ta in terms of a simple model, which makes use
of the Pippard' ineffective electron concept, leads
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to a surprisingly good agreement between exper-
iment and theory. The model also suggests that
CPR is equivalent to a uniform excitation experi-
ment involving a k =0 resonance in the conduc-
tivity. If true, this would lead to a measure-
ment of the Landau Fermi-liquid parameter A„' '
for which there is no previous experimental de-terminationn.

While values of the parameter 4, determined
from this resonance are in good agreement with
experimental values found by other spectroscop-
ic techniques, ' the values of A., are of opposite
sign and considerably smaller than accepted es-
timated values, ' particularly those obtained by
examining the contributions to the AKCR mass
value. It is possible that an oversimplification
of the macroscopic transport problem leading
to the resonance has resulted in an incomplete
description of the role of the correlation param-
eters, in spite of the remarkable agreement be-
tween theoretical and experimental spectra. Al-
ternatively, there may be aspects of the micro-
scopic estimates of &, which need re-examina-
tion, in particular, the size of the band-struc-
ture contribution to the AKCR mass.

The experimental apparatus consists of a mi-
crowave transmission spectrometer' of a homo-
dyne type, with a 100-mW klystron as a source.
A high-purity alkali metal sample, protected
from corrosion by thin quartz plates, forms the
common end wall of two TEyyp cavities which are
tuned to the same frequency. These are mounted
in a helium cryostat vertically above one another
such that the plane of the sample is normal to
the field of a high-homogeneity superconducting
magnet. Microwave power to the upper (driving)
cavity is modulated at 20 kHz, and the signal
propagating through the sample is received in
the lower cavity where it is fed to a helium-
cooled InSb hot-electron bolometer operating in
a mixing mode. ' Unmodulated bias power is in-
cident on the detector by a separate path, and
the phase shift between the paths is adjustable.
This means that an observed signal is the pro-
jection of the weak signal field onto the bias field,
and consequently a signal whose microwave phase
is varying linearly with magnetic field will ap-
pear as sinusoidal in the detector output.

The transmission spectrum as a function of
swept magnetic field is shown for potassium in
Fig. 1(a). Many interesting features are present,
including conduction-electron spin resonance and
spin waves, ' Gantmakher-Kaner oscillations
(GEO), ' and CPR. This Letter will discuss only
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FIG. l. (a) 116.0-GHz transmission spectrum of a
sheet of potassium of thickness 8.25 x10 ~ cm. The
magnetic field is normal to the sheet and has a value
of 50.98 kOe at CPR. The temperature is 1.8'K.
(b) Calculated spectrum using a free-electron model,
u07' = 800. (c) Calculated spectrum, including Fermi-
liquid effects, with parameter values A& =- 0.015,
A, =-O.OB, A„»=0, ands&p =800.

the GKO and CPR.
An approximate view of the physical processes

involved here can be obtained by considering a
group of free electrons, with velocity VH along
the field, on a spherical Fermi surface. A skin-
depth field is set up at the surface (z =0) by the
"effective electrons, " and extra transverse mo-
mentum is given to the ineffective electrons by
the microwave field in the skin depth. These elec-
trons continue along a helical path, giving rise
to a current in the sample with a q' value' of
(v, '&uo)/V„and a phase which differs from that
of the reference or bias field by cpo+qz, where
~, is the cyclotron frequency, w, is the micro-
wave frequency, and p, is a constant. The total
current is found by integrating the effect over
the Fermi surface, and the phases of the various
group of electrons cancel as a result of the var-
ious values of V~. This leaves a weak signal
which appears to come from the tip of the Fermi
surface, and has a phase at the second surface
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of the slab (z =I.) of (&u, + ~,) I-/V„+ y„ i.e. , it
depends linearly on magnetic field. This is the
GKO. However, for the negative or resonant
sense of polarization, the q value goes to zero
at ~, =co, and all the cyclotron current has the
same phase throughout the sample. The result'
is a strong symmetric resonant peak in the trans-
mission.

This peak, denoted CPR, is centered at the
AKCR field [Fig. 1(b)]. However, Fig. 1(a) for
potassium clearly shows a striking asymmetry
in the CPR with some extra features (notches)
near the center. Close inspection shows that the
peak of the resonance is centered at a mass val-
ue of m*/m = 1.228 (+ 0.002), wherea. s the AKCR
value is 1.21.' The errors quoted for this value
are +2%%,' but, subsequently, it has been found
that the errors can be reduced to about + 2/o.

"

We now attempt to include correlation effects
in the description of the CPR and GKO phenom-
ena. Rephrasing the description of the previous
paragraph, we note that the nonlocal conductivity,
defined by j(z) = f, o~(z, z') e(z') dz', determines
the transmitted signal T at the emergent side of
the slab via' T =Co~(I., O), where C is some con-
stant independent of field. To the extent that the
faces of the slab do not significantly alter the
conductivity, we may replace o~(z, z') by o„(z
-z ), where cr„ is the conductivity in an infinite
medium. This latter quantity may be obtained by
evaluating

o„(~z —z'~) = (2~) 'fdke'" ' ' 'v(k, (u).

a(k, co) can be calculated by solving the spin-in-
dependent part of the Landau equation for the
ease kill-I llz

an„. ~ 6n - ~n„—im, 5n+ "5e +ik, V,5n —e, 5n+ —= —qe ~ V
8E'0 Bp 7 BE' (2)

where n, and e, are the single-particle distribution function and energy, y =tan (k, /k„), 5e is the ex-
tra energy associated with correlations and depends on the Fermi-liquid parameters A„,"e is the
electric field, bn = bn, —(sn, /Be, )be, and ~ is a phenomenological relaxation time. We manipulate this
equation, assuming for simplicity that A„—= 0 for n & 2, and obtain

o(k, (u) ~k '[aK(x) + b]/[c —dK(x)],

a =1 —5xX2, b =5X2, c =1+ 5A.,(x —A.,), d =A., + 5xA.,(x —A.,), A. „—= (u/kV„)A„/(1+A„),

x = (1 —&u,/u + i /mr)v/k Vq, K(x) —= ~ (2x + (1 —x') ln[(x + 1)/(x —1)]).
The k =0 limit of (3) is [(1+A,) ' —m, /&a+i/vT] '

which exhibits a resonance at a field shifted by a
factor (1+A, )

' from the AKCR field. '' The val-
ues of I.=z —z' involved in evaluating (1) cause
the 0 = 0 component of the conductivity to domi-
nate the integral. The k =0 component has two
distinctive features. The first is the resonance
we have mentioned at ~,/~ = (1+A, ) '. The sec-
ond is that o (k = 0, &u) = 0 at &u, /~ = (1+A„) ', n & 1.
These zeros should diminish the transmitted cur-
rent, putting a notch in the transmitted field
strength, at these values of magnetic field. " Our
calculation here, which retains the A„only up to
n =2, does indeed exhibit the notch at to, /tu = (1
+A, ) '.

In spite of the simplifying assumptions, it has
been found possible to obtain a reasonable line-
shape fit to the data. The variables are the pa-
rameters A„A, and the scattering time T. The
fit is shown in Fig. 1(c) for potassium and was
made in the following way. A, was fixed at
—0.0& 5 by fitting the position of the resonance

peak. A, was fixed at —0.03 by fitting the posi-
tion of the notch to the feature in the data at about
1.03 of the AKCR field. Of course, this value of
A, was suggested by the previous determination'
of A, and it is satisfactory that the same value
can be used here. 7 was fixed by fitting the ratio
of the CPR amplitude to the GKO amplitude. It
may be observed that the spectrum found with
the values of the parameters fixed in this way
gives the correct sign and approximately the cor-
rect magnitude of the asymmetry of the signal.

Figure 2 gives a more detailed view of the spec-
trum near v, /v =1 (m*/m =1.21). It is clear
that the theory has failed to account for some
features of the experiment, most notably the two
extra notches close to the center of the reso-
nance. Both of these represent reductions in the
transmission just as in the case of the A, notch.
It seems likely that these are due to other A„pa-
rameters which have been neglected in the cal-
culation. If so, one is of the order —0.01 and
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FIG. 2. Expanded view of CPB. Solid line, experi-
ment; dashed line, theory for the parameter values
of Fig. 1(c).

no resonance at all and cannot possibly describe
the data.

In summary, our simple model suggests that
the experiment is a uniform cyclotron current
excitation (k =0), and that the shift of the reso-
nance from the AKCR (high k) value is a mea-
sure of the parameter A, . The physical picture
is appealing, particularly in view of the correct
description of the distinctive line-shape features
of the resonance and the reasonable values found
for the parameter A„but the unexpectedly small
values of A, found in this way force us to con-
sider these as tentative until rigorous justifica-
tion for the approximations can be found.

We gratefully acknowledge helpful discussions
with T. M. Rice, and would like to thank P. H.
Schmidt and S. Schultz for supplying the alkali
metals.

the other so small that its sign cannot be deter-
mined due to the uncertainty in the AKCR mass.
In the case of solium a similar analysis gives
A, = —0.01 and A2= —0.045. For all A„ the er-
rors are largely determined by the uncertainty
in the AKCR mass, i.e. , + 0.005 for potassium"
and+ 0.02 for sodium. "

We must now question the validity of the ap-
parent agreement between experiment and cal-
culation, since the model contains two simplify-
ing physical assumptions which cannot be rigor-
ously justified at this time. The assumptions are
(a) that the fields associated with the currents
in the interior of the slab play a minor role in the
transmission as compared with that played by
the strong skin-effect launching field, and (b) that
the presence of the slab boundaries does not af-
fect the conductivity. Although there are diffi-
culties associated with providing firm theoreti-
cal support for these assumptions, their use
does lead to a model which reproduces the data
remarkably well. However, the values of A, de-
duced from the data fit are small and lead to dif-
ficulties in explaining the magnitude of the AKCR
mass. ' Attempts to solve the problem without
making use of the above assumptions are being
pursued vigorously, but so far they have not been
encouraging. The only mathematically tractable
calculation is that found for specular reflection
boundary conditions, which predicts that the
transmitted field is no longer proportional to v,
but is approximately given by 1/v which shows
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