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OBSERVATION OF SPIN WAVES IN SODIUM AND POTASSIUM*
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We report the first observation of spin waves in sodium and potassium at low tempera-
tures. Utilizing the theory of Platzman and Wolff, we are able to deduce the first two
Legendre coefficients of the Landau correlation function for a Fermi liquid.

In the course of making precise g-value and
linewidth measurements of the conduction-elec-
tron spin resonance (CESR) in sodium foils
at 1.4'K, utilizing the selective transmission
technique, we found significant departures from
the predictions of previous theories. ' Further
investigation showed that there was extra struc-
ture in the vicinity of the CESR. It is the pur-
pose of this Letter to show that the extra struc-
ture that we have observed i.s proof of the ex-
istence of spin waves in the metal which are
excited by the applied rf field. We have veri-
fied the detailed theory of Platzman and Wolff'
(henceforth called P-W), and furthermore, we
are able to extract from the data the relevant
Landau Fermi-liquid theory parameters +0
and B,. We wish to point out that these spin-
wave data appear as a primary effect in them-
selves and vanish in the limit of zero electron
correlation. We believe that this direct observ-
ability, plus the fact that we are doing a reso-
nance experiment, will allow the measurement
of the relevant parameters with a significant
precision. ' Since we have seen the spin-wave
signals in both sodium and potassium, we feel
the technique is generally applicable to all the
alkali metals and in principle to all metals. 4

The basic experimental arrangement is sim-
ilar to that which we have used to discover the
CESR in several new metals. ' The major change
has been the use of solid dielectric cavities,
which help to insure the parallelism of the sur-
faces of the ductile alkali samples while also
protecting them from any deteriorating atmo-
sphere. In brief, the technique consists of plac-
ing the sample between a pair of X-band cav-
ities tuned to the same frequency in the pres-
ence of a uniform dc field II,. Microwave pow-
er is coupled into one cavity (transmitter),
and a sensitive superheterodyne receiver is
connected to the second cavity (receiver). If
the leakage between the cavities has been suf-
ficiently reduced (by experimental care), any
power that appears in the receiver cavity has
been transmitted through the sample. ' In the
vicinity of a magnetic resonance, electrons
absorb power within a skin depth on the trans-
mitter side of the sample and carry this infor-
mation via their nonequilibrium transverse
magnetization to the far side of the sample where
they radiate power. ' As is shown in P-W, at
selected values of the applied dc field near the
main CESR (for a fixed frequency), other modes
of the spin system are excited depending on
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the properties of the interacting electron gas
and the thickness of the sample. In Fig. 1 we
have presented a set of typical data, taken with
the dc field parallel to the sample (& = 90').
Under this condition the spin-wave structure
appears on the low-field side of the main CESR
signal. As the magnetic field is rotated towards
the normal to the sample, the spin-wave struc-
ture moves in towards the main CESR line with
all the modes converging at a particular angle

When the field is rotated still further,
the structure appears on the high-field side
and is farthest out when the field is normal
to the sample (& =0'). The magnitude of the
separation of the spin waves from the main
CESR line is found to be almost proportional
to 1/I. ', and the successive harmonics are
separated proportional to n' as is predicted
by the theory (I. is the sample thickness, n

is the harmonic number). For a given thick-
ness, the intensity and amplitudes of the spin
waves are mainly determined by the electron
collision time 7, and as ~ decreases, the lines

broaden, diminish in intensity, and shift slight-
ly. For Na we have been able to follow these
signals up to =11 K. It is of interest to note
that the area under each of the first few spin
waves is greater than that of the main CESR.

We have programmed the results of the fuQ
formula for the transmitted rf field developed
by P-W [Eq. (5)], and in Fig. 1(b) the linewidth
and location of the first spin wave have been
fitted to the experimental data by adjusting &

and BO, respectively, and by normalizing the
signal at the peak of the first spin wave. As
can be seen, the agreement is generally excel-
lent but falls off at the higher order spin waves.
The mathematical reasons for this are under-
stood, and it is very likely that a treatment
to higher order in the expansion parameters
of P-W will be necessary to obtain better agree-
ment with experiment. It is thus possible that
the higher order modes will allow us to obtain
information about B, or even higher order co-
efficients.

Equation (5) of P-W is of sufficient complex-
ity that is is impractical to discuss the anal-
ysis of the data for arbitrary values of all of
the parameters in this brief account. Let us
impose the following two conditions: (1) urv

» 1,' and (2) the separation of the first spin
wave maximum from the main CESR (o.'g) at
any angle ~ is sufficiently small. The first
condition is necessary if one wishes to make
precision measurements, and the second can
always be met by taking sufficiently thick films.
Under these assumptions the transmitted spin
wave signal is given by [i.e. , Eq. (5) of P-W
reduces to]
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FIG. 1.. Typical spin-wave signals as a function of

applied dc magnetic field (IIp =3250 G). (a) The n=0
mode (usual CESH,} and the n =1 mode are clearly
shown. (b) The gain and field sweep have been in-
creased to display the first four spin-wave modes be-
yond the CKSH. The theoretical points have been fitted
via the procedure described in the text.

cos'&

where T, = spin relaxation time, w = applied
frequency, k = I/m*, v F= Fermi velocity, and

~~ = CESR frequency.
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Quantitative analysis of the data. (A) Rela-
tive data. —The basic term causing the resonanc-
es is 1/sin(2W) which blows up when Re(2W)
=n&. In the limiting case considered, T,I"'
is pure real (the neglected imaginary part de-
termines the finite width and amplitude), and
we can set n2m'TBI'2= —e~. We can then express
the ratio of the location of the spin wave at ar-
bitrary ~ to that at ~ =90'by

/& = 1-A. cos'~

where / =j'p (] iB ) (1+B )2/(8 B )2

is known, we see that a measurement of the
angle ~z for which ng = 0 determines A. and

C
hence a relation between B, and B,." In Fig.
2 we show a plot of Eq. (1) normalized to the
data at & =O'. Using the observed value of 7.35
for the ratio at 0', we obtain ~q= 69.7+0.4'.
Independently, we have measured the angle
at which the spin waves coalesce and find the
same &~ to within +0.5'. Notice that this is
a fundamental property of sodium and does not
depend on the sample thickness, etc. Figure
3 shows the relationship between B, and B, de-
termined from this data. We believe the rela-
tionship between B, and B, shown in Fig. 3 is
accurate to +0.01 in the region of interest.

(B) Absolute data. —In order to fix the abso-

-Ip

$ EXPERlMENTAL POlNTS

lute value of B, (and hence B,), it is necessary
to fit the observed separations as a function
of the other parameters in the theory. Subject
to our two assumptions, and specifically con-
sidering & = 0' for simplicity [other angles are
simply related by Eq. (1)], we find

n, =Q (1+B,) (2)

where Q is a function of v F/I. , m*, and A.
(Note that 7'2 is not considered a parameter
as it enters solely as a scaling factor in this
expression. ) Thus, since the linewidths of the
spin waves are almost completely determined
by T (for reasonable values of B,), we fit the
data of Fig. 1 by adjusting & and then choosing
the B,which locates the maximum of the first
resonance. Since B, turns out to be small com-
pared to 1(= 10%), it is necessary to have 10
times the precision in n/Q for a given preci-
sion of Bo. This imposes a rather severe lim-
it to our present accuracy of the absolute val-
ues of B,. Using our measured value of the
thickness of the sample (corrected for thermal
contraction) and a value of 0.86&& 10' for v F,"
we find B,= -0.1+0.1. From Fig. 3 this implies
B,= 0.2 + 0.2. Although our present absolute
accuracy is poor, we feel we can make an or-
der-of-magnitude improvement (as discussed
later) and hence we do not feel it worthwhile
to elaborate on the errors in our current mea-
surements.

There are other features related to the ob-
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FIG. 2. The ratio of the location of the maxima of
the first spin wave at arbitrary angle 4 to the location
at 4 = 90', versus the magnet angle 4. The data were
normalized at &= O'. These data enable one to deter-
mine the parameter A.

FIG. 3. The parameter J3& as a function of Bo. The
equation relating them via the parameter A of Fig. 2
is described in the text. Bo and B~ are normalized
Legendre coefficients of the spin part of the Landau
correlation function. See the preceding paper {Ref, 2)
for their precise definition.
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servation of the spin waves that are worth men-
tioning: (1) "Geometric cyclotron resonance"
effects. Under the conditions that &&& 1 and

sample thicknesses are comparable to the mean
free path, one finds additional transmitted pow-
er variations with magnetic field angle and
strength. We have previously termed these
variations "geometric cyclotron resonances. "'
Ordinarily the presence of these extra signals
tends to obscure the spin waves and cause base-
line shifts, but under a judicious choice of sam-
ple conditions they can be suppressed.

On the other hand, it is clear that in order
to obtain the desired improvement in accura-
cy, it will be necessary to determine vF ac-
curately. Since it is possible to determine 0 F
accurately, or even more desirably, AF/L,
we will always need m*/m accurately. We

have just completed an extensive study of these
geometric resonances, and while a detailed
theoretical description is still lacking, we feel
that for materials with spherical Fermi sur-
faces we will be able to determine m*/m to
approximately 0.1% accuracy.

(2) Determination of kF/L. If we can, in
fact, measure the spin-wave data itself, and
m*/I to 0.1% accuracy, we will then need a,

precise determination of kF/L. We believe
it would be possible to do Gantmakher size-
effect resonance" and spin-wave resonance
on the same samples at low temperatures.
Since the size effect measures k F/L in terms
of fundamental constants and the magnetic field
at resonance, we should be able to achieve
a substantial increase in accuracy. Thus, it
may very likely be possible to make absolute
determinations of the B,B, (or even higher
coefficients) with errors of a few percent.

(3) The main CESR. So far, in the develop-
ment of the P-W theory the main CESR does
not play an intrinsic role in describing the spin
waves, and T, enters only as a phenomologi-
cal spin relaxation time. However, we have
observed striking changes in the main CESR
I'p =0 spin wave) which indicates the need for
further refinement in the theory. Due to the
high precision with which the main CESR may
be measured, this may be a sensitive probe
of the interactions in the spin system. Brief-
ly, we find significant changes in the g value,
amplitude, and linewidth as the angle ~ is varied,
with the main variations occurring in a narrow
region around &~. Over one order of magni-
tude changes in the linewidth have been observed

in our best samples. These line-shape chang-
es are not due to a simple superposition of the
spin waves coalescing at the main CESR because
they do not show up in the P-W theory. Since
this theory does take into account the chang-
es in the "effective diffusion constant" that
occur due to magnetic field effects, "this im-
plies that other sources of explanation must be
found. It is possible that it is merely a coinci-
dence that these effects occur at 4~, and they
may be manifestations of changes in the rf field
distributions in the bulk of the sample as were
indicated in the experiment of Peercy and Walsh, '
or due to transit-time effects since the mean
free paths are comparable to the thickness
of the sample. All of the above variations grad-
ually disappear as the sample temperature is
raised, and are gone by =20 K. We plan to make
an extensive study of these effects using pulse
techniques, which are particularly suited to
the transmission technique. We have made
preliminary measurements of T,* (the free-
induction decay time) and it is in excellent agree-
ment with the observed linewidths. " We now

plan to measure T, and T, by the appropriate
pulse techniques.

We wish to thank Professor D. Fredkin and
Dr. P. Platzman for enlightening discussions
on many-body effects, Mr. C. E. Taylor for
generously supplying us with the pure sodium,
and Mr. M. R. Shanabarger for his help in mak-
ing the pulse measurements.
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P. M. Platzman and P. A. Wolff, preceding Letter
[Phys. Rev. Letters 18, 280 (1967)]. We use the nota-
tion of that work throughout. There the normalization
of Bp and B&, which are Legendre coefficients of the
spin part of the Landau correlation function, is explicit-
ly defined.

We know of only one other technique for obtaining Bp,

namely, a measurement of the absolute electronic sus-
ceptibility. This method has only been applied to Li
and Na [R. Schumacher and C. P. Slichter, Phys, Rev.
101, 58 (1956)] and is not generally applicable to other
metals for experimental reasons. Due to the nature of
the experiments they are expected to have substantial
errors. We know of no other technique for measuring
B& in metals.

Although we have seen spin waves in potassium quali-
tatively similar in behavior to those in sodium, we
have not completed our analysis of those data. All the
data in this Letter refer specifically to sodium. Since
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Rev. Letters 16, 187 (1966).

This is a big "if." In our experiments leakage was
typically better than 165 dB, and the actual power in
the main spin-wave peak was =20 dB above leakage for
the data presented in Fig. 1.

~Although we have detected the power transmitted,
for most purposes it is more convenient to measure
the component of the transmitted magnetic field pro-
jected on a reference rf field, and all the data shown
were taken with the reference field adjusted so as to ob-
serve the imaginary part of the complex susceptibility
(i.e. , the quantity which is called X" in the usual reso-
nance terminology. )

8For our material p(R.T.)/p(4. 2'K) = 6000, and the ap-
propriate &v = 20. Making corrections due to the finite
+T does not significantly alter any of the results pre-
sented. T2 = 10 sec.

~we have used the value of 1.24 for m*/m in sodium.
C. C. Grimes and A. F. Kip, Phys. Rev. 132, 1991
(1963).

There are, of course, two roots for B& in the solu-
tion of the equation. One of these is eliminated in that
it predicts the location of the spin waves on the wrong
side of the CESR.

i~M. T. Taylor, Phys. Rev. 137, A1145 (1965), and us-
ing m*/m = 1.24.

~~V. F. Gantmakher, Zh. Eksperim. i Teor. Fiz. 42,
1416 (1962) [translation: Soviet Phys. —JETP 15, 982
(1962)l.

~3See Ref. 1 and G. D. Gaspari, Phys. Rev. 151, 215
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ters 17, 741 (1966).

For the range of sample thicknesses considered, the
diffusion time for the spin information is much less
than the spin relaxation time. Hence, a free-induction
decay measures T2*. The same equipment is being
used for experiments at higher temperatures where the
reverse relationship between the times applies.
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Using the ac Zosephson effect, we have determined that 2e/h = 489.5912+0.0080 MHz/pV.
The implications of this measurement for quantum electrodynamics are discussed as well
as its effect on our knowledge of the fundamental physical constants.

In this Letter, we report a high-accuracy
measurement of 2e/h using the ac Josephson
effect (here, e is the electron charge and h

is Planck's constant). When combined with
the measured values of other fundamental con-
stants, this measurement yields a new value
for the fine-structure constant n which differs
by 21 ppm from the presently accepted value.
This change in a removes the present discrep-
ancy between the theoretical and experimen-
tal values of the hyperfine splitting in the ground

' state of atomic hydrogen, one of the major un-

solved problems of quantum electrodynamics
today. We also discuss the effect of this change
on our present knowledge of the fundamental
physical constants.

The phenomenon used in these experiments
was first predicted by Josephson in 1962.' He
showed theoretically that when two weakly cou-
pled superconductors are maintained at a po-
tential difference V, an ac supercurrent of fre-
quency

v= (2e/h)V
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