
VQLUME 20, +UMBER 16 PHYSICAL REVIEW LETTERS 1$ APE&L 1968

s-BAND POLARIZATION EFFECTS IN Rh:Co ALLOYS
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Exchange polarization of s conduction bands
is a well-known effect in metallic systems con-
taining local moments such as Cu:Mn' or the
ferromagnetic Heusler alloys. 2 In principle,
these phenomena are also present in transition
metals and alloys having purely band paramag-
netism, although experimental evidence for
this is largely absent. Here we present such
evidence for the dilute Rh:Co alloy system in
the form of measured NMR shifts at the first
three shells of Rh' nuclei which neighbor a
Co impurity site. Because of their large size,
the observed shifts can only be satisfactorily
explained if they are primarily attributed to
polarization of the Rh 5s conduction band with
its large associated Fermi contact hyperfine
field. ' This polarization is in turn generated
by the field-induced moment corresponding
to the strongly enhanced d-spin susceptibility
which characterizes the Rh:Co impurity state~:
&y(Co) =2.4&&10 ' emu/mole of Co solute, as
compared with y(Rh) —= 1X10 emu/mole. The
radial dependence of the inferred s-band polar-
ization is in reasonable accord with the Ruder-
man-Kittel-Kasuya. -Yosida (RKKY) model the-
ory. ' ' These results have important conse-
quences for the study of hyperfine fields in tran-
sition metal systems, and particularly to im-
purity neighbor shifts, where s-band effects
have for the most part been neglected. '

The Rh"3 impurity-neighbor shift data have
been obtained with the technique of spin-echo
double resonance' (SEDOR), in which the ob-
served Co" spin-echo amplitude is caused to
decrease by striking the nuclear resonance
of a given set of Rh"' neighbors with a pulsed
rf magnetic field. The Rh' rf pulse is applied
between the Co" rf pulses of the echo sequence.
In addition to the shifts, the SEDOR experiments
provide data on the magnetic coupling strength
between the Co" and neighboring Rh"' nucle-
ar moments; they consequently permit a mea-
surement of the associated indirect nuclear-
spin coupling. ' Since this coupling arises main-
ly through an effective exchange polarization
of the s band, " this investigation offers a unique
opportunity to compare the radial dependence
of s-band polarization from two sources —s-
d exchange and s -electron-nuclear-spin exchange

= CZ (0.8+v ")/r ',
n n n'

where ~n and xn are the number of atoms in
and the radial distance to the nth shell, respec-
tively. 4n' is the ratio of the nuclear indirect-
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FIG. 1. SEDOR spectrum of Hh in Cop pp25Rhp gsy5,
with H& = 5.6 G, 7 = 1.25 msec, and t~ = 510 p sec (see
text). The bulk Rh 3 NMR frequency was found for
this specimen by direct observation: fo = 2157.2 kHz.
The frequency scale is in percent shift from this value.

(Fermi contact interaction) —for the same sys-
tem.

The experiments were carried out on care-
fully prepared alloys" containing 0.25, 0.44,
and 0.79 at.% cobalt. SEDOR spectra for these
alloys were taken by monitoring the Co" spin-
echo amplitude S(&u) on a chart recorder while
sweeping the frequency co of the Rh" rf pulse.
We take the quantity -in[S(cc)/So] as a measure
of the double-resonance effect, where S, is
the echo amplitude when + is far from reso-
nance. A typical spectrum of -ln[S(tc)/S, ] vs
~ is shown in Fig. 1. The three double-reso-
nance lines observed are attributed to the first
three Rh neighbor shells as indicated. The
identification of these lines is based on a straight-
forward calculation of the SEDOR effect, which
yields for the spectral area contribution from
the nth shell of Rh"' neighbors

A = f (-in[8((u)/S ]) dry
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exchange' coupling constant to the correspond-
ing dipolar coupling coefficient yCoyRhh'/x„.
The constant C is the same for all neighbors
and is given by ,(7'—I(I+1)yRh yCo +IIlI(90)],
where I= I(Rh' a) = a, yRh and yCo are nuclear
gyromagnetic ratios, &, is the rf pulse ampli-
tude in gauss, T is the time from the first Co"
pulse to the Rh"' pulse, and I(&o) is a function
of the pulse angle 80 = yRhII1 t~ (t~ = pulse width)
which peaks at 8, = 2.4 rad. This peak value
[I(eo = 2.4) = 4.62] was maintained throughout
the investigation. Ignoring the variation of
~~' for the moment, one finds the ratio A, :A,,:A3
to be 1.000:0.067:0.074 for fcc Rh metal. The
total contribution of all other neighbors is es-
timated to be 6% of A, with no individual shell
contribution being more than 1.6%%uo. Clearly,
then, the largest peak in Fig. 1 is the first-
neighbor line. The other two follow since the
shift must diminish rapidly with distance. The
"third neighbor" line is seen to overlap the
bulk Rh' frequency and is therefore likely
to contain contributions from more distant neigh-
bors as well.

The first three Rh"' neighbor shells are seen
to undergo shifts K, = -0. |5'%%uo, Ks = -0.49%,
and K, = -0.05%%uo, respectively, relative to the
bulk Rh"' NMR line. These shifts include con-
tributions from both d- and s-band polarization
effects near the impurity site, with the s-band
part predominant. To demonstrate the latter
point, we express the NMR shift of Rh"' nuclei
in the nth neighbor shell of a Co impurity as
&n=&s X~ +&d &n &Xn»«&n areef-8 d s

fective changes in the s- and d-band molar sus-
ceptibility, respectively, for the nth neighbors,
and os(estimated) = 590 (emu/mole) ' and o.d(mea-
sured) = -28.9 (emu/mole) ' are the correspond-
ing shift coefficients for pure Rh metal. ' From
the calculations of Inoue and Moriya'2 we es-
timate the upper limit of total induced d-spin
susceptibility Q~Z~&)(„d to be -50%%uo of that
at the impurity site, i.e. , -0.8&&10 s emu/mole
of Co. That this amount of polarization is in-
adequate to explain the observed shifts may
be seen by assuming it to reside entirely on
the first neighbors, wher. eupon the correspond-
ing shift o.d&xld would be only -0.2% or about
one quarter of K,. Viewed another way, the
amount of induced d-spin susceptibility neces-
sary to account for K, , (if the ~)(„were ze-
ro) is nearly twice the total measured increase
&)((Co). Since Q~Z~I) X~d must be considera-
bly smaller than &X(Co), it is concluded that
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FIG. 2. Comparison of (a) shift [Xa(x„/a)3I and

(b) ratio (J„') of H-K nuclear-spin coupling to classi-
cal dipolar coupling coefficient with the function
—(Zkpr)3fgKKy(2kpx).

the bulk of the shifts are of s-band origin. We

obtain estimates 4y, s = -13~10 6, ~x ~ = -8
x10 6, and &)(,s =-0.8&&10 6, all in emu/mole,
by setting ~x„d = 0. The resulting total s-band
polarization g+Z+&)(zs is an order of magni-
tude smaller than &)((Co).

Neglecting the smaller d -spin contributions
to the shifts Kz, we compare them with the
approximate RKKY theory of s-band polariza-
tion. With the crude assumption of constant
Jsd(q), the spin density [Ref. 7, Eq. (8.12)]
is expected to vary as the function fRK~(x)
=x '(x cosx-sinx) with x =2kFr. The shifts
and fRK~ are plotted in Fig. 2(a), both mul-
tiplied by factors o-~' to eliminate the abrupt
radial falloff and to simplify comparison with
the nuclear-spin exchange data to follow. The
shifts are scaled to coincide with xsfRK~(x)
at the second-neighbor position. The value
of k F is taken from recent de Haas-van Alphen
measurements" for pure Rh, which show the
s-like sheet of the Fermi surface to be near-
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ly spherical with k pa = 3.1 t + 5% (a = lattice
constant). The agreement with theoretical range
dependence is seen to be rather good, consid-
ering the approximations involved, and helps
to further corroborate the s -band origin of the
shifts. The serious deviation of &, from the
RKKY curve is not unexpected, since the de-
tailed variation of Jsd(q) with q would be most
crucial to spin-density behavior at small x.

By substituting the induced moment &X(Co)atomic
xH0 for the expectation value gpB(Sz) in Yo-
sida's expression for s -band polarization,
we find that the observed second-neighbor shift
corresponds to an effective exchange coupling

J~d -2.5 eV. This is much too large to be ac-
counted for with direct s -d exchange' and sug-
gests that a modified form of the s-d mixing
exchange mechanism"&" may be operating here.
The latter mechanism has been used, for ex-
ample, by Caroli and Blandin2 to calculate s-
band polarization effects in the ferromagnetic
Heusler alloy Cu, MnA1. From their results
we find a ratio of nearest-neighbor polariza-
tion to d-spin moment" (Sz)Cus/(Sz)Mn = -5.8
&&10 3, which, interestingly, is very close
to the analogous ra, tio &X,s/&y(Co) = -5.1 &10
for the Rh:Co system. The s-d mixing effect
gives the same asymptotic oscillatory radial
dependence' as fRK~ and is consistent with

the comparison in Fig. 2(a).
We also note that s-band polarization appears

to make the dominant contribution to the Co"
NMR linewidth in the alloys studied. This line-
width was found to be purely magnetic and pro-
portional to cobalt concentration. A reasonable
agreement was found between the observed width

((4H)/H, -5 &&10 /percent of Co) and an esti-
mate of the type developed by Behringer' for
Cu:Mn, based in the present case on the observed
Rh"' shifts.

We now turn to the Ruderman-Kittel (R-K)
coupling data yielded by the SEDOR spectral
area measurement via Eq. (1). Consistent re-
sults were obtained with the three alloys men-
tioned above under a variety of experimental
conditions. From the ratio A, (measured)/A, (J, '

=0) = 2.5+0.25, where A, (J', '=0) is the calcu-
lated area in the absence of indirect nuclear-
spin coupling, we find l J, ' l= 1.1+0.1. The ob-
served ratio A, /A, = 0.12+0.02 then leads to
I J, ' i= 1.65 +0.2. These values are in reason-
able accord with an estimate J~'-1 obtained
from the measured exchange coupling in Ag

metal'7 by estimating the s-band and hyperfine-
field parameters in the R-K theory. ' To find

J3 we note that "A3" inc iud es contributions
from all the more distant neighbors with the
possible exception of A~. We may correct for
these contributions using Eq. (1). With "A,"/
A, =0.065+0.005 we estimate 0.030-A, (corr)/
A, -0.048, yielding 0 ( JJ, 't~0. 7. The limit-
ing values correspond, respectively, to cases
of large and of essentially negligible contribu-
tions to g„5 A„ from the J„'.

According to their definition above, the J~
are expected to vary as (2k Fr)'fRKKy(2k Fr)
The three values obtained are plotted with this
function in Fig. 2(b), sealed to fit at the sec-
ond-neighbor position. Again, the major de-
viation from theory is seen to occur for the
nearest neighbors, where nodal behavior is
expected. We suggest that the large value found
for "J,'" may arise from short-range pseudo-
dipolar coupling terms" [not explicity includ-
ed in Eq. (1)]which decrease more rapidly than

fRK~. This interpretation is consistent with
the findings of Narath, Fromhold, and Jones"
for pure Rh metal, where additional broaden-
ing of the Rh"' NMR line suggested that for
nearest neighbors pseudodipolar coupling is
predominant.

J2' undoubtedly reflects a large isotropic
exchange contribution, whereas J, ' may again
be dominated by pseudodipolar terms because
of the associated node in fRK~. Thus we find

at least a gross consistency between J~' and

J3 and the corresponding shifts.
Finally, we turn our attention to another as-

pect of our NMR investigation of these alloys,
namely the anomalously fast spin-lattice relax-
ation rate" associated with the Co": T,T= 3S.5
msec K. This effect is apparently due to ex-
change-enhanced d-spin hyperfine field fluctu-
ations in accord with the one-band model cal-
culation of I ederer and Mills. The measured
Ty correspond s to an enhancement by -250 of
the d-spin rate contribution, whereas the one-
band model" predicts a corresponding enhance-
ment by a factor e —600, where c- &X(Co)/y (Rh)
is the static-susceptibility enhancement factor.
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discussions with A. C. Gossard, A. Narath,
I. R. Walker, and Y. Yafet. We also thank
F. R. Eyler, E. Buchler, and D. Dorsi for ex-
perimental assistance, and T. Kometani for
quantitative analysis of the samples.
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STUDY OF THE JOSEPHSON PLASMA RESONANCE*

A. J. Dahm, A. Denenstein, T. F. Finnegan, D. N. Langenberg, and D. J. Scalapino
Department of Physics and Laboratory for Research on the Structure of Matter,

University of Pennsylvania, Philadelphia, Pennsylvania
(Received 14 March 1968)

We report direct observation of the plasma resonance in Josephson tunnel junctions.
The properties of the plasma mode are found to agree quantitatively with theoretical
predictions.

The electrodynamics of Josephson tunnel junc-
tions has been the subject of numerous theoreti-
cal and experimental studies in recent years.
One of the salient predictions of the theory, first
noted by Josephson, ' is the existence of a plasma-
like mode of oscillation in such junctions. Al-
though the experimental basis for our understand-
ing of electrodynamic phenomena in junctions is
rather extensive, this plasma mode has hereto-
fore escaped direct experimental observation.
%e report here the first observation and study of
the Josephson plasma resonance.

Before describing the experimental results,
we would like to indicate how the plasma oscilla-
tion arises and to exhibit its dependence on vari-
ous experimental parameters. %e consider a
tunnel junction consisting of two plane films of
superconductor separated by an insulating bar-
rier. Josephson has shown'~' that in the absence

of externally applied magnetic and radio-frequen-
cy fields, the phenomenological equations de-
scribing the Josephson effects can be combined
with Mmvvell's equations to yield a nonlinear
equation for the relative pair phase y'.

V'p-c '(9'y/St') =i 'sing), (1)

where (in Gaussian units) c=c(t/ed)'I' and g~
= (Sc'/8rrj, ed)'I' Here /. is the barrier thickness,
d is the sum of the barrier thickness and the
penetration depths in the superconductors, j, is
the Josephson current-density amplitude, and &

is the dielectric constant of the barrier material.
In the case where y undergoes small oscillations
5cp about yc, Eq. (1) can be linearized by setting
siny= sinyo+ 5y cosyo. This yields the usual
Meissner-effect equation plus the wave equation

~ 8 5y cosyo
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