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the experimental fact that the fundamental AKCB
invariably appears at a slightly higher magne-
tic field value than is consistent with the sub-
harmonic resonances.

%hen the magnetic field is rotated 90' to make
Z&H, the strong oscillations of dA/dH on the
high-field side of the fundamental resonance
are suppressed but similar, though less clear,
variations are observed on the high-field side
of the second-harmonic resonance (~c &v/2).
The dispersion relation for this polarization
iS

0 /0 =E +e /6
0 yy xy xx (6)

and corresponds to waves of mixed polariza-
tion (E partly longitudinal). In the long-wave-
length limit it is possible to show that three
distinct modes exist, propagation commencing
at the zero in the magnetoconductivity which
now occurs at the second cyclotron harmonic
in agreement with experiment. Detailed com-
pa.rison of the theory with experiment proves
difficult because of our ignorance of the rela-
tive amplitudes of excitation of the various
modes, but the qualitative features of the da-
ta do appear to be reproduced by the simple
model. These modes are of particular inter-
est as they are quite analogous to the longitu-
dinal modes which propagate near cyclotron-
resonance harmonics in inhomogeneous gase-
ous plasma columns.

Though we have not, as yet, attempted to
generalize the analysis to arbitrary Fermi sur-
faces, it is likely that propagation of long-wave-
length excitations may occur near cyclotron
resonance in other metals. The "geometric

cyclotron resonance" transmission signals ob-
served by Schultz and Latham" in thin metal
plates may, in fact, result from such magnet-
ically induced transparency.

The high-purity potassium required for these

experiments was prepared by P. H. Schmidt.
%e wish to thank L. W. Rupp, Jr. , for able tech-
nical assistance. Discussions with Dr. S. J.
Buchsbaum and Dr. C. C. Grimes have been
most stimulating.
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It is well known that when iron-group tran-
sition meta, l atom are dissolved as dilute im-
purities into metals, the impurity atom does or
does not possess a magnetic moment depending
on the properties of the host metal. ' To explain
these phenomena Anderson' has examined the
effect of s-d mixing on the localized states of
iron-group atoms in metals in terms of a rnod-

el based on the Friedel idea' of virtual bound
states for the solute atoms in such dilute al-
loys. In an attempt to make a comparison of
experiment with the predictions of the Ander-
son theory, we present here the principal re-
sults of a study of the susceptibility and spe-
cific heat of dilute alloys of nickel in berylli-
um. The experimental results indicate that
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there is no localized moment on the Ni; how-

ever, the addition of Ni gives rise to a rela-
tively large change in both tho e temperature-
in ependent susceptibility and the
in e specific heat. These results are in
ment with the An

resu s are in agree-
e nderson theory which predicts

a lar ge enhancementent of the local susceptibilit
when the impurity state is 1

i iiy
e is c ose to the critical

condition for the format' frma ion of a moment. Com-
parison of the susceptibilit and sy p

u s ea s directly to a value for the funda-
mental quantity U+44 = 7 Ve, where U and J
are the Coulomb and exchan e int
two d orbit

exc ange integrals between
wo orbitals on the same atom in the metal

environment. Analna ysis of earlier data on Cu:Ni
gives a similar value for U+4J

Assuming the Anderson model the
heat of a d 1 tiu e allo int

e, e specific
y he nonmagnetic case

can be shown to be'&'

r'
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where k is the Boltzman constant, pH is the
host metal density of states c is

urity d-state density,
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i a and two-foldIn the above a five-fold orbit 1

spin degeneracy is assumed' Fdd and 4 are
respectivel thy, he energy and width of the
tual d levels, and F.

0 e vii-
n F is the Fermi ener . Al-
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e entire theor is
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appendix to the paper. The assum tiop on Df corn
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ag ement with experiment. 'i an is in reem

gain in terms of the Anderson m

per atur e.-ind
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ten
ur e.-independent sus ceptibil' ti i i y may be writ-
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the
where q is the enhancement f tac or, and y is

e host-metal susceptibilit . N

equivalent to requiring that the de-
nominator vanish at wh', a w ich point the zero-t
peratur e susceptibilit div
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FIG. 2. True density of states as measured by spe-
cific heat and apparent density of states as measured
by susceptibility for dilute alloys of Ni in Be.

with pd = 1.15 states per eV per atom of Ni.
Combining these results we obtain

U+4J= 7.3 eV.

The limits of error on the above value for U

+ 4J seem to be set by the homogeneity of the
samples themselves rather than by the suscep-
tibility and specific-heat measurements as in-
dicated by the deviations of the experimental
points from the indicated straight lines. How-
ever, the above value appears to be accurate
to about 10 /g, or in the range 6 to 8 eV. A sim-
ilar study of the system Cu:Ni was made some
time ago. Although it is difficult to estimate
pd because of lack of data at concentrations
below 10' Ni in Cu, analysis of the existing
data again yields a value in the same range for

In Figure 2 we show the essential experimen-
tal results. Both yd/iL~ from susceptibility mea-
surement and pd as determined directly from
the specific-heat data are given as a function
of impurity concentration for dilute solutions
of Ni in Be. A diamagnetic correction has been
made to the susceptibility such as to give the
true density of states for pure Be." The ex-
pected enhancement of the impurity contribu-
tion to the susceptibility is clearly evident.
From Fig. 2, assuming the Anderson model,
one finds

' =1-(U+4J)p /10=0. 156,

U+ 4J.
The resulting value of U+ 4J is to be compared

with a free-atom value of more than 20 eV. How-

ever, a significant reduction in the metallic
environment is not surprising. In particular,
there are two obvious mechanisms by which
the Coulomb and exchange integrals may be
reduced in the metal; firstly, simple screen-
ing by the nearby conduction electrons, and

secondly, many-body correlation effects. Al-
though a detailed estimate is difficult, a reduc-
tion by a factor of three to the observed value
due to screening alone does not seem unreason-
able. On the other hand, calculations which
take two-body correlation effects into account
in the localized moment theory ' as well as the
theory of ferromagnetic metals" predict a, some-
what greater reduction of the effective U and

apparently overestimate the correlation effects.
In conclusion, we have found the results of

the present study to be consistent with the Arr-

derson model of localized transition atom im-
purity states in metals. The interpretation of
the experimental results in terms of this. mod-
el leads to a value of the quantity V+A=7 eV.
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for many stimulating discussions; and to J. Pen-
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prepared the samples. We wish to thank Pro-
fessor J. R. Schrieffer and Professor D. J.
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ment problem.
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We have observed an intense, magnetic-field-
dependent interaction between 10-kMc/sec lon-
gitudinal acoustic waves and Dy'+ ions in CaF, .
In a sample containing 0.16% Dy ions, ultrasonic
absorption was maximum at or near Ho =0, and
it was observed to decrease with increasing
magnetic field until reaching a field-independent

value at H, =4000 0e (Fig. I). The integrated
absorption, when adjusted for concentration dif-
ferences, is comparable to the stronger but
narrower banded absorption reported by Shiren'
for Fe'+ in MgO and its peak value, n~=10, 5

dB/cm, is in sharp contrast to the weak inter-
actions, o.m

~ 0.1 dB/cm, reported' for similar
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FIG. 1. Absorption of longitudinal 10-kMc/sec phonons by Dy in CaF2 in absence of saturation versus mag-
netic field. 8 is the angle between Ho and propagation direction along [100] axis. Each curve was calibrated sepa-
rately, since gain conditions varied. The absorption at Ho =0 for all curves is 10.5 dB//cm.
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