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teraction, for which the r~2 of Eq. (2) may be re-
placed by 6(r&2). We employ the unscreened interac-
tion because we do not anticipate strong screening
over dimensions small with respect to those of the lo-
cal moment.

5An exchange integral, evaluated for simple plane
waves as in Eq. (2), does not display such strong oscil-
lations as seen in Fig. 1. The evaluation (as we have
done) of Eq. (3) with exchange integrals based on plane
waves orthogonalized to the Gd ion's shells is in some
senses inconsistent with Eq. (3) and its simple plane-
wave functional character, though one may argue its
appropriateness when viewing p away from the Gd site.
Orthogonalization effects on J and elsewhere must be
accounted for in an ultimate treatment of the problem,
and in anticipation of such a treatment we have chosen
to use J(Q) based on orthogonalized functions. The ef-
fect of inserting orthogonalized plane-wave functions
into Eq. (1) is significant and will be reported in a fur-
ther publication.

8Two observations should be made concerning the Q
dependence of J. First, there is a singularity at 2kF
(barely observable in the present case) due to the Q
sampling. Second, J oscillates with decreasing ampli-
tude with increasing Q. These oscillations are of
much more significant magnitude than the oscillations

in the tail of the form factor (see Fig. 1).
Free-electron theory normally yields a choice of kF

between 0.5 and 1.0 a.u. for most metals.
The p(r) are plotted for unnormalized conduction-

electron orbitals, but assuming common normaliza-
tion, the three p(r) are scaled appropriately for direct
comparison.

9These were obtained by observing the range in
which p(0) oscillates [due to the varying sign of J(Q) j
as the upper limit of integration is varied. In addition,
we have crudely estimated the effect on p(0) of going
from our J(Q) sampling to a suitably averaged J(Q).

~OFor the experimental situation considered by Giovan-
nini, Peter, and Schrieffer, 2 see, for example,
D. Shaltiel, J. H. Wernick, H. J. Williams, and M. Pe-
ter, Phys. Rev. 135, A1346 (1964); G. Low, Proceed-
ings of the International Conference on Magnetism,
Nottingham, England, 1964 (Institute of Physics and
the Physical Society, University of Reading, Berk-
shire, England, 1965); P. Craig, B. Mozer, and
R. Segnan, to be published.

P. W. Anderson and A. M. Clogston, Bull. Am. Phys.
Soc. 2, 124 (1961); J. Kondo, Progr. Theoret. Phys.
(Kyoto) 28, 846 (1962); S. Koide and M. Peter, Rev.
Mod. Phys. 36, 160 (1964); and R. E. Watson, S. Koide,
M. Peter, and A. J. Freeman, to be published.
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In Figs. 1(a) and 1(b) we give neutron-scat-
tering results for the spin-wave stiffness con-
stant [D(0) in the spin-wave energy term D(T)q']
of bcc 3d-3d transition-metal alloys, and com-
pare them with a quantity obtained from an ap-
proximate density-of-states curve of these
materials. Bearing in mind the uncertainties
that attend a derivation of the density-of-states
function, the qualitative resemblance of the
two figures is rather remarkable. We give
below what we believe to be the explanation
of it.

A year ago we published results for both bcc
and fcc phases of the Fe-¹isystem, and inter-
preted them with apparent success in terms
of the Heisenberg Hamiltonian. ' According
to that discussion the stiffness may be computed
from the mean spin S and an effective exchange
parameter which is such that Jeff(r-r')S
= (grriS rSri), where Arr~ can be any of the
three types of couplingAA, AB, and BB. We
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FIG. 1. (a) The observed spin-wave stiffness param-
eter D(0'K) for 3d-3d alloys; {b) an approximate pre-
diction of this parameter using the total magnetic en-
ergy E~ deduced from the density of states.

now find that the same interpretation cannot
be made for the Cr-Fe system, and it there-
fore appears that our previous fit may have
been due merely to the fact that we were match-
ing in each phase a three-parameter quadratic
form to a smoothly varying set of only six or
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seven points.
The Cr-Fe series affords a particularly clear-

cut test of the idea that a phenomenological
Heisenberg Hamiltonian will suffice to explain
the data. It so happens that with increasing
concentration of Cr, the spin of the Cr atom
declines steadily and passes through zero at
40+ 2%.' According to our previous discussion
the value of D where one of the spins is zero
is simply 2a'J~S~c~, where J'"' is the nth
spatial moment of 8 and suffices A refer to
the element of nonzero spin. Thus on the Hei-
senberg picture the stiffness is expected to
differ from the value for the pure element,
2a'J~' S~, only insofar as S& and the concen-
tration c& have changed, and a parameter-free
test of the model can be made. When this test
is applied to Cr-Fe alloys, the prediction is
found to be in error by 18+4%.'

This result and the associated failure of the
Heisenberg picture to explain the results for
Cr-Fe destroys confidence in the simple anal-
ysis, and we have sought a band-theoretic ra-
tionalization of the data.

In the case of the bcc 3d alloys, a density-
of-states curve is available that is believed
to have semiquantitative significance insofar
as Shimizu, Takahashi, and Katsuki have de-
rived from it specific heats, magnetic suscep-
tibilities, and their temperature dependences,
in addition to a number of other phenomena
in rough agreement with experiment. 4 Recent-
ly, Shimizu and Katsuki' have used an improved
curve, and the ideas of the rigid-band model,
to derive values as a function of electron num-
ber for a variety of quantities such as the ex-
change splitting and the total internal rnagnet-
ic energy F~ of the ground state. They draw
attention in particular to the fact that the inter-
band splitting deduced-some 1.56 eV atom
for iron —is an order of magnitude greater than

Fm, while within a factor of two F~ agrees
with kTc over the mhole range of electron num-
ber we have studied, as it should.

These conclusions hold a number of points
of interest for spin-wave theory. We recall
that according to band theory the elementary
excitations of a Bravais ferromagnet are, in
addition to the spin-wave branch, a manifold
of one-electron excitations raised at q = 0 by
an energy equal to the band splitting. In our
alloys this manifold is far above kTc, which
nowhere substantially exceeds 0.1 eV. Thus
certainly for temperatures mell below kTc the

only excitations strongly in evidence in the
material will be those corresponding to the
single spin-wave branch. If this state of affairs
were to continue to be true almost up to the
Curie temperature, the relationships between
D, F~, and Tc would not necessarily be dras-
tically different from those which would obtain
in an insulator subject to Heisenberg coupling.

In an exchange-coupled insulator, whe~e F.~
= -J ' 'ZS', the stiffness would be given by

EmR-+'/3S times the ratio J"'/Po' of the
second to the zeroth spatial moment of the
exchange coupling. (R„ is the nearest-neigh-
bor separation. ) To explore the possibility
that some such relationship might hold approx-
imately in the 3d-3d alloys, we have plotted
-EmR+'/3S, using a band-theory E~ deter-
mined in the manner of Shimizu and Katsuki,
as a solid line in Fig. 1(b). It does indeed have
the qualitative behavior of our experimental
D. As it would be quite reasonable to expect
that J"')J' ' in 3d metals, insofar as these
parameters can be given a meaning in the pres-
ent argument, it is not surprising that the the-
oretical D in Fig. 1 is low by a factor -2. More
striking is the fact that the arbitrary use of
P"/J"' = 1.8 would produce agreement within
about +20% over the whole series of alloys,
except for the Fe-Ni system for which the the-
oretical curve is obviously wrong as it gives
a Tc falling to zero.

On both sides of the point for pure iron the
theoretical curve bifurcates, and this division
is reflected in our results. According to band
theory, the existence of different D's for the
two alloys of a given electron number derives
from the different exchange splittings in the
two alloys, which are known to have different
Fermi levels because their saturation magnet-
izations are not the same. The severe quan-
titative discrepancy in the case of Fe-Ni could
be removed by only slight changes in the shape
of the density-of-states peak near 7 electrons
atom, this region being one in which the den-
sity-of-states curve is known to be unreliable;
the desirable changes improve the agreement
with experiment for susceptibility in the con-
troversial region.

It would seem to follow that the spectrum
of excitations in these substances is such that
the spin-wave dispersion relation and the phe-
nomena that depend on it behave in a phenom-
enological sense like those of an insulator,
the quantitative details being determined by
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their band structure.
We are grateful to Sir Nevill Mott for a con-

versation about the work.
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The spin-lattice relaxation rate 1/Ti of In'i'
nuclei in the semiconductor InSb has been stud-
ied and explained for samples ranging in net
acceptor impurity concentration from 10"/cm~
to 10'7/cm~. The temperature dependence of
the relaxation rate between 1.0 and 4.2 K was
determined as well as the magnetic field depen-
dence between 300 Oe and 10 kOe. Three dis-
tinct relaxation mechanisms were found, which
are operative singly in each of three different
concentration regions. The relaxation mecha-
nism occurring in the intermediate-concentra-
tion region is of a new type, characterized by
an inverted temperature dependence of the re-
laxation rate (I/T, increases as the tempera-
ture decreases) and an H 'i magnetic field de-
pendence. This relaxation mechanism is attrib-
uted to the dipolar coupling between In"' nuclei
and nearby bound paramagnetic holes associa-
ted with acceptor impurities, the coupling be-
ing modulated by the hopping of holes among
impurity sites, typical of impurity conduction
in a compensated semiconductor. Spin diffu-
sion among In' ' nuclei permits the nuclear spins
distant from the paramagnetic holes to relax.
The relaxation mechanism at low concentration
is due to modulation of the same dipolar cou-
pling by the spin-lattice relaxation of the bound
holes, with subsequent In' 5 spin diffusion, and
the high-concentration relaxation mechanism
is probably due to free holes associated with
impurity-band conduction.

The samples were all cut from the same gold-

doped single crystal which became contamina-
ted during growth by an unknown shallow accep-
tor which is responsible for the samples' elec-
trical properties. The compensation Ng/(Ng
-ND) for the samples of net acceptor concen-
tration between 7&10' /cm and 3&&10"/cm'
lies between 2.0 and 1.6, and for the low-con-
centration samples is about 6. Figure 1 illus-
trates the dependence of the relaxation rate
measured at 5 kOe on net acceptor concentra-
tion. The temperature dependence is also shown
at a few of the temperatures at which measure-
ments were taken. The three concentration re-
gions are roughly distinguishable from the fig-
ure. The low-concentration region, in which
I/T, is characterized by linear dependence on
net acceptor concentration and by a weak, but
normal-sense, temperature dependence, en-
compasses impurity concentrations between
-10' /cm~ and -10"/cm~. The intermediate-
concentration range, in which the striking prop-
erty is the inverse temperature dependence of
I/T„extends from -2x 10"/cm~ to -2x 10"/
cm . The high-concentration range, where 1/
Ty again has a temperature dependence in the
normal sense, is taken as above -3x 10"/cm'.
Since it can be easily shown that none of the
usual intrinsic relaxation mechanisms' is ca-
pable of yielding relaxation times as short as
those observed in the low-concentration region,
it is reasonable to hypothesize that the relaxa-
tion there arises from the Bloembergen mech-
anism which entails fast-relaxing paramagnet-
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