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correlations through the relative p-wave term
in Eq. (10). Although this term is smaller in
magnitude than the relative s-wave term, its
effect is greatly magnified because of suppres-
sion (due to small overlap with the final state)
of the relative s wave in the region of interest-
ing Z.

Under the less realistic assumption Z, =1
and Z,=2 and using a Hartree-Fock wave func-
tion for the initial state (it can be shown that
these assumptions are essentially equivalent
to those made in Ref. 1), one obtains after some
manipulation the ratio 04/04, =210 which is
very close to the value computed in Ref. 1 using
the sudden approximation. However, if we in-

the form (logE;)/E;, it is difficult to ascertain
precisely how large this energy should be. In
view of the implications of these results for
the understanding of ionization phenomena and
multiparticle scattering theory, it is important
that further experimental studies at high ener-
gies be carried out.
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It should be noted that the experimental ratio
04+/04, =200 which we used above is inferred
from the work of Kistemaker et al.* below an
incident electron energy of 1 keV. Beyond this
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NUCLEAR RELAXATION STUDIES OF IMPURITY MOMENTS IN FERROMAGNETIC METALS

N. Kaplan, V. Jaccarino, and J. H. Wernick
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received 13 May 1966)

The Mn®® nmr of dilute impurities of Mn in
Fe exhibits a temperature dependence to the
frequency for resonance vy below T, which
is distinctly different from the corresponding
behavior of the iron-host magnetization g;.
This dependence has been interpreted®:® as di-
rect evidence for the existence of a localized
moment on the Mn ion of fixed magnitude S.
The behavior of the thermal average (Sp), to
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which vp is proportional, relative to o7 indi-
cates that the Mn-Fe exchange coupling is sub-
stantially weaker than the Fe-Fe interaction.
Neutron scattering experiments* appear to con-
tradict these results, suggesting instead that

a negligible spin magnetization, either “local”
or not, resides on the Mn site. The interpre-
tation and results of recent M&ssbauer studies®
of the Fe near neighbors to a given Mn seem
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to conflict with both the nmr and neutron ex-
periments.

To elucidate further the properties intrinsic
to the nmr studies we have examined the Mn®®
longitudinal and transverse relaxation times,
T, and T,, using spin-echo techniques.® We
believe this to be the first impurity relaxation
study in a ferromagnet or antiferromagnet.

A concentration-independent, inhomogeneous-
ly broadened line profile was observed for the
Mn®® nmr in the concentration range’ 0.5% to
2.0% Mn in Fe. Its width, ~200 Oe, is similar
to that found for the Fe® nmr in pure iron.

The temperature range investigated extended
from 1 to 400°K. Care has been taken to record
echo signals from nuclei in the domains and

not of those in the walls. Two methods were
employed to ensure this result. First, rf fields
large enough to produce 6 =7/2-7 excitations

of nuclei in the domains were used. Since for
the nuclei in the walls 6 > 2w, because of the
larger enhancement of the rf field in the walls,
the contribution to the echo® from these nuclei
will be confined to a time shorter than is re-
solvable in our experimental apparatus. Sec-
ond, rf fields small enough to excite only the
nuclei in walls were followed by a dc magnet-
ic field pulse sufficiently large to move the
wall a distance such that all the excited nuclei
would reside in domains and relax accordingly.®
Most satisfactory agreement was found between
the results obtained from these two methods.
An exponential dependence on time was found
both for the decay of the amplitude I(¢) of the
echo (T,) and the recovery of the magnetization
(T,). T, is operationally defined by the rela-
tion 1(27) =1(0) exp(-27/T,).

The measured values of 1/7T, and 1/T, ver-
sus temperature T are shown in Fig. 1. Below
100°K both relaxation rates are proportional
to T (see inset to figure for enlarged 1/T,-vs-
T plot in this region) indicating that the prima-
ry source of nuclear spin relaxation at low tem-
peratures is itinerant-electron spin and/or
orbital scattering. We have calculated the s-
contact,® d-orbital,’® and d-spin core-polariza-
tion" contributions to 1/7, for Mn in Fe using
the methods and approximations previously
employed for the ferromagnetic transition met-
als.'? For simplicity it has been assumed that
the local s- and d-state densities at Eg, n(Eg),
are the same as that of pure Fe metal. Values
of n7(Ex) and ng(EF) are obtained from mea-
surements of the electronic specific heat. By

far the largest contribution to 1/7, comes from
the orbital interaction. A comparison of cal-
culated (orbital) and observed values of 1/T,
for Mn in Fe, Fe, Co, and Ni are shown in
Table I. Unlike the nonferromagnetic transi-
tion metals, where the previously involved
mechanisms satisfactorily account!! for the
observed 1/T,’s, no satisfactory explanation

of the relaxation rates in the ferromagnetic
metals is found.?

The discrepancy between theory and experi-
ment is still more glaring when we consider
1/T,. In the absence of spin-orbit coupling,
the fluctuations in the orbital current of the
itinerant d electrons are isotropic in the fer-
romagnetic as well as paramagnetic state of a
transition metal. This, taken together with
the required isotropy in the hyperfine interac-
tion of a nucleus of an atom occupying a posi-
tion of cubic point symmetry, necessitates that
(1/T9)orb =(1/T1)orb- We observe, however,
that 1/7,~5(1/T,) in the region below 100°K
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FIG. 1. A plot of 1/Ty and 1/T, versus temperature
for the Mn% nmr of 1.5% Mn in Fe. The inset in the
right-hand side of the figure is an enlarged part of the
1/Ty-vs-T behavior at low temperatures. The shaded
area represents the deviation of 1/T4 from 1/T(T
=const. When not indicated, experimental errors are
less than 10%.
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Table I. The calculated nuclear spin-orbital current relaxation rates and the observed relaxation rates for the
ferromagnetic transition metals shown. The computed extremal values are obtained from the assumption [ngE )]}
=gE )], and [ngE )]} =0, respectively. The calculated s-contact and d-spin core-polarization contributions
are much smaller than the orbital rates and are not given.? If only orbital current and/or s-contact relaxation

were responsible for 1/T,, then 1/T9=1/T}.

Mn% in Fe Fe® in Fe Co* in Co Nif! in Ni
(yNZ'TlT)Orb—ix 107 0.29-0.58 0.44-0.87 0.56-1.2 2.1-4.1
(7N2T1T)exp‘1>< 107 5.1 5.4 3.1 15.3
(‘YNZT 2T)exp‘ix 107 ~25 b c ~45

aSee Ref. 12.

bprecise values of 1/T,T are not available for Fe®? in unenriched iron.
CThe Co% (100%) nuclear dipole contribution to 1/T,, which is independent of T, dominates all processes dis-

cussed here.

where both are proportional to T. A similar
behavior was observed® in Ni metal where 1/7,
~3(1/T,).

The ferromagnetic transition metals differ
from metals such as V in two important ways:
(1) The d-spin itinerant-electron susceptibil-
ity x,; is anisotropic below T, and (2) there
is appreciable enhancement of the real and imag-
inary parts of x; to be expected over and above
that which one would calculate knowing 77 (E g).
Now the nuclear relaxation rates 1/7, and 1/7,
are proportional to certain sums involving the
transverse and longitudinal parts of the wave-
number-dependent susceptibility y d”(q), re-
spectively.!® It is possible that exchange en-
hancement and anisotropy of x d could, through
d-spin induced processes alone, explain both
the magnitudes of 1/7, and 1/7T, and their in-
equality.

Above 100°K, 1/T, rapidly increases above
the extrapolated low-temperature value 1/T,T
=constant. (See shaded area in figure.) We
assume this excess relaxation to arise from
thermal fluctuations associated with the hyper-
fine field produced by the localized moment
and to be independent of the relaxation caused
by the itinerant electrons as discussed above.
Thus l/Tl = (1/T1)itin+ (1/T1)IOC This sur-
mise is supported by the fact that, to within
the experimental errors, the excess relaxation
is proportional to the time-averaged local mag-
netization as determined from the Mn®*® nmr
frequency: i.e.,

1 __v(0)=v(T)
(—T—1>1 Ko
oc

with K~ 3x10% sec™*.
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To explain this latter fact we may take as
a crude model for the Mn local moment in Fe
that of a paramagnetic atom in a large magnet-
ic field H. For gBH > kT the deviation of the
local magnetization from saturation behaves
as exp(—-gBH/kT), as does the autocorrelation
function (8S, (t)8S, (0)) for the component of the
spin deviation of the local moment along the
direction of field. This yields a T, mechanism
provided there are off-diagonal elements (e.g.,
Ay z) to the electron-nuclear interaction. Simi-
lar conclusions can be obtained from consid-
eration of the temperature dependence of the
two-magnon nuclear Raman scattering and that
of the magnetization deviation using an Einstein
model for the magnon spectrum.

The two distinct relaxation processes (1/T1)itin
and (1/T1)1oc may be thought of as arising from
d-electron single-particle and collective exci-
tations, respectively. Although the collective
excitations are primarily responsible for the
temperature dependence of the magnetization
in Fe, Co, and Ni, and both impurity and host
sites for the Mn-in-Fe case, the single-par-
ticle excitations appear to dominate complete-
ly nuclear-relaxation processes for the ordi-
nary ferromagnetic transition metals. This
latter result is attributable to the relatively
small magnon state density at low energies as
compared to the large single-particle state
density at all energies about Ex. Mn in Fe
proves to be exceptional because of the low
position of the impurity state in the spin-wave
band. The increased magnon scattering is large-
ly confined to the impurity site because the
spectral density of the collective excitations
only have large amplitude there.
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INCOHERENT SCATTERING OF MICROWAVES
BY UNSTABLE ELECTRON PLASMA OSCILLATIONS*
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The possibility of using incoherent scatter-
ing of electromagnetic waves by plasma oscil-
lations as a diagnostic tool has received con-
siderable attention recently.’? The importance
of this method for the investigation of unstable
plasmas has been emphasized by Ichimaru,
Pines, and Rostoker? and by Drummond.® Arun-
asalam and Brown* have observed incoherent
scattering from the unstable ion-acoustic mode
in a dc discharge, and scattering by driven
plasma oscillations has been demonstrated in
two recent publications.®

In this Letter we report the observation of
incoherent scattering of microwaves by high-
frequency oscillations resulting from a beam-
plasma instability. The experimental arrange-
ment is sketched in Fig. 1. An electron beam
of 0.5 A, 15-21 keV, and 2 usec duration is
injected into the afterglow of a pulsed discharge
in neon at a pressure of 3X1072 Torr. Discharge
and electron beam are triggered at a repetition
frequency of 15 cps. By varying the delay be-
tween the initiation of the discharge and the
injection of the beam, the beam can be exposed
to plasma densities in the range between 10%°
and 10! electrons/cm®. The decay time for
the plasma is 300 pusec so the plasma density
can be taken as constant during the time the
beam is on. In the region of interest the plas-
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FIG. 1. Schematic of the experiment. The plasma
diameter is 4 cm, the beam diameter 1 cm.
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