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No resonance was observed in a silver-1 at.%
dysprosium alloy, but at 4.2°K a strong reso-
nance was seen in a silver-0.8 at.% gadolinium
alloy, with g=2.005+ 0.005 and AH =158 G; this
was still visible at 85°K with AH =510 G. This
g value is in good agreement with the results
of earlier work®; it is not yet clear whether
the considerable smaller linewidth is due to
the absence of low-temperature magnetic or-
dering'! in our appreciably more dilute alloy
or to differences in the metallurgical charac-
ter of the specimen.

Dilute alloys of transition metals in copper
or silver carry localized moments which are
associated!? with virtual bound states, and re-
lated behavior is found'3;'* for iron in some
4d transition elements. Rare-earth solutes
in simple metals must possess considerably
narrower virtual bound states, and as the so-
lute approaches the end of the 4f series a truly
localized state is likely to form below the bot-
tom of the conduction band of the solvent. We
suggest that our observation of a non-S-state
resonance for erbium has been made possible
by the formation of such a state, and that for
earlier rare-earth elements in metallic solvents,
the broadening of the virtual states mixes com-
ponents of different g value too much for any
resonance except that of Gd*** (¢S, ,,£=2) to
be observed.

Our thanks are due to Johnson, Matthey &
Co. Ltd. for the provision of the Ag-Er alloys,
to Dr. J. Bijvoet for the Ag-Gd alloy, to Mr. G.
Williams for the susceptibility data, and to
Professor S. A. Friedberg and Dr. J. G. Park

for helpful discussions. This work forms part
of a program financially supported by the United
Kingdom Atomic Energy Authority.
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GIGANTIC MAGNETIC SUSCEPTIBILITIES IN PARAMAGNETIC SYSTEMS*
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(Received 9 May 1966)

Often, metals with small amounts of dissolved
transition-metal or rare-earth impurities (~2-
5 at.%) exhibit a peak in the paramagnetic sus-
ceptibility at low temperatures.! In the past
this has usually been interpreted as an indica-
tion of the onset of antiferromagnetism, since
this behavior is characteristic of the idealized
two-sublattice Ising-model antiferromagnet.?
Recently, Klein,®*in an extension of the Mar-
shall-Brout-Klein® theory of metallic systems
with random dilute magnetic impurities, dem-
onstrated the possibility of the existence of

a peak in the magnetic susceptibility in a met-
al with disordered spins, in the absence of long-
range order (ferromagnetism or antiferromag-
netism). We have examined the magnetic be-
havior of Lag_,Gd,In, an intermetallic com-
pound with the L1,, CuyAu, cubic crystal struc-
ture.® Its behavior is characterized by some
features which are common to other metallic
paramagnetic systems which have been studied.
For example, there is a peak in the magnetic
susceptibility as a function of temperature,

and the temperature at which the peak occurs,
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T max 18 proportional to the concentration of
spin impurities (for low concentrations of Gd).
However, the behavior of the Lag_, Gd, In sys-
tem is also characterized by new and surpris-
ing features which cannot be explained in terms
of the Brout-Klein theory®~® or other current
theories. These are, first, that the paramag-
netic susceptibility at the susceptibility maxi-
mum is exceedingly large compared to the cal-
culated free-ion susceptibility, even though

the system, for low Gd concentration, exhib-
its no magnetic remanence and therefore no
long-range ferromagnetic order at temperatures
well below Tp,q%; and second, that the magni-
tude of the susceptibility at the peak depends
strongly on the concentration of Gd spins.

The Lag_, Gd,In samples were prepared by
melting together the constituents in a conven-
tional arc furnace. The resulting ingots were
then machined into cylindrical samples approx-
imately 3 mm in diameter and 4 cm long. The
magnetization was measured by withdrawing
the sample from a pickup coil (which was con-
nected in series to a ballistic galvanometer)
in the presence of a magnetic field whose di-
rection was along the axis of the sample. The
sensitivity of the apparatus was such that the
magnetization of the more dilute samples could
be measured in an applied magnetic field of
a few oersteds. The zero-field paramagnetic
susceptibilities were determined from the slope
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FIG.1l. Magnetic susceptibilities (normalized to the
free-ion value xg) versus temperature for five Lag_,
-Gd,In samples (solid lines; atomic percent Gd is indi-
cated on graph) and a La-5% Gd sample (dashed line),
plotted on a semilog grid.
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of the curves of magnetization versus magnet-
ic field, in the limit of zero magnetic field.
The apparatus was calibrated by measuring

the known susceptibility of a manganous ammo-
nium sulfate sample.

The zero-field magnetic susceptibilities, nor-
malized to the free-ion Brillouin susceptibili-
ties, for Lag_, Gd, In alloys with Gd concentra-
tions of 2.61, 3.00, 4.26, 5.76, and 6.53 at.%
and for a La-Gd alloy with 5.0 at.% Gd are shown
in Fig. 1. When the magnetic field was reduced
from 1000 G to zero at 1.2°K, the 2.61 and 3.00%
Gd samples had no magnetic remanence, the
4.26% sample had 2% remanence (2% of the 1000-
G field) and the 5.76 and 6.53% samples had
approximately 10% remanence. The La-5%

Gd sample had 20% remanence at 1.2°K. From
this we can say that the Lag_, Gd,In system,

for Gd concentrations up to approximately 4
at.%, exhibits no long-range ferromagnetic or-
der at temperatures well below T, (insofar
as the absence of remanence implies the lack

of long-range magnetic order). For the 5.76
and 6.53% Gd systems the small remanence
values suggest there is at least some long-range
ferromagnetic order. As shown in Fig. 2, T4+
is proportional to the Gd concentration at low-
er concentrations but increases somewhat more
rapidly than linearly with increasing concen-
tration at concentrations higher than approxi-
mately 4 at.%. The magnetic susceptibility
(normalized to the free-ion value) at the sus-
ceptibility maximum closely follows the rela-
tionship Xy a+/XB max %" > Where Xp pay

is the free-ion Brillouin susceptibility at T 5%
and » is the Gd concentration.

Klein* extended the Marshall-Brout-Klein
theory to calculate the behavior of the electric
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FIG. 2. The temperature of the susceptibility maxi-
mum (from Fig. 1) as a function of atomic percent Gd
for the Lag_,GdyIn system.
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susceptibility of a random dilute ferroelectric
system. Because of the generalized nature of
the treatment, it is expected that the same the-
ory should describe the paramagnetic suscep-
tibility of a random dilute paramagnetic sys-
tem” such as La3_,Gd,In (for sufficiently small
values of x). The underlying basis of the the-
ory is that the spin correlation between wide-
ly separated spin impurities (or the correla-
tion between widely separated electric dipoles
in the ferroelectric case) is broken up by ran-
domly positioned impurities between them.
There are small strongly correlated clusters
of spins which are only weakly coupled to other
clusters. Klein* has considered in detail only
the case where the forces between the impuri-
ties are limited to dipole-dipole interactions,
for which he obtains a temperature maximum
in the susceptibility and the prediction that Ty
is proportional to the concentration of impuri-
ties, but that the height of the peak is indepen-
dent of the concentration and the susceptibility
is smaller than the free-ion susceptibility at
all temperatures.

It is conceivable that the strong concentra-
tion dependence of Ty, and the gigantic mag-

netic susceptibilities of the Lag_,Gd,In sys-
tem can be brought into agreement with the
Marshall-Brout-Klein theory if strong short-
range ferromagnetic forces are included in the
theory. On the other hand, it may be that the
theory is inapplicable to systems with impu-
rity concentrations as high as those reported
here.

It is a pleasure to thank M. W. Klein for stim-
ulating discussions.
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MULTIPLE SPIN ECHOES AND SPIN LOCKING IN SOLIDS
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It is commonly believed that spin-echo tech-
niques! succeed in recovering transverse spin
magnetization y#(I,) only to the extent that it
has been lost through inhomogeneous broaden-
ing. We were, therefore, surprised to observe
long trains of echoes in a number of homoge-
neously broadened solids when pulse sequences
timed according to the Carr-Purcell prescrip-
tion? were applied. (An initial 90° pulse is fol-
lowed after a time 7 by a train of pulses of
repetition period 27.) An example is shown
in Fig. 1. The experiments were all performed
near room temperature with a pulse spectrom-
eter which provided a rotating field H, =50 Oe
at 30 MHz and recovered from pulse overloads
in ~5 usec.

The behavior of this effect can be described
as follows: (1) The phase of the rf carrier
in the first pulse must differ by ~90° from that
during the rest of the experiment.® (2) The
effect occurs only when 7<7T,. The echo en-

FIG. 1. Train of !*F echoes in powdered Co(NHg)g-
(BF,);. Sweep speed: 1 msec/cm. 7 =10pusec. For
this substance Ty~ 45 psec.
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