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(S ) = ~sa(H0-5H )T '-5(H +2H ), (2)

where

a= pg'J(J+1)/3k=5p/21k, b=20p/7hv~, ~.
Note especially that the coefficients of H, and
Hex have the opposite sign in the 1/T term; this
is because in 8m+++ g=2/7, and so 2(g-1)/g
= -5. The factor 2 in the second part of (1) or

Measurements of the Al" nuclear resonance
in rare-earth aluminum intermetallic compounds
have shown that in these compounds the Knight
shifts are large, temperature dependent, and

may have either sign, depending on whether the
spin polarization of the rare earth ions is paral-
lel or antiparallel to the applied field. ' These
observations in general accord with the Zener-
Ruder man-Kittel- Yosida mechanism' whereby
conduction electrons are polarized by an ex-
change interaction between them and the rare
earth ion spins, provided one assumes that this
interaction has the opposite sign from that orig-
inally proposed by Zener. The samarium com-
pound is unlike the others, however, in that the
sign of the rare earth. contribution to the Knight
shift reverses in going from 77'K to room tern-
perature. ' It is the purpose of this note to show
that this anomalous reversal in SmA1, is a con-
sequence of theory when the second-order Zeeman
effect is included.

We shall at first ignore the effect of the crys-
talline field, and assume that the exchange fields
which the rare earth ions exert on each other,
and on the conduction electrons which they polar-
ize, are proportional to the expectation value of
the spin of the samarium ion. If we neglect sat-
uration, the formulas for the magnetic moment
of the Sm+++ and for this expectation value are

I =aNP(H -5H )T ~+bNP(H +2H ), (1)Sm 0 ex 0 ex'

(2) has its origin in the fact that the matrix ele-
ments of 2S nondiagonal in J are double those of
L+2S since L+ S is diagonal. The above formu-
las are obtained by adapting the standard expres-
sion4 for the susceptibility of Sm+++ to include an
exchange field Hex acting only on the spin in ad-
dition to the applied field H„ in essentially the
same fashion as was done by Wolf and Van Vleck
for europium garnet. ' In the case of Sm+++, it
is sufficient for our purposes to consider only
the lowest multiplet component as inhabited, but
it is essential to include the part of the suscepti-
bility arising from the "temperature-independent
paramagnetism, "or second-order Zeeman effect,
represented by the second part of (1) or (2).

The "crossover point, " i.e. , point of change
in sign for the contribution of the Sm+++ to the
Knight shift, is that at which both (Sz) =0 and

Hex = 0. It is consequently given by Tco = Sa/2b
[The exchange field which polarizes the conduc-
tion electrons is not necessarily the same as
that in (1) or (2) acting on the rare earth ions,
but both are taken proportional to (Sz).] The
interval hv», „,/k is about 1500'K, and so ac-
cording to (2) the value of Tco is about 300'K.
The predicted sign behavior is in accord with
experiment; i.e., the Sm+++ contribution to the
Knight shift in SmA1, has at low and high temper-
atures, respectively, the opposite and the same
sign as the Gd+++ contribution to the Knight shift
in GdAl, . The observed value of T is aboutco
150 K. However, Tco is hard to locate with pre-
cision, and also the above theory is a crude one
which neglects such refinements as the crystal-
line field, and the effect of orbital orientation on
exchange coupling.

Since the Sm+++ ion is known to be at a site of
cubic symmetry, the effect of the crystalline
field is to split the J= 5/2 level into a doublet
and a quartet. Formulas (1) and (2) must then
be modified by multiplying the 1/T terms by the
factor'

f(T) =

-hv /kT t' -hv /kTi
5/21+ (26/21) e + (32 kT/21 hv ) ~

1 - ec(
-hv /kT

1+2e

(3)
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where hvar is the splitting between the doublet
and the quartet, and has a sign which is posi-
tive if the doublet lies lowest and negative if
the quartet lies lowest. The temperature-inde-
pendent terms in (1) and (2) will be little affec-
ted if crystalline splittings are small compared
to the multiplet separation. It is seen from (3)
that the effect of a crystalline field will, in gen-
eral, be to reduce Tco, thus giving improved
agreement with experiment. The reduction
will not be great, however, unless hvar-kTco.
Further discussion of this point must await a
more accurate experimental value for Tco.

At the crossover point, the susceptibility of
the Sm+++ ion in an applied field should not be
influenced by the exchange couplings between
Sm+++ ions. This accords with measurements
of Williams and Sherwood who find that at room
temperature the susceptibility is' g~ =9.9 x10
jjn agreement with the theoretical value for free,
uncoupled Sm+++ ions. ~

In closing we may note an interesting recipro-
cal relation between (1) and (2). The tempera-
ture at which an applied field generates no (Sz)
is also the temperature at which an exchange
field, acting alone, produces no magnetic mo-
ment. Hence in, say, samarium garnet, the
exchange field from the ferric ion should induce
no magnetic moment in the samarium in the vi-
cinity of room temperatures. So it is experi-
mentally. In fact, the difference between the
magnetic moments of YIG and SmIG is found by
Pauthenet to be practically zero throughout the
range from 0 K to the Weel point. The vanishing
of the susceptibility in an exchange field at a par-
ticular temperature is not by itself enough to ex-

plain the magnetic inertness of the samarium in
the garnet for all temperatures, and presumably
at low temperatures the effect of the crystalline
field should be included. Our attempts to obtain
theoretically the requisite inertness have not yet
met with quantitative success, and more com-
plete experimental data on the magnetic behavior
of the samarium garnets are highly desirable.

We are indebted to V. Jaccarino and H. J. Wil-
liams for informing us of experimental results
prior to publication and for valuable discussions.
One of the authors (J. W.) wishes to acknowledge
the hospitality of the Bell Telephone Laborator-
ies during the summer of 1960 where part of
this research was carried out.
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