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theories relating the width of the lines, the spin™
orbit coupling, and the mean free path of the con-
duction electrons, can be checked in detail.

National Science Foundation postdoctoral fellow. On
leave from Dartmouth College, Hanover, New Hamp-
shire.

tA. M. Portis, Phys. Rev. 91, 1071 (1953).
2F. J. Dyson, Phys. Rev. 98, 349 (1955}.
3W. T. Doyle, Proc. Phys. Soc. (London) (to be pub-

lished).
4F. Bach and K. F. Bonhoffer, Z. physik. Chem. 23B„

256 (1933);W. Rauch, Z. PhysQc 111, 65() (1938}.
~H. Bode, Z. physik. Chem. 6B, 251 (1930).
~R. W. Wood and C. Lukens, Phys. Xev. 54, 332

(1938).

EFFECTIVE EXCHANGE CONSTANT IN YTTRIUM IRON GARNET

D. T. Edmonds and R. G. Petersen
Department of Physics, University of California, Berkeley, California

(Received May 18, 1959)

We have measured the specific heat of a pure
(99.99$p yttrium) polycrystalline sample of yt-
trium iron garnet (YIG) in the temperature range
of 1'K to 4'K. We find that the specific heat may
be analyzed into a part that depends on tempera-
ture as T~ (the spin-wave contribution) and a
part that depends on temperature as T' (the
contribution from the lattice) as illustrated in

Fig. 1.
We thus obtain

C =68.9T~*+29.ST'erg/cm' deg K,

where C~ is the specific heat per cm based on

the x- ray density' of 5.19 g/cm'.
Using the equation

C (lattice) = (12/5) s'Nk (T/e)a,
5 (2)

where k~ is the Boltzmann constant, we obtain
for the Debye temperature 8 =454'K, if we take
N to be the total number of atoms of a11 kinds in
unit volume.

Assuming a dispersion relation for the spin
waves of

Sa) =Dka, k = 2s/X,

one has the standard result for the magnon spe-
cific heat per unit volume:
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C (magnons) = [(15/S2)(1.841)s +a]k (k T/D)~ I

= 0.11Sk (k T/D)+*. (4)
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The constant D may be expressed~ in terms of
the Landau-Lifshitz exchange constant A, the
saturation magnetization I, and the spectro-
scopic splitting factor g as

o
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D =2Ag(i/iM ), (5)
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FIG. 1. The specific heat per unit volume of poly-
crystalline YIG analyzed into its two components by
plotting C&/T~ 2 against T~ ~. The points give the re-
sults obtained in one experiment. Another experiment
performed on the same specimen at the extremes of
the temperature range yielded results in agreement
with those plotted to within 2%.

where p,& is the Bohr magneton. In this manner
we obtain from our measurement of the spin-
wave contribution to the specific heat,

A(YIG) = 0.192 x10 ' erg/cm, (6)

where we have taken the value 4'~ =1740 gauss
for YIG. This is to be compared with a value of

A(Fe) =2x10 e erg/cm

in iron. If we analyze in this manner the results
of Kouvel» who measured the specific heat of
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magnetite in the same temperature range, we
obtain

A(FesO, ) =0.232 x10 ' erg/cm.

Suhl' has shown that in a sphere, z-directed
spin waves having a wave number given by A, in

ko =2' /3A
S

are degenerate in frequency with the uniform
precessional mode (k =0). We expect'i~ maxi-
mum coupling of the uniform precessional mode
to transverse phonons via the z-directed spin
waves when the frequency is given by

f =e ko/2w,c

where eg is the velocity of transverse phonons.
Using our value of A and the value vt=3. 87x10'
cm/sec obtained in polycrystalline YIG at 25'C
by McSkimin, we find

Idol =4.60x10' cm '

f =2.83x10" sec ' or g =1.05 cm.
C C

It is our pleasure here to record our debt to
Professor C. Kittel who suggested the investiga-
tion and to M. K. Jack of Hughes Research Labora-
tories who kindly supplied us with the specimen
of YIG.
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The differential paramagnetic susceptibility of
samples of LaGd alloys containing from 0.60 to
5.00%I Gd has been measured in the temperature
range from 4.22 to 0.10'K. Matthias et al. ' have
shown that the addition of small amounts of Gd to
La produces solid solutions with unusual mag-
netic properties. Alloys containing up to 0.90 /&

Gd are superconductors with transition tempera-
tures (Tc) which decrease linearly with increas-
ing Gd content. Alloys containing 3.0 or more
percent Gd are ferromagnetic with Curie tem-
peratures which increase with increasing Gd con-
tent. The alloy containing 3.0 Q Gd becomes fer-
romagnetic at 1.3'K, the lowest temperature they
could attain. Extrapolation of these data suggests
that the T~ vs percent Gd curve and the Curie
temperature vs percent Gd curve mould intersect
for an alloy of 1.25% at a temperature of 0.5'K.

Thus two possibilities are suggested: (1) the
curves meet and terminate, indicating the pos-
sibility of a ferromagnetic superconductor for
one specific composition, or (2) they intersect
in such a way that there would exist a range of
compositions for which a given alloy would ex-
hibit (in zero magnetic field) both superconduc-
tivity and ferromagnetism, but at different tem-
peratures. The primary purpose of the work re-
ported here was to investigate the validity of
these extrapolations.

Temperatures below 1'K were produced by the
magnetic cooling method. The sample to be in-
vestigated was cemented in a copper holder which
was in thermal contact with the paramagnetic
salt via a copper rod 12 cm long and 3 mm in
diameter. A carbon resistor cemented directly
on the sample indicated that it mas in intimate
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