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real situation is more complex than this. Europium
or its diamagnetic replacement can occupy only dis-
crete lattice sites; on dilution, there is no real in-
crease in Eu-Eu spacing but ounly a decrease in the
probability that a neighboring site is occupied by
another europium. Hence, the observed change in
signn of the magnetic interaction is probably due to the
increasing electron density brought about by sub-
stituting trivalent lanthanum for divalent europium.
As the population of the conduction band increases, the
Fermi wave number increases, and the effect is as if the
polarization wave were swept past a neighboring lattice
site to oscillate the sign of the magnetic ordering inter-
action.

Matthias!? has attributed the ferromagnetism ob-
served for EuBs; to magnetic polaron formation as
predicted by Nagaev!® for a semiconducting anti-
ferromagnet. Unfortunately, available conductivity
data and Flodmark’s band calculation do not un-
ambiguously establish that EuBs is nonmetallic or
semiconducting. The complication in the present
investigation is that dilution of EuBs by lanthanum
substitution not only increases the average spacing
between europium ions but also increases the conduction
electron density. Experiments with Gd dilution and
with Yb dilution to separate the two effects of changing
electron density and magnetic dilution are now in
progress.
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The metallic tungsten bronzes, M,WOQO; are of
special interest in solid-state chemistry because they
are nonstoichiometric compounds in which the identity
of dopant metal M and its level of concentration in the
host matrix WO; can be varied over wide limits so as to
permit study of the effect of electron concentration on
physical properties.? In particular, when M is a rare
earth element, one has a magnetic bronze, in which the
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interaction of conduction electrons and magnetic
moments can be investigated. When x is large enough,
the tungsten bronzes are approximately cubic with a
unit cell in which there are W atoms at cube corners,
O atoms near midpoints of cube edges, and fractional
occupancy by M atoms of the cube center position.
The metallic properties are ascribed to transfer of
valence electrons from the M atoms to conduction
bands made of W 5d t,, orbitals with admixture of O p,
character.?

Ostertag®* was the first to prepare tungsten bronzes in
which the M atoms were rare earth metal atoms. For
both europium and gadolinium he found that the struc-
tures were cubic over the range 0.085 < x < 0.18.
Subsequent work® showed that the resistivity was small,
increased linearly with rising temperature, and had a
temperature coefficient comparable to that of a metal.
Attempts in this laboratory to measure Hall voltages
on these crystals have proved unsuccessful, partly be-
cause of the odd pyramidal shape of the crystals; how-
ever, it seems almost certain that each rare earth atom
contributes three electrons to the conduction band.
Magnetic susceptibility measurements, in the range
77-300°K, had led Ostertag to conclude that the rare
earth ions are indeed triply charged.

Ostertag® has also succeeded in making a uranium-
tungsten bronze, and he has measured its magnetic
susceptibility to a much lower temperature, down to
42°K. Although behavior above 60°K is Curie-
Weiss (x = C/(T' — 8)), with an extrapolated Weiss
temperature © = —170° a clear minimum was also
observed in the reciprocal susceptibility vs. temperature
corresponding to a Néel temperature of about 30°K.
Dilution of the uranium with diamagnetic thorium did
not change the magnetic parameters, so it was assumed
that the magnetic coupling was due to indirect exchange
through conduction electrons. The current investiga-
tion was undertaken to see if similar indirect exchange
might also occur at very low temperatures in the rare
earth-tungsten bronzes. Gadolinium was chosen
because of its high, spin-only magnetic moment;
terbium was also investigated to see if there is an effect
of an f-orbital component.

Experimental Section

Materials.—Gds.;sWO; and Thy,1;WO; were prepared by solid-
state reaction according to the method of Ostertag.! A mixture
composed of rare earth metal oxide, tungsten trioxide, and tung-
sten metal was ground in a ball mill under a nitrogen atmosphere
for 8 hr. It was then heated under argon at 1100° for 24 hr,
quenched, reground, and reheated. X-Ray diffraction patterns
showed only the cubic tungsten bronze phase present. Starting
materials were 99.09% Gd.O; from American Potash and Chemical
Co., ““Specpure’”’ ThO7 from Johnson Matthey Co., and highest
purity W and WO; from Fisher Chemical Co.

Measurements.—Magnetic susceptibilities were measured over
the range 1.5-300°K using the Gouy method with the apparatus
previously described.” Samples were packed in 0.4-cm diameter
silica tubes up to a height of about 20 cm. The temperature
cycle was done in two stages, one using liquid nitrogen alone and
the other using liquid helium. Data on descending and ascending
temperature were reproducible to better than 19;. Magnetic
fleld was varied from 300 to 2000 Ce at each temperature. Ex-
cept at the very lowest temperature, plots of succeptibility us.
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reciprocal field were flat to 19;. Fields were calibrated with
standard solutions of nickel chloride and with HgCo(NCS),.

Results and Discussion

Figure 1 shows as a function of temperature the
observed reciprocal molar susceptibility of Gdo1sWOs3
and of Thy1sWO;. In neither case has there been any
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Figure 1.—Reciprocal molar susceptibility vs. temperature for
gadolinium—tungsten bronze and terbium-tungsten bronze.

correction made for diamagnetism of the rare earth
ion and the host WQOj; or for the Pauli paramagnetism
of the electron gas. As Ostertag has indicated, these
corrections almost cancel each other, and, in any case,
the observed susceptibilities are so large that either
cotrection would be insignificant. Table I shows the

TABLE 1

MAGNETIC PARAMETERS FOR GADOLINIUM— AND
TERBIUM-TUNGSTEN BRONZES

beff, Hoaleds

Compn 9, °K BM BM
Gdo.1sWOs 2£2 7.90 7.94
Thbo.1sWOs 5+ 2 9.76 9.72

observed magnetic parameters as referred to a Curie-
Weiss law x = C/(T — 0) with the effective magnetic
moment ue; = (3kC/N)Y:. Calculated moments for
comparison are obtained from u = g[J(J + 1)]"* for
the ground states of the free ions—uiz., 3S.,, for Gd3+
4, g =2, S=7 L =0,J =7/,) and "Fg for Th?+
(4%, g = 15, S =3, L = 3, J = 6). The very small
values of the Weiss parameter © and the excellent
agreement between the observed ues; and the calculated
u indicate that each of the compounds is magnetically
ideal. The agreement observed is about as good as that
observed for the magnetically dilute hydrated sulfates
(e.g., in Gds(S04)3-8H,O the observed weg is 7.91 BM
and O is about 20; in sz(SO4)3'8H20, Meoff is 9.50 BM
and 6 = 16°).

That the rare earth—tungsten bronzes should show
such close fit to ideal Curie behavior and that this fit
should hold to such very low temperature is not en-
tirely expected. Granted that in Gd,1; WO; and Thgg5-
WO; the Gd3+ and Th¥+ are so far apart (7.2 A, on
the average) that direct dipolar interaction is negligible,
there still remains the possibility of the Ruderman-
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Kittel indirect exchange interaction through the conduc-
tion electrons.® Since the polarization of an itinerant
electron changes sign in oscillating manner as the dis-
tance from a magnetic atom increases, one would expect
moment alignment of neighboring magnetic ions either
parallel (ferromagnetic) or antiparallel (antiferro-
magnetic) depending on the distance from the original
magnetic ion.

This kind of analysis, however, is valid only if the
conduction electrons use the atomic orbitals of the
magnetic ion, so that dipole interaction between the
itinerant electrons and the localized moment can occur.
If, for example, in Gd,WO;3, the conduction electrons
do not use gadolinium orbitals but are confined to the
W 5d t3,~O p. network, then the interaction may be too
weak to align the localized moments either parallel or
antiparallel. In general, 4f orbitals are too highly
localized to contribute appreciably to conduction band
states; also, the probability of exciting a 4f electron
into a conduction band (5d or 6s) is not very likely.

The fact that Ostertag found a Néel temperature and
antiferomagnetic coupling for uranium-tungsten bronze
suggests that the case of uranium is different. One
possible reason for this is that the uranium magnetic
moment comes from 5f orbitals, which have larger
spatial extent than 4f and hence may participate in
conduction band states; another possibility is that
the 5f orbital which carries the magnetic moment is
close enough in energy to the 6d to be easily excited to
it. In such case the spatial extent of the localized
moment would be even greater and interaction with the
conduction band more effective.
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Linkage isomerization is a process still incompletely
understood. A pair of true linkage isomers is difficult
to obtain since, in general, one form is much more
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