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Magnetic properties of 612Cn04 crystals

J. D. Thompson, S-W. Cheong, S. E. Brown, and Z. Fisk
Los Alamos National Laboratory, Los Alamos, ¹wMexico 87545

S. B. Oseroff and M. Tovar
San Diego State University, San Diego, California 92I82

D. C. Vier and S. Schultz
University of California, San Diego, La Jolla, California 92093

(Received 18 November 1988)

Magnetic-susceptibility and magnetization measurements on single crystals of the Cu02-planar
compound GdqCu04 indicate copper moment ordering near 260 K, producing an internal field at
the gadolinium site that induces substantial anisotropy in the magnetic response. Dilute substitu-
tions for gadolinium and copper leave the essential physics unaffected. We suggest that copper
ordering also occurs in Eu2Cu04 on the basis of substitutional studies but is not detected in other
rare-earth-based compounds in this series. Rare-earth size appears to play an important role.

I. INTRODUCTION

With the discovery of high-temperature superconduc-
tivity in Cu02-layer compounds, ' attention has focused on
the potential importance of copper magnetism for super-
conductivity. Such interest is generated by observations
of antiferromagnetic order of copper ions in nonsupercon-
ducting versions of both RBa2Cu307 —s (Refs. 2 and 3)
and La2Cu04 —s (Ref. 4) materials. In the latter case, for
temperatures less than the Neel temperature T~, the ap-
plication of a magnetic field perpendicular to the Cu02
planes induces a metamagnetic transition to a weak fer-
roma netic state that coexists with antiferromagne-
tism. This transition, permitted by a slight distortion of
the octahedrally coordinated oxygen atoms about cop-
per, is driven by an antisymmetric superexchange
mechanism proposed by Dzyaloshinski and Moriya. 'o

In addition to the superconducting materials, there is
another interesting set of semiconductorlike compounds
R2Cu04 that contain Cu02 planes. " ' These materials
form in a tetragonal crystal structure, when R is one of
the light rare-earth elements praseodymium through gad-
olinium, with Cu02 planes in which oxygen atoms are
square-planar coordinated about copper. ' The magnetic
properties of powder samples of R2Cu04 have been stud-
ied in some detail by Saez-Puche, Norton, and Glauns-
inger. ' They conclude that Cu + ions are ordered anti-
ferromagnetically below room temperature and that the
general magnetic behavior is relatively straightforward
once crystal-field effects have been accounted for. This is
borne out, at least partially, in magnetic measurements on
single crystals of Eu2Cu04. ' ' Tovar et al. ' find a pro-
nounced anisotropy (—30%) in the susceptibility of
Eu2Cu04 which at low temperatures is well described by
considering crystal-field splitting of the excited states of
Eu +. However, at temperatures above approximately
100 K, agreement between the measured and calculated
susceptibilities is outside the estimated uncertainty in ei-
ther result, suggesting that copper contributes non-

negligibly to the susceptibility. Further, electron-spin res-
onance' of dilute Gd + in Eu2Cu04 crystals gives a
temperature-dependent g shift indicative of antiferromag-
netic interactions that may be associated with moments on
the Cu02 planes.

The results on single crystals' ' of Eu2Cu04 clearly
suggest that magnetism in the R2Cu04 series could be
richer than that deduced from powder-sample studies. '

To investigate this possibility, we have performed mag-
netic-susceptibility, magnetization, and specific-heat ex-
periments on single crystals of Gd2Cu04. The magnetic
susceptibility of Gd2 Eu„Cu04 and Eu2 „Tb,Cu04
crystals has also been determined to establish if copper
magnetism found in G12Cu04 persists in Eu2Cu04.

II. EXPERIMENTAL DETAILS

Thin, platelike crystals of R2Cu04 were grown from
PbO- and CuO-based fiuxes. (Additional details of the
preparation procedure are given elsewhere. ' ) X-ray
analysis' at room temperature showed that the crystals
were tetragonal with space group I4/mmm and that the
crystallographic c axis was parallel to the thin dimension.
Refinement of the x-ray spectra gave lattice constants for
Gd2Cu04 of a =3.892(1) A and c =11.878(3) 4, with a
site occupancy of 0.99(2) for gadolinium and 1.01(5) for
oxygen, indicating that the crystals were stoichiometric.
The possibility of lead incorporation into the structure was
examined by electron microprobe analysis, which showed
that the lead content, if any, was less than 1% of copper.
Further, magnetic measurements on crystals grown in ei-
ther PbO- or Cu0-based fluxes were identical within ex-
perimental uncertainty. Unlike La2Cu04, ' with quasi-
tetragonal lattice parameters a =3.81 A and c=13.15 A,
the magnetic properties of 612Cu04 were insensitive to
anneals in various gas atmospheres, suggesting that the
oxygen content is highly stable.

Susceptibility and magnetization measurements were
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performed with a Quantum Design superconducting quan-
tum interference device magnetometer using applied fields
from —1 G to 50 kG. Calibration of the magnetometer
against a National Bureau of Standards traceable plati-
num standard gave a susceptibility accurate to + 1% for
magnetic fields greater than 1 kG. At very low fields, 1 to
10 G, error in the field valise is estimated to be + 0.5 to
~ 1 G. All measurements were taken on warming from
the lowest temperature unless otherwise specified.

exceeds g& except at the lowest temperatures where a
mean-field-like temperature dependence of gi and g~ is
evident. Such behavior would suggest antiferromagnetic
order near 9 K [Fig. 1(a) inset] with the gadolinium sub-
lattice magnetization parallel to the Cu02 planes.

Figure 1(b) shows the same data plotted as I/g& and
I/gi versus temperature. In this case, the development of
anisotropy is readily apparent. Above room temperature,
these plots give an eH'ective moment p,g of 7.7@ii/Gd and
a paramagnetic Curie temperature e~ =0+ 2 K. Howev-
er, for 0 perpendicular to the Cu02 planes and tempera-
tures below -240 K, p,s& =7.95ps/Gd and e~ = —12.6
K; whereas, for 0 parallel to the planes and temperatures
less than —200 K, p, tri 9.68pg/Gd and 8& = —18.8 K.
These values are to be compared to p,s =8.20ps/Gd and

e~ = —15 K obtained' on powder samples measured in
fields of 7.5 to 12.5 kG. For reference, Hunds' rules give

p ff 7.94ps/Gd in the absence of interactions.
Because the susceptibility peak in g~~ at 9 K suggests an-

tiferromagnetic order of gadolinium moments, we have
measured the specific heat C of several crystals of Gd2-
Cu04. Results of these measurements are shown in Fig. 2
where a )i,-like anomaly in C/T vs T is found, with the
peak near 6.5 K, characteristic of a cooperative phase
transition. A linear extrapolation of C/T from the lowest
measured temperature (1.4 K) to the origin allows for an
estimate of the entropy associated with this transition.
Such a construction gives an entropy of 0.99R ln8 between
T=O and 20 K, which is within experimental uncertainty
identical to the entropy expected for ordering of the gad-
olinium J S 2 spin. The phonon contribution to C in
this temperature range is negligible as determined from
specific-heat measurements on single crystals of Eu2Cu-
04 which give a Debye temperature of 380 K. (The elec-
tronic specific-heat coefficient of Eu2Cu04 is 0+.0.2
m J/mole K .) Therefore, the specific-heat anomaly
should be considered as arising from antiferromagnetic
order of gadolinium moments at T~ =6.5 K. This value
of Tivd is well outside the estimated uncertainty in ther-
mometry for either the specific heat or susceptibility mea-
surements and suggests that the peak in gi at 9 K should

III. RESULTS AND DISCUSSION

A. Gd2Cu04

The magnetic susceptibility measured in a 2-kG mag-
netic field applied perpendicular (g~) and parallel (gi) to
the Cu02 planes of Gd2Cu04 is shown in Fig. 1(a). In
this and subsequent figures, unless otherwise specified, the
susceptibility has been defined as the ratio of the magneti-
zation M to the applied field H(@=M/H). Above room
temperature, there is little if any field-direction-dependent
anisotropy in g. However, below this temperature, g~~
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P'IG. 2. Specific heat C divided by temperature T vs tempera-
ture for a collection of single crystals of Gd2Cu04. The X-like

anomaly peaked at 6.5 K denotes antiferromagnetic ordering of
the gadolinium moments. The dashed line represents how the
extrapolation of C/T was made to T=O.

FIG 1 (a) Magnetic susceptibility Z of a GdzCu04 single
crystal as a function of temperature determined with a 2-kG
field H applied parallel (gi) and perpendicular (g&) to the crys-
tallographic a-b plane. In these measurements g is defined as
the ratio M/H, where M is the magnetic moment per mole of
gadolinium. The inset shows an expanded view of the tempera-
ture dependence of gi. (b) Inverse molar susceptibility of
Gd2Cu04 as a function of temperature for field directions in the
plane and along the tetragonal c axis. Note the development of
substantial anisotropy beginning near 280 K. Values for the
effective moment and paramagnetic Curie temperature are
given in the text.
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not be regarded, in this case, as a direct measure of the
Neel temperature of gadolinium.

Because the specific heat was measured in the earth' s
magnetic field only and the susceptibility was determined
in a 2-kG field, we have investigated the field dependence
of M jH to see if an unusual field dependence of g could
explain the discrepancy between inferred values of T~G .
The magnetic moment measured in an applied field of —1

6 as a function of temperature is shown in Fig. 3. These
data reveal two sharp maxima, one near 260 K in the tem-
perature range where gi departs most strongly from
Curie-Weiss behavior, and a second near 20 K. Careful
inspection of these data also shows a smaller peak in
Mi(T) near 6.5 K. Magnetic-moment measurements as a
function of field indicate (Fig. 4) that the large peak near
20 K in I 6 moves to lower temperatures with increasing
field and merges with the anomaly associated with Neel
ordering of gadolinium for fields greater than 5 kG.
These results demonstrate why a peak in gi was found at 9
K when measurements were performed in a 2 kG field.
Therefore, for small applied fields, the most prominent
features in the data of Fig. 3 are not associated with anti-
ferromagnetic order of gadolinium but must be related to
the presence of other, e.g., Gd-Cu and Cu-Cu, interac-
tions. As we shall argue, the susceptibility behavior, not
associated with Neel ordering of gadolinium, at low tem-
peratures can be interpreted in light of understanding
magnetic interactions responsible for the high-tem-
perature peak in Mt(T) (Fig. 3).

Consider, now, the effect of modest fields on the mag-
netic susceptibility around 260 K. Data obtained at fields
of 10, 30, and 50 6 are shown in Fig. 5 for a crystal of
Gd2 — Ca„Cu04 with x=0.1. (This particular crystal
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FIG. 4. Temperature at which a large peak appears in low-
temperature magnetization measurements of single crystal
Gd2Cu04 (see Fig. 3) as a function of magnetic field applied
parallel to the tetragonal a-b plane. For fields above 5 kG, the
peak temperature saturates at 6.5 K, which is coincident with
the lambda anomaly in C/T.

was chosen because its mass was nearly five times larger
than typical 612Cu04 crystals and therefore provided a
larger susceptibility signal. In extensive studies, we have
found that calcium-containing crystals are quantitatively
similar in magnetic properties to Gd2Cu04 crystals. Like-
wise, 612Cu04 crystals in which zinc or nickel has been
partially substituted for copper show similar magnetic
effects, only the temperature at which the peak in gi
occurs is depressed somewhat. ) Inspection of Fig. 5 re-
veals a strong-field dependence of both the shape and
magnitude of gt~. Further, in the 10-G data there is hys-
teresis depending on whether the crystal was cooled in
zero field before applying 10 6 or whether it was cooled in
field. Tests for hysteresis were not made at other field
values. For comparison we also show data on this crystal
obtained with an approximately 1-6 field perpendicular to
the Cu02 planes. In this case there is only a very weak
susceptibility anomaly near 260 K that appears because of
slight misalignment of the crystal. These data together
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FIG. 3. Magnetic moment of a 7-mg single crystal of
Gd2Cu04 measured in a field of approximately 1 G applied
parallel to the Cu02-plane direction. Note three anomalies at
260 K, 20 K, and 6.5 K. Above 270 K the moment becomes un-
measurably small.

FIG. 5. Temperature dependence of the magnetic susceptibil-
ity of a single crystal of Gd2 — Ca„Cu04, with x=0.1, for vari-
ous small fields applied in the Cu02-plane direction. Note the
appearance of hysteresis in g)l below 260 K depending on wheth-
er the sample was zero-field cooled or cooled in a 10-G field.
For comparison we also show the magnetic susceptibility of this
sample measured in an approximately 1-G field perpendicular to
the Cu02 planes.
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1000suggest the presence of weak ferromagnetism.
To investigate this possibility in more detail, we have

determined magnetization versus field curves for a single
crystal of Gd2 „Ca2Cu04 (x=0.1 on the basis of starting
composition in the flux) at temperatures around the tran-
sition temperature. Results of measurements performed
with a specially designed vibrating-sample-type magne-
tometer, capable of excellent field resolution and accuracy(-1 mG), are shown in Fig. 6. Above 298 K, Mi vs H is
linear, passes through the origin, and is reversible within
experimental uncertainty. However, at 269 K, Mi(H) ac-
quires a distinctly different character at very low fields
where there is a very large dM/dH. Similar results are
also found in Gd2Cu04 crystals. At higher fields and tem-
peratures greater than 20 K [Fig. 7(a)], Mt again be-
comes proportional to the applied field. Analysis of the
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plied in the tetragonal a-b plane for various fixed temperatures.
An extrapolation of the linear, high-field portion of each curve
in (a) intersects at a common point (5+ 5 emu/mole Gd,
—0.74+'0.07 kG). See text for discussion.
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FIG. 6. Magnetic moment as a function of small fields ap-
plied parallel to the Cu02 planes of Gd2- Ca Cu04, with
x=0.1, at various fixed temperatures. Data showy are for both
increasing and decreasing 6elds. For temperatures at 269 K and
below, a weak ferromagnetic character is clearly visible in these
data (note scale changes).

data in Fig. 7(a) where Mi is linear in the field gives
p,si 8.25+ O. lpga/Gd and e~ —16+'1 K, values in

good agreement with those reported by Saez-Puche, Nor-
ton, and Glaunsinger'6 on powder samples. This value of
p, tri also agrees well with that determined from measure-
ments on a single crystal of Gd2Cu04 at a field of 20 kG.

An extrapolation of the high-field, linear portion of the
curves in Fig. 7(a) shows them intersecting at a common
point (5+'5 emu/mole Gd, —0.74+ 0.07 kG), indicating
the presence of an internal field HI 0.74 kG at the gado-
linium site that is unchanged in the temperature range 20
to ~200 K. However, for T(20 K [Fig. 7(b)l, Hi be-
gins to decrease and at 7 K the parallel magnetization is
linear in field form 0 to 5 T (data not shown). Below
TPy 6.5 K, dM/dH is constant to —1.4 kG at which
field the slope increases to a linear Mi vs H curve that ex-
trapolates through the origin. This unusual behavior indi-
cates a relatively strong interplay among Gd-Gd, Gd-Cu,
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and Cu-Cu interactions.
In the absence of microscopic information, an interpre-

tation of these results is not straightforward. However,
we suggest two scenarios that could lead to the observed
behaviors. A central assumption in both is that copper or-
ders antiferromagnetically in Gd2Cu04 near 260 K,
analogous to copper ordering in La2Cu04 at Tf "~ 328
K. Both possibilities include additional common features
that will be discussed subsequently. The primary
difference between the two interpretations rests in the
mechanism producing an internal field. For an internal
field to be present, purely tetragonal symmetry of the
copper moments must be broken. One possibility is that
symmetry breaking is induced by magnetoelastic stress
placed on the lattice through the copper-ordering process.
This mechanism is expected to lead to a very weak crystal-
lographic distortion, consistent with the absence of a
significant change in preliminary x-ray powder-difraction
patterns at temperatures well below 300 K. The internal
field resulting from the lowered crystal symmetry polar-
izes the gadolinium moments in the Cu02-plane direction,
thereby enhancing the low-field susceptibility. At temper-
atures below 20 K, Gd-Gd interactions begin to dominate
over the polarizing effect of the internal field, leading to a
suppression of the weak ferromagnetic character. This in-
terpretation does not require canting of copper moments
away from antiferromagnetic alignment.

A second interpretation can be made that invokes an
analogy to GdCrOi. In GdCr03, chromium ions order
antiferromagnetically near 170 K. In addition to antifer-
romagnetism, a weak ferromagnetic component perpen-
dicular to the chromium sublattice magnetization arises
from canting of chromium moments away from strictly
antiferromagnetic alignment. The origin of spin canting
is attributed to an antisymmetric exchange interaction, as
discussed by Dzyaloshinski and Moriya. ' The ordered
chromium-spin system produces an internal field that is
opposite in direction to the ferromagnetic component of
the chromium moment. Following Cooke, Martin, and
Wells and referring to Fig. 7(a), we write for the mea-
sured moment M of Gd2Cu04

M = My„+ Cod (Hl +H, )/(T+ ep ),
where Mc„ is the canted copper moment, CGd is the Curie
constant of gadolinium, and 8, is the applied field. When
8, = —HI, M =Mc„. The common intersection point for
the curves in Fig. 7 (a) then gives Mc„=10+' 10
emu/mole, Cu=1.8&&10 + 1.8X10 p /Cu. The sign
of Mc„ indicates that the ferromagnetic component of
copper is in the direction of the applied field. [We note
that the average value of Mc„ is similar to the field-
induced weak ferromagnetic moment, —3 x 10 pg/Cu,
in La2Cu04 at low temperatures. However, the lower
bound of Mc„, Mc„=0, reduces Eq. (1) to the situation
considered in the preceding paragraph. ] Implicit in this
interpretation of our data again is the assumption that the
Cu-0 coordination in Gd2Cu04 is no longer exactly
square planar. In crystals of high symmetry, specifically
inversion symmetry in the superexchange route, the an-
tisymmetric coupling vanishes and the D-M interaction is
no longer effective. ' In this interpretation the loss of crys-

tal symmetry does not necessarily occur because of mag-
netoelastic coupling.

Certain characteristics of magnetism in GdiCu04 are
independent of the mechanism responsible for an internal
field. These include the very low-field anomaly (Fig. 3) in
M~t at 260 K that we attribute to antiferromagnetic order-
ing of copper spins. The ordering transition then permits
the existence of an internal field. The large anisotropy in

g and field dependence of gt~ near the magnetic phase tran-
sition can be understood straightforwardly with either in-
terpretation of the internal field. At 6.5 K, the gadolin-
ium moments order antiferromagnetically with antiparal-
lel moments in the Cu02 planes, as inferred from mean-
field-like behavior of gi and g& at large fields. Magnetiza-
tion versus field at 7 K is linear and passes through the
origin [Fig. 7(b)], indicating the absence of an internal
field and/or a ferromagnetic component to the copper
magnetization. Low-field measurements (Fig. 3) suggest
that this begins to happen near 20 K. The field depen-
dence of M[~ for temperatures less than 7 K, however, is
not understood.

B. Gdz —„Eu„Cu04 and Euz — Tb„Cu04

260—

240—

I

0.5
I

1.0 l.5 2.0

FIG. 8. Temperature at which a peak appears in magnetiza-
tion measurements on a crystal of Gdz — Eu Cu04 subjected to
a field of —1 6 applied parallel to the plane direction as a func-
tion of europium content.

As mentioned in the Introduction, Eu2Cu04 is an aniso-
tropic Van Vleck paramagnet. ' This anisotropy and the
temperature dependencies of gi and g& are well described
in terms of crystal-field splittings of thermally excited J
multiplets. However, above —100 K, deviation from the
calculated behavior suggests a magnetic contribution to
the susceptibility from copper ions. In Sec. III A, the im-
portance of copper magnetism in Gd2Cu04 was estab-
lished, which leads to the speculation that similar eH'ects

may be important in Eu2Cu04. Supporting evidence is
shown in Fig. 8 where we plot the position of the high-
temperature peak in M~~, measured in —1 G, as a function
of europium content in Gd2 —„Eu Cu04. (We note that
the low-temperature anomaly in M~~ is not detected in
samples with x ) 1, presumably because of reduced Gd-
Gd interactions produced by dilution with europium. )
These data suggest that copper ordering of the sort found
in Gd2Cu04 should be present in Eu2Cu04 near 245 K.
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Because the ground state of Eu + has J=O and any inter-
nal field produced by copper ordering in Eu2Cu04 would
couple only to thermally populated J & 0 states of Eu +, a
low-field anomaly is expected to be very weak, particular-
ly if europium substitution reduces the magnitude of the
internal field. We have searched for but not found an
anomaly in either g& or gi~ at low fields. However, mea-
surements of gI~ in an applied field of 10 G show an ap-
parent slope change near 230 K, and data obtained at 40
kG have a very weak anomaly near 280 K of the type
found in gt~ of Gd2Cu04. Although these results are by no
means definitive, they are highly suggestive of copper or-
dering in the vicinity of 245 K. The magnetic susceptibili-
ty of other R2Cu04 crystals (R=Sm, Nd, and Pr) is
also anisotropic; however, in none of these crystals is there
detectable evidence for the type of copper ordering found
in Gd2Cu04 and possibly EuzCu04, indicating that the
anisotropy arises primarily from crystal-field effects.
Likewise, no detectable copper ordering is found when
10% gadolinium is substituted into crystals of
Nd2 —„Gd„Cu04 and Sm2 —„Gd Cu04.

Besides diluting Gd-Gd interactions, europium substitu-
tion into G12 „Eu„Cu04 also expands the lattice because
of the larger ionic radius of europium relative to gadolin-
ium. On the other hand, assuming Vegard's rule, substi-
tuting terbium for europium should produce an average
unit-cell volume approaching that of Gd2Cu04 when
x=1 in Eu2 — Tb„Cu04. Results of magnetic-moment
measurements parallel to the Cu02 planes in a crystal of
Eu2 Tb Cu04, with x nominally equal to 1, reveal a
magnetic response very similar to that of pure Gd2Cu04.
Therefore, the magnetic behavior of Gd2Cu04 is not
unique to gadolinium but must be dominated by copper
magnetism that depends sensitively on the average Cu-Cu
and/or Cu-R spacing. These observations also are con-
sistent with the lack of magnetic anomalies in other
R2Cu04 and gadolinium-doped R2Cu04 crystals since in
these cases the lattice will always be expanded relative to
Gd2Cu04. %'e suggest that the internal field is not possi-
ble in these cases because the larger R ions stabilize the
tetragonal crystal structure.

direction of Gd2Cu04 which is associated with antiferro-
magnetic order of copper spins. That such behavior can
occur implies a lowering of the tetragonal crystal symme-
try found at room temperature. The ferromagneticlike
moment in G12Cu04 begins to disappear below —20 K
and is not detectable at 7 K, presumably due to Gd-Gd in-
teractions that result in antiferromagnetic order at 6.5 K
of gadolinium moments parallel to the Cu02 planes.
Minor changes in these effects are produced upon dilute
substitutions of calcium for gadolinium and nickel or zinc
substitution for copper but the essential physics appears to
be unaffected. With europium substitution for gadolini-
um, the position of the low-field high-temperature peak
moves to lower temperatures. Although no definitive sig-
nature for copper-spin ordering could be found in crystals
of Eu2Cu04, suggestive evidence implies magnetic order-
ing of copper in EuqCu04 near 250 K. No evidence for
copper ordering is found in other R2Cu04 crystals; howev-
er, their magnetic susceptibilities are substantially aniso-
tropic, presumably because of crystal-electric fields.
Magnetic measurements on Eu2 —„Tb„Cu04 indicate that
copper magnetism in the R2Cu04 system depends sensi-
tively on rare-earth size.

The intriguing question remains as to why the R2Cu04
materials do not become superconducting even though
they contain Cu02 layers. A structural feature common
to all the known high- (T,)40 K) temperature supercon-
ductors is an oxygen atom that is either octahedrally or
pyramidally coordinated to the Cu02 planes. z6 This is not
the case in R2Cu04 compounds or related Cu02-layered
materials, such as T2Cu02X2 where T=Sr or Ca and
X=Cl or Br, which also are not superconductors. This
out-of-plane oxygen seems to be a necessary condition for
permitting doping to a metallic conductivity with a con-
comitant suppression of long-range copper magnetism and
the appearance of a superconducting ground state. 2

Therefore, crystal chemistry may play an important role
in providing insight into the mechanism responsible for
high-superconducting transition temperatures.

ACKNOWLEDGMENTS

IV. SUMMARY

Below —270 K, an internal field of —0.74 kG and
weak ferromagnetic behavior develops in the Cu02-plane

Work at Los Alamos was performed under the auspices
of the U.S. Department of Energy. We also acknowledge
partial support from the Comision Nacional de Energia
Atomica (Argentina) and the National Science Founda-
tion through Grant No. DMR-88-01317.

'3. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).
J. M. Tranquada, D. E. Cox, W. Kunnmann, H. Moudden, G.

Shirane, M. Suenaga, P. Zolliker, D. Vaknin, S. K. Sinha, M.
S. Alverez, A. J. Jacobsen, and D. C. Johnston, Phys. Rev.
Lett. 60, 156 (1988).

J. W. Lynn, W.-H. Li, H. A. Mook, B. C. Sales, and Z. Fisk,
Phys. Rev. Lett. 60, 2781 (1988).

4D. C. Johnston, J. P. Stokes, D. P. Goshorn, and J. T. Lewan-
dowski, Phys. Rev. B 36, 4007 (1987).

~S-W. Cheong, Z. Fisk, J. O. Willis, S. E. Brown, J. D. Thomp-
son, J. P. Remeika, A. S. Cooper, R. M. Aikin, D. Schiferl,

and G. Griiner, Solid State Commun. 65, 111 (1988); S-W.
Cheong, J. D. Thompson, Z. Fisk, and G. Gruner, Solid State
Commun. 66, 1019 (1988).

sS-W. Cheong, 3. D. Thompson, and Z. Fisk (unpublished).
7T. Thio, T. R. Thurston, N. W. Preyer, P. J. Picone, M. A.

Kastner, H. P. Jenssen, D. R. Gabbe, C. Y. Chen, R. J. Bir-
geneau, and A. Aharony, Phys. Rev. B 38, 905 (1988).

8M. A. Kastner, R. J. Birgeneau, T. R. Thurston, P. J. Picone,
H. P. Jenssen, D. R. Gabbe, M. Sato, K. Fukuda, S. Shamoto,
Y. Endoh, K. Yamada, and G. Shirane, Phys. Rev. 8 38, 6636
(1988).



J. D. THOMPSON et al. 39

9I. Dzyaloshinski, J. Phys. Chem. Solids 4, 241 (1958).
'oT. Moriya, Phys. Rev. 120, 91 (1960).
' 'J. B. Goodenough, Mater. Res. Bull. 8, 423 (1973).
' P. Ganguly and C. N. R. Rao, Mater. Res. Bull. 8, 405

(1973).
' T. Kenjo and S. Yajima, Bull. Chem. Soc. Jpn. 50, 2847

(1977).
' K. K. Singh, P. Ganguly, and C. N. R. Rao, Mater. Res. Bull.

17, 493 (1982).
'~Hk. Muller-Buschbaum and W. Wollschlager, Z. Anorg. Allg.

Chem. 414, 76 (1975); Hk. Muller-Buschbaum, Angew.
Chem. Int. Ed. Engl. 16, 674 (1977); B. Grande, Hk. Muller-
Buschbaum, and M. Suhweizer, Z. Anorg. Allg. Chem. 428,
120 (1977).

' R. Saez-Puche, M. Norton, and W. S. Glaunsinger, Mat. Res.
Bull. 17, 1523 (1982); R. Saez-Puche, M. Norton, T. R.
White, and W. S. Glaunsinger, J. Solid State Chem. 50, 281
(1983);R. Saez-Puche, J. C. Grenier, and W. S. Glaunsinger,
An. Quim. $0, 28 (1984).

~7D. Rao, M. Tovar, S. B. Oseroff, D. C. Vier, S. Schultz, J. D.
Thompson, S-W.. Cheong, and Z. Fisk, Phys. Rev. 8 38, 8920
(1988).

' M. Tovar, D. Rao, J. Barnett, S. B. Oseroff, J. D. Thompson,
S-W. Cheong, Z. Fisk, D. C. Vier, and S. Schultz (unpub-
lished).

' K. A. Kubat-Martin, Z. Fisk, and R. Ryan, Acta Crystallogr.
44C, 1518 (1988).

2oS-W. Cheong, J. D. Thompson, J. F. Smith, and Z. Fisk (un-
published).

'D. C. Johnston, S. K. Sinha, A. J. Jacobson, and J. M.
Newsam, Physica C 153-155,572 (1988).

zzS. E. Brown, S-W. Cheong, Z. Fisk, and J. D. Thompson (un-
published).

z3See, for example, A. H. Morrish, The Physical Properties of
Magnetism (Wiley, New York, 1965), p. 321.

~4A. H. Cooke, D. M. Martin, and M. R. Wells, J. Phys. C 7,
3133 (1974).

2SJ. D. Thompson, S-W. Cheong, Z. Fisk, and S. B. Oseroff (un-
published).

2sS-W. Cheong, J. D. Thompson, and Z. Fisk (unpublished).
A possible argument is that the d, 2 orbital, rather than the
d„2 —d 2 orbitals in cuprates with out-of-plane oxygens, are
half-filled and localized. See also Ref. 26.




