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Antiferromagnetism in (Cap g5Srp ts) Cu02, the parent of the cuprate family
of superconducting compounds
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A three-dimensional (3D) antiferromagnetic structure is identified in (CavssSrv ~5)Cu02, a pro-
totypical parent compound of all high-T, superconductors. Magnetic neutron scattering and a
weak susceptibility anomaly give TIv =537+' 5 K while g(T) suggests magnetic fiuctuations above
T~ in common with La2 —„Sr Cu04 —y and YBa2Cu307 —&. Both experiments are consistent with

a crossover from large intraplanar spin-spin correlations at high T to a 3D ground state driven by
very weak out-of-plane couplings between Cu + ions.

There are now three closely related families of cuprate
compounds that exhibit high-temperature superconduc-
tivity: La2, A„Cu04 ~ (A =Ba,Sr,Ca,Na), ' RBa2Cu3-
07 —s (R is a rare-earth element), and the novel group
(AO)~ (82Ca„-&Cu„02„+2) [A =Bi(y =2),Tl(y =1,2);
8=Sr,Ba] of compounds. These are all constructed
from intergrowths of perovskite and rocksalt elements and
contain Cu02 sheets with Cu in essentially a square-
planar coordination. An important feature in the phase
diagram of the first two families is the existence of an an-
tiferromagnetic (AF) insulating phase. In the first fami-
ly, the parent La2Cu04 is an antiferromagnet below 300
K, with a Neel temperature (Ttv) that is strongly depen-
dent upon dopant concentration and oxygen deficiency.
Actually, above T& this system is a two-dimensional (2D)
spin- 2 Heisenberg AF with very strong exchange cou-
plings among the intralayer Cu +, which give rise to large
magnetic correlation lengths within the planes. Thus, ex-
tremely weak interplanar couplings are sufhcient to induce
the 3D Neel state. Furthermore, for doped La2 —„-
Sr Cu04 and YBa2Cu306+„materials, the Neel state is
destroyed, yet spin-spin correlations persist even in the su-
perconducting phase. The second family with a typical
parent material YBa2Cu30s+„(x (0.4), also displays
3D AF with T& as high as 500 K for x =0; ' similarly
strong 2D spin-spin correlations in a single crystal with
x =0.2 have also been reported recently. " Recent muon-
spin rotation measurements have indicated that strong
magnetic fluctuations also occur in selected members of
the third family of superconductors. ' For example, static
magnetic order has been detected in insulating
BiqSr2YCu20 below 200 K. Whether magnetic interac-
tions prove to be pivotal in triggering superconductivity is
yet to be determined; nevertheless, a global model must
certainly take such magnetic properties into account.

We have undertaken the present investigation to
characterize the magnetic properties of the parent materi-

al of the (AO)y (B2Ca„—&Cu„02, +2) family of supercon-
ductors. For at least n ~ 3, the superconducting transi-
tion temperature increases with the number of Cu02 lay-
ers. ' For large n the stoichiometry of these compounds
approaches CaCu02, i.e., a layered, defect perovskite
structure free of intergrowths of other structural elements,
with Cu02 planes separated only by Ca atoms. Substitu-
tion of small amounts of Sr for Ca can stabilize this hy-
pothetical tetragonal structure. ' A single-crystal study
by Siegrist et al. ' confirmed that crystals of composition
(Caps6Sro ~4)Cu02 contain [Cu02] layers with the Ca
and Sr ions apparently occupying the interlayer, eightfold
coordinate sites. Therefore, this compound (which was
identified as the parent material of the Tl and Bi supercon-
ductors' and which also can be viewed as the end-
member of all the superconducting cuprate perovskites)
represents an ideal model system for the study and
analysis of magnetic interactions and electronic structure
in the layered cuprates. In this paper we report the results
of powder-neutron diff'raction and magnetic susceptibility
g(T) of this novel 2D solid.

Phase equilibria studies have shown that the tetragonal,
defect-perovskite phase, Ca Sr] —„Cu02 is stable over a
very limited range of stoichiometry, approximately
0.83~ x ~0.87. In this work powdered samples with
x =0.85 were prepared by solid-state reaction in air from
stoichiometric amounts of dried CaCO3, SrCO3, and
CuO. The mixture was first heated for 6 h at 865 C to
eliminate CO2, and successively ground and heated at
temperatures ranging from 925 to 985 C until the x-ray
pattern was free of any peaks from impurity phases. All
samples were air-cooled from the final synthesis tempera-
ture. Despite the limited range of composition, no evi-
dence for long-range Ca-Sr order was found in either the
x-ray or neutron-diffraction studies. Thermogravimetric
analysis in air and oxygen indicated no detectable change
in the oxygen stoichiometry up to the melting point
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-985'C; under a 30-Torr helium atmosphere no weight
changes were observed until decomposition began at ap-
proximately 680 C.

A 30-g sample was sealed in helium and mounted in ei-
ther a Displex closed-cycle cooling system, or in a furnace
on the H4S spectrometer at the Brookhaven National
Laboratory High Flux Beam Reactor. A neutron wave-
length of 2.37 A was used along with a set of pyrolytic
graphite filters capable of discriminating against the X/2
component in the beam to better than 1 part in 10 . At
298 K the lattice parameters are a =3.86(1) A and
c = 3.20(1) A, in good agreement with Ref. 15 (tetragonal
P4/mmm with one formula per unit cell). The R factor
for four nuclear peaks compared with this structure is
0.03. We also observed Ca2Cu03 impurity peaks at the
1% level which were undetectable with x rays. Four addi-
tional peaks were indexed as ( —,

' +h, —,
' +k, —,

' +1) sugges-
tive of a 3D AF ordering; the ( —,', —,', —,

' ) is the strongest,
with 2.5% the integrated intensity of the (001) nuclear
peak at 294 K. The ( 2, 2, 2 ) grows in intensity by 25%
upon cooling to 10 K, and no additional peaks are seen at
low T. Figure 1 shows that the (2, 2, & ) (294 K, solid
circles) disappears at 557 K (open circles), indicating the
loss of an ordered magnetic structure. Figure 2 shows the
normalized intensity T dependence, which is characteris-
tic of a continuous transition. The fitted curve is of the
form I-(1—T/T~) P with T~ 537+ 5 K and P 0.26
+ 0.03 (the fitted region is 290-550 K). The line shape is
symmetric and resolution limited at all T & Tz indicative
of 3D long-range order. A careful search for x-ray
scattering at the ( —,', —,', —,

' ) puts an upper bound of 0.3%
of the (001) x-ray intensity for any nonmagnetic contribu-
tion. Polarized beam measurements on a single crystal
show unequivocally that the ( —,', —,', —,

' ) is magnetic in ori-
gin.

Therefore, we conclude that the peaks at the
( ~z + h, 2 +k, 2 + l ) positions are characteristic of an AF
spin structure. The magnetic structure depicted in Fig. 2
contains AF sheets similar to the in-plane ordering in
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FIG. 2. The normalized integrated intensity (I) of the
( —, , —, , —, ) peak vs temperature. The full line is the fitted curve
I =C(1 —T/T~) P, with T~ =537+'5 K and P=0.26+'0.03;
the fit region was 290-550 K. Inset: Atomic positions and pro-
posed magnetic spin structure of antiferromagnetic (Caos5-
Sro ~5)Cu02. Filled and open circles at Cu + sites indicate anti-
parallel spins.

LazCu04 (Ref. 5) and YBa2Cus06, ' with AF stacking
between adjacent layers similar to that observed in

YBa2Cu306. ' The filled and open circles on the Cu +

sites indicate antiparallel spins. We considered two mod-
els for the orientation of the magnetic moment: along the
c axis (II) and in the plane (J ). It has been noted' that
from a powder-difraction pattern of a system with tetrag-
onal symmetry, one can at most determine the spin direc-
tion with respect to the c axis but not within the plane.
Table I compares the data on the magnetic peaks taken at
10 K with the two possible orientations of the magnetic
moment. The values for the ( &, 2, ~z ) peak show that a
model, in which the largest component of the magnetic
moment is in the plane, is more likely. Using the form
factor values of Ref. 17 we estimate the ordered magnetic
moment to be (p) =0.51 ~ 0.05ps/Cu ion.

Magnetization data were obtained with a George Asso-
ciates Faraday magnetometer in magnetic fields H up to 8
kG. The ferromagnetic impurity contribution to M was
determined via M(H) isotherms at four temperatures be-
tween 77 and 801 K; it was equivalent to the contribution
of about 1.9 at. ppm of Fe metal impurities with respect to
Cu, and is corrected for in the g(T) data presented below.
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TABLE I. The product of the ordered magnetic moment p at
10 K and the form factor f determined from the magnetic
refiections assuming the moment is along the c axis (pf)~~ or ly-

ing in the a bplane (pf)i-

0
32.60

I

32.95 33.30
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FIG. 1. Intensity vs Bragg angle 20 for neutron-powder scans
of the ( —,', —, , —,

' ) peak region at 557 K and at room temperature.

(hk/) Q (4 ')

1.519
2.680
3.174
3.604

sin(H)/X

0.12
0.22
0.25
0.28

(pf)ii

o.4s(s)
0.29(6)
0.78 (10)
0.20(8)

o.41(s)
0.36 (7)
0.29 (6)
0.23 (8)
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These data have also been corrected for a low-T Curie-
Law contribution arising from =0.19 at. % of nearly iso-
lated Cu (g =2) defects and/or impurity phases.

The corrected g(T) data between 4 and 700 K for
H=6. 3 kG are plotted in Fig. 3. The data above 400 K
are very similar in form and magnitude to those for the re-
lated layered compounds La2 — Sr„Cu04 —y and YBa2-
Cu307 — . We have included the corrected g(T) data
for YBa2Cu306p~ and La~ 95SIpp5Cu04 —y in Fig. 3; these
compounds were chosen for comparison because they both
have Cu in a formal oxidation state close to +2 in CuOq
layers and the Sr doping in the latter removes the anoma-
lous ferromagnetic peak associated with long-range AF
ordering in undoped La2Cu04 —y. From Fig. 3, the
g(T) data for the three compounds are remarkably simi-
lar. The data for all three compounds appear to be ap-
proaching high-temperature maxima as expected for 2D
antiferromagnets. [In Laq-„Sr, Cu04 —~ this postulated
broad peak is brought into the temperature range of this
measurement for Sr content x~ 0.1 (Ref. 18).] This
shows that the magnetic behavior of insulating members
of the cuprate family is determined mainly by the Cu02
sheets, with little influence from the other cations or out-
of-plane oxygen ions. The broad maxima at T» 800 K
are attributed ' to the onset of short-range AF order
within the CuOq layers upon cooling. ' Below T~, g(T) is
as expected; it is finite and nearly temperature indepen-
dent below T~/2, originating from the g&(T) contribu-
tions in the powder. Our results are consistent with the
observation of large spin-spin correlation lengths in the
Cu02 plane above T~, so that the 3D ordering is induced

by weak interplanar coupling between 2D AF entities,
which are already well ordered but fluctuate in time.
Therefore, from entropy considerations, only small eA'ects

are expected in the thermodynamic properties at Tz, con-
sistent with the g(T) data near T~ for (Can s5Sro ~5)Cu02
in Fig. 3. Closer inspection does reveal a small anomaly in

g(T) at T~. In fact, the value of T~ (540+ 10 K) ex-
tracted from the derivitive of g(T) (see Fig. 4), is,in excel-
lent agreement with that obtained from the neutron

scattering.
From simple electron counting considerations, (Cap ss-

Sro ~s)Cu02 can be regarded as a Mott-Hubbard insula-
tor if we think of the Cu02 planes as being made of Cu +

and 0, so that with the strong superexchange it should
exhibit an AF ground state. The structure depicted in

Fig. 2 shows copper in square planar coordination with ox-
ygen bridging the nearest-neighbor Cu + and supplying
the strong superexchange pathway between spins in the
plane. The out-of-plane coupling between nearest-
neighbor spins in adjacent layers originates either from
direct exchange or dipole-dipole interaction, the latter en-
ergy being on the order of 0.02 K. In fact, a value for J&
can be estimated using the simple argument that the 3D
AF transition occurs when kgT~ —J&((2D/a), where gqD
and a are the correlation length and the in-plane lattice
constant, respectively. Using the correlation length deter-
mined in Ref. 8, we get J&-5 K, implying that the cou-
pling between planes originates from direct exchange be-
tween Cu ions in adjacent layers. At temperatures higher
than T&, the magnetic system is essentially 2D, so that we
can estimate J2D from the temperature TM =T(g '") of
the maximum in g(T), ' J2D —T~/S(S+ I)—1000 K,
which is of the same order as in the case of La2 —„Cu-
04 y ~

%e conclude by emphasizing the importance of
(Cao s&Sro ~s)Cu02 as an ideal model system for the study
and analysis of the magnetic and electronic transport
properties of the other 2D cuprate systems. The absence
of any intergrowth layers of other structural elements
should permit further detailed studies of the 2D and 3D
spin correlations intrinsic to the Cu02 sheets. However,
the lack of intersheet intergrowths apparently severely
hinders the synthesis of a doped metallic system. Our at-
tempts to directly substitute the interlayer divalent cations
with monovalent species and drive the system metallic
have so far proved unsuccessful. However, further experi-
ments using alternative substitution mechanisms and
different synthetic techniques are still in progress.

%e wish to thank S. K. Sinha, A. Auerbach, S. Fish-
man, and R. A. Klemm for illuminating discussions. It is
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FIG. 3. Molar magnetic susceptibility corrected for the con-
tribution of paramagnetic impurities/defects g"" vs tempera-
ture for (Caps5Srp ~5)Cu02, Lai 95Srpp5Cu04-~ and YBa2-
Cu306ol. The data for the latter two compounds are from Refs.
6 and 18.

FIG. 4. Expanded plot of g"" vs temperature for (Cao, g5-

Srp~5)CuOq, in the vicinity of TJv. Also shown is the tempera-
ture derivative of g(T), clearly indicating the antiferromagnetic
transition at 540 ~ 10 K.
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