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Stacking of the square-lattice antiferromagnetic planes in Ca2CuO2Cl2

D. Vaknin, L. L. Miller, and J. L. Zarestky
Ames Laboratory and Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011

~Received 5 December 1996; revised manuscript received 15 May 1997!

Single-crystal neutron elastic and quasielastic scattering and magnetization studies of the spin-1
2 square-

lattice Heisenberg antiferromagnet Ca2CuO2Cl2 indicate an unusual stacking of the antiferromagnetic planes in
the Néel state~TN524765 K! which is different from the collinear stacking in isostructural Sr2CuO2Cl2. A
generalized magnetic model is presented to describe the data. Elastic scattering along the~1

2
1
2l ! rod is observed

aboveTN , suggesting that the CuO2 planes, although uncoupled, maintain some degree of two-dimensional
order up to a crossover temperature~Tco'280 K! to the isotropic Heisenberg state. No structural phase
transition from the I4/mmm symmetry was observed in the temperature range 10–300 K.
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I. INTRODUCTION

Insight into the pairing mechanism of high-temperatu
superconductors~HTSC’s! is being sought by studying th
parent compounds which are generally undoped antife
magnetic insulators. La2CuO4 is one of the simplest super
conducting parent compounds and contains what many
lieve are two of the salient structural features of HTSC
namely, square-lattice sheets of CuO2 and Cu-O distances
.1.9 Å. Insulating La2CuO4 ~Ref. 1! is tetragonal at high
temperatures and has strong, intraplanar, oxygen-med
antiferromagnetic~AF! superexchange coupling~ J! between
the localized Cu21 spins which gives rise to two-dimension
~2D! dynamic magnetic short-range order below a tempe
ture T;J.1400 K. The system exhibits collinear 3D ma
netic long-range order~LRO! belowTN.320 K. La2CuO4 is
orthorhombic below.530 K, and the distortion associate
with it brings about weak ferromagnetism of th
Dzyaloshinsky-Moriya type. Neither the covalently bond
apical oxygen atoms nor the orthorhombic distortion
common to all HTSC’s, and they create undesired compl
tions. Simpler model systems, such as members of the s
M2CuO2X2 ~M5Ca, Sr, Ba;X5F, Cl, Br!, are therefore
being examined as model systems for undoped state o
single-CuO2-plane HTSC’s.

Studies2,3 on Sr2CuO2Cl2 show it to be insulating and te
tragonal~I4/mmm! to at least 10 K with room-temperatur
Cu-O distances of 1.99 Å and strong in-plane Cu-O-Cu
perexchange interactions~J.1500 K, Ref. 4!. Compared to
La2CuO4, the interplanar distances are greater and the ap
oxygen atoms are replaced with the more ionic chlorine. T
interplanar superexchange interaction~J8! is consequently
weak or nonexistent, and other causes of 3D ordering
being sought. Below the 3D ordering atTN.255 K, the spins
are oriented antiferromagnetically in the CuO2 plane with the
spin planes stacked collinearly. Sr2CuO2Cl2 is not only a
good model system for the single-plane cuprates, it is als
very good spin-12, 2D square lattice quantum Heisenberg a
tiferromagnet~2DSLQHA! against which theories are bein
tested.

The 2D Heisenberg behavior of the cuprates aboveTN
560163-1829/97/56~13!/8351~9!/$10.00
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stems from the very large isotropic 2D intraplanar coupli
constant. Comparisons between experimental measurem
of the correlation lengths in La2CuO4,

5,6 Sr2CuO2Cl2,
7 and

Pr2CuO4,
8 with the 2D quantum nonlinear sigma mode9

~QNLsM! or Monte Carlo calculations,10 show reasonably
good agreement. Originally, the Heisenberg behavior w
thought to apply over nearly the entireTN to T;J range.
NearTN , the XY and Ising anisotropies and the interplan
interactions would become relatively important and indu
3D ordering. A recently discovered crossover in the s
dimensionality from the 2D Heisenberg to a 2DXY-like or
Ising-like behavior in Sr2CuO2Cl2 ~Refs. 11 and 12! shows
that one or more of the anisotropies sets in at a much hig
temperature. The relative magnitudes of the various inte
tion energies are not well understood, even for this sim
compound. Studies of other members of theM2CuO2X2 se-
ries are desirable because the small differences~e.g., elec-
tronegativity, mass, radii! can, as shown below, produce dr
matic changes which might elucidate important interactio
in the single-plane cuprates.

Ca2CuO2Cl2 is isostructural with Sr2CuO2Cl2 ~Ref. 13!
and displays similar electronic band structure14,15 and other
properties with a few notable exceptions. The roo
temperature interplanar distances for Sr2CuO2Cl2,
Ca2CuO2Cl2, and La2CuO4 are 7.81, 7.54, and 6.58 Å an
the Cu-O distances are 1.99, 1.94, and 1.90 Å, respective3

This makes the Ca2CuO2Cl2 lattice and Cu-O distances co
respond better with those of La2CuO4, which leads one to
expect more similar interaction strengths and behavior. A
whereas Sr2CuO2Cl 2 has yet to be doped,2 Ca2CuO2Cl2 be-
comes a HTSC when doped at high pressures,16 and thus
studies of stoichiometric Ca2CuO2Cl2 could be more repre-
sentative of the undoped state of the HTSC’s. Additiona
Sr2CuO2Cl2 has a collinear stacking of the AF CuO2 planes
oriented in the@110# crystallographic direction~and equiva-
lent domains with spins along@1̄10#, giving rise to aA2
3A231 magnetic cell, as is the case in most insulati
cuprates.3,17,18 Ca2CuO2Cl2, however, has aA23A232
magnetic cell which requires a different stacking of the ma
netic lagers. The primary subject of this report lies in t
magnetic structure below and just aboveTN .
8351 © 1997 The American Physical Society
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II. EXPERIMENTAL DETAILS AND RESULTS

A. Elastic magnetic neutron scattering

Neutron-scattering measurements were carried out on
HB-1A triple-axis spectrometer at the High Flux Isotope R
actor ~HFIR! at Oak Ridge National Laboratory. A mono
chromatic neutron beam of wavelengthl52.357 Å ~ki
52p/l52.666 Å21; k i and k f denote the incoming and
outgoing wave vectors, respectively! was selected by a
double-monochromator system using the~002! Bragg reflec-
tion of highly oriented pyrolytic graphite~HOPG! crystals.
Thel/2 component in the beam was removed~to better than
1.3 parts in 104! by a set of HOPG crystals situated betwe
the two monochromating crystals. The sample crystal w
wrapped in thin Al foil and loaded into an Al can~under He
atmosphere!, which was then mounted in a Displex cryost
for measurements. The collimating configuration used w
408, 408, S, 348, 688.

The Ca2CuO2Cl2 single crystal used in the present neutr
scattering investigation was grown from a molten flux
60% Ca2CuO2Cl2 ~prepared as in Ref. 2! and 40% CaCl2 by
slow cooling the molten charge from 900 °C in an alumi
crucible. A single crystal, of approximate dimensions 0
30.530.05 cm3, with a mosaic spread of 2.0° was select
for the neutron studies. A polycrystalline sample from t
same batch was ground for neutron-powder-diffraction str
tural studies to examine the quality of the sample. Figur
shows neutron powder diffraction patterns at 10 and 300
The crystal structure at the two temperatures can be
scribed by the sameI4/mmmspace group. The structure wa

FIG. 1. Powder diffraction patterns at 10 and 300 K
Ca2CuO2Cl2. The solid lines are fits to the data using theI4/mmm
structural parameters in Table I; the lower dashed line is the dif
ence between the measured~1 symbols! and the fitted curve. The
fit accounts for reflections of the polycrystalline aluminum sam
container.
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refined by using the Rietveld method with theGSAS

program.19 The structural parameters obtained from fittin
the data to the K2NiF4-type structure are listed in Table I.

Detailed neutron-diffraction studies of the powder~28 g!
at T510 K in specific regions of reciprocal space showed
evidence of extra reflections that in general signify structu
or magnetic phase transitions. Weak signals are difficul
detect even with a large volume of powdered sample du
the fact that the scattering is distributed over the Deb
Scherrer cone and the background level is relatively m
higher than that expected from a single crystal. In fa
neutron-diffraction studies below'250 K with single-crystal
Ca2CuO2Cl2 revealed a new set of very weak reflections th
could be indexed based on the crystallographic unit cel
~h/2 h/2 l /2! whereh and l are odd integers. Figure 2 show
scans along the~ 1

2
1
2 l ! and ~ 3

2
3
2 l ! lines in reciprocal space

The intensities of the magnetic reflections shown in Fig
are on the order of 0.1% of the nuclear~110! or ~006! Bragg
reflections. The temperature dependence of the integrate
tensity of the~1

2
1
2

1
2! reflection, shown in Fig. 3, indicates tha

a phase transition occurs atT524765 K.The significant dif-
ference in intensity between the ~ 1

2
1
2l ! and

~3
2

3
2l ! reflections is consistent~as will be shown quantitatively

below! with the reduction in intensity due to the magne
form factor of Cu21, suggesting that these new reflections a
antiferromagnetic in origin. This conclusion is consiste
with TN526065 K found by Mössbauer spectroscopy.20 No-
tice the absence of the~ 1

2
1
20! peak, a characteristic and dom

nant magnetic reflection in Sr2CuO2Cl2 and in the analogous
distorted La2CuO4.

In order to quantitatively describe the data, we choose
specific models~Fig. 4! which can be derived from a gene
alized magnetic unit cell. The planar magnetic moments h
antiparallel nearest-neighbor~NN! orientations within each
CuO2 plane analogous to the in-plane ordering
Sr2CuO2Cl2and La2CuO4. Only a single orientation angleu l
is required for each planel to define the in-plane spin direc
tions. In the generalized model every other plane is coup
in an antiparallel fashion to obtain the observed magn
unit cell having twice the length along thec axis as the
crystallographic unit cell. The even numbered planes in F
4 have anglesu0 ,u01p,u0 ,u01p, . . . , and the oddnum-
bered planes have anglesu1 ,u11p,u1 ,u11p, . . . with no
relationship betweenu0 and u1 at this point. Two simple
models based on this generalized magnetic cell have e
collinear (u01u150 or p! or noncollinear (u01u15
6p/2) stacking. The collinear arrangement~Fig. 4, right!
can be constructed by doubling the magnetic unit cell
Sr2CuO2Cl2 with equivalent spins in the two magnetic un
cells antiparallel. This arrangement gives rise to two doma

r-

e

TABLE I. Structural parameters of Ca2CuO2Cl 2 at T510 K and
at T5300 K obtained from the diffraction data shown in Fig. 1. T
model structure hasI4/mmmsymmetry with the following gener-
ating atomic positions: Cu at the origin~000!, O at ~01

20!, and Ca
and Cl at~00Z!.

T ~K! a ~Å! c ~Å! ZCa ZCl

10 3.8673~5! 14.9567~25! 0.39549~40! 0.18325~20!

300 3.8745~4! 15.0758~16! 0.39644~24! 0.18222~12!
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56 8353STACKING OF THE SQUARE-LATTICE . . .
which are accounted for in the derivation below. The no
collinear model~Fig. 4, left! is such that the orientation o
the spins changes by an angle of 90° in a helical fashion
passing from one CuO2 plane to the next along thec axis,

FIG. 2. Scans along the~ 1
2

1
2l ! ~upper panel! and along the~3

2
3
2l !

using theI4/mmmreciprocal space indices notation~rlu stands for
reciprocal lattice unit,c* 52p/c!. Notice the absence of the~ 1

2
1
20!

magnetic peak which is typical for the single plane insulating a
AF cuprates. The solid lines are calculated from the magnetic m
els as described in the text. The dashed line corresponds to
calculated magnetic form factor squared for Cu21, and the triangles
~connected with dotted line! are the calculated moduli of the mag
netic structure factor squares@Eqs.~3! and ~4!#.

FIG. 3. Temperature dependence of the integrated intensit
the ~1

2
1
2

1
2! magnetic reflection indicating an antiferromagnetic lo

range order transition atTN.247 K.
-

n

forming either right- or left-handed helical domains. The a
vantage of the helical model is that the relationship betw
adjacent layers does not vary, whereas other models, inc
ing the collinear one presented here, are such that they
cessitate at least two types of nearest-neighbor arrangem

The intensity of a magnetic Bragg reflection for a giv
reciprocal lattice vector t5Q @Q5k i2k f , t
52kisin(fB/2), andf is the scattering angle# is given by21,22

I M~t!5
A@r 0m f ~t!FM~t!#2

sin~fB!
, ~1!

whereA is a scale factor that can be determined from Bra
reflections arising from nuclear scattering in the same cr
tal, r 050.269310212 cm, m is the magnitude of the mag
netic moment in units ofmB , and f ~Q! is the magnetic form
factor of Cu21 ~Ref. 23!. The magnetic structure facto
FM(t) is given by

FM~t!5(
i 51

N

ei t•Ri@ t̂3~m̂3 t̂!#, ~2!

whereRi is the position of the magnetic momenti pointing
in the direction of the unit vectorm̂i andt̂ is a unit vector in
the direction of the magnetic reciprocal lattice vectort ~or
the scattering vectorQ!.

Carrying out the summation in Eq.~2! for the collinear
model in terms of theĥ, k̂, and l̂ unit vectors of the mag-
netic unit cell yields

d
d-
he

of

FIG. 4. Two special cases of the proposed general model
scribing the Cu21 spin arrangement in the Ca2CuO2Cl2 magnetic
unit cell. Anglesu l indicate planar orientation of the spin plane
relative to the crystallographica axis. The anglesu0 andu01u1 are
unspecified in the general model. Left: noncollinear helical mo
with u01u15p/2. Right: collinear model withu01u150. u0 cho-
sen as 0 andp/2 for helical and collinear models, respectively,
maintain consistency with dipolar calculations described in the t
The crystallographic unit cell is drawn with a dotted line.
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8354 56D. VAKNIN, L. L. MILLER, AND J. L. ZARESTKY
FM~t!52 sinS p l

2 D @eipk2eiph1eip l /2~12eip~h1k!!#sina,

~3!

wherea is the angle between the momentm and the scatter-
ing vectorQ. This summation is performed usingh, k, and
l indices that correspond to the magnetic unit cell~lattice
constantsaM5A2, cM52c!. For example, with this nota
tion the ~ 1

2
1
2

1
2! point defined on the crystallographic unit ce

corresponds to (101)M .
Similar calculations for the noncollinear model yield

FM~t!5F ~h22g2!

g2
f 11

hk

g2 f 2G ĥ1Fhk

g2
f 11

~k22g2!

g2
f 2G k̂

1Fhka/c

g2
f 11

kla/c

g2
f 2G l̂ , ~4!

where

f 154 sinS p l

2 D sinS p~h1k!

2 Deip~h1k1 l !/2,

f 254 sinS p l

2 D sinS p~h2k!

2 D eip~h1k!/2,

and

g25h21k21 l 2S a

cD 2

.

It is interesting to note that the moduli of the magne
structure factor squareduFM(t)u2, for ~1

2
1
2l ! @(10l )M# reflec-

tions are identical for the two models assuming appropr
weights due to the domain formation in the collinear mod
Therefore, from the set of reflections reported here alon
is impossible to distinguish between the two models. T
calculations for these reflections are shown as triangle
Fig. 2 with arbitrary units. The gradual increase of t
moduli squared asl becomes larger is due to the increase
angle between the magnetic moment in the plane and
scattering vectorQ. This increase ofuFM(t)u2 compensates
for the expected fall off of intensity due to the form factor
Cu21, f (Q) ~shown, not to scale, as dashed line in Fig. 2!.23

Using Eqs.~1!–~4! and a scale factorA that was determined
from nuclear Bragg reflections, the data can be fitted w
four adjustable parameters—a constant background,
magnitude of the magnetic momentm, and two global peak-
shape parameters. The shape of the magnetic Bragg re
tions was taken to be Gaussian of widthD that varies linearly
with Q over the ranges shown in Fig. 2 asD(Q)5D0
1D1Q. The average staggered magnetic moment obta
from the best fit ism5~0.2560.1!mB at T510 K. This is
lower than theoretical calculations predict for the 2DSLQH
model,24 but comparable in size to the values found for t
isostructural Sr2CuO2Cl2.

The disappearance of the~ 1
2

1
2

1
2! magnetic reflection above

TN was followed by a gradual decrease in theapparentback-
ground. The backgroundlike scattering at 270 K was sign
cantly larger than at 300 K suggesting that some degre
te
l.
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2D static order is preserved above the 3D AF transition a
below '300 K. In general, the Bragg condition for diffrac
tion from an ideal 2D system is independent of the com
nent of the scattering vector normal to the 2D plane,Q' , so
thatQ5t2D1Q' , wheret2D is the 2D reciprocal lattice vec
tor. The scattering from an ordered 2D system is thus ch
acterized by arod of scattering normal to the 2D plane
Assuming that aboveTN the CuO2 planes decouple but pre
serve some degree of in-plane magnetic order with no co
lations between planes, a rod of scattering~consisting of the
superposition of rods from all the planes and superimpo
on the background scattering! along ~1

2
1
2l ! is expected.

Figure 5 shows scans along and across thel rod. At tem-
peratures above 245 K thesharp reflection along the rod
broadens and disappears while in the transverse scan it
sists. The broadening of the scan along thel direction is
evidence for the loss of correlation between planes. A tra
verse scan across the rod and its temperature depend
might help determine the spin dimensionality of the syst
~Ising-like or higher!. If the transverse scan across the rod
resolution limited, this would establish that the system h
true 2D order; i.e., it is in an Ising-like state. Other stat
with peaks that are broader than the resolution will nece
tate a complete temperature dependence and/or pola
neutron beam technique to be classified properly. Althou
the experimental transverse scans shown in Fig. 5 aboveTN
are sharp and suggest some degree of static ordering
count rate of the signals is too poor to unequivocally est
lish that they are indeed resolution-limited aboveTN . This
point can be clarified with the availability of larger sing
crystals with improved signal-to-noise ratio.

Figure 6 shows integrated intensities of elastic sc
along the~ 1

2
1
2l ! rod versus temperature near~ 1

2
1
2

1
2!. AboveTN ,

the fixed-range integrated intensities drop linearly with
creasing temperature, intercepting the background at'280
K. We suggest that this is the crossover temperat
~Tco'280 K! from the low spin symmetry~i.e., XY-like or
Ising-like! to a higher-temperature isotropic Heisenberg-li
behavior. Above the crossover temperature the system is
pected to posses strongly fluctuating correlated domain25

FIG. 5. (h/2 h/2 l /2) scans along~left panel! and across~right
panel! the 2D rod at various temperatures~scans are shifted by a
constant intensity for clarity!. The broadening and the loss of
sharp peak along the rod aboveTN and the sharp peak across th
rod indicate that some degree of 2D static order is preserved a
TN.247 K.
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56 8355STACKING OF THE SQUARE-LATTICE . . .
These should be observed with the inelastic or quasiela
scattering as described below. This is consistent with rec
observations11,12 of a crossover from Heisenberg toXY-like
~or lower spin dimensionality! up to 50 K above the 3D AF
ordering in Sr2CuO2Cl2.

B. Quasielastic magnetic neutron scattering

The scattering geometry for the quasielastic scatte
measurements is shown in Fig. 7, where a two-axis confi
ration with no energy analyzer was used. Scans, like the o
shown in Fig. 8~a! below, are so-calledf scans~f is the
scattering angle!, which maintain thec axis~c! of the sample
antiparallel to the outgoing beam. The geometry is simila
the one reported in Ref. 26 where one practically integra
over a wide range of energies due to fluctuations in a
magnetic system.

In general, the partial differential cross section for scatt
ing neutrons from a magnetic spin system with a dynam
structure factorSaa(Q,v) into a solid angle elementdV is
given by27

d2s

dVdEf
5A~Q!

kf

ki
(
a

S 12
Qa

2

Q2D Saa~Q,v!, ~5!

FIG. 6. Temperature dependence of the integrated intensit

the (1
2

1
2

1
2 ) reflection along the 2D rod, indicating a possible cro

over to a more isotropic spin state above'280 K. Background level
at 300 K is shown with a dashed line.

FIG. 7. Illustration of the quasielastic neutron scattering geo
etry described in the text.
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where the axesa5x,y,z and the incoming and outgoin
neutron energies and wave vectors areEi , Ef and k i , k f ,
respectively. The energy and momentum transfers to
sample are\v5Ei2Ef and Q5k i2k f , respectively. The
function A~Q! contains the square of the atomic magne
form factor f (Q), the Debye-Waller factor exp@2W~Q!#, and
physical constants. Using the fact thatE5\2k2/2mn , where
mn is the neutron mass, one can solve for the ratiokf /ki in
Eq. ~5! in terms ofEi and v: kf /ki5A12\v/Ei[A12r ,
where r[\v/Ei is the ratio of the energy transfer to th
incident neutron energy~r is positive for neutron energy los
processes and negative for neutron energy gain!. Then Eq.
~5! becomes

of

-

-

FIG. 8. ~a! Quasielastic 2D neutron scattering intensity fro
Sr2CuO2Cl2 vs Q2D5ht2D at different temperatures as indicate
~constant added for clarity!. A reciprocal lattice unit~rlu! is t2D

5A2p/a51.149 Å21. The solid lines are nonlinear least-squar
fits to Lorentzians@Eq. ~13!#. ~b! Integrated intensity vs temperatur
of the 2D quasielastic scattering.
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8356 56D. VAKNIN, L. L. MILLER, AND J. L. ZARESTKY
d2s

dVdEf
5A~Q!A12r(

a
S 12

Qa
2

Q2D Saa~Q,v!. ~6!

This is a useful form of Eq.~5! for experiments in whichEi
is fixed, as are those reported on here.

The dynamic structure factorSaa(Q,v) in Eqs. ~5! and
~6! is the space and time Fourier transform of the correlat
function between spins at positions0 andR:

Saa~Q,v!5
1

2p(
R

eiQ•RE
2`

`

eivt^Sa~0,0!Sa~R,t !&dt.

~7!

For a 2D spin system with no interplanar correlations, fro
Eq. ~7!, Saa~Q,v! only depends on the componentQ2D of Q
in the 2D ~a-b! plane and is independent of the compone
Qc perpendicular to the 2D plane and therefore

Q5Q2D1Qc , ~8!

as shown in Fig. 7. SinceSaa(Q,v) is independent ofQc ,
the magnetic scattering forms rods in reciprocal space pa
lel to c* , passing through the 2D magnetic reciprocal latt
pointst2D in the a* -b* plane. From the scattering geomet
in Fig. 7, in which the outgoing beam is antiparallel toc, one
has

Q2D5kisinf, ~9a!

Qc5kf2kicosf5ki~A12r 2cosf!, ~9b!

Q25ki
2~22r 22A12r cosf!. ~9c!

Note that althoughSaa~Q,v! is independent ofQc from Eq.
~9c!, Qc does depend on the energy transfer\v. Q2D decom-
poses according to

Q2D5q2D1t2D , ~10!

where q2D is the deviation ofQ2D from the ~nearest! 2D
magnetic reciprocal lattice vectort2D .

Since this neutron scattering experiment keepsEi ~and
henceki! fixed, from Eq.~9a!, the scattering geometry in Fig
7 has the important feature that the momentum transferQ2D
to the spin system is independent of energy transfer\v.
Thus, in a two-axis experiment with no energy analyzer a
Fig. 7, an almost perfect energy integration over the 2D
namic structure function is performed at eachQ2D from r 51
~Ef50 meV! to r;24 (Ef ;60 meV; this cutoff is mainly
due to the magnetic form factor!. Thus the dominant low-
energy (ur u,1) fluctuations are properly included within th
range of integration.25,26,28 IntegratingSaa(Q,v) @Eq. ~7!#
over v yields the intensity25–28

I ~Q!;
ds

dV
'A~Q!(

a
S 12

Q2
a

Q2D Saa~Q2D!, ~11!

where

Saa~Q2D!5E
2`

`

Saa~Q2D ,v!dv5(
R

eiQ2D•R^Sa~0!Sa~R!&

~12!
n

t

l-
e

in
-

is the static~equal-time! scattering function.
Quasielastic scattering scans were made withQ in the

@hh0#-@00l # reciprocal lattice plane, using the geometry
Fig. 7, across the~1

2
1
2l ! ~in crystallographic reciprocal lattice

units! magnetic scattering rod of the 2D Cu21 spin-12 square
lattice of Ca2CuO2Cl2 with lattice constanta53.867 Å. Thus
Q2D , q2D , andt2D in Fig. 7 are collinear. Incident neutron
of fixed energyEi514.725 meV were used. The length
the 2D AF reciprocal lattice vector ist2D5A2p/a
51.149 Å21 @defined here as a ‘‘reciprocal lattice unit
~rlu!#. The condition on the scattering anglef in Fig. 7 for
the center of the scan is, using Eq.~9a!, t2D5Q2D
5kisinf, yielding f525.53°. According to Eq.~9b!, the
value of l depends both on the energy transfer and onf:
l 5Qc /(2p/c), wherec514.957 Å; for\v50, l 50.620 at
the center of the scan.

Figure 8~a! shows representative energy-integrated tw
axis scans at various temperatures. The peaks were eac
ted to a linear function background plus a Lorentzian for7

S~q2D!5
S~0!

11q2D
2 /k2

, ~13!

convoluted with the resolution function of the instrumen
k[j21 is the inverse 2D AF correlation length. The quali
of the data in Fig. 8~a! yields large uncertainties on the va
ues ofk as a function of temperature from which only a
proximate values fork are extracted. AboveTN , k'0.01
Å21, whereas belowTN , k'0.003 Å21. Figure 8~b! shows
the temperature dependence of theQ-integrated intensities o
scans similar to the ones shown in Fig. 8~a!. At low tempera-
tures the integrated intensity is dominated by scattering fr
excitations that correspond to spin waves and is expecte
vary linearly with temperature.27,12 At temperatures close to
and aboveTN the situation becomes complicated as the sc
tering can be from excitations in the 2D ordered state
more isotropic~ XY or 2D Heisenberg! states.12 The inte-
grated intensity in Fig. 8~b! does not seem to be sensitive
the 3D ordering atTN , but it clearly indicates that the system
possesses magnetic fluctuations aboveTN and even above
Tco.

C. Magnetization and magnetic susceptibility

Magnetization measurements versus applied magn
field, M (H), and versus temperature,M (T)/H, were carried
out on 37 mg of polycrystalline Ca2CuO2Cl2 using a Quan-
tum Design MPMS5 dc magnetometer. Prior to eachH and
T scan, the sample was heated to 400 K and the magn
field quenched to reduced potential hysteretic effects on
internal magnetic spin arrangement.

The isothermalM (H) data in Fig. 9 are nearly linear ex
cept for the 5 K data, which have a negative curvature e
pected for a paramagnet at low temperatures. The data
tween 25 and 200 K show a slight positive curvature wh
requires further investigation. This linear behavior contra
with an obvious magnetic field induced spin-flop transiti
.0.7 kOe observed in single-crystal Sr2CuO2Cl2 during
magnetization3 and magnetic neutron-diffraction studies.29

The spin-flop transition in Sr2CuO2Cl2 is expected from the
collinear antiferromagnetic structure where two equival
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domains are rotated by 90° with respect to one anothe
similar effect should be seen in Ca2CuO2Cl2 if it had the
collinear ~u01u150 or p, Fig. 4, right! structure. The non-
collinear~u01u156p/2) helical model~Fig. 4, left! below
TN is such that the net effect of the applied magnetic fi
cancels out in both left- and right-handed domains~spin flop
is a collective phenomena!. The absence of a spin-flop tran
sition is difficult to prove from the polycrystalline data sinc
the transition is effectively smeared out in field due to t
random particle orientations. Measurements using a sin
crystal will remove the uncertainty once larger samples
come available.

Figure 9 ~inset! shows theM (T)/H data ~circles! col-
lected in an applied field of 500 Oe. The line through t
circles is the fit to the data usingx(T)5x01C/(T2u)
1aT. The temperature-independent termx0 (51.04
31024 cm3/mol! includes the core orbital contributio
~521.0331024!. The Curie–Weiss constants~C53.30
31023 K cm3/mol, u523.02 K! are equivalent to,1%
spin-12 impurities which are weakly interacting. The line
term ~a51.0731027 cm3/mol K21 is used to account fo
the tail of the cusp in the magnetic susceptibility of t
2DSLQHA expected aroundJ;1500 K. The squares are th
difference between the observed data and the fitted equa
The lack of gross features nearTN ~and 300 K! is consistent
with previous results for Sr2CuO2Cl2and supports our obser
vation that there is no orthorhombic phase transition ab
TN by the absence of the cusp seen for La2CuO4.

30

III. DISCUSSION

A. Magnetic scattering aboveTN

The Néel temperature of the present compoun
TN524765 K, is well within the temperature range ofTN’s
of the isostructural insulating tetragonal cuprates. Due to
nonmagnetic nature of the intervening layer and large in
planar distances, very weak interplanar magnetic interact
are expected. The common scenario for the 3D AF orde

FIG. 9. Isothermal magnetization data for a polycrystalli
sample of Ca2CuO2Cl2 showing no overt sign of the spin-flop tran
sition seen in isostructural the Sr2CuO2Cl2 and other cuprates. Th
inset show the magnetization vs temperature which exhibits no
vious transitions atTN5247 K. Circles are raw data, line is th
calculated fit~see text!, and squares are the difference.
A

d

le
-

n.

e

,

e
r-
ns
g

is such thatslightly above TN , some XY anisotropy31,32

causes the spins to prefer an in-plane attitude and a sepa
weak Ising anisotropy arises which gives the preferred
plane spin directions. AtTN some weak interplanar interac
tion ~see, for example, Ref. 33!, magnified by the correlation
length, becomes relatively important and 3D LRO occu
We argue that the crossover of the fluctuating 2D correla
domains to a lower quasistatic spin symmetry actually occ
about 30–40 K aboveTN .

If the quasistatic spin symmetry is Ising-like, then it ma
not benecessaryto invoke anXY ~planar! anisotropy since
the planar orientation of the spins would be a consequenc
the uniaxial anisotropy. Sources of Ising anisotropy are re
tively limited given a square lattice model with no extern
symmetry-breaking perturbations. One possibility involv
the quantum zero-point energy of spin waves which ha
been shown to produce in-plane preferred s
directions.33,34 Alternatively, intraplanar dipolar interaction
can lead to a gap in the spin-wave energy and a nonvanis
order parameter with a finite Ne´el temperature.35 It can be
also shown that a sufficiently large and correlated dom
with spins that are all collinear but oriented in any directi
on the 3D sphere will spontaneously reorient to the@110#
direction under the influences of dipole-dipole interactions29

B. Magnetic structure below TN

The magnetic structure for Ca2CuO2Cl2 proposed below
TN is another intriguing result which might deepen our u
derstanding of the interplanar interactions. Interplanar sup
exchange interactions~J8! are expected to be very weak i
these oxyhalides because of the large interplanar spac
~J8}r 210, wherer is the distance between localized spins36!
and the primarily ionic bonds in the out-of-plane directio
allow little or no superexchange to occur. Even thoughJ8
cancels out in the body-centered tetragonal structure, it
shown that this degeneracy might be lifted by considerat
of Coulomb exchange interactions.33,37 The weaker biqua-
dratic superexchange interaction is currently being exami
to explain magnetic rare earth~ R! ordering in someR2CuO4
compounds38 and thin films of magnetic multilaye
materials.39 The biquadratic interaction goes as cos2(u l
2u l 61) ~u l represents the in-plane orientation of the ma
netic moments in thel th CuO2 plane! which favors a non-
collinear interaction locally between neighboring plane
With the large 2D correlations inherent to these system24

even weak interplanar dipole-dipole interactions30,40can lead
to 3D ordering.35 However, multilayer dipole-dipole calcula
tions do not support the doubling of thec axis reported here
for Ca2CuO2Cl2. The simplest model~Fig. 4, left! with a
c-axis doubling could be produced by an interaction term
the Hamiltonian which goes asSl3Sl 11. In order to resolve
these issues, ongoing experiments are directed at deter
ing the exact low-temperature spin structure.

IV. SUMMARY

Neutron-scattering and magnetization results
Ca2CuO2Cl2 have been presented. They show th
Ca2CuO2Cl2 maintainsI4/mmm symmetry in the tempera
ture range 10–300 K. Magnetic Bragg reflections indicat

b-
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A23A232 magnetic unit cell for which we propose a ge
eral magnetic model and examine the specific cases of
collinear and helical stacking of the antiferromagnetic Cu2
planes. The simplest model has a helical stacking arran
ment of the spin planes and is consistent with the absenc
a spin-flop transition in the isothermal magnetization d
and with biquadratic interactions but not dipolar interactio
Elastic neutron-scattering measurements aboveTN.247 K
suggest 2D quasistatic ordering of the spin system whic
consistent with either Ising-like orXY-like anisotropy below
'280 K. Further studies are underway to clarify the nat
n,
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and relative strengths of the anisotropic interactions and t
influence on the spin behavior below and just aboveTN .
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