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Stacking of the square-lattice antiferromagnetic planes in CgCuO,Cl,

D. Vaknin, L. L. Miller, and J. L. Zarestky
Ames Laboratory and Department of Physics and Astronomy, lowa State University, Ames, lowa 50011
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Single-crystal neutron elastic and quasielastic scattering and magnetization studies of t%lesqamme-
lattice Heisenberg antiferromagnet CaO,Cl, indicate an unusual stacking of the antiferromagnetic planes in
the Neel state(Ty=247+5 K) which is different from the collinear stacking in isostructura}@&rO,Cl,. A
generalized magnetic model is presented to describe the data. Elastic scattering a{éélg the is observed
aboveTy, suggesting that the Cy(lanes, although uncoupled, maintain some degree of two-dimensional
order up to a crossover temperatuie.,~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.
[S0163-18207)09437-X

[. INTRODUCTION stems from the very large isotropic 2D intraplanar coupling
constant. Comparisons between experimental measurements
Insight into the pairing mechanism of high-temperatureof the correlation lengths in LEuO,,>® SL,CuO,Cl,,” and
superconductor$HTSC’s) is being sought by studying the Pr,CuQ,2 with the 2D quantum nonlinear sigma model
parent compounds which are generally undoped antiferroclQNLoM) or Monte Carlo calculation¥, show reasonably
magnetic insulators. LEUO, is one of the simplest super- good agreement. Originally, the Heisenberg behavior was
conducting parent compounds and contains what many behought to apply over nearly the entifig, to T~J range.
lieve are two of the salient structural features of HTSC’s,Near Ty, the XY and Ising anisotropies and the interplanar
namely, square-lattice sheets of Guend Cu-O distances interactions would become relatively important and induce
=1.9 A. Insulating LaCuQ, (Ref. 1) is tetragonal at high 3D ordering. A recently discovered crossover in the spin
temperatures and has strong, intraplanar, oxygen-mediatetimensionality from the 2D Heisenberg to a 20r-like or
antiferromagneti¢AF) superexchange couplin@) between Ising-like behavior in SICuO,Cl, (Refs. 11 and 12shows
the localized C&" spins which gives rise to two-dimensional that one or more of the anisotropies sets in at a much higher
(2D) dynamic magnetic short-range order below a temperatemperature. The relative magnitudes of the various interac-
ture T~J=1400 K. The system exhibits collinear 3D mag- tion energies are not well understood, even for this simple
netic long-range ordgt.RO) below Ty=320 K. LaCuQ,is  compound. Studies of other members of MeCuG,X, se-
orthorhombic below=530 K, and the distortion associated ries are desirable because the small differerees., elec-
with it brings about weak ferromagnetism of the tronegativity, mass, radican, as shown below, produce dra-
Dzyaloshinsky-Moriya type. Neither the covalently bondedmatic changes which might elucidate important interactions
apical oxygen atoms nor the orthorhombic distortion aren the single-plane cuprates.
common to all HTSC's, and they create undesired complica- C&CuQ,Cl, is isostructural with SICUO,Cl, (Ref. 13
tions. Simpler model systems, such as members of the seri@gd displays similar electronic band structdre and other
M,CuO,X, (M=Ca, Sr, Ba;X=F, Cl, Bn, are therefore properties with a few notable exceptions. The room-
being examined as model systems for undoped state of tHemperature interplanar distances for ,(rO,Cl,,
single-CuQ@-plane HTSC's. Ca,CuO,Cl,, and LaCuQ, are 7.81, 7.54, and 6.58 A and
Studie$® on SLCUO,Cl, show it to be insulating and te- the Cu-O distances are 1.99, 1.94, and 1.90 A, respectively.
tragonal(l4/mmm) to at least 10 K with room-temperature This makes the GE&uUO.Cl; lattice and Cu-O distances cor-
Cu-O distances of 1.99 A and strong in-plane Cu-O-Cu sufespond better with those of @uQ,, which leads one to
perexchange interactiofd=1500 K, Ref. 4. Compared to  €xpect more similar interaction strengths and behavior. Also,
La,CuQ,, the interplanar distances are greater and the apicathereas SICUO,CI , has yet to be dopedCaCuQ.Cl, be-
oxygen atoms are replaced with the more ionic chlorine. Th€omes a HTSC when doped at high presstftesnd thus
interplanar superexchange interactiGh) is consequently —studies of stoichiometric GEUO,Cl, could be more repre-
weak or nonexistent, and other causes of 3D ordering argentative of the undoped state of the HTSC’s. Additionally,
being sought. Below the 3D orderingB{=255 K, the spins SRLCUOLCI; has a collinear stacking of the AF Cu@lanes
are oriented antiferromagnetically in the Cu@ane with the ~ oriented in the110] crystallographic directiottand equiva-
spin planes stacked collinearly. ,8uG,Cl, is not only a lent domains with spins alonfl10], giving rise to ay2
good model system for the single-plane cuprates, it is also & J2x1 magnetic cell, as is the case in most insulating
very good sping, 2D square lattice quantum Heisenberg an-cuprates:"'® Ca,CuO,Cl,, however, has ay2x2x2
tiferromagnet(2DSLQHA) against which theories are being magnetic cell which requires a different stacking of the mag-
tested. netic lagers. The primary subject of this report lies in the
The 2D Heisenberg behavior of the cuprates abdye magnetic structure below and just abdlg.
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afE T 1 T ] ] TABLE I. Structural parameters of GauO,Cl , at T=10 K and
Ca,Cu0,Cl, atT=300 K obtained from the diffraction data shown in Fig. 1. The
T=10K ) = 2.37A model structure has4/mmmsymmetry with the following gener-
2 - ating atomic positions: Cu at the origif00), O at (030), and Ca

and Cl at(002).

i 1T T ad c (A) Zca Ze
ﬁ )& A 10 3.86785) 14.956725 0.3954940) 0.1832520)
o T 300 3.874%4) 15.075816) 0.3964424) 0.1822212)

refined by using the Rietveld method with thesas
T = 300K program®® The structural parameters obtained from fitting
5 | N the data to the KNiF,-type structure are listed in Table I.
Detailed neutron-diffraction studies of the powd28 g
atT=10 K in specific regions of reciprocal space showed no
1l- _ evidence of extra reflections that in general signify structural
or magnetic phase transitions. Weak signals are difficult to
ﬁ A detect even with a large volume of powdered sample due to
0 == : A S 9 N~ ] the fact that the scattering is distributed over the Debye-
. e e Scherrer cone and the background level is relatively much
l | 1 L I 1 higher than that expected from a single crystal. In fact,
20 40 60 80 100 120 neutron-diffraction studies below250 K with single-crystal
260 (degrees) CaCuOCl, revealed a new set of very weak reflections that
) , could be indexed based on the crystallographic unit cell as
FIG. 1. Powder diffraction patterns at 10 and 300 K of (/5 /o |/2) whereh andl are odd integers. Figure 2 shows
CaCuO.Cl,. The solld_llnes are.flts to the data using 1h_ﬂétnmm_ scans along theé%%l) and (%%I) lines in reciprocal space.
structural parameters in Table I; the lower dashgd line is the dlffer-.l_he intensities of the magnetic reflections shown in Fig. 2
ence between the measuret symbols and the fitted curve. The re on the order of 0.1% of the nuclgan0) or (006) Bra
fit accounts for reflections of the polycrystalline aluminum samplea . 70 - 99
container. reflections. The temperature dependence of the integrated in-
tensity of the(333) reflection, shown in Fig. 3, indicates that
Il. EXPERIMENTAL DETAILS AND RESULTS a phase transition occurs Bt=247+5 K.The significant dif-
ference in intensity between the (331) and
231) reflections is consistetias will be shown quantitatively
Neutron-scattering measurements were carried out on theelow) with the reduction in intensity due to the magnetic
HB-1A triple-axis spectrometer at the High Flux Isotope Re-form factor of C@*, suggesting that these new reflections are
actor (HFIR) at Oak Ridge National Laboratory. A mono- antiferromagnetic in origin. This conclusion is consistent
chromatic neutron beam of waveleng=2.357 A (k;  with Ty=260=5 K found by Mcssbauer spectroscopyNo-
=2m/n=2.666 A k; andk; denote the incoming and tice the absence of thg310) peak, a characteristic and domi-
outgoing wave vectors, respectivelyas selected by a nant magnetic reflection in SE2uO,Cl, and in the analogous
double-monochromator system using t062) Bragg reflec-  distorted LaCuQ,.
tion of highly oriented pyrolytic graphiteHOPG) crystals. In order to quantitatively describe the data, we choose two
The N2 component in the beam was removéa better than  specific modelgFig. 4 which can be derived from a gener-
1.3 parts in 16) by a set of HOPG crystals situated betweenalized magnetic unit cell. The planar magnetic moments have
the two monochromating crystals. The sample crystal waantiparallel nearest-neighb¢NN) orientations within each
wrapped in thin Al foil and loaded into an Al cannder He  CuO, plane analogous to the in-plane ordering of
atmospherg which was then mounted in a Displex cryostat SLCuO,Cl,and LgCuQ,. Only a single orientation angle,
for measurements. The collimating configuration used wass required for each planeto define the in-plane spin direc-
40, 40, S, 34, 68'. tions. In the generalized model every other plane is coupled
The CaCuO,Cl, single crystal used in the present neutronin an antiparallel fashion to obtain the observed magnetic
scattering investigation was grown from a molten flux ofunit cell having twice the length along the axis as the
60% CaCuO,Cl, (prepared as in Ref.)2and 40% CaGlby  crystallographic unit cell. The even numbered planes in Fig.
slow cooling the molten charge from 900 °C in an alumina4 have angle®,, 6o+ ,0y,6,+ m, ..., and the odshum-
crucible. A single crystal, of approximate dimensions 0.5bered planes have anglés, 6+ ,6.,0,+ m, ... with no
x0.5X0.05 cn?, with a mosaic spread of 2.0° was selectedrelationship betweer, and 6, at this point. Two simple
for the neutron studies. A polycrystalline sample from themodels based on this generalized magnetic cell have either
same batch was ground for neutron-powder-diffraction struceollinear (6y+ 6,=0 or @) or noncollinear (6y,+ 6;=
tural studies to examine the quality of the sample. Figure 1+ #/2) stacking. The collinear arrangemeiitig. 4, righd
shows neutron powder diffraction patterns at 10 and 300 Kcan be constructed by doubling the magnetic unit cell of
The crystal structure at the two temperatures can be desr,CuO,Cl, with equivalent spins in the two magnetic unit
scribed by the samiel/mmmspace group. The structure was cells antiparallel. This arrangement gives rise to two domains

Intensity (104 counts/ 30 sec)

A. Elastic magnetic neutron scattering



56 STACKING OF THE SQUARE-LATTIE . .. 8353

T | LI D UL ' LU I T 7 T I LI I"[_
o400 |- e ] - 0,9, -
= i L Ca,Cu0,Cl, ]
™ r La T =10 K ]
<300 - - -
2 F - — 4 _ T ] ""\R; L b
&) L - — N s s ’ ’
~ - T - . X 0,=0,+n yass pasd
.., 200 - -4 7 S W 3 R .
> ]
w - ]
5 100 f i
1 - -
E oL L 2 AT CEITOT
w TR L1 TR S A== i | e -7 L. x . 62=60+7c -.f . e e
0 1 2 3 4 5 4 e al i o
(1/2 1/2 &) (rlu)
T T T T T I T T T T | T T T T : . .
l- AT, | G . N -
=140 + N : T
E i 4 \: 5] en!| I et
g L {-\-N\‘S-- ’ ! A T g
o 120 : : :
o C : : :
) L C: : (5
Sool A< A
N : e 1. :
2 Tl % aldd”
‘w80
E i FIG. 4. Two special cases of the proposed general model de-
2 60 L scribing the C&" spin arrangement in the gau0,Cl, magnetic
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1 2 3 relative to the crystallographi axis. The angleg, and6,+ 6, are
(3/2 3/2 ) (rlu) unspecified in the general model. Left: noncollinear helical model
L a3 with 6,+ 6,=/2. Right: collinear model wittg,+ 6,=0. 6, cho-

FIG. 2. Scans along the3l) (upper pansland along theé33l)  sen as 0 andr/2 for helical and collinear models, respectively, to
using thel 4/mmmreciprocal space indices notatiéru standslfor maintain consistency with dipolar calculations described in the text.
reciprocal lattice unitc* =2/c). Notice the absence of th@30)  The crystallographic unit cell is drawn with a dotted line.
magnetic peak which is typical for the single plane insulating and
AF cuprates. The solid lines are calculated from the magnetic mOdforming either right- or left-handed helical domains. The ad-
els as described in the text. The dashed line corresponds 10 theyhiage of the helical model is that the relationship between
calculated magnetic form factor squared forCuand the triangles adjacent layers does not vary, whereas other models, includ-
(cqnnected with dotted lineare the calculated moduli of the mag- ing the collinear one presented here, are such that they ne-
netic structure factor squargggs. (3) and (4)]. cessitate at least two types of nearest-neighbor arrangements.

, ) L The intensity of a magnetic Bragg reflection for a given
which are accounted for in the derivation below. The NON<ecinrocal Izttice vgector T:gg [Q=k —k; gT

. . . . . | il
colllne_ar model(Fig. 4, lef) is such tkla_t the orientation of = 2k;sin(#/2), andé is the scattering ang)és given by22
the spins changes by an angle of 90° in a helical fashion on

assing from one C lane to the next along the axis,
passing e . _ Alrouf (DFu()?

'™ sinds)

whereA is a scale factor that can be determined from Bragg
reflections arising from nuclear scattering in the same crys-
. tal, ro=0.269< 10 2 cm, u is the magnitude of the mag-

7] netic moment in units oftz, andf(Q) is the magnetic form
factor of C#" (Ref. 23. The magnetic structure factor
Fm(7) is given by

@
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C whereR; is the position of the magnetic momenpointing
TR I T in the direction of the unit vecto; and 7 is a unit vector in
Temperature (K) the dlrecthn of the magnetic reciprocal lattice vectofor
the scattering vectaD).
FIG. 3. Temperature dependence of the integrated intensity of Carrying out the summation in E¢2) for the collinear
the (333) magnetic reflection indicating an antiferromagnetic long model in terms of thén, k, and! unit vectors of the mag-
range order transition aty=247 K. netic unit cell yields

Integrated Intensity (normalized)
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al\ . . . . 800 Fr
FM(T) =2 SII'<7 [el 7wk __ e|7rh+ e| 7r|/2(1_ el‘n’(h+k))]sina,
@ 3
. =
wherea is the angle between the momemtand the scatter- - 59°
. : o . = 90 K
ing vectorQ. This summation is performed usitg k, and a
| indices that correspond to the magnetic unit ¢élttice 2
! ) 200 K
constantsay =2, ¢y =2c). For example, with this nota- 2 400 E I
tion the (333) point defined on the crystallographic unit cell £ 1 ]
g 245 K 71 1. 11 1
corresponds to (103). B I ISSTEES
Similar calculations for the noncollinear model yield N
) ) 200 T R
h - k k — ~ 0.400.45 0.50 055060 0.46 048 050 052 054
Fu(7)= —( ’ )f +—f, h+ —fq+ —( 4 )fz k (1/2 1/2 & (rlu) (b & 1/2) (rlu)
' Y 2 y?
FIG. 5. (h/2h/21/2) scans alondleft pane) and acrosgright
hkalc kla/lc |- pane) the 2D rod at various temperaturéscans are shifted by a
> 14'—2 2|l (4) constant intensity for clarily The broadening and the loss of a
Y Y sharp peak along the rod aboV¥g and the sharp peak across the
where rod indicate that some degree of 2D static order is preserved above
Ty=247 K.
h+k)\ . . .
f,=4 sw( i)sm( lt ) glm(h+k+hi2 2D static order is preserved above the 3D AF transition and
2 below ~300 K. In general, the Bragg condition for diffrac-

tion from an ideal 2D system is independent of the compo-
f,=4 sw(ll) sm( m(h— )) i m(h+K)/2 nent of the scattering vecto_r normal to the 2D pla@g,, S0
2 ' thatQ=mp+Q, , wherer, is the 2D reciprocal lattice vec-
tor. The scattering from an ordered 2D system is thus char-
and acterized by arod of scattering normal to the 2D plane.
) Assuming that abové the CuQ planes decouple but pre-
2_h2y k2+|2(§> serve some degree of in-plane magnetic order with no corre-
Y . . L
lations between planes, a rod of scatterfognsisting of the
superposition of rods from all the planes and superimposed
It is interesting to note that the moduli of the magneticon the background scatteringlong(33l) is expected.
structure factor squareldry,(7)|2, for (331) [(101) ] reflec- Figure 5 shows scans along and acrossl thal. At tem-
tions are identical for the two models assuming appropriat@eratures above 245 K theharp reflection along the rod
weights due to the domain formation in the collinear model broadens and disappears while in the transverse scan it per-
Therefore, from the set of reflections reported here alone, isists. The broadening of the scan along thdirection is
is impossible to distinguish between the two models. Theevidence for the loss of correlation between planes. A trans-
calculations for these reflections are shown as triangles imerse scan across the rod and its temperature dependence
Fig. 2 with arbitrary units. The gradual increase of themight help determine the spin dimensionality of the system
moduli squared ak becomes larger is due to the increase in(Ising-like or highey. If the transverse scan across the rod is
angle between the magnetic moment in the plane and theesolution limited, this would establish that the system has
scattering vectoR. This increase ofFy(7)|? compensates true 2D order; i.e., it is in an Ising-like state. Other states,
for the expected fall off of intensity due to the form factor of with peaks that are broader than the resolution will necessi-
CU", f(Q) (shown, not to scale, as dashed line in Fig?2 tate a complete temperature dependence and/or polarized
Using Egs.(1)—(4) and a scale factoh that was determined neutron beam technique to be classified properly. Although
from nuclear Bragg reflections, the data can be fitted withthe experimental transverse scans shown in Fig. 5 abgve
four adjustable parameters—a constant background, thare sharp and suggest some degree of static ordering, the
magnitude of the magnetic moment and two global peak- count rate of the signals is too poor to unequivocally estab-
shape parameters. The shape of the magnetic Bragg refldish that they are indeed resolution-limited abdlg. This
tions was taken to be Gaussian of widthihat varies linearly  point can be clarified with the availability of larger single
with Q over the ranges shown in Fig. 2 a@(Q)=A, crystals with improved signal-to-noise ratio.
+A;Q. The average staggered magnetic moment obtained Figure 6 shows integrated intensities of elastic scans
from the best fit isu=(0.25+-0.1)ug at T=10 K. This is  along the(33|) rod versus temperature nggs3). Above Ty,
lower than theoretical calculations predict for the 2DSLQHAthe fixed-range integrated intensities drop linearly with in-
model?* but comparable in size to the values found for thecreasing temperature, intercepting the backgroune-280
isostructural SICuO,Cl,. K. We suggest that this is the crossover temperature
The disappearance of tig33) magnetic reflection above (T.,~280 K) from the low spin symmetryi.e., X Y-like or
Ty was followed by a gradual decrease in #pparentback-  Ising-like) to a higher-temperature isotropic Heisenberg-like
ground. The backgroundlike scattering at 270 K was signifibehavior. Above the crossover temperature the system is ex-
cantly larger than at 300 K suggesting that some degree gfected to posses strongly fluctuating correlated donfains.
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FIG. 6. Temperature dependence of the integrated intensity of

the (3332) reflection along the 2D rod, indicating a possible cross-

over to a more isotropic spin state abov280 K. Background level
at 300 K is shown with a dashed line.

These should be observed with the inelastic or quasielastic
scattering as described below. This is consistent with recent
observations-'2 of a crossover from Heisenberg ¥Y-like

(or lower spin dimensionalijyup to 50 K above the 3D AF
ordering in SsCuO,Cl,.

B. Quasielastic magnetic neutron scattering

The scattering geometry for the quasielastic scattering
measurements is shown in Fig. 7, where a two-axis configu-
ration with no energy analyzer was used. Scans, like the ones
shown in Fig. 8) below, are so-called) scans(¢ is the
scattering angle which maintain the axis(c) of the sample
antiparallel to the outgoing beam. The geometry is similar to
the one reported in Ref. 26 where one practically integrates
over a wide range of energies due to fluctuations in a 2D
magnetic system.

In general, the partial differential cross section for scatter-
ing neutrons from a magnetic spin system with a dynamic
structure factoiS**(Q, ) into a solid angle elemerd(} is
given by’

| LA N L I L N S B IR L N B S L S LI |
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FIG. 8. (@) Quasielastic 2D neutron scattering intensity from

SrLCUuOCl, vs Q,p=hr,p at different temperatures as indicated

d?a

Qz (constant added for clarity A reciprocal lattice unit(rlu) is 75p
d0dE - A(Q)— fZ ( )Saa(Q o), (5) =v2m/a=1.149 A'. The solid lines are nonlinear least-squares

fits to LorentziangEq. (13)]. (b) Integrated intensity vs temperature
of the 2D quasielastic scattering.

i

where the axesyr=Xx,y,z and the incoming and outgoing
neutron energies and wave vectors &g E; andk;, ki,
respectively. The energy and momentum transfers to the
sample areiw=E;—E; and Q=k;—k;, respectively. The
function A(Q) contains the square of the atomic magnetic
form factorf(Q), the Debye-Waller factor expW(Q)], and
physical constants. Using the fact that %2k?/2m,,, where

m, is the neutron mass, one can solve for the rititk; in

Eq. (5) in terms of E; and w: k;/ki=\1—-%Aw/E;=y1—T,
wherer=7%w/E; is the ratio of the energy transfer to the

incident neutron energly is positive for neutron energy loss
FIG. 7. lllustration of the quasielastic neutron scattering geom-processes and negative for neutron energy)gdihen Eq.
etry described in the text. (5) becomes
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d2e Q2 is the static(equal-time scattering function.
——— =AQ)\V1-rD (1——“) S*(Q,w). (6) Quasielastic scattering scans were made \@thn the
dQdE; @ Q? [hhO]-[00] reciprocal lattice plane, using the geometry in
Fig. 7, across thé33l) (in crystallographic reciprocal lattice
units) magnetic scattering rod of the 2D €uspin4 square
lattice of CaCuO,Cl, with lattice constana=3.867 A. Thus
{Rap, d2p, andmyp in Fig. 7 are collinear. Incident neutrons
of fixed energyE;=14.725 meV were used. The length of
the 2D AF reciprocal lattice vector isrp=+27/a
1 A © =1.149 A"! [defined here as a “reciprocal lattice unit”
S‘*“(Q,w)=§2 e'Q'RJ e'“i(S*(0,0S*(R,t))dt. (rlu)]. The condition on the scattering anglein Fig. 7 for
R o % the center of the scan is, using E@Qa), 7,p=Q:p
=k;sin¢, yielding ¢=25.53°. According to Eq(9b), the
For a 2D spin system with no interplanar correlations, fromvalue of| depends both on the energy transfer andden

This is a useful form of Eq(5) for experiments in whiclk;
is fixed, as are those reported on here.

The dynamic structure fact®**(Q,w) in Egs.(5) and
(6) is the space and time Fourier transform of the correlatio
function between spins at positioAsand R:

Eq. (7), S*“(Q,w) only depends on the compone®sp of Q |=Q./(2m/c), wherec=14.957 A; forhw=0, 1=0.620 at
in the 2D (a-b) plane and is independent of the componentthe center of the scan.
Q. perpendicular to the 2D plane and therefore Figure 8a) shows representative energy-integrated two-
axis scans at various temperatures. The peaks were each fit-
Q=Qxp+Qc, (8)  ted to a linear function background plus a Lorentzian form

as shown in Fig. 7. Sinc8**(Q,w) is independent o).,
the magnetic scattering forms rods in reciprocal space paral- S(Qap) = S(0) (13)
lel to ¢*, passing through the 2D magnetic reciprocal lattice 20 1+q§D/K2’

points mp in the a*-b* plane. From the scattering geometry _ _ ) )
in F|g 7, in which the Outgoing beam is antipara”ebtcone convoluted with the resolution function of the instrument.

has k=¢&"1is the inverse 2D AF correlation length. The quality
of the data in Fig. @) yields large uncertainties on the val-
Q.p=k;sing, (99 ues ofk as a function of temperature from which only ap-
proximate values fork are extracted. Abovdy, x~0.01
Q.=k¢—kicosp=k;(\/1—r —cosp), (9b) A% whereas belowly, «~0.003 A%, Figure §b) shows
the temperature dependence of @ntegrated intensities of
Q%= ki2(2— r—2yJ1—r cosp). (90) scans similar to the ones shown in Figa)8 At low tempera-
tures the integrated intensity is dominated by scattering from
Note that althougls”*(Q,w) is independent 0. from Eq.  excitations that correspond to spin waves and is expected to
(9¢), Q. does depend on the energy trangfer Q,p decom-  vary linearly with temperaturé:'? At temperatures close to

poses according to and aboveT the situation becomes complicated as the scat-
tering can be from excitations in the 2D ordered state or
Q2p=020F 7p, (10 more isotropic( XY or 2D Heisenbergstates®> The inte-
where q,p, is the deviation ofQ,p from the (nearest 2D grated intens_;ity in Fig. ($J)_ does no_t seem to be sensitive to
magnetic reciprocal lattice vectasp . the 3D ordering al, but it clearly indicates that the system

Since this neutron scattering experiment ke&psand P0ossesses magnetic fluctuations abdyeand even above
hencek;) fixed, from Eq.(9a), the scattering geometry in Fig. Teo-
7 has the important feature that the momentum trar@fgyr
to the spin system is independent of energy trangfer C. Magnetization and magnetic susceptibility

Thus, in a two-axis experiment with no energy analyzer as in - \1agnetization measurements versus applied magnetic
Fig. 7, an almost perfect energy integration over the 2D dyTieId, M(H), and versus temperaturié,(T)/H, were carried

namic structure function is performed at edgb, fromr=1 out on 37 m : :
o s . . g of polycrystalline GEuO,Cl, using a Quan-
(E=0 meV) tor~—4 (E; ~60 meV; this cutoff is mainly 1 pesign MPMS5 dc magnetometer. Prior to etthnd
due to the magnetic fprm factorThus the domlnant .lOW' T scan, the sample was heated to 400 K and the magnetic
energy (r|<1) fluctuations are properly included within the fie|q g enched to reduced potential hysteretic effects on the
range Of mtegraﬂ_oﬁ.' . '[‘ztgegra“”gs (Q) [Ea. (7] internal magnetic spin arrangement.
over w yields the intensit? The isothermaM (H) data in Fig. 9 are nearly linear ex-
q Qs cept for the 5 K data, which have a negative curvature ex-
_do N2 caa pected for a paramagnet at low temperatures. The data be-
Q) dQ A(Q)g (1 2) $*(Qeo), (1) tween 25 and 200 K show a slight positive curvature which
requires further investigation. This linear behavior contrasts
where with an obvious magnetic field induced spin-flop transition
=0.7 kOe observed in single-crystal ,6uO,Cl, during
” S’”(on,w)dw=z €/ 20R(S7(0)SY(R)) magne‘gizatioﬁ and _r_nag_netic neutron-diffraction studfés.
o R The spin-flop transition in SEUO,Cl, is expected from the
(12 collinear antiferromagnetic structure where two equivalent

S*(Qzp) = f
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30 T— is such thatslightly above Ty, some XY anisotropy*>2
é t causes the spins to prefer an in-plane attitude and a separate,
154§ weak Ising anisotropy arises which gives the preferred in-
t plane spin directions. ATy some weak interplanar interac-
20 4 E o o tion (see, for example, Ref. 33magnified by the correlation
-1 T T T

Rt length, becomes relatively important and 3D LRO occurs.
om0k We argue that the crossover of the fluctuating 2D correlated
domains to a lower quasistatic spin symmetry actually occurs
_+="7  about 30—40 K abov@,.
7 If the quasistatic spin symmetry is Ising-like, then it may
3 . . .
_j:gﬁg:g:gf not beneces_saryo_ invoke anX_Y (planap anisotropy since
the planar orientation of the spins would be a consequence of
the uniaxial anisotropy. Sources of Ising anisotropy are rela-
tively limited given a square lattice model with no external
0 10 20 30 40 50 symmetry-breaking perturbations. One possibility involves
the quantum zero-point energy of spin waves which have
FIG. 9. Isothermal magnetization data for a polycrystalinebeen shown to produce in-plane preferred spin
sample of CsCuO,Cl, showing no overt sign of the spin-flop tran- directions®=3* Alternatively, intraplanar dipolar interactions
sition seen in isostructural the BUO,Cl, and other cuprates. The can lead to a gap in the spin-wave energy and a honvanishing
inset show the magnetization vs temperature which exhibits no oberder parameter with a finite éetemperaturé® It can be
vious transitions afly=247 K. Circles are raw data, line is the also shown that a sufficiently large and correlated domain
calculated fit(see text, and squares are the difference. with spins that are all collinear but oriented in any direction
on the 3D sphere will spontaneously reorient to [hé&0]
domains are rotated by 90° with respect to one another. Alirection under the influences of dipole-dipole interactiths.
similar effect should be seen in €&2uO,Cl, if it had the
collinear (6,+ 8,=0 or , Fig. 4, righ} structure. The non-
collinear(6y+ 6,= * 7/2) helical modelFig. 4, lef) below
Ty is such that the net effect of the applied magnetic field The magnetic structure for GauO,Cl, proposed below
cancels out in both left- and right-handed domaggin flop Ty is another intriguing result which might deepen our un-
is a collective phenomehaThe absence of a spin-flop tran- derstanding of the interplanar interactions. Interplanar super-
sition is difficult to prove from the polycrystalline data since exchange interaction§l’) are expected to be very weak in
the transition is effectively smeared out in field due to thethese oxyhalides because of the large interplanar spacings
random particle orientations. Measurements using a singl&)’ «r ~1% wherer is the distance between localized spfirs
crystal will remove the uncertainty once larger samples beand the primarily ionic bonds in the out-of-plane direction
come available. allow little or no superexchange to occur. Even though
Figure 9 (insed shows theM(T)/H data (circles col-  cancels out in the body-centered tetragonal structure, it was
lected in an applied field of 500 Oe. The line through theshown that this degeneracy might be lifted by consideration
circles is the fit to the data using(T)=yxo,+C/(T—6) of Coulomb exchange interactiofi>’ The weaker biqua-
+aT. The temperature-independent termp, (=1.04 dratic superexchange interaction is currently being examined
x10™* cm’mol) includes the core orbital contribution to explain magnetic rare earttR) ordering in soméR,CuQ,
(=—1.03x10 4. The Curie—Weiss constantC=3.30 compound® and thin films of magnetic multilayer
x10°3 K cm¥mol, 6=—3.02 K) are equivalent to<1%  materials®® The biquadratic interaction goes as a
spin4 impurities which are weakly interacting. The linear — 6,+1) (6, represents the in-plane orientation of the mag-
term (a=1.07x10" 7 cm¥mol K™1 is used to account for netic moments in théth CuQ, plane which favors a non-
the tail of the cusp in the magnetic susceptibility of thecollinear interaction locally between neighboring planes.
2DSLQHA expected around~1500 K. The squares are the With the large 2D correlations inherent to these syst&ms,
difference between the observed data and the fitted equatiofiven weak interplanar dipole-dipole interactitfS can lead
The lack of gross features nefy (and 300 K is consistent to 3D ordering® However, multilayer dipole-dipole calcula-
with previous results for S€uO,Cl,and supports our obser- tions do not support the doubling of tieeaxis reported here
vation that there is no orthorhombic phase transition abovéor CaCuO,Cl,. The simplest mode(Fig. 4, lefy with a

100

200

300

M, (G cm’/mole)
b
1

B. Magnetic structure below T\

Ty by the absence of the cusp seen fop€@a0,.*° c-axis doubling could be produced by an interaction term in
the Hamiltonian which goes &X S, ;. In order to resolve
lIl. DISCUSSION these issues, ongoing experiments are directed at determin-

ing the exact low-temperature spin structure.
A. Magnetic scattering aboveT y

The Neel .tempera'.(ur.e of the present compound, IV. SUMMARY
Tn=247+5 K, is well within the temperature range of;'s
of the isostructural insulating tetragonal cuprates. Due to the Neutron-scattering and magnetization results for
nonmagnetic nature of the intervening layer and large interCaCuQ,Cl, have been presented. They show that
planar distances, very weak interplanar magnetic interaction€a&CuO,Cl, maintainsl4/mmm symmetry in the tempera-
are expected. The common scenario for the 3D AF orderindure range 10—-300 K. Magnetic Bragg reflections indicate a
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V2% \[2x 2 magnetic unit cell for which we propose a gen- and relative strengths of the anisotropic interactions and their
eral magnetic model and examine the specific cases of thafluence on the spin behavior below and just abdye
collinear and helical stacking of the antiferromagnetic GuO
planes. The simplest model has a helical stacking arrange-
ment of the spin planes and is consistent with the absence of
a spin-flop transition in the isothermal magnetization data Stimulating discussions with F. Borsa are gratefully ac-
and with biquadratic interactions but not dipolar interactionsknowledged. Ames Laboratory is operated for the U.S. De-
Elastic neutron-scattering measurements abbye247 K  partment of Energy by lowa State University under Contract
suggest 2D quasistatic ordering of the spin system which idlo. W-7405-Eng-82. The work at Ames was supported by
consistent with either Ising-like ofY-like anisotropy below the Director for Energy Research, Office of Basic Energy
~280 K. Further studies are underway to clarify the natureSciences.
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