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Two- and three-dimensional magnetic order in the layered cobalt oxychloride Sr2CoO3Cl
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The temperature dependence of the nuclear and magnetic structure of the cobalt oxychloride Sr2CoO3Cl has
been studied using neutron powder diffraction. The material crystallizes with a structure related to K2NiF4 and
contains two-dimensional~2D! layers of CoO5 square pyramids that are segregated alongz by alternate
rocksalt SrCl and SrO blocks. The development of magnetic Bragg scattering indicates that the compound
orders antiferromagnetically with aTN5330(5) K. The phase adopts a collinear magnetic structure related to

the nuclear cell by the propagation vectork5( 1
2 , 1

2 , 0) with the cobalt spins aligned along thea axis of the
magnetic cell. The ordered momentm52.82(3)mB , refined at 3 K, is consistent with a high-spin (t2g

4 eg
2)

electron configuration for the Co~III ! ions. The onset of long-range magnetic order is characterized by a
three-dimensional transition and is accompanied by anomalous behavior in the Co environment with distinct
magnetostriction effects observed in the interlayer Co to Co exchange pathways. The transition is preceded by
diffuse magnetic scattering arising from short-range in-plane correlations, with significant diffuse intensity
observed up to the maximum temperature studied of 378 K. Magnetic susceptibility measurements indicate that
the onset of significant 2D interactions occurs atT'500 K. The diffuse intensity can be fitted using the Warren
function to give a maximum in the 2D correlation lengthj of 40~4! Å just aboveTN . Below TN diffuse
scattering coexists with magnetic Bragg scattering, indicating that the transition to long-range order is hindered
most probably due to the presence of stacking disorder between the antiferromagnetic sheets.

DOI: 10.1103/PhysRevB.68.174407 PACS number~s!: 75.25.1z, 61.12.Ld, 75.40.2s, 75.50.Ee
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I. INTRODUCTION

The continued investigation of correlated electronic b
havior exhibited by 3d transition-metal oxides with extende
structures has also led to the development of mixed an
materials in which the oxide ion is partially replaced.1–3 One
such class of compounds is the oxide-halide family. Th
materials are of particular relevance to studies into coop
tive behavior as they offer the potential to both control t
transition-metal oxidation state, through variation of the o
ide to halide ratio, and influence interlayer and intralay
separations within a particular structure type through va
tion in halide size. The flexibility afforded by oxyhalides
best exemplified by the wide range of oxide hali
superconductors4 developed from the K2NiF4 oxychloride
Sr2CuO2Cl2 .5 Following the discovery of high-Tc materials,
Sr2CuO2Cl2 and other lamellar oxyhalide cuprates have be
investigated in great detail to probe the behavior of undo
superconductors,6,7 and Sr2CuO2Cl2 is now viewed as an
ideal square lattice Heisenberg antiferromagnet.8

Recently cobalt oxyhalide chemistry has been exten
with the report of cobalt~II ! Sr2CoO2X2 (X5Cl and Br!
phases,9 that are isostructural to Sr2CuO2Cl2 , and isolation
of single crystals of the cobalt~III ! Ruddlesden-Popper oxy
chlorides Sr2CoO3Cl and Sr3Co2O5Cl by McGlothlin et al.10

In a later study the crystal structures of Sr2CoO3Cl and
Sr3Co2O5Cl2 were further characterized using neutron po
der diffraction at room temperature~RT!.11 The interest in
cobalt oxides and oxyhalides stems from the metal’s ab
to adopt a number of electron configurations for a range
oxidation states in the solid state. This relationship betw
valence and spin state leads to a number of cobalt pha
0163-1829/2003/68~17!/174407~8!/$20.00 68 1744
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such as LaCoO3 ~Ref. 12! and TlSr2CoO5 ~Ref. 13!, display-
ing unusual magnetic and electronic properties.

The present study describes the results of a varia
temperature neutron powder diffraction investigation
Sr2CoO3Cl which has revealed the presence of antiferrom
netic order within the material. The evolution of the cob
spin correlation has been monitored through the growth
magnetic Bragg and diffuse scattering in the temperat
range 2<T<378 K. The diffraction results are interprete
alongside susceptibility measurements and provide ins
into the interplay between short-range two-dimensional~2D!
and long-range three-dimensional~3D! order within the ma-
terial.

II. EXPERIMENT

The synthesis of polycrystalline Sr2CoO3Cl reported by
Lourerio et al.11 was achieved through reaction of SrO2 ,
SrCl2 , and Co3O4 and is reliant on oxidation of cobal
through the presence of excess oxygen from the decomp
tion of SrO2 during phase formation to give stoichiometr
Sr2CoO3Cl. This approach yielded a phase of reasonable
rity; however, appreciable quantities of Sr6Co5O15 ~Ref. 14!
~7.5 wt %! and Sr8Co6O15Cl4 ~Ref. 15! ~5.6 wt %! were also
present along with an unidentified impurity phase. In an
fort to improve phase purity we first synthesised the Co31

precursor Sr2Co2O5 by reaction of SrCO3 and Co3O4 at
1000 °C ~Ref. 16! and then reacted Sr2Co2O5 with high-
purity SrCO3 and SrCl2 in the molar ratios 1:1:1 at 850 °C
for a period of 24 h. The heating was interrupted once
regrind the sample. The sample obtained was a black hig
crystalline material. Long-scan powder x-ray diffraction da
©2003 The American Physical Society07-1
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in the 2u range 10° – 100° were collected on a Bruker D
Advance diffractometer operating with CuKa1 radiation and
a SOLEX detector to filter the fluorescence associated w
Co-containing materials. The only impurities detected w
Sr4OCl6 ~Ref. 17! and Sr6Co5O15 ~Ref. 14! estimated at a
level of ;2% – 3% from the ratio of most intens
Sr2CoO3Cl and impurity reflections.

Constant-wavelength neutron powder diffraction~NPD!
were collected on a 5-g sample at 3 K on thehigh-resolution
diffractometer D2B at the Institut Laue Langevin~ILL !,
France, for a period of 6 h. The sample was placed insid
10-mm vanadium container and cooled using a Displex
frigerator. The optimum wavelength of the instrumentl
51.5943 Å) was utilized to obtain high-quality crystallo
graphic data. Further scans in the temperature range 2–
K were then obtained using the high-flux diffractometer D
to monitor the evolving crystal and magnetic structure. T
machine was operating in high-resolution mode with So
collimators set at 108, a vertical 10-mm-wide monochro
mator window, andl52.4178 Å. Scans below RT~298 K!
were performed in a standard ILL cryostat and data at 29
and above collected using a dedicated furnace. Approxim
scan times of 30 min were utilized for each temperatu
Analyses of the crystal and magnetic structure were t
performed using theGSAS package.18

Magnetic susceptibility data were collected on a pow
sample of Sr2CoO3Cl. Data in the temperature range 1.8
400 K were collected on warming using a Quantum Des
MPMS-5S superconducting quantum interference dev
~SQUID! magnetometer in an applied field of 1 kOe. Furth
data were then collected using an Oxford Instruments V
on heating from 360 K to 850 K with the sample mount
inside a furnace insert and in the same applied field.

III. RESULTS

A. Crystal and magnetic structures

The nuclear structure of Sr2CoO3Cl was initially deter-
mined from Rietveld analysis of the higher-resolution D2
data collected at 3 K using the atomic coordinates repo
by Loureiroet al. as the starting model.11 The analysis pro-
ceeded with refinement of global parameters such as b
ground and lattice constants to give a reasonable fit to
data; however, discrepancies in the calculated intensity w
apparent for certain reflections. This effect was attributed
a preferred orientation arising from the platelike morpholo
of the crystallites within the sample and was corrected sa
factorily using the March-Dollase function.19 The positional
and atomic displacement parameters for the individual ato
were then varied. In the closing stages of the refinement
occupancy of each site was permitted to vary and no sig
cant site deficiencies were detected, indicating that the m
impurity levels of Sr6Co5O15 ~2.6 wt %! and Sr4OCl6 ~1.5
wt %! have no effect on the stoichiometry of the main pha
Table I summarizes the structural parameters derived f
the refinement and the fit achieved to the data is show
Fig. 1. Analysis of the lower-resolution D20 data employ
the atomic coordinates determined from the D2B analysi
initial cycles and followed the same refinement procedur
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Additional Bragg reflections were observed in the NP
scans that could not be accounted for by the nuclear mode
Sr2CoO3Cl. The low-angle position of the peaks indicate
that they might be magnetic in origin and this was confirm
by variable-temperature scans performed on D20, wh
showed that the reflections vanished aboveT5338 K ~Fig.
2!. The reversibility of the magnetic transition was then e
tablished on cooling back to RT. The magnetic intensit
could be indexed on the basis of an orthorhombic magn
cell related to the nuclear cell byamag5bmag5&anuc and
cmag5cnuc. For a collinear magnetic structure this implies

propagation vectork5( 1
2 , 1

2 , 0). The most intense magnet
peaks were identified as the~101!, ~102!, and ~103! reflec-
tions analogous to the behavior observed for the K2NiF4

FIG. 1. The NPD pattern obtained for Sr2CoO3Cl on D2B (l
51.5943 Å) at 3 K. Crosses are observed data; lines are calcu
and difference plots. Vertical tick marks indicate the position
allowed reflections for the nuclear structure of Sr2CoO3Cl ~bottom!
and magnetic structure~top!. Reflections for the minor impurities
Sr4OCl6 ~lower middle! and Sr6Co5O15 ~upper middle! are also
shown.

TABLE I. Refined structural parameters for Sr2CoO3Cl at 3 K
determined from analysis of D2B data. Space groupP4/nmm.
Weight percent Sr2CoO3Cl ~95.9%!, Sr6Co5O15 ~2.6%!, and
Sr4OCl6 ~1.5%!. Fit factors Rwp54.83%, Rp53.51%, x255.43.
Preferred orientation coefficientRo51.20(2).

Atom Site z Uiso3100 (Å2) n

Sr~1! 2c ( 1
4 , 1

4 ,z) 0.098~1! 0.08~4! 1.0

Sr~2! 2c ( 1
4 , 1

4 ,z) 0.3452~1! 0.55~5! 1.0

Co 2c ( 1
4 , 3

4 ,z) 0.2049~4! 0.21~9! 1.0

O~1! 4 f ( 3
4 , 1

4 ,z) 0.2294~1! 0.48~3! 1.0

O~2! 2c ( 3
4 , 3

4 ,z) 0.0747~2! 0.41~4! 1.0

Cl 2c ( 3
4 , 3

4 ,z) 0.4252~1! 0.65~3! 1.0

a 3.88716~3! Å
c 14.2775~2! Å

Magnetic cell aM5bM5&a, cM5c
m 2.82(3)mB
7-2
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TWO- AND THREE-DIMENSIONAL MAGNETIC ORDER . . . PHYSICAL REVIEW B 68, 174407 ~2003!
phases La2NiO4 ~Ref. 20! and PrCaCrO4 ~Ref. 21!. The
magnetic form factor of Co31 was used22 and an excellent fit
to the data~Fig. 3! achieved with the cobalt spins aligne
along thex direction to form antiferromagnetic layers withi
the ab plane and nearest moments in neighboring lay
stacked to form antiferromagnetic sheets in theac plane.
Alternatively the spin direction could be chosen to lie alo
the y directionwith A-type centering to yield an equivalen
result. Models with a component of the moment alongz were
tested; however, this led to a deterioration of the fit and a
experimentally significant canting of the spins out of t
basal plane can be discounted. The temperature depend
of the ~101! and ~102! magnetic reflections allows theTNéel
to be estimated as 330~5! K.

FIG. 2. The temperature dependence of the magnetic scatte
exhibited by Sr2CoO3Cl in the T range 298–378 K. The position
of the two most intense magnetic Bragg reflections are labeled

FIG. 3. The NPD pattern obtained for Sr2CoO3Cl on D20 at 2
K. The plot follows the same labeling style as in Fig. 1. Also ind
cated are the~101! and ~102! magnetic reflections of Sr2CoO3Cl.
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B. Two-dimensional correlation length

In addition to the coherent Bragg scattering a broad as
metric feature centered at 2u;25.5° (d spacing'5.5 Å)
was also apparent. The shape of this feature, which is evi
even at the highest experimental temperature of 378 K
seen to sharpen on cooling until theTN is reached. Cooling
below TN sees the growth of magnetic Bragg peaks at
expense of the asymmetric diffuse peak~Fig. 2!. Remarkably
there is a wide temperature range belowTN where both co-
herent magnetic Bragg scattering and diffuse scattering
exist. Even at 200 K there appears to be a weak diffuse p
underneath the strong~101! magnetic reflection. This diffuse
magnetic scattering arises from short-range 2D spin-spin
relations and its position corresponds to the~10! reflection of
a short-range-ordered system. The intensity was fitted u
the Warren function23 @Eq. ~1!# to obtain an estimate of the
2D spin-spin correlation lengthj for temperatures at and
above 298 K. The scattered power is given by

P~u!5KmFhk
2 ~11cos2 2u!

2~sinu!3/2 S j

lAp
D 1/2

F~a!, ~1!

where

a5
2jAp

l
~sinu2sinu0! ~2!

andK is a scale factor,l is the neutron wavelength, andm is
the multiplicity of the 2D reflection (hk) centered atu0 with
structure factorFhk . The functionF(a) was evaluated nu-
merically as described previously.24

All diffraction patterns collected at and above 298 K we
fitted between 20°,2u,38° with data in the vicinity of the
impurity nuclear reflection at 29.6° being excluded. For m
surements performed at 318 K and below it was necessa
also exclude data in the vicinity of the~101! and~102! mag-
netic Bragg peaks. In the absence of a full spin polarizat
analysis the diffuse magnetic scattering was estimated to
at most only;25% of the background at the peak maximu
and qualitatively good fits~Fig. 4! to the Warren function

ng

FIG. 4. Fit of diffuse scattering achieved using the Warren fu
tion to D20 data collected atT5338 K (l52.4178 Å). The
marked Bragg reflection corresponds to an impurity which was
cluded from the fitting process.
7-3
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KNEE, PRICE, LEES, AND WELLER PHYSICAL REVIEW B68, 174407 ~2003!
were achieved by subtracting a simple linear backgro
function. The thermal dependence of the correlation lengj
through the long-range-ordering transition is shown in F
5~a!. Also shown in Fig. 5~b! are the temperature dependen
of the diffuse intensity and the behavior of the total magne
scattering in the same 2u region.

C. Magnetic susceptibility

The temperature dependence of the magnetic suscep
ity of Sr2CoO3Cl in the temperature range 10–850 K is plo
ted in Fig. 6. The molar susceptibility passes through a br
maxima centered atT'500 K ~see inset! and then drops
slowly on cooling, reaching a minimum at'200 K. At very
low temperaturesx shows a rise attributed to the Sr6Co5O15
impurity.25 The increase in scatter observed for the hig
temperature data reflects the decreased sensitivity and gr
level of background signal associated with the vibratin
sample-magnetometer~VSM! measurement. Imperfect back
ground subtraction for the VSM data accounts for the sm
discrepancy in the measured susceptibility between the
data sets.

IV. DISCUSSION

The presence of magnetic Bragg scattering in all neut
powder data sets collected below 328 K for Sr2CoO3Cl re-

FIG. 5. The two-dimensional magnetic correlation lengthj of
Sr2CoO3Cl as a function of temperature~a!. ~b! shows the therma
evolution of the diffuse scattering intensity~filled circles! and the
total integrated magnetic intensity~open circles! which includes the
Warren peak and the magnetic Bragg reflections in the range
<2u<38°. The data were normalized with respect to the~002!
nuclear peak at 19.6°.
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veals the presence of antiferromagnetic long-range o
~AFLRO! of the cobalt spins in the material. The origin
room-temperature neutron diffraction study by Loure
et al.11 did not report this behavior and concluded from su
ceptibility measurements that no magnetic order was pre
in the compound. Initially, differences in the synthet
method and phase purity of the respective samples seem
be the most likely reason for this contrasting behavior. F
example any small oxygen deficiency within the mater
could significantly affect the chances of observing magne
order, particularly the long-range correlation required for c
herent Bragg scattering. However, from inspection of
low-angle neutron data presented in Ref. 11 we now c
clude that the three additional peaks observed in the reg
16° – 30° were wrongly identified as an impurity and were
fact of magnetic origin. Possibly the poorer phase purity a
the absence of variable-temperature scans contributed to
magnetic scattering being overlooked.

The crystal and magnetic structures of Sr2CoO3Cl are
shown in Fig. 7 in which the close structural analogy b
tween the phase and the K2NiF4 structure is apparent. Th
large chloride ion effectively replaces one of the termin
apical oxygen positions of the perovskite block of t
K2NiF4 phase LaSrCoO4 ~Ref. 26!. Ordering of the chloride
ion alongz, rather than random replacement of oxide, lea
to a reduction of the cell symmetry from theI4/mmm of
ideal K2NiF4 phases toP4/nmm. Significantly the presence
of the chloride ion results in alternate CoO2 layer separations
of 5.85 Å and 8.42 Å along thec direction rather than the
regularc/2 stacking of K2NiF4 . A further structural subtlety
is that the cobalt ions are shifted alongz away from the basa
plane of the CoO5 square pyramids and this gives rise to
high level of buckling—i.e., a O~1!-Co-O~1! bond angle
'162° compared with the flat 180° planes observed in st
dard 0201 phases.

The cobalt spins within Sr2CoO3Cl are aligned in an an-
tiparallel manner in theab plane of the magnetic cell. This
arrangement leads to two possibilities for the relative ori
tation of the nearest-neighbor layers as illustrated by the

0°

FIG. 6. The temperature dependence of the magnetic susc
bility of Sr2CoO3Cl on warming in an applied field of 1 kOe. Ope
squares and open triangles are data collected using the SQUID
VSM magnetometers, respectively. The inset shows an expan
area for the temperature range 60–820 K.
7-4
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TWO- AND THREE-DIMENSIONAL MAGNETIC ORDER . . . PHYSICAL REVIEW B 68, 174407 ~2003!
lated K2NiF4 phases La2NiO4 ~Ref. 20! and La2CuO4 ~Ref.
27!. The absence of the~100! reflection for Sr2CoO3Cl en-
ables the spin arrangement shown in Fig. 7 to be identifie
which an antiferromagnetic~AF! relationship between neigh
boring spins located in theac plane is favored. In compari
son a ferromagnetic arrangement is observed for b
La2CuO4 and Sr2CuO2Cl2 ~Ref. 6!. It is noteworthy that for
2D antiferromagnets such as K2NiF4 itself28 and the manga-
nese oxychloride Sr2MnO3Cl ~Ref. 29!, with spin directions
confined to the tetragonal axis this subtlety does not arise
their paper on the magnetism of Sr2CuO2Cl2 Vaknin et al.6

have shown that for purely dipolar interactions the magn
structure observed for La2CuO4 is favored rather than the
spin arrangement adopted by La2NiO4 and now observed fo
the cobalt oxychloride. Therefore it seems likely that int
layer exchange coupling, rather than through-space dip
interactions, governs both the spin structure and the tra
tion to LRO within Sr2CoO3Cl.

The refined moment of 2.82(3)mB obtained at 3 K from
the D2B data is in agreement with the presence of high-s
Co31 (S52) once the expected reductions commonly o
served for the static moment in related 2D systems due
zero-point fluctuations and covalency effects are taken
account. The magnitude of the moment, however, does
preclude the presence of a level of the intermediate,S51,
spin state that is known to occur in distorted chemi
environments.13 Furthermore, determination of the spin sta
may be complicated by partially quenched orbital inter
tions for the cobalt ion, a conclusion that is supported by
meff56.8mB obtained from the high-temperature susceptib
ity data ~600–850 K!, and further studies are required for

FIG. 7. Nuclear and magnetic structure of Sr2CoO3Cl. Large
open spheres represent chloride ions, medium shaded sphere
balt, small open spheres oxygen, and black medium spheres
strontium sites. The cobalt coordination is depicted as square p
midal with respect to oxygen. The cobalt spin direction and m
netic cell are shown.
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definitive assignment of the cobalt electronic configuratio
The temperature dependence of the normalized mom

in the temperature range 2–340 K along with a fit to t
power law given in Eq.~3! below is shown in Fig. 8. Also
shown is the expected behavior for a 2D Ising model~i.e.,
critical exponentb50.125):

M ~T!

M ~0!
5C~12T/TN!b. ~3!

A reasonable fit over the whole temperature rage was
tained withC51.08(4), TN5328(4) K, andb50.28(3). If
the fit is instead limited to the critical region~see inset!, then
excellent agreement is obtained withC51.2(2), TN
5328(1) K, andb50.33(5) consistent with a 3D trans
tion. This behavior contrasts with that exhibited by classi
2D systems such as K2NiF4 ~Ref. 28! and K2FeF4 ~Ref. 30!
which display 2D Ising-type transitions withb;0.15. The
transition from 2D correlations to long-range order
K2NiF4 occurs within a 1 K window either side ofTN as
LRO is established essentially in two dimensions and
order follows parasitically. In contrast the behavior
Sr2CoO3Cl is characterized by a more gradual transition th
is consistent with interlayer coupling playing a significa
part in the growth of LRO in the material. In this respe
Sr2CoO3Cl is similar to La2CuO4 ~Ref. 31!.

The appearance of coherent magnetic Bragg scatterin
preceded by diffuse scattering arising from short-range
correlations confined to the basal CoO2 planes. The sharpen
ing of the Warren peak on cooling from 378 to 338 K~Fig. 2!
is clearly associated with a steady increase in the 2D co
lation length which reaches a maximum of 40 Å at 338
just aboveTN ~Fig. 5!. In theory for such a second-orde
phase transition we expect a divergence ofj to infinity at
TN , followed by a crossover to long-range 3D orderin
whereupon the Warren feature should disappear as mag
Bragg peaks are formed. We do not observe such an ab
transition. Instead both diffuse scattering and magne
Bragg peaks coexist over a large thermal region. This beh

co-
are
a-
-

FIG. 8. Sublattice magnetization as a function of temperat
for Sr2CoO3Cl. The data are fitted using the power law of Eq.~3!
~solid line! and also shown is the expected behavior for the 2D Is
model~dashed line!. The inset shows the fit to the power law in th
critical region.
7-5
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ior indicates that the transition to 3D LRO is hindered
some areas of the sample and the most likely explanation
this lies with the microstructure of the sample used in
current study. For example the presence of stacking fa
along c will severely affect the 3D correlation within th
material. Physically the occurrence of stacking disor
within Sr2CoO3Cl is likely given the presence of an eas
plane of cleavage along the relatively weakly bonded dou
SrCl layers. The significant preferred orientation observ
for the diffraction patterns of the finely ground sample p
vides strong evidence that such a cleavage plane is prese
the material. In addition it is possible that occasional int
growths of the closely related double- and triple-layer pha
Sr3Co2O5Cl2 ~Ref. 10! and Sr8Co6O15Cl4 ~Ref. 15! occur.
These would also significantly disrupt the interlayer coh
ence required for 3D Bragg intensity.

The maximum in correlation length,j540(4) Å, corre-
sponds to a coherence length that extends within thexy
plane for ca. 10 unit cells before diminishing to appro
mately half that value at 378 K~Fig. 5!. In comparison a
value of .200 Å has been determined for La2CuO4 above
TN ~Ref. 31! and a recent study of the K2NiF4 manganite
family BaxSr12xLaMnO4 (0,x,0.30) reported a j
521(3) Å for thex50.06 member.32 The values obtained
belowTN remain static at around 30 Å and this may provi
an estimate of the size of the two-dimensionally correla
domains that persist belowTN due to static disorder.

The temperature dependence of the magnetic suscep
ity of Sr2CoO3Cl ~Fig. 6! provides further evidence of th
2D magnetic character of the material at temperatures ab
TN . The broad transition observed between 400 and 600
a signature of short-range AF correlations in a planar sys
and indicates the onset of significant 2D order atTx max
;500 K. Between 500 K and 330 K the strength of the
in-plane correlations grows untilj reaches a critical point a
TN as defined by Eq.~4! and 3D ordering becomes energe
cally favorable:33

TN'S j

aD 2

JzS
2/kB . ~4!

Taking j540 Å, the cell parametera53.9 Å, andS52 al-
lows the value of the interlayer exchangeJz50.78 K to be
estimated. The strength of the intraplanarJxy interaction can
also be evaluated using Line’s formula34 and takingTx max
5500 K yields aJxy574.3 K:

kBTx max

Jxy
51.12S~S11!10.10, ~5!

indicating that theJz interaction within Sr2CoO3Cl is ap-
proximately two orders of magnitude weaker than the
plane superexchange coupling.

Having characterized the thermal behavior of the m
netic correlations within Sr2CoO3Cl our attention now fo-
cuses on the phase’s crystal structure. The temperature
pendences of the lattice parameters and cell volume der
from analysis of the D20 data over the complete tempera
range of study are shown in Fig. 9. From these data it is c
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that the onset of LRO at theTN;330 K is not accompanied
by a gross structural transition. Strictly, the symmetry is
duced from tetragonal to orthorhombic at the magnetic ph
transition. This lowering of symmetry is expected to relie
the degeneracy associated with the interlayer exchange p
ways of the tetragonal cell and stabilize the observed s
structure. Indeed the related double-layer Ruddlesd
Popper phase Sr2Y0.8Ca0.2Co2O6 ~Ref. 35! has recently been
shown to undergo a large orthorhombic distortion at the
set of LRO, emphasizing the link between spin and structu
degrees of freedom. However, no detectable peak split
was observed in the D20 data on crossingTN . To further test
for a reduction in symmetry belowTN the high-resolution
D2B data collected at 3 K were analyzed using an ortho
rhombic cell. A stable refinement could be obtained w
parametersa53.88556(8) Å andb53.88875(8) Å, and a
small improvement in the agreement statistics,x255.25,
Rwp54.74%, andRp53.44% compared with 5.43, 4.83%
and 3.51%, respectively, inP4/nmm, was obtained. How-
ever, the refined distortionb/a;1.0005 lies on the limit of
the resolution of D2B and the enhancement in the lea
squares fit may merely reflect the additional complexity
the structural model. Therefore from our diffraction data t
average nuclear structure of Sr2CoO3Cl is best described a
tetragonal throughout the measured temperature range.

Figure 10 shows the cobalt bond distances and the
plane Co-O~1!-Co bond angles obtained at 298 K and abo
The plots provide evidence of anomalous behavior in
temperature region close to the onset of LRO. Both the C
O~1! in-plane and Co-Cl apical separations remain cons
between 380 K and 340 K before contracting on cooli
below 340 K. Coincidentally the Co-O~1!-Co basal bond
angle appears to undergo a weak change, flattening out
reducing the extent of buckling. The structural response
be related to the possible AF exchange pathways wit
Sr2CoO3Cl. As TN is associated with the onset of 3D ord
in the material the pathways between adjacent Co ions s
rated alongz by the rocksalt Sr-O and Sr-Cl layers are
particular interest. Figure 11 shows the two shortest poss
exchange pathways across these layers, with a four-bond

FIG. 9. The temperature dependence of the lattice constanta
andc) of Sr2CoO3Cl. The inset shows the thermal behavior of th
unit cell volume.
7-6
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mediated through the Sr~1!-O~2! bond and a four-bond path
way through the Cl-Sr~2! bridge. For the sake of clarity only
one of the equivalent possibilities for each pathway has b
highlighted. Both distances show significant changes clos
the onset of LRO, with distanceJ1 passing through a distinc
minimum andJ2 showing a sharp decrease@Fig. 12~a!#, sug-

FIG. 10. The temperature dependence of the cobalt environm
in Sr2CoO3Cl asTN is crossed. The dashed lines coincides withT
5330 K.

FIG. 11. Possible interlayer exchange pathways wit
Sr2CoO3Cl. J1 is a four-bond pathway through the Sr~1!-O~2! lay-
ers andJ2 is a four-bond pathway through the Sr~2!-Cl layers.
17440
en
to

gesting that these interactions play a critical role in the int
layer magnetic propagation. This behavior leads to a red
tion in the separation of Co ions across the rocksalt S
layers of approximately 0.06 Å between 338 K and 298
@Fig. 12~b!# and represents a small magnetostriction ass
ated withTN . The structural response, although discernib
is weak and compatible with the magnetic transition invo
ing a crossover from strong existing 2D interactions
longer-range 3D correlations in the material.

V. CONCLUSION

The magnetism of the layered oxychloride Sr2CoO3Cl ex-
hibits a transition from short-range two-dimensional corre
tions to long-range three-dimensional order. The crosso
occurs atTN5330(5) K and is characterized by a 3D tra
sition rather than the 2D Ising-like behavior that may ha
been expected given the material’s highly anisotropic str
ture. In the AFLRO state the cobalt spins are confined to
tetragonal plane and align with a spin structure analogou
that previously described for La2NiO4 . Both the spin ar-
rangement and the nature of the transition indicate t
exchange-mediated interactions are responsible for the
ordering, an interpretation that is further supported by
weak magnetostriction observed in the interlayer excha
pathways at the onset of LRO. Two-dimensional correlatio
persist belowTN and it is believed that stacking disorder
the antiferromagnetic sheets restricts extended 3D corr
tion. In this respect further measurements on a high-qua
single crystal would be beneficial to accurately gauge
effect such structural disorder has on the magnetic corr
tion within Sr2CoO3Cl.

nt

FIG. 12. Interlayer magnetic pathway distances~a! and through-
space Co to Co separation across the SrCl double layers~b! in the
temperature range 298–380 K.
7-7
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