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Anisotropic magnetization measurements of single-crystal Ba2Cu3O4Cl2 with ~CuA)2(CuB)O4 planes, where
the subscriptsA andB denote the sites of Cu atoms, revealed characteristic features of this material:~1! below
T5332 K, antiferromagnetically ordered CuA spins have a weak-ferromagnetic moment due to the
Dzialoshinsky-Moriya interaction;~2! aroundT580 K, a maximum appears in the temperature dependence of
the magnetization, probably due to paramagnetic CuB spins interacting antiferromagnetically in the two-
dimensional CuB network; and~3! below T532 K, the field-dependent magnetization shows the flip or the
rotation of antiferromagnetically ordered CuA spins, which indicates the presence of the easy axis of the
magnetization for CuA spins below this temperature.@S0163-1829~97!51702-4#

Cuprates, including high-Tc superconductors, have a rich
variety of crystal structures and physical properties. Among
them, Ba2Cu3O4Cl 2 is one of the most interesting materials.
Ba2Cu3O4Cl 2 is an insulator with a layered structure com-
posed of Cu3O4 planes~the inset of Fig. 1! and blocking
layers1. This structure is similar to those of the high-Tc su-
perconductors. The symmetry of the crystal structure is te-
tragonal~space group:I4/mmm! at room temperature.1 For
Cu atoms in the Cu3O4 plane, there are two sites, i.e., CuA

and CuB sites; the Cu3O4 plane is composed of a CuAO2

square lattice and extra CuB atoms located at the centers of
every other squares like a checker board. Neighboring Cu
atoms interact magnetically by superexchange interactions
through O between them; a CuA-O-CuA 180° interaction is
antiferromagnetic, and a CuA-O-CuB 90° one is ferromag-
netic or antiferromagnetic. Consequently, adjacent CuA at-
oms interact ferromagnetically via CuB , which would cause
a magnetic frustration. Under this situation, the magnetic
ground state of this material has been of great interest. Noro
et al. reported that the temperature dependences of magneti-
zation and electron spin resonance show two magnetic
anomalies in this material.2 Experiments on zero-field
mSR,3 antiferromagnetic electron-spin resonance,4 and neu-
tron scattering5 have revealed that CuA and CuB spins order
antiferromagnetically atT;330 K and;30 K, respectively.
Our recent measurements on temperature- and magnetic-
field-dependent anisotropic magnetizationM (T,H) of a
large single-crystal Ba2Cu3O4Cl 2 support this scenario with
the two magnetic transitions and, in addition, show aspects
of ordered and free spins for both Cu sites.

Polycrystalline Ba2Cu3O4Cl 2 samples were prepared by
the usual solid-state reaction.2 They were checked by x-ray
diffraction and revealed to be pure. Single crystals of
Ba2Cu3O4Cl 2 were grown by the traveling-solvent floating-
zone method with an image furnace. We did not use solvent
at the beginning of the growth, since Ba2Cu3O4Cl 2 melts
almost congruently and the molten zone with a proper com-
position is obtained after a few cm of growth. The growth
was performed at an oxygen pressure of 0.3 MPa, which
enables a stable growth. Powder x-ray-diffraction patterns
show that the grown crystals contain no impurity phases ex-

cept a little amount of CuO, which is in excess in the molten
zone. The effect of the impurity phase on the magnetization
measurements was negligible. Backscattering Laue photo-
graphs show that the degree of the misalignment of the crys-
tallographic axes is within;1°. The anisotropic magnetiza-
tion of the crystal was measured by a SQUID magnetometer.
The measurements were performed after the sample was put
in zero field at temperatures higher thanT5350 K, since
hysteresis in the magnetization is sometimes observed below
T;330 K. The x-ray~Cu Ka line! diffraction measurement
of the polycrystalline samples was performed using a He
closed-cycle cryostat in a temperature range fromT5370 K
down to 10 K.

Temperature-dependent magnetizationM (T) curves un-
der a magnetic fieldH of 2 kOe parallel to the crystallo-
graphic axes@100#, @110# and @001# are shown in Fig. 1.
Hereafter, we will represent aH direction forM as a sub-
script onM , such asM [100] andMplane for Hi@100# and
Hiplane, respectively. For bothHi@100# andHi @110#, i.e.,

FIG. 1. The temperature dependence of the magnetization for
Hi@100#, @110#, and @001#. The data for FC No. 1 were taken
when the sample was cooled in a field of 2000 kOe. Those for FC
No. 2 and ZFC were taken after the sample was cooled in fields
of 200 Oe and 0 Oe, respectively. Inset: the schematic representa-
tion of Cu3O4 plane in Ba2Cu3O4Cl2.
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Hiplane, abrupt changes inM (T) curves occur atT5332 K
and 32 K. An increase ofMplane just belowT5332 K re-
sembles that due to a ferromagnetic transition. The increase
of Mplane is so small for a ferromagnetic moment that weak
ferromagnetism would appear below this temperature. A
sudden decrease or a change of the slope in theM [100](T)
andM [110](T) curves is observed just belowT532 K. Only
for Hi@110#, hysteresis in the temperature dependence of the
magnetization appears belowT532 K, which will be dis-
cussed in detail later. On the other hand, changes in
M [001](T) at both anomaly temperatures are not as drastic as
those inMplane(T). At T5332 K, there is an almost negli-
gible increase. Since the degree of the slight increase is sen-
sitive to the angle between the directions ofH and c axis,
there would be no intrinsic increase. AtT532 K, the slope
of M (T) changes. The two anomaly temperatures,T5332 K
and 32 K, agree well with those where the antiferromagnetic
transitions of CuA and CuB spins occur, as reported in Refs.
325. Some of the aspects described below also support the
picture of the transitions at these anomaly temperatures.
Hence, we call these anomalies as transitions hereafter. We
also notice that there exist maxima aroundT580 K in the
M (T) curves for the threeH directions.

The measured magnetization can be decomposed into
three terms attributed to the magnetism of Cu spins, the dia-
magnetism of core electrons and the Van Vleck magnetism.
The latter two terms are independent of temperature. The
value of the diamagnetic susceptibility of core electrons,
xcore , is estimated to be22.431024 emu/mole f.u.6 Since
the Van Vleck susceptibilityxVV for Ba2Cu3O4Cl 2 is un-
known, we used the value of @2xVV(Hiplane!
1xVV(H'plane!#/3 for Sc2CuO4, 2.331025 emu/Cu
mole,7 as that for Ba2Cu3O4Cl 2, assuming thatxVV for
Ba2Cu3O4Cl2 is isotropic. The sum ofxcore and xVV is
21.731024 emu/mole f.u. Under a magnetic field of 2 kOe,
(xcore1xVV)H is 20.34 emu/mole f.u., which is an order
smaller than the value of the measured magnetization; the
magnetization of Ba2Cu3O4Cl 2 is determined mainly by the
magnetism of the Cu spins.

The crystal structure of Ba2Cu3O4Cl 2 was investiga-
ted by temperature-dependent x-ray-diffraction measure-
ments. The diffraction pattern indicates a tetragonal unit
cell with lattice constants ofa055.523460.0019 Å and
c0513.851760.0063 Å atT5290 K, which is in agree-
ment with the previous report.1 No changes in the crystal
structure are observed in the whole temperature range
measured. The temperature dependence of lattice constants
is shown in Fig. 2. AboveT550 K, the lattice constantc0
decreases monotonically with decreasing temperature, while
the lattice constanta0 is almost independent of temperature.
The temperature dependence of the lattice constants is ex-
tremely anisotropic compared with those of high-Tc super-
conductors.8 The slopes in the temperature dependence of
ao and co change belowT550 K, which may indicate a
relation between the magnetic transition atT532 K and the
lattice properties.

Above T5332 K, whereM is proportional toH for
any field directions~see Fig. 3!, the CuA and CuB spins are
paramagnetic. We simply fitted theM (T) curves above
T5332 K by the Curie-Weiss ruleM (T)/H2(xcore1xVV)

5C/(T2Q). Using the estimated values ofxcore and xVV ,
we obtainedC50.85 emu K/mole f.u. andQ52375 K for
Hiplane, andC51.22 emu K/mole f.u. andQ52430 K for
Hic. These values ofC coincide well with the calculated
value C5Ng2J(J11)mB

2/3kB51.13 emu K/mole f.u.,
where we assumedg to be 2 andJ to be 1/2. The values of
2Q are almost the same as that of the Ne´el temperature for
CuA spins. The obtained values of the parameters are reason-
able, if we neglect magnetic interactions other than that be-
tween CuA spins.

FIG. 2. The temperature dependence of lattice constantsa0
andc0 .

FIG. 3. The magnetic-field dependence of the magnetization
M (H) for Hi@100# and @110#. The FC data forHi@110# are taken
for a sample cooled in a magnetic field ofH52 kOe parallel to
@110#.
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In order to investigate the possibility of the weak ferro-
magnetism belowT5332 K in detail, we measured a
magnetic-field-dependent magnetizationM (H) at several
temperatures. Representative results forHi@100# and
Hi@110# are shown in Fig. 3. ForHi@001#, M (H) is propor-
tional to H up to 50 kOe at any temperatures; the data for
M [001] are not shown in the figure. ForHiplane and
T,332 K, M (H) is linear inH with an offset, although a
deviation from the linearity is observed at low fields below
T532 K. This deviation will be discussed later and we will
concentrate on the linear parts for a while. The linearity of
the M (H) curve is better forHi@110# than that for
Hi@100#. The value of ferromagnetic moment is small, as
shown by the offset of theM (H) curve, and theM (H)
curves show no trace of saturation up toH550 kOe, so that
weak ferromagnetism exists belowT5332 K in this mate-
rial. Almost no anisotropy in the size of the weak-
ferromagnetic moment forHiplane indicates that this weak
ferromagnetism is due to the Dzialoshinsky-Moriya~DM!
interaction.9 The Hamiltonian of this interaction is repre-
sented asHD2M5D•@S13S2#, whereD is determined by
the symmetry of the positions of atoms surrounding magneti-
cally coupled Cu atoms. Considering the symmetry for every
combinations of adjacent Cu atoms on an assumption thatS
51/2 for both CuA and CuB spins, we conclude thatD is
finite only for the nearest CuA atoms; consequently, it is
understood that this weak ferromagnetism is caused by an
antiferromagnetic ordering of CuA spins belowT5332 K. In
the case considered above,D is parallel to thec axis; the
weak-ferromagnetic moment can rotate freely in the plane
perpendicular to thec axis, in accordance with our experi-
mental results. No weak-ferromagnetic moment forHic axis
is also consistent with the DM interaction withDic.

TheH-linearM (H) curve suggests that we could decom-
pose the magnetization into two components, i.e., weak-
ferromagneticMO andH-linearxH. The coefficientx of the
latter is the sum of paramagnetic susceptibility and antifer-
romagnetic perpendicular susceptibility. This decomposition
is very important to understand whether the characteristic
features shown in Fig. 1, such as the maxima inM (T)
curves, originate fromMO or x. For Hiplane, we obtained
MO andx by fitting the measured magnetizationM [110](H)
at H58, 9, and 10 kOe, whereM (H) is linear inH, to the
formulaM5MO1xH at each temperature using the method
of least squares. If we use the data ofM [100] , there appears
an ambiguity in the analysis due to the worse linearity, al-
though the discussion in the following does not change seri-
ously. ForHic axis, only theH-linear component exists;
MO50 andx5M /H. The obtained results are shown in Fig.
4. ForHiplane,MO is almost zero aboveT5332 K. Owing
to the weak ferromagnetism,MO(T) shows an abrupt in-
crease just below this temperature and gradually increases
with lowering temperature. There is no anomaly in the
MO(T) curve at the lower transition temperature,T532 K.
Assuming that the size of the staggered moment of CuA is
the same as that for La2CuO4 and 0.6mB ,

10 we can estimate
the canting angle from the antiparallel direction to be;0.05
degrees.

For bothHiplane andHic axis,x(T)’s show similar be-
haviors with maxima aroundT580 K. BelowT532 K, x is

the sum of the perpendicular susceptibilities of the antiferro-
magnetically ordered CuA and CuB spins. For 32 K
,T,332 K,x is the sum of the perpendicular susceptibility
of the antiferromagnetically ordered CuA spins and the sus-
ceptibility of the paramagnetic CuB spins. The perpendicular
susceptibility is usually almostT independent and the para-
magnetic one can beT dependent; it is plausible that the
maximum atT;80 K is a characteristic feature of the para-
magnetic CuB spins. A maximum appears in the temperature
dependence of magnetic susceptibility for the low-
dimensional magnet with an antiferromagnetic interaction.
The maximum inx(T) of Ba2Cu3O4Cl 2 could be explained
by the CuB spins interacting antiferromagnetically in the
two-dimensional CuB network. For theS51/2 antiferromag-
netic Heisenberg model on a square lattice, superexchange
coupling constantJ is ;kBTmax/2, whereTmax is the tem-
perature where the maximum in the susceptibility appears.11

Assuming that this model is applicable to CuB spins, we can
estimateJCuB to be;40 K, which is more than a magnitude

smaller than those for the high-Tc superconductors and prob-
ably for the CuA spins in Ba2Cu3O4Cl 2.

For Hiplane andT,32 K, as mentioned above, the de-
viation from the linearity inM (H) appears at low fields. The
M [100](H) curve is concave at low fields and shows cross-
over to aH-linear line at high fields. This curve is indepen-
dent of the magnetic field on cooling. TheM [110](H) curve
shows a more abrupt change aroundH54.7 kOe for a zero-
field-cooled sample, while it is linear without the deviation
for that cooled in a field ofH*200 Oe. These two
M [110](H) curves are identical forH*5 kOe. These
M [110](H) curves are reproducible for any field sweeps be-
low T532 K; they depend only on the field on cooling.
When the cooling field is decreased from;200 to 0 Oe, the
M [110](H) curve changes gradually from the FC to the ZFC
curves shown in Fig. 3. The dependence of theM [110](H)
curves on the cooling field is consistent with the hysteresis in
theM [110](T) curve shown in Fig. 1.

The ZFC M [110](H) curves in low field (H&3 kOe!
and high field (H*5 kOe! regions are represented as
MO,LF1xLFH and MO,HF1xHFH, respectively, where
MO,HF;1.9MO,LF and xHF;1.4xLF . The relation
MO,LF;(1/2)MO,HF indicates that the half of the weak-
ferromagnetic moments originating from CuA spins orient to

FIG. 4. The temperature dependence ofMO andx ~see the text
for the definition of these parameters!.
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@110# direction and the other half to@110#. This relation of
MO also indicates that the moment cannot rotate freely at
low fields. The deviation from the linearity in the ZFC
M [110](H) curve, as well as that in the ZFCM [100](H) curve,
can be explained by an assumption that the easy axes of
magnetization for CuA spins,@110# and@110#, appear below
T532 K. The spin directions of CuA would be @110# and
@110# with the same probabilities. WhenH is applied along
@110#, spins with direction@110# would flip at a certain field;
the direction of all spins aligns with@110#. WhenH is ap-
plied along @100#, the direction of spins would rotate to
@010# direction gradually with increasingH.

For the field-cooled condition, the same assumption can
be applicable. Under a field parallel to@110#, the weak-
ferromagnetic moment aligns with the field direction; the
magnetization isH linear. Under that parallel to@100#, the
moments become oriented parallel to@110# and @110# with
the same probabilities in the cooling procedure; the situation
for the field-cooled sample is the same as that for the zero-
field-cooled one and thusM [100](H) curve is independent of
the cooling field.

A problem we encounter here is why theM [110](H)
curves are determined only by a field on cooling. It is diffi-
cult to explain the problem by a pure magnetic origin. In the
case of such origin, the situation would be the same as that
for a ferromagnet with magnetic domains and, onceH larger
than 5 kOe is applied, theM [110](H) curve would converge
on a single curve. The cooling-field dependence of the
M [110](H) curve might be caused by a coupling between the
easy axis of the magnetization for the CuA spins and a lattice
distortion belowT532 K; the orientations of the crystallo-
graphic axes of the distorted lattice might be determined by
the direction of the CuA spins in the cooling procedure and

any field sweeps belowT532 K might not change the ori-
entations of the crystallographic axes. However, we found no
clear evidence for such coupling in our x-ray-diffraction data
of polycrystalline samples~Fig. 2!. Investigations by tech-
niques more sensitive to lattice properties, such as x-ray dif-
fraction of single crystal and optical measurements, are nec-
essary to clarify the possibility of this coupling.

In summary, the temperature- and magnetic-field-
dependent magnetizationM (T,H) revealed a rich variety of
magnetic properties of Ba2Cu3O4Cl 2. The temperatures
where anomalies inM (T,H) appear,T5332 K and 32 K,
agree well with those of the antiferromagnetic transitions of
the CuA and CuB spins, respectively, which are confirmed by
other experiments.4–6 Below T5332 K, the antiferromag-
netically ordered CuA spins have a weak-ferromagnetic mo-
ment due to the Dzialoshinsky-Moriya interaction. Above
T532 K, the weak-ferromagnetic moment rotates freely in
the ~001! plane, while, belowT532 K, the CuA spins have
an easy axis of the magnetization, along@110#, which causes
the flip and the rotation of the ordered CuA spins. The degree
of the increase of the magnetization due to the spin flip,
appearing in theM [110](H) curve belowT532 K, only de-
pends on a field on cooling. The origin of this cooling-field
dependence should be explained by further experiments. An
analysis with a formulaM (H,T)5MO(T)1x(T)H shows
that maxima in theM (T) curves originate from the behavior
of x(T). The maxima could be explained by the CuB spins
with a two-dimensional network of antiferromagnetic inter-
actions. The superexchange interaction constantJCuB can be
estimated to be;40 K.
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