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Ising-like antiferromagnetism in Ca9La5Cu24O41
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Specific heat measurements of a Ca9La5Cu24O41 single crystal in magnetic fields up to 14 T along the three
principal axes were performed. Anomalies of the specific heat indicating long-range antiferromagnetic order
are strongly field dependent and exhibit an extreme anisotropy with respect to the magnetic field orientation. In
addition, large magnetic contributions to the specific heat above the phase transition were observed revealing
the low dimensional character of the chains. Our data strongly suggest that the chains in Ca9La5Cu24O41

exhibit an Ising-like antiferromagnetism.
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In recent years, low dimensionalS5 1
2 antiferromagnetic

Heisenberg systems have been intensively studied theo
cally as well as experimentally due to their unusual phys
properties. Most magnetic materials composed of Cu21 ions
are represented by a Heisenberg model, since in genera
orbital moment is in reasonable approximation w
quenched and thus, the spin is a good quantum number.
exceptional role of Cu21 as a spin magnet is well demon
strated in CuCl2•2NC5H5 representing an antiferromagnet
linear chain of isotropic Heisenberg spins, whereas Co
CoCl2•2NC5H5 yields a ferromagnetic Ising chain.1 The
magnetism of Cu21-based oxides, where CuO squares rep
sent a key structural element, has become of particular in
est because of the possible connection to the mechanis
high-Tc superconductivity. The characteristic arrangeme
of the CuO units, i.e., oxygen squares sharing corners a
high-Tc materials, edges as in the chain compoun2

CuGeO3 and Li2CuO2,3 or both as in the gapped spin ladd
system SrCu2O3,4 are closely related to the fundamenta
different magnetic properties. The parent compound o
family of high-Tc superconductors, La2CuO4, exhibits anti-
ferromagnetic order within the CuO2 layers5 and appears to
be a nearly ideal realization of a 2 DS5 1

2 Heisenberg anti-
ferromagnet. The spin-Peierls compound, CuGeO3, is a good
example of a quasi-one-dimensionalS5 1

2 Heisenberg anti-
ferromagnet containing CuO2 chains with a Cu-O-Cu bond
angle of'98°.6 A similar chain arrangement is also prese
in the (Sr,Ca,La)14Cu24O41 compound which contains two
unique magnetic structures. One consists of Cu2O3 two-leg
ladders withS5 1

2 spins coupled by nearly 180° Cu-O-C
bonds along thea andc axis, whereas the other is compos
of edge sharing CuO2 S5 1

2 spin chains with'90° Cu-O-Cu
exchange paths along thec axis.7,8 Stoichiometric
(Sr,Ca)14Cu24O41 is inherently doped with holes which re
side predominantly in the chains, as suggested by op
conductivity experiments.9 The hole distribution in the
chains results in an unusual spin arrangement with rem
able magnetic properties,10–12 whereas the ladders are ma
netically inert below room temperature due to their large s
gap of D5370 K,13 consistent with recent theoretica
considerations.14 In Ca142xLaxCu24O41, the number of holes
is substantially reduced upon La substitution, and antife
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magnetic long-range order occurs at'10 K for x>5, with
ferromagnetic correlations within the chains.15,16

In this study we show that the isotropic Heisenberg mo
fails to describe the observed thermodynamic propert
suggesting that Ca9La5Cu24O41 is an Ising-like antiferromag-
net. We report on specific heat measurements of
Ca9La5Cu24O41 single crystal using a quasi-adiabatic he
pulse method in magnetic fields up to 14 T parallel to t
principal axes in the 4–35 K temperature range. A sample
53436 mm3 has been used, cut from a single crystal of 1
mm length, grown under several bar oxygen pressure by
travelling solvent floating zone~TSFZ! method.17 Magnetic
measurements were performed using a Foner magnetom

Figure 1 displays the magnetization of a Ca9La5Cu24O41
single crystal as a function of temperature measured for m
netic fields applied along the principal axes. For a fieldH51
T parallel to theb axis, a broad peak emerges in the magn
tization at'15 K followed by a strong decrease below'10
K, whereas for fields along thec axis the magnetization in

FIG. 1. Magnetization as a function of temperature of
Ca9La5Cu24O41 single crystal atH51 T applied parallel to theb
andc axis ~full symbols! andH514 T along theb direction ~open
circles!, respectively. Inset:]M /]H as a function of magnetic field
H parallel to theb axis for different temperatures~see text!.
R3592 ©2000 The American Physical Society
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creases continuously with decreasing temperature. The m
netization for fields along thea axis is almost identical to
that of thec direction and therefore not shown. From th
magnetization measurements it is evident that long-range
tiferromagnetic order occurs at low temperatures with
easy axis parallel to theb axis. Elastic neutron scatterin
experiments on Ca9La5Cu24O41 showed that the interchai
coupling in the a and b directions is antiferromagnetic
whereas the correlations along the chains are ferromagne16

as suggested by the 90° Cu-O-Cu exchange. However, in
50–300 K temperature range, the susceptibility can be s
factorily described by a Curie-Weiss lawx5x01C/
@T1u# with a weak antiferromagnetic interaction, indicatin
that the ferromagnetic nearest neighbor coupling within
chains and the antiferromagnetic interchain exchange ar
similar strength. In fields up to 14 T, parallel to theb axis, no
spontaneous magnetization could be observed down to
as shown in Fig. 1. From the magnetization experiment
strongly anisotropic exchange could not be extracted un
biguously. However, as will be shown in the following, o
specific heat experiments reveal that Ca9La5Cu24O41 exhibits
indeed an extreme magnetic anisotropy.

The influence of magnitude and direction of the appl
magnetic field on the phase transition is shown in Fig. 2
zero field a sharp anomaly is observed in the specific h
indicating the antiferromagnetic phase transition atTN59.7
K. For fields parallel to thec direction, i.e., parallel to CuO2
spin chains, the anomaly shifts to lower temperatures.
transition temperatureTN , determined by an entropy con
serving construction, decreases from 9.7 K in zero field
9.2 K at 8 T and is still present for 14 T at 7.3 K. A drast
magnetic field dependence of the phase transition temp
ture TN is observed when applying the field along theb di-
rection, i.e., parallel to the easy axis. As can be seen in
lower panel of Fig. 2, already at 1.5 T the anomaly of t
specific heat is strongly broadened and considerably sh
to lower temperatures. ForH58 T, no evidence for a phas
transition could be found down to 4 K. For magnetic fiel

FIG. 2. Specific heat anomalies of a Ca9La5Cu24O41 single crys-
tal for different magnetic fields applied parallel to theb andc axis,
respectively.
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applied along thea axis, i.e., perpendicular to the spin chai
and the easy axis, the situation is similar to that of thec axis.
Figure 3 shows the specific heat measured at 8 T for fie
applied along thea andc axes in comparison with theb axis.
In the case of thea andc axes the specific heat is identic
with a well-defined anomaly indicating the onset of magne
order. In contrast, for fields parallel to the easy axis no ph
transition could be revealed. The critical fields and tempe
tures for the antiferromagnetic phase transition are sum
rized in the form of a magnetic phase diagram, shown in F
4. The field dependence ofTN is identical for thea and c
axes, whereas for fields parallel to theb direction, the anti-
ferromagnetic order is already completely suppressed ab
3 T. Below 8 K the critical field along the easy axis wa
determined from magnetization measurements since, at
temperatures, the boundary line becomes very flat. H
anomalies of the specific heat are considerably broade
and unsuitable for an exact determination ofTN . The phase
transition temperature was attributed to the peaks in
]M /]H curves shown in the inset of Fig. 1. We stress tha
spin-flop phase can be excluded unambiguously from s
cific heat measurements in fields up to 8 T along theb axis.

FIG. 3. Specific heat anomalies of a Ca9La5Cu24O41 single crys-
tal at 8 T for different field orientations.

FIG. 4. Magnetic phase diagram for a Ca9La5Cu24O41 single
crystal determined by specific heat and magnetization meas
ments for fields along the three principal crystallographic axes.
open squares denote the boundary line for fields parallel to thb
axis where the critical fieldH has been multiplied by a factor of 7.3



o

o
o
io
u

pp

lu
e
n
he

a
g

h

ld
et
he
st
io
e
on
he
n

ts
in

n-
or
un
et
s

w

-
re
al
e
p

ra
e
pi
th

o
nt
-
n
th
at

nd

the

nce
py
itu-

ro-
an

av-
in-
lar

o-
in-
rbit
in

-Cu
u-

ur-
ant
0°
easy

ow

he
o-
si-
the

red

d

are
he

f a
e
er-
tic
er-
he
ex-
c-

RAPID COMMUNICATIONS

R3594 PRB 62U. AMMERAHL et al.
Moreover, the variation of the critical fieldHc parallel to the
b axis as a function of temperature agrees well with that
the a andc axes after multiplying by a factor of'7.3. This
indicates that the field influence on the antiferromagnetic
dering is similar for all three directions but extremely anis
tropic. Note that this enormous anisotropy in associat
with the absence of a spin-flop phase represents a very
usual and remarkable feature of materials based on co
oxide layers.

A further interesting feature concerns the absolute va
of the specific heat as a function of the applied magnetic fi
for temperatures above the antiferromagnetic phase tra
tion. As can be seen in Fig. 2, for fields below 1.5 T, t
absolute value of the specific heat aboveTN is almost field
independent, whereas the specific heat strongly decre
with increasing field. For example, when applying the ma
netic fieldH along theb axis,Dc5c(0 T!–c(8 T! amounts
to 4 J/mol K at 11 K, which represents already 20% of t
absolute value. The strong field dependence aboveTN clearly
shows that large magnetic contributionscm are present in the
specific heat which are suppressed in high magnetic fie
Further shown in Fig. 3, more above the antiferromagn
phase transition, a remarkable anisotropy in the specific
can be observed in magnetic fields applied along the cry
axes. AtH58 T, the specific heat above the phase transit
is identical forH parallel toa and c whereas the absolut
value is substantially reduced when the field is applied al
b. Thermodynamically, the magnetic contributions to t
specific heatcm are related to the magnetic part of the e
tropy Sm by Sm(T)5*0

T@cm(T8)/T8#dT8. In a magnetic sys-
tem withN spins ofS5 1

2 the total magnetic entropy amoun
to NkB ln 2. Due to the large spin gap of the ladders
Ca9La5Cu24O41, only the spin chains give a significant co
tribution to the magnetic entropy at low temperature. Unf
tunately, the lattice contributions to the specific heat are
known, and therefore a precise evaluation of the magn
part of the entropy is difficult. However, the strong decrea
of the specific heat with increasing magnetic field aboveTN
compared to the absolute value in zero field, clearly sho
that a large amount of magnetic entropySm is present for
temperatures aboveTN . Whereas for an ideal 3D antiferro
magnet the total magnetic entropy is almost completely
covered atTN , this is not the case for a low dimension
system due to short range order above the antiferromagn
order. Thus, we can conclude from our data that the s
chains in Ca9La5Cu24O41 exhibit a low dimensional
character.18

We next discuss the remarkable magnetic phase diag
in terms of a simple uniaxial two-sublattice meanfield mod
If an external field is applied along the preferred axis of s
alignment, the moments tend to turn perpendicular to
field in order to gain a magnetic energy of1

2 (x'2x i)H
2.

The spin-flop transition takes place at a fieldHSF where the
gain of magnetic energy overcompensates the loss due t
anisotropy energy responsible for the preferred spin orie
tion. Upon further increase ofH, the moments rotate gradu
ally until the critical field Hc is reached where the mai
direction of the spins is parallel to the easy axis and
paramagnetic phase is entered. The critical fields are rel
by
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HSF5~2HAFHA2HA
2 !1/2 ~1!

and

Hc52HAF2HA , ~2!

whereHAF denotes the antiferromagnetic exchange field a
HA the corresponding anisotropy field.19 From Eqs.~1! and
~2! it can be seen that an increase of the anisotropy raises
spin-flop fieldHSF , whereasHc is reduced. ForHA5HAF ,
it follows that the critical fieldsHSF and Hc are identical.
From our data we can exclude unambiguously the prese
of a spin-flop phase above 4 K, indicating that the anisotro
energy must be very large. Therefore, the experimental s
ation is reminiscent of that expected for an Ising antifer
magnet. To our knowledge, this is the first observation of
Ising-like behavior attributed toS5 1

2 Cu21 magnetism.
Taking into account the low dimensional magnetic beh

ior of the chains, the anisotropic field influence may be
terpreted in terms of a microscopic picture of rectangu
Cu-O-Cu bonds recently proposed by Yushankhaiet al.20

and Tornowet al.21 In a 180° Cu-O-Cu arrangement the is
tropic antiferromagnetic superexchange is the dominating
teraction, whereas smaller anisotropy terms due to spin-o
coupling account for the in-plane alignment of the spins
cuprates exhibiting corner sharing CuO2 planes. However,
the situation drastically changes in the case of 90° Cu-O
coupling. The leading order interaction in a rectangular C
O-Cu bond is weakly ferromagnetic, and higher order pert
bation processes or side groups can have signific
influence.22 It has been shown that for a ferromagnetic 9
exchange, interaction between copper spins results in an
axis perpendicular to the copper oxide plane.20 These find-
ings are in good agreement with the calculations by Torn
et al. where the out-of-plane anisotropyJop5Jz2(Jx

1Jy)/2 amounts toJop'21.2 meV ('214 K!. This means,
for the chains in Ca9La5Cu24O41, that Hc is drastically re-
duced for fields parallel tob and magnetic order is only
possible for a spin alignment parallel to theb axis. The the-
oretical estimate of the anisotropy energy, which is of t
same order asTN , is consistent with the observed anis
tropic field influence and the absence of a spin-flop tran
tion. The same arguments are valid in order to explain
extreme anisotropic field influence aboveTN shown in Fig.
3. Due to the large anisotropy energy leading to a prefer
spin orientation perpendicular to the CuO2 squares, short
range order aboveTN is strongly suppressed in fields applie
along theb axis in analogy to the reduction ofHc for the
long-range ordered phase belowTN , according to Eq.~2!.
However, further theoretical and experimental studies
highly desirable in order to gain a better insight into t
nature of the highly anisotropic behavior.

In summary, measurements of the specific heat o
Ca9La5Cu24O41 single crystal, in magnetic fields along th
three principal crystallographic axes up to 14 T, were p
formed in the 4–35 K temperature range. Antiferromagne
long-range order occurs below 9.7 K with the easy axis p
pendicular to the CuO2 squares. It has been shown that t
field influence on the phase transition temperature is
tremely anisotropic with respect to the applied field dire
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tion, suggesting an Ising-like character of the magnetism
lated to the chains. In addition, large anisotropic magn
contributions to the specific heat aboveTN were found, indi-
cating the low dimensionality of the chains.
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