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We have succeeded in growing large-size single crystals of Ca2+xY2−xCu5O10 with 0øxø1.67 and mea-
sured the magnetic susceptibility, specific heat, and magnetization curve, in order to study the magnetic ground
state in the edge-sharing CuO2 chain as a function of hole concentration and magnetic field. In the range 0
øxø1.3, it has been found that an antiferromagnetically ordered phase with the magnetic easy axis along the
b axis is stabilized and that a spin-flop transition occurs by the application of magnetic fields parallel to theb
axis. The antiferromagnetic transition temperature decreases with increasingx and disappears aroundx=1.4.
Alternatively, a spin-glass phase appears aroundx=1.5. At x=1.67 where the hole concentration is,1/3 per
Cu, it appears that a spin-gap state is formed owing to the formation of spin-singlet pairs. No sign of the
coexistence of an antiferromagnetically ordered state and a spin-gap state as seen in Ca1−xCuO2 has been found
in Ca2+xY2−xCu5O10.

DOI: 10.1103/PhysRevB.71.104413 PACS numberssd: 75.40.Cx, 75.10.Jm

I. INTRODUCTION

It is no longer doubtful that the mechanism of high-
temperature superconductivity is linked to the magnetism in
the two-dimensional CuO2 plane. Enormous volumes of ex-
perimental and theoretical works on the magnetism have re-
vealed a variety of Cu2+-spin states as a function of carrier
doping.1 The carrier doping drastically changes the antiferro-
magnetically ordered phase to a spin-glass phase, a stripe-
ordered phase of spins and/or holes, a spin-gap or supercon-
ducting phase. Therefore, the change of the magnetism
through carrier doping has attracted great interest.

One-dimensional chain systems composed of Cu2+ and
O2− ions are carrier dopable. They are categorized into
corner-sharing chain or edge-sharing chain systems. In the
former, CuO4 squares are connected with each other by shar-
ing a oxygen at the corner, while they are connected by shar-
ing two oxygens at the edge in the latter. Doped holes make
CuO4 squares nonmagnetic through the change of the Cu
valency from Cu2+ to Cu3+ or the formation of Zhang-Rice
singlet pairs of oxygen holes and Cu2+ spins,2 to divide the
magnetic intrachain interaction. The layered cuprate
Sr14Cu24O41 sRef. 3d possesses predoped edge-sharing CuO2
chains4 whose spin state exhibits a spin gap.5–16 With de-
creasing hole concentration in the chain through the substi-
tution of La3+, Y3+, or Ca2+ for Sr2+, the Cu2+-spin state
changes from a spin-gap state to an antiferromagnetically
ordered one.6,16–19However, the study of the carrier-doping
effect in the chain is not easy in Sr14Cu24O41 because of the
existence of the spin-ladder plane of Cu2O3. A simple struc-
ture system composed of carrier-dopable edge-sharing CuO2
chains is Ca1−xCuO2, whose hole concentration is controlled
by changingx. According to the theoretical calculation,20 the
magnetic interaction between the nearest-neighbor Cu2+

spins in the edge-sharing CuO2 chain is antiferromagnetic for
u.95°, while it is ferromagnetic foru,95°, whereu is the
Cu-O-Cu bond angle as shown in Fig. 1. Theu value in
Ca1−xCuO2 has been estimated to be,95° which is located
at the boundary,21–23 implying that an attractive spin state
may appear. Actually, a coexistence of an antiferromagneti-
cally ordered and spin-gap state has been suggested in the
range 0.164øxø0.190 from the magnetic susceptibility and
specific-heat measurements24 and also from the structural
analysis.23 In order to explain the coexistence, Hiroiet al.24

proposed a two-sublattice model in which a single chain is
divided into two independent chains, taking into account the
theoretical result that the magnetic interaction between the
second-nearest-neighbor Cu2+ spins J2 is antiferromagnetic
and thatuJ2u is much larger than the absolute value of the
nearest-neighbor interactionJ1.

20 That is, every other Cu2+

spin belonging to one sublattice is regarded as forming anti-
ferromagnetic long-range order, while holes and Cu2+ spins
belonging to the other sublattice are regarded as being local-
ized and forming spin-singlet pairs with a spin gap, respec-
tively. From the structural analysis, on the other hand, Isobe
et al.23 have proposed another model in which holes are lo-
cated almost periodically at intervals of two Cu2+ spins. In
this case, it follows that Cu2+ spins on both sides of a hole

FIG. 1. Structure of the edge-sharing CuO2 chain. Theu is the
Cu-O-Cu bond angle. TheJ1 and J2 are the nearest- and second-
nearest-neighbor interactions between Cu2+ spins, respectively.
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form a spin-singlet pair with a spin gap, while a small num-
ber of residual Cu2+ spins exhibit antiferromagnetic order.
The interpretation of the coexistence of the two states in
Ca1−xCuO2 has not yet been settled. However, detailed ex-
periments have not been carried out because it is very hard to
grow single crystals of Ca1−xCuO2.

A similar edge-sharing CuO2 chain system is
Ca2+xY2−xCu5O10. Theu value atx=0 has been estimated to
be ,91°.25 With increasing x, u increases and reaches
,93.4° at x=2,25 which is comparable to that of
Ca1−xCuO2.

22 Therefore, a similar coexistence of an antifer-
romagnetically ordered state and a spin-gap one is expected
in Ca2+xY2−xCu5O10 with largex values as well. As shown in
Fig. 2sad, it possesses a layered structure composed of
stackedac planes where edge-sharing chains run along thea
axis. The magnetic properties have been studied so far
mainly using polycrystalline samples. It has been found from
the magnetic susceptibility,25–27 specific heat,26 and neutron-
scattering measurements28,29 that the sample without any
hole carriers atx=0 exhibits antiferromagnetic order at low
temperatures below the antiferromagnetic transition tempera-
tureTN=30 K and that Cu2+ spins are arranged ferromagneti-
cally along the chain and the interchain coupling is antifer-
romagnetic. With increasingx, namely, with the increase of
doped holes,TN decreases and finally disappears around
x=1.5. The single-crystal growth of Ca2+xY2−xCu5O10 has

been reported by Okaet al.30 for x=0 and 0.5. The magnetic
susceptibility measurements of these crystals have revealed
that the magnetic easy axis is theb axis.30,31 Moreover, the
magnetic dispersion relation has been clarified from the
neutron-scattering experiment.32 The single-crystal growth
for x.0.5 has also been reported,33 but the grown crystals
are too small to be available for the detailed measurements,
though the novel ground state in Ca1−xCuO2 is expected to
appear atx.0.5 in Ca2+xY2−xCu5O10.

Therefore, we have tried to grow large single crystals of
Ca2+xY2−xCu5O10 with x.0.5 and succeeded up tox=1.67.
In this paper, we report results of the single-crystal growth
and the magnetic susceptibility, specific-heat, and magneti-
zation curve measurements using single crystals ofx=0, 0.5,
1.0, 1.2, 1.3, 1.5, and 1.67, and discuss the hole-
concentration and magnetic-field dependences of the mag-
netic ground state of Ca2+xY2−xCu5O10. The preliminary re-
sults have already been reported by Kurogiet al.34

II. EXPERIMENTAL

Single crystals of Ca2+xY2−xCu5O10 were grown by the
traveling-solvent floating-zonesTSFZd method. In order to
prepare the feed rod for the TSFZ growth, first, we prepared
polycrystalline powder of Ca2+xY2−xCu5O10 by the solid-
state reaction method. The prescribed amount of CaCO3,
Y2O3, and CuO powders with 99.9% purity was mixed,
ground, and prefired at 900 °C in air for 12 h. After pulveri-
zation, the prefired powder was mixed and sintered at
1000 °C for 1 week with several times of intermediate grind-
ing. After 1 h grinding, the powder was isostatically cold
pressed at 400 bar into a rod of 7 mm in diameter and
150 mm in length. Then, the rod was sintered at 1000 °C in
air for 1 day. As a result, a tightly and densely sintered feed
rod was prepared. As Ca2+xY2−xCu5O10 melts
incongruently,30,33 solvent disks with different compositions
were prepared sintering at 900 °C in air for 12 h. The com-
position of the solvent listed in Table I was determined re-
ferring to the previous report by Okaet al.33 The TSFZ
growth was carried out with the obtained feed rod and a disk
of the solvent material in an infrared heating furnace
equipped with a quartet ellipsoidal mirrorsCrystal Systems
Inc., Model FZ-T-4000-Hd. The rotation speed of the upper
and lower shafts was 10 rpm in the opposite direction to
secure the homogeneity of the liquid in the molten zone. The
rotation of the lower shaft was stopped when theac plane
became visible during the growth.35 The growth rate and
atmosphere listed in Table I were optimized for eachx by
trial and error. The grown crystals were then characterized
using the x-ray back-Laue photography and were confirmed
to have a single phase by powder x-ray diffraction. The
chemical compositions were determined by the inductively
coupled plasmasICPd atomic emission spectroscopysAESd.

The temperature dependence of the magnetic susceptibil-
ity was measured in a magnetic field of 1 T, using a super-
conducting quantum interference devicesSQUIDd magneto-
meter sQuantum Design, Model MPMSd. The specific-heat
measurements were carried out in magnetic fields up to 9 T
by the thermal relaxation techniquesQuantum Design,

FIG. 2. sad Schematic crystal structure of Ca2+xY2−xCu5O10. sbd
Picture of a single crystal of Ca2+xY2−xCu5O10 with x=1.5 grown
by the TSFZ method, which is a left part of the rod from the upward
arrow. scd X-ray back-Laue photography of a grown crystal of
Ca2+xY2−xCu5O10 with x=1.5 in the x ray parallel to thec axis.
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Model PPMSd. The magnetization curve in magnetic fields
up to 14 T was measured using a vibrating sample magneto-
metersOxford Instruments, Model MagLabd.

III. RESULTS AND DISCUSSION

A. Single-crystal growth

Figure 2sbd shows a picture of a grown single crystal of
Ca2+xY2−xCu5O10 with x=1.5. The cross section is ellipsoidal
in shape, owing to the layered structure stacking along theb
axis. Figure 2scd shows the x-ray back-Laue photography in
the x ray parallel to thec axis. The diffraction spots exhibit a
twofold symmetry and are very sharp, indicating the good
quality of the single crystal. The typical dimensions of a
single domain are 6 mmf3 s40–60dmm, as listed in Table I
for variousx values. The dimensions of single crystals with
1.0øxø1.67 are as large as those withx=0 and 0.5. The
powder x-ray diffraction patterns of the single crystals with
0øxø1.67 reveal no impurity phases. Figure 3 shows thex
dependence of the lattice constantsla, lb, andlc parallel to the
a, b, c axes, respectively. With increasingx, lb tends to in-
crease, while bothla and lc tend to decrease slightly. Taking
into account that the substitution of Ca2+ sionic radius
=0.99 Å d for Y3+ s0.92 Åd expands the distance betweenac
planes and that induced holes in the CuO2 chain shorten the
distance between Cu2+ and O2− ions in the ac plane, the
substitution is regarded as being successful. Thex depen-
dence is in rough agreement with that of polycrystalline
samples.25 As listed in Table I, the chemical composition
determined by ICP-AES almost coincides with the nominal
composition also. Thus, it is said that the growth of large-
size single crystals of Ca2+xY2−xCu5O10 with 0øxø1.67 is
successful.

Here, we note the reasons why we have succeeded in
growing single crystals of Ca2+xY2−xCu5O10 with largex val-
ues by the TSFZ method. The first is that a high oxygen
pressure of 10 atm was applied. Okaet al.33 have performed
the TSFZ growth under oxygen pressure up to 6 atm and
reported that the oxygen pressure tends to suppress the for-
mation of impurity phases. The high oxygen pressure of
10 atm might suppress the formation of impurity phases in
our trial as well. The second is that a seed of a single crystal
was used. The third is that the rotation of the lower rod was
stopped when theac plane appeared. Although the effect has

not been clarified, it is a matter of fact that the growth was
not successful forx.1.0 without this procedure.35 The
fourth is that the growth rate was rather small. In fact, many
cracks in the single crystals grown at a rapid rate exist, which
may be due to the small supersaturation on account of the
narrow liquidus line.

B. Hole-concentration dependence of the magnetic ground
state

Figure 4 shows the temperature dependence of the mag-
netic susceptibilitiesxa, xb, andxc, of Ca2+xY2−xCu5O10 with
0øxø1.67 in a magnetic field of 1 T parallel to thea, b,
andc axes, respectively. Inx=0, 0.5, 1.0, 1.2, and 1.3, it is
found thatxb increases with decreasing temperature and ex-
hibits a sharp peak indicating the antiferromagnetic transi-

TABLE I. Growth conditions, chemical compositions, and dimensions of Ca2+xY2−xCu5O10 single crystals.

nominal composition solvent growth ratesmm/hd atmosphere compositionsICP-AESd dimensionssmmf3mmd
x Ca:Y:Cu Ca:Y:Cu Ca:Y:Cu

0 2.0:2.0:5.0 1.00:0.45:5.10 0.50 air 1 atm 1.94:2.09:4.96 6360

0.5 2.5:1.5:5.0 1.00:0.15:4.20 0.50 O2 1 atm 2.51:1.52:4.97 6360

1.0 3.0:1.0:5.0 1.00:0.10:3.50 0.40 O2 6 atm 2.99:1.05:4.96 6360

1.2 3.2:0.8:5.0 1.00:0.10:4.02 0.35 O2 10 atm 3.21:0.78:5.01 6340

1.3 3.3:0.7:5.0 1.00:0.10:4.28 0.35 O2 10 atm 3.29:0.69:5.02 6340

1.5 3.5:0.5:5.0 1.00:0.10:4.80 0.35 O2 10 atm 3.52:0.55:4.93 6340

1.67 3.667:0.333:5.0 1.00:0.07:4.08 0.35 O2 10 atm 3.64:0.32:5.04 6340

FIG. 3. Hole-concentration dependence of the lattice constants
la, lb, and lc, parallel to thea, b, andc axes of Ca2+xY2−xCu5O10,
respectively. Closed and open circles indicate data of the present
work and Hayashiet al. sRef. 25d, respectively.

SINGLE-CRYSTAL GROWTH AND THE DEPENDENCE ON… PHYSICAL REVIEW B 71, 104413s2005d

104413-3



tion. TN is determined at the peak to be 31 and 29 K forx
=0 and 0.5, respectively, which is similar to the result by
Yamaguchiet al.31 Furthermore,TN is estimated to be 20, 15,
and 12 K forx=1.0, 1.2, and 1.3, respectively. Bothxa and
xc tend to become constant belowTN, so that theb axis is
regarded as the magnetic easy axis in 0øxø1.3. In x=1.5
and 1.67, on the other hand, no antiferromagnetic transition
is observed, but a small and broad shoulder appears around
20 K not only inxb but also inxa andxc. The isotropic broad
shoulder is not characteristic of the antiferromagnetic long-
range order but analogous to a broad peak observed in a
spin-gap state.8–12,23,24Here, note that the value of the mag-
netic susceptibility inx=1.67 is remarkably small, which is
discussed later.

Figure 5 shows the temperature dependence ofxa, xb, and
xc on both zero-field cooling and field cooling in a magnetic
field of 100 Oe. The temperature dependence exhibits a hys-
teresis in 1.3øxø1.67, while it is reversible inx=1.2. The
hysteresis indicates a spin-glass transition with the transition
temperatureTspin-glass,6 K. Tspin-glass is independent ofx.
Moreover, the hysteresis is much smaller inx=1.3 and 1.67
than inx=1.5. Accordingly, the spin-glass phase observed in
x=1.3 and 1.67 may not be a main phase but a minor one due
to the inhomogeneity ofx in a crystal. As shown in the inset
of Fig. 5, in fact, the temperature dependence of the spin-
glass order parameterq of x=1.67 defined byx=x0+s1
−qdC/T sRef. 36 and 37d almost coincides with that ofx
=1.5, indicating that the spin-glass phase ofx=1.67 quite

resembles that ofx=1.5. Here,x0 and C are the constant
susceptibility and the Curie constant, respectively. From the
fitting analysis usingq,sTspin-glass−Tdb, the critical expo-
nent b is estimated as 0.97 and 0.98 forx=1.5 and 1.67,
respectively. Theseb values are close to the mean-field pre-
diction b=1 and to experimental values, such as 0.7 and 0.9
for Cu:Mn sRef. 38d and 0.9–0.97 for La2−xSrxCuO4 with
0.03øxø0.05.36,37

Here, we discuss small values of bothxa andxb, andxc in
x=1.67. For all the measured single crystals, the temperature
dependence of the magnetic susceptibilityx at high tempera-
tures between 250 and 300 K is well fitted using the Curie-
Weiss lawx=x0+NfNg2mB

2SsS+1d / f3kBsT−Qdg, whereNf is
the number of free spins per Cu,N the number of Cu atoms,
g the g factor, mB the Bohr magneton,S the spin quantum
number,kB the Boltzmann constant, andQ the Weiss tem-
perature. Theg value is estimated from the fitting of the data
of x=0 whereNf =1. It is dependent on the field direction
and estimated asga=2.13 sH ia axisd, gb=2.39 sH ib axisd,
and gc=2.10 sH ic axisd. Using these values, values ofNf
and Q are estimated, as plotted in Figs. 6sad and 6sbd. It is
found that the obtained value ofNf is comparable with that
estimated from the chemical formula for 0øxø1.5, while
Nf is roughly one half or one third of the latter forx=1.67.

FIG. 4. sColor onlined Temperature dependence of the magnetic
susceptibilitiesxa, xb, and xc, of Ca2+xY2−xCu5O10 with 0øx
ø1.67 in a magnetic field of 1 T parallel to thea, b, andc axes,
respectively.

FIG. 5. sColor onlined Temperature dependence of the magnetic
susceptibilitiesxa, xb, and xc of Ca2+xY2−xCu5O10 with 1.2øx
ø1.67 on both zero-field cooling and field cooling in a magnetic
field of 100 Oe. Closed and open symbols correspond to the data on
zero-field cooling and field-cooling, respectively. The inset shows
the temperature dependence of the spin-glass order parameterq in
x=1.5 and 1.67. Solid lines denote fitting curves proportional to
sTspin-glass−Tdb.
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The Q value inx=1.67 is −30±10 K, whose absolute value
is remarkably large compared to those of the otherx values.
The marked decrease ofNf in x=1.67 may be explained as
follows. According to the theoretical result,20 magnetic inter-
actions between Cu2+ spins, expressed asJ1 andJ2 in Figs. 1
and 6scd, are expected to be ferromagnetic and antiferromag-
netic, respectively, as mentioned in Sec. I. Therefore, this
spin system is regarded as being highly frustrated. As forx
=1.67, the hole concentration is,1/3 per Cu. Therefore,
when holes are located in order at every third site in the
chain, it follows that all the Cu2+ spins can form such spin-
singlet dimers as shown in Fig. 6scd without residual spins
and without the frustration betweenJ1 andJ2, leading to the
marked decrease ofNf.

39 As mentioned in Sec. I, a similar
arrangement of holes and spins has been proposed by Isobe
et al.23 from the structural analysis of Ca1−xCuO2+d with x
=0.176, whose hole concentration is close to that of
Ca2+xY2−xCu5O10 with x=1.67. Accordingly, the magnetic
ground state inx=1.67 may be spin-singlet pairs with a spin
gap. In order to be conclusive, a neutron-scattering experi-
ment forx=1.67 is under way.40

Figure 7 shows the temperature dependence of the spe-
cific heatC of Ca2+xY2−xCu5O10 in zero field. Al-type peak
is observed inx=0, 0.5, 1.0, 1.2, and 1.3, corresponding to
the antiferromagnetic transition.TN is estimated at the peak
to be 29, 26, 18, 15, and 12 K forx=0, 0,5, 1.0, 1.2, and 1.3,
respectively. These values are consistent with those esti-
mated from the magnetic susceptibility measurements. The
l-type peak is smeared and shifted to lower temperatures
with increasingx, and finally disappears atx=1.5. Formerly,
Chabotet al.41 found from the specific-heat measurements of
polycrystalline samples that the temperature dependence of
the specific heat inx=1.0 is regarded as a behavior charac-
teristic of the one-dimensional Heisenberg antiferromagnetic
chain, taking into account the result that nol-type peak is
observed atTù0.5 K. The difference may be attributed to
the quality of the samples, because it is described in Ref. 41

that a large Curie tail has been observed in the temperature
of the magnetic susceptibility atx.0, while no Curie tail is
observed in our samples. As forx=1.5 and 1.67, the specific
heat exhibits a broad peak around 10 K instead of al-type
peak. Such a peak may be regarded as being because of static
short-range order similar to a spin glass or because of a spin
gap caused by the formation of spin-singlet pairs. Taking into
account the result that the onset temperature of the broad
peak of the specific heats,20 Kd coincides with the tem-
perature of the broad shoulder observed in the temperature
dependence of the magnetic susceptibility, the origin seems
to be a spin-gap formation. However, this is inconsistent with
the result that the broad peak inx=1.67 is smaller than that
in x=1.5, because the number of spin-singlet pairs inx
=1.67 should be larger than that inx=1.5. Taking into ac-
count the results that the spin-glass phase inx=1.67 may be
a minor phase and that the broad peak inx=1.5 appears to
systematically change from thel-type peak ofxø1.3, the
origin is probably the formation of static short-range order
similar to a spin glass.

Here, we would like to calculate the entropy of Cu2+ spins
Sspin from the specific heat of spinsCspin as Sspin
=e0

TCspin/T8dT8. However, the precise evaluation ofSspin is
hard, because the specific heat of phononsCphonon is un-
known. Here, suffice it to say thatSspin is likely to exhibit the
minimum at x=1.67 among the present samples, assuming
that Cphonon is independent ofx. This is qualitatively consis-
tent with the small value ofNf in x=1.67 shown in Fig. 6sad.
Therefore, it is concluded that the specific-heat data also in-
dicate the formation of spin-singlet pairs with a spin gap at
x=1.67.

Figure 8 summarizes thex dependence of the characteris-
tic temperatures in zero field for Ca2+xY2−xCu5O10. An anti-
ferromagnetically ordered phase is found in smallx values.
TN decreases with increasingx and disappears around 1.4.
Alternatively, a spin-glass phase appears aroundx=1.5. The
spin-glass phase observed inx=1.3 and 1.67 may be a minor

FIG. 6. Dependences onx of sad the number of free spins per Cu
Nf and sbd the Weiss temperatureQ in Ca2+xY2−xCu5O10. scd Pos-
sible picture of spin-singlet pairs inx=1.67. Arrows and circles
indicate Cu2+ spins and holes, respectively. The dotted line insad
indicatesNf estimated from the chemical formula. Dotted ellipses in
scd indicate spin-singlet pairs.

FIG. 7. sColor onlined Temperature dependence of the specific
heatC of Ca2+xY2−xCu5O10 with 0øxø1.67 in zero field.
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phase. Inx=1.67, it appears that more than half of Cu2+

spins form spin-singlet pairs with a spin gap in the measured
temperature range.

Referring to Ref. 27, theu value of Ca2+xY2−xCu5O10 with
x=1.67 is estimated as,93°, which is comparable with that
of Ca1−xCuO2.

22 Therefore, not only hole concentrations but

also u values in these systems are almost similar to each
other. However, no sign of the coexistence of an antiferro-
magnetically ordered state and a spin gap one suggested in
Ca1−xCuO2 has been found in Ca2+xY2−xCu5O10. This may be
because the intense modulation in theac plane and/or the
randomness of Ca2+ and Y3+ ions in Ca2+xY2−xCu5O10 sup-
press the mobility of holes so as not to make any suitable
arrangement of holes for the formation of the coexistence
state. In fact, the modulation periods parallel to thea andc
axes in Ca2+xY2−xCu5O10 with x=1.67 are as small as,90
and,40% of those in Ca1−xCuO2, respectively.27

C. Magnetic-field dependence of the magnetic ground state

1. x=0, 0.5, 1.0, 1.2, and 1.3

Figures 9sad–9sed show the temperature dependence of the
specific heat in magnetic fields parallel to theb axis for x
=0, 0.5, 1.0, 1.2, and 1.3. With increasing magnetic field, the
l-type peak is reduced and shifted to lower temperatures. By
the application of magnetic fields parallel to thea andc axes,
on the other hand, the shift of the peak is very small, as
shown in Figs. 9sfd–9shd. The anisotropic effect of magnetic
field on the peak is consistent with the result that the mag-
netic easy axis is parallel to theb axis. That is, in magnetic
fields parallel to theb axis, TN is markedly lowered due to
the competition between the exchange energy and the Zee-

FIG. 8. sColor onlined Magnetic phase diagram of
Ca2+xY2−xCu5O10 in zero field. Open and closed symbols indicate
temperatures below which the main phase and the minor phase
appear, respectively.

FIG. 9. sColor onlined Tem-
perature dependence of the spe-
cific heat C of Ca2+xY2−xCu5O10

with 0øxø1.3 in magnetic fields
up to 9 T sad–sed parallel to theb
axis andsfd–shd parallel to thea
andc axes.
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man energy. In magnetic fields parallel to thea and c axes
si.e., perpendicular to the spin directiond, the component par-
allel to theb axis of magnetic moments keeps the antiferro-
magnetic arrangement, though the magnetic moments gradu-
ally tend toward the field direction. Accordingly,TN does not
decrease with increasing field so much.

Figures 10sad–10sed show the magnetization curves in
magnetic fields up to 14 T parallel to theb axis. Inx=0, 0.5,
1.0, a jump is clearly observed at low temperatures below
TN.42,43This magnetization jump is regarded as being due to

a spin-flop transition, because the extrapolated line of the
magnetization curve at high magnetic fields above the spin-
flop transition fieldHSF tends to cross the origin. With in-
creasingx, the spin-flop transition becomes smeared. Inx
=1.2 and 1.3, the spin-flop transition is not detected as a
jump but a bend. By the application of magnetic fields par-
allel to thea andc axes, on the other hand, the magnetization
increases linearly with increasing field, as shown in Figs.
10sgd–10skd. This is due to the gradual tendency of magnetic
moments toward the field direction. Here, it is noted that

FIG. 10. sColor onlined Magnetic-field depen-
dence of the magnetization curve of
Ca2+xY2−xCu5O10 with 0øxø1.67 at various
temperatures in magnetic fields up to 14 Tsad–sfd
parallel to theb axis andsgd–sld parallel to thea
andc axes.
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Chabot et al.41 have previously estimatedHSF as ,5 T
around 25–30 K inx=0 from the magnetization curve of
grain-aligned polycrystalline samples. However, such a tran-
sition is not detected in our measurements using a single
crystal withx=0 of good quality.

Figure 11 summarizes the characteristic fields and tem-
peratures in the antiferromagnetically ordered state.HSF’s
shown by closed symbols are defined at the maximum point
of the field derivative of the magnetization curve for 0øx
ø1.0 and at the point where linear extrapolations of the seg-
ments of the magnetization curve below and aboveHSF in-
tersect with each other forx=1.2 and 1.3. Transition tem-
peratures defined at the peak of the temperature dependence
of the specific heat are plotted by open symbols. It is found
that the initial spin arrangement changes into a spin-flopped
one atHSF with increasing field and that the region of the
initial spin arrangement becomes narrow through the hole
doping.

Here, we estimate the magnitude of the the exchange field
and the magnetic anisotropy field parallel to theb axis. The
spin-flop transition takes place atHSF where the gain of the
Zeeman energy overcomes the loss due to the magnetic an-
isotropy energy responsible for the preferred spin direction.
In terms of a simple uniaxial mean-field model,44 the spin-
flop transition field at 0 K is given byHSFs0d=s2HEHA

−HA
2d1/2, whereHA andHE are the magnetic anisotropy field

and the exchange field, respectively.HE is roughly given by
s1/2dH0, whereH0 is a field where the Cu2+ moment is satu-
rated. By extrapolating the magnetization curve to the satu-
rated value estimated from the number of Cu2+ spins,H0 is
estimated as,70 T for x=0, 0.5, 1.0, 1.2, and 1.3, which is
almost independent ofx. So,HE is calculated to be,35 T ,
implying no change of the magnitude of the exchange inter-
action up tox=1.3. Using the extrapolated value ofHSFs0d

=10.5, 10.0, 8.5, 4.0, and 3.0 T,HA’s are calculated to be
1.6, 1.5, 1.0, 0.2, and 0.1 T forx=0, 0.5, 1.0, 1.2, and 1.3,
respectively. Therefore, it is suggested that the decrease of
TN through the hole doping is not attributed to the decrease
of J1 corresponding toHE but the decrease of the magnetic
anisotropy parallel to theb axis corresponding toHA. This is
consistent with the recent inelastic neutron-scattering results
of Ca2+xY2−xCu5O10 that J1 is almost independent ofx and
that the anisotropic exchange interactionD decreases with
increasingx.40

Meanwhile, a metamagnetic transition has been reported
in the edge-sharing CuO2 chain system of Ca9La5Cu24O41

45.
The difference in the transition in magnetic fields between
Ca9La5Cu24O41 and Ca2Y2Cu5O10 is explained as being due
to that inJ1. That is,J1 estimated from the neutron-scattering
experiments is as small asD in Ca9La5Cu24O41,

46 while J1 is
about 10–100 times larger thanD in Ca2Y2Cu5O10.

40 There-
fore, HE and HA are comparable with each other in
Ca9La5Cu24O41, so that the metamagnetic transition takes
place rather than the spin-flop transition. These results re-
mind us that the magnetic interaction in the edge-sharing
CuO2 chain exhibits a remarkable change as a function ofu.

2. x=1.5 and 1.6

Figure 12 shows the temperature dependence of the spe-
cific heat of Ca2+xY2−xCu5O10 with x=1.5 and 1.67 in zero
field and in a magnetic field of 9 T parallel to thea, b, andc
axes. The broad peak observed around 10 K in zero field
suggests the formation of a spin-glass state, as discussed in
Sec. III B. The peak does not change by the application of a
magnetic field of 9 T parallel to thea, b, andc axes. This
may be reasonable, because the magnetic field of 9 T is
much smaller thanuJ1u /mB which brings about short-range
magnetic order. Forx=1.5 and 1.67, in fact,uJ1u /kB has been
estimated as 80 K.40 It is found that the spin-gap state inx
=1.67 is also not affected by the application of magnetic
field. This is also reasonable, because the spin gapD /mB is
expected to be much larger than 9 T. In fact, it has been
found thatD /kB in the similar edge-sharing CuO2 chain of

FIG. 11. sColor onlined Magnetic phase diagram of
Ca2+xY2−xCu5O10 with 0øxø1.3 as a function of magnetic field
and temperature. Magnetic fields are applied parallel to theb axis.
Closed and open symbols indicate characteristic magnetic fields and
temperatures estimated from the magnetization curve and specific-
heat measurements, respectively. Typical spin arrangements seen
along thea axis si.e., parallel to the CuO2 chaind are shown in the
paramagnetic, antiferromagnetically ordered, and spin-flopped
phases.

FIG. 12. sColor onlined Temperature dependence of the specific
heatC of Ca2+xY2−xCu5O10 with x=1.5 and 1.67 in zero field and in
a magnetic field of 9 T parallel to thea, b, andc axes.
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Sr14Cu24O41 is as large as,100 K.6,7,11,13,16Therefore, a
possible peak of the specific heat due to the spin-gap forma-
tion in x=1.67 may be located at a much higher temperature
than the observed broad peak and hidden by the large con-
tribution of Cphonon.

Figures 10sfd and 10sld show the magnetization curve of
Ca2+xY2−xCu5O10 with x=1.5 and 1.67 at 4 K in magnetic
fields up to 14 T parallel to theb, a, and c axes. The
magnetic-field dependence looks similar to a paramagnetic
one. The paramagnetic behavior inx=1.5 may be due to the
weak interaction between short-range magnetically ordered
regions in the spin-glass state, because the magnetization in
x=1.5 is much larger than that inx=1.67 where the spin-
glass phase is a minor one. As forx=1.67, on the other hand,
the strong suppression of the magnetic susceptibility sugges-
tive of the spin-gap formation is observed as shown in Fig. 4
and discussed above. The suppression is also observed in the
magnetization curve. However, the magnetization curve does
not exhibit any kink up to 14 T, suggestive of the close of
the spin gap, but the paramagnetic behavior due to a minor
phase of the spin glass. This is reasonable, becauseD /mB is
speculated to be much larger than 14 T as discussed from the
specific-heat measurements.

IV. SUMMARY

We have succeeded in growing large-size single crystals
of Ca2+xY2−xCu5O10 with 0øxø1.67 by the TSFZ method
and measured the magnetic susceptibility, specific-heat, and

magnetization curve. In the range 0øxø1.3, an antiferro-
magnetic phase transition with the magnetic easy axis along
the b axis has been detected in both magnetic susceptibility
and specific-heat measurements and a spin-flop transition has
been observed in the magnetization curve. It has been found
that TN decreases with increasingx and disappears around
x=1.4. Alternatively, a spin-glass phase appears aroundx
=1.5. The spin-glass state inx=1.3 and 1.67 may be due to a
minor phase. Atx=1.67 where the hole concentration is
,1/3 per Cu, the pretty small magnetic susceptibility has
indicated that a spin-gap state due to the formation of spin-
singlet pairs seems to emerge as a main phase. No sign of the
coexistence of antiferromagnetically ordered and spin-gap
states as seen in Ca1−xCuO2 has been found in
Ca2+xY2−xCu5O10. This may be due to the intense modulation
in the ac plane and/or the randomness of Ca2+ and Y3+ ions
in Ca2+xY2−xCu5O10.
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