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The new quasi-one-dimensional spin gap compound BaCu2V2O8 was studied by means of magnetic sus-
ceptibility and heat capacity measurements on a powder sample. The magnetic susceptibility was well repro-
duced by alternating antiferromagnetic chain model withJ1=260 K andJ2=52 K, which result in a large spin
gap of about 230 K. It is suggested that theJ1 andJ2 are ascribable to interactions along the Cu-O-V-O-Cu
path and the Cu-O-Cu path, respectively.
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The search for one-dimensional(1D) quantum spin sys-
tems has been a very active field of condensed matter phys-
ics, due to discoveries of various fascinating magnetic phe-
nomena related to spin and charge correlations. These
systems mainly include the spin-Peierls(SP) transition, the
two-leg spin ladder, the spin alternating chain and charge
ordering,1 which are characterized by ground states of the
spin singlet with a finite spin gap due to their spin quantum
effect. Among all 1D spin systems, the linear spin chain
compounds have attracted much theoretic and experimental
interest. Their exotic magnetic properties have been inten-
sively studied. For the uniform linear spin chain compound
CuGeO3,

2 it was found that the opening of a spin gap is due
to a structural phase transition from a gapless state into a
gapped state, which accompanies a spontaneous lattice
dimerization below its critical temperature. For the alternat-
ing spin chain compoundsVOd2P2O7, it was found that two
different spin gaps coexist, and that the second spin gap is
about twice as large as the first one.3

In order to understand the exotic magnetic phenomena of
1D linear chain systems, theoretic and experimental studies
have been carried out by means of various methods. For
CuGeO3, current interest is the observation of antiferromag-
netic (AF) order induced by various substitutions.4,5 Among
these doping effects, Si4+ doping implies that GeO4 tetrahe-
dra plays an important role in SP transition of CuGeO3, be-
cause a small amount of Si4+ doping on Ge4+ site can sup-
press SP state, without any changes of Cu2+ site and crystal
structure.6,7 For sVOd2P2O7, the structural analysis8 and
NMR measurement9 indicated that the coexistence of two
different energy gaps are due to the appearance of two dif-
ferent linear chains related to positional arrangement of the
PO4 tetrahedra, in contrast to the high-pressure phase which
has only a single spin gap of about 27 K.10 These findings
indicate a fact that the magnetic properties of 1D spin gap
systems may be strongly affected by a nonmagnetic tetrahe-
dral sublattice.

Recently, the depression of SP phase and the appearance
of AF phase below the SP transition temperature were ob-
served in various impurity-doped CuGeO3.

11 Further, the ex-
istence of a first-order phase transition between
dimerized-AF and uniform-AF phases was also observed
with the increasing of impurity doping concentration.12 In
addition, it is found that the depression of spin gapD, which

accompanies the appearance of various AF phases, is linear
relation with the increasing of impurity doping.13 Therefore,
it is suggested that a large spin gapD is favorable for the
increasing of impurity doping concentration, which maybe
attract much scientific interest for investigation of new mag-
netic phenomena. Unfortunately, for linear spin chain sys-
tems, no compounds are found to have a large spin gap over
200 K.

These reasons led us to develop a new linear spin chain
compound with a large spin gap by considering the appropri-
ate nonmagnetic tetrahedral sublattices. The inorganic com-
pounds of copper oxides with Cu2+ sd9d are found that their
structural feathers are well defined toward quasi-one-
dimensional spin systems, in which the Cu2+ ions are bridged
by oxygen ions. It is also found that the V5+ sd0d ions are
similar to Ge4+ and P5+ ions, which can be tetrahedrally co-
ordinated by oxygen ions. Quite recently, in our search for
new spin gap compounds based on copper and vanadium
complex oxides, we found that BaCu2V2O8 has two impor-
tant magnetic interaction paths, which, from the viewpoint of
structure, are like those ofsVOd2P2O7. Our experimental re-
sults of magnetic susceptibility and heat capacity measure-
ment indicated that the spin degrees of freedom of this com-
pound are in a nonmagnetic ground state with a spin gap of
about 230 K. To our knowledge, this is the first time that a
spin gap over 200 K for spin-1/2 Heisenberg AF alternating
chain systems has been observed. Further, it is also one of
good examples for understanding of the role of nonmagnetic
tetrahedral sublattices in linear spin chain systems.

The crystal structure of BaCu2V2O8 is similar to
SrNi2V2O8 and has tetragonal symmetry of space group
I-42d with a=12.774 Å,c=8.148 Å, andZ=8.14 Due to a
strong Jahn-Teller effect, the Cu2+ sd9,S=1/2d ions have
quasiplanars4+1+1d-coordination bridged by oxygen ions,
while the V5+ ions sd0,S=0d have two crystallographic sites
V1 and V2, which are tetrahedrally coordinated by oxygen
ions. As shown in Fig. 1, the most prominent feature is that
the one-dimensional linear chains are made of edge-sharing
pairs of CuO4 square-plaquettes and the VO4 tetrahedra
(V1 site) along thec axis, and the linear chains are separated
by another VO4 tetrahedra(V2 site). The present results sug-
gest that two major AF interactions are important similar to
those in sVOd2P2O7; one through the almost orthogonal
Cu-O-Cu pathssJ2d, the other mediated by the almost linear
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Cu-O-V-O-Cu sJ1d, and that interactions of interchains re-
sulting from their 90° Cu-O-V-O-Cu paths are negligible.

A polycrystalline sample was synthesized by a conven-
tional solid-state reaction method using high purity reagents
of BaCO3 s4Nd, CuO s4Nd, and V2O5 s4Nd as starting mate-
rials. The reagents were mixed in stoichiometric proportion
with ethanol and calcined at 993 K in an O2 flow for 60 h
with several intermediate grindings. Finally, the powder
samples were pressed into pellets and sintered at 1023 K in
an O2 flow for 24 h, and then cooled to room temperature at
a rate of 100 K/h. No impurity phase was observed by pow-
der x-ray diffraction(XRD) measurement using CuKa ra-
diation. The crystalline parameters refined by the Rietveld
method using theRIETAN-2000 program15 are in good agree-
ment with those reported previously.14 The dc magnetic sus-
ceptibility was measured with a superconducting quantum
interference device(MPMS5S, Quantum Design) magneto-
meter in a magnetic field of 1 T from 2 K to 400 K and a
magnetic balance(MB-2, Shimadzu) from 400 K to 900 K
on heating. The magnetization was measured with the ap-
plied field up to 9 T at 2 K using a commercial physical
property measurement system(PPMS, Quantum Design).
The heat capacity was measured by a relaxation method us-
ing PPMS.

The large open circles in Fig. 2 show the temperature
dependence of magnetic susceptibility of the sample

BaCu2V2O8. A broad maximum was observed around 280 K,
which displays the 1 D nature in magnetism. The suscepti-
bility decreases rapidly with decreasing temperature, while a
sudden upturn appears below 60 K. The data below 120 K
were fitted well toxsTd=x0+xcwsTd+xspinsTd as shown in
Fig. 2, where x0 is the temperature-independent term,
xcwsTd=C/ sT−ud the Curie-Weiss term corresponding to the
upturn below 60 K, andxspinsTd=aT−1/2exps−D /Td the sus-
ceptibility of one-dimensional chain systems with a finite
spin gap D.16 The parameters were obtained as fol-
lows: x0=−8.31310−5 emu/mol Cu,u=−0.25 K, C=1.08
310−2 emu K/mol Cu,a=3.39310−2, andD<230 K. The
obtainedx0 value is close to the sum of core diamagnetic
susceptibilities, −7.50310−5 emu/mol Cu. Taking account
of the small magnitude ofu and no detection of impurity by
XRD, it is natural to consider that the upturn below 60 K
originates from the isolated Cu2+ ions possibly due to lattice
defect. In fact, magnetization vs applied field curve mea-
sured at 2 K is well reproduced by Brillouin function ofS
=1/2 asshown in Fig. 3. The fraction of the isolated Cu2+

ions estimated from the saturation magnetization, 2.8%, is
very close to that, 2.9%, estimated from Curie constantC.

Plotted with small open circles in Fig. 2 is what is ap-
proximately regarded as the component of the susceptibility
due to the Cu2+ spin systemsxspind, as estimated by subtract-
ing the Curie-Weiss term and the temperature-independent
term. The continuous decrease ofxspin toward zero with a
decrease in temperature reveals the existence of an energy
gap in the spin excitation spectrum. Further, thexspin above

FIG. 1. (Color online) The crystal structure of BaCu2V2O8

s0.5a30.5b32.5cd. (a) The V5+ ions have two crystallographic
sites V1 and V2, corresponding to the VO4 tetrahedra,(dark) and
(light). (b) Two interaction paths,sJ1d and sJ2d, of the linear chain
built by VO4 tetrahedrasV1d and edge-sharing pairs of CuO4

square-plaquettes along thec-axis.

FIG. 2. (Color online) Temperature dependence of magnetic
susceptibility of BaCu2V2O8 from 900 K to 2 K. The big open
circles represent the observed raw data, the small open circles are
the data after subtraction of the Curie-term. The thick solid line
represents the result of fitting to the equation,xsTd=x0+xcwsTd
+xspinsTd below 120 K. The thin solid line represents the result of
fitting to the chain model given by Hatfield above 120 K. The
dashed line represents the Curie-term. The inset shows a compari-
son of fitted results between the isolated dimer model and the chain
model. The closed circles represent the observed data, the solid line
the fitted result by the chain model, and the dashed line the fitted
result by the isolated dimer model.
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120 K could be well fitted to an analytical equation of the
alternating chain model proposed by Hatfield,17,18

xspinsTd =
Ng2mB

2

kBT

0.25 − 0.08x + 0.004x2

1 + 0.39x − 0.006x2 + 0.49x3 , s1d

wherex= uJu /kBT. We obtainedJ1/kBT=260 K, a=0.2, and
g=2.22 for a valid temperature rangeTù0.465J1. For the
alternating chain systems, the spin gap for magnetic spin
excitations from theS=0 singlet ground state to the lowest
S=1 triplet excited states can be approximately expressed as
follows:19

D = J1s1 − ad3/4s1 + ad1/4, s2d

where a=J2/J1 s0øaø0.9d. According to this analytical
equation, the spin gapD is estimated to be about 230 K. This
result is in good agreement with that estimated from low
temperature data mentioned above.

Considering that the alternation parametera is 0.2, this
material is quite close to an isolated dimersa=0d. Then, we
also fit the observed raw data to the dimer model as ex-
pressed as follows:16

xsTd = x0 + C/sT − ud + xdimersTd, s3d

where

xdimersTd = Ng2mB
2/kBTf3 + expsD/Tdg. s4d

The solid and dashed lines in the inset of Fig. 2 show the
results of fitting to the dimer model and the chain model,
respectively. It is clear that the reproducibility by the dimer
model is poorer than that of the chain model at low tempera-
ture. This finding suggests that the chain model is most suit-
able for BaCu2V2O8.

Figure 4 shows the temperature dependence of heat ca-
pacity. There was nol-like anomaly in the heat capacity

from 250 K down to 2 K. This finding supports the absence
of a phase transition and the nature of a nonmagnetic ground
state. For alternating chain systems with a spin gap, the mag-
netic specific heat at low temperaturesT!Dd can be ex-
pressed asCmsTd~J1sD /Td3/2f1+sT/Dd+0.75sT/Dd2ge−D/T.16

It is shown that the magnetic contributionCm is dominated
by the spin gapD and the interaction exchangeJ1. We found
that the value ofCm of BaCu2V2O8 below 8 K is very small
s,10−8 J/mol Kd, by using J1=260 K andD=230 K, and
that the observed heat capacityCp almost results from the
lattice contribution corresponding tob1T

3 at low tempera-
ture. As observed insVOd2P2O7,

10 the inset of Fig. 4 also
shows that the small upturn below 3 K observed under 0 T,
which would be attributed to the free Cu2+ spins, was sup-
pressed by the increasing of an applied field 9 T.

The data on magnetic susceptibility and heat capacity
shows that the spin degrees of freedom of BaCu2V2O8 are in
a nonmagnetic ground state with a spin gap of about 230 K.
It is also suggested that the 1D alternating chain model is
suitable for this compound. For 1D alternating chain systems
with a spin gap, according to the approximate analytical
equation(2) mentioned above, it was shown that the exis-
tence and magnitude of the spin gap are determined by the
larger interaction exchangeJ1 and the alternation parameter
a related to the difference of the two interactionsJ1 andJ2.
Usually, for many transition metal compounds, the magni-
tude and sign of the spin interaction exchange are determined
by the microscopic spatial coordination of magnetic ions and
oxygen ligands containing so-called corner-sharing and
edge-sharing configurations, according to Goodenough’s
rules.20 Although the bridging angle of the Cu-O-Cu path in
BaCu2V2O8 is ,94° of almost orthogonal, it is reasonable to
suppose that the superexchange interaction of the Cu-O-Cu
path is AF, because theoretical study on CuGeO3 suggested
that the nonmagnetic tetrahedral sublattice can strongly af-
fect this interaction and change the sign of superexchange
interaction of the 90° Cu-O-Cu path from ferromagnetic to

FIG. 3. (Color online) MagnetizationsMd vs applied fieldsHd at
2 K. The open circles represent the observed raw data, the solid line
the fitted value by a Brillouin-function ofS=1/2.

FIG. 4. (Color online) Heat capacity of BaCu2V2O8 as a func-
tion of temperature. The inset showsCp/T vs T, a comparison of
heat capacities measured under the fields 0 and 9 T below 8 K.

BaCu2V2O8: QUASI-ONE-DIMENSIONAL… PHYSICAL REVIEW B 69, 220407(R) (2004)

RAPID COMMUNICATIONS

220407-3



AF.21 The AF interaction of the,94° Cu-O-Cu bond was
recently reported in Cu2UO2sPO4d2.

22 Further, as shown in
Fig. 1, it is also suggested that the edge-sharing pairs of
CuO4 square-plaquettes in alternating linear chain are non-
coplanar, which presumably affects this interaction. On the
other hand, it is well known that the superexchange interac-
tions of the 90° Cu-O-Cu bond are very weak, in fact, the
spin gaps of CuNb2O6 (Ref. 23) and SrCu2sBO3d2,

24 which
are dominated by superexchange interactions of almost 90°
Cu-O-Cu, are smaller than 50 K. However, NMR measure-
ment on the copper vanadate LiCuVO4 suggested that in
contrast to Cu-O-Cu paths, the interaction along the Cu-
O-V-O-Cu paths is strong, because mixing of the vanadium
4s orbital with oxygen 2s and 2p results in a transfer of
magneticd-spin from the Cu2+ eg orbital onto the V5+ 4s
orbital.25 Further, it is also proposed that the super-
superexchange interactions involving the linear Cu-O—
O-Cu paths are strong, due to the favorable spatial position.26

Based on above discussions, it is reasonable to suggest that
the VO4 tetrahedral sublattice maybe affects the interaction
of almost 90° Cu-O-Cu, and that theJ2 results from almost

orthogonal Cu-O-Cu paths, whereas theJ1 results from al-
most linear Cu-O-V-O-Cu paths. This finding is also similar
to sVOd2P2O7, which has a major AF interaction of the
V-O-P-O-V paths between a pair of VO5 pyramids mediated
by PO4 tetrahedra and a minor interaction of the V-O-V
paths between a pair of edge-sharing VO5 pyramids.3

In conclusion, it was found that BaCu2V2O8 displays the
1D nature in magnetism and has a nonmagnetic ground state
with a spin gap of about 230 K. The experimental magnetic
susceptibility was well reproduced by alternating chain
model with theJ1=260 K andJ2=52 K. Based on a com-
parison with the similar magnetic interaction path of
sVOd2P2O7, it is suggested that theJ1 andJ2 are ascribable to
interactions along the Cu-O-V-O-Cu path and the Cu-O-Cu
path, respectively, and that largeJ1 and smallJ2/J1 result in
a large spin gap. The results also suggested that the nonmag-
netic VO4 tetrahedral sublattices play an important role in
the alternating linear chain of the titled material.

The authors are grateful to Mr. N. Sakamoto for interest-
ing discussions.

*Author to whom correspondence should be addressed. Email ad-
dress: Mitsuru_Itoh@msl.titech.ac.jp

1P. Lemmens, G. Güntherodt, and C. Gros, Phys. Rep.357, 1
(2003).

2M. Hase, I. Terasaki, and K. Uchinokura, Phys. Rev. Lett.70,
3651 (1993).

3A. W. Garrett, S. E. Nagler, D. A. Tennant, B. C. Sales, and T.
Barnes, Phys. Rev. Lett.79, 745 (1997).

4B. Grenier, J. P. Renard, P. Veillet, C. Paulsen, G. Dhalenne, and
A. Revcolevschi, Phys. Rev. B58, 8202(1998).

5P. E. Anderson, J. Z. Liu, and R. N. Shelton, Phys. Rev. B56,
11014(1997).

6M. Weiden, R. Hauptmann, W. Richter, C. Geibel, P. Hellmann,
M. Köppen, F. Steglich, M. Fischer, P. Lemmens, G.
Güntherodt, A. Krimmel, and G. Nieva, Phys. Rev. B55, 15067
(1997).

7B. Grenier, J. P. Renard, P. Veillet, C. Paulsen, R. Calemczuk, G.
Dhalenne, and A. Revcolevschi, Phys. Rev. B57, 3444(1997).

8Z. Hiroi, M. Azuma, Y. Fujishiro, T. Saito, M. Takano, F. Izumi,
T. Kamiyama, and T. Ikeda, J. Solid State Chem.146, 369
(1999).

9J. Kikuchi, K. Motoya, T. Yamauchi, and Y. Ueda, Phys. Rev. B
60, 6731(1999).

10M. Azuma, T. Saito, Y. Fujishiro, Z. Hiroi, M. Takano, F. Izumi,
T. Kamiyama, T. Ikeda, Y. Narumi, and K. Kindo, Phys. Rev. B
60, 10145(1999).

11S. B. Oseroff, S.-W. Cheong, B. Aktas, M. F. Hundley, Z. Fisk,
and L. W. Rupp, Jr., Phys. Rev. Lett.74, 1450(1995).

12T. Masuda, I. Tsukada, K. Uchinokura, Y. J. Wang, V. Kiryukhin,
and R. J. Birgeneau, Phys. Rev. B61, 4103(2000).

13M. Weiden, W. Richter, R. Hauptmann, C. Geibel, and F. Steg-
lich, Physica B233, 153 (1997).

14R. Vogt and Hk. Müller-Buschbaum, Z. Anorg. Allg. Chem.591,
167 (1990).

15F. Izumi and T. Iketa, Mater. Sci. Forum321-324, 198 (2000).
16D. C. Johnston, R. K. Kremer, M. Troyer, X. Wang, A. Klumper,

S. L. Bud’ko, A. F. Panchula, and P. C. Canfield, Phys. Rev. B
61, 9558(2000), and references therein.

17J. W. Hall, W. E. Marsh, R. R. Weller, and W. E. Hatfield, Inorg.
Chem. 20, 1033(1981).

18W. E. Hatfield, J. Appl. Phys.52, 1985(1981).
19T. Barnes, J. Riera, and D. A. Tennant, Phys. Rev. B59, 11384

(1999).
20J. B. Goodenough, Phys. Rev.117, 1442(1960).
21W. Geertsma and D. Khomskii, Phys. Rev. B54, 3011(1996).
22A. Guesdon, J. Chardon, J. Provost, and B. Raveau, J. Solid State

Chem. 165, 89 (2002).
23K. Kodama, T. Fukamachi, H. Harashina, M. Kanada, Y. Koba-

yashi, M. Kasai, H. Sasaki, M. Sato, and K. Kakurai, J. Phys.
Soc. Jpn.67, 57 (1998).

24H. Kageyama, K. Onizika, T. Yamauchi, Y. Ueda, S. Hane, H.
Mitamura, T. Goto, K. Yoshimura, and K. Kosuge, J. Phys. Soc.
Jpn. 68, 1821(1999).

25H. Saji, J. Phys. Soc. Jpn.33, 671 (1972).
26M. H. Whangbo, H. J. Koo, and D. Dai, J. Solid State Chem.176,

417 (2003).

HE, KYÔMEN, AND ITOH PHYSICAL REVIEW B 69, 220407(R) (2004)

RAPID COMMUNICATIONS

220407-4


