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BaCu,V,0g: Quasi-one-dimensional alternating chain compound with a large spin gap
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The new quasi-one-dimensional spin gap compound Bé&Dg 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 With260 K andJ,=52 K, which result in a large spin
gap of about 230 K. It is suggested that theand J, 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-dimensiondlD) quantum spin sys- accompanies the appearance of various AF phases, is linear
tems has been a very active field of condensed matter physelation with the increasing of impurity dopirg Therefore,
ics, due to discoveries of various fascinating magnetic pheit is suggested that a large spin gapis favorable for the
nomena related to spin and charge correlations. Thesacreasing of impurity doping concentration, which maybe
systems mainly include the spin-Peie(8P) transition, the attract much scientific interest for investigation of new mag-
two-leg spin ladder, the spin alternating chain and chargaetic phenomena. Unfortunately, for linear spin chain sys-
ordering? which are characterized by ground states of thetems, no compounds are found to have a large spin gap over
spin singlet with a finite spin gap due to their spin quantum200 K.
effect. Among all 1D spin systems, the linear spin chain These reasons led us to develop a new linear spin chain
compounds have attracted much theoretic and experimentapbmpound with a large spin gap by considering the appropri-
interest. Their exotic magnetic properties have been intenate nonmagnetic tetrahedral sublattices. The inorganic com-
sively studied. For the uniform linear spin chain compoundpounds of copper oxides with €u(d®) are found that their
CuGeQ,? it was found that the opening of a spin gap is duestructural feathers are well defined toward quasi-one-
to a structural phase transition from a gapless state into gimensional spin systems, in which the*Cions are bridged
gapped state, which accompanies a spontaneous latti&® Oxygen ions. It is also found that the’V/(d°) ions are
dimerization below its critical temperature. For the alternat-Similar to Gé* and P* ions, which can be tetrahedrally co-
ing spin chain compountvV0),P,0-, it was found that two ordinated by oxygen ions. Quite recently, in our search for
different spin gaps coexist, and that the second spin gap €W Spin gap compounds based on copper and vanadium
about twice as large as the first che. complex oxides, we found that Bag,Og has two impor-

In order to understand the exotic magnetic phenomena dnt magnetic interaction paths, which, from the viewpoint of
1D linear chain systems, theoretic and experimental studiegfructure, are like those ¢¥0),P,0;. Our experimental re-
have been carried out by means of various methods. Fdiults of magnetic susceptibility and heat capacity measure-
CuGeQ, current interest is the observation of antiferromag-ment indicated that the spin degrees of freedom of this com-
netic (AF) order induced by various substitutich$Among ~ pound are in a nonmagnetic ground state with a spin gap of
these doping effects, Gidoping implies that Geptetrahe- ~about 230 K. To our knowledge, this is the first time that a
dra plays an important role in SP transition of CuGele-  spin gap over 200 K for spin-1/2 Heisenberg AF alternating
cause a small amount of Sidoping on G&" site can sup- chain systems has been observed. Further, it is also one of
press SP state, without any changes of'Giite and crystal good examples for understanding of the role of nonmagnetic
structuré®’ For (VO),P,0,, the structural analysisand  tetrahedral sublattices in linear spin chain systems.

NMR measuremeftindicated that the coexistence of two  The crystal structure of BaGW,Og is similar to
different energy gaps are due to the appearance of two difSf/Ni,V20g and has tetragonal symmetry of space group
ferent linear chains related to positional arrangement of th&-42d with a=12.774 A,c=8.148 A, andzZ=8. Due to a
PO, tetrahedra, in contrast to the high-pressure phase whicktrong Jahn-Teller effect, the €u(d®,S=1/2) ions have
has only a single spin gap of about 272KThese findings duasiplanai4+1+1)-coordination bridged by oxygen ions,
indicate a fact that the magnetic properties of 1D spin gapvhile the \#* ions (d°,S=0) have two crystallographic sites
systems may be strongly affected by a nonmagnetic tetrahd/; and V,, which are tetrahedrally coordinated by oxygen
dral sublattice. ions. As shown in Fig. 1, the most prominent feature is that

Recently, the depression of SP phase and the appearanit® one-dimensional linear chains are made of edge-sharing
of AF phase below the SP transition temperature were obpairs of CuQ square-plaquettes and the YQ@etrahedra
served in various impurity-doped CuGg® Further, the ex-  (V site) along thec axis, and the linear chains are separated
istence of a first-order phase transition betweenby another VQ tetrahedraV, site). The present results sug-
dimerized-AF and uniform-AF phases was also observegest that two major AF interactions are important similar to
with the increasing of impurity doping concentratinin ~ those in (VO),P,O;; one through the almost orthogonal
addition, it is found that the depression of spin ggpvhich  Cu-O-Cu pathgJ,), the other mediated by the almost linear
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FIG. 2. (Color online Temperature dependence of magnetic
susceptibility of BaCsV,0g 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 equatioT) =xo+ xcw(T)
+Xspin(T) 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-

(b) son of fitted results between the isolated dimer model and the chain
FIG. 1. (Color onling The crystal structure of BaGW,Og model. The closed circles represent the observed data, the solid line

(0.5a% 0.50% 2.5¢). (8) The V&* ions have two crystallographic the fitted result by the chain model, and the dashed line the fitted
sites V4, and V\,, corresponding to the VQtetrahedra(darky and result by the isolated dimer model.

(light). (b) Two interaction paths(J;) and(J,), of the linear chain BaCuwV ,0g. A broad maximum was observed around 280 K,
built by VO, tetrahedra(V,) and edge-sharing pairs of CYO \hich displays te 1 D nature in magnetism. The suscepti-
square-plaquettes along theaxis. bility decreases rapidly with decreasing temperature, while a
sudden upturn appears below 60 K. The data below 120 K
were fitted well tox(T)=xo+ xcwlT) + Xspi T) @S shown in

: : Fig. 2, where yy is the temperature-independent term,
A polycrystalline sample was synthesized by a conven- ) . -
tionalpso)llid-)gtate reactionpmethod Llllsing high pu)r/ity reagentdcw( 1) =C/(T—0) the Curie-Weiss term corresponding to the
of BaCQ; (4N), CuO (4N), and V40, (4N) as starting mate- UPturn below 60 K, andsiy(T)=aT “2exp(-A/T) the sus-
rials. The reagents were mixed in stoichiometric proportiorceptibility of one-dimensional chain systems with a finite
with ethanol and calcined at 993 K in an, @ow for 60 h ~ SPin gap A.'°® The parameters were obtained as fol-
with several intermediate grindings. Finally, the powderlows: xo=-8.31x 107> emu/mol Cu,¢=-0.25 K, C=1.08
samples were pressed into pellets and sintered at 1023 K i 1072 emu K/mol Cu,a=3.39x 1072 andA~230 K. The
an O, flow for 24 h, and then cooled to room temperature atobtainedy, value is close to the sum of core diamagnetic
a rate of 100 K/h. No impurity phase was observed by pow-susceptibilities, —7.58 107> emu/mol Cu. Taking account
der x-ray diffraction(XRD) measurement using G« ra-  of the small magnitude of and no detection of impurity by
diation. The crystalline parameters refined by the RietveldXRD, it is natural to consider that the upturn below 60 K
method using th&IETAN-2000 program’® are in good agree- originates from the isolated Eliions possibly due to lattice
ment with those reported previousiThe dc magnetic sus- defect. In fact, magnetization vs applied field curve mea-
ceptibility was measured with a superconducting quantunsured at 2 K is well reproduced by Brillouin function &f
interference devicéMPMS5S, Quantum Desigmrmagneto- =1/2 asshown in Fig. 3. The fraction of the isolated €u
meter in a magnetic field of 1 T from 2 K to 400 K and a ions estimated from the saturation magnetization, 2.8%, is
magnetic balancéMB-2, Shimadzuy from 400 K to 900 K  very close to that, 2.9%, estimated from Curie cons@nt
on heating. The magnetization was measured with the ap- Plotted with small open circles in Fig. 2 is what is ap-
plied field up to 9 T at 2 K using a commercial physical proximately regarded as the component of the susceptibility
property measurement syste(®PMS, Quantum Design due to the C&" spin systen(xspin), @s estimated by subtract-
The heat capacity was measured by a relaxation method ugig the Curie-Weiss term and the temperature-independent
ing PPMS. term. The continuous decrease xf;, toward zero with a
The large open circles in Fig. 2 show the temperaturalecrease in temperature reveals the existence of an energy

dependence of magnetic susceptibility of the samplegap in the spin excitation spectrum. Further, jhg, above

Cu-0-V-0-Cu(J,), and that interactions of interchains re-
sulting from their 90° Cu-O-V-O-Cu paths are negligible.
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FIG. 3. (Color online MagnetizationM) vs applied fieldH) at

the fitted value by a Brillouin-function 08=1/2.
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FIG. 4. (Color onling Heat capacity of BaG¥,Og as a func-
2 K. The open circles represent the observed raw data, the solid lingon of temperature. The inset showg/T vs T, a comparison of
heat capacities measured under the fields 0 and 9 T below 8 K.

120 K could be well fitted to an analytical equation of the 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 temperatuf€<A) can be ex-

alternating chain model proposed by Hatfiid?

Ng?ug

0.25 - 0.0& + 0.004°

Xspin(T) =

where y=|J|/kgT. We obtained);/kgT=260 K, «=0.2, and
g=2.22 for a valid temperature range=0.465),. For the

keT 1+ 0.3% —0.006+0.49%>’

(Y

pressed a€(T) o Jy(A /T34 1 +(T/A)+0.75T/A) 2T 36

It is shown that the magnetic contributi@}, is dominated

by the spin ga\ and the interaction exchange We found
that the value ofZ,, of BaCu,V,0g below 8 K is very small

alternating chain systems, the spin gap for magnetic spif<102 J/mol K), by usingJ;=260 K andA=230 K, and
excitations from theS=0 singlet ground state to the lowest that the observed heat capacily almost results from the
S=1 triplet excited states can be approximately expressed dattice contribution corresponding t8,T° at low tempera-
ture. As observed ifVO),P,0-,1° the inset of Fig. 4 also
shows that the small upturn below 3 K observed under O T,

follows:19

A=3(1-a)* (1 +a)™?

where a=J,/J; (0<a=<0.9). According to this analytical

temperature data mentioned above.

Considering that the alternation parameters 0.2, this
material is quite close to an isolated dinfer=0). Then, we

2

which would be attributed to the free €uspins, was sup-
pressed by the increasing of an applied field 9 T.

. . . , ) The data on magnetic susceptibility and heat capacity
equatlc_m,_the spin gaf is estlma'yed to be ab_out 230 K. This ghows that the spin degrees of freedom of BAG®; are in
result is in good agreement with that estimated from low, 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

also fit the observed raw data to the dimer model as €Xaquation(2) mentioned above, it was shown that the exis-
tence and magnitude of the spin gap are determined by the

pressed as follow¥

X(T) = xo+ C/(T = 0) + xgimelT),

where

Xaimed T) = NGPug/kaT[3 + exA/T)].

able for BaCyV,0Og.

3

larger interaction exchangh and the alternation parameter
«a related to the difference of the two interactiahsand J,.

Usually, for many transition metal compounds, the magni-
tude and sign of the spin interaction exchange are determined

(4)

by the microscopic spatial coordination of magnetic ions and

oxygen ligands containing so-called corner-sharing and
The solid and dashed lines in the inset of Fig. 2 show theedge-sharing configurations, according to Goodenough’s
results of fitting to the dimer model and the chain model,rules? Although the bridging angle of the Cu-O-Cu path in
respectively. It is clear that the reproducibility by the dimer BaCyV,0g is ~94° of almost orthogonal, it is reasonable to
model is poorer than that of the chain model at low temperasuppose that the superexchange interaction of the Cu-O-Cu
ture. This finding suggests that the chain model is most suitpath is AF, because theoretical study on CugsQygested
that the nonmagnetic tetrahedral sublattice can strongly af-
Figure 4 shows the temperature dependence of heat céect this interaction and change the sign of superexchange
pacity. There was no-like anomaly in the heat capacity interaction of the 90° Cu-O-Cu path from ferromagnetic to
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AF.2! The AF interaction of the~94° Cu-O-Cu bond was orthogonal Cu-O-Cu paths, whereas theresults from al-
recently reported in GWO,(PQy),.2? Further, as shown in  most linear Cu-O-V-O-Cu paths. This finding is also similar
Fig. 1, it is also suggested that the edge-sharing pairs ab (VO),P,0,, which has a major AF interaction of the
CuG, square-plaquettes in alternating linear chain are nony-O-P-0-V paths between a pair of @yramids mediated
coplanar, which presumably affects this interaction. On theby PQ, tetrahedra and a minor interaction of the V-O-V
other hand, it is well known that the superexchange interacpaths between a pair of edge-sharing M@ramids?

tions of the 90° Cu-O-Cu bond are very weak, in fact, the | conclusion, it was found that Bag¥,0g displays the
spin gaps of CuNj©s (Ref. 23 and SrCy(BO;),,~* which  1p nature in magnetism and has a nonmagnetic ground state
are dominated by superexchange interactions of almost 9Qyith a spin gap of about 230 K. The experimental magnetic
Cu-O-Cu, are smaller than 50 K. However, NMR measuresysceptibility was well reproduced by alternating chain
ment on the copper vanadate LiCuy@uggested that in - model with theJ;=260 K andJ,=52 K. Based on a com-
contrast to Cu-O-Cu paths, the interaction along the Cuparison with the similar magnetic interaction path of
O-V-O-Cu paths is strong, because mixing of the vanadiunyo),p,0,, it is suggested that thly andJ, are ascribable to

4s orbital with oxygen 3 and 2 results in a transfer of jpteractions along the Cu-O-V-O-Cu path and the Cu-O-Cu
magneztgcd-sp'n from the C&" e, orbital onto the V¥* 4s path, respectively, and that lardeand smalll,/J; result in
orbital® Further, it is also proposed that the Super-g |arge spin gap. The results also suggested that the nonmag-

superexchange interactions involving the linear Cu-O—peic VO, tetrahedral sublattices play an important role in
O-Cu paths are strong, due to the favorable spatial position. i alternating linear chain of the titled material.

Based on above discussions, it is reasonable to suggest that
the VO, tetrahedral sublattice maybe affects the interaction The authors are grateful to Mr. N. Sakamoto for interest-
of almost 90° Cu-O-Cu, and that tl¥g results from almost ing discussions.
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