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High-pressure form of (VO),P,0-: A spin-; antiferromagnetic alternating-chain compound
with one kind of chain and a single spin gap
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(VO),P,0;, known as a quantum spin chain compound, was found to undergo a structural transition when
treated at 2 GPa and 700 °C. The high-pressure phase as studied by powder x-ray and neutron diffractions
comprises a unique kind of spin-1/2 Heisenberg alternating antiferromagnetic chain, in contrast with the
ambient pressure phase containing two crystallographically different chains. Magnetic susceptibility, high-field
magnetization, and specific-heat data showed the presence of a single spin gagnudg2@tization-27
(susceptibility K, not double as observed for the ambient pressure phase. This result is consistent with recent
magnetization and NMR studies which indicated that the two kinds of chains of the ambient pressure phase
have single, different spin gapss0163-182@9)00837-1

[. INTRODUCTION magnetic susceptibility to a spin-1/2 Heisenberg alternating
AF chain model. However, the structural features were sug-
There is a growing interest in one-dimensiof#HD) anti-  gestive of “ladders,” rather than alternating chains, with al-
ferromagnetic(AF) quantum spin systems with spin gaps most straight V-O-V bonds in the leg direction and two or-
like spin-1/2 alternating chairfsspin-1 chaingHaldane sys- thogonal V-O-V bonds in the rung direction. The
tems, and spin-1/2 spin laddefsThe recent discoveries of susceptibility reinvestigated after the spin ladder model by
appropriate oxide systems such as CuGégpin-Peierls®  Dagotto, Riera, and Scalapfhwas found to follow the lad-
Y ,BaNiOs (Haldang,* SrCu,0;,° and Sk,Cuy,0;,; (ladders®  der model as wefl. Anyway, the existence of a spin gap of
have accelerated the keen interest because their thermal sta7 meV (43 K) was confirmed by means of neutron scatter-
bility made it rather easy to finely tune the electronic prop-ing on a powder sampl. Finally, a more recent neutron-
erties by means of chemical doping. scattering study on single crystdisshowed the validity of
(VO),P,0; (VOPO), long known as an active catalyst for the alternating chain model with a major AF interactidn)(
the selective oxidation of butane to maleic anhydride, combetween a pair of V@ pyramids bridged by PQtetrahedra
prises vanadium ions in thetdoxidation state with spin-1/2. and a minor one J,) between a pair of edge sharing YO
The singlet ground state of this compound was found bypyramids. The interaction along the leg of the ladder was
Johnstonet al.” They fitted the temperature dependence ofeven ferromagnetic. Interestingly, the neutron-scattering
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@ - — netic property of the AP phase sample thus obtained were
g Sooor ] reported elsewher¥. The sample was then treated at 2 GPa
< 6000 ] and 700 °C for 30 min in a conventional cubic-anvil-type HP
:Z; 4000r ] apparatus. Powder x-ray diffractic®RD) data were col-

E 20001 f l TR 1 lected with a Rigaku RINT 2000 diffractometer equipped

TR T with  a monochromator (Cui radiatior). Neutron-

s T o 1o diffraction (ND) data were taken on a high-resolution time-
26 (deg) of-flight (TOF) neutron powder diffractometer Vega at the

KENS pulsed spallation source. Rietveld analyses were car-
ried out on these two sets of data in the same manner as for
the AP phas¥ to refine the lattice parameters, atomic posi-
tions and isotropic atomic displacement parameters. An elec-
}\ tron diffraction study was carried out on JEOL-2000EX.
A P - The magnetic susceptibility was measured in an external
T T magnetic field of 0.1 T from 2 to 400 K on heating after
zero-field cooling with a superconducting quantum interfer-
ence device (SQUID) magnetometer(Quantum Design
FIG. 1. Observed+), calculated(solid ling), and difference MPMS XL). The high-field magnetization was measured in a
(below) XRD (a) and ND (b) patterns. The tick marks indicate the pulsed magnetic field up to 60 T at 1.3 K by an induction
calculated peak positions. method using a multilayer pulse magnet at KYOKUGEN,
Osaka University. Specific-heat data were taken by means of
study also revealed the existence of a second energy gap &fpulse relaxation method using a commercial calorimeter

about twice as large as the first one as predicteqQuantum Design PPMSrom 1.8—-30 K.
theoretically*> However, this compound comprises two

slightly different chaing®'*making it difficult to determine

8000~
6000+
4000+

Neutron Intensity (count)

whether these chains have single but different spin gaps or IIl. RESULTS AND DISCUSSION
have the same double gaps. Recent high-field magnetization
and NMR studies have shown the former is the dase. A. Crystal structure

We found that this compound undergoes a pressure- Structure refinement was carried out by repeating
induced transition to a similar but simplified structure with aRietveld analyses of XRD and ND data alternatingly. The
unique kind of chain. And magnetic susceptibility, high-field reason is that vanadium atoms are almost “transparent”
magnetization and specific-heat data consistently indicatedgainst neutrons, while oxygen atoms have relatively small
that there is only a single spin gap of 227 K. This high-  atomic scattering factors for x rays. In each refinement with
pressurgHP) phase seems to be a good example of spin-1/RIETAN (Ref. 16 structural parameters determined in the

Heisenberg AF chain with a weak alternatiah, (J;~1). last refinement were used as initial ones, and this feedback
process was repeated several times. In the final process, the
Il EXPERIMENTAL atomic coordinates and the thermal parameters of all the at-

oms were first determined by using the XRD data, and then
The starting material, that is, the ambient presqé®) those of P and O atoms were refined by using the ND data,

form of VOPO, was prepared by a simple solid-state reactiorkeeping those of the V atoms unchanged. The analyses were
as follows. Stoichiometric amounts of NWO; and performed based on space groBpab. According to elec-
NH4H,PO, were mixed, pressed into pellets, and heated atron diffraction, the reflection conditions ake-1 = even for

600 °C for one day in a flowing CQOstream. It was then Okl reflectionsk = even forhk0 reflections, andh = even
treated at 700, 750, and finally at 850 °C for 24 h each withfor h0l reflections, and it is only orthorhombienab that
intermediate regrindings. The crystal structure and the magneets these conditions.

TABLE 1. Atomic positions and atomic displacement parameters for the high-pressure phase of
(VO),P,0;. Space groupPnab; a=7.5801(2) A b=9.5458(3) A,c=8.3629(3) A, Z=4. ND: Ry,
=4.36,R,=3.28, goodness of fit 1.26. XRD:R,,,=7.35,R,=5.50, goodness of fit 0.96. Parameters for
the V atom were refined using the XRD data, while those for the P and O atoms were done using the ND

data.

Atom Site X y z B(A)
V 8d 0.035&1) 0.00422) 0.31071) 0.522)
P ad 0.04192) 0.201641) —0.00345) 0.41(2)
01 8d 0.24727) 0.02831) 0.31881) 0.722)
02 4c 0.25000 0.1684) 0.00000 1.083)
03 &d —0.03274) 0.13572) 0.14522) 0.504)
04 &d 0.527714) 0.14692) 0.15623) 0.81(5)
05 &d —0.02431) 0.1351) 0.50174) 0.41(2)
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TABLE Il. Selected bond lengths and angles for the high-
pressure phase of (VGR,0;. s 2.5+ (@
Atoms  Bond length(A) Atoms Bond anglddeg § 207
3

V-0l 16215 V-05-V (J,) 101.71 §159

04 1.9382) V-04-P 148.30 g 1.0 —

03 1.9392) 0O4-P-03 115.64 I

05  2.0622) V-03-P 139.52 s 057

05 2.0813) 0.0 i : : I I

01 2.2095) 0 100 200 300 400
P-04 1.4764) Temperature (K)

03 1.50%4)

05 1.56Q1)

02 1.6091)

Figure 1 shows the results of the Rietveld analyses. The
observed, calculated, and difference patterns as well as the
allowed reflections are displayed in the figure. Crystallo-
graphic data and the reliability factors are summarized in
Table I. Note that the HP phase has a simple structure with
only one V' site in comparison with the AP phase with
multiple sites, four in the orthorhombid®ca2,) structure
for a powdered samdéand eight in the monoclinic struc- FIG. 3. Temperature dependence of magnetic susceptibility of
ture (P2,) for a single crystat® The selected bond distances HP (VO),P,0; below 400 K(a). The open circles are the experi-
and bond angles of the HP phase are summarized in Table mental raw data, while the data after subtraction of the Curie com-
Bond valence suff calculated from these values was 4.10 Ponent are shown with dots. The solid line represents the fit to the
for the vanadium and 5.01 for the phosphorus ions, whicHlternation chain model. The data below 30 were fit to the equation
are quite reasonable values. given in text(b). The solid line represents the result of the fit, the

The crystal structures of the HP and AP phases are i”us!png dashgd line is the spin susceptibility and the short dashed line
trated in Fig. 2. Both these are made of edge-sharing pairs ¢f (e Curie term.

VO5 pyramids and P@tetrahedra, while the arrangement is

simpler in the HP phase. In the AP form viewed alongithe axis in a manner of up-up-down-down-up-up and so are the
axis [see Fig. Fig. &)] the pyramids are lined along tlee  tetrahedra. In contrast, the mode is up-down-up-down for the
HP phase. Accordingly the axis of the HP form is about a
half of the AP phase.

According to the inelastic neutron scattering stdtyhe
AP phase has two major AF interactions along thaxis,
one mediated by the two V-Q@R)-O-V paths ;) and the
other through the almost orthogonal V-O-V patlis)(where
J,1J,~0.8. The alternation of these interactions alongdhe
axis leads to a spin-1/2 alternating chain, which seems to
survive in the HP phase as marked in Figb)2with solid
(J1) and dashedJ,) lines. Because of this structural simi-
larity to the AP phase, the HP phase was also expected to be
a gapped alternating AF system.

M/ H (10%emu / mol V)

I
0 5 10 15 20 25 30
Temperature (K)

B. Magnetic susceptibility

Figure 3a) shows temperature dependence of magnetic
susceptibility of the HP phase. One can see a broad maxi-
mum centered around 90 K suggesting the 1D nature in mag-
netism and also a sudden increase below 10 K. Because mag-
netization 42 K showed a linear field dependence upto 1 T
and because there was no anomaly in the specific heat around
10 K, we concluded that the increase below 10 K was not

FIG. 2. Crystal structure of HP (VGIP,0; illustrated along the ~due to ferromagnetism but was due to paramagnetic free mo-
a axis (a) and theb axis (b). The large and small spheres representMents.

V and P ions, respectively. Crystal structure of the AP phase along The data below 30 K were fitted to an equatigqT)
the b axis is also shown for comparisdn). =xo+CI(T—6)+aT Y2exp(—A/T) as seen in Fig. ®),
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FIG. 4. Magnetization curve of HP (VGP,0, measured in 50
pulsed magnetic field at 1.3 K. N
S 40
©
where x, is the T-independent term,C/(T—6) is ‘“E a0 - ;
a Curie-Weiss term owing to the free moments and the i~ L4
aT Y2exp(—A/T) term is the susceptibility of a 1D system § 204 % 4
with a spin gapA.*® The best fit was obtained for the fol- ~
lowing set of parametersy,=—2.0x10"° emu/mol V, C o 104
=1.1510 2 emu/Kmol V, 8= —-2.2 K,a=1.6x10 2, and o
= i i 0 | | T | | | |
A=27 K. ThisC value corresponds to free spins of 3.1% of 0 5 10 15 20 25 30

V4", On the other hand, it was 1.7% for the starting material, (o)
our AP VOPO™ We here note two possibilities, one chemi-
cal and the other structural, for the increase after the HP FIG. 5. Total specific heat divided by temperat@g/T vs T
treatment. Excess oxygen might have been somehow intrgnd vsT2 (insed (a). The solid line stands for the lattice contribu-
duced into the crystals though we did not use any oxidizetion. The magnetic specific heat divided by temperat@g (T) is
intentionally. The excess oxygen would creatéVthat  @lso plotted against (b).
breaks a singlet pair into one free spin. The possibility of the
contamination of Au from the capsule can be ruled out. Theésmaller than that estimated from the susceptibility data, but
HP treatment was performed at relatively low temperaturefagnetization data tends to give smaller values in compari-
and the energy dispersive x-ray analysis did not detect an§on with other methods. The magnetization increased al-
trace of such contamination. The other possibility is thatmost linearly up to 60 T without showing such a secondary
crystal imperfections might have increased because thanomaly as found for the AP phase. It is reasonable to at-
sample was quenched from 700 °C. tribute this difference to the multiplicity of the chains: The
The temperature of the broad maximum, 90 K, was closéA\P phase has two kinds of chains with single, different gaps
to that of the AP phase, but the susceptibility maximum wagvhile the HP phase has a unique kind of chain with a single
smaller. These show that balh andJ, are similar between 9ap.
the AP and HP phases bd}/J; (=«) is a little closer to
unity for the HP phase. The data above 30 K could be well
fitted to an analytical equation given by Hatfilavhich is
valid for a temperature rangé=0.25]);, and we obtained
J;=137 K, a=0.9, andg=2.01. We could estimate the spin B o
gap (A) as A=27 K using a theoretical relation o _ The specmp heat of the HP |_oha§e divided by temperature
=0.2], for @=0.9, as well'2 This is in good agreement IS plotted against temperature in Figap Above 20 K, the

i — 3 5
with the value estimated from the low-temperature data merdata could be well fitted toCp=yT+ S, T"+S,T° (y
tioned above. =38 mJ/K mol V, Bj_: 1.5X10 mJ/K* mol V, B =

—1.5x10"° mJ/K® molV) as seen in the lined®/T vs T?
behavior shown in the inset. Since this compound is an in-
sulator, it is reasonable to assign #Ber+ B,T° term to the
lattice contribution and the/T term to the magnetic contri-
bution. ThisB; value gives a Debye temperature of 438 K.
Figure 4 shows the magnetization curve taken at 1.3 K ifiThe lattice contribution is shown with the solid line in Fig.
a pulsed magnetic field. BelowbIl a Brillouin-function-like  5(a). As seen in Fig. &) the magnetic specific heat divided
behavior owing to the free spins was seen, while above 18 Dy temperature is almost constant above 20 K. Such a linear
the magnetization began to increase again almost linearlyemperature dependence is characteristic of a uniform 1D AF
The gap between the singlet ground state and the first triplathain, for whichy=2Nkg/3J.2° Applying J=137 K as esti-
excitation in the presence of magnetic field is given asnated from the susceptibility data to this equatiop,
A(H)=A—gugH. If the gap is assumed to close at 18 T =41 mJ/K¥ molV was obtained, which is in good agree-
based on the field dependence of the magnetizattois  ment with the experimental value of 38 m3/iBelow 20 K,
estimated to be about 23 K. This value seems considerabliyhe specific heat divided by temperature showed a broad

Temperature (K)

D. Specific heat

C. High-field magnetization
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maximum centered at around 12 K and then decreased rapm comprise a unique kind of spin-1/2 alternating AF chain,
idly toward zero. The upturn below 3 K should be attributednot multiple chains as the AP phase does. According to mag-
to the free spins observed in the susceptibility and the magaetic measurementd; =137 K, «=0.9, andA =23 (mag-
netization data. The magnetic specific heat thus seems to lmetization ~27 (susceptibility K. The magnetic specific
vanishing at the lowest temperature because of the spin gapeat seemed to change from the Shottky type to the uniform
The broad maximum seems to be of the Shottky type reflectehain type around 20 K. This HP phase must be a good
ing the presence of the energy gap in the spin excitatiomxample of spin-1/2 Heisenberg AF chain with a weak alter-
spectrum. The specific heat of the HP phase thus seems tation. The two step increase of the magnetization found for
change from the “dimer” type to the “uniform chain” type the AP phase was not observed. This result confirms the
above 20 K. Unfortunately, however, reliable theoretical cal-+ecent assertion based on magnetization and NMR measure-
culations to be compared with these experimental data amments that the two kinds of alternating chains of the AP
not available at present. phase have single independent spin gaps.
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