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The crystal structure of the quantum-spin chain compound
(VO),P,0, was studied by electron, X-ray, and neutron diffrac-
tion. A polycrystalline sample which clearly exhibited a singlet
ground state in magnetic susceptibility measurements was exam-
ined. Electron diffraction experiments revealed systematic ex-
tinctions which are consistent with an orthorhombic space group
Pca2,, in good agreement with previous studies. However, the
recent single-crystal X-ray analysis by Nguyen et al. concluded
that it is monoclinic with space group P2,. This discrepancy may
imply that (VO),P,0, crystallizes in two slightly different struc-
tures depending on preparation conditions. The structural para-
meters of orthorhombic (VO),P,0, were defined by Rietveld
analyses of X-ray and neutron powder diffraction data; a =
7.73808(7) A, b=9.58698(8) A, ¢ =16.5895(1) A, and Z=S8.
Crystallographic disorder was also studied by high-resolution
electron microscopy and discussed in terms of positional disorder
in the arrangement of the P,O, groups. © 1999 Academic Press

INTRODUCTION

Vanadium pyrophosphate (VO),P,0- has been widely
studied by chemists as an efficient catalyst for oxidizing
n-butane to maleic anhydride. Recently, however, many
solid-state physicists have also been interested in this com-
pound because its V4" sublattice was considered an excel-
lent realization of the theoretical spin-ladder model (1, 2).

1On leave to the Institute for Solid State Physics, University of Tokyo.

The spin-ladder is a pair of S = 1/2 Heisenberg antifer-
romagnetic (AF) chains coupled antiferromagnetically to
form a “ladder-" type lattice (3). Theorists found an unusual
many-body, singlet ground state for the spin ladder, where
quantum fluctuations prevent ordering of spins even at
T =0K to result in a spin-liquid ground state with an
energy gap, called a spin gap, in the excitation spectrum.
They also expected to see novel superconductivity when
doped with hole carriers, just as seen in high-T, cuprates.
Various magnetic measurements revealed the existence of
such a spin gap of about 40 K in (VO),P,0-, which was
explained in the framework of the spin-ladder model
(1, 4-6).

Contrary to this earlier expectation, however, recent
inelastic neutron scattering experiments clarified that
(VO),P,0- can be described as an alternating-spin chain
compound, which also should show a similar spin gap,
rather than as a spin-ladder compound (7, 8). The source for
this confusion is rather complicated superexchange path-
ways between V** spins which were difficult to assume
straightforwardly by taking only the V#*-O sublattice into
consideration. The importance of superexchange interac-
tions through phosphate groups had been pointed out by
Beltran and his co-workers in their systematic studies on
various oxovanadium(IV) phosphates (9, 10). In fact, ac-
cording to the inelastic neutron scattering experiments (7),
the largest interaction J; in (VO),P,0- was found between
VOj; square pyramids bridged by PO, tetrahedra and the
second largest interaction J, between edge-sharing VOs
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pyramids. These two major interactions form alternating
spin chains perpendicular to the “ladder” axis. Thus,
(VO),P,05 is not a spin-ladder compound but still an
intriguing compound comprising unusual S = 1/2 quan-
tum-spin chains.

One mystery still left to be clarified about (VO),P,0 is
the existence of the second gap of about 70 K which is
nearly double the first gap. Garrett et al. found this excita-
tion mode in their neutron scattering experiments and sug-
gested that it is associated with the two-magnon bound
state. On the other hand, very recent high-field magnetiz-
ation measurements (11) and NMR studies (12) revealed two
independent magnetic subsystems existing in (VO),P,0:
Each system presents a S = 1/2 antiferromagnetic alternat-
ing chain with a different spin-gap magnitude. It was
suggested that (VO),P,0- comprises two structurally dis-
tinguishable V-O chains on the basis of the monoclinic
structure given by Nguyen et al.

Detailed structural studies are indispensable for under-
standing the physics of materials. Several crystal structural
determinations have already been reported on (VO),P,0.
Initial electron diffraction (ED) and X-ray diffraction (XRD)
studies (13, 14) showed orthorhombic symmetry with space
group Pcam or Pca2,, and the structure was refined by
single-crystal X-ray analyses, though R factors were not
small enough. On the other hand, another single-crystal
X-ray analysis by Nguyen et al. (15) reached a conclusion
that the actual crystal system is monoclinic with space
group P2, (a=77276(3)A, b=1658854)A, ¢=
9.5796(5) A, and B = 89.975(3)°). The fundamental structure
determined by them was substantially the same as the pre-
vious one. This monoclinic structure has been widely accep-
ted because the refinement ended up with a reasonably
small R of 3.1%.

One notable structural feature of (VO),P,0O5 is crystallo-
graphic disorder often detected as streaking effects in its ED
and XRD photographs. It has been suggested that incom-
plete transformation of a precursor VOHPO, - 1/2H,0 to
(VO),P,0, which occurs topotactically by dehydration
gives rise to the disorder (16). In addition, introduction of
stacking faults, which may be relevant to catalytic perfor-
mance, was also taken into account (17). Nguyen et al.
claimed that a high-quality crystal with few defects led them
to the monoclinic structure (15). The crystal structure of
(VO),P,0-, seems to depend on the crystalline quality,
synthetic routes, or preparation conditions. We expect that
its physical properties can also be affected by these factors.
The purpose of this study is to determine the crystal struc-
ture of high quality (VO),P,0, polycrystals which were
carefully prepared and proved to exhibit a singlet ground
state at low temperature in magnetic susceptibility measure-
ments. The results will enable us to get useful insights on the
superexchange pathways that govern the magnetic proper-
ties of (VO),P,0.

HIROI ET AL.

EXPERIMENTAL

(VO),P,05 catalysts have usually been prepared by pre-
cipitation from solution or evaporation to dryness and
calcination at a moderate temperature (450-550°C). In the
present experiments we adopted a simple solid-state reac-
tion between NH,VO; and NH,H,PO, following the
method reported by Bordes et al. (13). These solid materials
were mixed in stoichiometric proportions, pressed into pel-
lets, and calcined successively at 600, 700, and 750°C for
24 h in a CO, flow with intermittent grinding and pressing.
Finally the sample was heat-treated at 850°C for 24 h in
a CO, flow where the partial oxygen pressure was about
10~% atm. The color of the polycrystalline sample thus
obtained was green. Powder XRD measurements revealed
that the diffraction peaks became sharper for samples heat-
treated at higher temperatures, suggesting higher crystalline
quality. Correspondingly, magnetic susceptibility measure-
ments indicated the smallest Curie components for the
sample annealed at 850°C, which means the minimum crys-
tal defects creating free spins at the edge of spin chains.
Therefore, further structural refinements were done on the
highest temperature annealed sample.

Magnetic susceptibility was measured on a Quantum
Design SQUID magnetometer in an applied field of 0.1 T
from 2 to 400 K. ED and high-resolution electron micros-
copy (HREM) observations were carried out on a JEOL-
2000EX operating at 200 kV. Specimens for observations
were prepared by crushing pellets in acetone and collecting
thin fragments on a carbon-coated holey film supported by
a copper grid. Simulations for HREM images were done
using the MacTempus software.

The XRD data were measured on a Rigaku rotating
anode diffractometer with graphite-monochromated CuKo
radiation. Data for Rietveld analyses were collected at room
temperature over the 26 range 10-100° at a 0.02° step for
10s. Neutron diffraction (ND) data were taken on the
high-resolution time-of-flight (TOF) neutron powder dif-
fractometer Vega at the KENS pulsed spallation neutron
source. The sample was contained in a cylindrical vanadium
can, and the intensity data were collected at room temper-
ature. The coherent scattering lengths used were
— 0.382 fm, 5.130 fm, and 5.803 fm for V, P, and O, respec-
tively. Intensity data used for the refinement covered a wide
Q range corresponding to lattice-plane spacings between 0.5
and 5 A.

RESULTS AND DISCUSSIONS

Magnetic Properties

It is now well established experimentally that (VO),P,0-
has a nonmagnetic singlet ground state. Thus, the spin
susceptibility should decrease exponentially at low temper-
ature and vanish at T = 0 K. The magnetic susceptibility
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FIG. 1. Temperature dependence of magnetic susceptibility y for

(VO),P,0,. The data (filled circles) were measured with increasing temper-
ature from 2 to 400 K in a magnetic field of 1 kOe. The open circles show
the spin susceptibility obtained after subtraction of the free spin contribu-
tion (1.7%) at low temperature. The solid line is a fit to the spin susceptibil-
ity data, assuming an alternating-spin chain model with J,/kg = 130.9
S) K, o0 =J,/J; =0.782(2), and g = 2.021(2).

4 measured for our (VO),P,0, powders showed a broad
maximum around 70 K and decreased rapidly with decreas-
ing temperature, followed by an upturn below 10K, as
shown in Fig. 1. The broad peak suggests that short-range
AF ordering occurs. From an inverse y versus T plot below
10 K, the density of almost free spins with a Curie-Weiss
temperature of — 3 K was estimated to be 1.7%, which is as
small as previously reported (1). These free spins may come
from the edge state of alternating chains occasionally pro-
duced by lattice imperfections, as generally observed in
one-dimensional spin compounds. Therefore, the present
sample is considered to have good crystalline quality similar
to those previously used for physical characterization.
The spin susceptibility was obtained by subtracting the
above defect contribution from the observed y(T) data and
plotted in Fig. 1. In the framework of the S = 1/2 Heisen-
berg AF alternating chain model (5, 18), we could fit the
data with three variable parameters; J,/kg = 130.9(5) K,
o=J,/J; =0.782(2),and g = 2.0021(2). J is a larger super-
exchange interaction along the ¢ axis probably through
PO, groups, and J, is a smaller one between the nearest
neighbor V** spins. The g-factor obtained was close to the
value (g = 1.98) determined by ESR measurements (19). The
Jy and o determined in the present study are in good
agreement with those reported in the previous studies, i.e.,
Ji/kg =131.3K and o =0.7 by Johnston (1), and
Ji/kg = 128.9 K and a = 0.722 by Barnes (5). Our o value
seems slightly larger than the previous ones, which may
reflect small differences in bond lengths or angles in the V-O
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lattice. We note here that our (VO),P,0, sample has well
been characterized as representing S = 1/2 alternating
chains, though small amount of crystal defects may exist.

Electron Diffraction and Microscopy

Electron beams are powerful probes to determine the
symmetry of a crystal, as well as to detect local structural
deviations from an average structure. As mentioned above,
the space group of (VO),P,0- was first determined to be
Pcam or Pca2,, but was concluded to be P2, in the latest
single-crystal XRD analysis. Here we examined about 30
fragments (tiny single crystals) in an electron microscope
and recorded various cross sections of the reciprocal lattice
to determine unequivocally the space group of our
(VO),P,0-.

ED patterns along the main zone axes are reproduced in
Fig. 2, where diffraction spots are indexed with an ortho-
rhombic cell of a = 7.7 A, b=96 /ok, and ¢ = 16.6 A. Each
pattern exhibits a simple rectangular mesh, implying
a primitive Bravais lattice. Reflection conditions apparently
observed are [ =even for Okl reflections (Fig. 2a) and
h = even for hOl reflections (b), revealing the existence of
c-glide and a-glide planes, respectively. No extinctions are
seen for hkO reflections (c). Additional conditions observed
are h = even for h00 and [ = even for 00/. The unexpected
appearance of 00/ reflections with [ = odd in Fig. 2b and the
h00 reflections with h = odd in Fig. 2c is due to double
diffraction, as examined in tilting experiments. Possible
space groups consistent with the observed reflection condi-
tions are only orthorhombic Pcam or Pca2,, in perfect
agreement with previous results except those of Nguyen et
al. Though ED experiments cannot detect a small mon-
oclinic distortion, the present symmetry restriction is strong
enough to exclude the possibility of less symmetrical space
groups. Moreover, no traces of crystal twinning were ob-
served in the present microscopy observations: Twinning
often appears for a crystal with a small monoclinic distor-
tion like CuO. We imagine that the single crystal analyzed
by Nguyen et al. has crystal structures substantially differ-
ent from ours because they observed those forbidden reflec-
tions in the X-ray measurements and used them for the
structural determination. It is plausible that (VO),P,0,
exhibits at least two slightly different crystal structures
depending on the preparation conditions. Their single crys-
tal was grown from a high-temperature melt by slow cooling
under appropriate control of oxygen fugacity, whereas our
polycrystalline sample was prepared at a lower temperature
by solid-state reaction. We have not seen clear violations of
the extinctions in most of fragments examined, although ED
is generally more sensitive for weak reflections due to dy-
namical effects than XRD. In small portion of fragments,
however, we found diffuse streaking due to crystallographic
disorder, as will be described later. It should be noted here
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FIG. 2. Electron diffraction patterns of main zone axes for (VO),P,0-.
Systematic extinctions are apparent in the [100] (a) and [010] (b) zone axes,
whereas they are missing in the [001] zone axis (c). Projection of the unit
cell in the reciprocal space is shown with the rectangle.
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FIG. 3. High-resolution electron microscopy image taken with the
incident electron beam parallel to the [100] direction. A computer-
simulated image is shown at the right bottom corner.

that the introduction of disorder apparently violates the
extinctions and thus tends to mislead us into accepting
lower crystal symmetries.

The crystal structure of (VO),P,0-, was approximately
visualized by HREM. Figure 3 reproduces a typical HREM
image taken with the incident electron beam parallel to the
a axis. The atomic columns of V and P are well resolved as
dark dots, and their arrangement is certainly consistent with
the previous structural model projected along the a axis.
The repeat distance of the patterns along the ¢ axis is half
the ¢ length because of the existence of a c-glide with
reflection across the paper plane. Fairly good agreement is
seen between observed and calculated images on the basis of
the Rietveld analyses described below.

Structural Refinements

Structural refinements were carried out by repeating Riet-
veld analyses of XRD and ND data alternately. The reason
is that vanadium atoms are almost “transparent” to neu-
trons, whereas oxygen atoms have relatively small atomic
scattering factors for X-rays. In each refinement with
RIETAN (20), structural parameters determined in the last
refinement were used as initial ones, and this feedback
process was repeated several times. In the final process, the
atomic coordinates and the thermal parameters of all of the
atoms were first determined by using the ND data, and then
only those of V atoms were refined, keeping those of P and
O atoms intact. Taking account of limited information in
the powder patterns and the many structural parameters to
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be refined, the following nonlinear constraints were imposed
in the Rietveld analyses: The bond lengths between V atoms
and the nearest neighbor O atoms should be within the
limits of 1.58 A to 1.62 A, and bond lengths between P and
O atoms between 1.53 A and 1.57 A. Unusually large anisot-
ropic profile broadening was observed, particularly in the
low-angle region of the XRD data and in the low-Q region
in the ND data, which made it difficult to fit the profile
function used in RIETAN to the observed profiles. Thus,
a new technique called partial profile relaxation (21) was
applied, which enabled us to fit the profiles of 14 (18)
selected reflections in the XRD (ND) data independently of
the overall profile function for the other reflections. The
resulting fit was dramatically improved by this method.

The basic crystal structure of (VO),P,0- has been well
established in previous studies (13, 15). The purpose of our
study was to refine the structural parameters of our sample
showing a singlet ground state with minimum magnetic
defects. We assumed the noncentrosymmetrical space group
Pca2; on the basis of the ED results because the other
possible space group Pcam was found to be unacceptable to
reproduce the basic structure. The key to the refinements
was to build a good starting model as close to the “true”
structure as possible because of limited structural informa-
tion obtainable from the powder diffraction data. Thus, we
used the most reliable data of Nguyen et al. (15). We noticed
that combination of an appropriate pair of atoms at the 2a
sites in their P2; model could create one atom at the 4a site
in Pca2,, probably because of a small deviation from or-
thorhombic symmetry in their crystal. For example, the
presence of an equivalent position (x + 1/2, y,z 4+ 1/2) in
Pca2, leads to the copying of V1 (0.2973, 0.4912, 0.0958) in
the P2, model at V1’ (0.2027, 0.4912, 0.5958) which is nearly
identical to V2 (0.2039, 0.4909, 0.5960) in the P2; model. In
this way, a starting Pca2; model was built and refined by
a series of alternating Rietveld refinements of the XRD and
ND data. The resulting structural parameters and their
estimated standard deviations are listed in Table 1. Figure 4
illustrates the Rietveld refinement patterns for the XRD and
ND data, showing excellent fits between the observed and
calculated patterns. No forbidden reflections for space
group Pca2; were detected in either pattern. Lattice con-
stants refined by ND were a = 7.73808(7) A, b=
9.58698(8) A, and ¢ = 16.5895(1) A. R factors were R, =
3.47%, R, = 3.60%, R, = 2.66%, Ry = 1.15%, and Rp =
1.06% for ND and R,,, = 7.89%, R, = 8.29%, R, = 5.97%,
Ry = 1.85%, and Ry = 1.09% for XRD. The goodness-of-fit
index Ry,/R. was 0.96 and 0.95, and the Durbin-Watson
statics d were 1.26 and 0.54, respectively.

The structure determined in the present study is essential-
ly the same as that found in previous studies, as shown in
Fig. 5. The metal-oxygen bond lengths [ for V and P are
listed in Table 2. The bond valence sums (BVS) were cal-
culated with BVS =Y exp((ro — r;)/B) where B = 0.37 A,
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TABLE 1
Fractional Atomic Coordinates and Atomic Displacement
Parameters for (VO),P,0-,

Wyckoff
Atom  position X y z B., (A?)
Vi 4a 0.212(5) 0.492(12) 0.5986) 113
V2 4a 0.197(4) 0.517(10) 0907(7) 113
V3 4a 0.214(5) —0.002(13) 0.841(6) 1.13
V4 4a 0.206(5  — 0.004(13) 0.1536) 113
P1 4a 0.200(2) 0.703(2) 0.7552)  0.60
P2 4a 0.194(3) 0.290(2) 02572) 130
P3 4a 0.198(2) 0.796(2) 0.5003) 051
P4 4a 0.203(3) 0.207(2) 0.000 125
o1 4a 0.013(3) 0.463(1) 0.590(2) 055
02 4a — 0.005(3) 0.534(1) 0.910(2) 1.74
03 4 —0005(4) —0.012(1) 03412) 101
04 da —0003(4) 0.007(1) 0.1612) 1.0
05 4a 0.005(3) 0.821(1) 0.5022) 187
06 da —0.006(3) 0.289(1) 0.286(1)  1.60
07 4a 0.218(2) 0.633(2) 0.5002) 130
08 4a 0.221(2) 03632)  —00022) 051
09 4a 0.248(3) 0.130(2) 02492) 064
010 4a 0.250(3) 0.859(2) 02512) 028
ol1 4a 0.210(2) 0.644(2) 06752) 057
o12 4a 0.212(3) 0.359(2) 0.1752) 088
013 4a 0.216(3) 0.629(2) 0.325(2) 1.92
014 4a 0.207(2) 0.358(2) 08232 074
015 4a 0.231(3) 0.137(2) 05732 092
016 4a 0.228(4) 0.858(2) 00762)  2.10
o17 4a 0.233(3) 0.1412) 04252) 092
018 4a 0.219(3) 0.846(2) 09262 1.0

Note. Space group Pca2; (No. 29): a = 7.73808(7) A, b = 9.58698(8) A,
and ¢ = 16.5895(1) A; Z = 8. B,y = (SHZ/S)ZiZjU,-ja?‘aj‘a,-aj.

r; is the bond length, and ro is 1.784 A for the V++-02~
bond and 1.617 A for the P>*-02~ bond (22). Bond valence
sums at each site gave reasonable values for V¥* and P3*.
The vanadium atoms square-pyramidally coordinated to
five oxygen atoms with one short bond (/ ~ 1.6 A) and four
nearly equatorial bonds (I ~ 2 A), but also weakly coor-
dinated along the a axis to the apex oxygen belonging to the
neighboring VO 5 pyramid with a long bond length of about
2.3 A. Two of the VO5 square pyramids are tightly connec-
ted by sharing their edges along the ¢ axis with each apex
oxygen above or below the basal plane. These VO5 pairs are
linked by pyrophosphate groups to yield a three-dimen-
sional skeleton. A major difference between the Pca2, and
P2, models is found in whether or not two nearby V atoms
aligned along the a axis are symmetrically related.

A recent inelastic neutron diffraction study (7) has
revealed that major magnetic interaction occurs along
the ¢ axis. A surprisingly large AF superexchange interac-
tion J; through pyrophosphate groups was suggested,
and the second largest AF interaction J, (J,/J; ~ 0.8) was
found between V#* spins in the pair of VO pyramids. The



374 HIROI ET AL.
a 10000
1000
2 500
RZ
§ 5000
: 4l P A i
; %'AIAWLITIITETFI—Tuv'l'l‘TI1|III||||I|||
s 70 80 90 100
<
||||A|||||LT|||.|I|A|||L||1|‘|I||||l|l||I||||I||||
10 20 30 40 50 60 70 80 90 100
20 (deg.)
b 10000
=
B
5
E 5000
o
g
=
O
Z
O__—_|-||lll|lllllll|llllll|||l| (LR L TN O T A T B A A1 ereen [ | [ (] [}
||||I‘|1|v‘—;|‘:l‘:|l|||||r‘r7|||ln||||||||l||||l|||||1|||
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5
d(A)

FIG. 4. Rietveld-refinement patterns for (a) XRD and (b) ND data. Observed diffraction intensities are represented by plus (+) marks, and the
calculated patterns by the solid lines. Differences between the observed and calculated intensities are given near the bottom. Short vertical marks indicate

the position of allowed Bragg reflections.

coupling along the a axis, which was believed to be large in
earlier studies, is weakly ferromagnetic, and that along the
b axis is almost negligible. Then, vanadyl chains running
along the ¢ axis should represent S = 1/2 alternating chain
with J; and J, exhibiting a spin gap.

It is interesting to note that there are two crystallographi-
cally different vanadyl chains in the unit cell: V1-V2 and
V3-V4 chains (Fig. 5). The two chains are apparently distin-
guished from each other, when viewed along the b axis, as
compared in Figs. 5b and Sc. The V1-V2 chain which
consists of edge-sharing V1-V2-O pyramids linked by
P1-0O and P2-O tetrahedra winds along the ¢ axis owing to

the tilting of the PO, tetrahedra. In contrast, the V3-V4
chain is rather on the straight with untilted P3-O and P4-O
tetrahedra. J; and J, may be slightly different between the
two chains because they must depend on bond lengths and
bond angles, as well as deformation of the V-O pyramids. It
is expected that the magnetic properties of the two chains
are different. The result is consistent with the recent high-
field magnetization measurements and NMR studies
(11, 12). It was suggested that there are two independent
alternating chains with different spin gaps and exchange
couplings, which are summarized in Table 3 together with
some related structural parameters obtained in the present
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V3-V4
Chain

V1-V2
Chain

FIG. 5. (a) Two V-O chains each representing S = 1/2 Heisenberg antiferromagnetic alternating chains in (VO),P,05. (b and ¢) The two
crystallographically different chains viewed along the b axis. Large, medium, and small balls represent V, P, and O atoms, respectively.
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TABLE 2
Selected Bond Lengths (/) and Bond Valence Sums (BVS)
in (V0),P,0,

Atom 1(A) BVS Atom 1(A) BVS
Vi1 01 1.573)  4.17 P1 018 1.47(3) 5.30
ol 23703) 016  1.51(3)

0O12  1.90(10) 05 1.51(3)

011 1.94(12) o7 1.57(2)

07 2.12(10) P2 017 1483) 5.0
08 2.13(12) O15  148(3)
V2 02 1.57(3) 423 08 1.51(2)
oY 2.36(3) 05 1.64(3)
O13  1.86(9) P3 Ol  144(3) 523
o7 2.01(12) 013  1.52(3)
ol4  2.06(12) 010  1.54(2)
08 2.12(9) 06 1.59(3)
V3 O3 1.62(4) 398 P4 014 1.49(3) 4.76
03 2254 o012 1513)
017  201(11) 09 1.60(2)
09 20111 06 1.62(3)
010 2.01(11)
018  2.03(11)
V4 04 1.633) 4.12
o4 226(4)
016  1.86(12)
0o15  1.95(11)
09 2.06(11)
010  2.12(11)
study. Our V1-V2 (V3-V4) chains correspond to the

V1-V2-V3-V4 (V5-V6-V7-V8) chains in the monoclinic
structure. Kikuchi et al. ascribed the origin of the differences
in spin gap to the small differences in the V-V distance on
the basis of the monoclinic model (12). Generally, exchange
interactions decrease sensitively with increasing interatomic
distances. The V—(O)-V distances (related to J,) in the
edge-sharing pyramids are 3.22A and 3.20A for the
V1-V2-V3-V4 and V5-V6-V7-V8 chains, respectively, and
the V-(PO,)-V distances (J;) via PO, units are 5.14 A and
5.16 A in the monoclinic structural model. This indicates
larger J; and smaller J, in the former chains, giving a larger
J,/J ratio and a larger spin gap, which can explain quali-
tatively the physical experimental results. However, we have
to be delicate in discussing the magnitude of J with such
a small difference in the V-V distance (0.02 A), particularly
for the long V-(PO,)-V distances. In the present ortho-
rhombic model, the differences in the V-(O)-V and
V—(PO,)-V distances between the two chains were found to
be much larger, 0.08 A and 0.05 A, respectively. Therefore, it
is reasonably concluded that the V1-V2 chains have a larger
alternation than the V3-V4 chains. Further quantitative
analyses of the magnitude of J require detailed evaluation of
the overlap integral of orbitals, taking account of the defor-
mation of V-O pyramids, as well as the contribution of PO,
units.

HIROI ET AL.

Crystal Defects in (VO),P,0+

Crystallographic disorder in (VO),P,0O- has been exten-
sively studied in relation to the dehydration process of the
precursor. Here we describe the disorder found by electron
microscopy in our polycrystalline sample and briefly discuss
its origin. Though we tried to optimize the preparation
conditions to remove defects completely, magnetically free
V spins of 1.7% were found in the susceptibility measure-
ments which may be attributed to occasional cutting of the
spin chains. Careful examination by an electron microscope
revealed that most of the fragments of a typical size of 1 pm
were defect-free, but some exhibited characteristic streaking
in the ED patterns, such as shown in Fig. 6. The existence of
additional diffuse intensity becomes clear, if one compares
Fig. 6a with Fig. 2b taken in the same zone axis, [010]:
Weak diffuse lines appear halfway between the spot rows.
Tilting experiments, such as shown in Figs. 6b and 6c,
evidenced that diffuse scattering intensity extended two-
dimensionally perpendicular to the a* axis. A small intensity
modulation was detected in the tilting series, stronger in the
[011] zone axis than the [010] zone axis, which was partly
due to dynamical effects. The corresponding HREM image
taken with the [011] ED pattern of Fig. 6¢ is shown in
Fig. 7. Irregular phase contrasts were seen overlapped on
the two orthogonal sets of lattice fringes, (100) and (011), in
the whole area in the aperture used. As typically marked in
the figure, vertical, bright dot rows about 10 nm long along
the a axis appear from place to place. It is obvious from this
HREM image, as well as from the fact that streaking ex-
tends two-dimensionally, that the entity of the defect is the
occurrence of short strings of atomic disorder running along
the [100] direction without structural coherence perpen-
dicular to the [100] direction.

TABLE 3
Selected Distances and Angles for the V1-V2 and V3-V4
Chains in Orthorhombic (VO),P,0, and the Magnitude of Spin
Gap (A) and Exchange Interactions (J; and J,) reported by
Kikuchi et al. (12)

V1-V2 Chain V3-V4 Chain

Distance (/BX)

V-(O)-V (J,) 3.26 3.18

V-(PO,)-V (J,) 5.13 5.18
Angle (°)

V1-07-V2 104.1

V1-08-V2 99.9

V3-09-V4 102.5

V3-010-V4 100.4
A(K) 68 35
J [k (K) 136 124
J,/ky(K) 92 103
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B L B

FIG. 6. ED patterns taken from fragments containing crystal defects.
Diffuse lines due to disorder are marked with arrows in the [010] zone axis
(a). (b) and (c) were recorded in a series of tilting experiments on the same
fragment. Note that the streaking always exists perpendicular to the a*
axis.
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FIG. 7. HREM image taken with the ED pattern shown in Fig. 6c.
Crystal defects responsible for the streaking observed in the ED pattern are
clearly seen as vertical, bright dot rows as typically marked with arrows.

It is not easy to extract meaningful information about the
origin of the defects in (VO),P,0, from our Rietveld ana-
lyses. However, we noticed some oxygen sites in the P,0O,
groups with unusually large atomic displacement para-
meters. Particularly noted is the OS5 site that is shared by
two opposing PO, tetrahedra in the P,O- group. Nguyen et
al. also reported unusually large atomic displacement para-
meters for the O9 and O10 sites in their model which in fact
correspond to the OS5 site in our analyses, though they did
not make any comments on this important fact. We believe
that certain disorder in the OS5 site can give a plausible
explanation for the characteristic defects in (VO),P,0-.
One possible scenario is as follows. A local jump of OS5
oxygens by a/2 above or below to vacancies between the
adjacent P,0, groups may easily occur because it just
changes the position of P,O- groups to result in the phase
shift of P,O- rows along the a axis and maintains the V-O
sublattice almost intact (Fig. 8). It is noted that, if such
a jump occurs at a certain P,0O, group, all of the O5
oxygens in the same P,0- column along the a axis should
move synchronously so as not to break any P,0O- groups.
This must give rise to linear defects extending along the
a axis.

Torardi et al. studied the transformation of VOHPO, -
1/2H,0 to (VO),P,0, and suggested that the hydrogen



(b)

FIG. 8. Schematic illustrations of two arrangements of P,O- groups
for the ambient-pressure form (a) and the high-pressure form (b). The
high-pressure type arrangement can be mixed into the ambient-pressure
form as a defect, which may give a reasonable explanation for the observed
disorder in (VO),P,0.

phosphate groups condense into pyrophosphate moieties
through an inversion of the phosphorous centers (16). They
claimed that disorder produced in this inversion process,
which may be similar, as we have discussed, was responsible
for the streaking. We believe that the positional disorder of
P,0O, groups mentioned above is more general and intrinsic
for the crystal structure of (VO),P,0- because our sample
was prepared directly through the solid-state reaction of
NH,VO; and NH,H,PO, at high temperature.

Very recently, Azuma et al. found an interesting structural
phase transition of (VO),P,O- under high pressure (23).
When the ambient-pressure phase was annealed at 2 GPa
and 700°C and then quenched, a new high-pressure form
was obtained. The crystal structure of the polycrystals thus
obtained was analyzed by ED, XRD, and ND, as in the
present study, and found to be very similar to that of the
ambient-pressure form. The ¢ axis dimension of the ortho-
rhombic unit cell of the former is nearly half that of the
latter, and the other dimensions are almost the same; a =
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7.5801(2) A, b = 9.5458(3) A, ¢ = 8.3629(3) A, and Z = 4 for
the high-pressure form. The space group was determined to
be Pnab (No. 60). A substantial difference is found in the
arrangement of P,O- groups, as schematically depicted in
Fig. 8. In the ambient-pressure form a pair of P,O- columns
along the a axis are in the same phase, and a phase shift
occurs at the next pair of columns. In contrast, the same
phase shift occurs in every P,O- column in the high-pres-
sure form. This fact implies that there are at least two
thermodynamically stable structures for (VO),P,O5 in the
arrangement of P,O- groups. It is presumable that the two
arrangements appear mixed at certain conditions or that
one is contained as a defect in the other. This is in fact what
we expected for the defect in the ambient-pressure form of
(VO),P,0-. The Rietveld analyses of the high-pressure form
also showed an exceptionally large thermal parameter for
the central oxygen site of P,O- groups.

CONCLUSIONS

The crystal structure of the quantum-spin chain com-
pound (VO),P,0 was reexamined by electron, X-ray, and
neutron diffraction, using a polycrystalline sample that
clearly exhibited a singlet ground state in magnetic suscepti-
bility measurements. An orthorhombic structural model of
space group Pca2, was refined by Rietveld analyses. It is
suggested that (VO),P,0, can crystallize both in mono-
clinic and orthorhombic structures depending on the
preparation conditions. The key to understanding the char-
acteristic crystallographic disorder was suggested to be
positional disorder in the arrangement of P,O groups.
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