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Transition metal orthophosphates with CrVO,-type structure were prepared under various oxygen
partial pressures. Lattice constants are a = 5.299, b = 7.910, and ¢ = 6.368 A for titanium phosphate
and @ = 5.230, b = 7.772, and ¢ = 6.284 A for VPO,, respectively. The titanium phosphate was found
to contain titanium vacancies. Magnetic susceptibility of VPO, showed a broad maximum at about
140K because of its one-dimensional structure. The titanium phosphate had a nearly temperature-
independent susceptibility over a wide temperature range. This suggests the existence of Ti**+-Ti**
homopolar bonds, but part of the bonds are broken by defects and subsequently isolated Ti** ions are
produced in the structure. At low temperature, Ti**-J-Ti** clusters would exist and cause a sharp
decrease of the magnetic susceptibility. The temperature dependence of the EPR spectrum and mag-
netic susceptibility indicate gradual breakdown of Ti*-Ti** bonding.

Introduction

Linkage of octahedra with sharing edges
sometimes gives a short metal-metal dis-
tance, and the metal-metal bonding
through shared edges has been observed in
many compounds (I, 2). This strong inter-
action between metal ions causes interest-
ing phenomena, such as metal—insulator
transitions. Ti,0,,-; and V,0,,_;, known
as Magnéli phases, are typical examples
(3, 4). In these compounds, MOg¢ octahedra
(M = Ti, V) share corners and faces as well
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as edges (9) and the second nearest cations
are not far from a central cation.

The structure of CrVO; is considered to
be an intermediate structure between that
of quartz and rutile from the viewpoint of
phase transition under high pressures (6).
In this structure, octahedra of CrOg share
only two edges at the opposite side with
other octahedron and a one-dimensional
chain of CrOg4 octahedron is formed along
the crystallographic ¢ axis. The chains are
combined by VO, tetrahedron with sharing
corners (7). Consequently, a chain of octa-
hedron seen in the rutile structure is iso-
lated from other chains.

Some orthophosphates with trivalent cat-
ions are isostructural with CrVO, (8-10).
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By preparing titanium and vanadium ortho-
phosphates with this structural type, one-
dimensional chains composed of TiOs and
VOg octahedra which are linked with edges
could be isolated.

Here we report on the preparation and
characterization of titanium and vanadium
orthophosphate with CrVO,-type structure.

Experimental Procedure

Powders of (NH4);HPO, and TiO, (ana-
tase) or NH,VO; were mixed in a molar
ratio of 1.1 to 1.0 and were ground with an
agate mortar and pestle. The mixtures were
calcined at 950°C in a gold crucible under
an atmosphere of Ar gas. In the case of
vanadium phosphate, Ar gas was deoxi-
dized by iron wire heated at 550°C. The Po,
was estimated to be about 10-26 atm from
the diagram given by Swalin (/7). A gold
crucible containing starting powder for tita-
nium phosphate was put at a sealed end of a
silica tube whose other end was open, and
porous titanium metal was packed into the
remaining space of the silica tube. The sil-
ica tube was put in Ar gas and heated. The
temperature at the titanium metal ranged
between 950 and about 750°C along the
packed column of titanium metal. In addi-
tion to the titanium metal, ammonium gas,
which is produced by thermal decomposi-
tion of ammonium phosphate, reduces the
oxygen partial pressure.

The compound CrPO, was obtained by
firing the precipitate, which was produced
by mixing the solutions of Cr(NOs); and
(NH,),HPO, at 1000°C in air. The colors of
the products were pale green for titanium
phosphate, pale brown for vanadium phos-
phate, and green for CrPO,.

Magnetic susceptibility was measured by
using a Faraday balance from liquid He
temperature to 600K. Electric resistance
was measured on a polycrystalline sample
sintered at 900°C and 3 GPa for 1 min using
the two-probe method from room tempera-
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ture to 600K. The measurement was carried
out in He gas. The reproducibility was good
in this temperature range, and samples
were considered not to be oxidized during
the measurement. Lattice constants were
determined by least-squares refinement of
powder data taken by using Cu Ka radiation
with a scanning speed of $°/min. EPR mea-
surements on powder samples were per-
formed from liquid N, temperature to room
temperature with a microwave frequency of
9.5 GHz. Spin concentration was measured
by comparison with known samples of
CuSO0, - 5H,0.

Oxidation of the products was carried out
at 500°C in O, gas and the weight gain was
measured until the weight gain remained at
a constant value. The products upon oxida-
tion were VPO; for vanadium phosphate
and almost amorphous white material with
small and broad peaks of TiO, and TiP,0,
for titanium phosphate. The X-ray powder
pattern of VPOs produced from vanadium
phosphate was sharp and extra peaks were
not observed. The calculated values for the
weight gain were based on the following re-
actions.

V3+PO4 + %02 b d V5+P05,
2T3*PO, + $0;, — Ti**0; + Ti**P,0;.

These values correspond to the weight
changes accompanied with the oxidation of
V3* or Ti3* to their highest oxidation states,
being independent on the crystalline state
of the products.

The ratio of Ti/P was determined with the
gravimetric analysis to be 0.965.

Result

X-Ray powder patterns for titanium
phosphate and vanadium phosphate were
similar to that of B-CrPO, and were com-
pletely indexed with orthorhombic unit
cells. The X-ray powder pattern of chro-
mium phosphate agreed with the reported
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one for B-CrPO, (10). The lattice constants
and weight gain with oxidation for titanium
phosphate and vanadium phosphate are
listed in Table 1. In Fig. 1, iattice constants
of phosphates with CrVO,-type structure
are plotted against ionic radii of transition
metal ions. As seen in this figure, the lattice
constants increase linearly with an increase
of ionic radii. In this series of compounds, a
discontinuity of lattice constants was not
observed, although such phenomena were
reported for the ¢ axis of transition metal
dioxides with rutile-type structure (12).
The metal-metal bonding through shared
edges is associated with the sharp decrease
of the ¢ axis in these compounds.

The single phase of vanadium phosphate
with CrvVO,-type structure changed to the
single phase of VPOs with oxidation and the
weight gain upon oxidation was 11.0%, in
good agreement with the calculated value.
This indicates that the compound obtained
is almost stoichiometric VPO,. On the
other hand, the weight gain upon oxidation
for titanium phosphate was smaller than the
calculated value, which is based on the stoi-
chiometric TiPO4. The chemical analysis
showed the deviation of molar ratio of Ti/P
from unity.
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FiG. 1. Lattice constants vs ionic radii for M**PO,
orthophosphates.

The chemical formula for the titan-
ium phosphate should be given as
Tii*, Tisy OPOy, where O is a titanium va-
cancy. One cation vacancy introduced into
the structure results in producing three te-
travalent titanium ions for the charge com-
pensation. The value of x is determined to
be 0.035 from the chemical analysis, and

TABLE I

LATTICE CONSTANTS AND WEIGHT GAIN WITH OXIDATION OF TRANSITION METAL ORTHOPHOSPHATES AND
CRITICAL DISTANCE FOR METAL-METAL BONDING

Weight gain

(%)
a b ¢ Critical distance®
(A) (&) A) &) Obs. Calc.
TiPO 5.299 7.910 6.368 3.02 4.8 5.5
VPO 5.230 7.772 6.284 2.94 11.0 11.0
B-CrPO4 5.165 7.750 6.131 2.84
FePOy 5.2717 7.770 6.322 2.58
a Ref. (16).
b This work. This formula is given here for the simplicity in spite of its nonstoichiometry. See text.
¢ This work.
4 Ref. (10).

¢ Ref. (9).



TRANSITION METAL ORTHOPHOSPHATES

x100
60

Deft=3.62 ug

1/%m lemu/mol)

SoF ?9

N

100 700

P

300
T (K)

200

F1G. 2. Magnetic susceptibility vs temperature for
VPO,.

the chemical formula for the titanium phos-
phate obtained here is deduced to be
Tid teo Tig 10s00.035PO04. The value of x proba-
bly depends on the oxygen partial pressure,
although we have not studied this.

The temperature dependence of magnetic
susceptibility for VPO, is shown in Fig. 2.
A broad minimum was observed for 1/x at
about 140K and the effective magnetic mo-
ment was calculated to be 3.6pp in the high-
temperature region. The broad minimum of
1/x may reflect the one-dimensional struc-
ture of this compound. The magnetic sus-
ceptibility for CrPO, seems to obey the
Curie-Weiss law (Fig. 3). No ordering
temperature was observed down to liquid
N, temperature and the observed effective
magnetic moment of 3.9up is in good agree-
ment with the spin-only value for Cr3*. The
paramagnetic Curie temperature was calcu-
lated to be —529K for VPO, and —80K for
CrPO,, respectively.

As shown in Fig. 4, the magnetic suscep-
tibility of titanium phosphate is nearly inde-
pendent of temperature above about 140K.
Below this temperature, the magnetic sus-
ceptibility decreased to about half that at
high temperature, and then increased again
on going to liquid He temperature. In this
temperature region, the data were fitted by
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the law
Xg = X + (C/AT — 6)),

where x, was a temperature-independent
contribution. The constants were deter-
mined to be 2.1 X 1077 emu/g for xq, 51.5 X
10~¢ emu/g for C,, and —1.5K for 6, respec-
tively.

From the measurement of electrical re-
sistance, the titanium phosphate is consid-
ered to be a semiconductor with an activa-
tion energy of 0.67 eV as seen in Fig. 5. The
electrical resistance of VPO, is also shown
in Fig. 5. This compound is a semiconduc-
tor with an activation energy of 1.14 eV.
The electrical resistance below room tem-
perature was not measured because of their
high values.

An EPR spectrum for the titanium phos-
phate at 292K is shown in Fig. 6. The pecu-
liar magnetic behavior and the magnitude of
magnetic susceptibility of the titanium
phosphate imply that the Ti3*-Ti** homo-
polar bond exists in this compound. How-
ever, the fairly strong spectrum observed
indicates that a considerable amount of un-
paired Ti3* also exists. We think that the
unpaired Ti** ions are caused by the non-
stoichiometry of this compound, as ob-
served for Ti,O; (13, 14). The g factor of
this compound was 1.940 and is smaller
than those reported for Ti,O,,-; (15). The

Vett=3.90 pg
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FiG. 3. Magnetic susceptibility vs temperature for
CrPO;,.
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intensity of the spectrum remained nearly
constant down to about 150K, and this indi-
cates that the spin concentration declines
with a decrease in temperature. In Fig. 7,
the temperature dependence of spin con-
centration and linewidth are shown. At the
temperature region where magnetic suscep-
tibility decreases, the spin concentration
also decreases sharply and the linewidth
continues to become narrow. These facts
suggest that the sharp decrease in magnetic
susceptibility is not associated with the
magnetic ordering.

Discussion

In Table I, lattice constants of the transi-
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Fi1G. 5. Electric resistance of VPO, and titanium
phosphate at elevated temperature. [I: titanium phos-
phate, O: VPO,.

tion metal phosphates, MPQOy, are listed, as
well as the critical distance for metal-metal
bonding proposed by Goodenough (16).
The half-length of the ¢ axis of the CrVO,-
type structure gives the metal-metal bond
length through a shared edge. The phos-
phates listed here have larger values than
the critical distances of the corresponding
ions. We cannot, therefore, expect
metal-metal bonding for these compounds.
The data for VPQ,, CrPO,, and FePO, sup-
port this model.

Although no magnetic ordering was ob-
served, the magnetic susceptibility of the
titanium phosphate is almost temperature
independent above 140K and its magnitude
is smaller than the expected value for free
Ti** ion. This fact indicates the existence of
Ti**~-Ti’* homopolar bonds. Short Ti-Ti
distances for paired Ti** would alternate

Freq.= 9.5 GHz
T=292K

—
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FiG. 6. EPR spectrum of polycrystalline titanium
phosphate.
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temperature for titanium phosphate. O: spin concen-
tration; A: linewidth.

with long Ti-Ti distances for nonbonded
Ti** along the chain but the distribution of
the pairs would be random in the structure.
Since the ¢ axis length gives only the aver-
age distance of paired and unpaired Ti3*
ions in this case, no extraordinary change
of lattice constants with the ionic radius of
constituent transition metal ions was ob-
served.

The defects (titanium vacancies and Ti**
ions) inhibit the formation of Ti**-Ti3* pairs
and leave unpaired Ti** ions which contrib-
ute to the EPR. The concentration of un-
paired Ti** depends strongly on the number
of defects. At high temperatures, the de-
fects would distribute randomly in the
chain and one defect has at least one un-
paired Ti** ion as its neighbor when one of
the paired Ti** ions is replaced with a de-
fect. In this case, the concentration of un-
paired Ti*" is calculated to be 14.0%, in
good agreement with the observed value of
14% at 292K by EPR. But, it is not neces-
sary that the concentration of unpaired Ti**
corresponds exactly to the number of de-
fects, because unpaired Ti** ions produced
by the replacement of the counterpart of a
pair with a defect, as mentioned above,
would tend to recombine with other iso-
lated Ti** ions for the stabilization of the
compound, especially at low temperatures.
The number of defects gives the maximum
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concentration of isolated Ti3* ions in this
case.

Cation vacancy and Ti** ions may tend
to form clusters shown as Ti**-[] and
Ti**-O-Ti** with a decrease in tempera-
ture. The last form of cluster is most likely
at very low temperature, as reported for
Fe,_,O (17). If the final state of defects is a
combination of the cluster Ti** — [0 — Ti**
and isolated Ti**, the number of defects de-
creases to half of random distribution of de-
fects at high temperatures. As the number
of defects decreases, the unpaired Ti** ions
which were accompanied with the defects
are released from the defects and pair with
other released Ti** ions. Therefore the clus-
tering diminishes the population of un-
paired Ti* ions. The magnitude of the mag-
netic susceptibility and spin concentration
should decrease in accordance with the
clustering of defects and the decrease of un-
paired Ti** ions. In fact, both the magnetic
susceptibility and spin concentration de-
creased abruptly below 150K as shown in
Figs. 4 and 7. We think the formation of
Ti**-0O-Ti** clusters is mainly responsible
for these abrupt decreases.

The concentration of unpaired Ti** ions
is considered to remain constant below
about 100K, because a rearrangement of
defects is no longer expected. In fact, the
magnetic susceptibility exhibited a Curie-
Weiss behavior as shown in Fig. 4 and
the Curie constant was calculated to be 52
x 107% emu/g. Taking the spin concentra-
tion of 0.60 x 10% spins/g, which was ob-
served at 77K, we can calculate an effective
magnetic moment of 2.0ug for the tempera-
ture region below 100K. This value shows a
good agreement with the spin-only moment
of 1.7ug for Ti3*.

In addition to the clustering of defects,
the breakdown of Ti3*-Ti3* pairs must be
taken into account in order to explain the
nearly temperature-independent magnetic
susceptibility above 150K. Up to room tem-
perature, the spin concentration was ob-
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served to increase with temperature. EPR
spectra were not measured above room
temperature, but temperature-independent
susceptibility above room temperature indi-
cated that isolated Ti}* ions continue to in-
crease with temperature. The amount of
isolated Ti** ions estimated from the mag-
netic susceptibility was more than that cal-
culated on the assumption that a defect ac-
companies an isolated Ti** ion as a result
of substitution of the counterpart of a
Ti3*-Ti3* pair by a defect. This means that
a gradual breakdown of Ti*-Ti** pairs
takes place.

In the Magnéli-phase series of com-
pounds, breakdown of pairs occurs at a
critical temperature and accompanies the
metal-insulator transition. However, this is
not the case for titanium phosphate. Elec-
tric resistance and magnetic susceptibility
do not exhibit such a critical transition but
the Ti**-Ti** bonding is broken gradually.
Fairly large concentration of defects may
strongly affect the gradual breakdown of
T*-Ti** bonding.
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