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ScTiO; has been prepared by solid-state reaction of ScyQs, TiO,, and Ti at 1700°; SeVO;, by reaction of Sc;0; and V.05 at

1500° and by reduction of ScVOQ, with hydrogen at 950°.
those of Sc,O;, indicating a C-type R,0; face-centered-cubic structure.

X-Ray intensities of ScTiO; and ScVO; closely correspond with
The magnetic susceptibility of ScVO;, measured

by the Gouy method over the range 77-300°K, shows normal paramagnetic behavior corresponding to pers = 2.98 BM. The
optical reflection spectrum of ScVQs, showing four bands at 4130, 9750, 13,900, and 20,200 cm™!, is consistent with V3+
in lower than trigonal symmetry, ScTiO;shows moderate powder conductivity, but its magnetic susceptibility indicates that

most of the d?! electrons are localized on Tid+,

The optical reflection spectrum of 8cTiO;.q0 shows a continuous absorption

from 28,000 to 3800 cm 1, possibly superimposed on a Ti3* ligand-field absorption band at 20,000 ecm .

Introduction

Morin® has argued persuasively that the breadth of
the 3d conduction band in the transition metal oxides
should increase from right to left in the periodic table
consistent with increasing overlap of the 3d orbitals.
The compounds of scandium, consequently, should be
the most favored of the first-row transition series in
showing wide conduction band characteristics, hence,
high carrier mobility in a suitably populated system.
As part of a program to investigate transport proper-
ties in transition metal compounds, it was undertaken
to synthesize ScTiO; and ScVO; and to examine their
electric and magnetic behavior. The possibility existed
that these compounds might be metallic if they con-
formed to a model in which a scandium 3d conduction
band is populated by electron excitation from Ti3+
(3dY) or V3+ (3d?) as easily ionized donor centers.

Experimental Section

Starting Materials.—Sc:0;, 99.59,, obtained from the Austral-
ian Mineral Development Laboratories, South Australia, con-
tained 0.39;, $iO: as principal impurity. Va0s, 99.99%;, was ob-
tained from the Vanadium Corp. of America. Ti metal, 99.89,
was obtained as a —300-mesh powder from Metal Hydrides,
Inc. The magnetic susceptibility of TiOs obtained by oxida-
tion of the Ti metal powder showed the latter to contain 0.29, Fe.
After being dried in air at 100° it showed 969, Ti metal by weight,
as determined by weight gain at 1000°. V:0; was prepared by
hydrogen reaction* of V205 at 950°. TiO: was Fisher Certified
reagent.

Preparation of ScTiO;.—Sc¢TiO:; was prepared by heating
under vacuum at 1700° a compacted mixture of composition
28c204:3Ti0Ti. The oxides were both sieved through 300-
mesh screens and dried at 400° before thorough admixture and
grinding with Ti metal. Some oxidation of Ti metal occurred
during grinding, and allowance was made for this by addition-of
more Ti and less TiOs in successive preparations, always in such
proportions as to keep the Sc:Ti ratio at unity. The Ti® and
Ti%* contents of the reaction mixtures and products, respectively,
were checked by determining their weight gain when heated in
air at 1000°. For the sample of S¢TiOs closest to stoichiometry,
for example, the gain in weight of the initial reaction mixture was

(1) This research was supported by the U. 8. Air Force Office of Scientific
Research through Grant No, AFOSR-796-65 and by the Advanced Research
Projects Agency through the Materials Science Center at Cornell University.

(2) On leave from the Division of Mineral Chemistry, C.S.I.R.0., Mel-
bourne, Australia. :

(3) F. J. Morin, Bell System Tech. J., 87, 1047 (1958).

(4) W, Klemm and P, Pirscher, Optik, 3, 75 (1948).

99.709, of theoretical, and after firing that of the product was
99.509, of theoretical, corresponding to a composition ScTiOs.003.

Reaction mixtures were heated in either an iridium or molyb-
denum crucible, less sticking of the fired pellets occurring with
the latter. The crucibles were supported on inverted alumina
or zirconia crucibles and surrounded by a section of alumina or
mullite tube to act as a radiation shield. The reaction assembly
was contained in a 64-mm diameter quartz tube evacuated to a
pressure of less than 10~%torr. Samples were carefully outgassed
at low temperature before final heating. Temperatures were
estimated to ==20° by sighting with an optical pyrometer into a
small hole in the crucible lid, substantially blackbody conditions
being obtained.

Reaction was incomplete at 1300° but complete in 2 hr at 1650°
orabove. No change in the positions or intensities of the powder
diffraction peaks was obtained on regrinding and heating of the
product for a further period. Sintered pellets of ScTiO; were
black and very hard. The compound melted somewhat above
1800°, )

Preparation of ScVO;.—Attempts to produce ScVO; by reac-
tion of Sc;03 with ViO3 at 1650° under vacuum resulted in a
cubic phase but also in sublimation of shiny black columnar
crystals onto the inside of the crucible lid. These highly elec-
trically conducting crystals were found to be V:0j;, their X-ray
pattern matching closely that reported on ASTM Card No. 1-
1293. Reaction of Sc;0; and V:0; in a sealed platinum capsule
at 1500° gave complete reaction, but, more conveniently, ScVOs
was found to be the stoichiometric product of reduction by hy-
drogen at 950° of ScVO;. ScVO4 ¢ was made by reaction of in-
timate mixtures of SciO; and V205 at 900-1000° for 10-15 hr.
It has been shown that weight losses for such preparations are
less than 0.19, even at 1200°. After thorough grinding, ScVO4
was weighed into an alumina boat and heated in a slow stream of
hydrogen purified by passage through a palladium diffuser. Re-
duction was carried out first at 450-500° and finally at 950° for
several hours. The weight loss by ScVOy in forming ScVO; was
within 0.8% of that calculated, and reheating ScVO; in air at
700° gave a weight gain also within 0.39, of that calculated.
ScVO; powder prepared by hydrogen reduction was dark brown
and apparently air stable.

X-Ray Diffraction.—X-Ray powder diffraction peaks were
recorded at slow scan rates on a General Electric XRD-5 dif-
fractometer. Peak positions were fixed by calibration of the
26 scale with silicon, tungsten, and Sc:O; powder samples, and
also by inclusion of Sc:Os and W as internal standards. Intensi-
ties were obtained by measuring peak areas with a planimeter.
For the recording of ScVO; peak areas, the fluorescence back-
ground was arbitrarily suppressed. Radiation was Cu Ka.

Magnetic Susceptibility.——Samples were meshed to a given size
range and packed in 3-mm diameter precision-bore Pyrex tubes

(5) L. H. Brixner, J. Electrochem. Soc., 112, 70 (1965).
(6) H. Schwarz, Z. Anorg, Allgem. Chem., 328, 44 (1963).
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constructed with a central septum and:evacuated tail. A tube
correction was fourd to be unnecessary. Calibration of the Gouy
balance with nickel chloride solution and with HgCo(NCS)4
sieved to a given size range gave calibration values agreeing within
0.39%. Room-temperature susceptibility was checked by re-
packing samples in the same tube. In the case of ScTiOz.q0,
which showed an unexpectedly high susceptibility, measure-
ments over the temperature range were also made using different
tubes and a different Gouy balance in another laboratory, but
results obtained were identical. In all cases measurements
were made over a range of magnetic fields from 2500 to 10,000
gauss, and gram susceptibilities were extrapolated by xg vs. 1/H
plots to zero reciprocal field. SeTiO; was found to gain coxygen
slightly wheén finely ground in air; samples for magnetic and spin
resonance measurements were minimally crushed until they
passed a 100-mesh but not a 170-mesh sieve.

Optical Spectra.—Ultraviolet, visible, and near-infrared spec-
tra were recorded as diffusé-reflectance spectra on a Beckman DK-
2A. double-beam spectrophotometer fitted with a reflectance
sphere. Sc:0; was used as an isomorphous reference sample.

Electron "Paramagnetic Resonance.—Powder samples were
examined at 77°K at a frequency of 9 Ge/sec with a standard
homodyne system using balanced crystal detection with 100-ke/
sec field modulation and phase-sensitive detection.

Results

The observed X-ray diffraction intensities and lat-
tice constants of ScTiO; and ScVO; are given in Tables
I and II. Those for ScyO; are included for comparison.
Similar X-ray patterns with similar intensities were ob-
served -for compositions ScTiOs.g55, ScTiOs.005, and Sc-
TiOs.17. Compositions nominally ScTiOs.g; and ScTiOs.5
gave a similar phase with, however, separation of some
TiO. (rutile), indicating a limiting composition be-
IOVV SCTiOs.za.

Neither ScTiO;.q0s nor ScVO; gave an electron para-
magnetic resonance signal at 77°K, but ScTiOs.pss
gave a strong single peak corresponding to a g galue of
1.98. Magnetic susceptibility data for these composi-
tions are given in Table III, and the plots of reciprocal
x per gram-atom of M3+ vs. T are shown in Figure 1.
For ScTi0s.055 and ScVO; the field dependence of sus-
ceptibility was small (approximately 0.5 and 2% ex-
trapolations from 10,000 gauss to infinite field, respec-
tively), and normal Bohr magneton numbers were ob-
tained as shown in Table III. For ScTiQs.005, although
it was prepared from the same starting materials as
ScTiO0s.063, the field dependence was relatively high,
and the linear plots of x, vs. 1/H extrapolated to a value
25%, below that at 10,000 gauss. These differences in
behavior suggest that Fe impurity known to be present
in the starting Ti metal was reduced to free Fe, at least
inh part, in ScTiOs.s but was all present as Fe?+ or
Fe3t in ScTiOs.ps3.  Reflectance spectra for ScTiOs.00
and ScVO; are shown in Figure 2. The reflectance
scales, in units of log (Ry/R), are arbitrary with respect
to true optical absorption coefficients.

The electrical conductivities of sintered pellets of
ScTiOs and ScVO; were checked simply with an elec-
trometer resistance bridge and two probes. ScTiOs.00
showed a resistivity of about 10* ohms cm, but the re-
sigtivity of ScVO; was approximately 10° ohms cm. (A

(7) B. N. Figgis attd R, S. Nyholm, J. Chem. Soc., 4196 (1858).
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‘TaBLE I
COMPARISON OF OBSERVED DIFFRACTION INTENSITIES

ht + k2 4 ]2 Sc20s% ScTiOs SeVOs
6 30 34 32
12 100® 200 200
14 4 2 4
16 15 16 21
18 8 8 8
20 3 3
22 26 24 27
24 4 2
26 20 22 21
30 9 8 7
32 78 86 90
34 5 4
36 2 1
38 10 7 11
40 4 2
42 9 9 9
44 33 36 44
46 12 14 13
48 4 5 4
50 4 3
52 3 2
54 8 7 10
56 3 3
62 3 3
64 7 10 8
66 5 6
68 4 3
70 3 3
72 3 4
74 4 5
76 8 13 11
78 2
80 3 7
84 3
86 4
90 4

e Values for Sc;0; from H. E, Swanso1, R. K. Fuyat, and G. M.
Ugrinic, National Bureau of 3tandards Circular (!9, Vol. III,
U. S. Government Printing Office, Washington, D. C., 1954.
b This value appears to be in error by a factor of 2, Admixture
of ScyQs with ScTiO; or ScVO; gave a double set of diffraction
peaks with the same relative intensities throughout—i.e., the
compounds are closely isomorphous and show similar intensities.

TasLE II
LATTICE CONSTANTS® AND COMPOSITION

Tis+ as 9 of

Compound a0, A total Ti
SCzOs 9. 845b

SeTi0s.003 9.709 £ 0.003 99.5
SeTi0s.05 9.710 &£ 0.003 89.4
ScTiOs.00s 9.717 &= 0.003 81.0
ScVOs¢ 9.602 £ 0.003

e CuKey, A 1.5406 A; SceO; (ap = 9.845 A) and W powder (g ==
3.1648 A) as internal standards. ? See reference given in foot-
notea of TableI. ¢ ScVOi.00010-0015-

TasLE III
PARAMAGNETIC CoNSTANTS® FOR ScTi0; AND ScVO;
x/g-atom of M3+ = C/(T + ) cgs units

C 8 Hoff

. ScTi0s.003 0.570 &= 0.005 093 = 2 2.14
ScTi03,0s3 0.362 &= 0.004 45+ 2 1.71
ScVOy 1.103 = 0.025 117 = 4 2.98

“a After correction for diamagnetism using the values of P. W.
Selwood, “Magnetochemistry,”” 2nd ed, Interscience Publishers,
Inc., New York, N. Y., 1956.
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Figure 1.—Reciprocal susceptibility per gram-atom of M3+ us.
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Figure 2.—Electronic absorption spectra for ScTiOs.0m (A) and
ScVO; (B) with Sca0; as reflection reference.

section of alumina rod had a resistivity of 10 ohms cm
under similar conditions.)

Discussion

The close correspondence of the X-ray intensity data
for ScTiO; and ScVO; with those for Sc;0, shows that
these three compounds are isostructural. The scattering
powers of Ti** and V3* are very close to those for
Sc+, and almost identical reflection intensities are to be
expected whether the Ti3t or V3+ ions are ordered or
random with respect to Sc.3+

A number of C-type metal oxides are known, includ-
ing Sc;0s, (Fe,Mn):O (bixbyite), CeyO; and V30,8
A single-crystal refinement of the structure of Y,0;
has been recently reported?® Of the 32 metal ions in
the unit cell, 8 are at /4, /4, /4, each surrounded by
six oxygen atoms at the corners of a slightly distorted
cube with two oxygens missing from diagonally opposite
corners, and 24 are at the more general positions #, 0,
!/4 with six oxygen atoms at the corners of a cube with
two oxygens missing from the opposite corners of one
face. The structure thus approximates a fluorite type
with one-quarter of the oxygens missing.

The presently described compounds exhibit consider-

(8) M. G. Paton and E. N, Maslen, Acta Cryst., 19, 307 (1965).

ScanpiuM TITANITE AND SCANDIUM VANADITE 523

able “cubic solid solubility”’ in that oxidation of some
Ti3* to Ti*t or V3+ to V*+ does not alter the crystal
structure, the additional oxygen evidently being ac-
commodated in the empty oxygen spaces in the lattice
with very little change in lattice constant (Table II).
This behavior parallels that of a number of reported
solid solutions between M’)0; and M’'O, oxides®!
in the low MyO; region. However, at compositions
Se;052Ti0; and Scp03TiO,;, while the predominant
phase (or solid solution) was the face-centered cubic
(Sc, T1)20s14, unreacted TiO, was present at the first
composition and a small quantity of a second phase,
not identifiable as any of TiO,, pyrochlore, fluorite, or
pseudobrookite, was present at the second. This be-
havior is considerably different from that shown, for
example, by Y;0; with TiO; where Y,05-2TiO, forms a
pyrochlore phase and Y.03 TiO; forms a fluorite phase.®

As well as accommodating Ti*t or V4+ in their struc-
tures, the ScTiO; and ScVO; phases can presumably,
since they have the same structure as Sc;0s, form solid
solutions with it from the Ti;05;Sc;0; and V05 Sc,0;s
compositions up to 1009, Sc:0s;. Such behavior has
been observed for the Fey03-Sc,0s; and CryOs-SceOs
systems, 1412 where for 0-50 mole 9, Fe;O; or Cr:0;
sintered with Sc,O3 at 1300°, the ScyOs-type structure
was retained with a change of lattice constant propor-
tional to Fe;O; and Cr;0; concentrations. In the pres-
ent systems, extensive volatilization of V,0; from
initially stoichiometric ScVO; heated at 1700° still pro-
duced the C rare earth oxide phase, as expected.

The magnetic susceptibility data for ScTiO;.053 corre-
sponding to uesr = 1.71 BM are normal, indicating one,
or statistically very close to one, unpaired electron per
Ti®t atom. Likewise, the moment of 2.98 BM ob-
served for ScVO;s is only slightly higher than the spin-
only predicted value of 2.83 BM for V¥+ (3d2). How-
ever, the 2.14 BM observed per Ti®*t in ScTiOs.00 18
clearly higher than expected. Although it was observed
that sintered pellets of the black ScTiOs.43 showed an
apparent resistivity of 10* ohms cm, the true resistivity
of the structure is possibly considerably lower, but the
presence of Fe must not be overlooked. However, the
magnetic results suggest that the 3d! electron must be
substantially localized on the Ti®+ sites; consequently,
ScTiO; is probably not metallic but an intrinsic semi-
conductor. The existence of at least a small number of
conduction electrons in the black compound is evidenced
by the optical reflection spectrum, which shows the
presence of a continuous absorption from approximately
28,000 to 3800 cm™!, probably superposed on a Tid+
ligand-field absorption band at 20,000 cm—.

The dark brown ScVOs, with a resistivity of approxi-
mately 10® ohms cm, shows a magnetic susceptibility
and optical reflection spectrum consistent with localized
3d? electrons. Of the four absorptions observed (at
4130, 9750, 13,900, and 20,200 cm~1Y), the upper two

(9) J. D. Ault and A. J. E. Welch, ibid., 20, 410 (1966).

(10) A. D. Wadsley in “Nonstoichiometric Compounds,” L. Mandelcorn,
Ed., Academic Press, Inc., New York, N. V., 1963, Chapter 3,

(11) J. Cassedane and H. Forestier, Compt, Rend., 260, 2898 (1960),

{12) J. E. Young, Jr., private communication
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probably correspond®® to the normal 3d? octahedral
transitions ¥Ty, — ¥Ty, and 3T (F) = *T1,(P). For VF;
complexes!* with a trigonal distortion of a cubic field,
three bands at 10,200, 14,800, and 23,000 cm~! have
been observed. The upper two correspond to undis-
torted “cubic’ transitions, and the lowest, to the spin-
forbidden transition *Ty; = 'E,, 'Ty. The ScVO; band
at 9750 ecm~! evidently corresponds to this transition.
The actual lowering of the local V3+ symmetry to or
below trigonal can also allow strong splittings of the
“cubic” levels, in particular that of the ground state.
For V#+in Al,O; the ground state is split* by 1200 cm—!
and, in the present case, by 4130 cm~!. The absence
of a spin resonance signal for stoichiometric ScTiOs
or ScV Oy at 77°K is probably due to strong spin-lattice

(13) C. J. Ballhausen, “Introduction to Ligand Field Theory,” McGraw-
Hill Book Co., Inc., New York, N. Y., 1962.

(14) C.]J. Ballhausen and F. Winther, Acie Chem. Scand., 18, 1729 (1959).

(15) M. H. L. Pryce and W. A. Runciman, Discussions Faraday Soc., 26,
34 (1958).
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interaction; for ScTiOs.q3, the additional oxygen may
reduce this interaction.

The moderate conductivity of ScTiOs suggests that
the 3d orbitals of scandium, together with the 3d or-
bitals of titanium, participate in establishing conduc-
tion band states, and studies on pure crystals could be
most interesting. In the absence of completely iron-
free T1i starting metal or single crystals of the stoichio-
metric compounds, conductivity and other physical
properties were not further investigated. The sensi-
tivity of the spin resonance and presumably carrier den-
sity and mobility to oxygen content in the ScTiOs.,
phase suggests a fruitful study of the M;0s,, region in
the C metal oxide—fluorite system.
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Phase relationships in the system Cay (PO, )-Z113(POy)s were determined by quenching, strip-furnace, aud high-termperature

X-ray diffraction methods.

The data were used to construct phase diagrams which show the effeet of solid solubility on the

inversion temperatures of Cay(POs), and Zuy(PO4)y polymorphs and those of the intermediate compound, CaZn.(PO,),.
The stahle and metastable forms of CaZn,(PO,): and the metastable existence of ““y-Zny(P04)” (the Mgz (POs)y structure)

are discussed in detail.

The alkaline earth orthophosphates as well as those
of zinc and cadmium are important phosphor hosts.
Of particular interest are divalent tin-activated g-
Sr3(POy), and divalent manganese-activated S-Zns-
(POy)y which have been used as a color corrector in
high-pressure mercury vapor lamps and as the red
component in color television screens, respectively.
The investigation of the phase equilibrium relation-
ships in the system Cas(PO4);~Zns(PO4), was under-
taken as part of a general study on the phase rela-
tions in the system Sr3(PO,)—Cas(PO4)e—Mgs(POy)o-
ZH3(PO4)2.

The phase relations in the system Cas(POy)s~Zns-
(PO4), have not been reported; however, considerable
information has been published on the end members.

Welch and Gutt! found that pure calcium orthophos-
phate melts at 1756° and has three stable polymorphs
labeled B, «, and &’ in order of increasing tempera-
ture. The phase transitions may be represented by

(1) J. H. Welch and W. Gutt, J. Chen, Soc., 4442 (1961).

1125°  1430°
B a = o

The 8 &2 « inversion can be studied by the quenching
technique, but these authors did not comment on the
rate of the @ & o’ inversion. The systems Cay(PO,),~
Sr3(POy); and Cas(PO4),—Mgs(POs), have been studied
by Sarver, Hoffman, and Hummel? and by Ando,?
respectively. B-Cas(PO.)s takes both Sr?+ and Mg?+
into solid solution, and in both cases the 8 — « inver-
sion temperature increases rapidly as the concentration
of impurity ions increases. Koelmans, Engelsman, and
Admiraal® reported the existence of two low-temperature
phase transitions at —40° and —+35° and speculated
that these may be connected with ordering effects in
the B-Cas(PO,), structure.

Zinc orthophosphate was found by Katnack and

(2) J. F. Sarver, M. V. Hoffman, and F. A. Hummel, J. Electrochem. Soc.,
108, 1103 (1961).

(3) J. Ando, Bull. Chem. Soc. Japan, 31, 202 (1958); ‘‘Phase Diagrams
for Ceramists,’”” E. M. Levin, C. R, Robbins, and H. F, McMurdie, Ed,,
The American Ceramic Society, Columbus, Ohio, 1964, p 214, Figure 613,

(4) H. Koelmans, J. J. Engelsman, and P. 8. Admivaal, Phys. Chemn.
Solids, 11, 172 (1959~-1960).



