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The crystal structures of V,05 at 23, 115, 212, 300, 400, and 600°C, of the low-temperature, «, form of
(Cro.01Va.99):03 at 23°C, and of the high-temperature, 8, form of (Cro.o1Ve.99)203 at 23, 113, and 310°C
have been determined from X-ray diffraction data collected on a single-crystal diffractometer with
graphite-monochromated Mo K« radiation and have been refined by least-squares techniques to
weighted residuals of 0-025 to 0-048 using about 100 reflections at each temperature. All systems were
found to be rhombohedral, space group R3c, and are isomorphous with a-alumina. At room temper-
ature the structures of V,0; and « (Cro.o; Vo.s5),03 are essentially identical. Changes in the structure of
V,0; with increasing temperature are sigmoidal with the uncorrected metal-metal distance across the
shared octahedral edge increasing smoothly from 2-880 (1) A at 23° t0 2:924 (1) A at 600 °Cas the a axis of
the hexagonally indexed unit cell increases. The ¢ axis decreases over this temperature range but the metal-
metal vector, which is parallel to ¢, across the shared octahedral face increases from 2:697 (1) A to
2-738 (1) A. The metal-oxygen distances increase by 0-013 A or less. These changes in dimensions occur
over the same temperature interval as the change in resistivity of metallic V,0s. The differences in inter-
atomic distances in the « and f forms of (Cry.o; Vo.99)20; are quite close to the corresponding differences
in V,0; at 23° and 600°C. The effect of heating f (Cro.01Vo.00),0; is to increase most of the interatomic
distances and unit-cell dimensions in a linear fashion by only small amounts. The exception is the un-
corrected metal-metal distance across the shared octahedral face which decreases from 2-747 (1) A at
23° to 2:739 (1) A at 310°C. The net effect of these changes in V,0; and B (Cro.o1Vo.09):0; is an

asymptotical convergence of the structures of these materials at elevated temperatures.

Introduction

A variety of interesting structural and electrical phe-
nomena are observed upon heating rhombohedral
V,0; and the thombohedral chromium-doped systems
(CryV,_,),0s5. Pure V,0; exhibits a continuous elec-
trical transition in the range 225° to about 400 °C which
results in an increase in electrical resistance of about
one order of magnitude in this metallic material (Fex,
1946; Morin, 1959). This resistivity change is accom-
panied by a change in lattice parameters with a smooth
nonlinear increase in the @ dimension of the hexag-
onally indexed unit cell and a smooth nonlinear de-
crease of the ¢ dimension (McWhan & Remeika, 1970).
Recent studies of very pure V,0; (Chandrashekhar,
Sinha & Honig, 1974) have suggested that V,0; exists
at least in two thombohedral forms over this tempera-
ture range.

Between about 30 and 230°C the resistivity of
(Crg.01Vo0.99)203 increases abruptly with temperature by
one to two orders of magnitude then falls off gradually
to its original value. The powder diffraction work of
Honig, Chandrashekhar & Sinha (1974) suggests that
this behavior may be an extrinsic effect resulting from
the presence of two phases rather than a Mott transi-
tion as originally proposed (McWhan & Remeika,
1970). The room-temperature structure of «
(Cro.01Vo.99)205 was found to undergo a gradual transi-
tion to an isomorphous high-temperature form with
both forms present over the temperature interval where
the anomalous electrical behavior was observed. The
transformation from the « form of (Cry.¢;Vg.90),03 to
the B form occurred with an increase in the a dimen-
sion of the unit cell and a decrease of the ¢ dimension
of about the same magnitudes as those reported by
McWhan & Remeika (1970) for V,0; upon heating.
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Chromium-doped samples containing more than 2%
chromium do not appear to exhibit either the electrical
anomaly or two different rhombohedral phases.

In view of the similarity of the unit-cell dimensions
of V,0; at 23°C and the « form of the chromium-
doped system and the similarity of the dimensions of
V,0; at 400°C, the B form of (Cry.0;Vo.09).0;5 and
(Crg.038VY0.962):05 (Dernier, 1970), we thought it inter-
esting to examine V,0; and (Crg.o; Vo.09),0; at a variety
of different temperatures using single-crystal X-ray
diffraction techniques. Consequently we have deter-
mined the crystal structure of V,0; at six temperatures
between 23 and 600 °C, the structure of & (Cry.q;Vp.90)20;
at 23°C, and the structure of 8 (Crg.q;Vo.99);0; at 23,
113, and 310°C.

Experimental

Samples of V,0; (Chandrashekhar et al., 1974) and of
unannealed (Crg.g; Vg.99),05 (Chandrashekhar & Sinha,
1974) were provided by Professor J. M. Honig. A right
elliptical prism of (Cry.o; Vo.00),O0s, hereinafter referred
to as Cr-V,0;, with dimensions 0:06 x 0-08 x 0-25 mm
and an irregular chip of V,0; with maximum dimen-
sions 0-18 x0-19 x0-21 mm and with flat faces were
selected for examination. Preliminary studies on a pre-
cession camera indicated that both samples had been
mounted along the 210 reciprocal direction and that
the chromium-doped sample was in the high-tempera-
ture form (f Cr-V,0;). The systematic absences ob-
served (hkil; —h+k+1+#3n and hhOI; [# 2n) were con-
sistent with the rhombohedral space group R3¢ (No.
167) previously reported for V,0; and (Cry.435Vo.962)203
(Dernier, 1970; Newnham & de Haan, 1962). Long
exposures on a precession camera with no screen
showed no deviation from 3m symmetry.

Both crystals were transferred to silica capillaries
with retention of orientation using the procedure de-
scribed by Brown, Sueno & Prewitt (1973). The capil-
laries were sealed under vacuum. From consideration
of the volume and pressure of the residual air in the
capillaries and the masses of the samples, if oxidation
of the samples occurred during subsequent heating
(see below), the maximum deviation from stoichiometry
of an ideal starting sample would have been of the
order of M,0;.qp;. It is not possible to ascertain the
effect of volatile materials released from the quartz
during sealing of the capillary, but no change in room
temperature unit-cell parameters was observed before
or after transfer and before or after the heating experi-
ments.

The unit-cell dimensions reported in Tables 1 and
2 were determined by least-squares refinement of the
20 values of 18 to 21 reflections, principally of the type
hkl, lying in the region 50°<20<57°. The 20 values
were determined on a Picker diffractometer equipped
with a single-crystal heater (Brown et al., 1973). Peak
locations were measured at positive and negative 20
using the quarter-height technique with graphite-mono-
chromated Mo Ku radiation (A=0-71069 A).

Chandrashekhar, Sinha & Honig (1974) have re-
ported the observation of two phases in powdered
samples of very pure V,0; under gettered helium be-
tween about 225 and 425°C. They observed splittings
of about 0-25° 20 in their powder diffraction data at
20 values of 54° with the intensity ratios of the split
peaks varying from about 0:1 at 127°C to as much as
3:1 at 427°C in some cases. The effective widths of
their peaks at quarter height also increased about 25 %.
We see no evidence for such behavior in our single-
crystal sample. Our peak widths at quarter height, for

Table 1. Crystallographic data for V,0; with standard deviations in parentheses

23°C 115°C 212°C 300°C 400°C 600°C
Anex (A) 4:9492 (2) 4-9605 (1) 4-9776 (2) 4-9912(2) 5-0013 (1) 5-0140 (2)
Chex (A) 13-998 (1)  13-9857 (6) 13-9647 (7) 13-9489 (6) 139416 (5) 13-9427 (7)
V(A% 296-94 (2) 298-04 (2) 299-64 (2) 30094 (2) 302:00(2) 303-56 (2)
cja 2-828 2:819 2-805 2:794 2:788 2-780

Metal parameters

z 0-34634 (4) 0-34671 (4) 0-34733 (4) 0-34782 (5) 0-34805 (5) 0-34819 (4)
Au® 567 (61) 69-7 (54) 82-1 (55) 88-7 (55) 99-6 (50) 119-8 (49)
Bzt 19 (7) 36 (6) 4:5(7) 6:5(7) 7-2 (6) 9-8 (6)
Oxygen parameters

x 0:3122 (5) 0-3114 (4) 0-3103 (5) 0-3095 (5) 0:3094 (4) 0-3087 (4)
Bu* 49 (10) 64 (10) 85 (10) 88 (10) 105 (9) 124 (9)

Ba2* 76 (14) 99 (13) 97 (13) 110 (13) 114 (12) 154 (12)
Bis* 5-0 (10) 66 (9) 7-7(10) 100 (10) 11-0(10)  13-0 (10)
Buis* 4 (2) 4 (1) 5(1) 5(2) 5(1) 7(1

R 0-039 0-036 0-034 0-036 0-035 0-035

Ry 0-048 0-045 0-046 0:046 0:041 0-:040

n 98 100 101 101 101 101

s(x 1079 3-11 317 3-09 3-10 339 3-79

S 2-38 2-25 226 2-29 2:03 1-95

* Times 10 For the metal 81, = B1, B12=34811, and B3=PF13=0; for oxygen B1,=34p, and B3 =28,;. The form of the anisotropic

temperature factor T'is T=exp (— 2 2. h:h;8,).
iJ
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example, remained constant within 7% over the range
23 to 600°C, and there was no systematic broadening
of peaks in this range. These differences may reflect
small differences in stoichiometry in the two samples.

At each temperature indicated in Tables 1 and 2,
X-ray intensity data for +h,k,/ reflections of the hex-
agonally indexed rhombohedral unit cell were col-
lected using the PDP 15/35-controlled Picker diffrac-
tometer in the Department of Earth and Space Sciences,
State University of New York, Stony Brook, N.Y.
Only minor changes of the goniometer head arcs were
required to maintain the orientation of both the V,0,
and Cr-V,0; crystals as the temperature was changed.
These changes reflected expansion of the quartz fiber
and capillary rather than a change in the orientation
of the unit cells. The diffractometer was operated in a
6-20 mode using a graphite monochromator with
Mo K« radiation. A scan range of 2° plus the o;—o,
separation was used with a scan rate of 1° min~?.
10 s background counts were collected on both ends
of each scan. Data collection was terminated at 260=
62° for V,0; and 20=60° for Cr-V,0;. The 030 re-
flection was monitored after every 30 reflections, and
its intensity usually varied by less than one standard
deviation. Approximately 360 reflections were meas-
ured at each temperature. The data were processed by
a routine which corrected for background, Lorentz
and polarization effects, and absorption using trans-
mission factors calculated by numerical integration
(Prewitt, 1965). The linear absorption coefficient for
V,0; was 96-08 cm~!, that for Cr-V,0,, 94-85 cm~1,
Calculated transmission factors varied from 0-328 to
0-443 for V,0; and from 0-520 to 0-633 for Cr-V,0;.
Equivalent reflections were averaged with the larger
of the root-mean-square deviation or the average of

Table 2. Crystallographic data for (Crg.q, V.
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the e.s.d.’s of the individual reflections taken as the
error in a deliberate attempt to avoid underestimation
of the error. Reflections with negative intensity were
assigned zero intensity. In no cases did these reflec-
tions constitute more than one-third of any set of
equivalent reflections so they were averaged with the
other members of the set. About 100 averaged reflec-
tions (» in Tables 1 and 2) were obtained at each tem-
perature.

Both isotropic and anisotropic refinements were car-
ried out for each set of intensity data using the RFINE
program written by Finger (1969). The initial atomic
parameters in the space group R3¢ were those of Newn-
ham & de Haan (1962) for V,0;. The program mini-
mized > w(F,—F,)* using neutral atom scattering fac-
tors (Doyle & Turner, 1968) corrected for real and
imaginary anomalous scattering (Cromer, 19653),
weights based on the errors determined in the averag-
ing process [w=1/d*(F,)=4F%/6*(F?)], and an extinc-
tion correction of the form F?2,, = F(1 —sF?). No weak
reflections were rejected from the refinement although
the 030, 104, and 110 reflections in all six V,0; data
sets showed consistently poor agreement and were
given zero weight. Final R values varied from 0-02 to
0-05. Values of the standard deviations of an observa-
tion of unit weight are listed in Tables 1 and 2 as S.
The final atom parameters listed in these tables were
used to calculate the distances and angles reported in
Table 3.*

* A list of observed and calculated structure factor ampli-
tudes has been deposited with the British Library Lending Di-
vision as Supplementary Publication No. SUP 30824 (2 pp.).
Copies may be obtained through The Executive Secretary,
International Union of Crystallography, 13 White Friars,
Chester CH1 INZ, England.

00)203 with standard deviations in parentheses

4 Cr—V203 ﬂ Cr—VzO3

23°C 23°C 113°C 310°C
Anex () 4-9540 (2) 4-9974 (1) 5-0018 (1) 50052 (1)
Chex 13-9906 (10) 13-9260 (6) 13-9238 (7) 13-9318 (6)
V(A3 297-36 (3) 301-20 (2) 301-68 (2) 302-26 (2)
cla 2-824 2-787 2-784 2783
Metal parameters
z 0-34648 (3) 0-34864 (3) 0-34861 (3) 0-34831 (3)
Pu* 48-1 (33) 47-7 (31) 56-8 (38) 79-6 (38)
Bas* 2:9 (4) 2.9 (4) 394 61 (4)
Oxygen parameters
X 0-3114 (3) 0-3074 (3) 0:3074 (3) 0-3080 (3)
Bu* 61 (7) 52 (6) 62 (6) 78 (6)
Bar* 81 (9) 65 (7) 70 (8) 105 (8)
Pss* 50(7) 58 (7) 7-0 (7) 8:5(7)
Bis* 5:0 (11) 2:5(8) 30 (9 47 (9)
R 0-020 0-023 0-023 0-023
Ry, 0:025 0-026 0-027 0-027
n 102 97 97 97
s(x1079%) 0-53 1-19 1-21 1-19
S 1-43 229 2:34 229

* Times 10% For the metal By = B2z, B12=%P11, and B3 =13 =0; for oxygen Bio=3%P:, and B3 =2p;. The form of the anisotropic

temperature factor Tis T=exp (—2 3 hipiy)-
i
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Following data collection from f§ Cr-V,0;, the crys-
tal was aligned on a precession camera, the goniometer
head containing the crystal was removed from the

NS

Fig. 1. A projection of the corundum structure on a plane per-
pendicular to the [110] axis. All oxygen atoms are symmetry-
related as are all metal atoms.

M(1) - M(3)

M(1) - M(2)

l -—upper limit j

~— lower limit, riding W

204

1.98

1.96 -

Fig. 2. Variation of uncorrected metal-metal and metal-oxygen
distances (solid lines) for V,0,, ®, and f Cr-V.,0;, @, and
ranges of thermal corrections for V,0; (dot shaded) and §
Cr-V,0; (line shaded).
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camera, and the crystal was cooled to —77° without
disturbing the settings of the goniometer arcs. The
head was replaced on the camera and crystal align-
ment reestablished with minor adjustments (30 or less
on the arcs). The orientation of the crystal had not
changed although the sample had been converted to
the low-temperature thombohedral form, « Cr-V,0,.
Unit-cell dimensions and a set of intensity data were
collected using the Picker diffractometer as described
above followed by refinement as indicated.

Results

The samples examined in this study were found to be
isomorphous with « Al,O; under all conditions ex-
amined. The structures consist of an approximate hex-
agonally closest packed array of oxide ions with metal
ions in two-thirds of the octahedral holes (Fig. 1).
Each metal ion has four near metal neighbors; one
sharing an octahedral face of the coordination poly-
hedron [M(1)-M(2) in Fig. 1] and three sharing edges
of the octahedron [M(1)-M(3) in Fig. 1].

The thermal expansion of the V,0; system differs
from that of a-alumina and other isomorphous com-
pounds. Over the range 23-600°C, Al,O;, Cr,O;,
o Fe,0;, and Rh,0; expand by 0-4-0-5% in an approx-
imately linear fashion (Krikorian, 1960; Eckert &
Bradt, 1973a). The expansion of V,0; is not linear, but
sigmoidal, with the a axis of the hexagonally indexed
unit cell increasing from 4-9492 (2) A at 23°C to
5:0140 (2) A at 600°C (Table 1) while the ¢ axis de-
creases from 13-998 (1) A at 23°C to 13-9416 (5) A at
400°C. This axis begins to expand between 400 and
600°C. As nearly as can be determined from their data
(which is presented only in a figure), the behavior of
V,0; in the 23-400°C range is identical with that
reported by McWhan & Remeika (1970). The increase
in ¢ above about 500°C has also been reported by
Eckert & Bradt (19735). No behavior consistent with
the presence of two phases was observed. The differ-
ence between the behavior of our sample and that of
Chandrashekhar et al. (1974) may reflect small differ-
ences in stoichiometry. Vanadium sequioxide samples
of the stoichiometry V,0;.q43, for example, do not ex-
hibit the monoclinic to thombohedral phase change
found in pure V,0; upon warming through 155°K.

The change in dimensions of the V,0; unit cell over
the temperature range 23-600°C is close to that ob-
served when the chromium-doped system, Cr-V,0,,
undergoes the transition from the low-temperature, a,
form to the high-temperature, §, form (Table 1). Our
observations agree very well with those reported by
Chandrashekhar & Sinha (1974) for powder specimens
of the same sample. The linear increase with heating
of the unit-cell dimensions of unannealed f Cr-V,0;
are identical with those observed by these workers.
This increase also parallels that observed in
(Cro.038Vo0.062)20; (McWhan & Remeika, 1970) al-
though the cell dimensions differ slightly. It is apparent
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from the data in Table 1 that the unit-cell dimensions
of the pure and doped systems converge at elevated
temperatures. The behavior of the unit-cell volumes
parallels that of the a axes in these systems.

The c/a ratios of pure V,0; and a Cr-V,0; are
significantly larger than those of 2-:63-2-78 observed
in isomorphous oxides (Prewitt, Shannon, Rogers &
Sleight, 1969). However, upon heating, this ratio is
reduced from 2-83 to 2-78 in both systems.

The coordinates of the metal and oxygen atoms in
V,0; and f Cr-V,0; converge at high temperature.
The changes are primarily in the atomic positions in
V,0;. The metal atom at 0,0,z in V,0, changes its
position by about 40 estimated standard deviations
while that in f Cr-V,0; changes by about 10 e.s.d.’s.

Table 4. R.m.s. thermal displacements (A) and orienta-
tion (°) along crystallographic axes

Metal* Oxygen
R.m.s. dis- R.m.s. dis- Angles with
Temperature placements placements a b c
V.03
23°C 0-0438 (82)  0-056 (10) 90 120(6) 35(8)
0-0726 (39)  0-062 (10) 180 60 90
0-0726 (39) 0-095(7) 90 45(5) S5(8)
115°C 0-0583 (57) 0-066 (8) 90 117 (6) 31 (D)
0-0785(32) 0068 (8) 180 60 90
0-:0785(32) 0-103(6) 90 42(5 59 (7
212°C 0-:0670 (49) 0070 (8) 90 123 (5) 39(6)
0-0879 (31) 0-087(7) 180 60 90
0-0879 (31) 0-109(6) 90 48(5) 51 (6)
300°C 0-0801 (42) 0:084(7) 90 126(6) 42(8)
0-0916 (30) 0:087 (7) 180 60 90
0-0916 (30) 0-115(6) 90 50(6) 47 (8)
400°C 0-0839 (36) 0-088 (6) 90 129 (6) 46 (7)
0-0973 (27) 0-098 (6) 180 60 90
0-0973 (27) O0-118(5) 90 53(6) 44 (7
600°C 0-0983 (29) 0:099(6) 90 124 (4) 40(5)
0-1069 (24) 0-104 (5) 180 60 90
0-1069(24) 0-135(5) 90 49(4) 50(5)
74 Cr—V203
23°C 0-0539(37) 0:055(7) 90 118(4) 33 (5
0-0670 (23)  0-071 (6) 180 60 90
0-:067C (23) 0098 (5) 90 44 (3) 57(5
ﬂ Cr—VzO:,
23°C 0-0534(39) 0:066 (5) 90 125(7) 41(9)
00672 (25) 0067 (5) 180 60 90
0-:0672 (25) 0087 (4) 90 49(7) 49 (9
113°C 0-0623 (35) 0-070(5) 90 128 (6) 46 (8)
0-0734 (25) 0-075(5) 180 60 90
0:0734 (25) 0093 (4) 90 S53(6) 44(8)
310°C 0-0776 (28)  0-079(5) 90 121 (4) 37 (5
0-0870 (24) 0088 (4) 180 60 90
00870 (24) 0-1104) 90 46(4) S3(5

* The table of angles with a, b, and ¢ for all metal r.m.s. dis-
placements is

90 90 0
120 0 90
30 90 90

The changes in the oxygen positions (x,0,) are 7 and
2 e.s.d.’s, respectively.

The temperature factors (Tables 1 and 2) resulting
from anisotropic refinement are well behaved. The f;;’s
of V,0; and Cr-V,0; at 23°C are identical within two
standard deviations. The root-mean-square vibrational
amplitudes of the atoms in V,0; (Table 4) increase
most rapidly in the temperature range 23-300°C in
which the unit-cell volume increases most rapidly. The
rate of increase is less at higher temperatures.

The structures of « Cr-V,0; and V,0; at room tem-
perature are identical with that reported by Dernier
(1970) and Newnham & de Haan (1962) for V,0; while
the structure of § Cr-V,0; at 23°C is identical with
that of (Crg.g35V0.962)203 (Dernier, 1970). Since the
details of these structures have been fully discussed by
these authors, we shall concentrate on the changes in-
duced by temperature.

The effect of the changes in atomic positions and
cell dimensions on the metal-metal distances is in-
dicated in Table 3 and Fig. 2. The distance between the
mean positions of the metal atoms sharing octahedral
edges of their coordination polyhedra, M(1)-M(3), in-
creases with temperature as would be expected from
the increasing a dimension in both V,0; and § Cr-V,0;.
The nonlinear change is significant in V,0;, from
2-880 (1) at 23°C to 2-924 (1) A at 600°C, while the
linear change in  Cr-V,0s is small, from 2:917 (1) A
at 23°C to 2:920 (1) A at 310°C. The behavior of the
metal-metal distance across the shared octahedral face

o
A L
3.0l |
299
297} 0(4)-0(5)
o l -— upper limit
2.95f ~— lower limit, riding
291 F
2.89
2.8]
279
268 i
V/
266 % 0(1)-0(2)
L L 1 il A L A
(o} 200 400 600
T{°C)

Fig. 3. Variation of uncorrected oxygen-oxygen distances and
ranges of thermal corrections for V,0; and B Cr-V,0;. The
symbols are the same as in Fig. 2.
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is more unexpected. As the ¢ dimension of V,0; de-
creases with temperature, the vector between the mean
positions of M(1) and M(2), which is parallel to ¢, in-
creases from 2:697 (1) A at 23°C to 2:738 (1) A at
600°C in a nonlinear manner. A plot of ¢ against this
M(1)-M(2) distance is linear with a negative slope in
the 23-400°C temperature range. The change in the
separation of the mean M(1)-M(2) positions in
B Cr-V,0; is small but significant. A linear decrease
from 2-747 (1) A at 23°C to 2:739 (1) A at 310°C is
observed although the ¢ axis is increasing over this
temperature range. The behavior of the distances be-
tween mean metal atom positions in « and f§ Cr-V,0,
parallels that in V,0; between 23 and 600°C.

Changes in the distances between the mean posi-
tions of the metal and oxygen atoms in V,0; at 23 and
600°C and in « and § Cr-V,0; are not large, but are
statistically significant (Table 3 and Fig. 2). The
changes in these distances in f§ Cr-V,0; over the tem-
perature range 23-310°C are not statistically signifi-
cant with a maximum change of 0-003 A.

As may be seen in Table 3 and Fig. 3, the largest
change in the distances between the mean positions
of the oxygen atoms is the distance between oxygens
of the unshared octahedral face parallel to the shared
octahedral face, O(4)-O(5). The difference in this dis-
tance in V,0; at 23 and 600°C and in « and 8 Cr-V,0;
is an increase of somewhat more than 0-05 A from
about 2-955 to about 3-005 A. This change accom-
panies the motion of the metal atoms toward the center
of this face. Most of the other changes in oxygen—
oxygen distances are small increases which just border
on statistical significance.

The variations in bond distances considered above
reflect changes in distances between the mean posi-
tions of the atoms rather than mean interatomic dis-
tances. To calculate the mean distances one needs to
know the correlations between the thermal displace-
ments of the atoms. Since these correlations are not
known, only the upper and lower bounds of the ther-
mally corrected interatomic distances can be deter-
mined. These are reported in Table 3. Figs. 2 and 3
show the ranges of interatomic distances encompassed
by the upper and lower bounds and how these ranges
vary with temperature. The lower bounds are equal to
the uncorrected bond lengths and to interatomic dis-
tances calculated using the riding approximation (Bus-
ing & Levy, 1962).

Even allowing for thermal corrections, the struc-
tures of V,0; at 23°C and « Cr-V,0; differ from that
of f Cr-V,0; at 23°C. As may be seen in Table 3 and
Figs. 2 and 3, with the exception of the metal-oxygen
distances, the various interatomic distances at 23°C
are different using any combination of thermal correc-
tions. Equal metal-oxygen distances would require a
large thermal correction in V,0; and o Cr-V,0; and
no thermal correction in § Cr-V,0;. It is likely that
V,0; and § Cr-V,0; become isostructural at elevated
temperatures in spite of the uncertainty in the precise
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interatomic distances. Both the unit-cell dimensions
and atomic positions of V,0; and f§ Cr-V,0; converge
at elevated temperatures, and the anisotropic tem-
perature parameters are not statistically different. Since
both materials are of the same symmetry with atoms
of essentially the same mass, it is unlikely that the
thermal corrections to the interatomic distances would
vary to any appreciable degree.

The variation in thermal corrections as the sample
changes temperature is difficult to judge. An increasing
thermal correction to the metal-oxygen distances in
V,0; could double the increase in these distances over
the 23-600°C range. On the other hand, a correction
whose magnitude decreases with temperature could im-
ply that there is no change or even a decrease in the
mean metal-oxygen distances. It is apparent, however,
that increases in the metal-metal distances and in the
0O(4)-0(5) distance are real since the changes in these
distances are four to five times greater than the pos-
sible thermal corrections.

Discussion

The unusual thermal expansion of V,0; in the 23-
500°C range is a reflection of two effects: (1) a change
in the band structure or chemical bonding in the ma-
terial and (2) the anharmonicity of the atomic vibra-
tions. The gradual changes in the unit-cell parameters
upon heating occur over the same temperature range
as the change in electrical conductivity of this material
(McWhan & Remeika, 1970). These changes are ac-
companied by smooth changes in the mean atomic
positions and real increases of about 0-04 A in the
metal-metal distances. The effects of changes in band
structure and of the anharmonicity of atomic vibra-
tion can be observed separately in the 1 % chromium-
doped V,0; system. The difference in structure be-
tween « and f Cr-V,0; at room temperature is a con-
sequence of differing band structures in the two sys-
tems while the thermal expansion of f Cr-V,0; prob-
ably reflects anharmonic vibrational effects. The close
correspondence between the structures of a« Cr-V,0,
and V,0; at room temperature and of § Cr-V,0; and
V,0; at elevated temperatures suggests that the struc-
tural change in V,0; upon heating is a combination
of an electronically induced change in structure of
about the same magnitude as that occurring during
the « to f rhombohedral Cr-V,0; transition coupled
with thermal expansion of the same magnitude as that
of  Cr-V,0,.

From a comparison of the changes associated with
the « to f transition in Cr-V,0; and those associated
with the thermal expansion of § Cr-V,0; it is apparent
that the larger structural changes are associated with
the change in electronic properties. In view of the rela-
tively small changes in the metal-oxygen distances, it
seems likely that both the distortions of the structure
of Cr-V,0; with the « to f transition and the pre-
dominant changes in the structure of V,0; between
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23 and 600°C result from the increased metal-metal
distances. In order to maintain approximately con-
stant metal-oxygen distances, the oxygens of the un-
shared octahedral face move farther apart while those
of the shared face move together. At the same time the
distance between the parallel shared and unshared faces
decreases. This distortion of the filled octahedra allows
both the M(1)-M(2) and M(1)-M(3) distances to in-
crease while keeping the metal-oxygen distances es-
sentially constant. This is consistent with the band
structure proposed by Goodenough (1971) for V,0;.
The metal-oxygen bands in this scheme lie some 4 eV
below the Fermi level while metal-metal bands lie at
or near this level. Temperature-induced changes in
bonding in such a system would primarily effect the
metal-metal interactions and, consequently, the metal-
metal distances and would have little effect on the
metal-oxygen interactions.

This work was done in the Department of Earth
and Space Sciences, State University of New York,
Stony Brook, New York. We wish to thank Professor
C. T. Prewitt for his assistance and the National
Science Foundation (Grant No. GP-17554) and Purdue
University for support of the work.
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Crystals of potassium monoaquamono(nitrilotriacetato)cobaltate(Il) dihydrate,

K[Co(CsH¢NOs) (OH,)].2H,0, are monoclinic, space group P2,/n with a=1636 (1), =999 (1), c=
7-13 (1) A, B=91-6 (1)° and Z=4. The X-ray analysis was carried out by three-dimensional Patterson,
Fourier and least-squares methods (final R=3-4%). Coordination around Co" is octahedral and
involves the nitrogen and three carboxylic oxygens from the same nitrilotriacetate ion, one water mole-
cule and one carboxylic oxygen from an adjacent anion. The packing is determined by the K*---O
interactions and by the water-water and water—carboxylic oxygen hydrogen bonds.

Introduction

Nitrilotriacetic acid is a tetradentate ligand which can
form 1:1 metal complexes. In the present paper the

results of the crystal structure analysis of potassium
monoaquamono(nitrilotriacetato)cobaltate(Il)  dihy-
drate are given. This study was carried out as part of a
research programme on metal-aminoacid interactions.



