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tallic state of V20~ may differ from its value in the
insulating state because of a different degree of co-
valency of the vanadium ion in the two states.

Recent experiments by Gossard, Mc%han, and
Remeika' have shown that no magnetic order occurs
in the metallic state of VsOs (under pressure) down
to a temperature of 4. 2'K. It is, therefore, tempt-
ing to associate the moment reduction from the ex-
pected value of 2 to 1.2 p.a with the fact that ins-
lating V,O, is close to being a metal, with large
overlap between d states on neighboring vanadium
ions by way of the intervening oxygen ions. This
would imply that there is an increased probability
of finding a d electron on its neighboring V site to
which it is antiferromagnetically coupled so that

it reduces the net moment of the ion pair involved.
However, before such speculations can be made,
an experimental determination of the g value of the
ordered moment seems necessary in order to sub-
stantiate the above estimate.
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At -155'K, the metallic corundum structure of V&O3 distorts to an insulating monoclinic one.
Structural refinements of this low-temperature phase by x-ray diffraction techniques show an

increase in the nearest-neighbor vanadium —vanadium distances at the transition. This is in
direct contrast to previously reported distortion models. In the g-c plane of the monoclinic
structure, the vanadium —vanadium distance across the shared octahedral face increases
from 2. 697 to 2. 745 A, while the vanadium —vanadium distance across the shared octahedral
edge increases from 2. 882 to 2. 987 A when proceeding from the corundum structure to the
monoclinic one. The oxygen octahedra become skewed about the central vanadium atom, while

the average vanadium —oxygen distance remains essentially constant. The expansion of the
vanadium —vanadium distances associated with this transition is similar to the Mott transition
observed in the Cr203-V203 system in which the conduction electrons localize on their ionic
sites when proceeding from the metal phase, o', -V203, to the insulating one, o.'-(Vo 962Cro 038)&03.

INTRODUCTION

At room temperature V303 has the corundum
structure, space group R3c, with approximate
hexagonal close packing of the oxygen atoms and
the vanadium atoms occupying 3 of the octahedral
sites. The compound is unique among the iso-
structural sesquioxides with respect to its unusu-
ally high c/a ratio and metallic conductivity. Re-
cently, one of us has reported the structural refine-
1ne11ts of s111gle cI'ystals of VsOs a11d (Vs sssCrc ass)sOs

near the metal-insulator (M-I) transition. ' It has
been observed that this M-I transition in the
Cr&03-V303 system is accompanied by a discon-
tinuous change in the c/a ratio while the nearest-
neighbor vanadium —vanadium distances increase,
and the vanadium- oxygen distances remain essen-
tially unchanged.

At low temperature, 150-160 'K, the corundum

Vp03 distorts to a structure with monoclinic sym-
which. has been reported as insulating and
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The orthohexagonal cell originally proposed by
Warekois for the low-temperature ph'ase is sixfold
primitive and therefore it is not a conventional
monoclinic cell. This cell is derived from the
hexagonal cell according to the matrix

(120
o oi

c~ 0 0 -1 c~

Abrahams proposed a new monoclinic cell which
is derived from the hexagonal cell according to
the matrix

( & (-: —: —:~("i
=i 1 0 0 b„

c~ 0 0 -1 c~

The space group corresponding to this cell is C2/c
with four formulas per unit cell. The interaxial
angle P for this cell is -165'.

Still another C-centered cell exists which has the
following dimensions:

a=8. 600 A,

c=5. 548 A,

b= 5. 002 A,

P=123.1 .

It is derived from the hexagonal cell by the matrix

(a.) (1 2 0) (a„I
b

I
= -1 0 0 bz ~

C "3 -3 3 Cg

However, since P is & 120', this also is not a con-
ventional cell. The value of P just prior to the
metal-antiferromagnetic insulator (M-AF) transition
is 121.3 '.

Recently, McWhan and Remeika" have completely
indexed the powder pattern on the basis of a more
reasonable monoclinic cell which is obtained from
the hexagonal cell by the matrix

antiferromagnetic. ' This symmetry change has
been previously explained by Goodenough7 and more
recently by Feinleib and Paul' as the result of a
pairing of vanadium ions along one of three equiva-
lent basal-plane (hexagonal cell) axes and a simul-
taneous tilting of the c~ axis. In direct contrast to
this, we have observed an expansion in all the short
vanadium —vanadium distances associated with the
M-I transition at room temperature, and it has been
our belief that a similar expansion should occur
also at the low-temperature transition. In order
to clarify this point the crystal structure of the
low-temperature phase of V~03 has been refined
from single-crystal x-ray diffraction data.

I. SYMMETRY AND TWINNING

(~ i (-:
b

with

3 3 H

o o
3 -3

=7. 255(3) A, b =5.002(2) A

c„=5.548(2) A, p =86 75(2)'

P = & ([2 4 1][1 2 1]) = tan ' z,., 3&3c/a

V(8f): +(x, y, z; —,
' -x, y, z)+bc

with x=u, y =0, z =- 2u,

O(8f): x= —'+ v/2, y =- v/2, z= —,'+ v/2,

O(4e): + (-,', y, 0)+ bc, y = —,
' —v.

From the stereographic projection in Fig. 1
(exaggerated for clarity), one can see that three
equivalent monoclinic cells can be derived from
the parent hexagonal cell, each with its own unique
b~ axis lying in the basal plane of the hexagonal
cell. Since in the distortion the c„*axis tilts
slightly with respect to the basal plane, a reflec-
tion such as the (116)„splits into three monoclinic
reflections arranged in the form of a spherical
equilateral triangle, as seen experimentally by
McWhan and Remeika. ' This arrangement has
been experimentally confirmed with several dif-
ferent crystals each with their c& axis oriented
parallel to the p axis of the goniostat. For any
given hexagonal reflection one may derive the ap-
propriate indexes of the monoclinic reflections by
use of the previous matrix as well as the following:

0 1 0 I and
('::)

3 3 3 3 3 3

Assuming no external bias and no internal strain,

The most symmetrical space group corresponding
to this cell is 12/a with four formula weights per
unit cell. This body-centered cell was chosen to
describe the structure of the monoclinic phase of

V203 because it appears to be the correct conven-
tional monoclinic cell. The lattice constants and
the positional parameters for the distorted struc-
ture are generated from the corundum structure
as follows:

n-corundum R3c:

V(12c): + (0, 0, u; 0, 0, u + &) + rh,

O(18e): + (v, 0, 4,
' 0, u, &,

' v, v, 4) + rh;

distorted structure I2/a:

a = &(12a„+c„)' b~=a» c = &(3a +c )'~,
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X-ray intensity measurements of three VsOs
single crystals were taken manually with a General
Electric XRD-5 diffractometer. A scintillation
counter and a decade scalar were used as the de-
tection system. Single Ni-filtered Cu K radiation
was used with an 8 take-off angle. For each set
of intensities collected the temperature was main-
tained at -(125 +5) 'C by blowing a cold stream of
nitrogen gas directly on the crystal. A Varian
control unit was used to monitor and control the
proper gas flow. The (404)„reflection was fre-
quently measured to check temperature, sample
orientation, and ice buildup.

Two of the crystals measured were rhombohedra
flattened along the cH axis, while the third crystal
was ground into a sphere of radius 0. 015 cm.
These single crystals were grown by a new tech-
nique. ' They were oriented with their cH axes
parallel with the cp axis of the goniostat. This was
the (110)s direction in the case of the sphere. The
procedure for collecting intensities was essen-
tially the same for all samples. For each reflec-
tion, the approximate angles 20, y, and y as cal-
culated by the program MARCAUTOSET were set
semiautomatically. " Once a particular reflection
was acquired each angle was then maximized by
hand and the intensity measured at the peak height.
The background was taken +2 of 28 off the peak

bM (IE) ( 100)

an ideal crystal should twin in terms of scattering
volume precisely 3 3 3 Actually, we have seen
only one crystal in six approach these values.

II. EXPERIMENTAL

maximum. Later the background intensities were
averaged and subtracted from the maximum value
to yield a net intensity. Only those reflections in
the upper hemisphere of reciprocal space in the
region of 20' & 20 & 103' were measured. This set
of hkl's was further reduced to a set containing
reflections with ~h- 2l

~

~ 3. For all ~It - 2l
~

& 3, the
triply twinned reflections could not be resolved,
but instead were smeared over one another through
a small solid angle of reciprocal space. The total
number of well-resolved independent reflections
for each of the crystals was 44. For the spherical
sample this number was 41. Two sets of data were
collected from the spherical sample. One set con-
tained reflections belonging largely to the strongest
or most predominant twin while the second set con-
tained reflections belonging to all three twin cells.
These latter two sets of data yielded the best in-
dividual refinements and their combination was
used for the final refinement.

For the plane-faced crystals, two different ab-
sorption correction methods were utilized. For
one of these, the x-ray absorption program ACAC

was used. ' A purely empirical method, based on
structure-factor ratios of room-temperature data,
was used for the other sample. The first crystal
was 0. 022 cm thick with the sides of the pinacoidal
triangles measuring 0. 053 cm. The second crystal
had similar dimensions. The linear-absorption
coefficient for V203 is 813.6 cm '. Table I lists
the values of p, times the linear dimensions for
the various samples. For the spherical sample
the program XRAY was utilized. 3 Scattering fac-
tors used were those for neutral atoms; Af and
Af" were those for CuKcE radiation. '4'" The start-
ing positional parameters for each refinement were
derived from the room-temperature hexagonal-cell
data previously reported. ' In each case complete
convergence was reached after four cycles of re-
finement carried out by the program ORFLS.

III. RESULTS

(IP0),'

(ioo)
~ e TWIN CELL I
o ~ TWIN CELL

x I TWIN CELL III

FIG. 1. Stereographic projection of the hexagonal cell
and three equivalent monoclinic cells. The splitting of
the (116]s into three monoclinic (I2/a) reflections is exag-
gerated for clarity.

Table I lists the results of various least-squares
refinements of the low-temperature phase of V303.
Trial 5 is a refinement of the room-temperature
corundum data on the monoclinic cell. The posi-
tional parameters of this refinement can be used
as a basis of comparison with those of the low-
temperature distorted structure. The function

minimized in each refinementwas etc( IE,b, I

—IF„„I),
where E,b, and E„„are the observed and calculated
structure factors, and sv is the weight for each ob-
servation. The value of sv for the spherical sample
was determined from a plot of &E,b, versus E,b,
for all independent reflections. Although there was
considerable scatter for large E,b„ it was clear
that the correct value for tc was 1/0. 088E,„,. The
statistical residual or weighted and unweighted A
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Trial
Trial
Trial
Trial
Trial

1=
2=
3=
4—
5=

TABLE I. Refinements of V~03 —space group I2la.

combined data sphere
strongest twin intensities
large unground crystal No. 2

large unground crystal No. 1

V~03 corundum data on monoclinic cell

Parameters

Scale

V

O(1)

O(2)

Factor O. 99(2)

O. 34S8(2)
o. ooo8(1o)
O. 2991(2)
0.60(12)

o. 4ov(1)
0. 845(2)
0. 652 (2)
0. 80(19)

0.250
0.309(4)
0.500
o. 8v(28)

6. os(11)

0.3439(3)
0. 0012 (12)
o. 2993(s)
0. 67(12)

0.406(2)
o. 84v(2)
0.651(2)
0. 81(21)

0.250
0.304(5)
0. 500
0.84(35)

0.68(3)

0.3450(9)
0. 0021(32)
o. sooo(9)
1.55(so)

0.410(5)
0.850(6)
0. 645(5)
1.vv(eo)

0.250
0.307(9)
0.500
0. 60(73)

o. vs(3)

o.344(1)
0. 001(5)
0.300(1)
1.84(27)

o. 41o(5)
0. 855(8)
0. 646(6)
1.86(76)

0.250
O. 299(11)
0. 500
0. 86(87)

o. 5oo(2)

o. 3463(1)
0. 0001(3)
o. sov4(1)
o. s4(2)

0.4058(5)
0. 8439(6)
o. 6556(5)
o. 45(5)

0.250
O. 312(1)
0.500
0.36(8)

Unweighted 8
Weighted 8

0. 028
0. 036

11.91

O. 025
0. 033

11.91

0. 087
0. 104

8. 9-23.6

0. 086
0. 090

9—24

0. 007
0. 009

0.3438(2) =—0. 3438 + 0. 0002.
"This 8 represents the linear dimension.

values are listed in Table I for each trial. Un-
weighted A is based on the expression g~E„,

z,...i/yr. ..—.
The greatest source of error in all trials was

the uncertainty in the x-ray absorption coefficients.
In the case of the unground crystals, this uncer-
tainty resulted in relatively large standard devia-
tions in positional parameters as well as unreal-
istic atomic temperature factors. In addition to
the problem of deviations from ideal sample shape
was that of variation of scattering volume of each
twin cell with respect to a specific solid angle of
reciprocal space. Apparently lattice strains re-
sulting from the grinding operation caused con-
siderable variation in this volume in the case of
the spherical sample. The observed deviations in
intensities of reflections belonging to the same
crystallographic form were larger for the sphere
as compared to the unground crystals. Despite
these difficulties it was, nevertheless, possible to
obtain relatively good refinements of the vanadium
positions as shown in the final refinement (trial l).
It is important to note that the refinement of four
independent sets of data resulted in a noticeable
decrease in the vanadium z coordinate as compared
to trial 5 (corundum data on monoclinic cell). Also,
trials 1 and 2 show a statistically significant de-
crease in the vanadium x coordinate, while the y
coordinate remains unchanged. Table II lists the

TABLE II. Observed and calculated structure factors
for V20& —space group I 2/a.

0 0 2
0 0 4
0 1 3
0 1 5
0 2 2

0 2 4
0 3 3

—1 1 4
—1 4 1
—2 0 2

2 0 4
—2 0 4
—2 1 1

2 1 3
—2 1 3

2 1 5
—2 1 5
—2 2 2

2 2 4
—2 2 4
—2 3 1

0 ~Ec~ h k l

107.3
25. 3

117.9
76. 4

109.1
27. 7
42. 0
31.2
25. 4
46. 1
38. 7
94. 7

102. 0
88. 3
34, 8
33.5
15. 1

118.1
70. 9
74. 8
80. 7

108.0
24. 7

113.5
73.8

104.6
26. 7
40. 1
30.7
24. 6
50. 0
35. 7
98. 7

102.3
90. 8
32. 6
33.9
14.7

118.2
71.7
78.3
79.2

—2 3
—2 4

3 2
—3 2
—4 0
—4 0
—4 0
—4 1
—4 1
—4 2
—4 2
—4 2
—4 3
—4 3
—5 1

5 2
—6 0
—6 1
—6 2
—6 2

3
2
3
3
0
2
4
1
3
0
2

1
3
2
1
2
3
0
2

Fo

18.6
79.5
26. 6
29. 9
90. 0
18.9
65. 1

118.9
88. 5
73. 8
11.1
20, 2
45. 8
72. 4
31.2
24 4
72. 6
24. 9
80. 0
67. 4

I~, t

17.8
78. 8
25. 4
29. 3
88. 6

19.5
65. 4

121.4
93.3
74. 0
11.2
19.9
45. 8
73.9
30.3
25. 1
76. 9
25. 0
83.6
70. 0

observed and calculated structure factors for
trial 1.

The final refinement positional parameters to-
gether with the previously reported lattice pa-
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FIG. 2. A projection of the V203 strocture on a plane
perpendlcUlar to the [110j Rxis, The vanadiUI atoms are
at zero height and the oxygens are above Rnd belovr the
plane. The Rrro%'8 indicate the direction of tI'Rnslation
of the vanadium atoms at the M-AF transition.

rametex'8'0 mere used as input to the interatomic
distances program pRFFE. '~ Table III lists these
dlstRnces Rnd standard devlatlons Rs cRlculRted by
this pl ogrRm. Fox' comparative pux'poses the
equivalent distRnces in the corUndum 8tx'UctUx'e8

Vpos and 010 Qg2Cro 038)mop are also listed. These
intexatomic distances were calculated by using the
room-temperature positional parameters and the
low-temperature lattice parameters. The atomic
superscripts are those of the atoms in the pro-
jection of the corundum structure in Fig. 2.

IV. MSCUSSION

Fx'om Table III and Fig. 2 it can be seen that the
monoclinic distoxtion of V~03 involves an expansion
of interatomic distances between paixs of vanadium
atoms. At the M-AF transition, the V'- V"distance
across the shared oxygen octahedral face increases
from 2. 700(l) to 2. 745(2) A. Simultaneously, the
dlstRnce V —V Rcxoss the shRx'ed octahedral edge
(within the a„-e„plane) increases from 2. 872(l) to
2. 987(4) A. The V" —V"' distances between vana-
dium atoms belonging to the a~-c„plane and those
belonging to adjacent layers do not appear to change
significantly. It is of interest to note that those
distances which increase correspond to paix'8 of
vRnadlum atoms With pRx'Rllel magnetic spln8,
%'hereas those 'vFhich remain UI1chRDged correspond
to pairs with antiparallel spi.ns. 4 A simple view
of the distox'tion mechanism is that of an abrupt
rotati. on of vanadium paix 8 withill the u„-e„plane
of approximately l.O'. The sense of this rotation
ls sUch that the vRQRdiuxn Rtoms Rhvays move towRx'd

TABLE IH. Interatomic disNDces I V~03.

pii
pi xiii

(g-c' plRne)
xiii

(adja.cent layer)
yi alii

(adjacent la/er)
Vi pi
yi pV

iii
pi i

yi piv
pVi

pi pii
pi piii
p'i pV

pi ii Qv

pi pvi
pi i pVi

ii piV

piV pVi

MonocliMc
Vgps

2. 745(2)
2. 987(4)

2. O28(9)
2. 065(14)
2. 108(12)
1.989(1O)
1.954(11)
1.963(11)
2. 84(1)
2, 67(3)
2. 68(2)
2. 68(2)
2. 83(1)
2. 99(3)
2. 99(3)
2. 97(1)

2.700(1)
2. 872(l)

2.872(1)

2. 872(1)

2„046(1)
2. 046(1)
2. 046(1)
1.967(1)
1.967(1)
1.967{1)
2. 8o30.)
2. 664(2)
2. 664(2)
2. 664(2)
2. 89oO.)
2. 947(1)
2. 947(1)
2. 947(1)

(&0.96~cr0.038)2p3

2. 745(1)
2.914(1)

2. O59(1)
2. O59(1)
2. 059(l)
1.974(1)
1,974(1)
1.974(1)
2.789(1)
2.659(2)
2.659(2)
2.659(2)
2.894
3.001
3.001
3.001
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the adjacent octahedral voids (see Fig. 2). In
retrospect, the tilting of the eH axis with respect
to the a„-t."„plane can now be understood in terms
of this rotation of vanadi ~m pairs. The pairs can
rotate in three equivalent hexagonal-cell directions,
e. g. , (110), (010), and (100). This threefold de-
generacy leads to the observed twinning of the
monoclinic cell. Simple calculations based on this
1.8' tilt yield interatomic distances within the
a„-c„plane of approximately 2. 74 A for V'- V"
and 2. 97 A for V' —V"'. These are in good agree-
ment with those from the least-squares refinement.

Although individual V -0 distances vary con-
siderably, the average V —0 distance to oxygens
of the shared octahedral face increases slightly
from 2. 046(l) to 2. 0V(l) A. The average V —0
distance to oxygens of the unshared face appears
nearly constant since this distance is 'l. 96V(l) A
in the corundum structure and l. 9V(l) A for the
monoclinic one. The overall average V —0 dis-
tances are 2. OOV(l) and 2. 02(1) A for the two
structures, respectively.

Unfortunately, it is difficult to make quantitative
statements about the distortion of the oxygen octa-
hedron at the M-AF transition since the standard
deviations for the 0-0 distances are quite large.
Qualitatively it can be seen that the O' —0" shared
edge increases, while the 0' —0"' unshared edge
decreases when proceeding from the M state to the
AF state. By contrast, the distortion of the oxygen
octahedron associated with the M-I transition in the
Crq03 V203 system is characterized by an umbrella-
like expansion of 0 —0 distances of the unshared
face and a contraction of these distances in the
shared face, while the 0 —0 edges remain nearly
constant. A crude picture of the octahedral dis-
tortion for the M-AF transition is one in which
the octahedron becomes skewed about the cation
so as to allow the V —V distances to expand in the
a&-c& plane while leaving the average V —0 dis-
tance unchanged. In the case of the M-I transition
the octahedron distorts in an umbrellalike fashion

so as to allow all the nearest-neighbor V —V dis-
tances to expand while again leaving the average
V —0 distance nearly unchanged.

For both M-I and M-AF transitions the distortions
consist essentially of the expansion of the short
metal —metal distances. One would expect from
a simple view of a Mott transition that the short
V —V distances must necessarily expand resulting
in a localization of electrons when proceeding from
metal to insulator. ' The concept of an abrupt ro-
tation of vanadium pairs at the M-AF transition
agrees very well with the discontinuous nature of
a Mott transition. It should be noted that while
the M-I transition is accompanied only by a volume
change, the M-AF transition involves both an in-
crease in volume and a change in crystal symmetry.

V. CONCLUSION

It has been observed that the distortion of the
corundum structure of V203 to the insulating anti-
ferromagnetic monoclinic phase at low temperature
involves a discontinuous expansion of nearest-
neighbor V —V distances in the a„-e~ plane, while
the average V —0 distance remains nearly constant.
It has also been shown that the triply twinned mono-
clinic structure is a logical consequence of this
distortion. Finally, the expansion of the V —V
distances associated with this transition is similar
to that of a Mott transition observed in the Crz03
- V303 system in which the conduction electrons
localize on their ionic sites when proceeding from
the metal to insulator.
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