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Abstract

In VO, (0-8 < x < 1:3), there are large numbers of
cation and anion vacancies and interstitial vanadium
ions. To determine the local arrangements of these
defects, X-ray diffuse scattering was measured in
absolute units with single crystals of VO, (x = 0-89,
1-17 and 1-28). For x > 1, the interstitials are present
near vacancy clusters, similar to the defect arrays found
in the semiconductor Fe, O. For x < 1, there are few
interstitials, but an increased concentration of anion
vacancies. The anion and cation vacancies are arranged
(so as to minimize the electrostatic energy) in rows
along (110) directions with alternating vacancy-rich
and vacancy-deficient {111} layers. Some portions of
this vacancy arrangement resemble that found in
metallic TiO,. VO, behaves like a semimetal for x < 1,
but a semiconductor for x > 1, and the present results,
when compared to the defect structures in TiO, and
Fe,O, show that the nature of the bonding between
cations and anions controlling the conduction mechan-
ism is reflected in the defect structure.

Introduction

Vanadium monoxide is stable over a wide range of
compositions at high temperatures, from VO, to
VO, , (Schonberg, 1954; Andersson, 1954; Westman
& Nordmark, 1960; Stenstrom & Westman, 1968). Its
structure is similar to that of NaCl with large
concentrations of vacancies on both anion and cation
sublattices, which vary with composition (Banus &
Reed, 1970; Banus, Reed & Strauss, 1972); even at
stoichiometry about 15% of both sublattices are
vacant. Interstitial (tetrahedrally coordinated) cations
have been detected, their concentration increasing with
oxygen content (Hoier & Andersson, 1974; Watanabe,
Andersson, Gjonnes & Terasaki, 1974; Morinaga &
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Cohen, 1976). The presence of composition-dependent
diffuse scattering indicates that the defects are not
randomly arranged (Andersson & Tafto, 1970;
Hayakawa, Morinaga & Cohen, 1973; Andersson,
Gjonnes & Tafto, 1974). There is an ordered phase
~ VO,,,_,.;. For the most recent study of its structure
see Morinaga & Cohen (1979), hereafter referred to as
Part I of this study.

Andersson, Gjonnes & Tafto (1974) interpreted the
diffuse scattering (determined with electron diffraction)
from disordered VO, ,;, as due to tetrahedra of
vacancies, each surrounding an interstitial vanadium
ion in analogy to the defects found in Fe,O (Koch &
Cohen, 1969). However, the arrangement of clusters
was not consistent with that found in the ordered phase;
the nearest-neighbor intercluster vector was (a,/2)[211]
(where a, is the lattice parameter of the cubic
disordered phase), shorter than the vector for the
ordered phase, (a./2)[221]. Quantitative analysis of
diffuse electron scattering is quite difficult. There are
dynamical effects which complicate the mathematical
representation and inelastic background scattering.
These are affected by foil thickness and orientation, and
absolute intensities are difficult to obtain. The diffuse
scattering from VO, is complex, and there are
important contributions due to thermal and static ionic
displacements (~15-30% even for sin §/4 < 0-25 A-!
as will be shown below) which were assumed to be
small by Andersson, Gjonnes & Tafté (1974). Further-
more, the clusters were assumed to exist, and the data,
analyzed in terms of intercluster local order, were
relative (not absolute) intensities.

The purpose of the present experiments is to analyze
absolute diffuse X-ray intensities to obtain direct infor-
mation on defect interactions and ionic displacements
in single crystals of VO g, VO, and VO, .. The
relationship of these effects to the physical properties
will be considered. VO, is a semiconductor or a
semimetal depending on its composition (Banus &
Reed, 1970; Banus, Reed & Strauss, 1972). [The con-
nection between the diffuse scattering and the Fermi
surface of VO, has already been examined (Hayakawa,
Morinaga & Cohen, 1973).1
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Experimental methods

Materials

The growth of the crystals and their analyses are
described in Morinaga & Cohen (1976). After being
held in flowing purified argon at 1323 K for several
hours (in the presence of V metal foil to suppress
oxidation), the crystals were cooled at ~273 K/min.
Faces ~0-8 mm across were obtained by sectioning
and polished using standard metallographic techniques
and concluding with electrolytic polishing in a
perchloric—methanol bath at room temperature (2-3 A,
10 V).

Diffraction techniques

These crystals were held in a vacuum (1-3-2-6 Pa)
attachment to a GE quarter-circle goniostat; the cover
was a thin Be hemisphere.

The measurement of diffuse scattering was carried
out on an automated General Electric XRD-5 dif-
fractometer (Schwartz, Morrison & Cohen, 1963),
equipped with adjustable receiving and scatter slits for
the diffracted beam. The incident beam was Cu Ka
radiation monochromated by a singly-bent pyrolitic
graphite crystal, which focused at the detector in the
vertical direction. The beam was smaller than the
crystals’ faces.

Beam divergences were determined by measuring the
200 Bragg reflection of a cleaved LiF single crystal.
These corresponded to resolutions in reciprocal space
of Ahyosontar = 005 r.lu. and Ah g .. = 0-07 r.lu. The
measurements in a volume of reciprocal space were
made at intervals of 47 = 0-1. The X-ray tube was
operated at 45 kV, 16 mA and intensities were measured
with a scintillation counter with a pulse-height analyzer
set to accept 90% of the Cu Ka.

Any variation of beam intensity for the long
measuring times involved (about 21 d for each run) was
monitored by a second detector, which recorded the
fluorescent intensity produced when the incident beam
passed through a thin Co foil (which attenuated the
beam by ~ 12%). Measurements of the diffracted beam
were made for a fixed number of monitor counts.
(Typical measuring time was about 360 s for which the
monitor recorded about 2 x 10° counts.) The variation
of the direct beam, 4-5% over the period needed for
measurements with each crystal, was corrected by the
beam monitor.

The incident beam fluoresces vanadium and in
addition there may be fluorescence from impurities in
the sample. These fluorescent X-rays could distort the
features of the diffuse scattering and to eliminate this
radiation balanced filters of Ni and Co were employed.
For this balancing the incident X-ray beam was Zr-
filtered Mo radiation for radiation on the short
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wavelength sides of the filters (A < A4 ), from a Bragg
reflection of VO, ,,. For radiation on the higher wave-
length side (4 > A_), the V fluorescence from Vo, 4,
caused by the molybdenum incident radiation was
employed. (By changing the setting of the pulse-height
analyzer this radiation could be discriminated from the
Mo Ka.) The effective thickness of the Ni filter was
changed by tilting it around an axis perpendicular to
the incoming beam. The difference in balancing was
1-4% for V fluorescence (VKa x VKp) and 0-9% for
the Mo Ka. To check for any fluorescence with
wavelengths between 4, and 4, _, the energy spectrum
of the background scattermg was measured, without
any filters, with a solid-state detector; no such scattering
was detected.

A Ni foil was placed in front of the detector to
improve the precision in taking the difference in
intensities with the filters.

The direct beam power P, (~4 x 107 Hz) was
determined by measuring the diffracted intensity from
an Al powder briquette (Batterman, Chipman &
DeMarco, 1961; Morinaga, 1978).

Under the same conditions as the measurements, the
scattering from the air path and electronic background
were measured as a function of 28 by placing a lead
beam trap at the specimen position. This corresponded
to about 0-07—0-09 Hz, most of which was the noise of
the electronics. There was no change in this component
between the two filters within statistical error, so this
term cancelled in taking the difference. The effect of
surface roughness was determined using a method due
to de Wolff (1956). The fluorescence produced by Mo
Ka was normalized at large 26 angles. (The correction
was 10-20% at 30° 20, depending on the specimen.)
All data were corrected for the measured dead time
(Schwartz & Cohen, 1977).

The ionicity of V and O appears to lie between
neutral and singly-ionized states in the disordered phase
(Morinaga & Cohen, 1976). Therefore, neutral atomic
scattering factors (from Doyle & Turner, 1968) were
employed in calculations. The present measurements
were carried out in the range 0-15 < sin 6/4 < 0-40.
The dispersion corrections for V and O were taken
from International Tables for X-ray Crystallography
(1962). The Compton modified scattering was taken
from Cromer (1969) and subtracted after correcting for
Lorentz polarization, surface roughness, and placing
the data on an absolute scale.

Scattering theory

Hayakawa & Cohen (1975) have derived general
equations for the diffuse scattering from materials with
multiple sublattices, including up to quadratic terms in
atomic displacements.
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The total coherent diffuse scattering intensity, I, in
Laue units is given by

ID(h)/ILM(h) = sto(h)
+h Q. (h)+ h,Q, ()
+hy Q,(h) + ki R ()
+ hiR (k) + hiR,(h)
+hyhy S, (h) + hyhy S, (h)
+ hyh, S, (), (1)

where h = (h,h,,h;) and h,, h, and h, are continuous
variables in reciprocal space. The term I,,, is the Laue
monotonic scattering due to a random array of defects
without displacements.

In (1), the first term on the right-hand side is the
short-range order intensity [Ig,(h)], the next three
terms are the size-effect scattering due to average
interatomic displacements (whose components are in a
direction indicated by the subscript) and the remaining
terms are the first-order thermal diffuse scattering
(TDS) plus Huang scattering (Huang, 1947) (due to
mean square static displacements).

Iggo() =Y 3 3 @,,, cos 2n(h, I + hym + hy ),

I mn

(2a)
O, (W) == pfmsin 2a(h, | + hym + hyn), (2b)
I m n

R(h) =3 33 8funcos 2a(h, L+ hym + hy ), (20)
I mn

Sy =3 > >ep cos2nlh |+ hy,m+ hyn), (2d)
I mn

with similar definitions for Q(4), R, (h), S,.(m), Q,(h),

R,(h) and S,,(h). The (Imn) are interatomic vectors

defined by

(3a)
where a,, a,, and a, are the usual cubic axes in real

space. The diffraction vector k is given in terms of the
axes b; in reciprocal space:

k =27(S — Sp)/A=2mn(h, b, + h, b, + h;b,),

. = la, + ma, + na,,

(3b)
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where S and S, are unit vectors in the directions of the
scattered and incident beams, respectively, and A is the
wavelength of the X-rays.

The coefficients in the series, (2), are weighted
averages of vectors spanning different sublattices. For
example, the short-range order parameters a,,, are
made up of terms involving

a¥ (Imn)=1—PY /xI, )]

where x/ denotes the sublattice fraction of the jth
component on the vth sublattice, and PY is the
conditional probability of finding j-type atoms on the
1th sublattice, separated by vector t,,, from an i atom
on the uth sublattice. The various sublattices in VO, are
shown in Table 1. For m3m symmetry, sites labelled
tetrahedral 1 and 2 are equivalent. The f.c.c. sites (F)
are assumed to be occupied by oxygen ions, with vana-
dium ions in octahedral (O) and tetrahedral (7)) sites.
The three types of interatomic vectors are given in
Table 2, which also indicates the sublattices that are
spanned for each type of vector. With these values, and
the known concentrations of defects (Morinaga &
Cohen, 1976), the equations for the coefficients in (2)
can be readily derived and are summarized in Tables 3
and 4, for the three compositions.* Note that for VO, 4,
there are no terms due to tetrahedral sites because the
concentration of tetrahedral cations is essentially null.

*The details of the displacement terms for VO, ,, are not
actually analyzed in this paper and the equations for this
composition are therefore not reported here; they may be found in
Morinaga (1978).

Table 1. Sublattice fractions and sublattice vectors

Sor VO,
Sublattice fractions
Typeof  Sublattice

sublattice ~ vector Oxygen Vanadium Vacancy
f.c.c. 0,0,0 x¢=1-¢c x¥¢=0 xf°=c
Octahedral 143 x$=0 xY=1—a xfM=a
Tetrahedral 1 144  x9,=0 xf=b xp=1-b
Tetrahedral 2 }33 x2,=0 xM=b xM=1_p

Vanadium = M, Oxygen = O, Vanadium vacancy = Vyp» Oxygen
vacancy = V. Vacancy concentration: V,, = a, ¥V, = ¢. In VO_,
tetrahedral sites have concentration M = 2b: 1/x = [(1 — a) + 2b]/

(1—oc).

Table 2. The three types of interatomic vectors in VO, and the corresponding sublattice pairs

Type of Imn
I, m, nall [2p]/4*
[+ m+n=1[4ql/4

@ Lm,nall[2pl/4
) I+m+n=I[4q + 21/4

(1)

3) Lmmnal2p+1]/4

Possible sublattice pairs

f.c.c—f.c.c., Oct—Oct, Tet 1-Tet 1, Tet 2—Tet 2

f.c.c.—Oct, Oct—f.c.c., Tet 1-Tet 2, Tet 2-Tet 1

f.c.c.—Tet 1, f.c.c.—Tet 2, Oct—Tet 1, Oct-Tet 2
Tet 1-f.c.c., Tet 2—f.c.c., Tet 1-Oct, Tet 2—Oct

* p and q are integers.
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The x,y,z refer to the x,,z components of the
interatomic displacements from average sites of species
ion u jon v. Thus

i’fmn o <x£{p >U’ (5(1)
O%un o€ (XL 1Y, (5b)
Elmn o (XL V1) (5¢)

Here, xY, = x!{ — xJ, where x! is the displacement

v
uy

Table 3. Laue monotonic scattering and a,,,,

*t
A. VO
Laue monotonic
O yxVo f£2 M VM £2
scattering xg S5+ XU X6 [y
Vi 2 Vi Vi 2
. x2 x¥°alko fI + xM xfHa o™ 2,
Type 1
Ve 2 M . Vi 2
xP xF° f5 + x§ x5 fiy
Vo ,MVo
- T 2 2x8 x{0ag® fo fu
almn ype Vi
xR xp° f3 + xM xpM f3
Type 3 0
B. VO, ,;
Laue monotonic
O xVo M VM M Vi 2
scattering X xgO [T+ (x¥ xgM + 2xM x}M) f2,
( Type 1

¥op Qo M VM, MVM M VM, MVMY £2
xP xg OGO fF + (XY xpMou JEM + 2xM x M MEM) £

X2 xFO 3+ (xM xhM + 2xM x VM) f2

M .VO  MVO M VM, MVM £2
a J Type2 2x5 xpPaBr® fo S + 2xH XPMAREM 1
Imn
14 2 M Vi 14 2
X2 xFO fI + (xM xtM + 2xM x¥™) f2
Type 3
Vo, MVO 1 4 MV M Vi
AXY XEOOYEO fo fog + 2(xH xFMaUEM + XM xFMa My Su
Vo M Vi
~ xR XEO f& + (xM xpM + 2xM x 1) f2,
¥
C. VO; 4
Laue monotonic
M 2
scattering (x5 xo™ + 2x x7*) iy
s XY xEHaMEM + 2xM xPMa YEm
Type 1
M VM M VM
xgf xbM + 2xM x¥
M VM MVM
. 2xy x Mafy
a Type 2
imn ) LYP XM XM 4 2xM xim
MVM M VM, V.
Tvoe 3 2(xY xPMa Y™ 4+ xM xfMa My
ype 1z M VM
v X xfM + 2xM x¥

* Assuming that x¥ = 0.

T The scattering factor f; in this table includes the temperature
factor, taken from Morinaga & Cohen (1976).

1 Assuming that x¥°=0.
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along the x direction of the ith atom on the gth
sublattice.

The Borie—Sparks method (Borie & Sparks, 1971)
has been applied to separate these terms in the diffuse
scattering from alloys and oxides (Gragg & Cohen,
1971; Hayakawa, Morinaga & Cohen, 1973). This
separation is based on the different symmetries of the
terms in (1) and (2), and intensities at various A
positions are added and subtracted to separate the
terms. However, there are two difficulties with this
procedure in this study. This method assumes that the
scattering factor ratios that appear in Tables 3 and 4
are independent of sin #/A. But the minimum volume in
reciprocal space for such a symmetry separation
(Hayakawa & Cohen, 1975) in this case extends from
002 to 444. Furthermore, some 7000 points would need
to be sampled if intervals of 0-1 were chosen, requiring
over two months per crystal. Instead, (1) and (2) were
solved by a least-squares procedure (Williams, 1972).
Each series (2) was truncated, so that there were 50-90
total terms for the 2240 points sampled in the regions
shown in Fig. 1. The stability of the results is sensitive
to the measuring regions and the number of param-
eters, and tests of these variables will be presented
with the results. Although not attempted by Williams,
the scattering factor ratios can be represented by poly-
nomials in terms of sin /A, to examine if this variation
is important; this will also be discussed.

Although the a,,, are combinations of several a¥ ,
Table 3, we wish to know the Warren short—range
order parameters a¥_ from these a,,,. We now consider
if this is possible.
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Fig. 1. Measured volumes in reciprocal space: VO,g, (I + II +
Il + IV), VO, ,, (I + IT + III + IV), VO, , (I + II + III + V).
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Type 3

Type 1

Zxy
Eimn

.| Typel
Sfmn Type 2
Type 3
{Typc 2
Type 3

B. VO,.,

-

Type 11
Y < Type2’
Type 3

-~
e

Type 1

T)’pe 2

X
{mn

L Type 3

Type 1

»
I

&y 4 Type2

Type 3
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Table 4. yj.,, 0%, and €32,
The scattering factor f; in this table includes the temperature factor.

0

27
Type 1* N [x2 fE(x2 + x2 aQFON(XELY + XY f2(xY + xtMaMymy(xiiy)
Vimn | Type2

not involved
n2

~ [xR f3(x2 + xfoaQO)(x2 x2) + xM fH(xY + XM MM (XY X))
1

47
N [x xR Jfo Su(1 =) (xl xR + xR XY fo fig (1~ aQ¥)(xQ x3]
1

not involved

8 2
5 [XR SEXR + XEOEOKXR YR + X [y (xlf + XJMcymy (x¥ yMy)
i

2

8n
A (x5 X2 fo ul (1 —a@gN{x2 iy + (1 —akO)x¥ y2)}]
1

not involved

2n
N [xP [P + x£°a REOXER) + [l xG (xgf + xBHa gy xfp'y + 2x¥ (x¥ + xPMa ) (xi¥ )]
2

2n
— [2xY (XY + xpa i) (e > £
2

2n

= [xG G+ xpa M) xy fog + XY (X8 + xEMa¥ym ity f2]
2

4r?

o DR SSOR + xEaBEO xR x2) + Lo xY (xlf + xEMalfsm)(xl XUy + 2xH (x¥ + xfM o) (x xMy )]
2

4n?
- (2 X5 fo (L —a@gxR XYY + XY %2 fo fog (1 —aYO)xY X2 + 2xM f2(xM + x¥MaM¥M) (xM xMy]
2

7[2
A (5P X7 fo fou (1= RINCXR XYY + XY %2 fo fog (1 =GOV M X0 + XY f2,(xl + xyMagymn (xf xMy
+ X7 Sa (el + xgMafS (e xl))

7[2
PSSO + xEaBEONxR IR + Sl (x + xEMaEICxGVE ) + 2xY (<Y + xEaym) (ett yy

2

7[2

N 3P %8 So Sou (L —@ZCXRVE ) + X8 X2 fo foa (L — GO xB yRY + 2x¥ fA(x¥ + xPHaltym) (x¥ yity]

2

2

(xR x4 fo S (1 = GREVCXR V) + XY XR fo fug (L = @)l ¥R + XY fE (e + xPHafym) (xHf yiy
2

+x [ (xd + xgMafd(xy yoil

*N =x2 x¥o f2 + xMxiM f2.
TN, = xR xE0 f2+ (xM xh™ + 2xM xIM) f2.
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() VOy.g (x¥o=22.0, xv = 12-6 and X ¥ ~ 0%)

(@) Type 1 vectors. The @, are combinations of a2¥°
and agp. From the condition 0 < PV < 1, and from

(4), and taking into account that the scattering was
measured in the range 0-15 < sin /4 < 0-40,

—6:227 <xY xpMa¥ipr f2/(x2xLo f2 + xM xbw f2)
<0-897 6)
and similarly for the term involving a2¥e.
The a,,, can then be written:
Oy =~ 0126 aQ¥0 + 0-874 aMhm, @)

for the present measurements (the values of f, and f,,
were those at sin 6/4 = 0-275, the center of the
measured regions although this choice does not affect
the result appreciably). The two af{v cannot be
separated, because the oxygen vacancies are major
defects in VO, g,.

(b) Type 2 vectors. From a similar analysis,

Gy =~ 0-933 aM¥o, (8a)
or,
aMro ~ 1.07a,,,

(85)
Thus, a#f¥° can be obtained directly from @imn:
There are no type 3 vectors (see Table 3).
(i) VO,.;; (xfo=4.3, xu=23-2and x¥ =

(a) Type 1 vectors.
Oy = 0-016 app® + 0-773alfl® + 0-211aM¥n,

The &@,,, is primarily due to
to be small. For such a case,

2-5%)

&)

Mom, if a¥¥# can be shown

alhn ~1.29G, . (10)
(b) Type 2 vectors.
Gy ~0-086a¥Fo + 0-211a¥fn. (11)

From these equations, we cannot separate @,,, into
agr+and a¥fw,

(¢) Type 3 vectors.
8y ~ 0-006 aFo + 6-489 a¥ff + 0-050 add~. (12)

Thus, we can obtain a#f¥»:

a¥ffm~0-15 @, (13)
(iii) VO,.55 (x}fo=0,x}%"=28-0and x¥ =3.0%)
Ny=x¥xp+ 2x¥ x¥m=0-260. (14)
(a) Type 1 vectors.
O = 0-776 a¥P¥ + 0-224 aM¥m, (15)
If a¥Yvis small,
aMhm ~1.29&,,,. (16)
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(b) Type 2 vectors.
&y ~ 0-224 aM¥w, (17a)
Thus,
aMin~ 4.46 G, . (17b)
(¢) Type 3 vectors.
A pun =~ 5-376 aM¥» + 0-065 aXym. (18)
Thus,
aMiu~0-19 a,,,, 19

Except for VO, 4, some a¥ can be obtained, but
some cannot be explicitly determined. For VO, ,,, all
the u’s can be obtained. Similar reductions cannot be
made for any of the displacement terms.

Results

Qualitative observations

Contour maps of the total coherent scattermg
Ip/1,,,) in (1) (ie. after all correctnons) are shown in
Figs. 2 and 3. For VO, g,, there is a weak broad curved
surface of diffuse scattering roughly perpendicular to a
(110} direction with strong intensity near 3 positions
or their equivalent. (The position shifts off the (111)

DELTA = 1.51

AL
{KN] 20 [N 08 L2 2142

%Z

123 , 2215 1214 N 2214 1248 , 2213
ﬂ B

A
6 LT 2.7 L8 248

é ASRS

ek
»
(&»

ms et Zh9e L2 by 20 282

Fig. 2. Total coherent diffuse scattering (Laue uﬁits) for VO, .q,.
The intensity contours increase with letters of the alphabet, with
the increment delta = 1-51 (level 4 = 0-908).
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line with increasing oxygen content.) These results
suggest that the vanadium and/or the oxygen vacan-
cies form linear arrays along (110) directions with
vacancy rich and poor regions alternating in (111)
directions (this will be discussed further below). The
splitting of the diffuse intensity near ¥ for x < 1,
observed in electron diffraction, is also apparent in the
X-ray data.

Quantitative analysis

An example of the various least-squares analyses for
each composition is summarized in Fig. 4 for VO, 4. In
addition to many combinations of terms, one run was
made with one higher-order (4°) displacement term, and
one with the variation of the scattering factor included.
In most runs, the weighting was unity, but in one,
weighting proportional to the intensity was employed.
In runs (e) and (f) average displacement terms (3’s) for
type 2 vectors were included, even though these should
be null as there are essentially no interstitials for this
composition.

The trends are very much the same in all runs, and
the same was true for the various displacement terms.
In Fig. 5 the results for size coefficients (for type 1 and
2 vectors and for VO,.4, and VO, ,,) are summarized

LEVEL A SS1 OELTA = .406
o2 2 o 2 o121 5 ¢ L1201 o2 . L.22
a4 ¢ N / \
o ]
0,02 02 0021 1,021 1022
hye20 M2l me22
[

o
N
w
®
w
o
R

124 Q125 4o o 1125

VAS

1,024 Qo025 1025
hye28

127 0,28 11,28

LA

1827 0028 10.28

00,29 103

1029 0
ne29 nye30

Fig. 3. Total coherent scattering (Laue units) for VO, ,,. The
intensity contours increase with the letters of the alphabet, with
the increment delta = 0-406 (level 4 = 0-551).
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by showing the extreme values in these solutions. For
VO,.17, aggg ranged from 0-0901 to 1-110. For VO, ,,
(not shown) this value (which should be unity by
definition, equation 4) ranged from 0-7 to 1-01. For this
crystal, as was noted in Fig. 1, different regions were
measured, due to its orientation, region V instead of IV,
both involving ~ 15% of the points. The a,,, for type 2
vectors were larger than their limiting values, since a¥¥»
must be less than unity. This indicates the occasional
problems in the stability of the solution encountered
with the least-squares procedure. Because of the
similarity in the diffuse scattering in all crystals, the
data in region V of VO, ,; was replaced with that from
region IV of VO, ,; in one analysis, and added to it in
another. These two results were similar and the results
for VO, reported here were obtained with this
procedure. (For further details, see Morinaga, 1978.) In
what follows, we will therefore emphasize the results for
VO, and VO, ,, for which such problems did not
arise.

In Part 1 of this study, the short-range order
parameters for the ordered phase, VO, ,, were ob-
tained by integrating peaks in partial Patterson maps.
These are shown in Fig. 6(a). For comparison, the
short-range order parameters for VO, ,, are shown in
Fig. 6(b). The values are larger for the ordered phase
but, particularly for type 1 and 3 vectors, there is good
agreement in the variation vs Imn.
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Fig. 4. Short-range order parameters (,,, vs Imn for VO, . The
number of terms of each type in the least-squares fit to the
intensity is given in parentheses. (@) a4, a,(12), ¥,(8), J,, (6 +
€),(36) = 58; a,,, = 1:656, R = 19:5%. (b) t,, ,(13), 7,(8), &,
(0 + &),(40) = 63;a,,, = 1-718, R = 18:7%. (¢) O:1ty, ,(14),
7,(11), &5, (6 + €),(46) = 730, = 1:569, R = 15:0%. +: a1y,
a,(14), y,(11), 8,, (d + €),(46) = 73; h dependence of scattering
factor terms, @tppp = 1-570, R = 15-0%. O:ag,q,(14), y,(11), &,
@ + ¢)(46) = 74; k* term included, ayp, = 1-557, R =
15-0%. A:ag, q,(14), y,(11), &y, (6 + €),(46) = 73; weighting
scheme, 0 5o = 1:504, R = 17-5%. (d) (tp, 1 (15), y(12), 8,
(6 + €),(48) = 7750550 = 1-615, R = 14-9%. (€) 1,01 (14), y(22),
O, (0 + €),(46) = 84: ¢, = 0-873, R = 14:2%. (/) 1, 1,(15),
7,(23), 85, (0 + ¢€),(48) = 88; ,,, = 0-862, R = 14+2%. (e) and
(/) include j terms for type 2 vectors.
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The diffuse intensity synthesized from the coefficients
is compared to an electron diffraction pattern in Fig. 7.
The main features are all well reproduced.

Synthesized components of the diffuse intensity are
presented in Figs. 8 and 9, which may be compared to
Figs. 2 and 3 respectively. There is good agreement in
shape and relative magnitude.

We conclude then that, with proper care in the
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analysis, it is possible to obtain local order parameters
for such a complex system. The R indices comparing
the fit of the parameters in the least-squares solution to
the measured intensity is ~14% for VO, 4, (see Fig. 4)
and 8% for VO, ,, compared to expected values of
~6%. In Tables 5-7 the a¥ are presented for those
vectors for which these can be obtained from the a’s
unambiguously. The a were small for tetrahedral
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(a)
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()

Fig. 7. (a) Synthesized total diffuse intensity on the (114) plane of the reciprocal lattice for VO,.,. (b) Electron diffraction pattern near

the (114) plane of VO, .,,. (Diffuse scattering is similar to that of VO,

Lg% 20,15 LS

2,115
(a) (b)
EVEL & = -.548 oELTR LI LEVEL A = T3S DELTR = 1.09
12058 22,85 L2.% a 22)5

(c)

Fig. 8. Synthesized components of diffuse scattering for VO, .5: (@)
short-range order intensity; () first-order size-effect scattering;
(c) thermal diffuse scattering + Huang stattering; (d) synthesized
total diffuse scattering.
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Fig. 9. Synthesized components of diffuse scattering for VO et (@)
short-range order intensity; (b) first-order size-effect scattering;
(c) thermal diffuse scattering + Huang scattering; (d) synthe-
sized total diffuse scattering.
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vectors in VO, ,, (see Fig. 6b) so that ay« could be
obtained for this composition. (Compare the type 2
interatomic vectors (300), (300) and (3341).)

Discussion

Local order

The a,,, for types 1 and 3 vectors are similar for all
compositions and for the ordered phase, VO, ,,, despite
the variation in interstitial concentration, and therefore
the local atomic arrangements should be similar.
However, for a./2 (221), a type 2 vector, aMi«
between interstitial vanadium ions is positive for the
ordered phase but small for the disordered phase. In the
ordered state (see Part I) there are periodic tetrahedra
of vacancies occluding an interstitial ion and these
interstitials are separated by this vector; apparently

Table 5. a¥ife for VO 4

Type 2 _ @ _ B
4xlimn] @;=1.569  @,=0-873 Average
200 —0-243 —0-101 —0-172
222 0-155 0-115 0-135
420 0-054 0-023 0-038
600 0-023 0-047 0.035
244 —-0-018 0-003 —0.007
622 0-001 —0-013 —-0-006
640 —0-022 —0.027 —-0-025
Table 6. a¥ for VO, ,,
Type | (ayalrm (byalim
4 x [Imn]  @,;=0-901 a,=1-11 Average
220 —0.023 —-0-076 —0-049
400 —0-111 —0:172 —0-141
422 —0.002 0-027 0.013
440 0.072 0-102 0-087
620 0-021 0-009 0-015
444 0-050 0-027 0-038
Type 3
4 x [Imn] (ayalim b)akfim Average
111 —0:030 —0-016 —0.023
311 0-010 0-000 0-005
133 0-002 0-004 0-003
333 —0-004 —0-006 —0.005
Sn 0-004 0.002 0-003

Table 7. all for VO, (@, = 0-70)

Type 1 Type 2 Type 3

4xlmn]l  agpr  4x[lmn]l o™ 4 x[imn]  oMim
220 —0-039 200 0-241 111 —0-022
400 —0-184 222 0.013 311 0.012
422 0-022 420 0-100 133 0-018
440 0-100 600 0-163 333 0-002
620 0-057 244 0-106 511 0-022
444 0.023 622 0-085

THE DEFECT STRUCTURE OF VO,. Il

these interstitials are more randomly distributed above
the critical temperature, as mentioned above.

The a,,, for type 1 vectors involve sites on the
cation, anion and tetrahedral interstitial sublattices, not
between them. The near-zero values of & for first- and
third-neighbor vectors indicate that there is a near-
random distribution of defects around a defect in these
shells, but unlike species (say a vanadium ion and a
vacancy) at the ends of the vector are favoured for
second neighbors (@ negative) and like species for the
fourth shell (a positive). An ideal model for a domain,
which fits these criteria for the oxygen-rich com-
positions (which contain primarily vanadium vacan-
cies) and the qualitative features of the overall diffuse
scattering, is shown in Fig. 10. Note that at the second-
neighbor position from a vanadium ion (4,) a vana-
dium vacancy occurs (C,), whereas at the fourth-
neighbor position there is another cation (at another 4,
site). At first- and third-neighbor positions the sites are

< 1‘0\ I(IOO)

(b)
® Vanadium

o Vanadium Vacancy
@ Vanadium or Vacancy (Average)
(O Oxygen

Fig. 10. Possible arrangement of vanadium vacancies in oxygen-
rich VO, (a) on the (100) plane (neighbor shells are numbered);
(b) a three-dimensional model.
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filled with vacancies or cations proportional to their
average concentration (that is a random arrangement).
Because a¥¥# (43)) is negative (Tables 6 and 7), inter-
stitial vanadium ions must be nearest neighbors to
cation vacancies.

We can proceed further with this idealized model for
the local atomic arrangements by considering the
theory of stacking of ions on the closely packed {111}
planes in oxides by Iida (1955). There are two
physically significant ways to divide the lattice sites on
{111} planes into several sublattices. One set is
indicated by subscripts on the (lettered) layers in Fig.
11 for the model in Fig. 10, and a possible stacking
sequence for these layers is presented in Table 8. The

(a) LayerA (c) Layer 8
A A; A A A B, B, B B, B
P I 3 % 8% % 8
Ay Ay Ay A 8, By By B
¢ o o o o o o o
Ay A A A, A 8, B B, B B
oA A A A S22 5 2 3 %
A v 8y B, B
d % & o o’ o o &
A A A A 8 8 8 B8, B
O Y , %2 8 % 8
(b) Layer C (d) Vo0,

hexagonal corundumdype unit cell
o/ e e o

C.

* o e

C C, (3 <
& p'—a—p

;{ \g4 cf \;4

o o R e
o g\ \E/;;Z-l& u‘/‘i" % eie o
“7 \3“ 5/\3‘ 3( . é:\ . /Al-‘ )
& \Gn/—gz—\é/ % o e e u’e e o

® Vanadium
O Vanadium Vacancy
@ Vanadium or Vacancy (Average)

Fig. 11. Arrangement of vanadium vacancies on successive (111)
planes in the model in Fig. 10: (a) layer 4, (b) layer C, (c) layer
B, (d) the V,0, structure.

Table 8. Possible stacking sequence of vanadium
vacancies in VO,

VA
0 Of TC
I M TAt (TA, + TA; + TA,)
1 O TB
It} M (rc,+ 1C,+ TC,) TC,§
2 0 TA
2 M TB,
3 0 TC
3 M (TA, + TA; + TA,) TA,
4 O TB
4 M TC, (TC, + TC, + TC,)
s O TA
8 M (IB,+ TB,+ TB,) TB,
6 O IC

* Z is the height of the {111} closed-packed plane.

1 M means vanadium ion and O means oxygen ion.

1 TA, at§ indicates that the vanadium ions preferentially occupy
the 4, sites, whereas (T4, + T4, + TA,) are sites of average
vacancy occupation.

§ 7C, at 14 indicates that the vanadium vacancies are
preferentially in C, sites, whereas (TC, + TC, + TC,) are sites of
average vacancy occupation.
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preferential occupation of vanadium ions required by
the a’s at A, sites in Fig. 10(b) would yield a different
electrostatic potential at C, sites from that at other
sites, which would induce vacancies at C sites, to obtain
local charge balance. (Compared to random oc-
cupation, a vanadium ion at 4, sites has an effective
positive charge while a vacancy at C, is negative.)
Similarly, because of the presence of vacancies at C,
sites, the B, sites are also occupied by vanadium
ions. Thus this arrangement helps satisfy local charge
neutrality and minimizes the increase of electro-
static energy due to the vacancies (Goodenough, 1972).
(The role of the interstitials will be discussed in the next
section.)

The perodicity is twice that of the basic NaCl cell,
which would account for the strong diffuse intensity at
B4, A similar stacking arrangement for vanadium-rich
compositions, for which there are both anion and cation
vacancies, is given in Table 9. A three-dimensional
model appears in Fig. 12. In this model, a¥¥° (333) > 0,
in agreement with Table 5. Such a domain model is
obviously ideal. Firstly, it involves 25% vanadium and
oxygen vacancies on site 1, but the actual con-
centrations are less (13-22%). Also, the a,,,, are larger
for type 1 vectors in VO, g, than in VO, ., so that the
tendency to the model must vary with composition.
Only the signs of the a’s have been employed in forming
the model, not the actual magnitudes. In order to test
this construction further, a computer simulation was
obtained for 4000 sublattice sites in three dimensions
(Gehlen & Cohen, 1965; Gragg, 1970), employing the
first six adf° for VO, g, (assuming@,,,, = a9¥°), and the
a¥¥v for VO, ,, and VO, .. The vacancies and ions in
the simulations were exchanged until they fit the
measured a values to 1%. Also, a near-random
simulation (with interchanges until a, — a, ~ 0) was
examined for comparison. The results are as follows:

(a) Some 50% of the vacancies have no second-
neighbor vacancies, in agreement with the model
(compared to ~20% in the random model).

(b) The percent of vacancies having near-random
arrangements of vacancies and ions in the first and
third shells but 5—6 ions in the second shell, as in the
model in Fig. 10(b), is 40% in the simulation with the
measured a’s compared to 20% in the random
simulation.

(c) There are alternating vacancy-rich and vacancy-
poor {111} planes in the simulations.

(d) The number of near-neighbor quadruplets of
vacancies, or quadruplets with three out of four sites
vacant, is approximately half that in the random state, a
further indication of the tendency for the vacancies to
be isolated.

(e) For the models for VO, ,, and VO, ,,, the inter-
stitial occupation is such that 200 and 240 such sites in
the 4000-atom model would be occupied. In the
simulations there are 201 and 410 near-neighbor
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tetrahedra of cation vacancies with three vacancies,
which supports the result that the vacancy clusters
occlude vanadium tetrahedral ions at these com-
positions, as indicated by the negative values for a}y»
(B

Table 9. Possible stacking sequente of vanadium and

oxygen vacancies in VO, (x < 1)

VA Sequence
0 O TC, (TC, + TC, + TC,) (0]
3 M TA (TA, + TA; + TA)) 2)
1 O (TB, + TB; + TB)) ' 3

4 M (IC,+TC,+TC) TC, 4
2 O TA, (TA,+ TA; + TA,) (5)

24 M TB, (TB, + TB, + TB,) (6)
3 O (TC,+TC,+TC) TC, D

3 M (TA,+TA,+TA) TA, (8)
4 O . (TB,+ TB, + TB,) 9)

4 M TC, (TC,+ TC,+ TB,) (10)
5 O (TA, + TA; + TA,) TA, (11)

54 M (TB;+TB,+TA) . (12)
6 O TC, (TC,+ TC, + TC,) 1)

e
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® Vanadium

O Vanadium Vacancy

Fig. 12. A model of vacancy arrangements for VO, for x < 1. The
oxygen and vanadium vacancies are correlated in this model.
Only the sites labeled (1) in Figs. 10 and 11 are shown, as the
other sites are occupied by ‘average’ species (cation and cation
vacancy or anion and anion vacancy).
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Watanabe, Castles, Jostsons & Malin (1967) sug-
gested that the ordered phase observed for TiO, -
TiO,., below 1263 K has a structure in which half of
the titanium and half of the oxygen ions are missing
alternately on every third (110) plane, Fig. 13. This
basic aspect of the ordering has been confirmed by
Terauchi, Cohen & Reed (1978) and Terauchi &
Cohen (1979) also showed that this tendency is present
in the disordered phase. As shown in Fig. 13 for this
phase, the near-neighbor vector between an oxygen
vacancy (e.g. 4 in Fig. 13b) and a titanium vacancy (B
or Cin Fig. 13a)is a./2 [111], which coincides with the
model for VO, (see Fig. 12). Also, compare the square
denoted by OBDC in Fig. 13(a) with Fig. 12 or Fig.
10(a). Some portions of the defect structure of VO, for
x < 1 are clearly similar to that in TiO,.

For x > 1, the local order in VO, is less extensive
and there are indications that interstitials are associated
with vacancies, as in Fe,O (Koch & Cohen, 1969). It is
interesting to note that for x < 1 VO, is a semimetal
like TiO,, whereas for x > 1 it is a semiconductor like
Fe,O (Banus & Reed, 1970). The long-range electronic
interactions that control the conductivity obviously
have a strong effect on the local atomic arrangements.

Finally, we note that Ariya & Golomolzina (1962)
suggest that VO contains regions like V,0,, based on
infrared spectra. A comparison of Fig. 11(d), the V,0,
structure, with the domain model for VO,, Fig. 11(a)-
(c), does not indicate any such similarity.

Ionic displacements

From Fig. 5(a) it is clear that:

(@) Pimn varies with Imn as does a

(b) 6%y is large; :

(c) &3, for Imn=3(110) (a first-neighbor vector)is
large and negative.
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N .
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® Titanium
O Oxygen
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Fig. 13. Model of ordered TiO; (a) shows the Z = O plane and (b)
shows the Z = 4 plane. Solid lines represent the unit cell and
dotted lines the planes containing vacancies.
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Now:

(a) a positive 7, means that the average distance
between Imn neighbors is extended in the x direction,
whereas a negative y},, implies a contraction of the
average inter-ion distance;

(b) a positive 07, implies that the ions connected by
Imn are displaced in the same x direction, whereas a
negative §%,, corresponds to the case of displacements
in the reverse direction; )

(¢) &2, has an analogous meaning to 07,, but
involves x and y components; d7,, and &3, are related
to thermal diffuse scattering (TDS) and Huang scatter-
ing.

Also, from Table 44 and B, y3,,, 0},, and &3, for
type 1 vectors are combinations of displacements
within the sublattices (F), (O) and (T). Although
only coefficients for VO,.,, have been presented, the
experimental results (a)—(c) are the same for both
VO,.4o and VO, ,, despite the interstitial concentration
in VO, ,,. This indicates that there is little contribution
of the displacements on the tetrahedral sublattice to the
measured y%,,, 0%, and &5,

With this understanding, more information can be
obtained from the measured coefficients, y5,,, 6%,, and
B
(a) When a,,, is negative, y is negative (e.g. Imn =
4(200)), indicating that as the number of vacancy—ion
pairs increases, the average ionic distance decreases.

(b) 6%y is large, compared with other §%,,. Komatsu
& Teramoto (1966) report that there is strong thermal
diffuse scattering at the 100 reciprocal-lattice position
for NaCl-type crystals. This term is therefore un-
doubtedly related to thermal vibrations. It is interesting
that the short-range order parameter a,,, has a large

y ® >0 7Y @ &>0

Fig. 14. Four possible examples for &§,; (a) and (b) longitudinal
components, (c) and (d) transverse components. When £ <0,
either case (a) or case (c) is possible.
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negative value for this vector. The preferential pairing
of ions and vacancies between second-neighbor sites
(see Fig. 10a) may be related to the lattice dynamics of
the structure.

(c) The large negative value of £§}, may be related to
the preferential arrangements of vacancies along (110}
directions. As shown in Fig. 14, this coefficient can be
due either to longitudinal or transverse displacements.
The measured negative value for £53, means that case
(@) and/or (¢) occurs in disordered VO,

Simple considerations of the effective charge (or
potential) at the vacant sites (e.g. see Swalin, 1961)
allows speculation on these displacements. Cation
vacancies and anion vacancies are likely to have
effective negative and positive charges, respectively.

Either a vacancy-ion—vacancy sequence oOr a
vacancy—vacancy—vacancy sequence might be expected
from the domain model (Fig. 10a). As shown in Fig. 15,
the ions are likely to be displaced due to their charges in
the directions indicated by arrows. In Fig. 15(b), trans-
verse displacements like those in Fig. 14(c) are present.

(@

®

L.

® Vanadium
o Vanadium Vacancy

(O Oxygen

Fig. 15. The displacements of vanadium and oxygen ions due to a
vacancy.
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" In the ordered phase (Part I), longitudinal displace-
ments as in Fig. 14(a) were observed, but there are also
transverse displacements as in Fig. 14(d), which are
apparently not important in the disordered phase.

All the values of y, J, & can be found in Morinaga
(1978). The other parameters were small for all com-
positions. Only those listed in Fig. 5 were found to be
important.

Physical properties

Goodenough (1972) has suggested that the large
concentration of vacancies in this oxide permits a small
lattice parameter and that this broadens the ¢,, band,
stabilizing occupied states. The increase in Madelung
energy arising from the attendant charge distribution is
apparently reduced in this system because the ions have
nearly neutral charges (Morinaga & Cohen, 1976) and
because of the wave-like arrangement of defects
reported in this paper. As the first-neighbor short-range
order parameter a,,, ~ 0 for VO, (see Fig. 5), a vana-
dium ion is surrounded by the average concentration of
vacancies. The bonding direction of ¢,, orbitals is
toward first-neighbor sites (Wollan, 1960), so that the
bond distance between cations could be reduced by
vacancies, while maintaining cubic symmetry. In
agreement with this interpretation, it is known that VO,
has an unusually low lattice parameter compared to
other transition-metal monoxides, and that high-pres-
sure annealing, which reduces the vacancy content,
increases the lattice parameter (Banus & Reed, 1970).
However, the increase in strain energy due to the
vacancies is also important. The association of the
interstitial cations with vacancies reported here and in
Part I minimizes this distortion. The V-O interatomic
distances in V—O phases are summarized in Fig. 16 and
it is clear that it is largest near the ordered phase

OorT T T T T T T T T T T T T T T T
V407 %Oy N
V203 VsOs [VsOgV, 002
o One phase region r B
I — LI ]
Q ————— el
tg’ 20 - Y teea . J72%]
» I Vanadium 7
o Monoxide
5 L N -
| . .
> | Distortion increases Distortion increases
< (8 increases ) N
— -
1.0 z +
o - -
| z
(Ordered phase)
ol 1 Y S [ IS N I N |

04 06 08 10 12 14 16 18 20 22
X n VOy

Fig. 16. Mean distance (V-0) in various vanadium oxide systems.
Data on V., 0,, , were taken from Horiuchi, Morimoto &
Tokonami (1976).

THE DEFECT STRUCTURE OF VO,. II

VO,.;» so that the driving force for ordering is
probably largely to reduce strain energy, by ordering
the displacements, perhaps due to vacancy—strain
coupling as in TiO, (Terauchi, Cohen & Reed, 1978).

Antiferromagnetism was detected in VO, for x > 1
by Kawano, Kosuge & Kachi (1966) at 4—7 K, but this
was refuted by Banus, Reed & Strauss (1972). For VO,
with a half-full and split Ly band, antiferromagnetism
might be expected for x > 1, because the transfer
energy decreases with x (Goodenough, 1972). The
possibility of electron tunneling between states localized
at defects could eliminate the necessity of spin coupling
between nearest neighbors (Anderson, 1958;
Goodenough, 1972, 1973). But there is an additional
reason that this might not occur. If, in Fig. 10(b),
opposite spins are associated with a V ion and a
vacancy (an electron trapping site), the spin arrange-
ment is remarkably similar to that in other transition-
metal monoxides. Although it is unknown what type of
antiferromagnetism could occur in VO,, the 180°
cation—anion—cation superexchange interaction, which
is so important in determining the magnetic behaviour
in other transition-metal oxides, is undoubtedly
weakened in VO, by the large concentration of vacant
cation sites.

This research was sponsored by the US Army
Research Office (Grant No. DAAG-29-78-G-0156).
The measurements were made in the long-term X-ray
facility of Northwestern University’s Materials
Research Center, supported in part under the NSF-
MRL program (Grant DMR-76-80847). This study
constituted a portion of the PhD thesis submitted (by
MM) in partial fulfilment of the requirements for the
PhD degree at Northwestern University in March,
1978.

Note added in proof: simultaneously with this reseach,
Andersson, Gjonnes & Forouh (1978) have speculated
on the local defect arrays in disordered VO, from con-
siderations of the various ordered phases in the V-O
system and of the symmetry of the diffuse electron
scattering. They suggest a variation in the local defect
arrangement with composition similar to that obtained
from the quantitative studies reported here.
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The Interpretation of Neutron Powder Diffraction Measurements on a-Agl
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Abstract

Recent neutron powder diffraction measurements on a-
Agl by Wright & Fender [J. Phys. C (1977), 10, 2261-
2267] have been reanalysed using conventional least-
squares analysis of the integrated Bragg intensities and
have been shown to be consistent with other recent

* On leave from Nagoya University, Nagoya, Japan.
0567-7394/79/060989-03$01.00

neutron diffraction measurements and with recent
extended X-ray absorption fine structure (EXAFS)
measurements. It is concluded that, although the
distribution of silver ions within the unit cell can be
modelled by locating isotropically vibrating ions in a
number of crystallographic sites with partial oc-
cupancy, the most appropriate model is one in which
the silver ions are located entirely in a single site but
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