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From VO,(B) to VO,(R): Theoretical structures of VO, polymorphs
and in situ electron microscopy
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The intermediate steps of the phase transition between the metastable monoclgi) \W@ase and the
stable tetragonal rutile VE)R) phase have been studied by situ electron microscopy. A crystallographic
interpretation based on the static concentration waves theory is proposed: as temperature increases, the
long-range order in the complex monoclinic YB) phase is lost and gradually a first intermediate ill crys-
tallized phase with drastically reduced symmetry is formed as evidenced from the diffraction patterns. Next,
a new tetragonal phase is generated that corresponds to a state where some of the vanadium atoms are now in
a disordered state. When annealing inside the microscope, this phase grows out into a superstructure, with
coexistence of two possible orientation variants. In all these phases thect@edra remain virtually parallel,
but for the final transition around 450 °C into the rutile stable phase, half of the octahedra have to reorient; the
transition therefore has the aspects ofrexonstructiveone as is evident from thé situ experiment.
[S0163-18298)05505-2

. INTRODUCTION ca=2bg anday~ag/2+cg, but it is quite obvious that the
octahedra arrangement in both structures is very different.
Vanadium dioxide can adopt different structures. TheThe transformation of VEB) in VO,(R) has also been
most stable is the rutile one which, when heated at 68 °Cstudied recently by thermogravimetry and analysis and Fou-
shows a reversible metal-insulator phase transitiorrier transform infrared spectroscopy methbdader normal
VO,(M)«+—VO,(R) associated with drastic changes in thepressure and it has been shown that the transformation oc-
optical properties such as a rapid decrease in optical trangurs at least in two stages. It certainly is not a simple trans-
mittance in the near-IR region. Recently, thermochromic pigformation occurring at a fixed temperature. In this work, we
ment of VO, has been used in a polymer composite coating. have follovx_/ed the transformation b_y electron dlffractlo_n and
In order to obtain good coatings, the use of submicromete@l€ctron microscopy: the production of Y(®) by heating
powders of VQ(R) is indispensable: the original method VO2(B) up to 450 °C under low-pressure conditions, as it
used in Ref. 1 to produce submicron thermochromic,VO OCCUrs in the electron microscope, to our knowledge has not
powders involves an intermediate reduction step in which th&@€€n reported before.
VO,(B) metastable allotropic phase is formed. The thermal
decomposition of ammonium hexavanadate at 600 °C fol-
lowed by pyrolysis at low temperaturez380 °C), produces
metastable VE(B): the transformation of this black, or blu-  Generally speaking, the structures of the four M@ly-
ish, nonthermochromic powder into rutile Y@ a crucial morphs, VQ(R), VO,M), VO,B), and VQO(A), are
step for the final morphology that influences the optical prop-based on an oxygen bcc lattice with vanadium in the octahe-
erties. dral sites, the oxygen octahedra being more or less regular.
Transformations between the different polymorphs ofThey can be separated in two groups, depending on the mu-
VO, were reported in the literature. Concerning the transfortual orientation of the fourfold axis of the oxygen octahedra.
mation with increasing temperature of Y@) into VO,(R), The oxygen octahedra can be aligned either along two per-
Theobald reported the sequence XB)—VO,(A) pendicular directions, as it is the case in rutile structure
—VO,(R),® which was realized by hydrothermal treatment. VO,(R), and in monoclinic deformed VM); or oxygen
The VO,(A) phase is metastable and has a tetragonal stru@ctahedra can be mainly aligned along one direction as in
ture. However, Theobald specified that he did not observ& O,(B) and VO,(A). Note that these two groups correspond
the occurrence of V@A) when starting from V@(B) under  to two different values for the densifgee Table)l It is clear
normal pressurd.lt seems that, starting from \{(B), this  that, although these V{polymorphs correspond to the same
VO,(A) phase can only be obtained under particular pressurstoichiometry, their structures are very different.
conditions (hydrothermal treatment of the \\(B) phase. The most stable structure for vanadium dioxide is the so-
Oka, Yao, and Yamamoto confirmed the importance of presealled rutile structure V&R), which is stable from 68 °C to
sure conditions in the growth of the V@A) phase, starting 1540 °C: the tetragonal cell has parametees=b
from VO,(B).* The crystallographic relationships between =4.55 A, c=2.88 A, Z=2; the space group iB4,/mmm
VO,(B) and VO(A) were studied by Oka, Yao, and (136).%’ Atomic positions are listed in Table Il. This group
Yamamoto® the unit cells of both phases are relatedgives rise to a very symmetric structure; vanadium atoms are

Il. CRYSTALLOGRAPHY OF VANADIUM DIOXIDES
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TABLE |. Densities of VGQ polymorphs.

Density (g/cni)

VOL(R) 4.67
VO,(M) 4.67
VO,(B) 4.031
VO,(A) 4.035

at the center of regular oxygen octahex@o V-O bonds at
0.1933 nm, the four others at 0.1922 nmwith their fourfold
axes aligned alternatively alond10] and [110] [see Fig.
1(a)]. The different octahedra share edges, building chains
along thec axis of the structurgsee Fig. 1b)].

The formation at 68 °C of the monoclinic V(M) is re-
lated to the appearance of a pairing between 16 &ong

ol O

OO

Cr. The induced distortion leads to a lowering of the sym- Q Q
Ol@)

Qe

metry. We obtain a monoclinic cell with cell parameters re-
lated to the rutile structure:ay=2cg, by=ar, cy=Dbgr

—cCg. The cell parameters of the room temperature phase

VO, M) are a=5.75A, b=542A, c=538A, B v 00000 O

=122.6°,Z=4, the space group B2, /c (14).5%° Atomic FIG. 1. (a) Projection of the rutile structure aloi§01], show-
positions are listed in Table lI. ing the two perpendicular orientations of the octahedra, drawn

In the VO,(M) structure, one has also a pattern of octa-white for vadanium atoms at=0 and grey for vanadium atoms at
hedra aligned along two perpendicular directigese Fig. z=3. (b) projection alond010]. Vanadium atoms built chains par-
2(a)], but the octahedra are no longer regular. There is novallel to thec axis of the structure. Vanadium atoms are drawn black
one short distance V-Q0.176 nm corresponding to a and oxygen atoms white.
double link. The vanadium atoms have shifted from the cen-
ter of the octahedrgsee Fig. 2a)] and form chains that are namely, [010]. Striking similarities exist between the
no longer parallel to theg axis (i.e., ay) [Fig. 2b)]. There  vO,(B) and the \{O,; structure. These similarities were al-
are now two different distances between vanadium atomgeady noticed in Ref. 10. Like 3,3, VO,(B) forms plate-
0.2615 and 0.3162 nm instead of 0.2851 nm for the rutilgets, their size depending on the preparation method. These
structure, leading to a doubling of the cell along theaxis  platelets are preferentially oriented. They grow ia,k)
of the rutile phase. planes; this can be inderstood from Fig. 3 because in this

The two other polymorphs of VOhave little in common  plane one forms a network of corner sharing octahedra.
with the rutile phase. They have larger cells, with octahedra/0,(B) and VO3 only differ in the way the octahedra are
mainly aligned along one crystallographic direction. Alinked in the @b) plane; they exhibit a similaf001] dif-
monoclinic structure was proposed by Bheld, Cabala, and fraction pattern.

Bernhard® for VO,(B) obtained by gentle reductiaihydro- The other metastable phase of vanadium dioxyde called
thermal treatmentof V,0s. The parameters of the mono- vO,(A) was first reported by Theobafdhs an intermediate
clinic cell are: ag=12.03A, bg=3.693 A, cg=6.42 A, phase in the transformation U®)—VO,(R); it has been
and 8=106.6°, Z=8 and the space group 82/m (12).  fully characterized by Okat al. VO,(A) is tetragonal with
Atomic positions are listed in Table IV. The Y(B) struc-  cell parametersa=b=8.44 A, c=7.68A, Z=16, space
ture can be considered as formed by two identical layers ofroup P42hmc (138).°> Atomic positions are listed in Table
atoms alond. Figure 3 shows the arrangement of octahedraV/. Figure 4 shows a projection along tfie01] direction.

in the (010 plane of VGQ(B): the second layer is shifted Like in VO,(B), the fourfold axes of the oxygen octahedra
with respect to the first one by, 1, 0. In this structure, the are aligned along a single direction, in this casedlagis of
oxygen octahedra are deformed, the vanadium atoms beirtge tetragonal structure. Note that thiparameter is roughly
no longer in their center; this leads to two types of octahedratiwice theb axis of VO,(B); the oxygen octahedra are less
The ex-fourfold axes of the oxygen octahedra are more odeformed than in VQB) and there is only one type of oc-
less aligned along a single crystallographic directiontahedron.

TABLE lll. Atomic positions for VO,(M).

TABLE Il. Atomic positions for VO,(R).

X y z
X y z
\% 4e 0.242 0.975 0.025
\% 2a 0 0 0 o1 4e 0.1 0.21 0.20

@) 4f 0.305 0.305 0 02 4de 0.39 0.69 0.29
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FIG. 3. Projection of the VG{B) structure along010]. For
simplicity, the atoms are not represented. There are packing of edge
sharing octahedra that are only linked by cornersdrbj planes.
Octahedra ag=0 andy= % are, respectively, represented white and

grey.

5
R

or VO,(R) indeed exhibit strong reflections corresponding to
the bcc positions. However, it is obvious that there are many
supplementary spots, indicating that vanadium atoms and va-
cancies are ordered. This means that a high-temperature
order-disorder phase transition is a possible scheme.

. To deduce the ordered arrangements of the vacancies in
axigltc);f. tZHePI‘LOtJi?eCtI(?er;I of (g;ep\r/o%(el\c/lt?oitr;ggg;?oigng'iri?] d(OeL)I(t;(l:e the periodic structure, we WiI_I use the static c_oncentration

) X wave (SCW) method which, initially, was applied to de-

liaison V-O'is drawn as a heavy line. The ex-rutile cell is drawn 8scribe ordering in substitutional-interstitial solid solutions
a grey line in order to emphasize the distortion between,(\Rp 9

and VO(M). and was then _extended to the case of layer strugtures for
some metal oxides by Khachaturyan and Pokrovekii.
lIl. THEORETICAL DEDUCTION The main idea is that the ordered structures will have new
OF POSSIBLE STRUCTURES periodicities, as compared to the disordered one, and that
they can be described by a superposition of static concentra-
A. General considerations tion waves with wave vectoll, corresponding to these new
In order to study the transition from \W(B) to VO,(R),  Periodicities. The most stable structure will correspond to the

we will unravel the structure of these two polymorphs. InMinimum of the configuration energy. In an Ising model, we
both structures, the oxygens are distributed on a bodyc@n define the interaction energy between two atoM(),
centered-cubic lattice and we will start from this oxygen lat-and write it as a Fourier series on the SCW. This gives us the
tice. Unless otherwise stated, all notations will refer to the Fourier transformy/(k;), and its eigenvalues.,(k;). It has

bee lattice. Vanadium atoms can be added to this lattice inPe€en shown in Ref. 11, that the total configuration energy
octahedral sites. There are six possible octahedral sites f§&n then be written as a sum of these eigenvalues weighted
one bce oxygen celitwo oxygen atoms In a VO, com- by square ch{ulus of the correspondlng amplitudes. Then, to
pound, (one vanadium for two oxygehs: of the octahedral obtain the minimum energy, the amplitude of the SCW that
sites will be empty and only site will be occupied. In a corresponds to the minimum,(kj) must be maximal: this
completely disordered phase vanadium atoms and their vaaCW will be called the dominant wave and its wave vector
cancies would be randomly distributed between the octahedill be calledk,. This condition is the maximal amplitude
dral sites of the bcc host lattice. The elementary cell for &rinciple, and we will use it further in our considerations.
completely disordered phase would be the bec lattice with AS was shown by Khachaturyan and Pokrovskithe
slightly larger parameters and the resulting diffraction patmaximum amplitude principle is automatically fulfilled if the
tern would correspond to the reciprocal lattice of the bcc hosyvave vectors of the ordered structure are equdl,tg, and

lattice. The room-temperature diffraction patterns of ¢ 2 of a fundamental reciprocal lattice vectdr of the disor-
dered crystal. However, in many layer structures, the wave

TABLE IV. Atomic positions for VO(B). vectors have arbitrary valuebl/n with n>4, and then the
X y z TABLE V. Atomic positions for VG(A).

V1 4i 0.803 0 0.725 X 5
V2 4i 0.902 0 0.300 y
o1 4 0.863 0 0.991 \ 16j 0.1894 0.0176 0.0118
02 4 0.738 0 0.373 Ol 16 0.1674 0.0012 0.3743
03 4 0.934 0 0.595 02 8 0.1634 0.3416
04 4 0.642 0 0.729 03 8 0.1352 0.8930
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FIG. 5. Tetragonal cell obtained when one sublattice) (i3
occupied by vanadium atoms.

FIG. 4. Projection alond001] of the VO,(A) structure. The C. Initial ordering for VO ,(B)
structure consists of four layers of oxygen octahedra perpendicular

to ¢, respectively drawn white and grey. VO,(B) differs in many points from the rutile VO

(a8 Though the oxygen octahedra are deformed, we can
still define their fourfold axes. In the case of V@) these
dominant wavek, should inevitably be supplemented with axes are all parallel while for V4R) they are along two
nondominant waves with wave vectds= sk, wheresis an  perpendicular directions as explained before.
integer and has a maximum valsg, such thatk, is not a (b) The structure is very irregular, with condensed parts
vector of the reciprocal disordered lattice as longsass; . and less condensed parts. It is rather like the homologous
The stability of these structures decreases with increasing S€ries structures \D,,_;, where the vanadium atoms have
because, if we increase the number of nondominant wave#lifferent valences, though, in \{(B), all vanadium atoms

the configuration energy increases. have a valency 4. _
(c) As already mentioned, the \WB) structure is looser:

this is macroscopically measured by a lower density. More-
B. Ordering leading to VO,(R) over, the bcc oxygen lattice in VY(B) has one vacancy for

. . eight occupied sites, while, in the rutile form, the bcc oxygen
We start from the bcc oxygen lattice. Following Pok- |ttice is fully occupied.

rovskii and Kachaturydd we divide the possible octahedral  These data about VOB) suggested us to start from the
sites in three sublattices obtained by three different tranSquea to have On|y)neoctahedra| sublattice f|||e(:h possib”_
tions from a given oxygen position:[ ,0,0] (O, sublattic, ity proposed by Pokrovskii and Kachaturydn We then

: ; have four ordered vacancies on two of the octahedral sublat-
[0,3,0] (O, sublattice, and[0,05] (O, sublatticg; each sub- _ : . .
lattice has two possible sites for the vanadium atoms. Thgces Q and @, which will remain empty in all the succes-

. . . Sive possible orderings. There is only one vacancy and one
SCW theory allows us to estimate the change in energy in- P g y y

duced by the possible ordering of vacancies; if the orderin yanadium atom left that can occupy the two sites of the O

Yctahedral sublattice. As a consequence, dtexis will be
decreases the energy, the ordered structure can be stable. 'E\EngatedFig. 5) and the cell is now tetragonal rather than

;:Iear that thI.S theory canrr:ot incorporate srr;a]l struc.:t.u:al de'ubic. If the ¢ axis reaches the value afy/2 the centered
ormations, induced by the appearance of interstitials ange(aq0nal cell can be rewritten as a face-centered-cubic cell.

vacancies. ~ Indeed, the oxide VO exists and has a NaCl structure; its
Pokrovskii and Kachaturyaf have shown that the first parameter is 0.406 nm, which would give a parameter

ordering that can diminish the energy of the vanadium atoms. g 29 nm for our starting bce cell. In VO, however, the
is obtained for a dominant wavg=0 (and no nondominant yanadium appears as?¥/[2 R(0?) +2 R(V2*)~0.44 nm
waves: (@) either if only one octahedral sublattice is filled \while in VO,(B) it appears as ¥, which implies a smaller
(e.g., Q); (b) or if only two sublattices are fillede.g., Q ionic radius. Indeed, the fourfold axes of the octahedra in
and Q), the last one (§ being vacant. For both cases, the VO,(B) have a length equal to 0.369 nm to be compared
wave vector iko=0 so that no new reflections appear: thewith 2 R(0?") +2 R(V*"), which is~0.39 nm.
diffraction patterns will be unmodified. To better understand our starting structure, we first draw
The last possibility, where we keep two types of octahe-the “ideal” VO ,(B), i.e., we put all the atom&anadium or
dral sublattices, has two ordered vacancies on thedBahe-  oxygen on the exact sites they would occupy in the undis-
dral sublattice, which leaves us with three vacancies and ori@rted bcc lattice. SCW theory will never produce these
vanadium atom that are still disordered but have to be on themall displacements anyway. The resulting structure is de-
O, and Q sublattices. From this basic structure, two succesPicted in Fig. 6 and the two main corresponding diffraction
sive orderinggwith ko=%,—1,0 andko=1,%,0) lead Pok-  Patterns appear in Fig. 7. The oxygen atoms form a centered
rovskii and Kachaturya to the rutile structure. Note that all lattice that is tetragonal rather than cubic, with cell dimen-
ordering schemes were obtained with only dominant waves§ions 0.29 and 0.37 nm. The monoclinic ¥8) and the
so that the resulting structure will be stable. Taking into acdnitial body-centered lattices are related in the following
count the presence of vacancies and vanadium atoms on tMé&y:
three possible sublattices, the rutile Y€hould be written as . e
(Vs 30)x(V 143 314)y(0) 0 where stands for a vacancy. ag=3at3b, ag=1/92a" +b"),



FIG. 6. One(010 plane for the idealized VEB) structure.
Vanadium atoms are drawn black and oxygen atoms white. Note
that, with respect to the perfect oxygen bcc lattice, there are oxygen
vacancies, drawn here with dotted lines.

bg=c, bg=c*,
cg=a—2b, c§=1/3(a* —b*).

The correspondence between some planes and directions
in both systems is given in Table VI. If we take into account
the intensities of the different structure factors, we see that
all the reflexions that do not correspond to a bcc reciprocal
lattice can be generated from only two additional waves, the
1(1,—1,0) [(001)g] and the3(2,1,9) [(110)g]. We there-
fore have two possibilities for calculating the V@) struc-
ture: either start from the structural data given above to
choose the waves that are introduced as compared to the
oxygen bcc lattice or calculate and minimize an evaluation of
the vanadium system energy.

the start for the further orderings can be written@g {(((7),,
(disordered V,,[145),0.

57 FROM VO,(B) TO VO,(R): THEORETICAL . ..

o .o
°..Op12'oo.
o o
o’ Q
(a)
020
[ ] ...
. . 10
200

. .@9.
L ) 0‘.

(b)

5115

N ) . . FIG. 7. Kinematical calculated diffraction patterns for the
The result of this first ordering of vacancies that will be «igeal” vo ,(B) corresponding t¢a) [010]5 and(b) [001]5 zone

axes.

ond ordering is applied on the remaining possible sites for

D. Further orderings for VO »(B): from structural data

We have two independent superstructure waves that a|
pear in the diffraction pattern of V{0B) as compared to the
bcc lattice. Hence, we need two different successive order-
ings to reach VQB).

We start from a disordered situati¢see beforewhere all
sites are occupied by (Y% (04 and we want to reach an
ordered structure where one half of the sites are fully occu-"
pied by vanadium atom@nd 3 are vacant The SCW3(1,
—1,0) can only ordeg (or %) of the vacancies leaving (or
1) possible sites for vanadiums. The SG\(\2,1,9) can order
a fractionn/9 of vacancies, whera is an integer, leaving 7
(9—n)/9 sites for vanadiums. The resulting number of or-3
dered vanadiums will bé (or 3) multiplied by (9—n)/9 and
has to be; (or very near it. The only solution is1=3 giving
the final formula (3),(0) (V49 Os/) 0.

Starting ordering the bcc lattice with the SCyR2,1,9) as

(2,1,3):

vanadiumgplanes markeck) and is given by the dominant
vave 3(1,—1,0). The corresponding occupation probability
is then

n(x,y,z)=%-3% cog2m(x—y)/3].

This means vacancies will be located on every third (1,

1,0) plane, whenx—y=3p where p is an integer
[n(x,y,z) is then equal to P The corresponding structure is
shown in Fig. 9b) and would correspond to a formula
(V4959 O or V4,0, We remark that an equivalent order-
ing would have been obtained with the dominant wave
this is obvious in real spa¢Eig. 9Yb)] but can

also be understood because the two waves are equivalent

TABLE VI. Correspondence between planes and directions in

the monoclinic and bcc lattices of \A(B).

a dominant wave implies that we must also have nondomi-

nant waves. The ordering induced by this SCW is given by
the so-called clock diagrar(Fig. 8) where we order three
vacancies planes. It leads to the following sequence of
(2,1,9 planes COOOX X XX XX XOOOX X X X X X
where X stands for planes that can be occupied by vanadi-
ums and vacancies whilél stands for a completely empty

VO,(B) Monoclinic cell bce cell
0,2,0 0,0,2
(1,1,0 1/9(2,1,9)
(0,0, 1/3(1~1,0)
[106 [1-10]
[001 [1-20]

plane. The resulting structure is shown in Figg)9The sec-
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7

FIG. 8. Clock diagram for the SC\é/(Z,l,g. One has simply to
find the sequence of vacant planes that gives the maximum ampli- b
tude. In this case, it is three consecutive planes.
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{(3,3.3)=(1,0,1)—(3,— 3, 0)}. This remark is interesting as
it shows that the VQ(B) structure is obtained by two suc-
cessive orderings along two families of planes parallel to the
Cg axis.

This heterogeneous distribution, however, will obviously
induce unequal chemical potential values for different oxy-
gen atoms. Such a system cannot be stable. This nonequilib-
rium situation is usually changed by introducing small dis-
placements of atoms and/or by the creation of vacancies in
the host lattice. In our case, we can see that one oxygen atom (b)
[marked by an arrow on Fig.(8)] is only loosely linked to
the vanadium atoms a.s it does not bglong to any OCtaheqro[he ordering of vacancies corresponding to packing of three sequen-
An oxygen vacancy will be very easily formed on that site;, 1(2,1,9 planes. (b) The same plane=0 after a second or-

and one obtains a V&romposition for our compound. Only  yering of vacancies where one 11,0) plane over three is empty.
slight rearrangements are now needed to obtain(BD

The structure can be described as consisting of groups afave generated by the ordering. The minimum energies are
filled (2,1,9 planes separated by groups of vacant planeseasy to obtain when only one dominant wave is presént,
The groups are linked by identical but translated groups irthis corresponds to a vectkrequal to a bce reciprocal vector

FIG. 9. (a) One plane £=0) in the new cel(9a, 9b, c) showing

the upper and lower planes perpendiculacto H, divided by 2, 3, or 4. In the first Brillouin zone, all the
possibilities are in the stars listed herei2:{000}, {100},
E. Further orderings for VO »(B): {3 30}; H/3:{5 00} {3 30}, {5 3); H/4{3 5 3}, {5 30},
by minimization of the energy {%00}.
We start again from the [{),(0), (disordered The minimum energy is obtained for the st& 5 3;

V12112) /O structure. Following the SCW theory, we calcu- among the members of this star, we can choose whichever
late the Fourier transfori/ of the energy of this tetragonal wave seems more suitable for our description as all the
system. Vanadium atoms have eight nearest neighbors atygaves in the star will give rise to the same structure. The

distance of &%/2+c?/4)'% four atoms ata, two at a dis-  value of W is the same for all members of the star and is
tance ofc and four ata\/i. We have taken into account the W(2,2,2)= —X;—2X,—Xg+X,; this corresponds to a

fact that, now, thec axis has a parameter larger than the | 3133 ; ; -
' ' arge decrease in energy. Remembering the results obtained
(or b) parameter but that it is probably less thag2 (see d gy d

X ) ‘ in the previous paragraph, we choose eitker $ (2,1,1) or
earlie. We obtain forw: ki=3 (1,—1,2) as the dominant wave. The corresponding
occupation probabilities of the sites in the only remaining
octahedral sublattice Care

co§2m(x—y+22)/3]
cog2m7+y+2)/3].

W= 8X, cosrk,cosrk,cosrk,+2X,(cos2rk,+ cos2mk,)

+2X3cos2rk, + 4X,cos2rk,cos2mk,,

whereX,, X,, X3, and X, are constants for the interactions
with the first, second, third, and fourth neighboks;> X,
>X3>X4>0. Ky, ky, andk, are the components of a re-  This means vacancies will be located on every third (1,
ciprocal vectork, which characterizes the concentration —1,2) plane whenx—y+2z=3p where p is an integer
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Let us callH'" a reciprocal lattice vector of the second order-
ing. We have to find a vectdt’=H'/n with n=2, 3, or 4,
which minimizesW’. A minimum is obtained for the vector
k;=1/3(1,1,2). This wave corresponds to a rather small de-
crease in energy: W' (4,%,5)=—2X,—X3+2X, as can be
expected for a ternary ordering. This last ordering with the
vectork; would restore the tetragonal symmetry and lead to
a structure Y9150 O and to VQ(A).*

However, as already pointed out by Khachatur{aour
energy model is rather crude and we have to accept that other
vectors, near the ones considered above, might give smaller
or identical minima. However, these vectors will no longer
be half, third, or fourth of host lattice reciprocal vectors.
Following the procedure outlined in Ref. 13 we find that two
possibilities can, indeed, provide a lower minimunk,
=(2,1,9)/9 for which the value ofW’ is —4.76X;
+1.88X,+2X5— X,4; k3=(4,2,6)/9 for which the value of
W’ is —0.88X;— 1.53X,— X3+ 0.35X,.

We now have dominant and secondary waves. If we take
into account the fact thaX; and X, are very similar(they
correspond to interactions between atoms situated at nearly
_ ° o equal distancgsand that the same holds fot; and X,, we
990 990 see that the energy variations are about the same. However,

¢ D ® k, exists in the reciprocal space of Y@) while ki does
. . not. Thisk, vector generates a layer structure perpendicular
to k,. The proportion of vacant planes musti®, n being
an integer. Since we want a stoichiometry as near as possible
o @ ® ® to 3 we choosen=3. To deduce the sequence of full and
) vacant planes, we again use the clock diagram: the three

FIG. 10. () One plane £=0) in the new(9a, %, 3c) cell  \5cant planes are sequential. We then obtain the structure
showmg_the ordering of_vacar_mles every thlrd_{l,Z) plane.(b) shown in Fig. 11. For each plane perpendicularctoone
Kinematical cal_culated diffraction pattern for this new struc_:ture, forobtains the atomic arrangement of the ¥B) structure. As
a[110] zone axis. Note the superstructure spots, indexed i9de in the previous paragraph one oxygen atom is not stable:
9b, 3c) cell. h ; .

ence, a vacancy will be created. The piling up of these
planes along, however, is no longer the same as in }B)
[n(x,y,z) is then equal to P The structure is shown in Fig. but gives rise to a very heterogeneous distribution and only
10(a) while the corresponding diffraction pattern is shown in small translations perpendicular to theaxis are needed to
Fig. 10b). Note that we have orderegof the vacancies and obtain the VQ(B) structure.
that we are left withd sites(3 of two possible siteson which In summary, we can say that \4(B) derives from a bcc
we still have to accommodate one vanadium atom. lattice where vanadium atoms are introduced along with va-

Note also that we have to triple tlag b, andc parameters cancies, on the octahedral interstices. Successive ordering of
if we want to keep axes parallel to the bcc axeslume of  these vacancies can create stable structures that could form a
the new cell equal to 27 ){): however, the symmetry is homologous series. The successive orderings shown here
lowered, in particular the axis is no longer a four-fold axis. lead to a formula YOg where one of the oxygen atoms is in
As is obvious in Fig. 1() a smaller cell can be obtained by an unstable position and will be replaced by a vacancy: all
taking for translation vectors eithera{b) and 3@+b) vanadium ions then have a valen¢.

(orthorhombic cell with a volume equal to 18) \ér (a—b)
and @+2b) (monoclinic cell with a volume of 9 Y for

both cases, we keepcdas the third axis. Finally, let us re- IV. IN SITU ELECTRON MICROSCOPY STUDY
mark that all(006) planes are equivalent as they are related OF VO4(B)—VO4(R)
by a translation of §+b+c)/2. VO,(B) powder is crushed and mixed with alcohol before

We will investigate whether we can order vacancies inbeing dispersed on a Cu grid covered with holey carbon.
these planes. We can calculate the energy of our new COMEyperiments are performed in a 120 kV or in a 200 kV
pound and obtain electron microscope. The temperature of the heating holder

is measured by a thermocouple, but the exact temperature of
the crushed material is hard to determine accurately.
W’=8X, cos mky cos mky cos 7k, —2X, The initial powder mainly consists of thin and long plate-
X €S 7( — Ky + Ky +ky) + 2X,(COS 2k, + Cos 2rk,) Iike monocrystals. with a monoclinic structure. The diffrac-
tion patterns are in good agreement with the (&) struc-
+2X3 cos2mk, + 2X, cos2m(ky—K,). ture determined by Thobald. VO(B) platelets are mostly
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b 020
. L] L] ‘ L] L] ‘
FIG. 11. One planez=0) in the newm9a, 9b, 3c) cell after two e o o+« e e s e o
successive ordering. Vacancies are ordered every third 1,2) 60‘i
plane and packing of three sequential plar%e(az,l,g out of 9 ® - - @ .- @
planes. This corresponds again, in one plane to the atomic arrange-
ment of the VQ(B) structure.
L] L[] . [ ] L] . L[ ] L]

oriented alond 001]gz or along a direction perpendicular to

the (a,b) planes, which i§106]z. In Fig. 13a), we show ® - -0 -0
the calculated diffraction pattern for tH®01]g direction,
while, in Fig. 12b) we have calculated the diffraction pattern
for a direction near thg 106]g direction where we have
taken into account some relaxation of the Bragg conditions
due a size effect associated with defegtedium deviation

to the Ewald spheres=0.1 A™1). The patterns differ in the
intensity distribution of some spots but, geometrically, they
are identical. Figure 12) shows the experimental diffraction
pattern. This will be our starting orientation for the heating
experiment, the electron beam being roughly perpendicular
to the(a,b) plane. On the lownagnificationimages of Fig.
13(a), a number of planar defects are present; their origin is
clear from high-resolution electron microscopy images such
as Fig. 18b). They are identified as twin interfaces with the 15 15 piffraction patterns for the VB) structure.(a) Cal-
twin plane being th¢100) plane. The zero-order Laue zone jateq diffraction pattern for 001] zone axis. (b) Calculated

of the [001]g section is insensitive to twinning but the iffraction pattern for 4106] zone axis, withAs=0.1A"1. (c)
[106]g is not, which explains why we can see the effect of experimental diffraction pattern.

the twinning, as a slight difference in background contrast.

This confirms, if needed, that the electron beam is not exstructure while theY spots are regularly aligned between
actly along theg001] direction. bce-type spots. Note that fourfold symmetry is not restored
During heating, we observe a strong change inrttiero-  and that the splitting is asymmetrical. Thisstructure, how-
structure of the platelike monocrystals associated with im-ever, is restricted to nanosize domains and can be shown to
portant modifications of the diffraction patterns. correspond to symmetric orientations of a monoclinic inter-
The first change in reciprocal space is the vanishingmediate structure with an angle slightly different from 90°.

around 200 °C, of most of the long-range order reflections The other reflections in Fig. 18), markedY, cannot be
such as 200 and 4Q®ig. 14@a)]; only the 601(or 600, 020-  explained on the basis of this monoclinic distortion; they
and 110-type reflections maintain their intensity. At a latermust have a different origin. Upon careful further heating
stage the 110 reflections also strongly decrease in intensitynot passing the rutile transitiprone can see th&-type
This implies that the long-range order of the octahd#fig.  reflections vanishFig. 14(c)] while theY reflections develop

8) is mostly destroyed. In order to explain the vanishing ofto form a true superstructufsee Fig. 14d)]. This pseudo-
the superstructure reflections one has to assume a breakingtetragonal diffraction pattern clearly consists of two orienta-
the interconnections between different octahedra, which argon variants, rotated 90° with respect to each other. This is,
either corner sharing or edge sharing in the &) struc- e.g., evident in the initial stages in Fig. (b where one

ture. variant is much stronger than the other. The diffraction pat-
As the VO,(B) reflections disappear, other reflections ap-terns shown in Figs. 18) and 14d) can be compared to the

pear, mainly associated with the reflections §@hd 02@ ; calculated diffraction pattern Fig. 11 obtained in Sec. IIl.

they are indicated by andY in Fig. 14b); at first sight, the In real space, one can follow the morphology of the plate-

X spots look more like satellites and do not form a superdets during the heating experiment. The platelet shape is
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FIG. 13. (a) Low magnification image of one V{B) platelet.
(b) lattice fringes image showing th&,1,0, the (—1,1,0), and the
(2,0,0 planes.

maintained as long as one does not reach the temperature
where the rutile phase is formed. Fig.(&bshows the same
platelet as in Fig. 1&), but at a temperature near the transi-
tion temperature; the corresponding diffraction pattern is
shown Fig. 14c). Although the shape of the platelet remains,

it consists now of two types of domains, roughly oriented
perpendicular to each other, and at 45° of the twins interfaces
existing in the initial VQ(B) platelet.

Upon continued heating, the platelets abruptly break up
into nanocrystallites and recrystallize into the rutile structure
[Fig. 15b)]. Such breaking up is clearly necessary in view of
the completely different arrangement of the y/@ctahedra
in both structures. No orientation relationship exists between
the phase V@B) and the rutile phase, nor between neigh-
boring rutile type grains. Remarkably, no oxygen is lost dur-
ing this complete transformation cycle, although the mor-
phology and the shape of the crystal does change drastically
during the transition.

V. DISCUSSION AND CONCLUSION
. . FIG. 14. Evolution of the diffraction patterns during the heating
The phase transition from VAB) to VO(R) is remark-  experiment. (a) first stage; disappearance of spots characteristic of
able and very unusual. While \UB) as well as VQ(A)  the VO,(B) structure(b) second stage; new spots appéay third
and all related structures- is based on an ordered arrangemefige; disappearance of spots markedd) final stage before the
of single axis aligned octahedra, the rutile form of 8  formation of VO(R) crystals; diffraction pattern with a tetragonal
built up from octahedra aligned along two mutually perpen-symmetry.
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is not a simple one and occurs at least in two steps.

A question which has puzzled a number of scientists is the
occurrence of the VGIA) phase during the transition. The
presence of this phase was proposed by Thedlzaid later
by Oka, Yao, and YamamofoWe have no evidence for the
presence of VG(A) at any stage during the transformation;
the strongest reflections of VW) (020 and 60D are very
close to the stronger reflections of V@) (330 and 004 as
they all are in fact reflections corresponding to the bcc lattice
(see Sec. l). The theoretical considerations in Sec. Il indi-
cate that VQ(B) and VO,(A) have a common first ordering
of vanadium vacancie§due to a dominant wave (1,
—1,2)] but the second ordering is different. Our heating ex-
periments can be interpreted in the following way: by heat-
ing up the VQ(B), this structure changes into a structure of
higher symmetry, more stable from a thermodynamical point
of view, the parent phase, generated by the SE&W1,
—1,2). This change includes a translation of the planes per-
pendicular to the bcec axis, back to their position in the
parent phase, giving rise to an intermediate structure with an
angle different from 90°. At this stage, the distinction be-
tween VQ(B) and VO,(A) becomes irrelevant as they both
have the same parent structure. Further heating disorders
even more the vacancies and the vanadium atoms on the
octahedral sites. When complete disorder is reached, the
crystal assumes the more stable rutile structure.

As a summary, we have shown theoretically that the
structures of the V@polymorphs VQ(B) and VO,(A) cor-
respond to different orderings of vanadium atoms on the oc-
tahedral sites of a bcc oxygen lattice, like the well-known
VO,(R). VO,(B) and VO,(A) have an ordering of vana-
dium atoms on only one octahedral sites sublattice. The
stable structure VGR) presents an ordering of vanadiums
) on two different octahedral sites sublattices. This explains

FIG. 15. Evolution of the morphology of the plateletsa) Im- \yhy the final step of the transformation from Y@®) into
age of a platelet, taken just pefore the Fransformatlon into CrySta|V02(R) is a reconstructive one. Experimentally, the in situ
lites of VO,(R) occurs.  (b) Final crystallites of V(R). electron microscopy study has also shown the different

stages of the VEB)—VO,(R) transition. Our theoretical
dicular directions However before the octahedra more or considerations explain the evolution from Y®) into an
less break apart and order themselves along two perpendicinrtermediate phase of higher symmetry, before the final re-
lar axes, a lot of rearrangement and reshufling has takeconstructive transformation.
place within the structure. This is the first time these changes
have been carefully recorded and their structure analysed. ACKNOWLEDGMENTS
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