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Theory of morphotropic transformations in vanadium oxides
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A theory of the morphotropic transformations occurring between stoichiometric phases in the vanadium-
oxide system is proposed. The interconnections between the different structures are shown to result from
definite symmetry-breaking mechanisms from a common parent structure. The homologous g8sies V
and V,0,,,1 are interpreted as sequences of lock-in commensurate phases. Identification of the order-
parameter symmetries provides us with the form of the thermodynamic functions which allow for construction
of the theoretical phase diagrams in which the different phases are inserted. The general procedure allowing for
the description of morphotropic transformations is outlined.
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. INTRODUCTION between the rutile-type structure, denoted by ,¥®), of
VO, and the structure of the Magihghases in which we
A morphotropic transformation can be characteriZeals  include the \,O,5 and V0, composition$:’ Table | gives
the structural change occurring between two adjacent homahe relationship between the basic vectbrst,, andt, of
geneous phases having different stoichiometries due to th@e triclinic unit cells of the O,,,_; structures and the basic
variation in composition. Such transformations generally disvectorsa, b, andc of the tetragonal unit cell of VEIR),

play a highly reconstructive mechanism and can be found imccording to the description given by Katzke and Sghfo
all multicomponent systems, the phase diagrams of whiclpne can see that fordn<9, one has

contain a series of stoichiometric phases separated by wide
biphasic regions of coexistence, in which the content of t;=a—c, t,=b—a—c, tz=3(2n—1)(b—c), (1)
neighboring phases varies continuously with concentration. . .
Attempts have been made to describe theoretically ordereferéas fon = 3, thet, translation is doubled. Therefore, if
solid solutions by expressing their structures in terms of¥ IS the unit-cell volume of V(R), the unit cell of the nth
static concentration wavészombined with energy calcula- Member of the homologous series[iZn—1)/2]V for 4
tions based on the Ising modeHowever, to our knowledge, =N<9 and (n—1)V for n=3, as indicated in column 3 of
there exists no general theoretical framework that allows ud@Ple I. Column 4 of the table lists the Wyckoff positions
to relate between them the entire set of stoichiometric phasé¥cupied by the atoms in each structure.
for a given multicomponent system, including their mutual  From Eq.(1), one can deduce the critical wave vectiys
transformation mechanisms. In this work we show that °f the primitive tetragonal Brillouin zone associated with the
unifying description of the morphotropic transformations fransformations from VE(R) to the VO, structures.
taking place in a given system can be performed by considfor 4<n=<9 one finds kn:[4/(2n_1)]4kl with  ky
ering the symmetry-breaking mechanisms giving rise to the= (7/a.27/a,w/c), while for n=3,ks=zk, with k;
observed ordered structures. This description provides us (7/a,7/2a,m/c). Accordingly, as summarized in Fig(a,
with an insight into the structural mechanism underlying theth® Magné phases can be interpreted as a sequence of low-
transformations and allows us to construct the phase diagrafymmetry structures, induced from the parent,{®) struc-
in which the stoichiometric phases are inserted. ture by successive first-order lock-in transitions with the
In Sec. Il our approach is illustrated in the case of thefractional lock-in vectors 15k; (VgOi7), 1k; (VgOis),
vanadium-oxide system VJQ1<x<2.5), the phase diagram %k, (V;0;9), =k, (VeO11), &k; (VsOq), 2k; (V40,),
of which contains not less than 16 homogeneous structureand £k, (V30s). This is consistent with the description
We then discuss the general procedure which allows us tgiven by Hirotsuet al® of the Magné phases in terms of
describe morphotropic transformations which is based on thisng period modulated structures, where one oxygen layer is
Landau concepts and their extensions to incommensurate argmoved at everp V layer in the direction perpendicular to

reconstructive phase transitio(Sec. Ill). the (211) plane of VQ(R). As n becomes large the differ-
ence in the thermodynamic stability among the phases with
Il. THEORY OF THE VO y PHASE DIAGRAM closern becomes small, creating the condition for a “mi-

crosyntactic” intergrowtht® meaning that two neighboring
structures intergrow in narrow bands, down to a few unit
Figure 1 reproduces the experimental phase diagram dafells, with a mixing of their periods, and the lock-in struc-
the V-O system. Its central part {@3-VO,) contains seven tures result from an accumulation of lattice defects.
homogeneous phases: YOV,0; and the five intermediate Since thek, and k5 critical wave vectors are located in
Magndi phases corresponding to the homologous seriesgeneral positions inside the tetragonal Brillouin zone, the
V,0,,_1 With 3=n=<7. Let us first describe the connections irreducible representatiorifR’s) inducing theP4,/mnm—

A. The Magnéi phases
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> vo, favoring the transformation to the lock-in commensurate
400 Vs structures! Figure 2b) shows the theoretical phase diagram
V304 V7043 . S .
v o, in the (@4, 8,) plane, as deduced from the minimizationFof
avs

with respect ton, when assuming tha; depends linearly
on temperaturd and concentratior, whereass, is linearly
O 011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 depender]t_on thmvar_lable.Altho_ugh t_he sequent_|al order of
<in VO the Magné phases is verified in this phase diagram, the
* property that VQ(R) merges at a triple point with all pairs
FIG. 1. Experimental phase diagram of the y&stem (kx  Of neighboring Magniephases is inconsistent with the topol-
<2.5) from Refs. 17,18, and 30. ogy of the experimental phase diagram of Fig. 1. It suggests
that a higher-symmetry parent structure, from which,¥/R)
derives, has to be considered, with M®) representing the
P1 symmetry changes are 16 dimensional. This dimension i ifimit lock-in structure for largen in the V,0,,_; series.
determined by the number of branches of the dtarandk} In the rutile-type structure of VEIR), as well as in the
(16) and by the order1) of the invariance group of one homologous series \D,,_1, the oxygen atoms form a dis-
branch, which isC;. A Landau symmetry analysis shows torted hexagonal-close-packed artay? whereas in the
that the ftriclinic symmetry is obtained for the equilibrium corundum-type structure of )03, they form an almost ideal
values = 5,=7,#0,m73=- - - = 5,6=0 of the correspond- hexagonal close packifg.t yields to take as a parent struc-
ing order-parameter components, whergand 7, express ture for VO,(R) and \,O5 their maximal common substruc-
the ordering plus shifting mechanisfhdransforming the ture which, as shown in Fig.(d), consists of a bilayerAB)
VO, structure into the structure of the Madinghases. The hexagonal-close-packing structure. In this bilayer structure
order-parameter expansion contains even degree invariant$ symmetryP6;/mcm denoted hereafter as thestructure,
truncated at the degreexwith m=3 and one odd-degree the V atoms are disordered over sixx)2and (4d) positions.
invariant of power 2—1 with 4<n=<9. Consequently, the The formation of the bilayer V&{R) structure from theL
effective order-parameter expansion associated with thstructure results from a fractional occupancy 3 of three V
VO,(R)—V,0,,_; transformation reads atoms over the six preceding positions, whereas the six-

200 -

V50, + VgOyy

TABLE I. Crystallographic features of the V-O compounds described in the present work.

Oxide Basic lattice vectors Unit cell volume Wyckoff positions Reference
VO,(R) a,b,c Y V(2a),0(4f) 12
V0, ty=a—c, t,=b-a-c, t;= 3 (b-C) v V1-V8(2i),V9(1b),V10(1g), O1-0172i) 7
VgOs ti=a-c, t,=b-a-c, t;=2(b-c) Lv V1-V8(2i),01-0152i) 6
V,045 t,=a—c, t,=b-a-c, ty=(b-c) By V1-V6(2i), V7(1b),V8(1g),01-0132i) 13
V011 ti=a-c, t,=b-a-c, t;= %(b-c) v V1-V6(2i),01-0112i) 13
V5O t;=a-c, t,=b-a-<, t;= 2 2(b-c) v V1-V4(2i), V5(1b),V6(1g),01-092i) 27
V40, ti=a-cC, t,=b-a-c, t,=5(b-c) v V1-V4(2i),01-072i) 28
V305 t;=2(a-c), t,=b-a-c, tz=3(b-c) 5V V1-V4(2i),V5(1b),V6(1f),V7(1g),V8(1h), O1-01G2i) 29
L a b, ,c A V1(2h),V2(4d),0(69)
VO,(R) b, .., 3(2a +b,) 2v, V(2a),0(4f) 12
V,0;, a ,b.,3c 3V, V(12c),0(18e) 14
VO, ac.b. ,c. V, V(4a),0(4b) 17
0.87<x<1.11
VO, 54 2(as+by),2(b-a.), 2¢, 16V, V1(4a),V2-V3(16f),V4(16g), 18
V5(16h),01-0216h),03(32i)
V,0s 3a.,be.C. 3V, V1(4f),01-024f),03(2a) 21
V30, 6a. ,be,5¢, 30V, V1(4e),V2-V5(8f),01(4e),02-0118f) 23
V013 3a.,b, 3¢, 9V, V1-V3(4i),01-064i),07(2b) 22
VO,(B) 3a.,b, ,2¢, 6V, V1-V2(4i),01-044i) 19
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FIG. 2. (a) Structural connections between the Magphases
and the VQ(R) phase.(b) Theoretical phase diagram associated
with the free energy defined by E(R).

layered \bO; close-packed structure is obtained for an occu-

pancyx=3 of four V atoms. Figure ®) summarizes the L

— VO,(R) andL— V5,03 transformation mechanisms. One

can see that both mechanisms are associated with a breakin

of the hexagonal translational symmetry, with a doubling of

the lattice parameter in thglOO] hexagonal direction for )

VO,(R), and a tripling of thec-hexagonal lattice parameter  FIG. 3. (&) Maximal common substructud# VO,(R) and ;05

for V,0s. A ferroelastic monoclinic deformation, involving (L structure. (b) Symmetry breaking mechanisms |eading to the

the spontaneous strain componeres, ¢ eyy) andexy is also VhOz(R)d_and \,03 structur((ej_s from tr:lé;fstructure.(c) Theoretlgatl)

required for the formation of VQR), whereas a phase |agram corresponaing to the free energy expresse y Eq.

ferrobielasti¢® rhombohedral deformation of tHe structure (3). Vanadium atoms are represented by smaller gray circles and

. . . . . oxygen atoms by larger black circles. Comments on the figures are

is necessary for obtaining,@;. Atomic shifts bring the V given in the text.

and O atoms in their specific rutile-type and corundum-type

positions. Figure 3c) shows the phase diagram associated With the
Figure 3b) indicates the critical wave vectors and order- («,,a,) plane, obtained by a minimization Bfwith respect

parameter symmetries involved in the formation of ¥R) to £ and £ and assumingg>0, 8,<0, B,<0, and 3,3,

and V,0s. Taking into account only the primary translational — §2>0. In addition to the V(R) ({#0,6=0) and \,0,

symmetry-breaking order parameté?sespectively, denoted (;=0&+0) phases, an intermediate phase is stabilized for

as{ and§, yields the Landau free energy: {#0,£#0, which possesses the triclifRdl symmetry of the

B4 Magnédi phases.

4

_ *1 5 4, Y16, %2,
F(T,X,g,g)—Fo(T,X)‘f‘ 2 g + g + 6 é’ + 2 g

B. The V,0,,4+, series

The preceding description concerns the structures which

B2a, V2,6, 9 2.0
e e o ) X )
4 ¢ 6 ¢ 25 ¢ ©® have been disclosed between ¥@nd \,0s, i.e., corre-
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sponding to 2x=1.5 in VO,. For x<1.5 two additional  (a) ﬁogﬁ‘bfg - O
structures have been identified: a face-centered-cubic o - & @:Ooo o
structuré’ (Fm3m, Z=4) for 1.00<x<1.17 and a tetrago- ° ﬁﬁ%"ﬁ Ofo‘fﬁ °
nal structuré® (14, /amd, Z=1) for 1.24<x=<1.33. In both " y
structures, shown in Fig.(d), the oxygen atoms are cubic-
close-packed and the cubic-to-tetragonal transformatior
mechanism corresponds to an ordering of the vanadium at
oms from 4@) fcc positions to the interstitial positions
16(h), 16(f), and 16€) as indicated in Table I. The rela-

tionship between the basic vectors of the tetragoaalb, F;’lg’m
¢;) and cubic &;,b.,c.) unit cells is (a,b,¢)
/ ‘v \
1o 02y Y \EnoIH (el
a=2(a;,tb,), b=2(b.,—a;), ¢=2c. 4
It corresponds to the critical wave vectke=(0,7/a,7/a) Q:;ZZ ‘C’;‘,’; Xg‘,’;: ng,’/f)

located inside the fcc Brillouin zone. One can verify that the  (3a,b,¢) ~ (6a,b,50) (3a,b, 3¢) (3a,b, 2c)
4, /amd space-group symmetry with a 32-fold multiplica-

tion of the Fm3m primitive cell is induced by a 12- ~

dimensional IR of the&&m3m group. m
The fcc structure of VQ{x=1) can be used as a parent

structure for the YO, 1 Structures, witm=2, 3, 6, located

on the right-hand side of the phase diagram of Fig. 1, and ol

the metastable V&B) (Ref. 19 form of VO,, obtained by FIG. 4. (a) Face-centered-cubic structure of VO and the tetrag-

reduction of \LOs. Following the suggestion given by Hyde onal structure of V((1.24<x<1.33). (b) Symmetry-breaking

and AnderssoR] V,0s, V307, V013, and VO,(B) can be  mechanisms leading to the structures of thgdy,,, series @

considered as oxygen deficient fcc structures, which are de=2,3,6) and VQ(B) from the cubic VO structure. Vanadium at-

duced from the cubic structure by introducing different or-oms are represented by smaller gray circles and oxygen atoms by

dered vacancies in the oxygen close-packing array. The&rger black circles.

atomic positions in each XD,,,, 1 phase are given in Table I.

If xy andxg are the respective concentrations of vanadium . 5 N

and oxygen, the threefold orthorhombic structure *0)=5 (V20s), 15 (V6Oria), 0.3(V307), ands (VO,(B)).

(Pmmnz=2) of V,0s (Ref. 21 corresponds to,= %, Figure 5a) shows the linear dependence of{%y) in the

Xo= 2, the ninefold \{O, 3 structure C2/m,Z=2) (Ref. 22 function of the V valence, which is well verified except for

is obtained foxy=3, Xo= 13, and the 30-fold idiosyncratic V3O;. A determination of the still unknown structure of

structure of 4O, (C2/c, Z=12) (Ref. 23 is stabilized for  V,0q,%* for which a \,LOs related structural model with or-

xy=0.3, Xxo=0.7. In the sixfold monoclinic structure of dered oxygen vacancies and orthorhombic symmetry has

VO,(B)(C2/m,Z=8) (Ref. 19, x,=3% andxo=2%. Figure  been proposetf, should provide a further test for the lock-in

4(b) represents the structures of the homologous seriesature of the YO, ., phases.

V05,1 for n = 2, 3, 6, the structure of V&IB), and the Denoting 1= p cos® and n,=p Sin® the nonzero equi-

connections with the fcc structure of VO. It has to be notedibrium values of the order-parameter components associated

that the monoclinic YO,3 and VO,(B) structures involve a  with the fcc —[ V0,1 or VO,(B)] transition?® one gets

collapse of the fcc layers along tleecubic axis, since the the effective Landau free energy

ordering mechanism leaves one out of six layers filled by

vacancies in ¥O,5 and one out of four vacant fcc layers in

VO,(B). This collapsing induces the observed monoclinic

shear deformation. a, ay,p’™
The breaking of translational symmetry with respect to F(T.X,p,0)=F(T,x)+ 7P2+ T om
the fcc structure corresponds fop®s5, V50,3, and VO,(B)
to critical wave vectors located in the same direction op p
=(2m/3a,0k,) inside the fcc Brillouin zone, withk,=0, + 5 p cosPo, ®)

k,=2m/3a, andk,= m/a. For V305 the critical wave-vector

is k=(2m/6a,0,27/5a). Accordingly, a lock-in mechanism,

analogous to the one proposed for thgOy, 4, series, can where thedp invariants (with P=3) play the role of the
be assumed for the \D,, . 1 series, VQ(B) playing the role  lock-in terms. Figure &) shows the phase diagram resulting
of the limit lock-in structure. The onset of the,¥,,.;  from the minimization ofF with respect top and ® in the
lock-in phases can be related to the successive fractiondh;,dp) plane. It displays the Y0s5-VgO,5VO,(B) phase
concentrations of vacancies in the oxygen packing: (1sequence with the same sequential order as in Fig. 1.
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(b) Valence of vanadium FIG. 6. Connections between the VO andtructures with the
parent disordered polytype unit cell structure. Vanadium atoms are
represented by smaller gray circles and oxygen atoms by larger
black circles.

4(a) and 40). Itis associated with a four-dimensional IR at
[k=(4m/3a,0,27/3c)] which gives rise to the rhombohedral

symmetryR3m, identifying to the fcc rhombohedron when
the angles between the lattice vectors are 60°.

The existence of a parent disordered polytype structure,
assumed in our approach, for all the structures found in the
V-0 system has a number of implications. In particular, these
structures should bimtrinsically faulted There are two dif-
ferent origins for the stacking fault$1) one type of stacking
faults is symmetry induced and independent of the tempera-
ture. It results from the existence of antiphase doméiies
formation stacking faulf$) which occur at the monolayer
(hexagonal polytype— bilayer (L structure transition as

FIG. 5. (a) Dependence of the fractional concentrations of va-well as in the disordered polytype: fcc transition. This
cancies in the oxygen packing as a function of the V valefite. |atter transition should also produce orientational domains
Corresponding theoretical phase d|agram which includes th%tW”']n'ng Stacklng faul'@-) transformlng |nt0 onhe another by

V70is5, VsOr1, and V,O, phases predicted theoretically. the lost sixfold rotations(2) Another type of temperature-
dependent defects originates in the ordering mechanism as-
C. The parent structure in the V-O system sumed for the formation of structures derived from thand

fce structures. In the disordered polytype phase each close-

packed layer corresponds to a stacking fault. The ordering
and VO,(B) corresponds to three stacked hexagores-C) Brocess can be characterized by the number1

close-packed layers. It therefore has a simple relationshi (Ng4/N), whereN is the total number of layers ard, is

with the (AB) bilayerL structure used as the parent structureine number of stacking faults. One haAs=0 in the disor-

for the V,O,, -, series and VQ(R). Figure 6 shows thatthe  gered polytype parent structure afve 1 in an ideal ordered
maximal substructure common to the fcc dndtructures is  gtrycture. Intermediate states correspond t0A0<1. The
composed by a monolayer structure of symmé&6/mmm  yajue ofA at a given temperature and pressure is determined
in which the atoms are randomly distributed over the V po-hy the number of defects. In the ordered structures the
sitions 1(@) and 2€) and O positions 1f) and 2{d). The  asymptotic value ofA will reflect the symmetry-induced
stacking of such hexagonal monolayers in which one ovefype of stacking faults, whereas in the disordered structures
three positions are randomly occupied constitutesiadisti- A accounts as well for the temperature-dependent defects.
cally disordered polytype structuréom which thel. and fcc From the preceding consideration one can infer a qualita-
structures can be deduced by the following ordering mechaiye picture for the segregation process leading to the forma-
nisms, represented in Fig. 6(1) The P6/mmm (Z=1)  tjon of the ordered V-O structures, inspiring ourselves from
—P63/mcm(Z=6) bilayer ordering yields the V atoms at the ordering mechanism recently proposed for the close-
positions 2p) and 4@), whereas the O atoms are at posi- packed structures of cob#lt Below the melt, the structures
tion 6(9) The Corresponding sixfold multiplication of the are partia”y ordered (@:A<1) and formed by ordered re-
unit cell is induced by a two-dimensional IR at thepoint  gions surrounded by disordered sequences of close-packed
[k=(4m/3a,0,m/c)] of the hexagonal Brillouin zone(2)  polytypes. On cooling, the fraction of disordered sequences
The P6/mmm—Fm3m cell-quadrupling mechanism yields of layers reduce and the intrinsically faulted ordered regions
an occupancy of V and O atoms, respectively at the positiontend to coalesce. This picture provides a justification and an

The fcc parent structure assumed for theDy,, . ; series
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interpretation of the hexagonal disordered polytype structurécc matrix for the different structures, whereas we have
which has been assumed from symmetry considerations to kshown that all the vanadium-oxide phases can be ultimately

the parent structure in the V-O system. derived from a common disordered polytype hexagonal
structure.
The procedure implicitly followed for obtaining a unified
. SUMMARY AND DISCUSSION description of the structural mechanisms occurring in the

V-O system comprises ifl) separating in the phase diagram
In summary, a phenomenological approach has been pref this system the different set of phases which are structur-
posed for describing the transformation mechanisms associlly interconnected, an®?) finding a common parent struc-
ated with the stoichiometric phases found in the vanadiumture for each set of phases and ultimately a common parent
oxide system. The homologous series, O, ; and  Structure for the full set of structures. For each of the pre-
V41 Structures have been interpreted as sequences 6€ding steps dlLanday symmetry analysis was performed
lock-in phases, the VE@R) and VO,(B) being the limit which yielded the relevant order-parameter symmetries asso-
lock-in structures for the two series. The interconnection$iated with the transitions from the parent-to-the daughter

between the different structures have been shown to resdﬁhases' It revealed that the stoichiometric phases can be con-

from definite symmetry-breaking mechanisms from a comSidered adimit states which are obtained for specificriti-

mon parent structure. ldentification of the correspondinqcal) _displa_cement; or pro_babi]ities O.f occupancy of the atoms
order-parameter symmetries has allowed for construction thi given sites. This situation is reminiscent of reconstructive
thermodynamic potentials associated with the di1°ferenphase tranS|t|or]§‘2, and shows that mqrphotroplc transitions
classes of structures involved in the experimental phase digan be treated into the same theoretical framework that was

gram, and to deduce the partial theoretical phase diagram f ?Ceg‘y%ﬁ‘ proposed for transitions of the reconstructive
each structural class. Our proposed approach differs esse '
tially from the concentration-wave approdchsed for de-

scribing the homogeneous structures of solid solutions. In

this respect, the theoretical model of the Magpbases pro- This work has been supported by the German Science

posed by Pokrovskii and Khachaturyaassumes a common Foundation.
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