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The room-temperature lattice parameters of a series of CeNb,_,V,0, and NdNb,_,V,0, compounds (0
= x = 1) have been measured. Substitution of vanadium for niobium in both CeNbO, and NdNbO,
drives the structure from monoclinic (fergusonite type) to tetragonal (scheelite type) at x = 0.296 and
0.346, respectively. In both systems, there is an expansion of the long-axis dimension of the ferguson-
ite structure as x increases, despite the fact that vanadium is a smaller ion than niobium. This leads to
an anomalous variation of the unit cell volume with concentration. The composition dependence of the
strain parameters, which are a measure of the relative distortion of the monoclinic lattice, is found to fit
a Landau mean-field model, thus demonstrating a thermodynamic correspondence between composi-

tion and temperature. © 1985 Academic Press, Inc.

1. Introduction

In the course of some studies (7, 2) to
examine the effect of isovalent B site substi-
tutions on the phase stability of A**B*0,
compounds, where A is a lanthanide ele-
ment and B is either P, V, or Nb, it was
discovered (3) that gradual replacement of
the niobium by vanadium in LaNbO, leads
to the stabilization of the high-temperature
tetragonal form of LalNbQ, at room temper-
ature with vanadium concentrations in ex-
cess of 22 at.%. Further, this substitution of
a smaller V for a larger Nb ion led to an
increase in the unit cell volume in the
monoclinic phase arising from a dramatic
increase in the long axis dimension. To
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study the systematics of this effect further,
and to examine the phase stability of
ANDb,_, V.0, compounds within the context
of the structure-field map concept of Muller
and Roy (4), samples have been prepared
and examined by room-temperature X-ray
diffraction in several other series where A
is a rare earth. In the present paper, some
X-ray results are reported for the CeNb;_,
V.04 and NdNb,_,V,0Q, systems. In both
cases it is possible to stabilize the tetrago-
nal high-temperature phase at room tem-
perature with sufficient V substitutions.
Such a result had also been alluded to in the
Ce-based series by Roth et al. (5).

The pure rare-earth niobates crystallize
in the tetragonal scheelite structure (/4,/a,
C$) at high temperatures (6, 7), and trans-
form, on cooling, to the monoclinic fergu-
sonite structure (I2/a, C$,). The transfor-
mation temperature T increases from ~770
K in LaNbO, to ~1070 K in GANbO, and
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then remains constant as A varies along the
rare-earth series (6, 7). The second-order
transformation is displacive and involves
the shearing of the square base of the te-
tragonal unit cell to become a parallelogram
with unequal sides in the monoclinic unit
cell via a linear combination of two homo-
geneous strains, one of which leads to the
edge lengths becoming unequal and the
other to the deviation of the monoclinic an-
gle from 90°. The effect of temperature on
these strain parameters has already been
analyzed in the LaNb;_,V, O, system (8) in
terms of a Landau mean-field model. Addi-
tionally, Raman scattering measurements
(8) have shown that a key effect of V sub-
substitutions is to soften an interlayer
force constant between nearest neighbor
(Nb,VO,) tetrahedra which may, in turn, be
responsible for the remarkable expansion of
the long-axis dimension as the V concentra-
tion increases. Because of the analogy be-
tween the effect of V substitutions and an
increase in temperature, the Landau model
has been applied to the concentration de-
pendence of the strain parameters at room
temperature in the present paper.

I1. Experimental

Samples were prepared by repetitive dry
sintering under pure O, with starting mate-
rials at least 99.9% pure as described in
Ref. (3). The neodymium oxide was pre-
treated at 700°C to remove any moisture
and reconvert it to Nd,O; as determined by
X-ray analysis; cerium was in the form of
Ce0,. After a minimum of three heat treat-
ments, with the final annealing temperature
at 1700 K, powder samples were examined
by X-ray diffractometry to ensure complete
reaction, chemical homogeneity, and a lack
of impurity phases. Selected samples were
also examined by scanning electron micros-
copy to check overall compositions and the
relative amounts of phases in two-phase
samples. In agreement with the pseudo-
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binary designation ANb,_,V,0,, no more
than two phases were found as x varied
from 0 to 1. To check that V is substituting
for Nb in the compounds, the intensities of
the eight strongest X-ray lines were moni-
tored as a function of composition and com-
pared with calculated intensities based on
V occupying the same site as Nb in both the
fergusonite and scheelite structures. In all
cases, good agreement was found between
observed and calculated intensities. Lattice
parameters were obtained by standard De-
bye—Scherrer film pattern techniques with
CrKa radiation and least-squares analysis
(9). The lattice parameters of pure CeNbO,
and NdNbO, reported, together with values
for the other rare-earth niobates, elsewhere
(10) are consistent with both Ce and Nd
being present as trivalent ions.

I11. Results

As in the case of the corresponding La
series, vanadium shows extensive solubil-
ity in both CeNb,_,V,04 and NdNb,_,V,0O,
compounds. The effect of V substitutions,
as noted earlier, is to stabilize the tetrago-
nal high-temperature form of the pure
niobate, but at higher x than in the case of
the corresponding La-based compounds.
Beyond x == 0.40, the single-phase tetrago-
nal form is no longer stable and a two-phase
region is observed up to x = 0.97 for both
series. In this region the scheelite structure
coexists with the tetragonal zircon struc-
ture characteristic of either CeVO, or Nd
VO,. The compositions of the phase bound-
aries were determined by estimating the rel-
ative amounts of the zircon and scheelite
phases in two-phase samples on the basis of
both the SEM results and the relative inten-
sities of principal reflections of each struc-
ture in the diffraction pattern. The lever
rule was then applied in a least-squares
manner. Lattice parameters of both phases
in this two-phase region were invariant with
composition, as expected.



LATTICE PARAMETERS IN ANb,_, V.0,

The room-temperature lattice parame-
ters for the cerium series of compounds
CeNb,;_,V,0; are given in Table I. The val-
ues of the unit cell dimensions in the fergu-
sonite and scheelite phases are plotted ver-
sus V concentration x in Fig. 1. All lattice
dimensions denoted by a subscript M are
for the monoclinic fergusonite structure
and those denoted by a subscript T are for
the tetragonal scheelite structure through-
out the paper. The data points at highest x,
indicated by the asterisk in Table I, repre-
sent values obtained for a two-phase sam-
ple with x = 0.5 but listed in Table I and
plotted in Fig. 1 at the phase boundary
composition determined as described ear-
lier. A comparison with Fig. 1 of Ref. (3)
shows the same qualitative behavior,
namely, a smooth merging of the basal di-
mensions of the monoclinic unit cell to be-
come the edge of the tetragonal unit cell as
x increases, and a dramatic increase in the
long-axis dimension as x increases, with a
change in slope on going from the mono-
clinic to the tetragonal structure. Before
proceeding to the results for the neodym-
ium series, it should be noted that the lat-
tice parameters of the zircon structure in

TABLE I
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97

T l T T T
—i55
M
—54
N .A
\ ] =
\ &
\b\ ar 5.3 &
L Il S~ ci
A e 2
11.60— / .
r Cn —i5.2
1|.55J
-g -
= —5.1
G nsoj—
F CeNb |y V, Oy
11.45
I [ | ]
0 0. 02 03 04

F1G. 1. Composition dependence of the monoclinic
unit cell parameters ay, by, and cy and the cor-
responding tetragonal parameters ar and ¢r in the
CeNb,.,V,0, system.

vanadium-rich samples (bottom of Table I)
show a small increase from the value for
pure CeVO,, consistent with limited solu-

TABLE II

RoOM-TEMPERATURE (296 K) LATTICE PARAMETERS
of NdNb,_, V.0, CoMPOUNDS

a b ¢ B a b 4 B

x Structure A A) A (deg) x Structure A) A) (A (deg)
0.0 Fe 5536203 11.4126(4)  5.1637(3)  94.5424) 0.0 Fa 5.4687(3) 11.2811(5) 5.1466(3)  94.528(4)
0.102 5.4867(10) 11.4717(14) 5.1790(9)  93.586(6)  0.130 5.4212(4)  11.3427(15) 5.1577(4)  93.474(5)
0.148 5.4606(12) 11.4991(18) 5.1892(10)  93.103(5)  0.215 5.380%(6) 11.3821(9) 5.1731(5)  92.640(5)
0.198 5.4274(6)  11.5291(12) 5.2050(6)  92.498(6)  0.241 5.3669(3) 11.3948(7)  5.1799(5)  92.363(4)
0.250 5.3845(8)  11.5607(14) 5.2311(12)  91.698(8)  0.306 5.3213(4)  11.4273(7)  5.2050(4)  91.434(4)
0,300 s 5.2988(4) 11.5901(8) 0.321 5.3070(10) 11.4350(20) 5.2140(10)  91.112(10)
0.363 5.2882(4) 11.6078(10) 0.350 S 5.2560(8) 11.4472(16)
0.398*¢ 5.2820(4) 11.6191(9) 0.375%¢ 5.2518(14) 11.4538(16)
0.975* z 7.4042(5) 6.5054(4) 0.972* z 7.3330(5) 6.4443(8)
1.0 7.4013(4) 6.4980(3) 1.0 7.3315Q2) 6.4359(4)

a9 F = fergusonite (mono.), S = scheelite (tet.), Z = zircon (tet.).

2 F = fergusonite (mono.), S = scheelite (tet.), Z = zircon (tet.).

5 Numbers in parentheses represent statistical uncertainties in least
significant figure(s) as yielded by least-squares fit.

¢ Compositions marked with asterisks represent phase-boundary com-
positions (see text).

b Numbers in parentheses represent statistical uncertainties in least
significant figure(s) as yielded by least-squares fit.

¢ Compositions marked with asterisks represent phase-boundary com-
positions (see text).
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FiG. 2. Composition dependence of the monoclinic
unit cell parameters ay, by, and ¢y and the corre-
sponding tetragonal parameters ar and ¢r in the Nd
Nb,_, V.0, system.

bility of the larger Nb ion (for V) in the
zircon structure of CeVO;,.

The corresponding lattice parameters for
the NdNb,_,V,04.compounds are given in
Table II and the unit cell dimensions are
plotted versus V composition in Fig. 2. The
qualitative similarities between Figs. 1 and
2 are evident. Because the transformation
to the tetragonal structure occurs at higher
x in the neodymium series, as compared to
the La and Ce series, whereas the total sin-
gle-phase region is about the same, the
composition range of stability of the tetrag-
onal scheelite structure in the neodymium
series is very narrow at room temperature.
Results for analogous series with heavier
rare earths, to be reported separately, show
that the tetragonal scheelite structure can-
not be maintained at room temperature.
Again note that there is limited solubility of
Nb in NdVO,, with a small expansion of the
unit cell.

IV. Discussion

To assess the systematic effects of V sub-
stitution on the lattice dimensions of rare-
earth niobates, Fig. 3 (lower) shows a com-
parison of the concentration dependence of
the basal unit cell area [Ai? = (ac sin B)2,
AY2 = 4.] for the three series with A = La,
Ce, or Nd. In the upper part of Fig. 3, the
corresponding cell volumes V are plotted
(note that to maintain linear dimensions V'3
is used, and also there are separate but in-
crementally equivalent scales for each se-
ries of compounds). The results for the La
series represent values already reported in
Ref. (3), together with new data for sam-
ples prepared subsequent to the initial in-
vestigation and used in other studies (8).
The effect of vanadium substitutions is to
shrink the cell dimensions within the plane
perpendicular to the long axis, as expected
on the basis that V3* is a smaller ion than
Nb’* (for fourfold coordination, rv = 0.495
A, and ry, = 0.62 A) (11).

The rate of decrease is greater in the te-
tragonal structure than in the monoclinic
structure. At the same time, because of the
weakening of the intertetrahedral force
constants between adjacent pairs of planes
noted earlier, there is a dramatic increase in
the long-axis dimension as x increases, al-
though the slope again becomes less posi-
tive in the tetragonal structure. The combi-
nation leads to a unit cell volume that
expands as x increases in the monoclinic
structure for the La series, and is almost
constant with x in the Ce and Nd series. In
all cases there is a contraction of the cell
volume as X increases in the tetragonal
structure. To quantify these results, linear
least-squares analysis has been performed
on the composition dependence of the vari-
ous cell parameters, and the results are
summarized as the initial slopes of the vari-
ous plots in Table III. There is a decrease of
~25% in both dbum/dx and dcr/dx on going
from La to Ce to Nd although in all cases
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F1G. 3. (L.ower) Composition dependence of the square root of the area of the base of the unit cell in
both the monoclinic fergusonite and tetragonal scheelite structures for ANb,-,V,0, compounds where
A = La, Ce, and Nd. (Upper) Composition dependence of the cube root of the unit cell volume in both
the monoclinic fergusonite and tetragonal scheelite structures for ANb,_,V,0, compounds where A =

La, Ce, and Nd.

dby/dx is a factor of two larger than dcr/dx.
On the other hand, both dAy?/dx and dAT*
dx are essentially independent of the A
partner although, again, dAY%/dx is more

negative than dAféz/dx. The differences in

the composition dependences of the cell
volume thus arise primarily from the effects
on the long-axis dimension.

The variation of the basal unit cell dimen-
sions as x increases (Figs. 1 and 2) is remi-
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TABLE III

CoMPOSITION DEPENDENCE OF LATTICE PARAMETERS IN ANb,_,V, 0, SYSTEMS
WHERE A = La, Ce, AND Nd

A dbyy/dx der/dx dAW/dx dar/dx dVii/dx dViPidx
La +0.745(3)¢ +0.322(3) —0.108(2) -0.166(1) +0.055(1) ~0.080(1)
Ce +0.590(2) +0.294(5) —0.129(1) —0.171(5) +0.006(1) -0.090(5)
Nd +0.477(3) ~+0.26 —0.114(2) ~=0.17 -0.003(1) ~=0.09
2 Numbers in parentheses represent statistical uncertainties of least-squares fits.

niscent of the behavior as temperature in- (e; — e2) = (a — c)(ac)'?, (2a)
creases at constant x (8). By analogy, the

(8). By gy es = cos(m — B). (2b)

composition dependence of ay and cm
(Figs. 1 and 2) can be treated in terms of the
LLandau model of phase transformations.
The Gibbs free energy G may be written as
a Taylor series expansion in terms of a
strain parameter n which is a measure of
the distortion of the low-symmetry mono-
clinic structure from the high-symmetry te-
tragonal structure:

G=Gy+An*+Bn*+. .. (1)

In the present case, n represents a linear
combination of two strains (e; — e,) and e;
(12). From the definitions of these strains
(13), it is straightforward to show that the
first distorts the square base of the tetrago-
nal unit cell to a rectangle with edges a and
¢ and the second to a parallelogram with 8
# 90°. In dimensionless notation, we may
write

In the usual Landau approach, it is as-
sumed that the higher-order terms have
negligible temperature/composition depen-
dence and that A in Eq. (1) may be linear-
ized around the critical temperature/com-
position,i.e., A =A' (T—-T)orA=A"(x
— x.) where x. represents the critical vana-
dium concentration at which the system is
driven tetragonal, in the present case, at
room temperature (296 K). Minimization of
Eq. (1) leads to n* = —A/2B, and because 1)
is a linear combination of (e¢; — e;) and e,
we would expect that

(3a)
(3b)

(er — e2)? = pi(xc ~ x),
el = pylxc — x),

where p;, and p, are positive constants.
To test this concept, values of e, — e; and

TABLE IV

RESULTS OF LEAST-SQUARES FITs OF COMPOSITION DEPENDENCE OF STRAIN PARAMETERS (€; — €;) AND ¢
TO EQ. (4) FOR ANDb,;_,V,04 SysTEMs WITH A = La, Ce, or Nd

T.e
A Xe P q P2 173 (K)
La 0.2191(4)? 0.0229(3) —0.0085(15) 0.0205(3) +0.0128(13) 770
Ce 0.2966(5) 0.0184(1) —0.0070(5) 0.0183(1) +0.0101(4) 850
Nd 0.3455(5) 0.0127(1) —0.0059(4) 0.0153(1) +0.0084(3) 1010

e From Refs. (6, 7).

b Numbers in parentheses represent statistical uncertainties from least-squares fits.
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es have been calculated by means of Eq. (2)
for each of the ANb,_,V,0, series based on
A = La, Ce, and Nd, and are plotted as (e,
— e)? and €Z vs x in Fig. 4. Although both
parameters appear to go to zero at the same
x and Eq. (3) represents a reasonable first
approximation, linear behavior is not ob-
served over extended composition ranges.
This is not surprising when one considers
the correspondence between vanadium
substitutions and temperature. Addition of
10 at.% V (x = 0.1) depresses T, in the La
Nb,-.V.04 system by ~230 K. Thus the
composition ranges in Fig. 4 correspond to
temperature ranges much broader than
those over which the simple linearization
represented by Eq. (3) is expected to be
adequate. Accordingly, Eq. (3) was ex-
panded to the next order:

(e1 — e = pi(xc — x) + qi(xc — x)?, (4a)

ANb_y Vx 04

(e,—ez)z,eé o™3)

04

F1G. 4. Composition dependence of the strain pa-
rameters (e, — e,) and e [Eq. (2)] for the monoclinic
fergusonite structure in ANb,_,V,O, compounds
where A = La, Ce, and Nd.

101

e = palxc — x)

+ g — x)? ..., (4b)

and the data in Fig. 4 were least-squares
analyzed to Eq. (4) with x., py, q;, p2, and
g, treated as disposable parameters. The
results of this analysis are shown as the
solid lines in Fig. 4 (and also the upper por-
tions of Figs. 1 and 2), and the parameters
are given in Table IV together with re-
ported (6, 7) transformation temperatures
for the pure niobates. The increase in x. as
the rare-earth partner goes from La to Ce to
Nd is a reflection of the increase in 7, in the
corresponding pure rare-earth niobates. On
the other hand, the remaining least-squares
parameters in Table IV decrease in magni-
tude as the rare-earth partner changes from
La to Ce to Nd. The higher-order coeffi-
cient for (e; — ey}, i.e., gy, is consistently
negative, whereas the higher-order coeffi-
cient for e, i.€., q;, is consistently positive.

In summary, the response of the mono-
clinic fergusonite cell of the rare-earth
niobates LaNbQ,, CeNbQO,, and NdNbO,
to systematic substitutions of vanadium for
niobium has been studied. A striking expan-
sion of the long-axis dimension with V sub-
stitutions is observed which leads to anom-
alous behavior of the unit cell volume. The
composition dependence of the strain pa-
rameters associated with the transforma-
tion of the monoclinic fergusonite structure
to the tetragonal scheelite structure has
been shown to be consistent with the Lan-
dau model of phase transformations, thus
demonstrating a thermodynamic corre-
spondence between T and x.
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