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A structural investigation of the lead orthophosphovanadate compounds PbiPy, Vg, ., Og has been
performed using neutron and X-ray powder diffraction. Results obtained by a Rietveld analysis are
presented and compared with previous data on “‘pure’ ijead vanadate (x = 0} and {ead phosphate
{x = 1), The influence of the substitution of phosphorus lor vanadium on the mechanism of the phase
transitions of lead vanadate and lead phosphate is analyzed. For a given concentration x, a decrease
of the distance between the layers of lead soms is observed when the temperature diminishes. In the
vanadium- aad phosphorus-rich compounds a critical value is reached where the lone pairs of the lead
atoms repel each other as well as the proximate oxygen atoms: this induces a phase transition from
the high temperature phase, For the other compounds (middie part of the phase diagram) a critica
value is not reached and the high temperature phase remains stable down 1o 5 K. The possibility of

a monoeclinic local order inside the high tempersture rhombohedral phase is also pointed out.
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Introduction
Lead orthophosphate, Pby(PQ,), (or
Pb,P,0y). and lead orthovanadate,

Pbi(VO,), (or Pb,V,0y}, display ferroelastic
phase transitions from a common high tem-
perature rhombohedral y-phase R3m (Z =
i) to dilferent monoclinic phascs (Fig. }.
Pb, 1,04 transforms at 453 K into a 8'-phase
with a space group which was for a long
time reported to be C2/c (£ = 4); however,
we have recently shown the existence of a
very weak noncentrosymmetry (the exact
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space group is C2, Z = 4) which will not be
considered in this paper, the largest dis-
placement between the centrosymmetric
and the noncentrosymmetric structural
models being below 0.03 A (7). Pb,V,0,
transforms at 373 K into a g-phase with P2,/
¢ {Z = 2) space group, and at 273 K into an
a phase with A2 (Z = 2 space group (the
cxact space group of the a-phase, first deter-
mined by powder sample studies (2), was
recently confirmed by expériments on single
crystals (3)). An analogy with the martens-
itic transformations has been proposed {4}:
(i) as in metals and alioys, the transforma-
tions are strongly first order with important
shears and large phase coexistences; (ii)
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F1G. 1. Critical temperatures versus concentrations
x phase djagram of the PbyP>, V5, _,O; orthophospho-
vanadate compounds from a singte crystal study
(Ref. (4)). The critical temperatures can be slightly
different for powdered samples of the mixed com-
pounds, due to huge phase coexistence and hysteresis.
The crosses are the concentration and temperature
peints investigated in this study.

they progress through the crystal by moving
a planar stress free interface (habit plane);
{iii) they possess an unusual pretransitional
mechanism (3) which is very similar to the
so-called premartensitic regime (6).

We have recently reported a Rietveld
analysis of the three phases of lead vanadate
and have compared them with the two
phases of lead phosphate (7). We have em-
phasized the stereochemical influence of the
electronic lone pair of Pb" ions on the phase
transitions and have given a structural ex-
planation for the martensitic-like behavior.
Indeed in the common vy-rhombehedral
phase the structure is a stacking of PO, or
VO, tetrahedra layers, orthogonal to the
threefold axis (Fig. 2). In a layer, chains of
tetrahedra are connected by lead atoms of
two types: Pb, inside the layers and Pb, at
the surfaces of the layers. In the y, 8’, and
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B phases the Pbi! ions are located on centro-
symmetric sites and consequently the elec-
tronic lone pair remains centered on the nu-
cleus; in the case of the Pbi' ions, which are
located on noncentrosymmetric sites for all
phases, the center of the steric space occu-
pied by the electronic lone pair does not
coincide with the nucleus of the Pb! jon.
These lone pairs occupy the interlayers (d)
and weakly connect the layers of tetrahedra.
We have shown that the different mono-
clinic phases that appear from the y-com-
mon rhombohedral phase differ mainly in
the direction of tilting of the lone pair of the
Pb ion taking place at the critical tempera-
tures. The main displacements observed at
the phase transitions are those of the Pb,
atoms parallel to the layers. This explains

FiG. 2. Projection of the structure of the rhombohe-
dral y-phase of Pb;V,0y in the monoclinic @, ¢ plane
of the common cell (this cell is used to compare all the
different phases of the mixed sysiem; see text). The
smail, medium, and large circles represent respectively
the vanadium, lead, and oxygen atoms, and the lobes
represent the electron lone pairs. Open circles are lo-
cated at y = 1, closed circles at y = §, and hatched
circles at y = 0 and =}. The VO, tetrahedra are repre-
sented by dashed lines; d, and d; are the layer thickness
and interlayer distances, respectively (from Ref, (7).
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the possibility of strong shears of the struc-
tures as in metals and alloys.

It is possible to synthesize mixed com-
pounds Pb;P, V,,_,0; in the whole range
of concentration 0 = x = [. The influence
of the substitution on the phase transitions
of the two “*pure’’ compounds was reported
and the phase diagram of this system has
been determined (Fig. 1) (4). Its main char-
acteristics are {i) the existence of a common
v thombohedral phase whatever x is; (1) a
rapid decrease of critical temperatures with
x; (iif) an absence of phase transitions in the
middle part of the diagram; (iv) no change
of the order of the transitions {(no tricritical
point) but a huge increase of the phase coex-
istence (with a temperature range up to more
than 100°), the transformed and nontrans-
formed phases coexisting down to 5 K for
the highly substituted compounds.

In order to understand the structural con-
sequences of the substitution of phosphorus
for vanadium we report in this paper a Riet-
veid analysis for different mixed com-
pounds, x = 0.15, 0.35, 0.5, and 0.75, at
several temperatures (Fig. 1) and compare
the results with the existing data for x = 0
and x = { (7, 8). The aim of this paper is
to improve the understanding of the phase
diagram of this system by analyzing the con-
sequences of the substitution for the stereo-
chemical behavior of the electronic lone
pairs in the structural transitions.

Experimental and Refinements

Well-crystallized powder samples were
synthesized by mixing PbO, V,0, and
NH,H,PO, in the appropriate proportions
and melting them in a platinum crucible at
1000°C in air for 1 hr. The melt was cooled
(100 K hr™') down to room temperature.
After being ground the samples were an-
nealed at 700°C for 12 hr.

For x = 0.35 neutron diffraction experi-
ments were performed at the Léon Brillouin
Laboratory using the Orphée reactor facili-
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ties (Saclay, France) on the two-axis diffrac-
tometer 3T2 with a wavelength of 1.226 A.
The patterns were scanned through steps of
0.05° between 6° and 110° {28) with a ¢count-
ing time by step of 60 s. For x = 0.5 neutron
diffraction investigations were conducted
on the high resolution D2B ditfractometer
with a wavelength of 1.5946 A, attached to
the Institut Laue-Langevin in Grenoble,
France. The data were recorded by steps of
0.025° between 0 and 160° (2¢) with a count-
ing time by steps of 10 sec. In both cases
the sample was placed in a vanadium can.
For the low temperature experiments a He
cryostat with thermal stability of 0.1 K and
precision within 1 K was used.

To get information regarding the atomic
positions of vanadium inside the common y
rhombohedral phase we also performed for
this phase X-ray diffraction studies using
a two axis diffractometer (Bragg—Brentano
geometry) with CuKa monochromatic radi-
ation from an 18 kW Rigaku rotating anode
(9). The patterns were scanned through
steps of 0.01°, between 12° and 100° (28),
with a counting time by steps of 15 sec.
The thermal stability and precision of the
cryostat were the same as in the neutron
experiments and for the high temperature
experiments a Rigaku furnace was used with
stability of 1 K and precision of 2 K.

Least squares structure refinements were
performed with the Rietveld analysis pro-
gram DBW3.2 (/0). In the v R3m common
cell there are one lead atom Pb{1) in the “‘a”
special Wyckoff position, one lead atom
Pb(2), one phosphorus or vanadium atom,
one oxygen atom O(1) in the special *‘¢”’
position, and one oxygen atom O(4} in gen-
eral position. The starting values were the
atomic coordinates obtained from reference
{7). In the 8 (P2,/c) and & (A2) cells there
is one lead atom Pb(1) in the *‘a’” special
Wyckoff position; all the other atoms (one
lead Pb(2), one phosphorus or vanadium,
and four oxygen atoms) are in general posi-
tions. In the 8" (C2/c) cell there is one Pb(1)
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in the ‘¢’ special position; all the other
atoms are in general positions. Partially sub-
stituted sites with weight x and 1 — x, re-
spectively, were used for the phosphorus
and vanadium atoms with their correspond-
ing form factors and scattering lengths.

The background intensity was measured
on the patterns out off the Bragg peaks and
interpolated between these values. In a first
step we deduced from the neutron data (for
which Gaussian lineshapes were satisfacto-
rily used} the positions of lead, oxygen, and
phosphorus atoms. In a second step the po-
sitions of lead and phosphorus atoms were
again refined from the X-ray data (using
pseudo-Voigt lineshape) but they show no
significant deviations (<<2¢) from those ob-
tained in the neutron refinements. In a third
step the positions of the vanadium atoms
were refined from the X-ray data.

The number of refined structural parame-
ters, the values of the different R reliability
factors, and the refined cell parameters are
listed in Table 1. The reported R values for
the neutron refinements are quite satisfac-
tory, and those of X-ray refinements are
only fair because of classic difficulties with
the definition of the profiles due to the good
resolution (typically 25 107 (20)) which is
sensitive to anisotropic broadening. For the
x = (.15 compound the R, factors are of
the same order as those observed for lead
vanadate x = 0 in the same experimental
conditions (7) whereas for the other com-
pounds the reliability factors are less good,
particularly in the y phase at low tempera-
ture (x = 0.35, 0.5) (this point will be dis-
cussed later).

Results

The refinements were carried out utilizing
the symmetries of the cells reported in Table
I and the corresponding refined atomic posi-
tions and the isotropic temperature factors
(B) are reported in Table II. However, com-
parisons between different structures is
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much easier using a common monoclinic
cell, which is that of the 8'-phase (rich in
phosphorus compounds). In the rhombohe-
dral phase this common cell is all face cen-
tered (F) in addition to algebraic relation-
ships between the monoclinic parameters
due to the threefold symmetry (¢ = bV3 =
3 a cos B). Inthe 3’ and B-phases only the C
and A faces, respectively, remain centered,
whereas in the « phase the common cell is
again all centered (F) but without the rela-
tionships between the cell parameters. The
principal bond distances are reported in Ta-
bles III and IV.

The neutron and X-ray diffraction re-
finements show no evidence of phosphorus/
vanadium ordering in the structures. More-
over we have tested the possibility of coex-
istence, in the y phases, of two different
types of tetrahedra, PO, and VO,, with dif-
ferent sizes. This was dene, in addition to
the phosphorus/vanadium partially substi-
tuted atoms, by splitting each of four oxygen
atoms of the tetrahedra into two oxygen
atoms with weights x and I — x. No signifi-
cant change in positions, as well as no im-
provement in the R values, was obtained
with this split-atom model.

From a global point of view it can be noted
that: (i) The evolution of atomic coordinates
and interatomic distances occurring during
the different transitions for the x = 0.15 and
0.75 compounds are similar to the evolu-
tions observed previously for lead vanadate
{x = 0) and lead phosphate (7, &, f). (ii)
For the compositions (x = 0.35 and 0.5) for
which no transition i1s observed the atomic
coordinates remain remarkably constant
down to 5 K. (jii) For the rhombohedral
phases high values for the B thermal factor
are observed, particularly at low tempera-
ture and principally for the Pb" ion (for in-
stance B = 5.07 A2 at 5 K for the x = 0.5
compound). (iv) For the 8 and 8'-phases the
B values are lower but important for the
considered temperature, (v) For the « low
temperature phase the values of the B ther-
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TABLE 111

BoND LENGTHS (.3\) FOR VaNaDIUM-RicH COMPOUNDS

Composition: x =7 x =015 x =035

Phase: ¥ B o ¥ B a Y Y Y
T(K): 585 300 a5 585 2358 85 585 300 85
Pb(1)

Oyx2 2.612(12)  2.449(9) 2.606(13)  2.461(12)

05x2 ] 264509y 2.599(10) 2731011} 2.641(5)  2.575(1D  2.700(13)  2.637(6) 2.624(5)  2.622(7)
Ojx2 2.757(8) 2.767(10» 27340100  2.763(11}

Pb(2)

O, 2.586(13)  2.986(13) 2.602(16)  2.971(16)

0O, 2777 3378(12) 298415 28150100 3.380(14)  3.033(17y  2.B45(11) 2.834%)  2.843(11)
Oy } 2.628(15) 2.627(18) 2.659(19)  2.6160200

o"(1) 3.330014)  3.321(15) 3.26%18)  3.314(18)

a"Q2) 3.049(15)  3.47%16) 3.024(17)  3.406(19)

0"(3) 2.95%9) 2.471(7N) 2.544(12)  2.937(43 2.445(10)  2.535(16) 2911(5)  2.900(3) 2.901(5)
a1 ) 2416(17)  2.419(18) 2415200 2.418Q21)

Q2 3.063(18)  2.516(17) 3.078(20)  2.54(21)

0"(3} 3.706(7)  3.73X13) 3.677(9)  3.710(15)

'@ 2.416(6)  2.427(14) 2.351(14r 2.417(14) 2.418(15) 2.411(13)y  2.413(18) 2.374(12) 2.388(13)
P

o™ 1.574(96)  1.861(163)

o2 1.818(40)  LB70(90) 1.860(101) 1.686(28) 1.699(23) 1.719(23)
O"(3) L.778(98) 1.655(107)

O'(4) LI8064)  1.576(64) 146175} L4751} 1.467039) 1.376(39)
v

o) 1.70804)  1.384(25)

0o"2) L700(17)  1.737(22) 1.940024) 1.631(9) 1.643(25) 1.601(16) 1.578(22)
0"(3) 1.716(19)  1.726(26) N.R. N.R.

o' 1.660020) [.685(20) L1.69925) 1.761(18) 1.591{49) 1.753(30) 1.798(50)

Note, N.R. means not refined.

mal factor of all atoms are quite similar to
the values generally obtained.

(a) Structural Consequences of the
Phosphorus-for-Vanadium Substitution in
the Rhombohedral Phase

Varnadium and phosphorus tetrahedra. In
the y-rhombohedral phase of lead phosphate
or lead vanadate the PO, or VO, tetrahedra
are centered on 3m symmetry sites: the va-
nadium or phosphorus atom is bonded to
three equivalent oxygen atoms (Qf, 05, 0%
and by a fourth bonding parallel to the three-
fold axis to the 0’4 atom (Figs. 2 and 3).
When making the substitution of vanadium

for phosphorus, the two distances O7-07
and OY-0, increase linearly (Table 1I and
111); for example the O7-07 bond increases
from 2.51 (x = 1.) 10 2.63 A (x = 0.5) at 300
K and from 2.67 (x = 0.35) to 2.78 A
(x = 0.) at 585 K. This is consistent with
the difference between the ionic radii of the
V°* and P** ions (0.59 and 0.34 A, respec-
tively). The short O-0O bonds in the PQ,
tetrahedra are equivalent to those classi-
cally observed in compounds with phos-
phates tetrahedra (/).

When the phosphorus concentration x de-
creases, the P-0; distance with the vertex
atom Qj, decreases from 1.464 Ato1.280A
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TABLE 1V

BonD LENGTHS (A) FOR PHOSPHORUS-RICH COMPOUNDS

Compounds: x =05 x =075 x =1
Phase: ¥ ¥ ¥ Jix ¥ B
T(K): 300 5 300 85 473 300
Pb(l)
0i(x2) 2.57109) 2.531(24)
05(x2) 2.628(5) 2.620(7) 2.602(5}) 2.691(LD) 2.583(18) 2.707(25)
[ )] 2.596(7) 2.604(22)
Pb( 2)
2.720010) 2. 808(35)
2.891(7) 2.878(7) 2.943(7) 3.221(10} 2.993(32) 3.240{313)
2.944(10} 2.979(37)
0‘”(] ) 357D 3.045(22)
0"(2) 2.877(8) 2.836(23)
0"(3) 2.418(7) 2.413(26)
0"(1) 2.867(5) 2.881(6) 2.854(5) 2.496(10) 2.816(19) 2 526(33)
0"(2) 2.894(8) 299431
0"(3) 3.468(6) 3.40421)
Q"(4) 2.342(8) 2.328(9) 2.33H8) 2.359(9) 2.298(36) 2.401(38)
P’ .
o"(1) 1.618(6) 1.487(35)
0"(2) 1.669(9) 1.671(1LY) L.604(T) LS83(10Y 1.538(26) 1.568(3)
Q"% 1.599(10) 1.557(27)
0'(4) 1.464(13). 1.459(14) 1.49%9) 1.539(12) 1.514(36) 1.473(37)
v
o™
0"2) 1.610(13) 1.591(24)
o) N.R. N.R
0'(4) 1.623(23) 1.538(43)

Note. N.R. means not refined.

whereas the distances with the basal oxygen
atoms (P-0O) type) increase from 1.538 A
to 1.818 A (Table III and 1V). In the case
of the vanadium atoms the precision is not
so good but a global decrease of the four
bond distances is observed when x increases
(Table III and 1V).

Lead polyhedra. There are two lead atom
sites in the ¥ structure (Fig. 2). The first one
(Pb,) is a centrosymmetric site (3m) situated
at the vertices of two tetrahedra with basal
oxvgen atoms. The Pb, polyhedron is there-
fore characterized by a unique distance
(Pb,—0y, for example) (Fig. 3). The second
one (Pb,) is bonded (inside the layer of PO,/

VO, tetrahedra) to a hexagon built up by six
oxygen atoms (for example O7) located in a
plane orthogonal to the threefold axis, and
to an oxygen atom (Oj) along the threefold
axis. Itis also bonded to three oxygen atoms
of the opposite layer (for example, O, in Fig.
3). Thus three distances (Pb,~Of, Pb,-0}
Pb,—0,) characterize this second polyhe-
dron in the rhombohedral phase (Fig. 3).
In the y-phase the Pb,—0Q| bond lengths
are significantly long, in particular in the
vanadium-rich compounds. Indeed we ob-
served, for instance, in the x = 0 compound
Pb,—O} bond lengths of 2.64 A, whereas in
divalent lead polyhedra the Pb-O lengths
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FiG. 3. Polyhedra of Pb;, Pb,, and V or P atoms in
the y-phase {from Ref. (7}).

are classically shorter than 2.50 A. When
phosphorus is substituted for vanadium the
Pb, polyhedron is weakly affected: The
Pb,—0, distances decrease linearly from
2.641t02.58 A. In contrast, the distances in
the Pb, polyhedron show strong variations:
when x increases from 0 to 1 the Pbh,—Q,
interlayer bond length increases from 2.78
to 2.99 A whereas the bond lengths inside
the layer (Pb,~O) decrease from 2.95 to
2.82 A. Moreover the shortest lead—oxygen
distance (Pb,~0j) changes from 2.42 to0 2.30
A. Thus, in lead phosphate the shortest
Pb.—O bonds are intralayer bonds whereas
in lead vanadate they are interlayer bonds
(Fig. 2, 3), When phosphorus is substituted
for vanadium a continuous variation of these
bonds is observed and for x = 0.5 they be-
come equal.

(b) Phase Transitions in the Mixed
Compounds Pb.P, Vo _ 04

Transition v — '. We have performed
a more complete analysis of the structural
evolution at the y—£' transition for the phos-
phorus-rich compound x = 0.75. The O7-0Y
and O7'-0, distances of the PO, tetrahedra,
almost equal in the v phase, display an oppo-
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site discontinuity at the transition (Fig. 4).
Inside this distorted tetrahedron of oxygen
atoms the phosphorus remains practically
at the position occupied in the y-phase: the
P-07 type distances split at the transition
into three almost equal distances, but all the
bondings with the oxygen atoms, including
the P-0,, display no significant variation
when the temperature is decreased.

In the Pb, polyhedron the six equivalent
bond distances (Pb,—0O{ type) split discon-
tinuously at the critical temperature into
three nonequivalent lengths, two of them
being almost equal, but with only small ther-
mal variation in the 8’ phase (Fig. 5).

In the Pb, polyhedron the three equivalent
bonds with the oxygen atoms O, of the oppo-
site layer split at the critical temperature
into three very different lengths (2.82, 3.00,
and 3.14 A instead of 2.87 A, Fig. 6); the
six equivalent bondings with the hexagon of
oxygens inside the layer show the largest
discontinuities (2.53, 2.60, 2.84, 2.93, 3.05,
and 3.27 A instead of 2.85 A) while the short-
¢st bond distance Pb,—0j displays a small
change and remains afterwards almost con-

A T T T
"-+\ x=075
2.7+ * \ —

N
+
i . N, |
+ 0°-0; \
o 0y-07
26 ;:8;9_;
o ° \+
o
¢
25 | ] 1 i
100 200 300
T (K}

FiG. 4. Thermal evolution of two oxygen-oXxygen
distances of PO, and VO, tetrahedra, for the x = 0.75
compound.
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F16. 5. Thermal evolution of lead—oxygen distances
of the Pb; polyhedron, for the ¥ = (.75 ¢compound. 28k
Below the critical temperature the six equivalent dis-
tances of the rhombohedral phase split into three non-
equivalent distances in the monoclinic phase. 28k
. . . . 26
stant (Fig. 7). Therefore the main distortions
in the 8’ monoclinic phases of mixed com-
pounds lie in the Pb, polyhedron whereas 25
the PO,/VQ, tetrahedra and the Pb, polyhe- Pb.- O
2 3
2.4 —
33 : T . Pb,- 0% ‘
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FiG. 7. Thermal evolution of intralayer lead-oxygen
3 1 distances of the Pb, polyhedron, for the x = 0.75 com-
pound. Below the critical temperature the six equiva-
lent distances (from the hexagon of oxygen atoms) in
= Pb,- 0, - the rhombohedral phase split into six noneguivalent
O/Q,_’O/O distances in the monoclinic phase.
o
+
28 /_d'lffdbh""T
¥ Pb,;-0 ron are less affected by the transition. The
distortions observed in the x = 0.75 com-
L y pound below the critical temperature are
Pb,- 0, equivalent to those observed at room tem-
l perature in the monoclinic phase of Pb,P,04
| L 1
27 100 200 300 (8, 1).

T{K)

Fi6. 6. Thermal evolution of interfayer lead—oxygen
distances of the Pb; polyhedron, for the x = 0.75 com-
pound. Below the critical temperature the three equiva-
lent distances of the rhombohedral phase split into
three nonequivalent distances in the monoclinic phase.

The evolution of the thermal factors is
plotted in Fig. 8. The isotropic thermal pa-
rameters of the Pb, atoms are quite high in
the y-phase at temperatures far from the
critical temperature (for example, B = 5.3
A? at 300 K). When the temperature de-
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F1G. 8. Thermal evolution of B thermal factors, for
the x = (.75 compound. Above the critical temperature
the isotropic B factor of the lead Pb, atoms has been
decomposed into two components: one component 5,
inside the layers, and one component B, orthogonal to
the layers.

creases an increase of all thermal parame-
ters is observed in the vicinity of the critical
temperature, especially for the Pb, atom.
Conversely, below the critical temperature,
in the B8'-phase, these coefficients diminish
and reach usual values. The isotropic pa-
rameter of the lead atom Pb, has been de-
composed into (wo components: one high
value B, parallel to the layer and one normal
value B, orthogonal to the layer. It is ob-
served that in the y-phase only the B, compo-
nent gets strong variation whereas the B,
component remains constant.

Transitions -y — 8 — a. The examination
of the bond distances (Table I11) in the 8
and « phases of the mixed compound x =
0.15 shows the same type of distortions that
are observed in Pb;V,0; (7). As in the g'-
phase the PO, tetrahedron has only small
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distortions. In the Pb, polyhedron, for both
x = 0and x = 0.15 compounds, the abnor-
mally high Pb-O distances (2.64 A in the y-
phase) split into three different distances,
one of them with more usual values (2.60 A
in the B phase and 2.46 A in the a-phase).

The intralayer bondings of the lead Pb,
atom with the hexagon of oxygen display
very large variations (for instance, the
Pb,—05 distance changes from 2.93 A up
to 3.67 and 3.71 A). The high values of B
isotropic thermal parameters in the y-phase
recover normal values inside the 8 phase.

Discussion

Consequences of the substitution for the
common vy phase. The results show that the
substitution of phosphorus for vanadium in
the common rhombohedral phase affects
principally the PO,/VO, tetrahedra and the
Pb, polyhedron.

In the PO,/VO, tetrahedra, as the size of
the cage of oxygen atoms increases when
the concentration of vanadium from lead
phosphate is increased, the phosphorusions
shift toward the vertex resulting in one nor-
mal bond distance value and three long bond
distances. In parallel the vanadium ion
keeps a almost constant V-0, distances for
concentration close to Pb,V,0q, but for the
phosphorus-rich compounds this is no
longer possible because the oxygen cage be-
comes too small: all the V-O bonding
lengths decrease when the phosphorus con-
centration increases.

In the lead Pb, polyhedron the shortest
lead—-oxygen distance (Pb,—0j) is smaller in
lead phosphate than in lead vanadate. More-
over, the oxygen atoms forming a hexagon
O7 and O} are closer to the lead atom than
the three other oxygen O, atoms of the other
layer, whereas it is the opposite in lead vana-
date. When x decreases from lead phos-
phate, the Pb,~0Of and the Pb,—O7 distances
continuously increase whereas the Pb,—0/
decrease. For x = 0.5 both Pb,~0, and Pb,—
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F16. 9. Evolution with concentration x of the inter-
layer distance d,, of the layer distance 4, and of the
distance 4, + d;.

Q! distances become equal and in lead vana-
date x = 0 the Pb,—-0; distance has became
much shorter than the Pb,—O7 distance.

In lead phosphate and lead vanadate the
lone pair of lead is rejected along the three-
fold axis by the proximate oxygen atoms,
mainly because of the short Pb,~Of bond.
In the mixed compounds this lone pair gets a
continuous decrease of its spatial extension
from x = I to x = 0. This is also evidenced
in the variation of the interlayer distance 4,
(only occupied by the lone pairs) with the
concentration, which diminishes strongly
from 1.92 (x = 1) to 1.55 A (x = 0) (Fig. 9).
Moreover as the skeleton of layers 4, is a
stacking of tetrahedra with increasing sizes
when x diminishes, this distance strongly
increases from Pb,P,Q; to Pb,V,0; whereas
the total distance o, + 4; remains relatively
constant whatever x is, with a small maxi-
mum for x = 0.5,

KIAT ET AL.

Phase transitions in the mixed system. As
in lead vanadate and lead phosphate, the
PO,/VO, tetrahedra and the Pb, polyhedron
are less distorted than the Pb, polyhedron
in the different monoclinic phases. More-
over the structures of monoclinic phases are
only weakly affected by the substitution, as
shown by the comparison of the B’-phase
of the x = 1 and x = 0.75 compounds, and
the 8 and « phase of the x = 0 and x = 0.15
compounds.

As the temperature cools the interlayer
distance | inside the y phase diminishes to
a limiting value d™" dependent on the con-
centration x (Fig. 10). For the compounds
whose rhombohedral structure remains sta-
ble whatever the temperature is, the short-
est interlayer is the value measured at 5 K
which is clearly above the extrapolated vari-
ation in the medium part of the phase dia-
gram. When this limiting value can be
reached a transition toward a monoclinic
phase is observed.

Critical region and monoclinic local order
in the y phase. The high values of B thermal

, 90 . T
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Pb4F;, Qg Pb,V,0,

Fi. 10. Evolution with the concentration x of the
lowest interlayer distantce @™ value reached inside the
v rhombohedral phase when the temperature is de-
creased. The values for the compounds whose rhombo-
hedral phase remain stable whatever the temperature
15 (middle part of the phase diagram} are clearly above
the extrapolated values from those of the compounds
which get a phase transition from the y-phase.
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parameters of lead atoms in the y phase,
whatever x is, reveal the existence of shifts
of these atoms from their high symmetry
sites. Depending on the temperature these
shifts are static or dynamic, The high values
of B observed at 5 K for the concentrations
with no phase transition indicate in these
cases static displacements which become at
least partially dynamic at higher tempera-
ture, as an increase in the B factors is ob-
served. Moreover for the compound x =
0.75 a supplementary increase is observed
in the rhombohedral phase in the vicinity
of the critical temperature. This reveals the
critical fluctuations of the system: as the
main displacements at the different transi-
tions are for the lead Pb, atoms inside the
layer, coherently their thermal parameter
inside the layer B, strongly increases near
T,. whereas their orthogonal parameter B,
remains constant. Below this temperature
in the monoclinic phases normal B values
are recovered.

In the same way the high values of the B
parameter for the Pb, atoms are the conse-
quence of shifts from their special centro-
symmetric sites probably due to the abnor-
mal high value of the Pb,—O distances in the
y-phase.

All these results probably indicate the ex-
istence of a local monoclinic order inside
the rhombohedral phase. In the case of com-
pounds which get a phase transition this lo-
cal order anticipates the monoclinic phase
and becomes of long range when the cooper-
ative movements of the lead atoms occur at
T., asis evidenced in lead phosphate (5) and
in Pb;P, As( _,0¢ (12). For the compounds
whose rhombohedral phase remains stable
down to low temperature this local order is
frozen. This hypothesis is also supported by
the increase at low temperature of the R
reliability factor for the x = 0.5 and 0.35
compounds (Table I}.
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Conclusion

These results allow us to propose a com-
mon mechanism for the phase transitions
of lead orthophosphovanadates. When the
temperature is decreased inside the high
temperature y-phase, the interlayer distance
between the lead atoms diminishes down to
a critical value. If this critical value can be
reached, then the lone pairs tilt in order to
minimize these repulsions and a phase tran-
sition with strong shears toward a mono-
clinic phases occurs, as for lead phosphate
and lead vanadate: in the other cases the
rhombohedral phase remains stable at low
temperatures.
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