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Trivalent tungstates and molybdates of the type L,(MO,); have been further investigated and a number of
new phases are reported. Tungstate-molybdate phase diagrams for La, Sm, Gd, Ho, and In, including lattice
parameters of the pseudoscheelite subcells where applicable, were studied and gave insight into structural
relationships. It was found that the more than eight structures occurring can be organized into three families

of structures.

A. Introduction

The trivalent metal tungstates and molybdates
include a number of materials with interesting
fluorescent, laser, piezoelectric, ferroelectric, and
ferroelastic properties. They also provide a series of
systems for crystallochemical and structural in-
vestigation. Previous reports of our work (1, 2) have
described the occurrence of at least six distinct
structures among compounds of the type L,(MO,);
where L is a rare earth (or other trivalent element
yielding identical or closely related structures) and
M is W or Mo. Four of these structures have now
been accurately determined, three (3-5) using
crystals prepared during the course of this work.

Insight may be obtained on the relationships
among these structures by the study of pseudobinary
phase diagrams such as that of Nd,(WO,);-
Nd,(Mo0Q,),; system (2). In the present work, five
additional tungstate-molybdate phase diagrams
have been determined. A high-temperature phase
transition previously unrecognized has been ob-
served in Gd,(MoO,); and several adjacent com-
pounds. Compounds prepared by low-temperature
sintering also revealed additional low-temperature
phase transitions for Tb, Dy, Ho, and Y molybdates
and Ho and Y tungstates. The surprisingly numerous
types of structures present are now recognized to
fall into three main groups, with variations being due
to disordering and relatively small distortions in
structures based on scheelite-type subcells.

* Present address: Mullard Research Laboratories, Redhill,
Surrey, England.
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Experimental procedures are the same as those
described previously (I, 2); references to earlier work
of others will also be found there. Rode ez al. (6)
have also studied the lanthanide molybdates, con-
firming our work except for noting that those
lanthanide molybdates reported by us to have the
same structure as Sc,(WO,);, C, appeared to be
slightly different on the basis of X-ray powder-
diffraction patterns and were designated by them
as C'.

B. Occurrence of Structures

The existence regions of the various types of
structures are shown in Figs. 1 and 2 for molybdates
and tungstates respectively; only those non-
lanthanide compounds are included which have the
same or closely related structures. These diagrams
are based primarily on differential thermal analysis
(DTA) data supported by quenching and X-ray
diffraction work. Data differing significantly from
that previously reported (1) is given in Table I. Also
included are the data on the promethium compounds
as reported by Weigel and Scherer (7); high-
temperature transitions were not investigated in
their work.

It is convenient to use three types of designations
for these structures. In comparing the structures of
different compounds, such as those of Figs. 1 and
2, the alphabetic designations “A”, “C”, etc., are
convenient as a quick identification label. Since in
most cases these identifications are made only from
X-ray powder-diffraction data (Debye-Scherrer or
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FiG. 1. Melting and transition temperatures and structure
types occurring among R:(MoQ,); compounds.

Guinier photographs or diffractometer traces),
subtle differences, e.g., slightly differing weak super-
lattice lines, must sometimes be ignored so that those
designations shown with an asterisk such as “N*”
and “C*” refer to a group of closely related, but not
identical structures as discussed in Section E. When
considering individual compounds, e.g. in the end-
members of the phase diagrams of Section C, it is
customary to use the prefixes a-, B-, etc. for the
phases occurring with increasing temperatures.
Finally, for discussion of an individual structure, the
designation is customarily by the specific compound
for which the structure was first solved. Thus one
may speak of «-Nd,(WO,); being part of the “A”
field and having the «-Eu,(WO,); structure. All
three designations can be correlated from Figs. 1
and 2. Individual structures are further discussed in
detail in Section E.
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FI1G. 2. Melting and transition temperatures and structure
types occurring among R,(WQ,); compounds.
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TABLE I

ADDITIONAL DTA DATA®

Transitions (°C) Melting point

Compound and phases °C)
Pm;(MoO,); (N) -
Eu;(MoO,); (M) 880(L) ~ 1090 (J) 1120
Gdx(MoO,); (M) 850(L) ~ 1070 (J) 1160
Tb:(M00O,); (M) 800(L) ~ 1040 (J) 1160
Dy,(MoQOs); (M) 770(L)850(J)1010(C) 1220
Ho,(Mo0Q,);s (M) 750(L)830(C) 1280
Y.(MoQ,)s (L)700(C) 1325
Pm,(WO,); A) —
Ho,(WO,); (A) 875(C) 1415
Y.(WO,); (A) 795(C) 1470

¢ Only data for compounds differing significantly from
those of Ref. (/) are listed. Promethium data from Ref. (3).

The extra low-temperature phases and transitions
for Tb, Dy, Ho, and Y molybdates and Ho and Y
tungstates were obtained by sintering at 600°C;
previously sintering had been performed at 700 to
1100°C (7). The Ho(WO,); transition is the only
one which had been previously reported by others
(at 935°C by Plyuschev and Amosov (8)). Complete
conversion was not obtained in Y,(WQ,); even in
3 weeks. In the case of the Er, Tm, and Yb tungstates
even 5 weeks sintering gave only very weak A-type
diffraction lines and barely detectable A to C
transitions in DTA at about 750°C; these data are
not shown in Fig. 2 and Table I since there is some
uncertainty. It is of course possible that similar
low-temperature transitions also may occur in
Lu,(WO,);, Ery(Mo0Qy),, etc., at low temperatures
but this was not further investigated since reaction
is so slow that sintering is not a practicable tech-
nique.

C. Terbium, Gadolinium, and Related Molybdates

The B forms of Tb,(M00,); and Gd,(MoOQOy);
(and adjacent isostructural compounds) are par-
ticularly interesting in that their ferroelectric and
ferroelastic properties are completely coupled. We
have recently summarized (9) various physical
parameters of these two compounds, where refer-
ences to earlier work can also be found. As pre-
viously shown these 8 forms can be pulled in large
single crystals and are quite stable at room tempera-
ture, remaining unchanged after more than 6 years
storage.
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At elevated temperatures, the B to « transi-
tion becomes significant. Single crystals of
B-Gd,(Mo0O,); transform completely to the « form
in 3 days at 800°C but only imperceptibly slowly at
600°C. Finely powdered 8-Gd,(MoO,); transforms
completely in less than 3 days even at 400°C. Much
more stability is observed in B-Tb,(Mo00O,);, which
does not transform completely in the finely powdered
state even after 7 days at 600°C. In addition to this
better stability, 8-Tb,(Mo0Q,); (which is also some-
times referred to as 8-TMO, and B-Gd,(M0O,); as
B-GMO) is also easier to prepare in large uniform
strain-free crystals, not showing the cracking and
related growth problems of 8-Gd,(MoO,); (10).

Czochralski pulling to yield crystals of
B-Tby(Mo00,); is readily performed from a precious
metal crucible in air, with a melt at about 1200°C.
Presintered nominally stoichiometric powder pre-
pared from Tb,O; + 6 MoO; was used as the feed
material. Self-seeding of a single crystal occurred
readily on a platinum wire with rotation at 100 rpm
and a pulling rate of 4 in. hr. The growth axis was
found to be 110, the ¢ axis being perpendicular to
the growth direction. Growth on this as a seed
yielded crystals up to # in. diameter and several
inches in length.

The X-ray diffraction pattern of as-grown
B-Tby(M00,),, like B-Gd,(MoO,);, is made very
complex by twinning (9). In both compounds (9, 11)
the application of pressure along [010] has been
shown to interchange the a and b axes; this or an
electric field application completely removes the
twinning since the ferroelectricity and ferroelasticity
are fully coupled. Since this coupling has been
shown to be structural, all L-type materials are,
therefore, expected to show this phenomenon below
T.. Structural (4) and other parameters (9) have been
given. The transmission spectra of Th,(Mo0O,); are
shown in Fig. 3; that of Gd,(MoO,), was given
previously (/).

Although not previously observed by us or others,
we can now report high-temperature phase transi-
tions in the L type molybdates of Eu, Gd, Tb, and
Dy. This transition does not show up well, or not
at all, on heating, but gives sharp DTA peaks on
cooling with the usual supercooling (usually about
100°C); transition temperatures are, therefore, only
approximate (estimated error up to +30°C). The
composite DTA curve of Fig. 4 illustrates the
appearance and disappearance of the «, 8, and y
forms of Tb,(Mo0O,); with temperature cycling at
heating and cooling rates of 20°C/min. The melting
peak occurs at 1155°C whether the 8 or y form is
being melted, but the peak sizes are different as can
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FiG. 3. Polarized absorption spectra for 8-Tb.(M0Qy,);.

be seen in Fig. 4. By calibration with SrCO; (31.8
cal/g) the following approximate latent heats were
established (with an estimated accuracy of +£15%).
Melting of 8-Tb,(Mo0O,); at 1155°C 4H 55 = 100
kcal/mole; melting of y-Tb,(MoOy); at 1155°C
4H,,ss =50 kcal/mole; difference = transition
B'sz(MOO4)3 to ')"sz(MOO4)3 AH] 155 = 50
kcal/mole.

Additional confirmation of this unusual 8 —y
transition was obtained from the high-temperature
diffraction experiments shown in Fig. 5. This is a
set of diffractometer traces between 28 = 25° and
20 =32° taken at 2° 28/min on a G.E. XRD3
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FiG. 4. Composite differential thermal analysis curve for
Tb,(M00,);. Heating and cooling rate 20°C/min in air.
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machine equipped with a high-intensity Cu tube and
an MRC high-temperature attachment. The sample
was mounted on a vertical 5-mil platinum foil with
a Pt-Pt-10%, Rh thermocouple spot-welded to its
back center. The temperatures were not completely
uniform over the whole sample, varied somewhat
during the experiment, and the values given are only
approximate. Nevertheless the y phase was not
observed before melting but only after subsequent
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solidification. The 8 phase was the final product as
expected, with some changes in the diffraction
pattern due to orientation effects from solidification
in a thin film and slight displacement of the foil
sample holder. The d spacings and intensities of
y-Tby,(Mo00O,), taken from the diffractometer trace
are given in Table II. The indexing given is for a
cubic structure with @ = 10.44 A. This is close to the
average of the B-phase parameters 10.34, 10.39, and
10.65 A. The extra line at 3.10 A can be identified
with the strongest line of Tb,0,. In view of the
various uncertainties, the accuracy of the d values
is estimated to be about +1 9% and in view of this,
refinement did not seem justified.

The y to B transition for Tb,(MoQO,); and
Dy,(Mo0,); is exothermic on cooling as expected,
but for Eu,(MoQ,); and Gd,(MoQ,), it is endo-
thermic on cooling. This could arise, for example,
from exothermic heat emission being over-com-
pensated by heat absorption originating in the
supercooling temperature interval from a specific-
heat difference between the B and y phases, when
the latter is smaller. This change may also indicate
an additional change of structure within the Y field
between Gd and Tb molybdate. Rapid quenching
from the melt into liquid nitrogen or room-tempera-
ture mercury gave only the 8 phase for the Eu, Gd,
and Tb compounds; the Dy to Y compounds gave
the hydrates of structure K (/), which only appear
to form with C structure compound.

TABLE 1I
X-RAY POWDER DATA FOR y-Tb;(M0Q,); AT 1000°C*

h k l dcﬂlcd (A) dnbsd (A) Iobsd
200 522 5.28 vw
210 4.72 4.91 w
211 4.26 4.25 Vs
220 3.69 3.69 vw
300,221 3.48 3.52 s
310 3.30 3.30 vw
311 3.15 3.15 vw
— — 3.10 m
222 3.01 3.02 w
321 2.79 2.82 vw
400 2.61 2.61 vs
420 2.33 2.31 vs
332 2.23 2.24 vw
422 2.13 2.15 W
500,430 2.09 2.09 vw
511,333 2.01 2.01 m

“ Indexing is for cubic, a = 10.44 A.
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Since the B-phase molybdates can be obtained as
single crystal by pulling from the melt from Pr to
Tb, including the y region, the change y to 8 is a
relatively minor, nondestructive one. Accordingly,
the y structures must be closely related to the 8
structure.

Drobyshev et al. (12) have reported five forms of
Gd,(MoO,),, namely L,, L,, N, N5, and Ng. The
DTA curves shown in this work are so diffuse that
completeness of reaction or lack of stoichiometry
must be suspected. In addition the material was
prepared in the B form, cooled and then heated for
DTA and powder X-ray diffraction. In such a cycle
a metastable material may pass through other
metastable forms (Ostwald’s step rule or law of
successive transformations) and so the significance
of these results is questionable. In the case of
Pr,(MoQ,); Drobyshev et al. (13) claim eight phases,
designated N, N;, N,, N;, N4, BD, LD, and GD,
but not L. The spacings of the diffraction lines for
the five N forms in this system is essentially invariant.
The only differences are in some of the intensities,
which could have many causes. These results are
incompatible with ours.

D. Mixed Molybdate-Tungstate Systems

A detailed study of the Nd,(Mo00O,);-Nd,(WO,);
system was presented previously (2). We have now
completed five more pseudo-binary systems, those
of lanthanum, samarium, gadolinium, holmium, and
indium. These are shown in Figs. 6 through 10 and
cover various types of end-member structural com-
binations. In the case of the gadolinium system of
Fig. 8A, an actual equilibrium phase-diagram struc-
ture is shown, this being consistent with the phase
rule and with the experimental DTA, quenching, and
X-ray diffraction data. The phase relationships
among the various forms of Gd,(Mo0O,); have been
discussed in the previous section. Only the experi-
mental data are presented for the other four systems.
The accuracy of the melting and transition tempera-
tures is estimated to be £10 and +15°C, respectively,
except when dashed lines indicate a greater un-
certainty.

The indium system of Fig. 10, although not
containing rare earths, is given as one showing no
phase transitions. The unit cell parameters were
determined from diffractometer traces; error bars
are indicated in the figure. A maximum occurs in
the unit cell volume, reflecting mainly the variation
of the b parameter.

Figure 11 shows projections of the true mono-
clinic cells (3), orthorhombic subcells (/4), and
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system,

tetragonal or distorted tetragonal scheelite-type
subcells of «-neodymium molybdate (N) and
tungstate (A) (2). The projections are viewed down
the monoclinic b, orthorhombic b, and tetragonal
¢ axes, these being identical (b,, = b, = ¢). The other
relationships between the orthorhombic and tet-
ragonal subcells are

a=4Va® + co?9, y=2sin"Ya/2a).

Although the true monoclinic cells are quite
distinct, the family relationship can be most clearly
seen in the scheelite-type tetragonal (or distorted
tetragonal) subcells. The variation of the angle y
across the mixed neodymium molybdate tungstate
system is shown in Fig. 11; the a and ¢ variations
are similar but less pronounced (2). Apart from the
deviation of y from the ideal value of 90° for the
tetragonal N subcell, the other variation is in the
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manner of replacement of two Nd** and one vacancy
for every three Ca?" of the scheelite subcell. In the
A structure this occurs in a highly ordered two full
and one empty layer arrangement, and in the N
structure (3) in the lower order arrangement shown ;
the barred circles here signify partial occupancy.

Although the study of single crystals is necessary
for the establishment of the true cell parameters and
the nature of the ordering, significant partial insight
can be obtained from the tetragonal or pseudo-
tetragonal scheelite-type subcell parameters shown
in Figs. 6B to 9B. These were computed from the
orthorhombic subcell parameters determined from
the 220, 026, and 040 orthorhombic reflections which
could in every case be located on the diffractometer
traces. It is of course necessary to keep in mind that
this is an abstracting process, the rigorousness of
which can be established only when single-crystal
data is available.
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Another problem is the question of equilibrium.
Reproducibility was difficult to attain in some of
these systems, but we have found that 14 to 30 days
sintering at 700°C with repeated grinding gives
reproducible data; oxides rather than end-members
were used in the case of low-temperature sintering
to help attain equilibrium. We cannot be certain that
the existence of a wide two-phase region, as in the
holmium system, is an equilibrium relationship due
to a mixture of end-members having a lower energy
than a single continuously varying phase. Since a
continuously varying phase does seem to occur in
a system such as the neodymium one, the achieve-
ment of equilibrium does seem probable.

I3OOF (AL -
1200

Y —=
1100
/

(°C)

1000}

5=
900

TEMPERATURE

600 | 1 I I
o 20 40 60 80 100
6d,(M0O, )5 6d,(WO,)5

MOL %

B

g4° 14
93em
920!
o
11.50A c
: o
|
o
11404

5.30A
M a
{
| a
5.20 AL L i) 1 1
[¢] 20 40 60 80 107
aGd,(Mo0,) 5 aGd, (W05

MOL %

FiG. 8. Phase diagram (A) and lattice parameters for the
scheelite-type subcell (B) for the Gd;(Mo0O,);—Gd,(WO,);
system.
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The two N-A systems are quite different. In the
neodymium system (Fig. 11) the N field is very
narrow, extending only to about 2.5 mole %}, and
there is no evidence for a significant two phase
region. In the lanthanum case of Fig. 6 the N field
is much wider and the N and A structures appear
to coexist, although as previously stated the possi-
bility of nonequilibrium cannot be entirely ruled
out,

In the three M—A systems a similarly wide range
of behavior is observed. In the gadolinium system
(Fig. 8) the M field is about 4 mole %, wide and there
is no evidence for a significant two phase region;
here the subcell angle y is continuous, but a and ¢
are not. The holmium system (Fig. 9) shows an
extensive region in which M and A appear to coexist;
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here c¢ is continuous but a and y are not. In the third
M-A system, that of samarium (Fig. 7), the subcell
parameters show no discontinuity at all. Never-
theless, examination of the sequence of Guinier
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powder diffraction patterns shows a sequence of
changes. The major change appears to occur near
15 mole % tungstate, and this is the position at which
the M to A boundary is shown in Fig. 7. Confirma-
tion of this was obtained from the powder second
harmonic generation test as described by Kurtz and
Perry (15). This showed the absence of a center of
symmetry in Sm,(MoQ,),, but its presence in the 20
to 1009, Sm,(WO,); compositions. There are
nevertheless further changes, particularly between
25 and 60 mole?%,, consisting of the splitting and
recombination of lines in the diffraction patterns.
These are presumably indicative of slight changes
in the order—disorder arrangement or small devia-
tions from symmetry. All of the changes occur
within the apparently uneventful subcell variation
of Fig. 7B.

E. Discussion

From the details of the previous section and from
our previous work (2), it can be concluded that there
is a close relationship among the structures A, N*,
M#*, and D. There are nevertheless variations within
the structures, and, e.g., it would not have been
possible to assign «-Sm;(M0O,); and a-Ho,(M00O,),
to the same structure type without observing the
continuous change when the series of powder diffrac-
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tion photographs of the molybdates of Sm, Eu, Gd,
Tb, Dy, and Ho is assembled. We accordingly have
assigned an asterisk to M* to indicate these varia-
tions. There are also variations in N*,

On this basis we recognize the overall relationship
between A, N* M* and D by speaking of the A
family of structures. This family comprises the low
temperature forms of the larger ionic radius lan-
thanide tungstates and molybdates and is based on
a scheelite type subcell with variable disorder in the
way 2 Ln3" ions replace 3 Ca®* ions. There is eight-
fold oxygen coordination about the lanthanide ions
in the two structures that have been fully determined
in this family, «-Eu,(WO,)5 (A) and «-Nd,(MoO,),
(N), and presumably also in the other member of
this structure, all of which show scheelite or pseudo-
scheelite subcells. The membership of the various
families and structures is summarized in Table III.
The relationship between the L and J structures in
the L family (Table III} is indicated by the non-
destructive nature of the J to L transformation in
single crystals grown from the melt. This family
occurs for the intermediate radii tungstates and
molybdates at intermediate temperatures as shown
in Figs. 1 and 2. The oxygen coordination about Gd
in B-Gd,(M00,); (L) is 7 (4). There is a tetragonal
subcell, which is however not related to the scheelite
structure.

TABLE 111

STRUCTURE TYPES OF Lny;(WOQO,); AND Ln,(MoQ,);

Archetype and

Structure Occurrence

space group

Subcell Refs.

A Family Structures (Ln 8-coordinated?)

A « form of La to Y tungstates a-Fu,(WO,); C2/c Scheelite type, y = 90° 1,2,7,14)
D B form of La to Eu tungstates — Pseudoscheelite, y # 90° ()}
M#*b « form of Sm to Ho molybdates — Pseudoscheelite, y # 90° (¢))]
N#* « form of La and Pr to Pm molybdates «-Nd,(M00O,); C2 Pseudoscheclite, y # 90° 2,3,7
L Family Structures (Ln 7-coordinated?)
L B form of Pr to Ho molybdates and o-Y
molybdate B-Gd,(Mo0QO,); P42,/m° Tetragonal a,4,9-11)
J* y form of Eu to Dy molybdates y-Tb;(Mo00,); (cubic®) — —
C Family Structures (Ln 6-coordinated®)
C* Molybdates: Er to Lu, Sc, In, Fe, Cr, Al  «-Sc3(WO,); Pnca — 1,5,6)
B-Y, y-Ho, 8-Dy. Tungstates: Er to Fe,(M0Qy); P2, /a Pnca 6,17
Lu, In, Sc, Al; B-form of Gd to Eu Tby,(MoQ,); — Pnca (18)

4 Where known.

b There is or may be some variation within the *structures (see text).

¢ Above T,: below T it is Pba2.
4 Cubic or close to cubic; Pm3m or subgroup.
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FiG. 12. Occurrence of the A, C, and L families shown against ionic size of the trivalent component.

In the C family there is 6-coordination about the
trivalent lanthanide or transition metal ion. It has
been reported (16, 17) that In,(MoO,); and
Fe,(Mo0O,);, although having a C* structure (Pnca)
subcell, are in fact monoclinic P2,/a, with a = 15.5,
b=9.2, c=18.1 A and B=125° for the iron and
a=16.34, b=9.55, ¢=18.76 A and B=125° for
the indium compound. A brief examination (18) of
a Tm,(MoQO,); crystal protected from reaction
with atmospheric moisture showed a subcell
identical with the Sc,(WO,); structure, but indicated
doubling of the ¢ axis with a = 10.00, b = 13.65, and
¢=19.50 A. Rode et al. (6) have designated the
lanthanide molybdates of this type C’, based on
slight differences in the X-ray powder-diffraction
pattern from that of Sc,(WO,);. This type of
variation within C* is quite consistent with the
structure family concept as proposed.

In Fig. 12, the occurrence of the 6-, 7-, and 8-
coordinated families of structures are shown against
the ionic radii of the trivalent ions. The radius ratio
limits are based on a value of 0.732 with oxygen
1.38 A. The radii used are taken from the recent
compilation of Shannon and Prewitt (19). This set
of radii, as well as others, places Y between Ho and
Er; this position is confirmzd for the molybdates and
tungstates by the data of Figs. 1 and 2. The agree-
ment observed in Fig. 12 must be considered to be
better than one should expect, since these com-
pounds clearly have an appreciable extent of
covalent character.

The surprising diversity of structure types in these
two series of compounds is systematized with the
assignment of the eight or more structures into three
families. We believe that the structures discussed
here are equilibrium phases. Single-crystal studies,
particularly of D, N*, J, and additional C* com-
pounds, will be needed to obtain yet further insight
into the relationships within and among these
families of compounds.
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