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ture, there must be a slight relaxation around their
lattice sites.

For the uranium at the cell origin, the coordination
number increases to 7 or 8 with the extra U-O bonds be-
ing perpendicular to opposite faces of the octahedron at
adistanceof 2.46 A. At temperatures above 1000°, the
structure rearranges to the normal fluorite structure,

Ordered rare earth oxide phases of composition ROy.7;
are isostructural with UQ;3Y;0;. Their narrow com-
position limits are fixed by the oxygen-to-metal ratio
of 12:7. This phase can form only with Ce, Pr, and Tb
because they have both trivalent and tetravalent oxida-
tion states. In terms of these valences, this phase
should be written (M**+)3(M?*+),05;. However, since
the crystal structure requires one metal ion to be lo-
cated at the origin, it is apparent that this arrangement
must be stabilized by electron transfer. Although it
would be impossible by X-ray diffraction to determine
whether an M?®F or M** ion is located at the origin,
analogy with U,Y;0;, suggests that it is the site of an
M4t ion. Structurally, then, the composition is
M4+ (2M*4, 4M35+)Oy, where electron exchange produces
equivalency in the 18-fold general position of the
hexagonal unit cell.

Further oxidation of PrO;.;; and CeO;.n; leads to an-
other stable phase of composition MO;.zs.  In terms of
ions, this could be written (M?*T)(M?*);0;2.5. If this
oxidation takes place without rearrangement, the
rhombohedral structure would contain M*+H(3M*T,
3M?+)Osp.5 and 1.5 additional oxygen atoms would have
randomly entered the (6¢c) special positions of the hexag-
onal cell. That this is probably the case can be
inferred from the changes in the lattice parameters
which have been reported.’? Comparison of hexagonal

(12) L. Eyring and B, Holmberg, ‘‘Nonstoichiometric Compounds,” Ad-

vances in Chemistry Series, No, 39, American Chemical Society, Washington,
D. C., 1963, pp 46-57.
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TasLE VIII
CHANGE IN ¢/a RaT10 WitH COMPOSITION
Compd c/a Compd c/a
U;Y:01 0.935 U:Y5013.5 0.934
C€O1.71 0.936 CGOm‘s 0.926
PrOyn 0.932 PrOy.zs 0.918

¢/a ratios are given in Table VIII. Although the
number of oxygens added to the rare earth oxides is
less than that for the mixed uranium-yttrium com-
pound, they produce a greater contraction of the ¢
axis. The formation of RO; polyhedra probably causes
more rearrangement in these oxides than is the case for
the seven-coordination around the uranium ions. A
continuation of this oxidation process in similar steps
might be expected to produce the following stable com-
positions
MA4F(4M4F, 2M37)01 = (MO1.85)
M4H(BM4+, 1M37)O;.5 = (MOr.3)

but neither of these stoichiometries has been reported
as a stable phase. This can probably be accounted for
by the fact that the addition of more oxygen, along the
hexagonal ¢ axis, further contracts the lattice in this
direction to produce eightfold coordination around the
M*t ions at the origin. This configuration is unstable
because an MOz group normally exists as a regular cube.
Also, adding more oxygen rapidly increases the repul-
sion between neighboring oxygens, causing a structural
rearrangement to occur. The short O-O distances in
rhombohedral U,Y;0i3.5 after low-temperature oxida-
tion make this a metastable compound which transforms
to face-centered cubic above 1000°.

Acknowledgment.—The author is grateful to Dr.
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Phase relationships in the rare earth sesquioxides have been studied at pressures from 15 to 80 kbars at 550, 1000, and 1450°.
No measurable shift is observed in the boundary between the hexagonal (A) and monoclinic (B) phases, but stability of the

monoclinic phase relative to the cubic phase is enhanced by increased pressure as well as higher temperature.
Lattice parameters are given for 11 monoclinic sesquioxides-——Y,0y and
The entropy increase involved in the transformation from the cubic to monoclinic structure is esti-

phase transformations are shown to be reversible,
Sm,Q; through LusOs;.
mated to be 1.5 eu.

The rare earth sesquioxides were first investigated
systematically by Goldschmidt and his co-workers® in

(1) Based on work performed under the auspices of the U. S. Atomic
Energy Commission.

(2) Presented at the 150th National Meeting of the American Chemical
Society, Atlantic City, N. J., Sept 1965.
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1925. The great similarity in the chemical properties
of -the individual lanthanides had effectively prevented
the isolation of sufficiently pure samples for any de-

(3) V. M. Goldschmidt, F, Ulrich, and T. Barth, Skrifier Novske Viden-
skaps-Akad. Oslo, I+ Mat. Nature. Kl. No. 5 (1925).
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tailed study of the sesquioxides to that date. Gold-
schmidt’s work showed that, despite the relatively
small variation in cation radius between lanthanum
(1.06 A) and lutetium (0.85 A),* one encounters three
distinct structure types in the sesquioxide series.
During the past 40 years the lanthanide oxides have
been studied by numerous workers who have determined
the crystal structures of the three sesquioxide phases
and have investigated the phase relationships among
them. Goldschmidt’s original designations for the
phases (4, B, and C) are still in use today.

Type AS is hexagonal, space group P3ml, and con-
tains one molecule per unit cell. Each trivalent cation
is bonded to seven oxygen atoms (four short bonds and
three long bonds), while the two types of oxygen atoms
are bonded to five and four metal atoms, respectively.

Type B,® space group C2/m, is monoclinic, contains
six molecules in each unit cell, and also shows a seven-
fold coordination of the cation. The crystal lattice
has three different cation sites and five different anion
sites which bond to four, five, or six metal ions.

Type C7 is cubic, space group Ia3, with 16 mole-
cules per unit cell. It is derived from the simple
fluorite lattice by doubling the lattice parameter and
by leaving one-fourth of the anion sites vacant. The
resulting coordination is 6:4.

The stability fields of the three structure types, as
established by recent studies, are outlined in Figure 1.2
The A <> B boundary line is vertical or nearly so be-
tween neodymium and samarium. Recent studies by
Weigel® indicate that Pm,O; may be the only rare earth
sesquioxide to crystallize in all three structural modifi-
cations. Since the A-B phase boundary is virtually
independent of temperature, there is little opportunity
to study reversibility between these phases. The C <>
A transformation does not appear to be reversible, ex-
cept through a hydration-dehydration step. Location
of the B <> C phase boundary line has been fairly well
established; further extension of the line to higher tem-
peratures is prevented by fusion of the sesquioxides.
Thus, Y:0; and the five heaviest rare earth oxides
exist in only the cubic form at ambient pressure. The
B <> C transformation has been shown to be reversible
for pure Dy:0;, ThyOs and GdyOs and for Sm,O; and
Fu,0; in the presence of water as a catalyst.

The preceding investigations have been carried out
at atmospheric pressure or in hydrothermal studies to
24,000 psi (~1.6 kbars). A comparison of molar
volumes of the three structure types suggested that high
pressure should lead to a shift in phase boundaries.
The B-type structure should be favored over the C-
type, and the hexagonal (A) type over both of the
other structure types. The shift from 6:4 coordination
with oxygen vacancies to the 7:(4, 5, 6) coordination of
the monoclinic form produces a substantial (~8%,)

(4) Ionic radii taken from D. H. Templeton and C,-H. Dauben, J. Am.
Chem. Soc., 76, 5237 (1954).

(5) L. Pauling, Z. Krist., 69, 415 (1929).

(8) D. T.Cromer, J. Phys. Chem., 61, 753 (1957).

(7) L. Pauling and M, D. Shappel, Z. Krist., 76, 128 (1930).

(8) I. Warshaw and R. Roy, J. Phys. Chem., 68, 2048 (1961).

(9) F. Weigel, private communication,
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Figure 1.;Sfabi1ity relationships of rare earth sesquioxides.

volume decrease, while the monoclinic to hexagonal
phase change produces only a minor volume change.
Since the phase transformations are of the reconstruc-
tive type, which involve rearrangement of the atoms or
ions in the solid, rather than a minor displacement in
their positions, it would be expected that any change
brought about at high pressure and temperature would
be retained upon release of pressure.

In arecent preliminary note Hoekstra and Gingerich®
reported the preparation of the monoclinic (B) form of
six rare earth oxides which had previously been known
only in the cubic (type C) form—namely, Ho, Er, Tm,
Yb, Lu, and Y sesquioxides. The phase changes were
shown to be reversible. The present report repre-
sents a continuation of the high-pressure work on the
lanthanide sesquioxides; it outlines the B <> C phase
equilibrium surface as a function of ionic radius, tem-
perature, and pressure. Entropy and enthalpy changes
in the cubic-to-monoclinic phase transformations are
estimated.

Experimental Section

Materials and Methods.—Rare earth sesquioxides (99.9+ 9
purity) were annealed in air at 1000° for several hours to remove
water and CO;. Terbium and praseodymium sesquioxides were
prepared by reduction of ThtO7 and PrgOn with hydrogen at 900°.
X-Ray diffraction studies indicated the existence of La;O3, Pr20;,
and Nd;O; in the hexagonal (A) form, the remaining sesquioxides
(Sm30; through L1,0;) were obtained in the type-C form.

High-Pressure Technique.—A 2000-8000-ton, tetrahedral-
anvil, high-pressure apparatus of the type designed by Hall"
was used in this study. Pyrophyllite was employed as the solid
pressure-transmitting medium. The pyrophyllite tetrabedra
were 5.5 cm on an edge and contained a cylindrical sample cavity
measuring about 1 ¢cm in diameter and 1.5 cm in length. Figure 2
illustrates a typical sample assembly in cross section, with
graphite heater and end caps, pyrophyllite liner, spacers, and
prisms, molybdenum tabs, and sample disks. From one to four
sesquioxide samples were treated in each high-pressure run. The
oxide powders were placed in 2-mil Pt-foil cups, covered with a
Pt-foil disk, and given a preliminary pressure treatment at 0.4
kbar in a steel die. The platinum envelope effectively isolated
the oxide samples from any possible reaction with the pyrophyl-
lite liner and spacers.

Electrical power was supplied to the high-pressure apparatus

(10) H. R. Hoekstra and K. A. Gingerich, Science, 146, 1163 (1964).
(11) H. T. Hall, Rev. Sci. Insir., 29, 267 (1858).
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Figure 2.—High-pressure sample assembly.

by a 20-kw transformer for heating currents to 1500 amp and
voltages to 10 v. Power was fed to the graphite heater by means
of molybdenum tabs which contacted the two anvil faces to
which power leads from the transformer were attached. Tem-
peratuire measurements were made with a ceramic-coated Pt—Pt-
139, Rh thermocouple sheathed in stainess steel. The thermo-
cottple bead was located at the midpoint of the pyrophyllite liner
surrounding the sample disks. Temperatures could be read to
+1°, The high-pressure experiments were run principally at
three temperatures: 550° (the lowest temperature at which
equilibration occurred at a reasonable rate), 1000°, and 1450°.
Temperatures were maintained within =4=5° at 550°, +10° at
1000°, and -=25° at 1450°. Heating times were generally 1 hr at
550°, 30 min at 1000°, and 5 min at 1450°,

The range of presstires investigated was from 15 to 60 kbars in
intervals of 5 kbars. Calibration points used were 25.3 kbars
for the Bi(I — II) transition,!? 40 kbars for the Yb transition,!?
and 59 kbars for the Ba transition.!? The sequence of opera-
tions in a typical run included application of the desired pressure,
heating to high temperature, maintenance of high temperature
and pressure to allow approach to equilibrium, quenching to
room temperature (a few seconds), then gradual release of pres-
sure over a 5-10-min period. Samples were then removed for
investigation by X-ray diffraction. X-Ray data were obtained
‘with a Phillips 114.59-mm diameter powder camera using Ni-
filtered Cu radiation.

Results

Unit Cell Parameters and Molar Volumes.—The
monoclinic (B) form of Ho, Er, Tm, Yb, Lu, and Y
sesquioxides was prepared at each of the temperatures
investigated. Complete conversion to the B modifica-
tion could be achieved in 1 hr at 550° only when the
pressure was maintained 10-15 kbars above the
“equilibrium’ pressure, as established by the first
appearance of the monoclinic phase in the cubic oxide.
The B-type sesquioxides which can be synthesized at
ambient pressure and high temperature (Smy0O; through
Th:0;) were also prepared at each of the three tem-
peratures in the high-pressure experiments. No evi-
dernce was obtained, however, for any shift in the A <> B
phase boundary line at pressures to 60 kbars. TUnit cell
parameters were calculated for each of the monoclinic
oxides (Table I). The sin? § values were corrected for
absorption by using a working graph obtained from a
plot of the 4 values against sin? 8, where the 4 values
are quantities proportional to the reciprocal lattice
constants. New values for the hexagonal sesquioxides
were also obtained. The data on the new monoclinic

(12) R, H. Wentorf, “Modern Very High Pressure Techniques,” Butter-

worth Ine., Washington, D. C., 1962,
(13) P.C. Souersand G. Jura, Science, 140, 481 (1963).
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TasBLE I
RARE EARTH SESQUIOXIDE CELL PARAMETERS

Hexagonal @ (5£0.003), A ¢ (+£0.005), A
Lay0; 3.938 6.128
Pr,O; 3.857 6.01g
Nd,03 3.829 6.002
Monoclinic @ (£0.01), & (=£0.003), ¢ (£0.008), g (=0.03),
A A A deg
SmeO; 14.18 3.638 8.841 99.92
Eu;03 14.12 3.600 8.801 99.98
Gdy0s 14.08 3.571 8.764 100.03
ThaOs 14.04 3.541 8.725 100.06
Dy303 13.97 3.519 8.661 100.00
Ho:03 13.90 3.499 8.592 99.98
Y303 13.91 3.483 8.593 100.15
ErO 13.87 3.479 8.555 100.17
Tmy03 13.81 3.447 8.505 100.20
Y103 13.73 3.425 8.459 100.17
Lu O 13.70 3.410 8.425 100.22
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PRigure 3.—Molar volumes of rare earth sesquioxide phases.

phases were found to be in good agreement with an
extrapolation of results reported previously by Roth
and Schneider! for the ambient pressure-stable mem-
bers of the series. The single exception is the fact that
the angle 8 is shown to increase slightly in going from
samarium to lutetium sesquioxide, while the earlier
data had indicated a gradual decrease in the angle.
These results now permit a more extensive compari-
son of molar volumes among the three structure types
in the lanthanide sesquioxides. Within the limits of
error, the observed lanthanide contractions in the A-
and B-type phases as shown by Figure 3 are identical,
while the C-type structure shows a somewhat greater
decrease in volume with decreasing cation radius.
Phase Relationships.—As indicated earlier, loca-
tion of the B <> C equilibrium line as a function of
pressure and cation radius has been studied at three
temperatures. Figure 4 illustrates the results obtained
at 1000°. Onmne observes that the shape of the pressure-
ionic radius curve resembles the temperature-ionic
radius plot shown in Figure 1. Thus, both high pres-
sure and high temperature tend to stabilize the mono-
clinic phase relative to the cubic phase. The effect of
ionic radius is, however, much greater than tempera-

(14) R, S. Roth and 8. J, Schneider, J. Res. Natl. Bur. Std., A64, 309
(1960).
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TFigure 4.—Rare earth sesquioxides: 1000° isotherm.
ture or pressure in shifting the equilibrium line. At
550° the pressure required to effect the C — B trans-
formation is about 5 kbars higher than shown for the
1000° experiments, while at 1450° the pressure re-
guired is about 5 kbars less. Yttrium sesquioxide, not
shown in the figure, required ~5 kbars higher pressure
at each temperature to effect the phase transformation
than expected from its ionic radius.

The few high-pressure experiments conducted with
In,0; were unsuccessful in bringing about any change
in its structure. By extrapolation of the pressure wvs.
radius line, one can predict a transformation to the
monoclinic phase at approximately 75 kbars, but this
value is doubtful since an increased concave upward
slope of the C <> B equilibrium line could increase the
pressure required by a significant amount.

Figure 5 illustrates how high pressure alters the loca-
tion of the C == B equilibrium in a cation radius vs.
temperature plot. The equilibrium shift is notice-
ably greater in the interval between 1 atm and 20 kbars
than it is in the 20 to 40 kbars interval.

Reversibility of the C <+ B phase transformation in
the six new monoclinic sesquioxides was confirmed by
annealing the B phases in air at ambient pressure and
900° for several hours. The cubic phase was obtained
as a product in all experiments. Reversibility was also
checked in several high-pressure experiments operated
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Figure 5—Pressure effect on sesquioxide phase equilibria.

on the C-stable side of the equilibrium line. In each
instance the conversion from monoclinic to cubic phase
was confirmed.

Annealing experiments were run to study the phase
equilibrium in Gd,0; Euy0s; and Sm,0; After 3
weeks at 950°, both the gadolinium and europium morno-
clinic sesquioxides showed partial conversion to the
cubic phase. Reversibility of the B <= C phase trans-
formation has now been established for all sesquioxides
except Smy0;.  The indicated equilibrium temperature
for SmyQ;, 875°, is so low that equilibration should be
extremely sluggish. However, all indications are that
the B —» C transformation is possible and that a revers-
ible system exists for all members of the series.

The high-pressure data, qualitative as they are, do
permit an estimation of the entropy and enthalpy
change in the cubic-to-monoclinic phase transformation.
One observes an approximate 5-kbar decrease in transi-
tion pressure for a 450° increase in temperature. Ap-
plication of the Clapeyron equation indicates that the
C — B phase change results in an entropy increase of
1.5 eu and an enthalpy change of some 2 kcal/mole.
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