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Information on the controversial phase diagram of CeOy

(1.65(y42.0) was obtained by making single-crystal neutron
scattering measurements on CeO1.800 and CeO1.765 up to 1064K.
The observed phase transitions at 755K, 823K, 866 K, and 898 K
when the temperature is raised (or 738 K, 773 K, 845K, and
898K when T is lowered) for CeO1.800 as well as the observed
phase transition at 911 K (907K) for CeO1.765 qualitatively con-
5rm the phase diagram proposed previously by Ricken et al. The
crystal structures of all the observed phases apparently are of
rhombohedral symmetry (space group R31 ). ( 2000 Academic Press

INTRODUCTION

The phase diagram of CeO
y
is still not known very well.

There are many discrepancies between the results of di!erent
authors, especially for the composition range 1.75(y(1.85.
Extensive speci"c heat measurements in that composition
range by Ricken et al. (1) yielded a phase diagram that
di!ers tremendously from the phase diagram published by
ASM International (2). The aim of the present work was to
decide in favor of one of the contradictory diagrams using
single-crystal neutron scattering as a completely di!erent
method to detect the various phases. Furthermore, some
information on the crystal structures of these phases was
intended to be obtained. Due to the experimental di$culties
in varying the oxygen content of a single crystalline sample,
the measurements were taken for two constant composi-
tions y"1.800 and y"1.765.

SAMPLE PREPARATION

The single-crystal specimen with a volume of approxim-
ately 1 cm3 used for these neutron di!raction measurements
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was a piece of a large unique single crystal. Other parts of
that crystal were used for the neutron di!raction structure
investigations on C}Ce

2
O

3`d , Ce
7
O

12
, and Ce

11
O

20
de-

scribed elsewhere (3, 4).
The crystal of about 2 cm3 was grown by skull melting at

the Institute of Physics of the University of Frankfurt,
Germany, using CeO

2
with a purity of 99.9%. Its color was

pale pink.
The structure re"nement of a piece of that CeO

2
single

crystal by neutron di!raction proved its #uorite-type cubic
structure (space group Fm31 m) with a full occupation of the
oxygen site (sof"101(1)%). The mean square displace-
ments were determined to be ; (Ce)"0.0036(2)As 2 and
;(O)"0.0064(2)As 2 (3, 4).

To reduce the specimen to the composition CeO
1.800

it
was heated for about 20 h in a well-de"ned humidi"ed
hydrogen (purity 5.0) atmosphere at 9713C using the rela-
tionship between the composition y of CeO

y
and the oxygen

pressure according to Bevan and Kordis (5). After the reduc-
tion it was tempered in argon (original purity 4.8, cleaned by
Oxisorb and porous zirconium at 8003C (1)) which caused
a certain reoxidation (see Table 2.1 in (4) or compare
Table (1) in this article and Table 1 in (3)). Then the crystal
was sealed in a niobium container to prevent it from re-
oxidizing.

After the completion of the investigations on CeO
1.800

the specimen was reduced in the same way to the composi-
tion CeO

1.765
without tempering it afterwards. Due to the

embrittlement caused by the reduction some parts of the
crystal crumbled away, leaving a remaining specimen of
about 0.5 cm3.

The reduction conditions for both compositions are sum-
marized in Table 1. The specimen was black for both reduc-
tion levels. The "nal compositions were determined from
measurements of the pseudocubic lattice parameter a by
neutron di!raction using the well-known relationship be-
tween the composition y and a (6). a was determined with an
accuracy of $0.002As , and the accuracy of y is about
$0.004 (neglecting the error in the relationship between
y and a that is not speci"ed in (6)).



TABLE 1
Reduction Conditions and Final Compositions y Determined

from Measurements of the Pseudocubic Lattice Parameter
a Using the Relationship between y and a According to Ray
et al. (6)

y a (As ) Reduction conditions

1.800 5.502 ¹"9713C, ¹
B
"33C, tempered for 16 h at 10003C,

initial composition: CeO
2

1.765 5.517 ¹"9713C, ¹
B
"33C, mixed 1:5.5 with dry H

2
,

initial composition: CeO
1.800

Note. The errors are $0.002As for a and $0.004 for y. ¹ is the
reduction temperature, and ¹

B
is the water temperature in the hydrogen

humidi"er.
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NEUTRON DIFFRACTION MEASUREMENTS

For a rough overall view on the di!raction, intensity
maps of the elastic neutron scattering intensity in the (1 11 0)
plane and in the layer 0.25 of the [1 11 0] zone, i.e., in a plane
in the reciprocal space parallel to [1 11 0] with the distance
0.25 ) [1 11 0] to that (the (1 11 0) itself is the layer 0), were
collected at the time-of-#ight spectrometer for di!use neu-
tron scattering (DNS) at the FRJ-2 research reactor (DIDO)
in the Research Center JuK lich, Germany. This facility uses
cold neutrons (moderated with liquid hydrogen). A double-
focusing graphite monochromator was used to select a neu-
tron wavelength of 3.3As . Pure elastic scattering was
achieved by the time-of-#ight method with an energy resolu-
tion of $1.5meV. Fifty-two 3He detectors were arranged
in such a way that the scattered intensity in the 2h range
from 0 to 1283 could be measured simultaneously for one
sample orientation / with a resolution of *(2h)"2.53. The
sample was then reoriented in steps of */"13. The sample
container caused an intense Debye}Scherrer ring (Nb 1 1 1
re#ection) in the di!raction measurements. Because of the
vertical divergence the integration widths of the layers are
0.15 reciprocal lattice units (i.e., $0.15 ) [1 11 0]) for the layer
0 and $0.1 for the layer 0.25.

To investigate in detail the structural phase transitions
which occur between the phases with di!erent ordering of
oxygen vacancies, measurements of the elastic neutron scat-
tering intensity in the (1 11 0) plane were taken using the
triple-axis spectrometer UNIDAS at the FRJ-2 research
reactor (DIDO) in the Research Center JuK lich, Germany.
A vertically focusing graphite double monochromator was
used to select 2.36As neutrons from the thermal neutron
source. The scattered neutron wavelength was selected us-
ing a focusing graphite analyzer. The neutron beam diver-
gence was controlled by Rutherford collimators
(collimation parameters (a

2
, a

3
, a

4
, a

5
)"(24@, 15@, 15@, 15@)),

the neutron detection was done using 3He detectors. The
measurements were concentrated on the 2 2 0 and 0 0 4 re-
#ections of the #uorite structure and on selected superstruc-
ture re#ections. The sample was heated in a standard oven
of UNIDAS; the temperature was measured with two ther-
mocouples "xed in the sample holder at about 1 cm above
and below the sample.

CeO
1.800

The maps taken at the DNS at ambient temperature
are shown in Fig. 1. A great number of superstructure
re#ections in both layers are in accordance with cubic
symmetry. Especially in the ranges mmf of the (1 11 0) plane
with m"1.6$0.3, DfD"1.0$0.4 and m"1.3$0.2, DfD"
1.6$0.2, these re#ections are very intense and close to-
gether. In the range m"1.6$0.3, DfD"1.0$0.4 the super-
structure re#ections lie on the straight lines [mmm/2] and
[mm2-m/2] within the experimental accuracy given here. In
the layer 0.25 the most intense superstructure re#ections are
located in the range m#0.25 m!0.25 f with m"1.45$0.1,
0.2(DfD(2.0 and again, their positions are in accordance
with cubic symmetry.

Apart from these re#ections, there is a ring of arbitrarily
distributed re#ections with the radius of the 2 2 0 re#ection
of CeO

2
which originate from small misoriented parts of the

crystal. (The 2 2 0 re#ection of CeO
2

is much more intense
than the 2 0 0 and the 1 1 1 re#ections, so only the ring of the
2 2 0 re#ections is visible.) The arched, extended intensities
in the ranges mmf with 0.8(m(2.1, 04DfD(0.9 and
m"0.3$0.1, 1.14DfD(3 in the (1 11 0) plane and in the
corresponding regions in the layer 0.25 as well as the lines
crossing in the points m"0, DfD"1.8 are caused by multiple
re#ections in which the niobium container or parts of the
heating facility are involved; i.e., these patterns are experi-
mental artifacts.

A map of the (1 11 0) plane taken at 700 K (not shown here)
does not di!er signi"cantly from that taken at ambient
temperature. The map taken at 850 K (see Fig. (2)) shows
that some of the superstructure re#ections have already
vanished while others are still present. Additionally, a weak
di!use scattering pattern occurs with maxima at mmf,
m"1.56, f"1.07 and at m"1.32, f"1.66. At 1000 K all
the superstructure re#ections have vanished and the inten-
sity of the di!use scattering is much increased. This high-
temperature di!use scattering and its information concern-
ing the oxygen vacancy short-range order in the disordered
phase are discussed elsewhere (4).

At the UNIDAS the superstructure re#ections near the
straight lines [mmm/2] and [mm2-m/2] with 1.3(m(2.0 were
selected for detailed temperature-dependent investigations.
Figure 3 shows a high-resolution measurement of the dif-
fraction intensity map of that area in the (1 11 0) plane taken
at 667K, i.e., in the low-temperature phase. The raster
stepwiths of the measurements are dm"0.004 and d*l"0.01



FIG. 1. Figure Contour plots of the elastic scattering intensity of
CeO

1.800
at ambient temperature in the layer 0 (top) and in the layer 0.25

(bottom) of the [1 11 0] zone. The arched, extended intensity patterns are
multiple re#ections caused by the experimental environment (see the text).

FIG. 2. Contour plot of the elastic scattering intensity of CeO
1.800

at
850K in the layer 0. (Again, the arched intensity patterns are caused by the
experimental environment.)
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for !0.054*l40.02 or d*l"0.02 for 0.024*l40.06,
respectively.

The elliptic shapes of the re#ections show the di!erent
re#ection widths in the longitudinal or transversal direc-
tions (FWHM"0.017As ~1 longitudinal and 1.33+0.06As ~1

transversal). The centers of the re#ections in the top and in
the bottom part of the "gure are located mirror symmetrical
with respect to the plane l"1 (it is a line in the "gure
projection), but their intensities are di!erent. The re#ections
at the positions m"1.473, 1.640, 1.756, and 1.84 are located
rather precisely on the straight lines [mmm/2] or [mm2-m/2], in
contrast to the re#ections at (m, *l)"(1.485,!0.03),
(1.64,!0.04), and (1.793,!0.02) in the mmm/2#*l array
and at the corresponding positions in the mm2-m/2#*l
array. In these experiments it was not possible to determine
whether the re#ection positions lie signi"cantly outside of
the (1 11 0) plane.

The sharpness of the re#ections undoubtedly shows that
there is a superstructure on the #uorite lattice and not
merely short-range order. The re#ection positions show that
the supercell (or supercells in the case of coexisting phases in
the sample) must be of large periodicity because there is no
way to "nd indices h/n, k/n, l/n for the re#ections choosing
small numbers for n.

¹emperature dependence of the superstructure re-ec-
tions. To determine the number of phase transitions and
the transition temperatures the superstructure re#ections at
mmm/2 and mm2-m/2, 1.3(m(2.0, were observed at di!erent
temperatures, both when raising and when lowering the
temperature. To get a rough overview, the sample was
heated in large steps of 50K, scanning the above-mentioned
re#ections at each temperature level. The measurements
showed that the phase transitions occur between 750 K and
950 K and indicate which positions in the Q space are of
interest. That temperature range was then remeasured by
raising the temperature in steps of 10 K and scanning only



FIG. 3. Contour plot of the elastic scattering intensity of CeO
1.800

, low-temperature phase (667K), in the (1 11 0) plane in the areas mmm/2#*l and
mm2-m/2#*l. The dashed white lines show the positions of the Debye}Scherrer rings of Mo 11 1 and Al 2 0 0 (heating facility components). A small part of
the Nb 1 11 ring can be seen in the bottom part of the "gure at m+1.58.
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the interesting Q regions. Each temperature level was kept
for about 75 minutes while the scattering data were taken.
Figure 4 shows that the re#ection pattern changes drasti-
cally as a function of temperature. In the whole observed
Q range the changes occur simultaneously at de"nite tem-
peratures within a relatively small temperature range. Con-
sequently, the phase transition temperatures can be
determined easily with an absolute precision of about
$5 K (relative precision $1 K). There are four phase
transitions at 755K, 823 K, 866K, and 898K, labeled in the
following T1,2 ,T4. The ranges between them are labeled
R1,2 ,R5 (R1, ¹(755K;2;R5, ¹'898 K).

In the range R4, i.e., between 866K and 898K, the inten-
sities of the two re#ections at mmm/2 and mm2-m/2 with
m"1.84 decrease almost continuously until they have van-
ished at 898K. But even these two phase transitions at
866K and 898K are clearly visible, particularly when
looking at the re#ections mmm/2, m"1.635, and mm2-m/2,
m"1.425 and m"1.617. It is remarkable that above 823 K
the mirror symmetry of the re#ection positions with respect
to the plane l"1 disappears.

In order to study any hysteresis e!ects the same Q regions
were scanned while lowering the temperature in steps of 5K.
Again, each temperature level was kept for about 75 minutes
while taking the scans shown in Fig. 4 (right part). Here too,
four phase transitions are clearly visible with the re#ection
patterns in the "ve ranges matching the corresponding pat-
terns observed before when raising the temperature. So it can
be assumed that in both cases the same phases are present.

As shown in Table (2), some phase transition temper-
atures depend considerably on whether the temperature was
raised or lowered. In view of the slow temperature changes
(the mean temperature change rates were #8K/h and
!4 K/h) together with the temperature measurement very
close to the sample, it can be ruled out that these observa-
tions are caused by a delayed alignment of the sample
temperature. The phase transitions T1, T2, and T3 show
real hysteresis e!ects as they are a common feature of
reconstructive phase transitions.

The continuous intensity change of the re#ections at
mmm/2 and mm2-m/2 with m"1.84 within the range R4 ob-
served when raising the temperature is far weaker when
lowering the temperature. Here, the changes are concen-
trated much more at the phase transitions. Instead, the
re#ections mmm/2, m"1.84, and mm2-m/2, m"1.84 belonging
to range R3 are smeared out into the range R2.

In summary, these measurements show that up to a tem-
perature of about 898K superstructure re#ections are



FIG. 4. Contour plots of the [mmm/2] (top) and [mm2-m/2] (bottom) scans for CeO
1.800

when the sample temperature is raised (left) or lowered (right). At
m"1.653 and 1.807 in the upper parts of the "gure are the Debye}Scherrer rings of Mo 1 1 1 and Al 2 00 . At the lower border of the lower parts of the
"gure the Debye}Scherrer ring of Nb 1 1 1 can be seen. The dashed lines show the temperatures of the observed phase transitions.
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present and therefore we conclude that the oxygen vacancy
arrangement shows a periodic ordering. However, already
at 850K, there is a di!use scattering component (see Fig. 2)
indicating partial disorder in the vacancy structure. At each
of the phase transitions T1}T4 the vacancy order does
change as proved by the obvious change in the re#ection
pattern. But all these superstructures must have some char-
acteristic features in common, as shown by the strong super-
structure re#ections located in the same Q space regions for
all these phases; see the measurements presented in that
paragraph and the DNS measurements presented at the
beginning of the section.

¹emperature dependence of the -uorite structure re-ec-
tions. To determine the splitting of the #uorite structure
re#ections transversal and longitudinal scans of selected
re#ections were taken at di!erent temperatures.

There is no di!erence between the longitudinal pro"les of
the 0 0 4 re#ection in the low-temperature range R1 and the
high-temperature range R5. The widths of both pro"les



TABLE 2
Comparison of the Phase Transition Temperatures TC and TB

Observed for CeO1.800 When the Temperature Is Raised or
Lowered, Respectively (TM 5 (TC1TB)/2, DT 5 TC2TB)

Transition ¹
C

¹
B

¹M *¹

T1 755 738 746 17
T2 823 773 798 50
T3 866 845 855 21
T4 898 898 898 0

PHASE TRANSITIONS IN CeO
1.800

AND CeO
1.765

223
(0.026As ~1 at 667K, 0.025As ~1 at 987K) do not di!er signif-
icantly and correspond to the longitudinal resolution of the
UNIDAS; both pro"les can be "tted with single Gaussian
functions. So there is no indication of any re#ection split-
ting. These two pro"les were used to determine the
pseudocubic lattice parameter a(295K)"5.502(2)As (ex-
trapolated to ambient temperature) and the thermal linear
expansion coe$cient 1.3(1)]10~5K~1, in good agreement
with values for CeO

2
(7}9).

The integral intensity of the 0 0 4 re#ection is almost equal
for both temperatures. The intensity loss at high temper-
ature according to the Debye}Waller factor seems to be
compensated by the intensity gain due to the vanishing of
the superstructure re#ections.

The results for the longitudinal 2 2 0 re#ection pro"les are
quite di!erent, see Fig. 5. In the ranges R1}R4 that re#ec-
FIG. 5. Longitudinal scans of the 2 2 0 #uorite structure re#ection for
CeO

1.800
at 667K (range R1), 740K (R2), 840K (R3), 879K (R4), and

987K (R5). For each pro"le the Gaussian components and the sum
function (cf. Table 3) are plotted.
tion is split; only in the high-temperature range R5 can its
pro"le be "tted with a single Gaussian function. For the
ranges R1}R3 the pro"les can be "tted using the sum of two
Gaussian components, see Table 3, yielding FWHM values
for these components that are in accordance with the longi-
tudinal resolution of the UNIDAS. Trying the same for the
range R4 the resulting re#ection widths were signi"cantly
too large, so a third component was used. But due to the
highly correlated "t parameters the precise positions and
especially the partial intensities of the individual compo-
nents could not be determined precisely for that pro"le. The
components shown in Fig. 5 and listed in Table 3 are
determined applying the constraint of equal width para-
meters for the three Gaussian functions.

Finally, Fig. 6 shows transversal (rocking) pro"les of the
2 2 0 and the 0 0 4 re#ections. The widths of the two pro"les
are almost equal, FWHM"1.23. The comparison with the
spectrometer resolution of about 0.153 for the used con"g-
uration shows that the observed pro"le widths must be due
to the mosaicity of the sample crystal. Because of that,
re#ection splitting cannot be observed in any transversal scan.

CeO
1.765

The maps taken at the DNS at ambient temperature are
shown in Fig. 7. For CeO

1.765
too, a great number of

superstructure re#ections can be seen in the two layers, but
now, the cubic symmetry is obviously violated. (As for
CeO

1.800
, there are rings of re#ections due to misoriented

parts of the crystal and multiple re#ections caused by the
experimental environment.)

Additionally to the Brillouin zones of the #uorite struc-
ture the zones of a seven-fold superstructure are drawn in
Fig. 7 showing that in the layer 0 many of the superstructure
re#ections are located on positions that are shifted by
*m"1

7
o! the superstructure zone center positions and in

the layer 0.25 many re#ections lie at the zone centers.
Comparison with the re#ection positions for the Ce

7
O

12
structure (3, 4) further shows that almost all of these re#ec-
tions can be identi"ed with Ce

7
O

12
re#ections. That part of

the re#ections observed in the layer 0 can be identi"ed with
Ce

7
O

12
re#ections being located in the layer 1

7
+0.143 (that

explains the shift of *m"1
4
) and that part observed in the

layer 0.25 can be identi"ed with Ce
7
O

12
re#ections being

located in the layer 2
7
+0.286, in accordance with the above-

mentioned thicknesses of the measured layers.
Since the re#ections belonging to (noncubic) Ce

7
O

12
do

not show pseudocubic symmetry, we conclude that the
volume fractions of the eight possible orientation domains
are not equal.

Additionally, there are some re#ections that are not com-
patible with a seven-fold superstructure. In the layer 0, most
of them are located in the ranges mmf, m"1.6$0.2, DfD"
1.0$0.2. Moreover, there are some re#ections that seem to



TABLE 3
Parameters of the Pro5le Fits for the Longitudinal Scans of the 2 2 0 Re6ection for CeO1.800 Using the Function

+i Ai exp (2(n2Bi )
2/2r2

i )

Range ¹ (K) I S i A
i
(103) B

i
p
i

w
i
(As ~1)

R1 667 1361 1.9999 1 53(2) 1.9952(2) 0.00458(7) 0.0173(3)
2 64(2) 2.0037(2) 0.00471(6) 0.0178(3)

R2 740 1456 1.9996 1 59(2) 1.9952(2) 0.00474(8) 0.0179(3)
2 68(2) 2.0036(2) 0.00444(6) 0.0168(3)

R3 840 1425 2.0004 1 53(2) 1.9953(2) 0.00456(9) 0.0172(4)
2 73(2) 2.0041(1) 0.00445(6) 0.0168(3)

R4 879 1399 2.0002 1 30(1) 1.9920(1) 0.00425(6) 0.0161(3)
2 62(2) 2.0005(2) 0.00425(6) 0.0161(3)
3 39(2) 2.0059(2) 0.00425(6) 0.0161(3)

R5 987 1392 1.9999 1 128(1) 1.9999(0) 0.00433(2) 0.0163(1)

Note. The FWHM values of the Gaussian components are w
i
"p

i
J8 ln2J2 (2n/a). I is the integral and S the center of gravity of the "t function.
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be compatible with a seven-fold superstructure but are in-
compatible with the re#ection positions of Ce

7
O

12
, for

example the re#ection (m,f)+(10/7, 5/7). So, apart from the
phase Ce

7
O

12
, at most one more phase is present in the

sample crystal.
A map of the (1 11 0) plane taken at 850K (not shown here)

di!ers only a little from that taken at ambient temperature.
In contrast to the map for CeO

1.800
at 850 K, no di!use

scattering intensity was observed.
Again, selected superstructure and #uorite structure re-
#ections were measured at the UNIDAS now. Here too, the
Ce

7
O

12
re#ections from the layer 1

7
appear in the (1 11 0)

plane due to the vertical divergence of the spectrometer.
FIG. 6. Transversal scans of the 2 2 0 and the 0 0 4 re#ections for
CeO

1.800
at 667K.
¹emperature dependence of the re-ections. To get a rough
overview of the phase transitions, the sample was heated in
large steps of 40K starting at 600 K. Longitudinal scans of
the #uorite structure re#ections 0 0 4 and 2 2 0 and scans in
the direction mm0 of the superstructure re#ections mmf with
(m,f)+(1.56, 1.143)+(11/7, 8/7), that is the 11 3 0

3
re#ection

of Ce
7
O

12
(rhombohedral setting) which is shifted a little

due to the rhombohedral distortion of the Ce
7
O

12
lattice,

and (m,f)+(1.64, 1.143) which does not belong to Ce
7
O

12
were taken. Between 880K and 920K the pro"les of the
#uorite structure re#ections changed and the superstructure
re#ection not belonging to Ce

7
O

12
vanished.

The temperature range around 900K was then re-
measured while the temperature was raised as well as
lowered in steps of 5K by scanning the same re#ections as
before. When the temperature was raised, the #uorite struc-
ture re#ection 1 1 1 and the superstructure re#ection at
(m,f)+(1.43,0.714) not belonging to Ce

7
O

12
were scanned

additionally. While taking the scattering data, each temper-
ature level was kept for about 130 minutes (when raising the
temperature) or 90 minutes (when lowering the temper-
ature), respectively. The results are shown in Fig. 8.

The changes in the three #uorite structure re#ection pro-
"les and the vanishing of the superstructure re#ection not
belonging to Ce

7
O

12
obviously occur at the same temper-

ature, so there exists one single phase transition. The
transition temperature is 911K when raising and 907 K
when lowering the temperature (with an absolute precision
of about $5 K and a relative precision of about $1 K);
i.e., there is a hysteresis of about 4K. The ranges below and
above the transition are labeled in the following with R1
and R2, respectively.

The superstructure re#ection belonging to Ce
7
O

12
does

not change at that phase transition. The transition from
Ce

7
O

12
to the disordered high-temperature phase could not



FIG. 7. Contour plots of the elastic scattering intensity of CeO
1.765

at
ambient temperature in the layer 0 (top) and in the layer 0.25 of the [1 11 0]
zone (bottom). In addition to the Brillouin zones of the #uorite structure
the zones of a seven-fold superstructure are shown. (Here, too, the arched
intensity patterns are caused by the experimental environment.)

FIG. 8. Contour plots of the intensity pro"les for the #uorite structure
re#ections 2 2 0 , 0 0 4, and 11 1 and for the superstructure re#ections at mmf,
(m, f)+(1.56, 1.143), (1.64, 1.143), and (1.43, 0.714) of CeO

1.765
when the

sample temperature is raised (left) or lowered (right). The dashed line shows
the temperature of the observed phase transition.
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be observed up to the maximum temperature of 1064 K that
could be reached in the heating facility. This phase
transition was investigated in another experiment (3, 4) and
found at 1072K when the temperature was raised and at
1065K when it was lowered.

At the phase transition observed here, the pro"les of the
#uorite structure re#ections change drastically, see the
Figs. 9}11.

Below the phase transition, the 0 0 4 re#ection is clearly
split into two components, but also above it, two compo-
nents are necessary to describe the re#ection pro"le (Fig. 9).
Using only one component yields FWHM values that are
signi"cantly too large. Moreover, for 923K the re#ection
pro"le is clearly asymmetrical. Above the phase transition,
the distance between the centers of gravity of the two com-
ponents decreases when raising the temperature. The two
pro"les below the phase transition (at 598 K and 895K)
di!er considerably, too. An analysis of the re#ection pro"les



FIG. 9. Longitudinal scans of the 0 0 4 #uorite structure re#ection of
CeO

1.765
at 598K, 895K, 923K, and 1064K. (Top) Comparison of the "t

functions for all four temperatures. Each function consists of two Gaussian
components. (Middle) For each pro"le taken below the phase transition
(598K and 895K) the two Gaussian components and the sum function are
plotted. (Bottom) The same for the pro"les taken above the phase
transition (923K and 1064K). (Cf. Table 4.)

FIG. 10. Longitudinal scans of the 2 2 0 #uorite structure re#ection of
CeO

1.765
at 597K, 895K, 923K, 1064K. (Top) Comparison of the "t

functions for all four temperatures. Each function consists of four (597K
and 895K) or three (923K and 1064 K) Gaussian components, respectively.
(Middle) For each pro"le taken below the phase transition (597K and
895K) the four Gaussian components and the sum function are plotted.
(Bottom) The same for the pro"les taken above the phase transition (923K
and 1064K, three components each). (Cf. Table 4.)
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at temperatures in between showed that this change occurs
continuously.

The "t parameters for the 0 0 4 re#ection pro"les at the
di!erent temperatures are listed in Table 4. The yielded
FWHM values for the Gaussian components correspond to
the longitudinal resolution of the UNIDAS. The "t for the
data taken at 923K was done with the constraint p

1
"p

2
.

For the data taken at 1064K the values of p
1

and p
2

were
"xed at the value determined for 923 K.

The scans of the 0 0 4 re#ection were also used to deter-
mine the pseudocubic lattice parameter a(295K)"
5.517(2)As . Due to the complicated re#ection pro"le and its
temperature dependence the expansion coe$cient could not
be determined precisely, so the value 1.3(1)]10~5K~1 de-
termined for CeO

1.800
was used.

The 2 2 0 re#ection is split into four components below
the phase transition and into three components above it, as
shown in Fig. 10. At "rst glance, only three components
below and two components above the transition are visible,
but when the pro"les were "t with only three or two Gaus-
sian components, respectively, the FWHM values for the
components were signi"cantly too large and not at all
uniform. Adding one more component results in FWHM
values for all components matching the resolution of the
UNIDAS; see the "t parameters listed in Table 4. For all the
"ts the constraint p

1
"p

2
"p

3
("p

4
) was applied and for

the 1064K "t the value of p
i
(i"1,2 ,4) was "xed at the

value determined for 923K. For the 2 2 0 re#ection too,
a continuous pro"le change was observed below the phase
transition.

Figure 11 shows two scans of the 1 1 1 re#ection, one
below and one above the phase transition. The pro"le below
the transition obviously contains three components, where-
as for that above the transition only two components are
visible and a "t with two Gaussian components yields only
slightly too large values for the FWHM. In spite of that, this



FIG. 11. Longitudinal scans of the 1 1 1 #uorite structure re#ection of
CeO

1.765
at 904K and 923K, i.e., below and above the phase transition.

For each temperature the three Gaussian components and the sum func-
tion are plotted.
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pro"le was "nally "tted with three Gaussian components,
too, for reasons explained later. The "t parameters are
shown in Table 4.

DISCUSSION

The observations presented above will now be analyzed
with respect to the CeO

y
phase diagram. Figure 12 shows

the location of the measurements taken for CeO
1.800

and
CeO

1.765
(this work) as well as for CeO

1.698
(see (3, 4)) and

the observed phase transitions, respectively, within the
phase diagram by Ricken et al. (1). It will turn out that in
contrast to the current phase diagram published by ASM
International (2) that by Ricken et al. is suitable to explain
our experimental results.

The Sample CeO
1.698

Here, the situation is rather simple. The structure deter-
mination by neutron di!raction proved that this sample (at
least its dominant volume fraction) consists of the phase
Ce

7
O

12
(3, 4). The phase transition found at 1072 K can be

undoubtedly identi"ed with that at 1084 K in the phase
diagram by Ricken. At that transition the rhombohedral
low-temperature phase Ce

7
O

12
vanishes (3, 4). It is not

stable up to 1300K, as assumed by Bevan and Kordis (5).
Above that transition no superstructure re#ections could be
found (3, 4), so it can be assumed that there is no long-range
order of the oxygen vacancies.

The Sample CeO
1.765

The di!raction patterns taken at the DNS already
showed that this sample contains considerable volume frac-
tions of Ce

7
O

12
as well as of a second phase. The measure-

ments at the UNIDAS showed that the superstructure
re#ections not belonging to Ce

7
O

12
vanish at 911K. Below

that phase transition the 2 2 0 #uorite structure re#ection is
split longitudinally into four and above it into three compo-
nents. The 0 0 4 #uorite structure re#ection is split into two
components, below as well as above the transition, where
the distance between the two components is small above the
transition and becomes smaller with increasing temper-
ature. (See Table 4.)

It is easy to understand the observed re#ection splitting
within the framework of the phase diagram by Ricken et al.
Below the phase transition the splitting of the 0 0 4 is caused
by the coexistence of two rhombohedral phases, Ce

7
O

12
and the phase at y+1.79 labeled p

2
in the phase diagram.

The distance *DQD between the two re#ection components at
598K yields a relative di!erence *a/a+*DQD /
DQD"0.0055(1) for the pseudocubic lattice parameter. Using
the relationship *a/*y"!0.40As (6) the di!erence be-
tween the two compositions is determined as *y"0.076(2).
Considering the homogeneity range of Ce

7
O

12
(3, 4), it is

appropriate to assume a composition of y"1.720 (at the
border of the homogeneity range) for that component. With
that, the composition y"1.796 is derived for the other
component p

2
.

For the 2 2 0 re#ection, there is an additional splitting
caused by di!erent orientations of the twin domains for
both rhombohedral phases. In the case of Ce

7
O

12
, that

re#ection is a superposition of rhombohedral re#ections of
the types 31 2 1

3
and 3 1 0

3
. Because each rhombohedral phase

contributes two components, the 2 2 0 is split four-fold.
For Ce

7
O

12
with a rhombohedral angle a"99.423 (3, 4)

the relative di!erence in the length of the two reciprocal
vectors 31 2 1

3
and 3 1 0

3
is *DQD/DQD"0.0038. At 597K the

relative di!erence in the reciprocal vector length between
neighboring components of the 2 2 0 re#ection are 0.0052(3),
0.0020(6), and 0.0049(4), respectively (see Table 4). It is true
that none of these values matches the expected value for
Ce

7
O

12
very well, but considering the changes observed at

the phase transition, it is evident that the "rst and the
second components belong to Ce

7
O

12
and the third and the

fourth components belong to the phase p
2
. According to the

re#ection splittings caused by the orientation domains
(*DQD/DQD"0.0052 for Ce

7
O

12
and 0.0049 for p

2
), the rhom-

bohedral distortion seems to be roughly equal for the two
phases.



TABLE 4
Parameters of the Pro5le Fits for the Longitudinal Scans of the 0 0 4 , 2 2 0 , and 1 1 1 Re6ections for CeO1.765 Using the Function

+i Ai exp (2(n2Bi )
2/2r2

i ) The FWHM Values of the Gaussian Components are wi 5 ri J8 ln 2 f (2p/a), where the Geometric Factor
f is 1, J2, and J3 for 0 0 4 , 2 2 0 , and 1 1 1 , Respectively. I is the Integral and S the Center of Gravity of the Fit Function

Range ¹ (K) I S i A
i
(102) B

i
p
i

w
i
(As ~1)

0 0 4 Re#ection
R1 598 168.5 3.9991 1 39.0(4) 3.9890(2) 0.0094(2) 0.0251(1)

2 31.2(3) 4.0110(3) 0.0099(2) 0.0265(1)
R1 680 156.4 3.9998 1 35.8(4) 3.9896(2) 0.0093(2) 0.0248(1)

2 29.4(3) 4.0115(3) 0.0099(2) 0.0264(1)
R1 760 136.6 4.0009 1 31.1(5) 3.9906(2) 0.0091(2) 0.0243(1)

2 26.0(4) 4.0122(3) 0.0100(2) 0.0267(1)
R1 840 130.0 4.0015 1 31.1(4) 3.9917(2) 0.0091(1) 0.0242(1)

2 23.9(3) 4.0132(3) 0.0098(2) 0.0261(1)
R1 895 124.6 4.0011 1 32.1(6) 3.9928(3) 0.0093(2) 0.0248(1)

2 19.9(5) 4.0134(5) 0.0100(3) 0.0266(1)
R2 923 151.6 3.9997 1 38.1(4) 3.9932(1) 0.0093(1) 0.0248(1)

2 26.7(5) 4.0090(2) 0.0093(1) 0.0248(1)
R2 1064 173.2 4.0000 1 37(2) 3.9947(3) 0.0093(1) 0.0248(1)

2 37(2) 4.0052(3) 0.0093(1) 0.0248(1)

2 2 0 Re#ection
R1 597 921.6 1.9973 1 30(0) 1.9870(1) 0.00431(3) 0.0163(1)

2 25(3) 1.9973(4) 0.00431(3) 0.0163(1)
3 10(3) 2.0014(7) 0.00431(3) 0.0163(1)
4 18(1) 2.0112(1) 0.00431(3) 0.0163(1)

R1 757 897.1 1.9980 1 29(0) 1.9880(1) 0.00434(2) 0.0164(1)
2 22(3) 1.9982(3) 0.00434(2) 0.0164(1)
3 14(3) 2.0018(5) 0.00434(2) 0.0164(1)
4 18(1) 2.0118(1) 0.00434(2) 0.0164(1)

R1 895 783.7 1.9993 1 26(0) 1.9893(1) 0.00434(2) 0.0163(1)
2 20(1) 1.9994(2) 0.00434(2) 0.0163(1)
3 10(1) 2.0045(4) 0.00434(2) 0.0163(1)
4 15(1) 2.0128(1) 0.00434(2) 0.0163(1)

R2 923 806.9 1.9984 1 24(0) 1.9891(1) 0.00419(3) 0.0158(1)
2 11(2) 1.9992(3) 0.00419(3) 0.0158(1)
3 41(2) 2.0035(1) 0.00419(3) 0.0158(1)

R2 1064 729.6 1.9987 1 15(1) 1.9900(1) 0.00419(3) 0.0158(1)
2 9(2) 1.9979(8) 0.00419(3) 0.0158(1)
3 45(3) 2.0018(1) 0.00419(3) 0.0158(1)

1 1 1 Re#ection
R1 904 165.4 0.9984 1 8.3(1) 0.9914(1) 0.00265(4) 0.0122(2)

2 12.5(1) 0.9996(1) 0.00264(3) 0.0122(2)
3 4.1(1) 1.0086(1) 0.00273(6) 0.0126(3)

R2 923 160.6 0.9979 1 7.4(1) 0.9914(1) 0.00261(4) 0.0120(2)
2 5(2) 0.9993(4) 0.00261(4) 0.0120(2)
3 12(2) 1.0013(2) 0.00261(4) 0.0120(2)
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Calculating the mean re#ection positions of the compo-
nents belonging to each phase yields 1.9922(3) for Ce

7
O

12
and 2.0063(4) for p

2
. The relative di!erence between these

vector lengths *DQD/DQD"0.0071(4), that is due to the di!er-
ent compositions of the two phases, is considerably larger
than the value 0.0055 determined for the 0 0 4 re#ection, so
the composition of p

2
derived above may be rather approx-

imate.
Above the phase transition, the components belonging to

Ce
7
O

12
persist and, as a second phase, the cubic a@ structure
is present now. When the temperature is increased, the
oxygen content comes closer to that of Ce

7
O

12
, as can be

seen in the phase diagram. Corresponding to that, the dis-
tance between the two components of the 0 0 4 re#ection
decreases. For the 2 2 0 re#ection, the contribution of the
cubic a@ phase consists of only one component, so that the
re#ection is split three-fold above the phase transition.

According to that interpretation, the 1 1 1 re#ection
should be split into four components below and into three
components above the transition (containing the Ce

7
O

12



FIG. 12. Comparison of the results from the neutron di!raction
measurements on CeO

1.800
, CeO

1.765
(this work), and CeO

1.698
(3, 4)

(black) with the CeO
y

phase diagram of Ricken et al. (1, 10) determined
from speci"c heat measurements (gray). (The phase p

3
is added according

to Figure 6.18 in (10).) The dotted black lines (2) show the temperature
range of the measurements for each sample. The rectangles mark the
observed phase transitions where the upper boundary gives the transition
temperature when the temperature is raised and the lower boundary when
it is lowered, so the height of the rectangles shows the hysteresis of the
transition. The temperatures given in the phase diagram were measured
when the temperature was raised, so the upper boundaries of the rectangles
have to be compared with the phase transition temperatures in the
diagram.
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re#ections of the types 11 2 0
3
and 1 1 1

3
). Although there is

experimental evidence for only three components below and
two components above the phase transition, it may be
assumed that below the transition, the peak in the middle
that has the highest intensity consists of two components,
that cannot be separated within the experimental resolu-
tion. Above the transition, the pro"le can be "t with three
components, as shown in Fig. 11.

The partial intensities of the #uorite structure re#ection
components as well as the intensity of the Ce

7
O

12
re#ection

11 3 0
3

at 1064K indicate that there is still a large volume
fraction of Ce

7
O

12
present, in quantitative contradiction to

the phase diagram. According to our measurements, the
border of the a@ phase should be located at larger y values
than those given in the phase diagram by Ricken (see
Fig. 12).

The Sample CeO
1.800

Here, the situation is most complicated. All the phase
transitions observed at the UNIDAS when raising the tem-
perature, i.e., the upper boundaries of the rectangles, can be
identi"ed with the transitions shown in the phase diagram.
However, the temperature values in the phase diagram have
to be shifted downwards by up to 27K. These shifts do not
mean any signi"cant discrepancy because the specimens and
particularly the experimental facilities as well as the experi-
mental procedures (e.g., the higher heating rates in the
speci"c heat measurements) were quite di!erent.

The fact that the phase transition with the lowest
transition temperature could be observed indicates that the
actual oxygen content of the sample is slightly higher than
that determined from the pseudocubic lattice parameter, i.e.,
y+1.801.

In the ranges R1}R3 the 2 2 0 re#ection is split into two
components. The distance between these components ap-
proximately matches the splitting magnitude for Ce

7
O

12
caused by the di!erent orientations of the twin domains. In
the range R4 this is true for the "rst two components of the
three-fold splitting of the 2 2 0 re#ection. Consequently, it
may be assumed that all the phases occurring in the ranges
R1}R3 have a rhombohedral structure with a lattice distor-
tion comparable to that of Ce

7
O

12
. This also matches the

fact that the 0 0 4 is not split in R1.
As for CeO

1.800
there could not be detected any addi-

tional splitting in the ranges R1}R4 caused by di!erent
compositions, it has to be assumed that the oxygen contents
of all the occurring phases di!er only slightly, in obvious
agreement with the phase diagram. In the range R4, in
addition to a phase with ordered oxygen vacancies and
a rhombohedral superstructure, there occurs the phase a@
which has a signi"cantly higher oxygen content. This phase
causes the third component of the 2 2 0 re#ection (see Table
3). (Unfortunately, the pro"le of the 0 0 4 re#ection was only
measured in the ranges R1 and R5 but not in R4!).

Ricken assumed that the composition of the phase p
3

is
approximately CeO

1.793
(10). But from the fact that the a@

phase could not be found in the range R3, it follows that the
oxygen content of that phase must be much closer to the
mean oxygen content of the sample crystal, i.e., only slightly
lower than the oxygen content y"1.800 of the neighboring
phase e. Otherwise, if its oxygen content were as low as
assumed by Ricken, the volume fraction of the coexisting a@
phase had to be high enough to be detected.

Now we turn to the discussion of the observed superstruc-
ture re#ections (Fig. 4). At the "rst phase transition T1, two
very weak re#ections at mmm/2, m"1.47 and 1.755 disappear,
con"rming that a small volume fraction of the phase p

1
, that

existed in the range R1, vanishes here. The major volume
fraction in the sample belongs to the phase e, in R1 as well as
in R2. In each of the ranges R2}R4, there exists only a single
phase with a superstructure; there are the phases e in the
range R2, p

3
in R3, and p

2
in R4.

It might be expected that the superstructure re#ection
pattern would completely change at each of the phase
transitions T2}T4. However, the re#ection mmm/2, m"1.84
varies only slightly in its intensity. As well, the shift of the
re#ection mm2!m/2, m"1.845 at the transition T2 is only
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very small. However, this is not in contradiction to our
interpretation; it only indicates that all these phases are
structurally closely related to each other.

In summary, the neutron di!raction investigations
showed that the phase diagram by Ricken et al. is qualitat-
ively correct for the composition range 1.85y51.7. Only
the precise oxygen contents of the phases in that composi-
tion range and the precise phase transition temperatures are
questionable. Moreover, the di!raction measurements indi-
cate that the structures of all the phases p

1
, e, p

3
, and p

2
are

of rhombohedral symmetry.
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