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Internal distortion in ceria-doped hafnia solid solutions: High-resolution x-ray diffraction
and Raman scattering
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High-resolution synchrotron x-ray powder diffraction and Raman scattering have indicated the existence of
tetragonal ceria-doped hafnia with both an axial ratiocf /af of unity and internal shear defomation. The values
of cf /af ratio in HfO2–X-mol %-CeO2 samples~X580, 85, and 90! are estimated to be 160.000 04 from the
estimated standard deviation of the peak positions and to be 160.002 from the full width at half maximum of
the 400f reflection peaks. However, the Raman spectra of these samples clearly demonstrate the tetragonal
phase. The intensity of the Raman band around 280 cm21, which is one of the characteristic bands of the
tetragonal phase, continuously decreased and approached zero betweenX590 and 95, which reflects the
tetragonal-cubic phase boundary is located within this compositional range. The lattice distortion does not
induce the cubic-tetragonal phase transition but an internal distortion in oxygen sublattice, oxygen displace-
ment along thecf axis from the ideal fluorite position, does.

DOI: 10.1103/PhysRevB.64.134104 PACS number~s!: 61.10.2i, 61.66.2f, 61.72.2y, 64.10.1h
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I. INTRODUCTION

Hafnia-based (HfO2) ceramics are some of the most i
teresting high-temperature materials in current technolo
with many applications as well as zirconias (ZrO2). Hafnia-
based materials can be used in solid electrolytes for
cells, oxygen-gas sensors, refractories, coatings for oxida
resistance, control rods for a nuclear reactor, etc. Their ph
cal and chemical properties relating to such uses stron
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depend on the crystal structures, especially phase transi
induced by internal distortions relating to oxygen displac
ment. Although hafnia-based ceramics have relatively sim
crystal structures, their phase transitions and phase diag
are not fully understood. The physical and chemical prop
ties of HfO2 are similar to those of ZrO2.

1–4 The structural
phase transition of undoped HfO2 also resembles that of un
doped zirconia, although the transition point of HfO2 is
higher as shown by the following:
Monoclinic~P21 /c! ←——
——→

1288– 1800 °C~on cooling!2

1510– 2000 °C~on heating!2

Tetragonal~P42 /nmc! ⇔
2700 °C~Ref. 1!

Cubic~Fm3̄m! ⇔
2900 °C~Ref. 1!
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A temperature-composition phase diagram of
HfO2-CeO2 system is shown in Fig. 1. This figure involve
not only the stable phase boundaries~solid lines! but also

metastable phase boundaries asT0
t-m , T0

t9-t8 , andT0
c-t9 shown

by alternate long and short lines, where the gibbs energ
the tetragonal phaseGt equals that of the monoclinic phas
Gm at a temperatureT0

t-m .7 t8 and t9 forms are defined as
compositionally homogeneous, metastable tetragonal ph
that are formed diffusionlessly with acf /af ratio larger than
unity and with an axial ratio of unity (cf /af51), respec-
tively, where the suffixf denotes the pseudo-fluorite ce
Both tetragonal forms,t8 and t9, belong to space group
P42 /nmc with oxygen displacements from an ideal fluori
position ~Fig. 2, Table I!.3,4 These forms are convenientl
e

of

es

distinguished from the stablet that formed diffusionally in
the zirconia and hafnia solid solutions. Thet9 form has been
suggested in the diffusionless cubic-tetragonal (c-t8) phase
change of the HfO2-RO1.5 systems~R5Gd, Y, and Yb!,3,4 as
has been proposed in the ZrO2-CeO2 ~Refs. 15 and 16! and
ZrO2-YO1.5 ~Refs. 17 and 18! systems. However, the prec
sion of the axial ratio was not enough to support this sugg
tion because of the low resolution of the conventional x-r
experiment in previous works of hafnia solid solutions.3,5,6

Since oxygen has a smaller x-ray scattering factor th
hafnium, x-ray diffraction is not sensitive to the structur
changes induced by oxygen displacements, although the
ference betweenaf andcf lengths can easily be observed b
this technique. In such a case, neutron diffraction and Ram
©2001 The American Physical Society04-1



ge
o-
ve
th

as

ha
o
-

er
e
tr
b

in-
the

us
The

om-

i-

m-
as
°C

of
d in
und
ray

on-
r
en

e
ra

an
-

hat

HIROTAKA FUJIMORI et al. PHYSICAL REVIEW B 64 134104
scattering can be powerful tools that are sensitive to oxy
atoms. However, HfO2 systems are unfortunately not appr
priate for a neutron study because they absorb neutrons
largely. On the other hand, Raman scattering is one of
most powerful tools for observing the cubic-tetragonal ph
change induced by oxygen displacements in the HfO2-CeO2
system. Recently, by means of Raman spectroscopy, we
observed a phase transition between the cubic and tetrag
phases in centrosymmetric SrZrO3 perovskite caused by co
operative oxygen-octahedron tilting~distortion!.19 Both x-ray
diffraction and Raman scattering techniques, which w
successfully performed in this study, are crucial to und
stand this type of phase changes. Especially, the synchro
high-resolution x-ray-diffraction technique was used to o
tain more precise measurements ofcf /af in the HfO2-CeO2

FIG. 1. Metastable-stable phase diagram in the HfO2-CeO2 sys-
tem; solidus,h ~Ref. 1!; monoclinic / (monoclinic1cubic) / cubic
stable phase boundaries,l ~Ref. 5!; tetragonal/~tetragonal
1cubic!/cubic stable phase boundaries,m ~Ref. 6!; cubic stable
phase,j ~Ref 6!, n ~present work, see the section II A!; T0

t-m , 3

~Ref. 2!; T0
t-c , d ~Ref. 1!; T0

t9-t8 ,* ~Ref. 6!; T0
c-t9 , s ~present

work!. Stable phase boundaries and metastable boundaries
shown by solid lines and alternate long and short lines, respectiv
Metastable compositionally homogeneous phases obtained by
quenching are indicated at lower margin.
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system in the present work. This study provides crucial
formation for understanding physical models concerning
role played by oxygen in the internal-distortion feature.

II. EXPERIMENTS AND DATA ANALYSIS

A. Sample preparation

It is important to use compositionally homogeneo
samples for the study of the metastable phase change.
samples used for data collection were all prepared from c
mercially available HfOCl2•8H2O ~containing 0.70-wt. %
Zr; High-Purity Chemical Co. Ltd.! and Ce~NO3!3•6H2O
~Daiichi-Kigenso Chemical Co. Ltd.!. The HfOCl2•8H2O
and Ce~NO3!3•6H2O powders were dissolved in approx
mately 1 N of HCl and 0.3 N of HNO3, respectively. A
mixture of the HCl solution with Hf and the HNO3 solution
containing Ce was coprecipitated by being dropped in a
monia water. Coprecipitated hydroxide thus obtained w
washed with diluted ammonia water and then dried at 100
for 24 h. The powders were calcined at 1450 °C for 5 h after
being pressed into pellets. To maintain the homogeneity
the samples, they were then quenched by being droppe
water. The quenched products were crushed and gro
again into powder. This quenched powder had a dark-g
color due to oxygen deficiency. To restore their oxygen c
tent, defective~Hf, Ce!O2-d was annealed in air at 600 °C fo
5 h. The powder then had a pale-yellow color due to oxyg
stoichiometry.

are
ly.
pid

FIG. 2. Atomic configuration of the tetragonal phase with
axial ratio ofcf /af unity (t9 form!. Oxygen atoms displace alterna
tively along thecf axis ~Arrows!, but the lattice parametersaf and
cf are equal. The symmetry of the cation sublattice is high but t
of anion sublattice is low.
etween
TABLE I. Symmetries and Raman active modes of the polymorphs.

Form Space group Raman active mode Oxygen displacement Axial ratiocf /af Ref.

Monoclinic ~m! P21 /c 9Ag19Bg — — 8–10
Tetragonal (t8) P42 /nmc A1g12B1g13Eg Existing .1 9–12

Tetragonal~t9 or c!a P42 /nmc A1g12B1g13Eg Existing 51 9–12
Cubic ~c! Fm3̄m T2g Nonexisting 51 8, 9, 13

aIn x-ray-diffraction study~Ref. 14! both t9 and c forms were tentatively called asc form, because x-ray-
diffraction cannot distinguish them from each other. Raman scattering enables us to distinguish b
them.
4-2
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B. Synchrotron x-ray powder diffraction

The samples used for x-ray diffraction measureme
were well mixed with a NIST Si powder~a55.430 940 Å at
298.1 K! for angular calibration. To obtain x-ray-diffractio
patterns with high resolutions and accurate numerical sta
tics, the synchrotron x-ray powder diffraction experimen
were carried out by using the triple-axis/four-circ
diffractometer20 at the beamline BL-3A of the Photon Fa
tory, KEK.21 A revolving sample stage was used to avoid t

FIG. 3. Observed~1! and calculated~solid line! powder-
diffraction profiles for 400f reflection peaks of
HfO2–X-mol %-CeO2 and 400 reflection peaks of NBS Si~* !.
13410
ts

s-
s

effect of preferred-orientation of the crystal. The waveleng
of incident x-ray monochromatized by an Si monochroma
was 1.378 79~4! Å, which was determined by measuring th
16 reflection profiles of a NIST CeO2 powder ~a
55.411 29 Å at 298.15 K!. All measurements were per
formed at 293.65 K. The values of the lattice parameters
NIST Si and CeO2 calculated at 293.65 K by considerin
their thermal expansion22,23 were used. The scanning cond
tions under which the splitting between 004f and 400f reflec-
tion peaks was investigated were 60°<2u<63°, D2u
50.005°, and the measuring period was 8 s, wherehklf was
indexed on the basis of a pseudofluorite cell. The diffract
profiles for the 004f and 400f reflections were analyzed b
assuming the Pearson-VII-type function.24

C. Raman scattering

The existing phases of specimens were also investig
by Raman scattering, which is sensitive to oxygen displa
ments due to the large polarizability of oxygen.25 Raman
spectra were obtained using a Raman system~Atago-Jobin
Yvon T64000, Japan-France! with a triple spectrometer and
charge-coupled device detector.25 The Raman spectra wer
measured by using an Ar-ion laser source of 488.0 nm
avoid any luminescence from the specimens.4,15,18 Pattern

FIG. 4. Variation of the unit-cell parameteraf with CeO2 con-
tentX. h, present work;d, Spiridonov, Chyong, and Komissarov
~Ref. 5!.
TABLE II. Crystal data, unit-cell parameters, and Raman peak intensities of HfO2–X-mol %-CeO2 samples.

X 80 85 90 95 100

Space group P42 /nmc P42 /nmc P42 /nmc Fm3̄m Fm3̄m
Form t9 t9 t9 c c

af5cf ~Å!a 5.3524~1! 5.3671~1! 5.3803~1! 5.3954~1! 5.4111~2!
b 5.352~4! 5.367~4! 5.380~3! 5.395~3! 5.411~2!

cf /af
a 1.000 0060.000 03 1.000 0060.000 03 1.000 0060.000 04 1.000 0060.000 04 1.000 0060.000 04

b 1.00060.001 1.00060.002 1.00060.001 1.000 060.000 8 1.000 060.000 7
I 3 /I 4

c 0.0193~4! 0.0088~3! 0.0018~2! 0 0

aObtained by using the estimated standard deviation of peak position.
bEstimated from the full width at half maximum of the 400f reflection peak.
cI i denotes theith Raman peak integrated intensity.
4-3
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decomposition of the Raman spectra was performed by u
the commercial profile-fitting program ‘‘GRAMS’’ and assum-
ing Lorentz functions.

III. RESULTS AND DISCUSSION

Existing phases in HfO2–X-mol %-CeO2 specimens were
investigated by high-resolution x-ray diffraction and Ram
scattering. The synchrotron x-ray-diffraction data
HfO2–X-mol %-CeO2 samples~X580, 85, 90, 95, and 100!
show that the 400f reflection peaks have neither split in
004f and 400f peaks nor developed shoulders which mig
appear when some lack of homogeneity~Fig. 3!. With an
increase in CeO2 contentX, the unit-cell parameteraf in-
creased linearly, suggesting compositional homogeneity
cording to Vegard’s law~Fig. 4!. The cf /af values for all
samples were estimated to be unity. The precision of
cf /af ratio for all samples was estimated to be less th
60.000 04 from the estimated standard deviation of the p
position and to be less than60.002 from the full width at
half maximum of the 400f reflection peak~Table II!. On the
other hand, the Raman spectra of samples ofX580, 85, and
90 revealed the tetragonal phase. According to the symm
analysis, the cubic and tetragonal phases have one an
Raman-active modes, respectively~Table I!. In particular, the
first three bands in Fig. 5~a! cannot be explained by the cub
phase. The third Raman band around 280 cm21, which is one
of the characteristic bands of the tetragonal phase,4,15,18 ap-
peared clearly in samples ofX580, 85, and 90@Fig. 5~b!#.
Peaks 5 and 6 will be induced by a defect structure occur
by the substitution of Hf cation for Ce.15 The fourth peak did
not change greatly withX. Because the Raman peak ar
ratio I 3 /I 4 has been reported to be proportional to oxyg
displacements revealed by neutron diffraction,15,16 the Ra-
man peak area ratioI 3 /I 4 plotted in Fig. 6 can be used t

FIG. 5. ~a! Raman spectra of HfO2–X-mol %-CeO2 specimens,
where the Raman shift was calibrated by using the position o
Hg line. ~b! The third Raman band around 280 cm21, which is one
of the characteristic bands of the tetragonal phase.
13410
ng

f

t

c-

e
n
k

try
six

g

n

clearly show the tetragonal-cubic phase boundary. The i
gral intensity ratioI 3 /I 4 continuously decreased withX and
became mostly 0 betweenX590 and 95, where the
tetragonal-cubic phase boundary was located. X-ray pow
diffraction indicated that the axial ratiocf /af equaled unity
in HfO2–X-mol %-CeO2 samples~X580, 85, 90, 95, and
100!. These results strongly suggest the existence of the
tragonal form~t9 form! with an axial ratiocf /af of unity but
having oxygen displacements along thecf axis as the inter-
mediate form between cubic~c! and tetragonal (t8) phases,
which is observed in HfO2–X-mol %-CeO2 samples ~X
580, 85, and 90! ~Table II!. The cubic-to-tetragonal phas
transition is not induced by the lattice distortion, elongati
of cf axis and/or shrinkage of theaf axis, but by the internal
distortion, displacement of oxygen ions along thecf axis
from the ideal fluorite site (8c site in Fm3̄m).

The t9 and t8 forms belong to the same space gro
(P42 /nmc). However, thet9 form should be distinguished
from the t8 form because a thermal barrier exists betwe
these form as follows. Thet9-t8 change was studied by x-ra
diffraction and the coexistence oft9 and t8 forms was ob-
served in the HfO2-CeO2 system~symbol* in Fig. 1!.6 It was
also found that a hysteresis exists betweent9 andt8 forms.14

~In the x-ray diffraction study in Ref. 14, botht9 andc forms
were tentatively called asc form, because only the x-ray
diffraction studies could not distinguish them from ea
other. Raman scattering, on the other hand, enables u
distinguish them.! Thus, a thermally activated process is ne
essary for thet9-t8 change to occur due to a lattice strai
which increases the axial ratiocf /af against thet9 matrix.
These results indicate thatt9-t8 change is first order. In con
trast to this change, the intensityI 3 /I 4 of Raman spectra
continuously decreased and approached zero asX increased
~Fig. 6!, which can be interpreted as thet9-form structure
continuously approaching that of the cubic phase. No hys
esis was reported for thet9 and cubic phase transition.15

Since the internal distortion, the displacement of oxygen io
from the ideal fluorite site, does not induce strains, no a
vated process may be necessary for thec-t9 phase transition.
These observations suggest that thec-t9 phase transition is
first order near second one. Thec-t8 phase transition can
also be interpreted as the sublattices of anion and cat

n

FIG. 6. Variation of integrated intensity ratioI 3 /I 4 of Raman
bands with CeO2 content.
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Some materials belonging to the fluorite family with th
general formula AB2 have different phase-transitio
temperatures between the sublattices of anion and ca
For example, those of (Ba, Sr, Ca!F2,

26 PbF2,
27 and

Zr~Ca, Y!O22x
28 have been reported. Thus, we strongly b

lieve, it is not unusual that a phase comprising both hig
symmetric cation sublattice and low-symmetric anion sub
tice (t9 form! exists.

IV. CONCLUDING REMARKS

In the present study we confirmed the existence of
tetragonal form~t9 form! with an axial ratiocf /af of unity in
HfO2–X-mol %-CeO2 samples ~X580, 85, and 90! by
means of high-resolution synchrotron x-ray diffraction a
Raman scattering, although generally theaf axis should not
be equal to thecf axis in a tetragonal system. Thecf /af ratio
a
y

e
e

i
a

e

.

a
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e
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for these samples was estimated to be 160.000 04 from the
estimated standard deviation of the peak position and to
160.002 from the full width at half maximum of the 400f
reflection peak. We must now recognize the existence
oxygen displacement and consider the very weak Ram
band of the tetragonal structure to determine its symme
The internal distortion, the oxygen displacement along thecf
axis from the ideal fluorite position, induces the symmetri
change from cubic to tetragonal, but it does not induce lat
distortion. The above-mentioned concept would help to
plain the structure-property correlation in such materials.

ACKNOWLEDGMENTS

The authors thank Dr. O. Yokota, Mr. S. Koura, and Mr.
Kato for their help with experiments at the Photon Facto
J.

.

.

hi,

.

s.

T.

.

n
-

-

.

*Present address: Department of Advanced Materials Science
Engineering, Faculty of Engineering, Yamaguchi Universit
2-16-1, Tokiwadai, Ube-shi, Yamaguchi 755-8611, Japan.

†Present address: Department of Materials Science and Engin
ing, Interdisciplinary Graduate School of Science and Engine
ing, Tokyo Institute of Technology, Nagatsuta 4259, Midori-ku
Yokohama 226-8502, Japan.

‡Author to whom correspondence should be addressed: Mater
and Structures Laboratory, Tokyo Institute of Technology, Nag
suta 4259, Midori-ku, Yokohama 226-8503, Japan. FAX:181-45-
924-5358. Email address: yoshimu1@rlem.titech.ac.jp
1C. T. Lynch, inHigh Temperature Oxidesedited by A. M. Alper

~Academic, New York, 1970!, Vol. 5, Part II, pp. 193–216.
2D. R. Wilder, J. D. Buckley, D. W. Stacy, and J. K. Johnston

Colloq. Int. C. N. R. S.205, 335 ~1971!.
3M. Yashima, T. Hirose, M. Kakihana, Y. Suzuki, and M

Yoshimura, J. Ceram. Soc. Jpn.103, 622 ~1995!.
4M. Yashima, H. Takahashi, K. Ohtake, T. Hirose, M. Kakihan

H. Arashi, Y. Ikuma, Y. Suzuki, and M. Yoshimura, J. Phys
Chem. Solids57, 289 ~1996!.

5F. M. Spiridonov, L. K. Chyong, and L. N. Komissarova, Russ.
Inorg. Chem.~transl. of Zh. Neorg. Kh.! 22, 327 ~1977!.

6A. M. Gavrish, E. I. Zoz, N. V. Gul’ko, and A. E. Solov’eva,
Inorg. Mater.~transl. of Neorg. Mater.! 11, 574 ~1975!.

7M. Yashima, M. Kakihana, and M. Yoshimura, Solid State Ionic
86–88, 1131~1996!.

8W. B. White, Mater. Res. Bull.2, 381 ~1967!.
9V. G. Keramidas and W. B. White, J. Am. Ceram. Soc.57, 22

~1974!.
10D. Michel, M. Perez Y Jorba, and R. Collongues, J. Raman Sp

trosc.5, 163 ~1976!.
11D. P. C. Thackeray, Spectrochim. Acta, Part A30, 549 ~1974!.
12M. Ishigame and T. Sakurai, J. Am. Ceram. Soc.60, 367 ~1977!.
nd
,

er-
r-
,

als
t-

,

,
.

.

s

c-

13P. G. Marlow, J. P. Russell, and J. R. Hardy, Philos. Mag.14, 409
~1966!.

14M. Yashima, K. Morimoto, N. Ishizawa, and M. Yoshimura,
Am. Ceram. Soc.76, 2865~1993!.

15M. Yashima, H. Arashi, M. Kakihana, and M. Yoshimura, J. Am
Ceram. Soc.77, 1067~1994!.

16M. Yashima, S. Sasaki, Y. Yamaguchi, M. Kakihana, M
Yoshimura, and T. Mori, Appl. Phys. Lett.72, 182 ~1998!.

17M. Yashima, S. Sasaki, M. Kakihana, Y. Yamaguchi, H. Aras
and M. Yoshimura, Acta Crystallogr., Sect. B: Struct. Sci.50,
663 ~1994!.

18M. Yashima, K. Ohtake, M. Kakihana, H. Arashi, and M
Yoshimura, J. Phys. Chem. Solids57, 17 ~1996!.

19H. Fujimori, M. Yashima, M. Kakihana, and M. Yoshimura, Phy
Rev. B61, 3971~2000!.

20K. Kawasaki, Y. Takagi, K. Nose, H. Morikawa, S. Yamazaki,
Kikuchi, and S. Sasaki, Rev. Sci. Instrum.63, 1023~1992!.

21S. Sasaki, T. Mori, A. Mikuni, H. Iwasaki, K. Kawasaki, Y
Takagi, and K. Nose, Rev. Sci. Instrum.63, 1047~1992!.

22Y. S. Touloukian, R. K. Kirby, R. E. Taylor, and T. Y. R. Lee, i
Thermophysical Properties of Matter, Thermal Expansion Non
metallic Solids, Vol. 13 ~IFI/Plenum, New York, 1977!, p. 154.

23B. T. Kilbourn, in Cerium: A Guide to Its Role in Chemical Tech
nology ~Molycorp, White Plains, NY, 1992!, p. 12.

24H. Toraya, J. Appl. Crystallogr.19, 440 ~1986!.
25M. Kakihana, M. Yashima, M. Yoshimura, L. Borjesson, and M

Kall, Trends in Applied Spectroscopy~Council of Scientific Re-
search Integration, Trivandrum, India, 1993!, Vol. 1, pp. 261–
311.

26M. W. Thomas, Chem. Phys. Lett.40, 111 ~1976!.
27S. Palchoudhuri and G. K. Bichile, Solid State Commun.67, 553

~1988!.
28J. Faber, Jr., M. H. Mueller, and B. R. Cooper, Phys. Rev. B17,

4884 ~1978!.
4-5


