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Internal distortion in ceria-doped hafnia solid solutions: High-resolution x-ray diffraction
and Raman scattering

Hirotaka Fujimori* Masatomo Yashim&,Satoshi Sasaki, and Masato Kakihana
Materials and Structures Laboratory, Tokyo Institute of Technology, Yokohama 226-8503, Japan

Takeharu Mori and Masahiko Tanaka
Photon Factory, Institute of Materials Structures Science, High Energy Accelerator Research Organization, Tsukuba 305-0801, Japan

Masahiro Yoshimura
Materials and Structures Laboratory, Tokyo Institute of Technology, Yokohama 226-8503, Japan
(Received 14 July 1999; revised manuscript received 28 September 2000; published 11 September 2001

High-resolution synchrotron x-ray powder diffraction and Raman scattering have indicated the existence of
tetragonal ceria-doped hafnia with both an axial rati®; of unity and internal shear defomation. The values
of c¢/a; ratio in HfO,—X-mol %-CeQ samplegX= 80, 85, and 9Pare estimated to be:10.000 04 from the
estimated standard deviation of the peak positions and totb@ @02 from the full width at half maximum of
the 40Q reflection peaks. However, the Raman spectra of these samples clearly demonstrate the tetragonal
phase. The intensity of the Raman band around 280%cmvhich is one of the characteristic bands of the
tetragonal phase, continuously decreased and approached zero betw86nand 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 thes; axis from the ideal fluorite position, does.
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[. INTRODUCTION depend on the crystal structures, especially phase transitions
induced by internal distortions relating to oxygen displace-
Hafnia-based (Hfg) ceramics are some of the most in- ment. Although hafnia-based ceramics have relatively simple
teresting high-temperature materials in current technologiesrystal structures, their phase transitions and phase diagrams
with many applications as well as zirconias (ZyOHafnia-  are not fully understood. The physical and chemical proper-
based materials can be used in solid electrolytes for fuelies of HfO, are similar to those of Zr©*~* The structural
cells, oxygen-gas sensors, refractories, coatings for oxidatiophase transition of undoped Hf@lso resembles that of un-
resistance, control rods for a nuclear reactor, etc. Their physdoped zirconia, although the transition point of Hf@
cal and chemical properties relating to such uses strongliigher as shown by the following:
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A temperature-composition phase diagram of thedistinguished from the stabliethat formed diffusionally in
HfO,-CeO, system is shown in Fig. 1. This figure involves the zirconia and hafnia solid solutions. Ttfeform has been
not only the stable phase boundarisslid line9 but also  suggested in the diffusionless cubic-tetragorat() phase

metastable phase boundariesT®, To !, andTS! shown  change of the HfQ RO, s systemsR=Gd, Y, and Yb,**as

by alternate long and short lines, where the gibbs energy dias been proposed in the Zr8eQ; (Refs. 15 and 16and

the tetragonal phasg, equals that of the monoclinic phase ZrO>-YO; 5 (Refs. 17 and 1Bsystems. However, the preci-
G, at a temperaturé'gm.7 t' andt” forms are defined as Sion of the axial ratio was not enough to support this sugges-
compositionally homogeneous, metastable tetragonal phastién because of the low resolution of the conventional x-ray
that are formed diffusionlessly with @/ay ratio larger than ~ experiment in previous works of hafnia solid solutiors’

unity and with an axial ratio of unityq;/a;=1), respec- Since oxygen has a smaller x-ray scattering factor than
tively, where the suffixf denotes the pseudo-fluorite cell. hafnium, x-ray diffraction is not sensitive to the structural
Both tetragonal formsf’ and t”, belong to space group changes induced by oxygen displacements, although the dif-
P4, /nmc with oxygen displacements from an ideal fluorite ference between; andc; lengths can easily be observed by
position (Fig. 2, Table }.>* These forms are conveniently this technique. In such a case, neutron diffraction and Raman

0163-1829/2001/64.3)/1341045)/$20.00 64 134104-1 ©2001 The American Physical Society



HIROTAKA FUJIMORI et al. PHYSICAL REVIEW B 64 134104

3000
tetragonal ;

2500 :
S :
__ ¢ /2
g 2000 ! Cation
45 m+t N
2 1500
e
g
[ ]
=

1000,

monoclinic
500 FIG. 2. Atomic configuration of the tetragonal phase with an
] axial ratio ofc;/a; unity (t” form). Oxygen atoms displace alterna-
0 l 3 | tively along thec; axis (Arrows), but the lattice parametees and
c; are equal. The symmetry of the cation sublattice is high but that
0 20 40 60 80 100 of anion sublattice is low.
0 . . -
HfO, Xmol%CeO, Ce0, system in the present work. This study provides crucial in-

formation for understanding physical models concerning the

FIG. 1. Metastable-stable phase diagram in the HIBO, sys- played by oxygen in the internal-distortion feature.

tem; solidus[1 (Ref. 1); monoclinic / (monoclinie-cubic) / cubic

stable phase boundaries# (Ref. 5; tetragonaltetragonal Il. EXPERIMENTS AND DATA ANALYSIS

+cubig/cubic stable phase boundarie&, (Ref. 6); cubic stable '

phase M (Ref 6, A (present work, see the section IJ;AT5™, X A. Sample preparation

(Ref. 2; T°, @ (Ref. D; To™" ,* (Ref. ; Tg', O (present It is important to use compositionally homogeneous

work). Stable phase boundaries and metastable boundaries agamples for the study of the metastable phase change. The
shown by solid lines and alternate long and short lines, respectivelgammes used for data collection were all prepared from com-
Metaste_lble compqsitionally homogenec_)us phases obtained by rapfﬁercially available HfOGJ-8H,0 (containing 0.70-wt. %
quenching are indicated at lower margin. Zr; High-Purity Chemical Co. Ltd.and C&NOj)3-6H,0

(Daiichi-Kigenso Chemical Co. Ltid. The HfOC}-8H,0
scattering can be powerful tools that are sensitive to oxygeand Cé&NO;);-6H,O powders were dissolved in approxi-
atoms. However, Hf@systems are unfortunately not appro- mately 1 N of HCI and 0.3 N of HNQ, respectively. A
priate for a neutron study because they absorb neutrons veryixture of the HCI solution with Hf and the HNGsolution
largely. On the other hand, Raman scattering is one of theontaining Ce was coprecipitated by being dropped in am-
most powerful tools for observing the cubic-tetragonal phaseénonia water. Coprecipitated hydroxide thus obtained was
change induced by oxygen displacements in the HI®O,  washed with diluted ammonia water and then dried at 100 °C
system. Recently, by means of Raman spectroscopy, we ha¥er 24 h. The powders were calcined at 1450 °€3c after
observed a phase transition between the cubic and tetragortsging pressed into pellets. To maintain the homogeneity of
phases in centrosymmetric SrZy@erovskite caused by co- the samples, they were then quenched by being dropped in
operative oxygen-octahedron tiltirfdistortion.*® Both x-ray ~ water. The quenched products were crushed and ground
diffraction and Raman scattering techniques, which weregain into powder. This quenched powder had a dark-gray
successfully performed in this study, are crucial to undercolor due to oxygen deficiency. To restore their oxygen con-
stand this type of phase changes. Especially, the synchrotrasnt, defectivgHf, Ce)O,_; was annealed in air at 600 °C for
high-resolution x-ray-diffraction technique was used to ob-5 h. The powder then had a pale-yellow color due to oxygen
tain more precise measurementscefa; in the HfO,-CeO,  stoichiometry.

TABLE |. Symmetries and Raman active modes of the polymorphs.

Form Space group Raman active mode Oxygen displacement Axialcidtip Ref.
Monoclinic (m) P2,/c 9A,+ 9B — — 8-10
Tetragonal {) P4,/nmc  Ay+2By4+3E, Existing >1 9-12

Tetragonalt” or ) P4, Inmc  Ay+2By+3E Existing =1 9-12
Cubic (c) Fm3m Tag Nonexisting =1 8,9 13

3n x-ray-diffraction study(Ref. 14 botht” andc forms were tentatively called asform, because x-ray-
diffraction cannot distinguish them from each other. Raman scattering enables us to distinguish between
them.
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tentX. O, present work®, Spiridonov, Chyong, and Komissarova
(Ref. 5.

effect of preferred-orientation of the crystal. The wavelength
of incident x-ray monochromatized by an Si monochromator
was 1.378 784) A, which was determined by measuring the
16 reflection profiles of a NIST CeO powder (a
=5.41129A at 298.15 K All measurements were per-
formed at 293.65 K. The values of the lattice parameters of
NIST Si and CeQ calculated at 293.65 K by considering
their thermal expansiéh®3 were used. The scanning condi-
tions under which the splitting between QGhd 400 reflec-
A tion peaks was investigated were 6026<63°, A26
20 (deg) =0.005°, and the measuring period was 8 s, whk was
3 N - . indexed on the basis of a pseudofluorite cell. The diffraction
difflr:e:gior? O;z%?éid( 3‘0? nd 4%aécu'ar§?éiggi I'n?e;fgv derof profiles for the 004 and 40Q reflections were analyzed by

HfO,—X-mol %-CeQ and 400 reflection peaks of NBS(S). assuming the Pearson-Vil-type functith.

Intensity (arb. unit)

B. Synchrotron x-ray powder diffraction C. Raman scattering

The samples used for x-ray diffraction measurements The existing phases of specimens were also investigated
were well mixed with a NIST Si powdda=5.430940A at by Raman scattering, which is sensitive to oxygen displace-
298.1 K) for angular calibration. To obtain x-ray-diffraction ments due to the large polarizability of oxygeénRaman
patterns with high resolutions and accurate numerical statisspectra were obtained using a Raman systAtago-Jobin
tics, the synchrotron x-ray powder diffraction experimentsYvon T64000, Japan-Franceith a triple spectrometer and a
were carried out by using the triple-axis/four-circle charge-coupled device detectdrThe Raman spectra were
diffractometef® at the beamline BL-3A of the Photon Fac- measured by using an Ar-ion laser source of 488.0 nm to
tory, KEK.2! A revolving sample stage was used to avoid theavoid any luminescence from the specimé&hy!® Pattern

TABLE Il. Crystal data, unit-cell parameters, and Raman peak intensities of-F€@nol %-CeQ samples.

X 80 85 90 95 100
Space group P4,/nmc P4, /nmc P, /nmc Em3m Em3m
Form t” t” t” c c
a;=c (A)? 5.35241) 5.36711) 5.38031) 5.39541) 5.41112)
b 5.3524) 5.3674) 5.3803) 5.3953) 5.4112)
ci/as? 1.000 0G+0.000 03 1.000 0f20.000 03 1.000 0£20.000 04 1.000 0f20.000 04 1.000 02 0.000 04
b 1.000+0.001 1.006:-0.002 1.006:-0.001 1.000@¢0.0008 1.0006:0.0007
I3/1,° 0.01934) 0.00883) 0.00182) 0 0

@0btained by using the estimated standard deviation of peak position.
PEstimated from the full width at half maximum of the 40@flection peak.
°l, denotes théth Raman peak integrated intensity.
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@ Raman Shift (cm™) () Raman Shift (cm”) gral intensity ratiol 3/1, continuously decreased witk and

became mostly 0 betweelX=90 and 95, where the
FIG. 5. (8) Raman spectra of Hf3-X-mol %-CeQ specimens,  tetragonal-cubic phase boundary was located. X-ray powder
where the Raman shift was calibrated by using the position of agjiffraction indicated that the axial ratici/a; equaled unity
Hg line. (b) The third Raman band around 280 thmwhich is one in HfO,—X-mol %-CeQ samples(X=80, 85, 90, 95, and
of the characteristic bands of the tetragonal phase. 100). These results strongly suggest the existence of the te-
ntragonal form(t” form) with an axial ratioc;/a; of unity but
Igaving oxygen displacements along theaxis as the inter-
mediate form between cubic) and tetragonalt() phases,
which is observed in Hf@-X-mol%-CeQ samples (X
=80, 85, and 9D (Table Il). The cubic-to-tetragonal phase
transition is not induced by the lattice distortion, elongation

Existing phases in Hf@_x_mo| %-CeQ Specimens were of Cf axis and/or Shrinkage of tm aXiS, but by the internal
investigated by high-resolution x-ray diffraction and Ramandistortion, displacement of oxygen ions along ttie axis
scattering. The synchrotron x-ray-diffraction data of from the ideal fluorite site (8 site in Fm3m).

HfO,—X-mol %-CeQ samplegX=280, 85, 90, 95, and 100 The t” and t’ forms belong to the same space group
show that the 400reflection peaks have neither split into (P4,/nmc). However, thet” form should be distinguished
004 and 400 peaks nor developed shoulders which mightfrom thet’ form because a thermal barrier exists between
appear when some lack of homogeneiBig. 3). With an  these form as follows. Th&-t’ change was studied by x-ray
increase in Ce@contentX, the unit-cell parametea; in-  diffraction and the coexistence ¢f andt’ forms was ob-
creased linearly, suggesting compositional homogeneity acerved in the Hf@-CeQ, system(symbof in Fig. 1).° It was
cording to Vegard's law(Fig. 4). The c;/a; values for all  also found that a hysteresis exists betweeandt’ forms*
samples were estimated to be unity. The precision of théln the x-ray diffraction study in Ref. 14, both andc forms
ci/a; ratio for all samples was estimated to be less tharwere tentatively called as form, because only the x-ray
+0.000 04 from the estimated standard deviation of the peadiffraction studies could not distinguish them from each
position and to be less than0.002 from the full width at other. Raman scattering, on the other hand, enables us to
half maximum of the 400reflection peakTable Il). On the  distinguish them.Thus, a thermally activated process is nec-
other hand, the Raman spectra of sampleX©180, 85, and essary for the”-t’ change to occur due to a lattice strain,
90 revealed the tetragonal phase. According to the symmetmyhich increases the axial ratioi/a; against thet” matrix.
analysis, the cubic and tetragonal phases have one and sthese results indicate thdtt’ change is first order. In con-
Raman-active modes, respectiv€lable |). In particular, the trast to this change, the intensitg/l, of Raman spectra
first three bands in Fig.(8) cannot be explained by the cubic continuously decreased and approached zerd msreased
phase. The third Raman band around 280 trwhich is one  (Fig. 6), which can be interpreted as théform structure

of the characteristic bands of the tetragonal pdsé®ap-  continuously approaching that of the cubic phase. No hyster-
peared clearly in samples &f=80, 85, and 9QFig. 5b)].  esis was reported for th& and cubic phase transitidn.
Peaks 5 and 6 will be induced by a defect structure occurrin@ince the internal distortion, the displacement of oxygen ions
by the substitution of Hf cation for CE.The fourth peak did  from the ideal fluorite site, does not induce strains, no acti-
not change greatly wittX. Because the Raman peak areavated process may be necessary forahté phase transition.
ratio I3/14 has been reported to be proportional to oxygenThese observations suggest that ¢a&’ phase transition is
displacements revealed by neutron diffracttonS the Ra-  first order near second one. Tleet’ phase transition can
man peak area ratibs /14 plotted in Fig. 6 can be used to also be interpreted as the sublattices of anion and cation.

decomposition of the Raman spectra was performed by usi
the commercial profile-fitting programcRAMS” and assum-
ing Lorentz functions.

IIl. RESULTS AND DISCUSSION
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Some materials belonging to the fluorite family with the for these samples was estimated to be01000 04 from the
general formula AB, have different phase-transition estimated standard deviation of the peak position and to be
temperatures between the sublattices of anion and catiod.=0.002 from the full width at half maximum of the 400
For example, those of (Ba,Sr,a,%° PbFR,?’ and reflection peak. We must now recognize the existence of
Zr(Ca, Y)O,_,® have been reported. Thus, we strongly be-oxygen displacement and consider the very weak Raman
lieve, it is not unusual that a phase comprising both highband of the tetragonal structure to determine its symmetry.
symmetric cation sublattice and low-symmetric anion sublat-The internal distortion, the oxygen displacement alongcthe

tice (t” form) exists. axis from the ideal fluorite position, induces the symmetrical
change from cubic to tetragonal, but it does not induce lattice
IV. CONCLUDING REMARKS distortion. The above-mentioned concept would help to ex-

) ) plain the structure-property correlation in such materials.
In the present study we confirmed the existence of the

tetragonal formt” form) with an axial ratioc¢/a; of unity in
HfO,—X-mol %-CeQ samples (X=80, 85, and 9D by
means of high-resolution synchrotron x-ray diffraction and
Raman scattering, although generally theaxis should not The authors thank Dr. O. Yokota, Mr. S. Koura, and Mr. T.
be equal to the; axis in a tetragonal system. Thg/a; ratio  Kato for their help with experiments at the Photon Factory.
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