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Infrared and Raman spectroscopic studies of Zr(, doped with
Y;0; (1, 2, 3, and 8 mole%) and 12 mole% CeO, have been done
with a conventional X-ray diffraction (XRD) technique. Infrared
and Raman spectra of these doped ZrQ, polymorphs were well
characterized by their unique spectral features or optical phonons.
Low-temperature infrared spectroscopy also revealed that the 580
and 725 cm™! modes suddenly evolve at about 123 K when the
tetragonal (t)-monoclinic (m) phase transition is induced in
Zr0,-12 mole% CeQ,(Z12C); the analysis based on the oscillator
strength of the B, mode at 580 cm™! revealed that the t—m phase
transition occurs discontinuously with a very narrow transition
width of ~2 K, whereas the oscillator strength of the E, mode
associated with the t-phase decreased toward the phase transition.
it was concluded that the nonoccurrence of the t—-m phase transi-
tion in tetragonal ZrQ,-3 mole% Y,0,(Z3Y) originates in its being
less tetragonal {c/a = 1.012) than Z12C (c/a = 1.018), in the
context of the dependence of the transformability on the tetrago-
nality, as proposed by Kim. The downshift in frequency of the
Raman modes for Z12C provided more evidence of a larger axial
ratio for Z12C than for Z3Y through an expansion in the a-axis
and the c-axis, as confirmed by XRD. It is stressed that traces of
another existent phase (not predominant) at the surface and/or
in the bulk can be substantiated by using infrared and Raman
spectroscopic techniques at the same time as XRD.
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1. INTRODUCTION

There exist cubic, tetragonal, and monoclinic poly-
morphs of ZrO, at atmospheric pressure, whereas another
orthorhombic polymorph of ZrQ, is formed in a metasta-
ble state by quenching from high temperature or high
pressure and is retained at room temperature (RT) in zir-
conia partially stabilized with magnesia (1-3).

It is well established that the stability of cubic and
tetragonal polymorphs of Zr(, (unstable at RT) is greatly
influenced by incorporating any oxide of Y,0,, Ca0,
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MgO, and CeO, with different cation valences and ion
radii, altering the force constants in the bonds (6). Hence,
a large number of researches have been conducted con-
cerning phase relations and structural phase transitions
in partially stabilized Zr(, with dopants (7-15).

Recently, a great deal of attention has been focused on
the Zr0O,-CeO, system, in which the tetragonal (t)-
monochinic {m) phase transition occurs autocatalytically
at a grain-size-dependent temperature below zero (16-20),
It has been shown that low-temperature infrared spectros-
copy allows the detection of the B, and A, modes at 580
and 710 cm ! as the t—m phase transition takes place in
Zr0,-12 mole% CeQ, (21).

As a matter of fact, the group theoretical analysis
predicts the following irreducible representations of opti-
cal phonons (for zero wave vector) for each polymorph
of ZrQ, (22, 23):

For monoclinic ZrO, (space group C3,; P2,/c, 4/mole/
unit cell), 94 (R) + 9B,(R) + 84, (IR) + 7B,(R);

For tetragonal ZrO, (space group DJ;; P4,/nmc, 2 mole/
unit cell), A, (R) + 2B (R) + 3E/(R) + A,(R) +
2E,(IR);

For cubic ZrO, (space group Oi; Fm3m, 1 mole/unit
cell), Fr (R} + F, (IR).

Therefore, infrared spectroscopy as well as Raman
spectroscopy has been applied to phase identification and
to the study of phase transitions in ZrO, or partially stabi- -
lized ZrO, with dopants (24-32), by observing infrared
(IR} or Raman (R} active modes and making their as-
stignment.

The objective of the present work is twofold. First, we
do a spectroscopic study of ZrO, polymorphs doped with
Y,0; or CeQ, by using infrared and Raman spectroscopic
techniques at the same time. Second, we study the t-m
phase transition in CeQ, doped ZrO, in detail, trying to
find out whether the t—m phase transition is possible in
tetragonal Zr(, doped with Y,0;.

The present paper is organized as follows. Phase identi-
fication in the doped ZrQ, polymorphs by X-ray diffrac-
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tion, infrared spectroscopy, and Raman scatteringis given
in Sections 3.1, 3.2, and 3.3, respectively. In Section 3.4,
temperature dependence of infrared spectra of Zr0,~12
mole% CeQ, is measured with the intention of obtaining
spectroscopic information on the t—m phase transition.
Finally, the implications of the results obtained are com-
mented upon in Section 4.

2. EXPERIMENTAL

Zr0O, powders doped with 1 mole%, 2 mole%, and 3
mole% Y,0,, 8 mole% Y,0;, and 12 mole% CeO, (hereaf-
ter referred to as Z1Y or Z12C for ZrO, doped with 1
mole% Y,0; or 12 mole% Ce(,) were prepared by Hokko
Chemical Ltd. and Tosoh Corporation Inc., respectively:
Zr0, powders (purity 99.9%) are commercially available,
These powders were formed into pellets (about 1 mm in
thickness and 10 mm in diameter), and then they were
sintered in air at 1450°C for 4 hr and furnace cooled to
RT; these pellets were used to record infrared reflectance
spectra as well as Raman spectra.

Infrared reflectance spectra were measured by Fourier
transform infrared spectroscopy (JEOR 100) in the fre-
quency range 50 ~ 4000 cm~'. Resolution was 2 cm ™! in
the far infrared region and 4 cm™' in the mid infrared
range. For different frequency ranges, appropriate beam
splitters (KBr or mylar) and a detector (triglycine sulfate
(TGS)) were used, and infrared reflectance spectra are
expressed as reflectance ratios of the sample to a reference
(a mirror of aluminum evaporated film).

In order to measure temperature dependence of infrared
reflectance spectra, temperature was varied from 298 to
77 K using a Lt-3-110 liquid transfer refrigerator system
{APD Cryogenic Inc.) with heater and temperature con-
troller (=2 K). It was possible to record low-temperature
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infrared spectra in the frequency range 500 ~ 4000 cm™!
because of a mercury—cadmium-tellurium (MCT) detec-
tor which sets a limit on measurable frequencies (=500
em™!). Raman spectra were registered with a double
monochromator (JASCO TRS-660) with a spectrometric
multichannel analyzer (Princeton Instruments Inc.
D/SIDA 700); we used the 514.5 nm Ar™ line for excitation
with a laser power of 40 mW to collect signals from an
irradiation area of the samples (about 100 um?). X-ray
diffraction (XRD) patterns were also recorded by X-ray
diffractometry (Rigaku Rad-B) with CuKea radiation; we
used the as-sintered pellets without any pulverization,
since grinding would induce the t—-m phase transition in
Z12C (33), changing the originally existent phase(s) and
hence their phase compositions.

3. RESULTS

3.1. X-Ray Diffraction Patterns

Figure 1 shows the X-ray diffraction patterns (20 =
20 ~ BO®) of Zr0O,, Z1Y, Z2Y, Z3Y, Z8Y, and Z12C;
the XRD pattern of Z12C recorded at RT after ligN,-
immersion is displayed as well. In Table 1, phases identi-
fied and lattice parameters determined by XRD for each
sample are summarized with available crystallographic
data for comparison. It is evident that the t—m phase
transition would take place when Z12C was immersed
into ligN,; we note here that no t-m phase transition can
be induced even if tetragonal Z3Y is immersed into ligN,.
The monoclinic phase composition v, after the phase tran-
sition is estimated to be 72% from (36, 37)

v, = {111, + (— 111,/
111, + K—111), + K111},

TABLE 1 .
Phases Identified and Lattice Parameters Determined by XRD for ZrO, and Doped Zr(),, with Available Crystallographic Data
(on the Right Side)

Sample Phase Lattice parameters {nm) Reference
ZrO, m a = 0.5125 b = 0.5199 a = 0.5150 b = 0.5211 (5, 8, 24)
¢ = 0.5291 B =99.29° ¢ = 0.5317 B = 99.23
ZlY m + t(trace) a = 0.5136 h = 0.5202 a = 0.5154 b = 0.5211 (12)
c = 0.5295 B = 99.26° ¢ = (.5318 B =913
Z2Y m + t{trace) a = 0.5155 b = 0.5203 a = 0.5161 b = 0.5212 (12)
¢ = 0.5307 B = 99.22° ¢ = 0.5322 B = 99.04°
Z3Y t ¢ = 0.5168 a = 05089 ¢ = 0.5173 a = 0.5104 (12, 35)
cla = 1.012 cla = 1.013
8Y c a = 0.5125 a = 0.5134" (8)
Z12C t ¢ = 0,5221 a = 4.5127 ¢ = 0.5222 a = 0.5125 (35)
ela = 1.018 cfa = 1.018

Note. m, monocolinic; t, tetragonal; and ¢, cubic.

¢ The lattice parameter was extrapolated from a(A) = 5.104 + 0.204x for 0.18 < x < 0.90, where x is the mole fraction of YO.5in Zr0O,.
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FIG. 1. XRD patterns of ZrQ,, Z1Y, Z2Y, Z3Y, Z8Y, and Z12C.
The XRD pattern of Z12C recorded at room temperature after ligN,
immersion is displayed as well, and these patterns are offset vertically
for clarity.

where I{111),,, i{—~111),,, and I{111), represent the inte-
grated intensity of the corresponding reflection for each
phase. It should be noted that no complete phase transi-
tion is achieved even for prolonged immersion times (a
few days) in ligN,, as evidenced by some residual reflec-
tions associated with the t-phase in the XRD pattern after
ligN, immersion. The grain-size-dependent temperature
for the reverse m—t phase transition (19) (=200°C}in Z12C
cannot account for the persistence of the t-phase reflec-
tions for the sample which only reverts to RT after ligN,-
immersion. No explanation for the incomplete phase tran-
sition can be given at present.

In Fig. 1, we can also notice that the scattering angles
of Bragg reflections for Z12C shift downward as compared
with thase for Z3Y, which readily confirms that the lattice
parameters for Z12C are larger than Z3Y as confirmed by
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XRD. Here, we note that ZrQ, containing more than 8.0
mole% Y,O, is of a single phase with the cubic structure
at RT in the ZrO,-Y,0, system (8).

Also, Z1Y and Z2Y contain traces of the t-phase; note
the (111), reflection at 20 = 30.2°.

3.2. Infrared Reflectance Spectra

Figure 2 shows the infrared reflectance spectra of ZrO,
and Y,0;- or CeO,-doped ZrO, in the frequency range
100 ~ 850 cm™!, allowing partial overlap of the range;
the infrared reflectance spectrum of Z12C after ligN,-
immersion is displayed as well. Among the infrared-active
modes predicted by group theory, the 54, modes and the
68, modes are observed at 222 cm ™!, 255¢cm "1, 420 cm !,
445 cm™', and 730 cm ™!, and at 320 cm ™', 350 cm ™', 520
cm ! (doubly degenerate), and 588 cm ™' (doubly degener-
ate), respectively, inthe spectra of monoclinic ZrQ,, Z1Y,
and Z2Y. These spectra are in good agreement with previ-
ous data in the literature (24, 31).

Also, an inspection of these spectra on an expanded
scale enabled us to reveal a softening (=6 cm™1!) of the
A, mode at 730 cm ™! by doping with 2 mole% Y,0O,, which
may reflect an increase in bond length(s) through the
slightly expanded lattice parameters a and ¢ by doping
with Y,0,.

The spectra of tetragonal Z3Y and Z12C are similar to
each other on the whole, exhibiting the E, mode (broad)
at 140 cm™'. Another E, mode may be recognized as a
broadband over 550 ~ 650 cm ™!, whereas the A, mode
is not observed. A pronounced difference between the
two spectra is that there exists a broadband around 320
cm™! in the spectrum of Z3Y, which is assigned to the
B, mode associated with the m-phase. Hence, we c¢an
consider that the sample of Z3Y contains traces of the m-
phase; this is also supported by the existence of the A,
mode at 730 cm™! as a shoulder in the spectrum of Z3Y,
which appears likewise with less intensity in the spectrum
of Z12C.

The spectrum of cubic Z8Y is dominated by the F,,
mode (broad) at 628 cm ™', and it is comparable to the
infrared reflectance spectrum with a bay-like feature at
650 ¢cm™!in Zr0,-12 mole% Y,0, (cubic) (31). The spec-
trum of Z12C after ligN,-immersion tends to approach the
monoclinic sample spectra, indicating that the sample
underwent the t—m phase transition.

Infrared spectroscopy confirmed that for tetragonal
Z3Y, no t—m phase transition can be induced by ligN,-
immersion, and that no complete phase transition is
achieved even if tetragonal Z12C is immersed for pro-
longed times in ligN, (independent of immersion times).
No complete phase transition in Z12C is evidenced by
preferential appearence of the B, and A, modes at lower
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Infrared reflectance spectra of ZrQ, and Y,0, or CeQ, doped ZrQ, in the frequency range 400-850 cm ! (a) and 100-500 cm™! (b),

allowing partial overlap of the range; infrared reflectance spectrum of Z12C after ligN, immersion is displayed as well. Note that these spectra
are offset vertically by an amount as indicated in the figure, except for the spectrum of ZrQ,.

frequencies, among the B, modes at 320 and 350 cm ™7,

and the A, modes at 420 and 445 ¢m™!, all of which are
identified with the m-phase.

3.3. Raman Spectra

Figure 3 shows the Raman spectra of ZrQ, and doped
ZrQ,; the Raman spectrum of Z12C recorded at RT after
ligN,-immersion is displayed as well. In Table 2, the fre-
quencies of the observed Raman modes and associated
symmetries are tabulated, referring to the literature for
their mode assignment (22-25, 29-32),

Not all 18 Raman-active modes of monoclinic ZrQ,,
Z1Y, and Z2Y are observed, but their spectra are in good
agreement with previously published spectra of mono-
clinic ZrO, . The doping up to 2 mole% Y,0, would induce
disorder in monoclinic ZrO,, which results in the diffuse
A, and B, modes at 115 and 500 cm~'. We also note that
both modes B,, and E, associated with the t-phase are
apparent in the Raman spectrum of Z2Y. All six Raman-
active modes predicted for tetragonal Z3Y and Z12C
are observed.

In addition, there exist no significant differences be-
tween the two spectra of Z3Y and Z12C, except for a
downshift in frequency of the Raman modes for Z12C.

The F,, mode at 607 cm ™' dominates the Raman spectrum
of cubic ZBY. This frequency of the F,, mode is higher
than the calculated one (31) for Z12Y (500 cm™"), but it
is comparable to the experimentally observed frequency
of the F,, mode for stabilized cubic ZrO, (24).

As shown by XRD as well as infrared spectroscopy,
Raman scattering also revealed that the t—m phase transi-
tion takes place in Z12C after ligN,-immersion. The phase
transition turned out to be incomplete as we have seen,
indicating persistency of the Raman modes associated
with the t-phase. The monoclinic phase composition v,
after the phase transition is estimated from the relation
(29 v, = (1 + IIVUEP2 + ) + (78 + 13)], where
I, and ], refer to the scattering intensity of the monoclinic
or tetragonal Raman modes at frequencies shown in super-
scripts, We obtain the monoclinic phase composition of
U, = 60% after the t—m phase transition in Z12C, which
is lower than the phase composition estimated by XRD.

3.4. Temperature Dependence of Infrared Specira
of ZI2C

To make a spectroscopic study of low-temperature
structural phase transition in Z12C, we have measured
the infrared reflectance spectra of Z12C in the temperature



SPECTROSCOPIC STUDIES OF ZrO; POLYMORPHS

25X103 LN NNLIN L L L AL L L N L L (LN L L L L
After ligNa-irmmersion
@
€ 151 _ Z8Y
S
5 )
-
E
7 \ Z3Y
i
e 10 o
4
zZ2vy
5L zZ1Y —
ZrQs
0 AT A A IR AR AR AN AVIN AT O IO SE A0 A AN AR A U N VY A A A
200 400 600 800
RAMAN SHIFT (Cm")
FIG. 3. Raman spectra of ZrO, and doped ZrO,; Raman spectrum of

Z12C recorded at room temperature after ligN; immersion is shown also.

205

range 298 ~ 77 K. Figure 4 displays the infrared re-
flectance spectra of Z12C at temperatures indicated, for
demonstrating some spectral changes that are related to
the t—m phase transition. No significant spectral changes
are observed between 298 and 125 K.

However, only a small decrease in temperature, 2 K
below 125 K, caused noticeable spectral changes. We can
see that the B, and A, modes would evolve at 580 and
725 ¢cm~ ! as the t—m phase transition is induced at 123 K
(21). No apparent spectral changes are observed during
further cooling to 78 K. To extract any information on
the phase transition from these spectral changes, the oscil-
lator strength of the B, mode at 580 cm ~! was estimated.

Figure 5 plots the estimated oscillator strength of the
B, mode as well as of the E, mode at about 570 cm~!as a
function of temperature for Z12C. The oscillator strength
(defined as f R dv, with R being the reflectance) is esti-
mated for appropriate frequency limits dv between 550
and 650 cm .

The plot reveals the t—m phase transition at 123 K,
indicating a very narrow transition width (burst-like). We
can also notice that the oscillator strength of the E, mode
relevant to the t-phase tends to decrease toward the phase
transition. This decreasing tendency of the E, mode was
reproducible despite several base line drawings when cal-
culating the oscillator strength of the E, mode. Pretransi-
tion behavior in Z12C has been found in a small decrease
in full width at half maximum of the (111), reflection with
decreasing temperature (21).

TABLE 2
Frequencies (cm™!) of the Raman Modes Observed in ZrQ, or Doped Zr0, and Associated Symmetries

ZrQ, Z1Y Z2Y Z3Y ZRY Z12C Zi2Ce
s m A, 117 m A, 3 m A, i55s By 607 m,b E, 148 s B, 152 s By,
183 s A, 182 s A, 155 ¢ By, 257s E; 495 E, 176 s A,
193s A, 1925 A, 181 s A, 305m B, 3045 By 18 s A,
21w B, 20w B, 191s A, 410 m E, 411 m E, 215w B,
297w A, 295w A, 220w B, 465 s E, 46l m E, 2475 E,
323 m B, 39m B, 254 & E, 595 ‘sh B, 587 “sh B, 319 s B, + B,
334 m A, 332m A, 294w A, 630s A, 621's Ay 30 m B,
I m B, 3% m B, 20m B, 08 w E,
476 s A, 4755 A, 332 m A, 469 s E + A,
500 w B, 496 w B, B m B, 526 w B,
53w B, 534 w B, 475 s A, 546w A,
S w A, 552w A, 500w B, 95 m B,
605 w B, 605 m B, 532w B, 612 m A,
625 m A, 621 m A, 549w A, 731 wb B,
726 w,b B, 726 w,b B, 605 m B,
733 w,b B,

Note. w, m, and s designate weak, medium, and strong intensity, respectively; sh, shoulder; b, broad.

@ After ligN,-immersion.
¢ Tetragonal.
¢ Monoclinic.
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4. DISCUSSION

First of all, we will discuss the phase identification for
doped ZrO,. ZrO, doped with Y,0, up to 2 mole%, as
well as pure Zr0Q,, is monoclinic. However, Raman scat-
tering and XRD allowed the detection of traces of the t-
phase in Z2Y, revealing the (111), reflection at 28 = 30.2°,
the B,, mode at 155 cm™" and the E, mode at 254 cm ™,
both of which are identified with the t-phase. On the other
hand, there is no firm spectroscopic evidence of this
phase’s existence in the infrared reflectance spectrum
of Z2Y.

Here, we should add that the same sample was sub-
jected to Raman scattering, infrared spectroscopy, and
XRD, to rule out the possibility that traces of other phases
arise from any sample variations with respect to phase
composition.

Meanwhile, the infrared spectrum of Z3Y reveals the
B, mode at 320 cm !, which is identified with the m-
phase, whereas no existence of the m-phase in Z3Y is
confirmed by XRD; the Raman spectra of Z3Y and Z12C
also indicate the B, mode associated with the m-phase.
These differences with respect to phase identification in
doped ZrO, may depend on different probing depths in
XRD, Raman scattering, and infrared spectroscopy. XRD
and Raman scattering can probe the material within a few
micrometers of the surface, whereas the probing depth is
somewhat larger in infrared spectroscopy. In addition, it
is probable that phase compositions in doped ZrO, vary
depending on depths from the sample surface, which may
result in the different results of phase identification by
the techniques with different probing depths.

Next, we discuss a reason that no t—m phase transition
is possible in Z3Y, vnlike in Z12C. Kim (35) has found
that the tetragonality of ZrQO,-based ceramics plays a cru-
cial role in transformability from the t-phase to the m-
phase; i.e., no t—m phase transition can be induced, as
the c/a ratio (tetragonality) of ZrO,-based ceramics is
closer to unity. In fact, the tetragonality of Z3Y (c/a =
1.012) is lower than the ¢/a = 1.018 for Z12C in the
present work. Hence, no occurrence of the t—-m phase
transition in Z3Y can be explained in the context of the
dependence of the transformability on the tetragonality.
It is known that the t—-m phase transition temperature in
Z12C is reduced by grain refinement {18-20) and a smaller
grain size may lead to a lower transition temperature be-
low 77 K. However, we can assume that grain size has
no essential role in this issue, in view of the similar grain
size of 1 ~ 2 um in both Z12C and Z3Y in the present
work.

Finally, the larger ¢/q ratio in Z12C than in Z3Y is also
supported by the downshift in frequency of the Raman
meodes for Z12C. This downshift in frequency correlates
well with an expansion in bond Iengths, i.e., through an
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increase in the g-axis as well as the c-axis, as confirmed
by XRD.

5. CONCLUSIONS

Infrared and Raman spectroscopic studies of Y,0,- or
Ce0,-doped Zr0O, have been done with a conventional X-
ray diffraction technique. Infrared and Raman spectra of
these doped ZrO, polymorphs are weil characterized by
their unique spectral features or optical phonons. Low-
temperature infrared spectroscopy also revealed that the
B, and the A, modes suddenly evolve at 580 and 725 cm ™!
as the t-m phase transition is induced at about 123 K.
No occurrence of the t—m phase transition in Z3Y origi-
nates in its smaller tetragonality (c¢/¢ = 1.012) than the
cla = 1.018 for Z12C, in the context of the transformabil-
ity dependence on the tetragonality, as proposed by Kim.
In comparison with Z3Y, the downshift in frequency of
the Raman modes for Z12C, provides another piece of
evidence for the larger ¢/a ratio in Z12C, through an
expansion in the g-axis as well as the c-axis, as confirmed
by XRD.

It seems likely that phase compositions in doped ZrO,
vary, depending on depths from the sample surface, so
it is stressed that traces of other (not predominant) phases
at the surface and/or in the bulk can be substantiated by
using infrared and Raman spectroscopic techniques at the
same time as XRD.
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