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Abstract

The shifts of the two main characteristic Raman active bands of t-ZrO, in oxide films developed on zirconium alloy
relatively to their position in nanopowder (267, 456 cm™') are discussed. The origin of the shifts is analyzed within the
lattice dynamical treatment according to which neither hydrostatic compression nor biaxial one can be responsible for this
shift. It is put in evidence that only an abnormal high value of the internal tetragonality (Az = L./c) can provide this effect.
Additionally, the symmetry assignment of the two bands are determined which, in particular, argues for the identification
of the band near 267 cm™! as a totally symmetric 4, soft mode. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

It was displayed in a previous paper [1] that the
Raman scattering of tetragonal zirconia developed as
oxide films at 680 K in steam (autoclave) on Zircaloy 4
shows systematic shifts of the main characteristic bands
relatively to their positions in the powder sample spec-
tra. Compared to those of a pure tetragonal nanopow-
der, these main bands with strong intensities at 267 and
456 cm™' were shifted by +15 and —13 cm™', respec-
tively. Analogous observations on Zr-Nb alloy oxide
films have been reported by Lin [2,3]. The monoclinic
zirconia peaks were almost unchanged in position.

The purpose of this paper is to give some explana-
tions for these remarkable effects which could be related
[1] neither to additive elements (chemical alloying) nor
to any known high-pressure phase. Using the CRYME
code [4] capable in particular of calculating the stress-
induced variations in the spectra, we have modeled and
analyzed the behaviors of the Raman spectra as a

* Corresponding author.
E-mail address: quintard@unilim.fr (P. Quintard).

function of isotropic and biaxial stresses and of the
L, = Az/c displacement of the oxygen atom from its
position in the cubic phase.

The interatomic potentials were approximated by
the rigid ion model (RIM) which included coulombic
forces and non-coulombic repulsive ones. The cou-
lombic interactions were described via the effective
charge of O and Zr atoms respectively equal to —1.185¢
and +2.370e. The parameters A and B (second and first
derivatives of V() of the non-coulombic interaction as
a function of interatomic distances for O-O and Zr-O
bond lengths are presented in Fig. 1. The relevant an-
alytic expressions for the non-coulombic energy ¥y
were given in [5]. These interatomic potentials have
previously given realistic reproduction of Raman
spectra of m-, t-, ¢- and o-zirconia thus manifesting
their transferability.

2. Crystal parameters for the t-ZrQO,

First of all we had to determine the possible crystal
structure of pure t-ZrO, at room temperature (RT).
After the first determination by Teufer [6], Aldebert and
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Fig. 1. First and second order force constants (dotted and bold
curves, respectively) of the short range interatomic potential of
the non-coulombic interactions, as the function of intera}grlxlic
distances, for O-O and Zr-O bond lengths. 1 mdyn A =
1 N cm™'. These values of transferable RIM interatomic po-
tentials have previously given realistic reproduction of Raman
spectra of m-, t-, ¢c- and o-zirconia.

Traverse [7] gave the crystal structure of tetragonal zir-
conia at temperatures higher than 1500 K up to the t—c
transformation. It is well-known that this t-phase can be
stabilized at RT either by different additives or through
a nanometric size. The extrapolation of the cell param-
eters and Az values, to RT from high temperature
structures, are given in Fig. 2 and Fig. 3, respectively.
The results are summarized as crystal PQI in Table 1.
The high temperature structure just above the t-m
transition [7] is named PQ3.

A size-stabilized RT structure (PQ2) of a nanopowder
was given by Igawa [8]; it was prepared from alkoxyde
precursor and annealed at 670 K. Another one, described
by Djurado et al. [9], was obtained by a spray-pyrolisis
method (PQ4). A systematic study of the evolution of the
structure of xerogels-, aerogels- and precipitated-t-ZrO,
[10] showed that the ¢, @ and Az values for a given process
were sensitive to annealing temperature and accompa-
nying a grain growth. An accurate direct measurement of
Az is difficult and could only be reached using neutrons
diffraction. In the range 770-1170 K, the ¢ and c/a values
can change by about 0.4% and 0.5%, respectively, while
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Fig. 2. Linear extrapolation at RT of the high temperature
structures given in [7] (Traverse) and that obtained at RT from
nano-powders in [8] (Igawa).

Az variation could be about 10-20%. Typically Az can
vary from 0.040 to 0.050. Thus PQ1, PQ2 and PQ4 model
crystals (Table 1) have the same probability to represent
the real structure of a size-stabilized tetragonal phase,
and the structure given in [8] would be slightly different if
the nanometric powder had been annealed at higher
temperature. The oxygen positions calculated according
to a relationship between Az and tetragonality c/a:
Az = 0.24,/(1 — a®/c?) [11] are also presented in Table 1.
The different ¢, @ and Az values of crystals PQ2, PQ4 (so
as low additive stabilized ones) give similar frequencies of
the characteristic peaks.

The four crystal structures retained in Table 1 for
further calculations, are also in good agreement with
those extrapolated to 0% molar fraction additive of:

Y203Z 5 3

ay/2=5.080 A, c =519 A, ¢/a=1.022 [12],

ay/2=5.086 A, ¢ =5.189 A, ¢/a = 1.0203 [13],

CeO,:

ay/2 =5.0821, ¢ = 5.1855, ¢/a = 1.0203 [14,15].
We can conclude that these four structures have to be
checked for the simulation, whereas the results for PQ3
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Fig. 3. Linear extrapolation at RT of the high temperature
results on Az [7] and that obtained at RT from nano-powders
[8]. The correlation coefficient (%) is 0.90 for the extrapolation;
the accuracy domain for [8] is 0.047 & 0.003.

could possibly diverge from the common results, be-
cause it is too far from a realistic representation of a RT
tetragonal phase.

3. Behavior of a tetragonal structure under isotropic stress
and related frequency shifts

Our first hypothesis was that the shift under consid-

eration appears because of an isotropic compressive
stress which can arise in the t-ZrO, structure. Actually, a

Table 1

biaxial stress in the (x,y) plane of a few GPa was found
at the metal/oxide (t-ZrO,) interface [16,17]; addition-
ally, due to the t—m transformation in the upper layer of
the oxide film, a compressive force along z can also
appear because of a 4% volume increase. It is not,
therefore, meaningful to consider a three-axial stress as
the cause of the frequency shifts in question. So we
modeled the behavior of the different crystal structures
retained, under an isotropic stress of typically 3 GPa.
For other stresses around this value, results could be
obtained through a linear extension.

From the compressibilities of @ and ¢ cell parameters,
directly calculated by CRYME from the interatomic
potentials (Table 2), we can estimate these parameters
for a lattice stressed by 3 GPa. The Az value is then
determined as resulting from the relaxation of the
structure. All the model crystals showed an isotropic
compressive stress-induced decrease of Az, in parallel to
that of a and ¢ (Tables 1 and 2), giving notice of a
lowering of tetragonality, so that a/c is expected to be
nearly unity (i.e., cubic) for ~40 GPa.

For the most realistic RT structures (PQ 1, 2, 4),
the a,c and Az parameters have decreased by 0.5%,
0.8% and 10%, respectively, due to this stress of 3
GPa. In the range 0-10 GPa, the 0(Az)/0P slope is
equal to —0.00139 GPa™! for PQ2 crystal. The abso-
lute distance L. (0.23-0.27 A, Table 1) is decreased by
0.0072 A for 1 GPa. The results are summarized in
Table 2. The 0(Az)/0P slope value reduces at in-
creasing pressure due to the decreasing compressibility
of the stressed lattices and stiffening of Zr-O bonds.
We determined the slope values as —0.00113, —0.00072
and —0.00017 GPa~' for PQ2 stressed at 10, 20 and 30
GPa, respectively.

The calculated frequency shifts are close to that ob-
served under hydrostatic compression [18] but quite
different from the results of the simulation in our pre-
vious work [1] in which the use of a valence force field
(VFF) taken from [19] laid an incorrect asymptotic limit
for the stiffness of bonds shorter than 2.08 A. Conse-

Crystal parameters used for tetragonal zirconia in our lattice dynamical calculation (see Section 2)*

Crystal a=hIA clA clay/2 Az exp. Az calc. Zr-O/A LZ/A Remarks and
reference
PQI1 3.5836 5.2050 1.027 0.051 0.055 I: 2.0696 0.2658 RT from High
Temperature [6,7]
II: 2.3801
PQ2 3.592 5.170 1.018 0.047 0.045 I: 2.0802 0.2430 Nanometric RT [8]
1I: 2.3629
PQ3 3.637 5.2689 1.024 0.065 0.052 I: 2.0633 0.3425 High Temperature
1500 K [6]
II: 2.4620
PQ4 3.596 5.187 1.020 0.045 0.048 1: 2.0899 0.2334 Nanometric, RT [9]
II: 2.3610

% Az experimental (exp.) was taken from the reference in the last column, Az was calculated (calc.) using the formula in [11].
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Table 2

Shifts of the 267 and 456 cm~! modes under an isotropic stress of 3 Gpa®

Crystal Linear compressibility Az Shift/cm~" from Shift/cm~' from 9(Az)/oP/GPa™!
GPa™' 10° 267 cm™! 456 cm™!
PQ1 a: 1.55 0.0468 +11.1 —0.00151
c:2. 69
PQ2 a: 1.53 0.0428 +13.8 —0.00139
c: 2.49
PQ3 a: 1.94 0.0581 +19.7 —-0.0023
c:3.98
PQ4 a: 1.57 0.0406 +14.0 -0.00147
c: 2.56

%Az = L,/c is given after relaxation of the structure. The compressibility is given for ¢ and ¢ lattice parameters (e.g., 0.00155 GPa™').

quently these values for the short Zr-O1 (Table 1) bonds
were overestimated.

Our results (Table 2) clearly disclose that the calcu-
lated isotropic stress-induced shifts of the 267 and 456
cm~! frequencies are opposite to the experimental shifts
[1] (see Section 1), i.e., such a compressive stress cannot
explain the observed phenomenon and a tensile stress
(i.e., a negative pressure) would be necessary but this is
not consistent with [16,17].

4. Behavior of a tetragonal structure under biaxial stress
and associated frequency shifts

In this part we will consider the frequency shifts
produced by a typical P =3 GPa biaxial (x,y) com-
pressive stress of the primitive cell. The oxide film is
highly textured [20] with ¢ axis perpendicular to the in-
terface so that the stress acts in the plane {110} con-
taining a and b axis. This stress would induce a
lengthening (Ac) of the ¢ edge perpendicular to the
surface of zircaloy. The Ac extension is related to the
Aa = Ab variation as: Ac/c = —(Aa/a)(2C,3/Cs3) where
the C;; are the elastic constants. Typically, in the calcu-
lation for PQ2, Cy; is equal to 55 GPa and Cs; to 335
GPa, as estimated by our model. The relaxation of
Az(= L./c) is obtained using the relation previously used
in [21], U being the homogeneous strain

dL./oP = (L. /0U;)(dU; /oP).

As an example, for a stress of 3 GPa applied on @ and b,
we obtained for the PQ2 crystal, AL, equals to —0.00306
A. This means that the relaxed Az is, now, for this crystal
equal to 0.0464 instead of the initial value of 0.0470.
These results are reported in Table 3. The a = b and ¢
parameters changed by —0.5% and +0.2%, respectively,
and the related Az value allowed us to construct a new
PQ2 biaxially stressed crystal. By applying the RIM
potential, we could estimate the shifts of the bands in
question. In this condition, 0(Az) /0P is always negative.
It is worth noticing that the slope value, —0.0002 GPa~!,

Table 3
Shifts of the characteristic frequencies under a biaxial (a,b)
stress of 3 Gpa?*

Crystal Az shift 267 cm™! 458 cm™!
shift shift
PQ1 0.0504 +1.3 +5.2
PQ2 0.0464 +1.2 +5.4
PQ3 0.0636 +1.9 +6.9
PQ4 0.0444 +1.1 +5.5

4 Az is given after relaxation of the structure.

is very little, compared to the case of the isotropic
compression (see Section 3), and it induces the low
sensitivity of the shifts to the biaxial stress.

The results of our calculations (assigned in [22,23])
are given on Table 3. The calculated shifts are far from
the observed values (see Section 1) and, moreover, the
sign of the 456 cm~! band shift contradicts the observed
one. This leads to the conclusion that a biaxial stress of a
few GPa cannot explain the experimental evidence [1].

5. Shifts of t-ZrO, Raman frequencies under Az variations

The above results fail to explain the observed effects
of the frequency shifts of the two vibrations whose
positions in powder samples are located near 267 and
456 cm~!. However, the detailed analysis of these results
allows us to conclude that this is the Az value (the factor
of internal tetragonality of t-ZrO, lattice) which, prac-
tically, completely dominates the behavior of the vib-
rational frequencies of the t-ZrO, lattice.

Therefore, presently, we focus our attention on this
factor. First, the behaviors of the two above mentioned
vibrations were studied as a function of the Az values.
Variations of +8% of this parameter relatively to its
magnitudes in the model structures of t-ZrO, were in-
vestigated. Such a Az variation directly influence the Zr—
O bond lengths which quite linearly vary with Az (Fig. 4).
The results of our calculations are reported in Fig. 5 well
reproducing at one and the same time, the sign and the
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Fig. 4. Evolution of short (I) and long (II) Zr-O bond lengths
with Az for the different crystals. PQ1, PQ2, PQ4 have similar
behavior. The high temperature PQ3 crystal diverges from the
three others due to thermal expansion of bond lengths.

magnitude of the observed shifts; as an example, in the
PQ2 crystal, the origin of shifts of +15 cm™' for the
phonon near 267 and —13 cm™! for the phonon near 456
cm~! are explained by the increase of Az from 0.047 (in
the nanopowder sample, Table 1) to 0.055 (in the mas-
sive oxide).

In Figs. 5 and 6, we followed the 4,, assignment for
the strongest Raman active line near 267 cm™~! experi-
mentally established by Sobol et al. [24]. It is based on
polarized Raman spectra of a single crystal of stabilized
tetragonal zirconia. Using this assignment as a basic
experimental evidence, the lattice-dynamical model
treatments [22,23,25,26] were capable of physically
consistently explaining both elastic and vibrational
properties of ZrO, in the cubic, tetragonal, monoclinic
and orthorombic phases.

For all the crystals, the behaviors of both phonons
show the same effect: the frequency related to the ex-
perimentally observed band near 456 cm~! always drops
at increasing Az values; whereas, at the same time, the
frequency of the phonon observed near 267 cm™! always
increases. Thus, the physical reason for both experi-
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Fig. 5. Evolution of the 267 and 456 cm™! frequencies versus
Az =L,/c, around the nominal Az value. Signification of 4,
and E, representation is discussed in the text. With Az increase
Ay, frequencies (=267 cm™!) [22-24] are increased and E, fre-
quencies (=456 cm™') are lowered according to, respectively,
an hardening and softening of these modes.
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Fig. 6. Raman active frequencies of t-ZrO, as a function of the
Az value for the PQ2 crystal with nominal Az value at 0.0047.
Bold curves represent the evolution of the two phonon fre-
quencies discussed in this paper.
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mentally observed frequency shifts can be readily re-
vealed: t-ZrO, structure existing at RT in the metal/
oxide interface has a high internal tetragonality i.c., the
Az value in this structure is higher than in ‘ordinary’
powder-like samples (‘super-tetragonality’).

To clarify more deeply the nature of the above de-
pendences of the phonon frequencies on the Az value
magnitude, we decided to answer the question: how all
the Raman spectrum of t-ZrO, would change when Az
value vary from 0 up to 0.070. The results of this study
are shown in Fig. 6. These clearly exhibit that the pho-
non having frequency 267 cm™' in the ordinary t-ZrO,
lattice softens drastically when Az diminishes, and van-
ishes at Az = 0. Obviously, this is the soft mode re-
sponsible for the ¢t phase transition. In parallel, the
phonon having the frequency near 456 cm™! in ordinary
t-ZrO, lattice hardens and, in merging together with
another phonon at Az = 0, becomes the 75, Raman ac-
tive mode of cubic ZrO, (see Fig. 6). Below the transi-
tion point, the internal tetragonal deformation Az splits
the 75, phonon frequency into the E, + B, doublet so
that the vibration having position 456 cm~! in t-ZrO, is
the lower-frequency £, component of the doublet. This
E, component would decrease in t-phase, whereas the
soft-mode frequency would increase. That is why the Az-
dependences of the above two vibrations 4,, and E; have
different signs.

The cohesive energy (CE) per unit formula ZrO,,
nearly 24 eV [27,28], changes with the increase of in-
ternal tetragonality. This change can be estimated from
an ab initio CE calculation [27]. The t-c change in a
classical graph of the CE vs Az corresponds to a passage
from a double well-structure to a quasi-simple one
[27,29,30]. In the tetragonal phase, the oxygen atom
vibrates in one of the two deep potential wells and in the
cubic phase the oxygen atom is instable and oscillates in
a quasi-plane large simple well. This t—c phase change
needs a 80 meV CE change, associated particularly with
the lowering of the double barrier, the shortening of Az
to zero, and the modifications of a/c to unity. This result
is in correct agreement with other experimental or the-
oretical values [31] and is consistent with the thermo-
dynamic energy kAT (86 meV) for the AT increase
needed in the t—c transformation. In our simulation the
increase of Az value which well represents the observed
shifts of frequencies, is only +15% of the total Az vari-
ation in the t—c phase change, it would correspond to a
variation of CE of 10 meV.

6. Conclusion

Our study reveals the lattice-dynamical (structural)
source of the frequency shifts displayed by the modes
near 282 and 443 cm™! in the t-ZrO, lattices existing in
the metal/oxide interface [1]. It is highly likely, that this

phenomenon comes from the ‘super-tetragonality’ of
this lattice. We believe, that this conclusion is in line
with the experimental effects recently observed by Bou-
vier and Lucazeau [18,32], whatever the mode assign-
ment would be. It is shown in [18,32] that hydrostatic
compression would transform the tetragonal ZrO, lat-
tice, Az = 0.045 ¢, into the cubic one (Az — 0), so that
the mode with the frequency at 267 cm~! would finally
vanish, whereas the mode with the frequency at 456
cm~! would harden. In other words, it follows from
[18,32] that 0(267 cm™!)/dz >0 and 0(456 cm™')/
0z < 0; our calculations show the same result. This
makes it evident that the ‘abnormally’ high value of the
oxygen displacement Az from its position in c-ZrO,
lattice is indeed responsible for the hardening of the
mode normally situated near 267 cm~!, and for the
softening of the mode normally situated near 456 cm™'.
This conclusion on the ‘super-tetragonality’ of t-ZrO, in
oxide films is not, of course, inconsistent with the well
established compressive stresses at the metal/oxide in-
terface. However, according to our results those stresses
cannot explain the frequency shifts under consideration
(Section 1). The frequency shifts that these stresses
would induce must yet superpose upon those of Az dis-
placement but this last one is finally preponderant in the
explanation of the Raman frequency shifts already ob-
served [1].

The calculation unequivocally shows that these two
modes, 267 and 456 cm~!, have A4i; and E, symmetry
respectively, thus clarifying the important problem of
the position of the totally symmetric 4;, mode in the
Raman spectra of t-ZrO, [22-24,33] which cannot be a
mode with a frequency near 600 cm™! as it is widely
accepted in the literature. Let us note that our assign-
ment of the mode 267 cm™! (4,y) is in full correspon-
dence with the reliable experimental results obtained
from the polarized Raman scattering of the bulk crystals
of t-ZrO, [24]. It is worthy noting that this is not
inconsistent with the recent experimental results [18]
obtained for pressure dependence of t-ZrO, Raman
frequencies, which show an anti-crossing effect between
the curves corresponding to the 267 cm™' and the lower
frequency band. Let us recall that non-interacting lattice
waves ‘exist’ in the harmonic theory only, and the
presence of the anharmonic terms makes these waves to
form the bounded states (see e.g., [36], Section 65). Thus,
strictly speaking, the anti-crossing effect would always
exist (more or less strong) in practice, as a consequence
of (i) the anharmonicity of the real crystal, (ii) the
structural defects violating the symmetry selection rules,
what can be quite reasonably expected for the nano-
metric powder used in [18]. Anti-crossing effect cannot
be a definitive proof of the same symmetry of the in-
teracting waves.

The internal tetragonality with extremely high Az
value (‘super-tetragonality’) needs a 10 meV increase of
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CE and can be linked to a more sub-stoechiometric t-
ZrO, structure ([1,34,35] and references therein).
Moreover, it is well known that the absence of stabi-
lizing factors, like additive oxides, increases Az value
[15].
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