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Pressure dependence of the refractive index of monoclinic and yttria-stabilized cubic zirconia
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The pressure dependence of the refractive index of monoclinic and yttria-stabilized cubic zirconia was
measured up to 3 and 8 GPa, respectively, using an interferometric method with the diamond-anvil cell.
The experimental results show a practically linear behavior for both crystalline structures. For cubic
zirconia, the refractive index remains practically constant under pressure, while for the biaxial mono-
clinic phase, one component of the refractive index decreases and the other component increases with
pressure, despite the rather isotropic lattice compression in the corresponding crystalline directions.
The behavior of the electronic polarizability of the oxygen ion was investigated through the Lorentz-
Lorenz relation, yielding the following Mueller parameters: for the cubic phase Aq=1.02, and for the
monoclinic phase A;=1.05 for the component nearly parallel to the b direction, and A,=0.85 for the
component in the direction of the projection of the “a” axis on the sample plane. In the case of mono-
clinic zirconia, the behavior of the polarizability under pressure is about 20% more anisotropic than the
compression of the respective lattice parameters, indicating a distinct effect of the interatomic interac-
tions over the oxygen ions for the two directions under consideration.

INTRODUCTION

In the literature there are many theoretical and experi-
mental works concerning several aspects of zirconia
(ZrO,). From the point of view of applications, ZrO, is a
very important material due to its high refractive index,
hardness, and stability in oxidizing atmospheres at high
temperatures. Transparent single crystals of stabilized
cubic ZrO, are optical materials of high quality with re-
markable ionic and mechanical properties.

The monoclinic phase and the yttria-stabilized cubic
ZrO, are stable at ambient temperature and pressure, and
have similar properties concerning the bond distances
and coordination numbers.! The crystalline structure of
¢-ZrO, stabilized with Y,0; is of CaF, type, where some
Zr** ions are randomly replaced by Y 2 ions, generating
several oxygen vacancies necessary to preserve charge
neutrality. The structure of the monoclinic phase is also
a distortion of the CaF, type, where the Zr atoms have
sevenfold coordination.

During the past few years we have carried out a gen-
eral study of the pressure dependence of the refractive in-
dex of several materials such as, for example, MgO,? sap-
phire,3 ¢-BN,* diamond, cubic SiC, and some fluorides,
using an interferometric method with the diamond-anvil
cell (DAC). From experimental results, we can obtain in-
formation about the microscopic behavior of the elec-
tronic polarizability during lattice compression. Zirconia
is an interesting candidate for our general study due to its
important optical and mechanical properties. Moreover,
it would be possible to make a comparison between the
results for different crystalline structures of the same
compound and, also, to investigate the influence of the
asymmetry of the monoclinic system over the behavior of
the electronic polarizability.

In this work, experimental results for the pressure
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dependence of the refractive index are given up to 8 GPa
for the cubic yttria-stabilized ZrO, (20 mol % Y,0,) and
up to the phase transition for the monoclinic phase,
about 3.7 GPa.’ The Lorentz-Lorenz classical approach
is used to investigate the behavior of the polarizability of
the oxygen ion in both structures during volume
compression.

EXPERIMENTAL TECHNIQUE

The pressure dependence of the refractive index was
measured using the interferometric method described in
details in Ref. 2. Briefly, it consists of following the in-
terference fringes of a microinterferometer (sample) dur-
ing the pressure variation inside the DAC. A ruby cali-
brant is used to measure the pressure, and a methanol-
ethanol-water mixture is wused as the pressure-
transmitting medium. An optical system was especially
designed to obtain the transmitted interference spectrum
from the sample during the pressure change. From the
condition of maximum interference for normal incidence,
the wavelength displacement of a given fringe due to
volume and refractive index variations is given by

Adm__ n(P) 1(P) _
An(0)  n(0) I1(0)

(1)

where A, is the pressure-dependent wavelength of the
fringe of order m, [ is the sample thickness, and = is the
refractive index.

The cubic sample was polished down to a thickness of
about 40 um, forming two parallel plane surfaces. Over
these surfaces was deposited a semitransparent film of
gold. On the other hand, the single crystals of monoclin-
ic zirconia already had the dimensions and parallelism
necessary for the observation of the optical interference,
and the gold film was just deposited over the two parallel
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surfaces to improve the finesse of the transmitted spec-
trum.

The monoclinic ZrO, is a biaxial material so, except
for the light incidence in the direction of one of the opti-
cal axes, there will be a superposition of interference
spectra corresponding to the two different refractive
indexes for a given propagation direction. In the present
case, the single-crystal plane was perpendicular to the ¢
axis. In order to separate the two fringe patterns, we
used a polarizer to analyze the transmitted light in two
perpendicular directions: one of them nearly parallel to
the b axis; and the other nearly parallel to the projection
of the a axis on the sample plane, that is, the component
a sinp.®

EXPERIMENTAL RESULTS AND DISCUSSION

The wavelength shift of a given interference fringe dur-
ing the pressure variation can be used to determine the
pressure dependence of the refractive index, using Eq. (1)
and an equation of state to take into account the respec-
tive thickness variations. We used the Murnaghan equa-
tion of state to obtain the volume variation of the cubic
phase, with B;=210.3 GPa (20-mol % Y,0;) (Ref. 7)
and B, =4.5.

For the anisotropic monoclinic phase, the variations of
the cell parameters are given by®

a=5.138-0.0150P ,
b=5.214-0.0155P ,
¢=5.314-0.0117P ,
B=99.09-0.0270P ,

()

where the cell parameters are expressed in A, B in de-
grees, and P in GPa. In the present case, the thickness
change corresponds to the compression of the ¢ parame-
ter.

Figure 1 compares the experimental results for
n (P)/n (0) for the two structures. The wavelength region
was about 690 nm, and it was considered a small optical
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FIG. 1. Pressure dependence of the refractive index of zir-
conia. (a) and (b) are the components parallel to the crystalline
directions a sinf3 and b, respectively.
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dispersion of the refractive index due to the fringe dis-
placement: (9n/0A)=—1.1X10"* nm~!. As can be
seen, in the case of the yttria-stabilized ¢-ZrO, the refrac-
tive index remains practically constant up to 8 GPa,
while for the monoclinic phase one component slightly
decreases and the other increases with pressure. A linear
least-square fit yields (1/n)(dn/dP)=(—1.0%0.5)
X10™* GPa~! for the cubic phase, (1/n)(dn/dP)
=(—5.010.5)X10"* GPa™! for the b component, and
(1/n)dn/dP) (+13.5+£0.5)X107* GPa~! for the
a sinf3 component of the monoclinic phase.

It is interesting to analyze these experimental results in
the context of the electronic polarizability () of the ions.
As usual, the polarizability of the oxygen ion,
a(02)=3.88X 1073 nm3, is large compared to the po-
larizability of the positive ion, a(Zr*t*)=0.3X 1073 nm3°
Therefore, only the variation of the oxygen polarizability
will be considered during the lattice compression.

While theoretical ab initio studies of the electronic po-
larizability are complicated, the classical approach of
Lorentz-Lorenz provides a simple relationship among re-
fractive index, density (p), and polarizability:

n’—1_ 4r

i, 3 PY- (3)
Though the 47 /3 factor is valid only for cubic systems,
this relation will also be used in the case for the mono-
clinic phase, since we will determine only the relative
volume variation of a. In Fig. 2 we can see the volume
dependence of the electronic polarizability for the cubic
and monoclinic phases obtained with Eq. (3), the experi-
mental values for n(P)/n(0), and the Murnaghan equa-
tion of state. In the case of the monoclinic phase, we
used By=112 GPa and B,=5 (Ref. 10) to estimate the
density variation with pressure.

The volume dependence of a is generally represented
by the Mueller parameter'! defined as

dlna
= . 4
° 9lnV “@

The constant values obtained are A;=1.02+0.01, for the
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FIG. 2. Volume dependence of the electronic polarizability
of zirconia.
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cubic phase, and Ay=1.05+0.01 for the monoclinic
phase, with the polarizer direction nearly parallel to the b
axis and A,=0.85%0.01 with the polarizer direction
nearly parallel to the component a sin3. A value of Ay
close to unity means that the relative decreases of a and
V are practically the same, and consequently, the refrac-
tive index will remain nearly constant under pressure.
This seems to be the situation for the cubic ZrO,, and for
the component parallel to the b axis in the case of the
monoclinic ZrO,. For the component parallel to a sinf,
A, is smaller than 1, meaning that the decrease of the
electronic polarizability of the oxygen ion in this direc-
tion is slower than the corresponding volume compres-
sion. As a result, the refractive index increases with pres-
sure.

For the monoclinic phase, the refractive indexes are
different for both directions under consideration:
n=2.243 in the a sinf direction and »n=2.236 in the b
direction.'> The correspondent asymmetry of the oxygen
polarization at ambient pressure will, according to Eq.
(3), be a, gap/a, =1.003. The effect of volume compres-
sion was to increase this asymmetry significantly since

Aaa sinB/aa sinf3 —

0.8
Aab /ab

for the pressure range up to 3 GPa. On the other hand,
the correspondent variations of the respective cell param-
eters are practically the same:

A(a sinB)/(a sinfB) _
Ab/b

Therefore, the increase of the asymmetry of the electron-
ic polarizability with pressure cannot be totally explained
by the small lattice anisotropic compression. This in-
teresting result should be related to short-range interac-
tions between oxygen ions.

The layer-type structure of the monoclinic phase con-
sists of layers of triangular coordination polyhedra of
O,Zr, and distorted tetrahedra of OZr,.!* The Zr cat-
ions are in layers parallel to the (100) plane, in between
the layers of Oy and Oy ions.!* The a sin8 component
nearly corresponds to the distance between parallel
planes of zirconium cations and oxygen anions, i.e., it is
an interlayer distance, while the b parameter corresponds
to the intralayer distance, as shown in Fig. 2 of Ref. 13.
As a result, the short-range repulsive interactions be-
tween the oxygen ions in the b direction will be greater
than in the a sinf direction. In fact, as the pressure in-
creases, the electronic polarizability decreases faster in
the b direction than in the a sinf3 direction, increasing the
asymmetry of a.

Shanker and Agarwal” proposed a cubic relation be-
tween the polarizability and the ionic radius of the form
a=kr?, where k is a constant. To obtain an anisotropic
electronic polarizability it is necessary to consider an el-

0.97 .
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lipsoidal form for the oxygen ion, with different radii for

the two directions under consideration. We suggest the

following relationship to estimate the relative variation of

the dimensions of the anion during the pressure variation:
Vv 3

T , (5)
Vo

x

A
a ox r

Qo ro

X

where x corresponds to b or a sinf8. Accordingly, the de-
crease of the radius in the b direction would be 20%
greater than the decrease of the radius in the a sinf3 direc-
tion, while the correspondent decrease of the cell parame-
ters differ only by about 3%.

CONCLUSIONS

The pressure dependence of the refractive index of cu-
bic and monoclinic ZrO, was measured using an inter-
ferometric method. For the monoclinic phase, the com-
ponent of the refractive index almost parallel to the lay-
ers of oxygen ions slightly decreases with pressure, and
the component perpendicular to the layers increases with
pressure, while for the cubic phase the refractive index
has an intermediate behavior, remaining practically con-
stant under pressure.

For the monoclinic phase, the anisotropy of the elec-
tronic polarizability of the oxygen ion increases by about
20% during the volume compression, despite the small
anisotropy of the lattice compression, which is only about
3%. This significant asymmetry of the polarizability
behavior should be related to the distinct environments
for the oxygens ions in both directions under considera-
tion: in the b direction, an oxygen ion is surrounded by
other oxygen ions, and the short-range repulsive interac-
tions should play an important role; in the a sinf direc-
tion, on the other hand, the oxygen ions are intercalated
with zirconium ions, reducing the effect of the anion-
anion repulsive interactions. Consequently, the polariza-
bility should decrease faster in the first case, according to
the experimental results.

Comparing the cubic and monoclinic zirconia it is pos-
sible to say that the behavior of the electronic polarizabil-
ity of the oxygen ion under pressure is different for
different crystalline structures of the same compound.
This should be the case, since we are dealing with
different interatomic distances and ion environment, and
the electronic polarizability seems to depend strongly on
the short-range repulsive interactions.
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