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In this article we present the experimental results for the pressure variation of the refractive 
index of sapphire up to 16 GPa, obtained with an interferometric method, using the diamond 
anvil cell. In the range of hydrostatic pressures, up to about 12 GPa, the analysis of the results 
with the classic Lorentz-Lorenz approach provides a nearly linear relation between 
polarizability (cr) and volume, corresponding to a constant strain polarizability parameter. For 
pressures above 12 GPa, there is a substantial nonlinear deviation, associated with 
nonhydrostatic effects inside the diamond anvil cell. 

1. INTRODUCTION II. EXPERIMENTAL TECHNIQUE 

The direct measurement of the variation of the refrac- 
tive index with pressure is of practical importance in the 
design of modem optical systems for predicting the effects 
of stress or strain on the performance of optical compo- 
nents, especially for high-power laser applications.’ On the 
other hand, the photoelastic behavior is also an interesting 
subject from the theoretical point of view, related to mi- 
croscopic properties of the crystal, such as the dependence 
of electronic polarizabilities with inter-ionic distances. 

In the literature, experimental results about the pho- 
toelastic behavior of materials over an extended region of 
pressure are scarce” due to the inherent difficulties of the 
technique involved. The existing experimental works are 
mostly in the range up to 1.4 GPa3*4 where there is usually 
a linear dependence between refractive index and volume. 
Waxler and Weir,’ in an early work, predicted qualitatively 
that a nonlinear behavior would be expected for higher 
pressures due to the changes of the interatomic forces. 

Sapphire ( A1,03) is a well studied and very important 
material used in optical windows.’ Moreover, the physical 
situation for the change of the refractive index under high 
pressures is relatively simple since the polarizability of the 
Alf3 ion is negligible compared to the O-* ion, and the 
structure of this crystal, despite being hexagonal, behaves 
isotropically under hydrostatic compression, with the c/a 
ratio remaining practically constant up to 12 GPa.6 Davis 
and Vedam,4 using an interferometric method, observed a 
linear decrease of both ordinary and extraordinary refrac- 
tive indexes of sapphire up to 0.7 GPa. 

In this article we present the results for a single crystal 
of sapphire, using an improved interferometric method’ 
over an extended region of hydrostatic pressures, up to 12 
GPa, where there is a considerable volume change of about 
4.5%, and nonlinear effects may appear. 

The experimental technique basically consists of fol- 
lowing the transmitted interference peaks of a Fabry-Perot 
microinterferometer subjected to high hydrostatic pres- 
sures in a gasketed diamond anvil cell (DAC). This inter- 
ferometer is a thin plate of sapphire, manually polished 
down to a thickness of about 40 pm, with the parallel faces 
covered by a semireflecting metallic film. These surfaces 
must be extremely flat and parallel in order to provide the 
maximum fringe sharpness. The design of the optical sys- 
tem used to obtain the interference spectrum of the micro- 
interferometer inside the DAC is described in detail in a 
previous work.’ The pressure was determined by a ruby 
calibrant and the pressure-transmitting medium utilized 
was the 16:3:1 mixture of methanol, ethanol, and water. 

The wavelength shift of the interference peaks is due to 
the change of the optical path of the light traversing the 
microinterferometer and, from the condition of maximum 
of interference for normal incidence, we can write’ 

an(P) =&n(O) ( 
n(P) m 
---1 , 

no lo ) 
(1) 

where M,(P)=&,(P) -n,(O) is the pressure shift of the 
peak of order m, I is the thickness, and n is the refractive 
index of the sample. The subscript “0” indicates P=O. 
According to this relation, the known pressure variation of 
the sample thickness can be used to get experimental re- 
sults about the refractive index pressure dependence by 
following a given interference peak. Figure 1 shows typical 
channeled spectra for two different values of pressure, 
where the very good finesse and peak to background ratio 
can be seen, which enable a good accuracy in measuring 
changes of n with P. 

The spectral range covered by the selected fringe was 
from approximately 680 nm (no= 1.736s) to 650 nm, 
where all the fringes were uniformly spaced and have prac- 
tically the same intensity. We just corrected for the small 
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FIG. 1. Typical interference spectra for P=3.2 GPa ( - ) and P=2.5 
GPa (--), showing the respective wavelength shift. 

effect of dispersion of the refractive index by using the 
following approximation 

6n 
n(PJZ) =n(PJo) + a &M, 

( ) 

where (Gn/Sil)&= -3.8~ 10m5/nm.’ 
Sapphire is a hexagonal birefringent crystal, so we pre- 

pared the microinterferometer with the parallel surfaces 
oriented perpendicularly to the c axis to avoid the super- 
position of the interference spectra of both ordinary and 
extraordinary refractive indexes. Furthermore, the pres- 
sure variations of the cell parameters “a” and “c” are such 
that the c/a ratio remains practically constant up to 12 
GPa,6 and both can be described by the same Mumaghan 
equation of state 

l(P) 
-= 

l0 
(3) 

where Bo=239 GPa is the bulk modules and Bb=O.9 is its 
pressure derivative, both at P=0.6 

111. EXPERIMENTAL RESULTS AND DISCUSSION 

The obtained experimental results for the relative 
change of the refractive index of sapphire up to 16 GPa are 
presented in Fig. 2 together with the results of Davis and 
Vedam4 up to 0.7 GPa, showing a good agreement in the 
low-pressure range. 

The significative change in the slope of n(P) observed 
at pressures around 12 GPa could be related to nonhydro- 
static effects inside the DAC since the methanol-ethanol- 
water mixture solidifies between 12 and 14 GPa.9 To check 
this possibility, we performed an experiment using silicon 
oil as the pressure-transmitting medium and we found that 
the strong change in the slope of n(P) occurred, in this 
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FIG. 2. Experimental results for the pressure dependence of the refractive 
index of sapphire up to 16 GPa ( . ), compared with the results of Davis 
and Vedam (see Ref. 4) (A). The experimental uncertainties for the 
pressure measurements are about 0.1 GPa and n/no are represented by 
the vertical bars. 

case, for pressures between 5 and 6 GPa, which corre- 
sponds to the solidification region of the oil used.’ There- 
fore, we can conclude that anisotropic stresses due to non- 
hydrostaticity inside the DAC should be responsible for 
this behavior. We then restricted our analysis to the region 
up to 12 GPa, where the pressure should be hydrostatic. 

The classical Lorentz-Lorenz approach” considers the 
ionic crystal as a collection of isolated entities, polarizable 
under the action of an electric field. In this context, the 
pressure variation of the refractive index(n) is determined 
by two factors depending on P: Density (N) and electronic 
polarizability (a), according to the following relation 

n*-1 4Tr 
(4) 

Although the factor 47r/3 in Eq. (4) is strictly correct 
only for cubic lattices, we assume this relation to be valid 
also for sapphire” because this crystal is isotropically com- 
pressed under hydrostatic pressures6 and we are interested 
only in relative changes in refractive index and polarizabil- 
ity. 

Equation (4), together with the experimental results 
for n(P) up to 12 GPa and the Mumaghan equation of 
state for the density variation, provides the nearly linear 
volume dependence of a shown in Fig. 3. This behavior is 
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FIG. 3. Volume dependence of the polarizability for pressures up to 12 
GPa. Vertical bars indicate the experimental uncertainties. 
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in agreement with an early work of Mueller,12 which sug- 
gested that the decrease of a would be proportional to the 
volume decrease 

where A,, is the strain polarizability constant, or Mueller 
parameter. The fit of the results of Fig. 3 provides A0 
= 1.128 +0.017, with a reduced x2 of about 3.9. 

In the literature, there is an alternative definition of the 
Mueller parameter:” Ao= (S In a/6 In I’) =, that gives, af- 
ter integration for a constant A,, 

a v 43 -= - 
(1. a0 vo 

(6) 

In this case, the fit of the results of Fig. 3 yields Ao= 1.130 
f 0.018, with x2 = 3.85, showing no significative improve- 
ment of the fitting. 

Waxler and Weir’ pointed out qualitatively that the 
decrease of a would be accentuated at high pressures due 
to the intensification of the interatomic interactions. How- 
ever, this was not observed in the present work up to 12 
GPa. Moreover, a quadratic fitting of a( V) provides 
(-Aa/ao)=(1.21*0.07) (-AV/V,)-(3f2) (-AV/ 
Vo)2 (x2= 2.4), where the negative nonlinear coefficient, 
even with such a large uncertainty, indicates a small ten- 
dency of saturation of a with decreasing volume. It is im- 
portant to point out that the equation of state and the 
compressibility data utilized play a significative role in the 
obtained behavior of a( V). For this reason we compared 
the results provided by two sets of distinct values of B. and 
Bh found in the literature6 and both indicate the small 
tendency of saturation of a ( V) . 

According to the shell model,13 the ion is considered to 
be composed of a spherical shell of outermost electrons, 
and a core consisting of the nucleus and the inner elec- 
trons. These two parts are held together by a spring con- 
stant k, and the electronic polarizability is given by 
a= (Ze)2/k, where -Ze is the electronic charge of the 
shell. Therefore, we can write Ao= -d In ki/d In V, show- 
ing that A0 is a kind of “Griineisen parameter” for this 
dynamic system. 

In fact, in the case of the harmonic oscillator model for 
the lattice vibrations,14 the Griineisen parameter is defined 
as y= -d In o/d In V, where w is the frequency of the 
ionic oscillatory motion, proportional to the square root of 
the lattice spring constant kl, so it is possible to write 
y= (- 1/2)d In k/d In V. It is interesting to point out 
that, in the case of sapphire, y is practically independent of 
pressure15 and we obtained a constant value also for Ao, 
indicating that, despite of the lattice vibrations and the 
electronic polarizability are different, but coupled, dynam- 
ical systems, the behaviors of the lattice and ionic spring 
constants seem to be similar for small volume variations. 

We also used the results of a( V) to test some simple 
semiempirical relations found in the literature, relating the 
anion polarizability a- to the interionic distance r. In the 
case of ionic crystals, the anion optical behavior is gener- 
ally dominant, since it has usually. a bigger size than the 

TABLE I. (a) Semiempirical models for a- ( V), and (b) results for the 
free parameters, where C is an adjustable parameter, a7 is the free-anion 
polarizability, and r is the nearest neighbor distance. 

(a) Model Relation 

1 W.C.’ 
2 Cokerb 

a-/a/ =exp( -C/2) 

3 Cokerb 
a-/af=(l+CF3)-’ 

4 Cokerb 
a-/a7=(1+W4)--( 

5 Cokerb 
a-/aT={l-exp(-Cr)[l+Cr+(Cr)*/Z!]} 

a-/a7=Cl-exp(-Cr)[l+Cr+(Cr)2/2!+(Cr)3/3!]) 

(b) Parameter a7 ( lo-’ nm3) 

1 c/t,= 
2 c/t& 
3 c/r;= 
4 Cr,= 
5 Cr,= 

1.68*0.02 22.1 kO.5 
--8.5* 1 -3lk4 
5.5*0.5 27+2 

-0.51*0.06 - 127k 50 
0.79 f 0.07 477* 130 

‘See Ref. 18. 
bSee Ref. 19. 

cation and it is strongly affected by the crystal environ- 
ment.16 For sapphire (Al,O3), we consider that a=2a+ 
+3a-, where a+ =0.052X 10m3 nm3 ” is the cation po- 
larizability, assumed to be independent of pressure. The 
relations for a-(r) are presented in Table I together with 
the values of the adjustable parameter C and of the free- 
anion polarizability “7, yielded by the fit of the results 
derived from the data of Fig. 3. Despite the fact that all of 
these relations provide a reasonable value for a; around 
4x 10M3 nm3, most of them yields negative or values too 
large for the free-anion polarizability. 

IV. CONCLUSIONS 

In this work we presented experimental results for the 
pressure dependence of the refractive index of sapphire up 
to 16 GPa, which, in the low pressure range, are in good 
agreement with the previous results of Davis and Vedam 
up to 0.7 GPa. For pressures above 12 GPa, anisotropic 
stresses inside the DAC induce a strong deviation in the 
behavior of n (P) . 

The volume dependence of the electronic polarizabil- 
ity, obtained by the Lorentz-Lorenz relation, is nearly lin- 
ear in the hydrostatic range of pressure, well described by 
a constant Mueller parameter. 

According to the shell model, a constant value for A, 
implies in a simple scaling factor for the volume depen- 
dent of the ionic spring constant, representing the inter- 
action between shell and core. 

The semi-empirical models found in the literature, re- 
lating the anion polarizability and the interionic distance, 
seem to be not very adequate to describe the obtained re- 
sults. 
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