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The pressure dependence of the reflectivity of trigonal and amorphous Se has been
measured between 1.1 and 4.5 eV using a new technique. The results indicate that local-
field corrections are large. Structure near 2 eV suggests a localized excitation in both
the amorphous and the crystalline material.

Spectroscopic theories of chemical bonding in
solids have proved to be powerful for predicting
a wide range of properties of the A"8' " crystals
(Ge, GaAs, etc.). The starting point of these
theories is the identification of the bond strength
with a spectroscopically determined energy. In
Phillips's theory' this energy is determined by
the dielectric constant, in Harrison's' theory it
is the energy of the E, peak in the imaginary part
of the dielectric function. In the case of the cova-
lentA 8' " crystals, it may be reasonable to as-
sume that microscopic fields and the modification
of matrix elements resulting from exchange are
small. (All of these effects will be called "local-
field corrections" in this Letter ') In such. solids
the charge density is fairly uniformly distributed
around the atoms. On the other hand, in very
ionic or molecular solids the charge density may
be quite localized. In this case the determination
of the bond strength from the spectroscopic ener-
gy is strongly modified by local-field correc-
tions. ~ Therefore, in order that spectroscopic
theories of bonding can be extended to ionic and

molecular materials, locaa. -field corrections
must be better understood. This Letter presents
the results of a new technique for studying local-
field corrections in solids.

Since local-field corrections are density depen-
dent, the pressure dependence of the optical prop-
erties of solids can indicate the size of these
effects if the electrons' energy states are not
strongly density dependent. For example, mea-
surements of the pressure coefficient of the in-
frared refractive index for amorphous alloys con-
taining Ge and Se show that Se-rich alloys obey
the Lorenz- Lorentz relation, ' indicating large
local-field effects in these materials. The pres-
sure dependence of the reQectivity will reveal
more information about local-field corrections,
and since for Se these corrections are expected
to be large, Se is an ideal material for study.

Early measurements of the ref lectivity as a
function of pressure were limited to observing
energy shifts of the reQectivity peaks. ' Measur-
ing the variation of the magnitude of the reQec-
tivity is difficult because the refractive indices
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of the pressure fluid and the window depend on
pressure. We have developed a new experimen-
tal method with which we can measure fractional
changes in reflectivity as small as one part in a
thousand. ' Pressure-induced changes in the win-
dow transmission are canceled by measuring the
real-time ratio of the reflectance of the sample
to that of an aluminum mirror placed next to it in
in the pressure cell. The refractive index of he-
lium, which is used as the pressure Quid, in-
creases with increasing pressure, decreasing
the reQectance from the sample. The reflec-
tance change resulting from the density change
of He is subtracted from the experimentally mea-
sure. d pressure coefficient, (KR/REP), „z,to give
the corrected pressure coefficient, bR/Rb. P, as
follows:

bR bR d lnR)bnH~
R AP R 6P gyp dlEH j AP

The second term on the right-hand side of Eq. (l)
is calculated using the optical constants of the
sample. b.n„,/b, P is found from a separate mea-
surement with diamond for which aR/Rb p = 9
x IO- s/bar.

Measurements were made at room tempera-
ture on single crystals of trigonal Se (c-Se)
grown by liquid-phase epitaxy on tellurium, ' and
on samples of amorphous Se (a-Se) prepared by

splat cooling on polished Al. The reQectivity of
Se was studied at pressures up to 4 kbar, at pho-
ton energies between 1 and 4.5 eV, and with the
electric field of the photons polarized parallel
and perpendicular to the c axis of the trigonal Se.
The optic axis of the sapphire pressure window
was aligned either parallel or perpendicular to
the polarization direction.

Figure 1 shows the reQectivity R, its pressure
coefficient bR/R~, and the helium correction

R hP He dnH~ bP

for c-Se with E&c and E lie, and for a-Se.' In
all cases the helium correction is seen to be neg-
ative and relatively featureless. The error in
the helium correction is approximately 5'%%uo from
the measurement of b,n H, /aP, in addition to any
errors in the optical constants of Se."

It is remarkable that the average of b,R/Rd, P
over the entire spectrum is large and positive
for crystalline and amorphous Se, In each case
this average value is almost the same as the
zero-frequency extrapolation of bR/RAP. For
a Se, ~-R/RbP at I eV is in good agreement
with the results of Schneider and Vedam" who
used an interferometric technique. The increase
in the plasma frequency is insufficient to explain
the large increase of the reflectivity with pres-
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FlG. 1. The reQectivity, &, at atmospheric pressure; the fractional change of reQectivity per unit pressure,
~/RA& (measured between 1 and 2 kbar); and the helium correction, (6R/RZP)H„ for crystalline and amorphous
Se. The dashed curve is the Lorenz-Lorentz prediction for a-Se.
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sure. Thus, a Drude relation, e —1-v~ e, pre-
dicts hR/Rb. P = 2~j e = 0.8&& 10 ' bar ', where K

is the compressibility, assuming that a, the po-
Larizability, is independent of pressure.

To test whether the average increase of the
ref leetivity for a-Se is a consequence of local-
field effects, we compare the experimental re-
sults with the prediction of the Lorenz-Lorentz
relation:

where e and 0. are the complex dielectric func-
tion and polarizability, respectively, and N is the
number density of polarizable centers in the sol-
id. ' Under the assumption that n is independent
of density, then knowledge of ~ at one density is
sufficient to predict ~ at all densities. Although
there is local order in a-Se, the random orienta-
tion of the bonding plane relative to the applied
field averages the local field correction, giving
the same results as the isotropic case. Litera-
ture values" of e were used in this way to pre-
dict hR/RAP. The prediction for a-Se is plotted
in Fig. 1. The agreement between the Lorenz-
Lorentz prediction and experiment suggests that
the average value of b,R/RhP is the result of lo-
cal-field corrections.

The case of trigonal Se is much more cornpli-
cated than that of a-Se. In the amorphous mate-
rial it may be assumed that the anisotropy in the
polarizability or local structure averages to zero.
However, in order to find the relationship analo-
gous to Eq. (2) for the crystal, a dipole sum
must be carried out which includes the effects of
both anisotropic o. and the crystal structure. The
Ewald method" was used to calculate the matrix
Q which determines the electric field at a given
site resulting from dipoles at all other sites. If
p is a nine-component vector representing the
dipoles at the three atoms in the Se unit cell,

p = ~I +Qp). (3)

Here E is a nine-component vector represent-
ing the macroscopic electric field at each of the
three atomic sites. Of course, this macroscopic
field is the same at all sites. Both o. and+ are
9&& 9 matrices. Equation (3) was solved numeri-
cally for P, and the three dipoles were summed
to obtain the polarization and hence the dielec-
tric constant.

We have calculated the dielectric constant for
both polarizations as a function of the magnitude
and anisotropy of the polarizability in the low-
photon-energy limit where both c and a are real.

It was assumed that the polarizability ellipsoid
has its minor axis (o.,) in the plane containing the
bonds to nearest neighbors, and its major axis
(a, ) along the lone-pair orbital. ' Assuming that
o.„anda, are pressure independent, and knowing
how the lattice constants and atomic position pa-
rameters change with hydrostatic pressure, ' we
have also calculated (bR/RAP) and (hR/RAP) ~~~.

The values n, =10.2+ 0.2 A' and o.„=3.23+ 0.06 A'
predict e ~ = 7.0+ 0.5, e

~~

= 12.0 + 1.5, (b,R

/RAP�

)~
=(1.8+0.2)x10 '/bar, and (bR/MP)q =(1.3+0.2)
&& 10 '/bar, all within experimental error. The
anisotropy, o.,/n, = 0.315, is reasonable. Since
the average gap for the lone-pair electrons is
half as large as that for the bonding electrons,
and n is proportional to the inverse square of the
gap, an anisotropy on the order of + is expected. '
Thus, local-field effects are sufficient to explain
the increase in ref lectivity with pressure at low
energy. Since the Lorenz-Lorentz relation pre-
dicts the increase in ref lectivity over the entire
energy range for a-Se, we expect that local-field
corrections are also responsible for the increase
in reQectivity at all energies for the crystal.

It is interesting to note that theoretically ER/
R4P does not approach zero in the limit of large
photon energy. In that case c = 1 —or~' j~', where
~~ is the plasma frequency. This relation pre-
dicts AR/RAP =2~=2.0&10 ' bar ' for a-Se.

The large structure in AR/Rb, P for crystalline
Se with E&c (Fig. 1) is a consequence of the sur-
prisingly large shift of the peak at 1.95 eV toward
lower energy. As seen in Fig. 2, this peak shifts
at a rate of (4.0+ 0.2) && 10 ' eV/bar Conco. mitant
with the shift of the peak is the growth of a shoul-
der on its high-energy side. For Elle (Fig. 3)
the broad peak at 2.15 eV also shifts to lower en-
ergy, but at a lower rate, (2.6+ 0.4) x 10 ' eV/
bar. In addition, the difference between the max-
imum and minimum in reQeetance near 2.35 eV
changes from (2.3+ 0.5)&&10 ' at atmospheric
pressure to (4.2+ 0.5)x 10 ' at 3 kbar. For a-Se
there is a structure in AR/Rb. P which is similar
to that for the crystaL. In this case the structure
corresponds to an increase of the r-eflectivity be-
low the knee (see Fig. 1) near 2.2 eV and a small-
er increase above it.

The energy shift of the 2-eV peaks of the crys-
tal is unusual in two respects. First, the percen-
tage change of the peak energies for the crystal
(about 2%%uo/kbar) is an order of magnitude larger
than the largest lattice strain (b.a/a = 0.3%%uo/kbar).

Typical peak shifts for ~"~8 x crystals are about
5 times the strains. Second, the peaks shift
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FIG. 2. Reflectivity at various pressures for c-Se
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corrections are large.
We are extremely grateful to Dr. J. C. Thuil-

lier for supplying samples of trigonal Se. We
thank Professor J. D. Joannopoulos and Dr. G.
G. Rubloff (I.B.M. ) for helpful discussions.

twice as r-apidly with pressure as the exponential
tail of the absorption edge does. The absorption
coefficient was measured in the range 1-10 cm"'.
It was found to be exponential with a logarithmic
derivative of about 10/eV in agreement with Hen-
rion's" higher absorption coefficient data. The
edge shifts to lower energy at the rates (1.83
+0.02)F10 ' eV/bar for E+c and (1.50+0.02)
&&10 ' eV/bar for Ell c."

The similarity of the A.R/RbP spectra for amor-
phous and crystalline Se near 2 eV suggests that
the observed structures have a common origin.
It is therefore unlikely that the low-energy peaks
in the spectra for the crystal are the result of
transitions between bands with a large difference
in their deformation potentials. Instead, we sug-
gest that these peaks arise from locahzed exci-
tations between lone-pair and antibonding states
which, although broadened, still exist in the
amorphous material. Because the excitation is
strongly polarized perpendicular to the chain
axis, it might involve charge transfer between
lone-pair states on one chain and Bntibonding
states on neighboring chains.

All our results suggest that the electron charge
density in Se is highly localized. Therefore, em-
pirical band-structure calculations which are ad-
justed to fit the optical properties using the ran-
dom-phase-approximation calculation of the di-
electric function are in error because local-field
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The complex asymmetric critical scatterirg observed in quasielastic neutron scatter-
ing measurements in KD2PO4 is explained as arising from the piezoelectric coupling be-
tween the acoustic waves and the ferroelectric fluctuations. Detailed calculations give
good agreement with the available measurements. It is further proposed that this coup-
ling provides a way of determining the atomic motions in the ferroelectric fluctuations
and also leads to a change in the critical properties of these and related materials.

KD,PO, (DKDP) is a piezoelectric material
which undergoes a ferroelectric phase transition
at 221 K. In the paraelectric phase, the fluctua-
tions in the electric polarization are known' 4 to
be overdamped. Measurements' ' of the intensity
of the neutrons scattered by the polarization fluc-
tuations with wave vectors around reciprocal lat-
tice points in the [010] zone ga,ve contour maps of
a shape characteristic of uniaxial ferroelectrics;
the fluctuations with wave vectors along the ferro-
electric axis [001] are suppressed by the macro-
scopic electric field. Similar measurements'
around reciprocal lattice points in the [001] zone

gave contour maps showing a complex structure,
Fig. 1, the origin of which has not been explained.
In this Letter it is shown that this pattern results
from the piezoelectric coupling and interference
between the acoustic waves and the electric polar-
ization fluctuations. It is proposed that further
measurements of these effects provide a particu-
larly sensitive way of determining the atomic
motions in the ferroelectric fluctuations which

avoids some of the difficulties inherent in the
more conventional methods. The coupling be-
tween the acoustic waves and the ferroelectric
fluctuations also modifies the critical behavior at
the ferroelectric transition and so must be in-
cluded in any detailed comparison between experi-
ment and theory for these materials. Finally,
similar effects may occur at all structural phase
transitions where the order parameter is linearly
coupled to a homogeneous deformation.

The neutron scattering in the [010J zone from
the electric polarization fluctuations of wave vec-
tor q could be described as the scattering from
an overdamped phonon mode. ' Results similar to
those obtained below can be obtained if the fluctu-
ations are described by a tunneling mode instead
of a phonon mode. The scattered intensity for a
wave-vector transfer Q and a frequency u& is de-
termined by (k B T» k~)

S(Q, &u) = (Nk, T/p&u)IE, ( Q)l'I m[G»(q, ~)J,

where the response function is given for small
Iql by

G«(q, &u)
' =M, (q, &u) = ~o'+ Cq, '/q'+ B[(ag„)'+(ag,)'+ (cq,)'] —i~l",

where the damping constant I" is larger than any of the real terms in M„and 8 and C are temperature-
independent constants, while

(u, '= A(T —Tc'),

with Tc the free-crystal Curie temperature. The structure factor for the polarization fluctuations is
given by

E,(Q) = ~~»b» exp[- W» (Q)]Q ~ e(K, q) exp(i~. R»),

where b», R», W»(Q), and e(E, q) are the neutron coherent scattering length, position in the unit cell,
Debye-%aller factor, and eigenvector of the Kth atom in the unit cell. v is the reciprocal lattice vec-


