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decays, lifting the residual exciton to a valley-
orbit-split impurity state. The decay of BE's
where the impurities are left in an excited state
cannot account for the lines as the observed pho-
ton energies would be considerably lower. The
participation of additional impurities such as iso-
electronic centers is improbable since the lum-
inescence of all lines is closely related to that of
the excitons bound to boron or phosphorus.

In conclusion, the model of bound multiple-ex-
citon complexes in silicon is in qualitative agree-
ment with the experimental data of the new lines.
Obvious alternative models are contradictory to
the experiments. The model proposed does not
contain microscopic details of the binding mech-
anism. With increasing complex number m the
physical concept mill gradually change from that
of an excitonic state to that of a condensed elec-
tron-hole plasma
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The pressure dependence of the coupled-mode spectra in potassium dihydrogen phos-
phase {KDP) was measured at room temperature for hydrostatic pressures from 0 to
9.8 kbar. The soft mode, which is overdamped for all temperatures at atmospheric
pressure, becomes underdamped for pressures —6 kbar. This is the first observa-
tion of an underdamped soft mode for a crystal of the KDP class and resolves the ques-
tion. of whether the excitation should be considered as diffusive or oscillatory in nature.

We report the observation of an underdamped
"soft" mode in potassium dihydrogen phosphate
(KDP). The mode was made underdamped by the
application of hydrostatic pressure (2 6 kbar) at
room temperature. This is the first observation
of an actual peak in the spectral response of the
soft mode for any member of the KDP class of
ferroelectrics and reveals important information
concerning the nature of this excitation. A brief
discussion of the previous work relevant to this
work is given before presenting the results of
these measurements.

Since the original observation of Raman scatter-
ing from the soft ("proton") mode in KDP by Ka-
minow and Damen, ' several authors have inves-
tigated this mode in KDP, as well as in many of
its isomorphs. Wilson' and Wilson and Cummins'

made detailed measurements of the temperature
and electric field dependences of the Raman spec-
tra of KDP in an attempt to find conditions for
which this mode is underdamped. Their measure-
rnents showed the mode to be overdamped at all
temperatures; furthermore, these measurements
suggested that, at least near the transition tem-
perature, the response of this mode might be re-
laxational rather than oscillatory in nature. More
recently, Reese, Fritz, and Cummins' measured
the soft-optic-acoustic mode interactions in deu-
terated KDP (KD*P) and concluded that the soft
mode response in KD*P corresponds to a diffu-
sive excitation rather than a propageting mode.

An important aspect of the soft mode for the
KDP crystal class is the coupling of this mode
with another optic mode of the same symmetry.
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This interaction was first investigated in KH, As04
and CsH, As04 by Katiyar, Ryan, and Scott. ' A
model for the coupled-mode spectra for KDP,
based on the treatment for the isomorphous ar-
senates, was subsequently given by Scott and Wil-
son, ' and measurements of the temperature de-
pendence of these spectra in KDP were reported
by She et al. ' Recently, Peercy and Samara'
measured the temperature and pressure depen-
dences of the static dielectric constant and Ra-
man spectra in RbH, PO4. These data were an-
alyzed within both the framework of Kobayashi's
model' for a collective proton mode coupled to a
transverse-optic phonon, and the coupled-mode
model of Scott and Wilson. ' While these two treat-
ments were shown to be formally equivalent, it
was found that even the combined temperature
and pressure dependences of the dielectric con-
stant and Raman spectra were insufficient to de-
termine uniquely the important microscopic pa-
rameters of the Kobayashi model; indeed, the
measurements indicated the existence of internal
inconsistencies resulting from approximations
made in the model calculations.

Concerns over the validity of current models
for KDP have been expressed by other authors. ""
A major concern is the applicability of a damped
harmonic oscillator response function for the
soft mode. Cowley et aE."have suggested that
such a response is inadequate for piezoelectric
ferroelectrics because it neglects contributions
to the self-energy of the mode which arises from
fluctuations in the phonon density. Also, de
Gennes' and Blinc et al. ' have questioned the ap-
plicability of models which employ well-defined
proton collective modes above the transition tem-
perature; they suggest that these modes may be
diffusive rather than oscillatory in nature. This
point was recently re-emphasized by Reese,
Fritz, and Cummins. '

Since the soft mode in KDP (as well as in all of
its isomorphs which have been examined to date)
is overdamped at all temperatures, it is difficult
to determine unambiguously if the response should
be examined within the framework of a damped
harmonic oscillator or a Debye relaxationlike
response function. Our earlier measurements
on RbH, PO~ demonstrated that the primary effect
of pressure (0—4 kbar) on the soft-optic mode
was to increase the relaxation rate, '

w,
' = cu,'/I'„

through a decrease in I', . (&u, is the mode fre-
ciuency and l, is the mode damping. ) We have
therefore made detailed measurements of the
pressure dependence of the coupled spectra of

KDP to higher pressures (-9 kbar) to determine
if the mode can be made underdamped. As we
shall see below, the soft mode becomes under-
damped for pressures & 6 kbar at room temper-
ature and therefore cannot be described as a dif-
fusive excitation. This is thus the first observa-
tion of an underdamped soft mode for any crystal
of the KDP class and has important implications
concerning the fundamental nature of this excita-
tion.

The experimental arrangement is identical to
that described previously' except that a different
pressure cell was used for pressures )4 kbar.
Data taken for the B, symmetry modes at room
temperature are shown in Fig. 1 for pressures
of 1 bar and 4.1 and 9.3 kbar. These data dem-
onstrate that, while the mode is heavily over-
damped at atmospheric pressure, hydrostatic
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FIG. 1. Spectra for 82 [x|yx)y] phonons from —250 to
250 cm ' showing the coupled-mode spectra at pres-
sures of 1 bar and 4.1 and 9.3 kbar. The solid curves
are the experimental data and the points (1-bar and 9.3-
kbar traces) show the calculated curves for the parame-
ters obtained from the least squares fit. For data taken
at high pressures, strain-induced birefringence in the
sapphire windows caused some depolarization of the
light; the portions of the traces which are deleted are
where modes of different symmetries leaked into the
x (yx) y polarization.
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x((u) =Q;,P; P, G;, ((u). . . (2)

In Eq. (2), P; is the polarization of mode i and

the G;, (&u) are the solutions of the coupled equa-
tions

((d —Cd + i(d I
!

)(G„G„

(1
0)

where m; and I"; are the frequency and damping
of mode i, and a is the interaction (taken as
real') between the modes. Analysis of the data
from —250 to 250 cm ' yields the parameters
listed in Table I, and the resulting fit is illus-
trated by the points on the 1-bar and 9.3-kbar
traces of Fig. 1.

The values which we obtain for the parameters
at 1 bar are in good agreement with the room-

TABLE I. Parameters for the coupled-mode spectra
of KDP obtained for various pressures at room temper-
ature. The errors represent one standard deviation.

Pressure
(bar) (cxn t)

r,
(cm ')

(dg

(cm '} (cm '}

1
4.1 + 103

9.3+10'

134+2
135 +2
136+1

270+7 154+0 6 114 +0 8
205 + 4 159 + 0.6 113.5 + 0.8
160+2 166+0.6 113 + 0.8

pressure reduces the damping so that the mode
is underdamped in the trace taken at 9.3 kbar.
The fact that the response function actually peaks
at ~ 0 indicates that these spectra cannot be de-
scribed by a purely relaxational excitation. Fur-
thermore, attempts to fit the observed response
with the frequency-dependent damping model dis-
cussed by Cowley and co-workers" "without in-
cluding the phonon coupling were unsuccessful.

The data were therefore fitted by a response
function identical to that used for RbH, PO4. ' This
form for the coupled response was first used by
Katiyar, Ryan, and Scott' to describe the temper-
ature dependence of the coupled-mode spectra in

KH,AsO, and CsH, AsO, . Briefly, the spectral
response S(u&) is given by

n((u) + 1

S(~) —1m X(~)
n(e)

where F(&u) =(e " ~" —1) ' and the complex sus-
ceptibility is

temperature values obtained by She et al. ' As
the pressure is increased the damping decreases
at an initial rate of (d lnl", /dP)r = —7. 5'%%uo/kbar,

similar to the case for RbH, PO4. ' For the case
of an uncoupled mode that has a damped harmon-
ic oscillator response, the mode becomes under-
damped for I'- P2&u. This implies that for (u,
—= 135 cm ' an uncoupled mode would be under-
damped for I,~ 191 cm ', which corresponds to
a pressure of -7 kbar. However, for the pres-
ent coupled spectra, in which the mode energies
are comparable to kT, the calculated response
exhibits a very weak x t 0 maximum on the Stokes
side for +, = 135 cm ' and I" = 200 cm '. This
peak occurs at v =12 cm ' but is not readily ob-
servable because its weak, broad structure is
masked by light scattered parasitically from crys-
tal imperfections. As can be deduced from the
data shown in Fig. 1, an +W0 maximum is easily
resolvable at higher pressures. For the 9.3-kbar
trace this peak occurs at co =50 cm ', and the
soft-mode parameters obtained at this pressure
are co,=136 cm ' and I',=160 cm '. Calculations
for various values of damping which include the
population factor n(v) indicate that the anti-Stokes
response will not show a true maximum until I',
s 140 cm ' for w, = 135 cm '. This result is in
agreement with the observations; although the
Stokes spectra exhibit a resolvable maximum for
I', S 190 cm ', the anti-Stokes spectra do not
peak even for I', =160 cm '.

The measured response S(~) is the result of
two modes with frequencies w, and &~ coupled
through an interaction 4. If damping were ne-
glected, the coupled system would exhibit spec-
tral peaks at frequencies ~„where"

~(~ 2+~ 2)~ {[~(~2 ~ 2)]2+ g4p/2 (4)

In the present heavily damped ca.se, v, are ap-
proximately the frequencies one would obtain by
fitting the two regions of the spectra independent-
ly. The effect of pressure is to increase ~ from- 89 cm ' at 1 bar to -96 cm ' at 9.3 kbar. Sim-
ilarly, e, increases from -185 to -192 cm ' for
the same pressure change. The largest pressure
dependence is exhibited by 7', ' =u, '/I", and this
dependence is exhibited by r, ' = u&,'/I'„and this
large increase in v, ' [(d in', '/dP)r =7.9%/kbar],
which results primarily from the decrease in I',
with pressure, is similar to the case for RbH, -
PO4. ' The smaller pressure dependences for u,
noted above just reflect the combined result of
the small pressure dependences of ~, , u&, and4.

It is evident from both the qualitative change in
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FIG. 2. Pressure dependence of the relaxation rate
=a~ IZ, from 0 to 9.3 kbar.

the spectra and the quantitative results of the
analysis that the important pressure effect is on
the damping of the proton mode. Models for pro-
ton tunneling" predict that the tunneling energy
is a strong function of the separation of the min-
ima of the proton double-well potential. However,
the soft mode in the spectra presumably reflects
a collective excitation of the protons rather than
the tunneling of a single proton in the unit cell."
The present data indicate that the frequency of
the collective excitation is not as dependent as
the damping on the 0 ~ H 0 bond length. Unfor-
tunately, no theoretical treatment of the proton
excitation and the coupled proton-lattice modes
has included the effects of damping on the soft
mode, so that only qualitative statements can be
made concerning its origin. Furthermore, the
results of our pressure studies emphasize that
realistic models for KDP-type crystals must in-
clude damping.

In the Kobayashi treatment of the collective pro-
ton excitation coupled to the transverse optic
mode, the interaction is taken to be bilinear in
the proton and phonon coordinates and thus does
not include the effect of higher order anharmon-
icities which produce damping. However, the
small pressure dependence of b, (h decreases by
&2% throughout the entire pressure range stud-
ied) suggests that the change in damping probably
does not occur because of a change in the proton-
phonon anharmonicities. If this is the case, the

pressure dependence of I', is primarily due to
the pressure dependence of the proton-proton in-
teractions, and the decrease in damping causes
the collective excitation to become a more well-
defined propagating excitation —i.e. , the correla-
tion length of the excitation increases as the pro-
ton-proton separation decreases. In any event,
the important result is that the "soft" mode re-
sponse can be made underdamped and must there-
fore be considered as a propagating rather than
a diffusive excitation, within the framework of
this model. This result thus resolves an impor-
tant long-standing uncertainty about the nature of
the protonic excitation in KDP-type ferroelec-
trics.
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