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Optical soft mode in ferroelectric RbH2AsO4
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A Raman-scattering study of the optical coupled soft mode inRbH2AsO4 is reported. It was found that in the
temperature range 110–220 K the soft mode frequency has the behaviorv1

2529.5 cm22/K (T-91 K!. There-
fore, there is a large gap between the temperature at whichv extrapolates to zero~91 K! and the transition
temperature of the mechanically free crystal (Tc5110 K!. We predict that 91 K is the transition temperature of
the mechanically clamped crystal, not yet measured, and that the large gap between these temperatures is the
result of unusually large coupling between the optical soft mode and the shearxy acoustic mode.
@S0163-1829~97!06934-8#
ric

es
o

of

lin
f

th
a
of
-

ly

ea
d
ns
e
ib

ed

nts

g
odes
nt

he
ti-
ore
ries
s-
the
t at
ro.
nd
pli-
pti-

ne
soft
r the
dau

an-
d

ns
nd
I. INTRODUCTION AND THEORETICAL REVIEW

The behavior of the optical soft mode in the ferroelect
crystals of the potassium dihydrogen phosphate~KDP! fam-
ily has been very controversial and is not satisfactorily
tablished, although several investigations were performed
the subject.1–5 The optical soft mode is a coupled mode
symmetryB2 which transforms, under theD2d symmetry of
the paraelectric phase, asz and also asxy. The atomic mo-
tions involved in the coupled mode are a correlated tunne
of the proton system~lowest mode! and a displacement o
the heavy ions along thez axis. The double~vectorial and
tensorial! character of the soft mode is a consequence of
fact that D2d is a piezoelectric point group. This brings
new complication to the problem: the coupled optical s
mode also couples with the shear (xy) acoustic mode, result
ing in a phase transition atTc which is both ferroelectric and
ferroelastic. It is well known that KDP presents a pure
ferroelectric phase transition at a temperatureTc

x below Tc ,
when mechanically clamped to prevent the ferroelastic sh
This means that the crystal is a primary ferroelectric an
secondary ferroelastic. In a Landau theory of phase tra
tions in which critical fluctuations of the soft modes are n
glected, the phase transitions can be described by the G
free energy density expansion
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whereCx is the Curie constant for the mechanically clamp
crystal,C66

p is the shear elastic stiffness, andh36 is a piezo-
electric coefficient.

Under zero electric field external bias the crystal prese
phase transitions atTc

x if mechanically clamped and atTc
x

1Cxh36
2 /C66

p if mechanically free. The piezoelectric couplin
produces a repulsion between the acoustic and optical m
near the center of the Brillouin zone. That is very importa
for the acoustic mode, owing to its low frequency, but t
frequency displacement is relatively very small for the op
cal mode. The behavior of the optical soft mode is theref
almost independent of the clamping and its frequency va
asvs

2}(T2Tc
x). Consequently, in a mechanically free cry

tal there is a temperature gap between the point at which
acoustic soft mode frequency goes to zero and the poin
which the optical soft mode frequency extrapolates to ze6

The phenomenon of critical fluctuations of optical a
acoustic soft modes presumably gives origin to new com
cations. These fluctuations manifest in the system susce
bilities as the so called~intrinsic! central peak ~CP!,
discovered7 and intensively investigated in the 1970s. O
possible consequence of the CP dynamics is that the
modes slowing down saturates and their frequencies nea
phase transition is higher than the predictions of the Lan
theory. Lagakos and Cummins4 investigated KDP and found
that the optical soft mode behaves as predicted by the L
dau theory, at least forT>132.5 K. This should be compare
with Tc

x5117.7 K andTc5122 K. Scarparoet al.5 investi-
gated KDP, RDP, and RDA and found marked deviatio
from the classical soft mode picture, mainly for RDP a
22 © 1998 The American Physical Society
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KDP. A recent microscopic theory of soft mode dynamics
the KDP family8 produced predictions similar to the obse
vations by Scarparoet al. That stimulates us to make exper
ments on this subject, which are here reported for the c
pound RDA.

The Raman spectra, in the configurationX(YX)Y were
measured by using the Dilor modelXY triple spectrometer.
The first two monochromators are arranged in a subtrac
configuration and the light dispersed by the third monoch
mator is detected by an array of silicon diodes. The cont
of this spectrometer is much higher than that of the S
double spectrometer used in the previous experiments.
allows more precise measurements of the low frequency
man scattering and therefore makes possible improved
periments of the soft mode near the phase transition. A la
crystal ~1 cm31 cm31 cm! of optical quality, cooled in a
cold finger cryostat, was used for the measurements.
temperature stability was better than 0.1 K and the precis
of the reading, done at the cooper basis on which the cry
was mounted, was better than 0.3 K. The crystal was o
cally excited by the 514.5 nm line of an argon laser. T
laser power was 200 mW and a spherical lens produce
focus of about 200mm diameter inside the crystal. The las
heating of the crystal, as diagnosticated by the reading of
phase transition temperature, was about 2 K. We corre
our readings by this value, neglecting the probable fact
the heating changes with the crystal temperature.

The spectra are shown in Fig. 1. The solid lines are
theoretical fit with the linear coupled modes model. Follo
ing Katiyar et al.,3 the coupled mode response function
taken as

S v1
22v22 ivg1 2 ivg12

2 ivg12 v2
22v22 ivg2

D S G11 G12

G12 G22
D 5S 1 0

0 1D .

~2!

The Raman susceptibility of the system is

FIG. 1. Raman susceptibility of the coupled mode. The scat
ing configuration isX(YX)Y. The solid lines are best fit with for
mula ~3!. The fitting parameters arev1 , g12, P1 , P2 . The param-
etersv1 , g2 are fixed as explained in the text.
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x9~v!5Im(
i j

Pi PjGi j ~v!, ~3!

wherePi are optical coupling amplitudes. The Raman stok
intensity is

I ~v!5@n~v!11#x9~v!,

wheren(v) is the Bose-Einstein factor.
The mode coupling in the expression for the suscepti

ity, Eq. ~2!, is taken as imaginary. That is because, as alre
discussed by Lagakos and Cummins,4 at zero frequency the
imaginary coupling disappears and consequently the t
perature at whichv1 extrapolates to zero is the same as th
where x8(0) diverges. This happens because
v1→0, vp→v1 , where vp is the pole of Gi j (v)with
smaller modulus.

II. RESULTS AND DISCUSSION

The Raman susceptibilities, as obtained from the Ram
Stokes spectra, are shown in Fig. 1. The solid lines are
fits with the formula in Eq.~3!. In the fitting procedure, we
first allowed all the constantsv1 , g1 , v2 , g2 , P1 , P2 to
vary as free fitting parameters. As there is considerable
relation between these parameters, this results in undesir
dispersion of the best fitting parameters. As it was ea
recognized thatv2 fluctuated around a fixed value as th
temperature varied andg2 fluctuated around a straight lin
g25a1bT, whereb is very small, we did not allow the free
variation of these two parameters. The result was a redu
dispersion of the other parameters without any noticea
deviation from the previous fittings. From Fig. 1 one notic
that there is a systematic small deviation between the d
and theory in the region near 100 cm21. That does not im-
prove if we allowv2 and g2 to vary freely and should be
taken as intrinsic limitation of the too-simple linear coupl
oscillators model.

The temperature variation of the coupled mode para
etersv1 , g1 , v2 , g2 , g12 is shown in Figs. 2 and 3. As
seen in Fig. 2, the obtained values ofv1

2 fall around a
straight line. The solid line is a fit with the formulav1

2

5A(T2Tc
x). The value ofTc

x is 91 K, but a good fitting
could also be obtained for anyTc

x in the rangeTc
x5(91

r-

FIG. 2. Temperature variation of the soft modev1 . It is sug-
gested that the temperature at whichv1

2 extrapolates to zero is the
transition temperatureTc

x of the mechanically clamped crystal.
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62) K. Our results suggest an interpretation which is ve
distinct from that drawn by Scarparoet al.:5 RDA seems to
fit nicely in the classical Landau theory in which the critic
fluctuations of the order parameter are neglected and in
closely related soft mode theory by Anderson9 and
Cochran.10 However, apparently a very large coupling b
tween the optical coupled mode and the acoustic mode
ates a large gap between the clamped (Tc

x) and free (Tc)
transition temperatures. Consequently, at the free-cry
transition temperatureTc the soft mode has a frequencyv1
5(2460.5) cm21 which suggests~in our view, incorrectly!

FIG. 3. Temperature variation of the paramete
g1 , v2 , g2 , g12.
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a hard core induced by the crystal dynamics. One should
notice that the theory drawn by Kokshenev and Chaves8 is
also not in agreement with our observations on the soft m
frequencyv1 . However, the linewidthg1 of the soft mode is
shown in Fig. 3 to increase as we approachTc and that is in
agreement with the predictions of Kokshenev and Chave
should be noticed that the coupling with the acoustic mode
fact prevents the soft optical mode from entering in the tr
critical region. This could be the reason for the deviation
the behavior of the soft mode frequency and for the fact t
the predicted sudden decrease ofg1very nearTc was not
observed.

The gap between the two principal transition temperatu
is Tc2Tc

x5Cxh36
2 /C66

p , and consequently can be obtaine
based on electric, elastic, and piezoelectric properties. Un
tunately, the values of the coefficients involved in the abo
expression are not available in the literature and hence
consistency of the Landau theory could not be checked.
constantA in the relationv1

25A(T2Tc
x) is 42.75 cm22/K

for KDP ~Ref. 4! and 29.5 cm21/K in RDA. This can par-
tially explain the difference in the temperature gap, which
4.3 K for KDP and 19 K for RDA, because the larger th
value ofA, the smaller is the Curie constant.
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