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Raman scattering study of phase transitions in Cs_,(NH,),H,AsO, mixed crystals
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Temperature dependence of Raman scattering spectra in the cesium-ammonium dihydrogen arsenate
(CADA-x, x=0.20) mixed crystal was observed to study anomalies associated with the dipole glass freezing
phenomena in the systerA; symmetry internal vibrations of arsenate ions were found to deviate from the
normal temperature dependence of the third and fourth order anharmonic phonon-phonon interactions at
aroundT;=80 K, which was ascribed to the onset of the short range random potential fixing of protons. The
B, symmetry soft mode derived from the harmonic oscillator coupled mode analysis was found to be a
relaxational type characterized y/ yo(T—T,) with T,=28.8 K, wherew?/ y corresponds to the relaxation
bandwidth of the soft mode. The large difference between the two anomaly temperatures was attributed to the
enhanced effective piezoelectric constant associated with the electrostrictive contributions from the random
local cluster polarization§S0163-182@9)01217-5

[. INTRODUCTION ate and arsenic acid in appropriate molar concentration, and
also between ammonium carbonate and arsenic acid, respec-
Mixed crystals between ferroelectric and antiferroelectrictively. From these powders of CDA and ADA we can obtain
potassium dihydrogen phosphdtDP) family crystals in a  the saturated solutions of CADAto grow single crystals by
certain range of mixing concentration are known to exhibit athe slow cooling method. Mixing concentration of the
glass transition to a low-temperature phase of dipolegrown CADAX crystals was determined by the atomic ab-
glass'™3 sorption chemical analysis. The Raman sample was cut to
In the dipole glass forming systems the quenched randorthe size of 1.¢6.0x5.5 mn?. Raman scattering excitation
site distribution of NH ions leads to the randomly compet- was made by use of the Ar ion laser operated Aat
ing interaction bonds between the proton pseudospins of the 488.0 nm and output power of 200 mW.
O-H- - - O hydrogen bonding network. Furthermore, random Double grating monochrometefJobin Yvon-U 1000,
substitution of NI{ ions in place of Rb ions also brings thermoelectrically cooled PM tube, and 90° scattering geom-
about extra hydrogen bonding with one oxygen of the€try were used to detect Raman signals. Low temperature
O-H- - - O bond nearby to the NHion, which fixes the pseu- Mmeasurements were made by use of the closed cycle He re-
dospin configuration of O-H - O clusters as a random bias frigerator (Displex, APD Ltd) with temperature controller
field for either ferroelectric or antiferroelectric local polariza- (Lake Shore-DRC91CAemploying silicon diode sensors.
tions. The temperature stability was better tharD.1 K with the

The random bias field due to a strong electrostatidocal temperature at the scattering volume determined from
coupling between the O-H-O pseudospins and the the Boltzmann statistics of Stokes and anti-Stokes Raman

molecular ions PQ)* and NH of the lattice distinguishes intensities. There was a deviation as large as 10 K from the

between electric dipole glass and magnetic spin glassa_\pparent sensor reading of local temperature.

Therefore temperature depend.ence o'f4P®nd NH, Ill. RESULTS AND DISCUSSION

molecular vibrations may well be informative of the freezing

dynamics in the dipole glass system. Raman scattering Factor group analysis of KDP-type crystals undergoing
sensitive to the site symmetries of the concerned molethe structural phase transition from tetragondl,q) to
cules can give this information of glass transition by tem-orthorhombic C,,) lattice has been well known but with
perature dependent changes of Raman bands. Raman scat@¢bates on the site symmetry assignments foy &@ NH,

ing studies of many dipole glass systems have been madgtrahedra still remaining. The factor group analysis of KDP-
in Rb, (NH,)H,PO, (RADPx) mixed crystal~’ type crystal'® gives I',j,=4A;+5A;+ 6B, +6B,+ 12E,
K, (NH,),H,PO, (KADP-x),8 Rb, (ND,),D,PO, whereA,, By, B,, andE species are all Raman active. The

DRADP>0%® and Rb_.(ND,).D-AsO, (DRADA- site symmetry of the Asptetrahedron was determined on
éystem§lX) B-(NDa)DASO, X) " the basis of the correlation tables for the internal modeas

In the present work of ours we want to report our results" C,.1*15 According to this anlysis all the internal modes of

: H H 3-15
of Raman-scattering studies on Cs(NH,),H,ASO, AsO, from v, to v, are Raman active in th&, species:

: . : Simort® assigned the site symmetry change frSgrto C,
\(/\%'?C[;AV-V);)S T;);%?tg:jy\slgarl;,rtehcee:g;}%()le glass phase diagram Ofacross the ferroelectric transition of the KDP family crystals

but from S, to C,; across the antiferrolelectirc transition of
the ammonium dihydrogen phosphda#DP)-type crystals.
Tominagat* however, assigne, site symmetry for KDP
Powders of CskAsO, (CDA) and NH,H,AsO, (ADA)  crystal in both paraelectric and ferroelectric phases with the
are obtained from the saturated solutions of cesium carbor, site symmetry in the paraelectric phase only possible as a

Il. EXPERIMENT
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FIG. 1. Raman spectra observedTat 290 K and 19 K in the )
scattering geometry of(z2)y selectingA, modes. FIG. 2. A;-symmetry Raman bands derived from the doubly

degenerated, and triply degenerated, bending modes of Asp

. observed in the(z2)y configuration as a function of temperature.
random average. Kasahara and co-workefsalso assigned (22y g P

C, site symmetry in the paraelectric phase Bytsite sym- - .
metry in the antiferroelectric phase of ADP-type crystals. CADA-x crystal may cause a larger local strain in the mixed

In the mixed CADAx (x=0.20) crystal NH ions, ran- crystal so that the degenerated internal modes of As@y

. A n
domly substituting C% ions, should give rise to random bias have been split. lonic sizes of '\IE Rb", a.r\'g Cs are
fields to the O-H--O bonds through the extra hydrogen known 1o be 1.42, 1.48, and 1.67 A, respectively.
bonding of N-H --O and thus lead to distortions of both In Fig. 4 we have_shown th_e temperature d%pend_ence of
NH, and AsQ tetrahedra. As a result the site symmetry ofthe Raman spectra in the region of 700—900 cmwhich
both NH, and AsQ tetrahedra in the mixed crystal may be
lowered toC, already at room temperature as compared with
the respective parent crystals. Although CARAx=0.20)
crystal was found to undergo the transition from paraelectric
to dipole glass phase by dielectric measurem&ntge have
no experimental data available to confirm the dipole glass
transitions for other extendex values of CADAX single
crystal. It is very difficult to grow the CADA¢ crystals of
good optical quality because of the large difference in ionic
size between Csand NH; . S e
In Fig. 1 we have shown Raman spectrafgfsymmetry 150 200 250 300 350 400 450 150 200 250 300 350 400 450
modes observed d@f=290 and 19 K. More details of the Raman shift(cm’™) Raman shift(cm'")
spectra in the region of 150—-450 chare shown in Fig. 2 — —
as observed at various temperatures, where we can assign th
Raman bands at around 280 and 350 ¢ras derived from a
doubly degenerate bending modg and a triply degenerate
bending modev, of AsQ, internal vibrations, respectively.
In Fig. 3 we tried to fit the complex Raman spectravgfand
v, modes in terms of four Lorentzian bands in the range of
temperature 290-90 K but below 90 K another new band
started to appear, which required an additional Lorentzian
band at 280 cm? for better fitting. This additional band may

represent a splitting of the doubly degenerate bending
mode. Raman shift(cm’") Raman shift(cm’")

Although a splitting of bothv; mode @A; symmetry and FIG. 3. Best-fit analysis of temperature dependence of Raman
v, mode E symmetry W%sloreported at low-temperature pand profiles in terms of Lorentzian component bands for selected
spectra of DRADPXx crystal,””" we have no previous reports Raman bands from Fig. 2: dotted lines represent Lorentzian com-

of splitting in the A; symmetry internal modes in other di- ponents, solid lines the best-fit profiles, and open circles the experi-
pole glass systems. The very large ionic size of G  mental observations.
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FIG. 4. A;-symmetryx(z2)y Raman spectra in the region show- E 2 % E 20
ing the symmetric stretching; mode and asymmetric stretchimg § 1 { Fova § 10 o
. . \J
mode of AsQ observed as a function of temperature. In the inset 16 % 3 e 4

X(zX)y-E mode Raman bands are shown, whegeand v, internal
modes of AsQ are selected.

are derived from symmetric stretchimg mode and antisym-

FIG. 5. Frequency and bandwidth dependence on temperature
for thevq, vy, v3, v, internal modes of As@belonging to theA;
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metric stretching’s mode. If we assign the site symmetry of gymmetry ofx(z2)y scattering configuration. The solid lines repre-

AsQ, in the paraelectric phase & all internal modes of
AsO, should be allowed in theA; symmetry Raman
spectra*1>We thus expect to observe two internal modes of
AsQ, in the frequency region of Fig. 4. In the inset of Fig. 4

we have depicted=-symmetry Raman bands observed at I'j(T)=yo;+A

room temperature, where we expect omlyand v, modes.
The E-mode bands between 750 and 950 ¢nmay thus be
assigned tar; modes. With the mode assignments given to

1+ ——
e*—

1+

sent the normal temperature dependence expected from the third
and fourth anharmonic interactions.
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each band we have applied the best-fit analysis to the spectr@j(-r) = wg;+C
in terms of Lorentzian component bands. The best-fit results
of peak positions and bandwidths of the corresponding

Lorentzian components are shown in Figea)$5(d). wherex=7iwg;/2KT, y =1 wq;/3kT, wo; represents harmonic
Wesselinowa, Apostolov, and FilipoVancorporated har-  frequency of modsj, and ¥oj broadening as due to static
monic phonon excitations, anharmonic phonon-phonon intergefects and imperfections. The paramet&rsB, C, andD
actions and spin-phonon interactions to the pseudospin Isingpresent the third- and fourth-order anharmonic constants of
model. From the Green’s function calculation of renormal-the Klemens’ approximatiofi, where assumption is made as
ized phonon energy they found the temperature dependengel:wzzwo/z and w;=w,=w3=w,/3 in the anharmonic
of phonon energy at temperatures above phase transition jshonon interactions of the third and fourth orders, respec-
the pseudospin Ising model systems as coming from the thirtively.
and fourth order anharmonic phonon-phonon interactions. In Fig. 5 the solid lines represent the theoretical fits of
Since we expect a greater anharmonic effect in the glasggs. (1) and (2) with best-fit parameters given in Table I.
forming system we may adopt this effect of the anharmonicFrom the table we can see the symmetric stretching mode
ity to fit the temperature dependence of the observed pealw;) is most susceptible to the third ordeX,(C) and fourth
frequency and bandwidth. In terms of the third and fourthorder B, D) anharmonic interactions, and for all the internal
anharmonic interaction constants we can write for the temmodes the third order anharmoniciti,( C) is far greater
perature dependence of frequeri@y(T) and damping con- than the fourth order anharmonicitg{ D), and the zero-
stantsI';(T) of the jth phonon a0 temperature effective anharmonici#y0) is greatest for the

+D| 1+

g

e*—1 e/—1 (e/—1)?
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TABLE |. Best-fit values of harmonic frequencies and anharmonic paramet@@3$= y,+ A+ B.

wo(cm™1) A B |B/A]| y(0)(cm™ 1) C D |D/C]
7 913.1 -164.3 4241 0.25 9.05 -152.7  33.54 0.22
vy 258.7 13.76 -1.09 0.08 15.26 10.05 -0.70 0.07
Vs 882.2 24.09 -2.69 0.11 21.40 -91.66  19.66 0.22
vy 346.9 2.87 3.24 1.13 9.12 39.40 -7.97 0.20

asymmetric stretching moder{). The fit can be seen to fail

completely from belowl =80 K. This observation conforms X'(0)=2, PiP;Gj(w),

with the previous reports on the x-ray diffraction results of H

RADPx crystal$*?* that the lattice constants and thus thewhere P, ; represents the respective mode strength of the
unit-cell volume start to deviate from the classical anharmothree harmonic oscillator modes;, w,, and ws. Raman
nicity temperature dependence at a well defined temperaturecattering Stokes intensity is then obtained by

where short range ordering is developed to enhance the mean

square local polarizations and thus electrostrictive coupling. (w)=[n(w)+1]x"(w),

The increasing lattice constants are expected to decrease the

vibrational frequencies but local ordering should reduce thavheren(w) is the Bose-Einstein factor of phonon thermal
bandwidth. population atw.

In Fig. 6 we have shown the low-frequency Raman spec- In Fig. 7 the temperature dependence of the best fit pa-
tra of B,-symmetry modes, where we can observe thgameters in the COUp|Ed oscillator model are shown as ob-
Cs-AsQ translatory mode coupled with a collective proton tained. As can be seen in FighJ »*y was obtained to best
mode, and also a separate NAsO, translatory mode. The fit the soft-mode temperature dependenceaff-T,) with
NH,4-AsO, translatory mode favors for the lateral Slater con-To=28.8 K. The standard error bar of the fitting increases
figurations of protons and may not be coupled with the samé&teeply at temperatures below 100 K and we did not include
collective proton mode of up-down Slater configurations.our results of the fit. The abrupt change may originate from
The solid lines represent the best fit curves in terms othe growing intensity of the AsQlibration band in the same
coupled harmonic oscillators. The response function and thu&gion between 100 and 200 ¢ the increasing selection
the Ramanr)f susceptibility” of the coupled system are ob- rule violations due to the random fields of NH and the
tained fro
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FIG. 6. Raman susceptibility profiles derived from the low-  FIG. 7. Temperature dependence of the best-fit parameters for
frequency Raman spectra Bb-x(yx)y symmetry external modes low frequencyB,-symmetry bands as obtained from the coupled
observed at various temperatures. The solid lines represent the bdstrmonic oscillator band analysis of Fig. & w1, y1, @2, V2,
fits in terms of two coupled harmonic oscillators and another addiandy;,, the solid lines are simply for guiding eyes) w3/y;, the
tional harmonic oscillator band. solid line represents the best fit fa’/y,=a(T-T,).
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simplified coupled mode analysis fails to describe the compiezoelectirc strains. Piezoelectric and electrostrictive effects
plex spectrum in this regichHowever, the temperature de- are additive to give an effective piezoelectric consthht
pendence of Fig. 7 for the harmonic oscillator soft-modeof (her)>=h?+4R?qea, Whereh is piezoelectric coefficient,
may well be extended to below 100 K if we could assume allR electrostrictive coefficient, ang, Edward-Anderson type
these subsidiary effects of the ensuing additional bands wergrder parameter. This enhanced effective piezoelectric con-
not coupled with the soft mode. It is interesting to observestant leads to the enhanced repulsive anticrossing gap be-
the resonance type soft mode ef=a(T-T,) in KDA, tween the soft-mode optic phonon and the shear mode
RDA, and CDA ferroelectric crystat?° but the relaxation- acoustic phonon so that a greater temperature gap will be
type soft mode in dipole glass systems such as RADRd  effected between th_e extrapolated condensation temperature
RADA-x mixed crystalé:” In general it is believed that the of the soft-mode optic phonon and the coupled acoustic soft
proton tunneling system gives rise to the resonance type soffode- o .
mode while the relaxation type soft mode is expected in the Thus the molec;ular vibrational bands sensitive to the
double-well pseudospin system when tunneling is ab&ent. structural deformations shou_ld follow the temperature depe_n-
In the RADPx dipole glass system it has been found dence of the_coupled acoustic soft mode whose Cond_ensatlon
from NMR experimental resuft§ that thermally activated temperature is well above the_ extrapolated.condensaﬂon tef.“‘
hopping is a dominant process at temperatures abbve perature of the soft-mode optic phonon as in the piezoelectric

=25 K, and we expect a critical slowing down of the relax- ferroelectric crystals.
ation time since in the double-well potential of protons ther-
mal hopping prevails rather than quantum tunneling in the
dipole glass. The observation 3f=28.8 K for the relax- In the CADAX (x=0.20) mixed-crystal temperature de-
ational soft-mode condensation in our system of CABA- pendence of Raman scattering spectra was studied in detail.
(x=0.20) is at a large deviation from the freezing onsetA; symmetry molecular vibrational bands of As@re found
temperature off ;=80 K where the internal modes of mo- to deviate strongly from the normal temperature dependence
lecular vibration start to show anomalies. This large deviaof the third and fourth order anharmonic phonon-phonon in-
tion between the two temperatures was also obtained in botleractions at temperatures beldw=80 K. This anomalous
RADP-x and RADAx crystals as large as 65 and 55 K, temperature dependence beldwis attributed to the onset of
respectively*’:?8 short-range ordering of protons, which enhances local cluster
The extrapolated condensation temperature of theolarizations and thus electrostrictive local strains.
resonance-type optical soft mode in the ferroelectric RDA B, symmetry optic soft mode was analyzed in terms of
crystaf® was observed to be much lower than the structuratemperature dependent harmonic oscillator coupled modes.
phase transition temperature, which was attributed to the réFhe satisfactory best fit was possible only tof/ y (inverse
pulsive anticrossing piezoelectric coupling between the optirelaxation time, which tends to zero af,=28.8 K.
cal soft mode and the acoustic mode. The internal vibrations This observation of the relaxational type soft mode also
of molecules should be affected mostly by the structural tranimplicates that the thermally activated hopping should be a
sition driven by the acoustic soft mode involving anisotropicmore significant process than quantum tunneling in this
changes in lattice constants and thus site symmetries. CADA-x pseudospin double well random system at least in
In dipole glass we expect large local electrostrictions dughe temperature region of our Raman spectroscopic observa-
to randomly freezing short range orders in addition to thetion.

IV. CONCLUSION
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