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Abstract. Polarized Raman spectra @Rb, (NHz)1—,)2SOy crystals § = 0.1 and 0.7) were
studied in the temperature range 10-300 K. Thorough site-symmetry analysis of inteﬁﬁal SO
and NI—[{ vibrations combined with factor-group analysis based on hexagonal pseudosymmetry
allowed us to make an assignment of the observed modes. The spectraxoftBel sample

are compatible with those of purdNH,4)>,S0O, including the features of the disorder in the
paraelectric phase above 220 K (the broad central peak of the relaxator type and high mode
damping) and ordering in the ferroelectric phase. The spectra af the0.7 sample show a

much smaller disorder at high temperatures (no broad central mode and lower mode damping)
due to the lower ammonium content, but clearly confirm the onset of the dynamic dipolar glass
transition (short-range correlations inducing the appearance of long-lived dipolar clusters) near
220 K.

1. Introduction

Ammonium sulphate (NH4).SQy, hereafter denoted as AS) undergoes a first-order
ferroelectric phase transition (PPpma (D%ﬁ) — Pn2ia (Cgv) atTc = 223 K. It represents

a classical example of a weak ferroelectric with a very small Curie—Weiss constant and small
spontaneous polarization with a peculiar temperature behaviour. The PT mechanism was
determined recently and also the behaviour of the spontaneous polarization was explained
(De Sousa Menesext al 1995).

The mixed crystalgRb,(NH4)1_,)2SO, (denoted as RbAS-1@) were studied and
discussed as much as 20 years ago, but there was no indication of any glassy behaviour. As
was found by Ohiet al (1978), isomorphic substitution of ions with close values of ionic
radii, NH; and Rl leads to slight changes in the lattice constants of RbAS:bdgstals,
while with increasing Rb concentration the PT temperature rises by a few degrees until, at
a certain concentration = 0.24, it starts to drop down abruptly. The Curie—-Weiss constant
increases gradually and the PT changes its character from first order to second order at a
certain concentratiom. No PTs have been detected for mixed crystals with 0.6 upon
cooling down to liquid helium temperature.

Recently, evidence for orientational glass behaviour has been found for RbAS mixed
crystals forx-values close to that of rubidium sulphate £ 0.7) by means of IR and
dielectric measurements (De Sousa Meneses 1995, De Sousa Mehabd995). From
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the analysis of the low-frequency dielectric data, the orientational glass state in RbAS-70 is
characterized by a rather broad distribution of relaxations, and in IR spectra some internal
modes of the sulphate group start to appear much better resolved below 200 K.

The present contribution reports on a comparative Raman study of two representatives
of the family of mixed sulphates: RbAS-10 and RbAS-70.

2. Crystal structure and symmetry analysis

At room temperature, RbAS-100mixed crystals as well as pure compounds possess the
orthorhombicS-K,S0Oy-type structurePnma with four formula units in the primitive cell
(Ohi et al 1978). Sulphur atoms occupy 4(c) Wyckoff positions (site symmet)y Two
oxygen atoms of each ﬁo ion, namely O(1) and O(2), are also at 4(c) positions, while
the other two oxygen atoms (labelled as O(3)) of theﬁS@m are crystallographically
equivalent, occupying 8(d) positions. There are two non-equivalent cationg(IN&hd

NH; (1), which occupy 4(c) positions, too. Consequently, all of the ions occupy sites on
the mirror plane of € symmetry in the paraelectric phase, while in the ferroelectric phase
of pure AS both kinds of ammonium and sulphate ion occupy fourfold positions with C
site symmetry (Schlemper and Hamilton 1966, Hasebe 1981, Arahad1987).

The distribution of rubidium between the two non-equivalent ammonium sites in
mixed crystals (nominallyy = 0.52) has been determined by x-ray diffraction. At room
temperature the ratio of the occupation numbers wa$)RRb(I1) = 0.41/0.62. Therefore,
the substitution is preferentially on one sublattice (Unetital 1978).

The factor-group analysis of normal vibrations for pure AS is well known forRhem
setting of the Bf space group (Torriet al 1972, Petzelet al 1973, Venkateswarlet al
1975, Carter 1976, De Sousa Menesésl 1995). Hereafter we usgtandard notation—

Pnma. This change necessitates using labels different from those used by the authors cited
above, who have reported single-crystal Raman and IR data. The correspondence of the
irreducible representation labels between these two settings is as follows:

(Pnam — Pnma): Bigu — Bagu; Bagu — Bagu: Bagu — Bigu-

Detailed investigations of polarized Raman and IR spectra of AS (see the papers cited
above) showed a discrepancy between the number of modes predicted by the factor-group
analysis and that actually observed. In the paraelectric phase some internal modég of SO
and NH; ions, symmetry allowed only in the ferroelectric phase, are nevertheless present
because of a dynamical breaking of the local symmetry of thﬁ:*&(hd NH; tetrahedra.

As demonstrated by Kozlost al (1988), the presence of a strong disorder in AS is obvious.
In fact, the local and instantaneous site symmetry of S&nd NH; tetrahedral ions above
Tc is Gy, which is the same symmetry as that bel@w, whereas the Csites correspond

to average positions in the paraelectric phase.

The isomorphic substitution Rb— NH; does not change the factor-group symmetry,
but leads to pronounced perturbations in the local symmetry of botﬁf $0@d NH;
tetrahedra in mixed crystals, since each;Nidn is bound via asymmetric N=H.O bonds
with the O atoms of S§ groups. These induced distortions of the tetrahedra in the unit cell
and their shift away from the Gsites should manifest themselves in the vibration spectra
of mixed crystals. Furthermore, as shown in the Raman (Yuastukl 1995, 1996) and
IR (Simon 1992) studies of KDP-type glasses, the distortions in the glass state are more
pronounced and lead to splitting of some lines and stronger relaxation of the selection rules
in the Raman and IR spectra.
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It is known (Torgasheet al 1988, 1991, 1992, 1993) that some peculiarities of the room
temperature Raman spectra pfK,SOy-type crystals follow from the pseudo-hexagonal
character of the crystal structure. In 1976, Sawetdd introduced a hypothetical prototypic
(latent) phase oP 63/mmc symmetry &-K,SOy-type structure) for AS. Later, a method of
assignment of the vibration spectra f#K,SOy-type crystals was developed by Torgashev
et al (1992) considering the genesis of real spectra from the spectra of the prototypic phase
at the hypothetical antiferrodistortive transitidt6s/mmc — Pnma.

The prototypica-K,SOy-type structure has a hexagonal latticeR8z/mmc symmetry
with two formula units in the unit cell. As assumed for AS (Torgasbeal 1988), the ions
occupy the following sites:

NH; (1) 2(d); Dsn
NHZ (1) 2(a); Dsd
SG- 2(c); Dan.

The necessary condition for the existence of this structure is the orientational mobility of
the anion sublattice (at any given moment, theﬁS@Jns occupy the f position of £
symmetry). The formation of the real phase Rfma symmetry from the latent phase of
P63/mmc symmetry takes place at the PT together with the doubling of the unit-cell volume.
This PT is induced by an order parameter transforming according to thespMesentation
from the M point of the hexagonal Brillouin zone. Thus the spectra of Rheia phase
will be formed from the modes of thE and M points of theP63/mmc phase.

On the basis of analogous considerations, the genesis of the IR and Raman spectra of
external modes and detailed assignments were given for several crystalg-Wit§O;-
type structure (Torgasheat al 1992, 1993). This approach will be used below to describe
the observed room temperature Raman spectra of RbAS-10 and RbAS-70 in the region of
internal vibrations.

3. Experimental details

The crystals were grown by slow cooling from aqueous solution. Polarized Raman spectra
have been measured for samples in the form of carefully oriented and optically polished
rectangular parallelepipeds, 43 x 2 mn?. The sample was placed in a continuous-
flow cryostat (LEYBOLD VSK 4-300) where it was convection cooled in He exchange
gas. Special care was taken to ensure identical experimental conditions for the two
samples. The 514.5 nm Arlaser line at 200 mW was used for excitation in the
right-angle scattering geometry. The scattered light was analysed using a PC-controlled
double-grating spectrometer (SPEX-14018) equipped with a standard single-channel photon-
counting detection system. The spectral slit width was set to **@n2 cnt?! (below and

above 1200 cmt, respectively).

4. Results and discussion

4.1. Raman spectra at room temperature

The overall Raman spectra of RbAS-10 and RbAS-70 at 290 K for six different scattering
geometries are shown in figures 1 and 2, respectively, and the corresponding frequencies
and assignment are summarized in tables 1 and 2. The fundamental internal vibrations
of NH} and S(j‘ ions allowed under the gTpoint group consist of one non-degenerate
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Table 1. Frequencies (in cm') of the observed Raman lines for RbAS-70 (vs: very strong;
s: strong; w: weak; vw: very weak).

ZXX)Y ZOYV)X Y(ZZD)X YXVX YXZD)X YZDX

Ay Ay Ag Big Bazg B3g Assignment
44 45+ 45 vw
66 67" 69 63 61* tS
73 71*
78 79 78
120 vw 119 vw 113 120 120 vw 115 IS
130t
183 vw 170 vw 181 N
196
444 445 446 450¢ s V5 (451)
452 453 453
615 s 615 s
618 617 617 V3 (615)
622's 623 623 630

961 vw 961" vw 961 vw
976 vs 976 vs 976 vs 976 vw 976° w 976 vw uf (981)

1081 1082
1090 109 1090 v§ (1105)
1100 110T 1100¢
1130 1130 113F 1132
1230 1230 1230 %
1422 1420 1425 1425 1422 1425
1449 1455 vl (1400)
1473 1473 vw
1665 1668 v (1680)
1686 1686 1680 1692
2870 2880 2870 2840 2850 1)
3045 3021 3027 vl (3040)
3050 3042
3135 3114 3118 v oY
3193 3190 3186 vl (3145)
3210 3204 3225
3318
3350 w 3350 w 2

* The peak positions (bold typeface) coincide with those observed for py®@b

fully symmetric stretching mode; (A1), one doubly degenerate bending madéE), one

triply degenerate asymmetric stretching modé¢F,) and one triply degenerate bending
mode vy(F2). The frequencies of these modes in free ions (Nakamoto 1986) are given
in the right-hand columns of tables 1 and 2 (values in brackets). Following the notation
used by Venkateswarlet al (1975), the modes of the NHand SCﬁf ions have been
labelled with the superscripts N and S respectively. The Herzberg notgtibas been

used for internal modes of these ions and the symbols t and | for their translations and
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Table 2. Frequencies (in cm') of the observed Raman lines for RbAS-10 (vs: very strong;
s: strong; w: weak; vw: very weak).

Z(XX)Y ZXYY)X Y(ZZD))X YXY)X YXZ2)X Y(ZY)X

Ay Aqg Ag Big Bog B3g Assignment
43 44
65 66 e
75 77 75
79 vw 83 83
119 114 112 §
174 162 176 N
185 181 187
203 197
448 447 448 450 s V5 (451)
453 453 453
613 s 613 s
618 617 615 vy (615)
625 s 625 625 631

961 vw 961 vw 961 vw
976 vs 976 vs 976 vs 976 vw 976 w 976 vw vf (981)

1067 1067
1074
1094 1088 1087 V3 (1105)
1118 1116 1116
1230 1230 1230 5
1404
1416 1416 1413 1419 1425 v}l (1400)
1449 1455
1473 1480 vw
1665 1662 1674 1674 vl (1680)
1686 1692
2870 2880 2870 2840 2850 vP
3042 3021 3018 vl (3040)
3050 3042
3135 3114 3118 v+ )
3186 3193 3190 3186 vl (3145)
3204 3200
3307
3350w 3350w 2y

librations, respectively.

A quick glance at the Raman spectra of RbAS-10 and RbAS-70 shows that the room
temperature spectra of RbAS-70 (below 1200~¢mare close to those of pure RO,
(Montero et al 1973) whereas the spectra of RbAS-10 are close to those of pure AS
(Venkateswarluet al 1975) within the experimental error af2 cnit. The frequencies
of the lines in the spectra of RbAS-70 coinciding with the corresponding lines of pure
Rb, SO, crystals are marked with asterisks in table 1.



1162 Yu | Yuzyuk et al

a b

—_ : ZOX)Y

[

Z N

B ]

e

& W 1

z ZOYVX

B

g

E YEZ2)X Y(@Z2)X
j - fo X2 NN NRUTIIN.L .0 ), S e e Y -
Mo Yox)X N N (. N
e A L yenx Y(EZY)X X6
o 40 800 1200 1200 | 2000 | 2800 | 8600

Wavenumber (1/cm) Wavenumber (1/cm)

Figure 1. Overall Raman spectra of RbAS-10 at room temperature for six polarization

geometries.
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Figure 2. Overall Raman spectra of RbAS-70 at room temperature for six polarization
geometries. The intensities of the spectra above 1200'dm(b) were multiplied by a factor
of 3 in comparison with those of figure 1(b).

4.1.1. Internal modes Qfof. As predicted by the factor-group analysis of the ideal
B-K2S0y structure (B space group), the fully symmetric stretching vibratioh of the

SC~ ion should be observable only in they And By spectra. In pure RISO, this mode

was observed at 976 crh (Monteroet al 1973) in Ay spectra only, whereas in pure AS,
RbAS-10 and RbAS-70, a leakage of tb% mode (at the same frequency, 976 ¢into
geometries corresponding toBand By is detected. A forbidden internal mode;, was

also observed in the IR reflectivity spectra of the paraelectric phase of pure AS (De Sousa
Menesest al 1995). The leakage of the® mode into By and By geometries is possible

only if the SCﬁf ions exhibit G local symmetry (obviously of dynamic origin) even at
room temperature. The] mode is allowed for all Raman scattering geometries and for
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all IR polarizations in the ferroelectric phase of pure AS. However, its intensity does not
change very much at the phase transition from a paraelectric to a ferroelectric phase (De
Sousa Menesest al 1995), in which the SQT ions have & local symmetry. Hence, the
leakage of the’$ mode observed by us cannot be due to errors in the scattering geometries
or spillover of the polarizer.

A very weak band at 961 c¢cm (15 cnt! lower than the very intense line corresponding
to the vls mode) was also observed by Monteed al (1973) in the Raman spectra of
orthorhombic sulphates, and can be assigned to;theode of the isotopic ion&S'e0L0)%-.
The intensity of thé30 v; band relative to that of th#0 one gives the result®6 x 1072,
which is quite close to the natur#l0:**0 abundance ratio:.203x 1072

The doubly degenerate bending mode should be present as a single line in all of the
scattering geometries. The Raman spectra of RbAS-70 follow the factor-group predictions,
and the frequencies of the corresponding lines have values very close to those of pure
Rb, SOy crystal (see table 1). On the other hand, the room temperature Raman spectra of
RbAS-10 in thev region closely resemble those of pure AS studied by Venkatesweaali
(1975) and Carter (1976), except for an additional forbidden peak near 453 chmis
peak could originate from the;Band/or By strong component of thes mode leaking into
Ag spectra as a result of disorder of SQtetrahedra.

Intensity (arb.units)

. i\»— e T d : T
400 450 500 55 600 650 700
Wavenumber (1/cm)

Figure 3. Raman spectra in th&(ZZ)X scattering geometry of RbAS-10 (solid line) and
RbAS-70 (dotted line) in the region of thg and v} internal modes.

The triply degenerate bending vibrati@xj should show two components in bothy A
and By spectra and single lines in;Band By spectra. The Raman spectra of RbAS-10
and RbAS-70 at 290 K fo¥' (ZZ)X scattering geometry (Amodes) in theu,f—vf region
are displayed in the figure 3. The number of lines observed for both crystals in the region
of uf is in agreement with the factor-group analysis, but important differences between the
spectra of these crystals should be pointed out.

(i) The doublet corresponding te] in RbAS-70 has two components at 615 and
623 cnt! in the Y(ZZ)X orientation, while in RbAS-10 the splitting is much more
pronounced: the two components are at 613 and 625 ciBuch an increase of the mode
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splitting is direct evidence of the fact that the magnitude of the distortion of the sulphate
tetrahedra is considerably larger in RbAS-10.

(i) Significant broadening of all internal vibrations of $Oions with increasing
ammonium concentration implies thammmonium disorder increases the anharmonicity of
the sulphate sublattice in the paraelectric phase

The asymmetric stretching modr§ is strongly dipole active, and strong intermolecular
coupling of v3 might be expected. Torriet al (1972) have reported that the Raman
peak centred at 1106 crh in AS shifts down to 1056 cm' in deuterated crystal
because of hetero-ionic vibrational coupling between deuteroammonium and sulphate modes.
Raman spectra of RbAS-10 and RbAS-70 in the region ofithand v$ modes for the
Y(ZZ)X orientation are presented in figure 4. Besides the broadening mentioned above, a
considerable shift is observed, due to the strong sensitivitygdb the distortions induced
by ammonium. A discrepancy between factor-group predictions and the observed Raman
spectra in the$ region is obvious: instead of the twayAines predicted, three well-defined
peaks at 1081, 1090 and 1130 thwere observed in RbAS-7Z(YY)X and Y (ZZ)X
geometries). All three components of the triply degenevétenode appear because of the
disorder of sulphate ions, as mentioned above.

Intensity (arb.units)

'j’ RS —r 2

LA i

200 95IO 1 dOO 10.50 1100 1150 1200
Wavenumber (1/cm)

Figure 4. Raman spectra in th&(ZZ)X scattering geometry of RbAS-10 (solid line) and
RbAS-70 (dotted line) in the region of the® and v§ internal modes.

The overall Raman spectra of internal vibrations of the sulphate ions in RbAS-70 as well
as in RbAS-10 have a common specific featutee polarization character corresponds to
the hexagonal classAs is known, thex-axis is pseudo-hexagonal in the room temperature
phase ofPnma symmetry. The Raman tensor componegy; for the Dy, class corresponds
to Ag modes (the superscript h is used to mark hexagonal symmetry species)ewhdad
azz correspond to )QKJF Egg modes. So, the Raman spectra for the two crystals are quite
close forY(ZZ)X andZ(YY)X geometries, while th& (X X)Y spectra differ appreciably.
Since tetrahedral Sfp ions occupy sites of £ symmetry in the latent hexagonal phase, the
site-symmetry splitting of the triply degenerate modes+ AS+E29 mode is approximately
obeyed in the room temperature phase, too. For RbAS-70, the single peak at 113focm
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the Y (X X)Z orientation arises from thegﬁcomponent of the):? mode, while the doublet at
1081-1090 cm? obviously originates from thegg—‘r component. The site-symmetry splitting

of the Byq pair is about 9 cm® and the A—E,q site-symmetry splitting is larger, i.e. 45 ch

The Ay component is observed at the highest frequency (1136 );rand the intensity of this

peak follows the rule (xx) > I(yy) > I(zz). For the By doublet (1081 and 1090 cm)

the intensity is also in accordance with the hexagonal claésy) ~ I(zz) andI (xx) = 0.

For RbAS-10 the same feature was observed fonthmode, where no splitting of thegg

doublet was detected, probably because of the broadening discussed above. Its asymmetrical
lineshape, however, suggests the presence of an unresolved doublet.

The triply degeneratef mode also exhibits pseudo-hexagonal features but with a weak
A-E splitting (less than 1 crt), while the gg doublet appears at 613 and 625 ¢nfor
RbAS-10 and at 615-623 crhfor RbAS-70. The intensities of the singlets corresponding
to vzs in RbAS-70 also attest to a hexagonal origin, i€zz) >~ I(yy), I(xx) ~ 0. For
RbAS-10, I (xx) for the v25 mode at 448 cm'* is considerably larger, whilé (zz) is less
thanI(yy), probably because of a more pronounced disorder in this crystal.

4.1.2. Internal modes @¥ H,”. The Raman spectra of RbAS-10 and RbAS-70 in the region

of internal vibrations of N ions (1400-3500 crt) closely resemble those of pure AS

for all scattering geometries. The absolute values of the peak frequencies, given in tables
1 and 2, do not differ by more than 1%. In accordance with the ammonium content in the
samples, the intensity of these bands in RbAS-10 is three times as high as that for RbAS-70.
The region ofv}—vY is the most difficult to interpret because of the Fermi resonance with
overtones 2, v) + v} and 2. The assignment given in tables 1 and 2 is based on the
analysis of the spectra of pure AS carried out by Venkatesweral (1975).

Like the SG~ modes, the NEI modes exhibit a leakage into other geometries because
of a lower local symmetry. The leakage looks more progressive than that of ﬁTei@@,
evidently due to the considerable departure of;Nidns from the mirror plane in those
vibrations which exhibit strong anharmonicity. The observations mentioned above lead to
the following conclusion: in the mixed crystals RbAS-10 (with high Nidontent) and
RbAS-70 (with low NHf content), ammonium ions exhibit the same behaviour as in pure
AS, and local ferroelectric correlations might be expected to appear in RbAS-70 on cooling.

4.1.3. External vibrations. The low-frequency Raman spectra of the external vibrations
of RbAS-10 were studied by Torgashet al (1988) in connection with the ferroelectric

PT, and an assignment of all of the external modes was given. The Raman spectra of
RbAS-70 below 130 cm' are close to those of pure R®0,. Also, the additional weak
bands present at 170-200 thirelate to the translations of the ammonium ions. It is
known that the librations of ammonium exhibit very strong damping due to strong disorder
at room temperature, and were observed only in the ferroelectric phase of AS (Igbal and
Christoe 1976).

Like for the internal vibrations of SfJ ions, direct evidence of the fact that ammonium
disorder induces a disorder of the sulphate anions is presented in figure 5. Besides a strong
broadening of all of the external modes of 2500ns, an appreciable central component
appears in the Raman spectra of RbAS-10. The low-frequency Raman response of RbAS-
10 in the Y(ZZ)X orientation (4 species) at 290 K was well fitted by a sum of six
damped harmonic oscillators together with a Debye relaxator (accounting for the broad
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Intensity (arb.units)

N

W P g T,
e, _—
T T T T T

0 50 100 150 200 250 300
Wavenumber (1/cm)

Figure 5. Raman spectra for th&(ZZ)X scattering geometry of RbAS-10 (solid line) and
RbAS-70 (dotted line) in the region of external vibrations.

Intensity (arb. units)

oF N 1 N i N 1 f Fl
0 50 100 150 200 250

Wavenumber (1/cm)

Figure 6. The decomposition of the room temperatif€ZZ)X Raman spectra of RbAS-10
(damped classical oscillato#sDebye relaxator) as obtained by fitting.

central component) according to the formula

@, T) ~ A+ n(w,T)) +3 4 %o, 0, (1)
0T~ (A4 T | Ang oy (@, — 0D+ T2 |

Heren(w, T) is the Bose—Einstein factor;, Qo; andI'p; are the strength, frequency
and damping of thg'th oscillator; Ay andI'; are the strength and relaxation time of the
Debye relaxator. For the purpose of the fit, the Rayleigh scattering wing (the apparatus
function) at the lowest frequencies as well as the wing due to the integral contribution
of the peaks at frequencies higher than 300 tmwere conveniently modelled by fixed
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Figure 7. The temperature evolution of the low-frequency Raman spectra fol¥ tie7) X
scattering geometry of RbAS-70 and RbAS-10 crystals.
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Figure 8. The temperature dependence of the relaxator parameters (stiepgthd reciprocal
relaxation time Yrg) for RbAS-10, as obtained by fitting.

Lorentzian components. The results are shown in figure 6. In contrast to those for RbAS-

10, the spectra for RbAS-70 do not show any relaxator component, whereas the Rayleigh
component, which corresponds to the elastic scattering, was found to have an approximately
three-times-larger half-width.
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4.2. Temperature evolution

4.2.1. External vibrations. The temperature evolution of the low-frequency Raman spectra
of RbAS-10 and RbAS-701(ZZ)X scattering geometry) is shown figure 7. On lowering

the temperature, external vibrations (below 150~&min RbAS-70 do not reveal any
signature of a structural transformation. Some lines become much better resolved as a
result of a natural decrease of their widths, which indicates a lowering of the anharmonicity
of the thermal vibrations.

230 [ B fro—r—— T | — T
220 - -
+} ° o
=210} ce .%o °o o
& ....00 0000000
(] [}
= . ° ' *%e%, o .
~ 200 | ® ae _
» o oo 8 ..o.
[ [}
0
£ 190+ _
>
% Ce,®
% 180 8 g e % 20.86000808 0 4 8 4
; o e Ge
170 s
160 | i L i 1 1 1

i i L
150 180 210 240 270 300
Temperature (K)

Figure 9. The temperature dependence of the frequencies of the ammonium translation modes
in RbAS-10 (full symbols) and RbAS-70 (open symbols) obtained from the fit. A typical error
bar is indicated.
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1200 |- k
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Figure 10. The temperature dependence of the integral intensity of)fhmode.
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Figure 11. The decomposition into individual Lorentzian components of the Raman spectra of
RbAS-70 at 290 and 60 K.

In contrast, the occurrence of the ferroelectric PT is obvious from the temperature
behaviour of the external modes in RbAS-10: the temperature evolution observed in RbAS-
10 is similar to that of pure AS. In particular, an abrupt reduction of the relaxator contribution
and disappearance of the intense 44 trAg line below 7 = 226 K was observed. The
drastic decrease of the relaxator strengthand reciprocal relaxation time/1x, as found
from the fits of the spectra in the frequency region 5-300 ctmsing equation (1), is
shown in figure 8. With temperature decreasing from 205 K, the relaxator component
becomes too small to be reliably determined by the fitting procedure; its removal does not
impair the quality of the overall fit. We note that the half-width and position of the central
narrow Rayleigh line were fixed over the whole temperature interval. The disappearance
of the broad central Raman component observed only for RbAS-10 is due to slowing
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down (i.e. freezing) of the relaxation at the ferroelectric PT. Our results corroborate the
microscopic origin of this relaxation assumed by Igbal and Christoe (1976) and developed
recently by De Sousa Menesesal (1995)—namely that the central component arises as a
result of anharmonic reorientations of the sulphate and ammonium ions. Similar effects were
observed also in pure AS in the Raman (Unattal 1978) as well as in the submillimetre
spectra (Kozlowet al 1988).

The translational modes of ammonium ions, located in the region 150-22 emhibit
similar temperature dependences in the two crystals with nearly identical values of the peak
positions. AboveT: the experimental spectra were fitted using two peaks, while at the
lowest temperature (150 K) an additional peak at 200 tmvas included in the fitting
procedure. Applying the fitting procedure over the entire temperature interval (150-290 K)
we arrived at the following conclusion (see figure 9): the emergence of the third peak, which
is a pronounced feature of the IR spectra for all three polarizations (Petzalt1973),
is located at 220 K for RbAS-10 and at a somewhat lower temperature (about 215 K) for
RbAS-70. Thus, the onset of the formation of dipolar clusters in the ammonium-rich regions
of RbAS-70 can be suggested to take place below 220 K.

4.2.2. Internal modes cﬂOff. On lowering the temperature, we observe further increase

in the leakage of the modes in RbAS-70 due to freezing-in oiS'@ns in general non-
symmetric positions allowed for the ferroelectric phase. The observed changes in the Raman
spectra of S(ﬁT ions are associated with a reduction of the local symmetry due to a gradual
freezing-in of their orientational motions, with lifetimes longer than the characteristic time
of a Raman scattering event. This gradual process is manifested as a gradual splitting of
the spectral lines, while$ shows an intensity increase in the non-diagonal orientations on
cooling. The intensity of thetvlS line for the Y(ZY)X orientation, as shown in figure 10,
markedly increases below 150 K, where high-frequency dielectric dispersion starts to set in.
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Figure 12. The temperature dependence of the frequencies (full symbols; the error bar is the
same size as the symbols) of the decomposed Raman peaks shown in figure 11, and the integral
intensity (open symbols; a typical error bar is indicated) of a line emerging at 1104. cm

Furthermore, we would like to point out a very important experimental fact established
for RbAS-70. As shown recently by De Sousa Menesiesl (1996) for RbAS-70, thez§
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doublet appears much better resolved below 200 K in the IR spectra,cfyBimetry. We

have carried out a detailed Raman study of a RbAS-70 sample in this spectral range with the
following result. For the’(ZZ)X orientation (4 modes), three lines were detected at 1082,
1091 and 1131 cnt in the room temperature spectrum. Two additional lines at 1084 and
1104 cnt! appear on cooling below 220 K (see figure 11). The temperature dependences
of their frequencies and of the integral intensity of the new 1104clime are shown in

figure 12. The parameters in this case were obtained using a simple multi-Lorentzian fit
(which, in this spectral range, gives equivalent results to the harmonic oscillator model).
The origin of these two additional lines is obvious: their frequencies coincide with the
frequencies of two TO modes observed in the IR spectra ff mmetry. Such an
appearance of the IR-active modes in the Raman spectra is allowed by the selection rules
for non-centrosymmetric ferroelectric phases owing to the following correlation between
irreducible representations é¢fnma and Pn2;a groups:

Ag
N
Pnma A{(LO+TO) Pn2ya.

/!
By

This result obviously shows that the formation of dipolar clusters—probably of
dynamical character—in RbAS-70 starts below 220 K, i.e. below the PT temperature of
pure AS. Thus, short-range ferroelectric order appears in RbAS-70 below 220 K, while
the orthorhombic symmetry of the disordered phase is preserved on average, because the
low-frequency lattice modes of the SOions do not exhibit any changes in long-range
order on cooling.

Intensity (arb.units)

2600 = 2800 8000 3200 | 8400 | 83600
Wavenumber (1/cm)

Figure 13. The temperature evolution of the stretching internal moq\ésand vg‘ in RbAS-10
(dotted line) and RbAS-70 (solid line) observed for h€ZZ) X scattering geometry.

4.2.3. Internal modes oF H,”. The Raman spectra of thé' and v} stretching modes
in RbAS-70 versus temperature are shown in figure 13, where broken lines correspond
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Figure 14. The temperature dependence of the half-widths (FWHM) of the component peaks
in the spectra of RbAS-70 of figure 13. The numbers refer to room temperature values of the
peak frequencies. The uncertainty in the frequency values is indicated by the error bars.

to the spectra of RbAS-10 (taken under the same experimental conditions and in the same
scattering geometry), multiplied by a factor of 0.3 according to the ammonium concentration
ratio. Below 3300 cm! the observed spectra are practically identical for the two samples in
the paraelectric phase at 290 K as well as at 180 K, where the ferroelectric state in RbAS-10
occurs. The high-frequenay) component is centred at 3307 chfor RbAS-10 and shifts

up to 3318 cm? for RbAS-70, apparently due to stronger distortion of ammonium ions in
RbAS-70. The temperature dependences of the linewidths (FWHM) in)'l‘theg“ range
ascertained from multi-Lorentzian fits are shown in figure 14. The abrupt narrowing of the
v) component located at 3193 cfn(the room temperature value) together with a poorly
resolved step for the 3318 crhcomponent confirm the occurrence of short-range dipolar
correlations near 220 K in RbAS-70.

5. Conclusions

To conclude, let us summarize our principal findings.

(i) The Raman spectra of §Ointernal modes reveal pseudo-hexagonal crystal structure,
known to occur for pure AS, even in mixed crystals.

(i) The presence of ammonium induces disorder in the sulphate sublattice, which is
manifested by the emergence of a strong broad central peak in the room temperature A
Raman spectra of RbAS-10. This contribution could be well modelled by a Debye relaxator.
On cooling, a phase transition with lattice dynamics analogous to that of pure AS is observed
in RbAS-10: both the central component (relaxator) and the 44*anode vanish.

(iii) Comparative analysis of the internal modes of Nk the room temperature phase
and on lowering the temperature reveals the occurrence of local correlations of ferroelectric
type in RbAS-70 just below the phase transition temperature of pure AS. Evidence for this
is provided by the observation of changes in the spectra, which are compatible with the
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selection rules of the ferroelectric phase.

(iv) Raman spectroscopy allowed us to determine the very beginning of the dipolar
cluster formation in RbAS-70 below 220 K. All signs of the short-range ferroelectric order,
which appears below 220 K and indicates the onset of a dynamic dipolar glass transition,
develop gradually on further cooling and become saturated at about 150 K. Below this
temperature, only a dielectric dispersion was observed (De Sousa Menesd996a, b) in
the frequency range below 220 MHz; this range evidently appears static from the viewpoint
of Raman scattering.
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