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Temperature and concentration dependences of Raman vibrational modes
in Rb12x„ND4…xD2AsO4 mixed crystals
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~Received 8 August 1996!

The Raman vibrations (10–103 cm21) of A1, B2, andE symmetries along the@110# phonon direction have
been measured as a function of temperature~80–293 K! in the mixed ferroelectric~FE! antiferroelectric system
Rb12x(ND4)xD2AsO4 (DRADA-x) for ammonium concentrationsx50, 0.10, and 0.28. With decreasing
temperature, theB2 Raman shifts of RbD2AsO4 show both softening and hardening anomalies for four selected
modes. In DRADA-0.10, the bending moden2(B2) ~near 280 cm21) of the AsO4 group exhibits a gradual
softening down toT;125 K and then has a rapid drop. This phenomenon is attributed to a quick development
of long-range FE ordering. In DRADA-0.28, the in-plane bending moded(O-D) (B2) shows a softening near
220 K, whereas the bending moden2(B2) of the AsO4 group exhibits a hardening. We associate these
anomalies with the onset of glass formation. A doublet with splitting of about 10 cm21 was observed in the
n1 modes and was attributed to a slight deformation of then1 vibration due to AsO4 groups having different
nearby ions (ND4 and Rb!. @S0163-1829~97!01605-6#
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I. INTRODUCTION

Since the discovery that the deuterated family1 with the
formula A12x(ND4)xD2BO4 @A5Rb ~or K! and B5P ~or
As!# exhibits a deuteron glass state for certain values ox,
similar to the proton glass state observed in the undeuter
family,2–5 many experimental techniques have been use
order to understand the nature of this deuterated family
these systems, there is competition between the ferroele
~FE! and the antiferroelectric~AFE! orderings, each charac
terized by specific configurations of the acid protons or d
terons. The random distribution of the Rb and ND4 ~or
NH4) ions produces frustration which can suppress the lo
range electric order. Spontaneous polarization revealed
RbD2AsO4 ~DRDA! has a first-order FE transition a
Tc;165 K. Dielectric results indicated that atTm;146 K,
Rb0.90(ND4)0.10D2AsO4 ~DRADA-0.10! goes from the
paraelectric ~PE! to a PE/FE phase coexistence regio
and then to another frequency-dependent coexiste
~FE/deuteron glass! region atTg;60 K (f50.05 MHz).6

HereTm is the temperature that corresponds to the dielec
maximum. DRADA-0.28 has no FE phase, but has
frequency-dependent transition from the PE to the deute
glass phase atTg;65 K (f50.1 MHz). Field-heated,
field-cooled, and zero-field-heated static permittivity also
vealed that belowTe;38 K, the system enters a nonergod
state in which on practical time scales the acid deuteron
the O-D-•••-O bonds cannot rearrange sufficiently to rea
all energetically allowed configurations.7

DRADP-x mixed crystals in the concentration rang
0.3<x<0.7 have the KDP (KH2PO4)-type tetragonal sym-
metry ~space groupI 4̄2d-D2d

12) down to liquid-He tempera-
ture with two formula units per primitive cell. According t
the factor-group analysis for an ideal tetragonal KDP-ty
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structure, both PO4 and NH4 tetrahedra haveS4 local site
symmetry.8 However, from investigations of Raman spect
of KDP and RbH2PO4, the local site symmetry of the PO4
group was found to beC2 in the paraelectric and ferroelectri
phases.9 In NH4H2PO4, both PO4 and NH4 groups possess
C2 symmetry in the paraelectric phase andC1 in the antifer-
roelectric phase.

In a KDP-type structure withS4 site symmetry, the fully
symmetric stretching vibrationn1 of the PO4 ion ~free-ion
value 980 cm21)10 should be observed only in th
A12y(zz)x geometry. At room temperature, this mode h
frequency 882 cm21 in DRADP-0.50 and 899 cm21 in
DRADP-0.48.11,12 The doubly degenerate bending moden2
of the PO4 group ~free-ion value 363 cm21) should be ob-
served in theA1, B1, andB2 Raman spectra. These ma
corresponding lines of then2 mode were observed with th
frequencies 352 (A1) and 382 cm21 (B2) in DRADP-0.50,
and 350 (A1), and 379 cm21 (B2) in DRADP-0.48 at room
temperature, respectively.11,12

The triply degenerate bending vibrationn4 of the PO4
group ~free-ion value 515 cm21) should have a main com
ponent in both theB1 andB2 spectra and two components
theE spectrum. In the Raman spectra of DRADP-0.50, th
lines ~450, 510, and 542 cm21) in B2 and two main peaks
~476 and 530 cm21) in E were obtained at room
temperature.11 In DRADP-0.48, oneB2 line ~490 cm21) and
three E components~480, 526, and 551 cm21) were as-
signed at room temperature.12 The region of asymmetric
stretching moden3 of the PO4 group ~free-ion value 1080
cm21) is the most difficult one to assign due to the possi
overlap with the in-plane bending moded(O-D) and the
n4 mode of the ND4 group ~free-ion value 1065 cm21).

In our earlier Brillouin scattering results along the@100#
phonon direction, a broad damping peak which is stronge
2920 © 1997 The American Physical Society
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55 2921TEMPERATURE AND CONCENTRATION DEPENDENCES . . .
DRADA-0.28 was observed and was attributed to the fl
tuations of local order parameter between FE and A
phases.13 The acoustic phonon frequency also shows a fi
order hardening behavior as temperature decreases.13 In the
present paper, Raman scattering was carried out on the s
samples~DRADA-x50, 0.10, and 0.28! because Raman
spectra can give important information including the gla
formation that is usually associated with the local dynamic
the AsO4 and ND4 groups. Here, we pay special attention
the local environments and internal vibrations of the As4
molecular group.

II. EXPERIMENTAL PROCEDURE

Single crystals of Rb12x(ND4)xD2AsO4 (x50, 0.10, and
0.28! were grown from aqueous solutions with certain rat
of DRDA and ND4D2AsO4 ~DADA !. The average size o
these crystals is 1.230.430.2 cm3. The green light with
l5514.5 nm from an argon-ion laser was used as an exc
tion source. A double-grating monochromator~ISA Model
U1000! equipped with a water cooled photomultiplier tub
detector was used. The scanning operation was chosen
resolution 1 cm21 and slits: 200/400/400/200 (mm). Right-
angle spectra were taken from scattering geomet
y(zz)x, y(xz)x, andy(xy)x which correspond toA1 ,E, and
B2 symmetries, respectively. Herex, y, andz correspond to
the crystala, b, andc axes, respectively. A Janis VPF-10
variable temperature pourfill cryostat was used with a La
Shore 321 temperature controller. The samples were he
from 80 K up to room temperature by steps. The data w
collected automatically using a microcomputer, and the
cumulated time for each scan is about 40 min. Results w
found to be reproducible for all compounds. Here the L
entz profile was used to fit the Raman spectra, from wh
the Raman frequency shifts for various modes were obtain

III. RESULTS AND DISCUSSION

By a group-theory analysis for the KDP type structu
~which contains two molecular units of KH2PO4 in a primi-
tive unit cell!; at zero wave vector, the vibrational modes
the tetragonal symmetry~space groupI 4̄2d-D2d

12) can be de-
composed into the following irreducible representations:14,15

Gvib54A1~R!15A2 ~silent! 16B1~R!16B2~R,IR!

112E~R,IR!. ~1!

The symmetry speciesA1, B1, B2, andE are Raman active
The situation in mixed crystals DRADP and DRADA
more complicated than in the parent compounds, beca
some Rb atoms have been substituted by ND4 groups. In this
case, the selection rule is expected to be broken much m
easily than in the pure compounds. The local site symmet
of the AsO4 and ND4 groups are also anticipated to be low
as compared with the parent crystals.

In this work, theA1 Raman spectra show a similar patte
to the one in DRADP-0.48. Thus, the assignments of vib
tional modes corresponding to theA1 symmetry were made
first in accordance with theA1 spectra of DRADP-0.48.

12 In
DRADA-x, each corresponding line of theA1 symmetry
shows lower frequency and can be attributed to the hea
-
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arsenic atom. The various vibrations of theB2 andE sym-
metries were assigned by comparing with theA1 modes.

A. Temperature-dependentB2 y„xy…x modes

Actual temperature-dependentB2 Raman spectra are
shown in Figs. 1~a!–1~c! for x50, 0.10, and 0.28, respec
tively. The three compounds display a similar Raman patt
except for the low-temperature spectra of DRDA. Frequ
cies near 300 and 800 cm21 also demonstrate a high scatte
ing efficiency that is associated with the optical nonlineari
The main lines observed from this configuration are at f
quencies near 300, 360, 760, and 820 cm21.

The temperature dependences of four selectedB2 modes
for each compound are plotted in Figs. 2~a!–2~c!. The
highest-frequency mode~near 820 cm21) corresponds to the
in-plane bending moded(O-D). Modes around 760 and 36
cm21 belong to the stretching moden1 and the bending
moden4 of the AsO4 group, respectively. Those frequenci
located near 280 and 300 cm21 are associated with the
bending moden2 of the AsO4 group. In DRDA, both the
d(O-D) andn4 bending modes show apparent step-up~hard-
ening! anomalies atTc;160 K as temperature decrease
The changes of thed(O-D) andn4 modes above and below
Tc are about 4 cm21 ~0.5%! and 4 cm21 ~1.1%!, respec-
tively. On the contrary, then1 and n2 vibrations of the
AsO4 group display step-down~softening! behaviors with
frequency reductions 5 cm21 ~0.6%! for n1 and 13 cm21

~5%! for n2. These phenomena confirm that the pure DRD
crystal possesses a ferroelectric transition in the tempera
domain.

For DRADA-0.10, the bending moden2 ~near
280 cm21) of the AsO4 group exhibits a gradual softening a
temperature decreases down toT;125 K and then has a
rapid drop. What are the origins of this phenomenon? T
ND4

1 deuteron NMR spectra16 of DRADA-0.10 showed a
progressive disappearance of the doublet near 130 K, f
which it was concluded that below 130 K the FE phase p
tion is greater than the PE portion in the crystal and becom
the dominant ordering. This result is consistent with the pr
ence of PE/FE phase coexistence as evidenced by diele
results which show that a gradual ferroelectric transition
gins atTm5146 K and is mostly completed at;120 K.6 In
addition, the acoustic phonon damping also shows a sh
peak near 130 K which was attributed to a rapid growth
FE ordering.13 Consequently, one can conclude that the sl
softening~shown inn2 mode! beginning from room tempera
ture must relate to the freezing-in of the ND4 reorientations
which increases the local structural competition, and even
ally the FE phase becomes the governing ordering n
T;125 K.

As shown in Fig. 2~c! for DRADA-0.28, a softening nea
220 K has been observed in the in-plane bending m
d(O-D) ~near 815 cm21) as temperature decreases, where
the bending moden2 ~near 300 cm21) of the AsO4 group
exhibits a hardening behavior. The frequencies of both
n2 andd(O-D) modes are sensitive to the deuteron order
near the AsO4 group. If the deuteron arrangement varies w
the temperature, the mass and the force constants of
D2AsO4 group will change and thus influence the freque
cies of then2 andd(O-D) modes. It is reasonable to conne
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FIG. 1. Temperature dependence of Raman spectra of~a!
DRDA, ~b! DRADA-0.10, and~c! DRADA-0.28 measured from the
y(xy)x geometry between 10–1000 cm21. Here the Raman vibra
tions correspond to theB2 symmetry.
FIG. 2. Frequency vs temperature variations of four selec
modes~with B2 symmetry! of ~a! DRDA, ~b! DRADA-0.10, and~c!
DRADA-0.28. These four modes correspond to the in-plane be
ing moded(O-D) ~near 820 cm21), stretching moden1 ~near 760
cm21), and bending modesn4 ~near 360 cm21) andn2 ~near 280
and 300 cm21). Heren1, n2, andn4 are the internal vibrations o
the AsO4 group. The dashed lines are guides for the eye.
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55 2923TEMPERATURE AND CONCENTRATION DEPENDENCES . . .
these two breaks at approximate 220 K with the tempera
of onset of glass formation. A similar phenomenon was a
observed in then2 (B2) mode of the PO4 group of DRADP-
0.48, in which the onset temperature of glass formation
;200 K.

B. Comparison ofA1 ,B2, and E symmetries

The right-angle spectra from scattering geometr
A12y(zz)x andE2y(xz)x are given in Figs. 3 and 4 at tw
different temperatures where the samples possess tetra
structure. Here we do not show the Raman spectrum
DRDA at T580 K because the DRDA crystal becom
orthorhombic with space groupC2n

19 ~Fdd2! below Tc . The

FIG. 3. Raman components of theE2y(xz)x symmetry of~a!
DRDA, ~b! DRADA-0.10, and~c! DRADA-0.28 measured at two
different temperatures~80 and 293 K!.

FIG. 4. Raman components of theA12y(zz)x symmetry of~a!
DRDA, ~b! DRADA-0.10, and~c! DRADA-0.28 measured at two
different temperatures~80 and 293 K!.
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main vibrational frequencies of theB2 , A1, andE symme-
tries observed at two different temperature (T580 and 293
K! are summarized in Table I.

As mentioned earlier, the symmetric stretching moden1
of the AsO4 group is nondegenerate with onlyA1 symmetry.
However, as shown in Figs. 1 and 3 and Table I, the leak
of then1 mode into theE andB2 symmetries is practically as
strong as the other permitted vibrations. Then1 leakage that
occurs in both theE andB2 configurations is possible as th
result of the lowering of local symmetry of the AsO4 groups
from S4 to C2 or even toC1. The degree of then1 leakage
also is stronger as compared with the partially deutera
DRADP-0.48 crystal and may imply that the local symme

TABLE I. Frequencies of observed Raman modes~in cm21) in
DRADA-x (*, x50;1, x50.10; and11,x50.28).

T580 K T5293 K

(B2) (E) (A1) (B2) (E) (A1) Assignments
y(xy)x y(xz)x y(zz)x y(xy)x y(xz)x y(zz)x

721 701 70* 71*
991 6911 100* 701

6911 691 6711 External modes
9011 961

6511

1681 1571 17111 156* 157*
16711 1561 16311 AsO4 libration

15911

2111 2161 221*
21311 21811 2151 ND4 libration

22411

2741 2751 2741 2811 309* 283*
2991 3251 2861 2991 3211 293*
27611 27611 27711 27411 29811 2761 n2 of AsO4

30211 28811 30011 2831

28111

29111

3311 3651 3521 3301 361* 367*
3551 4401 3771 3551 3631 372*
4231 36811 37211 4231 4221 3771 n4 of AsO4

35511 43411 35411 36511 36811

43311 42511 42611

7061 7141 7581 7581 760* 756*
7601 7611 7661 7731 7571 768*
7751 7741 76211 76011 7731 7561 n1 of AsO4

70011 69411 77211 76711 76511 7661

76411 76011 75811

77211 77311 76911

8181 8181 8161 8191 823* 818*
81211 81311 81411 81711 8341 8191 d (O-D)

82111 81611

9621 9381 955* 938*
96011 93911 9531 9341 n3 of AsO4

95311 93411
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2924 55CHI-SHUN TU, RONG-MEI CHIEN, AND V. HUGO SCHMIDT
of the AsO4 group in the DRADA-x ~0, 0.10, and 0.28!
system is lower than that of the PO4 group in the DRADP
system. While comparing the relative intensity of then1
mode with other vibrations, one can note that then1 leakage
increases with increasing ammonium concentrationx. This
may occur because the partial substitution of Rb ions
ND4 ions will lower the local symmetry of the AsO4 group.
Another interesting feature is that a frequency doublet wit
narrow splitting of about 10 cm21 was observed in then1
mode. This property occurs in theA1 , B2 , andE geometries
for all three samples. A possible reason for this splitting
that different AsO4 groups have different combinations o
surrounding ions (ND4 and Rb!, which will cause slight per-
turbation to then1 frequency.

The doubly degenerate bending moden2 should be ob-
served in theA1 andB2 modes if the AsO4 group has an
S4 site symmetry. As given in Table I forT580 K, then2
mode at 274 cm21 (A1) in x50.10 and 277 cm21 (A1) in
x50.28, also show symmetry leakage into theE and B2
geometries.

The triply degenerate bending moden4 should have a
main Raman component in theB2 symmetry and two com-
ponents in theE symmetry. This mode, owing to its chara
ter associated with the deuteron~or proton! collective mo-
tions in thec plane, is sensitive to the existence of addition
D bonds. At T580 K, two strong peaks at 365 an
440 cm21 in x50.10, and 368 and 434 cm21 in x50.28
were observed in theE symmetry. For theB2 symmetry,
there are three Raman lines~331, 335, and 423 cm21) in
x50.10 and two components~355 and 433 cm21) in
x50.28.

The antisymmetric stretching moden3 is difficult to as-
sign because both the in-plane bending moded(O-D) and
the n4 mode of the ND4 ion appear also in this frequenc
range. Those values of thed(O-D) and n3 modes of the
AsO4 group given in Table I were assigned in accordan
with theA1 Raman components of DRADP-0.48.

With the results of Yuzyuket al.11 ~for DRADP-0.50! and
Martinez, Agullo-Rueda, and Schmidt12 ~for DRADP-0.48!,
we assign frequencies located at ranges 150–175 and 2
230 cm21 to the librations of the arsenate and ammoniu
groups, respectively. The Raman components with freque
rg

i,
y

a

s
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e

0–

cy

below 100 cm21 were assigned to the external vibratio
associated with the Rb and ND4 ion motions.

IV. CONCLUSIONS

The mixed crystals DRADA-x ~0, 0.10, and 0.28! display
similar Raman spectra for Raman active species (A1, B2, and
E) and indicate a strong symmetry leakage possibly due
the lowering of local site symmetry of the AsO4 group from
S4 to C2 ~or evenC1). The temperature-dependent Ram
shifts of the pure DRDA crystal show both step-down~soft-
ening! and step-up~hardening! anomalies atTc;160 K. This
is consistent with our previous Brillouin scattering results
which a first-order transition occurs. For DRADA-0.10, th
bending moden2 ~near 280 cm21) of the AsO4 group ex-
hibits a gradually softening down toT;125 K, and then has
a rapid drop. This behavior confirms a rapid growth of lon
range FE ordering atT;125 K as concluded in our earlie
Brillouin results. In DRADA-0.28, with temperature decrea
ing, both softening and hardening near 220 K were also
served in the in-plane bending moded(O-D) andn2 mode of
the AsO4 group, respectively. We connect this hig
temperature anomaly with the onset of deuteron glass be
ior.

The assignments of various Raman-active modes~corre-
sponding toA1 , B2, andE symmetries! in DRADA-x ~0,
0.10, and 0.28! have been made in accordance with theA1
Raman spectrum of the DRADP-0.48 crystal. Then1 (A1)
mode exhibits a frequency doublet with splitting of abo
10 cm21. It was attributed to the slight deformation of th
n1 vibration due to the fact that different AsO4 groups have
different environments depending on the identity of the
taching groups (ND4 and Rb ions!.
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