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Temperature and concentration dependences of Raman vibrational modes
in Rb;_,(ND,),D,AsO, mixed crystals
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The Raman vibrations (10-10cm™?) of A;, B,, andE symmetries along thgl10] phonon direction have
been measured as a function of temperat@0e-293 K in the mixed ferroelectri¢FE) antiferroelectric system
Rb,_,(ND,),D,AsO, (DRADA-x) for ammonium concentrations=0, 0.10, and 0.28. With decreasing
temperature, thB, Raman shifts of RbBPAsO, show both softening and hardening anomalies for four selected
modes. In DRADA-0.10, the bending modeg(B,) (near 280 cm?) of the AsQ group exhibits a gradual
softening down tar ~ 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 mé@@-D) (B,) shows a softening near
220 K, whereas the bending modg(B,) of the AsQ group exhibits a hardening. We associate these
anomalies with the onset of glass formation. A doublet with splitting of about 10*amas observed in the
v, modes and was attributed to a slight deformation of thevibration due to AsQ groups having different
nearby ions (N and Rb. [S0163-18207)01605-4

. INTRODUCTION structure, both PQand NH, tetrahedra havé&, local site
symmetry® However, from investigations of Raman spectra
Since the discovery that the deuterated famikjth the  of KDP and RbHPQ,, the local site symmetry of the RO
formula A; 4 (ND,)D,BO, [A=Rb (or K) andB=P (or  group was found to b€, in the paraelectric and ferroelectric
As)] exhibits a deuteron glass state for certain valueg,of phases.In NH,H,PO,, both PQ and NH, groups possess
similar to the proton glass state observed in the undeuterated, symmetry in the paraelectric phase abgin the antifer-
family,2~° many experimental techniques have been used iroelectric phase.
order to understand the nature of this deuterated family. In |n 3 KDP-type structure witts, site symmetry, the fully

these systems, there is competition between the ferroelectrigmmetric stretching vibratiom; of the PQ ion (free-ion
(FE) and the antiferroelectriCAFE) orderings, each charac- yajue 980 cm 110 should be observed only in the
terized by specific configurations of the acid protons or deua, —y(zz)x geometry. At room temperature, this mode has
terons. The random distribution of the Rb and N[or frequency 882 cm! in DRADP-0.50 and 899 cmt in
NH,) ions produces frustration which can suppress the longpRADP-0.48***2 The doubly degenerate bending moee
range electric order. Spontaneous polarization revealed thaf the PQ group (free-ion value 363 cm') should be ob-
RbD,AsO, (DRDA) has a first-order FE transition at served in theA;, B;, and B, Raman spectra. These main
T.~165 K. Dielectric results indicated that &f,~146 K, corresponding lines of the, mode were observed with the
Rby oo ND4) o 1002AsO; (DRADA-0.10) goes from the frequencies 352 A;) and 382 cm? (B,) in DRADP-0.50,
paraelectric(PE) to a PE/FE phase coexistence region,and 350 @), and 379 cm? (B,) in DRADP-0.48 at room
and then to another frequency-dependent coexistenaemperature, respectivety!?
(FE/deuteron glagsregion atT,~60 K (f=0.05 MHz)® The triply degenerate bending vibration of the PQ
HereT,, is the temperature that corresponds to the dielectrigroup (free-ion value 515 cm') should have a main com-
maximum. DRADA-0.28 has no FE phase, but has aponentin both thd, andB, spectra and two components in
frequency-dependent transition from the PE to the deuterorthe E spectrum. In the Raman spectra of DRADP-0.50, three
glass phase afT¢~65 K (f=0.1 MHz). Field-heated, lines (450, 510, and 542 cnt) in B, and two main peaks
field-cooled, and zero-field-heated static permittivity also re{476 and 530 cm!) in E were obtained at room
vealed that below .~38 K, the system enters a nonergodic temperaturé? In DRADP-0.48, oneB, line (490 cm 1) and
state in which on practical time scales the acid deuterons ahree E components(480, 526, and 551 cnt) were as-
the O-D----O bonds cannot rearrange sufficiently to reachsigned at room temperatute.The region of asymmetric
all energetically allowed configurations. stretching modev; of the PQ group (free-ion value 1080
DRADP-x mixed crystals in the concentration range cm!) is the most difficult one to assign due to the possible
0.3=x=<0.7 have the KDP (KBEPQ,)-type tetragonal sym- overlap with the in-plane bending mod&#O-D) and the
metry (space group42d—D§§) down to liquid-He tempera- v, mode of the NIQ group (free-ion value 1065 cm').
ture with two formula units per primitive cell. According to In our earlier Brillouin scattering results along thE0Q]
the factor-group analysis for an ideal tetragonal KDP-typephonon direction, a broad damping peak which is stronger in
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DRADA-0.28 was observed and was attributed to the fluc-arsenic atom. The various vibrations of tBe andE sym-
tuations of local order parameter between FE and AFEnetries were assigned by comparing with themodes.
phaseg? The acoustic phonon frequency also shows a first-
order hardening behavior as temperature decréddasthe
present paper, Raman scattering was carried out on the same
samples(DRADA-x=0, 0.10, and 0.28because Raman  Actual temperature-depender, Raman spectra are
spectra can give important information including the glassshown in Figs. a-1(c) for x=0, 0.10, and 0.28, respec-
formation that is usually associated with the local dynamic oftively. The three compounds display a similar Raman pattern
the AsQ and ND, groups. Here, we pay special attention to €xcept for the low-temperature spectra of DRDA. Frequen-
the local environments and internal vibrations of the AsO cies near 300 and 800 ¢h also demonstrate a high scatter-
molecular group. ing efficiency that is associated with the optical nonlinearity.
The main lines observed from this configuration are at fre-
quencies near 300, 360, 760, and 820 ¢ém
The temperature dependences of four seleBgdnodes
Single crystals of Rp.,(ND,),D,AsO, (x=0, 0.10, and for each compound are plotted in Figs(a2-2(c). The
0.28 were grown from aqueous solutions with certain ratioshighest-frequency mod@ear 820 cm?) corresponds to the
of DRDA and ND,D,AsO, (DADA). The average size of in-plane bending modé(O-D). Modes around 760 and 360
these crystals is 1:20.4x0.2 cn?. The green light with cm™! belong to the stretching mode, and the bending
A=514.5 nm from an argon-ion laser was used as an excitanodev, of the AsQ, group, respectively. Those frequencies
tion source. A double-grating monochromat¢8A Model |ocated near 280 and 300 crh are associated with the
U1000 equipped with a water cooled photomultiplier tube bending moder, of the AsQ, group. In DRDA, both the
detector was used. The scanning operation was chosen wi{O-D) andv, bending modes show apparent stepdugrd-
resolution 1 cm? and slits: 200/400/400/20Qum). Right- ening anomalies afT,~160 K as temperature decreases.
angle spectra were taken from scattering geometrie¥he changes of thé(O-D) and v, modes above and below
y(z2x, y(x2)x, andy(xy)x which correspond té; ,E, and T, are about 4 cm® (0.5% and 4 cm?! (1.1%), respec-
B, symmetries, respectively. Hexg y, andz correspond to tively. On the contrary, thev; and v, vibrations of the
the crystala, b, andc axes, respectively. A Janis VPF-100 AsO, group display step-dowitsoftening behaviors with
variable temperature pourfill cryostat was used with a Lakefrequency reductions 5 cnt (0.6% for »; and 13 cm?
Shore 321 temperature controller. The samples were heatego) for v,. These phenomena confirm that the pure DRDA
from 80 K up to room temperature by steps. The data wererystal possesses a ferroelectric transition in the temperature
collected automatically using a microcomputer, and the acdomain.
cumulated time for each scan is about 40 min. Results were For DRADA-0.10, the bending modev, (near
found to be reproducible for all compounds. Here the Lor-280 cm!) of the AsQ, group exhibits a gradual softening as
entz profile was used to fit the Raman spectra, from WhiChemperature decreases down Te-125 K and then has a
the Raman frequency shifts for various modes were obtainedapid drop. What are the origins of this phenomenon? The
ND; deuteron NMR specttd of DRADA-0.10 showed a
Ill. RESULTS AND DISCUSSION progressive disappearance of the doublet near 130 K, from
which it was concluded that below 130 K the FE phase por-
: . . ; _ tion is greater than the PE portion in the crystal and becomes
(.Wh'Ch _contglns two molecular units of KZHO‘! Inaprmi- - the dominant ordering. This result is consistent with the pres-
tive unit cel); at zero wave vector, t@wbr?;onal MOdes in o e of PE/FE phase coexistence as evidenced by dielectric
the tetragonal symmetrispace group42d-D3g) can be de-  egyits which show that a gradual ferroelectric transition be-
composed into the following irreducible representatiths: gins atT,,=146 K and is mostly completed at120 K In
) addition, the acoustic phonon damping also shows a sharp
Tyin=4A1(R)+5A, (silent +6B;(R)+6B,(R,IR) peak near 130 K which was attributed to a rapid growth of
+12E(R,IR). (1) FE ord_eringl.3 Consequently, one can conclude that the slow
softening(shown inv, mode beginning from room tempera-
The symmetry specie&;, B4, B,, andE are Raman active. ture must relate to the freezing-in of the NBeorientations
The situation in mixed crystals DRADP and DRADA is which increases the local structural competition, and eventu-
more complicated than in the parent compounds, becausdly the FE phase becomes the governing ordering near
some Rb atoms have been substituted by, §ups. In this T~125 K.
case, the selection rule is expected to be broken much more As shown in Fig. 2c) for DRADA-0.28, a softening near
easily than in the pure compounds. The local site symmetrie820 K has been observed in the in-plane bending mode
of the AsQ, and ND, groups are also anticipated to be lower §(O-D) (near 815 cm?) as temperature decreases, whereas
as compared with the parent crystals. the bending mode, (near 300 cm?) of the AsQ group
In this work, theA; Raman spectra show a similar pattern exhibits a hardening behavior. The frequencies of both the
to the one in DRADP-0.48. Thus, the assignments of vibrav, and §(O-D) modes are sensitive to the deuteron ordering
tional modes corresponding to tig symmetry were made near the As@group. If the deuteron arrangement varies with
first in accordance with tha, spectra of DRADP-0.48In  the temperature, the mass and the force constants of the
DRADA-x, each corresponding line of th&; symmetry D,AsO, group will change and thus influence the frequen-
shows lower frequency and can be attributed to the heavieagies of thev, and §(O-D) modes. It is reasonable to connect

A. Temperature-dependentB, y(xy)x modes

II. EXPERIMENTAL PROCEDURE

By a group-theory analysis for the KDP type structure
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FIG. 1. Temperature dependence of Raman spectrdapf
DRDA, (b) DRADA-0.10, and(c) DRADA-0.28 measured from the
y(xy)x geometry between 10-1000 cfh Here the Raman vibra-

tions correspond to thB, symmetry.
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FIG. 2. Frequency vs temperature variations of four selected
modes(with B, symmetry of (a) DRDA, (b) DRADA-0.10, and(c)
DRADA-0.28. These four modes correspond to the in-plane bend-
ing mode(0-D) (near 820 cmt), stretching modes; (near 760
cm 1), and bending modes, (near 360 cm?) and v, (near 280
and 300 cm?). Herevy, v,, andv, are the internal vibrations of
the AsQ group. The dashed lines are guides for the eye.
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TABLE I. Frequencies of observed Raman modescm™?) in
DRADA-x (*, x=0;+, x=0.10; and+ +,x=0.28).

293K ®
T=80 K T=293 K
(B2) (E) (A) (B (E) (A  Assignments
2 208K ®) y(xy)x y(x2)x y(zx y(xy)x y(x2)x y(z2)x
8 72 70 700 71
£ Q0K 99" 69" 100 70°
= 69" 69"  67'* External modes
2 90+ 96"
g 203K © 65" "
S0 K 168" 1577 171"* 156 157
167" 156" 163" AsQ, libration
N I L L B | 159+ i
200 400 600 800 1000 21T+ 216" .
Frequency (cm™) 213 218t 215" ND, libration
2244+

FIG. 3. Raman components of tle-y(xz)x symmetry of(a)
DRDA, (b) DRADA-0.10, and(c) DRADA-0.28 measured at two 274" 275" 274" 281" 309" 283

different temperatureg80 and 293 K. 299" 325" 286" 299" 321" 293
276" 276" 277"t 274'* 298" 276" v, of AsO,
these two breaks at approximate 220 K with the temperatur@02" * 288" 300" * 283"
of onset of glass formation. A similar phenomenon was also 281
observed in thes, (B,) mode of the P@group of DRADP- 2917
0.48, in which the onset temperature of glass formation is_—
~200 K. 331 365" 352" 330" 361* 367

355" 440" 377" 355" 363" 37X
_ _ 423" 368"+ 372"t 423" 422" 377" v, of AsQ,
B. Comparison of A;,B,, and E symmetries 355"+ 434+ 354"+ 365"+ 368"
The right-angle spectra from scattering geometriest33t™* 425"* 426"
A1—Yy(z2x andE—y(x2)x are given in Figs. 3 and 4 at two

different temperatures where the samples possess tetragor%%

F* 714" 758" 758" 760 756
0"

4
structure. Here we do not show the Raman spectrum o 761+ 76§+ 77;: 75; 762:
DRDA at T=80 K because the DRDA crystal becomes '’ 774" 762" 76 77 75 vy of ASO,

orthorhombic with space group® (Fdd2) below T.. The 00"" 694"" 772°" 767" 7657 766"
pace group;, (Fdd2 ¢ 764"+ 760"+ 758"+

772 713 769"

818" 818" 816" 819" 823 818
(@) 812"+ 813" 814+ 817'* 834" 819 5 (OD)
293K 821"+ 816" *

962" 938" 955 938
960" * 939" * 953" 934" s, of ASO,

293 K ®) 953" 934"

SOK main vibrational frequencies of th&,, A,, andE symme-

tries observed at two different temperatuiie=80 and 293
©) K) are summarized in Table I.
As mentioned earlier, the symmetric stretching mede
of the AsQ group is nondegenerate with ordy; symmetry.
However, as shown in Figs. 1 and 3 and Table I, the leakage
T T T T of the v; mode into theE andB, symmetries is practically as
200 400 600 800 1000 strong as the other permitted vibrations. Theleakage that
Frequency (cm™) occurs in both thé& andB,, configurations is possible as the
result of the lowering of local symmetry of the Ag@roups
FIG. 4. Raman components of thg—y(z2)x symmetry of(@  from S, to C, or even toC,. The degree of the; leakage
DRDA, (b) DRADA-0.10, and(c) DRADA-0.28 measured at two also is stronger as compared with the partially deuterated
different temperature€30 and 293 K. DRADP-0.48 crystal and may imply that the local symmetry

Intensity (arb. units)

293 K

80K
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of the AsQ group in the DRADAx (0, 0.10, and 0.28 below 100 cm® were assigned to the external vibrations
system is lower than that of the R@roup in the DRADP  associated with the Rb and NYOon motions.
system. While comparing the relative intensity of the
mode with other vibrations, one can note that thdeakage
increases with increasing ammonium concentrakor his
may occur because the partial substitution of Rb ions by The mixed crystals DRADA (0, 0.10, and 0.28display
ND, ions will lower the local symmetry of the AsQgroup.  similar Raman spectra for Raman active species B,, and
Another interesting feature is that a frequency doublet with &E) and indicate a strong symmetry leakage possibly due to
narrow splitting of about 10 cm' was observed in the;  the lowering of local site symmetry of the As@roup from
mode. This property occurs in ti#g , B,, andE geometries S, to C, (or evenC,). The temperature-dependent Raman
for all three samples. A possible reason for this splitting isshifts of the pure DRDA crystal show both step-do(goft-
that different AsQ groups have different combinations of ening and step-ughardening anomalies aT .~ 160 K. This
surrounding ions (N[pand Rb, which will cause slight per- is consistent with our previous Brillouin scattering results in
turbation to thev; frequency. which a first-order transition occurs. For DRADA-0.10, the
The doubly degenerate bending moge should be ob- bending modev, (near 280 cm?) of the AsQ group ex-
served in theA; and B, modes if the AsQ group has an hibits a gradually softening down B~ 125 K, and then has
S, site symmetry. As given in Table | foF=80 K, thev,  a rapid drop. This behavior confirms a rapid growth of long-
mode at 274 cm! (A;) inx=0.10 and 277 cm* (A;) in range FE ordering at ~125 K as concluded in our earlier
x=0.28, also show symmetry leakage into theand B, Brillouin results. In DRADA-0.28, with temperature decreas-
geometries. ing, both softening and hardening near 220 K were also ob-
The triply degenerate bending modg should have a served in the in-plane bending modg0-D) andv, mode of
main Raman component in ti& symmetry and two com- the AsQ, group, respectively. We connect this high-
ponents in the&e symmetry. This mode, owing to its charac- temperature anomaly with the onset of deuteron glass behav-
ter associated with the deuterdor protor collective mo- ior.
tions in thec plane, is sensitive to the existence of additional The assignments of various Raman-active modesre-
D bonds. At T=80 K, two strong peaks at 365 and sponding toA;, B,, and E symmetries in DRADA-x (O,
440 cm ! in x=0.10, and 368 and 434 c¢m in x=0.28 0.10, and 0.2Bhave been made in accordance with the
were observed in th& symmetry. For theB, symmetry, Raman spectrum of the DRADP-0.48 crystal. The(A,)
there are three Raman ling€331, 335, and 423 cit) in  mode exhibits a frequency doublet with splitting of about
x=0.10 and two component$355 and 433 cm') in 10 cm L. It was attributed to the slight deformation of the
x=0.28. v, vibration due to the fact that different Ag@roups have
The antisymmetric stretching mods is difficult to as-  different environments depending on the identity of the at-
sign because both the in-plane bending mé&d®©-D) and taching groups (NP and Rb iong
the v, mode of the NI ion appear also in this frequency
range. Those values of th&(O-D) and v modes of the
AsO, group given in Table | were assigned in accordance
with the A; Raman components of DRADP-0.48. The authors express sincere thanks to Dr. L.-G. Hwa for
With the results of Yuzyulet al!! (for DRADP-0.50 and  use of the Raman scattering facility, to Shi-Shan Gao for
Martinez, Agullo-Rueda, and Schmtdt(for DRADP-0.48, helpful assistance in measurement, and to Dr. N. J. Pinto for
we assign frequencies located at ranges 150—-175 and 21@#ystals. This work was supported in part by NSF Grant No.
230 cm'! to the librations of the arsenate and ammoniumDMR-9520251 and DOE Equipment Grant No. FGO5-
groups, respectively. The Raman components with frequenc§1ER79046.

IV. CONCLUSIONS
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