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Absrrucr-The  LA[100] (a-axis) Brillouin backscattering phonon 
spectra have  been measured as a function of temperature (20-370 K) in 
the mixed deuterated  ferroelectric  (FE)-antifenmlectric (AFE) system 
Rb,-x(ND,)xD2As04 (DRADA-x) for amrnonim concentrations x d ,  
0.10 and 0.28. The Brillouin  frequency  shift  with  decreasing 
temperature  shows  hardening  (positive  coupling) whose steepness 
decreases with  higher ND4 content. For RbD,As04  @RDA).  a 
Landau-Khalatnikov-lie maximum  (which persists in weaker form for 
xd.10) was  observed  and the polarization  relaxation time is estimated 
to be ~-3.8x1O~'~/cT,-T) sec. where T, is the ferroelectric  transition 
temperature. For both x 4  10 and 0.28. a  broad  damping peak anomaly 
which  is stronger in xa .28  was  observed  and can be connected with the 
dynamic order  parameter fluctuations. Taking  into  account earlier 
N M R  and  dielectric  results, we c o n c l u d e  that the local structure 
competition  between FE ordering and AFE ordering is the origin of these 
broad damping  anomalies. 

I. INTRODUClIlON 

Since the  discovery  that  the  deuterated111  family  with the 
formula  Al-,(ND4),D2B04 [A=Rb (or K) and B=P  (or As)] exhibits  a 
deuteron  glass  state for certain  values of x, similar to the proton glass 
state observed in the  undeuterated  family,[2-5]  many  experimental 
techniques  have  been used in order to understand  the  nature of this 
deuterated  family. In these systems,  there is competition  between the 
femlectric (FE) ordering  and  the antifenoelecbic (m) ordering, each 
characterized by specific  configurations of the acid protons or deuterons. 
The  random  distribution of the Rb and NH4 (or NDS ions  produces 
frustration which suppresses  the  long-range  electric  order. Spontaneous 
polarization  revealed  that  RbD,AsO,  (DRDA)  has  a  first-order FE 
transition at T,-165 K.[6] Dielectric results indicated that at T,=146 
K DRADA-0.10  goes  from  the PE (paraelectric)  to  a PE/FE phase 
coexistence  region,  and then to another frequency dependent  coexistence 
@deuteron  glass)  region at Tp4O K (f4.05 MHz). Here T, is the 
temperature which corresponds to the dieltctric mimum. DRADA- 
0.28 has  no FE phase  but has a frequencydependent transition  from the 
PE to the deuteron  glass  phase at T g 4 5  K ( f4 .1  MHz).[6] Field- 
heated, fieldcooled and zcru-field-heated static pmniaivity also 
revealed  that below Te-38 K (none~odic tempcratunc) the System alters 
a  nonergodic  state in which  on practical time scales the acid deuterons of 
the 0-D.-0 bonds  cannot  rearrange  sufficiently to nach all 
energetically  allowed configuratons.[7] 

Earlier m u l b  of Brillouin  fransverse phonon spectra on mixed 
proton glass crystals. Rb,.65(NH,),,35H2P0,  (RADP-35),[8.9] showed 
that the polarization  couples  linearly to the seain. In addition, Courtcm 
er al. investigated the longihrdinrl sound wavca with q / / [  1001 for RADp- 
35 and f d  that the phonon modes wcrt carpled quadratically 
(electrostrictively) with the linear coupling f & i n  by symmtry.[lOl 

The temperature  dependence of the half-width in RADP-35  exhibited  a 
strong  broad peak near 50 K that is much  higher  than the  Vogel-Fulcher 
temperature T r 9  K. These experimental data[8-10] were  analyzed 
assuming two contributions  to  the  sound  velocity,  namely  dynamic  and 
static (spacedependent only)  polarization fluctuation. This analysis led 
to  the conclusion tha t  a static Edward-Anderson-like  order 
parameter[lO] must already exist in RADP-35 far above T,. Such  a 
parameter is used as an indication  of  a  system  forming  slow,  long-range 
polarization fluctuations while it progresses to a  glass-like state. 

In principk, the acoustic coupling  contributions  include both 
static and  dynamic effects.[l l] Although  the  dynamic  coupling  always 
produces a  negative  contribution  (softening) to the  real  part of the 
complex  claqtic stiffness change Ac*,[ll] the  static  effect can have 
either sign contribution,  depending on whether  the  phase  transition is  of 
tint or second  order.[9.11.12]  According to the  Landau free energy 
expansion with a  single  order  parameter, the  second-order  transition 
gives  a  negative  contribution in elastic stiffness  change  but  the  first- 
order can give either positive  (hardening) or negative  contribution  for 
both linear  and quadratic couplings.[ 11,121 Several  first-order 
examples that showed daferent elastic coupling  behaviors can be found 
in Refs.  11-13. 

We report here the  temperature  and  concentration  dependences 
of  frequency shift and half-width  (damping)  for LA[100J phonons in 
mixed crystals Rb,-,(ND,),D2As04, with x=O, 0.10, and  0.28  from  370 
to 20 K  upon  cooling. In particular,  these results will be  compared  with 
the earlier NMR and dielectric  measurements. 

II. EXPERlMENTAL PROCEDURE 

Single crystals of Rb,-,(ND4),D2AsO, (x&. 0.10, and 0.28) 
were grown from aqueous solutions  with certaiin ratios of RbD2As04 
(DRDA) and W4D2&04 (DADA).  These crystals were  carefully 
polished to be m%ngular with average size of I .2x1).4xO.2 c m 3 .  In our 
experiments  the  Brillouin spectra were obtained  from  back-scattering 
geometry with geometry x(z,u)x. Here, "U" means that  the 
colleaion was not polarization  discriminated. In order  to  reduce the 
low-lying fresucncy mode of the Raman spectra, we used a  narrow-band 
(1 A) i r t t e ~ m n ~ ~  filter. AU samples were  illuminated dong the [ 1001 
phonon direction (&axis). by a Lexel Model 95-2 argon  laser with 1 
=514.5 n m  so the longitudinal  phonons  with  wave  vector  along [l001 
wexe studied. Scat ted light  was analyzed by a  Burleigh  five-pass 
Fabry-Perot interferometer. TO acquire more accurate data of frequency 
shift and half-width, the  Brillouin  doublets were adjusted to appear in 
the third order with respect  to the Rayleigh  line.  The  laser  line 
bmdening duc to the jitlering was clilimd by  the manufacturer to be 
about IO MHz (half-width).[l2] The laser  power  was  kept below 100 
mW. A Leybold  RGD-210 closedcycle refrigerator  was used with a 
Lakeshore DRC-91C temperature  controller.  The  error of temperature 
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reading  was  controlled  to better than 4 . 1  K and measured to i0.01 K 
by a calibrated silicon  diode  thermal sensor placed  on the  optical  sample 
holder. The sample was  cooled  from 370 down to 20 K by steps and the 
data were collected  automatically  through  an analogdigital converter. 
Results  were found to be reproducible for all three compounds. 

For  determination of natural-phonon  half-width, the natural- 
phonon spectrum  and  the  instrumental  function  were assumed to have 
Lorentz distribution, and the broadening due to collection optics was 
assumed to have rectangular distribution. In this case, the  natural- 
phonon  half-width W,, is given  by[ 14) 

where Webs, Winst, and W,, represent  the  observed,  instrumental,  and 
collection  optical  half-widths,  respectively. For back-scattering (0 
=1809. the  Wqg is negligible.[l5] In our experiments. W,,,,-0.02 
FSR  where FSR 1s the free spectrum  range  obtained by  measuring Fused 
quartz. 

III. RESULTS AND DISCUSSION 

Actual LA[ 1001 phonon spectra of the  anti-Stokes  Brillouin 
component are shown  in Figs. la-lc for x&, 0.10 and 0.28, 
respectively.  The data shown  here are for several  temperatures near the 
maximum  value of half-width.  The  solid lims  are fits of the brentz 
profile,  from  which  the  half-width W,, and fresuency shift  can be 
obtained.  The  frequency shift temperature  dependence  indicates a 
positive  coupling  contribution  with  decreasing  tempera- for each 
compound.  Comparing  the  half-width for different x values, we  notice 
that  the  average  damping  value  increases as ammonium concentration 
increases. This dependence may result from  the  stronger  local structural 
FUAFE competition  that  can  induce  larger fluctuations, especially for 
intermediate x values  such as 0.31x10.7 in RADP.[I-51 
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Figure 1. Anti-Stokes  components of  the LA[ 1001 Brillouin  frequency 
shift for temperatures  around the maximum  value of half-width  for (a) 
x=O (DRDA), (b) x d . 1 0  and (c) xd.28.  The  open circles are the 
measured data and  solid  lines are the  Lorentz tits. 
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In order to estimate the  coupling effect, we calculate the bare 
(uncoupled)  phonon  frequency a,, by fitting the frequency shift at high 
temperature  where  coupling is assumed to be negligible.  The bare 
phonon  frequency is defined as the phonon frcsuency in the absence of 
FE or AFE transition  effects. The temperature &pndemx of 0, can be 
described by a  Debye  anharmonic  approximation as follow~:[&lO] 

where @(x) is the  Debye  temperature, x is the ammoNum concenaation, 
A(x)  presents  the  amount of anhannonicity. oa(O,x) is the zem 
temperature bare phonon frequency  and F is the Debye function for 
internal  energy,[ 161 

* 3 L 3  

(;) OeU--l 
= - 4 

as tabulated, for example, by Abramowitz  and  Stegun.[ 171 
The temperature  dependences of the  Brillouin shift and  half- 

width for x=O. 0.10 and 0.28 are shown in Figs. 2-4, nspactively. 'Ihe 
solid  lines in  frequency shift are the  calculations of E q ,  (2) with 
parameters of Table I. Those parameters A. o,(T=O) and 8 of Table I 
are from  the fits of Eq. (2) to the high temperature (2270 K) measured 
values of the  Brillouin  shift.  Here we assume that temperatures  above 
270 K are far above  the  coupled  region  since all phase  transitions occur 
below 200 K. One finds that 0 and a,(O.x)  tend to increase from the 
DRDA  side to the DADA  side, as expected in view  of  the  higher 
frequency of the modes on  the  DADA-rich side.[l6] Also, the 
anharmonic  factor  A  increases  with  considerably  higher ND4 content. 

Fig. 2 for x d  (pure  DRDA)  shows a sharp damping peak at 
164.8 K associated with  an  upward step in frequency  which is expected, 
since  the KH2P0, (KDP) family has linear qp-type piezoelectric 
coupling.[l1,14] Here q is the order parameter and p is the strain. 
Such  a sharp damping  maximum for longitudinal  acoustic  phonons can 
be connected with the Landau-Khalatnikov  relaxation-type 
mechanism.[l1,14] The dashed l i  in half-width of Fig. 2 is a 
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Figure 2. Frequency shift and  half-width vs. temperature of the 
LA[ 1001 phonons  for x=O (DRDA). The solid line for kque.ncy shift 
is  the  Debye  anharmonic  calculation with parameters  from Table I. 
The  dashed  line  and  solid  circles for half-width are the qualitative 
estimates  for  the  Landau-Khalatnikov  and  pure  lattice  anharmonic 
contributions.  respectively.  The error bar indicates  the error range for 
the  half-width  experimental  points. 
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Figure 3. Frequency  shift  and  half-width  vs.  temperature of the 
LA[100]  phonons for xd.10.  The solid  line for frequency  shift  is  the 
Debye  anharmonic  calculation  with  parameters  from  Table I. The 
solid l ine and solid  circles for half-width are the  estimates of 
fluctuations  and pure lattice  anharmonic  contributions,  respectively. 
The  dashed line is guide.  to  the eye.  The error bar indicates  the error 
range for the  half-width  experimental  points. 
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Figure 4. Frequency  shift  and  half-width vs. temperature of the 
LA[100] phonons for x=O.28.  The  solid  line for frequency  shift is the 
Debye  anharmonic  calculation  with  parameters  from  Table I. The 
dashed  line  is  guide to the  eye.  The error bar  indicates  the error range 
for the half-width  experimental  points. 

qualitative  estimate for this  relaxation  portion.  We also try to  estimate 
the pure lattice-anharmonic  contribution by solid  circles, which is the 
typical  anharmonic  half-width  observed in  Brillouin scattering for 
dielectrics.[lO,l8] For linear  coupling with the  assumption of a single 
relaxation time, the sound  velocity  and the attenuation a in  the FE phase 
can be given  by[14] 

239 



TABLE l: Parameters  from the fits of Eq. (2) to high temperature 
measured  values  of  frequency shift 

I I 1 A(K-') I e (K) I - 
(GHZ) 

DRDA 

520 234x104 27.20 DRADA-0.28 
480 2.76x1O4  26.37 DRADA-O.10 
400 2 . 7 0 ~ 1 0 ~  26.08 

where t is  the  reduced  temperature (Tc-T)mc. and T, is the  elementary 
individual-dipole  relaxation  time in  the expression mot- '  for the 
relaxation  time 5 .  The velocities V, and V, designate the high-  and 
low-frequency  limit  velocities.  respectively.  From Eqs. (4) and (5) we 
can obtain the relation[ 141 

By this  relation we  can calculate  the  elementary  relaxation time 
T,. Here, T,=164.8 K is  the temperature at which the  half-width is 
maximum  and  the FE transition  temperature T, is defined as the  point at 
which  the  frequency  shift  curve is steepest.  For  the LA[100] phonons  of 
DRDA,  we obtain  the  following  result: 

T,-T,-O.I K ~ , - 2 . 3 ~ 1 0 - ' ~  s e c ;  ~-3.8xlO-*~/(T,-T) sec 

The  elementaty  dipole  relaxation time T~ obtained from the 
LA[100]  phonons of  DRDA  is short compared to that of other order- 
disorder  ferroelectrics. For instance, T~ is 1 . 2 ~ 1 0 ' ' ~  sec for potassium 
dihydrogen  phosphate  (KDP)  and 1 . 3 ~ 1 0 - ' ~  sec for deuterated 
potassium  dihydrogen  phosphate  (DKDP).[14] 

Instead of a sharp peak,  the  dampmg data of Fig.  3 for xd.10  
exhibits a  smooth growth from -200 down to -130 K, associated with a 
slowly  rising  anomaly in  frequency shift above the Debye curve of Eq. 
(2). Such an increasing  of damping which  begins far above T,=146 K 
must  be  associated with the order parameter fluctuations.[ll] A 
qualitative  estimate of  this fluctuation  contribution is given by the  solid 
curve in Fig.  3 with  maximum near 1 4 6  K. Beside this broad damping 
background, one can  note that  there is an additional peak appearing near 
130  K  and can be  connected  with  the  Landau-Khalatnikov  maximum. 

What are the origins of thest two damping maximums in 
DRADA-0.1 O? The ND4+ deuteron NMR S- 191 of DRADA-O. IO 
showed  a gradual disappearance of the doublet near 131 K where the 
single  broad  linewidth  grows to its full size, from  which  it was 
concluded that below 13 I K the FE phase portion is greater than PE m 
the crystal  and becomes the  dominant  ordering. This result is consistent 
with the  presence of PEPE phase  coexistence as evidenced  by dielectric 
results which  show that an gradual  ferroelectric  transition begins at 
T,=146 K and is mostly  completed  at  -120  K.[6]  Furthermore, the real 
part  of dielectric  permittivity  shows deviation from the Curie- 
Weiss  law  below 160 K.[6] This high-temperature dielectric anomaly 
below 1 6 0  K can be associated with the ollset of short-range 
antiferroelectric d e r  due to the freezing-in  of tht ND4 reorientations 
and implies  a growth of local structural competition (between FE and 
AFE ordering). On the whole, one can  expect  that  such FVAFE 
ordering  competition, which can  suppress.  a  long-range-ordcr 
ferroelectric bansition and generate the order parameter fluctuations, is 
nsponsible for both W E  phase  coexistence and development  of the 

broad dampig peak centered at -146 K. Also,  the  rapid  growth of FE 
o-g near 130 K is the origin of the  Landau-Khalatnikov-like 
maximum  in  DRADA-O.10. 

A  even stronger damping  temperature  dependence which  shows 
a growth from  -300  down to -120 K (see Fig. 4) is observed  for 
~10.28.  associated with a  smoothly  rising  frequency shift. This strong 
broad damping  reveals  that  fluctuations are the  dominant  dynamic 
mechanism. As one knows.[l l] the  dynamic  fluctuation  contribution for 
longitudinal acoustic phonons is a characteristic of a $p-type coupling. 
squared in wder parameter  and  linear in strain.[l1,14] However.  it  is 
difficult to scc a  Landau-Khalatnikov  maximum  (associated  with  the 
Edwards-Anderson order parameter in this case)[lO] above  such  a 
strong  fluctuation  background. Taking into  account  earlier  dielectric 
permittivity €,,m results which  showed  a  deviation  from  the  Curie- 
Weiss  law  below 140 KJ6] we conclude that neither FE nor AFE 
ordering but rather the local structural Competition  mechanism  (between 
FE and AFE orderings) is the  origin  of  this  strong  broad  damping 
anomaly  centered near 120 K. Since the fluctuations usually  indicate  a 
random force resulting from the substitutional disorder.11 l ]  the 
difference  of  damping  behavior  between  DRADA-0.28  and  DRADA- 
0.10 also implies that this  random  force  is  stronger in  the x4.28 

In summary. a main feature  of  the  acoustic  phonon spectra in 
DRADA ( x 4 .  0.10. and 0.28) for LA[100]  phonons is that the 
frequency shii shows  a  positive  (hardening)  instead of a  negative 
coupling contribution  (softening) at the phase transition. The sign of the 
coupling  contribution may be  related  to  the  temperature  responses of 
lanice parameters a(T)  and CO. However, the  measurements W 
performed  on pure DRDA for LA[001] (c-axis) phonons,  not  reported 
here,  revealed a negative  contribution at the FE transition  temperature. 
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