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Vibrational spectra of thallium dihydrogen TlH2P0., and dideuterium TlDsPO., phosphates have been obtained in the 4000- 

10 cm- ’ region as a function of temperature between 5 and 460 K. PI infrared absorption, Raman and inelastic neutron scattering 

spectra of polycrystalline samples are reported. Single crystals of TlH2P0., were studied by reflection in the infrared and Raman 

spectroscopies. The spectra reveal two structural first-order phase transitions at z 357 and x 230 K for TlH2P04 and z 400 and 
= 350 K for TlD2P04. In addition there is another transition at 127 K for TlD2P04. This latter one is an order-order type transi- 

tion while the other two correspond to successive ordering of the O.H...O hydrogen bonds and to orientation of the PO4 tetrahedra. 
The three hydrogen bonds and the Tl+ crystalline sites appear to be more similar in TlD2P04 than in TIHZPO,. The sequences of 

phase transitions in both compounds are compared. TlHZP04 may become ferrielectric at low temperature. The unusual behav- 

iour of TlHrPO, at low temperature (6 K) which exists as a highly disordered phase and gives an ordered phase at higher temper- 

ature may be related to the high deformability of the Tl+ ions. 

1. Introduction 

Thallium dihydrogen phosphate T1H2P04 (TDP) 
belongs to the KI-12P04 (KDP) family. In this fam- 
ily, neutron diffraction [ 1 ] shows that the protons or 
deuterons are disordered between two equivalent po- 
sitions along the O.H...O hydrogen bonds above the 
temperature (T,) of the paraelectric-ferroelectric 
transition. These protons become ordered below this 
temperature. The large increase of T, upon deutera- 

tion was explained by proton (or deuteron) tunnel- 
ling [ 21. The collective mode of the proton, expected 
from the Slater’s rules, should be coupled with some 
of the translational M+-PO, optical modes induc- 
ing a soft mode behaviour. An overdamped mode 
above T, and an underdamped one below T, have 
been assigned to the soft mode [ 21. Alternatively it 
has been proposed that the phase transition could be 
of the order-disorder type [3] with respect to the 
H2P04 dipoles. This suggestion is based upon the ob- 
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servation [4] above T, of PO4 Raman lines which 
are forbidden for the S, site-symmetry given by neu- 
tron and by X-ray diffractions [ 51. Only Cz or C, 
sites-symmetries [4] were consistent with the ob- 
served Raman lines. The features at low frequency 
were then assigned to a relaxational (central) mode. 
The isotopic effect on T, is proposed to be due to geo- 
metric distortion, especially expansion of the hydro- 
gen bonds. In KDP-type crystals this expansion has 
been explained without invoking proton tunnelling 
[6,7]. Two different contributions have been pro- 
posed: a strong correlation between the hydrogen 
(deuterium) potential function and the O...O dis- 
tances and different amplitudes for the hydrogen and 
deuterium fluctuations [ 71. Recently, neutron dif- 
fraction measurements [ 8 ] on PbHP04 under hy- 
drostatic pressure revealed that when the distances 
between the two locations of the H/D atom in the 
hydrogen bond become identical for the hydrogen/ 
deuterium compounds then T? and Ty are similar. 

Vibrational studies of TDP and of its deuterated 
analog TlD,PO, (DTDP ) were undertaken to ob- 
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serve these different effects. Vibrational spectros- 
copy is unique to characterizing site-symmetry, vari- 
ations of the interatomic distances, specially in the 
case of hydrogen, and proton dynamics. 

TDP is quasi-isomorphous with CsH2P04 [ 91. The 
HzPO: ions are linked by three different strong hy- 
drogen bonds, one of them being the shortest ever re- 
ported for the KDP type crystals. Phase transitions 
were observed near 230 K (T,) [ 10,111 and 357 K 
( Tp) [ 12,13 ] for TDP. The first transition is related 
to the disordering of the chain of the two shorter hy- 
drogen bonds [ 141. For the deuterated derivative 
T1D,P04 (DTDP) two transitions have been re- 
ported: a first one near 350 K (T,) [ 15,161 related 
to that at 230 K in TDP with Tp = 1.5TF and a sec- 
ond one of the order-order type at 127 K (T,) 
[ 10,111 which has apparently no analog in TDP. 
Above T,, TDP and DTDP are paraelectric [ 16 1. Be- 
low T,, DTDP is antiferroelectric like NH4H2P04, 
while such property could not be found in TDP [ 16 1. 
However below T, [ 17 ] this compound does not ap- 
pear ferroelectric either. The high temperature phase 
transition ( Tp) transforms the paraelectric-ferro- 
elastic phase into a paraelectric-paraelastic phase 

[181. 
The existence of a very short hydrogen bond 

(R,=0.243 nm) is a specific feature of the thal- 
lium analog of the KDP family. This may be of im- 
portance for the order-disorder transitions and re- 
laxation phenomena. In addition the large atomic 
mass of the Tl+ cation decreases considerably the 
M+-HzPO; translational mode frequencies and 
should modify the coupling with an eventual collec- 
tive mode of the protons. 

Previous vibrational studies of the different phases 
of TDP and DTDP [ 15,191 do not provide a de- 
tailed analysis of the dynamics around T,. We inves- 
tigated the 10-4000 cm- ’ range at various tempera- 
tures from melting to 5 K [ 201. The inelastic neutron- 
scattering spectrum of TDP at 20 K is presented. The 
structure and dynamics of the various phases are dis- 
cussed in this paper. 

2. Experimental 

The TDP compound was obtained from an aqueous 
solution of T12C03 and H,PO, with an excess of acid. 

Needle-shaped crystals of TDP were precipitated by 
addition of ethanol. The deuterated derivative DTDP 
was obtained by exchange with D20. The deuterium 
concentration was better than 98 at%. This could be 
reduced to 90 at% in Nujol mull. For polarized 
Raman study, a single crystal of TDP was grown by 
slow evaporation from an aqueous solution at 3 13 K. 
The crystal showed large twinned domains. A single 
domain (5 x 5 x 4 mm3) was cut with its edges par- 
allel to the crystallographic axes, which are closed to 
the indicatrix axes. The binary axis, b, was identified 
by X-ray diffraction. The a and c directions were 
controlled by infrared dichroism. For the reflection 
in the infrared small single crystal plates (5 X 5 mm’) 
of TDP were obtained by slow evaporation of an 
aqueous solution at room temperature. X-ray diffrac- 
tion showed that the developed face is parallel to the 
(100) plane. 

The Raman spectra were recorded on a triple 
monochromator RTI Dilor spectrometer. The 5 14.5 
nm exciting-line of a Spectra Physics ionised argon 
laser was used. The spectral resolution was better than 
1 cm-’ for the low-temperature spectra. The samples 
were sealed in glass tubes under helium atmosphere 
for spectra at low temperature. 

The absorption spectra in the infrared of crystal- 
line powder mulled in Nujol or Fluorolube were re- 
corded on a Perkin-Elmer 983 spectrometer in the 
mid-infrared region and on a Bruker FTIR 113V 
spectrometer in the mid- and far-infrared regions. For 
the studies below 200 cm- ‘, a bolometer detector was 
used. The reflection measurements in the infrared of 
single crystals were also obtained on the Bruker spec- 
trometer. Transverse optical frequencies were calcu- 
lated with a fitting procedure of the dielectric re- 
sponse using four parameters [ 2 11. 

Conventional cryostats and heating cells were used 
for measurements in the 5-460 K range. The temper- 
ature of the sample holder was measured within + 1 
K. However, the actual temperature of the sample at 
the light-beam impact could be higher by a few kelvin. 

The inelastic neutron-scattering measurements of 
a polycrystalline sample of TDP were carried out on 
the TFXA spectrometer at the ISIS pulsed neutron 
source (Rutherford Appleton Laboratory, UK). The 
powder was wrapped into an aluminum foil which 
was mounted into a liquid helium cryostat. The spec- 
tra were converted from counts per channel to the 
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scattering function S(Q, w) per energy transfer 
(cm- ’ ) by standard programs. 

3. Crystallographic data 

The paraelectric phases of TDP [ 17,221 and of 
DTDP [ 23 ] belong to the monoclinic system, P2r /a 
space group, with four formula units in the primitive 
cell. The site symmetry is C, for the PO., groups. The 
O...O distances of the three hydrogen bonds of TDP 
obtained from neutron-diffraction measurements at 
room temperature [ 221 are 0.243 nm (HB,), 0.247 
nm (HB,) and 0.250 nm (HB,). The shortest hydro- 
gen bonds HBr and HB2 are alternated in the chains 
parallel to the c crystallographic axis (fig. 1) and are 

I a 

centrosymmetric. Their O...O distances [ 61 suggest 
that protons in HBI should be crystallographically 
disordered between two sites whilst protons in the 
HB, could be either on the centre of inversion or dis- 
ordered. A second type of hydrogen bonded chains 
parallel to the binary b crystal axis cross-link the first 
ones. In these chains the protons are ordered above 

T,. 
X-ray diffraction measurements below T, [ 23 ] re- 

veal a doubling of the smaller monoclinic cell in the 
(00 1) plane relatively to the paraelectric cell above 
T, for both TDP and DTDP. 

Above Tp, TDP is orthorhombic, Dzh space group, 
with four formula units in the primitive cell 
[ 12,18,24]. Though the atomic coordinates are not 
known, the site-symmetry for the PO,, groups must 

ha 

Fig. 1. Crystal structure of TlH2POa at 300 K, from neutron-diffraction data in ref. [ 221. Hydrogen bonds: HB, (0.243 nm), HB2 (0.247 
nm), HBa (0.250 nm). 
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Fig. 2. Low-frequency Raman spectra of various phases of 

TIH2P04 (TDP) and TlD*PO., (DTDP). 

be C2 or C,. The disordering of the HBS hydrogen 
bonds has been proposed [ 18 1. 

In the case of DTDP the monoclinic lattice is quasi- 
orthorhombic above and below T,. Even a DZh space 
group has been proposed for the antiferroelectric 
phase [ 25 1. However, this is not correct if the para- 
electric phase is really monoclinic [ 231. 

4. Phase diagram of TDP and DTDP 

A superficial analysis of Raman and infrared spec- 
tra at various temperatures (figs. 2-4) allows to es- 
tablish a phase diagram at atmospheric pressure for 
both TDP and DTDP (fig. 5). Due to the structural 
differences between TDP and DTDP, both systems 
of phases are labelled differently. 

In the case of TDP five phases denoted I-V were 
identified between the melting point and 5 K. In the 

case of the deuterated analog live main phases, Q, jI, 
y, S, 6’ were also characterized. Two other phases e 
and 9 could be observed in the latter compound. 

The I-II-III and a-&y-&6 sequences are revers- 
ible and independent of the thermal history of the 
crystal. In the case of TDP, the spectra of phase III at 
low temperature show a great number of narrow lines. 
Most of them are due to a progressive splitting of the 
bands observed at room temperature (figs. 3 and 4). 
The possibility of an intermediate structural phase 
transition near 130 K cannot be excluded, since the 
splitting of the internal mode near 900 cm-’ and of 
some external bands (fig. 3 ) is observed only below 
this temperature. The phase I is characterized essen- 
tially by an intense infrared absorption observed near 
800 cm- ’ above T, (fig. 4). In the case of DTDP the 
phases /I above T,, y above T, and 6 below Td, which 
have already been evidenced [ 1 0, 1 1,16 1, are clearly 
identified on the curves shown in fig. 3. Besides, two 
new phases are observed. The low-frequency Raman 
spectra of the phase 6’ show less bands than in the 
phase 6 (fig. 3 ). In particular the band near 25 cm-’ 
disappears below 30 K. The phase (Y presents a char- 
acteristic infrared spectrum above 400 K (fig. 4). 

Fig. 2 shows that at low temperature new phase se- 
quences occur for TDP (III-IV-V) and DTDP (6- 
e-q). In the case of DTDP, the disordered phase e 
was obtained with a deuterated compound with about 
90 atof& The phases IV and E are characterized by an 
important broadening of all the Raman lines. The 
bandwidths are similar to those in the disordered 
phases I and (Y. The phases IV and E are not stable. 
They convert easily into new ordered phases V and 
q( -t E), respectively (figs. 2 and 6). Their spectra 
show again many narrow lines, especially a new strong 
Raman band near 18 cm- *. Upon heating these lat- 
ter phases turn into the phases III and 6, respectively. 
The transitions IV-V-III and t-q-6 are of the first 
order. The coexistence of these phases is observed. 
The occurrence of the phase IV could be related to a 
previously reported thermal accident in the specific 
heat curve versus temperature below 40 K [ 151. 
However, this was not observed on a single crystal 
[ l&l 11. Moreover, it appears that annealed samples 
never give this phase. This disordered state at low 
temperature is thus likely to originate from crystal 
defects. 

Finally, the liquid state can be obtained without 
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Fig. 3. Temperature dependence of the Raman frequencies for TlH2P04 (TDP) and TIDZP04 (DTDP). The lmes are guides for the eye. 

decomposition if the samples almost fill the sealed 
containers, in agreement with the results of Zhigar- 
novskii [ 241. Infrared and Raman spectra obtained 
at 300 K before and after the melting are identical. 

5. Vibrational analysis 

The proposed assignments are given in tables l-4. 
The CZh factor group analysis of the phases II and j3 
predicts 33 external modes due to the HzP04 enti- 
ties and the Tl+ ions and 60 internal modes, 36 of 
them being related to the PO4 groups and 24 to the 
hydrogen or deuterium vibrations. In these hydrogen 
bonded compounds the external modes are usually 
observed below 300 cm-‘. 

5.1. External modes 

The 33 external modes (9A, + 9B, + 8A, + 7B,) 

can be seen as hydrogen-bond stretchings and bend- 
ings of the H*POh anion sublattice and translational 
motions of the Tl+ ions against the layers of the hy- 
drogen bonds. According to the Ro,.,o distances strong 
bands due to vo..o modes are expected above 200 
cm-’ in the infrared. The So,,,, HB bending may ap- 

pear in the 100-50 cm-’ range and the Tl+ transla- 

tional modes are expected below 50 cm-’ [26,27]. 

These spectral ranges are supported by a force-field 

calculation of the CsH,PO, (CDP) [27]. An iso- 
topic frequency ratio vn/vn of external modes of 
about 1 .O 1- 1.04 is expected for translational and li- 

brational motions respectively. The assignments pro- 
posed in table 1 are based on these considerations. 

The Raman and infrared (figs. 2 and 4) spectra of 
phases I, II, (Y and jl present broad features near 200 
and 100 cm- I, respectively. They are assigned to the 
vo...o and So..., HB modes. The strong and narrow 
Raman bands near 36 cm-’ are assigned to the trans- 
lational Tl+ modes by analogy with the Cs+ vibra- 
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Fig. 4. Infrared absorption spectra for the internal modes of various phases of TlH,PO, (TDP ) and TID,PO, (DTDP ) . ( * ) Absorption 
of Nujol, ( + ) trace of TDP, (A ) v2 modes of PO, groups. 

tions in CsH,PO, at 42 cm-’ [ 271. In fact, the square 
root of Tl/Cs mass ratio ( = 1.24) is close to the fre- 
quency ratio for the translational modes: Tcs/TTL 
(z 1.20). The great Raman intensity of these bands 
stems from the high polarizability of the Tl+ ions 
[28 1. According to De And&s and Prieto [ 191 po- 
larized infrared and Raman spectra of a single crystal 
of TDP in phase II show 7A, + 9B, + 5A, + 5B, dis- 
tinct external-mode frequencies. This is apparently 
in agreement with the centred group-factor predic- 
tions of this disordered crystal. This is in contrast with 
the internal modes (see below). 

No major lattice deformations are expected during 
the phase transitions (fig. 3 ). This is consistent with 
the near-second-order character of the II-III, /3-y and 
y-‘-s transitions revealed by heat-capacity measure- 
ments [ 10,111. Therefore the assignment schemes for 
the spectra of phases III and y, 6 and 6’ are identical 
to those of phase II and /3. Inelastic neutron-scatter- 
ing intensities are primarily due to the hydrogen-atom 
displacements. Comparison of infrared, Raman and 
INS spectra (fig. 7 ) of the phase III allows to confirm 
our previous vibrational assignments. The intense and 
narrow Raman lines at 42 and 47 cm-’ are very weak 
in the INS. The INS bands near 35 cm-’ imply 
H2P04 motions. 

Below T, the splitting of many Raman lines is con- 
sistent with the doubling of the unit cell. The differ- 
ent components are fully separated only 70 K below 
T,. The same temperature dependence of “0 NQR 
lines has been observed [ 141. Moreover, lines be- 
tween 60 and 50 cm-’ in TDP and near 50 and 25 
cm-’ in DTDP show a pronounced softening in ap- 
proaching T, from below and a simultaneous strong 
decreasing of their maximum intensities. They are 
assigned to the O...O bending modes or/and libra- 
tional modes of PO4 groups. 

Substantial differences are observed between TDP 
and DTDP (fig. 8). If the transition II-III is of the 
paraelectric-antiferroelectric type (as generally pro- 
posed [ 15,16,23 ] ) 36 Raman external modes are an- 
ticipated according to the doubling of the centred 
primitive cell [ 29 ] of the phase II. However, 40 lines 
are distinguished in the Raman spectrum of TDP at 

20 K (fig. 7 and table 1). A possible explanation for 
this greater number of observed bands could be the 
loss of the inversion centres in phase III. In that case 
phase III would be ferrielectric as the monoclinic form 
of RbD2P04 (DRDP) [ 30,3 1 ] rather than antifer- 
roelectric. For DTDP only 33 external modes are dis- 
tinguished in the Raman spectra of the phase 6. 
Moreover, a single and strong Raman band is ob- 
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Fig. 5. Phase diagram of TlH,PO, (TDP ) and TID,PO, (DTDP ) 
between the melting point and 5 K. 

served near 39 cm-’ which contrasts to the two bands 
observed for the translational modes of the cations in 
TDP (fig. 8 ) . Furthermore the observed values ( v,/ 
VD G 1) for the frequency ratios in the 1 OO- 130 cm- ’ 
range differ from the expected values. These facts 
suggest different hydrogen bonds and different crys- 
tal symmetry for TDP and DTDP. 

At 6 K the low-frequency Raman spectra of TDP 
(fig. 2) show only two broads bands at z 95 and z 30 
cm- ‘. These frequencies are lower than those corre- 
sponding to simple envelopes of the bands of the 
phase III ( NN 110 and ~45 cm-’ ). Therefore this 
phase is characterized by a great disorder (band 
broadening) and less densely packed Tl+ and 
HzPOh sublattices. 

In phase V the average frequencies for the external 
bands appear also lower than in phase III. The Ra- 

Phase III 

I I I I I 

190 150 110 70 30 ( 

Phase Ill 
,OOK A 

Phase Ill 
20K 

1200 1000 601 

Fig. 6. Evolution of the Raman external and PO, stretching modes 

with the temperature of TIH2P04. The phase sequence III-IV- 

V-III is illustrated from bottom to top. 

man intensities of both external and internal bands 
and the bandwidth of hydrogen-bond bending modes 
near 100 cm- ’ are also different in phases III and V. 
The characteristic band near 19 cm-’ (fig. 2) shifts 
to lower frequency in DTDP, and has no soft-mode 
behaviour. This is assigned to a translational mode 
involving Tl+ ions and hydrogen-bonded layers. This 
may reveal a new crystalline structure due to a pos- 
sible reconstructive transition consistent with the 
strong disorder of the phase IV. 
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Table I 

Raman, infixed and inelastic neutron-scattenng frequencies (cm-‘) of vanous solid phases of TIHZPO. between 420 and 6 K l ’ 

I 11 II III IV V Assignment” 
R PO1 b’ R Rd’ 
420 K 300K IR =’ R lRC’ R IR” R INS 6K 40K 

2SOK 250 K 180K 180K 20K 20 K 20K 

I 
17vw 24wb 

28 3lw 

32~ 
34m 

35w 

37w 

19s 

26sh 

28sh 

31s ! 
T 

layer-T1 
27Bg 

26m 28Ag 
30Au 

34s 36s 

44Bg 
46Bu 

45m 46Ag 

52Au 

62Bu 

62Bg 

68Bg 
80Bu 

85Ag 

36s 39 
44 

46m 50 

58 

51 

60 

63 

5lw 

5Sm 

6lw 

6lm 

61~ 

72sh 

84sh 

73 

85 

a93 

74sh 

80m 
89w 

9OAu 89sb 95 loom 

92mb 

lO0sl.l 

97Bg 

105Ag 

13OBu 

132Bg 

1OOmb 

IlOsh 

104 

13Ovw Lx130 

135sh 

116~ 

13lm 

135 

15OAu 15Osh 146 146 149m 

175Bg 1756 

195Bu 

207Au 

237Ag 
22avw 242Ag 

242Bg 

272Bg 

30sh 

200sb 

27~ 30 

166 

190 

170m 
1aow 

192m 

198 

200 205m 

220 220 227sb 

236~1 240 

260 

240 240sh 

265m 

270 

40sh 

27% 

290~ 

40sh 

42s 

47s 

4avw 

54m 

61.5s 

65.5s 

68s 

77m 

79w 

87m 

95.5s 

99w 

YOISS 
105w 

IO9vs 

lllw 

116~s 

129~ 

138m 
146~ 

148w 

161~ 

l7aw 

192~ 

199m 

2lOvw 

22lw 

227m 

236~ 

240m 

271m 

276sh 

290~ 
296~ 

35m 30sh 35w 

39s 

35s 

248 48vw 

44w 

46sh 

48s 

52s 

65m 6lm 

77s 77w 

86~ 

95m 95mb 

102m &cl 

113mb 
117m 

13oW 134w 

135sh 
146~ 152~ T, R PO, 

158~~ 

177m 

191m 

197sh 

174w 

197sh 198~ 

215~ 

225m 

230sh 
240m 

257%~ 

230~ 
239~ 

253~ 
ya.0 

3OOw 

290sh 
29Sm 

” Intensity: s, strong; m, medium; w, weak; v, very; b, broad, sh, shoulder. 

” Light polarized infrared and Raman spectra. 

” Frequency range below 25 cm-’ not explored. 

d’ Charactetistic spectral features of this phase are shown in italics. 

c’ Translational (T) and Iibrational (R) modes; (Y~...~) stretching and (&-,...o) bending modes of the hydrogen bonds (HB) arc issued from T, R of PO, 

groups. 
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Table 2 
Raman and infrared frequencies (cm-‘) assigned to lattice modes of phases of TlD2P0, between 420 and 6 K a) 

(Y B Y 6 6 6 Assignment 
R R d, R 
420 K IR =’ R IR =) R IR =) R 10K 6K 

380 K 373 K 155K 157K 30K 52 K 

16vw 12vw 
1 

24s 

16vw 
25sh 
27s 
30.5w 
32s 

30sh 
32.5s 

T 
layer-T1 

27w 26sh 29s 23sh 

35s 

42mb 

88mb 

1 OOshb 

216vw 

35vs 

44m 

73mb 

62sh 

89sh 93s 

105shb 

130sh 

19Osvb 
185vw 
220wb 

40sh 

54m 

80sb 

95m 

112w 

134sh 

146.5s 
167sh 
190s 

220s 

245shb 

36sh 
38~s 
44s 

48m 
52.5m 
55sh 

61sh 

65s 
73wb 

86wb 
95s 

105s 

110s 
121s 
135sh 

147w 
17Ovw 

196m 
224m 
232m 

267vw 

240sh 

53sh 

57m 

78s 

82s 

97m 

116~ 

135sh 

149s 
170wb 
191.5s 
196sh 
225s 
234~ 
248s 
252sh 

36sh 
39vs 
44.5m 
46m 
49m 
53m 
55w 

59m 
64sh 
66s 
76wb 

85sh 
91sh 
97s 

1Olsh 
106sh 
108.5m 
112sh 
114.5s 
123s 
138m 
143sh 
151w 
171wb 

196.5m 
226m 
235Sm 

275~ 

38.5s 
42sh 
45.5m 
48m 
54m 

61s 
65sh 
68~ 
75sh 
77m 
86.5m 

98~s 

104s 
108s 
1lOsh 
114vs 
123.5~s 
139m 
146sh 

175wb 

198m 
227m 
236m 

273vw 

33vs 

43w 

62sh 

95s 

105shb 

175wb 

T 
Tl-Tl 

6 O..O 

T, R PO* 

vo. .o 

For footnotes see table 1. 

5.2. PO4 group vibrations stretching vg (F2) and v, (A,) and the bending vq 
(F,) and v2 (E), occur in the 1150-800 and 550-330 

Internal-mode frequencies and assignments in 
terms of group vibrations are given in tables 3 and 4 
for the various phases of both compounds. The four 
normal modes of a regular tetrahedral PO4 group, the 

cm- ’ ranges, respectively [ 32 1. In phases II and p 
four compounds (4, B,, A,, B,) are expected for each 
of the nine normal vibrations of the asymmetric 
phosphate groups. At 300 K these components can be 
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Raman, infrared and inelastic neutron scattering frequencies (cm-’ ) assigned to internal modes of the various solid phases of TlHrPO, 
between 408 and 6 IC’) 

I II III IV V Assignment ‘) 
- Rb’ R b.d) 

IR b’ R IR R IR R ” INS ” 10K 40K 
408 K 378 K 250 K 250 K 20K 20K 20K 

380shb 390w 

440sh 
450sh 

470m 475mb 480m 

530sh 530m 

358m 

545m 

925~s 

860svb 

1080m 

1lOOm 

35Osh 

57Osh 

960s 

IO2Osh 

1065vsb 

360s 

385sh 

45Osh 

475mb 

547m 

570sh 

923~s 

960sh 

1lOOm 

339.5w 

355m 
371m 

381s 
396s 

424~ 

440m 

474s 
487s 
495s 

522s 
528sh 
531s 
544sh 
554w 
573m 
586~ 

115vw 

888m 
896~ 
908sh 
930sh 

956~s 
965sh 
994s 

1020s 
1065s 
1083s 

112Osh 

318vw 
337m(3) 
343w(3) 
361vs(3) 
37ls(3) 
38Ow(3) 
385m(3) 
403.5s(9) 
410.5w 

43Ovw( 10) 

450m(3) 
454m(20) 

483m( 14) 
495s(5) 
512w(3) 

526Sm(2) 
534.5m(3) 
550m(8) 

570m(9) 
580sh 

770wb 

902.5vs(3) 
912.5vs(lO) 

954m(4) 
958sh 
980sh 

l100s(4) 
112Osh 

360mb 
371sh 

399m 

455m 

480m 
498m 

541m 545m 

577m 

780w 

914m 922vsb 

1100s 

307m' ’ 
312Sm’ 
318.5m * 

340w l 
362m l > 

v2 
372.5m l 

389~ l 

I 

2vo._0 
\ 

472m ” 
491mD 
512~’ , v., 

549w - 

570w ” 
I 

780wb combination 

897sh 
915vs 

! 

VI 

956m 
971m 

1032~s 

1103m > 
V3 

1114s 
1139w 
1154m 
1165~ 
1179w , 

700wb 7oOw Yen 
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I II III IV V Assignment ‘) 
Rb’ R b.d) 

IR b, R IR R IR R”’ INS =’ 10K 40K 
408 K 318 K 250 K 250 K 20K 20K 20K 

86Osvb 960s 

122ow 1225~ 1230m 

Nujol 

1530mb VPO. 

165Omb 173Owb 168Osb 

2 13Osh 

2280mb 

2680mb 
2840sh 

2300wb 2290sb 

2700wb 2670mb 

956~s 
965sh 

1220sh 

1230m 
1246m 

125ow 

1283m 
1295m 

1313w 
1328~ 

Nujol 

VPO. 

1600sh 
17OOwb 17OOsb 
185Osh 18OOsh 

2300w 

2700w 

2 160sh 
2280sb 

258Osh 
2660sb 
2720sh 

1225w.J 
1243~ 

962~s 

1240s 

1285~ 

1304s 

119ow 
1335m 

144ow 

15oOw 

920wb 

108Owb 

158Owb 
1700sh 
19OOsh 

2 15Oshb 
2300wb 

265Ow 

105Osb 

17OOsh 
182Omb 

217Owb 

2230mb 

2500m 
2650mb 

1 YOHHBI, HB, 

YOHHBI 

I JoHHB, 

VOHHBI 

1600~ \ 

197Ow 

’ VOHH&>HBS 

2290w 

275Ow 

I 

‘1 See footnote a) of table 1. 
b, Characteristic spectral features of phase I and phases IV and V relatively to the phases II and III are shown in italics. 
‘) Brackets: characteristic fwhh of bands. 

d, *, l *: Frequencies observed at 60, 10 K, respectively. 

‘) vi, v, and v,, v2: stretching and bending modes of a regular tetrahedral PO,; HB,, HB2 and HB,: the three different hydrogen bonds 
defined in the crystallographic data section. 

resolved only using polarized light with a single crys- 
tal. Below T, there are at least eight components. 

Fig. 9 shows 5&,5B,, 3A, and 4B, components in 
the v., spectral region with some coincident u-g fre- 
quencies while 3A, + 3B, + 3A, + 3B, are expected. 
This suggests that the selection rules related to the in- 
version centre symmetry of the hydrogen bonds are 
relaxed. A similar effect has been observed in CDP 
[ 271. Similarly in KDP [ 41 the spectra disagree with 
the selection rules anticipated from the site-symme- 
try (S,) given by the crystallographic data [ 51. 
Therefore, there is no centre of inversion for the hy- 
drogen bonds on the time-scale of these frequencies. 

In the same way, the PO4 site-symmetry in the ortho- 
rhombic phase I is Ci as in phase II. The spectra of 
phase I do not show the two intense Raman bands 
observed in solution for the stretching-modes of a C2 

(or C,) PO4 group. 
In the Raman spectra of TDP, two systems of bands 

with different bandwidths ( = 3 and z 10 cm- ’ at 20 
K, respectively) can be observed below T, (table 3, 
fig. 10). These are related to the existence of two kinds 
of PO4 groups. The broadest bands must be due to 
the PO, groups linked by the shortest hydrogen bond 
(HB, ) and the others to those engaged in the longer 
hydrogen bond (HB,). As opposed to these obser- 
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Table 4 
Raman and infrared frequencies (cm-‘) assigned to internal modes of the various solid phases of TID2P04 between 420 and 6 K ‘) 

cr B Y 6 t Assignment d, 
R 

IR b, R =) IR R IR R IR R IOK 
408 K 420 K 393 K 373 K 180K 157K 40K 52 K 

380w 375wb 

440wb 

490s 486wb 485s 

520sh 515m 

538mb 

870shb 
885s 

906s 
886sh 

940s 941s 

1 OOOmb 

1052sb 
1050s 

1150s 
1lOOsb 

1140w 

65Oshb 
640wb 
650shb 

1740mvb 
2085mvb 
2270mvb 

1680m 
2040mb 
2290sh 

357m 

334sh 

358s 

451mb 

486~ 

510w 

536s 

78Ovw 
843sh 

909vs 

1 OOOsb 

1lOOmb 

658vwb 

172Ow 
202Ow 

340vw 
363~ 

390sh 

410sh 

427m 

475sh 
485s 

510s 

525m 

545w 

870sh 

903m 
913w 

953s 

1047sb 
1065sh 
11 oovs 

645m 

695m 
720~ 

1725s 
199Osb 
2270sh 

332m 

361.5s 
370sh 
378~ 

415vw 

462m 

472m 
487s 
5oOw 
Slim 

533m 
542sh 
548m 

775vw 
845m 

882~s 
900sh 
911s 

932wb 
945sh 

1 OOOvsb 

105Osh 
1087sh 
1llOvs 

612vw 
643~ 

690w 
714vw 

174Ow 
2015~ 

340w 
360~ 

390w 

413vw 

430m 

475m 
485s 

510s 

525s 

545m 

875sh 

9oOw 
915w 

955vs 

105Ovsb 
sh 
11 oovs 

645m 
662m 
697m 

1720s 
198Osb 
2250sh 

313vw 
332m 
336sh 
362s 
368~ 
378m 

415vw 

454m 
459s 
470sh 
476s 
489s 
5oow 
510m 
514sh 
521vw 
532m 
540w 
551m 
556sh 

776vw 
845m 

882~s 
902m 
912s 

938m 
948~ 
962~ 

998vsb 

105Owb 
1084mb 
1093sh 
1109s 

615vw 
640~ 
656~ 
698vw 
717vw 

1745w 
1998~ 

333m 

360s 

375w 

42Ovw 

455mb 

470wb 
486m 

506wb 

532m 

546m 

775vw 
843~ 

881vs 

904sb 

934sh 

996sb 

105ovw 

109Oshb 
1107s 

640vw 

1600sh 
2100wvb 

a) See footnote a) of table I. 
w Characteristic features of phase (IL relatively to phase B are shown in italics. 
Cl Raman spectra of the uoi, range were not explored. 
w Y,, Y, and Y*, Ye: stretching and bending modes of a regular tetrahedral PO4 
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Raman 

INS 

0 250 200 150 100 50 cm 

Fig. 7. Infrared, Raman and inelastic neutron-scattering spectra 
of phase III of TlH2P04 at 20 K (external modes). 

vations, no different widths are evidenced in the Ra- 
man spectra of DTDP. Moreover, in the infrared the 
absorptions near 350 cm-‘, assigned to the v2 modes, 
are much weaker for DTDP than for TDP (fig. 4 ). If 
the site-symmetry group is closed to C2”, these bend- 
ing modes belong to the infrared-inactive A2 species 
and they should be rather weak. A Czv symmetry 
means that the hydrogen bonds of the D2POh anions 
are equivalent. Therefore the various hydrogen bonds 
are likely to be more similar in DTDP than in TDP. 
This is in agreement with the observed bandwidths 
and the low-frequency spectra. 

300 200 100 

1 1 
0 CM-l 

Fig. 8. Comparison of the low-frequency Raman spectra of phases 
III of T1H2P04 and 6 of TlD,PO, at the same temperature. 

215 

TDP 

300K 546 

650 550 450 350 25( :m-1 

Fig. 9. Raman spectra of v2 and vq modes of PO4 groups of 
TlHzPO, at room temperature (A, geometry). B,, A, and B, fre- 
quencies of the vq modes are shown as vertical lines. 

Relatively to phase III, new Raman lines appear in 

phase V at 1154 (medium), 1032 and 930 (very 
strong), 700 (weak) and around 300 cm- ’ (me- 
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Fig. t 0. Infrared, Raman and inelastic neutron-scattering spectra of TIHIPOI at 20 K (intemai modes). 

dium). It is difficult to explain this new spectrum 
without any structural information and infrared data. 
Nevertheless, a proton transfer inside the very short 
hydrogen bond (HB, ) and the existence of H3P04 
and HPO:- species are suspected. Indeed Raman 
spectra of PO4 group in PbHPQ show impo~ant 

bands near 1040,934 and 3 10 cm-‘, assigned to the 
z+, ZQ and v2 modes [ 331. The aqueous solution of 
H,PO, gives rise to an intense Raman line at 1165 
cm-” [ 321, similar to the band at 1154 cm- * in phase 
V. The presence of different species would account 
for the bandwidth at z 100 cm-‘. The extra line at 
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3200 2400 1600 ! 

PhaSe I (37EiK) 
A 

TDP 

217 

3200 2400 1600 1300 1100 900 700 500 300 CM-1 

Fig. 11. Comparison of the Raman spectra of disordered low-temperature phases (IV and t ) with the high-temperature phases (I and (u ) 
(internal modes). 

I 
/ 

/ 

-100 T i I , , 
0 100 200 Tc 300 TP 400 T/K 

Fig. 12. Temperature dependence of the centre of gravity vs of 
the ABC infrared bands of the OH stretching mode. Av= v.‘- 

JOOK 
VP . 

700 cm-‘, observed in the molten compound and in 
phase IV, could be a reminiscence of the highly dis- 
ordered phase IV. 

The Raman spectra of the unstable phase IV (6 K) 
and of the high-temperature phase I (378 K) are quite 
similar (table 3 and fig. 11) . As for the external modes 
the PO4 modes reveal a strong disorder in phase IV. 

5.3. OH (00) vibrations 

The infrared and Raman spectra of phases I, II and 
III show a typical “ABC” profile, and in the 1400- 
3000 cm-’ range, due to the vOH stretching modes 
(figs. 4 and 11) of the HB2 and HB3. This is antici- 
pated [26,34] from their O...O distances [ 221. A 
broad band observed near 1050 cm-’ in the INS and 
Raman spectra of TDP at 20 K (fig. 10) may corre- 
spond to the vOH mode of the HBi in agreement with 
the existence of a very short hydrogen bond [ 26,341 
in TDP. This band is hidden in the infrared spectra 
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by the absorption of V~ modes of the PO4 groups. 
The typical ABC profile of the OH stretching mode 

has been explained by strong mechanical and electri- 
Cd couplings between the fast VoH and the slow vo_o 
modes [ 3 5 1. This profile does not change signifi- 
cantly upon cooling down through Tp and T,. How- 
ever, a plot of the frequency at the centre of gravity 
of this ABC profile against temperature (fig. 12 ) re- 
veals two discontinuities at T, and T,,. This suggests 
a critical behaviour of the protons at the order-dis- 
order transitions. 

The two broad bands between 1400 and 2600 cm- ’ 
(fig. 4) in the infrared spectra of DTDP correspond 
to the OD stretching modes. The frequency at the 
centre of gravity of these bands appears also sensitive 
to the T, and T, phase transitions as in the case of 
TDP. However there is no discontinuity for the or- 
der-order transition at T, [ 201. 

The assignment of the So, and Yen modes of the 
two types of OH vibrators is based primarily on the 
INS intensities [ 35,361 (fig. 10) and isgiven in table 
3. The So, modes occur in the 1000-900 cm-’ range. 
Their rather strong Raman intensity stems from the 
coupling with the v, mode of the PO4 group [ 27,371 
(table 4). In phase I the infrared spectra show two 
additional absorption bands near 1500 and 860 cm-’ 
(fig. 4) which are assigned to the VoH of HB, and to 
the &,H of HB2 and HBs, respectively. All the obser- 
vations indicate a weakening of the three hydrogen 
bonds in phase I. 

The Raman spectra of phases IV and t show single 
broad Van and vOD lines (fig. 11) instead of the typ- 
ical ABC profiles. However the frequency at the centre 
of gravity of the lines does not increase significantly. 
These changes of profiles suppose an important 
change of the dynamical and electrical couplings be- 
tween the fast vOH and the slow V~ modes. 

6. Concluding remarks 

The analysis presented above allows to draw con- 
clusions concerning the structural features of the var- 
ious crystalline phases, the characteristics of their 
transitions and on the proton dynamics in the 
T1H2P04 (TDP) and TlD,PO, (DTDP) crystals. 

Firstly, there are structural differences between 
TDP and DTDP. In TDP the existence at any tem- 

perature of one very short and two longer hydrogen 
bonds is in agreement with the diffraction data at 
room temperature [ 221. The hydrogen bonds in the 
deuterated compound appear much less different. 

The symmetry or the number of crystallographic 
sites for the Tl+ ions seem also different in TDP and 
DTDP. At low temperature, phase III of TDP ap- 
pears non-centrosymmetric whilst the phase y of 
DTDP is centrosymmetric below T,. This phase is 
antiferroelectric. The spectra in phases 6 and III sug- 
gest that the phase diagrams below T, are different 
for TDP and DTDP (temperature domains and crys- 
tal symmetry). Different crystal structures and phys- 
ical properties have already been observed for the hy- 
drogenated and highly deuterated derivatives of 
KI-12P04 [ 381, RbH2P04 [30,39,40], NH4HSe04 
[41,42], RbHSe04 [43]. 

There is however some ambiguity concerning a 
possible phase transition near 130 K in TDP. This 
transition could be of nearly second order and simi- 
lar to the transition observed at 127 K in DTDP. If 
this transition is real, the same phase diagram would 
seem to exist for TDP and DTDP and both com- 
pounds should be antiferroelectric above x 130 K and 
ferrielectric below this temperature. The smaller 
number of bands in phase 6 relatively to phase III 
could be due to more similar hydrogen bonds in the 
deuterated compound compared to the hydrogen- 
ated one. In addition no isotopic effect is expected 
for T, which corresponds to an order-order 
transition. 

The occurrence at 10 K of a highly disordered and 
unstable phase could be the precursor of a new or- 
dered phase at lower temperature. This is supported 
by the conclusions of Yasuda et al. [44] who esti- 
mated the tricritic Curie point at a pressure lower than 
one atmosphere. Therefore phase IV could be an 
electric polar glass between phase III and this possi- 
ble new phase at low temperature. The observation 
of this disordered phase at low temperature could be 
related to the ability of TDP to syncrystallize with 
various compounds [9,28,45,46]. This is a conse- 
quence of the large variation of the Tl+ ionic radius 
with the host network [47]. Phase V which is ob- 
tained from the disordered state and which is also 
stable at higher temperature does not correspond to 
this unknown phase. 

Secondly the “order-disorder” transitions at T, 
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have a clear first-order “displacive” character. This 
is revealed by the frequency shift of the PO, libra- 
tions in the 60-50 cm-’ frequency range. The Curie 
transition is likely to be monitored by the reorienta- 
tion of the PO, entities. This is in line with the mech- 
anism which has been proposed for the para-ferroe- 
lectric phase transition in KDP [ 3 1. In addition, the 
absence of soft mode or central mode in TDP favors 
the “proton partial tunnelling” model [48] which 
accounts for an order-disorder transition. It is inter- 
esting to note that the importance of these reorienta- 
tions is clearly evidenced in TDP and DTDP where 
the Tl+ translations and the hydrogen bond modes 
are well separated. This is a consequence of the great 
mass of the Tl+ ion. The observed frequencies show 
that the dynamics of the Tl+ ions are almost unaf- 
fected by the phase transition at T,. 

Finally the vibrational analysis in terms of local 
symmetry of a single crystal in the paraelectric phase 
II reveals the off-centre localization of protons in the 
formally centrosymmetric HB1 and HB2 hydrogen 
bonds. The same conclusion applies for the HB3 hy- 
drogen bonds in the orthorhombic phase I. Therefore 
TDP is another example where there is no instanta- 
neous symmetry element on the time scale of the in- 
ternal modes for the hydrogen bonds above T,. The 
crystallographic centres of inversion assumed from 
diffraction studies would then be due to statistical 
disorder. 

Above T, the vibrational spectra of TDP and 
DTDP are in agreement with proton ordering in the 
hydrogen bond. According to this interpretation the 
discontinuities at T, and T, in the OH stretching-fre- 
quency curves can be explained by a change in the 
electrical couplings between the fast r&r and the slow 
v~...~ modes. This supposes a critical behaviour for 
the electric field at the order-disorder transitions. 
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