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Infrared spectroscopy investigation of the CsHSe@superionic phase transition
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The temperature dependence of the polarized infrared reflectivity spectra of cesium hydrogen selenate is
reported between room temperature and 170 °C, and analyzed in the framework of the four-parameter model of
the dielectric function. The results of the simulation show that the hydrogen-bond breaking starts faf pelow
and the ration of protons involved in H-bond chains follows the lay(T) =exd E/(T—T,)] with E=5.3 K and
To=129°C. The protonic superionic phase transition is shown to occur at a topological threshold from a
one-dimensional structure of H bonding to a structure of liquidlike nature. Such a microscopic mechanism, i.e.,
H-bond breaking, is consistent with previous results and explains the peculiar behavior of the elastic properties.

[. INTRODUCTION two polarizations of the incident beam. The results stemming
from the simulation of the data shed new light on the supe-
Cesium hydrogen selenate CsHSe@ereafter denoted rionic phase transition mechanism and lead to the character-
CHSa is a solid electrolyte that exhibits a superionic pro-ization of hydrogen bonding.
tonic conduction behavior above.=128°C1~* The first-
order phase transition is accompanied by a strong conductiv- Il. EXPERIMENTAL PROCEDURE
ity increase, by four orders of magnitudéup to
10720 tcm™Y), which essentially originates from proton  Single crystals of CHSe were grown from saturated aque-
diffusion>8 Furthermore, x-ray and optical studies have evi-ous solutions by slow cooling from 40°C down to 30°C.
denced that the phase transition is of an improper ferroelastiEwo samples were usedc and bc platelets about 1810
type~11 At room temperature, the crystal belongs to theX 1 mn? in size(obtained from a large single crystaivhich
monoclinic space group2,/c(C3,) with four formula units ~ Were, respectively, used to acquire room-temperature reflec-
per unit cell and looks like a one-dimensional arrangement ofivity data for polarization along tha axis, and to obtain the
H-bond chains along the axis, with an O-H--O H-bond temperature dependence of reflectivity spectra for polariza-
length of 2.6 A (with the usual convention twofold axis tions of the electric field of the infrared elgctromagnetic
alongb).*? Above T, the crystal structure is tetragonal and Wave along theb and ¢ axes. The predominantly mon-
the space group ils41/amd(Diﬁ 1314 Besides this change odomain character of the sm_gl_e crystals can be checked with
of state, several experimental facts occurring belBw  the room-temperature reflectivity daféig. 1) and the results
(~80°C) lead some authors to report the occurrence of an_Qf the fit (Tab!e ) presented in the_foII(_)wmg. In gach polar-
other phase transitioli~ 8 or to postulate that the structural Ization there is a strong mode which is absent in both other

phase transition in CHSe starts far beldw=128°C and polarizations, thus confirming the predominantly mon-
gomain character of the single crystals and the predominant

thus that a two-phase region stands in the temperature ran X : L
80— 128 °C Other result&?° do not support such conclu- PUure character of the eigenmodes. The infrared reflectivity
' spectra have been recorded under vacuum on a coupled

sions. . ; :
The same types of superionic behavior and phase trans 3ruker IFS 113v-IFS 88 rapid-scan Fourier-transform inter-
rometer, giving access to the spectral range

tion sequence are also present in other crystals such = _

CsHSQ and deuterated analogs which are isomorphous t —40000cm .'O.nly the .10_5000'le range relevant for

CHSe. Numerous papers on these compounds have be phase transition physics was recorded here. The spectra
were recorded with an instrumental resolution of 4¢m

published for two decadetee Refs. 21-26 for the most The heating devi hot plate. leading to t ¢
recent ones but as for CHSe there is no consensus on the e healing device was a hot plate, ieading to temperature

phase transition sequence. Infrared spectroscopy gives acc&{éd'ents in the sample lower than 1 °C.

to all optic functions and is therefore a powerful tool to in-

vestigate changes of state such as ferroelectric or superionid. ANALYSIS OF INFRARED REFLECTIVITY SPECTRA
phase transitions. Some infrared data of CHSe have been
published recently®?"?8put they are essentially absorptivity
measurements made at room temperature. In the present pa-Infrared reflectivity spectroscopy provides, via Fresnel's
per, the temperature dependence of the reflectivity spectra oélation near normal incidence, the complex dielectric func-
CHSe is reported from room temperature up to 170 °C fottion &:

A. Dielectric-function models
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s(w)=8wH géLo_ w2 .IwaLo.

i Qjro- 0" +tlwyjro
was proposed by Kurosawaand works well in numerous
cases, including strongly damped soft motiedn this
model, each optical modige[transverse opticalTO) or lon-
gitudinal optical(LO)] is described by two parameters, fre-
quency(}; and dampingy; . The TO modes are the complex
poles ofe while the structure of LO modes is given by the
imaginary part of 1. This model is an extension to finite
frequencies of the Lyddane-Sachs-Teller relation. From the
whole set of TO and LO frequencies, one can calculate the
dielectric strength of each modeften also called the oscil-
- lator strength
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FIG. 1. Infrared reflectivity spectra of CsHSe for polarizations J
a, b, andc in the 20—-1200-cm® spectral range. Full lines and dots, ‘ .
respectively, represent experiment and best fits performed with the B. Symmetry of the vibration modes

factorized form of the dielectric function. In the room-temperature monoclinic phase, CHSe con-

tains four formula units per primitive cell, leading to 84
2 modes. All ions(HSeQ~ and C$) occupy generaC, posi-

, (1) tions. Table | shows how the external modes, internal tetra-
hedron modes, and proton vibrations in the hydrogen bonds
transform among the irreducible representations of the space

where R is the reflectance. Theoretically it is possible togroup. The same analysis for the tetragonal phase is not
deduce the real and imaginary parts of the dielectric functiormade because of the quasiliquid nature of the high-
through a Kramers-Kig analysis of the reflection data. But temperature state. Indeed, the loss of translational symmetry
this often leads to some uncertainties or mistakes due to th@ue to proton diffusion and the fact that the tetragonal sym-
extension to zero and infinity of the low- and high-frequencymetry is only an average symmetgmost free rotation of
edges of the experimental data, particularly when these edgée selenate tetrahedropreclude a rigorous analysis of the
are not flat. Another way recently developed is to use thénfrared activity in this phase.
maximum entropy methot, 3! which does not require
knowledge of the reflectivity spectra on the entire range of IV. RESULTS AND DISCUSSION
frequency but only needs the values of both and imaginary
parts of the dielectric function for one or several frequencies
situated in the measurement range. In this paper we use a The infrared spectra of CHSe for polarization of the inci-
model of the dielectric function and fit its adjustable param-dent electromagnetic wave aloagb, andc are displayed in
eters to the experimental reflectivity spectra throughFigs. 1 and 2. The corresponding transverse- and
Fresnel’s relation. longitudinal-optical frequencies obtained with the four-
The factorized form, or four-parameter model, parameter model and mode assignments are summarized in

e+l

A. Infrared spectra at room temperature

TABLE I. Reduction into irreducible representations of the 84 modes of CsHSe in the low-temperature
phase. The tetrahedron internal modes are indicated with Herzberg's nofgtioacoustic modest, trans-
lational modesR, librational modesy,,v,,v3,v,, Herzberg's notation of the internal modes of selenate
tetrahedrony oy, don» Yon hydrogen-bond modes.

IR
C2h Ta T R V1 Vo V3 Vg VOoH 5OH YOH aCthlty
Ag 0 6 3 1 2 3 3 1 1 1
By 0 6 3 1 2 3 3 1 1 1
A, 1 5 3 1 2 3 3 1 1 1T,
By 2 4 3 1 2 3 3 1 1 1 T, Ty
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0.06 arise from the internal modes of the selenate tetrahedron
(250-1000 cm?), from the proton vibrations inside H
bonds, and from overtones and combinations for high fre-
quencies. The infrared bands observed below 250 cm
originate from lattice modes. These three spectral ranges will

be discussed successively.

0.04

0.02

0.06 1. Internal vibrations of the selenate ions

Contrary to regular tetrahedra for which only and v5
modes are infrared active, all the fundamental modes of the
selenate ions appear polarization. The high intensity of
v, and v, modes and the large splitting of; modes are
consistent with the highly distorted structure of the tetrahe-
dra. In the crystal the selenate ion has two short Se-O bonds
(~1.6 A), an intermediate bong~1.62 A), and a large bond
of 1.71 A®® Besides distortion, the existence of hydrogen
chains along the axis explains the great difference between
¢ spectra and both the other two which look very similar. It
can be assumed that the lowest(730-cmi ) mode is con-
nected to the longest Se-O bond which is involved in the
H-bond chain. The assignment of thhe modes is supported
by the fact that these modes lead to strong bands in Raman
WAVE NUMBER (cm-1) spectra. Similarly, the high intensity of the 838-chRaman
FIG. 2. Infrared reflectivity spectra of CsHSe for polarizations Togiggs8gh7egrﬁ—“ff iro]ft:]heefl;reeeq l;glne%ya?ef tigﬁ :gg%:{??ﬁgﬂc
a, b, andcin _the 1000-3500-cmt spectral range. FuII_ lines and thlat the 838-crit mode observed in thepolarization is also
dots, respectively, represent experiment and best fits performe((}f v type.17’27 The other bands in the 360—440-chand
with the factorized form of the dielectric function. 700i1000_cm1 ranges come, respectively, from thg and
v3 selenate tetrahedron vibrations.
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Table Il. The bands observed in the 250—4000 tmange
2. Hydrogen-bond vibrations

TABLE Il. Wave-number values (cm) and the tentative as- The oqtl-qf-planey (OH) bending mode seems to appear
signment of all transverse- and longitudinal-optic frequencies of théit 864 cm ~ in the spectrum polarized along thexis and at
modes used in the simulation of reflectivity spectra for polarizationdligher frequencies in both other polarizations. These fre-

a, b, andc. guencies are slightly higher than those observed by inelastic
neutron scatteringlNS) and Raman techniqué$?’ The in-
Axis a Axis b Axis ¢ Tentative planed (OH) bending mode lies at around 1260 chin all

Q1o Qo O Qo O Qo assignment polarizations as in Raman spectra. The three bands at ap-
proximately 2650, 2400, and 1450 chare the so-called

429 448 ABC bands which occur for particular conditions of H
°3.1 556 _ bonding®* These values are characteristic of medium
646 654 711 741 674 79.1 Lattice modes H._ponding strength and are fully consistent with the 2.6-A
816 1036 789 869 8.7 882 length of the O-H--O bonds in CHSe. Other bands are also
1029 1112 116.8 116.9 present in this region; they are essentially overtones and
169.3 171.3 1696 1941 wou..0 combinations of two fundamental bands.
298.0 298.1 299.3 300.6 v,SeQ ) )
3259 326.2 3247 3266 1,5eQ 3. External vibrations
389.9 4081 3776 3789 370.7 386.8 v,Seq The low-frequency range 20—250 cicorresponds to
4043 3975 409.1 431.6 426.4 429.7 v,SeQ the translational and librational motion of the Tsnd
728.6 733.3 711.7 7135 7259 7327 »;SeQ HSeQ ions. A peculiar mode in this region, involving the
838.8 8622 v,;SeQ H-bond chaining between tetrahedra, is the 169-tmode
864.3 866.5 889.1 889.2 916.5 920.4 appearing predominantly in the polarization. This mode
914.8 941.1 919.2 9231 9305 941.0 »;SeQ vo.i..0 Which is often observed in H-bond compounds arises
956.7 960.6 937.1 967.1 947.7 959.4 v;SeQ from the stretching motion between S&H and OSe@
1262.9 1269.6 1259.4 1260.3 1256.5 1258.4 o molecular iong’ It was denotedrg..o in this reference
1431.7 1432.4 1427.1 1427.2 and we will hereafter keep this notation, despite its some-
1471.3 1482.7 1438.2 1487.5 1454.4 1487.4vo,(C) what ambiguous character: it is not a mode of individual
2468.8 2469.4 2395.9 2404.5 2392.7 2404.6ve(B) O-H---O bonds.

2670.3 2719.75 2667.0 2688.1 2615.1 2650.3vgy(A)
3030.5 3032.1 3028.5 3031.3 vy
3222.4 3227.4 31951 3199.4  woy Figures 3-6 display the temperature dependence of the
infrared spectra of CHSe from room temperature up to

B. Temperature dependence of the infrared spectra
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FIG. 3. Temperature dependence of the infrared reflectivity FIG. 5. Temperature dependence of the infrared reflectivity
spectra of CsHSe in the 20—1200-chspectral range for thé spectra of CsHSe in the 20—1200-chspectral range for the

polarization. Full lines and dots, respectively, represent experimentgolarization. Full lines and dots, respectively, represent experiments
and best fits. and best fits.

170°C for polarizationb and c of the electromagnetic IR Pparameter model are also plotted. In the superionic phase,
wave. These two sets of curves respectively correspoAg to Whatever the choice of model parameter values or oscillator
and B, irreducible representations of the low-temperaturenumber used in the, region, the fit always leads to negative
phase. Typical simulated curves obtained with the fourVvalues of the imaginary part of the dielectric function in the
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FIG. 4. Temperature dependence of the infrared reflectivity FIG. 6. Temperature dependence of the infrared reflectivity
spectra of CsHSe in the 1000—3500-chspectral range for thb spectra of CsHSe in the 1000—3500-chspectral range for the

polarization. Full lines and dots, respectively, represent experimentgolarization. Full lines and dots, respectively, represent experiments
and best fits. and best fits.
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FIG. 7. Temperature dependence of the transverse- and FIG. 8. Temperature dependence of the transverse- and
longitudinal-optic frequencies of the oscillators used in the simulalongitudinal-optic frequencies of the oscillators used in the simula-
tion of the infrared spectra of CsHSe for theaxis. tion of the infrared spectra of CsHSe for thexis.

300-400-cm? range. This result that does not have anydielectric strength abruptly falls untlfc. On the contrary,
physical sense is due to the inability of the four-parametethe emergent mode situated at 670 crbehaves in the op-
model to describe such a profile of the mode and more Posite way; this behavior is characteristic of an oscillator
precisely to the abrupt form of the, low-frequency edge. Strength transfer between this mode and the 720*amode.
The problem appears then due to a frequency dependence Biis result is consistent with the attribution of the_720?ém _
damping stronger and more Comp|ex than the Simp|e beha\mOde toa StretCh|ng motion of the Se-OH mode involved in
ior with two values yro and o assumed in the four- (HSe€Q7), chains. The 670-cm' mode is due to
parameter model. The frequencies given by the fitting procetHSeQ, "), dimers, the formation of which occurs when
dure are nevertheless quite correct. Fortunately, this problefi-bond breakingproton diffusion appears” The tempera-

is limited to this only spectral range and then it does not

preclude a quantitative analysis of the temperature depen- 12020

dence of the parameters describing the dynamical behavior 10bete o ¢ axis | s ¢ axis
of CHSe. The temperature dependences of both longitudinal- ' LR 0.15} oo

and transverse-optic frequencies for all oscillators are dis- 0.8}

played in Figs. 7(polarizationb) and 8(polarizationc). As T Yoo

can be seen in reflectivity measurements or in the oscillator = %9 hd 1% o
parameter behavior, the onset of dynamical changes in CHSe (ZD 04! ]

starts far belowl . Hence, these results confirm the experi- L 005/ 300 w
mental observation pointing out the occurrence of anomalies E 02 e e o’
at approximately 80 °C. Nevertheless, it remains to answer (> NN ST 1 P *
the question: Is this intermediate regime a new plas¢he O o020 —
coexistence of two phasem the thermodynamical sense? E caxis | .l b axis |
Before trying to answer, let us describe the main experimen- O o4l Vs5€0, o | Pene

tal results stemming from the simulation of the infrared data. E e o 720cmt © o 7 %%

The temperature range between 80 °C dnrdis character- L o @ =670 om 0.2} v,5¢0

ized by the coexistence of the room-temperature modes and 0 010} N 1 fro™0e
some modes of the superionic phase, such as modes of the oe 8
region and the mode at 670 cfhappearing in both the and 005k Tt 101 L seo 1
¢ spectra. Figure 9 displays the temperature dependence of 03 o ® QTZ=67O4Cm.1 -
the dielectric strength of some oscillators which are particu- P Y-S N I Npo
larly sensitive to the approach of the change of state. Among T 40 80 120 160 T 40 80 120 160
these oscillators, those undergoing the more drastic changes TEMPERATURE (°C)

are without doubt those of the polarization, which are in-

volved in the H-bond chains. The modes of the low- FIG. 9. Temperature dependence of the dielectric strength of
temperature phase behave in the same way, above 80 °C the#éveral characteristic modes of CsHSe.
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n 002 004 006 008 0.10] FIG. 11. Temperature dependence of the transverse damping of
(T, several modes of CsHSe. Full lines are best fits of the experimental
T =129 °C data obtained with relatio(6).
0
0.1 . L : L — . conclude, in the light of these results, that the intermediate
00 0.1 0.2 03 0.4 regime between 80 °C anf is neither a new phase in the
1/(T0-T) thermodynamical sense, nor a coexistence of two phases.

This is consistent with the fact that authors using techniques
FIG. 10. Temperature dependence of the proton ratio involvedVith longer characteristic times do not see any anomaly in
in a hydrogen bond of the chains. Full lines are best fits of the their measurements on freshly grown samples in this tem-
experimental data obtained with relati¢®). perature range.
Let us now deal with the superionic phase transition. The
ture dependence of they ..o at 169 cm? is of particular ~ appearance of the plastic phaseTatis characterized by a
interest. As its dielectric strength is proportional to the num-drastic change in the region of external vibrations. Indeed,
ber of H bonds, this strength is a direct measurement of thgbove T¢ the low-temperature well-defined phonon struc-
ratio of protons which are effectively involved in the H bond tures give way to a single broad band in both orientations.
chains along the axis. The temperature dependence of thisThe same behavior is seen in Raman spectra where the ex-
ratio 7 is displayed in Fig. 10; an excellent fit is obtained ternal bands collapse into a broad wing between 100%cm
with a law and the Rayleigh lin&’ The INS spectr® also exhibit con-
siderable changes and particularly a strong broadening of the
peaks due to librations of the Sg@trahedrons. All these
77(1_):9)(‘{1'_%)’ ) experimental results are direct proofs of the existence of a
significant disorder of cations and anions in this phase, i.e.,

with the following parametersE=5.3K and To=402K  4most free rotation of the SgQetrahedrons and transla-
~Tc. In this law, T, is the temperature for which all the H

bonds are broken. These results indicate that a dynamical

disorder appears in CHSe above 80 °C, and that this disorder °

is essentially due to proton diffusion. The occurrence of dis- 1 0 paxis 1
order far belowT  is confirmed by the important broadening ® caxis

of the infrared lines. Examples of such a broadening are ol _

shown in Fig. 11. The damping curves obtained with the
following law:

V(D =yt yc[1-n(T)] (6) W©

are well fitted with the parameteEs and T, of the ratio #. 7t
These results confirm that the decrease ofithg, ..o oscil-

lator strength and the increase of damping are due to the
same microscopic mechanism, i.e., H-bond breakprgton 6
diffusion). The very short characteristic time of infrared
spectroscopy compared to those of relaxation processes in-

5 1

ducing disorder leads to reflectivity spectra showing super- 0 50 160 1éo 200

position of instantaneous pictures of the different micro- TEMPERATURE (°C)

scopic configurations. Such an effect was already reported in

other order-disorder transitions, as in sodium nitfilghere FIG. 12. Temperature dependence of the contribution of

the lattice modes characteristic of the low-temperature phasghonons to the static value of the dielectric function for the polar-
are always observable more than 50 °C ab®we We can izationb andc. Full lines are guides for the eyes.
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w ] FIG. 14. Schematic representation of the primitive cell of

a CsHSe in theac plane. Dashed lines represent hydrogen bonds.

40 80 120 160 2 4'0 8Io 1éo 1éo dimensional arrangement leads to a more symmetric struc-

TEMPERATURE (°C) ture of a liquidlike nature that minimize the Gibbs free en-

ergy. Above T, the amount of protons that are still
FIG. 13. Temperature dependencies of the contribution of thénvolved in a H bond follows a law analogous to relatic),

external modesfull circles) and internal modefopen squargsto ~ With an energy barrier parametér=26.5 K about five times
the static value of the dielectric function for the polarizatmand ~ higher than the value of the low-temperature phase and a
c. Full lines are guides for the eyes. temperaturel ;=454 K (Fig. 10. This temperature is very
close to that of a phase change which is somewhat universal
in another class of hydrogen-bonded materials ,R6;-type
Fompounds, and which is the most often interpreted in terms
of the formation of one water molecule per unit formula
from H bonds. Such a phase change was reported at least in
KH,PO,, KD,PO,,  RbH,PO,,  NHH,PO,, and
5H2ASO4,37‘39 and this temperature of 450 K can then be
onnected with an instability in the topology of the H-bond
etwork.

Such a thermally activated process governed by topologi-
; 8a| constraints is consistent with the experimental results re-
ported in the literature. Moreover, it is able to especially
explain the very peculiar behavior of the elastic constants
obtained by Brillouin-scattering measurements that were
culiar behavior at the phase transition temperature. ThEever expla_liped satisfactqrily until now. Indeed, the absence
c-polarization value behaves differently; it is relatively con- of pretransitional effects n the temperature dependence of

theC,;, C,,, andCg; elastic constant8 (normally expected

stant untilT where it undergoes a large jump. Both types of. " .
temperature behaviors are essentially due to the external vl current phase transitionsan be explained by the fact that

bration modes(see Fig. 13 and are of course intimately elﬁ.Str']C congﬁtants_ are g;;_le ;nfluter]nc;ed by H—bgngschsnlges
connected with the one-dimensional arrangement of Ich are the main mocitication that occurs In £.SH>S€ below

bonds c- The strong discontinuities of the elastic constants ap-

Along with the above discussion, there are several experipearmg atTc evidently result from the huge structural

mental evidences that the occurrence of the superionic staﬁ@ange taking pl_ac_e when the percentage OT protons involved
in CsHSe is a direct consequence of a thermally activate a H-bond chain is lower than the percolation threshold for

process that involves H-bond breaking in the proton chains/Nich @ one-dimensional bond arrangement could stand.

Nevertheless, it remains to explain why the phase transition
only occurs when abouystatistically speaking80% of the H
bonds lying in the chains are broken; a value that is some- From polarized reflectivity measurements obtained by in-
what more constant than 10 K aboVg (Fig. 10. A possible  frared spectroscopy, the temperature behavior of hydrogen
explanation of this situation is of a topological nature. In-bonding has been determined. Results show that H-bond
deed, if one looks at the CsHSe structure, one can see thhteaking is the key feature responsible for the occurrence of
each primitive cell contains four H bonds equally distributeda protonic superionic state at high temperature. Breaking in
in two chaing(Fig. 14). To lose the one-dimensional arrange- the ¢ chains starts far beloW and the change of state
ment of the H bonds on a large length scale, it is necessary toccurs when the H-bond-breaking ratio reaches a topological
break at least three of the four H bonds in each primitive cellthreshold for which the one-dimensional hydrogen arrange-
and then the value of about 80% appears more as a topologihent disappears. It will be interesting to check if such ideas
cal or percolation threshold for which the one-dimensionaldeveloped for the understanding of the CsHSe phase transi-
structure of H bonds disappears at a large length scale. Aion also apply to the wide family of solid electrolytes that
T, the inability of the protons to maintain such a one-exhibit protonic superionic states.

tional disorder of H which are characteristic of the quasi-
liquid nature of the superionic conductor phase. Significan
alterations of the H bonds also occur in the vicinity of the
phase transitior{fFigs. 7 and 8 The so-calledABC bands
located, respectively, at 2620, 2400, 1450 ¢rin the low-
temperature phase shift to approximately 3000, 2500, 190
cm ! aboveT. This can account for an increase of the ©
averaged hydrogen length bonds of about 0.1 A and is corl?
sistent with weaker hydrogen bondiff.

the static dielectric constant alomgandc axes is displayed

in Fig. 12. The contribution along thk axis presents an
important but continuous increase above 80 °C without pe

V. CONCLUSION
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