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Possible origin of the proton conduction mechanism of CsH2PO4 crystals at high temperatures
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The high-temperature transformation of CsH2PO4 was studied by means of impedance spectroscopy, differ-
ential thermal analysis, and thermogravimetric methods. The dielectric constant showed a high-temperature
anomaly aroundTp5230 °C. The thermal transformation which appears aroundTp5230 °C is endothermic in
addition to showing weight loss. Our results show evidence that the high-temperature transformation of
CsH2PO4 nearTp is not a structural phase transition, but an onset of thermal decomposition of CsH2PO4 into
CsnH2PnO3n11 @probablyn@1, (CsPO3)n] at reaction sites at the surface of the crystal. From complex ac
impedance spectra, we observed impedance consisting of two regions for measuring frequency: the low-
frequency region may be due to the formation and migration of H2O molecules at the surface while the
conduction mechanism of the high-frequency region seems to be Cole-Cole type and may be due to the proton
migration in the bulk. Our results support that the phase of CsH2PO4 aboveTp is not a superionic conductor
phase caused by a structural transition (monoclinic→cubic) but rather a polymeric state caused by partial
thermal decomposition. The possible origin of proton conduction for CsH2PO4 is considered to be the partial
thermal decomposition of the crystal surface because the polymeric transition tends to increase breaking and
reforming of the hydrogen bond at the surface.

DOI: 10.1103/PhysRevB.69.054104 PACS number~s!: 77.84.Fa, 77.22.2d, 72.20.2i, 77.80.2e
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I. INTRODUCTION

The low-temperature ferroelectric transition atTc in
KH2PO4 ~KDP! and RbH2PO4 ~RDP! crystals has been in
vestigated for a long time by many researchers.1–3 The high-
temperature behavior of KDP and RDP crystals on hea
above room temperature has also been studied.4–25 A struc-
tural phase-transition-like phenomena, referred to as a h
temperature phase transition~HTPT!, has been observe
around Tp .4–12 These crystals undergo successive ph
transitions: at the upper transition point (Tp) from the mono-
clinic (212C2

2 or P21 /m2C2h
2 for KDP and 212C2

2 or
P21 /c2C2h

2 for RDP! high-temperature phase I to the t

tragonal (I 4̄2d2D2d
12 for KDP and RDP! intermediate-

temperature paraelectric phase II, and at the lower trans
point (Tc) to the orthorhombic (Fdd22C2v

19 for KDP and
RDP! low-temperature ferroelectric phase III. Based up
chemical analysis, many researchers have proposed tha
tial thermal decomposition sets in aroundTp , corresponding
to the following chemical reaction:13–24

nMH2PO4~s!→MnH2PnO3n11~s!1~n21!H2O~v ! ~1!
tin
r-

y
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~M5K,Rb,Cs,NH4,Tl!

and claimed that the term HTPT should be replaced by
onset of partial polymerization at reaction sites on the s
face of the crystal. Here,n is the number of molecules par
ticipating in thermal decomposition. The letters or v en-
closed in parentheses denotes that the correspon
compound is in the solid or vapor state, respectively.

Recently, Parket al. confirmed that phase I of KDP an
RDP is not the monoclinic phase, but related to a chem
change @KH2PO4 (phase II)→K2H2P2O7 (phase I) and
RbH2PO4 (phase II)→mixture consisting mainly of
RbH2PO4 and Rb2H2P2O7 ~phase I!# such as thermal decom
position; their report was based on dielectric constant, th
mal analysis, and thermomicroscopy data.16–20 Using x-ray
and thermal analysis Oritzet al.22–24 supported the idea tha
the high-temperature phenomena in KH2PO4 and RbH2PO4
are effects of thermal decomposition.

CsH2PO4 ~CDP! is a member of the KDP family of
H-bonded crystals.1 This crystal has a transition sequen
similar to that in KDP and RDP though the crystal structu
are different. The CDP crystal undergoes the following th
phase transitions:25–33
Ferroelectric
Phase III
Monoclinic
~P212C2

2!

——→
Tc52120 °C

Paraelectric
Phase II

monoclinic
~P21 /m2C2h

2 !

——→
Tp52230 °C

Superionic
Phase I
Cubic ?

~mmm2D2h!
y,
es

°C,
°C
Rapoport reported the transition temperatures on hea
with fast heating rates of 42–90 °C/min by differential the
mal analysis~DTA! and differential scanning calorimetr
~DSC! as follows:27 Tc52120 °C, Tc85149 °C, Tp
g5230 °C, and 345 °C for CDP. In their x-ray stud
Bronowskaet al. reported that the lattice parameter chang
deviate considerably from linearity on heating above 149
but the space group of the crystal above 149 up to 230
©2004 The American Physical Society04-1
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does not change (P21 /m2C2h
2 ).30 Rashkovichet al. found

transitions at 230 °C (Tp) and 265 °C (Tp8).
28 Wada et al.

showed that the transition atTp5230 °C was confirmed, bu
the one atTc85149 °C was not.29 Baranovet al. reported a
sudden ionic conductivity jump aroundTp5230 °C through
the measurement of the temperature dependence of the
conductivity in a CDP single crystal. They studied the pro
erties of the HTPT and electrical conductivity, and claim
that the high-temperature cubic phase above 230 °C in C
was a superionic conduction phase. From their study of
D-H isotopic exchange, it was also suggested that CDP
superprotonic conductor.25,26 Bronowska recently performe
powder x-ray measurements of CDP in an H2O-saturated at-
mosphere and observed a phase transition at about 23
from monoclinic CDP to cubic CDP withou
decomposition.31 Otomoet al. proposed that a steep chan
in the conductivity of pressed powder of poly-H-bond
crystals CDP due to a phase transition from a low conduc
phase to a high conductive phase~superionic conduction
phase! occurs reversibly at around 230 °C under hum
conditions.32 Using Brillouin spectroscopy Luspinet al. re-
ported that on heating a CDP crystal above room temp
ture, it undergoes two polymeric transitions:33 the first one
near 120 °C~weakly marked! and a second one at 230 °
~the well marked superionic transition!. These discrepancie
of the different research groups seem to be caused by
difference in experimental humidity conditions. Thus, t
transition point atTc85149 °C is still uncertain, and it is als
possible that the HTPT of CDP aroundTp5230 °C is not
related to a structural phase transition but to thermal dec
position such as in KDP, RDP, and KH2AsO4 ~KDA !
crystals.16–24

However, hydrogen bonds~H bonds! play a dominant role
in determining the properties of crystals such as acid ph
phates and arsenates, and many studies have been ma
the nature of the H bonds in these materials.34 It is generally
found that the H bonds which are part of a three-dimensio
network show enhanced effects in dielectric, ferroelect
thermal, and other properties when compared with sim
effects in crystals containing isolated H bonds. The transp
properties of protons in such crystals may be treated in te
of proton defects, using the same basic models that h
been extensively used in studies on alkali halides and o
ionic crystals. Several conduction studies have been mad
H-bonded crystals of the type related to the structural ph
transition at high temperature studied in Refs. 25, 26, 35
But Parket al. suggested that mechanisms of the electri
conductivity in H-bonded crystals must consider thermal
composition as well as ionic transport because it is kno
that many H-bonded crystals reveal surface instabilities s
as thermal decomposition at high temperature.16,18,21,22

Therefore, we studied the high-temperature phenomena
electrical conduction mechanisms of CDP by means of th
mal analysis and impedance spectroscopy.

II. EXPERIMENTAL

Crystals of CDP were synthesized by the reaction Cs
1H3PO4→CsH2PO41H2O with pH54. The resultant solu-
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tion was heated to about 80 °C in order to remove H2O and
induce incipient crystallization. The obtained polycrysta
were dried and recrystallized. The acidity of the solutio
were controlled in order to obtain good morphology of t
CDP monoclinic crystals. Single crystals were grown
evaporation at 35 °C from the aqueous solution. Samp
were cut from the clear tips of the crystal, the one perp
dicular to theb axis, and were polished first with No. 100
sand paper and then with velvet cloth. The electrodes w
prepared with conducting silver paint. The complex ac i
pedance (Z* ) was determined in the frequency range from
to 33106 Hz using an impedance analyzer~SI1260!.
Samples were kept in an electric furnace whose tempera
was controlled with a Pt-Pt~Rh! thermocouple. The rate o
the temperature variation was 0.2 °C/min. Crystal fragme
were used in DSC and thermogravimetric~TGA! experi-
ments. The DSC and TGA studies were performed in
temperature range from 30 to 550 °C using a differen
scanning calorimeter~Perkin-Elmer, U.S.A., TGA7! and
thermogravimeter~Perkin-Elmer, U.S.A., Pyrisl!. The rate of
the temperature variation was 5 °C/min.

III. RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show the real («b8) and imaginary
(«b9) parts of the complex dielectric constant along theb
axis, in the temperature range between 30 and 270 °C at
eral frequencies with measuring temperature interval
60.2 °C. Dispersion of«b8 begins at temperature 100 °C. O
raising the temperature,«b8 suddenly increases to nearly i
high-temperature value at aboutTp5230 °C. It has a discon-

FIG. 1. Temperature dependence of~a! «b8 and ~b! «b9 of the
complex dielectric constant of CsH2PO4 at various frequencies. The
heating rate is 0.2 °C/min.
4-2
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POSSIBLE ORIGIN OF THE PROTON CONDUCTION . . . PHYSICAL REVIEW B69, 054104 ~2004!
tinous large increase nearTp85250 °C after further heating. I
decreases again during further heating. The values of«b9 are
shown to depend almost inversely on the measuring frequ
cies. This agrees with the well known fact that«b9 is related
to the ionic conductivitys as«0v«b9 ,40 wherev is the fre-
quency of the applied field and«0 the vacuum permittivity.
«b9 increases gradually because the electrical conductivity
creases on heating above room temperature. The extre
high values of«b8 at low frequency and high temperatu
evidence phase-shifted conductivity.

If the high-temperature phase transition of CDP atTp is
caused by thermal decomposition, decrease of weight
thermal change may appear in thermal analysis. The D
and TGA experiments were performed with heating rates
5 °C/min in an open atmosphere. As shown in Figs. 2~a! and
2~b!, the thermal transformation shows an endothermic p
at Tp5230 °C; the onset of weight loss atTp5225 °C for
CDP indicates the beginning of thermal decompositi
These temperatures may correspond to the so-called h
temperature transition temperature. On heating further,
yond Tp , the thermal transformations which occur atTp8
5250 and 325 °C in CDP give rise to several endotherm
peaks. Atmospheric pressure DSC studies of CDP on hea
above room temperature revealed two transitions: a qu
irreversible transition at 149 °C (Tc8) and a second reversibl
transition at 230 °C (Tp).27 Wadaet al.showed that the tran
sition at 230 °C was confirmed but the one at 149 °C w
not.29 We also could not detect a transition at 150 °C
heating. The present result seems to agree with that of W
et al. and disagree with those of Refs. 27, 30.

The transformation temperatures corresponding to
DSC signals indicating weight losses are commonly belie

FIG. 2. ~a! DSC and~b! TGA curves for CsH2PO4 heated in air
to 550 °C at a heating rate of 5 °C/min.
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to indicate high-temperature phenomena caused by the
decomposition processes such as Eq.~1!. For comparisons
with TGA results and theory, the possible products are c
culated and based on Eq.~1!. The ratio of the changed prod
ucts ~polymerization! and escaped products (H2O) are re-
lated to chemical changes in the CDP for the various poss
n values as follows.

The case ofn52, 2CsH2PO4→Cs2H2P2O71H2O. Ratio
of changed product:

M ~Cs2H2P2O7!

M ~2CsH2PO4!
3100596.08%.

Ratio of escaped product:

M ~H2O!

M ~2CsH2PO4!
310053.92%.

The case n@1, nCsH2PO4→CsnH2PnO3n111(n
21)H2O. Ratio of changed product:

M ~CsnH2PnOn!

M ~nCsH2PO4!
3100'

M ~CsPO3!

M ~nCsH2PO4!
3100

5
M ~CsPO3!

M ~CsH2PO4!
3100592.16%.

Ratio of escaped product:

M @~n21!H2O#

M ~nCsH2PO4!
3100'

M ~nH2O!

M ~nCsH2PO4!
3100

5
M ~H2O!

M ~CsH2PO4!
310057.84%,

whereM is the atomic weight. One finds a semiplateau
gion, accompanied by about 0.2% weight loss between
and 245 °C. Weight loss begins around 250 °C, and the o
semiplateau region was found between 260 and 290 °C
about 0.4% weight loss. For any givenn value, the weight
losses at the semiplateau are not the same as the value
culated for the intermediate products. The range of existe
of Cs2H2P2O7 in the case ofn52 corresponds to 340–
350 °C because for the intermediate products the calcul
and measured weight loss are the same. As shown in F
2~a! and 2~b!, this weight loss is indicative of the formatio
of various polymers, during the course of dehydration to
final formation of CsPO3. The final product corresponds to
change from CsH2PO4 to CsPO3 ~weight loss 7.8%! above
380 °C, because the calculated value and measured we
loss are the same. But the temperature regions~230–245 °C
and 260–290 °C!, over which the weight changes, are diffi
cult to explain, since the processes of polymerization dep
on temperature and the intermediate product is unstable
we adopt the realistic phase relationships of Eq.~1!, the HTP
slightly aboveTp is not a single phase of CsH2PO4, but a
mixture consisting mainly of CsH2PO4 and Cs2H2P2O7. The
temperature regions of weight loss in CDP could be rela
to mixed phases. Generally, thermal decomposition phen
ena tend to occur at surfaces where heat contact is direct
4-3
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JONG-HO PARK PHYSICAL REVIEW B69, 054104 ~2004!
chemical binding is weaker, rather than in the bulk of a cr
tal. Therefore, the results of our TGA indicated that the hig
temperature phenomena exhibited by CDP nearTp should be
interpreted as indicating theonset of partial polymerization
at reaction sites on the surface, such as represented b
Eq. ~1!.

One must consider the dc bulk effect to understand e
trical conduction in CDP because our TGA curve indica
that the high-temperature transformation is caused by pa
thermal decomposition at the surface rather than a struc
phase transition. Figures 3~a! and 3~b! present the variation
of the real (Zb8) and the imaginary (Zb9) parts of the imped-
ance versus frequency using a double logarithmic scale
several temperatures. It is observed that, above and b
Tp , Zb8 decreases slowly up to a frequency of 103 to 106 Hz,
depending on the temperature and then continuously
creases with increasing frequency approximately as 1/v. The
relaxational peak frequency ofZb9 moves to higher frequenc
with increasing temperature. The absolute values of the h
frequency slopes are, in fact, very close to unity and seem
be independent of the temperature. In the low-frequency
gion, dispersion ofZb9 begins above 100 °C and increas
with increasing of temperature, and another relaxational p
frequency of Zb9 appeared aboveTp . That is, the low-
frequency slopes have values lower than unity and
strongly temperature dependent. These two different tend
cies in the temperature dependence suggest that two di
sion mechanisms are involved. Considering the existenc
the dispersion mechanism in the high-frequency region
the bulk conductance (G1) of the material, an alternative
model may be proposed and written as the Cole-C
expressions40

FIG. 3. Impedance spectra of~a! Zb8 and ~b! Zb9 in CsH2PO4 .
The solid line represents a fit to Eq.~2!.
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1/G1

11~ ivt1!m ,

t151/vp1 , ~2!

where vp1 is the characteristic angular frequencies det
mined from relaxation timest1 . The solid lines in Fig. 3~b!
are theoretical curves obtained by using Eq.~2!. Only the
data relative to the imaginary part were used in the fittin
The three parametersm, t1 , and G1 were then introduced
into the real part of the formula to check whether the cal
lated values are also in agreement with the measured valu
Zb8 . The agreement between experimental and calculated
ues for both real and imaginary parts of the impedance c
firms that the model proposed here is pertinent to the
scription of the high-temperature behavior of CDP. T
parametersm take values over the entire range 0<m<1 and
may be functions of temperature. The fitting of Eq.~2! for
the b-axis case always leads to a value ofm close to about
unity.

The loss peak frequencyvp1 is obtained by fitting the
imaginary impedance data to Eq.~2! and the variation of
relaxation timest151/vp1 as a function of reciprocal tem
perature is shown in Fig. 4.t1 can be described by a
Arrhenius behavior as given by

t15t0 exp~F/kBT! ~3!

with the natural relaxation timet0 and activation energyF.
t1 has a knee aroundTp5230 °C and a small jump aroun
Tp85250 °C. The activation energies estimated areF II

50.46 eV belowTp andF I50.42 eV aboveTp for t1 .
The dc bulk conductivity can be analyzed by means

complex impedance formalism. Two methods can be use
obtain the dc bulk conductance (G15Gdc,B). The first
method consists of extrapolating the circular arc to the r
axis at the low-frequency end ofZ9 vs Z8, the complex
impedance plot. As seen in Figs. 3~a! and 3~b!, the complex
impedance obtained from experimental data satisfy Eq.~2!
well ~solid line!. So, a second method based on fitting by E
~2! has been used to determineG1 .40 Figure 5 showsG1 of
CDP along theb axis.G1 has a knee aroundTp5230 °C and
a small jump aroundTp85250 °C. We can see a good linea

FIG. 4. Temperature dependence of relaxation time in seco
t1 on 1/T in CsH2PO4 . Solid lines fitted by Eq.~3!. The slope of
the straight lines corresponds to the activation energy.
4-4
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POSSIBLE ORIGIN OF THE PROTON CONDUCTION . . . PHYSICAL REVIEW B69, 054104 ~2004!
ity between ln(G1) and 1/T as shown in Fig. 5. These resul
can be described by the Arrhenius behavior

G1;exp~2E/kBT!. ~4!

with the dc bulk activation energyE and Boltzmann constan
kB . The dc bulk electrical conductance~open circles! ob-
tained from experimental impedance data satisfy the Arrh
ius relation well~solid line!. The value of activation energie
EII, G150.46 eV belowTp and EI,G150.43 eV aboveTp in
CDP, are obtained from the slopes of theoretical fitting of
Arrhenius relation such as Eq.~4!. There are considerabl
differences in the published reports and our work concern
the activation energy, but the values ofEG1 are similar to our
results as shown in Fig. 4. Baranovet al. reported that the
activation energies are about 0.3 eV aboveTp and 0.99 eV
below Tp , and that the conduction occurs through prot
migration. They claimed that the high-temperature ph
above 230 °C in CDP is a superionic conduction phas26

Generally, the main difference between superionic and io
conductors concerns the activation energy of the io
conductivity.34 For the former, which are also called fa
ionic conductors,Ea is lower than 0.40 eV ands is higher
than ;1023 V21 cm21 while values varying between 0.
and 1 eV are usually observed for normal ionic conducto
with conductivities lower than;1023 V21 cm21. The state
of our CDP crystal in the temperature region from 230
250 °C is not superionic according to this definition, beca
our Ea50.43 eV is higher than 0.40 eV.

At temperature ranges of room temperature or below
Tp or below, the dielectric and conductive behavior of t
KDP family is known as follows: Schmidt suggested th
proton intrabond transfer in OuH¯O bonds is the mecha
nism for dynamic behavior of rubidium/ammonium dihydr
gen phosphate mixed crystals.2 Because of the strong proton
proton interaction, such transfer is associated with therm
activated creation of H3PO4 and HPO4 intrinsic ‘‘Takagi’’
defects, their hindered diffusion in a random-step fractal
tential, and their eventual annihilation. This ‘‘bond char
semiconductivity’’ mechanism does not contribute to dc co
duction. The orientational defectsD ~two hydrogens within
the Ō O bond! or L ~lack of hydrogen!, are proposed.34

FIG. 5. Temperature dependence ofG1 of CsH2PO4 crystals.
Solid lines are fitted by Eq.~4!. The slope of the straight line
corresponds to the activation energy.
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They thermally formed in pairs by interbond jumping b
tween different OuH¯O bonds, but migrate individually
Sharon and Kalia38,39 have studied the dc electrical condu
tion of KDP and KDA single crystals and have proposed
mechanism of synchronous rotation of the H2PO4 group.
They have concluded that the enthalpy for the experime
results is related to the enthalpy for the rotation of the ph
phate group rather than to the enthalpy for the formation
the defects~L, D!. Proton dc conduction is thus expected
be related to the presence ofD or L defects.

Most investigators studying electrical conductivity see
to pass over the decomposition effect. However, from
TGA results there is around 4% of weight loss nearTp , and
we calculate a result for which the curve of weight loss@Fig.
2~b!# is based on Eq.~1!. Therefore, we consider the electr
cal conductivity mechanism aboveTp for the CDP crystal
that includes the partial break up of hydrogen bonds and
formation of H2O molecules by thermal decomposition at t
crystal surface, as illustrated in Fig. 6. Associated proces
as formation of chains of PuOuP bonds, and liberation o
H2O molecules from the surface. Two mechanisms of imp
ance relaxation in CDP at high temperature can involve cr
tal defects induced by water molecules caused by ther
decomposition and dehydration at the surface is reflecte
the low frequency relaxation of the impedance. To summ
rize, the mechanism of the electrical conductivity may
partial break up of hydrogen bonds and the formation of H2O
molecules at or near the crystal surface as well as pro
migration in the bulk.

FIG. 6. Schematic illustration of the process of thermal deco
position at the surface for a CDP crystal. Microscopic~atomistic!
view of the high-temperature phenomena MH2PO4(s)
→MnH2PnO3n11(s)1(n21)H2O(g) by which water layers can be
formed at the surface.
4-5
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IV. CONCLUSIONS

In summary, the high-temperature transformation of C
was studied by means of impedance spectroscopy, diffe
tial thermal analysis, and thermogravimetric methods. T
dielectric constant showed a high-temperature anom
aroundTp5230 °C. The thermal transformation which a
pears aroundTp5230 °C is endothermic in addition t
showing weight loss. We separated bulk conductivity
means of a complex impedance formalism. The bulk acti
tion energies are obtainedE50.46 eV below Tp and E
50.43 eV aboveTp . Our results show evidence that th
high-temperature transformation of CDP nearTp is not a

*Electronic address: parkkdp@hanafos.com
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structural phase transition, but an onset of thermal decom
sition of CsH2PO4 into CsnH2PnO3n11 @probably n@1,
(CsPO3)n]. The possible origin of high-temperature anom
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