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Nonhydrogen isotope effects on structural phase transitions in dielectric crystals
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The effect of isotope substitutions on the phase-transition temperatures in LiTa03 (Li), PbZr03
(Zr), KHzP04 (K and 0), NH4H2P04 (N), KzSe04 (0), Rb,ZnC14 (Rb and Zn), NaNO& (N), and

KN03 {N) are given. Parentheses denote atoms for which isotopes have been substituted. Except
for NaNO&, all of the materials studied show higher phase-transition temperatures when /ighter iso-

topes are substituted, and vice versa for heavier isotopes. This is opposite to the effect of deuteron

substitution in potassium dihydrogen phosphate {KDP)-type crystals. The results suggest that the

role of the ionic masses for atoms heavier than hydrogen differs completely from the role of hydro-

gen. NaNO& scarcely showed any isotope effect despite heavy "N substitution; this suggests that

NaN02 undergoes a pure Weiss-type order-disorder phase transition due to rigid permanent dipoles

on NO2, whereas the other materials cannot be described by the simplest gneiss model.

I. INTRODUCTION

The H-D isotope effects in KDP (KHzPO4) type crys-
tals (with hydrogen bond) are well known in solid-state
physics. ' With deuteron (D) introduction, the ferroelec-
tric phase transition temperature, T„of KDP rises re-
markably. The correct treatment of the effect may be
essential for the theory of KDP. Also, we can suppose
that other atoms in KDP-type crystals must exhibit the
isotope effect. Since, from the viewpoint of classical ther-
mostatistical theory, heavy isotopes should have weaker
thermodynamic fluctuation than light isotopes at the
same temperature, we can expect that materials with
heavy isotopes should have higher transition tempera-
tures than those with light isotopes. It is important to
check the isotope effect behind the hydrogen isotope
effect. However, to our knowledge no report has been
published concerning isotope effects except for hydrogen,
not only for KDP-type crystals but also for crystals
without hydrogen bonds, such as BaTi03.

Recently, the Ba and Ti isotope effects on T, in BaTi03
have been reported. A remarkable fact was that with
the introduction of light isotopes (" Ti or ' Ba), T, rose

sharply, and vice versa for heavy Ti. The trend of the
isotope-mass-exchange effect in BaTi03 is the opposite of
the isotope effect in KDP-type crystals for deuteron in-
troduction, and is contrary to the prediction of classical
thermostatistics. We suppose that the influence of the
isotope mass in BaTi03 on its phase transition differs
from the hydrogen mass in hydrogen-bonded KDP-type
crystals. Also, we should reconsider the applicability of
the classical thermostatistics for the structural phase
transition. However, to date, no other data exist for iso-
tope substitutions except for BaTi03. We cannot deny
the possibility that the observed isotope effect in BaTi03
was due to spurious chemical impurities. Thus, it is
strongly desirable to study other isotope effects behind
BaTi03.

We report here the effects of isotope substitution on

the structural phase transitions of the following: LiTa03,
PbZr03, KH2P~O, NH4H2PO4, K2Se~O, Rb2ZnC14,
NaNOz, and KNO3, all for the first time. Underlined ele-
ments are those for which we have studied the isotope
effects.

The first crystal, LiTa03, is one of the I -point (Bril-
louin zone center) ferroelectric phonon freezing materi-
als, as is BaTi03, with T, of 665'C. But the phase tran-
sition in LiTa03 is second order, whereas that in BaTi03
is erst order. It is interesting to know whether or not the
second-order phase transition shows the same isotope
effect as the first-order one.

The next one, PbZr03, shows a zone-boundary phonon
freezing (antiferroelectric) phase transition at about
230'C (T, : T, means the antiferroelectric phase transi-
tion temperature). The hydrostatic-pressure dependence
of the zone-boundary phonon-type phase transitions is
opposite to that of the zone-center phonon phase transi-
tions. The softening mechanism of the zone-boundary
phonon phase transitions is supposed to be somewhat
different to that of the zone-center phonon-type phase
transitions, from the viewpoint of the pressure depen-
dence. It remains a possibility that the zone-boundary
phonon-type transitions have the opposite isotope effect
from that obtained in the zone-center-type phase transi-
tions.

KH2PO4 (KDP) and NH4H2PO4 (ADP) are representa-
tive hydrogen-bonded crystals showing ferroelectric and
antiferroelectric phase transitions, respectively. We have
a strong interest in the isotope effect in these crystals for
ions heavier than hydrogen. We report the isotope effects
for K and 0 in KDP, and the effect for N isotope substi-
tution in ADP.

K2Se04 and its isomorphic Rb2ZnC14 show incom-
mensurate phase transitions of the erst kind at about
—145'C and 29'C, respectively. The incommensur-
ate-type phonon freezing seems to interpolate between
the two cases of transitions; zone-center phonon freezing
and zone-boundary phonon freezing. It is interesting to
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know the isotope efFects in them, compared with zone-
center-type or zone-boundary-type phase transitions.

Na NO& is one of the crystals that shows
incommensurate-type phase transitions of the
second kind. ' It is important to study the isotope
effects on the incommensurate phase transitions of the
second kind, for comparison with the incommensurate
phase transition of the first kind such as in K2Se04.
NaNO2 is called the molecular-type crystals. The term
"molecular-type crystal" means that it will be decom-

posed into Na+ and NO2 molecules by heating. NO2
is an ionic molecule with a permanent dipole. Such a situ-
ation differs fundamentally from other materials de-
scribed above. For example, KH2PO4 will be decom-
posed into K+, H+, and PO4 by heating, whereas
PO4 does not have a permanent dipole in its molecular
state (cubic tetrahedron). Therefore, the difference be-
tween the isotope effect in NaNO2 (with microscopic per-
manent dipole) and those in other crystals (without per-
manent dipole) is likely to be very interesting. KNO3 is
also a molecular crystal without a permanent dipole. "'
Therefore, we can suppose that the isotope effect in
KNO3 may be somewhat different from NaNO2. It is im-
portant to study the isotope effect in KNO3 for compar-
ison with NaNOz.

II. EXPERIMENTAL

In this section we report the isotope effects in detail.
We mainly used the differential scanning calorimetric
(DSC) method to define the phase transition temperatures
of respective materials. The DSC method is useful for
determining the phase transition temperatures. ' ' The
principle of the DSC method is as follows: The sample
under test (by an amount of 1 to 100 mg) is heated to
raise its temperature at a constant rate from a tempera-
ture lower than T, to a temperature higher than T, . The
sample has its own heat capacity; the rising of the sample
temperature delays somewhat from the thermal-bath
temperature. To compensate for this temperature
difference between the sample and the thermal bath, we
add excess thermal energy to the sample. The added ex-
cess thermal energy (which is recorded as the DSC signal)
is proportional to the heat capacity (c ) of the sample. At
the phase transition, the c of the material changes
abruptly; we can determine T, from the abrupt change in
DSC data (which should correspond exactly to the
change in the c ). The DSC method is applicable for
most of all types of phase transitions. On the contrary,
methods such as the measurement of dielectric-
capacitance is applicable only for materials that show
large dielectric-constant anomalies at their phase transi-
tions.

There are two types of phase transitions in dielectric
materials. One is the so called first-order type (BaTi03,
etc.), and the other, the second-order type (LiTa03, etc.).
In the first-order transition with a 5-function-type
specific heat anomaly (a latent heat) at T„the DSC signal
(which in this case is the excess thermal fiow needed to
compensate the latent heat) starts just at T, . Thus, we

can define T, to be equal to the onset temperature of the
DSC signal. In second-order phase transitions, however,
the specific heat is A, type which means that the DSC sig-
nal has a long tail for temperatures much lower than T,
(for example in LiTa03 the specific heat anomaly trails
until 200'C lower than T, ). ' It is very difficult to define

the onset temperatures for second-order phase transi-
tions. Under suitable conditions (a satisfactorily slow
rate of increase of temperature, a small sample, and good
thermal conductivity between sample and the thermal
bath), the temperature where the peak in the DSC signal
gives T, for second-order transitions more than the onset
temperature does. In this paper, we therefore determine

T, for the second-order phase transition materials from
the temperature of the peak in the DSC signals rather
than the onset temperatures. In ferroelectric materials
with first-order phase transitions such as BaTi03, their c
have also long tails well below T„ in contrast with the
solid-liquid transitions (pure first order). In the case of
BaTi03, the tail extends about 10'C, ' ' because the
long-range ordering still grows up for 10'C lower temper-
ature than T, . As a result, the onset temperatures in the
DSC signals for the first-order-transition ferroelectric
materials are not clear, as was in the second-order-
transition materials. It is therefore desirable to use the
peak-DSC-signals temperature to define T, in these first-
order-transition materials, as well. It is then expected
that T, defined from the peak in the DSC signals will be
somewhat higher than the exact T, . However, we do not
need the exact T„but only the isotope shift. With the
same experimental conditions in the DSC measurements
for respective isotope enriched materials, we can get ac-
curate shifts of T, .

Both the transition heat, b, Q, and the specific heat, c,
can be obtained from DSC measurements. However, the
data (bQ~ or c~), deduced from the DSC data may in-

clude some ambiguity (+20% or more) because of heat
leak, base line drift, etc. , in the DSC measurements.
Also, for absolute AQ or c~, we need to calibrate the sen-

sitivities of the DSC equipment used for respective ma-
terials, because of the different thermal capacities and
thermal conductivities in respective materials. This is
very troublesome and, for our purpose (to determine the
isotope effects in T, ), is not needed. We will give only
relative transition heat, b,Q, at the phase transitions of
respective isotope enriched materials, in comparison with
the reference materials including naturally obtained iso-
topes.

Thermal measurements were done with Rigaku model
DSC-8400, Seiko model DSC-200, and Mettler model
DSC-30 meter. For several materials such as K2Se04, we
checked for systematic error between those equipments
for reliability of the DSC data, because of small isotope
effects and weak DSC signals in these materials. The
weights of the samples measured and the rate of temper-
ature increase (and decrease) for the DSC measurements
were selected to obtain best data for each material. The
best conditions for each sample will be presented in
respective subsection. Of course, for reference materials
with natural isotopes, the sample weight was selected to
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be equal to that of the corresponding isotope enriched
material, and the temperature scanning rates for them
were also set equal. The resolution of the isotope shift,
AT, /T„was of the order of 0.15—0.2% in three appara-
tuses used. The resolution was checked using (NH„)2SO4
and (ND4)2SO4. (ND4)2SO4 has T, which is about 0.5'C
higher than (NH4)2SO4,

' making this very convenient to
test the resolution.

For PbZr03 we used not only the DSC method but also
the capacitance measurement methods to determine
phase transition temperature. The reason will be given in
Sec. II B.

6$
C
CD

cO

C3
(D
Cl

tTaOs

LiT

667.5

655.9

687.8

669.5

A. LiTaO,

I

500 600 700

Temperature ('C)

800

Normal LiTa03 (mainly includes Li) has a ferroelec-
tric phase transition temperature, T„of665'C (Ref. 3).
Li and Li isotope substitutions for natural Li (its atomic

mass is 6.94) may give a large effect on T„because the
mass shift in the reduced mass, pTo, of the I -point trans-
verse optical phonon is large. pT& may be given by, for
simplicity

I IPTo 1/PL;+ I /3Po

where pL; and pz are the atomic masses of Li and 0, re-
spectively. Here we ignored the mass of Ta because of its
weight (180.95 in atomic units). The relative shift of @To
from Li to Li is 14.5%. It is 3 times larger than that
produced by replacement of Ti for Ti in BaTi03
(about 4%). Therefore, the Li isotope effect is expected
to be very large in LiTa03.

99.16% Li-enriched LiOH:HzO powder and 99.99%
Li-enriched LiOH:HzO powder were supplied by the

Oak Ridge National Laboratory (Lot No. are 41-1079
and 41-1080, respectively). Two powders, one with
LiOH:HzO and stoichiometric Taz03, and the other with
LiOH:H20 and stoichiometric Ta203, were heated up to

1000'C for 5 h (first firing). Next, we pressed them into
12-mm-diameter and 1-mm-thick pellets, then heated up
to 1400'C for 5 h (second firing). Throughout the
thermal treatments, the two samples were kept together
in a crucible, but separated by a Pt sheet. This was done
to keep the firing conditions for both samples as identical
as possible. We obtained hard and white ceramics. The
T, of them were determined by the DSC measurement.
Figure 1 shows the DSC data of LiTa03 and LiTa03
(for heating procedures). The masses of the samples of
the DSC measurements were about 100 mg, and the tem-
perature rising rate was 20'C/min. In LiTa03, the
specific heat anomaly trails much lower than T, (until
about 400 C).' Thus, we could not show the onset tem-
peratures of the DSC signals in Fig. 1. The peak DSC
signal temperature for LiTa03 was 667.5'C, and that of
LiTa03 was 655.9'C. Also, the ending temperatures (for

heating procedures) of the DSC data were 687.8 C and
669.5 C, respectively. The ending temperatures were
defined to be the refracting points on the DSC signals in
Fig. 1. The reproducibility of the DSC data was enough
to determine the peak and ending temperatures within
2'C. The peak and ending temperatures in LiTaO3 were

FIG. 1. DSC signals of LiTa03 and 'LiTa03 (on heating).
The light LiTa03 seems to have a 15—20'C higher transition
temperature than heavy 'LiTa03. The apparatus was a Seiko
model DSC-200. The DSC signals trail far below T, . There-
fore, the DSC-signal-onset temperatures are not shown. The
DSC signal of the crystal with light Li isotope is 1.2 times
stronger than that for the crystal with heavy Li isotope.

15—20'C higher LiTa03. Thus, we can conclude that
the sample with the light Li isotope has 15—20'C higher
T, than the one with heavier Li. The isotope shift is
large enough to be distinguished from shift due to chemi-
cal impurities. The trend in the Li isotope effect on Li-
Ta03 is the same as in BaTi03. The difference in the
DSC signals of LiTa03 and LiTa03 is large enough to
determine the isotope effect of Li without the need for ca-
pacitance measurements. Natural LiTa03, including nat-
ural Li (mixture of Li and Li) with an atomic mass of
6.94, has a T, of about 665'C. This T, (665'C) lies be-
tween those of LiTa03 and LiTa03 obtained in this pa-
per. Thus, the results for LiTa03 and LiTa03 are very
reasonable. The total transition heats, b,g, for LiTa03
and LiTa03 relative to the referenced sample with natu-
rally obtained isotopes are given in Table III, together
with the isotope shift in T, . We give, hereafter, relative
b, g of respective materials only in Table III. The b,g of
heavy- Li-enriched LiTa03 is 1.2 times larger than that
of LiTa03.

B. PbZr03

As noted in the Introduction, PbZr03 shows an in-

teresting anti ferroelectric phase transition at about 230'C
(T, ). The high temperature structure is cubic, the same

as BaTi03. However, the structure below 230'C is anti-
ferroelectric (space group is Pbam). The fictitious fer-
roelectric Curie temperature, T„which is defined as the
divergence temperature of dielectric constant extrapolat-
ed from the high temperature (paraelectric) region, is just
slightly less than T, . Thus, we suppose that the mecha-
nisms responsible for freezing out these two phonons
(zone center and zone boundary) are related together in

PbZr03. The isotope effect on the antiferroelectric phase
transition is very interesting.

Powders of Zr- and Zr-enriched Zr02 were supplied
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by the Oak Ridge National Laboratory. Their lot Nos.
are 188801 and 189101, respectively. Their isotope con-
tents are given in Table I. Two powders, one with Zr02
mainly and stoichiometric PbO, and the other with

Zr02 mainly and stoichiometric PbO, were heated up to
800'C for 4 h (first firing). The two kinds of powders ob-
tained were pressed into the form of 12 mm in diameter
and 1 mm in thick pellets, and heated up to 1200'C for 1

h (second firing). During these firings, the samples were
immersed in a Pb0-vapor-enriched atmosphere, because
PbO in PbZrO& is very volatile. The two samples were
kept together in a crucible, separated by a Pt sheet
throughout the thermal treatments.

The DSC signals for Pb ZrO& and Pb ZrO& are
shown in Fig. 2, for heating procedure. The masses of
measured samples were about 20 mg and the rate of tem-
perature increase was 10'C/min. We observed a relative-
ly weak isotope effect for PbZrO&, however, qualitatively
speaking, it seems to be in agreement with the isotope
effects in BaTiO& and LiTaO&. With light isotope ( Zr)
introduction, T, rises, and vice versa. Also, the mea-
sured AQ for both samples were equal, within experimen-
tal error.

The DSC data did not give us a clear isotope effect.
Fortunately, we could produce good sintered pellets by
the above method suitable for capacitance measurements.
The dielectric constants of the Pb ZrO~ and Pb Zr03
are shown in Fig. 3, which were measured with an au-
tomatic capacitance meter at 10 kHz. We see, from Fig.
3, that the light ( Zr)-enriched PbZrO& has the higher T,
than the heavy ( Zr)-enriched one by an amount of 4'C.
The accuracy in defining T, was about 1'C. The Zr iso-
tope effect in PbZrO~ is somewhat weaker than that of T,
in LiTaO& or BaTiO&. The result is quite reasonable. In
PbZrO&, Pb atoms move mainly with the phase transition
from their equilibrium positions at the higher tempera-
ture phase. The shift of Zr atoms is smaller than that of
Ti in BaTiO&, or Li in LiTaO&. Therefore, the lattice
dynamical weight of Zr in the eigenvector of the phonon
relating to the phase transition is small. Our weak Zr-
isotope effect obtained in this paper is consistent with
such a situation.

C. KDP and ADP

KDP (KH2PO4) and ADP (NH~H2PO4) are, respec-
tively, famous ferroelectric and antiferroelectric crystals
with hydrogen bonds. They exhibit large hydrogen-
isotope effects on their phase transitions. ' However, to
our knowledge, there are no reports concerning the iso-
tope effects of ions, other than hydrogen, such as oxygen.
With the phase transition in KDP, the relative positions
of K, P, and 0 are shifted. Therefore, we can expect K
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FIG. 2. DSC signals of Pb ZrO& and Pb ZrO& (on heating).
The apparatus was a Seiko model DSC-200. We observed very
weak isotope effect.
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and 0 isotope effects on the phase transition. For P,
there is no stable isotope other than 'P. We studied the

K- 'K and ' 0-' 0 isotope effects in KDP. Also, we
studied the ' N-' N isotope effect in ADP.

The method to fabricate ' 0-enriched KDP is as fol-
lows: The mixture of KCl (for example, 50 mg) and
stoichiometric (139.65 mg) PC15 was dissolved into 1 g of
Hz

' O. ' 0-enriched water, with 98.8 atomic %%uo
' 0, was

supplied by ISOTEC Inc. (lot No. N50953). Next we dis-
tilled off HC1 and excess H2' 0 by heating up to 90'C,
and obtained a 100 mg of polycrystal of KDP. We also

Sample "Zr
Isotope contents (%%uo)

"Z "Z '4Z 96Z

TABLE I. Isotope contents in Zr-enriched and Zr-
enriched two kinds of Zr02 powders, A and B, supplied by the
Oak Ridge National Laboratory. 1S8 198 288 218 228 238 248 258 268

Temperature ( C)

A( Zr enriched)
B( Zr enriched)

99.36
0.71

0.30
0.21

0.17
0.38

0.12
98.58

0.04
0.12

FIG. 3. Dielectric capacitances (normalized to 25'C values,
respectively) of Pb ZrO& and Pb ZrO& (on heating). About
4 C difference was observed between the peaks.
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fabricated a reference sample using natural water
(Hz ' 0), according with the same procedure shown

above. Also, for the heavy 'K introduced sample, we
used 98.889o 'K-enriched KCl, supplied by ISOTEC
Inc. (Lot No. NS-0644), as the starting material in the
above procedure. The degree of ' 0 and 'K enrichment
in synthesized KDP using the above procedure is
presumed to be the same as the degree of enrichment in
the original materials (H2

' 0 and 'KC1).
We measured the T, for all crystals using the DSC

method. Figure 4 shows the DSC signals (all for heating
procedures). The masses of the samples to be measured
were all about 20 mg, and the rate of temperature in-
crease was 2'C/min. The phase transition temperatures
were defined from the peaks of the DSC signals. The
samples enriched with heavy isotopes (' 0 and 'K) show
a lower T, than natural KDP with ' 0 and K. The
reproducibility of the peak temperature in the DSC sig-
nals was better than 0.3'C. The relative b,Q of them are
given in Table III.

A 96% ' N-enriched ADP was supplied by CEA Co.,

France (Lot No. 83152). The degree of ' N enrichment
was confirmed by infrared absorption spectroscopy for
N-H vibration frequency, to be in good agreement with
the nominal value (more than 95%). Two ADP powders,
one with ' N and the other with ' N (reference) were re-
crystallized once by an aqueous solution method. Figure
5 shows the DSC signals of the two kinds of ADP, for
heating procedure. The masses to be measured were all
10 mg, and the rate of temperature rising was 10'C/min.
The heavy ' N-enriched ADP showed about 1.2'C lower
T, than natural ADP (with 99.6% ' N). The reproduci-
bility of the peak temperature in the DSC data was about
0.2'C. The trend of the heavy-element isotope effects in
KDP and ADP are opposite to that of the H-D isotope
effects in them.

'KH2p'~O

D. K2SeO4 and Rb2ZnC14

KzSe04 and its isomorphic RbzZnC14 show incom-
mensurate phase transitions at —145 'C and 29'C (T,.), re-
spectively. ' The incommensurate phase transitions in
them are of the first kind T. he incommensurate phase
transition has been thought to give interpolating data be-
tween two types of the transitions, zone-center phonon-
freezing-type and zone-boundary phonon-freezing-type
phase transitions. Thus, the isotope effect on the incom-
mensurate phase transitions will give the interpolating
data on those two phase transitions. It is very important
to study the isotope effects on incommensurate phase
transitions.

Commercially available K&Se04 was recrystallized
twice from an aqueous solution. The 100 mg of the re-
crystallized KzSe04 was dissolved into 1 g of ' 0-
enriched (by an amount of 98.8% in atomic weight, sup-
plied by ISOTEC Inc. ) water. Also, another 100 mg of
the K2Se04 was dissolved into 1 g of natural water, for
the reference material. Two solutions with H2' 0 and

H2
' 0, respectively, were sealed in separate silica tubes,

and heated up to 270'C for 10 h to exchange ' 0 in the
original K2Se04 with ' 0 in H2' 0. After this thermal
treatment, the silica tubes were opened and recrystallized
once more by an evaporation method. In 100 mg of orig-
inal K2Se04, about 29 mg of ' 0 is included. 1 g of
H2

' 0 includes about 900 mg of ' 0. Thus, in the sealed
tube, 96% of all oxygen atoms were ' 0. Therefore,
when the 0 in H2

' 0 and 0 in KzSe04 reach into equilib-
rium by heating, then we can expect that K2Se04 in the
tube will have more than 95% of ' 0. The oxygen en-
richment degree was determined by an infrared absorp-
tion measurement. Figure 6 shows the infrared absorp-
tion data of the two samples. One is the original (refer-
ence) with ' 0 and the other ' 0 enriched by the above
method. The apparatus used was a Hitachi IR-260-50
double-flux spectrophotometer, and we used the so-called
KBr powder method. From the vibration frequencies of
two samples around 850 cm ' (v3-F2 mode of Se04 )
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NH4H2PO4

NH4H2PO4
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FIG. 4. DSC signals of three types of KDP: "KH2P ' 04
(reference), 4'KH2P' 04, and '

KH2P "04 (on heating}. We
defined the peak temperature in the DSC signal as the phase
transition temperature, T, . In heavy 'K- and "0-enriched
KDP, T, lowers from natural (' K and ' 0 including) KDP, by
an amount of 0.5'C and 1'C, respectively. The apparatus used

to obtain these data was a Rigaku model DSC-8430. The onset
temperatures of heavy isotope- ( 'K or ' 0) enriched materials
seemed to be 1'C and 2'C lower than the natural one (' K and
' 0), respectively.
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FIG. 5. DSC signals of "NH4H, P04 and ' NH4H2P04 (refer-
ence). Heavy ' N-enriched ADP shows about 1.2 C lower T,
than natural (' N-enriched) ADP. The apparatus was a Rigaku
model DSC-8430. The onset temperature of heavy ("N)
isotope-enriched ADP was 1'C lower than light (natural) ADP.
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FIG. 6. Infrared absorption spectra of K2Se ' 04 and

K2Se ' 04 (reference). Two Se—0 vibration frequencies (v3-F2
and v4-F2) are lowered with "0 introduction. From those fre-

quency shifts at around 850 cm ' and 400 cm ', we estimated
the content of "0 to be better than 95%.

P3(&3)=1~(1~PS.+1~(4PO) I (2)

where ps, is the mass of Se and po is that of O. ps, is T9
in atomic unit; thus

p3(' 0)=35.35, p3(
' 0)=37.67, (3)

where p3(' 0) means the reduced mass for ' 0, and so on.
The vibration frequency, co(p3), is proportional to the in-

verse square root of p3. The expected frequency ratio for
' 0 sample to ' 0 fully enriched sample is then 1.0323,
from Eq. (3). Figure 6 gives the experimental ratio of v3-

vibration frequencies of them, to be 1.04+0.005; some-
what larger than the calculated one. This difference be-
tween the experimental and calculated values is reason-

and around 400 cm '
(v4 F2 mod-e), we estimated the ' 0

enrichment degree of the sample. The v3-F2 vibration
mode of Se04 tetrahedron in K2Se04 is shown in Fig.
7, schematically. Central Se moves, for example, in the
positive z direction and the four 0 moves in the negative
z direction in the v3 mode; hence the reproduced mass,
p3( v3), of the mode is given as

able because we ignored the weight of K ions in K2Se04.
In K2Se04, K and Se cations may move together, because
Se + has large amount of positive charge; Se and K form
a rigid skeleton network, and in the network 04 clus-
ters move in an opposite direction from the cations (K+
and Se +). We should therefore change ps, in Eq. (3) to

ps, +2p~. From the correction we obtained a reasonable
frequency ratio, 1.042, between the material with ' 0 to a
theoretical material with 100% ' 0, for v3-F2 mode. The
experimental value was 1.04 (including the experimental
error of order 0.005), in agreement with the expected
value. We, therefore, believe that the ' 0-enriched ma-
terial includes more than 95% of ' O. The estimation of
' 0 enrichment degree from the v4-F2 mode was in good
agreement with the value determined from the v3-F2
mode.

Figure 8 shows the DSC data of those two samples.
The weights of these samples measured were 16 mg and
the temperature rising rate was 5'C/min. The heavy
' 0-enriched sample (K2Se ' 0&) shows about 2.4'C lower

T; than the natural isotope sample (KzSe ' 0&). The tran-
sition heats, EQ, were very small to compare with KDP
or ADP.

Four types of isotopes ssRb-, Rb-, Zn-, and Zn-
enriched (independently) RbzZnC1~ were fabricated as
follows: RbC1 (Lot No. 164201), RbC1 (Lot No.
190101), ZnO (Lot No. 114901), and ZnO (Lot No.
217801) were supplied by the Oak Ridge National Labo-
ratory. 0.01 N hydrochloric acid was added to ZnO
powders to get ZnClz aqueous solutions. Adding
stoichiometric RbC1 to the ZnC12-aqueous solutions, and
evaporating excess water, we obtained four types of

Rb2ZnC1~ (sample Al), Rb2ZnC14 (sample A2),
Rb2 ZnC14 (sample Bl), and Rb2 ZnC14 (sample B2), of
which isotope contents are given in Table II. In A& and

A2 (Rb isotopes enriched), we used natural ZnO for
matching material, for which (natural) Zn isotope con-
tents are also given in Table II. Also, we used natural

O2

1 1 + 1

N PSe 4PO
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I I
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FIG. 7. The v3-F2 vibration mode in Se04' . Se and the four
0 move in opposite directions.

FIG. 8. The DSC signals of K&Se "04 and K,Se' 04 (refer-
ence) for heating procedure. Heavy "0-enriched crystals show
about 2.4 C lower transition temperature (defined from the
peaks in the DSC signal). These data were measured with

Mettler model DSC-30.
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T, =NPp /k~, (4)

where N is the number of the dipoles in unit volume, p is
the microscopic permanent dipole moment per unit cell
of the crystal, kz is the Boltzmann constant, and P is the
coupling coefficient between the dipole moments. As-
suming that p has no isotope effect (which means that the
short-range force constant between N and 0 in NO& is
not affected by isotope replacing) in NaNO2, we can ex-
plain the existence of a null isotope effect in NaNO2. In
contrast to NaNO2, the ionic PO4 molecule in KDP
does not have a permanent dipole moment when decom-
posed. The microscopic electric dipole appears only in
the crystalline state. The different situations in NaNO2
and KDP may be essential for their phase transitions.
We observed a very weak but inverse isotope effect in
NaNO2. The crystal with light N isotope shows about
0.1 —0.2'C lower T; and T, . The lower T; and T, in light
Na' NO2, if the observed isotope effect is real, may be

parent. Figure 11(a) shows the DSC signals of Na '
NO&

for heating procedures. The weights of the samples for
the DSC measurements were 10 mg and the rate of tem-
perature increase was 0.5'C/min. Also, Fig. 11(b) shows
the DSC signal for Na '

NO2 (reference), with the same
conditions in Na' NO2. We observed a very weak iso-
tope effect; about 0.1'C higher T;, and about 0.2 C
higher T, in heavy Na' NO2. The isotope effect in
NaNO2 was opposite to all other materials discussed
above. However, the experimental error in defining T,.
and T, was about 0.2'C, being larger than the isotope
difference in T,. and T„as shown in Fig. 11. We, thus,
may say that NaNOz does not show isotope effects on its
T, and T, . This means that the phase transitions in
NaNO2 are described using the simplest Weiss-type
molecular-field model. Rigid NO2 molecule has a large
permanent dipole moment that is unchanged by N-
isotope substitution. The phase transitions are presumed
to be due to the dipole-dipole interaction of the per-
manent dipoles on the rigid NO2 ionic molecules. The
Curie temperature, T„in the Weiss theory is given as

Heating

121.6
V

C5
C
Q)

CD

(D
Cl

K' NO3

103.1
106.9

129.1

Cooling

80
l

90 100 110 120

Temperature ('C)
130 140

FIG. 12. DSC signals of K "NO3, both for heating and cool-
ing procedures. The apparatus for KNO3 was a Seiko model
DSC-200.

Heating
122.1

V

due to the stronger thermal Auctuations from light ' N.
NO2 that contains light isotope will show, according to
classical theory, larger thermal fluctuations than NO2
that contains heavy isotope; the dipole-dipole interaction
in NaNO2 must be reduced in the light-isotope enriched
crystal than in the heavy-isotope enriched one.

97.8% '5¹nriched KNO3 was supplied by Shoko Co.
(Lot No. 05090). The enrichment degree was confirmed
by infrared spectroscopy to be in good agreement with
the nominal data. The K' NO3 and natural K' NO3
(used as a reference) were separately recrystallized using
an aqueous solution method. Figure 12 shows the DSC
signals of K ' NO3 both for heating and cooling pro-

(a)

16
163.6

K' NOS

t'D

No' NO@
Cl

164.0
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Temperature ( C)

160 165 165
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109.5
~111.8

I I I
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Temperature ( C)

129.3

Cooling

1 1
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FIG. 11. The DSC signals of Na '~NO2 (a) and Na '4NO [(b);
reference] for heating procedure. Very weak isotope etfects
(0.1 —0.2'C higher T, and T, in heavy "¹nriched crystal)
were observed. Temperatures denoted by 5 are the peak tem-
peratures of the DSC signal at the ferroelectric phase transition.
The apparatus was a Seiko model DSC-200.

FIG. 13. DSC signals of K ' NO3 (reference), both for heat-
ing and cooling procedures. In the cooling procedure, the
heavy material (K "NO3) shows about a 5 C lower phase transi-
tion temperature in the second transition than the light material
(KN ' NO3).
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cedures. The masses of the samples for the DSC mea-
surement was about 2 mg and the temperature changing
rate was 5 C/min. Also, Fig. 13 shows the DSC signals
for light (reference) K ' NO3, with the same conditions in
K' NO3. For heating, heavy K' NO3 showed about
0.2'C lower T,(+) than light KNO3. For cooling pro-
cedure, KNO3 shows two successive transitions. The erst
(higher) transition temperature, T„( ~, of heavy K ' NO3
was about 0.5'C lower than light KNO3. Also, heavy
K ' NO3 showed about 6'C lower second (lower) transi-
tion temperature, T,2~ ), than light KNO3. The reprodu-
cibility of the transition temperatures is within 0.3 C.
The result is very interesting in comparison to the data of
NaNO2. KNO3 will be decomposed into K and NO3 by
heating. However, KO3 is a Oat triangle without a per-
manent dipole. Therefore, the situation in KNO3 is simi-
lar to KDP for the origin of the microscopic dipole, and
may be opposite to NaNOz with the permanent dipoles.
The isotope effect in KNO3, which was somewhat
different from NaNO2, may be reasonable. The relative
b, g for two procedures (teinperature increasing and de-
creasing) are, within experimental error, equal for two
materials.

III. SUMMARY

The isotope effects, for atoms other than hydrogen, on
several types of the structural phase transitions have been
measured. Materials studied were LiTa03, PbZrO3,
KH2PO~ (KDP), NH~H2PO4 (ADP), K2Se04, Rb2ZnCL4,
NaNO2, and KNO3. Underlined elements are the isotope
replaced elements in our experiments. Those materials
are representative crystals for zone-center phonon-
freezing-type ferroelectrics (LiTa03), zone-boundary
phonon-freezing-type antiferroelectrics (PbZr03), fer-

roelectrics with hydrogen bonds (KDP), antiferroelectrics
with hydrogen bonds (ADP), incommensurate-type phase
transition materials of the first kind (both KzSeO~ and

Rb2ZnClz), incommensurate-type phase transition ma-

terial of the second kind (NaNO2), and ionic molecular
ferroelectrics (KNO3). Moreover, NaNO2 shows a
representative order-disorder ferroelectric phase transi-
tion just below its incommensurate-type phase transition
temperature, T;. The experimental results are summa-

rized in Table III.
The important result is that when right isotopes are

substituted, in most of the crystals, the phase transitions

TABLE III. Summary of the results. The +in the isotope (%) means materials with naturally ob-
tained isotopes. Materials are listed up from light isotope-enriched one to heavy isotope-enriched one.
Transition-temperature shifts are defined as the difference between the transition temperature of light
isotope-enriched crystal and the heaUy isotope-enriched one, for respective crystals. The negative value

of the shift means the lower T, in heavy isotope-enriched crystal than in light isotope-enriched one.
The last column in the table shows the relative transition heat (kg) with respect to the reference ma-

terials (with isotopes naturally obtained). For NaNO&, we could only get total transition heat over two
transitions, 1, and T, . Also, for KNO„we only obtained total hg for cooling procedure with two
transitions, T„, , and T,2(

Material

LiTa03
'LiTa03
Pb' Zr03
Pb' Zr03
KH2PO4

KH2PO4
KH2P 04
NH4H2PO4
"NH4H2PO4
K2Se04
K2Se' 04
'RbqZnC14

RbqZnC14

Rb2 ZnC14

Rb, 'ZnC14

NaNO~

Na "NO2

KNO3

K "NO3

Enriched isotope
Isotope (%)

Li 99.16
Li 99.99
Zr 99.36
Zr 98.58

'K 98.88
' 0 98.8

)fc

'N99

"0 )95
8sRb 99.78
"Rb 98.0
Zn 99.85
Zn 99.09

'N99

' N 97.8

Transition
Temperature ('C)

T, =667.5
655.9

T„=234
230

T, = —146.3
—146.8
—147.3

T„=—122.0
—123.2

T, = —142.7
—145.1

T, =29.4
29.1

28.2
28.1

T, =165.2
T, = 163.8
T, = 165.3
T, = 164.0

T (+)= 129.3
T„( )

= 122.1

T p( )
= 109.5

T, (+ )
= 129.1

T„( )
= 121.6

T,2( )
= 103.1

Shift
('C)

—11.6

—0.5
—1.0

—1.2

—2.4

—0.3

—0.1

+0.1

+0.2

—0.2
—0.5
—6.4

Transition
heat EQ

1.2
1.0
1.0
1.0
1.0
1.2
1.2
1.0
0.98
1.0
0.95
1.0
1.0
1.0
1.0
1.0

0.96

1.0
1.0

1.0
1.0
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show higher transition temperatures than when heavy
isotopes are substituted. The exceptions are RbzZnC14
and NaNO2. In RbzZnC14, Rb and Zn are presumed not
to shift at the incommensurate-type-phase transition;
hence neither Rb nor Zn show an isotope effect.

In NaNO2, the permanent dipole of rigid NO2 ion
with permanent dipole is the origin of the dipole-dipole
interaction that stimulates the phase transition. From
the observed N-isotope effect, we see that the dipole mo-
ment is not affected by the N-isotope substitution.
NaNO2 therefore shows a pure Weiss-type order-disorder
phase transition. Other materials that do not possess a
permanent dipole moment when decomposed show the
isotope effects of varying degree, with the same trend as
the previously reported Ba and Ti isotope effects in Ba-
Ti03. Thus, the isotope effects on the structural phase
transitions obtained here and preceding paper are essen-

tial for their phase transitions.
In future works, we will study isotope effects for

ferroelastic phase transitions. It seems to be very impor-
tant to study isotope effects for the ferroelastic transitions
(due to acoustic-phonon freezing) for comparison with
ferroelectric transitions (due to transverse optical phonon
freezing) which have been the focus of this paper.
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