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The phase transitions undergone by DLP [dicalcium lead propionate Ca2Pb(CzH, COO)6] crystal
have been studied via the EPR of Mn +. Two phase transitions, one second order at 343+2 K and
another first order at 180+2 K, have been deduced to occur, as revealed by the behavior of overall
splitting of EPR lines and that of EPR linewidth. In the ferroelectric phase, below T&, =343 K, the
EPR spectra for the external magnetic field orientation in the I 111I c plane varies with temperature
as (T Tc, )S, -where P=0.51+0.03. The orientations of the magnetic Z axes corresponding to the
various Mn + complexes above T&, have been determined. As well, the temperature at which the
high-temperature hypothetical phase transition to a cubic phase is supposed to take place, has been
determined to be 490 K from the temperature variation of the overall splitting of lines for the mag-
netic field orientations along the magnetic Z and X axes. The Mn + spin-Hamiltonian parameters
in Ca2Pb(C~H, COO)6 are evaluated above Tcl using a rigorous least-squares fitting procedure. The
angular variation of the spectra reveals that the crystal structure is tetragonal both above and below
Tc,= 180 K. EPR linewidth variation with temperature has been studied to deduce the ordering of
the propionate molecules surrounding the Mn + ion in the various phases, as well as the nature of
phase transitions at Tc, and at Tc&. The present EPR studies are compared with those on
Ca&Sr(C2H5COO)6 (dicalcium strontium propionate, DSP) and Ca&Ba(C&H5COO)6 (dicalciurn bari-
um propionate, DBP) in order to understand the systematics of the phase transitions and the order-
ing of ions surrounding Mn + ion in DBP, DSP, and DLP single crystals.

I. INTRODUCTION

Dicalcium lead propionate Ca2Pb(C2H5COO)6 (DLP
hereafter) is paraelectric above 333 K with tetragonal
crystal structure. ' At Tg& =333 K it undergoes a
second-order phase transition becoming ferroelectric
below 333 K. As the temperature is decreased further, it
undergoes a first-order phase transition at T&2=191 K
and still remains ferroelectric. It should be noted that the
Tg& and T&z values, mentioned in this section in context
with the published results, are somewhat di6'erent from
those determined in the present work as mentioned in the
abstract and in the other sections of the paper. At all
temperatures DLP is both ferroelastic and ferrogyrotro-
pic. As for high temperatures, DLP is predicted to un-
dergo a hypothetical phase transition, if it did not melt,
to a cubic structure similar to that of dicalcium barium
propionate Ca2Ba(C2H5COO)& (DBP hereafter). The
mechanisms responsible for the various phase transitions
which DLP goes through are still not fully understood,
thereby attracting much interest in the phase-transition
studies of it.

The ferroelectric phase transition at T&& in DLP is be-
lieved to result from a mechanism similar to that respon-
sible for the ferroelectric transition in dicalcium stronti-
um propionate Ca2Sr(C2H5COO)6 (DSP hereafter) at 281
K, i.e., Pb-0-Ca interactions. ' Very little is known so
far of the nature of the phase transition of DLP at T&2.
Gesi and Ozawa have suggested, on the basis of their hy-
drostatic pressure measurements, that the crystal struc-
tures of DLP and DSP above and below the respective

phase transitions are isomorphous to each other. Gesi,
on the other hand, on the basis of polarizing-microscopic
observations and dielectric constant measurements, has
concluded that the two phases above and below T&2 are
not isostructural.

There are no detailed x-ray structural data available
for DLP crystal, and not much is known about its
structural disorder. Dielectric, optical, and NMR
studies of the ferroelectric transition of DLP at T~, have
been reported. Spontaneous polarization measurements
of Takashige et al. revealed that DLP is ferroelectric
below 333 K. Studies of pyroelectricity of DLP associat-
ed with its phase transitions by Osaka, Makita, and
Gesi' resulted in the conclusion that the DLP crystal be-
tween Tc i

=333 K and Tcz = 193 K is tetragonal and po-
lar, the point group in this phase being C4 or C4, . Nagae
et al. " studied the phase diagram of the mixed'system
CazPb Sr, „(CzHsCOO)6 on the basis of dielectric and
dilatometric anomalies. They confirmed that the space
groups of DLP are D4 (D4 ) above Tc, and C4 (C4) below
Tc, (at room and low temperatures). Nagae et al. ' ob-
served Raman scattering spectra of DSP and DLP be-
tween 73 and 423 K. They concluded that both the phase
transitions of the two materials were of the order-
disorder type since no soft modes were observed implying
that the II-III transitions are most probably isomor-
phous. Piezoelectric and elastic properties of ferroelec-
tric DLP were measured by Takashige' over a wide tem-
perature region including the ferroelectric-paraelectric
phase-transition point ( Tc, ). The results were compared
with those for DSP.
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No detailed single-crystal EPR study has yet been re-
ported of the phase transitions undergone by DLP. The
only EPR study that has been reported on DLP is that by
Bhat et a/. ' However, their results are not significant.
They only found that extra lines appear in powdered
samples of DLP below the phase transition at T&2. De-
tailed Mn + EPR studies of the phase transitions experi-
enced by DBP and DSP crystals have already been re-

d 15, 16

It is the purpose of the present paper to report detailed
studies of the phase transitions experienced by DI.P crys-
tals via the EPR of Mn +. To this end, the orientations
of the magnetic Z axes of the various Mn + complexes in
DLP above Tc, have been determined from detailed an-

gular variations of EPR spectra for the orientation of the
Zeeman field B in several planes. Ih addition, Mn +

spin-Hamiltonian parameters above T~, have been evalu-
ated by the use of a rigorous least-squares-fitting pro-
cedure. In the ferroelectric phase it is possible to deduce
the critical exponent Ag that governs the temperature vari-
ation of the angular splitting 50 of the maxima of the
overall splitting of Mn + EPR spectra [i.e.,
b,0o:(T Tct)~] j—ust below Tc, . Furthermore, the be-
havior of EPR linewidth as a function of temperature is
studied in order to understand the ordering of molecules
surrounding the Mn + ion in DLP crystal as well as the
nature of the phase transitions at Tz& and Tc2. Finally,
the present studies of DLP are compared with those of
DBP and DSP crystals in order to understand the sys-
tematics of the phase transitions in DBP, DSP, and DLP
crystals.

II. EXPERIMENTAL ARRANGEMENT
AND SAMPLE PREPARATION

EPR spectra were recorded by the use of an X-band
Varian V4506 spectrometer consisting of a 12-in. Varian
electromagnet, a Varian power supply, and a Bruker field
controller (B-NM-2). The crystal was placed inside a
TE]o2 Varian cavity. Temperatures above and below
room temperature were maintained at the sample by
gently blown nitrogen gas passed through the heater
coils, and coils immersed in 1'iquid nitrogen, respectively,
of a Varian temperature-controller unit (model E4540).
The temperature stability was better than 0.5 K as rnea-
sured by an Omega Engineering Inc. microprocessor-
based thermocouple meter (model 680) with a tempera-
ture resolution of 0.1 K.

DLP crystals were grown by slow evaporation of an
aqueous solution prepared by gradually dissolving PbO in
an aqueous solution of propionic acid to which the calci-
um salt of propionic acid was added in stoichiometric
proportion. The solution contained a sufhcient amount
of MnC12 so as to ensure that there was one Mn + ion per
thousand Ca + ions. The best of the resulting crystals
were dissolved in water for recrystallization. This pro-
cess was repeated three times. In about three weeks,
colorless DLP crystals of excellent quality were obtained.
The crystal-growth habit of DLP is displayed in Fig. 1

which also exhibits the magnetic Z axes corresponding to
the various Mn + complexes, as well as the cubic (C) and

tetragonal (T) axes.
Because the coordination numbers of both Ca + and

Mn + are the same, i.e., six, and since the atomic radii of
these two ions (0.80 A for Mn +, 0.99 A for Ca +) are
also close to each other, it is expected that the Mn + ions
substitute for Ca + ions. (On the other hand, the coordi-
nation number for Pb + ions is 12, while its atomic ra-

0
dius is 1.20 A. ) No detailed crystal structure is available
for DLP crystal. However, analogous to DBP and DSP
crystals, it is expected that the Ca + ions are surrounded
by six oxygens of carboxyl groups of six different pro-
pionate molecules to form slightly distorted octahedra
close in form to a trigonal antiprism, while the Pb + ions
are surrounded by 12 equidistant carboxyl oxygens of six
different propionate molecules.

Above T&„ the crystal structure may be tetragonal,
while between Tc, and TC2 it is tetragonal (either P4,
or P43) with a =b=12.50 A and c=17.26 A. Below

T&2, the present measurements indicate a tetragonal crys-
tal structure. Above and below T&2, the particular point
groups to which the tetragonal structures belong may be
different. EPR spectra cannot determine this difference.
This is known as isomorphous phase transition wherein
the crystal structure does not change at the phase transi-
tion.

III. EPR SPECTRA IN THE PARAELECTRIC
PHASE (373 K)

A. EPR spectra

Detailed angular variation of Mn + EPR spectra were
recorded at 373 K in the paraelectric phase of DLP in or-
der to determine the orientations of the magnetic Z axes
corresponding to the various Mn + complexes in the unit
cell of DLP. Because of the number of formula units per
cell Z=4 analogous to DSP, there are expected to be
eight Ca + sites in the unit cell of DLP. Of these, there

(oo 1) = (001)
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FIG. 1. Growth habit of DLP crystals (represented by solid
lines). The cubic and tetragonal axes are indicated by the sub-
scripts C and T, respectively. Note that (001)r=(001)c and
(101)r=(112)c. The various magnetic Z axes for Mn + are
also exhibited.
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are four sets of physically equivalent positions with two
ions per set. (All of the four sets of Mn + ions in the unit
cell are magnetically inequivalent. ) Accordingly, four
sets of physically distinct Mn + EPR spectra are ob-
served for an arbitrary orientation of the external mag-
netic field. These spectra are identical to each other in
every respect, except that their magnetic axes are
differently oriented.

The angular variations of EPR spectra for the Zeeman
field (B) orientations in the {100]z- and j 111] c planes are
exhibited in Figs. 2 and 3, respectively. It has been found
that the angular variations of EPR spectra for the orien-
tation of B in the t010] T plane is identical to that ob-
served for B in the {100]z.plane. It can be seen from
Fig. 2 that the absolute maximum of the overall splitting
of lines occurs at +33 from the (001)c (=(001)T)
direction for B in the I100]z. plane; the same absolute
maximum of overall splitting is observed to occur for B
in the I 111]cplane along the median of the [111]cface
intersecting the ( 111)z axis, i.e., along the {112]c
(= {101]z) direction. The present observations reveal
that the eight magnetic Z axes lie along the (112)z,
(112)c, (112)c, (112)c, (112)c, (112)c, (112)c,
and (112)cdirections, that is, along the medians of the
eight [111]&-type faces passing through the (001)c axis.
(These are also coincident with (101)T, (011)T,
(101), (011), (101), (011), (101), and
(01 1)T, and constitute four pairs of physically diff'erent
directions as well. ) The orientations of the various Z axes
are depicted in Fig. 1. As for the eight corresponding
magnetic X axes which are defined as the directions of B
for which the second maximum of overall splitting takes
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FIT+. 3. Angular variation of Mn + EPR spectra in DLP at
373 K for B in the { 111]& plane.

place, they are found to be perpendicular to the (112)c
direction at an angle of 12 from the (111)c and
equivalent directions. Angular variation of EPR spectra
for B in the I 112]z plane containing the magnetic X axis
is exhibited in Fig. 4.
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FIG. 2. Angular variation of Mn + EPR spectra in DLP at
373 K for B in the {100] r plane.

FICz. 4. Angular variation of EPR spectra for Mn +-doped
DLP at 373 K for the orientation of B in the {112]c ( = {101]r )

plane.
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+AS,I, +B(S I, +S I )

+Q'[I, —( —,
' )I(I+ 1)]+Q "(I —I ) . (3.1)

In Eq. (3.1), pz is the Bohr magneton, S( =
—,
'

) and I( =
2' )

are the Mn + electronic and nuclear spins, respectively,
and 0& are spin operators as defined by Abragam and
Bleaney. ' A rigorous least-squares-fitting (LSF) pro-
cedure' utilizing numerical diagonalization of the SH

As for the two second maxima X i and X2 that occur at
51 and 129', respectively, for the (112)c direction (Z
axis) for 8 in the {111I&plane (Fig. 3), they have been
found, upon close examination, to correspond to the pro-
jections of the X axes, X& and X2, corresponding to the
two other physically inequivalent Mn + ions whose
respective Z axes are oriented along the medians of the
faces adjoining the I 111]c face and intersecting on the
(001)c axis, i.e., along the (112)c and (112)c direc-
tions. (X', and X2 are found to be oriented rather close to
X, and X2, respectively. )

The spectrum observed for B~~ ( 112)c (i.e., the Z axis)
is displayed in Fig. 5. It can be seen from this figure that
the Mn + zero-field splitting parameter bz in DLP is
su%ciently large so that the five hyperfine sextets can be
clearly identified. This is helpful in the study of angular
anisotropies at various temperatures, unlike that in the
DSF crystal where the value of b2 is rather small so that
the five hyperfine sextets for DSP overlap each other con-
siderably.

B. Spin-Hamiltonian parameters

The allowed (bM=+1, hm =0, where M and m are
the electronic and nuclear quantum numbers, respective-
ly) EPR line positions as observed at 373 K for 8 in the
ZX plane of any Mn + complex were fitted to the follow-
ing spin-Hamiltonian (SH) appropriate to orthorhombic
symmetry:

&=ps[g ~~B~,S, +gi(B„S,+BUS )]

matrix on a digital computer in which all clearly resolved
allowed line positions for a Mn + complex, observed the
orientation of B in its ZX plane, were simultaneously
fitted to evaluate the nine SH parameters g~~, g~, b2, b2,
b4, b„, b4, A, and 8. The parameters Q' and Q" could
not be determined since the allowed line positions do not
depend upon them. The errors of the parameters were
determined by the use of a statistical method. ' Finally, a
total of 55 line positions observed for B in the ZX plane
were used to evaluate the nine SH parameters. General-
ly, these included the three lowest-field lines of the first
hyperfine (hf) sextet, the highest-field line of the fourth hf
sextet, and the four highest-field lines of the fifth hf sextet
for each of the orientations of B close to the Z axis, and
the two lowest-field lines of the first hf sextet, the
highest-field line of the fourth hf sextet, and the three
highest-field lines of the fifth sextet for each of the orien-
tations of 8 close to the X axis. (Here, the sextets are re-
ferred to in increasing values of the Zeeman field, i.e., the
first hf sextet lies at the lowest values of B while the fifth
hf sextet lies at the highest values of B.) The values of
the SH parameters so evaluated are

g~~
=2.006+0.001,

gg =2.004+0.001 b 2
=0.697+0.003 GHZ

b 4
= —0.009+0.003 GHz, b 2

= —0.644+0.012 GHz,
b 4

= —0.284+0.030 GHz, b 4
=0.069+0.030 GHz,

3 = —0.270+0.004 GHz and B= —0.269+0.006 GHz.
These values are characterized by the y value of 0.49
GHz . (X —=g[ ~

b, E~ ~

—h vj ];here, b E is the calculated
energy difference between the pair of levels participating
in resonance for the jth line position, v is the corre-
sponding klystron frequency, and h is Planck's constant. )

This implies an average difference of 0.1 GHz between
the calculated separation of energy levels participating in
resonance and the energy of microwave quantum (-9.5
GHz) per line. As for the absolute signs of the parame-
ters, they could not be determined from the present data
since no relative-intensity data were available at liquid-
helium temperature. The sign of bz was then assumed to
be positive. The signs of the other fine-structure parame-
ters, relative to that of bz as yielded by the LSF pro-
cedure, are correct. The signs of the hyperfine parame-
ters, 3, B, were chosen to be negative in accordance with
the hyperfine-interaction data.

C. Ferroelastic domains
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FIG. 5. X-band EPR spectrum for Mn +-doped DLP crystal
at 373 K for B along the magnetic Z axis ((101)r) of a Mn +

complex. Note that (101)r(=(112)c}is a bisector of the
( 111)c face as shown in Fig. 1.

In principle, three ferroelastic domains can exist in
DLP: I, II, and III, with their tetragonal axes parallel to
the (100)c, (010)c, and (001)c direction, respectively.
The angular variation of EPR spectra for the variation of
direction of 8 in the {111]c plane confirms the existence
of domain III only. Otherwise, in this angular variation,
one should observe two other overall splittings: those for
B~~ (211)c and B~~(121)& corresponding to the domains
with their tetragonal axes parallel to the (100)c and
(010)c directions respectively, equal to that obtained for
8~~(112)c direction. The existence of these maxima of
overall splittings is not found as can be seen from the an-
gular variation of spectra for 8 in the {111I C plane (Fig.
3).
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IV. HYPOTHETICAL PHASE TRANSITION
TO CUBIC PHASE

Sawada et al. have suggested that DLP, like DSP,
should make a hypothetical transition from a tetragonal
to a cubic phase at high temperatures. This cubic phase
should actually be observed provided that the crystal
does not melt before attaining this temperature. One ex-
pects that in the cubic phase the overall splittings hE(Z)
and b,E(X), observed for 8 along the Z and X axes, re-
spectively, should become equal. In order to study this
possibility, both b,E(Z) and hE(X) were measured as
functions of temperature and plotted in Fig. 6. It can be
seen from Fig. 6 that both b,E(Z) and AE(X) decrease
linearly with increasing temperature, the decrease of
b,E(Z) being much greater than that of b,E(X) so that
the two become equal at about 490 K as found by extra-
polation. The present measurements were carried out
only up to 440 K since the crystal begins to deteriorate at
temperatures above 440 K. No phase transitions of DLP
have been detected by any other techniques above 400 K.
The hypothetical tetragonal-cubic phase transition is ex-
pected to be an improper one as the mode responsible for
it is the zone-boundary mode (the X point).

V. CRITICAL BEHAVIOR
OF THE PHASE TRANSITION BELOW Tc]

As the temperature was lowered through Tc, (=343
K), the DLP crystal experienced a phase transition of the
second order from the paraelectric to the ferroelectric
phase below T~, . The critical behavior was exhibited by
the temperature variation of 0 representing the angular
splitting of the maximum for 8 along the Z axis in the

I 1 1 1 I c plane above Tci which separated into two maxi-
ma, upon cooling through T&&, and which were distribut-
ed symmetrically at +9 about the (112)c direction for
the variation of B in the I111Ic plane. The angle 0
describing this splitting is plotted as a function of temper-
ature ( T) in Fig. 7(a) while the corresponding log-log plot
of 8 versus T is exhibited in Fig. 7(b). A quantitative fit
yields a variation of 0 as

0=Oo( Tc, —T )~, (5.1)

(a)

~ 10

I—

CL

2

where Ho=1. 148 and @=0.51+0.03.
The value of P thus obtained is consistent with that of

a proper phase transition. Since, according to Landau's
mean-field theory ' of second-order phase transitions,
the order parameter q of the phase transition for proper
transition varies as (Tc, —T)~, where P=0.5. For DLP,
the spontaneous polarization P„which is a direct effect
of the phase transition, is to be considered as representing
the order parameter q. If P, is measured by 0 in the
present case, then P, ~(TC, —T) . [For improper tran-
sitions, P, varies as q, i.e., P, ~(Tc,—T), since P„ for
this case, is a secondary effect of the phase transition
manifested due to nonhnear coupling of P, to q.] Fur-
thermore, the present result (P=0.5) is consistent with
the spherical model for d =3. As discussed by Misra and
Shrivastara, the exactly solvable spherical model for
spatial dimension d =3 yields the critical exponents
P=O 5, y=2, and 5=5.

It has been shown by Misra and Lewis ' that the po-
larization of the ions surrounding the paramagnetic ion
determines the spin-Hamiltonian parameters, which, in
turn, determine the orientations of the maxima of overall
splitting of lines. As the DLP crystal is cooled below

Tc&, the ions surrounding Mn become polarized thus
destroying the physical pairwise equivalence of the eight
Mn + ions in the unit cell prevalent above Tc, . This is

320 340

T(KI
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zE(z)
~30—
~ 20-

10—

5—

0.20 '

300 380 420 460

490K
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a, T(K)

I I I

10 20 40 60

FICx. 6. Temperature variations of the overall splittings for
Mn, AE(Z) and hE(X), for the orientation of 8 along the
magnetic Z and X axes, respectively. It can be seen by extrapo-
lation that AE(Z)=DE(X) at about 490 K at which tempera-
ture the hypothetical phase transition to cubic structure is ex-
pected to occur.

FICz. 7. (a) Temperature variation of the angular splitting,
i.e., the angle at which either of the two maxima, into which the
single maximum above 343 K splits below 343 K, shifts from
the position of the single maximum above 343 K. (b) log-log
plot below Tc, =343 K of the angular splitting of maxima [as
defined for (al] vs the difFerence of temperature from 343 K.
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responsible for the occurrence of two maxima below T
28

a cow
Stadnicka et al. proposed that the origin of the spon-
taneous polarization P, in DSP crystal is the Sr-0-Ca in-
teraction. It is likely that a similar mechanism, namely
the Pb-O™Cainteraction, is effective in DLP crystal.

The angular splitting of maxima below T~, is the most
pronounced for B in the I 111I C plane. Such splittings do
take place for B in other planes also; however, they are
not significantly large.
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VI. PHASE TRANSITIONS
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FIG. 9. Temperature variation of Mn + EPR spectra in DLP
for B at 22' from the (112)c direction in the l 111( c plane over
a temperature range covering Tc2=180 K. It can be clearly
seen that above and below 180 K the spectra are drastically
different, implying the occurrence of a first-order phase transi-
tion in DLP at 180 K.

two phases above and below T~2 coexist over a narrow
temperature range of about 2 K as can be seen from EPR
spectra, and this transition is characterized by a tempera-
ture hysteresis of about 8 K.

VII. EPR SPECTA BELOW Tci

The details of the angular variations of the EPR spec-
tra and those of the intensities in the two phases below
Tc, (=333 K), i.e., at 298 and at 173 K are described
below.0.46—

0.45
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FIG. 8. Position of the highest-field Mn + EPR line in DLP
observed for B at 17' from the Z axes in the j 111)c plane over a
temperature range covering T&, =343 K. It can be seen that the
slopes are different on the two sides of 343 K although the line
position does not shift abruptly at 343 K. This indicates that, at
343 K, DLP undergoes a phase transition of second order.

FIG. 10. Variation of Mn + EPR linewidth of the highest-
field line in DLP as a function of temperature for B at 30' from
the (101)T (=(112)c)direction (Z axis) in the l 111}cplane.
Two phase transitions, a second order at Tc, =343+2 K, and a
first order at T&&=180+2 K, are clearly revealed by the behav-
ior of the linewidth as a function of temperature.

The features of EPR spectra and the behavior of EPR
l'inewidths as functions of temperature can be used to
deduce the occurrence of first-order and second-order
phase transitions undergone by DLP. Figure 8 exhibits
the position of the highest-field line for B at 17' from the
median (Z axis) in the {111Ic plane as a function of tem-
perature in the range 315—370 K. This clearly shows the
occurrence of a second-order phase transition at 343 K,
as the slopes are different on the two sides of 343 K. On
the other hand, Fig. 9 exhibits the EPR spectra as func-
tions of temperature for B at 22 from the median (Z
axis) in the t 1 1 1 I C plane in the range 177—218 K. The
occurrence of a first-order phase transition at 180+2 K
can clearly be seen from this figure as there is an abrupt
change in the features of the spectrum at this tempera-
ture. The behavior of EPR linewidth as a function of
temperature is displayed in Fig. 10 from which it is clear
that above and below T&& =343+2 K the features of the
EPR linewidth are different from each other; the transi-
tion between these two phases is gradual as a function of
temperature. On the other hand, it can be seen from Fig.

ha
10 that the change of the linewidth between th t
p ases above and below T~2=180+2 K takes place in a
drastic manner as a function of temperature. Thus, the
linewidth behavior also confirms that at 343+2 K dan

80 2 K, DLP undergoes second-order and first-order
phase transitions, respectively. The phase transition at
T&2 is found to be strongly first order in nature, as the
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A. 298 K

The angular variation of the EPR spectra for 8 in the
[ 100Ir and I 11 1 )& planes are depicted in Figs. 11 and
12, respectively. The angular variation of the spectra for
B in the I 100}rplane is found to be the same as that for
B in the I010I&. plane. This indicates that the crystal
structure continues to remain tetragonal below Tc, .
Furthermore, the angular variation of EPR spectrum for
B in the I 100I z plane (the same as that in the [010 I r
plane) at 298 K (Fig. 11) are not much different from the
corresponding angular variations at 373 K, i.e., above
Tc, (Fig. 2). As for the angular variation of EPR spectra
for B in the I111I& plane (Fig. 12) at 298 K (i.e., below
Tc,), it has been found to be significantly diff'erent from
the corresponding angular variation at 373 K as
displayed in Fig. 3 and as discussed in Sec. V. In particu-
lar, each maximum at 373 K splits into two maxima at
298 K. However, the intensities of these two sets of spec-
tra are signficantly different from each other; one set of
lines (represented by continuous lines in Fig. 12) is much
more intense while the other set of lines (represented by
dotted lines in Fig. 12) is quite weak. (The peak-to-peak
first-derivative heights of EPR lines represented by the
solid lines are about five times those represented by the
dotted lines in Fig. 12.)

B. 173 K

The angular variations of spectra at 173 K (i.e., below
Tc2) for B in the I 100) r and [ 111I C planes are exhibited
in Figs. 13 and 14, respectively. The angular variation of
spectra for B in the I010I z- plane is identical to that for
B in the I 100I r plane indicating that the crystal struc-
ture continues to remain tetragonal even below T&z.
Furthermore, the angular variations of spectra for B in
the I100I z- and I 111]c planes at 173 K (i.e., below Tc2)
are more or less the same as those in the corresponding
planes at 298 K, as can be seen by a comparison of Figs.
11 and 12 with Figs. 13 and 14, respectively. In particu-
lar, it is noted that the angular splitting of maxima for B
in the I 111IC plane is 28=18' at 173 K, while it is
20=29' at 298 K, changing abruptly at hz=180 K as
the temperature is lowered. As for the relative intensities
of the EPR lines corresponding to these maxima, it has
been found that the lines, which are more intense (five
times that of the other set) at 298 K ( (Tc, ) (as shown in
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FIG. 12. Angular variation of Mn + EPR spectra in DLP at
298 K for B in the [111I C plane. The EPR lines represented by
the solid lines have about five times the intensity of the symme-
trically located lines represented by the dotted lines.

Fig. 12), are less intense (one-fifth that of the other set) at
173 K (( Tc2) (as shown in Fig. 14). (Here, the intensi-
ties are measured in terms of their peak-to-peak first-
derivative line heights. )

VIII. LINEWIDTHS

IX. CONTROVERSY ABOUT SYMMETRY CHANGE
AT Tcq IN DLP

According to Gesi the crystal symmetry of the DLP
not change at the phase transition at Tcz, i.e., at Tcz
DLP undergoes an isomorphous phase transition. This
was further confirmed by Nagae et aI. ' by Raman
scattering, and by Nagae et al. "by a study of the mixed
crystals of DSP and DLP. Later, Gesi reinterpreted his

It can be seen from Fig. 10 that below T&z = 180+2 K,
the linewidth which is independent of the orientation and
magnitude of B at any temperature, drops to about 60%%uo

of its value representing the fact that below Tcz the pro-
pionate molecules surrounding the Mn + ion, whose car-
boxyl (COO) groups coordinate with the Mn + ion, be-
come much more ordered than they are above T&z be-
cause the range of sites available to the propionate mole-
cules becomes much narrower below Tcz. On the other
hand, when going below T&, =345+5 K but remaining
above Tcz, only a partial ordering of propionate mole-
cules may occur, thereby not affecting the line width
significantly.
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FICs. 11. Angular variation of Mn + EPR spectra in DLP at
298 K for B in the I 100] r plane.

FIG. 13. Angular variation of Mn~+ EPR spectra in DLP at
173 K for 8 in the [ 100) z. plane.
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A. Phase transitions

The hypothetical high-temperature phases of DSP and
DLP are expected to be cubic, the same as that of DBP at
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pressure measurements in DSP and DLP crystals taking
into consideration the x-ray and microscopic studies of
Hosokawa et al. and the powder EPR studies of DSP
and DLP by Bhat et aI. ' who observed "new" EPR lines
below TC2. Hosokawa et al. proposed a change of crys-
tal symmetry from C4 to C2 (tetragonal to monoclinic)
below TC2. The present detailed single-crystal EPR study
indicates that the EPR lines in DSP crystal' are too
broad to be observed below Tcz, thus, the conclusion of
Bhat et al. '" is doubtful. As for DLP, there is no addi-
tional splitting of lines observed below T~2 which should
take place if the symmetry, indeed, changes from tetrago-
nal to monoclinic. Only an abrupt reduction in the value
of the angle 20, by which the maxima of EPR lines are
separated from each other for B in the I111IC plane at
T&2, was observed. It is quite likely that the so-called
"new" EPR lines observed by Bhat et al. ' in DLP below
T~2 are not, indeed, new lines. They exist above T~2 but
are not observable due to the fact that they are rather
wide. They become observable because of increased line
height caused by reduction in the linewidth below TC2.

The symmetry of the angular variation of the EPR
spectra of DLP remains the same above and below Tc2,
while the relative intensities of the EPR lines above and
below Tc2 change. This implies that DLP undergoes an
isomorphous transition at TC2 which is first order in na-
ture and is accompanied by a change of the statistical
weight accorded to the distribution of the possible
configurations available to the molecules surrounding
Mn ion.

X. COMPARISON OF EPR STUDIES
ON PHASE TRANSITIONS

IN DBP, DSP, AND DLP CRYSTALS

It is interesting to examine the various EPR results on
DBP, DSP, and DLP crystals in order to understand the
systematics of the phase transitions in these dicalcium
metal propionates.

room temperature. Under high pressure, DBP is shown
to behave similarly to DSP and DLP. ' ' As the tempera-
ture is lowered below room temperature, the DBP crystal
undergoes a first-order phase transition at about 267 K
and then a second-order phase transition at 207 K.' ' '
If the succession of the phase transitions is to be compati-
ble in the three crystals —DBP, DSP, and DLP —it
would appear that, if they were not to melt at high
temperatures, the sequence of the crystal structures of
the phase transitions, as the temperature is decreased
from the present EPR measurements on the three
crystals, could be expected to be as follows.

I order II order I order
Cubic ~ tetragonal ~ tetragonal ~ tetragonal,

provided that DSP and DLP crystals do not melt at high
temperatures. DSP and DLP become ferroelastic below
the cubic~tetragonal phase-transition temperature; also
these two become ferroelectric below the second-order
tetragonal~tetragonal phase transition as well.

B. EPR spectra and orientations
of the magnetic axes of Mn +

In the high-temperature hypothetical cubic phases of
DSP and DLP the magnetic Z axes for Mn are expect-
ed to be along the (111)c or equivalent directions, the
same as those found for DBP at room temperature in the
cubic phase. Below the transition temperature to the hy-
pothetical cubic phases, e.g. , at 295 and 373 K, the mag-
netic Z axes for the various physically inequivalent Mn +

complexes are oriented along the ( 101 )c and ( 112)c or
equivalent directions for DSP and DLP crystals, respec-
tively, while the corresponding X axes are oriented very
close to the (111)cor equivalent directions. (The devia-
tions are -4 and —12' for DSP and DLP in the I 011 I z.
and t 112)z planes, respectively. ) As the temperature is
raised above the respective hypothetical phase-transition
temperatures, the overall splittings of lines for B along
the Z axis for DSP and DLP tend to become equal to
those along the respective magnetic X axes in the two
crystals predicting the occurrences of hypothetical phase
transitions to cubic structures, with the magnetic Z axes
being oriented along the ( 111)c or equivalent directions
for both DSP and DLP. Here it should be noted that the
Mn + Z axes most likely correspond to trigonal distor-
tion of CaO6 octahedra in DSP and DLP crystals.

As for the Mn + EPR spectra, it is noted that DBP, in
it cubic phase, exhibits axially symmetric spectra around
the magnetic Mn + Z axes. On the other hand, the EPR
spectra for DSP and DLP below the (hypothetical) cubic
phase, i.e., at 298 and 373 K, respectively, exhibit spectra
of orthorhombic symmetry; however, the orientations of
the Mn + Z axes for DSP and DLP are not coincident.
Unfortunately, the detailed crystal structure of DLP at
373 K, as determined from x-ray data, is not known; this
makes it impossible to understand the reason for this
difference.

FIG. 14. Angular. variation of Mn + EPR spectra in DLP at
173 K for B in the t 1 1 1 }cplane. The EPR lines represented by
the solid lines have about five times the intensity of the symme-
trically located lines represented by the dotted lines.

C. EPR linemidths and ordering of yropionate molecules

The behavior of the linewidth of the highest-field sextet
for B~~Z as a function of temperature indicates that for
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both DBP and DLP crystals there is a sharp drop in the
linewidth as the temperature is decreased at the first-
order phase transition, while this change is continuous at
the second-order phase transition. (The sharp drop at the
first-order phase transition for DSP is not observed. In-
stead, the lines corresponding to the noncentral sextets
become too wide below the first-order phase transition for
DSP to be observed experimentally. ) The most important
conclusion that can be drawn from this observation is
that below the first-order phase-transition temperature,
the propionate molecules surrounding the Mn + ion be-
come much more signficantly ordered than they are
above this temperature in DBP and DLP. On the other
hand, below the second-order phase transition tempera-
ture, only partial ordering of the propionate molecules is
expected in DBP and DLP. This is in agreemwnt with
the x-ray results of Glazer et al. and those of Mishima.
As for DSP, partial ordering of propionate molecules
below the second-order phase transition temperature
does, indeed, take place; however, below the first-order
phase transition temperature there are several off-center
positions available to the Mn + ion in the surrounding
Ca06 cage; this results in a distribution of the crystal field
at the Mn + site which causes broadening of hf lines cor-
responding to the noncentral sextets. '

Table I lists the linewidths of the three highest-field
sextets for DBP, DSP, and DLP for B~~Z at 295, 295, and
373 K, respectively. (The larger errors in Table I are due
to overlap by other lines. ) An examination of Table I re-
veals that„ in general, the linewidths in DBP and DSP are
about the same, and significantly smaller than those in
DLP. This may be attributed to the relative sensitivities
of Mn ions to the disorder of the surrounding pro-
pionate molecules in the three crystals since the Mn +

ions are coordinated to the oxygens of the carboxyl group
of the propionate molecules.

Another souce of linewidth could be the M-0-Ca in-
teraction; M=Sr and Pb in DSP and DLP crystals, re-
spectively. The EPR linewidths in DLP are greater than
those in DSP because this interaction is greater in DLP
then in DSP. The greater strength of the interaction in
DLP is also responsib1e f'or the higher phase-transition
temperature TC2 in DLP (343 K) than that in DSP (298
K) since greater thermal energy is needed in DLP to
overcome this interaction to trigger the phase transition.

TABLE I. Mn + EPR linewidths (in gauss) as observed in
the host crystals DBP, DSP, and DLP at 295, 295, and 373 K,
respectively. Large errros result from overlap of lines by other
lines.

Host

DBP
DSP
DLP

5 3
2 2

31+3
26+3
61+6

SEXTET
3 1

2 2

25+3
22+3
45+6

1 1

2 2

21+3
18+2
34+5

values can be explained to be due to the interaction of the
Mn + ion with the oxygens of the carboxyl groups of the
surrounding propionate molecules. According to the
point-charge model, b2 ~ r, where r is the average dis-
tance between the paramagnetic and the ligand ions. The
average Ca-0 distance in DBP (Mn + replaces Ca +) as
given by Glazer et a/. is equal to 2.253 A, while in DSP
it is, on the average, 2.318 A (ranging from 2.278 to 2.359
A). The Ca-0 distances in DLP crystal are unknown;
however, the present b2 value for DLP implies that they
should be much smaller than those in DBP and DSP
crystals.

XI. CONCLUDING REMARKS

The present EPR study of DLP along with those of
DBP and DSP have helped in the understanding of the
systematics of the phase transitions in these crystals. The
splitting of the EPR spectra in DLP due to polarization
of the surrounding molecules has been used to determine
the critical exponent P (=0.51+0.03). Supplementary de-
tailed studies using other techniques, e.g. , x-ray, specific
heat, NMR, Raman, calorimetric, and dilatometric mea-
surements, are required for a complete understanding of
the structural changes in DBP, DSP, and DLP crystals as
they go through the various phase transitions.
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