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We examine here our spectroscopic modification of the first Pippard reation for the
paraelectric phase of NaNO,. By establishing a linear variaion of the specific heat Cp with
the frequency shifts 2 -g% for the g[010], g[001] and q[100] modes of NaNO,, we are able to
calculate dT=dP values for the paraelectric phase in this crystalline system. Our calculated
dT=dP values agree with those given in the literature.

PACS. 63.70.+h Statistical mechanics of lattice vibrations and displacive phase transitions.

I. Introduction

NaNO, exhibits a second order trandtion from the paradectric phase to the sinusoidd
antiferro-electric phase at the Ned temperature Ty = 165.3 *C. At lower temperatures this trans-
tion becomes afirst order transition from the sinusoidal antiferro-electric phaseto the ferrodectric
phase at the Curie temperature T, = 163.9 *C. These transitions of the second order and the first
order type from the paradectric to the sinusoidd antiferro-eectric and eventudly to the ferro-
eectric phases, have been investigated both experimentdly and theoreticdly in the literature. We
have reviewed some of those studies in our recent work [1]. Various experimentd and theoretica
techniques have been usad to study the mechanism of phase trangtions in the NaNO, crystal.
Among those experimental sudies, some earlier X-ray [2-4], didectric [5-7] and cd orimetric [8,
9] measurements on NaNO, have been carried out. Later, another X-ray [10] and another dielec-
tric [11] study on NaNO- were reported. Measurements for the thermal expansivity [12] and for
the elastic compliances [13] dose to the phase trangtions in NaNO,, have dso been reported.
Spectroscopic techniques such as NMR [14], neutron scattering [ 15], infrared [16], Raman [17],
ultrasonic [18-20] and Brillouin [21] scattering have been used to study the phase transitions in
NaNOo.

The mechanism of phase transitions in NaNO, has been studied theoreticdly usng some
microscopic modds. An Ising modd andogy of the NaNO, system was was given earlier in the
literature [22]. Some other microscopic models [23, 24] have alo been reported in the literature.
Recently, we have calculaed [1] the Brillouin frequencies of the L-mode [010], [001] and [100]
of NaNO; in the paradectric, sinusoidd antiferro-dectric and ferrodectric phases, using the
experimental deta for the thermd expangvity [12] and for the Brillouin frequency [21] in this
crystdline system.
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In this study we modify the Pippard rdations spectroscopically in the paraelectric phase¢of
NaNO,. For this modification we rdate the gpecific heat Cp to the frequency shifts & gT P
close to the Nedl temperature Ty in the paraelectric phase of NaNOs.

In Section 2 we give an outline of the theory. In Section 3 we present our cdculations and
results. Discussion and concdlusions are given in Sections 4 and 5, regpectively.

1. Theory

The criticd behaviour of the thermodynamic functions can be studied closeto phase transi-
tions. In the vicinity of the , -transition point Pippard related the specific heat Cp to the thermd
expansivity ®, and also ® to the isotherma compressibility -+ [25]. The Pippard relations can
be expressed as
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In these expressons the varidions of the entropy (dS=dT) and the volume (dV=dT) with the
temperature are taken as condants at the | trangtion point. Eq. (1) assumes that the specific heat
varies linearly with the thermd expansivity. Also, a linear variation of the thermd expansivity
with the isothermal compressibility is assumed in Eq. (2). Thus, in thevicinity of the , . pointitis
asumed tha the thermodynamic functions such as the specific heat Cp, the thermal expansivity
®p and the isothermal compressibility - 1 exhibit similar critica behaviour according to Egs (1)
and (2).

We have modified spectroscopicaly the Pippard rdations in our earlier sudies [ 26, 27] by
defining the isobaric mode Grunesen parameter
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and the isothermal mode Gruneisen parameter
oooaatel @
T i o @p .

This definition of the mode Gruneisen parameter °p, is essentially the variaion of the volume and
the frequency with the temperature a congant pressure. Similarly, °t defines the variation of
the volume and the frequency with the pressure at constant temperatures. By assuming that the
mode Gruneisen parameters °p and °1 reman constant right through the phase trandtions, we
can modify spectroscopicaly the Pippard rdations (Eqs 1 and 2) by means of Egs (3) and (4).
Thaose spectroscopic modifi cations of the Pippard relations are then expressed as
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and
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as we have also expressed previoudy [26, 27]. Thus, the above relaions rdate the specific
heat Cp to the frequency shifts with temperature (Eq. 5) and the thermal expansvity @ to the
frequency shifts with pressure (Eq. 6) in the vicinity of the , -point. As a result of the Pippqd
rdaions (Egs. 1 and 2) the ecific heat Cp varies linearly “With the frequency sh&ﬁs > @T P
and dso the therma expansvity ® , varies linearly with the frequency shifts & gﬁ + according
to Egs (5) anq (6)¢ As assumed for the Pippard rdations (Egs. 1 and 2), we dso assume here
that Cp and & @T p exhibit smilar critical behaviour nearT¢ (Eq. 5). Accordingly, we assume
that a smilar critica behaviour is exhibited by ®, and 5 1 '@P + near T . (Eq. 6).

Our spectroscopic modifications of the Pippard rdations (Egs. 5 and 6) can be applied
to NaNO,. For this appllcatlon We¢requwe the temperature dependence of the specific heat Cp
and of the frequency shifts 2 @T p for NaNO; according to Eq. (5). Also, we reqw({e the
temperature dependence of the thermal expansvity ®, and of the frequency shifts & {@% 1 for
NaNO, according to Eqg. (6).

In this study we apply our spectroscopic modification of the first Pippard rdation (Eq. 5)
to NaNO in its paradectric phase (T > Tn). By means of Eq. (3), the temperature dependence
of the frequency can be expressed as

Z
Ino() =In% ;i % _ ©p(T)dT: ™
N

as we have also expressed in our recent study [1]. In Eq. (7) ©o isthe vdue of the frequency a a
condant temperature T and Ty isthe Ned temperature (T > Ty). The temperature dependence
of the thermd expansivity can be expressed as

®p(T) =Ag 2i%1 +B; (8

where ® 1 is the critical exponent for the thermal expansivity, A1 and B1 are constants, and the
reduced temperature is 2= —I—BL with the Nedl temperature Ty. For NaNO, in the paradectric
phase Eg. (8) has been given by Emaet al. [12]. So, the frequend es can be cdculated using the
temperature dependence of the thermd expansivity (Egl. 8),by means of Eq. (7). Thisthen gives
the temperature dependence of the frequency shifts & g% p for EQ. (5). On the other hand, the
temperaure dependence of the pecific heat Cp has been given [28] for the paradectric phase of
NaNO, as

Cp =AF 2% +B 2 +B; 9
where ®* is the critical exponent for the specific heat, and AJ, B and Bg are constants.

IIl1. Calculations and reaults

We egablished herethefirst Pippard rdation, which we modified qog:trc&oopically (Eq. 5
using the specific heat Cp data [28] and our calcul ated frequency shifts & g% o for the q[010],
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g[001] and q[ 100] modes of NaNO, [1] in the paraelectric phase (T > Ty). For this phase we
used the specific Cp data according to Eq. (9) where the vadue of the critical exponent was a*
= 0.38 with the Ned temperature Ty = 437.7 K and the values of the coefficients were taken as
Af =0.77 cd/mol.K, B = 36.3 cal/mol.K alnd Bo = 18.8 cal/mol.K [28].

For calcul ating the frequency shifts & f@w% p» Wefirg obtained the temperature dependence
of the Brillouin frequencies which we cadculaed [1] usng the experimental frequency data [21]
for the g[010], g[001] and q[100] modes of NaNO,. For this cdculation we used Eq. (7), where
the experimenta data for the temperature dependence of the therma expangvity ®p [12] were
used according to Eq. (8) [1].

As indicated above, the specific heat Cp and the thermal expangvity ®p should exhibit
gmilar critical behaviour in the vicinity of the , point, according to the Pippard relation (Eq. 1).
In fact, for NaNO; it has been reported that the vaues of the criticd exponents are ® 1 = 0.36
for the thermal expansivity ®p [12] and a* = 0.38 for the specific heat Cp [21]. Thisindicaes
that the thermd expangvity ®p and the gecific heat Cp show similar criticd behavulaur
expected. On the other hand, the above argument indicates tha the frequency shifts 1 @T P
should dso exhibit similar critica behaviour as Cp and ® p, according to a spectroscopic version
of the Pippard rdation (Eq. 5). Since the temperature dependences of the thermd expansivity ® p
and of the specific heat Cp in the vicinity of the , point can be expressed as Eqs (39 and (9),
regoectively, we can express the temperature dependence of the frequency shifts 1 g’? p 8

1# ol
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Thisis the same functiond form as the specific heat Cp (Eq. 9), W|th the exponent a, amplitude
ac, a1 and ap as constants. In Eqg. (10) the reduced temperature is " ~ lT; as before By
means of Eq. (10), we were then able to determine the frequency shifts for "each mode for the
paradectric phase in the NaNO, crystal.

=a."1?+a;" + ag: (10)

I11-1. Analysis of the q[010) mode of NaNO»
In order to obtain the temperature dependence of the Brillouin frequency shifts

for the g{010] mode of NaNO. in the paraelectric phase (°g =20.32 GHz & T = 444 K, Eq 7§
we employed Eq. (10) within the temperaure intervad of 438 K < T < 442 K, with the values
of the coefficients ac, a; and ag, which are tabulated |n Td@le I. For this andysis we used the
vaue of the criticd exponent for the frequency shifts & g% p &a=038 WhICh is.the same
value of a* for the specific heat Cp [28]. By calculating the frequency shifts & g— for the
g[010] mode as afunction of temperaure, we examined our spectroscopic modification of the first
Pippard relation (Eg. 5) usng the specific heat Cp data [28]. We established a linear variation
of the gpecific heat with the frequency shifts for the gq[010] mode of NaNO, in the paradectric
phase (T > Ty), as shown in Fig. 1. From this plot, we calculated the d ope value of dT =dP =
6.57 mK/bar for the paradectric phase of NaNO,, according to Eq. (5) where we used our vaue
of the isobaric mode Gruineisen parameter °, = 7.32 for the g[010] mode [1], T = Tn = 437.7
K and V =V, = 33.2 cm3/mal as the critical vaue of the crystal volume [12]. We also obtained
from this plot the intercept value of dS=dT = 0.032 ca/mol K2, as given in Table .
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FIG. 1. The specific heat Cp as afunction of the frequency shifts 323 for the q[010] mode of NaNO,

in the paraelectric phase (T > Ty ) close to the Neal temperature (T = 437.7 K) according to
Eq. (5. The Cp daa are taken from Ref. (28).

TABLE |. Vdues of the coefficients a¢, a; and ap for the modes indicated according to Eq. (10).
The values of the isobaric mode Gruneisen parameter °p given here, are taken from
our recent study [1]. The values of the dope dT=dP and the intercept dS=dT due to
the Brillouin frequencies of the modes consdered according to Eg. (5), are given for
the paradectric phase (T > Ty) of NaNO..

Mode ac (Ki 1) ay (Ki 1) ap (Ki 1) °,  dT=dP dS=dT
(mK/bar)  (cal/mol.K?)
q[010] -1£ 1004 B56£ 10 -7.7£ 10i* 732 657 0.031
q00l]  -9.8£ 10i5  69f£ 10i®  -74f 10i4 701 654 0.031
q[100] -86£ 10i®  86f 10i4  -67f 10i5 062 648 0.031

[11-2. Analysis of the q[001] mode of NaNO»

The frequency shifts were determined for the g[001] mode of NaNO; as a function of
temperature within the same temperaure interva (438 K < T < 442 K) in the pareelectric phase
(o = 1794 GHz at Tg = 444 K, EQ. 7). For this determination according to Eq. (10), using a
= 0.38 as before, the values of the coefficients ac, a1 and ap are given in Teble I. Using Eg. (5),
the spedific heat Cp data [28] were plotted againg our caculated frequency shifts & '1@@% p for
the g[ 001] mode of NaNO» daose to the Nedl temperature in the paradectric phase. Our plot is
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FIG. 2. The specific heat Cp as a function of the frequency shifts & for the q{001] mode of NaNO,
in the paradectric phase (T > Ty ) close to the Neél temperature (T = 437.7 K) according to
Eqg. (5). The Cp data are taken from Ref. (28).

G, (cal f mol K)

T T T T T
2.2 2.4 2.6

~(1v)(@v/aT) x107' K ™)

T
1.4 1.6 1.8 2.0

FIG. 3. The spexific heat Cp asa function of the frequency shifts & £% for the q[100] mode of NaNO,
in the paradectric phase (T > Ty ) close to the Neél temperature (T = 437.7 K) according to
Eqg. (5). The Cp data are taken from Ref. (28).

given in Fig. 2. Within the temperature region indicated, we were able to caculate the slope and
the intercept which had the vaues of dT=dP = 6.54 mK/bar and dS=dT = 0.031 cal/mol.K?,
regpectively, according to Eqg. (5), which we give in Table I. In Eq. (5 we used our vadue of
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the isobaric mode Gruneisen parameter °p = 7.01 [1], T = Ty =437.7 Kand V =V, = 332
cm3/mol [12], as before.

[11-3. Analysis of the gq[100] mode of NaNO
We determined here the Brillouin frequency hifts for the g[100] mode of NaNO, as a
functhn of temperature in the paradectric phase. For this determination of the frequency shifts
for the g[ 100] mode, the values of the coefficients ac, a1 and ap were obtained according
to gq FlO) within the temperature interval of 438 K < T < 442 K, as before. Their vdues are
tabulated in fablel. Thespecific heat Cp data[28] werethen plotted as afunction of our frequency
shifts & g— for the g[100] mode close to the Ned temperature T in the paradectric phas,
asgvenin Flg 3. Thisplot gave us the dope of dT=dP = 6.48 mK/bar and the intercept value
of dS=dT = 0.031 cad/mol.K? which were due to the q[100] mode of NaNO; in the paraglectric
phase (T > Tn), according to Eq. (5). For this determination of the slope and the intercept, we
used in Eq. (5) the vaue of the mode Gruneisen parameter °p = 0.62 for the q[100] mode of
NaNO [1], T =Tn =437.7K and V =V, = 33.2 cm®/mol [12] for this crydal, as before.

IV. Discussion

We examined in this sgudy our spectroscopic modification of the firg Pippard reation
(Eq. 5), by plotting the specific hea Cp as a function of the frequency shifts %f@@— for the
Brillouin frequencies of the q[010], q/001] and q[ 100] modes of NaNO,. We obtained those pl ots
for the paradectric (T > Ty) phase of NaNO,, as given in Figs. 1-3. Asseen from those figures,
the specific heat varies linearly with the frequency shifts within the temperature regions for the
paradectric phase in the NaNO, crydal. By means of those linear plots we were able to obtan
the values of the slope dT=dP and the intercept dS=dT according to Eq. (5), where we used a
congant vaue of the isobaric mode Gruneisen parameter °, for each mode for the paraglectric
phase in NaNO,. This is the assumption we had made across the phase transitions, as we have
adso assumed in calculating the Brillouin frequencies of those modes studied for NaNO, in our
recent work [1].

For the paraelectric phase of NaNO, (T > Ty) our values of dT=dP due to the q[010],
g[001] and q[100] modes, as given in Table I, are almost equa to esch other, namdy, % 6.5
mK/bar. Our value can be compared with the vd ue of dTy=dP = 8.9 mdeg/bar for NaNO, due
to Ema e al. [12], the vaue of dTy=dP = 6.2 mK/bar due to Hamano and Ema [13] and alo
the experimenta value of dTn=dP = 5.6 mK/bar due to Gesi et al. [29]. Although the °, value
of the q(100] mode is much smdler than those for the q[010] and [ 001] modes (Table 1), we
get the dT=dP value for the g[100] mode, which is doser to those values due to the [ 010] and
g[001] modes. So our spectroscopic modification of the firg Pippard re aion is d s vaid, which
uses the Brillouin frequencies of the q/100] mode of NaNO; (Fig. 3) in the paradectric phase of
this crystd. In this phase of NaNO, our values of the intercept dS=dT, as given in Table I, are
dso equd to each other, namely, 0.031 cal/mol.K2.

Our slope values of dT=dP, which we calculaed usng the Brillouin frequencies of the
g[010], g[001] and q[100] modes of NaNO, in the paradectric phase, can dso be compared
with our dP=dT vaues for the ammonium halides [26, 27]. Our dT=dP vdue (Table I), or
dtematively dP=dT vaue, is¥% 153 bar/K for all the modes studied for NaNO- in the paradectric
phase (T > Ty). Our vdueof 153 bar/K can be compared with our dP=dT vaues of 62.1 bar/K
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for the ©5T O (134 cmi 1) and 90.1 bar/K for the ©5LO (177 cmi ) Raman modes of NH4Br a
zero pressure [27]. They can dso be compared with our dP=dT vadues of 105.5 bar/K (P = 0)
for the °%sTO (174 cmi 1) and 94.9 bar/K (P = 0) for the ©, (1708 cmi 1) Raman modes of
NH,4CI [26, 27]. ¢

In our analyssfor obta ninig thﬁfrequency shifts & 1@‘2 p accordingto Eq. (10), weassumed
asimilar critical behaviour of & g% p as the specific heat Cp, as pointed out earlier. Therefore,
this nonilin@r behaviour of the spedific heat Cp (Eqg. 9) was also assumed for the frequency
shi_fts% 1@@% p eccording to Eq. (10).This then provided us alinear relationship between Cp and
L '@L? o acoording to Eq. (5).

Our spectroscopic modification of the second Pippard rdation (Eq. 6) can also be t&ited By
means of the experimentd datafor the thermal expansivity ®, and for the frequency shifts i @% -
of NaNO,. Those frequency shifts can be obtai ned from the Brillouin frequencies messured as a
function of pressure & congant temperatures for the modes consdered intheparaelectric (T > Tn)
phase of NaNO». When those data for the thermal expand vity and the frequency shiftsfor NaNO-
are available in the literature, Eq. (6) can be examined in the paradectric phase of this crystdline
gystem.

V. Condusions

We edablished here a linear variaion of the specific hest Cp with the frequency shifts é@%
for NaNO; in the paradectric phase. For the verification of our spectroscopic modification of the
first Pippard relation, we used the Brillouin frequencies for the q[010], g/ 001] and g[100] modes
of NaNO in the paradectric phase. From our linear plots of Cp against %-g% the dT=dP values
which we obtained for this phase in NaNO, are in good agreement with the literature values.
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