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"N nuclear quadrupole resonance and relaxation measurements in NaNO, around the ferroelectric transitions

have been performed by pulse and Fourier-transform technique, with high-temperature resolution and

accuracy. In the narrow temperature range in which the antiferroelectric phase exists and where previous

authors failed to detect the nuclear-quadrupole-resonance (NQR) signals, the splitting of the v+ and v lines

in two components were observed. A theory is developed to connect the NQR parameters to the torsional

vibrations of the NO, ions as well as to the order-disorder reorientational fluctuations driving the transitions.

The critical fluctuations are described through a kinematical Ising model. It is proven that the reorientational

order-disorder variable is reversed by an angle which is not exactly n. By analyzing the experimental results in

the light of the theoretical treatment interesting information on the critical dynamics is obtained.

I. INTRODUCTION

Sodium nitrite is an interesting ferroelectric
crystal. Besides its structural simplicity, the
relevance of NaNO, stands on the features of the
critical dynamics driving the phase transitions.
In the paraelectric phase the NO, dipoles are
subjected to reorientational fluctuations along the
b axis; it is quite established' that the flipping be-
tween the two equilibrium sites involves a sudden
rotation of NO, around the c axis (O-O direction).
The transition to the ferroelectric phase is of
order-disorder type, with small lattice displace-
ments occurring at T, —164'C. In a narrow tem-
perature range above T, an antiferroelectric phase
exists, with the NO, dipoles "sinusoidal, ly" dis-
tributed along the a axis with a period of few lat-
tice cells. '

Accurate dielectric measurements' ' have been
explained on the basis of a dynamical Ising model,
the dichotomic variable being the orientation of the
NO, dipole. No strongly temperature dependent
soft modes were found by means of various in-
frared and Raman spectroscopy experiments. Neu-
tron inelastic scattering' showed, in the para-
electric phase, a quasielastic component, related
to the ferroelectric fluctuations. Therefore the
critical dynamics in NaNO, can be considered as
superimposed on the ordinary phonon dynamics
and causing a relaxational-type central component
in the spectrum of the collective excitations. The
existence of this central peak can be discussed
along the lines recently pointed out by Barker. '
It could also be related, according to Beck,' to
the dynamics of double-well coupled anharmonic
oscillators.

An excellent tool to investigate the critical dy-
namics in NaNO, is offered by the quadrupole
resonance and relaxation of the "N nucleus. In-
deed, various authors' "have performed ' N

nuclear-quadrupole-resonance (NQR) measure-
ments. However, no sizeable signal around the
transition and in the paraelectric phase have been
detected. Recently Petersen and Bray" were
able to extend the NQR measurements up to 194'C.
The temperature range around the antiferro- and
ferroelectric transition, however, was not ex
plored with high-temperature resolution and the
results were not analyzed in the light of the crit-
ical dynamics.

In this paper we report accurate "N NQR mea-
surements in NaNO„performed by means of high-
resolution pulse technique and with a temperature
resolution better than 0.1 deg, around the transi-
tion temperatures. In particular, in the anti-
ferroelectric phase we were able to put in evidence
the splitting of the v, and v lines in two compo-
nents. The NQR parameters have been theoret-
ically related to the critical dynamics of the NO,
dipoles and interesting information is deduced.
In Sec. II the theory for a meaningful interpreta-
tion of the data is developed. In Sec. III the ex-
perimental results are presented. Finally (Sec.
IV), the data are analyzed and discussed and the
main conclusions are emphasized.

II. THEORY

The motions of the NO, groups around the tran-
sitions are fast compared to the inverse NQR
frequencies. Therefore, the resonance frequen-
cies, the linewidths, and the relaxation rates can
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be derived by writing, "for the electric field grad-
ient (EFG) components,

V)~(t) = ( V» & + VJ~(t) —(V» &

= (V»)+ V,~„(t) . (1)
The time-averaged components (V,g give the

resonance frequencies. The fluctuating parts
Vf,(t) cause line broadening and drive the nuclear
relaxation. V» in Eq. (1) are the EFG components
in the polarization laboratory frame xyz, with
x=c, y=a, and z=b. These axes coincide with
the principal axes XYZ of the '4N EFG tensor when
the NO, group is in the equilibrium position. '

The asymmetry parameter q = (V„—V„)/V„ is
not zero. Therefore, one has the eigenstates
~+&,

~

—), and ~0) of the quadrupole Hamiltonian,
with the resonance frequencies v„&, and v„
[v, = (E, —E,)/h, v, = (E, E )/h] and the relaxation
transition probabilities W„W, and W~. These
can be related to the Vf~(t) in Eq. (1) through the
usual application of the time-dependent perturba-
tion theory. The appropriate spectral densities at
&, ~ of the correlation functions for the matrix
elements of the quadrupole Hamiltonian" con-
necting the ~+&, ~-&, and ~0& eigenstates are in-
volved. By expressing these eigenstates in terms
of those for I, one finally obtains

The critical reversing of the NO, group will be
described by a kinematical Ising model, "which
was proved fruitful in the interpretation of the di-
electric measurements in NaNO2. ' Therefore the
angle e between the Z EFG principal axis and the
z =-b axis will be written

n(t) = 2 (w+ fp ) —2 (v+ p )s(t) + g q(t) 1

where s(t) is a local order-disorder variable which
assumes the values + 1 and -1. op* is a random
variable which allows reversal of an angle which is
not exactly m. The inclusion of p generalizes the
classical Ising model' (y~ = 0) and it is supported
by the following physical argument. The NO~

group executes flipping transitions in a double well
potential and oscill3tions in a well of finite width.
Therefore the reversing occurs by angles which
differ, in general, from w by a quantity of the
order of y, . It should be stressed that (]t} wO is
required by the experimental results (for y
= 0 no NQR parameter would be affected by the
transition, in contrast with the experimental evi-
dence, as it will be pointed out later on).

While (I()* takes different values at the various
jumps of s(t) one should have

( y*'&=a(v,'&,

W, =A e '" t(V„(0)V„(t))dt,

W =A e '"-'(V„,(0)V„(t)&dt,

(2a)

(2b)

a being a constant of the order of unity.
The instantaneous V»(t) can be obtained in terms

of the EFG components V« in the principal-axes
frame of reference by the usual tensor transfor-
mations involving y„y„and n. One obtains

W =A e '"~'(V„( )V0(t)dt, (2c}

A. Time dependence of the local EFG

where A = e Q'/4jP (the index f will be omitted).
The EFG at the "N site can be considered as the

sum of two contributions: a local contribution due
to the electronic and nuclear charges of the NO,
group under consideration and an external con-
tribution due to all other charges (Na' and NO, ).
As motions providing the temperature dependence
of the NQR parameters we will consider the follow-
ing: (i) for the local contribution, the sudden ro-
tations of the NO, around the c axis as well as
the torsional vibrations about the a, b, and c
axes; (ii} for the external contribution, the effect-
ive modulation of the EFG at ' N arising from the
reorientation of the NO, under consideration. The
effects due to other motions of Na' and NO, can
be neglected around the transitions, in view of the
high frequency involved and the smallness of the
external contribution compared to the local one. '~

v„, (t) = (1 —c'. y', )v,„+y', v„„+4'v„,
V,„(t)= (y, sina+ y, cosa)' V

+ [(1—p', ) cos'n

—2y, y, sinn cosa] V»
+ [(1-y', ) sin'a] V»,

V„(t)= (q&, cosa —y, sina)'V»

+ [(1—y', ) sin'a

+ 2y, q&, sinn cosa] V»
+ (1 —y,') cos'n Vss,

V„,= (y, cosa —y, sina) V»
+ y, sinnV»- y, cosQVzz,

V„,= (-y, sina —p, cosa) V»
+ q, cosaV»+ p, sinn Vz»

V„=cosa sina(V„„- Vss) .

(5}

I.et y„y„and y, indicate the angles of the
torsional vibrations around Bn equilibrium site.

By taking into a,ccount Eq. (3) the time-averaged
components result in
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(6)

«,.&=&q'. &v, +(&9',&+x)v„„
+(1-&q.'&- &q.'&-X)v„,

where

«, & =(I-(q:& -&9;&)V,.&q', &V„&q:&V.„
&v„„&=&4',&v +(1 &q', & (q', ) x)v„„

+ (q'. +x)v„, while for the fluctuating components

V)2(t) = Q D)2' ' S)(t) .

In Eq. (14) B~", " stands for

B( ) —[ V(), )(y+) + V( ', )( )]

(14)

(15)

(16)

X=(1-(s))2 (q *'),
while (V») =0 for j))h. The fluctuating compo-
nents can be written in the form

V 2(t) q'2s(f )(Vrr Vxx)

V,2(t }= q,s (t) (Vxx —V 2 2) i

V22(f) = [q', +f (f)] (V„„—Vss),

where

(8)

and only monopole terms contribute to it [since
for the dipole contribution VJ2 "(+,+) = —V]2) "(+,-)].D"" in Eq (15.) stands for

D]l' "= [V]-l' "(++} V' —l)' "(+-)

and both monopole and dipole terms contribute to
it. 1t must be stressed that

f (t) = [1—s(t)] 2 q)
D(i, l)

O
~

~

l
(18)

The diagonal fluctuating components do not present
first order contributions in y and therefore can be
neglected.

B. Time dependence of the external EFG

For the external contribution one can distinguish
between that which arises from the Na' ions and
that from the other NO, groups. Regarding the
first one, the EFG at the ith nucleus can be
written

Vq~2'(t ) = S»+A» s;(t), (10)

where s, (t) is the order-disorder variable and S
and A are the symmetric and antisymmetric part
of V», i.e. ,

S»=2 [V„(+)+V»(-)],
A» = 2 [V»(+) —V»{-)1 ~

(11a)

(lib)

V»(+} means the EFG at the "N site when the NO,
taken in to reference is at the+ or —position, re-
spectively. Owing to the high symmetry of the
NaNO, crystal one has

A» ——0, S»- V»(+}, (12)

i.e. , the contribution from Na' does not involve the
critical dynamics.

For the EFQ from the NO, 's, we write

V())(f) g B(),))+ C(), )) e (f)

+ Dj""s,(t)+ Ej'; "s,(t)s,{t),
where B, C, D, and E can easily be expressed in
terms of V&2) "(+,+}. By taking into account, in Eq.
(13), the symmetry properties one obtains

)}= )},[I- 2& 9"&+ 2 (3 —)},)(I+ I/rl, ) & q)', &

+2 (3+ v.)(1-1/)}.)(&q,'&+X)], (20)

where qo and go refer to the rigid-lattice condition
i.e. , no motions of the NO, group.

As regards the relaxation transition probabil-
ities, one has to take into account, in principle,
Eqs. (8) for the local contribution and Eq. (15)
for the external contribution. Eq. (18), how-
ever, points out that the homogeneous (or q=0;
see Sec. II D) dynamics in which the s)(t} take
simultaneously the same value, does not induce
effective modulation of the EFG from the external
NO2 groups [Eq. (15)]. Since only for q =0
enhancement and blowing down of the reorientation-
al fluctuations are expected (as discussed below)
we will disregard the contribution from Eq. (15) in

C. Conclusive expressions of the NQR parameters

According to Eqs. (10) and (12) for Na"s and

Eqs. (14) and (16) for NO, 's, the external contribu-
tions to ( V»} do not involve the critical dynamics.
Moreover, these "rigid lattice" contributions
should be small compared to the local one (around
a few percent according a point charge evalua-
tion"). Therefore, we will derive the temperature
dependence of the static quadrupole coupling around
the transitions by taking into account only Eqs.
(6). According to the standard notation we can
write

e gq/2h = (e2@q,/h)

x [I 2(3+ )}.)(&q', &+ X) - l (3- )i,)& q'. & ]
(19)

and
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comparison to the one given by Eq. (8). Therefore
Eqs. (2) will be written g, (t) =

& q", & N p ( I s; I
'& cos~,t e '

q

(26b)

W, = (~',)'fe '""g (t) dt = (~.')'I, (~,), (21a) g, (t) =&(p', &
—Q& I

-, I'& o,t (26c)

W =(ur')' fe '"-'g, (t) dt= (&u')'I, (&u ),

W~= (&@~0)'fe '"& 'g (t) dt = (&u~~)~I, (&u~),

where

(u,' = —,
' (e'qoQ/a) (1+ —,

'
q, )

and

(2 lb)

(21c)

In deriving the above equations it has been taken
into account that no abnormal dispersion along the

branches causing the torsional oscillations is ex-
pected, in view of the lack of soft modes. There-
fore, averaged frequencies &, and &, have been
introduced, which shouldbe close to the infrared
and Raman resonance frequencies. "" From
Eqs. (26), by considering that ~, , r;«1 and

, ,7;»1, one obtains

~, = ~ (e'q, Q/N)g, .

The correlation functions g, (t) are

g', (t) -=& [q'.(0)+f (0) ] [ q'.(t)+f (t)]&,

g, (t) =—
& p, (0)s(0)p, (t)s(t)&,

g3(t) =
& p~(0)s(0)p~(t)s(t)& .

(22a)

(22b)

(22c)

I ((u, ) = ~ ( V*
& N

I,(~)=N &q', &Z
a

I,(~, ) =
N

&q', &Z
2

q

+ (1+ & I.,- I& ).-, ,
e

( I s;I ')
CO T

( I s; I'&

7»
b q

(27a)

(27b)

(27c)

D. Transition probabilities and critical dynamics

To relate the transition probabilities [Eqs. (21)]
to the critical reorientational dynamics the spec-
tral densities I, of the correlation function g,. must
be evaluated.

By introducing collective order-disorder vari-
ables

In the presence of an appreciable damping of the
torsional oscillatory modes the low- frequency
spectral density for cp, (t) turns out to be a relaxa-
tional type with an effective relaxational time v;
=2I',-/e', (I',. damping factor). For damping fac-
tors large enough that 7 =,

'« I'„by noticing that

Z;& Is; I') =N, instead of Eqs. (27b) and (27c) one
has

I,((u.) = 4(y,'& r, /(u'. , (28b)
s (23) I,(~,) = 4&q', & I',/~', , (28c)

&s;(o)s;(I)&=
& Is; I'& e-~'"- (24)

a master equations mean-field (MFA) treatment"
allows us to write

while I, [Eq. (27a}] is practically unchanged.
To perform the q summation in Eqs. (27) we take

into account the static and dynamical scalings"
to write

and

& Is. I
) =t TX(q, O) = r-(1- &s&')/r . (25)

& I
s 'I & »-x(=q„o)E(q/K),

7.,'= r~'G(q/K),

(29a)

(29b)

The q-dependent relaxation time is 7;= r,/
[1—I (q)(l —&s&')/kT]. r, is the reorientational
time of an individual NO, dipole, in the absence
of interactions. I(q) is the Fourier transform of
the dipole- dipole interaction.

For q;(t) the classical equations for torsional
harmonic oscillators will be used. " For un-
damped oscillators, by taking into account Eqs.
(9) and (24) in the random-phase approximation
and by assuming no correlation between the value
of y and s(t) one obtains

where X(q„o) is the reduced static dielectric
susceptibility and v~ is the relaxation time for
the polarization fluctuations at the critical wave
vector q, . E and G are homogeneous functions of
q/K only. K is the inverse correlation length and
K = Kof, e =

I
T —T,

I
/T„& being the corresponding

critical exponent and T, the stability limit of the
slowing down (for a second-order transition T,
= T,). For E and G we will assume

F(q, K) =G(q, K) '

= {1+[(q- q,}'+6' cos'8]/K') '. (30)

(26a)g, (t) =-' &q*'& —Z (1+ & Is; I') )e-"'&
c

[having omitted the deterministic contribution due
to y, (t)] and

The above expression can deal with the deviation
from the MFA, having added the term in cos'8,
(8, angle between q and the ferroelectric b axis),
related to the depolarizing effect of the dipole-
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dipole interaction. " This effect has been proven"
to play an important role in the temperature be-
havior of the relaxation rates.

By integrating, in Eqs. (27), over a Debye
sphere according to Eqs. (29) and (30), W, be-
comes

W. = (&uo)'-8 v(q ")kTX(q, , 0)

x Y~t (K06 inc "-4/v), (31)

kTX(q„0) =e ",
b,Tp= 7

(34a)

(34b)

in the MFA, where 4 = y = 2 & = 1, only a logarithmic
divergence in 8', should be expected on approaching
T,. The temperature dependence of 8' and W~
should be driven by noncritical quantities, even
if negligible damping is assumed.

Finally, it can be noted that for q =0 in Eq.
(3), i.e. , reversal of the Ising variable by an ex-
actly n angle, no critical effects would occur in
the relaxation rates [as well as in the quadrupole
frequencies, according to Eqs. (19) and (20)J.

III. EXPERIMENTAL RESULTS

A. Experimentals

The "N NQR measurements in NaNO, were per-
formed by means of a Matec Inc. pulse spectro-
meter. A HP2114B computer operated on line,
accumulating and processing the signals.

The piezoelectric resonances were suppressed
by finely grinding the NaNO, crystals. The sam-

where Qp kp has been set for the Debye wave vec-
tor. For negligible damping of the torsional oscil-
lations (i.e. , r,. & 7 ) one has, from Eqs. (27b)
and (27c),

W = (&u')'(2( y,') /uP) (kT/7~) X(q„0), (32a)

W~= (&o~)'(2(y~) /&u~) (kT/7'~) X(q„0), (32b)

while, in the presence of sizeable damping, from
Eqs. (28),

(33a)

(33b)

For T& T„where (s) v0, Eqs. (32a) and (32b) can
stil, l be used by simply multiplying them by
(1 (s)'). Equation (31) can be used in the ordered
phase, simply by dividing it by (1 (s) ), only in
the temperature range in which the reorientational
fluctuations are still fast, i.e. , +, w; «1. For
slow fluctuations a more complicated expression
should be considered. In addition, when (d, rp+ 1
a completely different relaxation mechanism can
occur." We will not consider these effects here.

Since

B. Quadrupole resonance frequencies and linewidths

In Fig. 1 the "N NQR frequencies v, and v

around the transitions are reported. From the v,
line the transition temperature from the para-
electric to the antiferroelectric phase results
T", =166.0~0.04'C; for the transition from the
antiferroelectric to the ferroelectric phase T~
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FIG. 1. ' N NQR frequencies v+ and v in NaNO&
around the ferro- and antiferroelectric transitions.

pie was located in Haake thermostat. Up to 180'Q
low-viscosity Vaseline oil was used as a thermo-
static liquid, allowing fast flowing. Practically no
detectable temperature gradients around the sam-
ple were observed. For temperatures greater
than about 180'C sil.icon oil was used. The long-
term stability was about 10 'C. The temperature
was measured by means of a standardized Pt re-
sistance, with resolution around 10 "C. Precise
evaluation of the quadrupole resonance frequencies
and linewidths were obtained as follows. The free-
induction decay (FID) signals, phase detected
slightly off resonance, were accumulated and then
Fourier transformed on a spectral range of 20
kHz, with 256 data points per pulse. In the anti-
ferroelectric phase (164.8 & T & 166 'C) sizeable
signals could be obtained only by accumulating up
to 10' FIDs. The Fourier transformation was es-
sential to put in evidence, in the above temperature
range, the splitting of the v, and v lines in two
components (see below).

The quadrupole relaxation measurements were
usually performed by the (90'-t-90')„pulse se-
quence and around the transition also by the re-
peating 90' pulse method. ' '4 In the antiferro-
electric phase the strong decrease of the signal-to-
noise ratio inhibits reliable relaxation measure-
ments in view of the too long accumulation time
necessary for a complete measurement.
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= 164.8+ 0.04'C.
ln the paraelectric phase, up to about 220 'C (data

not reported in the figure) v, and v vs T is well

fitted by a straight line, with temperature coef-
ficients 7.2 kHz/'K and 5.4 kHz/'K, respectively.
In the ordered phases the &, frequencies are char-
acterizedby amore complex temperature be-
havior, which can be related to the raising of the

order parameter (s), as will be discussed in Sec.
IV.

In the antiferroelectric phase the Fourier-trans-
formed FIDs clearly evidence the splitting of both
the v, and v lines into two components (see Fig.
2) for the v, . The resonance frequencies of these
components show the temperature dependence re-
ported in Fig. 1. The lines at higher frequencies
(corresponding to the "feeble" ones in the spectra
reported in Fig. 2) show a temperature behavior
as in the ferroelectric phase. The lines at lower
frequencies ("strong" lines in Fig. 2) show a tem-

perature behavior as in the paraelectric phase.
From the transformed FIDs the linewidth 5v

at half intensity of the resonance lines was evalua-
ted. The results are shown in Fig. 3. In the anti-
ferroelectric phase the wider line is that with the

ferroelectric-type temperature dependence. As
appears from the figure, on approaching the
transitions only a small increase of the linewidth

occurs. The linewidths around the transitions are
consistent with the values of T, reported by Peter-
sen and Bray," for a Lorentzian line shape
(5v= 1/sT,*).

C. Effective relaxation rates

The spin-spin couplings are unable to establish
a spin temperature and for TWO a definition of the
spin-lattice relaxation time T, is not trivial. In

a master equation approach the recovery laws

(T,) .=2w, +-.'(w+ w,)

for detection of the v, line;

(T,),'. = 2W + g (W, + W~}

for detection of the v line.
(ii) Repeated 90' pulse method:

(T,),', = 2(2 W, W + 2 W, W~+ W~ W

—W, —W —W~)/(W + W~)

(35a)

(35b)

(36)

for detection of the v line; for the & line the de-
nominator in the above equation is (W, + W~). For
the method of the saturating comb" Eqs. (35) hold.

At high temperatures both the recovery of the

v, and v signals were observed to be dominated
by a single exponential. In this case, the time con-

for the populations can be easily obtained. " A

nonexponential recovery occurs, the time constants
and the coefficients of the two exponentials depend-

ing on the method (double 90' pulse, repeating 90'
pulse, saturating comb and 90' pulse) used to mea-
sure the relaxation.

Precise evaluations of the time constants as
well as of the coefficients are difficult to achieve
from a nonexponential recovery plot. In fact, the

full estimate requires the analysis of the recovery
plot also at long times and nonphysical results for
the transition probabilities can be obtained. " As
already observed by Vega,"it is often convenient,
particularly in powder, to define an effective re-
laxation rate (T,),' as the slope of the tangent at
the origin of the semilogarithmic recovery plot
ln{[s(~}—s(t)]/s(~}) vs' t From. the master equa-
tions for the level populations, with the principle
of the detailed balance, (T,),' can be obtained by
a straightforward procedure. The following re-
sults were obtained:

(i) Double 90' pulse method:

T = 166.25 T =166.00

02

T = 165. 25

T = 165.90

T =164.75

Sv
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FIG. 2. Fourier transform of some v, line FIDs
around the transitions, obtained by accumulating 104

signals. The splitting of the line, as well as the de-
creasing of the signal-to-noise ratio in the antiferro-
electric phase, can be observed.

FIG. 3. Linewidths (at half intensity) of the Fourier-
transformed FIDs for the v lines and the v lines. In
the enlarged part of the figure some representative
results in the antiferroelectric phase, for both the two
v, and the two v components, are reported (see the
text).
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stant is close to (T,),asdefined in Eqs. (35)and (38).
In Fig. 4 the effective relaxation rates (T,),' for

the v, and v lines are reported.
200-

TF

I

IV. DISCUSSION AND CONCLUSIONS

From Eqs. (19) and (20) the theoretical tempera-
ture dependence of the quadrupole resonance fre-
quencies results:

v, =-'(e'I)Te, /h)[I —
2 (3+)I,)(1+ 3)(&9)',) + X)

—a (3 —)To)(l v 3)& P,') + s)70(1- 2&))))),))] . (37)
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By considering that for a torsional harmonic
oscillator

h 1 1
I, Id,. 2 ex).(N, ikT) —)) '. (38)

(where I; are the moments of inertia) and by taking
into account the results by Raman spectroscopy"
for (d„„and , {mode assignment I3x A„and

FIG. 4. Effective ' N relaxation rates (T&), '«=2%'»

+2 (W~+Wz) in NaNO& for the v, (e) and v (+) lines,
vs T.

B~, respectively), Eq. (37) satisfactorily explains
the temperature behavior of v, and v . In the para-
electric phase, where X= & &y*')= —,'a&y,'), from
Eqs. (37) and (38) one obtains

3 2

dv' (39)

The rotational frequencies are of the same order
of magnitude, while I, = 7 x 10 ", I, = 65 & 10 ",
and I~ —58 x 10 ~

g cm . Therefore the first term
in the second large parentheses in Eq. (39) should
be dominant and negative temperature coefficients
with (dv, /dT( greater than (dv /dTI by a factor
of almost 2 should be expected.

In the antiferro- and ferroelectric phases, be-
sides the noncritical Bayer-type contributions due
to &q&,'), an extracontribution &, to the quadrupole
frequencies is present, related to the critical
ordering of the dipoles. From Eq. (37)

&.=, (3+ no) (e'Qq, /@)(I ~ -') &p"') &s) (40)

Quantitative comparisons require the knowledge
of the rigid-lattice NQR parameters and the
average rotational frequencies. In Fig. 5 we re-
port the theoretical plots for 4, (T) and for v,(T)
according to Eqs. (40) and (37). e'Qq, /h and )7,
have been obtained by extrapolating the resonance
frequencies" at zero temperature; for the ro-
tational frequencies we have used" (d, =130 cm ',
u), = 110cm ', and u&, =220 cm ' (by neglecting their
temperature dependence). For the order param-
eter &s) the results from spontaneous polarization
measurements" have been used; for a in Eq. (4)
we set a= 1. As appears from the comparison with
the experimental results a good agreement is ob-
tained. In particular, it can be observed that the
anomalous fast decreasing of the quadrupole fre-
quencies on approaching T, in the ferroelectric

h+
KHz

200

KHz

-4500

0- —4000

I

200
I

300
I

400 500 oK

FIG. 5. Theoretical plots of the extracontribution
A, (T) to the v, NQR frequency in the ferroelectric
phase [according to Eq. (40) in the text] and of v, (T)
[Eq. (37)]. Some representative experimental data for
v, are reported for the comparison.

phase (already noted by other authors""'") is
thus justified by the theoretical picture developed
in Sec. ID, only by taking into account the critical
reorientation of the dipoles. It does not seem
necessary to postulate a crystal deformation lin-
early depending on the spontaneous polarization
and/or an anomalous increase in the amplitude of
the torsional oscillations (at least in a first ap-
proximation and close to the transition).
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In the antiferroelectric phase, in the light of
Eq. (40), the two components of the &, and v lines
(Fig. 1) can be attributed to nuclei having (s) = 0
and (s) eO. By taking into account also the line-
widths (Fig. 3), the components at higher frequency
should pertain to short-range ordered domains,
where a ferroelectric-type ordering is present.
The low-frequency components should be attributed
to regions at the boundaries of those domains,
where the order parameter is practically zero.
From the relative magnitudes of the components
it appears that only about (30-40)% of the nuclei
are inside the short-range ordered domains of
ferroelectric type. This consideration supports
the early observation by Yamada et al."based on
the temperature dependence of the x-ray diffrac-
tion intensities. A completely regular antiphase
structure can be disregarded, in favor of a smooth
modulation of the order parameter along the a
axis. Finally, from Fig. 1, the second-order
character of the transition from the paraelectric
to the antiferroelectric phase is put in evidence,
while the transition to the ferroelectric phase ap-
pears slightly first order, with a small discontinu-
ity in (s). According to our estimates, in the
light of Eqs. (40) and (38) the discontinuity in (s)
at T~ should be around 5 ~ 10 '.

In the paraelectric phase, Fig. 5 puts in evidence
that the temperature coefficient of v, is greater
than the one theoretically evaluated by using the
same values for the various parameters (q„
q„ to„and a) as in the ferroelectric phase. This
should not prove, by itself, the existence of a
short-range order in the paraeleetric phase. In
this case, in fact, no discontinuity at T, would
be expected and a very broad line shouM be ob-
served in the paraelectric phase (in contrast to
the experimental results). The large temperature
coefficient of the resonance frequency for T ~ 460
'K may be due to a marked increase in the am-
plitude of the torsional oscillations of the NO,
group, possibly. also related to approaching the
melting temperature (™550'K).

I.et us now briefly discuss the NQR parameters
in connection with the critical dynamics. As shown
in Fig. 3 the linewidths 5v increase on approaching
the transitions. The NQR linewidth should be
given" by an adiabatic term related to spectral
densities at zero frequency and a second term
related to the lifetime of the levels. Therefore,
the increase in 5v should be attributed to the same
process causing the increase in the relaxation
rates. The information on the critical dynamics
can then be obtained directly by analyzing (T,),'
in Fig. 4. The ratio of the relaxation rates for
the v, and v lines far from T, is around four. In
the light of Eqs. (36) this means that W, is greater

=230 sec ' for a = 1,
very much greater than 8' and W~, as expected.

Regarding the temperature dependence of the
relaxation rates, we mill only discuss the be-
havior of (T„,) ' =2W, in the paraelectric phase.
According to Eqs. (31) and (34) one has

(T„,) 'cc —T7',c '~ "'ina+ const (41)

In Fig. 6 the experimental results for (T„,) ' are
reported versus inc and compared with the theo-
retical behaviors for some values of ~- y= (t). The
logarithmic divergence seems to explain the results
for e a 10 ' (T=171.5 'C) while for lower tempera-
tures the experimental results indicate 4wy. A
satisfactory fitting is obtained for Q =+0.1. Some
evidence of the breakdown of the thermodynamical
slowing-down condition ~= y was already obtained
by Hatta, ' from the analysis of the dielectric mea-
surements, with a maximum value for (t) of 0.2.

In conclusion, a kinematical Ising model for the
critical reversal of the NO, dipoles, superim-
posed on the ordinary torsional oseiBator dynam-
ics, appears to describe satisfactorily the tem-
perature behavior of the ' N NQR parameters
around the ferro and antiferroelectric transitions
in NaNO, . A crucial role is played by the angle
P* which measures the departure of the reversal

than W and m„.
Order-of-magnitude estimates support this con-

sideration. From Eq. (32a), by using the MFA con-
dition of thermodynamical slowing down" 1(q„O)/
7~=pa/r, and by taking into account Eq. (38) one
obtains

W =2(&o')'kT/l, ~,'r, .
For -, =-- &0 "see, and u, = 130 em ', %' =3 ~ 10
sec '. If the damping is taken into account, by
using the linewidth of the Raman resonance" at
about 180'C for I'„one has, from Eq. (33a),

W =4(~')'kTr, /I, ~,'=0.45 sec '.
The above value appears of the correct order

of magnitude and seems to put in evidence the
relevance of the damping of the rotational modes.
From Eqs. (33), the ratio

W. 3 7i,
' (4,')~r,

w 2q, (4,')~,'r,
shouldbeof some units, according to the Raman
and infrared data. ' '9 Regarding W„by taking
into account the dielectric measurements for 7;
and for T,(T, = Tr- 1.27), and by setting y= 4=2m
=1 and k, -6 one obtains, from Eqs. (31) and (34),
at T =180'C,

W, = (&u', )'3wa(rp', )7, —8(inc '~' —4/w)
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of the dichotomic variable s(t) by an angle v. For
p* = 0 no effect on the quadrupole frequencies, the

linewidths and the relaxation rates would occur. A

small cp, of the order or less than the mean-
square angle of the torsional oscillations around
the c axis, consistently explains the experimental
results.

Experimentally, accurate measurements based
on pulsed technique and Fourier transformation of
the '4N free-induction decay allowed us to detect,
for the first time, the "N NQR signals in the anti-
ferroelectric phase. A splitting in two compo-
nents of both the v, and v lines was observed. The
two components were attributed to nuclei inside
short-range ordered domains with (s) v0 and to
nuclei at the boundaries of these domains, with

(s)=0.
From the analysis of the experimental results

in the light of the theoretical picture interesting
information on the phase transitions and the criti-
cal dynamics were obtained. The transition from
the paraelectric to the antiferroelectric phase
appears to be second-order type. The transition
towards the ferroelectric phase, instead, is con-
firmed to be slightly first order, with a small
discontinuity in the order parameter.

In the ferroelectric phase the temperature de-
pendence of the quadrupole frequencies can be
explained by taking into account, besides the
torsional oscillations of the NO, group, the tem-
perature dependence of the order parameter. The
"N NQR relaxation appears to be dominated by
the fluctuations of the EFG component V„(with
y [( a and z [( b), due to the critical reversal of s(t)
and to the torsional oscil. lations around the c axis.
The enhancement and the slowing down of the
reorientation fluctuations of approaching T, cause
a divergence of the relaxation rates close to a
logarithmic type, consistent with the dipolar char-
acter of the interactions driving the phase transi-
tions. Close to T, some evidence of a breakdown
of the thermodynamical slowing down (critical
index for the susceptibility different from that for

sec-'

200- ((I) =0.2
T = l63.5 'C

I 00—

50—
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10 ]0 2 10 c =(T-T )/T,

FIG. 6. Semilogarithmic plot of (T&)~ for the v+ line
vs the reduced temperature q compared with the theore-
tical behaviors [Eq. (41) in the text] for different values
of @=6 —p. For vo the temperature behavior 7 p

~ T ' exp(2368/T) was used (see Ref. 3).

the relaxation time of the polarization fluctuations)
is obtained.
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