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Critical behavior of the order parameter at antiferrodistortive transitions with cubic fluctuations
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The temperature dependence of the generalized order parameter, namely the rotation angle of
the NbOg octahedron, at the antiferrodistortive transition in the perovskite crystal NaNbOs, is
derived through the high-resolution analysis of the second-order quadrupole shift of 22Na NMR
spectra. The second-order character of the transition and the small value of the apparent critical
exponent for the order parameter are critically discussed in the framework of a renormali-
zation-group approach for a system with an effective Hamiltonian of cubic symmetry and an an-

isotropic dispersion in the static structure factor.

I. INTRODUCTION

Certain antiferrodistortive phase transitions in
perovskite crystals in the presence of sufficiently
strong cubic anisotropy, which are predicted second
order within the mean-field approximation, are ex-
pected to be first order in the framework of theoreti-
cal descriptions based on the renormalization-group
approach.! In fact a cubic- or lower-symmetry pertur-
bation drives the renormalized Hamiltonian out of
the range of thermodynamic stability, destroying the
continuous character of the transition. In certain
cases a suitable symmetry-breaking field, as an ap-
propriate anisotropic stress, restores the continuity
and a tricritical point is exhibited. Moreover, a com-
plete flatness of the soft mode between the R and M
points of the Brillouin zone, namely two-dimension-
ally correlated fluctuations, can possibly lead to the
Lifshitz behavior.? More recently, also the possibility
that fluctuations turn first-order transitions into
second order has been considered.? In the light of
the above-mentioned problematics some experimen-
tal and theoretical attention has recently been devot-
ed to the cubic-to-tetragonal structural transition oc-
curring in perovskite crystals 4B0; and involving ro-
tational antiferrodistortive tilts of the BOg octahedra
around the principal cubic axes. In NaNbQj, in par-
ticular, x-ray diffraction,* neutron scattering’ and
NMR studies® indicate that for T > T, + 10 K the
transition is driven by the softening of a large part of
the branch from the R point to M point, correspond-
ing to rotational fluctuations only two dimensionally
(2D) correlated within parallel planes. For tempera-
ture closer to T, =910 K a crossover between 2D
and 3D behavior of the fluctuations occurs,® with the
onset of a ferrodistortive ordering among adjacent
planes, namely freezing-in of a pure M3 mode.

NMR quadrupole perturbed spectra are often ideal
tools to investigate the temperature behavior of the
local order parameter, i.e., the angle of rotation ¢ of
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the octahedral units.” In particular, the second-order
shift of the central NMR line due to the static electric
field gradient (EFG) at the resonant nucleus below
T. has been used in some cases.®%°

In NaNbO;, some insights could be achieved®
through the behavior of the free-induction decay due
to the second-order quadrupole broadening of the
central line (+% ,_._% transition) in a powdered
sample. However, the lack of frequency resolution
made it difficult to carry out a detailed analysis of the
critical region through the data of that early investiga-
tion.®

The subsequent theroetical developments, 3 the
availability of a large single crystal of NaNbO; (kindly
provided by F. Denoyer and R. Comes, Orsay), and
finally significant improvement in the Fourier-
transform (FT) pulse NMR techniques and related
data processing recommended a further study of the
critical behavior of ¢(7T) in NaNbO;. The opportuni-
ty for such a study is also corroborated by the fact
that the critical analysis of the theoretical predic-
tions,!*? until now, has been performed essentially
only through EPR measurements in RbCaF; doped
with Gd3*.1° On the other hand, it can be suspected
that doping conveys information of partially extrinsic
character (local strains and/or impurity centers).

This Brief Report deals with the results of a careful
experimental investigation of the temperature
behavior of the order parameter ¢ in the critical re-
gion in NaNbO;. This behavior is discussed in the
light of the renormalization-group predictions for a
system with an effective Hamiltonian containing a
perturbation of cubic symmetry and for an anisotro-
pic static structure factor.

II. EXPERIMENTAL RESULTS

The NMR measurements have been performed at
about 22 MHz by means of a SPX Bruker coherent
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pulse spectrometer. The rf amplitude was about 80
G. The transient free-induction decays were aver-
aged over 10? accumulations and then Fourier
transformed by a Nicolet B-NC 12 data processor sys-
tem. A feedback-controlled furnace properly designed
could maintain a temperature stability better than 0.1
K (1073 in reduced temperature) for the time of a
complete series of collections. The temperature gra-
dients at the sample were less than 0.1 K along the
larger dimension of the crystal (approximately 1 cm).
The single crystal of NaNbOj; was oriented with a cu-
bic axis parallel to the rf field and then rotated
around this axis so that the maximum separation
between the resonance lines was detected. This al-
lows one to achieve the best frequency resolution
(see below). In the tetragonal phase a nonzero EFG
arises at the Na site due to the rotations of the NbOg
octahedra and the slight tetragonal distortion of the
cell. In a point-charge model, taking into account
only the displacements of the nearest-neighbor oxy-
gen, sodium, and niobium atoms, one finds for the

EFG
Ve=[2e(1-v,)/a*1(6~2¢ +6.6¢?) , m

with an asymmetry parameter. n=1—1.6¢ (rotation
angle ¢ in rad). In Eq. (1), a =3.94 A is the lattice
parameter of the pseudocubic cell, y.,=—4.8 the

-0.05
T

-0.03

- 0.(|)4

BRIEF REPORTS

7045

Sternheimer antishielding factor.

The nonzero EFG perturbs the Zeeman levels and
the satellite lines (i% - i% transitions) cannot be
detected because their first-order smearing in a large
frequency range, possibly as a result of strains. The
central line (+5 ‘-'—% transition) is affected only to
second order and it can be detected. The transition
temperature was located from the disappearance of
the contribution to the free induction decay signal
from the satellite transitions. It was found
T.=909 £0.2 K.

The second-order quadrupole shift of the central
line results in

14
Avi}) = ———23 al8,9)

where vg=eQV,/2h is the quadrupole coupling con-
stant and f, (6, ¢) is an angular function whose ex-
pression will not be given here. Because of the three
possible domains with perpendicular orientations of
the tetragonal c axis, there central lines are observ-
able, in general. For a crystal with a pseudocubic
axis perpendicular to Hy and n =1, two lines are
pratically superimposed. Only two lines are then ob-
served, the frequency separation being

vd

Av=T6u,
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FIG. 1. 2>Na quadrupole coupling constant vg and the corresponding angle of rotation of the oxygen octahedra [derived ac-
cording to Eqgs. (1) and (2) and in the text] as a function of temperature. (O for decreasing temperature, A for increasing tem-
perature). The vertical lines indicate the transition temperature T,=909 £0.2 K, with the experimental uncertainty. The solid
line is the best fit of the data according to a power law of the form ¢(7T') «€B, with 8=0.17 £0.02. (See text.)
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where 8 is the angle between ﬁo and a pseudocubic
axis. The highest resolution attainable is

_ 1077 vp
Av= 16 v, 03]

for 8=0.73 rad. In the presence of broadening of
the lines due to dipolar interactions and field inho-
mogeneity, the spectrum appears as the surposition
of two Gaussians of equal width. The modulus of
the FT, instead of the real part, was generally record-
ed in order to overcome the problems related to the
phase correction. Near the critical temperature,
where the separation lines are not well resolved, a
careful computer analysis of spectra was necessary.
The frequency separation of the lines was obtained by
means of a nonlinear six-parameters least-squares fit
for the modulus of the FT of a sum of two Gauss-
ians. The best fit was performed by parabolic extra-
polation of X2 and generally it appears rather good.
From Eq. (2) v was derived as a function of tem-
perature (see Fig. 1). No sizeable difference ap-
peared between the data obtained on heating and
those on cooling, thus indicating the lack of sizeable
hysteresis effects.

III. ANALYSIS OF THE DATA
AND DISCUSSION

To describe the cubic to tetragonal transition in
NaNT):; one can refer to the Hamiltonian

3= | d3C, 3=, +I,, where
Ko==|VP2+1r| P12 +ul 1* 3

with u4 >0 and r « (T — Ty) is the usual Landau-
Ginzburg-Wilson (LGW) isotropic Hamiltonian,
while

%= I3 £(8,897 +2(820™) 2 +v(92)*] (@)

with v <0, accounts for the cubic symmetry. #%(X)
denotes the rotational angle around the #z crystalline
cubic axis and n =d =3: for instability at the R point
@ are staggered rotational angles; in the case of a
M-point instability $* are staggered only in the plane
perpendicular to the a axis. In Eq. (4) the last term
yields the tetragonal symmetry, while the first two
correspond to the anisotropic dispersion A, of the
soft branch, which for f =1 describes a Lifshitz
point:

«a=r+qla+gqd (qlfa=4q*—ql

When a stable fixed point is accessible by the LGW
Hamiltonian the phase transition is expected to be
second order. When under renormalization-group
transformation this Hamiltonian flows to a region in

its parameter space where it becomes thermodynami-
cally unstable, a first-order transition should occur,
which is said! to be driven first order by the critical
fluctuations. This could be expected to be the case in
NaNbO;, primarily in view of the similarity with
RbCaF;.'10

The data reported in Fig. 1 indicate that the tem-
perature dependence of @ is pratically continuous.
Attempts to fit the data by imposing a limiting tem-
perature T slightly different from T, give poor fits.
it is worthwhile to stress that the second-order char-
acter of the transition is strongly corroborated by the
gradual disappearing of the contribution from the sat-
ellite lines ( i—;- - i-%— transition) to the signal

below the transition. A power law of the form
@ « ePappears to fit the data properly and yields an
apparent critical exponent 8=0.17 £0.02, in the
whole range of reduced temperature 0 < € <0.05.
The continuous character of the transition and the
small value of B could be attributed, in principle, to
the occurrence of internal anisotropic stress. Stresses
act like a symmetry-breaking field and can be
described by a Hamiltonian of the form

%=1 n-m) Se3-m 3 0}, ©

n a=1 a=m+1

which reduces the effective number of components
of @ from nto m(or n—m depending on the sign of
w). This crossover of dimensionality of the order
parameter brings the Hamiltonian into the domain of
a new stable fixed point, yielding a second-order tran-
sition. However, the occurrence of sizable stress
above T, can be ruled out. In fact, as already men-
tioned, in the high-temperature region the satellite
lines, which are sensitive at the first order, through
the electric field gradients, to the stress, still contri-
bute to the Na NMR signal.

A possibility to take into consideration is the case
of vanishing small win Eq. (5) with the addition in
the isotropic Hamiltonian [Eq. (3)] of higher-order
terms of the form 3¢’ = ug| 16, with u, and ug posi-
tive and sufficiently large. This is one of the situa-
tions recently considered by Blankschtein and Aharo-
ny? and for which second-order phase transitions oc-
cur. In this case NaNbO; would represent the first
experimental indication, in the authors’ knowledge,
of a zero-stress bicritical behavior in the presence of
anisotropic cubic fluctuations.
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