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FIG. 3. Ko~ spectra obtain for 8=22 k IIC and k II&
after the «2 contribution has been subtracted. They
are compared with the BPA result which has been
smeared with the instrumental resolution function.

turn look different from the homogeneous RPA
result. While some of the features in this spec-
trum no doubt depend on the details of the Be band
structure, others may very well be signaling a

real breakdown of this simple RPA picture.
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We report here evidence for the first paraferroelectric transition observed in a pure
molecular solid (without H bonds); we present results from x-ray diffraction, calorime-
tric and dielectric measurements, and direct optical observation of domain-wall dis-
placement under an applied electric field.

During studies of crystallographic structure of
organic free radicals, it has been found that one
of these substances, nitroxyde tetramethyl-2, 2,
6, 6-piperidine oxyle (C9H~sNO), named Tanane
(Fig. 1), has three different phases. ' In all phas-
es, distances between all neighboring atoms of
different molecules are compatible with normal
Van der Waals interactions, and, in particular,
there is no evidence for intermolecular hydrogen
bonding. Two of these phases are connected by
a phase change, analogous, from the point of
view of symmetry, to that in potassium dihydro-
gen phosphate (KDP). We present here results

showing that this transition is of second order,
with a net departure from the mean-field behav™

CH3

CH3

FIG. 1. The Tanane molecule is a saturated heterocy-
cle having a "chair" conformation.
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FIG. 2. Dielectric constant versus temperature. The

dielectric measurements have been made with samples
of 0.05-cm thickness and an area of the order of 0.2
cm2 with a %ayne-Kerr capacitance bridge operating at
1592 Hz.

220 240 260 280 300
T'K

FIG. 3. C& versus T. Calorimetric measurements
have been made with a power-compensated calorimeter
IE. Bonjour, M. Couache, and J. Pierre, Cah. Therm.
lB, 134 (1971)].

ior analogous with what has been found in other
structural transitions. We have not been able to
observe hysteresis loops because of the low mo-
bility of the domain wall; nevertheless we ob-
served domain-wall displacements in a dc elec-
tric field and an anomaly in the dielectric con-
stant.

The two phases of interest are the tetragonal
and the orthorhombic ones. The tetragonal is the
high-temperature phase (space group 142d, point
group 42m), and the orthorhombic (space group
Edd2, point group mm2) appears at T, = 14+ 1'C.
We do not observe thermal hysteresis; if pres-
ent, it is less than 0.1 C. The space groups are
the same as in KDP, but evidently the two sub-
stances are not isomorphous. The high-tempera-
ture phase is piezoelectric, and we have, simul-
taneously, appearances in the low-temperature
phase of a spontaneous polarization P, and a
spontaneous shear strain U„„bothtransforming
according to the B, representation. If the transi-
tion is of second order both response functions
(the dielectric susceptibility X„and the elastic
compliance S„,„,) must diverge in the sa.me way
at T,. In a "Landau" type of approach, if we
write the quadratic part of the free energy as a
function of P, and U„» we have

We have for X„andS„,„,
The system becomes unstable when A.C —a' goes
to zero, and this can happen either withe or C
small, or a large (the two first cases correspond,
respectively, to a ferroelectric and a ferroelas-

tic transition}.
The crystal is very soft and sublimes easily

(the melting point is about 38'C) so we are not
able to obtain a very good capacitor for dielec-
tric measurements. The value of the dielectric
constant has therefore to be considered as an
order-of -Inagnitude estimate. Nevertheless,
there is a net anomaly at the Curie point (see
Fig. 2).

Calorimetric measurements give a curve (Fig.
3) very characteristic of a second-order transi-
tion. The experimental data are consistent with
a logarithmic singularity on the low-temperature
side. As a result of the low melting point (38'C)
we are not able to obtain significant data on the
high-temperature side. We evaluate the change
in entropy, b.S, between 1.5 and 2.1 cal/deg mole.
If we write AS =Rlnn we find that n is between 2
and 2.9.

At T, the tetragonal symmetry is broken and
the crystal becomes orthorhombic. This induces
a twin or domain structure [the twinning planes
are the tetragonal (100) or (010) planes (Fig. 4)].
As the symmetry operation which connects two
domains is a 4 axis, the optical ellipsoid is ro-
tated by 90' from one domain to another, and it
is possible to make optical observations with a
polarizing microscope (see Fig. 4). Domains ap-
pear at the Curie point when cooling, with a large
distribution of domain widths varying from 10
jtLm to several millimeters. Usually the domain
walls go from one edge of the crystal to the oth-
er. This behavior is very different from that ob-
served in KDP. '
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FIG. 5. Spontaneous deformation versus T —c'~ .
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FIG. 4. A picture of the domain structure with sche-
matic representation of the spontaneous deformation
and polarization.

It was not possible to obtain a hysteresis loop
at 50 Hz because the domain-wall mobility was
too small, but in an applied dc field, movements
of the domain walls were observed. A film has
been made, and for a field of 10 kV/cm we mea-
sure a velocity of the order of 10 ' cm/sec. 1'
below 7.', the switching time is of the order of 30
sec, and 10'below T, of the order of 30 min.

We are not able to measure the spontaneous
polarization, but as we know the value of the di-
pole moment —mainly due to the NO group —~nd
the orientation of the molecule, ' we can find a
value of P, of about 1 1LC/cm'.

We can measure the deformation angle y =V„,
(Fig. 4) by the following method: We position the
crystal so as to get a Bragg reflection, let us
say the 600 for one type of domains, and without
changing the x-ray setting we rotate the crystal
until we get the 600 P-ragg reflection from other
domains related to the original ones by a 010
symmetry operation. The angle of rotation (9

=2@ gives us directly the order parameter. Ex-
periments have been done with a Siemens x-ray
diffractometer. We have plotted (Fig. 5) the val-
ue of cp versus the temperature; several points
should be noticed:

(1) The deformation angle is quite high com-

pared to KDP (4' compared to 0.5').
(2) The variation of the order parameter U„.

„

as a function of 7.' —T, is very different than for
KDP; we find that U„,- (T -T,), with P equal
0.34+0.01, showing a net departure from mean
field behavior and displaying a critical behavior.

(3) It is remarkable that this transition obeys
a criterion of "universality": The behavior of
the order parameter near the transition point is
the same as for two other structural phase transi-
tions with very different mechanisms and sym-
metries' (All aO, and SrTiO, ). Several authors'
have said that the "classical" behavior is obeyed
if the system is anisotropic with dipolar or piezo-
electric interactions. We see here that this can-
not be applied to Tanane unless these interac-
tions are negligible. This once again makes
questionable the role of dipolar interactions on
the nature of singularities near the transition
point.

The mechanism of the transition is due to the
flexibility of the molecule. Tanane has a chair
conformation (Fig. 1) with the possibility of in-
version, ' in the high-temperature phase the two
forms are inverting, but in the low-temperature
phase they freeze with all their NO groups having
the same z component. The system can there-
fore be represented by an Ising model. There is
another possibility for the mechanism of the tran-
sition: a rotation of the molecule of 180' around
the twofold [100] axis. From steric considera-
tions the first process is more likely. '

We can conclude from all this data that Tanane
has a ferroelastic-ferroelectric transition of an
order-disorder type. It is believed to be the
first nonhydrogen-bonded molecular crystal in
which the existence of a ferroelectric phase has
been firmly established.

We thank Mr. Bonjour for authorizing us to use
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Number-Displacement Degrees of Freedom in Nuclear Rotational Theory*
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A new degree of freedom associated with shifting of particles between the even-parity-
orbitals system and the odd-parity-orbitals system is introduced in the study of the nu-
clear rotational problem. It is found that this new mode contributes significantly to the
deviation from the I(I+ 1) rule, with correction terms comparable to the Coriolis anti-
pairing effect.

In theoretical calculations of the nuclear rota-
tional spectrum, several specific collective de-
grees of freedom have been considered as influ-
encing deviations from the f(I +1) energy spac-
ings. There are the proton and neutron pairing
correlations involved in the Coriolis antipairing
(CAP) effect. There are the P- and y-vibrational
degrees of freedom involved in shape-change ef-
fects. There is also a fourth-order cranking ef-
fect that may be expressed in terms of an addi-
tional collective degree of freedom.

The total energy E of a deformed rotating sys-
tem may be expressed in terms of these collec-
tive degrees of freedom as'

where X,. (i = 1, 2, 3, ...) describes the various de-
grees of freedom, C,. is the spring constant as-
sociated with the i th degree of freedom, and
J(X, ) is the moment of inertia. The rotational
solution may be obtained by minimizing the total
energy of Eq. (1) with respect to each of the X;
at a given angular momentum I.

In this note we shall identify a new degree of
freedom which will affect both the moment of in-
ertia and the potential energy of Eq. (1). We first
express the moment of inertia J in terms of the

cranking formula of Inglis' and Belyaev'

&(P y fl y )2
Q )P E~l+EC{

where ) o) is the deformed single-particle state
with n denoting the appropriate quantum num-
bers, 0„is the projection of the angular momen-
tum on the symmetry axis, F.

„

is the quasiparti-
cle energy, and U and V are the probability
coefficients defined by

v„' 2 [(e„-x)'+i']~2 '

with &„the single-particIe energy, v the pairing-
correlation parameter, and A. the chemical po-
tential. In usual practice, the chemical potential
takes two values, A~ for the proton system and
A.

„

for the neutron system. What interests us
here is the fact that the even-parity orbital sys-
tems and odd-parity orbital systems make sep-
arable contributions to the moment of inertia,
since the operator j„haseven parity. Thus, it
is possible that the nuclear system could change
its moment of inertia by shifting nucleons be-
tween the two orbital systems of opposite parity.
In other words, the nuclear system might assume
unequal chemical potentials (A. , and A ) for the
different-parity orbital systems in order to min-
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