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netic parameter p, l approaches Pz, implying con-
finement by the toroidal diamagnetic well. At the
ultimate limit P = 1, Pz-—q+'e 4j'.
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A microscopic model is presented for the ferroelectric phase transition in the tetragon-
al tungsten-bronze-structure ferroelectrics (e.g. , sr&-~BR„Nb206) which, for the first
time, provides a description of its essential features, including the fact that it is a dis-
placive transition but has no soft"-phonon mode, The mode1 employs an interaction be-
tween the ferroelectric phonon displacement and local structural changes, which are im-
portant in these materials; and it describes well important features of the Haman spec-
tra, dielectric constant, and refractive index.

There is at present no basic understanding of
the physical mechanism of the ferroelectric phase
transition for the large class of technologically
important ferroelectrics in the tetragonal tung-
sten-bronze T1 structure' [e.g. , Sr, „Ba,Nb, O,
(SBN), and Ba„,Na, ,„Nb„O„]. A model, which
is based on the interaction of the ferroelectric
phonon with specific local structural changes that
are important in these disordered' materials, is
presented and shown to account for this transi-
tion.

The tetragonal tungsten-bronze (TTB) T1 struc-
ture consists of a network of distorted NbO, octa-
hedra [shown in Fig. 1(b)] connected together in
such a way that there are pentagonal, square, and
triangular "tunnels" which can be occupied by the
Ba and Sr ions' of SBN. Ba and Sr ions are ran-
domly distributed in the pentagonal tunnels, and
Sr is randomly distributed in the square tunnels
(but neither kind of tunnel is completely occupied).
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FIG. 1. Structure of tetragonal tungsten-bronze ma-
terials projected on the ab plane. Pentagonal, square
(and triangular) cells contain Ba, Sr, Na, etc ions. .
(a) is T2 phase and (b) is T1 phase. Square shows unit
cell" which is rotated in going from the &1 to the &2
phase.

As the temperature is lowered through the ferro-
electric T„ the metallic atoms (including Nb) dis-
place along the c axis into the oxygen layers. ' Al-
though this transition is displacive, it does not
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conform to the soft-mode behavior. ' Since the
structural change is from C,„' (ferroelectric
phase) to D,„' (paraelectric phase), it was pro-
posed' that an A, soft mode should accompany the
transition. However, detailed Raman (including
polariton) measurements have failed to show evi-
dence for any soft-phonon mode. ' There are ad-
ditional features of the transition which are not
understood, which we discuss below.

The structures of these materials are unusual
because there are various other structural phases
separated from T1 by a small energy. Consider
the structurally analogous material Na„W03,'
which is in the T1 phase for 0.2~ x & 0.45 [Fig.
1(b)]. For x —0.5, it is in a cubic phase [similar
to that in Fig. 1(a)]; and for x & 0.2, it is in a te-
tragonal T2 phase' [Fig. 1(a)]. An ideal geometri-
cal operation' which takes the &1 structure into
the T2 is a rotation of a square group of four cor-
ner-sharing octahedra through ~71 radians as
shown in Figs. 1(a) and 1(b), and it is repeated
throughout the ab plane. From Figs. 1(a) and 1(b),
it is seen that, locally, each group of four corner-
sharing octahedra have (at least) two free-energy
states corresponding to &1 and T2, with T1 being
the ground state. We shall call the excitation be-
tween these two local energy states a "configura-
tional-tunneling excitation" (CTE). Note that the
rotation involves changes in electronic bonding
(and does not result from a simple phonon conden-
sation); therefore, there is a quantum-mechani-
cal barrier between the local states.

The CTE and the model of the ferroelectric
transition based on it are the novel concepts in-
troduced in the present work. CTE's will have
important physical effects in cases where they
can be excited easily. We argue that they can be
excited easily in the TTB ferroelectrics because
(i) there is randomness in the occupation of cells
by Ba and Sr, and thus there will be cells whose
composition is very near that of the T2 (or the
cubic) phase, and (ii) the bonding configuration of
these materials differs from that of other config-
urations by a small amount of energy (since many
structures are observed in isostructural com-
pounds as a function of ion concentration and of
temperature). Indeed, in the case of Na„WO, for
example, mixed &1 and 1'2 phases are observed
for 0.12~x ~ 0.28, and mixed TI and cubic phases
for 0.38~ x ~ 0.43.'

Consider now the ferroelectric transition in the
present model. Because of occupancy random-
ness by Ba and Sr there are a substantial number
of CTE's whose two energy states are nearly

equal (nearly degenerate), and the ferroelectric
A. , phonon causes coupling between these two
states. As the temperature is lowered, a local
distortion of the A, phonon can occur accompan-
ied by a splitting of the two CTE states (lowering
T1 with respect to T2 locally) in a somewhat sim-
ilar manner as in the pseudo- Jahn- Teller transi-
tion, e.g. , in the rare-earth vanadates. ' The pho-
non distortion is transmitted cooperatively through
the system because of coupling between neighbor-
ing CTE's. Note that CTE is a different "degree
of freedom" from any phonon and that the geome-
trical operation associated with a CTE primarily
involves motions of ions in the a& plane whereas
the &, displacement involves motion along the c
axis. Note also that the ground state of the CTE
remains the T1 state before and after the distor-
tion.

The ferroelectric transition is given by the sim-
plified model

Hq = g +gO'] + ggQ)0'~ (1)

where the bvo levels of the ith CTE are spanned
by the Pauli operators 0& and g is the coupling
constant of the CTE to the A, -phonon displace-
ment operator ~;.' The local A.,-phonon displace-
ment is described by a harmonic Hamiltonian with
a temperature-independent frequency. Note that
the A., phonon distortion takes the system from
the T1 phase to a distorted ferroelectric T1 phase,
whereas o" takes the system (local)y) from the T1
phase to the T2 phase. The T2 phase is unrelated
to the T1 phase whether distorted or not and
therefore coupling between a given phonon dis-
placement and each component of o is allowed. '
The coupling in Eq. (1) is in part electrostatic;
this arises because the CTE has a dipole moment,
the existence of which can be inferred from the
difference between the measured polarization and
that calculated from the ionic displacements. '

We evaluate the contribution of the CTE to the
free energy in a mean-field approximation in
which u; is taken to be its thermal average (u, ).
This gives

E, =-k&T in[2 cosh(A. ,/2kqT)],

where X~ =(a'+g (u, )')'". The total free energy
js E,*=E,+E;~, where E;~ =C(u, )' is the energy
of the phonon distortion. Minimizing E& with re-
spect to (u, ) gives 2C (u;) =g'(u, )A. , 'tanh(X&/
2kBT), which has (u&) 0 0 solutions for T & T„
where T, is given by 2Cb./g' = 2 tanh(a/2kBT, ).
The phonon distortion is transmitted through the
lattice via coupling bebveen the CTE's of the form
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0.; J;,'a, Contributions to J;, include those from
(i) dispersion in the &, phonon frequency &d l, and
in its coupling parameter g(k) and (ii) direct
(bonding) coupling between CTE's. For negligi-
ble randomness in &;, dispersion in Eq. (1) gives'

j""(k)= 2' ~ g(k)~2 —2N g ~
~ g(k) ~~

Then the macroscopic ferroelectric distortion is
(u) =- (2M~„O') 'g(0)&' '(o"), where M is the ef-
fective mass of the phonon, and (o") is obtained
by a straightforward mean-field treatment of the
CTE-CTE coupling. '

Consider the effects of randomness in && and in
the coupling J&,

"" (including contributions from g,).
In the mean-field treatment,

(o,")= [Q, &;,(o,")/&, ] tanh[&, /kBT],

where Aq = [&q'+(Q, &;,(o,"))']"'. When expanded'
for small A, /kRT, this gives kRT(o&,")=Q, Jl, (o;").
This last equation is formally equivalent to the
tight-binding Schrodinger equation for an electron
with off-diagonal site disorder (where k8T corre-
sponds to the energy and (o,") to the amplitudes
of the Wannier functions) which has been treated
in detail. " The equation above is also closely re-
lated to the mean-field treatment of the spin-
glass system. " By recalling that (u, ) ~ (o,"), it
is seen from these studies"" that in the above
approximation the present system has several
well-defined phases: At sufficiently high temper-
atures, there exists a phase in which locally all
(u) are zero (paraelectric I phase); at lower tem-
peratures, there is a phase with spatially separ-
ated (uncorrelated) regions having (u) o 0 (para-
electric II phase); and for sufficiently low tem-
peratures, there is a phase with macroscopic re-
versible polarization (ferroelectric phase). " De-
tailed calculations of the boundaries bebveen these
phases have been given. ' '" The temperature de-
pendence of the size and number of regions with
(u) x 0 in the paraelectric II phase is given by the
method of R.ef. 10.

Consider now a, variety of recent experimental
results, the essential features of which are ac-
counted for by the present model.

Raman spectra. (1) The absence of a soft-pho-
non mode follows naturally from the model be-
cause in it the ferroelectric distortion occurs as
a result of a pseudo-Jahn-Teller coupling of the
ferroelectric A., phonon to the CTE's and not be-
cause of a soft-phonon mechanism. ' The coupling
between the optic A, phonon (&d„,& 270 cm ') and
the spin-deviation-like mode' corresponding to
the CTE levels (the frequency of which tends to

zero at T,) is very small because of the large dif-
ference in energy between ~~, and that of the
spin-deviation mode for T near T,. (2) Doping
SBN with Nd" changes T, dramatically but has
negligible effect on the Raman spectra. ' We note
the presence of the large Nd ' ions makes transi-
tions between the local levels of the CTE more
difficult [decreasing g in Eq. (1)] and thus de-
creases T,. The phonons, which are vibrations
about local minima, are largely unaffected by the
doping. (3) Finally, the intrinsic relaxation of
the CTE s will give a contribution to the quasi-
elastic scattering which has been observed in the
lowest E mode spectrum.

Lou fxequen-cy dielectric constant. The l—ow-
frequency dielectric constant e(v) of the TTB fer-
roelectrics given by the Lyddane-Sachs-Teller re-
lation using the Raman phonon frequencies is in-
dependent of T, whereas capacitive measure-
ments show a strong increase of e(~) as T-T,
and also show frequency dispersion. "The self-
consistent polarization' of the CTE's and the har-
monic phonon displacements give

e(lo) ~ph 4~[(mph+2)/3] t[[Zjo t(~IT)]
—(4ll /3) [(&ph+ 2)/3] ) ',

where Q,n, (&u, T) is the sum of the polarizabili-
ties of the CTE's, and &&q is the temperature-in-
dependent phonon contribution to e(~) at low fre-
quency in the absence of coupling to CTE's. If we
take the polarizabilities of the CTE's to arise
from thermally assisted hopping over their bar-
riers U&, then"

Qqn;(u&, T) =Q;((&d~) /[4kRT cosh (&;/2kllT)]]

x ([1+~'~, ' exp(2U, /kllT) ]3,

where M& is the dipole-moment difference be-
tween the CTE states and 7, is. a constant prefac-
tor. Detailed measurements of e(~) give informa-
tion about &; and U; of the CTE's. For example,
from the frequency dependence' of e(~) for Sr,».
Ba, »Nb, O, at T = 50'C (T ~ T,), we estimate that
the average value%(50'C) =5x10 ' sec; such a
slow relaxation time is consistent with configura-
tion tunneling as in the CTE. The CTE result for
~(0) —

mph above accounts naturally for three im-
portant features of ~(0) (we consider T —T, for
definiteness): (i) e increases as T -T, because
of the increased polarizabilities of the CTE's;
(ii) as ~ decreases, more barriers become ac-
cessible (&uw, & 1 for more 7;), and e(ru) increas-
es, as is observed' (this frequency dispersion is
an important verification of the tunneling nature
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of the CTE's; and (iii) as randomness (deviation
from stoichiometry) increases, & increases for
fixed & and 1' because of the increased number of
CTE's, which is also observed. "

Refractive index. T—he measured refractive in-
dex n(T) of the TTB ferroelectrics is qualitative-
ly different from "pure" ferroelectrics because
it is a smoothly varying function of T for awide
interval of T near T,.' In the paraelectric I
phase, the model gives n =n~', where n'" is the
high-temperature extrapolation of n. In the para-
electric II phase, n —n'" —= ——,(n{'})'gV '(e*)'
xg, u, '(T), where n is the refractive index along
the c axis, g is the appropriate quadratic electro-
optic coupling constant, e* is the effective charge
of a CTE, and the sum is taken over the regions
in which (u) e 0. In the "ferroelectric" phase, n

goes over fairly smoothly to the form appropriate
for no disorder.

The present model can be tested experimentally
by noting that the local structural excitations will
have many effects similar to those of the "tunnel-
ing modes" in glasses. For example, from the
tunneling nature of the modes we predict power-
dependent saturation of ultrasonic attenuation'4
[in addition to the frequency dispersion in s (~)
discussed above]. There will also be deviations
from Debye-model predictions for the lcnv-tem-
perature heat capacity, "velocity of sound, "and
nuclear spin-lattice relaxation. " The specific na-
ture of the local structural excitations proposed
here can be tested by doping the material with
large ions like Nd" which will increase their ex-
citation energies as discussed above.
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