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1 INTRODUCTION

A major role for the superconductivity in YBa,CuyO- has been ascribed by
several authors (see e.g. [1.2]) 1o the apical oxygen atoms denoted usually
as O4. In particular. the debate on possible lattice instability associated with
the apical oxygen O4 in YBa,CuyO- keeps still on.

Temperature dependent ENAFS studies [3. 1. 5] show a split position i.e., a
double-well potential for the O motion. High temperature Raman measure-
ments [6, 7] indicate significant softening and broadening of the O4 derived
A, mode characteristic of anharmonicitv. This mode exhibits in addition an
anomalous isotope effect .. upon substitution of 30 for 0 its frequency
shift. has been found to be weaker than in the harmonic theory urging the
authors to conclude on anharmonicity of this mode [8].

The nuclear pair-distribution analyvses of the elastic and inelastic neutron scat-
tering data {9} for TI and La-based cuprates clearly indicate a split position
for the apical atoms.too whercas the Rietveld refinements do not show any
noticeable anomaly [10]. We remind that the latter method gives the long
range structure while the former one probes the local structure.
Theoretically it has been demonstrated that a strong electron-phonon coupling
brings about an effective double-well potential for the infrared (IR) active
mode involving the in-phase vibration of O-f atoms [11]. First principles LDA
calculations [12], [13] predict a single-well potential. but an asymmetric one
with considerable cubic term. for Ol Furthermore a tinneling model related
to O4 vibration has been assumed to account for the linear specific heat term
at low temperatures [14].

On the other hand, other authors stress that a double-well potential can not be
reconciled with Raman as well as IR measurements [15]. However, a growing

body of experimental evidence for stroug electron-lattice coupling with promi-



nent participation +f Q4 can not be doubted calling likewise for a theoretical
diversity.

Therefore it would be of great interest to look for a model which would in-
terpolate between a single-well potential and a double-well one depending on
certain external factors. In our opinion. a good candidate is offered by an
asymmetric double-well potential.

It has been proposed [16] that the O atom can fluctuate between two in-
equivalent positions created by the asvmmetric interaction of O with the two
nearest-neighbour copper atoms along the c-axis ( chain Cul and plane Cu2)
whereby one of the positions is supposed to be a metastable one . The reason
for the interaction asyminetry is believed to be the different oxygen coordi-
nation of these copper atoms. Given the energy difference between these two
positions is considerably larger than A7 onc may expect that the metastable
position is not occupied and the atow remaius largely in the stable position
behaving itself like in a single-well potential. However. if in the course of
measurements the atom is excited by heating up and/or by means of other
excitations ( e.g. photons in EXAFS ) it could be activated to overcome the
barrier or tunnel through it towards the metastable position setting up the
double-well character of the potential.

Here we formulate a two-sublattice model Hamiltonian which we treat in the
molecular field approximation( MFA). We then present the results and a dis-
cussion of the consequences for thermodvianics arising if one assumes such
an asymmetric double-well potential for the O atom. The paper is organized
as follows: next Section explains the proposed model, in the last Section we

present our results and discuss related experiments.



2 Model

We start by formulating a two-stublattice psendo-spin model described by the

following Hamiltouian {in the absence of external fields)
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where the indices | and 2 refer 1o the two sublattices. J,; and Ay, are the
offective interaction constants antong O-F atoms in the same and different sub-
lattices. respectively and 7.7 denote the sites. Q05 the tunneling frequency in
the one-particle double-well potential and X is the asyinetry parameter. The
fattice model is shiown in Fiod [ We assnme that o the fully oxvgenated
YBayCusO- superconducting compuonnd the stable position is closer to the
Cu2-02,03 planc. This assertion is wmade inaccordance with the fact that
the Cu2-01 bond length experiences an abript decrease upon doping into the
superconducting phase {[17]. Since the basal plane hearing the one-dimensional
Cul-01 chains is the inversion plane of the clementary celll the two asymmet-
ric double-well potentials for the two O fons on cither sides of the inversion
plane (along the c-axiz) form mirror inges of each other as depicted in Fig. 1.
Note that the abscissa represents the c-axis of the elementary cellie. perpen-
dicular to the Cu-O planes. For the sike of clearness we denote the oxygen
sublattice. which has the deeper minimum on the left side by 1. the respective
oxygen atom by O1(1) and correspondingly the sublattice with the deeper well
on the right side by 2. the oxygen atom by O42). 1t is interesting to point out
that the two-sublattice model with asyvumetric double-well potential was ap-
plied long time ago in the study of ferroelectricity in the Rochiclle salts [IR].

It is noteworthy that depending on the maguitude of A the potential can
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Figure 1: The potentials for the two O1 atoms along the c-axis and the atom
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displacements corresponding to the IR (UL.U2 confignrations) and Raman
(G1,G2 configurations) modes (dashed and solid lines. respectively. see also
text).

change from a sy« inetric double-well 1o 4 quasi-single-well form. The pseado-
spin operator 57 is assumed to equal 1720 the O 1 atom is in the left well
and +1/2 if it is in the right well. The 87 operator describes the tunneling
of the 04 atoms between two wells,

To consider thermodynamical properties of the model we have to calculate
the free energy. For this purpose we employ the Bogoliubov variational prin-
ciple and introduce a trial Hamdltonian 1, which describes a system of non-
interacting pseudo-spins in the MEA:

Hy=~ > bS, - > Q5. (2)

2 =132

where n = 1.2 is the sublattice index. Then for the true free energy of the

model ( 1) we have the following estimation [rom above:
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is the exact free energy of our 1rial svstem with molecular fields
by = Q2+ (D)2
The condition of stationarity i.e..

e
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vields now the following coupled nonlinear equations for the average value of

the pseudo-spin < 57 > at site ¢in the sublattice »
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we obtain for the components of the molecular field in the two different sub-

lattices
hi=J <5 > 4N <85> -A,

Ry = J < 85 > RN < 8] > +A.
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Here K = 37 Ky and J =50 /.
Using ( 1) - { 7) one arrives af the following expression for the {ree energy

Fiin ( 3)
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The temperature dependences of the sublattice polarizations are given now
by the solutions of the two coupled equations ( 6).
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3 Results and Discussion

We have iteratively solved the conpled nonlinear equations for the sublattice
polarizations ( 6) taking into account the Fqgs. 7. Since we are concerned with
the thermodynamics for simplicity the tunneling term can he safely neglected
without losing any physics, i.e. we set @ = 0. We have choosen the model
parameters such that Ty is approximately 90 K ( i.e. T of Y Ba,Cusz07 )
whereby we fixed A = 33 meV. In Fig. 2 the sublattice polarizations vs.

temperature are shown for a few selectod sets of A and J represented by the
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Figure 2: The temperature dependence of the sublattice polarizations.

dimensionless piwneter a = (J + N)/A. As one sees the polarizations in
the two sublattices are equal in magnitude. but opposite in sign except for a

temperature region between Ty and Ty. Outside of this region

< Si>=—-< 55>

6



and the net polarization defined by
Y (9)

is zero as shown in Fig. 3 althougl < 57 »% 0. Yor Ty < T < Ty asponta-
neous polarization takes place i.e. @ becomes nonzero on approaching T1=90K
from the low temperature side or 7, =230K fron the high-temperature side.
It meaus that in this temperature ranwe the free energy bas its minimum for

a ferroelectric state e when O by s localized n the deeper (or higher) well
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Fieure 3: The temperature dependence of the net polarization for various
g

interaction constants J. .



of its potential whereas O-1(2) is localized fn the higher{ or deeper) well of its
potential. This is visualized i Fig. [ by the Ul (U2} configurations.

In fact YBaCuO was found to be hoth pyvroelectric and piezoelectric, imply-
ing the existence of a macroscopic polarization divected along the c-axis [19].
Moreover sign reversal and au increase of the magnitude of the spontaneous
polarization with doping has been reported 200 However it should be noted
that this finding has sofar not been confirnied by other groups although similar
effects are seen but theyv disappear after thernal eveling of the samples.
This could be an indication on possible composition dependence of the fer-
roelectric behaviour. In the present maodel the composition changes can be
simulated by the interaction parameters Jo AL The dependence of the net
polarization on the variation of these parameters is shown in Fig. 3. Oue sces

that a small change in the parameter o = (J + N)/A strongly influences
the magnitude of the polarization. [ts increase by only 10% is almost suffi-
cient to completely suppress the macroscopic polarization. Thus the absence
of macroscopic pularization does not necossarily deny the asyminetric double-
well structure of the potential. Coutrarily it could explain in a natural way
why the ferroelectric effect has not beenw observed in all samples.

A question at hand concerns the relationship of this ferroelectric ordering of
apical oxygens to superconductivity since empirically these two phenomena are
believed to be mutually excluding ones. In Ref. [21] basing on high-resolution
thermal-expansion experiments it was proposed that lattice instability may be
a limiting mechanism for T i.e. the highest T attained for optimum doping
was found to coincide with a temperature at which the cuprates reveal distinct
lattice instability. Temperature-dependent jon channeling experiments of the
oxygen sublattice in YBaCnO cotmpound indicate also on some anomaly in the

c-axis displacements of the apical oxyvgen atoms [22] upon cooling through the

superconducting ransition temperatnre,
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From the commonly accepted point of view that superconductivity is realized
in Cu2-02,03 plane it scems that there is no direct relation between the fer-
roelectric behaviour of the apical oxveen and superconductivity in the plane
because of the various dimensionality of the phenomena and also of the spa-
tial separation of these two structural units although the former effect could
indirectly affect the latter one via the charge transfer mechanism. However,
for the ( (bi)polaronic [23. 24} or two-component [25] ) pairing theories em-
ploying the anharmonic feature of O1 this model should bring about certain
implications.

In conclusion, we discuss briefly sowe implications of the assumption of this
model for the vibrational properties. For this purpose we introduce phonon

modes corresponding to the IR and Raman modes defined as follows

| =

(S35 + 9. Qiy = 5055 = %) (10)

Qiu:, 9
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For the infrared active (IR) mode Q,,. involving in-phase displacements of
04(1) and 04(2) (sec Fig. 1) the two Ul and U2 configurations are degenerate
and therefore the only possible form of the potential for the IR mode is a
symmetric double-well potential. We recall that similar conclusion has been
drawn in [11].

For the Raman active normal mode Q,, associated with the two O4 atoms
involving anti-phase displacements of these atoms i.e. 04(1) is displaced to
the right (or left) well while O4(2) is displaced to the left (or right) one as
represented in Fig. 1 by G and G2 configurations. These two configurations
differ by an energy 2A ~66 meV ( 11) which gives an estimate for the energy
of the A, Raman active mode in an effective asymmetric potential.

In terms of these new pseudospin phonon variables the Hamiltonian (1) can

be rewritten as follows



H = ——YJ (0,00 + Q)]
ZA”(OWQW (2,,,(3,, + )_\LQ 4)2 5+ Sh ) (1)

It is readily seen that this Hamiltonian ix symmetric with respect to the (J;,
variables while it is asvinmetric in terms of (0. Therefore one can conclude
that within the present model the potential for the IR active mode is of a
symmetric double-well type whereas for the Raman active mode one has an
asymmetric double-well one. These conchugions have important consequences
for the TR and Raman spectroscopies. They concern the {nomn)-existence of
low frequency tunneling modes. temperature dependence of phonon energy
and anamalous isotope shifts, the syvimmetry breaking of optical selection rules
for these higly anharmonic phonon modes described by the pseudospin vari-
ables in the model ( 11}, Some of these problens are discussed in [15] and
[26].

In Fig. 4 we compare the wavefunctions correspounding to the two lowest eigen-
states Wo, ¥y and a higher excited state (fonirth) Wy in the asvmmetric and
symmetric double-well potentials with stmilar barrier heights. Tu the case of
a symmetric double-well the wavefunctions are spread svmmetrically or (anti-
symmetrically) over the two wells implying that the mininal root mean square
amplitude (RMSA) of the displacement is given by the distance between the
minima. As for the asymmetric potential the lower cigenstates are localized
in the one (deeper) well whereas the higher eigenstates are delocalized. Tt
is demonstrated in Fig. 1 by the wavelunction corresponding to the fourth
eigenstate. which has a finite weight in the higher well. Therefore at low
temperature when only the Towest cigenstates are occupied the RMSA given

by

J

4
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Figure 1: Two anharmonic potentials {a-asvinmetric double well and b-
symmetric double well) and the wavefunctions corresponding to the two lowest

eigenstates Wy, ¥ and a higher (fourth) excited state ¥,
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would have a behiaviour essentialy like iu o ~ingle well potential, The double-
well character of the potential will come into light when the higher levels
become occupied g if the temperarnre is vaised or the particle s excited by
other excitations.

The Debve-Waller factor or the RMSN i excoptionally important and
useful quantity providing information of the vibrational potential which can
be obtained directly from inelastic nentron scattering (INS) experiments. As

stressed in [10] the INS data do not lend support for a double-well potential
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Figure 5: The temperature dependence of the RMSA for harmonic (squares),
ssvimmetric doubleawell [stars and syvmmenvic double-well (triangles) poten-

tials.
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for the O4 atom since the temperature dependence of the RMSA < u? >
does not show any noticeable anomaly in the temperature dependence. As
mentioned above. however in a sufliciently asvimmetric double-well potential
al low temperatures the atom could behave itself as though in a single-well
potential. We have calculated the RAMSA for harmonic, asymmetric double-
well and symmetric double-well potentials as function of temperature. They
are compared in lig. 5. At low temperatures the RMSA in the symmetric
double-well potential is bounded by the distance between the two minima
of the potential while that one of the harmonic oscillator by the zero-point
amplitude. The RMSA in the asyvmmetric double-well potential tends to a
value inbetween because of the different population in the two wells. Therefore
under certain circumstances it might be difficult by comparing the Debye-
Waller factors to distinguish a harmonic potential from an asymmetric double-

well one.

4 Summary

To summarize, we have studied a model assnming an asymmetric double-well
form for the vibrational potential for the apical oxygen in the 1-2-3 supercon-
ductor and shown that it could give rise for a ferroelectric behaviour. We found
that the magnitude of the macroscopic polarization is strongly dependent on
the interaction constants between the apical oxvgen sites. This prompts us to
conclude that the absence of macroscopic polarization does not rule out the
possibility of realization of this model. As a by-product of the study the ef-
fective potential for the IR active inode involving the vibration of O4 atoms is
shown to be of a double-well form. We note that a similar conclusion has been
drawn in charge transfer models and we arrived at it by an alternative way. As
for the Raman active mode, it is tempting to conclude a double-well potential
with a considerable asymmetry which can be regarded at lower temperatures

13



essentially a single-well one. The temperature dependence of RMSA in the

asymmetric double-well potential interpolates between those ones of the svin-

metric double-well and the harmonic potentials depending on the magnitude

of the asymmetry energy .

The study of the dyvnamics of the model is reserved for a subsequent publica-

tion.
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FanBaarap T.. I1axuaa H.M., dpexcaep UL, E17-94-299
AHrapMOHM3M ANEKCHOO KUCI0POaa
# CCrHETOdACKTpIuecTBo B YBa,Cu,0,

Ipennoxena ACCBAOCHINHOBAS ABY XTIO3PCUIETOYHAS MOoIeNnb
ACMMMETPUUHOTO JBYXSMHOIO MOTCHIHAIA ISl OTIMCAHUS AHFAPMOHUUYCCKHX
KOJICOAHMI ATOMOB ANICKCHONO KHMCIOPOIA B COCTUHHCHUI YBa,Cu30, Paccmor-
pena dasosas amarpamma mMozcau. [10Ka3aHo, uTo CYIIECTBYET TaKoil Habop
MapaMeTpoB  MOACAH. NPU KOTOPOM BOSMOXKHO [OSBJACHHME CIOHTAHHON
[TOIPUBALNK. ¥ CCTHCTOXICK TPUHCCKOTC COCTOSIHMS B OOMACTH TEMAEPaTyp

90—250 K

Pabora BeinonHeHa & Aadoparopun Teopernucckoit dvsuku um. H.H. Boro-
mobosa QUSINA.

[penpunr Ofne mneHnoro nucrTvra SLIEPHBIX HeCIe10Banmit. J1yOua, 1994
A p Y

Galbaatar T.. Plakida N.M., Drechsler S.1. E17-94-299
Apical Oxvgen Anharmonicity and Ferroelectricity in YBa,Cu;0,

A model suggesting an asymmectric double-well form for the effective
vibrational poiential for the apical oxygen atoms in the YBa,Cu30,
superconductor is formulated in the pscudo-spin representation and its phase
diagram is studied. Itis found that there exists a set of parameters for which a
spontancous polarization may occur at a  temperature close to the
supperconducting 7 .. implying the possibility of formation of a ferroelectric
state in the temperature region 90K —250K.

The investigation has been performed at the Bogoliubov Laboratory of
Theoretical Phyvsics, JINR.
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