


1 INTRODUCTION

A major role for the superconductivity in YBa,2C11307 has been ascribed by

several authors (see e.g. [1 2]) to the a,plcal oxygen atoms denoted usually

* as 04. In particular, the debate on posmble lattice instability assocmted with
: the apical oxygen O4 in 'YBayCu3zO7 keeps still on.
Temperature dependent EXAFS studies [3, 4, 5] show a sblit position i.e., a )
double-well potential for the O4 motion. High temperature Raman measure-
ments (6, 7] indicate significant softening and broadening of the 04 derived
A, mode characteristic of anhal momc1ty This mode exhlblts in addltlon an
- anomalous 1sotope effect i.e. upon substitution of 30 for 160 its frequency
shift has been found to be weaker than in the harmonic theory urging the
authofs to conclude on anharmonicity of this mode {8].
The nuclear pair-distribution a11a1yses of the elastic and inelastic neutron scat-
termg data [9] for T1 and La-based cuprates clearly 1nd1cate a spht position
for the apical atoms,t00 whereas the Rietveld refinements do not show any
noticeable- anomaly [10]. We remind that the latter method gives the _loﬁg
range structure while the former one probes the local structure.
Theoretically it ha;s been demonstrated that a strong electron-phonon vcoupli.ng
brings about an effective double-well potential for the infrared (IR) active
mode involving the‘in-phase vibration of 04 atoms [11]. First principles LDA
calculations [12], [13] predict é single-weﬂ potential, but an asymmetric one
with considerable cubic term, for 04;‘Fu1't11e1'1110re a tunneling .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 b;e
reconciled with Raman as well as IR measurements [15]. However, a growing

body of experimental evidence for strong electron-lattice coupling with promi-
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nent participation of 04 can not be doubted calling likewise-for a theoretical
diversity. .

Therefore it would be of -great interest to look for a modél which would in-

terpolate between a single-well potential and a double-well one dépending 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 O4 atom can fluctuate between two in-

equivalent positions created by the asymmetric interaction of O4 with the two

neqrest-neighbourvcopper‘ atoms along ‘th‘e c-axis ( chain Cul and plane Cu2 )
whereby one of the positions is supposed fo be a metastable dné . The reason
for the interaction asymmetry is believed to be the different oxyg;eﬁ coord/i-
nation of these égp‘p‘er atoms. Given theénérgy difference between these two
positions is considerably largef than &7 one 1i1ay expect that the metastable
posli‘tion is not occupied and bthe atom remains largely in the stable position
behaving itself like in a single-well potential. However, if in the course of
Ir;easurements the atom is excited by heating up and/or by means of other
excitatidns/( 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 wé formulate a two-sublattice model Hamiltonian Wwhich we treat in the
molecular field approximation(MFA). We then present ithe results and a dis-

cussion of the consequences for thermodynamics arising if one assumes such

an asymmetric double-well potential for the O4 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.
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"2 Model

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

following Hamiltonian {in the absence of external fields)

1 S CT e
H = _E Z [IIJ(SZI‘S;I + ,S[Q,SJ—._,) + 2]\,']'.5”5_7'2] -
LY}
—QY (SHA SR =AY (55— Si) (1)
J J .

where the indices 1 and 2 refer to the two sublattices, J;; and K';; are the
effective interaction constants among O4 atoms in the same and different sub-
lattiées, respectively and #, j denote thesites. Q is the tunneling frequency in
7 the one-particle double-well potential and A is the asymmetry parameter. The
lattice model is shown in Fig.( ). We assume t'ha.l: in t.vhe fully oxygenated
YBa,Cuz07 superconducting compound the stable position is closer to the
Cu2-02,03 plane. ' This assertion is made in accordance with the fact that
th‘e Cu2-04 bond length experiences an abrupt decrease upon doping into the
superconducting phase [17]. Since the basal plane bearing the one-dimensional
Cul-01 chaius is the inversion plane of the elementary cell, the two a‘s‘\;mmet-
ric double-well potentials for the two O- ions on ecither sides of the inversion
plane (along the c-axis) form mirror images ot each other as depicted in ’Fig.v 1.
Note that the abscissa represents the c-axis of the elementary cell, i.e. perpen-
dicular to the Cu-O planes. Tor the sake of clearness we denote the oxygen
sublattice, whiclrhas the deeper minimum on the left side by 1, the respective
oxygen atom by O4(1) and correspondingly the sublattice with the deeper well ’
on the right side by 2, the oxygen atom by O4(2). It is interesting to point_out
that the two-sublattice model with asymmetric double-well potential was ap-
plied long time ago in the study of ferroclectricity in the Rochelle salts [18].

It is noteworthy that depending on the magnitude of A the potential can’



Cul=01

N | c—axis

Figure 1: The potentials for the two O4 atoms along the c-axis and the atom
displacements corresponding to the IR (UL.U2 configurations) and Raman
(G1,G2 configurations) modes (dashed aund solid lines, 1‘especti§/oly, sce also
text). '

change from a syu:inétric double-well to a quasi-single-well form. The pseudo-
_spin operator SZ is assumed to equal ~1/2 if the O4 atom is in the left well
and +1/2 if it is in the right well. The S} operator describes the tunneling
of the O4 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 Hamiltonian ffy which describes a system of non-
interacting pseudo-spins in the MFA:

Ho=~ Y I3Si - > QSE, ' (2)
‘ in=1,2" in=12 "
‘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:

F = —TlnTr(e"#7) < Fy = Fot < Il - Iy >0, (3)
where : Ty _,|(.,-:—.'%
< A >p= ( i ) ) (4)
Tr(c 7T ) :
4

and

h h
Fo=-T(n '2coshﬁ +In QCoshE—%) (5)

is  the exact free energy of our trial system with molecular fields

ha = (2T (R2)2). .
The condition of stationarity i.e..
or
§ha

yields now the following coupled nonlinear equations for the average value of

the pseudo-spin < S&, > at site ¢ in the sublattice n

. 10
< SE >= _—Eta‘nh ST (6)

In- the same manner, requiring

§F
b< 5% >

m

=0

we obtain for the components of the molecular field in the two different sub-

lattices ‘
h =J <57 >+K <855 > -A,

h3=J< 855 >+K <857 > +A. - (7)

Here K = 3, Kij and J = ¥, Jij.
Using ( 1) = ( 7) one arrives at the following expression for the free energy

Flin(3)
. J - _
Fi=2(<8 >+ <Si>N)+ K< ST >< 55>~

hl hg - ‘
T h— 2cosh—=
(In 2cos T + In 2cosh kT)’ (8)
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 coupled nonlinear equatioyns for the sublattice
polarizations ( 6) taking into account the Eqgs. 7. Since we are concerned with
the thermodynamics for simplicity the tunneling term can be safely neglected

without losing any physics, i.e. we set = 0. We have choosen the model

parameters such that T is approximately 90 K ( i.e. T. of YBa;Cuz05 )

whereBy we fixed A = 33 meV.' In Fig. 2 the sublattice polarizations vs.

temperature are shown for a few selected sets of K and J represented by the

05

00—
0 250 T(K) 500

Figure 2: The temperature dependence of the sublattice polarizations.

.

dimensionless parameter & = (J + K')/A. As one sees the polarizations in -

the two sublattices are equal in magnitude, but opposite in sign except for a .

temperature region between 17 and T5. Outside of this region

<S8 >=—< 55>
6

and thé net po'laﬁza‘tion defined by
=<5 >+<55> ‘ (9)

is zero as shown in Fig. 3 although < 57 ># 0. For T} < T < T3 a sponta-

neous polarization takes place i.e. o becomes nonzero on approaching T1=90K

from the low tempcrahﬁ'c side or T,=230K from the high-temperature side.
\

It means that in this temperature range the free energy has its minimum fog

a ferroelectric state i.e. when O:(1) is localized in the (lee}fer (or higher) well
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Figufe 3: The temperature dependence of the net polarization for various

interaction constants J, I
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of its poten‘tial‘ whereas 04(2) is localized in the higher( or deeper) well of its

potential. This is visualized in Fig. I hy the U1 (U2) configurations.

In fact YBaCuO was found to be both pyroelectric and piezoelectric, imply- .

ing the exi\s‘tence of a macroscopic polarization directed along the c-axis [19].
Moreover sign reversal and an increase of thé magnitude of the sf)o'nta“ncous
polarization with doping has been reported [20]. However it shiould bo'n:oted
that this finding has sofar not been confirmed by other groups although similar
effects are seen but they disappear after thermial cycling of the samples.

This could be an indication on possible composition dependence of the fer-

roelectric behaviour. In the present model the composition changes can be"

simulated by the interaction parameters J, K. The dependence of the net.

polanzatlon on the variation of these pdmnmtms is shown in Fig: 3. One sees
that a small change in the parameter o = (J 4+ K)/A strongly mﬁuences

the magnitude of the polarization. lts increase by only 10% is almost suffi-

‘cient to completely suppress the macroscopic polarization. Thus the absence = -

of macroscopic poiarization does not necessarily deny the asyminetric double-
well structure of the potential. Contrarily it could explain in a natural way

why the ferroelectric effect lias not been observed in all samples.

A question at hand concerns the relationship of this ferroelectric ordering of.

apical oxygens to superconductivity since empirica‘llky 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 temperaruw at, which the cuprates reveal distinct
lattice mstablhty Temperature-dependent ion (‘hannelmg experiments of the
oxygen sublattice in YBaCuO compound indicate also on some anomaly in the
c-axis dlsplacements of the apical oxygen atoms [22] upon cooling through the

’

superconductmg transmon temperature.

From the commonly accepted point of view that superconductivity is realized
in Cu2-02,03 plane it seems that there is no direct relation between the fer-
roelectric behaviour of the apical oxygen and superconductivity in the pl;ine
because of the various dxmensmnahty of the phenomena and also of the spa-
tial separatxon of these two structural units although the former effect’ could
mdlrectly affect the latter one v1a the charge transfer mechanism. However
for the ( (bl)polaromc [23, 24] or two- component [25] ) pairing theories em-
ploymg the anharmonlc feature of 04 this model should brmg about certam
1mphcat10ns -

In conclusmn we discuss bueﬁv some unphcatlons of the assumptlon of thls

model for the v1brat10nal plopertxes For this purpose we mtroduce phonon

‘ modes correspondmg to the IR and Raman modes defined as follows

‘Qiu‘= 5(51‘21 + S55), Qig = 5(51'21 - 85 S (‘10)

For the infrared active (IR) mode Q;y, involving in-phase displacements of

04(1) and 04(2) (see Fig. 1) the two Ul and U2 configurations are degenerate
and t_herefore the only possible form of the ,potential for the IR mode is a
symmetnc double-well potential. We recall that similar conclusion has been
drawn in [11]

For t’he\Raman active normal mode Q;, associated witlh the two O4 atoms
involving @nti-&phase displacements of these atoms i.e. 04(1) is displaced to
the right (or left) well while 04(2) is displaced to the left (or right) ono as
represented in Fig. 1 by G1 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



- Z Jz] [Qiu.qu + Qngjﬂ )] -

ZIHJ(QquJu ngQJg )+ ZAZQW - QZ(S -(11)

i

It is readily séen that this Hamiltonian is symmetric with respect to the @y
variables while it is asymmetric in terms of ;,. Therefore one can conclude
that within the present model the potential for the IR active mode is of a

symmetric double-well 'typg whereas for the Raman active mode one has an

asymmetric double-well one: These conclusions have important consequences,
for the IR and Raman spectroscopies. They concern the (non)-existence of .-
low ffequency tnnneling modes, temperature dependence of phonon energy
and anamalous isotope shifts, the symmetry bleakmg of optical selection ru]es“
for these higly anharmonic phonon niodes (lescube(l by the pseudospm vari- =

ables in the model ( 11). Some of these problem are discussed in [15] and

[26].

In Fig. 4 we compare the wavefunctions corresponding to the two lowest eigen-

states Wg, ¥; and a higher excited state (fourth) ¥4 in the asymmetfic "andi,

symmetric double-well potentials with similar barrier heights. In the case of

a symmetric double-well the wavefunctions are spread symmetribal]y or (émti—‘ ‘

symmetnca]ly) over the two wells implying that the minimal root mean square ;

amphtude (RMSA) of the displacement is given by the 'distance between the
minima. As for the asymmetric potential the lower eigenstates are localized

in the one (deeper) well whereas the higher eigenstates are delocalized. It

is demonstrated in Fig. 4 by the wavefunction corresponding to the fourth:

eigenstate, which has a finite weight in the higher well. Therefore at low

temperature when only the lowest cigenstates are occupied the RMSA g’ivyen

by :

S, < U, |u? |V, >exp(—FEy)
SLeep(—FEy)
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Figure 4: Two anharmonic potentials (a-asymuietric double well and b-
symmetric double well) and the wavelunctions corresponding to the two lowest

eigenstates Yo, ¥1 and a higher (fourth) excited state ¥,.
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would have a behaviour essentialy like ina single well potential. The double-
well character of the potential will come into light when the higher levels
become occupied e.g. if the temperature is raised or the particle is excited by
other excitations.

The Debye-Waller factor or the RMSA is. an cxc‘eptionally iportant and
useful quantity providing information of the vibrational potential which can
be obtained directly from inelastic neutron scattering (INS) experiments. ‘As

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

tials.
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for the 04 atom since the temperature dependence of the RMSA < u? >
does not show any noticeable anomaly in tlie temperature dependence. As
menbt'ioned above, however in a sufficiently asymmetric double-well potential
at low temperatures the atom could behave itself as though in a single-well
potential. We have calculated the RMSA for harmonic, asymmetric double-

,well and symmetric double-well potentials as function of temperature. They

are compared in Fig. 5. At low temperatures the RMSA in the symmetric
double-well potential is bounded by the distance between the two ,miﬁirﬁ‘:_m
of the potential while that one of the harmonic oscill(;itor by the zero-point
amplitude. The RMSA in the asymmetric double-well potential tends to a
value inbetween because of the different population in the two wells. Thereféré
urider 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 assuming 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
therﬂinteracti(v)n constants-between the apical oxygen sites. This prompts us to
conélude 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 mode involving the vibration of 04 atoms is
shown to be of a double-well form. We note that a similaf 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 asy;nmetry 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 hetween those ones of the sym-
metric double-well and the harmonic potentials depending on the magnitude

of the asymmetry energy A.

The study of the dynamics of the model is reserved for a subsequent publica-
tion. ‘
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Tan6aarap T., Ilnakuga H.M., Hpekcaep I1.JI. E17-94-299
AHTapMOHH3M aNEKCHOro KMCJIOPOAa
H CCrHETOINEKTPHYECTBO B Y Ba,Cu;30,

[pennoxena ICEBIOCTTMHOBAS ABYXIIOAPEIIETOYHAS MOZIENb
aCHMMETPUYHOTO ABYXSIMHOIO IOTEHIMANA /Il OMHCAHHS AHIaPMOHMUYECKUX
KoseGaHMit aTOMOB aIeKCHOTO KMCI0poaa B coenuHennu Y Ba,Cu;04 Paccmor-
pexa dasosas nuarpamma Monend. ITokasawo, 4ro CymecTsyer Takoi nabop
MapaMeTpoB MOAEIM, NpPH KOTOPOM BO3MOXHO IOSBJIEHHE CHOHTAHHON

HOJIIPU3AUMM M CEIHETOIIEKTPUYECKOrO COCTOSIHUSI B O0JIACTH TEMIIEPATyp
90—250 K.

Pa6ora srimosinena B Jlaboparopuu reopetnueckoit dusuku um. H.H.Boro-
mobosa OUSH.

Mpenpuat O6bEeAMHEHHOTO MHCTUTYTA SAEPHBIX ccaeaoBaduit. Iy6ua, 1994

- .
Galbaatar T., Plakida N.M., Drechsler S.L. E17-94-299
Apical Oxygen Anharmonicity and Ferroelectricity in YBa,Cu30,

A model suggesting an asymmetric double-well form for the effective
vibrational potential for the apical oxygen atoms in the YBa,CuzO,
superconductor is formulated in the pseudo-spin representation and its phase
diagram is studied. It is found that there exists a set of parameters for which a
spontaneous polarization may occur at a temperature close to the
supperconducting T, implying the possibility of formation of a ferroelectric

state in the temperature region 90K—250K.
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Theoretical Physics, JINR.
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