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Mechanism for Electric Field EH'ects Observed in YBa2Cn307 —„Films
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The chain oxygen dynamics of YBa2Cu307 —„have been investigated using a Monte Carlo simulation

of the asymmetric next-nearest-neighbor Ising model for the oxygen atoms in the basal plane. The eA'ect

of an electric field is to change the basal plane coordination of Cu ions, resulting in a change in the car-
rier doping of the Cu02 planes. The ratio of magnitudes of the changes in the doping under potentials of
+10 V and —10 V is in good agreement in magnitude and sign with that observed in field eAect experi-

ments, as are also the time constants for the resistance changes.

PACS numbers: 74.72.8k, 74.76.Bz

Early and recent work demonstrating the effect of ap-
plied electric fields on the properties of superconducting
films has been interpreted as resulting from changes in

the charge-carrier density in a film, without altering its
chemical structure [1-3]. Considerable interest exists in

three terminal devices exploiting this phenomenon [4]. In
point contact spectroscopy, relaxation effects attributable
to oxygen motion have been observed by Rybal'chenko et
al. [5]. Investigations of oxygen deficient YBazCu307 —,
single crystals, in which increases of the transition tem-
perature by as much as 30 K were observed by room tem-
perature aging [6-8], demonstrate significant oxygen mo-
bility even at room temperature. This ordering may be
involved in the interpretation of the effect of applied elec-
tric fields on resistance and of other phenomena observed
in high-T, materials such as the enhanced and persistent
conductivity upon photoexcitation by red light [9,10].

In this Letter we report the results of a Monte Carlo
study of the effect of applied electric fields on the dynam-

ics of chain oxygen in YBa2Cu307 —„. We find that con-
siderable rearrangement of chain oxygen takes place,
causing a change in the doping of the Cu02 planes. As a
result, the carrier concentration, which is related to the
ordering of oxygen vacancies, is altered. Experiments on

oxygen-deficient single crystals [6,7] have established
that the relevant parameter governing the doping of the

Cu02 planes is not their oxygen content, but the nature
and extent of oxygen order in the basal plane. An activa-
tion energy of 0.97+ 0.03 eV has been measured for oxy-

gen by tracer diffusion [11]. Despite this apparently high
activation energy, it has been demonstrated [6-9] that
significant oxygen rearrangement and ordering can occur
even at room temperature.

We use the asymmetric next-nearest-neighbor Ising
(ASYNNNI) model, first proposed by de Fontaine, Wil-

lie, and Moss [12], to study the thermodynamics of oxy-

gen ordering in this system. The Hamiltonian of the
AS YN N N I model,

NN NNN(CU) NNN

H = g Via';crj+ g V2a;at + g V3(T, aj 8 g 2 (1+a;)p;,

allows the calculation of the energy of a given collection
of oxygen atoms and vacancies in the basal plane. Here
the a's denote the pseudospin variables (oxygen=+1, va-

cancy= —1) and i is the site index. The presence of an

external electric field adds the term s p; to the Hamil-

tonian, where e is the local field and p; is the site-specific
electric dipole moment of the oxygen. This term is

present only when the site is occupied by oxygen. The
averaged values of the dipole moments p; are taken to be

nonzero. There exists a large body of experimental evi-

dence [13-20] showing that permanent electric dipole
moments are present in YBa2Cu307 —„and similar ma-
terials. The coexistence of local permanent electric mo-

ments and superconductivity is not new; it occurs, e.g. , in

doped SrTiO3. This model regards the "chain" plane as a
two-dimensional Ising model with repulsive first-neighbor
effective pair interactions, denoted V~, and second-
neighbor interactions, which take on different values de-

pending upon whether the interaction is mediated by an

l intervening Cu ion or not, denoted by Vz and V3, respec-

tively.
The ground states of order were determined rigorously

[21] for all possible ratios V2/Vi, Vi/Vi (Vi )0) and

were later rederived analytically [22]. In YBa2Cu307-,
the effective interactions had to obey the following in-

equalities:

V2«0& V3«V~,
since V2 is mediated by an intervening Cu ion, and hence
is attractive. Values of 0.094, —0.032, and 0.015 eV were

given by Sterne and Willie [23] for Vi, Vq, and V3 re-

spectively. The ASYNNNI model is su%ciently robust

against changes in the V s provided. that (2) is satisfied.
In the following, we consider YBa2Cu3O7 — at a single

oxygen concentration, x =0.25. Thus there are 6.75 oxy-

gen atoms per unit cell. This stoichiometry was chosen

based on the consideration that it is easily attained in thin

film work, and oxygen contents around this value have
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been reported in the thin film literature. The sub-
stoichiometry is accommodated, as is well known, by oxy-
gen vacancies in the basal plane. The electric dipole mo-
ments for this particular stoichiometry have been deter-
mined from a shell model calculation given in Ref. [24].
We need be concerned only with the dipole moments on
the oxygen atoms. The shell model calculation yields a
dipole moment of 0.003e A at the Ol site and 0.013e A
at the OS site [2S] at this concentration.

Typical values of potential diff'erences that have been
used in field eff'ect experiments range from 3 to 10 V for
films that are typically a unit cell to 100 A in thickness.
We use the Lorentz relation to obtain the local electric
field from the macroscopic field. Testardi et al. and oth-
ers [13,16] report a value of —400 for the dielectric con-
stant at 100 K. Since film thicknesses are smaller than
the Debye screening length, the local field seen by the ox-
ygen ions will be large, of the order of 130 times the mac-
roscopic field. The ASYNNNI Hamiltonian at zero ap-
plied field yields typical site energies of about 0.4 eV for
the chain oxygen. The electric field contribution to the
energy may be readily estimated with the value of the
dielectric constant above. This turns out to be about 0.16
eV at the macroscopic field corresponding to a potential
drop of 10 V over a 100 A film, clearly a significant con-
tribution.

The central idea behind this Monte Carlo study is to
follow the evolution of the arrangement of oxygen atoms
in the basal plane from some specified initial state. The
positions of the basal plane oxygen atoms are treated as a
two-dimensional array, with oxygen chains consisting of
alternating 01 and 05 sites. The Cu ions in the basal
plane are either twofold, threefold, or fourfold coordinat-
ed by oxygen. Since the apical oxygen sites are always
occupied, these coordinations correspond to V-Cu-V, V-
Cu-O, and 0-Cu-0 chain segments, respectively. I n

studies of single crystal aging [8], the threefold coordi-
nated Cu were found to exhibit very interesting dynamics.
Chains grew, with a reduction in the number of threefold
coordinated Cu ions thereby increasing doping to the
Cu02 planes, according to the reaction

tions, initial conditions were taken corresponding to equi-
librium concentrations of local Cu coordinations. A field
corresponding to a potential drop of +10 and —10 V over
a 100 A film thickness was then applied. Since these are
very thin films with low carrier concentration (typically
an order of magnitude lower than that in a metal), we ex-
pect the Debye length to be larger than the film thick-
ness. This clearly obviates the screening of the external
field by the movement of charge. The time evolution of
the Cu coordinations was tracked for 100 Monte Carlo
steps (MCS) per site, since the local Cu environments
give an indication of the ordering dynamics and the dop-
ing. In practice, Cu environments with more than two
basal plane oxygen atoms were not observed in the simu-
lations due to the highly repulsive nearest-neighbor in-
teraction V~. The time evolution of the fraction of two-
fold, threefold, and fourfold coordinated Cu ions for posi-
tive and negative biases at 100 K are shown in Fig. 1 on a
linear scale and in Fig. 2 on a log scale. This figure
shows that at a positive bias the twofold and fourfold
coordinated Cu fractions decrease, while the threefold
coordinated Cu fraction increases. The change in frac-
tional coordinations is most pronounced during the first
few MCS of the simulation, which is the reason for track-
ing these only for 100 MCS.

At the negative bias, also at 100 K, the twofold and
fourfold coordinated Cu fractions increase at the cost of
the threefold coordinated, as seen in Figs. 1 and 2 on
linear and log scales, respectively. Their sum always
equals unity, as it should. At a negative bias, the number
of holes available to the Cu02 planes increases, while the
opposite effect is observed at the positive bias. The phys-
ics is that of chain formation in the first case and reduc-
tion in the number of chains (healing) [8] in the second.
In studies of single crystal aging, no significant changes
in the fraction of threefold coordinated Cu were observed
for high oxygen contents, which could be attributed to the
lack of su%cient driving force for the ordering induced
doping. In this case, however, the driving force is provid-

2(3-Cu) '+ —(2-Cu) ++ (4-Cu) '++ h +, (3)
0.8

positive bias
— —— — — — negative bias

since threefold coordinated Cu ions are in the 2+ state
and a configuration of higher energy [26] in comparison
to the square planar coordination (twofold or fourfold
Cu). Here h+ denotes a hole. The reverse reaction will
cause a reduction in the doping of the Cu02 planes, by
consumption of a hole.

Monte Carlo simulations in the canonical ensemble
were performed using a 64x64 lattice (4096 sites) with
periodic (toroidal) boundary conditions. This lattice size
has been demonstrated to be large enough to avoid finite
size eA'ects [8]. A standard Metropolis algorithm was
used. The simulations are neither technically difficult nor
demanding in terms of computer time. In the simula-
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FIG. 1. Fraction f of Cu atoms in a given coordination
geometry as a function of simulation time at positive and nega-
tive biases as explained in the text. Note the asymmetry of the
results.
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FIG. 2. As in Fig. 1 but on a log scale.
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ed by the external electric field. The asymmetry of the
effect (in that the changes in the threefold coordinated
Cu are not of the same magnitude for positive and nega-
tive biases) is worth noting, and will be discussed further
below.

It is useful to obtain a relation between real time and
Monte Carlo time since the temporal dynamics of the
model and experiment can then be compared. Ceder,
McCormack, and de Fontaine [7] make the assignment of
1 MCS = 1 min, at room temperature, by comparing re-
sults from several Monte Carlo runs to the a-b plane
diffusion constant for oxygen [21]. Since the attempt
rate is only weakly temperature and field dependent in

comparison with the activated form of the transition
probability, and, furthermore, the field and the tempera-
ture dependence have opposite effects, we make the
reasonable assumption that the assignment is still correct
in order of magnitude, which is all we require.

Experimental data have been obtained by Mannhart et
al. [2] on the resistive transition in the presence of an
electric field. The data clearly depict an asymmetry of
the effect with respect to the sign of the electric field. In
order to eliminate unknown parameters in comparing the
model with experiment, we study the ratio of the changes
in the resistance at 100 K which follow from a change in

the sign of the bias voltage. The ratio of the magnitudes
of the change in resistance at + 10 V to that at —10 V in

the experiment is 1.75. Our results from the model (Figs.
1 and 2) yield, using Eq. (3), a value of 2, in good agree-
ment with the observations. This estimate assumes that
the conductance is proportional to the number of holes.
The sign of the change is also in agreement with the mod-
el. The input parameters for the model are all obtained
from independent considerations not involving fitting,
with the results depending exponentially on these input
parameters.

We consider now the characteristic times. The behav-
ior of the resistance after the abrupt application of a bias
of —10 V is reported by Mannhart [27]. The time period
for a resistance change of 2 Q following such a pulse is of
the order of several seconds. Since the temperature at
which these data were taken is 82 K there is again re-

markable agreement with our results which predict
characteristic times of the order of minutes, with the
most noticeable changes occurring in the first few MCS.
From the values of the resistance and capacitance for the
device studied by Mannhart [27] we obtain an RC time
constant of about 150 ps for his experiment. A careful
examination of Fig. 4 in Ref. [3] (Xi et al. ) leads to an
interpretation of the data as exhibiting a time constant of
the order of ms, in contrast with an RC time constant of
10 ps for the structure. Clearly for both experiments the
observed longer temporal responses are inconsistent with
a field effect interpretation. Response times for semicon-
ductor field effect devices are usually set by the RC time
constant [28].

Aspects of the observed persistent photoconductivity
[9,10] can also be treated. From the site energies, an es-
timate can also be made of the photon energy required to
displace an oxygen atom in the basal plane so as to effect
a change in the Cu coordination and consequently the
doping. Oxygen diffusion or motion in these materials
clearly occurs by a vacancy mechanism. The activation
barrier for the process, given the existence of an adjacent
vacant site, is to a first approximation the diff'erence in

the site energies. We estimate this activation barrier to
be about 650 meV. In the absence of a vacant site, the
energy would be correspondingly higher. Photoexcitation
studies indicate that a one photon process is the relevant
mode [9,10] and that the conductivity is enhanced upon
irradiation by red laser light (1.9 eV), which is compati-
ble with the activation barrier estimated above. The site
energies at zero bias are of such magnitude as to favor
the hopping of oxygen in a manner which would reduce
the number of threefold coordinated Cu ions. This en-
sures that the photoexcitation enhances the conductivity.
Further, the enhanced conductivity is reported to persist
for several hours at 270 K [9,10]. An elementary evalua-
tion of the decay time of our model at the energy barriers
and temperatures involved yields a decay time of 5 h at
270 K and several tens of days at lower temperatures of
50 to 100 K. These results are consistent with experi-
mental observations.

In conclusion, we have demonstrated that chain oxygen
dynamics in YBa2Cu307 — under applied electric fields
and photoexcitation may explain features of experimental
observations attributed to the field effect and observations
of persistent photoconductivity. As a consequence of the
motion of oxygen atoms rather than only the transfer of
charge, devices exploiting this phenomenon would of
necessity be slow, as existing experimental data demon-
strate. The dynamics of chain oxygen may be of impor-
tance in the interpretation of pion contact spectroscopy
data, in both the normal and superconducting states,
since the fields are of comparable magnitude, and relaxa-
tion effects have been observed.
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