PHYSICAL REVIEW B

VOLUME 48, NUMBER 22

1 DECEMBER 1993-11

Characterization of the pyroelectric effect in YBa;CuzO7_s
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Measurements of the pyroelectric effect in single crystals of YBa;Cu3zO7_s5 are reported as a
function of doping, external electric field, and temperature. The pyroelectric response of the material
is found to be accurately described theoretically. The sign pyroelectric voltage V, can be switched
by an external field. Although poling was possible to some extent, a permanent switching of the

direction of polarization could not be achieved at room temperature.

A sign reversal of V, is

observed as a result of thermal cycling, presumably due to activated domain rearrangement. The
magnitude of the spontaneous polarization P, is found to increase with doping in such a way that
the product pP, remains approximately constant, where p is the resistivity. The origin of the
polarization and the role of possible artifacts are discussed.

I. INTRODUCTION

The interplay of ferroelectricity and superconductivity
has been a very important subject of research in the past,
especially in A15 compounds.™ Usually the conclusion
has been that the two phenomena appear to be mutu-
ally exclusive, and that the appearance of a ferroelectric
phase (often just above the superconducting transition
temperature) in these materials prevented them from be-
coming superconductors. Alternatively, the onset of su-
perconductivity prevented the phase transition to a polar
structure from occurring.!

A number of experiments have recently sug-
gested that the structure of high-T. oxides could be
noncentrosymmetric,* 7 and so it appears that the is-
sue of competition between superconductivity and fer-
roelectricity could also be raised in the high-T. oxides.
So far, there has been no indication of a polar struc-
ture from x-ray or neutron structural determinations and
experiments suggesting ferroelectricity in high-T, oxides
thus seem to be in contradiction with the established
structure. This contradiction is only apparent however,
since small deviations from a centrosymmetric structure
are not easily detectable in x-ray or neutron diffrac-
tion experiments. More recently, the observation of ap-
parent pyro- and piezoelectricity™® in single crystals of
YBa,;Cu307_s (YBCO) seems to present more direct ev-
idence for a polar structure. Although the origin of these
effects (especially the microscopic origin) is not yet un-
derstood in detail, the consistent behavior from sample
to sample as well as its appearance in La;CuOy4 (Ref. 9)
suggest the effects to be genuine.

In this paper we present pyroelectric effect measure-
ments on single crystals of YBa;CuzO~_5 with different
d and as a function of temperature and applied external
electric field. Rather than use the oscillating temperature
method of Chynoweth,'® we use an adaptation of the di-
rect time-recording technique of the pyroelectric voltage
originally developed by Simhony and Saulov.!! We mea-
sure the pyroelectric coefficient p as well as determine
the sign of the spontaneous polarization P,.
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II. EXPERIMENTS

The high conductivity and highly nonlinear I-V char-
acteristics of cuprate superconductors (paraconductiv-
ity) prevent us from performing the usual Tower-Sawyer
bridge-type experiments'? to investigate the polarization
in these materials. Instead, we use the direct record-
ing method of measuring the pyroelectric effect. We use
a chopped laser beam as a heat source and record the
resulting pyroelectric response as a function of time, by-
passing somewhat the problem of paraconductivity, while
still allowing the sign of the polarization to be deter-
mined.

All samples were etched in a 1% Br solution in
methanol to remove the surfaces, which may either be
contaminated or may have a different stoichiometry from
the bulk. Gold or silver paste contacts were made to the
samples immediately afterwards. The etching procedure
is known from x-ray photoemission spectroscopy (XPS)
measurements to result in a surface stoichiometry compa-
rable to the bulk. The quality of the surface prepared in
this way has recently been shown to be equivalent to low-
temperature vacuum scraped surfaces.!®* No additional
heat treatment was done on the samples to avoid diffu-
sion of the contact paste material into the sample. The
type of contact paste used for the contacts had no effect
on the measurements. The sample resistance along the
¢ axis, where a pyroelectric signal was measured, was al-
ways greater than the surface contact resistance (usually
in the mQ range), and so we have neglected the effects of
contact resistance in these experiments.

A. The pyroelectric response

Measurements of the pyroelectric effect rely on the fact
that the change in polarization per unit area, 6P result-
ing from a change in temperature 67 of the sample is
immediately compensated by the flow of charges from an
external circuit which can then be measured. In our case
a step heat transient is produced by exposing the front
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surface of the samples to a square laser pulse chopped
mechanically from a 10-30 mW beam at 514.5 nm from
an Ar laser. The magnitude of the temperature increase,
6T, inferred from the measurement of the thermoelectric
voltage at a gold-YBCO contact was kept below 20 K,
and was usually in the range of ~ 10 K. The resulting
transient pyroelectric voltage Vp is amplified with a low-
noise amplifier and recorded with a digital oscilloscope.
The amplifier was normally dc coupled, except when an
additional field was applied, in which case the ac coupling
resistor and capacitor were introduced in the circuit. The
charge compensating for the change in polarization accu-
mulates only on the surface of the sample, and so the
total charge is equal to the integral of the polarization
over the sample surface,

q:LAPSdS. 1)

The change in polarization is proportional to the
change in temperature, AP, = pAT, where p is the
pyroelectric coefficient. The current around the exteral

circuit is then
. oT
Z"pA(_at)dS’ (2)

where p is the component of the pyroelectric coefficient
perpendicular to the contact surfaces.

To calculate the time response of the pyroelectric sig-
nal, we need to calculate the time derivative of the tem-

perature (%). This can easily be done, using the ther-
mal diffusion equation

10T (r,t) 2 1

it ik R —A(r,t

-t VAT (r,t) + 3 (r, 1), (3)
where x is the thermal diffusion constant, x = A/pcp,

A(r,t) is the heat source, p is the density, A is the ther-
mal conductivity, and ¢, is the heat capacity. In our case
the heat source is a laser beam with intensity Ip(1 — R),
where R is the reflectivity and Iy is the incident laser
power. We assume that the laser beam is incident along
y, and is focused into a spot, small compared to the sam-
ple dimensions. To eliminate effects from thermoelectric
voltages at the contacts, the laser spot was carefully posi-
tioned in the middle between the two contacts such that

e
i
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both contacts gave exactly equal and opposite thermo-
voltages, the sum being zero. We also neglect radiation
losses, which we estimate to be small for the present ex-
periments. We also suppose that the absorption length,
a~ 0.06 pm at 514.5 nm is small compared to the ther-
mal diffusion length, k. For a square-wave incident laser
wave form, the solution to the thermal diffusion equation
under these conditions is'*

AT(r, t) = B’(l——‘R)l

— Terfc(\/;_&> , (4)

where erfc(z) is the complementary error function, and
r is the radial distance from the laser spot inside the
sample. The time derivative is given by

OT(r,t)  Io(1— ’R)e 2 )
Ot aAV/73ktS P 4kt )’

Integrating over the area of the sample of thickness [ and

area w?, we obtain, for the compensating current,

_ fﬂ’%ﬁ?—ﬁe@ (-4%) erf? (— ﬁa) . (6)

The actual circuit used in the present experiments is
shown schematically in Fig. 1(a). We assume the equiva-
lent electrical circuit to consist of the sample as a current
source shorted by the sample resistance and capacitance
as shown in Fig. 1(b), where we have also taken into
account the amplifier impedance, shown as C4 and R4.
The voltage V detected by the amplifier is given by the
solution to

i(t)

—i(t)=C—-+ = . (7)
The solution to (7) is of the form
V(t) = Vo(t)exp(~t/RC). (®)

We thus obtain an expression for the voltage in terms of

i(?),

_exp(—t/CR

V(t) = a2 ) /0 i(#)exp(t /CR)AY.  (9)

If we assume that the thermal response of the sys-

!
! C
Sample R T Ry

b)

FIG. 1. (a) A schematic of the circuit used in the experiments, (b) the equivalent circuit used in calculating the pyroelectric
signal. R and C are in the circuit only when a bias voltage is applied to the sample for electric field dependence measurement.
Otherwise the circuit is dc coupled (i.e., R is removed and C is shorted). 7 ~ 2 s.
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FIG. 2. The schematic trace of the laser intensity, the sur-
face sample temperature, and a comparison of the theoreti-
cal pyroelectric response superimposed on the experimentally
measured response.

tem is slow compared to the time constant RC, as is
the case in our experiment, the measured voltage is
AV (t) = —Ri(t), or

v = BREZ I ey (5 ) et (~ )

xexp <—§%) . (10)

The calculated curve (10) is plotted on top of the ex-
perimental voltage measured along the crystal ¢ axis in
Fig. 2. The measured pyroelectric response is seen to be
accurately modeled by Eq. (10).

The peak in the voltage is at a short time ¢, after
the onset of the pulse (i.e., when the rate of heating is
greatest). For w > v/4kt, the erfc = 1 and if we set
our circuit time constant such that RC > tg, the peak
occurs at tg = [2/2k, and

_ Rply(1 —R) i (11)
4pcpl em

Ve
The voltage is directly proportional to the pyroelectric
coeflicient and the laser intensity. The formula (11) thus
gives a direct, accurate value for p simply by measuring
the peak pyroelectric voltage V,,, the sample thickness [,
and the amount of power dissipated in the sample (1 —
R). All other quantities in (11) are known or can be
directly measured to a high degree of accuracy.

III. RESULTS
A. Doping dependence

First we report measurements on three different sam-
ples with different §. The superconducting crystal (§ =
0.1), showed a c-axis resistivity which was virtually con-
stant from room temperature to 90 K, with 7, = 90 K
and a resistive transition width of 0.3 K.” Susceptibility
measurements show a single sharp drop in x and full dia-
magnetism suggesting a homogeneous O distribution. To
increase §, the sample was reduced by annealing in an Ar
atmosphere in the usual way. Annealing temperatures of
470 and 600 °C were used to reduce the oxygen content
to § = 0.6 and § = 0.8, respectively. Annealing was per-
formed for long periods (weeks) to ensure homogeneity of
the O atoms. The O content was subsequently checked
by the frequency of the apex O vibration in Raman spec-
troscopy, which is very sensitive to §.1°

The ¢ component of the pyroelectric coefficient p for
three different samples is given in Table 1. The values
of the constants used in the expression are ¢, = 300
JK 1mol™!, p = 6.38 gcm™3, Iy = 30 mW, R = 0.3,
and /= 0.5 mm. No signal was found perpendicular to
the c axis, suggesting that p, ~ pp ~ 0.

The doping dependence of p. is shown in Fig. 3. The
magnitude of the pyroelectric effect is thus strongly de-
pendent on O content, §. The values of p that we measure
would be the correct, intrinsic values if we were mea-
suring a single-domain crystal. However, we will show
later that actually the crystals are probably composed
of many domains whose polarization may be in different
directions, reducing the total polarization. This means
that the values of p are probably somewhat greater than
those listed in Table I. We do not expect the variation
of domain size and the number of domains with § to ac-
count for the observed behavior in Fig. 3, however. Note
also that we find that the magnitude of p. and possibly
also of P, appears to increase with increasing O content
in such a way that the product,

p.R ~ const. (12)

The possible reasons for such behavior will be discussed
later.

B. Electric field dependence

In a ferroelectric material, by definition, the direction
of polarization can be switched by the application of an

TABLE I. Comparison of the magnitudes of the c-axis
room-temperature pyroelectric coefficients in insulating and
metallic samples of YBazCu3zOr7_s5 determined from Eq. (11).
R is the sample resistance.

g Volle (#V) R (Q) pe (Cm™*K™h)
0.8 + 0.1 15 6x10° 5x107¢
0.6 + 0.1 5 180 6 x 1073
0.1 £+ 0.05 10 0.1 20
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FIG. 3. A plot of the measured value of p versus doping, §.

external field. Although it is not possible to apply a field
of significant magnitude on conducting YBCO samples
in the metallic range, i.e., with § < 0.7, we have found
that fields in excess of 1 kV/m can be applied to the insu-
lating sample with § = 0.8. By applying a dc bias on the
sample, we have attempted to reverse the sign of the py-
roelectric signal, which would indicate that the direction
of polarization has been switched. A field was applied on
the same set of contacts as for the normal pyroelectric
measurements, but an ac coupling capacitor and resis-
tor is switched into the amplifier input, to isolate the dc
component but still allow through slow transient signals.
(TRc =~ 2 s) (see Fig. 1). The signal was verified to be
the same whether or not the power supply and additional
circuit was connected. We were thus confident that the
extra circuitry did not interfere with our measurment.
We have been able to observe a reversible change in
sign of the pyroelectric voltage V. which is switched by
the direction of the electric field. The dependence of V,
on electric field is plotted in Fig. 4. At approximately
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FIG. 4. Pyroelectric voltage on YBa;Cu30O¢.2 at 300 K as
a function of applied external voltage.
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E = 500 V/cm, the polarization shows signs of satura-
tion and increasing the field further does not increase V.
In all the samples tested, the nonlinear V,, versus E-field
curve can be reproducibly traced and is completely re-
versible. Removing the field entirely did not leave the
sample in the switched state, however, as would be ex-
pected for a ferroelectric; instead the pyroelectric signal
showed that it had reverted back to its original polariza-
tion.

However, the application of an external dc field (500
V/cm) for 2 days did increase the value of V, by 2-3
times, showing that the pyroelectric coefficient can be
changed, implying that the spontaneous polarization can
be changed; i.e., the material can be poled to some extent
even at room temperature.

C. Temperature dependence

The pyroelectric voltage V, as a function of tempera-
ture for two different types of samples (§=0.1 and §=0.8)
is shown in Fig. 5. Two types of behavior were generally
observed: Either the signal was reasonably temperature
independent, or it appeared to swing between two ex-
treme values, of approximately similar magnitude. In
the superconducting sample (6§ = 0.1), the signal diss-
appears (V, < 1078 V) at T. . Virtually all samples
showed some kind of an anomaly in V, (a sign change or
increase in magnitude) in the region 200-240 K (Fig. 5).
The anomaly in this temperature range is believed to be
due to the onset of O ordering.'® In Fig. 6 we show the
signal V,, as a function of time during one such polariza-
tion reversal. The pulses with a time constant ~ 0.5-1.5
s are the pyroelectric signal. The origin of the fast re-
sponse which is visible in some traces is not entirely clear
at present, but it is believed to be related to Barkhausen
pulses:electric pulses which appear when domains fuse to-
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FIG. 5. Examples of the temperature dependence of the
peak pyroelectric voltage in YBaz;Cu3zO7_s for §=0.1 (top)
and §=0.8 (bottom). In the superconducting sample, the sig-
nal disappears at Tc.
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Pyroelectric voltage (arb.units)

Time (s)

FIG. 6. Time dependence of the pyroelectric signal at dif-
ferent temperatures during a polarization reversal. The laser
heat pulse timing is shown in the top of the figure. The traces
are in the temperature range from 192 K (top) to 240 K (bot-
tom), taken at approximately 6 K intervals.

gether. (The elimination of a domain wall releases energy
and this is observed in the form of a voltage pulse.)

We interpret the change in the magnitude and sign
of V,, to be primarily due to temperature-activated do-
main rearrangement. Repeated temperature cycling of-
ten tends to reduce the number of sign reversals of V,
between 90 and 300 K. Because of the lack of any system-
atic behavior in repeated temperature cycling, we were
not able to extract an intrinsic temperature dependence
for p from measurements on the present set of samples.
Although insulating samples can be poled to some extent,
it is not clear whether a single-domain structure could be
achieved—a clear necessity for reproducible temperature
dependence measurements.

IV. DISCUSSION
A. Discussion of artifacts

Although the measured pyroelectric response is ob-
served to be described extremely well by the theoretical
calculation, a discussion of possible artifacts in these ex-
periments is still in order. We have previously eliminated
possible artifacts due to (a) photovoltaic and (b) thermo-
electric effects” by (a) checking whether the same effect
could be produced by a small heater instead of a light
pulse and (b) comparing the measured pyroelectric tem-
poral response (which is proportional to dT'/dt) with the
predicted response: i.e., the derivative of the measured
thermopower S, with time, dVs/dt = SdT'/dt.

To further test the presence of possible contributions
to the signal from photoconductivity and photovoltaic ef-
fects, we coated the samples with black absorbing paint.
No difference in the signal was found whether the front
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surface was painted with black absorbing paint or not,
leading us to conclude that the contributions to the sig-
nal from photovoltaic effects, photoconductivity, and in-
deed photoeffects of any kind are not present in these
experiments.

We still need to rule out the effects of surface space
charges which could modify or even dominate the py-
roelectric response in YBa;Cu3Or_s, as they do in the
paraelectric phase of BaTiO3.!® The apparent indepen-
dence of V,, on doping would indeed suggest that we
have approximately the same surface charge in all our
samples, and our signal is therefore not a bulk, but a
surface effect. In the case of surface charges, the total
V, x Vi £ Vy « p16T; £ p2dT3, ie., the sum of the
pyroelectric contributions from the two contact surfaces.
Evidence against the existence of surface space charges
is the complete lack of systematic change of V, when
we move the position of the laser spot from the center
to the edge of the sample (i.e., nearer to one of the con-
tacts): If surface space charges were responsible for the
pyroelectric effect, moving the laser spot around on the
sample would change the relative contributions to V,
from the two surfaces. This would give either a change of
magnitude or change of sign, depending on whether the
surface contributions are of the same or opposite sign.
We have consistently found no evidence for such behav-
ior, and thus conclude that surface space-charge effects
cannot explain our observations. The same argument ap-
plies for effects due to the Schottky interface barrier: The
magnitude of any effect due to contact barriers should be
strongly dependent on the position of the laser spot on
the sample, and hence the insensitivity of the response
to spot position suggests that any transient effects due
to diffusion at the Scottky barriers are not present.

A pyroelectric as well as a piezoelectric response can be
observed in electrets as well as ferroelectics, but since we
observe a pyroelectric signal without any applied field,
the present study suggests that YBCO cannot be de-
scribed as an electret.

To further reject the possibility that trapped charges
are responsible for the polarization, we first carefully
measured the pyroelectric response of the sample, then
heated it to 300 °C, and subsequently measured the py-
roelectric response on the sample. A comparison of the
signals showed no difference, suggesting that although we
have released a great number of trapped carriers (judging
by the resulting thermoluminescence), these have no ef-
fect on the polarization of the sample. We conclude that
trapped charges are not the cause of the polarization in
Y-Ba-Cu-O. We therefore need to explore the possibility
that the effect is due to symmetry breaking in the bulk,
rather than trapped charges.

B. Origin of doping dependence

In order to explain the experimentally found correla-
tion between the c-axis resisitivity and the magnitude of
the spontaneous polarization we suggest the following ar-
gument: If we assume that the origin of the spontaneous
polarization is somehow related to either O defects or
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more generally a change in symmetry of the unit cell re-
sulting from a change in ionic positions or even electronic
structure with O doping, then its magnitude will increase
in direct proportion to the oxygen concentration, 1 — 4.
The dc conductivity o(0), on the other hand, is propor-
tional to the density of states involved in carrier hopping
along the ¢ axis, and is thus also directly related to the
O content. The two quantities are therefore expected to
scale in the same way with increasing O concentration,
and it is not surprising that P/o(0) = pP is approxi-
mately doping independent, as the experimental results
expressed in relation (12) suggest. Possibly, the scaling
law is accidental; i.e., the two quantities scale together
via two independent mechanisms, both related to O dop-
ing, but, for example, Bianconi’s measurements of x-ray
absorption'” on YBCO suggest that there is an actual
change in the symmetry of the electronic wave functions
at the Fermi level as we dope with oxygen. Similar evi-
dence for a change in symmetry upon doping comes from
resonant Raman experiments.’® Such a change in elec-
tronic symmetry could be accompanied with a change in
symmetry of the unit cell and a loss of inversion symme-
try.

C. Origin of the polarization

The appearance of ferroelectricity in perovskites is
often associated with anharmonicities of O vibrations.
These can be surprisingly small, such as in SrTiO3, for
example, and may not be immediately obvious. In high-
T. oxides, there have been many different reports of an-
harmonic O modes, some of which are well understood
(for example, the By, tilt mode in La cuprates), while
some are still controversial (in YBa;Cu3zO7_s, for exam-
ple). In YBay;Cu3O7_5, we have recently suggested a
possible anharmonic model'® based on high-temperature
Raman data on the apical O(4) atom. While there is
still some controversy regarding its anharmonicity,2%:2*
it could be related to the appearance of ferroelectric be-
havior.

A ferroelectric distortion involves small displacements
of cations with respect to the anions, leading to a net
dipole moment per unit volume. Crucial is the stabiliza-
tion of long-range order by the Coulomb interaction over
the short-range repulsive forces, leading to a net macro-
scopic polarization. Although it is tempting to attribute
the origin of the polarization to the chain O(1) ions in
YBCO, especially in view of the doping dependence, the
appearance of pyroelectricity and a spontaneous polar-
ization also in La;CuQOy4, which has different structure
and no Cu-O chains, suggests that the picture may not
be so simple. It would be interesting to find a polariza-
tion associated with the apex O(4) ions, as suggested by
the anharmonicity data.

Furthermore, recent neutron data performed on YBCO
suggest that the motion the O(4) ion is decoupled from
the lower part of the unit cell.?? This would directly im-
ply loss of inversion symmetry and by implication a polar
structure compatible with the appearance of ferroelec-
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tricity.

The large room-temperature static dielectric con-
stant €(0) ~ 700 that has been measured?® in ce-
ramic YBa;Cu3O7 suggests a soft transverse optic mode
[through the Lyddane Sachs-Teller relation €(c0)/e(0) =
wro/wLo]. Although such a mode has so far not been
clearly identified, there have been a number of reports
in infrared spectroscopy of a high-frequency overdamped
optic mode at ~ 560-580 cm~!. Although the assign-
ment of this mode is not unambiguous, we see that in
the present context the mode assignment given by Gen-
zel et al.?* is very appropriate: It involves primarily the
c-axis motion of the aper O(4) atom with admixtures of
Cu(1) and O(1). It thus appears as a polar counterpar-
tial to the Raman-active apex O(4) vibration and is a
good candidate for causing the ferroelectric properties.

V. CONCLUSIONS

In conclusion, we find that the existence of a sponta-
neous polarization in YBCO cannot be explained by sur-
face space charges or trapped charges, but instead sug-
gests the material to be noncentrosymmetric with long-
range Coulomb ordering giving rise to a net dipole mo-
ment per unit cell. Reversal of this polarization can be in-
duced by applying an external field as well as by thermal
cycling through domain reorientation. The experimen-
tal observation that the product, pP, is approximately
constant with doping suggests that the spontaneous po-
larization scales with §. The long-range interactions be-
tween O ions in the O(1) basal plane?® then provides
the forces required for the ordering of the O ions into
a ferroelectric arrangement. The effects of sample mor-
phology are likely to be important and further careful
work on fresh purpose-grown samples on pure as well as
impurity-doped samples is required to elucidate the role
of domains and domain walls in relation to the sponta-
neous polarization. In the absence of a crystal growth
facility such experiments could not have been presently
undertaken.

Finally, we point out that circular birefringence arises
naturally upon reflection from crystals with a polar axis.
The present temperature dependence experiments clearly
demonstrate that there may be structural anomalies in
the polar phase preceding 7. as well as thermally acti-
vated domain wall motion which will change the bire-
fringence in surface reflection. These effects clearly need
to be carefully studied before changes in optical birefrin-
gence can be used as conclusive evidence for anyon or
flux-phase superconductivity as has been suggested.2®
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