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High dielectric constant and nonlinear electric response in nonmetallic YBa2Cu306+a
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Dielectric constants from 10 to 10 are found in room-temperature, ceramic, nonmetallic

YBa2Cu306+q (5-0—0.4). The frequency, temperature, and electric-field dependencies of the dielectric
response, as well as the quasistatic current-voltage behavior of this material, are reported. We show that

0

the high polarizability is tied to a short ( 100 A) length scale, persists to microwave frequencies, and is
accompanied by a strong electric-Geld dependence.

I. INTRODUCTION II. EXPERIMENT

The oxygen-deficient precursor phase to high-
temperature superconductivity in YBa2Cu307 has been
studied in the search for cooperative phenomena which
may shed light on the mechanism of superconductivity.
Dielectric constant measurements of ceramic, nonmetal-
lic YBa2Cu30&+s (5-0—0. 1) have been reported by Tes-
tardi et al. ,

' Jia and Anderson, Behrooz and Zettl, and
Samara, Hammetter, and Ventunn, and in other materi-
als related to high-T, superconductors by Varma et al,
Reagor et al, and Emin and Hillery. The possibility of
ferroelectric-like instabilities related to superconductivity
has been pointed out by Kurtz et al. , Bussman-Holder,
Simon, and Buttner, Billesbach, Hardy, and Edward-
son, ' and Batistic et al."

The experimental measurements often find high dielec-
tric constants at low frequencies, but are generally at
variance with each other by amounts far exceeding the
estimated errors. The conclusion that the magnitude and
the mechanism of the high dielectric constant depend
upon an important unspecified state of the sample has led
us to remeasure the dielectric response of YBa2Cu306+g
and obtain more information on its electrical properties.
We now find dielectric constants substantially larger than
all previously reported work.

In this article we report the dc low electric-field con-
ductivity, the nonlinear I-V characteristics, the real and
imaginary parts of the dielectric constant and its
electric-field dependence from 20 Hz to 1 MHz and from
0.2 to 20 GHz, all of which (except for the GHz measure-
ments) have been performed over the temperature range
4.2—300 K. Characterization by x-ray diftraction, ener-
gy dispersive x-ray analysis (EDAX), scanning electron
microscopy (SEM), and thermo gravimetric analysis
(TGA) have been obtained to help in identifying the mi-
crostate of these samples. SI units are used throughout
this paper except where explicitly noted otherwise.

A. Sample preparation

Two samples of YBa2Cu30 identified as A and 8 were
made with precalcined powder provided by W.R. Grace
Co. The powder was made using a co-precipitation pro-
cess which has been described in detail elsewhere. ' '

Prior to compaction of the disks, the precalcined
powder was ball milled in an agate vial for 30 min by an
8000 Spex mixer mill. After mixing, the powder had a
typical particle size between 5 and 10 pm. The two sam-
ples (m —10 g) were pressed for -30 min into 2.54-cm-
(l-in. ) diam disks under a compaction force )25 tons.

The samples were then sintered together at 985 'C for
14 h under fiowing 02 (-50 cm /min). The temperature
of the furnace was subsequently lowered to 515'C at a
rate of 1'C/min. The temperature was held at 515'C for
6 h in the same 02 atmosphere. The samples were fur-
ther furnace cooled to room temperature in 4 h.

The T, of sample A was then measured using an ac in-
ductance technique and showed an onset of 93 K with a
transition width of 2 K. Beyond this point in the syn-
thesis, two different processing paths (leading to samples
A and 8) were taken to simulate the variations in sample
fabrication typically followed by workers in this field.

Sample 3 was reheated to 950 'C in flowing 02 (-50
cm /min) in -30 min, and held for 1 h at 950 C. Sample
B was reheated to 950'C in fiowing He ( —50 cm /min) in
30 min, and held at 950 C for 5 min. The samples were
then quenched in deionized water from 950 C to room
temperature. Travel time from 950 C to the water
quench was &2 sec. Sample A's density was then mea-
sured to be p=5. 55 g/cm (90% theoretical for the 1236
structure), where m =9.193 g, d =2.288 cm, and
t =0.403 cm. Sample B's density prior to quenching was
measured to be 6.25 g/cm (98% theoretical density for
1237). For sample 8 the density after quenching was
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measured to be 5.86 g/cm' (95% theoretical for 1236),
where m = 10.042 g, d =2.306 cm, and t =0.410 cm.

Both samples were then dry polished using abrasion
paper ranging from 120 to 400 grit followed by fine pol-
ishing on a wheel. At least one-third of a mm of outer
material from the original water-quenched sample was re-
moved in the polishing process.

Following the high-frequency (electrodeless) measure-
ments, ultrasonically soldered indium-tin electrodes were
established on the 1-in. faces of the disc-shaped samples
whose thicknesses were now 2.49 mm (sample A) and
3.45 mm (sample B). These ultrasonically bonded elec-
trodes are mechanically rugged and, when intentionally
pulled to failure, will take a portion of the sample with
them. Data collected through more than six temperature
cycles (300-4.2-300 K) showed no change greater than
2% in 10 days.

O
CO

O'U cU
Q)

OC O—
0
O
O 0

QQ

0-
I—
(n2

SAMPLE A
Z O—

O
OJ

!

SAMPLE B

6 12 18 24 30 36 42 48
20 (deg)

54 60 66

B. Measurements

I-V and dc electrical conductivity measurements were
made under computer control utilizing the HP 3458A
Multimeter (with current specified resistance measure-
ments and, for I-V, an independent current source. The
low-frequency (~1 MHz) dielectric measurements were
made with an HP 4284A Precision LCR meter utilizing
four coaxial lead measurement techniques which allow
"open" and "short" corrected measurements of the sam-
ple up to 4 m (in LHe Dewar) away. The low-frequency
dielectric constant was obtained from the measured com-
plex admittance of the sample represented by capacitor
and shunting admittance G via Y=jNE' E'pA /t, where co

is the angular frequency, A and t the sample area and
thickness, ep the electric permittivity of free space,
e„"(co)=e'„(co)—e„"(co) is the complex relative dielectric
constant, e'„'(co)=cr(co)/coco with a =t/AR, and
R = 1/G is the equivalent parallel resistance.

High-frequency (0.2 —20 GHz) measurements were
made on nonelectroded samples utilizing an HP 8720B
Network Analyzer and HP 85070A Dielectric Measure-
ment Probe. This technique measures the S (scattering)
parameters from an open-ended coaxial structure in
whose fringe field the sample is located. No sample di-

mensions enter the data analysis with this method.

III. RESULTS

A. X-ray structure

Figure 1 shows the Cu Ka x-ray-diffraction data for
samples A and 8. For sample A all lines with integrated
intensities greater than 5% of the strongest line can be in-
dexed on a tetragonal structure with a =3.865 A and
c =11.69 A (see Table I). For sample B almost all lines
can be indexed to a tetragonal structure with a =3.862 A
and c = 11.840 A. The main exception, in the latter case,
occurs at 20=29.8' with an intensity of 5%—10% of the
main peak, and which could be indexed as a 2:1:1phase.
The observed intensities for the tetragonal 1:2:3 phase
lines are generally in approximate (+30%) agreement
with those calculated for a random orientation of this

FIG. 1. X-ray-diffraction intensity vs 20 (Cu Ka radiation)
for samples 3 and B.

known structure. ' The results of the x-ray analysis show
that there is little difference (-0. l%%uo) in the a parameters
for these samples, or in their values as compared with
previously' reported work for this phase. The major
difference lies in the c parameters which differ by 1.2%
and which values fall somewhat outside the range 11.74
A (for 5-0.4) to 11.82 A (for 5-0) published' for the
room-temperature structure of YBa2Cu306+&. We will

show below that both samples exhibit high dielectric con-
stants but with substantial differences at the higher fre-
quencies studied.

B. Microstructure and composition

The microstructures of samples A and B and their ele-
mental composition were obtained from SEM and EDAX
analysis. The main distinguishing feature in microstruc-
ture lies in the occurrence in sample A of contrasting
"rivers" whose width is -0. 1 mm and whose two-
dimensional area occupies several percentages of the sam-

ple area. EDAX measurements show that both samples
have average atomic ratios Y:Ba:Cu which are 1:2:3 to
within the 5% uncertainty of the measurements. The
"rivers" in sample A, however, are Y poor with atomic
ratios 0.3:2:3. We discuss below the possible effects of
this inhomogeneity on the conductivity and dielectric
response of sample A. No such structure is found in
sample B.

Figure 2 shows thermogravimetric data for the mass
gain of sample B (after all measurements reported below)
heated in fiowing 02 to 950 C followed by cooldown un-

der programmed rates as shown in the figure. A mass
gain of 2.4% is found on initial heating to 550'C followed
by unloading and reloading on cooling to a final (super-
conducting phase) state whose mass gain is =2% from
the starting (dielectric measurement) state. This change
corresponds to an increase in 5 of 0.8+0. 1 for the forrnu-
la YBa2Cu306+& between the measured phase and the su-

perconducting phase. If, in addition, the final (supercon-
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TABLE I. X-ray-diffraction data.

Sample A

d (obser. ) d (pred. )

Sample B
d (obser. ) d (pred. )'

7.5
15.0
22.5
23.0
32.4
32.7
38.6
40.2
46.2
47.0
51.2
57.8
58.3
68.6

001
002
003
100
103
110
005
113
006
200
115
116
123
220

11.56
5.840
3.907
3.871
2.743
2.730
2.339
2.237
1.949
1.933
1.777
1.589
1.581
1.367

11.70
5.85
3.900
3.865
2.745
2.733
2.339
2.238
1.949
1.933
1.777
1.587
1.580
1.367

11.84
5.659
3.959
3.857
2.761
2.730
2.350
2.241
1.971
1.932
1.790
1.597
1.582
1.365

11.84
5.920
3.950
3.862
2.760
2.731
2.368
2.246
1.973
1.931
1.789
1.599
1.582
1.365

'Cu Ea radiation.
a =b =3.865 A, c = 11.696 A.

'a =b =3.862 A, c =11.840 A.

ducting) phase has 5-0.9—1.0, then the initial 5 had
values in the range 0.1-0.2. The initial loading corre-
sponds to a gain in 5 of 1.0+0. 1 and, assuming a final
state 5=0.9—1.0, would correspond to the loading peak
value of 5=1.1 —1.2. These values are within the range
of expectation, and differ by no more than 0.1 from those
estimated by Samara, Hammetter, and Venturin for the
samples of their dielectric measurements. For sample A,
the mass gain is smaller and a similar argument leads to
5-0.4+0. 1. Thus, by TGA and unit-cell size, sample A

is closer to the phase boundary separating the semicon-
ducting and superconducting states.

C. dc conductivity

Figure 3 shows the quasistatic (- 1 sec/sweep) current
density J vs electric-field E behavior for both samples at
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FICx. 2. Sample weight vs time from thermogravimetric
analysis (TGA). Upper part for sample A and lower part for
sample B.
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FICJ. 3. Current density J vs electric field E at various tem-
peratures. Upper part for sample A at temperatures 4.5, 27, 44,
85, 124, 154, 200, 249, 278, and 298 K, and at lower part for
sample B at temperatures 4.2, 15, and 26 K.
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various temperatures. A substantial nonlinear relation,
but of different magnitude, is found in both cases at al-
most all temperatures and at the modest electric fields of
10 —10 V/m. Since many measurements and devices de-
fault to signal levels —1 v, the use of samples less than or
equal to several mm in thickness can be accompanied by
a large nonlinear response whose effect upon a circuit ex-
pecting linear response will be device dependent and
largely unpredictable.

The source of this unusually large nonlinear conduc-
tion has not been identified, although one conceivable
mechanism deserves further discussion. The possibility
of Schottky-type barriers at the electrodes is discounted
by noting the symmetry and shape of the J-E behavior.
Since J(E)= —J( E), a—ny asymmetric Schottky contact
effect would have to occur with equal strength at each
contact. Because the contacts are in series, the im-

pedance Z would be dominated by the "reverse" (large-Z)
characteristic which should show current saturation with

increasing V. The odd symmetry J vs E and the increas-
ing conductance with increasing E in both directions
would represent behavior contrary to expectations for
Schottky or p-n junctions.

Because of this strongly nonlinear J vs E behavior, all
measurements of the conductivity and the dielectric
response were made with E fields ~2 V/m or with
larger-E fields accompanied by experimental
confirmation that such results were E field independent.

Figure 4 shows the low-E field conductivity of both
samples as a function of temperature. Sample A exhibits
the unusual behavior cr = cro exp( T/To ), where
O.O=1.3X10 S and TO=55 K as qualitatively found

previously. ' This is wholly different then, and in no way
describable by, the conductivity for a thermally activated
process where the exponent, Tz /T, would be inversely
related to temperature. Sample B has o ( T) which is not
given by either relation over the entire temperature
range.

Note that the room-temperature resistivities
[p(A)-250 Qcm and p(B)-500 Qcmj are within the
range ( X2) usually cited for the tetragonal phase and as
found, for example, in the work of Samara et al.

D. Low-frequency dielectric response

The central result of the dielectric studies, which is the
occurrence of high dielectric constants in the semicon-
ducting phase of 1:2:3,is presented in Fig. 5. Note that,
in these room-temperature data, both samples show real
dielectric constants e'„—10 at the lowest frequencies.
These are accompanied by large imaginary components
e'„' such that the dissipation factor D:—e,"/e'„—10 for
col2m. =f (10 Hz. ' We will show shortly, however,
that the large dissipation at low frequencies is directly the
result of the dc conductivity.

At higher frequencies a larger difference develops be-
tween the e's of the two samples. For 10 —10 Hz, the
real dielectric constants differ by —10 although both are
large (e'„—10' for sample A and —10 for sample B) and
D for the larger e'„(sample A) is now ( l.

Figures 6 and 7 (upper) show the frequency-dependent
conductivities for the two samples. Note that both reach
limiting values at low frequencies given by 0. ~ ~0.47 S
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FIG. 4. Low-E field dc electric conductivity vs temperature.

Upper part, sample 2, and lower part, sample B.

Fig. 5. Real and imaginary relative dielectric constants vs

frequency at 300 K. Upper part, sample A; and lower part,
sample B.
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FIG. 6. Upper part, electrical conductivity cr(co); and lower

part, excess electrical conductivity cr(co)-0(0) vs frequency at
300 K for sample A.

and o.&~0.125 S. These (small-signal} ac values are in

reasonable agreement with the independent low-E field

measurements of the dc conductivity (o „-0.45 S and

o&-0.13 S) shown in Fig. 4. Thus, the high dielectric
dissipation is wholly related to dc conduction at frequen-

cy ~10~—103 Hz.
At higher frequencies the conductivity increases rapid-

ly. We represent this frequency-dependent contribution
using the relation

cr(co) =0 (0)+tr,„„»
and display log, c (o,„„„)vs log, c(f) in the bottom parts
of Figs. 6 and 7. For example A, O.,„„accurately fol-
lows f"with n =—', for nearly 4 orders of magnitude in f.
For sample B, the power-law dependence is seen only
over 10 —10 Hz and with n =0.43.

The temperature dependencies of the dielectric con-
stants for these two samples show a greater divergence at
lower temperatures. Figure 8 shows the behavior of e„'

and e'„' at 1 MHz from 4 to 300 K. These low-E field ( (2
V/m) measurements show that e'„decreases rapidly to
lower values at lower temperatures for sample B. For
sample A, however, the decrease is slower and, given the
larger value at 300 K, e'„still exceeds 10 with D (0.2 at
20 K.

The conductivity at this frequency, given in Fig. 9,
shows different behavior again for the two samples. For
both samples, in addition, the conductivities (i) do not
show the temperature-activated process behavior, (ii)
show far less T dependence than the dc conductivity and,
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FIG. 7. Upper part, electrical conductivity cr(co); and lower
part, excess electrical conductivity o.(co)-o.(0) vs frequency at
300 K for sample B.

FIG. 8. Real and imaginary relative dielectric constants at 1

MHz vs temperature. Upper part, sample A; and lower part,
sample B.
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FIG. 10. The quantities A (upper part) and N (lower part)
from Eq. (3) vs temperature for samples A and B.

(iii) show a rough o(co) ~ exp(T/To) behavior between
100 and 300 K.

To give a fuller, but concise, description of the temper-
ature dependence, we have analyzed the frequency depen-
dence of e„' and e„" over the range 10 —10 Hz in the
forms

ments (E„&2V/m) to remain in the linear response re-
gion combined with dc fields Ed, up to 500 V/m. The re-
sults, shown in Fig. 12 for the 1-MHz room-temperature
data, indicate a large reduction in the real dielectric con-
stant, and a large increase in dissipation with very modest

e'=A f '

fNcr

(2)

(3)

1O6

1O5

The temperature dependence of the dielectric behavior
between 10 and 10 Hz, given in terms of A „A,N„
and N vs temperature (with f in Hz), is given in Figs. 10
and 11 for both sample A and sample B. No values are
shown for these temperatures where the power-law be-
havior of Eqs. (2) and (3) does not hold.

As pointed out by Samara, Hammetter, and Venturin,
Kramers-Kronig relations requiring N =N, + 1 and
4neoA, /A =tan(N ~/2) will apply, but provided that
(i) Eqs. (2) and (3) are valid over a wide range of frequen-
cy and (ii) the system is measured in the region of linear
response. The experimental relation N =N, +(0.8 —1.2)
for both samples through a portion of the temperature
range indicates that, even in the restricted T range, at
least one of the above conditions is not precisely satisfied.
A discrepancy of similar magnitude is found in A, /A
In view of the independent test of linear dielectric
response, the power laws of Eqs. (2) and (3) are, therefore,
only an approximation. Further evidence of this is given
below.

The dc E field dependence of the complex dielectric
constant was measured utilizing small-signal ac measure-
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FIG. 11. The quantities A, (upper part) and N, (lower part)
from Eq. (2) vs temperature for samples A and B.
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FIG. 12. Real and imaginary relative dielectric constant at 1

MHz and 300 K vs E field bias. Upper part, sample A, and
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The real and imaginary parts of the dielectric response
for samples A and B at 300 K, obtained from 0.2 GHz to
20 GHz, are given in Fig. 13. Note that e„' is quite large
( )70) for sample A throughout this microwave region of
the spectrum. The extrapolation of Eqs. (2) and (3) to the
microwave region leads to values of e„' at 0.2 GHz
-2X 10 (beyond the measurement ability) for sample A
and -70 for sample B. The discrepancy with the mea-
sured values is an indication of the (not surprising) failure
of Eqs. (2) and (3) over range of frequency.

The occurrence of high dielectric constants for both
samples in these data indicates, of course, that the source
of the polariziblity has not been exhausted at these high
frequencies. More important, it also shows that it does
not come from the indium soldered contacts (via
Schottky-barrier effects) used in the low-frequency mea-
surements, since the high-frequency measurements are
made with electrodeless samples.

F. Discussion
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FIG. 13. Real and imaginary relative dielectric constant at
300 K vs frequency. Upper part, sample A; and lower part,
sample B.

There is little doubt that large capacitances are associ-
ated with these samples. For sample A, with a thickness
of 2.49 mm and a diameter of 2.54 cm, the measured
values at 300 K range from 5.2 pF (-10 F/m ) at 20
Hz to 0.16 iMF (-3X10 F/m ) at 1 MHz. The mea-
surement error, obtained by independent "in-place substi-
tution" calibration using known standards of matched
complex impedance, is &5%%uo at all frequencies for the
(real) capacitance, and substantially smaller for the dissi-
pation up to 10 Hz.

The derived large dielectric constant, however, as-
sumes a homogeneous (uniform displacement field) sam-
ple via the use of the sample thickness for the low-
frequency data. This may be viewed as an incorrect as-
sertion leading to the large values of e'„. In the classic
Maxwell-Wagner mechanism for inhomogeneity
enhanced dielectric constants, the electric displacement
occurs over only a small fractional length f, of the sam-.
ple due to its much lower electrical conductivity (but not
comparably smaller dielectric constant) compared to the
major portion of the sample. In its simplest manifesta-
tion, which also yields the greatest enhancement in e'„,
the inferred dielectric constant for co~0 will be e'„/f, for
o; «cub and f; «1, and where i refers to the thin low
conductivity layer in the bulk material b. Assuming only
typical values for e,'. —10 and the limiting low-frequency
value e,' & 2 X 10 obtained here then leads to
f, &5X10 . Since the sam.ple thickness is -2X10
m, the total thickness of all i layers must be ~100 A.
Furthermore, the observed e„' were obtained, in this case,
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with bias voltages of —1 V, and thus the insulating layer
must also sustain an E field ~ 10 V/m, which is relative-
ly high for a solid.

An additional and more serious problem with this ex-
planation is that the one-dimensional inhomogeneity
model used above topologically demands that this layer
intercept all D fields lines. For inhomogeneity in the
form of spherical inclusions, as might be expected for
powder processed material, the Maxwell-Wagner effect,
as calculated by Hanai, ' ' will provide far less enhance-
ment to e'„. The one-dimensional inhomogeneity (Y-poor
"rivers") found in sample A is also of a geometry which
would not lead to a large Maxwell-Wagner effect for the
composite dielectric constant since the D fields are, again,
not constrained to pass through the inhomogeneity.

Finally, the rapid variation of the displacement field
over a short distance must, by Maxwell's equations, be
accompanied by a volume charge density. For a spatially
constant charge density, a dielectric constant e,' =10, and
a contact potential difference to the neighboring material
of —1 V, the required charge density' is ) 10' cm .
This would be large for an insulator whose conductivity
a; must be ~ f;cr „,„„d-10 S.

It is thus difficult to find an explanation for the high
dielectric constant based on inhomogeneity without in-
voking a length scale finer than expected from processing,
and approaching that of a single layer of 8 unit cells
traversing, continuously, the entire cross section of the
sample. This region, in addition, must retain the charac-
ter of very high breakdown voltage and very low conduc-
tivity not withstanding the large charge density within it
required by Maxwell's equations. These large dielectric
constants cannot, in addition, result from insulating lay-
ers of ordinary e' and thickness d, surrounding grains or

incompletely sintered particles of dimension d,- —10 pm
(for example), in part, because the topology would not al-
low it, but also because d; =d„f; =db(10 e,'. ) would then
be &1 A. Thus, one is driven to a length scale so fine
that its distinction from the homogeneous state is arbi-
trary.

It is equally important, however, to note that a great
variation in the dielectric response has been reported by
different investigators. Some, though certainly not all, of
this difference may be due to inequivalent measurement
conditions. There remains a large discrepancy that must
be attributed to sample differences. In this paper we have
identified the processing, microstate, and properties of
our sample better than previously done. We have found
that sample A, which, by x ray, TGA, and electrical con-
ductivity, is closer to the semiconductor-superconductor
phase boundary, also has the higher dielectric constant
and greater field dependence of e and cr. But, while some
differences in our samples have been established, we have
not found that characteristic which is a clear predictor of
the dielectric behavior. More important, perhaps, is the
continued observation of (now even larger) high dielectric
constants, accompanied by large, nonlinear E field depen-
dencies of the conductivity and dielectric response, which
lie close by the superconducting phase.
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