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The attenuation of surface acoustic waves by epitaxial YBa,Cu;0, films has been studied for
x=6 to 7. For fully oxygenated samples, the acoustic attenuation as a function of temperature
shows two broad peaks at about 135 and 240 K, and decreases monotonically below the lower peak
temperature. The cause of attenuation peaks is attributed to scattering by optical phonons. Our
data do not show any gap structure at T, due to relatively weak electron-phonon interactions at the
acoustic frequencies. As the oxygen deficiency increases, the temperature dependence of the dc
resistance changes from metallic to semiconducting and finally to insulating behavior. Acoustic at-
tenuation data correspondingly show a drastic change due to different attenuation mechanisms:
from the phonon scattering loss in the metallic regime to the electric-field coupling loss in the semi-
conducting and insulating regimes. In the latter regimes, the temperature dependence of low-
frequency resistance calculated from the attenuation data can be fitted to a three-dimensional Mott

variable-range-hopping model.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tors, a great deal of effort has been made toward both ap-
plications and fundamental understandings of numerous
unusual behaviors. Although some progress has been
seen in both areas, a consensus picture of the mechanism
is still to be established. Most of the experimental
difficulties originate from the extremely short coherence
length which is of the order of the unit cell. Defects of
microscopic scale can cause large variations in experi-
mental results from sample to sample. Thus, it is difficult
to interpret such experimental results.

Ultrasonic attenuation has been one of the classic mea-
surements to determine the energy gap in low-
temperature  superconductors. 1" Usually, tunnel-
junction measurement provides the most accurate deter-
mination of the energy gap. But, due to the extremely
short coherence length of high-T, superconductor oxides,
reproducible high-quality junctions have yet to be real-
ized for a reliable energy-gap measurement. Naturally
the acoustic technique, which is essentially a bulk probe,
has been explored to study the oxide superconductors.
Unfortunately, the acoustic technique encounters a
different difficulty. The usual pulse-echo technique re-
quires a large homogeneous sample of the order of cen-
timeters in size. Good high-T, single crystals are usually
much smaller than that. Thus, most of the acoustic mea-
surements have been done with sintered ceramic samples.
Reported data on ceramic samples show a large variation
from sample to sample.>”® This is not surprising be-
cause porosity and process-dependent intergrain material
can cause a large phonon scattering background and thus
cause sample-to-sample variations. Nontheless, several
broad peaks in the acoustic attenuation versus tempera-
ture curve have been repeatedly observed. To get around
the difficulty of dealing with small samples, there have
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been a couple of reports on acoustic measurements of sin-
gle crystals using different techniques. Saint-Paul et al.®
used a conventional echo technique with a quartz buffer
rod. They reported a gradual reduction of acoustic at-
tenuation with decreasing temperature without any peak.
On the other hand, using a vibrating-reed technique, Shi
et al.” reported such peaks in a single crystal as often ob-
served in bulk ceramic samples. Very recently, Kim
et al.® have reported measurements on relatively large
single crystals using a conventional echo technique. They
have observed similar peaks for transverse C,, modes.
None of the experiments on either ceramic samples or
single crystals have clearly indicated a superconducting
gap below the superconducting transition temperature.

In this paper we report results of an experimental
acoustic attenuation study of YBa,Cu;0, thin films ep-
itaxially grown on LiNbO; substrates using a surface-
acoustic-wave (SAW) technique. We note that a similar
technique has been previously used to study supercon-
ducting Pb and Sn films.® We have also studied systemat-
ically the effects of oxygen deficiency on the acoustic at-
tenuation. All previous measurements are limited to fully
oxygenated samples.

II. EXPERIMENT

Depositing high quality films on SAW substrates is
very important to get meaningful results from SAW at-
tenuation experiments. Otherwise interfacial coupling
and intergranular material will severely affect the experi-
mental results. Our ability to fabricate high quality epi-
taxial YBa,Cu;0, films on Y-cut LiNbO; substrates,
which are widely used for SAW devices, has been demon-
strated.!© There are certain advantages of the SAW at-
tenuation technique over others. First of all, large homo-
geneous samples are available. Also, the whole spectrum
of effects of oxygen deficiency can be studied systemati-
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cally for a given sample without degrading the sample
quality.

Fully oxygenated films are deposited in situ on Y-cut
LiNbO; substrates by a standard laser ablation tech-
nique.!® Typical film thickness is on the order of 1 um
and the films are visually smooth. Under an optical mi-
croscope, typically submicronsized particulates are
found. A scanning-electron-microscope (SEM) study
conducted for one of the samples indicates a partial
columnar growth of the film. Film epitaxy and orienta-
tion are determined by x-ray diffraction study. The rela-
tive orientation of the film to the substrate is illustrated
in Fig. 1. The ¢ axis of the film is perpendicular to the
substrate plane and the [110] direction of the film is
parallel to the [112 0] orientation or z axis of the LiNbO;
substrate, which has a trigonal symmetry. The films have
two domains, with the (110) plane acting as a mirror
plane. Details of the x-ray diffraction study have been
described in Ref. 10. As indicated by the SEM study, the
films are not single crystalline but consist of small crystal-
line plaquettes which are typically of micron size with all
three crystal axes oriented as described above.

Figure 2 shows results of resistivity and critical current
density measurements of a 0.2-um thick film. In Fig. 2,
as temperature decreases, normal-state resistivity de-
creases with a slight curvature and drops to zero at 92 K.
The room-temperature resistivity of this film is 750
©Q cm, which is rather high for an epitaxial film. The
critical current densities are 2X10° A/cm? at 77 K and
8X10° A/cm? at 4.2 K, in accordance with the epitaxial
nature of the film. Several thicker films, typically 1 um
thick, have also been measured and showed much lower
room-temperature resistivity (about 250 u{)cm), as well
as a much stronger and more linear temperature depen-
dence in the resistivity.

A schematic diagram of the experimental set-up for the
SAW attenuation measurement is shown in Fig. 3. Be-
fore the deposition of the YBa,Cu;0; film, three identical
interdigital transducers made of Au or Pt are patterned

x or [1120]

o Zor [000I]

FIG. 1. Orientation of the film with respect to the substrate.
a and b, a’ and b’ are axes of the film in the basal plane in two
different domains. x and z are axes of the substrate. The ¢ axis
of the film and y axis of the substrate are perpendicular to the
plane.
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FIG. 2. Resistivity and critical current density of a 0.2-um
thick, 50X 200-um? laser patterned line of the film.
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FIG. 3. Schematic diagram of experimental set-up for the
acoustic measurement. x, y and z coordinates indicate the crys-
tallographic axes of the LiNbO; substrate. 4 -D represent
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on the Y-cut LiNbO; substrates with equal spacings of 6
mm. The transducers are designed for 29-MHz SAW’s.
The width of the electrode is 10 um and the gap between
nearest electrodes is 50 um. Each transducer has 10 pairs
of electrodes. The center transducer serves as a SAW
generator and the end sets as receivers. A YBa,Cu;0,
film of ~ 1-um thickness and 3-4-mm width is deposited
between the generator and one of the receivers. Thus,
one receiver detects the signal through both the film and
substrate, and the other one detects the signal through
the bare substrate. The latter is used as a reference to
normalize out any substrate effect. A cold finger cryostat
is used to control the sample temperature in a vacuum
environment. The cryostat is equipped with three thin
gold-braided coaxial cables for rf signals and several pairs
of twisted wires for dc resistance measurement and ther-
mometry.

SAW’s are generated by applying 29-MHz sinusoidal
waves gated by a pulse generator to the center transduc-
er. The gate pulse has typically a 0.5—-1-us width and a
100-us period. Pulse trains of SAW’s produced by the
generator propagate in both directions and are detected
by the two receivers. The signal detected by each group
of fingers is self-mixed, amplified, and integrated by a box
car, and finally digitized and recorded by a personal com-
puter. The SAW attenuation of the film is obtained by
dividing the signal traveling through the sample arm by
that of the reference arm. The result is then substracted
from unity. Signals can be complicated by reflections
from the edges of the substrate. We have avoided this
problem by making both end surfaces rough and by
lengthening the pulse period. The sample temperature is
monitored by a Si diode thermometer mounted on the
substrate. Both SAW signals and the dc resistance of the
film are measured simultaneously as the substrate tem-
perature is slowly ramped up or down between room tem-
perature and 4.2 K.

We have studied eight samples. Among those, we
present two representative samples labeled S1 and S2.
Those two samples are among the best in terms of
normal-state resistivity and T,. They have been studied
most comprehensively. The results for samples S1 and
S2 are shown in Figs. 4 and 5. Both samples have resis-
tivities of about 250 uQ cm at room temperature with
steep slopes, indicative of high quality. Even though the
character of their resistive transition is similar, the SAW
attenuation data differ. While sample S'1 has two broad
peaks at about 135 and 240 K, sample S2 has a mono-
tonic decrease with decreasing temperature. About half
of the samples studied showed the same behavior as S'1
(with some variation in the peak height), while the other
half were similar to S2. The latter have larger attenua-
tion than the former, as shown in Figs. 4 and 5. In the
latter group, the peaks observed in the former are
overshadowed by a large monotonic background. In
some sense, our results are a miniature scope of what has
been published in literature for bulk ceramics and single
crystals. There does not seem to be any strong correla-
tion between SAW attenuation and dc resistivity or 7.
1t is likely that different intergranular interactions or mi-
croscopic crystalline defects can cause different high-
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FIG. 4. Results for sample S1 in the fully oxygenated state.
(a) Resistance vs temperature. (b) Acoustic attenuation vs tem-
perature.

frequency responses and thus different SAW attenuation
background without affecting the dc resistance or 7.
One of the advantages of using thin films is that an-
nealing times are much shorter than that for single crys-
tals. Typically, annealing takes only a few hours for thin
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FIG. 5. Results for sample S2 in the fully oxygenated state.
(a) Resistance vs temperature. (b) Acoustic attenuation vs tem-
perature.
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films rather than a few weeks for single crystals. We have
studied the effects due to the oxygen deficiency of the
same sample by annealing out oxygen gradually and re-
peating measurements after each annealing. The anneal-
ing is done in a quartz tube furnace at 500 °C. One end of
the tube is pumped by an oil-free turbomolecular pump
with a small amount of oxygen gas introduced from the
other end. The oxygen concentration of the films is con-
trolled by adjusting the oxygen flow rate. During anneal-
ing, the film resistance is indirectly monitored by measur-
ing the resistance of a separate YBa,Cu;0, film placed
near the sample. The sample is annealed until the resis-
tance of the monitor film reaches a steady-state value.
We have found that as more oxygen is depleted, the re-
quired annealing time becomes longer. It is on the order
of 30 min in the metallic regime and several hours near
the insulating regime.

For bulk ceramic samples, the thermogravimetric
method is commonly used to determine oxygen content.
For films on substrates, the weight loss due to oxygen de-
pletion is far too small to be measured, and thus the c-
axis lattice constant determined from the x-ray
diffraction pattern has been used to indirectly infer the
oxygen content. The c-axis lattice constant of our films
were measured after each annealing step. Oxygen con-
centration of the film for each step is inferred from the
relationship between oxygen content and the c-axis lattice
parameter for powdered ceramic samples.'"!? The mea-
sured c-axis constant and estimated oxygen content for
sample S2 are shown in Table I. Notice that the c-axis
for the fully oxygenated film is 11.71 A, which is substan-
tially larger than 11.68 A for powdered samples. This in-
dicates that the film is strained due to the severe lattice
mismatch. As shown in Table I, with decreasing oxygen
concentration, the room-temperature resistance increases
monotonically. Cava et al.!! have measured room-
temperature resistivity versus oxygen concentration for
powdered ceramic samples. Their data have a local
minimum for the 60-K phase. But the resistivity
minimum does not appear in our film sample. The oxy-
gen extraction process is reversible. The oxygen in the

TABLE 1. Sample parameters for different oxygen concentra-
tions of sample S2.

R0 x(Q) c(Ay x®
A 4.8 11.71 6.83
B 8.7 11.72 6.78
C 16 11.74 6.60
D 25 11.76 6.47
E 82 11.81 6.14
F 800 11.80 6.22°
G 1.7X10° 11.85 5.90
H 1.8X10° 11.82 6.17°
I > 107 11.87 5.76

“Error bar is +0.01 A.

"Estimated by using the results of powdered sample (Refs. 11
and 12).

‘Measured after several months from the rest.
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sample can be completely replenished by annealing at
500 °C at atmospheric pressure in pure oxygen. Both the
resistance and SAW attenuation data of the reoxygenated
film are nearly identical to those of the virgin sample.
Also, x-ray studies after several annealing steps have not
shown any sign of the development of secondary phases.
Measured dc resistance versus temperature curves for
the nine different oxygen concentrations in Table I are
plotted in Fig. 6. As oxygen content decreases, T, de-
creases and in F no transition is observed. Temperature
dependence of the normal-state resistance shows metallic
behavior for A4 to E, semiconducting behavior for F to H,
and finally insulating behavior for I, for which no dc
resistance measurement is available due to high contact
resistance. In semiconducting states F and G, the resis-
tance curve cannot be fitted to a simple exponential func-
tion characteristic to typical semiconductors. Curve G is
somewhat unusual. The resistance decreases below 40 K
and eventually flattens at low temperatures. Orr et al.'®
have measured temperature-dependent resistances of
nearly percolating ultrathin Sn films. Their data show
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FIG. 6. Resistance vs temperature for different oxygen con-
centrations of sample S2. Indices A4 to I indicate oxygen con-
centrations from the fully oxygenated state to a nearly insulat-
ing state, as shown in Table I. Notice that resistance scale is
logarithmic.
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similar behavior at low temperatures. There have been
several reports on the ordering of oxygen vacancy in
YBa,Cu;0, systems.!*! even an ideal sample which is
annealed homogeneously might have an intrinsically in-
homogeneous oxygen distribution because of the vacancy
ordering. Thus, we speculate that the resistance drop in
G is due to percolation between superconducting grains.
SAW attenuation data for different oxygen contents
are shown in Fig. 7. Data can be divided into two
groups. For the first group, 4 to E, the acoustic attenua-
tion is relatively small and has a monotonic temperature
dependence. For the other group, F to I, the attenuation
is much larger and has a broad peak, which shifts toward
higher temperature as the sample becomes more insulat-
ing. B, C, and D, which lie in between A and E are omit-
ted from Fig. 7 for clarity. The attenuation mechanisms
of these two groups will be discussed in the next section.

III. MECHANISMS OF SAW ATTENUATION

There are intrinsic differences between the SAW tech-
nique and bulk acoustic wave techniques. Unlike bulk
waves used in the echo technique, SAW’s inherently have
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FIG. 7. Temperature-dependent acoustic attenuation curves
for different oxygen concentrations of sample S2. Indices are
the same as in Fig. 6 and Table I. In the inset, the calculated
SAW attenuation curve for the state H [using Eq. (1) with the
measured R(T)] is plotted together with the measured one.

both longitudinal and transverse components coupled to-
gether.!® In our case, SAW’s propagate along the z axis
of the substrate, which is roughly parallel to the diagonal
direction of the ab plane of the high T, films. Conse-
quently our observed SAW attenuation is an average over
all three axes, similar to the case of bulk acoustic attenua-
tion in randomly oriented ceramics, but without the com-
plications of voids and intergranular materials. Another
important difference is that a relatively large electric field
accompanies SAW’s due to the piezoelectric effect of the
substrate. The loss due to the electric field coupling can
be an important SAW attenuation mechanism for highly
resistive thin films.

The electric field coupling effect can be interpreted by a
transmission-line model, as shown in Fig. 8. Compres-
sion and rarefraction of the substrate generate electric
fields. The electric field is described in terms of an elec-
tric potential ¥ which oscillates in time and space with a
frequency w. For a perfectly conducting film (R =0), the
electrical charge induced in the film oscillates in phase
with the field and does not dissipate the SAW’s. The ex-
tra capacitance due to the film causes a reduction in the
SAW velocity. For a resistive film (R 50), the oscillation
of the induced charge has an out-of-phase component,
which causes SAW attenuation by producing Joule heat-
ing in the film. This electric field effect is well under-
stood. For films with thickness d <<v, /w, the attenua-
tion a can be expressed as'®!

v €,R

ah=gK?—"——— | (1)
1+(v,e,R5)?

where A is the SAW wavelength, K? is the piezoelectric
coefficient of the substrate, v, is the SAW velocity, €

the dielectric constant of the substrate, and R is resis-
tance per square of the film. For Y-cut LiNbO; sub-
strates, v, =3500 m/sec, €, =4.6 pF/cm, and K*=0.046
(Ref. 16). In Fig. 9, the SAW attenuation due to electric
field coupling calculated using Eq. (1) is plotted as a func-
tion of the resistance per square of the film for our sample
with a width of 30A. As shown in the figure the SAW at-
tenuation reaches a maximum of 19 dB at
R=1/v,e,=620 kQ. The field-coupling effect becomes
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FIG. 8. Transmission-line model of SAW attenuation due to
electric field coupling loss. In the figure, there is a gap between
the film and the substrate for clarity. Capacitance C is deter-
mined by the dielectric constant of the substrate €;. The in-
duced charge density in the film has out-of-phase component
with respect to the SAW’s because of RC coupling.
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less important toward both metallic and insulating re-
gimes, where SAW attenuation is proportional to R and
1/R, respectively.

In the metallic state, electron-phonon scattering is an
important acoustic loss mechanism. In the conventional
metal superconductors, it dominates acoustic attenuation
at low temperatures and provides valuable information
concerning the superconducting gap via the temperature
dependence of the acoustic attenuation below T,.'® The
magnitude of the acoustic attenuation due to electron-
phonon scattering is'°

akz4ﬂ'2nmli . (2)

uv, A

Here, m is the effective electronic mass, n is the electron
density, and p is the mass density of the lattice. vy and v,
are Fermi velocity and sound velocity, respectively, and /
is the electron mean free path. Note that the acoustic at-
tenuation due to electron-phonon coupling is proportion-
al to 1/R, in contrast to a proportionality to R for the
electric field coupling loss. In case of thin films, the SAW
attenuation is reduced from the above value by d /A be-
cause only a portion d /A of the SAW’s is affected by the
films. For typical high-temperature superconducting thin
films in the fully oxygenated state, the SAW attenuation
due to the electron-phonon interaction (estimated using
the literature parameters®®) is roughly 107° dB, about 2

10% — [ — T

aw (dB)
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10 10 10* 10° 1c®
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FIG. 9. SAW attenuation for our sample geometry as a func-
tion of resistance per square of the film. w is the length of the
film through which SAW’s propagate.
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orders of magnitude smaller than the field coupling loss.
The electron-phonon interaction is overwhelmed by the
electric field coupling. But, even the field coupling loss is
3—-4 orders of magnitude smaller than the data, which are
typically 0.1-1 dB in the fully oxygenated state (Figs. 4
and 5). Moreover, Eq. (1) indicates that the field coupling
loss vanishes below T,, while data show substantial at-
tenuation. Thus, the SAW attenuation mechanism in the
fully oxygenated state cannot be either the electron-
phonon interaction or the electric field coupling loss.

In Figs. 6 and 7 the SAW attenuation is seen to in-
crease with increasing film resistance, reaching a max-
imum in H, and then decreasing again with further in-
crease of the film resistance in I, in a qualitative agree-
ment with Eq. (1). Using the maximum of the curve H in
Fig. 7, we can quantitatively compare acoustic data with
the model. The attenuation curve calculated from dc
resistance data H in Fig. 6 using Eq. (1) is plotted along
with measured attenuation curve H in the inset of Fig. 7.
In the calculation, v €, is used as a fitting parameter and
the result is (270 kQ)~!. This is not unreasonable be-
cause near the interface between film and substrate, the
dielectric properties might be modified. Notice that the
calculated curve agrees reasonably well with the mea-
sured curve both in magnitude and temperature depen-
dence. For the less oxygen deficient states F and G, the
measured values of attenuation (Fig. 7) are much larger
than the ones estimated using aw(Rg) (Fig. 9) and resis-
tance data (Fig. 6). The discrepancies may be explained
as follows. While the dc resistance is determined by con-
nectivity of conducting paths, the acoustic attenuation
probes the average bulk properties. Thus, we can con-
clude that the states F and G might have an inhomogene-
ous oxygen distribution .

One of the important questions about the acoustic at-
tenuation measurements is whether the electron-phonon
interaction or the superconducting gap can be obtained.
Up to the present, none of the reports on acoustic at-
tenuation of oxide superconductors have demonstrated
any gap structure. Our results are consistent with the
other studies. An estimation using Eq. (2) indicates that
the electron-phonon effect is several orders of magnitude
smaller than what is actually observed in our samples.
Moreover, as indicated by Eq. (2), acoustic attenuation by
the electron-phonon interaction is proportional to con-
ductivity, which is opposite to our observation (Figs. 4
and 5) that both resistance and acoustic attenuation de-
crease with decreasing temperature. This suggests that
the acoustic attenuation in high-temperature supercon-
ductors is dominated by mechanisms other than the
electron-phonon interactions.

IV. DISCUSSION AND CONCLUSION

Several explanations have been suggested for the two
broad peaks observed at about 135 and 240 K in Fig. 4
(Refs. 3, 5, 7, and 8). Since the energy of the acoustic
phonons used in our experiment is very low (equivalent to
a thermal energy of 10 mK), they cannot induce any exci-
tation. They are either scattered or absorbed by existing
excitations. We believe that the two broad peaks result
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from scattering by phonon modes. Several optical pho-
non modes have been observed from infrared measure-
ments in the tetragonal phase of YBa,Cu;O, near 110
cm ™! and near 160 cm ™! (Ref. 21), which correspond to
about 160 and 230 K, respectively. In the orthorhombic
phase, lower frequency modes are not observed in the IR
measurement due to the screening by free charge car-
riers.??  Acoustic waves penetrate much deeper into the
sample and thus can interact with those modes in the ful-
ly oxygenated samples. The normal modes correspond-
ing to these peaks have not been clearly identified. It is
believed that the heavy Ba atoms are involved.?! Scatter-
ing of acoustic waves by optical phonons is possible only
if both thermally excited phonons and anharmonicity ex-
ist in those modes. The scattering rate increases with in-
creasing anharmonicity. If the anharmonicity is indepen-
dent of temperature, the phonon-phonon scattering
should increase as a step function at the temperature cor-
responding to the mode frequency, rather than showing a
peak. The observed peaks imply a strong temperature
dependence of the anharmonicity near the temperatures
corresponding to the mode frequencies. There is evi-
dence that the Ba atoms first shift toward and then away
form Cu-O planes as the temperature decreases from 250
to 80 K.?*> Thus, the phonon-phonon interaction has
maxima near the mode frequencies, and hence, so does
the acoustic attenuation.

Since lattice parameters of the YBa,Cu;O, change by
at most 1% when the oxygen concentration is reduced
from x =7 to x =6, all the phonon structures should
remain almost the same. Reports on infrared studies of
YBa,Cu;0, with various oxygen concentrations also
show little difference in the phonon modes.?! Thus, the
attenuation of acoustic waves due to scattering by pho-
nons cannot change much over the entire range of oxygen
concentration. On the other hand, as film resistance in-
creases with increasing oxygen deficiency, the electric
field loss increases and eventually becomes dominant over
the phonon scattering loss.

The electric field coupling component of SAW attenua-
tion is determined by the ac resistance of the film, regard-
less of microscopic properties of the film. Nevertheless, it
provides us with valuable information about the nature of
charge transport in the base material of YBa,Cu;0, sys-
tem. Since, as discussed above, the SAW attenuation
probes more of the bulk material than the dc measure-
ment, more reliable low frequency ac resistance can be
obtained from the SAW attenuation data. In addition,
the electrical contact problem, which is often encoun-
tered in dc electrical measurements of high-temperature
superconductors, can be avoided by using the SAW tech-
nique.

Using Eq. (1) we have calculated ac resistance for sam-
ples H and I from the SAW attenuation data using the
same fitting parameter as in the previous paragraph.
They are plotted in Fig. 10 together with measured dc
resistance. For sample H in Fig. 10, the calculated resis-
tance agrees reasonably well with the measured one,
differing in magnitude by a factor of 2. For the state I,
no dc resistance is available because the contact resis-
tance is too high. Both calculated and measured resis-
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TABLE II. Estimated parameters of sample S2 in the 3D
variable range-hopping model. In the estimation, N(Eg)
=No(Ep)(x —6) is used, where Ny(E;)=4.8X10%/eV m> (Ref.
20).

Li(A) Ly(A)® Wiy (K)*
H Measured 14 15 160
H From a(T) 19 16 130
I From a(T) 12 19 240

2Calculated at room temperature.

tance curves for H and I increase rapidly at low tempera-
tures, indicating some type of thermal activation of
charge carriers. Among the various models we have ex-
amined in order to explain the temperature dependence
of the curves in Fig. 10, Mott’s variable range hopping
model?* fits the data best.

In the variable range-hopping regime, where electron
localization is comparable to thermal activation, resis-
tance is determined by a temperature-dependent hopping
distance, Ly, as®*

200 1] T L T T
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- \\ 4
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FIG. 10. Temperature dependence of the film resistance,
both measured and calculated from SAW attenuation curves,
for H and I of the sample S2. dc resistance curve for I is not
available due to high contact resistance.
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R =Ryexp(Ty/T)'*, 3)

with
3L, 1/4

24 1
kyTo="———— and Ly=
BRI m LIN(E,) "

where L, is the localization length and N (Ey) is density
of states at the Fermi surface. The equations above are
results for three dimensions. For 2D and 1D systems, the
exponents in Eq. (3) are 1/3 and 1/2, respectively.
Among these, the 3D model seems to give the best fit.

In Fig. 11 the curves in Fig. 10 are replotted with the
resistance on a logarithmic scale versus 7174, All the
curves have linear slopes over a wide range of tempera-
ture. From the slopes L;, Ly, and hopping energy
Wy=3/[4wL}N(Er)] are calculated using equations
above. These parameters are given in Table II. Notice
that hopping distances shown in Table II are larger than
c-axis lattice parameter. Thus, it it consistent that the
oxygen-deficient samples show a 3D hopping nature.
This stands in contrast to 2D behavior of many electrical
transport properties of fully oxygenated samples which
are characterized by a short coherence length. Also, both
localization, exp(2Ly/L;), and thermal activation,
exp(Wy /kgT), contributions to the resistance are com-
parable, confirming that the system is indeed in the
variable-range-hopping regime. Kastner et al.?® have
studied the temperature-dependent resistance of ceramics
and crystals of Li-doped and -undoped La compounds.
Room-temperature resistivity of their samples ranges
from 1072 Qcm to 5X 10 Q cm. All their data are also
well explained by 3D Mott variable-range hopping.

In summary, we have studied epitaxial YBa,Cu;0,

films for the entire range of oxygen concentration from.

x =6 to x =7 by a surface-acoustic-wave technique. In
fully oxygenated films, the acoustic attenuation shows
two broad peaks near temperatures of 135 and 240 K and
an overall decay with decreasing temperature. These
structures are most likely due to scattering of acoustic
waves by optical phonons. None of our data have shown
a gap structure at 7, consistent with a relatively small
effect of the electron-phonon interaction. In the semicon-
ducting regime of the oxygen-deficient samples, SAW at-
tenuation is predominantly due to the electrical-field cou-
pling loss. The electrical-field coupling loss is determined
by ac resistance of the film and reaches a maximum at
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FIG. 11. The same curves as in Fig. 9 are replotted as R (on
log scale) vs T~ '/, Note that the curves are linear over a wide
range of temperature.

0.45

R5=270 kQ. This field effect allows us to study the con-
duction mechanism in the base material of YBa,Cu,;0,
systems. Temperature-dependent resistance data, both
measured dc and calculated ac, near the tetragonal phase
are well explained by a 3D Mott variable-range-hopping
model. Estimated hopping distances at room tempera-
ture are 15-20 A. Further studies, such as magnetic field
effects or investigation of single crystals, are needed to
provide better understanding of high-temperature super-
conductors in the low-dopant limit.
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