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A comparison between experiment and theory
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With improved signal-averaging techniques, the tunneling conductance from pulsed-laser-
deposited films of YBa;Cu3zOr_s revéals a rich fine structure in both the subgap and near-gap
regions. A comparison of this structure with calculations by Tachiki et al. yields excellent agree-
ment and indicates the origin of the fine structure is the density of electronic states on the different

layered planes of this high-7. material.

I. INTRODUCTION

The study of Y-Ba-Cu-O by scanning tunneling mi-
croscopy (STM), although initially difficult, has provided
a number of interesting results. Hawley et al.! and Ger-
ber et al.,? as well as a number of other groups,®®
have succeeded in scanning c-axis-oriented thin films of
Y-Ba-Cu-O with sufficient vertical resolution to easily
identify unit-cell-sized features. Atomic-resolution im-
ages at room temperature have been obtained by Lang,
Frey, and Giintherodt.® More recently, Edwards, Mark-
ert, and de Lozanne” have succeeded in obtaining low-
temperature atomic-resolution images. Taken together,
these results have demonstrated the utility of STM for
studying the surface morphology of high-T, materials.

Position-sensitive spectroscopy has been more diffi-
cult, with the best early results obtained by point-
contact junctions.®® Tunneling measurements in
Y-Ba-Cu-O have produced a variety of results,® and the
most recent evidence suggests a superconducting gap of
~20 meV. Evidence for subgap and near-gap structures
in Y-Ba-Cu-O tunnel junctions has also been reported.!?
Here we report the results of a study on pulsed-
laser-deposited Y-Ba-Cu-O films with a low-temperature
STM. We obtain conductance data [G(eV)=dI/dV] that
are rich in fine structure. This structure, when compared
to the tunneling conductance based on a band-structure
calculation of Y-Ba-Cu-O by Tachiki et al.,?® confirms
that we are observing effects due to the Y-Ba-Cu-O den-
sity of states. The agreement between experiment and
theory provides insight into the factors influencing the
tunneling of current into high-7,. materials.

II. EXPERIMENTAL DETAILS

The films studied were prepared by pulsed laser de-
position using methods previously described.!?:'® The
films were c-axis oriented with thicknesses of ~150 nm
and were deposited on the (100) plane of LaAlOj single-
crystal substrates. Magnetization measurements indi-
cated that the films were of high quality, with supercon-
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ducting transition temperatures greater than 90 K and
Je. > 10% A/cm? at zero field.

A major obstacle to obtaining consistent spectroscopic
and topographic data, particularly at low temperatures,
is the difficulty in maintaining adequate surface quality.
Numerous studies have indicated that the Y-Ba-Cu-O
surface is reactive.!® One way to avoid contamination
is to cleave under UHV conditions.” As described below,
we find that handling samples in an inert gas atmosphere
is also sufficient to allow high-quality tunneling results.
The technique for handling the films is as follows. After
deposition and in situ annealing, the films were removed
from the growth chamber and inserted into a dessicator,
which was then transferred into a Vacuum Atmospheres
glove box through a load lock.

The glove box was maintained with an inert nitro-
gen atmosphere.’®* Electrical contact to the samples
was made with silver-loaded paint.'® The sample was
mounted in the low-temperature STM and then removed
from the glove box and transferred immediately into a
vacuum-tight insert Dewar under ambient conditions.
This insert Dewar was then quickly evacuated prior to
immersion into a liquid-helium storage Dewar supported
on a vibration-isolation platform. Following this proce-
dure, total exposure to ambient conditions was kept un-
der 20 s.

The STM used for these studies was constructed to
operate at low temperatures and is similar to previously
published designs.’®'8 A coarse approach is achieved
through an inertial sliding mechanism as described by
Renner et al.'” STM tips were formed from cut Ptlr
wires (0.25 mm diameter). Images were taken with biases
of about + 1.5 V and tunnel currents of approximately
1 nA. High-quality images consistently showed unit-cell
terracing at 4.2 K. Scanning was performed utilizing a
computer-controlled digital feedback system.'? A Keith-
ley current amplifier (model 428) with a gain of 10°-10°
V/A was used to amplify the tunnel current.

Topographical studies at both room temperature and
4.2 K revealed a surface morphology consisting of large
areas of stacked-disk-type structures. This type of terrac-
ing indicates that an island growth mechanism is primar-
ily responsible for film growth. Figure 1 is a small-scale
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FIG. 1. Top view image of a Y-Ba-Cu-O thin film taken at
4.2 K. Unit-cell terracing with steps of one unit cell (1.2 nm)
high are visible.

scan taken at 4.2 K showing some terrace steps. The flat
terraces with step heights of exactly one unit cell (1.2
nm) confirm that the region being studied was well c-
axis oriented. Analysis of data taken on different grains
indicated at most a 1°-2° mismatch between the c-axis
orientation of different grains.

A quantitative technique for analyzing the terracing in
an entire image is to make a histogram of surface heights.
Figure 2 is a plot of the percentage of points on the sur-
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FIG. 2. Histogram plot of the pixel heights from a highly
terraced region of a Y-Ba-Cu-O film as a percentage of the
total image. The spacing between peaks {dashed lines) is
predominantly one c-axis unit cell in distance (1.2 nm).

. face as a function of height. This data was from a 1.5x1.5

pm scan taken at 4.2 K . An advantage of this approach
is that information about the terracing of the entire film
can be readily obtained. All but two of the peak-to-peak
spacings indicated by dotted lines in Fig. 2 are one c-axis
unit cell high. Nonepitaxial films, or regions of the film
with a-axis or disordered growth, can easily be identified
by a lack of peak structure in the histogram.

III. RESULTS
A. Tunnel gap quality

We have found that a measurement of the tunneling
current as a function of tip height is a particularly effec-
tive way to characterize the quality of the film surface.

- The exponential decay of tunnel current with distance is

a well-known result of all tunneling models and is speci-

fied by

I(2) = Ipe~1:025 3z (1)

where I is the tunnel current, z is the distance between
the tip and sample (in angstroms), and ¢ is the effective
barrier height (in eV) of the tunnel junction. This gener-
ally accepted model predicts tunnel currents dropping off
to negligibly small values for z ~ 10 A.2° Tunnel junc-
tions formed in air, however, often are much less than
ideal. This departure from theoretical expectations is
usually attributed to surface contamination.

The distance over which the tunnel current falls off
is a quantitative measure of the tunnel junction quality
and can be used to study the effect of exposure to ambi-
ent conditions on Y-Ba-Cu-O thin films. Figure 3 shows
typical data for the tunnel current versus tip-sample sep-
aration. The solid curve shows I{z) obtained from a
Y-Ba-Cu-O film handled in the way described previously
while the dotted I(z) curve was obtained after an 8-min
exposure to air. Analysis of the data from the unexposed
sample using Eq. (1) (see inset in Fig. 1) gives a tunnel
barrier height of 0.8 eV, in reasonable agreement with

- values recently reported on vacuum cleaved samples.”

Upon exposure to air, the I{z) spectra changed dra-
matically, with significant tunnel currents still present
after withdrawing the tip 200 A. The surface of
Y-Ba-Cu-O is well known to be unstable and tends to
form an insulating layer, often attributed to the presence
of adsorbed water on the surface.!® The I(z) curve for

- the exposed sample is not logarithmic, and thus it is not

possible to obtain a barrier height from it. An important
conclusion drawn from this analysis is that we can readily
determine when vacuum tumie}ing conditions have been
achieved. ‘ '

B. Tunneling conductance

After verifying that vacuum tunneling had been estab-
lished, conductance studies were performed at 4.2 K by
first selecting a desired region of the film from STM topo-
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FIG. 3. Plot of the tunnel current from a Pt-Ir tip into
a pulsed-laser-deposited Y-Ba-Cu-O film at room tempera-
ture as a function of tip-sample separation. The solid curve
was taken after mounting the sample onto the STM in an
inert-atmosphere glove box. The dotted curve is the tunnel
current measured at the same position after an 8-min expo-
sure to ambient air. The inset is plot of the logarithm of the
tunnel current into the unexposed film as a function of the
tip-sample separation. From Eq. (1), the slope of this data
can be related to the tunnel barrier height.

graphic scans. I(V) measurements were made in which
the computer feedback was paused, and the tip bias was
ramped over the desired voltage range while the tunnel-
ing current was digitized. After one sweep, the feedback
was momentarily enabled and the tip-sample separation
was checked and adjusted in the usual way. Total ac-
quisition time for each sweep was 75 ms or less. Using
this technique, a preset number of I(V) curves taken at
a predetermined point on the sample could be averaged
together. The derivative of the final I(V') curve was ob-
tained numerically. We have found that the flexibility in-
herent in digital feedback offers a number of advantages
over analog feedback schemes such as asynchronous op-
eration and the elimination of glitches associated with
sample-and-hold circuits.

In general, the I{V) curves from different regions of
the thin films showed a variety of different behaviors.?!
Evidence for linear conductance was often obtained. An
apparent Coulomb blockade, evident from a current sup-
pression near zero bias voltage, was also occasionally
seen. Conductance curves characterized by a recogniz-
able superconducting energy gap were also found. An
example of this latter data is shown in Fig. 4.

In Fig. 4, we plot the normalized conductance, defined
as [(dI/dV)s/(dI/dV },], obtained at 4.2 K from a region
of the Y-Ba-Cu-O film characterized by well-formed ter-
races. For this data, the STM was operated with a tun-
nel resistance of ~ 4 GQ2. The normal-state conductance
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FIG. 4. Plot of the normalized conductance as a function
of the tip bias voltage obtained from a Y-Ba-Cu-O film at 4.2
K. The solid line is a fit to the data using the model of Dynes
et al. {Ref. 24) [Eq. (2)]. .

was approximated from the I(V) data far from the gap
region (60 mV). This data represent an average of 1024
sweeps. The large amount of averaging increases confi-
dence that any structure observed is not an electronic ar-
tifact since the sweeps are asynchronous with each other.
Apart from the appearance of a well-characterized gap
feature, considerable subgap and near-gap structures are
also observed. The number of sweeps required to make
the fine structure clearly evident was dictated by hints of
reproducible structure obtained after averaging a smaller
number of sweeps. We find that the conductance at
Vbias = 0 is about 30% of the conductance at 60 mV.
Because of this excessive subgap conductance, an analy-
sis of this data with a standard BCS quasiparticle density
of states yields a poor fit.

An important issue to address is the reproducibility of
the structure in the conductance data. Figure 5 shows. .
two different curves taken 40 min apart at the same re-
gion on the sample. Although the reproducibility is not
perfect, the main features of the structure are clearly re-
produced. This structure was not necessarily present at
every region on the film, an observation suggesting that

“local variations in stoichiometry may be an important

factor in determining the fine structure. It was also ob-
served that the fine structure was more readily seen at
large tip-to-sample spacings.

Many studies have observed a smearing of the gap
conductance,??23:11 and a common technique is to fit to
the data using the model of Dynes et al.,2* which predicts
a quasiparticle density of states (DOS) of the form

(2)

' DOS(eV,T) =Re[ eV — il }

V(eV —il)% — A?

where A is the superconducting gap and T' is an en-
ergy broadening parameter due to-inelastic-scattering
processes. For a high-T, superconductor, the physical
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FIG. 5. Two conductance curves taken at the same spbt )

on the sample 40 min apart, illustrating the degree of repro-
ducibility. The dashed lines mark the position of local maxima.
in the lower curve. .

significance of I" is questionable, but it is a convenient
parameter for characterizing the gap. A reasonable fit to
the overall shape of our data is given by the solid line
in Fig. 4 for '=4 meV, A=16 meV. These values can
be compared to I"' = 12+ 4 meV and A = 21 + 7 meV
reported by Edwards, Markert, and de Lozanne.”

IV. COMPARISON OF FINE STRUCTURE TO
THEORY

The model of Dynes et al.?* produces no additional
structure other than the superconducting gap. An ex-
planation of the fine structure can be obtained by com-
paring our data to a recent layered band-structure calcu-
lation by Tachiki et al?® Using a second-quantization,
weak-coupling approach, the Y-Ba-Cu-Q material was
modeled by a stacked structure of strongly {Cu0,) and
weakly (CuO and BaO) superconducting planes as shown
in Fig. 6. For simplicity, the spacing between planes
was assumed equal. A superconducting pairing interac-
tion was assumed to act only between nearest-neighbor
CuO; planes. The coupling between planes was spec-
ified by three adjustable transfer energies between lay-
ers as indicated in Fig. 6. In addition, effective masses
for the electrons in each plane were treated as param-
eters and were fixed (mz/m; = 0.5;m3/m; = 0.75) by
other considerations. The two-dimensional energy bands

€1 (E),ez(E),ss(E) were calculated and then used to pre-
dict the tunneling conductance G,,, m = 1,5 for each
plane. For a given tunmneling experiment, the conduc-
tance for each plane may be weighted differently, and
this weighting may be related to the microstructure of
the material and the details of the experimental probe.
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FIG. 6. Schematic of the stacked plane structure used by
Tachiki et al. (Ref. 25) to calculate the tunneling conduc-
tance in Y-Ba-Cu-O. The chemical composition of each plane
is indicated, and the interplane coupling parameters t,, tg,ty
are shown schematically.

Ta.ch1k1 netv al. éélc;ja:tged the simple case of equal weight-
ing in which the total conductance is given by

o 5
1
= =3 Cm . 3
Gav 5m=1G (3)

An important result from this calculation of Gav is the
prediction of considerable fine structure in the normal-
ized conductance. The fine structure reflects van Hove
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FIG. 7. Comparison between the normalized conductance
[(dI/dV)./(dI/dV),] of a terraced region on Y-Ba-Cu-O at
4.2 K and a theoretical calculation at 0 K by Tachiki et al. (see
Fig. 5 from Ref. 25). The theoretical curve has been shifted
up by 0.5 for clarity. The dashed lines mark the position of
local maxima in the experimental data.



48 . - DENSITY-OF-STATES FINE STRUCTURE INTHE . . .

singularities in the energy spectrum of the electron states
of this layered high-T, material.

In Fig. 7, we compare our data to the predictions of
the model of Tachiki et al. For comparison to our data,
we did not try for a best fit using different coupling pa-
rameters. Instead, the coupling parameters |t,| : |tg] :
|ty] = 0.2 : 0.17 : 0.17 as assumed for Fig. 5 in Ref. 25
were used.

Although no attempts were made to optimize a fit to
our data, we find that the position in energy of the peaks
predicted by theory is in excellent agreement with our ex-
perimental data; of the 15 peaks observed, we find good
agreement with 13. It seems likely that better agree-
ment between the details of the fine structure predicted
by theory and that observed in our experiment could be
further improved by relaxing the simplifying theoretical
assumption of equal spacing between the layers in the
Y-Ba-Cu-O material used in Ref. 1. Furthermore, the
amplitude of the fine structure is in reasonable agree-
ment with the theory. This model predicts a zero-bias
conductance of 0.33, which is also in good agreement
with our experimental data. From the data, we find
evidence for asymmetry in the conductance spectrum
that is not predicted by the calculation. This asymme-
try has been previously observed and can be attributed
to a constant-barrier-height approximation made in the
tunneling model.?

V. DISCUSSION

Because of the good agreement with the model of
Tachiki et al.,25 the fine structure observed in the ex-

perimental data can be interpreted in more detail. The .

gap of ~17.5 meV in Fig. 3 is due to superconductivity
in the CuOg4 plane. The subgap structure at ~5 meV is
due to the BaO and CuO planes. The additional struc-
ture for bias voltages beyond the gap are due primarily
to van Hove singularities produced by band crossings of
electron states in the BaO and CuO planes. The finite
conductance at zero bias is due to gapless excitations in
the energy spectrum. The ability to account for all of
these details provides evidence that the tunnel current is
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strongly influenced by the layered electronic structure of
this material.

It follows that not all of the tunneling current is con-
fined to the highly superconducting CuO, plane. This
might be anticipated since the prevalent island growth
morphology observed on pulsed-laser-deposited films may
force the tunneling current to pass through coupled lay-
ers. It follows that similar fine structure in the conduc-
tance may not be observed on cleaved single crystals or
films grown by molecular-beam epitaxy. From this dis-
cussion, it is also clear that the observed conductance
spectrum will depend very sensitively on the coupling of
the tunneling probe to the various planes in these high-T,
materials.

VI. SUMMARY

By carefully controlling the surface quality of
YBayCuzO7_s5 (Y-Ba-Cu-O) pulsed-laser-deposited thin
films and employing improved signal averaging tech-
niques, we find a richk fine structure in the tunneling con-
ductance obtained at 4.2 K with a low-temperature scan-
ning tunneling microscope (STM). The position in energy
of this fine structure is in excellent agreement with cal-
culations of Tachiki et al.?® This agreement provides in-
sight into how the STM tunneling current is influenced by
the surface morphology of the high-T¢ films and provides
evidence that zero-bias conductance in these materials
may be attributed to gapless excitations on the BaO and
CuO planes. This result indicates that the STM tunnel-
ing current into a c-axis-oriented Y-Ba-Cu-O thin film is
determined by the collective density of electronic states
on the CuQ3, CuO, and BaO layers in the unit cell rather
than the superconducting CuO; plane alone.
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