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Point-contact tunneling study of HgBa2Cu04+fi. BCS-like gap structure
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%'e report on point-contact tunneling into polycrystalline HgBa2Cu04+z superconductors with a T,
onset of 97 K. Tunneling data follow the general trend of the best curves seen in cuprate high-

temperature superconductors, but these show significantly lower and+atter subgap conductance values

than any other cuprate and they can be reproducibly obtained. By fitting the data to a smeared BCS
density of states, the energy gap has been determined and the smearing parameter is so small that it is

comparable to thermal smearing.

I. INTRODUCTION

Tunneling measurements have been an important
probe of high-temperature superconductors (HTS), pro-
viding a direct measure of the superconducting energy-

gap parameter 5 and giving insight into the quasiparticle
density of states. In this paper, we report point-contact
tunneling on the recently discovered HgBa2Cu04+s (Hg
1:2:0:1)compound' using a Au tip onto two polycrystal-
line samples which have T, (onsets) of 97 and 95 K. In
comparison with previous tunneling into HTS cuprates,
the co nductances are unusually symmetrical, display
well-defined peaks, and have lower and (Patter subgap
(V (6/e) values. The zero-bias conductance is typically
6% of the normal state and can be reproducibly obtained.

The above T, is unusually high for a compound with
only one CuOz layer per unit cell. The simple crystal
structure of HgBa2Cu04+& consists of single Cu02 layers
separated by BaO-Hg-BaO insulating regions: the dis-
tance between CuOz layers' is only 9.5 A. Such a small

spacing between CuOz layers may lead to better intrinsic
superconducting properties in a magnetic field. This
compound is the first member of the homologous series
HgBazCa„&Cu„02(„+,~+, similar to the single-
thallium-layer series T1Ba2Ca„&Cu„02' +3 The Hg
1:2:2:3phase was first synthesized as a multiphase com-
ponent ' (T, above 130 K) and subsequently as a single
phase with a record high T, of 135 K. Further enhance-
ments of T, up to 150 K are reported' in an applied
pressure of 150 kbar.

II. KXPKRIMKNT

Samples of Hg 1:2:0:1 were synthesized from
stoichiometric mixtures of HgO and Ba2Cu03, as previ-
ously described, and then annealed at 300'C in oxygen.
X-ray diffraction studies confirmed all samples to be sin-
gle phase without any detectable impurities. ac suscepti-
bility was measured in a 1 6, 100-Hz field using a Lake
Shore Cryotronic susceptometer. Curve 3 in Fig. 1

shows the susceptibility of a bulk sample (tunneling sam-
ple A) which was powdered before susceptibility mea-

surements. It exhibits a sharp transition with an onset T,
of 97 K and a full shielding fraction, consistent with the
isolated grains of the polycrystalline material being uni-
form and fully superconducting. Susceptibility data (Fig.
1, curve B) on the bulk tunneling sample B (i.e., not
ground to a powder before measuring), exhibits two tran-
sitions typical of that found in polycrystalline materials
with weak coupling between grains. " It is suggested"
that the first transition reflects the intragranular super-
conductivity of the decoupled grains in the polycrystal-
line sample, followed by a broader transition resulting
from the intergranular coupling across the sample.

All low-temperature measurements were done with the
apparatus cooled by exchange gas to liquid He. After
transferring liquid He, we waited about 5 h for thermal
stability so that stable junctions could be maintained.
Raising the temperature above the cryogen boiling point
with a heater was possible, but resulted in much poorer
stability of the tunneling contact. As in previous
cases, ' ' an insulating surface prevented vacuum tun-
neling and the Au tip was used mechanically to cleave
and/or scrape the surface before a tneasurable current
was obtained. The resistance of resulting junctions could
be varied by adjusting the force of the tip on the sample.
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FIG. I. ac susceptibihties for two samples of HgBa2CuO4+q
with T, (onset) =97 and 95 K. Curve A (corresponds to tunnel-

ing sample A) is for a bulk sample, which was powdered before

susceptibility measurements. Curve B corresponds to the bulk

tunneling sample B.
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The current-voltage characteristic I(V) was monitored
while the tip was maneuvered to obtain an acceptable
junction. First derivative data dI/dV were obtained us-
ing a Kelvin bridge with the usual lock-in techniques. '

III. RKSUI.TS AND DISCUSSION

Experimentally, no differences were observed for the
two samples. Typical experimental conductances
(o, =dI/dV) are shown in Figs. 2(a) —2(c). The high de-
gree of symmetry is unusual for tunneling between
asymmetrical electrodes of a normal metal and a cuprate
HTS, although it is generally found for conventional su-
perconductors. For all such stable superconductor-
insulator-normal (SIN) junctions, the high-voltage (back-
ground) conductance usually increases with voltage [see
Fig. 2(a}] as is commonly found in HTS, and can be attri-
buted' ' to the ordinary parabolic tunneling conduc-
tance. ' Several junctions showed a flat background con-
ductance [see Fig. 2(b}] and one junction showed a de-
creasing background conductance [see Fig. 2(c)]. Such a
decreasing background has also been observed previously

I other cuprates. ' Here in a11 p1ots, positive voltage
means that the Au tip is at a positive voltage relative to
the Hg 1:2:0:1sample.

In order to proceed, the conductances need to be nor-
malized (i.e., divided by the normal-state value cr „).
Direct measurements of o„can be made at T) T„but
for HTS this is dificult due to the different thermal ex-
pansions in the tip assembly materials. However, o., is
expected to approximate cr„at high voltages, so we fit the
high-voltage data to a fourth-order polynomial to obtain
an estimate of o„[dashed lines in Figs. 2(a) —2(c)]. The
tunneling data shown in Fig. 2(b) are interesting because
of the very Aat background and the data can be normal-
ized by a constant (over the narrow voltage range), which
ensures that no additional structure is introduced by this
procedure.

%hen 0, is normalized by o „, estimated in this way,
we arrive at the normalized conductances [solid lines in

Figs. 2(d}-2(f}],which can be compared to theory. Usu-

ally, HTS tunneling results are compared to the smeared
BCS density of states, Srst proposed by Dynes, Naray-
anamurti, and Garno, ' in which
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G. 2. (a)-(c): Experimental conductances (solid lines) with th
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N, (E)=ReI(E —iI )/[(E —iI ) —5 ]'~ ],
where I is a smearing parameter to account for lifetime
effects, such as inelastic scattering. The normalized con-
ductance is then given by '

o, /O'„= I N, (E)[ df—(E+eV)/d(eV)]dE, (2)

where the Fermi function f accounts for thermal smear-
ing. The fits using Eq. (2), shown as dashed lines in Figs.
2(d) —2(f), provide values of 6 and I. All tunneling
curves here were measured at T-4.2 K. Note that all

subgap conductances [Figs. 2(d) —2(f)] are very low and
fiat, resulting in small values of I. The small I' (-1
meV) means that thermal smearing (kttT =0.36 meV)
cannot be ignored in the above procedure. In our previ-
ous work' ' on other cuprate HTS as well as other tun-
neling studies, the normalized conductance was fitted to
Eq. (1) directly because I was much larger than kit T.

Note that all the junctions of Fig. 2 are fit with
I'/5=6 —8%, making this the lowest reproducible value
of all cuprate HTS. The subgap conductance in Fig. 2(f)
is quite flat and agrees extremely well with the BCS ex-
pression [Eq. (2)] with only small smearing. It is thus
much closer to what would be expected for s-wave super-
conductivity than is typically found in other cuprates.
A Rat subgap conductance was also reported by
Hasegawa et al. ' using a scanning tunnel microscope on
a single junction of YBazCu307 &, but the preponderance
of data on YBazCu307 & suggests more paraboliclike
subgap conductances.

Figure 3 is an example of o, (measured at 4.2 K) show-

ing well-defined conductance peaks with an energy gap,
6-5-6 meV. The tunneling characteristics of this junc-
tion showed changes when the temperature was raised
from 4.2 to -11 K using a heater. This indicates that
the gaplike features are indeed due to the superconduct-
ing density of states and not a charging effect which
would be insensitive to this temperature change.

The energy gaps 5 determined according to the above
procedure for 24 junctions range from -5 to 20 meV.
The origin of the spread in 6 is unknown, but this could
be an indication that there is a considerable variation in
T„which possibly results from variations in oxygen con-
tent of HgBazCu04+& near the sample surface. It is
known that T, can be increased up to 97 K for 5-0.06
on annealing in oxygen at 300'C for 24 h. On annealing
in argon at 500'C for 24 h, the T, drops to 59 K for
5-0.01. Further reduction decreases the T, to -44 K,
after which the compound decomposes. Also the Hg
1:2:0:1 samples are found to be electromagnetically
granular. Thus it is quite possible that we are probing lo-
cal properties of individual grains with different 5 values
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FIG. 3. Experimental conductances (measured at 4.2 K) of
junction No. 3 of sample B showing a smaller gap value.

and hence different T, . We suspect, therefore, that the
small gaps (-5—6 meV) observed in some cases are asso-
ciated with this minimum value of T, that can be ob-
tained before decomposition. Although surface deteriora-
tion upon exposure to moisture causes no observed
change in the bulk T, (with only minor changes in x-ray
pattern), " it may reduce the T, of some grains on the
surface which are probed by the tunneling tip.

Broadened conductance peaks [e.g., see Fig. 2(c)] sug-
gest a small distribution of gap values, and our fitted
value of b is within this distribution. It is difficult to ob-
tain an accurate value of 2b, /kii T, due to the spread of
the energy gaps and the unknown T, associated with
each junction. Using 6 for our best junctions (-15 meV)
together with the onset T, of 97 K, implies a lower limit
of 2b k/+T, -3. .6This is significantly lower than the
usual tunneling results for HTS cuprates.

In summary, the SIN tunneling data of Hg 1:2:0:1are
quite symmetrical and follow the general trend of the best
curves seen in cuprate HTS, but with the lowest and /Fat-
test subgap conductances compared to other cuprates,
and both features are obtained reproducibly. Energy
gaps 6 are determined using a smeared BCS expression
including thermal smearing.
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