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d-wave anisotropy and coexistence of the superconducting gap and pseudogap
in La,_,Sr,CuQ,/Ag junctions
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We present the angle-resolved tunneling spectroscopy-of,lS& CuO, (LSCO)/Ag junctions. The observed
tunnel conductance curves show the superconducting(§&p at 9+1 mV for the near optimally doped
samples and at 111 mV for the underdoped samples. They also show strong decrease of conductance at a few
tens of mV corresponding to the possible pseudd@4p for zero- and finite-angle junctions. Besides, the zero
bias conductance pedkBCP) is observable for finite-angle junctions. The simultaneous observation of SG,
PG, and ZBCP implies the coexistence of superconducting gap and pseudogap withahe order parameter
for LSCO.
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[. INTRODUCTION angle-resolved tunnel spectroscopy, which demonstrated the
dyo.yo-wave nature of YBCO superconductdfs.’ The
There have been a lot of studies on hihexide super- ramp-edge junctior®'® different from a conventional

conductors. It is, however, instructive to point out that mostsandwich-type tunnel junction, relies on the formation of
of the surface measurements such as the scanning tunnelifgw fresh junction surface by an Ar ion milling process and
spectroscopy(STM), phase sensitive measurement, tunnelin situ deposition of the counterelectrode, which yields junc-
junction spectroscopy or angle-resolved photoemission speéons of high quality® The angle-dependent tunnel gap struc-
troscopy (ARPES have been mainly limited to Bi oxides fures and the formation of Andreev bound states are also
since the Bi-oxide crystals are easily cleaved and provide thgXPected for LSCO.

: - In this paper, we present the tunnel conductance charac-
fresh surface. La ,Sr,CuQ, (LSCO) is considered to be a L . . X ;
basic material among highs superconductors. For LSCO teristics observed in the reproducible LSCO/Ag junctions

oxides, however, single crystals cannot be easily cleaved anr,@ﬁiréﬁa:gdrgzgﬂ ?h;argge-)e(g?:ntceecr:)r;l?huee.SSIeee:(r:gr?guittﬁctur:s
the growth of thin films of high quality is also hard. Due to b P g gap

e 1 . : (SO and the pseudogaf®G) were observable. The results
these d'“'c_““_'esz therg _has been no direct experimental €Vl ggest that the superconducting state consists of SG and PG
dence clarifying its pairing symmetry such as performed byeqions. Moreover, the tunnel-gap structure depended on the

the phase sensitive measureménfsalthough evidence for junction angle geometry and the ZBCP due to the formation
the d-wave symmetry has been given by the measuremeniss andreev bound states was observable. The simultaneous
using nuclear magnetic resonarcé, ARPES] neutron gpservation of SG, PG, and ZBCP for the same measure-
scattering, etc. Some symmetry discussion based on thenents provides strong evidence that the LSCO supercon-
measured zero bias conductance peaRCP) at the (110 ductor has a predominady, ,,-wave pairing symmetry and
crystal direction only is giveﬁ? but it is not conclusive. We suggests the possible inhomogeneous state in space.
point out that the ZBCP also appears as the junction circuit
of a normal diffusive metal as well as the Andreev bound Il. EXPERIMENT
statest!

As for the tunnel-gap measurement, there exist some scat- The samples were fabricated in the following way. First, a
tered data at an early stage of higih-discovery using STM LSCO film about 100 nm thick and an insulating LaSrAlO
or a tunnel junctiort?~** Recently, some measurement waslayer about 100 nm thick were deposited subsequently on an
reported using an improved STM techniqdehut still far ~ LaSrAlO,(001) single crystal substrate at 640 °C under an
from a systematic study. We note that the STM techniqueoxygen pressure of 50 mTorr by a pulsed laser deposition
detects a very small limited area, whose result strongly detechnique using a KrF excimer laser with a wavelength of
pends on the microscopic surface condition in films and crys248 nm. The pulse repetition frequency was 1 Hz and the
tals, so the correct information including spatial inhomoge-laser energy was 280 mJ. We used two different targets with
neities would be only obtained by scanning some finite areax=0.15 corresponding to an optimal doping regime and

If LSCO has ad,,_ ,-wave pairing symmetry, the fourfold =0.09 corresponding to an underdoping regime. The
order parameter symmetry will be reflected in the junctionLaSrAlO, substrate &=0.3755 nm) was used because of the
property in the same way as the case of ¥YBa&O;_, best crystal matching to LSCQaE0.3777 nm). The x-ray
(YBCO) material, i.e., the tunnel conductance depends owliffraction pattern showed a strongaxis orientation. For
the angle between the junction interface and the crystal orinear optimally doped samples, theaxis length was 1.325
entation of the highF; electrode. Using the ramp-edge junc- nm. Then, using photolithography and an Ar ion milling
tion technique, we have recently developed a fabricatioriechnique, the ramp-edge structure was formed. The beam
technique of high quality YBCO/Ag junctions capable of voltage and current were 250 V and 4.0 mA, respectively.
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FIG. 1. Resistance vs temperature curves for LSCO thin-film
electrodes deposited usirig) an optimally doped targetxE& 0.15)
and (b) an underdoped targek{ 0.09) after the junction fabrica- Voltage (mV)
tion.

FIG. 2. Tunnel conductance curves for two LSCO/Ag junctions

The beam angle against the sample surface was 35°. Aftayith «=0° anda=15° at 4.2 K. The fitting curves were calculated
removing the photoresist, the surface was cleaned by Ar iofsing the BTK theory extended to the anisotrogiwave supercon-
bombarding(~150 V) with a beam angle of 10° for a few dyctor with taklng the gap.broadenlng paramegeatue to the qua-
minutes, and an Ag film 100-200 nm thick was deposited SiParticle scattering effect into account.
situ subseqyently. Then the f||_ms were patterned into th%metries at 4.2 K: one witlu=0° (w=10 um,T.=23K)
ramp-edge junction structure with a widehof 10-50 um. F]a) and the other withe=15° (w=50 um,T.—34 K) (b)

H i o - - s lec™ ’
e e e ey as 2 Jineea s e angle between the LSCinis an e unc
P : J ion interface as shown in Fig. 2. The junction resistances of

pum<. The junction barrier was considered to be natively a) and (b) were 100 and 4Q), res :
. , pectively. A clear gap
formed between LSCO and Ag films. The measurementg;, ,cture was observable for the=0° junction and the

were performed using a conventional four-probe methodzpgcp typical of thed-wave symmetry was recognized for
The derivative characteristics were obtained using a digitajpe 15° junction. The sharp appearance of a ZBCP suggests

lock-in amplifier. that the fabricated LSCO junctions were of high quality with
the least disorder.
lll. RESULTS AND DISCUSSION To compare the observed experimental data with a theo-

. . retical model, we have calculated the tunnel conductance be-
Figure 1 shows examples of resistance vs temperature

(R-T) curves for the LSCO thin film electrodes using thetWtf'Jen a ;uperconductor and a normal metal pasgd on the
anisotropicd-wave model. The general expression is given

optimally doped targetx=0.15) and an underdoped target b . -

- . \ o L y the extended Blonder-Tinkham-Klapwijk thedfyln a
(X._O'?r?) aftt;:-_r thﬁ]udnctlog {abncTatlo?.sl;othhm f”mtf grO\(/jvn high-barrier approximation, the differential tunnel conduc-
using the optimally doped target, o was attained 4,0 related to the electronic density of states, taking the

and theR-T curve exhibited a typical linear metallic behav- . A ]
ior. The T, value using the optimally doped target ranged-gap broadening parameterdue to the quasiparticle scatter

o R

from 31 to 37 K. On the other hand, for those grown usingIng effect® into account, is given by

the underdoped target, lowdr, (17-27 K was obtained. w2

TheR-T curve exhibited downward bending behavior typical f

to an underdoped superconductor. or(E)= — ,
Figure 2 shows the tunnel conductance curves observed f d@or( 6)cosé

for two LSCO/Ag junction samples with different angle ge- w2

doon(0)or(E,0)coso
— /2

()
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1+on(0)|T 1|2+ (on(@) - DT, T_|? e

[T+ (on(6) - DT T_explie_—ig, )" o & 0°

where on(8)=cog dl(cos 6+77), I.=[E-iy
—(E=17)7=A2(0)1/]A(62)], e¥==A(6.)/|A(6.)],
Z is the barrier parameter, ard 6..) is an anisotropic order
parameter.

In the above equations, it is emphasized that the junction
conductance depends @and generally does not coincide
with the bulk tunnel conductance. The data fitting was done
by considering the contribution of the linear background
conductance typical as highs superconductors in Eq$l)
and(2). The best fits were obtained withsg=11.5 meV and 30 0 30
y=1.2meV for thea=0° junction andAss=10 meV and Voltage (mV)
y=3.3meV for thea=15° junction. The agreements are
reasonably good. We also point out that the gap value as FIG. 3. Tunnel conductance curves for LSCO/Ag junctions with
obtained by fitting Egs(1) and(2) gives a value very close «=0° at 4.2 K ande=45° at 9.8 K fabricated on the same sub-
to the one at the gap hump in the conductance curve when strate simultaneously. The arrows indicate the superconducting gap
is not large. The clear appearance of a gap structure in Figtructures. The strong decrease from the background linear conduc-
2(a) and its smeared appearance in Fih)2are due to the tance(dashed lineswas recognized at voltages about a few tens of
difference in magnitude of the gap broadening parameter MV.

The magnitude ofy may depend on either the junction qual-
ity or the interface condition. =45° junction, again indicating that LSCO isdg, ,,-wave

The calculation based on Edd) and(2) showed that the  syperconductor. The result is quite similar to those observed
ZBCP appears clearly for any finite angle @f even ata  for YBCO junctions!® reflecting that LSCO and YBCO su-
=3°. The observed gap for the junction utilizing the nearperconductors belong to the same class of cuprate among the

optimally doped LSCO films was slightly smaller than that 1, T - syperconductors. The SG structures indicated by the
of the underdoped ones. The similar tendency has been rSirows appeared much more distinctly for the-0° junc-
ported for Bi2212 crystals using ARPE$The gap value of tion than for thea = 45° junction

11 meV yields a large value of&2kgT.~11 for the under- .

doped samples, which might be comparable to the previous% The appearance of a gap structure or a small depression '?

reported valued’ e tunnel conductance at the gap voltage even for the 45
e_junction is theoretically predicted® 2’ The structure at the

The amount of carrier doping in the LSCO thin films d : ,
pended on the film deposition condition and the junctiond@P Voltage depends on the barrier height and temperature.

fabrication process involving photolithography and Ar ion YWhen the barrier height is large, it gives a strong peak,
milling techniques. The effective doping level after the junc-Whereas when the barrier height is small, this structure is
tion formation was estimated from the value ®f, the Smeared and gives a remaining depression in the diver
c-axis length and the behavior of the resistivity vs temperaexample, in Ref. 27, a clear peak at the gap is recognized
ture (R-T) curve of the thin film electrode. For example, for €ven at the 45° angle geometry. The peak at the gap voltage
the underdoped filmsT, is relatively low and thec-axis ~ appears because the tunneling occurs from various directions
length becomes relatively shorter and el curve exhibits even for the 45° geometry. In the case when the quasiparti-
downward bending behavior as shown in Figh)1 The ef- cles are incident only in the 45° direction, the peak or the
fective doping levels for the samples of Figgajland Xb),  depression may not be observed, but the actual junction ge-
by comparing them with the reported dafare judged to be ometry precludes such a possibility.
x~0.1 for the underdoped one ard-0.14 for the near op- In addition to the SG structures indicated by the arrows, a
timally doped one, respectively. strong decrease from the background conductddeshed

For the possible contribution of the strain field inducedlines), suggesting the opening of another gap, was also rec-
effect of LSCO thin film&* to an anisotropic effect, it is not ognized at voltages of a few tens of mV. They appeared at
likely since we always observed the ZBCP for the junctionsvoltages much greater than the superconducting gap; hence
with any finite anglea different from 0°, but not withe  may be attributed to the possible PG of LSCO. We have
=0°. In case of the involvement of strain effect in the pair- determined the PG value from a visual inspection, as many
ing anisotropy, the ZBCP should also appear for the juncauthors did before, since a detailed density of states for the
tions with @=0°. PG is not known. Note that such conductance decrease

Figure 3 shows a comparison of the tunnel conductancaround 35 mV is also recognized in Figal The PG in the
curves observed for junctions with two different angle geom-tunneling spectroscopy usually appears as a conductance de-
etries (@=0° anda=45°) fabricated on the same substratecrease without accompanying the bump structir@he
simultaneously. The junction resistance was aboutQGor same order of magnitude of PG has also been observed in the
both junctions. The ZBCP was only observable for the ARPES. This sample was the underdoped one witlD.1,

O'R(E,a):

dI/dV (arb. units)
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) 20l Ti““.“[‘}Bg(rﬂ;K). FIG. 5. Tunnel conductance curves for LSCO/Ag junctions with
< ® :UD (=27K) a=45° in Fig. 3 at different temperatures. The inset shows the zero
f sG 5 :8‘;5%:?‘}2 bias conductance peak ZBCP height, together with the calculated
10 é I§% t 5t F i{ H AE“FSD?=0_IO) | curve based on thé-wave theory as a function of temperature.
S s :UD(=0.12)
o OPGL38K) the origins of SG and PG seem to be different. It is also even
, , hard to say whether the SG gap vanished abr not, be-
0 10 20 30 cause of increase of the uncertainty in the gap value.
T'(K) Figure 4b) summarizes the observed results for the near

optimally doped and underdoped samples witk0° to-
Bether with those of ARPES results for comparison. The ob-
mee N _ served SG data seem to be consistent with the ARPES data.
junctions witha=0° and 45° angle geometrieh) Summary plot ¢ gitference inA o, between the underdoped and near op-
of Agg andApg as a function of temperature for several junctions timally doped samples was about 20%cc=9+ 1 meV for
a=0°, together with the data by ARPES for comparison. Note that, .. optimally dopedNOP) samplesA s¢ 11+ 1 meV for

OP, NOP, and UD mean optimally doped, near optimally doped, an%nderdopec{UD) sampled which mighSthe cgmparable to
”nderdOped’ respectively. The data. pointsM, and ¢ were ob- 30-40 % for the ARPES data. Note that e 0° junctions
tained from Ref. 23, and> was obtained from Ref. 30. were free from the ZBCP. The SG was considerably smeared

, at higher temperature closer 1@, which precluded the es-
as judged fromT =23 K. ¢=1.3207 nm and a downward {imate of A since y became largey~A).

bending behavior of th&-T curve.
In contrast to the fact that the SG and PG for Bi2212
material appeared at about the same voltg&?those for

FIG. 4. (a) Temperature dependence of the superconducting ga
parameter £ 5o and the pseudogap parametaipg) for LSCO/Ag

The PG structure was observable at least up o The
measurement abovE., however, could not be performed

since the large contribution of the normal electrode resis-

LSCO appeared quite different. There seems to be o COMgz e of the LSCO film in the ramp-edge junction geometry
lation between the SG and PG. The observed tunnel condugame in abovd ., which made the separate measurement of
c»

tance is given by the sum of contribution from the SG regiony . ion resistance almost impossible. The PG in the ARPES
and that from the PG region, i.e., a parallel tunneling regime
The results suggest that the coexistence of SG and PG in t
LSCO thin film, being consistent with the recent observatio
of microscopic SG and PG domains in space in Bi221
single crystals by STM measuremefis?

Figure 4a) shows the magnitude of the superconductingCO

gap parametersc) and the pseudogap parametarg) as

(Ref. 30 was measured abovie.. Hence it is not appropri-

fe to compare these two PG gaps directly. They may be
I"qualitatively different, since the latter connects to the SG
%elow T. smoothly.

Figure 5 shows the temperature dependence of tunnel
nductance for the 45° junction in Fig. 3. It is understood
that the ZBCP decreased with increasing temperature. In the

a function of temperature for the sample in Fig. 3. ™g; et of Fig. 5, the ZBCP height was plotted as a function of
value for thea=0° junction was obtained by fitting the cal- o nerature. In the model calculation, the following zero-

culated curve with the gap broadening facjolThe observed a5 conductance formula obtained by extendingcHveave

A value changed slightly with increasing temperature, b”tfheory to finite temperature case was used
became smeared at temperatures clos€;toOn the other ’

hand, theApg value was roughly constant for the=0° dl 2 =  Jf(E—eV)
junction, while it appreciably decreased towaFd for the avl < f_wlzdﬁg(a) f_wdET

a=45° junction. TheApg for the «=0° junction never V=0 V=0
seems to approacdhgg even neail .. The result reflects that X ogr(E,6,T), 3
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where f(E)=1/(e¥*eT+ 1) andg(6)=cosé is the weight- tance corresponding to the pseudogap structure and the
ing factor for the incident angle of quasiparticles at the in-ZBCP. The observed results are consistent with the recent
terface. The data fitting was done using the observed paran®TM and ARPES results. The simultaneous observation of
eters and the barrier parameter 8f=2. The agreement SG, PG, and ZBCP implies the coexistence of superconduct-
between the experiment and theory is reasonably good, denmng gap and pseudogap with tdewvave order parameter for
onstrating the predominad,_,,-wave symmetry for LSCO LSCO.

material.
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