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Current transport and electronic states in a,b-axis-oriented
YBa,Cuz0,/PrBa,Cuz;0,/YBa,Cu3;0, sandwich-type junctions
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(Received 28 September 1995

Precise measurement of the temperature and voltage dependence of junction conductance has been carried
out for a,b-axis-oriented YBgCu;0,/PrBaCu;0,/YBa,Cu;O; sandwich-type junctions to investigate the
possible origin of Josephson coupling in these junctions. Regardless of the presence or absence of the Joseph-
son effect, most of the junctions exhibited a dip in conductance around zero voltage idlttaitprofiles at
low temperatures. Thidl/dV anomaly was attributed to the existence of a minimum in the density of states
due to electron-electron interaction in disordered metals in the vicinity of a tunneling barrier within the
junctions. The complex temperature dependence of junction conductance was reproduced well by a theoretical
model in which both tunneling conduction paths and variable range hopping paths were assumed to exist
within the PrBaCu;O; barrier layer. No definite evidence of current transport through a small nhumber of
localized levels or a metallic conduction path in PyBe;O; has been confirmed, even for junctions with a
20-nm-thick barrier layer.

I. INTRODUCTION localized levels are believed to be associated with the CuO
chain in PBCO, for which a unique electronic structure has
The absence of superconductivity in PgBayO, been predicted theoreticalfyy and confirmed experimen-
(PBCO makes the material an attractive candidate for arfally.****The tunneling model, however, does not give a sat-
artificial barrier in Josephson junctions with Yfu,0,  isfactory explanation for the dirty SNS behavior observed in
(YBCO) superconductive electrodes. The possibility of Jo-Sandwich-type junctiors. .
sephson coupling between two YBCO electrodes through a Recently, Leeet al. have demonstrated evidence of metal-
thick PBCO barrier was first reported by Barretral® Sub- lic conduction along the CuO chain in PBCO up to the mil-

sequent research carried by Hashimetal. demonstrated I|metgr chleeAlit IO;’]V htemperatures f n ;he||r transpolrt
clear evidence of the Josephson effects, including a nearl periments.” Although the existence of such a long metal-

ideal Fraunhofer-pattern dependence of the critical curren ¢ conduction path is in accordance with proximity coupling

: S . : ih YBCO/PBCO/YBCO junctions, it is contrary to the gen-
in a-axis-oriented YBCO/PBCO/YBCO sandwich-type junc- ' . ; o i
tions with a PBCO barrier layer up to 100 nm thicknss. eral understanding that any disorder in a one-dimensional

. . o _ metal entails a localization of electronic states. Further inves-
Although_ their junction characteristics were in good accor-o-+ion of the current transport and electronic states in
dance with a superconductor—normal metal-superconductgdgco is clearly necessary to clarify the possible mechanism
(SNS weak link in the dirty limit, the coherence length in ¢ 355ephson coupling in YBCO/PBCO/YBCO junctions.
the PBCO barrier derived from the experimental results was Thjs paper presents experimental data on current transport
anomalously long, even when the experimentally observegh YBCO/PBCO/YBCO sandwich-type junctions in which
low resistivity of the barrier layer compared to bulk PBCO ph-axis orientation predominates in the barrier layer, and dis-
was regarded as an intrinsic property of thin PBCO layers. cusses a possible junction model which can account for the
Similar behavior of sandwich-type junctions with a PBCO overall features of the observed electrical properties.
barrier has been confirmed by several research grotips,
indicating that the phenomenon occurring in the junctions is Il JUNCTION FABRICATION
reproducible, at least in a qualitative manner. Furthermore,
Suzukiet al. confirmed a long correlation length of vortices  YBCO/PBCO/YBCO trilayer films were grown on
along the a-axis direction of YBCO across ara,b- SrTiO5(100 substrates by the multitarget sputtering system
axis-oriented PBCO barrier up to 48 nm thickness in theirequipped with Y, Pr, Cu, and BaCu alloy targétsThe
transport measurements of YBCO/PBCO superlatfices. power supplied to individual targets was controlled precisely
Another puzzling aspect of Josephson junctions with &o maintain the film composition at the stoichiometric value
PBCO barrier is that the junction characteristics seem to dewith a deviation of less than 3%. The substrates were fixed
pend on the junction geometry. Ramp-edge junctions basegn a substrate holder rotating at a speed of 60 rpm, which
on c-axis-oriented YBCO films have been reported to exhibitguaranteed the homogeneity of the film composition within
I.R, product values almost one order of magnitude largewafers as well as between wafers. The substrates were placed
than those of sandwich-type junctiofiS. Direct tunneling SO as not to pass directly above the targets in order to prevent
and resonant tunneling through localized levels with longresputtering by O ions and secondary electrons. A 50%
localization length have been discussed as a possible mech@,-containing Ar/O, gas was introduced into the chamber at
nism of Josephson coupling in ramp-edge junctibitiéSuch  a pressure of 1.2 Pa, and the substrate temperature was fixed

0163-1829/96/5@.3)/86239)/$10.00 53 8623 © 1996 The American Physical Society



8624 J. YOSHIDA, T. NAGANO, AND T. HASHIMOTO 53

Au YBCO Insulator
7% »% % A
- E—

] [

\

PBCO YBCO Substrate

FIG. 2. Schematic representation of junction structure.

surface morphology of the trilayer films significantly, as
shown in Fig. 1b). This improvement in surface morphology
was ascribed to the elimination ofaxis-oriented grains at
the initial stage of film growth.

Careful x-ray-diffraction measurement revealed that the
diffraction from the barrier PBCO in the trilayer films on the
buffer layer appeared at the shoulder on the lower angle side
of SrTiOz(n00) diffraction peaks, indicating that the PBCO
barrier layer grows with a lattice constant that is slightly
longer than SrTiQ. The lattice constant of the PBCO bar-
rier layer along the thickness direction was calculated to be
i 3.922 A from the diffraction peaks at high angles. This value
B : corresponds to thb-axis length of PBCO in an oxygen de-
ficient condition!® We could not observe any diffraction
from the barrier PBCO layer on the higher angle side of the
SrTiO;(n00) diffraction peaks. From these results, we con-
cluded that the PBCO layer aaaxis-oriented YBCO grew
predominantly withb-axis orientation, i.e., with the CuO
chains normal to the junction surface, which is reasonable
from the viewpoint of lattice matching between these two
materials. In contrast, we could not observe any diffraction
peaks corresponding to PBCO barrier layers separately from
those of SrTiQ for trilayers prepared directly on substrates.

600 nm This implies that the PBCO layers in unbuffered trilayers
grow closer to the tetragonal phase than those in trilayers on
FIG. 1. High-resolution SEM pictures of YBCO/PBCO/YBCO a cubic-PBCO buffer.

trilayer film surfaces prepared directly on substréde and on a Both types of trilayer films were utilized for junction ex-

cubic-PrBaCuO buffer laye(b). periments to investigate the difference in junction character-
istics originating from the difference in the morphology of

at 620 °C throughout the present experiment. films as well as in the quality of PBCO barrier layers.

Two types of trilayer films were prepared. In the first type, Trilayer junctions with the PBCO barrier layer ranging from
films were grown directly onto SrTiQsubstrates. Although 10 to 100 nm were fabricated using standard photolithogra-
x-ray-diffraction analysis confirmed that the YBCO layers in phy and the Ar ion milling process. Figure 2 shows a sche-
these trilayer films exhibited a preferentiataxis-oriented matic representation of fabricated junctions. The details of
growth, a small number oé-axis-oriented grains with an the fabrication process have been described elsevitte.
irregular shape resembling pyramids were observed in thgginction dimensions were varied from >x&% um? to
vicinity of the interface between YBCO films and the sub- 100X 100 um? within a wafer. We fabricated junctions from
strates by cross-sectional transmission electron microscopd8 unbuffered trilayer films as well as from 9 buffered films.
(TEM). Suchc-axis-oriented grains at the interface affectedFrom among the large number of junctions, only those ex-
the surface morphology ai-axis-oriented trilayer films, as hibiting either clear Josephson characteristics without any
seen in the scanning electron microscd®EM) picture in  €xcess current or simple resistive properties at low tempera-
Fig. 1(a). In the second type, trilayer films were prepared ontures were selected for detailed investigations, as described
a thin buffer layer made up of PrBaCuO with a simple per-in the following section.
ovskite structure having cubic symmetfyThis cubic-phase
PrBaCuO grew selectively on the SrTjQ00 surface at a
substrate temperature of 620 °C under relatively higher
growth rate conditions. We believe that the cubic phase re- Nearly ideal Josephson characteristics were observed only
sulted from the complete mixing of Pr and Ba atoms in thefor unbuffered junctions with a PBCO batrrier layer ranging
layered perovskite structure and that the chemical formula ofrom 20 to 100 nm on seven different wafers. A reasonable
the cubic phase fiim should be described asscaling of the Josephson current and the junction resistance
(PrygBay5) CuQ, . Insertion of the buffer layer improved the with junction areas were confirmed for the junctions on the

[lI. CURRENT TRANSPORT AT LOW TEMPERATURES
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same wafer. Figure 3 shows an example of the magnetic FiG, 4. Temperature dependence of zero-voltage conductance
diffraction pattern of the critical current observed for a Jo-for YBCO/PBCO/YBCO Josephson junctions.

sephson junction with a 20-nm-thick barrier. Although the
diffraction pattern deviates slightly from an ideal Fraunhofer

pattern probably due to the junction size effétthe critical Ty implies that the current path for this type of supercon-

current is periodically suppressed to zero at large magnetigcting current, for which simple microshorts between two

fields. This indicates that the superconducting current flowygco electrodes are the most probable origin, is essentially
ing in this junction is entirely due to the Josephson effect angyitierent from that for Josephson current.

that no current paths in which superconductive coupling is | order to clarify the origin of the difference in electrical
stronger than Josephson coupling are formed between twg,herties between Josephson junctions and resistive junc-
YBCO electrodes. All the junctions with a 10-nm-thick isns without Josephson characteristics, we measured the
PBCO barrier exhibited superconducting current which didiemperature and voltage dependence of junction conductance
not show any response to the applied magnetic field, 'nd'catprecisely. Figure 4 shows the temperature dependence of
ing that the junction characteristics were governed by vortex o yoltage  conductance observed for trilayer junctions
flow. The remaining unbuffered junctions except those dey,ith josephson characteristics. The junction conductance in-
scribed above exhibited a mixture of vortex flow and Josephgreased slowly with increasing temperature. Such behavior is

son cha_racteri;t_ics. The junctio_ns with any su_perconductingommon to all the Josephson junctions that we have exam-
current insensitive to the applied magnetic field were exjneq so far, including those not shown in Fig. 4. In contrast,

cluded from our analysis. _ the conductance of junctions with resistive properties exhib-
In contrast, most of the junctions on a cubic-PBCO bufferiiaq 5 more complex temperature dependence as shown in

with a PBCO batrrier layer thicker than 20 nm showed eitherFig. 5. The junction conductance showed a weak temperature
resistive properties, with a pronounced nonlinear behavior i'?iependence similar to that in Josephson junctions at low
their current-voltage characteristics at low temperatures, Otremperatures, but increased rapidly above 10-20 K, ap-
vortex flow characteristics, depending on the junction aredy oaching the value in Josephson junctions with a compa-
We selected resistive junctions for which a scaling behaviotapie parrier layer thickness. A reasonable explanation for

in junction resistance with the junction areas was confirmeghese hehaviors of junction conductance is that two conduc-
in the same wafer for detailed investigations. One exception

to the resistive behavior was found in a junction with a 20-

distinct correlation with the morphology of the trilayer films.

nm-thick barrier for which a Josephson current considerably 108 T T

smaller than that obtained in unbuffered junctions was ob- : ﬁscmz""m ]

served. Some junctions with a 10-nm-thick barrier on a ‘Z I PBCO : 50nm

buffer showed partial modulation of the critical current up to o

65% by the applied magnetic field. These results indicate that & 1°5?ﬂmﬂﬁﬂﬁjnndj - E

the range of PBCO barrier thickness in which the Josephson i Dﬁdj , PBCO : 100nm

effect is observed shifts to the thinner direction for junctions & i o e |

with a buffer layer. The most probable reason for this ten- s dPUD &

dency is the difference in surface morphology between the § 1°4§W 3

two types of junctions. In other words, Josephson couplingin  § C 1
o r YBCO/PBCO/YBCO resistive junction T

unbuffered junctions with a thick PBCO barrier layer is
thought to occur selectively in microscopically distributed A T T e
thin PBCO barrier regions in the inhomogeneous junction 10% 10 20 30 40 50 60
structures. It should be, however, mentioned here that the
magnitude of a superconducting current insensitive to the
applied magnetic field which was often observed for both FIG. 5. Temperature dependence of zero-voltage conductance
types of junctions with a PBCO barrier layer thicker than 20for YBCO/PBCO/YBCO resistive junctions without any evidence
nm, especially for junctions with large areas, did not show af Josephson effect.

Temperature (K)
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FIG. 6. Zero-bias anomaly in thel/dV profile at 1.5 K of a (kT>

YBCO/PBCO/YBCO Josephson junction with a 70-nm-thick bar- ] ] )
rier. FIG. 8. Voltage dependences of normalized differential conduc-

tance at 1.8 K relative to the value at zero voltage in zero magnetic
tion paths exist in parallel within both types of junctions. field (open squargsand in a magnetic field of 6 Tsolid squares
One path is highly conductive, with weak temperature de_for a YBCO/PBCO/YBQO _Junctlon with a 100-nm-thick barrier.
pendence, and is probably responsible for Josephson Coulset shows the magnetic field dependence of zero-voltage conduc-
pling, while the other is insulative. Depending on which of tance values.
these paths is dominant, the apparent junction characteristics .
are thought to become either Josephson-like or resistive. THEre dependence. The dip appeared below 10-20 K and
behavior of trilayer junctions shown in Figs. 4 and 53uggest§eepen6d with decreasing temperature. The zero-voltage
that the effective area of the highly conductive path withinconductance value extrapolateal @ K using the observed
the junctions with a given PBCO barrier layer thickness bel€mperature depend_ence seems to remain at a finite value, as
comes small with the improvement in surface morphologydiscussed later in this paper. o
This indicates that the critical thickness of the PBCO barrier _ The magnetic field effect on the conductance dip is de-
below which the Josephson coupling occurs is far less thaRicted in F|g. 8, where differential conductance yalues at 1.8
the nominal barrier layer thickness in our unbuffered junc-K normalized by the zero-voltage conductance in zero mag-
tions. netic field were plotted against voltages scaled by tempera-

Both the Josephson and resistive junctions exhibited &re for applied fields of 0 and 6 T. The inset in the figure is
zero-bias anomaly in their differential conductancetn® magnetic field dependence of the zero-voltage conduc-
G=dI/dV versus voltage profiles at low temperatures. ThistanceG(0). It is apparent that the magnetic field under the
indicates that regardless of the large difference in absolutBréSent experiment conditions has negligible effects on the
conductance values between the Josephson and resistivgnductance dip. This observation was independent of the
junctions, the same transport mechanism governs the currefiréction of the applied magnetic field. Although our experi-
conduction in these junctions at low temperatures. Figure éhental conditions were not sufficient to detect Zeeman split-
shows thedl/dV profile of a Josephson junction with a ting of two spin states of single electrons, the negll_g|l_)ly_
nominally 70-nm-thick PBCO barrier at 1.5 K under a weak Small magnetic field dependence of the conductance dip is in
magnetic field which suppresses the Josephson current. gontrast with the behavior of conductance peaks in Pb/
symmetrical dip with its minimum at zero voltage is clearly YBCO (Ref. 20 and Ag/YBCO (Ref. 2 junctions, for
seen. A similar anomaly id1/dV profile was also observed Which an anomalously strong effect of magnetic field was

for resistive junctions, as shown in Fig. 7 with its tempera-Observed under similar conditions. o
Conductance dips similar to those shown in Figs. 6 and 7

have been observed before for Pb/YBCRef. 22 and Pb/

sol YBCO / PBCO / YBCO resistive junction -] Au-Ag/PBCO/YBCO(Ref. 23 junctions, as well as in tun-
| ";‘;ﬁ? ;11.3; ] neling experiments for nonsuperconductive BiSrCi@ne
: nm

possible explanation for this type of anomaly is a quantum
correction of the density of states at the Fermi energy due to
electron-electron interaction in disordered metals containing
| a large amount of impurities. The quantum correction in
T=1.5K the density of states in disordered metals at temperdafure

diidv (102q")

1'0__ l can be described by the following equations, with the dimen-
sionality of the system taken as a parameter:
0.0 L | L | L | L | ) | "
3 20 10 0 10 20 30
V (mV) )\(kBT)d/27l £ ( )
N(e)—N(O)=ag——=a7—Fd4|l ==/, 1
FIG. 7. Temperature dependence of tti&dV profile of a d (AD) d kgT

YBCO/PBCO/YBCO resistive junction with a 100-nm-thick bar-
rier. with
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F (x)=(cosh<—1)fw dy sinfy 2
d o 2y?~ 92 (1+costy)(costy+coshx)’

whereN(e) represents the density of states at energy is the dimension of the systera, is a constant depending on

d, and\ andD denote the electron-electron interaction constant and the diffusion constant, respectively, in disordered metals.
If our junctions contain such disordered metal regions adjacent to a tunneling barrier, an anodiatiMrprofile reflecting

the quantum correction of the density of states would be expected to appear. In the simplest case that the junction has a normal
metal—insulator—disordered metal structure anit assumed to be independent of energy and temperature, the theoretical
di/dv pzrﬁofile, which is convenient for comparison with experimental results, is approximately given by the following
formula:

G(V,T)-G(0,T) 1 Ag(T) (= & 1 1 4 .
G(0,T) T Np 4kgT J_» kT e o & & )
0S m ({0} m
|
with change in tunneling conductance due to the quantum correc-

tion of the density of states ard, is the unperturbed tun-
4) neling conductance. Although this is true in principle, experi-
(AD)%=’ mental investigations on disordered aluminum indicate that
Eq. (3) gives satisfactory results, even whAIG/Gy~ 1.2°
This seems to refute this possibility.
A similar discrepancy between experimental results and
eoretical calculations was also found for the temperature
dependence of zero-voltage conductance, as shown in Fig.
10. The experimental data approximately fit the square root
Yunction of temperature, which is expected for normal
etal—insulator—disordered metal junctions in three dimen-
ions. However, calculations for three-dimensional systems
with the same parameters used to fit tHédV profile in Fig.
?)_ showed an increasing discrepancy with an increase in tem-
. — . erature. The discrepancy between theory and experiment
tally obtained profile in the low-voltage regione¥/ seen in Figs. 9 and 10 seems to disappear when one assumes

k.T.< 25). prever, the experlmeptal proﬁle. exhibited a SI9°that the actual system has a lower dimensionality, say 2.5, or
nificant deviation from the theoretically predicted square roo'i:ontains a spatial distribution of three-dimensional and two-

law at high voltages. Modification of the theoretical model todimensional regions. We should, however, be careful to treat

a disordered metal—insulator—disordered metal structurﬁ1e quantum correction of the density of states in low-

%Gimensional systems. The assumption thds independent
of energy and temperature, which we have used in our analy-

Td/2—1
A4(T)=ay

whereNy is the unperturbed density of states of the system
The numerical integration of Eq3) is straightforward. We
have performed the integration and compared the resultt:?]
with experimentally observedl/dV profiles.

One example of such a comparison is shown in Fig. 9
where theoretical profiles calculated with the dimensionalit
of the system as a parameter are plotted together with
experimental result as a function of the square root of th
voltage. In spite of the highly simplified model that we used,
the theoretical calculation for a three-dimensional disordere
metal system showed good agreement with the experime

for the discrepancy may be that E®) is valid only under
the assumption thahG/Gy<1, where AG denotes the
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FIG. 10. Plot of zero-voltage conductance as a function of
FIG. 9. Comparison between an experimentdldV profile and  square root of temperature. Open squares show experimental data
theoretical calculations based on a normal metal—insulator-and asterisks represent the results of calculation with the same pa-
disordered metal tunnel junction model in various dimensions.  rameters as used to fit tltd/dV profile in Fig. 9.
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sis, is not justified in cases of low dimensionafityThe  parent characteristic temperatfg of VRH with decreasing

proper inclusion of the temperature and energy dependend#m thickness. Further reduction in film thickness makes the

of A complicates the functional expression of the correctiorhopping transport through two or three localized levels

to the density of states in low-dimensionality systems, whichrdominant at low temperatures, which gives rise to power-law

makes it difficult to compare experimental results with theo-nonlinearities of the current-voltage characteristic as well as

retical calculations. This difficulty makes it impossible for us of the temperature dependence of conductdfce.

to discuss further in the present paper whether our junctions In order to elucidate whether these size effects appear in

really contain disordered metal regions in low dimensions. our junctions, we have compared the experimental tempera-
Although ambiguity remains regarding the dimensionalityture dependence of junction conductance with a model in

of the system, the results shown in Figs. 9 and 10 stronglyvhich a VRH path is assumed to exist in parallel with the

suggest that the behavior of junction conductance at lowunneling path described in the preceding section. We used

temperatures is governed by tunneling through an insulativéhe form of VRH conductivity for a three-dimensional sys-

barrier which lies adjacent to a disordered metal region. Weem in our analysis:

can probably rule out the possibility of resonant tunneling

through a localized level with a large on-site Coulomb repul- a(T)=aoexp(— (To/T)Y4, (5)

sion, for which a strong magnetic field effect on the zero-

voltage conductance has been predicted by tféaryd con-  where

firmed by experiment® The remaining problem is to

ascertain which part within the junction serves as a tunneling To=Ba’kgv, (6)

barrier. Although we do not have definite evidence at present,

it seems natural to think that a locally thin PBCO barriergnq , js the density of localized states at the Fermi level,

layer acts as the tunneling barrier. If this is actually the casey, is the decay length of localized states, ghds a nu-

the disordered metallic region can be thought to be formegherical coefficient depending on the choice of models.

within the YBCO layer in close vicinity to the tunneling  Figyre 11 shows two examples of such comparison for

barrier. It is reasonable to think that superconductivity in the,nctions with thick(100-nm) and thin(20-nm) PBCO bar-

disordered metal region will be considerably suppresseﬁrier layers, where the ordinate represents the conductivity

However, we can also expect the proximity effect due to thgyt the’PBCO barrier which was obtained by normalizing the
underlying or overlying superconductive YBCO electrode Njunction conductance values with the junction area and

this region. This model is consistent with the fact that dirty nominal barrier layer thickness. Excellent agreement is ob-
metallic weak-link behavior has been observed in our trilayeleryed between the experimental and the calculated results in
junctions: . . .. both cases. In contrast, junction models based on a current
The origin of the formation of a disordered metal region IShath through a small number of localized levels have not
not clear at present.llnterdiﬁusion on.al_‘nd I?r atoms, straingown satisfactory agreement with experiments, even for
at the YBCO-PBCO interface, and hybridization of the wavej nctions with a 20-nm-thick barrier layer. This indicates that
function in YBCO with localized states in PBCO are the hopning conduction through a few localized states does not
possible candidates. In any event, we believe that the disop),y 5 significant role in the current transport in our YBCO/
dered metallic behavior appears in the vicinity of mEta"PBCO/YBCOjunctions, at least above 10 K. A size effect on

insulator transition in oxide superconductors. A similar dis'hopping conduction. however. has been observed in the
ordered metallic phase without superconductivity has beeghickness dependence ©f, as shown in Table I. The value

observed for LagsSly.1sCUO, with impurities substituted for ¢ T, for a 100-nm PBCO barrier wasx41(P K, which is

Cu? large relative to that of fully oxidized PBCO and is compa-
rable to the values that have been reported for bulk PBCO
with slight Ga doping® This suggest that the PBCO barrier
layers contain some oxygen atom defects, probably in the
The steep increase in the junction conductance at higuO chain structures, which may correspond to the short
temperatures observed for the resistive junctions is definitelfp-axis length observed for the barrier layefs, values re-
out of the realm of the tunneling mechanism discussed in thenained almost the same for junctions with a 50-nm-thick
preceding section, and indicates the opening of other condudarrier, but decreased significantly for 20-nm barrier junc-
tion channels within the junctions. The data shown in Fig. Stions. This implies that a crossover from VRH to sequential
strongly suggests that a hopping mechanism governs the cunopping along specific paths connecting the localized states
rent transport in these additional channels. An importanwvith the smallest impedance in the forward direction sets in
guestion with regard to this hopping conduction is whethebetween 20 and 50 nm in our junctions. From the experimen-
the variable range hoppin¢/RH) process usually seen in tal finding that a significant decreaseTig occurs in 20-nm-
bulk PBCO(Ref. 30 still governs the current conduction in thick barrier junctions without evidence of electron hopping
thin PBCO barrier layers in our junctions. It is recognizedthrough a small number of localized states, we can probably
that when the thickness of an insulator film with localized conclude that the PBCO layer thickness is comparable with
states approaches the characteristic hopping distance tfe characteristic hopping distance of VRH in this material,
VRH, the conductivity of the film is governed by sequential but that it is sufficiently thick compared to the decay length
hopping of electrons through specific paths connecting thef the wave function at the localized states.
localized states with the smallest impedance in the forward The decay length of localized state &)/can be evalu-
direction®! This effect can be detected as a decrease in apted, at least in principle, from the electric field dependence

IV. HOPPING CONDUCTION AT HIGH TEMPERATURES
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FIG. 12. Electric field dependence of conductivity of a 100-nm-

thick PBCO batrrier layer at 4.2 K and theoretical fit using a parallel
connection model with tunneling and variable range hopping paths.

with a PBCO barrier, with the assumption that the VRH
transport in their junction is in two dimensiofisWe have
carried out a similar analysis of our junction characteristics
by assuming a three-dimensional VRH process. Figure 12
shows the experimental electric field dependence of conduc-
tivity for a 100-nm-thick barrier junction at 4.2 K together
with a theoretical fit by a parallel conduction model with
VRH and tunneling conduction paths. This theoretical fit
gave a value of 3.2 nm for & Similarly good agreement
between experimental results and the calculation using a
1/a value around 3 nm was confirmed for all the junctions

FIG. 11. Theoretical fit of experimental temperature depen-with a PBCO barrier ranging from 20 to 100 nm. The density
dences of conductivity of PBCO barrier layers of 100-nm thicknessof localized states calculated froi, and 1& values using

(a) and of 20-nm thicknes#b) using a parallel connection model the formula given by Apsley and Hughes was BB’
with tunneling and variable range hopping paths.

of VRH conductivity. Apsley and Hughes have given an ana-

eV lem 3 to 3x10% eV ! cm 3 for junctions with 100-
nm-thick and 50-nm-thick barrier layers.
Although the good agreement between theory and experi-

lytical formula to describe VRH transport at finite electric ment shown in Fig. 12 is impressive, we should probably be
field F as Eqgs(7) and(8),%*

with

TO 1/4 2 1/4
U(F,T)%UOGX[{—<T) m ),
b 1+f/2 _3f+1 (o eF
Tz U7 T

This formula has previously been applied by Kabasatal.
to the analysis of the VRH process in planar-type junction

TABLE I. Fitting parametersr, and T, for hopping conduction

in PBCO barrier layers.

@)

8

PBCO O'O TO
(nm) (Q tem™?) (K)
100 7.2¢10 4.0x 10°

50 1.5x10° 1.1x10°
7.5x 107 3.2x10°
20 1.7 10° 4.6x10°
3.8x10* 2.6X10°

cautious in treating the larged Avalue as real in our PBCO
barrier layers. It is noted that the power dissipation in junc-
tions at high bias voltages exceeds the cooling ability of
liquid helium. The dissipated power density of the junction
in Fig. 12 at an electric field of x 10* V/cm amounts to 100
W/cm?, which is thought to be sufficient to give rise to an
appreciable increase in junction temperature. It is highly
probable that this local heating effect is responsible for the
apparent electric field dependencecofn Fig. 12. Since we

do not have any means to determine the actual temperature
of junctions, all we can derive from Fig. 12 is thatlih our
$BCO barrier layer is at least smaller than 3 nm. Considering
the fact that 10 to 20-nm-thick amorphous silicon films with
localized levels with 1¢=0.7 nm exhibited clear evidence
of hopping conduction through a few localized stafethe

1/ value far smaller than 3 nm seems to be consistent with
the result that our 20-nm-thick barrier junction showed no
evidence of such a conduction process.

Finally, we would like to compare the above experimental
data with other reports on ramp-edge-type junctions and
planar-type junctions. Based on the transport measurements
for planar-type junctions with a PBCO barrier, Kabasawa
et al. derived the 14 value in PBCO to be 8.5 nr¥. This
value does not seem to be affected by local heating. Simi-
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larly large 1k values have been derived by Satehal?  pling in unbuffered junctions with a thick PBCO barrier
from the barrier layer thickness dependence of superconduc@yer is thought to occur selectively in microscopically dis-
ing current and junction conductance observed for ramp!;nbut_ed thin PBCO batrrier regions in the inhomogeneous
edge junctions with a PBCO barrier, while smaller valueslunction structures.

between 2 and 4 nm can also be found in other reports by Regardiess of the presence or absence of the Josephson
Golubov et al12 and Sawadat al® Furthermore, these au- effect, most of the junctions exhibited a zero-bias anomaly
thors reported the observation of current transport via a smayith @ dip in conductance in thed!/dV profiles at low
number of localized states for junctions with a PBCO barriet€mperatures. This anomaly was attributed to electron tunnel-
ranging from 20 to 60 nm at high temperatures as well as df'g into disordered metal in 2 to 3 dimensions, with a mini-
high bias voltages. Although these results give experimentd'Um in the density of states due to electron-electron inter-
support to the theory of Josephson coupling by resonarfiction. The tunneling path is inferred to be responsible for
tunneling* they are clearly in contrast with our data. A plau- Josephson coupling in our junctions. Although superconduc-
sible explanation for this discrepancy may be that the electivity in the disordered metal region is thought to be consid-
tronic states in PBCO are very sensitive to oxygen atonfrably suppressed, the proximity effect due to the underlying
defects in this material. In fact, Suzukt al. demonstrated ©Or overlying superconductive YBCO electrode can be ex-
that the non-VRH transport along CuO chains in PBCO dis{€cted in this region. This model is consistent with the fact
appeared under oxygen deficient conditifn®8oth the thatthe temperature dependence of Josephson current similar
planar-type junctions and the ramp-edge junctions are basé_e a Q|rty metallic weak link has been observed in our trilayer
on c-axis-oriented multilayers, for which a higher prepara-Junctions. o

tion temperature is required than fayb-axis-oriented films. The complex temperature dependence of junction conduc-
It is probable that films prepared at lower temperatures con@nce was reproduced well by a theoretical model in which
tain more oxygen atom defects in CuO chains, as evidence®Pth tunneling conduction paths and variable range hopping
by the low critical temperature<(50 K) of our YBCO films paths were assumed to exist within the PBCO barrier layer.

and shortb-axis length in barrier PBCO. This may result in Although we have not obtained any evidence of hopping
deepening of the localized levels in PBCO. conduction through a small number of localized states even

for junctions with a 20-nm-thick PBCO barrier, a crossover
from variable range hopping to sequential hopping along
specific paths connecting the localized states with the small-
Detailed investigations have been carried out concerningst impedance in the forward direction has been observed to
the electrical properties df,b-axis-oriented YBCO/PBCO/ set in at a barrier layer thickness between 20 and 50 nm.
YBCO junctions with a sandwich structure to clarify the These results indicate that a 20-nm-thick PBCO layer is
transport mechanism and its relevance to Josephson couplimgmparable to the characteristic hopping distance of variable
in these junctions. Careful x-ray measurements confirme¢ange hopping in this material, but is sufficiently thick com-
that the PBCO barrier layers @raxis-oriented YBCO films pared to the decay length of the wave function at the local-
grew predominantly withb-axis orientation including some ized states.
amount of oxygen deficiency. The elimination of Our experimental results are inconsistent with other re-
c-axis-oriented grains at the initial stage of film growth by ports on current transport in ramp-edge-type junctions and
utilizing a buffer layer technique was found to be effective planar-type junctions with PBCO barrier layers. This dis-
for the improvement in surface morphology of trilayer films. crepancy may result from the difference in the nature of lo-
Two types of junctions with and without the buffer layer calized states due to the different preparation conditions be-
were investigated. Josephson coupling thorough a PBC®veena-axis-oriented ang-axis-oriented films.
barrier layer up to 100 nm thickness was observed for junc-
tions without the buffer layer. In contrast, the junctions with
better surface morphology on the buffer layer with a PBCO ACKNOWLEDGMENT
barrier layer thicker than 20 nm showed only resistive prop- This work was performed under the management of the
erties, with a pronounced nonlinear behavior. This indicate®R&D Association for Future Electron Devices as a part of
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