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Tunneling and hopping conduction via localized states in thin PrBgCu;0,_, barriers
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The mechanism of current transportation across B#;_, thin films was investigated foa,b-axis
oriented Au/PrBgCu0;_, /YBa,Cu:0;_, junctions with a PrBgCu;0,_, barrier layer ranging from 5 to 30
nm in thickness. Resonant tunneling and hopping conduction via a small number of localized states were
confirmed through the observation of characteristic power-law dependence of junction conductance on both
temperature and voltage at low temperatures. The radius and the density of the localized states in thin
PrBaCu,0,_, barrier layers were estimated to be 1.1 nm and<3.0'° eV~ cm™3, respectively. The con-
ductance of a junction with a 7.5-nm thick barrier at 1.7 K did not exhibit any decrease in a magnetic field of
up to 6 T, indicating either that on-site Coulomb repulsion of electrons in the localized states is anomalously
weak or that magnetic coupling between singly occupied localized states suppresses the Coulomb correlation
effect on resonant tunnelin§S0163-18207)16117-3

I. INTRODUCTION thermore, some evidence of local superconductivity in
PBCO has been reported by Blackstesdhl 1°
One of the most promising applications of high- Our previous study of YBCO/PBCO/YBCO junctions
temperature superconductive devices is an ultrafast digitavith a PBCO barrier thicker than 20 nm has revealed that
circuit utilizing a single magnetic flux quantum as an infor- both tunneling paths and hopping paths coexist within the
mation carrier. Single-flux-quantum circuits using conven-barrier layer.” However, no definite evidence of current
tional Nb Josephson junctions witR, product values of transport via a small number or localized states or remaining

around 0.2 mV have already been demonstrated to work 4petallic conduction paths has been confirmed. We have ex-

clock frequencies exceeding 100 GHz. If Josephson junct_ended our research to Au/PBCO/YBCO junctions in order

tions with higherl ;R product values can be developed us- 10 obtain further information on the transport mechanism as

: _— o : ell as on the localized states in very thin PBCO layers. The
N9 high temperature superconductors, a significant _mcreas‘r%ason that we used Au/PBCO/YBCO junctions instead of
in the operation frequency as well as a higher operation te

{ d to Nb technol il b ol "BCO/PBCO/YBCO junctions is as follows. In the case of
peratureé compared to echnology will bécome possibie.y g ~/pgCco/YBCO junctions, if one small microshort

The _absence of superconductivity and seml-lqsulat|ve be\7vhich can carry superconducting current exists within the
havior in PrBaCu;0;_ (PBCO make the material an at- junction, the junction characteristics are governed com-
tractive candidate for an artificial barrier in Josephson juncyetely by the properties of the microshort. This has made it
tions with  YBaCu0;_x (YBCO) superconductive jmpossible to derive information concerning the very thin
electrodes. Although a nearly ideal Josephson effect ilPBCO barrier layer itself. On the other hand, in the case of
YBCO/PBCO/YBCO junctions has been demonstrated byau/PBCO/YBCO junctions, possible microshorts between
several group$;’ no conventional theory based on either Au and YBCO are known to exhibit a contact resistance of
tunneling or the proximity effect has given a satisfactorythe order of 108 Q cn?.2® Therefore, if the effective area of
explanation for the mechanism of Josephson couplinghe microshort is not particularly large, we can neglect the
through the considerably thick PBCO barrier layers amounteontribution of microshorts to the junction conductance. In
ing to several tens of nm. Recently, resonant tunneling ofact, we have been able to observe a systematic dependence
Cooper pairs through localized states with long localizationof junction conductance on the barrier layer thickness for
length has been proposed as a possible origin of Josephséw/PBCO/YBCO junctions with a PBCO barrier down to 5
coupling in these junctions:*° These localized states are M, as will be discussed in the subsequent sections.

believed to be associated with the CuO chains in PBCO, for In this paper, we report the results of a detailed study of
which a unique electronic structure has been predictegurrent transport i, b-axis oriented Au/PBCO/YBCO junc-

theoretically* and confirmed experimentall{:'®> Experi-  tions and discuss the physical nature of the localized states in
mental confirmations of resonant tunneling of Cooper pair$BCO and its relevance to transport properties. Attention is
via localized states in PBCO have been reported by severalso paid to the possibility of resonant tunneling of Cooper
groups for junctions with a ramp-edge geom&ﬁ}'o How- pairs via localized states in PBCO barriers.

ever, more recent work on both PBCO barrier junctions and

Ga-d_opgdlAPBCO barri_er junctions_ seems to deny the Il. EXPERIMENTAL PROCEDURE

possibility:™ An alternative explanation for the Josephson

coupling based on the proximity effect in the CuO chains in PBCO/YBCO bilayer films were grown on SrTi(QL00)
which metallic conduction paths remain at least locally eversubstrates using a multitarget sputtering system equipped
at low temperatures has been proposed by éea@l!® Fur-  with Y, Pr, Cu, and BaCu alloy targets. The power supplied
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of less than 3%. A 50% Qcontaining Ar/Q gas was intro- 0 10 20 30 40 50 60
duced into the chamber at a pressure of 1.2 Pa, and the sub- Temperature (K)

strate temperature was fixed at 620 °C. We have developed a

method of preparing YBCO films with a completeaxis FIG. 2. Temperature dependence of zero-voltage conductance

orientation based on the use of buffer layers composed Cﬁ\bserved for Au/PBCO/YBCqunctions with aPBQO barrier rang-
ing from 5 to 30 nm. The inset shows the semilog plot of the

123 materials with cubic symmetfy. These cubic com- . o ;
pounds with a simple perovskite structure were found tccirlguctance of a 30-nm thick barrier junction as a function of
grow selectivity on a SrTigi100) surface within a relatively '
narrow wmdow_ of substrate temperature e_md growth rate. An ac technique with a voltage modulation amplitude
Ato”."c force microscopeAFM) studies conﬁrmed that th_e well below 100V was used to measure the zero-voltage
maximum surface roughness of a 250-nm thick YBCQ f'lmfconductance as a function of temperature in the temperature
on the buffer was around 2 nm. Careful x-ray studies o

. . range of 1.4 K to the critical temperature of the YBCO elec-
PBCO/YBCO bllayer_ f'lms revealed that a_lthou_gh th_e bOt'trodges. A similar technique was glso used to obtain differen-
tom YBCO layer mqlntalned'a comple&equ 0r|en'tat|o'n, tial conductance versus voltage characteristics.
the PBCO layer on it grew with a predominanbyaxis ori-
entation, i.e., with the CuO chains normal to the film surface.
A b-axis orientation of PBCO on a&-axis oriented YBCO
film is reasonable from the viewpoint of lattice matching A. Temperature dependence of junction conductance
between these two materials. The surface coverage of YBCO Ei 2 sh the t t d d f )
by a thin PBCO film was investigated using a secondary ion gure < shows the temperature dependence ot zero
mass spectroscogBIMS) profiling technique. We were not voItage conductances for ]UI’!C'[IOHS with a PB.CO layer
able to observe the signal from Y ions on a 10-nm thick'2"9'N9 from 5 10 30 nm in thickness. The junction conduc-
PBCO layer surface. This indicates better than 99.9% Cove|1_ance at low temperatures can be seen 1o increase almost

age of the YBCO film surface even by a 10-nm thick PBCOexponentlally with decreasing the PBCO layer thickness.
layer. Furthermore, the temperature dependence becomes weaker

Figure 1 shows the junction structure which we used forW'th a decrease in the PBCO layer thickness. In the case of a

the transport measurements. The thickness of the bottor?fnm thick PBCO barrier junction, the junction conductance

YBCO layer was 250 nm and the PBCO barrier layer thick-"2s found to _eﬁh;]bltfa simple power law dependence on
ness was varied from 5 to 30 nm. The junction fabrication c'Perature with the form
process started with the deposition of 100-nm thick Au onto G(T)=Gy+aT* 1)

the bilayers in another vacuum chamber immediately after ’

taking out the bilayers from the sputtering machine. PossiblevhereG, denotes the temperature-independent conductance,
damage of the bilayer film surface during tleis situprocess T is the temperature, and is an adjustable parameter, as
was investigated by comparing Josephson characteristics shown in Fig. 3. Such a dependence is exactly what is ex-
Pb/Ag/Au/YBCO junctions prepared by thex situmethod pected for a tunnel junction in which both an elastic process
to those fabricated by an situ method'’ We were not able and inelastic hopping of electrons via a pair of localized
to find a significant difference between these two types oftates contribute to the current conductfiin contrast, the
junctions in both a Josephson critical current density and &ehavior of the junction with a 30-nm thick barrier above 20
junction resistance. Junction dimensions ranging from 2K seems to follow the variable range hopping conduction
X 20 wm? to 100x 100 um? were defined by a photolithog- which is a percolative process via a large number of local-
raphy process followed by etching the Au layer by an agueized states, as seen in the inset in Fig. 2 where the junction
ous solution of KI and I. After providing an isolation layer conductance is plotted on a logarithmic scale as a function of
with a negative resist, 1sm thick Au wiring layer was de- T~ Y4 These preliminary analyses of the data in Fig. 2 dem-
posited through a metal mask. Five junctions having differ-onstrate that a crossover from tunneling to variable range
ent junction areas were fabricated in one chip, while twohopping in semi-insulative PBCO barriers occurs within the
chips were simultaneously defined on one wafer. The juncthickness and temperature range which we are investigating.
tions on one wafer exhibited junction conductances which It is well recognized that when the thickness of an insu-
were scaled well with the areas. lative barrier with localized states is not much thicker than

Ill. EXPERIMENTAL RESULTS AND DISCUSSION
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Equation(3) indicates that the inelastic process via two lo-
oL L calized states exhibits a characteristic power law dependence
0 50 100 150 of junction conductance on temperatureTd§ as well as a

T43 (K43) weaker thickness dependence compared with that in resonant
tunneling conduction. This characteristic power law depen-
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FIG. 3. Plot of the zero-voltage conductar@eas the function

) . _ dence is exactly what we have seen in Fig. 3.
of the 4/3 power of temperatufe. Linear relationship betwee@ The number of localized states which take part in current
andT*? is clearly seen in the temperature range from 1.4 K to the

o oo n ion acr mi-insulativ rrier incr with an
critical temperature of the YBCO electrode, indicating that the con-.CO duction across a se sulative barrier increases with a

ductance can be expressed@&T) = Gy+ a T4, whereG, and a increase in the barrier layer thickness, density of the local-
are constants being independent of t?amperat’ure 0 ized states, or temperature. The general expression for the

hopping conductance due to conduction channels consisting

) o ) of n localized states is given by Glazman and Matveev as
the radius(localization length of the localized states, the

current conduction across the barrier is governed by direct e? 2N+ 1)s (n—1)/(nt1

tunneling of electrons between two electrodes. As the barrier Gn(T)=vn1 7~ 9"Eg \(nmDinty)

thickness increases, resonant tunneling via a localized state

comes to give a higher conductance than the direct tunneling x(kBT)<n2+n-2)/(n+1>32n—1dn—1
process! According to a simple one-dimensional model for

resonant tunneling, in which the effect of intra-atomic Cou- ><exp( 2 ®)
lomb interaction between electrons at the resonant state is (n+1)a)’

neglected, the junction conductance in unit area averaged

over the positions and energies of the localized states in th&¥N€ré var is @ numerical parameter. It is evident from the
barrier is given bf? equation that a higher order power law dependence on tem-

perature appears with an increase in the number of localized
states involved in the conduction channels being accompa-
re? re? nied with a weaker exponential dependence on the barrier
GreS=T gaEyexp(—d/a)= = gal’, (2)  layer thickness. This suggests that the most dominating con-
duction channel in a junction depends on the barrier layer

thickness, the density of localized states, and temperature.

whereg anda are the density and the radius of the localized The total conductance of a junction at any temperature is

state,E, is a measure of the effective depth of the localizeddiven by the sum of the contributions from all the channels,

state, and d is the thickness of the barrier. thatis

I'I=Eqexp(—d/a)] on the right-hand side of the equation

denotes the effective width in energy of the resonant state. G(T)=Gyy+ Grest 2, Gu(T), (6)
Further increase in barrier layer thickness results in open- n=2

ing of new conduction channels in which two or more con-

secutive Iocalized_states play a definite rol_e. Glazman ang 4 Gy, and G, are considered to be independent of tem-
Matv_eev have dgnved general fqrmulas which can Oles’C”bBerature in the first order approximati6hlt is easy to see
hopping conduction processes via a small number of Iocalfrom Eq. (5) that in the temperature range

ized states in a moderately thick insulative barffeccord-
ing to the theory, in the case that the number of localized T, <T<Tns1, (7)
states involved in current conduction is two, the highest con-

ductance path is realized by an elastic transfer of electron#e termG(T) in Eq. (6) dominates the current conduction,
into the first localized state from the left electrode followedWhereT, is given by
by hopping to the second state with the emission or the ab-

hereG;, describes the conductance due to direct tunneling,

sorption of a phonon and then tunneling out to the right T :< VnT kggald vt g E a2d
electrode. Under the assumption that the hopping process " vt B V-t A

between two localized states is governed by the interaction 2AnP4n+2)

with acoustic phonons with a linear dispersion relation, the Xexp{ _ 9” ®)
junction conductance at zero voltage can be expressed as
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characteristic for a junction with a 30-nm thick PBCO barrier. The

FIG. 4. Zero-voltage conductance versus temperature for a juncslope of the curve increases with increasing the temperature, ap-
tion with a 15-nm thick PBCO barrier plotted in log-log scale. The Proaching the maximum value of 14/3 at around 20 K, and then it
slope of the curve increases with an increase in temperature and ti§creases at higher temperatures. This indicates that6Eds in-
steepest slope lies between 5/2 and 18/5, implying that the data ca¥fficient to fit the data.
be fit by Eq.(6) with n<4.

mic plot of the junction conductance agairkt Y% Then,

We first tried to analyze the data in Fig. 2 using B§).  after subtracting the contribution of the variable range hop-
The first step of the analysis was to determine the maximunping term from the experimental data, we determined the
n value in Eq.(6) which was required to reproduce the ex- maximumn value in Eq.(9) according to the procedure al-
perimental data for each junction. This was done by plottingeady described.
the conductance versus temperature characteristic in log-log The preliminary analysis described above led us to fit the
scale. One example of the plot is shown in Fig. 4 for adata in Fig. 2 to the form
junction with a 15-nm thick PBCO barrier. It is apparent that
the maximum slope of the plotted curve falls between 5/2 G=Gy+ a T3+ BT+ 4T85+ god ~Lexp(— (To/T) Y4,
and 18/5, implying that the number of the localized states (12)
involved in the current transport in the junction is less than 4.

Unfortunately, however, such a procedure did not work wellwhereG, denotes a temperature-independent term originat-
for junctions with a PBCO barrier layer thicker than 20 nm.ing from both direct and resonant tunneling, and3, andy

The log-log plot of the conductance versus temperature chagre fitting parameters. The last term on the right-hand side of
acteristic of a junction with a 30-nm thick barrier is shown in Eg. (11) was incorporated only for junctions with a PBCO
Fig. 5. The slope of the curve in Fig. 5 increases with in-layer thicker than 20 nm ana, and T, were dealt with as
creasing temperature, approaching 14/3 at around 20 K, argtedetermined parameters in the course of least squares fit-
then it decreases at higher temperatures. Such a behaviortigg to determine other parameters. Table | summarizes the
never expected from Eq6), indicating that Eq(6) is insuf-  parameters obtained by the fit. The temperature dependence
ficient to reproduce the experimental data for a junction withof junction conductance calculated from Table | is shown in
a thick PBCO barrier layer. One striking feature of the junc-Fig. 6. The excellent agreement between Fig. 2 and Fig. 6
tions of which the temperature dependence of conductanceonfirms that tunneling and hopping conduction via a small
cannot be described well by E(p) is that a variable range number of localized states govern the current transport across
hopping model seems to give a better description of the bethe PBCO barrier layers in our junctions at least at low tem-
havior at high temperatures, as seen in the inset in Fig. Jeratures. The hopping conduction via a small number of
Based on this finding, we added a variable range hoppintpcalized states crosses over fairly abruptly to variable range
term to Eq.(6) to analyze the data for junctions with a PBCO hopping at around 30 K injunctions with a PBCO barrier
barrier thicker than 20 nm: layer exceeding 20 nm in thickness. A similar behavior has
been reported for the current conduction across a thin amor-
phous silicon barrier when the barrier layer thickness ex-

— -1 _ 1/4
G(T)_Gd"’LGfeSJ’n;Z Gn(T)+ ood ™ "exp(— (To/T)™), ceeds the typical hopping lengtbgy :2*

9
_ 14
whereT, is given by lvrn=a(To/T) (12
I in our junctions can be calculated to be about 21 nm at
kgTo=21/ga’. 10 VRH ; A : ,
B0 d (10 25 K from T, in Table | anda which will be estimated in the
When Eq.(9) was used to analyze the experimental data, wanext section. This value corresponds well with the crossover
first estimated the values of,d~* and T, from a logarith- ~ point which was observed experimentally for our junctions.
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TABLE |. Parameters for Eq11) obtained by the fits to the experimental conductance versus tempera-
ture characteristics shown in Fig. 2.

d Gy a B y oo To
mm (@ 'ecm? (Q Tem?K™3) (@ tem?K™™) (@ tem?K™) (@ teml)  (K)

5 2.9x 108 4.0x 10

75 1.810° 2.2x10° 2.2x10"

10 4.8< 10 1.2x10° 9.8x10!

15 5.9<10° 1.2x 107 5.6x10° 3.2x10°1
20 7.3 107 2.2x 10 1.2x10° 1.5x10°! 1.9x10° 3.3x1¢°
30 2.1x 107 6.0x 10° 2.0x10°3 9.7x10° 3.7x1Cf

B. Evaluation of physical parameters of localized states S|Ope which appears in the l@b versusd p|ot is 1/. This
in PBCO fact implies that the temperature independent conductance in

Equation(5) indicates that the hopping conductance dueour junctions is not governed by direct tunneling but by reso-
to a channel involvingn localized states exhibits a charac- Nant tunneling. Then, the question is what causes the devia-

teristic exponential dependence on barrier layer thickdess tion of the data in Fig. 8 from a straight line. The simplest
explanation may be the inhomogeneity in the barrier layer

thickness which increases with an increasel.int is highly
probable that the contribution to the total junction conduc-
tance from a local conduction path in which the PBCO layer

This dependence enables us to determine the radius of ifaickness is accidentally thin becomes notable with increas-
localized statea from the data listed in Table I. It should be "9 the nominal barrier layer thickness. However, we have

noted, however, that we should be cautious in treating th ot been able to detect a significant deterioration of the sur-

G, term in Table |, because this term can contain in principle ace mo.rphology .Of PBC.:O/YB.’CO bilayer films associated
with an increase in the film thickness even by AFM obser-

2d

"~ (n+la) (13

Gnocdnlexp(

the contributions from both direct and resonant tunneling

ing this point into account, we first analyze the behaviow of
which is the coefficient of thd** term in the total conduc-
tance. Figure 7 shows the semilog plot @fd versusd.

each of which possesses its own thickness dependence. Té{gtions. Another possibility to be considered is an asymmet-

ric barrier structure originating inherently from the Au/

PBCO/YBCO structure of our junctions. It is easy to
conceive that some builtin electric field appears within the

PBCO barrier due to the difference in work functions be-
we can see a nearly linear dependence. From the slope of thyeen Au and YBCO or the difference in the interface §truc-
tures. In fact, we usually observe weak asymmetry in the

line in Fig. 7 and Eq(193), the radius of the localized states " . -
in PBCO is estimated to be 1.1 nm. Keeping this value indlfferentlal conductance versus voltage characteristic of our
mind, let us look at the data faB, in Fig. 8. AlthoughG, junctions with the inversion of the bias polarity. The exact

does not exhibit a simple exponential dependence espe- treatment of this asymmetric barrier problem, however, re-
cially whend exceeds 15 nm, it is apparent that the steepest

Except for the data for junctions with a 30-nm thick barrier,
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FIG. 6. Theoretical temperature dependence of junction conduc-
tance calculated by Eql1) and numerical parameters listed in FIG. 7. Plot of the coefficient of th&*3 term of junction con-
Table I. Each curve in the figure corresponds to the experimentaductance as a function of the barrier layer thickness. The solid line
data for junctions with a PBCO barrier of various thickness shownindicates the relation expected for the hopping conduction via two
in Fig. 2. localized states with a radius of 1.1 nm.
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FIG. 8. Plot of the temperature independent conduct&@yeas FIG. 9. Comparison between experimentally determined coeffi-

a function of the barrier layer thickness. Althou@y does not  cients of theT®? term in junction conductancépen circlep and
exhibit a simple exponential dependence on the barrier thicknessheoretical calculatioridashed lingusing Eq.(5) and physical pa-
the steepest slope which appears in the plot coincides well with thatameters for the localized states in PBCO listed in Table II.

expected for resonant tunneling via a localized state with a radius of

1.1 nm. values of other parameters obtained by the procedure de-
scribed above, since the numerical coefficiest is given as

quires detailed information on the potential shape in actua?0 b_y G(;azr:na_n alnd Matveé{}.Tz?bLe III surITlmgr|zes thePdBeC_:O

junctions. Unfortunately, we do not have data sufficient tolc/Mined physical parameters of the localized state in '

discuss the problem further. Accordingly, we proceed to theThe consistency qf the parameters listed in Table I! was
ested by comparing experimentally obsery@dvalues in

following discussions by assuming that we can regard théF . . )
potential barrier as a symmetric one unless the PBCO layetaP!e | with theoretical ones calculated by E) with vsr

which is given by Xuetal. as 7.2<10°.?* The result is
shown in Fig. 9. The agreement between the experiment and
e theory is reasonable when one considers the scattering of
he experimental data, implying that the parameters in Table
| really describe the physical nature of the localized states in
and (5). Among the parameters, has already been deter- . . )
©) g P = y PBCO. Further discussion on the consistency of the param-

mined to be 1.1 nm from the thickness dependence dffis . . : . d
straightforward to derive the density of the localized stateCters will be given in the next section concerning the voltage

g from the characteristic temperatuf®, of the variable dependence of differential conductance at low temperatures.
range hopping conduction observed for our junctions with a
PBCO barrier thicker than 20 nm. When we adopt the value
for a 30-nm barrier junction in Table § is calculated to be According to the theory proposed by Glazman and
5.0x 10*° eV~ cm™2 from Eq. (10). Since resonant tunnel- Matveev, the voltage dependence of junction conductance
ing is an elastic process, the conductance due to it does ndue to hopping via a small number of localized states can
depend on the electron-phonon coupling parametas seen also be expressed by equations similar to &).in which

in Eq. (2). By using this fact, we can determine the effectivethe temperaturel is replaced by the voltag¥.?° In the
depth of the localized stat&, from they intercept of the line  high-bias and low temperature lim&VskgT, the voltage

in Fig. 8. The remaining parametkrcan be calculated from dependence of conductance due to hoppingrviacalized
the y intercept of the line in Fig. 7 using E@3) and the statesG,(V) is given by

thickness is not particularly large.

The current transport across a thin insulative barrier con
taining localized states can be described quantitatively b
four physical parameters, g, Ey, and\, as seen in Eq$2)

C. Voltage dependence of differential conductance

TABLE Il. Physical parameters for the localized states in PBCO determined through the comparison
between theory and experiments for the temperature dependence of conductance of Au/PBCO/YBCO junc-

tions.

Quantity Symbol Units Value
Density of localized states g eViem3 5x 10
Radius of localized states a nm 11
Average barrier height Eg eV 5.1x10°2

Reducede-p coupling constant A (dimensionless 3.4x 10
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FIG. 10. The differential conductance versus voltage character- FIG. 11. The log-log plot of the differential conductance versus

istics at 1.4 K in log-log scale for AuPBCO/YBCO junctions with voltage characteristic at 1.4 K for a junction with a 30-nm thick

a PBCO barrier ranging from 5 to 30 nm. The abrupt decrease in tthCO barrier. T_he slope of the curve increase; With. increasing the
conductance at high voltages which is seen for some junctions i oltage, amounting to 5/2 at around 20 mV. This indicates that Eq.

due to the fact that the current flowing in the junctions exceeds th 18) can be applied for the fit only below this bias voltage.

critical current of the bottom YBCO electrodes. g . .
whereF denotes the electric field arlel* is a characteristic

o2 electric field. This simple formula, however, is valid only
Gp(V)=rpy - g"E M+ D\ (- D+ D) when the electric field satisfies the following condition:
2kgT
2 2d F=10 . (17)
X (n“+n—2)/(n+1)42n—14n—1 _ ea
(eV) a d""“ex n+Da)’
(14) In our experimental condition, that i$=1.4 K, Eq.(17) is

satisfied wherF>2.2x 10 V/cm. This corresponds to bias
whereV is the voltage and, is a numerical coefficient of voltages of 11 mV and 66 mV for 5-nm thick and 30-nm
which the absolute value has been obtained byeXal. as thick barrier junctions, respectively. Unfortunately, we were
vav~(n—1)""12* The above expression is for dc conduc- not able to apply these high bias voltages to our junctions
tance, i.e.l/V wherel denotes the current. Therefore, the because the current flowing in the junction exceeded the

differential conductancg,(V) is expressed as critical current of the bottom YBCO electrodes. On the other
) ) hand, the general formula given by Apsley and Hughes for
V)= +t2n-1 & nE 2(n+1)y (= 1/(n+1) the conductivity due to variable range hopping in arbitrary
gn(V)= Vnv g Eo A I : ; ;
n+1 h electric field is too complicated to apply directly to the

analysis of the experimental data. Thus, in the present work
_ 2d we restricted ourselves to analyze the data obtained at rela-
(n+1)a tively low bias voltages using an equation which contains
(15) only the terms corresponding to hopping conduction via up
to three localized states:

X(e\/)(n2+n2)/(n+1)a2nldn1eXF{

In this section, the validity of Eq(15) is investigated for
Au/PBCO/YBCO junctions at 1.4 K within a bias voltage dl/dV=ggy+ ayV¥3+ B,V¥2 (18)

range from 0 to 20—30 mV. . . . .
Figure 10 shows the differential conductance versus voltwhereg, describes the differential conductance which comes

age characteristic at 1.4 K in log-log scale for junctions with{T0m tunneling processes, ard, and By denote fitting pa-

a PBCO barrier of various thickness. As the PBCO barrief@Meters for hopping conduction via two and three localized
thickness increases, the Ohmic behavior diminishes at loweitates, respectively. We assumed @atvas independent of -
voltages and the nonlinear characteristic becomes more pry©/tage within the bias conditions that we used in our experi-
nounced at higher bias voltages. A fundamental problem ifent. The fitting procedure started with the determination of
analyzing the data in Fig. 10 based on an equation similar t§1€ voltage region to be used for fitting the experimental data
Eq. (9) is how to deal with the contribution from the variable for individual junctions by plotting the differential conduc-
range hopping in a moderately high electric field. Apsley andance versus voltage characteristic in Iog-Iog.scaIe. Flggre 11
Hughes have demonstrated that at the limit of high electriSnows an example of the plot for a 30-nm thick barrier junc-
field the conductivity due to variable range hopping is essention- In the case of this junction, the slope of the curve

tially independent of temperature and can approximately b&éaches 5/2 at around the bias voltage of 20 mV. This indi-
described b cates that Eq(18) can be appalied only below this bias volt-

age. Such a restriction of voltage region used for fitting was
o=0c*F Yexp(— (F*/F)Y4, (16)  not necessary for junctions with a PBCO barrier thinner than
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FIG. 12. The plot of the differential conductance versus voltage
characteristic at 1.4 K in linear scale for a junction with a 30-nm  FIG. 13. Theoretical voltage dependence of differential conduc-
thick PBCO barrier. A symmetrical dip with its minimum at zero tance calculated by Eq18) and numerical parameters listed in
voltage is seen below 5 mV, which is definitely out of the scope ofTable Il. Each curve in the figure corresponds to the experimental
simple tunneling and hopping conduction models. data for junctions with a PBCO barrier of various thickness shown
in Fig. 10.

10 nm, for which the slope of lod(/dV) versus logV curves

never reached 5/2 up to the bias voltage where the bottowhether the parameters tabulated in Table Ill are consistent
YBCO layer turned into the normal state. Another restrictionwith those in Table | or not, we performed the theoretical
of the bias voltage region was required for some junctions inta|culation ofay, and 8y using Eq.(15) and physical param-
the lower voltage region because of the presence of agters listed in Table I, and compared the results with the
anomalous behavior around zero voltage. Figure 12 Showéxperiment. Figures 14 and 15 compare the experimental
thedl/dV versusV characteristic in linear scale for a 30-nm a, and B, values with the theoretical estimation. The agree-

thick barrier junction. A symmetrical dip with its minimum 0 petween the experimental data and the theory is fairly

at zero yoltage is clearly seen. Although a S|m|Iar_ConQUc- ood in both cases, indicating that the physical parameters in
tance dip was more or less observed for all the junctlong

) i o able Il which were derived from the conductance versus
except one with a 5-nm thick PBCO barrier, it seemed to b emperature characteristics can also account for the conduc-
enhanced with an increase in the PBCO barrier thicknes%. P
We shall return to this point later in this section. It is appar-

ance versus voltage characteristics.
ent that such a dip structure @i/dV profiles would not be The remaining problem respecting thid/dV versusV
expected from Eq(18), and so the fits were restricted to

characteristics of our junctions is the zero-bias anomaly for

above 1 and 5 mV for 20-nm thick and 30-nm thick pBCOWhich.we have already pr.esented one example in Fig. 12.
barrier junctions, respectively. For other junctions, fitting The difference betweefs, in Table | andg, in Table III
was performed from zero voltage because the zero-bia@xpresses the measure of the anomaly for all the junctions
anomaly was not thought to influence the fitting significantly.which we have investigated. We recognized that the zero
Table 1Il summarizes the parameters in Ebg) obtained -bias anomaly tended to be enhanced with increasing the
by the fit, in which two values in each column represent thePBCO barrier thickness. Figure 16 shows thHédV data at
values corresponding to either positive or negative bias cont.4 K as a function o¥/*?for a junction with a 7.5-nm thick
dition. The reproduced|/dV characteristics corresponding PBCO barrier. It can be recognized that although the differ-
to Fig. 10 are shown in Fig. 13. The overall agreement beential conductance exhibits a nearly linear dependence on
tween Fig. 10 and Fig. 13 is satisfactory, implying that Eq.V*? at low voltages, it decreases more rapidly below 2 mV.
(18) describes the behavior dfl/dV versusV characteristic ~ This slight decrease in thil/dV values around zero voltage
well, at least in moderate voltage regions. In order to seeorresponds to the zero bias anomaly which becomes clearer

TABLE lll. Parameters for Eq(18) obtained by the fits to the experimental differential conductance
versus voltage characteristics shown in Fig. 10.

d (nm) go (O™t cm™?) ay (7 em™2myv—43) By (O~ ecm™2mv 57
5 2.9x10° 2.1-2.%10°
75 1.8x10° 0.98-1.0410* 0.1-1.1x10?
10 5.5<10* 5.1-5.2<10° 3.4-4.0<10%
15 5.7x10° 4.9-6.3x 107 1.4-2.210
20 1.1x10° 8.8—-8.9<10" 5.4-5.5<1(°
30 2.9-3.K10° 1.0-1.5¢10 1.8-2.7x10°*
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FIG. 14. Comparison between experimentally determined coef
ficients of theV#? term in differential conductancepen circley
and theoretical calculatiofdashed lingusing Eq.(15) and physical
parameters for the localized states in PBCO listed in Table II.
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0 10 20 30 FIG. 16. Plot of the differential conductand#/dV of a junction
PBCO thickness d (nm) with a PBCO barrier of 7.5 nm in thickness as the function of the

4/3 power of voltageV. The differential conductance obeys the

junctions.

for thicker barrier junctions, as typically shown in Fig. 12 for
a 30-nm thick barrier junction.

similar to that in Fig. 12 was observed for YBCO/PBCO/
YBCO junctions with a PBCO barrier layer thicker than 20
nm at low temperatures, and argued that one possible expl
nation for the anomaly might be a quantum correction of th

V4?3 law at low voltages except in the close vicinity of zero voltage.

The slight decrease in the differential conductance below 2 mV,
which can be clearly seen in the magnified figure, corresponds to
the zero-bias anomaly which becomes clearer for thicker barrier

correction model, however, cannot account for the barrier
In our previous paper, we reported that conductance di‘%hlckness dependence of the zero-bias anomaly observed in
h

e present work. The anomaly differs also from that ob-
served for some junctions with an amorphous Si baffiéor

vhich the anomaly decreases with an increase in the barrier
ayer thickness. Although a satisfactory explanation has not

density of states in a disordered metal region formed in th®€€n obtained yet for the origin of the zero-bias anomaly in
vicinity of the interface between the barrier and electrddes. JUnctions with a PBCO barrier, we can probably rule out the

In fact, a theoretical calculation based on the quantum co
rection model by Al'tshuler and Aroné%has given a semi-
guantitative agreement with tltd/dV profiles. The quantum

ficients of theV®?2 term in differential conductancepen circley
and theoretical calculatiofdashed lingusing Eq.(5) and physical
parameters for the localized sates in PBCO listed in Table II.

By/d2(Qlem™ mv-512)
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possibility of a magnetic origin because a high magnetic field
up to 6 T had negligible effects on the conductance dip in
YBCO/PBCO/YBCO junctions! One plausible explanation

for the anomaly may be a charging effect in resonant tunnel-
ing of electrons through two or more consecutive localized

1014_

1013_

1012_

101

O : Experiment
——-:Theory

10
10 0

10 20
PBCO thickness d (nm)

D. Magnetic field effect on junction conductance

states which are aligned with each other in energy as well as
. in space. It is known that such a resonant tunneling process
exhibits the same thickness dependence as the ordinary reso-
nant tunneling and is non-negligible for a junction with a

. thick barrier?? It may not be difficult to suppose that the
Coulomb interaction between electrons at different resonant
states partially suppresses the tunneling probability at low
4 voltages in a similar way that the Coulomb interaction leads
to a gap in the density of localized states in the variable
range hopping regim&. More work, however, is needed to

N clarify the origin of the zero-bias anomaly in our junctions.

In the process of resonant tunneling, an electron passing
through the resonant state is regarded as staying at the state

30 during the tunneling time which is inversely proportional to
the tunneling width. As a result, the Coulomb repulsion be-
tween electrons which tunnel through one localized state be-

FIG. 15. Comparison between experimentally determined coefCOMes appreciable, resulting in a strong suppression of reso-

nant tunneling of Cooper pairs. The role of the Coulomb
interaction in resonant tunneling of Cooper pairs has been
investigated theoretically by Glazman and Matvé&wc-
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cording to their theory, the manner in which the possibility 1.10 : T ; ,

of resonant tunneling of Cooper pairs is considered has to

differ depending on the relative amplitude of two time scale- 1.05 | PBCO:7.5 nm .
s: electron tunneling timé&/I" and the correlation time of T=17K

the electrons in a Cooper pdirkgT., whereT, denotes the 1.00 .
transition temperature of superconductive electrodes. In the e

case ofl’<kgT,, simultaneous tunneling of two electrons in S 0.95 = :BiJunction plane
a pair is required to sustain resonant Josephson current. The 9 o :B/lJunction plane
Coulomb repulsiotJ at the localized states usually prohibits @ o.90 | .
such a process, resulting in a strong suppression of the Jo- ©

sephson current. On the other hand,Tifis larger than 0.85 - .
kgT., two electrons in a pair can tunnel through the barrier

separately in time without the loss of the pair correlation. In 0.80 | .
such a case, the Josephson current does not suffer a suppres-

sion due to the Coulomb repulsion, or it may even be en- 0.75 .

hanced owing to the formation of a collective Kondo reso- 00 05 10 15 20 25
nance state at the Fermi level. In the case of our junctibns, ugB/kgT

can be estimated to be 5/V for a 7.5-nm thick barrier

junction from the physical parameters listed in Table Il. FIG. 17. Magnetic field dependence of the normalized zero-

Since the Coulomb repulsion energy at the localized state igoltage conductance at 1.7 K for a junction with a 7.5-nm thick
expressed agfwvez/ga, the value exceeds 160 meV even if PBCO barrier. The solid squares show the data observed in a mag-
we assume a large dielectric constant amounting to 100 ifetic field perpendicular to the junction plane and the open squares
PBCO. Thus the conditioV>kgT>T is satisfied in our correspond to the data in a magnetic field parallel to the junction

experiments. The Josephson critical current density at zergjane. The solid line shows the theoretical prediction for resonant
temperature under this condition is given by tunneling via a §p|n-degenerate localized state with a large on-site
Coulomb repulsion between electrons.

2 whereug denotes the Bohr magneton. It should be noted that
exr{ B ?)’ 19 4t the limit of high magnetic field, Eq20) coincides with
the formula for resonant tunneling without an inclusion of
whereA is the superconductive gap energy of the electrodeghe Coulomb repulsion effect. This can be understood as the
A numerical calculation of Eq(19) with the parameters result of the freezing out of the spin-flip tunneling process in
listed in Table Il yields 0.3 Alcrh for a YBCO/PBCO/ a strong magnetic field.
YBCO junction with a 10-nm thick barrier. This value is  The magnetic field effect described by E¢&0) and(21)
several orders of magnitude smaller than that observed fdtas been confirmed experimentally for Mo/amorphous Si/Mo
ramp-edge-type junctiofi$'* as well as for sandwich-type junctions by Ephroret al*° We performed a similar experi-
junctions. ment for our Au/PBCO/YBCO junctions in order to investi-
The preliminary consideration described above seems tgate whether a similar effect existed in the junctions or not.
deny the possibility of resonant tunneling of Cooper pairs inWe selected junctions with a PBCO barrier thinner than 10
YBCO/PBCO/YBCO junctions unless we assume an anomalfm for which resonant tunneling was confirmed unambigu-
lously weak Coulomb repulsion at the localized states inously to dominate the current conduction at low tempera-
PBCO. The effect of Coulomb repulsion at localized stategures. The zero-bias anomaly discussed in the preceding sec-
on resonant tunneling of single electron has been investtion was negligible for these junctions. Figure 17 shows the
gated by Glazman and Matveev under the conditiongero-voltage conductance of a 7.5-nm thick barrier junction
Us>T>T.% They have shown that even above the Kondoat 1.7 K as a function of magnetic field which was directed
temperature of the resonant tunneling system, the Coulome@ither perpendicular or parallel to the junction plane. Theo-
interaction in the localized states manifests itself in the lingetical dependence calculated from E2Q) and(21) is also
shape of the resonant energy level, resulting in a modificashown in the figure. It is apparent that the magnetic field has
tion of tunneling current from that expected for a systema negligible effect on the junction conductance, which forms
without the interaction. The most striking consequence of thé striking contrast to the theory. All the junctions that we
Coulomb interaction is that the resonant tunnel conductancBave investigated exhibited a similar behavior.
exhibits a characteristic dependence on a magnetic field. In The experimental result shown in Fig. 17 indicates clearly
the case that a tunneling barrier contains a large number dhat the theory of Glazman and Matveev cannot be applied to
localized states with a uniform distribution the conductanceour junctions. One possible explanation for this discrepancy
averaged over the position and energy of the localized statégay be that the Coulomb repulsion at the localized states in

E
d—aln—O

e 2
‘]c~ g EOg A

in the magnetic field is given by PBCO is anomalously weakened for some reasons. If this is
actually the case, we can expect resonant tunneling of Coo-

re? ueB per pgirs in Josephson ju_nctions.with a PBCO barrier. Such.a

G(B)= e gal*F(kB—T), (20 situation, however, requires quite an anomalous electronic

state of the localized states in PBCO. Although a negative
U center at which an attractive interaction exists between
F(x)=e* In(l+e ) +e ZIn(1+e®), (21) electrons is a possible candidtee do not have any direct
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evidence to support the possibility. A more plausible expla-out of the scope of Glazman and Matveev’'s model. This
nation for the behavior of our junctions is that the precondi-anomaly tended to be enhanced with an increase in the
tion which makes Eq(20) and (21 valid is not satisfied in PBCO barrier thickness, implying that it may be related with
PBCO. Ng and Lee have discussed that the coupling of theome charging effect associated with the localized states.
resonant state with other localized states has a great influenTe origin of this anomaly, however, is not fully understood.
on the Coulomb correlation effect on resonant tunneling.  The most striking contrast of our results to those reported
The magnetic moments on singly occupied localized statefor amorphous Si barrié? is that we have not been able to
separated by distandeare known to interact via an antifer- observe any decrease of the junction conductance with an
romagnetic exchangéx=exp(—I/a) and form a spin singlet applied magnetic field in the resonant tunneling regime. We
whenJ exceedkgT. Such an interaction is definitely out of can conceive two possible explanations for our experimental
the scope of the theory of Glazman and Matveev. It is easy toesult. One is that the Coulomb repulsion between electrons
suppose that the applied magnetic field has little effect orat the localized states is screened to nearly zero or is even
resonant tunneling of electrons as longuasB is far smaller  attractive due to some anomalous mechanism. Another pos-
thanJ, because spin-flip tunneling is already suppressed bgibility which is more plausible is that antiferromagnetic ex-
the exchange interaction between localized moments. change coupling occurs between the singly occupied local-
ized states! It is highly probable that the exchange coupling
already suppresses the spin-flip tunneling of electrons in zero
magnetic field, resulting in the insensitivity of junction con-
ductance to the applied magnetic field.

~ We have presented a detailed investigation of the mecha- The radius of the localized states in PBCO which we have
nism of current transport across thin PBCO barrier layers ijerived in the present investigation is far smaller that those
a,b-axis oriented Au/PBCO/YBCO junctions. Characteristic estimated in YBCO/PBCO/YBCO junctiofis:***This dis-
power-law dependence of junction conductance was corgrepancy may be attributed to the difference in the junction
firmed at low temperatures for junctions with a PBCO barrierstryctures. It is probable that the potential barrier in our junc-
thinner than 30 nm, indicating that resonant tunneling andions has an asymmetric shape originating inherently from
hopping transport through a small number of localized stateghe asymmetric configuration of the electrodes. The differ-
were predominant. The hopping conduction via a small numence in work functions between Au and YBCO or in the
ber of localized states was found to cross over fairly abruptlynterface structure between Au/PBCO and PBCO/YBCO
to variable range hopping when both the barrier thicknesgnay result in a builtin field in the barrier, which raises the
and temperature were increased. Least squares fitting of thgfective barrier height near the Au/PBCO interface. Such a
experimental data to the equation based on the theory Qficture seems to be consistent with the fact that the thickness
Glazman and Matveé¥enabled us to determine the physical dependence of the conductance due to resonant tunneling
parameters concerning the localized states in PBCO. Wgecomes weaker with increasing the PBCO layer thickness.
have concluded that the localized states in PBCO have ®@/e also notice that the Au/PBCO/YBCO junctions always
radius of around 1.1 nm and are populated with a density ogxhibit a lower conductance than YBCO/PBCO/YBCO junc-
states of 5.& 10" ev~* cm™°. The effective depth and the tions with the same PBCO barrier thicknééghis also sup-

electron-phonon coupling parameter of the localized stategorts the asymmetric barrier model for Au/PBCO/YBCO
have also been derived. junctions.

The differential conductance of the junctions at low tem-
peratures also exhibited a power-law dependence on the bias
voltage unless the bias was not too high. We have demon-
strated that the voltage dependence was quantitatively ex-
plained by the theory of Glazman and Matveev when we This work was performed under the management of the
adopted the physical parameters of the localized states d&&D Association for Future Electron Devices as a part of
rived from the temperature dependence of junction conducthe R&D of Basic Technology for Future Industries sup-
tance. On the other hand, most of the junctions exhibited @orted by the New Energy and Industrial Technology Devel-
zero-bias anomaly in thedl/dV profiles which is definitely opment Organization.

IV. SUMMARY AND CONCLUSION
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