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Nature of the Josephson barrier in electron-beam-written YBgCu;0-_ 5 junctions
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We analyze the temperatur@)( dependence of the normal-state resistaRgeand critical current . in
field-emission-gun electron-beam-written YBa,L0,_ s Josephson junctions from the electrode transition tem-
perature T,) to 1.5 K. From a theoretical fit to,(T) andR,(T) we find that the Josephson barrier exhibits
properties of a small Fermi-surface area, dirty normal metal near its maximum metallic resistivity. Within
conventional superconductor-normal-superconductor theory the barrier is 3.5 mean-free-path3 longitit
a normal-metal coherence length af, intermediate between the clean and dirty limits.
[S0163-18297)01442-2

Josephson transport in high-temperature superconductirtg overdamped junction theory. We show that the barrier has
(HTS) structures promises to reveal significant new physice decreased Fermi-surface area and a decreased mean free
due to the unusual nature of the order parameter in HT®ath relative to the unirradiated YBCO electrodes. This un-
materials. Phase-coherent transport in HTS structures haterstanding of the nature of the barrier is essential to inter-
been used as a probe of the symmetry of the superconductingetation of effects predicted to be characteristic of HTS
order parameter in several experimehend a nors-wave  junctions.
nature of the order parameter has been theoretically predicted Epitaxial thin films of YBCO were grown on 3 mm diam-
to lead to superconductor-normébN) interface effectd. eter disk-shaped LaAlQsubstrates by pulsed laser deposi-
Grain-boundary junctions in HTS materials have proved taion as described previouslyThe samples were patterned
be straightforward structures to fabricate, although strondor four-point measurements of four 2uBn-wide by 10um-
evidence suggests that the Josephson barrier is influenced lmng links per substrate, with twelve contact pads on the
cation disorder at the boundary leading to complex facetingerimeter of the disk. A small slot cut in each substrate per-
networks and nonuniform critical current densitiéss well  mitted in situ focusing and alignment of the electron beam.
as by a hole deficiency near the boundary due to disorderedlll unirradiated samples showed resistive transition tempera-
or deficient oxygen. Junctions with quantifiable barrier tures greater than 90 K and critical current densities greater
properties are required for a detailed investigation of Josephthan 2x 10° A/cm? at 77 K. Electron-beam irradiation was
son transport in HTS materials. done in a Philips CM-20 scanning transmission electron mi-

Broad-area electron irradiation of HTS materials has beegroscopg STEM) equipped with a field-emission gyfFEG)
demonstrated to reduck, as a result of oxygen displace- electron source and a liquid-nitrogen-cooled sample stage
ment without cation disordér’ Several grougs have  which maintained the sample at110 K during irradiation.
shown that HTS films in which a narrow barrier with re- Linear scribing dose$~1x 10'2 electronstm and 0.5 nA
ducedT, has been created ligcusedelectron-beam irradia- beam currentwere similar to those used previousliythe
tion can display the Josephson effect in a limited temperaturéocused electron beam has an approximate diameter of
range below the electrode. . The absence of cation disorder ~1.5 nm under these conditions. Scribing the electron beam
in these barriers makes them excellent candidates fagicross the width of the link produced a continuous nm-scale
interpreting the Josephson effect in HTS structures if thdine of HTS material modified by oxygen displacement.
barrier properties can be quantified. We have recentlyfransport measurements were done in-anetal-shielded
demonstratetithat improved techniques of nm-scale electronliquid-helium cryostat, and magnetic fields were applied per-
irradiation with a high-brightness focused electron beam alpendicular to the sample substrate. Electrical leads to the
low the fabrication of YBaCu;0O,_ 5 (YBCO) Josephson bar- sample were low-pass filtered at the entrance to the cryostat,
riers with T, suppressed to zero. These barriers are narroland the samples were cooled in an rf-shielded room with
enough to demonstrate the Josephson effect from the 90 Klectrical leads disconnected to minimize trapped flux.
critical temperature of the electrodes to below 1.5 K. In this Figure 1 shows the dynamic resistard’é/d| as a func-
paper we show that this wide temperature range of Josephsaion of bias current for a typical sample at temperatures be-
behavior enables the microscopic properties of the barrier tbween 37 and 62.8 K. Each data ¢epen circles was taken
be determined from the temperature dependence of the junet the value of applied field that maximizes the critical cur-
tion critical currentl . and normal-state resistanBg. These rent. The inset to Fig. 1, illustrating the magnetic-field de-
are extracted from fits of the current-voltage characteristicpendence of the critical current for temperatures of 51.2,
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FIG. 1. Dynamic resistancagV/d| vs bias current for tempera- FIG. 2. Dynamic resistancéV/dI vs bias current for tempera-

tures of 62.8, 54, 51.2, 47.1, 43.3, and 37 K. The open circles arHJres of 38.1, 29, 21.7, and 16.1 K. The solid lines are fits to AH

experimental data and the solid lines a fit the Ambegaokar-Halperif’€°ry Phenomenologically extended to include excess current. The
set shows the magnetic-field dependence of the critical current for

overdamped junction theory, indicating RSJ behavior. The insef”
shows the magnetic-field dependence of the critical current for 51.2?,’8'8' 316,239, and 19.9 K.
47.1, and 43.3 K.

superconducto(SNS junction even in the widew/\ ;=4)
47.1, and 43.3 K, shows that this field is often very close tdimit.*> The inset shows.(H) obtained as in the inset to Fig.
zero but increases slightly as the temperature is lowered due Data for temperaturesm/\ ;) of 38.8 K (4.3), 31.6 K
to self-fields and slight asymmetries in the sample. The solid6.1), 23.9 K (8.1), and 19.9 K(9.1) are shown. The pre-
line is a fit to the Ambegaokar-HalperifAH) theory?® of ~ dominantly linear field dependence of the low-field critical
finite-temperature/| characteristics in heavily overdamped current at low temperature indicates long junction behavior,
Josephson junctions using a least-squares criterion. The qu&lonsistent with estimates @f/\ ;.
ity of fit indicates that the junctions are well-described by Figure 3 shows R, extracted as fit parameters discussed
conventional phenomenological theory in this temperaturé@bove. The inset shows a semilogarithmic plot of the same
range, with the fit parameters containing the microscopi¢lata. Each experimental data point, shown in Fig. 3 as filled
physics. The AH theory contains three fitting parameters: théircles, corresponds to a dynamic resistance curve obtained
unfluctuated critical current,,=2eE;/%# with E; the Jo-  at the(smal) applied magnetic field that maximizes the criti-
sephson coupling enerdy,the junction normal-state resis- cal current. As shown below, the initial exponential increase
tanceR,, and the noise temperatufg,. We find the noise ©f the measureti. R, with temperature and the saturation at
temperature to be within 30% of the actual temperature fofow temperature is consistent with conventional theory of
all measurements. Our previously reported higher nois®NS junctions. The dashed lines through the data points are
temperaturéswere determined prior to rf filtering of the derived from the de Gennes fotfrof the high-temperature
electrical leads. This indicates that much if not all of the

noise observed previously was extrinsic to the junction. 1.5 ' ' P R,
The inset to Fig. 1 showss.(H) obtained by adjusting the . S 100 eea
current with a closed-loop feedback technique to maintain a ® E -
constant dynamic resistance efR,/2. The nonzero mini- - ° ‘Iz‘o" AN
mum | (H) illustrates the beginning of a crossover from E 1 o =~ "’.‘
short to long junction behavior as the temperature is lowered. 10°% ‘e
These three temperatures correspona/to; of 1.8, 2.5, and i °
3.3, wherew is the junction width perpendicular to the trans- - ' 1073 oo s
port current and\ ;=[® /27 (2\ +d) uxJ.]*? is the Jo- 05t e\ TEMPERATURE (K)
sephson penetration depth. Hekeis determined from uni- ' \\
form current flow and the maximuiin(H). o
Figure 2 showslV/d| data for the temperature range be- \'v.,\
Iow_40 K. Here the dynamic resistance i.s too sharply peaked 0 ‘ . . R S
to fit the AH theory well, although we find that a phenom- 0 10 20 30 40 50 60 70
enological fit including excess current accurately describes TEMPERATURE (K)

the data.R,, and |, are then still well-defined. The data

indicate weak coupling even at the lowest temperature, F|G. 3. Temperature dependencel gR, extracted from fits as
showing no indications of a crossover to the “flux-flow” in Fig. 1. The open circles are experimental data, and the dashed
behavior characteristic of a strongly coupled IfdkSuch re-  (dotted line is a fit of the high-temperature data to the de Gennes
sistively shunted junction-like behavior down to low tem- theory of SNS proximity effect in the clegdirty) limit. The inset
perature is expected from a superconductor-normalshows the same data on a logarithmic scale.
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limit of such conventional theory, and are seen to fit the data 1.2 . . . . :
in the narrow-junction \¢/\;<4) range.

Although the possibled-wave nature of the HTS elec- 1+F
trodes may influence some aspects of this interpretation, we =~ f
argue from the consistency of our results that [Ew- 9},0_3 [
proximity-effect theory at the level invoked here correctly L
describes the characteristic lengths of the problem. The char- S 0.6 %

. . . Lo < Q0 0®®"

acteristic length for Cooper pair transport in the barrier isthe £ ., o? ]
normal-metal coherence lengtRef. 15 &,. The ratio of % 04l ® e o H
this length to the barrier mean free pattietermines whether e e ;
transport occurs in the clead,/I<1 (ballistic transport, - H
&/l =hr Y27kT) or dirty &,/I>1 [diffusive transport, 021 ;
Engll = (7 Y6k T)Y?] limit. Here 71 is the barrier scat- o Jf'
tering rate. The critical current of the junction is a strictly 0 20 40 60 80 100

decreasing function df/ &, whereL is the barrier length in
the transport current direction. de Genffeserived an ap-

proximate form in the dirty limit
[L/&(T)lexd —L/&,(T)], (1)  Perature.

wA\[ A
2e |\ kT,
i scattering rate for quasiparticl&Within Boltzmann trans-
where A is the temperature-dependent energy gap of th‘foort the resistivity can then be written'as
electrodes. This is shown in Fig. 3 with thedependence of

TEMPERATURE (K)

FIG. 4. Resistive transitiofil A excitation, doty andR,, ex-
tracted from the fits of Fig. Isolid circles as a function of tem-

I coRn=~

¢, determined from the cleafulashed lingand dirty (dotted 16772RQ — 16772RQ —
line) limit expressions. The dirty-limit fit used a temperature- ~ P(T)= S (lipptaT)~ Sor (T impt YT,
dependent mean free path proportionalRﬁol(T). The weak 2

temperature dependence &fin the fitting range makes its . .
exact form unimportant: we use a BCS form. This tWO_Where we have assumed zero conductivity mdhiarectpn.
parameter it to the narrow-junction temperature range of th& the first formulaSg is the surface area of the Fermi sur-
data gives the ratit./£y(T,) and the gap ratiaA(0)/kT,.  face, RQ:.h/4eZ%6-5 K is the resistance quantuty, is

For the sample of Fig. 3 we find/&y (T,)=10.2 and the impurity mean free path averaged over the Fermi surface,
A(0)/KT,=0.5 for the clean-limit fit, and./&y (T.)=10.8 @andais a constant. In the second formula; and 7, are

and A(0)/kT,=0.7 for the dirty-limit fit. Although the de the Fermi velpcny and impurity sqattenng time averaged
Gennes form is strictly valid only in the dirty limit, such Over the Fermi surfacey= 2wk /% in an electron-phonon
agreement in fit parameters indicates an insensitivity to th&terpretation of thel-linear term, withi; a dimensionless
exact temperature dependence pf As shown later, a direct ponstantl. Our analysis here does not rely on a particular
evaluation of&y(T)/I from the experimental data indicates interpretation of thel-linear scattering rate.

that atT, our samples are intermediate between the clean The parameters® and y° can be determined from the
and dirty limits. For the eight samples discussed here, wéesistivity slope of optimally doped YBCO and an estimate

find in the dirty-limit values ofL/&, (T.) between 9 and 12 Of SE. We approximate the YBCO Fermi surfateas a
andA(0)/kT, varying from 0.3 to 0.8. roughly cylindrical composite centeredair of height 4r/c

Figure 4 shows the low-current(I=1puA, J (two planes/ce)land a radius determined by the doping. Us-

~8x 10?2 Alcm?) resistive transition /1) (solid line) and  ing 0.16 holes/Cu away from half-filling as optimal doping,

the normal-state resistanéiled circles extracted from fits Sp~400 nm? in this approximation. Using dp°/dT

to the VI curves. The measured resistance above the normat0-85xQ cm/K for optimally doped unirradiated YBCO

state of the electrodes is100€). The plateau below 85 K We find @™'~250 nmK. A typical Fermi velocity of

represents the temperature range in which the electrodes ak§’ cm/s then results in,~0.4, in agreement with other

Superconducting, but the Josephson Coup]ing enekyy, estimate§.8 Based on Iarge-area irradiation StUdYIGBe as-

=#l/2e, is much less thakT. Here thermal fluctuations Sume\;~\g. We show later thaSg is strongly influenced

disrupt Cooper pair transport. Below60 K, E;>kT and by e-beam irradiation through a changing carrier concentra-

supercurrent transport causes the measured low-cuviiént tion as predicted by recent theoretical calculatith$his

to drop rapidly. The open circles are the normal-state barrieiradiation-depender8: can be eliminated in a ratio of slope

resistance from AH fits to th¥| characteristic§Figs. 1 and  to intercept ofp(T) to give a characteristic temperature,

2). They continue the linear decrease shown by the resistive _ _

transition(solid line) until starting to increase below 25 K. T =(pnl IT) py(0) = @l imp™= Y Timp- (3
Because the ratig, /| is a function only of the scattering

rate 7 * in both the clean and dirty limifsee discussion Here we takep,(0) to be theextrapolatedintercept of the

preceding Eqg.(1)], it can be determined from the T.linear portion ofp(T). This allows a direct calculation of
temperature-dependent normal-state resistance of Fig. 4. A /| at T, from the experimental data as

resistivity linear in temperature has been parametrized in
HTS materials as &-linear reciprocal mean free path or Encll=A+tephy, Eng/l=[(L+tephe/2]Y%  (4)
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The interpolation formuldRef. 20 ¢, 2=¢.2+ ¢4 gives a H(T)/1(Te) = (L+teg) 2(we /22 (6)
range of 0.3 to 0.5 for the samples studied and a value of
~0.31 for the sample shown in Figs. 1-4. This indicates thatising the approximate zero resistance intercept of unirradi-
&, (90 K)/I is intermediate between the clean and dirty lim-ated YBCO. Substitution of the experimental values gives
its. This conclusion is consistent with the similar fit param-0.6v /27 for the ratio. This indicates that disorder has been
eters and quality of fit for the clean- and dirty-limit fits to introduced into the barrier region, most probably oxygen de-
l.o(T) shown in Fig. 3. fects given our beam energy of 200 keV. Since we expect a
The product ofL/&, (T¢) and &, (T)/I(T,), extracted decreasedy corresponding to the reduc&d, Egs.(5) and
from thel .(T) andR,(T) data, respectively, givds/I(T,), (6) indicate at least a 12 times reductionSgpl(T,;). Equa-
showing that the barrier is approximately 3.5 mean-freetion (2) then givesp(T;)=1.2 m() cm, leading to an effec-
paths long afl; for the sample of Figs. 1-4, and between 3tive barrier length,L<9 nm. This reflects both a reduced
and 6 for the 8 samples discussed here. From (BgL/I hole doping and a reduced mean free path. It is consistent
=(Rn/RQ)(SFA/16772), where A=1.25x1C° nn? is the  with the upturn in resistance at low temperature in Fig. 4 in
cross-sectional area of the barrier. Equating these results #dicating an approach to the maximum metallic resistivity.

T, gives Assuming a cylindrical Fermi surface, we fikgl~3.5 at
the resistance minimum, comparable with previous
S L 1 3p°laT estimate$?
X (T R(THA  a® ®) We have shown that FEG/STEM-written YBCO Joseph-

i ) i . son junctions demonstrate quantifiable overdamped SNS be-
where the first two ratios are determined experimentally,avior over a wide temperature range bel@w. This en-
from the data and the last from unirradiated YBCO. A typi- gpjes characterization of the barrier through theoretical fits of
cal Fermi velocity of 10 cm/s glvesSF/S,‘§~0._13. Optimal  the |V characteristics. Estimates of the most important bar-
doping corresponds to slightly less than half-filling where thejg, ratios (£,/1, L/l, andSg/S2) depend only on\,,, es-
Fermi surface is large, centered aroumd, and cheasmg tablished to be unchanged by irradiation. This barrier char-
slowly in surface area with increasing hole dopfi@Reduc-  4cterization in a HTS junction displaying well-understood
ing the hole concentration moves the system toward halfgng pehavior over a broad temperature range promises to

filling. Experimental resulf suggest thaSe shrinks sub- g cidate the unique features of HTS Josephson transport.
stantially during this process, possibly resulting in pockets

around/2,7/2. This research was supported by NSF Grant No. DMR-92-
Using Eqgs.(2) and(3) we find 1407.
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