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Single Particle Tunneling

If the barrier is sufficiently thin (less than 10 or 20A) there is a significant
probability that an electron which impinges on the barrier will pass from one
metal to the other: this is called tunneling.

Figure 20 Two metals, A and B, separated by a thin layer of an insulator C.

(a) (d)

Figure 21 Preparation of an Al/Al;O5/Sn sandwich. (a) Glass slide with indium contacts. (b) An
aluminum strip 1 mm wide and 1000 to 3000 A thick has been deposited across the contacts. (c) The
aluminum strip has been oxidized to form an Al,O5 layer 10 to 20 A in thickness. (d) A tin film has
been deposited across the aluminum film, forming an Al/Al,O4/Sn sandwich. The external leads are
connected to the indium contacts; two contacts are used for the current measurement and two for
the voltage measurement. (After Giaever and Megerle.)
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Figure 22 (a) Linear current-voltage relation for junction of normal metals separated by oxide
layer; (b) current-voltage relation with one metal normal and the other metal superconducting.

1. When both metals are normal conductors, the cuvatage relation of it is
Ohmicat low voltages,

2. Glaever (1960discovered that if one of the metals becomes superconducting

the curremvoltage characteristic changes from the straight line of Fig. 22a to

the curve shownin Fig. 22b. . .. Tunneling



In the superconductor there is an energy gap centered at the Fermi level
At absolute zero no current can flow until the applied voltage is

V=E/2e=j le.

N (E) = E/ (E2-a8)12 S-N tunneling

} Current

At T =0, lis finite
when E > D,

Fermi
energy ~T>0

AtT>0,1is>0

I~ T=0 even forE<D
|

&= Aje
Semiconductor Energy Model
() (b)
Figure 23 The density of orbitals and the current-voltage characteristic for a tunneling junction. In
(a) the energy is plotted on the vertical scale and the density of orbitals on the horizontal scale. One
metal is in the normal state and one in the superconducting state. (b) I versus V; the dashes indicate
the expected break at T = 0. (After Giaever and Megerle.)

= Voltage

The current starts whexV =4 . At finite temperatures, because of electrons
In the superconductor that are thermally excited across the energy gap.
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4.3 Junctions between identical superconductors

Semiconductor Model

The energy diagram for T = 0°K is shown in Fig. 4.4. All energy levels are
filled up to Ex—A. In thermal equilibrium (Fig. 4.4 (a)) there is no current
flowing. When a voltage V' < 2A/e is applied there is still no current flowing
because the electrons below the gap on the left have no access to empty states
on the right. At V = 2A/e (Fig. 4.4 (b)) there is a sudden rise in current because
electrons on the left suddenly gain access to the states above the gap on the
right. The corresponding current—voltage characteristic is shown in Fig. 4.4 (c).

(a)

(b)
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Fig. 44 The energy diagram of an SS junction; (@) V=0, (b) V = 2A/e, (c) the I-V

characteristic at T = 0.
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For finite temperatures there will be some rounding off* of the sharp features
of Fig. 4.4 (c) which, of course, depends on the actual temperature (how near it
1s to the critical). A very neat set of experimental results (Fig. 4.5) by Blackford
and March [99] shows the temperature dependence of the current—voltage
characteristic for an aluminium-aluminium oxide-aluminium junction. At
1-252°K aluminium is in the normal state and the characteristic is linear. At
1-241°K (a mere 9 millidegrees below the critical temperature) there is already
some sign of the energy gap, and it becomes clearly discernible at 1-228°K.
As the temperature decreases the knee in the curves moves to higher and higher
voltages (corresponding to higher and higher energy gaps). The characteristic
at T = 0-331°K is practically identical to that at 0°K.



4.4 Junctions between superconductors of different energy gap

In the same way as the previously discussed case of identical superconductors,
at T = 0°K no current flows until the applied voltage is sufficiently large to
bring the bottom 1n 11 ' ‘ '
This octcurs at an applied voltage of V' = (A;+A,)/e as shown in Fig. 4.6 (a).
The current—voltage characteristic (Fig. 4.6 (b)) is similar to that shown in
Fig. 4.4(c) with the sole difference that the current starts rising at a voltage
corresponding to the arithmetical mean of the gap energies.

(a) (b) T=0K
I
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| paill N
g’ (Ap+A,)le V

Fig. 4.6 Energy diagram and I-V characteristic of an S,;S, junction at T = 0.



T>0K

At finite temperatures we may still assume that the normal electron states
above the larger gap are empty but there are some thermally excited normal
electrons in the smaller-gap superconductor as shown in Fig. 4.7 (a) for the case
of thermal equilibrium.

Applying a voltage the current will start to flow immediately and will increase
with increasing voltage (Fig. 4.7 (¢)) until ¥V = (A, —A,)/e. The energy diagram
for this case is shown in Fig. 4.7 (b); at this stage all electrons above the gap
on the left can tunnel across into empty states on the right. What happens when
the voltage is increased further? The number of electrons capable to tunnel
across is still the same but they face a smaller density of states, as shown in
Fig. 4.7 (c), hence the current decreases. The decrease in current continues until
V = (A, +A,)/e. At this point (Fig. 4.7 (d)) electrons from below the gap on the
left gain access to empty states on the right, and there is a sudden increase in
current. Thus the current—voltage characteristic of Fig. 4.7 (e) exhibits a negative
resistance in the region

A=Ay _, _Asta,
e e

3.1)



S/1/S, T>0K
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Fig.4.7 Theenergy diagram and I-V characteristic ofan S, S, junction at finite temperature;

@ V=0 () V=>0—A)c, () By—A)fe<V<(Ay+A)e, @V =(A+A,)e,
(e) the I-V characteristic.



The appearance of|a negative resistance [was reported simultaneously by
Nicol et al. [46] and Giaever [45]. A very convincing characteristic presented
by the latter author for an Al-Al,O,;—Pb junction is shown in Fig. 4.8.

The experimentally found dependence [100] of the negative resistance on
temperature is shown in Fig. 49 for a Sn—SnO-Pb junction. The current-
voltage characteristic turns nonlinear when lead becomes superconducting and
the negative resistance appears as soon as tin becomes superconducting as well.
The negative resistance may be clearly seen down to 2-39°K but not at 1-16°K.
Experimentally the negative resistance always disappears at sufficiently low
temperatures but that may be due to insufficient accuracy of measurement and
to nonideal circumstances.

The presence of a maximum and minimum in the characteristic gives further
help in diagnostic measurements aimed at determining the width of the energy
gaps. In addition, the negative resistance may be used in devices which will be
discussed in more detail in Section 7.1.
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Fig. 4.8 The I-V characteristic of an Al-I-Pb junction, both Al and Pb superconducting.
After Giaever [45].
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Fig. 4.9 I-V characteristics of an Sn—I-Pb junction.



Point contact junctions.| These were developed by Levinstein and Kunzler [122,

1237 in the form shown in Fig. 4.21. The barrier is prepared by heavily anodising
a freshly etched tip of Al, Nb, Ta, etc. The diameter of the junction at the point
of contact was estimated to be less than 10 um. Tunnelling characteristics were
observed in a large resistance range from 10? to 10° ohm.

The advantage of point contacts is that tunnelling measurements can be made
on materials not accessible in thin film form. Furthermore, the tunnelling is
generally from one single crystal to another since the grain size of the material

both in the tip of the point contact and in the bulk is considerably larger than the
contact area. Notable success of the point contact technique was to obtain the

correct value for the energy gap of Nb;Sn where thin film measurements
consistently gave the wrong value.

@ >

was mostly on Lead to
bulk samples |:> the invention of
STM in 1982 |
Nb.Ta.or Anodised
Al tip film

Fig. 4.21 Point contact junction. After Levinstein and Kunzler [122].



Josephson Superconductor Tunneling‘

S-I-S
S-N-S

Such a junction is calledveeak link

1. DC Josephson effect A dccurrent flows across the junction in the absenge
of any electric or magnetic field.

2. AC Josephson effect A dcvoltage applied across the junction causes
current oscillations across the junction.

An rf voltage applied with thdc voltage can then causelacurrent across
the junction.

3. Macroscopic longrange quantum interference A dcmagnetic field
applied through a superconducting circuit containing two junctions causes tt
maximum supercurrent to show interference effects as a function of magnet

field intensity.| SQUID|



https://en.wikipedia.org/wiki/File:Point_Contact01.jpg
https://en.wikipedia.org/wiki/File:Point_Contact01.jpg

DC Josephson Effect Our discussion of Josephson junction phenomena
follows the discussion of flux quantization, let both superconductors be identical.

% L3 ll’z
dt

Here AT represents the effect of the electron-palr coupling or transter interac-
tion across the insulator; T has the dimensions of a rate or frequency. It is a
measure of the leakage of ¢/, into the region 2, and of ¢ into the region 1.

Let ¢, = n}”® ¢'® and ¢ = ny”® ¢'® Then

al,lll . —1/2 16 91 c')nl 601 )
=jn712 ¢ = —iTyy ; 39
o9t 2 ot ¢’1 il (39)
8412 1. —1/2 .i6s 6n2 892
—2 =inz 12 ¢ = —iTy . 40
prala 0 P t;’/2 Un (40)

We multiply (39) by n{’? 7% to obtain, with|é = 6, — 0,

I 1 ony 00, s
. ‘T 1/2 18 . 41
—2 —at + znl—-at = —iT(nng)"'* e (41)

We multiply (4P) by n3? e7'% to obtain

1 6n2 . 802
- : 3 Mo
— 2 ot ot

= —iT(nlng)l/z e—i‘s . (42)



Now equate the real and imaginary parts of (41) and similarly of (42):

eq (41); eq(42)
ony _ 12 ong _ 12
For the real part = 2T(n;ny)"* sin 6 ; o —2T(nyng)"'* sin o ; (43)
1/2 1/2
For the imaginary 8_01 - —T(E-) cos & : 00s — _T<ﬂ) cos & . (44)
part dt n, ot No

If n, = ny as for identical superconductors 1 and 2, we have from (44) that

00 00 0

= | o (6e—6)=0| (45)
s ’ The phase difference is time
ng . B independent !

ot at (46)

the current J of superconductor pairs across the junction depends on
the phase difference & as

J 7 dN/dt
where ], is proportional to the transfer interaction T. The current |, is the

J =Josin & = ] sin (6> — 6)) j (47)

maximum zero-voltage current that can be passed by the junction. With no
applied voltage a dc current will flow across the junction (Fig. 24), with a value
between J, and —J, according to the value of the phase difference 6, — 6. This
is the dc Josephson effect.
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1 Figure 24 Current-voltage characteristic of a
Josephson junction. Dc currents flow under zero
applied voltage up td a critical current i} this is the
dc Josephson effect. At voltages above V., the junc-
tion has a finite resistance, but the current has an
oscillatory component of frequency w = 2¢V/h: this
is the ac Josephson effect.
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FIG. 1.1--(a) The geometry of our oxide layer tunnel junctions.
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(b) An idealized current-voltage characteristic show-
ing quasiparticle (Giaever) and pair (Josephson)
tunneling through the barrier.




AC Josephson Effec1

Under a dc voltage V
We can say that a pair on one side is at potential energy —eV and a pair on the

other side is at eV.

it /ot = ATy — eViy; it OPoldt = TP, + eVipy . (48)
Follow Eqg. 41
1 0 00 .
E‘ _ant'l" G R in]_a'tl_ = ieanﬁ_l - iT(n1n2)1/2 e'a . (49)

This equation breaks up into the real part
In,/ot = 2T (nyny)"? sin & , (50)
exactly as without the voltage V, and the imaginary part
06,/9t = (eV/h) — T(no/n;)'? cos & (51)
which differs from (44) by the term eV/A.

1 on a6 .
Follow Eq 42 _— 2 + ino B —1 eVnzﬁ—l —_ iT(n1n2)1/2 8—18 (52)

2 ot <ot '




Ing/dt = —2T(nyng)*? sin & ; (53)
00,/0t = —(eV/h) — T(ny/ne)'"? cos & . (54)
with n; = n.,

(0, — 0,)/0t = 38/ot = —2eV/h . (55)

relative phase of the probability amplitudes vary as
&(t) = 6(0) — (2eVi/h) . (56)

- - _ The phase is
J = Jo sin [8(0) — (2Vt/A)] . dependent on time. (57)

The current oscillates with frequency

w = 2eV/h . (58)

This is the ac Josephson effect. A dc voltage of 1 wV produces a frequency of
483.6 MHz. The relation (58) says that a photon of energy fiw = 2¢V is emitted
or absorbed when an electron pair crosses the barrier.

To be used for a precise measurement of k/e




Macroscopic Quantum Interferencs.

We consider two Josephson junctions in parallel, as in Fig. 25. keH ¢= gA

Insulator a

Juncti a

" - g, - 9, = (2e/kc)u eq. (99)
(;\\\\\\W m\\\\§
§ - % Figure 25 The arrangement for experiment on mac-
] _»m ®B § P roscopic quantum interference. A magnetic flux ®
total S11‘ § § S 22 passes through the interior of the loop.
]@:\\\\ =)
b

Junctieg b

Now let the flux ® pass through the interior of the circuit.
By (539), &, — 6, = (2e/fc)®, or

ulator b

5 =80+ —® : 8,=08 — — .

he he

The total current is the sum of J, and J,,.

Jrotal =Ja + ]b=]o{5in (80 + qu) Todin (50 s ch)} _

hc

The current varies with ® and has maxima when

hc

e®/hc = s s = integer .

(60)

d
2(Jo sin &) cos =
hc

(61)




Double slit diffraction pattern for two tunnel junctions

max

——

[\
W

P
FIGURE 6-5

Dependence of maximum supercurrent through symmetrical two-junction
superconducting interferometer (SQUID), shown schematically in Fig. 6-4.

Tinkham, Chapter 6, p. 203.



Single slit diffraction for single tunnel junction

/

max
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Figure 6-3

Dependence of maximum supercurrent througimgle Josephson
junction upon the flux threading the junction. The resemblance to
t he fssliintgd ed i f fofopticstisieddent.p at t er n

Tinkham, Chapter 6, p. 199



The periodicity of the current is shown in Fig. 26.
1.

Current

The short period variation is produced by interference from the two junctions,
as predicted by (61).

The longer period variation is a diffraction effect and arises from the finite
dimensions of each junction.
A

Two separate junctions, A and B

I T T . (PR L TR R T .

-500 —400 -—-300 -200 —100 0 100 200 300 400 500

Magnetic field (milligauss)

Figure 26 Experimental trace of J,,.. versus magnetic field showing interference and diffraction
effects for two junctions A and B. The field periodicity is 39.5 and 16 mG for A and B, respectively.
Approximate maximum currents are 1 mA (A) and 0.5 mA (B). The junction separation is 3 mm and
junction width 0.5 mm for both cases. The zero offset of A is due to a background magnetic field.
(After R. C. Jaklevic, J. Lambe, J. E. Mercereau and A. H. Silver.)



5.2 Photon-assisted tunnelling Read the Book of Solymar

The tunnelling current may be modified by illuminating the junction with
electromagnetic waves. It is easy to see that if the energy of the incident photons
is in excess of 2A they will break up Cooper-pairs and create two electrons above

the gap as shown in Fig. 5.5 (a). Since the number of electrons above the gap
increases this way above its equilibrium value, some of these extra electrons will
tunnel across the barrier (Fig. 5.5 (b)) creating thereby an extra current. We shall
return to this problem in Section 7.2, for the moment we shall concentrate on the
case when the energy of the incident photon is insufficient to break up a Cooper-
pair. Influence on the tunnelling characteristics is still possible then if the
photons act jointly with the applied voltage.

(a) T=0K (b)
ﬁw>2A1

o0 ® -9

Lo ey e | .ﬁ.-__..___ ‘
el=A, . A, | el=4, l A,

Fig. 5.5 Effect of incident photons on a tunnel junction; (a) a photon creates two electrons
by breaking up a Cooper-pair, (b) one of the electrons created tunnels across.

A, ]
4




Let us take T'= 0°K again and recall the case when V = (A; +A,)/e. Then a
Cooper-pair may break up into two electrons, one of them tunnelling across the
barrier as has been shown in Fig. 4.12. If V < (A, +A,)/e no current flows. A
Cooper-pair breaking up could not cause a current because the transition
shown in Fig. 5.6 (a) with dotted lines is not permissible. However, if a photon

of the right energy is available the liberated electron may follow the path shown
in Fig. 5.6 (b) and get into an allowed state just above the gap. We may say that
the electron tunnelled across the barrier by absorbing a photon, and refer to the
phenomenon as photon-assisted tunnelling. The mathematical condition for the
onset of tunnelling current is

ho = A, +A,—eV. T=0K (51
(a)
for eV <D, +D, : ®)
Al T Al
e 1

P - — —— —

Fig. 5.6 (a) Tunnelling not allowed. (b) Tunnelling allowed if assisted by a photon.



If the energy of the photon is above this value tunnelling is still possible, though
with a reduced probability because of a less favourable density of states. If the
energy of the incident photon is below the value given by Equation (5.1) tunnel-
multi-photon process.|An electron
absorbing for example three photons simultaneously may tunnel across the
barrier in the way shown in Fig. 5.7 (a). Hence we may expect sudden rises in the
tunnelling characteristics whenever the condition

ling may still be possible with the aid of a

T = 0K nho = A +A,—eV

(5.2)

is satisfied, that is for a serig§ of voltages in the range 0 < V < (A;+A,)/e.

(a)

eV - D, + nkw = D,
nkw=D, + D,- eV

(b)

=

1

eV

eV - D, - nkw = D,

eV [+ genw

hw
hw

-

Fig. 5.7 Tunnelling assisted (a) by of three photons, (b) by of three
photons.



For eV>D, +D,

When V > (A; +A,)/e we know that a tunnelling current will flow even in the
absence of an incident electromagnetic wave. However, if photons of the right
energy are available they can assist the tunnelling in this case as well, as shown

in Fig. 5.7 (b) for a three-photon process. A Cooper-pair breaks up; one of the
electrons goes into a state just above the gap on the left, and the other electron
tunnels across into the superconductor on the right at an energy demanded by
energy conservation (the sum of electron energies must equal the energy of the
Cooper-pair). This process would occur with much higher probability if the

electron could tunnel into the high density states lying just above the gap on the

right. In Fig. 5.7 (b) this becomes energetically possible when three photons are
emitted at the same time. Thus the mechanism of current rise is photon emission
stimulated by input photons. For an n-photon emission process the current rises
occur when

T = OK v = 1e(A1 +A, +nhi). (5.3)




T>0K

For finite temperatures there is one more instance where electrons tunnel
between maximum density states and that occurs pt V = (A, —A;)/e,| as shown
in Fig. 5.8 (a). Tunnelling between those states may also be assisted by photons
as shown in Figs. 5.8 (b and c) for photon absorption and emission respectively.
In general, multi-photon absorptions and emissions are possible again, and thus
for finite temperatures there is another set of voltages,

V. = %(AZ—AIJthw), m= 41,42, +3 (5.4)

at which current rises can be expected.
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Fig. 5.8 Tunnelling between maximum density states at finite temperature (a) directly,

(b) by photon absorption, (¢) by photon emission.




The first experiments on tunnel junctions in the presence of electromagnetic
waves were performed by Dayem and Martin [57] using junctions between Al
and Pb, In or Sn. The frequency of the electromagnetic wave employed was
38-83 GHz so the experimental solution was to place the sample inside a cavity.
The current—voltage characteristic was measured and rises in current were
indeed found as may be seen in Fig. 5.9 (a) where the solid and dotted lines show
the characteristic in the absence and presence of microwaves respectively.

Quantitative explanations were given nearly simultaneously by Tien and
Gordon [58] and_Cohen, Falicov and Phillips [126]. The methods in their
papers were different but obtained essentially the same results. Cohen, Falicov
and Phillips assumed that the magnetic field of the microwaves modulates the
energy gap, whereas Tien and Gordon added an electrostatic perturbation term
to the Hamiltonian. We shall follow here the latter derivation.




(a) I (pA)

03}

0 0.5 10
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Fig. 5.9 (a) I-V characteristic of an Al-I-In junction in the absence (solid lines) and
presence (dotted lines) of microwaves of frequency 38-83 GHz. Measurements by Dayem
and Martin, quoted by Tien and Gordon [58].



The simplest assumption one can make is to regard the junction as a capaci-
tance with a time-varving but spatiallv constant electric field between the
plates. Regarding the potential of one of the superconductors (2) as the reference
we may argue that the only effect of the microwave field 1s to add an electro-
static potential of the form

V.. cos wt (5.5)

to the energy of the electrons in the other superconductor (1). Hence, for
electrons in superconductor (1) we may use the new Hamiltonian

H = H,+eV,cos wt (5.6)

where the first term is the unperturbed Hamiltonian in the absence of micro-
waves.

If the unperturbed wavefunction was

WX, 9,2 t) = J(xs.:2) exp (—iEt/h) (5.7)

then the solution for the new wavefunction may be sought in the form

W(x,y,2,t) = Wo(x,3,2,8) 5. B,exp(—inot). (5.8)

n=-—100




Substituting Equation (5.8) into Schrodinger’s equation

we find

which is satisfied by [101]

gy = in2¥
ot
ev;
ann = h_a)f(Bn+1+Bn-—1)

Bn = Jn (eV;'f /ha))

(5.9)

(5.10)

(5.11)

where J, 1s the n,, order Bessel function of the first kind. The new wavefunction

1s then

where

Y(x,y,zt) = f(x,y,z,t)exp(—iEh/t) i J.(x) exp (—inwt),

n= —ao

eVrf
ho

X =

(5.12)

(5.13)



It may be seen that in the presence of microwaves the wavefunction contains
components with energies

E, E+ho, E+2ho,... (5.14)

respectively. Without the electric field, an electron of energy E in supercon-
ductor (1) can only tunnel to the states in superconductor (2) of the same energy.
In the presence of the electric field, the electron may tunnel to the states in

superconductor (2) of energies E, E+hw, E+2hw, etc. Let N,,(E) be the un-
perturbed density of states of the superconductor (2). In the presence of micro-
waves we then have an effective density of states given by

NLE) = 3 Nyo(E+nhw)J2(w) (5.15)

n= —0

We may now obtain the tunnelling current by substituting Equation (5.15)
into the general expression Equation (2.14), yielding*



The tunneling current equation, Tinkham (2.14)

Q0

I=4 % 2@ JNI(E—eV)Nzo(E+nha))[f(E—eV)—f(E+nha))]dE

n= —aoo
o0

=AY J@)I(eV +nhw)

n=—oo

where I,(eV) is the tunnelling current in the absence of microwaves.

(5.16)

In the limit Aw — 0 it may be shown (see Appendix 5) that the above expression

reduces to the classical value

1 n/2
I = p- J I,(V + V¢ sin wt) d(wt).

—m/2

(5.17)

The comparison between theory and experiments has a long and tangled
story. The first attempt was made by Tien and Gordon [ 58] who could repro-

duce the experimental results of Dayem and Martin [57] by taking a =

2 as

shown in Fig. 5.9 (b). The experimental value of a (that is the voltage in the
junction) was, however, not known. Estimates by Tien and Gordon indicated a

discrepancy as large as an order of magnitude.
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Fig. 5.9 (b) Theoretical curves by Tien and Gordon [58] fo
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To prove the point that it is the spatial variation which is responsible for the
discrepancy, Hamilton and Shapiro | 135] conducted another series of experi-
ments on a very small (hardly overlapping in an in-line geometry) junction. The
results then did agree with the Tien—Gordon theory as shown in Fig. 5.15.

Two more proofs in favour of the Tien—Gordon theory are the measurements
of Hamilton and Shapiro [135] at 200 Hz where V could be easily measured
and the microwave experiments of Longacre and Shapiro [137] conducted on
point contact (that is, very small) junctions.

1

s+ Experimental points
_ _ Jrﬁ(u)
Shapiro steps
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Fig. 5.15 Same as Fig. 5.14 for a very small junction. After Hamilton and Shapiro [135].
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Low-leakapge, thin-film planar tunnel junctions made of Y,Ba,Cu,0, _/native barrier/Pb
were fabricated. The Y ,Ba,Cu,0, | films were prepared by in situ molecular beam epitaxy
aided with an activated oxygen source. The as-grown, smooth superconducting perovskite film
sarface exhibits quasi-particie tunneling characteristics very similar to the etched bulk single-
crystal data. The results in agreement are a linear dependence of the normal-state conductance
on voltage, a gap-like structure at ~ 20 mV, asymmetric modulations up to 50 mV, and a finite
zero-bias conductance at low temperature. Junctions of lower resistance show, at temperatures
below T. of Pb, the development of a supercurrent at zero bias and associated hysteretic
subgap structure, with a typicai /.R ~0.5 mV. Josephson-like behavior occurred in response to
applied magnetic field and microwaves.



FIG. 1. Current-voltage characteristics for junctions (a}, (b), and {c) at
4.2 K. The x axis (voltage) scales are 2, 2, and 1 mV per large division (pld)
for (&), (b}, and (¢}, respectively. The paxis (current) scales are 100, 250,
apd 250 A pld for (a), (), and (¢}, respectively.
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FIG. 2. Dynamic resistance R{ ¥) vs ¥ as a function of temperature below
and above T, ofa Y Ba,Cu 0, | film. The zero of R(¥) at 4.2 K is on the
base line, and the zeros of other traces are displaced progressively by cne
division,



Josephson current

1. Single slit diffraction pattern under B field
2. Shapiro steps in AC microwaves

FEG. 3. Supercurrent and assoicated subgap structure at 1.5 K of a junction
af R( I mV) of 80}, The x axis scale is 0.5 mV pld for (a) and (b). The »
axisis (a) 10 pA pld and (b)) 2 A pld.




