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Abstract—Experimentally observed features of the electrical and noise characteristics of bicrystal junctions of
cuprate superconductors, such as linearity of the critical current density versus square root of the junction trans-
parency and increase in the spectral density of shot noise for small bias voltages (below the superconducting
gap), indicate that the superconducting current in cuprate bicrystal junctions is determined by the passage of
quasi-particles through a potential barrier at the superconductor boundaries. This process involves bound states
appearing as a result of multiple Andreev reflections in superconductors with dominant wavefunction compo-
nents of the  symmetry type. At the same time, interpretation of the experimental current–phase and cur-

rent–magnetic field curves requires that the character of faceting at the bicrystal junctions would be also taken
into account. © 2004 MAIK “Nauka/Interperiodica”.
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1. INTRODUCTION

Shortly after the discovery of the Josephson effect,
according to which Cooper pairs penetrate through a
thin insulator layer (potential barrier) between two
superconductors, it was pointed out [1] that the super-
conducting current IS is proportional to the probability
of electron tunneling, or the barrier transparency D,
averaged over directions of the carrier momentum:
IS ∝  D. Note that this behavior differs from that
expected for a two-particle process, in which case the
current would be proportional to D2. Thus, the super-
conducting current IS is on the same order of magnitude
as the normal (single-particle) current (IN ∝  D). In this
context, it was suggested [1] that the transport of Coo-
per pairs is a complex process proceeding via an “inter-
mediate” electron–hole state in which the pair are dis-
sociated so that the barrier transparency for such a pair
is the same as that for single charge carriers. It was the-
oretically established, first for the superconductor–nor-
mal metal–superconductor (SNS) junctions [2] and
somewhat later (in the 1990s) for the superconductor–
insulator–superconductor (SIS) junctions [3], that these
intermediate states are related to multiple Andreev
reflections in superconductors.

In the case of tunneling junctions with a small trans-
parency of the boundary, the midgap states (called the
Andreev bound states) have energies close to the super-
conducting gap width ∆. In SNS junctions (with
D ≈ 1 [2]), as well as in the tunneling junctions involv-
ing cuprate superconductors with dominating wave-
function components of the  symmetry type

(D-type superconductors), Andreev levels occur near
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the Fermi surface (low-energy levels) [4–6]. Since the
superconducting current is determined by the derivative
of the level energy with respect to the phase difference
ϕ of the wavefunctions of superconductors [7], the
behavior of superconducting currents in DID and SNS
junctions differ from that in SIS junctions. In particular,
SNS junctions are characterized by the critical current
Ic(T) linearly increasing in a broad temperature range,
whereas the temperature dependence of the critical cur-
rent in SIS junctions rapidly reaches saturation [8]. In
addition, the behavior of Ic(T) in DID junctions depends
on the orientation of D-type superconductors [5, 9, 10].

The influence of Andreev states on the phase and
temperature dependences of the critical current in bic-
rystal junctions of cuprate superconductors has been
experimentally studied in [11–14]. Alff et al. [12] also
observed peculiarities in the current–voltage character-
istics of such junctions that were caused by the pres-
ence of low-energy Andreev levels. Previously, we have
pointed out certain features in the properties of bicrys-
tal junctions, related to the low-energy Andreev levels
in bicrystal junctions of cuprate superconductors.
These peculiarities were manifested both in the electri-
cal characteristics of junctions [13, 14], and in the
appearance of excess shot noise at small voltages in
such contacts [15–18]. However, despite a large num-
ber of publications on the physical properties of con-
tacts involving metal oxide superconductors with high
critical temperatures (see, e.g., review [19] and refer-
ences therein), no systematic experimental investiga-
tions into the features of shot noise in such systems
have been performed so far. The 1/f type noise in a bic-
rystal junction was studied by Kawasaki et al. [20], but
004 MAIK “Nauka/Interperiodica”
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their data cannot be used to evaluate the effective trans-
ferred charge Q, which requires measurements of the
shot noise to be performed at much higher frequencies.
It should be noted that measurements of the spectral
density of shot noise and the dependence of Q on the
applied voltage provides additional information about
the mechanism of charge transfer in the junction.

This paper presents the results of experimental
investigations of the electrical and noise characteristics
of bicrystal junctions of cuprate superconductors and
considers the influence of low-energy Andreev bound
states on the current transport in such junctions.

2. ANDREEV STATES
IN SYMMETRIC SUPERCONDUCTING 

BICRYSTAL JUNCTIONS

It was theoretically established [2, 3] that, in the
course of multiple Andreev reflections at the bound-
aries of usual (S-type) superconductors, one electron is
reflected as a hole and the Cooper pair passes to a
superconductor. The Andreev bound states are local-
ized within a boundary layer at the interface, which has
a thickness on the order of the coherence length. The
energy of Andreev levels in the junctions between S-
type superconductors can be expressed as

(1)

where ∆ is the superconducting energy gap width.
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Fig. 1. The phase dependence of the energy of Andreev lev-
els in a tunneling junction between S-type superconductors
(solid curve) and the low-energy Andreev levels in a
DαID−α junction (dashed curve) with a transparency of D =
0.1. The inset shows a schematic diagram of the bicrystal
junction between two D-type superconductors with sym-
metric misorientation of the crystallographic axes relative
to the direction of incidence of electrons and holes.
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For junctions with a low transparency of the barrier
(D ! 1), the levels occur near the superconducting gap
(Fig. 1). Most properties of the SIS junctions can be
described both using the tunneling Hamiltonian model
and in terms of the Andreev bound states.

The superconducting order parameter in a D-type
superconductor changes sign when the momentum of a
quasi-particle rotates by 90° (see the inset to Fig. 1). As
a result, the phases of Andreev reflections in the junc-
tions between D-type superconductors may have oppo-
site signs for the incident and mirror-reflected quasi-
particles. The sequence of mirror and Andreev reflec-
tions in the (110) plane leads to the formation of bound
states with the energy EMGS at the Fermi level [4]. On
the current–voltage characteristics of junctions
between a normal metal and a D-type superconductor
(NID contacts), a peak in the density of states is mani-
fested by anomalous conductivity observed at low
applied voltage [21, 22].

The dependence of the energy of Andreev levels on
the phase difference in a junction is determined by the
angles of misorientation (αL(R)) of the crystallographic
axes of D-type superconductors and by the angle of
incidence (θ) of the quasi-particle. For mirror-symmet-
ric (αL = –αR = α) junctions (DαID–α), the energy EMGS
of Andreev states for the angle α = 45° and the energy
gap ∆R(L) = ∆0cos(2θ + 2αL(R)) (where ∆0 = ∆(α = 0)
depend on the phase as [5, 6]

(2)

In contrast to the case described by Eq. (1), Andreev
levels with the energies EMGS(ϕ) occur near the Fermi
level even for D ! 1, and their amplitudes do not

exceed ∆0 .
Figure 2 shows the maximum energy of the Andreev

bound states at ϕ = π as a function of the incidence
angle θ for various misorientation angles α in a sym-
metric junction with the typical transparency D = 10–2.
In the symmetric junction with α = 45°, the low-energy
Andreev states (EMGS) are observed for all incident
quasi-particles. As the misorientation angle decreases
(α < 45°), the angles θ for which the EMGS levels are
observed range within a 2α-wide interval relative to the
directions θ = ±π/4. In other directions, the states with
energies (ESC) close to the energy gap appear. For
α = 0, the situation is close to that in the SIS junction,
where the energies of Andreev states are described by
formula (1).

Since the superconducting current is determined by
the energies of Andreev states,

both contributions (1) and (2) should be taken into
account for 0 < α < 45° by adding the corresponding
current components [6, 7, 11]. It should be noted that

EMGS ∆R L( ) ϕ /2( ) D θ( ).sin±=

D π/4( )

IS dE/ ϕ ,d∝
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ANDREEV STATES AND SHOT NOISE IN BICRYSTAL JUNCTIONS 1225
the current is proportional to the first power of the trans-
parency D for the states described by formula (1), and
to the square root of D for the states described by for-
mula (2). The cone (angular range) of tunneling, which
determines the fraction of quasi-particles producing the
main contribution to the current, can be either wide
(D(θ) = D0cosθ, D0 = D(θ = 0), for δ-shaped barriers),
or rather narrow (D ∝  exp(–2θ) for thick barriers) [23].
In bicrystal junctions, the case of a thin barrier is more
likely to take place, since the barrier thickness for
superconducting current must not exceed the coherence
length ξ0.

3. METHODS OF PREPARATION 
AND CHARACTERIZATION

OF SUPERCONDUCTING JUNCTIONS

3.1. Sample Preparation 

The Josephson junctions were formed on ( )-

oriented Al2O3 bicrystal substrates with a misorienta-
tion angle of ±12° between the 〈 〉  crystallographic

axes. The epitaxial films of YBa2Cu3Ox (YBCO)
cuprate with a thickness of 100–200 nm were grown
at a substrate temperature of 750–770°C by means of
cathode sputtering in an oxygen atmosphere at a pres-
sure of 4 mbar. The cuprate films were deposited onto
a CeO2 buffer layer that was necessary to prevent the
diffusion of aluminum from the substrate to the YBCO
film at a high growth temperature. The 30-nm-thick
epitaxial CeO2 buffer layer was obtained by RF mag-
netron sputtering of a Ce target at 600–700°C in an
Ar–O2 gas mixture at a total pressure of 0.01 mbar.
The epilayers were grown for the following epitaxial
relations: (001)YBCO/(001)CeO2/( )Al2O3 and

〈110〉YBCO/〈001〉CeO2/〈 〉 Al2O3. Then, 5-µm-

long and 10-µm-wide bridges were formed in the
YBCO film by means of ion-plasma etching and liquid-
phase etching (0.5% Br2 solution in ethanol) via a pho-
toresist mask. In each sample, the bridges crossed the
boundary at various angles γ (within 0–54°) relative to
the normal to the interface. The deposition of CeO2 film
by sputtering a metallic Ce target, as well as the com-
bined (ion-plasma and liquid-phase) etching of YBCO
film, is an important original feature of the proposed
technology [13, 14].

3.2. Methods of Measurements 

The Josephson junctions obtained had the critical
current density within jc = 104–105 A/cm2 and the char-
acteristic voltage V0 = IcRN = 1–2 mV (RN is the junc-
tion resistance in the normal state) at T = 4.2 K. The
current–voltage characteristics of these junctions were
measures in a range of temperatures (4.2 K < T < 77 K),
magnetic fields (H ≤ 100 Oe), and under the action of a

1102

1120

1102

1120
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHY
monochromatic microwave radiation with the fre-
quency fe = 30–100 GHz. In order to reduce the influ-
ence of external electromagnetic fields, all measure-
ments were performed in a shielded room, with signal
filtration in all leads connected to the samples. The crit-
ical temperatures of the superconducting films, as
determined from the results of resistance measurements
at an ac current below 1 µA, fell within Tc = 87–89 K.

The barrier layer transparency D (averaged over the
momentum directions) was defined by the relation

(3)

where pF is the Fermi momentum in YBCO, ρ is the
resistivity of YBCO, l is the mean free path of electrons
in the ab plane, and S is the contact area. For ρl = 4 ×
10–9 Ω cm2 and the typical values of RNS = (1–3) ×
10−7 Ω cm2, we obtain D = (1–3) × 10–2 [20, 22].

Figure 3 shows a schematic diagram of our experi-
mental setup for the noise measurements. The measure-
ments were performed in the decimeter wavelength
range, where 1/f type noise is absent. The setup
employed low-noise high-electron mobility transistors
operating in the frequency range fa = 1–2 GHz, with an
intrinsic noise temperature of TN1 = 8 ± 2 K and a gain
of G1 = 20 dB at T = 4.2 K. The balance input circuit
ensured stable operation in a broad range of loads (10–
100 Ω) and reduced the temperature of a background
radiation reaching the sample via a coaxial cable. The
noise temperature of the measuring circuitry contained
contributions from the second amplification stage
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Fig. 2. Plots of the maximum energy of the Andreev bound
states at ϕ = π versus the quasi-particle incidence angle θ for
various misorientation angles α in a symmetric bicrystal
junction of D-type superconductors with a transparency of
D = 10–2.
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1226 BORISENKO et al.
(which occurred at room temperature and had an intrin-
sic noise temperature of TN2 = 130 K and a gain of G2 =
40 dB) and the coaxial cable (with a damping coeffi-
cient of α1 ≤ 0.2 dB) connecting the sample to the low-
noise amplifier. This amplifier was connected to the
second-stage amplifier occurring at T = 300 K via a
rigid coaxial cable in a stainless-steel braid. This cable
could be considered as consisting of two parts: the first,
with an effective temperature of TT1 ≈ 30 K and a damp-
ing factor of α2 ≤ 1.5 dB, and the second, with α3 ≤
0.5 dB at TT2 = 295 K (see Fig. 3). As a result, the total
noise temperature of the measuring system was

which was on the same order of magnitude as the back-
ground radiation temperature (Tb ≈ 10 K). Under condi-

T0 TN1≈

+
1
G
---- TT1 1 α2

1––( ) TT2 1 α3
1––( )

TN2

α1 α2+
------------------+ + 12 K,=

T = 4.2 KT > 4.2 K
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R = 12 Ω

I

R
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J

A
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α2 α3

G2
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Microwave

F

Fig. 3. Schematic diagram of the experimental setup for the
noise measurements: (J) sample; (I) dc current source;
(V) low-frequency voltage amplifier; (F) low-frequency fil-
ters; (SA) HP8563A spectrum analyzer; (G1, G2) first- and
second-stage amplifiers; (nV) analog nanovoltmeter; diode
symbol denotes a quadratic detector. Microwave signal is
transmitted via a waveguide with cooled 20-dB attenuator A
eliminating background irradiation of the sample.

Parameters of bicrystal junctions measured at liquid helium
temperature (T = 4.2 K)

Parameter
Sample

BC-9 BC-15 BC-16 BC-21

Misorientation 
angle α

33° 12° 12° 12°

Ic, µA 70 18 55 32

RN, Ω 16 90 40 60

RNS, Ω µm2 10 45 20 30

Qmax/e 10 – 16 15

VQ, µV 300
(H = 0)

– 30
(H = 65 Oe)

10
(H = 45 Oe)

∆V, mV (for Q ~ e) V > 4 25–70 20–60 5–20

 signal
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tions of good impedance matching between the sample
junction and the low-noise amplifier, the accuracy of
noise temperature determination was ±5 K. In order to
minimize the influence of the background radiation
reaching the sample via the rectangular waveguide, we
used a cooled microwave absorber ensuring a 20-dB
attenuation. The noise temperature of the measuring
system was calibrated by varying the temperature of
a 50-Ω-impedance matched load connected instead of
the sample.

The response signal voltage (proportional to the
noise power PN) was measured at the output of a qua-
dratic detector. Simultaneously, the amplitude–fre-
quency characteristic was measured at the amplifier
output. The absence of resonance features on this char-
acteristic in the course of noise measurements was evi-
dence of a good impedance matching between the sam-
ple junction and the measuring circuit. By varying the
inductance of the cable connecting the sample to the
amplifier, it was possible to ensure nonresonance
impedance matching in a broad range of normal resis-
tances of the sample junctions (RN = 15–90 Ω). How-
ever, exact quantitative determination of the spectral
density of current fluctuations SI(V) ∝  PN/Rd (Rd is the
differential resistance of the junction) and the corre-
sponding effective transferred charge Q(V) = SI(V)/2I
was possible only for the junctions with normal resis-
tances within a narrower interval, RN = 20–60 Ω . Data
on the maximum effective transferred charge Qmax, the
range of voltages ∆V where this charge was constant
and equal to the electron charge, and the electric param-
eters of several junctions are presented in the table.

4. RESULTS AND DISCUSSION

4.1. Electrical Properties
of Superconducting Bicrystal Junctions 

Figure 4 shows the typical current–voltage charac-
teristic of a bicrystal junction, which is well described
by a resistive model with two channels of charge trans-
fer, including the current of quasi-particles (V/RN) and
the superconducting current (IS(ϕ) = Icsinϕ). A small
level of the excess current (deviation from the Ohm
law) at voltages above 10 mV is evidence of the
absence of direct (nontunneling) conductivity. How-
ever, the temperature dependence of the critical current
(left inset to Fig. 4) is close to linear (to within the
experimental accuracy), in contrast to a theoretical
curve obtained for the tunneling junctions between
S-type superconductors [8] that exhibits saturation for
kT < ∆. The junctions with direct conductivity, in which
the low-energy Andreev states determine the supercon-
ducting current transport, usually exhibit an almost lin-
ear behavior of Ic(T) in a broad temperature interval.

According to Fig. 2, the states of both types
described by Eqs. (1) and (2) can be observed in the
tunneling DID junctions depending on the incidence
 AND THEORETICAL PHYSICS      Vol. 99      No. 6      2004



ANDREEV STATES AND SHOT NOISE IN BICRYSTAL JUNCTIONS 1227
angle of quasi-particles, and the superconducting cur-
rent consists of two parts [6, 11]:

The contribution due to Andreev states near the gap,
which is described by Eq. (1), rapidly increases with the
temperature (in proportion to ∆2(T) according to the
Ambegaokar–Baratoff law [8]) and exhibits saturation
at low temperatures:

The contribution due to states near the Fermi level
increases in proportion to 1/T with decreasing temper-

ature and (for kT ! ∆ ) saturates at

(with the minus sign). Therefore, there must exist a cer-
tain temperature T* at which the Ic(T) curve exhibits a
dip and the IS(ϕ) curve deviates from the sinusoidal law.
For a barrier with the transparency D = 10–2 and an
YBCO superconducting gap of ∆0 = 20 meV, the esti-
mation yields T* = 12 K. The typical experimental curve
of Ic(T) presented in the left inset to Fig. 4 exhibits no
such dip, which is probably related to faceting developed
at the interface during epitaxial growth [19, 22].
Il’ichev et al. [11] studied bicrystal junctions of small
thickness (comparable with the facet size) and observed
a dip in Ic(T) for a temperature at which the current ver-
sus phase curve deviates from the sinusoidal law.
A  nonmonotonic Ic(T) curve was also observed for
junctions of rather large thickness (on the order of sev-
eral microns), but only for asymmetric bicrystal junc-
tions [24].

At high temperatures (Tc – T ! Tc), where the influ-
ence of thermal fluctuations is large, the temperature
dependence of Ic is close to (Tc – T)1/2 [6, 25]. This tem-
perature interval features the most pronounced suppres-
sion of the D-type component of the order parameter
near the bicrystal junction [26].

According to Eqs. (1) and (2), the superconducting
current at T ! Tc depends on the transparency D in the

DID junctions (Ic ∝  ) not in the same manner as in
the SIS junctions (Ic ∝  D). This difference is related to
the fact that low-energy Andreev levels in the DID

junctions occur at the Fermi level (E ~ ∆ , see for-
mula (2)), whereas these levels in S-type superconduc-
tors occur near the gap (E ~ ∆, see formula (1)). The
behavior observed in our experiments seems more like

it obeys the root law: Ic ∝  1/  ∝   (see the right
inset to Fig. 4). Despite a rather large scatter of experi-

IS f( ) ISC ϕ( ) IMGS ϕ( ).+=

ISC D0∆0 2α( ) ϕ .sincos∝

D

IMGS ∆0 2α( )D0
ϕ
2
--- ϕ

2
---sin 

 sgncossin–∝

D

D

RNS D
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mental points (characteristic of the junctions involving
cuprate superconductors [19]), the best fit (minimum

deviation) of Ic(D) was observed for the Ic ∝   curve.
We believe that the observed dependence of the energy
of Andreev levels on the junction transparency is quite
stable to the action of various factors, including the
boundary faceting, which leads to the appearance of
both symmetric (DαID–α) and asymmetric (Dα ID0 junc-
tions). However, the DαID–α junctions according to for-
mula (2) at low temperatures have IS ∝  ∆0D0, whereas

the DαID0 junctions are characterized by IS ∝  ∆0  [5].

Therefore, the superconducting current for D0 < 1 is
determined by the regions with symmetric misorienta-
tion of the crystallographic axes.1 It is not excluded
that, in the case of suppression of the order parameter,
the D-type component may influence the behavior of
Ic(D) [26]. It should be noted that a dependence of the

Ic ∝   type was theoretically predicted for SIS con-
tacts with a thick potential barrier [28]. For such SIS
junctions, the difference of the spectrum of the Andreev
bound states from the spectrum according to Eq. (1)
leads to a different dependence of Ic on the barrier trans-
parency. However, realization of the mechanism
described in [28] requires low transparency of the
boundary (D ≤ 10–8) and weak influence of the depair-
ing factors on the density of states.

1 Inhomogeneity (roughness) of the bicrystal junction on a smaller
scale (on the order of the Fermi wavelength of quasi-particles
(λF ≈ 0.01 µm) breaks the coherence of Andreev reflections for
small incidence angles of quasi-particles (4πη(λ)cosθ > π, where
η is the characteristic size of the junction inhomogeneity in the
direction of current flow [27].)

D

D0
2

D

1.5

1.0

0.5

0

–0.5

–1.0

–1.5

–8 –4 0 4 8

I c
, µ

A

I, mA

V, mV

60

40

20

0 80
T, K

0

200

300

400

R
, Ω

20 40 60

40

30

20

10

0
0.3 0.5

(RNS)–1/2, Ω–1/2 µm–1

j c
, k

A
/c

m
2

Fig. 4. The typical current–voltage characteristic of a
bicrystal junction measured at T = 4.2 K. The left inset
shows the temperature dependence of the critical current Ic
and the resistance R; the right inset shows a plot of the crit-
ical current density versus characteristic normal resistance
(RNS) of the junction.
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1228 BORISENKO et al.
4.2. The Dependence of the Critical Current 
on the Magnetic Field 

Figure 5 presents the experimental dependence of
the critical current on the magnetic field, Ic(H), for one
of the bicrystal junctions studied. As can be seen, the
curve is significantly different from the Fraunhofer dif-
fraction pattern typical of junctions with a small char-
acteristic inhomogeneity size, w < λJ (in this case, w is
the width of bridges crossing the bicrystal junction),
where λJ is the Josephson penetration depth [8]. The
observed Ic(H) curve can be related to inhomogeneity
(roughness) of the junction related to faceting at the
interface: previously, such patterns were observed for
the misorientation angles greater than 10° (but smaller
than 45°) [29]. It was demonstrated [30] that the experi-
mental behavior presented in Fig. 5 could be well
described in terms of a system of parallel Josephson junc-
tions with a certain distribution of critical currents. Some
bicrystal junctions exhibited Ic(H) curves in which the
ratio of the critical current to local maximum was below
two and the subsequent Ic(H) peaks weakly decreased
with increasing magnetic field. It was shown [30] that the
junctions of this kind have to be considered with regard
to the presence of facets possessing the properties of
π-contacts [6, 25].

4.3. The Phase Dependence
of the Critical Current 

The phase dependence of the superconducting cur-
rent, IS(ϕ), in a Josephson junction is determined by the
character of conductivity between two superconductors
JOURNAL OF EXPERIMENTAL 
in contact with each other. At relatively high tempera-
tures (Tc – T ! Tc), the IS(ϕ) curve shape is very close
to sinusoidal for the junctions of any type: IS(ϕ) =
Icsinϕ. This dependence is retained in all low-transpar-
ency SIS junctions (D ! 1) at low temperatures (T !
Tc) [1, 5, 8], while in thick SNS junctions (L > hvF/kT)
this law holds for T < Tc. In order to reveal deviations of
the IS(ϕ) curve shape from sinusoidal, we have measured
the current–voltage characteristics of bicrystal junctions
exposed to a monochromatic microwave radiation
Asin(2πfet) in the millimeter range (fe = 40–100 GHz)
[14]. The experiments were performed for the junctions
featuring both symmetric (the bridge was perpendicular
to the interface) and asymmetric current flow (the
bridge was oriented at γ = 0–72° relative to the inter-
face). Previously, the appearance of the subharmonic
Shapiro steps in the junctions with nonsinusoidal IS(ϕ)
curve was used to study the phase dependence of the
critical current of thin tin bridges [31] and hybrid
Pb/Au/YBCO superconducting heterojunctions [32].

Figure 6 presents the dependences of the first (I1(A))
and subharmonic (I1/2(A)) Shapiro steps on the radia-
tion amplitude for the bicrystal junctions with γ = 0 and
54°. The inset to Fig. 6 shows theoretical curves calcu-
lated using a resistive model for fe > 2eIcRN/h. The cal-
culations were performed for the sinusoidal relation 

and for a system with small deviation from the sinu-

IS ϕ( ) Ic ϕsin=
0.06

0.04

0.02

0
–4 –2 0 2 4

Ic, mA

H, rel. units

Fig. 5. Experimental curve of the critical current versus magnetic field applied to a bicrystal junction.
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ANDREEV STATES AND SHOT NOISE IN BICRYSTAL JUNCTIONS 1229
soidal law:

As can be seen, the difference between the two theoret-
ical and experimental I1(A) curves is relatively small.
However, even a small deviation of the phase depen-
dence from sinusoidal leads to the appearance of
noticeable subharmonic Shapiro steps. The results of
experimental measurements of the amplitude of sub-
harmonic steps as a function of the bridge orientation
angle γ showed the absence of sin(2ϕ) components in
the angular interval γ = 0–36° (to within 5%). For the
angles γ > 40°, the contribution of sin(2ϕ) exhibits
monotonic growth.2 

The deviation of the phase dependence from sinuso-
idal for the bicrystal junctions with asymmetric bias
current is probably related to the current component
along the bicrystal interface, which changes the spec-
trum of low-energy Andreev states. The maximum

energy of Andreev states, ∆0  ≈ 2 meV, is compara-
ble to the value (ε = evFjSλ2 ≈ 5 meV) of the longitudi-
nal component of the superconducting current for jS =
103 A/cm2, vF = 5 × 104 cm/s, and λ = 0.1 µm (here, λ is
the London penetration depth).

4.4. Shot Noise in Bicrystal Junctions 

Indirect evidence for the existence of excess non-
thermal noise in the junctions involving cuprate super-
conductors has been obtained from data on the broaden-
ing of the line of intrinsic Josephson generation [33, 34]
and on the noise characteristics of SQUIDs and electro-
magnetic radiation detectors [35]. However, the 1/f type
fluctuations do not always explain the growth of noise
(in particular, for processes in the microwave frequency
range). From this standpoint, it was of interest to study
the appearance of shot noise—a factor determining
both broadening of the generation line and deteriora-
tion of the device characteristics.

The noise characteristics of junctions were studied
both in the autonomous regime (H = 0, A = 0) and in a
weak magnetic field (H < 100 Oe) sufficient to suppress
the critical current in the junction. Figure 7 shows the
current–voltage characteristic and the noise power as a
function of the bias voltage, PN(V)), in the autonomous
regime.3 In the region of large voltages (V > 30 mV),

2 For a high-frequency external action (fe > 2eIcRN/h), the ratio of
the maximum amplitude of the subharmonic step to the critical
current within the framework of the resistive model is equal to the
ratio of the second and first harmonics in the phase dependence of
the critical current.

3 The noise power is expressed in the temperature units due to the
special features of calibration of the experimental setup described
in Section 3.2.)

IS ϕ( ) 1 δ–( )Ic ϕ δIc 2ϕ( ), δsin+sin 0.2.= =

D0
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the experimental PN(V) curve coincides with the classi-
cal dependence of the shot noise temperature,

,

where Rd is the differential resistance of the junction.

TSH V( ) e/2k( )I V( )Rd=

12
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ϕ

Fig. 6. Plots of (a) the first and (b) the subharmonic Shapiro
steps versus microwave radiation amplitude (fe = 100 GHz,
T = 4.2 K). Curves show the dependences calculated using
the resistive model for IS(ϕ) = Icsinϕ (dashed) and IS(ϕ) =
(1 – δ)Icsinϕ + δIcsin2ϕ (δ = 0.2) (solid); symbols present
the experimental data for two orientations of bridges. The
inset shows the corresponding IS(ϕ) curves.
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Fig. 7. Symmetric bicrystal junction: (1) current–voltage
characteristic at T = 4.2 K; (2) noise power PN(V) expressed
in kelvins; (3) theoretical shot noise temperature TSH(V) =
(e/2k)I(V)Rd. The inset shows the normalized effective
charge Q(V) = SI(V)/2I.
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Fig. 8. (a) Spectral density of the noise current SI(V) at T = 4.2 K for a bicrystal junction with RN = 18 Ω (squares represent experimental
data; the thick solid curve shows the results of theoretical calculation for a DID junction with D = 0.01 and e∆0 = 5 mV [18]); (b) nor-
malized effective charge Q(V) = SI(V)/2I (squares present experimental data; thick solid curve shows the results of theoretical cal-
culation).
Calculations of Q(V) were performed for the spectral
density of noise SI = 2eI at eV > kT, hf (this condition
was satisfied in the experiment for V > 0.7 mV at T =
4.2 K and the amplifier operating at fa = 1–2 GHz). Pre-
viously, an analogous dependence (similar to the curve
in Fig. 7) of the spectral density of noise in a supercon-
ducting junction was observed for SIS contacts [36–39]
in the region of voltages above ∆/e.

As can be seen from Fig. 7, the junction noise tem-
perature TN exceeds the shot noise temperature TSH(V)
in a broad range of lower voltages (0 < V < 30 mV). In
the region of small voltages (V < 2 mV) the TN(V)
curve exhibits peaks caused by the appearance of the
intrinsic Josephson radiation at the amplifier input. At
small voltages, a sharp increase in the value of Rd(V)
(this dependence is not depicted in Fig. 7) affects
impedance matching between the sample and ampli-
fier. For this reason, below we will consider only the
spectral density of shot noise SI(V) ∝  4kTN/Rd and the
effective charge Q(V) = SI(V)/2I, since these quantities
are independent of Rd . Taking into account variation of
the Rd(V) value, we observe an almost linear increase
in SI(V) at V > 4 mV and a distinct peak at V < 2 mV.
The inset to Fig. 7 shows the effective charge variation
in the same junction, which reveals the growth in Q(V)
that is characteristic of the superconductor structures
featuring multiple Andreev reflections [15–18]. The
ratio Qmax/e exceeded ten (see table).

Figure 8 shows SI(V) and Q(V) curves measured in
the presence of an external constant magnetic field
decreasing Ic and Rd of the junction. At a large bias volt-
age (V > 10 mV), the SI(V) curves observed in the mag-
netic field (Fig. 8a) and at H = 0 (Fig. 7) coincide,
JOURNAL OF EXPERIMENTAL
which allows us to use the noise density calibration per-
formed for SI(V) in the autonomous regime.4 As can be
seen, the Rd variations at small bias voltages do not
influence the shape of the curve of transferred charge
versus voltage (Fig. 8b). The bias voltage in Fig. 8 is
normalized to V = ∆0/e = 5 mV and the experimental
values of SI and Q are expressed in relative units. Solid
curves show the results of theoretical calculations for a
mirror-symmetric junction D45ID–45 with D = 0.1 at a
fixed value of the inelastic scattering parameter
(0.003∆). As can be seen, the experimental data fit to
the theory well taking into account multiple Andreev
reflections in the junctions involving D-type supercon-
ductors [18]. However, the values of the transparency
and gap evaluated for the D-type superconductor using
this comparison to the theory differ from the values
determined using electrical measurements. It should be
also noted that we did not observe subharmonic gap
features on the current–voltage characteristic predicted
in [18], which is probably related to the low transpar-
ency of the junction.

At the same time, the values of VQ for which Q(V) =
Qmax in the magnetic field proved to be much lower than
in the autonomous regime. The measurements for the
autonomous transitions could be performed only for the
junctions with low values of the normal resistance
(RN < 20 Ω), which were poorly impedance-matched to
the measuring amplifier. As a result, the error in these
measurements exhibited a severalfold increase. For such

4 The range of voltages for which the shot noise obeys the classical
relation Q = e changed from one sample to another. The upper
boundary of this range is probably related to the potential barrier
height (see table).
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junctions, comparison of theory and experiment [18]
was performed using normalized dependences.

The fact that the intensity of noise caused by multi-
ple Andreev reflections exceeds the level of thermal
fluctuations explains the experimentally observed
broadening of the Josephson generation line in the
junctions of cuprate superconductors [33–35]. This
result should be taken into account in applications
based on the Josephson effect. Note also that, in the
region of high bias voltages, the Nyquist noise in the
junction is much lower than the shot noise.

5. CONCLUSIONS

The results of our experimental study of the critical
current as a function of the temperature, transparency,
and phase difference between superconducting elec-
trodes, as well as the measured current–voltage charac-
teristics showed that the most probable mechanism of
superconducting current transport in bicrystal junctions
of cuprate superconductors is electron tunneling
through the barrier with participation of the bound
states formed at the superconductor-insulator interface
as a result of multiple Andreev reflections. However,
the shapes of the experimental current–phase and cur-
rent–magnetic field curves cannot be described within
the framework of a homogeneous junction model, with-
out taking into account the roughness caused by face-
ting at the interface in the course of epitaxial layer
growth. At present, there is no consistent theory ade-
quately describing the experimental situation. In the
region of relatively large bias voltages (V > 5 mV), the
junction noise level exceeds the level of thermal fluctu-
ations, in agreement with the voltage dependence of the
shot noise in the junction (analogous to that observed
for the junctions of S-type superconductors). In the
region of small voltages, a noise peak is observed that
is characteristic of superconducting junctions featuring
multiple Andreev reflections.
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