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Abstract. A brief review of the galvanomagnetic properties of
highly anisotropic cuprate superconductors is presented, with
an emphasis on the internal Josephson effect, which naturally
exists in multilayer HTSC crystals. The transport of charge
carriers perpendicular to the layers in such materials occurs by
successive tunneling of quasiparticles (or Cooper pairs) between
highly conducting (or superconducting) CuQO, layers through
intermediate buffer layers. Currently available results on the
nonmetallic conductivity along the c-axis in the normal state are
analyzed, as are data on the distinctive branched current-vol-
tage characteristics in the superconducting state, which are
clear experimental manifestations of tunneling effects in
layered cuprate superconductors.

Keywords: layered superconductors, tunneling effects, cur-
rent-voltage characteristic, internal Josephson effect

1. Introduction

Oxide superconductors are layered compounds with building
blocks, consisting of conducting layers of CuO, and sepa-
rated by buffer layers that serve as charge reservoirs (see
monographs [1-4] for a detailed description).

Strongly anisotropic high-temperature superconductors
(HTSCs) can be considered a ‘pack’ of CuO, superconducting
layers, coupled by Josephson interactions [5-8]. New proper-
ties of these materials compared to single Josephson junctions
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are due to their multilayer structure and the atomic thickness
of superconducting layers.

In the case of weak anisotropy, a description in terms of
continuous anisotropic Ginsburg-Landau or London theory
is applicable. On the other hand, at strong anisotropy, the
discreteness of the structure becomes relevant, and a descrip-
tion in terms of a set of weakly coupled superconducting
layers, which is provided by a discrete model proposed by
Lawrence and Doniach, is applicable [5].

The general Lawrence—Doniach model is a basis for
discussing the physics of multilayer systems: from weakly
anisotropic three-dimensional ones to strongly anisotropic
layered and even two-dimensional superconductors (see, e.g.,
[1, 6-8]). The criterion of transition from a continuously
anisotropic to discrete-layered description is the smallness of
the coherence length &, along the c-axis with respect to the
separation d between the layers.

Generally, the continuous anisotropic description is
applicable to YBa,Cu;0,_, (YBCO) [9] in a wide tempera-
ture range, whereas the layered compounds of Bi and TI
belong to the class of materials with &.(7=0) < d and,
therefore, the Lawrence—Doniach model is applicable to
them. The most anisotropic high-temperature superconduc-
tors are multilayered systems, in which the superconducting
CuO; layers are separated by barrier layers. Examples are
Bile’QCaCUQOg (BSCCO) or leB&zCﬁzCU30]0 (TBCCO)
systems.

The commonly accepted criterion of a transition from a
continuous anisotropic to discrete layered description is the
smallness of the coherence length along the c-axis, &, relative
to the interlayer separation d, expressed by the dimensionless
ratio 7, = 2¢2(0)/d? [8].

The ratio 7. characterizes the transition from quasi-two-
dimensional layered to continuous three-dimensional aniso-
tropic behavior:

e for large coherence length £.(0), i.e., for 7. > 1, the
continuous description is always relevant;

e on the other hand, for small . < 1 at a temperature of
Tee = (1 —1.)Te < T¢, a crossover will take place, at which
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the system behaves in a quasi-two-dimensional way at low
temperatures, 7 < T, and demonstrates three-dimensional
anisotropic behavior at T > T,,.

The transport between the layers occurs through sequen-
tial tunneling of charge carriers and, therefore, the appro-
priate multilayer structures can be considered a set of intrinsic
Josephson tunnel junctions. The main focus in this article will
be on tunneling effects both in normal (tunneling of
quasiparticles) and in superconducting (tunneling of Cooper
pairs) states of a HTSC system.

2. Tunneling of quasiparticles in normal phase
of a layered superconductor

2.1 Nonmetallic behavior of conductivity along c-axis:
dependences p.(T) (experiment)

The issues of charge transport in various crystallographic
directions (in the ab plane and in the direction of the crystal
c-axis) in cuprates as well as the problem of superconduction in
multilayer anisotropic systems are undoubtedly of great interest.
Early work in this area was already devoted to the study of the
anisotropy of the transport properties of layered cuprate systems
in the normal state. The studies were carried out with various
materials: YBCO [9-12], La,_,Sr,CuO4 (LSCO) [13-15], and
Bizsrz_XCaXCuzOg (BSCCO) [16]

The specific resistance in various directions differs not
only by magnitude but also by the character of temperature
dependence. Metallic behavior in the conducting planes and
nonmetallic behavior in the ¢ direction have been attracting
the attention of theorists for a long time [17-19].

The combination of a nonmetallic type of temperature
dependence of resistance along the c-axis, dp.(7)/dT <0,
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Figure 2. Temperature dependences of specific resistance along c-axis for
Nd,_,Ce,CuO,/SrTiO; (110) films with various contents of Ce in relative
units [22].

with the metallic conductivity in the ab-plane,
dp,,(T)/dT > 0, in the presence of strong anisotropy of
conducting properties, p./p, > 1, has been multiply
observed in underdoped and optimally doped HTSCs [20].
This is a manifestation of the quasi-two-dimensionality of
oxide systems consisting of high-mobility CuO, layers
separated by buffer layers. Examples of nonmetallic tempera-
ture dependence of the resistance p, are shown in Fig. 1 for
hole-doped cuprates YBCO [21] and BSCCO [22], for the
magnetic superconductor RuSr,GdCu,0g (RSGCO) [22],
and for the iron-based HTSC (V,SrsO¢)FesAsy
((VSrO)FeAs) [23], as well as in Fig. 2 for the electron-
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Figure 1. Temperature dependence of resistance along c-axis: (a) for two oxygen-depleted YBa,Cu30;_s mesa structures. Critical temperatures 7, and
anisotropy coefficients y [21] are indicated; (b) for Bi,Sr,CaCu,Oyg, s single crystal annealed in argon, 7, = 86 K [24]; (c) for RuSr,GdCu, Oy single
crystal. Inset presents a schematic diagram of contacts with the samples [25]; (d) for slightly underdoped samples of (V2SrsOg)FesAs,, T, = 19 K.
Growth of resistance when decreasing temperature indicates isolating character of VSr,O; blocks between superconducting layers of FeAs [23].
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doped cuprate Nd,_,Ce,CuO,4 (NCCO) with various content
of the doping impurity (x) studied by us [22].

2.2 Model of incoherent tunneling of charge carriers

The nonmetallic behavior of p.(7) and the large anisotropy
of resistance are associated with incoherent tunneling of
charge carriers in the ¢ direction [26, 27]. The incoherent
transfer between CuO, planes occurs when the probability of
carrier scattering in the plane, 1/, is much greater than the
transfer integral 7.(= 1/7esc) between the planes: tese/7 > 1.
Here, 7 is the relaxation time of charge carriers in the plane
and 7. is the time of escape from the given plane to a
neighboring one. If an electron undergoes many collisions
before moving to another plane, then the sequential processes
of interplane tunneling are not correlated.

From the expressions for the diffusion coefficient along
(D)) and across (D, ) the planes, D), =[?/2tand D| =d? /e,
where /s the free path length in the ab-plane and d = 6 A is
the separation between the neighboring CuO, layers, it is
possible to evaluate the ratio of characteristic times:

e (4)' 2 (4) 2 "
t  \[//) D, 1) pw’

For a quantitative description of the dependence p,.(T'),
the model of a natural superlattice is used, in which the CuO,
layers are quantum wells and the buffer layers are barriers
with height A [28-31]. Figure 3 schematically presents
structures of BSCCO (with two CuO; layers in a unit cell)

and NCCO (with one CuO, layer per unit cell) crystals.
In this model, the tunneling matrix element has the form

ta—exp<dg/2’;;‘>. (2)

The higher the temperature, the more essential the role of
the contribution to conductivity related to the thermal
activation of carriers through the barrier. Therefore, to
describe the nonmetallic behavior of p.(T) quantitatively, it
is necessary to consider both the interlayer tunneling along
the c-axis and the thermal activation of carriers over the
barriers. Giura et al. [29, 30] presented a phenomenological
model for electric charge transport along the c-axis based on
the existence of two energy barriers in double-layer cuprates
Bi,Sr,CaCu, 04 5 (BSCCO) (Fig. 3a).

In Refs [29, 30], it is assumed that two complementary
processes determine the conductivity along the c-axis,
namely, the incoherent tunneling, ¢/"" ~ 2, and the thermal
activation through the barriers, ¢"(T) ~ exp (=4/kT). In
Ref. [22], we applied this model to describe the temperature
dependence of the conductivity ¢.(= 1/p,) in single-crystal

NCCO films with one layer of CuO, per unit cell, i.e., for the
case of barriers of one type only (Fig. 3b).

Within the framework of the proposed model, by fitting
the parameters 4, it turns out to be possible to describe the
dependence ¢.(7') both for BSCCO crystals [29, 30] and for
NCCO films with various contents of cerium [22] at
T > (50—100) K. However, at lower temperatures, this
model is not sufficient.

In Ref. [22], experimental results are presented on the
nonmetallic temperature dependence of the resistance along
the c-axis, p.(T), for epitaxial films of electron-doped
Nd,_,Ce,CuO,4 superconductor grown on (110) SrTiO;
single-crystal substrate within a wide range of cerium content
in an optimal annealing regime.

An analysis of the temperature dependence p.(7") for a set
of Ndy_,Ce,CuO4/SrTiOs samples with x =0.12 —0.17
leads to the empirical expression

muv:%+pmm(—§3>, 3)

where p, p;, and the characteristic energy scale I are fitting
parameters.

Figure 4 shows the dependences p,(7") for NCCO single-
crystal films with x = 0.145 and 0.15 from Ref. [22], as well as
the corresponding fit of these dependences using Eqn (3). It
can be seen that Eqn (3) describes with remarkable accuracy
the experimental data within the range from T =T, to
T = 300 K. The obtained values of parameters p, p;, and I
are presented in the figures.

One of the consequences of Eqn (3) is that, at 7 — 0 (in the
absence of superconductivity), the resistance along the c-axis
would tend to a finite value p.(T — 0) — p, + p, = const
(Fig. 4). Physically, this can mean the decisive role of
subbarrier tunneling in the charge transport along the c-axis,
especially at low temperatures.

Figure 5 presents examples of applying empirical relation
(3) obtained by us to describe the experimental dependences
p.(T) for other HTSC compounds: two samples of YBaCuO,
BiSrCaCuO single crystal, as well as (VSrO)FeAs pnictide
(the initial data for these samples are presented above in
Fig. 1). In some cases, the dependence of the form

b

pelT) =a+7, ©)
with the coefficients @ and b as fitting parameters, is presented
for comparison.

In 1988, Anderson and Zou [17] derived the dependence
Ap (T) ~ 1/T for a nontraditional transport mechanism in
cuprates, determined by the charge carrier localization in
CuO; planes (layers) with strong restriction (confinement) of
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Figure 3. Schematic of well and barrier geometries in natural superlattice model (a) for BSCCO crystal [29] and (b) for NCCO crystal [22].
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Figure 4. Temperature dependences of specific resistance along c-axis for (a) optimally (x = 0.150) and (b) almost optimally (x = 0.145) doped
Nd,_Ce,CuO4/SrTiO; (110) films with an approximation of experimental dependences using expression (3) (red curves).
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Figure 5. Approximation of experimental dependences p,(7") using expressions (3) (red curves) and (4) (blue curves) for YBaCuO (a), (VSrO)FeAs (b),

and BiSrCaCuO (inset in Fig. b).

their motion in the c¢-direction. A dependence of such a form
allows a qualitative description of experimental data on
p.(T) for a wide range of HTSC compounds (see, e.g., Ito et
al. [20]).

From Fig. 5, it is seen that Eqn (3) adequately describes
experimental data for all presented samples in a wide range of
temperatures from 7 = T, to T = 300 K (except 7> 150 K
for pnictide).

On the other hand, the Anderson law (4) generally
provides a good description of experimental dependences,
except the region of low temperatures 7' < (100—150) K. In
this temperature region, which is of critical importance for
understanding the nature of charge transport along the c-axis
in layered HTSCs, expression (3) has an undoubted advan-
tage in accuracy in describing the presented data, although
there is still no theoretical explanation for such a dependence.

3. Intrinsic Josephson effect
(tunneling of Cooper pairs)

Most HTSC theoretical models assume the properties of
layered cuprates with a high critical temperature in both the
normal and superconducting state to be determined by the

properties of CuQ; layers, whereas other structure compo-
nents in a unit cell act as reservoirs of charge. The importance
of the interlayer coupling mechanism (in the c-axis direction)
was particularly emphasized even at the early stage of cuprate
HTSC studies, when a model of interlayer tunneling was
developed by Anderson [32]. In this model, the tunneling
processes along the c-axis are considered in both the super-
conducting (tunneling of Cooper pairs) and normal state
(single-particle tunneling) of a layered superconductor.

Due to the layered structure and, therefore, strong
anisotropy, a crystal of high temperature cuprate in the
superconducting state can be considered a stack of tunnel
Josephson junctions. These junctions are called intrinsic
Josephson junctions (1JJs) [33, 34]. The intrinsic Josephson
effect as the tunneling of Cooper pairs between neighboring
CuO; planes in a strongly anisotropic layered HTSC is an
integral part of many theories on the issue (see, €.g., reviews
[33, 34] and numerous references therein).

The fact that intrinsic tunneling of Cooper pairs really
takes place has been experimentally confirmed for many
cuprate systems: for Bi,Sr,CaCu,Og (BSCCO) [33-37],
Biy(Sry_ La,)CuO¢ (BSLCO) [38], TI,Bay;Ca,;Cus0qy
(TBCCO) [24], La,_Sr,CuO4 (LSCO) [38], and electron-
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doped cuprates Pr, Ce,CuO, (PCCO) [39] and
Sm,_Ce,CuOy4 (SCCO) [40], as well as the magnetic super-
conductor RuSr,GdCu,0g (RSGCO) [25].

In these experiments, both DC and AC Josephson effects
were observed. If the supercurrents along the c-axis are
limited by the Josephson effect, one should consider experi-
mentally a series of tunneling processes (semiconductor—
isolator—semiconductor (SIS)) or closeness effects (super-
conductor-normal metal-superconductor (SNS)) in Joseph-
son junctions.

The studies of current-voltage (I—1") characteristics for
the current along the c-axis, including the analysis of
temperature dependence of the critical current /.(7"), have
clearly shown that all materials behave like a set of Josephson
junctions: superconductor—dielectric—superconductor [21, 24,
25, 35, 38-41]. These experimental data are of primary
importance, since they impose limitations on the possible
theories of high-temperature superconductivity [33].

3.1 Resistive model of Josephson junctions

In 1962, Josephson [42] made a remarkable prediction that a
nondamping (dissipation-free) superconduction current
(supercurrent) can flow through a tunnel junction between
two superconductors (a contact of superconductors through a
thin isolating interlayer, SIS junction) in the absence of
external applied voltage:

Iy =I.sinAg; (5)

here, I. is the critical current (the maximum value of
supercurrent that can be supported by a Josephson junc-
tion), and A¢ is the phase difference of the order parameter
(the Ginsburg-Landau wave function) at two banks of the
junction (with the resistance R):

nA(z)
= 6
¢ 4eT.R’ ()
where A4, is the superconducting gap, and T is the critical
temperature.

This is the first Josephson effect, the DC one. The term
Josephson effect at present is used for a set of phenomena that
take place in junctions of two superconductors through weak
coupling (see, e.g., the review by Likharev [43], as well as
books by Tinkham [3] or Schmidt [44]).

The typical cases of superconducting (S) structures with
weak coupling are the tunneling SIS structure with the
insulator (I) interlayer proposed by Josephson [42], the SNS
structure with a thin interlayer of normal (N) metal (with
weak superconductivity due to the closeness effect), or the ScS
junction, where ‘¢’ denotes the region of short constriction in
a bulk superconducting material (e.g., a film), etc.

Josephson effect in a tunnel SIS junction. Consider the
simplest (and historically the first) type of Josephson
junction — two superconductors separated by a thin layer of
dielectric. Such a junction is referred to as tunnel or SIS
junction. For electrons, the dielectric layer is a potential
barrier, and, if the layer is thin enough, there is a finite
probability of their penetration through it by quantum
tunneling. Even if the transmission coefficient of the barrier
is small, its difference from zero is of fundamental impor-
tance, because phase matching of wave functions occurs
(phase coherence is established) between two superconduc-
tors, both superconductors becoming a united system
described by one condensate wavefunction.

/1,

V/I.R

Figure 6. (a) Resistive model of a Josephson junction connected in a circuit
with current supply. Josephson junction is indicated by an ‘x’. Total
current 7 consists of superconducting current /5 = I.sin ¢ and normal
dissipative current 7, [45]. (b) Current-voltage characteristic of a Joseph-
son junction. Voltage across junction occurs when 7 > . [46].

This circumstance it what gives rise to the Josephson
effect: the unity of the condensate wavefunction means that a
superconduction current can flow through the junction
between two superconductors even in the absence of external
applied voltage.

From the time of its discovery [42], the Josephson effect
has been one of the most remarkable manifestations of
quantum coherence on a macroscopic scale, with a variety
of technological applications [45].

Experimentally, a situation is often studied when the
junction is in the mode of a given current, while the voltage
on it is determined by the properties of the system. Until the
given current 7is less than the critical current I, all the current
is superconducting, I = I;. If I > I, then, in addition to the
supercurrent, a normal current component 7, arises, subject
to dissipation, and, therefore, some voltage V" appears on the
junction.

In this case, it is important that the voltage J arising on the
junction periodically depends on time with frequency w =
(2¢/h)Ry/I? — IZ, where R is the junction resistance in the
normal state. Consequently, the Josephson junction begins to
radiate electromagnetic waves; this phenomenon is called
Josephson generation (the second, AC, Josephson effect).

The AC Josephson effect can be considered within the
framework of the so-called resistive model (see, e.g., [44] and
[46]): the Josephson junction is presented as a parallel
connection of an ideal (nondissipative) Josephson junction
and a resistor R (Fig. 6a). Then, the total current / through the
system is a sum of the supercurrent /g, determined by Eqn (95),
and the normal current 7, = V/R. A DC voltmeter connected
to the junction will show the mean (time-averaged) voltage V/,
and the appropriate current-voltage characteristic will have
the form

V=RI>—1I2, (7)

shown in Fig. 6b.

If the current 7 only slightly exceeds /., then the current
mainly flows as a supercurrent through the Josephson
element in the equivalent circuit in Fig. 6a, whereas the
normal current [ is small. On the contrary, at 7 > I, almost
all the current flows through the resistor (I ~ I,), and the
current-voltage characteristic at this segment goes to the
linear characteristic of the junction in the normal state.
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Experimental studies of the effects of tunneling charge
carriers along the c-axis in strongly anisotropic HTSCs have
clearly shown that all materials behave like a set of Josephson
superconductor—isolator—superconductor  junctions (see
references above). The adjacent superconducting layers in a
high-temperature superconductor are weakly coupled by the
Josephson effect, because of which single crystals, in fact, act
as vertical stacks of hundreds of Josephson junctions.

The current-voltage characteristics (CVCs) for the current
flowing in the direction of the c-axis demonstrate a series of
sequential Josephson junctions: they have many resistive
branches and clearly expressed hysteresis. Typical CVCs
for some layered HTSC systems will be demonstrated in
Section 3.2. The current-voltage characteristics of the set of
Josephson tunnel junctions consist of several branches, each
of them corresponding to one, two, three, etc. individual
junctions, transiting to the quasiparticle (normal) state, as the
current 7 exceeds the corresponding critical current /.

The conditions under which multiple resistive branches
are observed in CVCs are related to both the independent
dynamic behavior of each junction and the presence of
hysteresis. The dynamic behavior of layered structures with
Josephson coupling is thoroughly analyzed, e.g., in Refs [47]
and [36] based on the model with a manifold of sequential
Josephson junctions.

As in the common model of a Josephson junction at
I > I, the authors of Ref. [47] and [36] determine the total
current in the direction of the c-axis as a sum of Josephson,
resistance, and capacitance currents between the layers of the
structure. Indeed, in the general case, it is necessary to
consider the resistive model of a Josephson junction consider-
ing the presence of capacitance effects in the system.

Resistive mode with capacitance. When constructing an
equivalent circuit of a Josephson junction, presented in
Fig. 6a, one more factor was not considered: the construction
of the Josephson junction itself, in which two banks separated
by an interlayer of dielectric resemble a capacitor and,
therefore, the system must possess capacitance. Thus, the
equivalent circuit in the framework of the resistive model is to
be completed with a capacitor C connected in parallel. The
generalized equivalent circuit of an individual Josephson
junction for this case [44, 46] is shown in Fig. 7a.

Although no direct current through a capacitor is
possible, an alternating displacement current Iy = CdV/dz
related to recharging the capacitor plates can flow through it.
Analyses (see, e.g., [44, 46] for more details) show that the
presence of capacitance in a Josephson junction leads to
hysteresis in its current-voltage characteristic: the depen-
dence (V) is different for the cases of increasing and
decreasing I.

The hysteresis behavior of the current-voltage character-
istic of a Josephson junction is shown in Fig. 7b. Quantita-
tively, the return current (‘capture current’ /) and the
irreversibility of properties are determined by the magnitude
of McCumber parameter [48]:

B= (%)ICCRZ. (8)

When f§ < 1, the capacitance term can be ignored, while
the current-voltage characteristic is reversible and has a form
like the one in Fig. 6b. With growing f, the hysteresis arises
with the return current 7;, which decreases with the growth of
f; in the limit f — oo, we have I, — 0, meaning that in this

=
ol I
[}
53)
&)

V/I.R

Figure 7. (a) Resistive model of a Josephson junction connected in a circuit
to a current source, generalized to the case of capacitance. Total current /
consists of superconducting current Iy = I sin ¢, normal dissipative
current 7, and displacement current through capacitor 7y. Josephson
contact is indicated by an *x’ [46]. (b) Current-voltage characteristic of a
Josephson junction with capacitance f = 5. As current increases, voltage
disappears at a capture current /; that is less than [, i.e., hysteresis occurs
[46].

limit the return part of the current-voltage characteristic
becomes linear (see Appendix).

3.2 Current-voltage characteristics

of intrinsic Josephson junctions (experiment)

Multiple experiments on the intrinsic Josephson effect have
been carried out to date. In this section, we will discuss some
results obtained for stacks of intrinsic Josephson junctions in
layered cuprate HTSCs. Attention will be focused on the
processes of quasiparticle tunneling in both the supercon-
ducting and normal state.

The intrinsic Josephson effect caused by the tunneling of
charge carriers in both superconducting and normal states of
cuprate multilayer HTSCs has been intensely studied during
recent decades. The distinctive feature of current-voltage
characteristics for the current directed along the c-axis with
a high (to a few hundred) number of hysteresis resistive
branches most clearly manifests itself in the maximally
anisotropic Bi and TI systems [24, 35] (see also reviews [33,
34] and references therein).

Figure 8 presents the data from the paper by Heim et al.
[34] on the intrinsic Josephson effect in the Bi,Sr,CaCu,Og
system. Properly prepared mesa structures on BSCCO single
crystals act like stacks of intrinsic Josephson tunnel junctions.

The mesa structure presented in Fig. 8 contains N =5
Josephson junctions; beyond the critical currents of these
junctions, the CVC has 5 branches in the resistive state,
differing by the resistive junction number (see the inset).

Yu et al. [37] developed a two-sided method of manufac-
turing a stack of intrinsic Josephson junctions, built in the
volume of very thin (d < 100 nm) Bi,Sr,CaCu,Og,, single
crystals. The authors combine this method with high-
accuracy control of etching to create structures with a not
large (N = 0 — 6) number of intrinsic Josephson junctions,
including the important case of a single junction. Figure 3 of
Ref. [37] presents the CVCs of such structures with a
sequentially increasing number of intrinsic Josephson junc-
tions. In addition to the possibility of tunnel spectroscopy of
the superconducting gap, this technique is also important for
possible applications such as SQUID and high-frequency
mixers.
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Figure 8. Current-voltage characteristic at 4.2 K of a 1 x 1-um?> BSCCO
mesa structure containing 5 junctions. Inset shows same CVC on an
enlarged scale [34].

As most experiments were devoted to the study of
Bi,Sr,CaCu,0g (BSCCO) systems, it was of particular
importance to study a compound other than BSCCO to
imagine the general picture.

The authors of Ref. [49] were the first to present intrinsic
tunneling spectra of the Bi,Sr; La,CuOg¢,.s5 (BSLCO)
system doped with La with a single CuO,; layer. Despite a
3-fold difference between the optimal critical temperatures of
superconductivity for BSLCO and BSCCO (32 K and 95 K,
respectively) and, therefore, different spectral energy scales,
the authors discovered a vividly expressed picture of tunnel
spectra for a stack of intrinsic Josephson junctions.

Figure 9 shows current-voltage characteristics for an
optimally doped BSLCO mesa structure with 7, =~ 32 K. At
sufficiently small currents, there are N = 18 hysteresis
branches, each of them corresponding to a sequential switch-
ing of more and more intrinsic tunnel junctions from the
superconducting to the normal state.

When the bias current becomes greater than the super-
conductivity critical current I, of the last (‘strongest’)
junction in the mesa structure, the CVC becomes single-
valued. This single-valued curve corresponds to a sum of
voltages at all N junctions.

In many papers, the importance of the McCumber
parameter f [48] for the experimental manifestation of series
of individual Josephson junctions in CVCs of multilayer
superconductors is emphasized. Since the McCumber para-
meter reflects the capacitance of the Josephson junction, a
large value of ff is likely to promote individual switching of the
Josephson junctions when, upon applying voltage, charge is
dynamically induced in thin superconducting layers (see
Appendix).

Estimates show that, for BSCCO, f > 100 and, therefore,
multiple branches of intrinsic Josephson junctions as well as a
large hysteresis effect can be observed even in mesa structures
of BSCCO with sufficiently large dimensions [36].

Kleiner et al. [36] compared the form of CVCs in NTSC
structures with substantially different values of . Figure 10
shows an example of a current-voltage characteristic of a
BSCCO single crystal with a critical current density of
140 A cm 2 at T=4.2 K. The CVC demonstrates multiple
branching, indicating that the coupling between different

0.5

I, mA
S
T

051 18 junction

| | |
—100 0 100V, mV

Figure 9. CVC for BSLCO mesa structure with intrinsic tunnel junctions
(N =18) at T=4.2 K. Inset: voltage measured at 0.3 mA for each
calculated branch (N =1...18). Linear dependence V(N ) with equidi-
stant points testifies to homogeneity of Josephson junctions in mesa
structure [49].

I, mA

0.3

Figure 10. Current-voltage characteristic of BSCCO single crystal
(annealed in Ar) having multiple quasiparticle branches [36].

Josephson junctions is small. The crystal thickness is
1.8 um, and the sample consists of N ~ 1200 junctions.

In oxygen-annealed crystals having the composition
(Big.sPby.»),Sr,CaCu, 05 (BSPCCO), a simultaneous switch-
ing of all junctions is actually observed (Fig. 11). For these
crystals, the critical current density at 7= 4.2 K amounts to
7kA cm~2, i.e., almost two orders of magnitude greater than
for the BSCCO crystals annealed in Ar. The CVC in Fig. 11
can be described well using the value ff = 2.1.

Thus, BSCCO single crystals annealed in Ar demon-
strate multiply branched CVCs. On the contrary, the
intrinsic Josephson junctions in PBSCCO single crystals
annealed in oxygen switch to the resistive state simulta-
neously and are apparently strongly coupled. Such a
behavior is largely determined by a sharp decrease in the
McCumber parameter.
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Figure 11. Current-voltage characteristic of BPSCCO single crystal
(annealed in O,) having only one resistive branch [36].

Figure 12. Current-voltage characteristics of single crystals of
RuSr,GdCu,0g at currents applied in direction of c-axis. Schematic
diagram of contacts to the sample is depicted in the inset [25].

Let us also consider examples of the manifestation of
intrinsic Josephson effects in some ‘exotic’ layered HTSCs.
Nachtrab et al. [25] explored the interlayer charge transport in
low-sized (micrometer) single crystals of the magnetic super-
conductor RuSr,GdCu,0g3 (RSGCO). A clear intrinsic
Josephson effect is found, showing that the material acts as
a natural superconductor—insulator—ferromagnet—insulator—
superconductor (SIFIS) superlattice.

The RuO; and CuO, layers are separated by layers of SrO,
so that a natural multilayer SIFIS structure is formed, where
I stands for SrO isolating layers, F corresponds to RuO,
magnetic layers (with a weak ferromagnetic component), and
S denotes the CuO; superconductor layers. In such a
structure, the interlayer supercurrents between the neighbor-
ing layers of CuQ; can be Josephson ones, like the interlayer
supercurrents in BSCCO [35] or TBCCO [24] cuprates.

Figure 12 shows current-voltage characteristics at 4.2 K
for one of the investigated RSGCO samples with 7, = 51 K
in a zero magnetic field. A typical picture of multiple resistive
branches with hysteresis properties is observed, known from
observations of the intrinsic Josephson effect in cuprates. Ata
current of 50 A, the voltage jump 8V is about 50 mV, which
corresponds to the group of Josephson resistive junctions
with N =2-3.

Note that, when observing the intrinsic Josephson effect
in a micron-sized single crystal of RSGCO in fields below 6 T,
no nonstandard behavior due to the magnetism of RuO,
layers is found.

Kawakami and Suzuki [50] studied the current-voltage
characteristics of intrinsic Josephson junctions in electron-
doped high-temperature superconductor Sm,_,Ce,CuOy_;
(SCCO) using small-sized mesa structures (with cross-section
area S) fabricated on the surface of a single crystal. It was
found that the typical density of Josephson current 1.
amounts to 7.5 kA cm~2 at 4.2 K for 7, = 20.7 K.

The CVC clearly shows resistive branching with N = 60,
which correlates with the number of Josephson junctions in
the mesa structure. This coincidence confirms that resistive
branching originates from intrinsic Josephson junctions
naturally embedded in the SCCO crystal structure, just as
for p-type BSCCO.

From the S-dependence of CVCs of more than ten small
mesa samples, it was concluded that the hysteresis and
multiple resistive branching are observed only at S smaller

than nearly 10 um?. This is a typical difference observed in
CVCs when comparing mesa structures of different sizes.

For the McCumber parameter in SCCO with S=10 pm?,
an estimate of ff =2.86 was obtained. Therefore, a small
hysteresis of CVC can be expected in this structure. However,
this value exceeds 1 by a small value only, so that it can change
to a value smaller than 1 under a certain change of parameters.
The closeness of f5 to 1 reflects the disappearance of hysteresis
in current-voltage (I~V) characteristics of SCCO with an
increase in the mesa structure size observed in this paper.

Figure 13 presents our data on CVCs for the electron-
doped layered superconductor Nd,_Ce,CuO4 (NCCO) with
x = 0.15. The measurements were carried out using optimally
annealed epitaxial Nd,_,Ce,CuO4/SrTiO; films 3500-4000 A
thick, obtained using the laser deposition method [51] with
nonstandard orientation (110): the c-axis of the NCCO crystal
lattice is directed along the long side of the SrTiOj; substrate
(Fig. 13a).

In the current-voltage characteristic [52] for a current along
the c-axis in the region of weak currents (Fig. 13b), the signs of
intrinsic Josephson junctions manifest themselves: N =3
resistive branches are observed, separated by equal intervals
dU= 50 mV at I=100 A (see inset in Fig. 13b). According to
preliminary estimates, this corresponds to a simultaneous
transition of 4-5 Josephson junctions into the resistive state.

We presented a brief overview of basic physical concepts
and considered examples of experimental manifestations of
the intrinsic Josephson effect in strongly anisotropic layers of
cuprate HTSCs. In this section, we restrict ourselves to
considering the effects in a zero magnetic field. For a more
complete picture of the phenomenon, see, e.g., the reviews by
Yurgens [33] on the latest achievements in the study of
intrinsic Josephson junctions and by Heim et al. [34] on the
intrinsic tunnel effects in cuprates and manganites.

The intrinsic Josephson effect has been intensely studied
during the last decade for the following reasons:

— the possibility of studying a number of fundamental
phenomena;

— the use of intrinsic Josephson junctions for tunnel
spectroscopy. Their advantage over external (artificial)
tunnel junctions is that there is a possibility of ‘probing’ not
only the surface layer but also all layers inside the structure;

— the voltage restricting high-frequency properties of
intrinsic Josephson junctions is in the range of 30 mV, which
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Figure 13. (a) Schematic of Nd,_,Ce,CuQO,/SrTiO; epitaxial film with
orientation (110) [51]. (b) CVC for Nd;gsCeg15Cu0,/SrTiO; epitaxial
film with intrinsic tunnel junctions (N = 3) at T = 4.2 K. Inset: voltage
measured at 100 pA for each calculated branch (N = 1,2, 3) [52].

allows alternating Josephson currents at frequencies of a few
THz [53, 54]. Hence, such junctions are very promising for
terahertz applications, such as generators or mixers.

The review by Kleiner and Wang [55] presents a thorough
tutorial on terahertz radiation from many intrinsic Josephson
junctions in layered Bi,Sr,CaCu,0Og, . crystals. The electro-
magnetic radiation in the terahertz (THz) range is of great
interest for potential applications in biology or medical
diagnostics, broadband communication, security and
defense, nondestructive control, and other areas. However,
in particular, the frequency range from 0.5 to 1.5 THz turns
out to be difficult to fill with high-power coherent solid-state
sources.

Structures appropriately made of the superconductor
Bi;Sr;CaCu;0g, with a high critical temperature can
operate at frequencies in the THz range, and the best devices
at present reach an output power of about 100 uW.

In review [55], the reader can get acquainted with the basic
physics of this type of oscillators, as well as with oscillator
manufacturing, the measurement methods used for oscillator
characterization, and models used to describe their dynamics,
including a model based on the intrinsic Josephson effect.
Examples are presented demonstrating the potential applica-
tions in terahertz imaging and terahertz spectroscopy.

4. Conclusions

It is currently assumed that the properties of layered cuprates
with a high critical temperature in both the normal and
superconducting states are determined by the properties of
the CuO; layers, while other structural components in the
unit cell act as charge reservoirs. In this model, the processes
of charge carrier tunneling along the c-axis are relevant in
both the superconducting (Cooper pair tunneling) and

normal (single particle tunneling) states of the layered
superconductor.

The combination of a nonmetallic type of temperature
dependence of resistance along the c-axis with metallic
conductivity in the ab-plane at a strong anisotropy of the
conducting layers, p./p,, > 1, is evidence of the quasi-two-
dimensionality of oxide systems consisting of high mobility
CuO, layers separated by buffer layers.

We presented experimental results on the nonmetallic
temperature dependence of the resistance p.(7) for both
hole-doped cuprates and the magnetic superconductor
RuSr,GdCu,Og and pnictide (V,SryOg)FesAs,, as well as
for the electron-doped cuprate Nd,; ,Ce,CuO4. The non-
metallic behavior of the p,(7) dependence and the large
anisotropy of the resistance are determined by the incoherent
tunneling of charge carriers in the direction of the c-axis in the
natural superlattice model for the multilayer crystal structure
of HTSC systems.

Due to the layered structure and strong anisotropy, a high
temperature cuprate crystal in the superconducting state can
be considered to be a set of successive tunneling Josephson
junctions, called intrinsic Josephson junctions. The intrinsic
Josephson effect as the tunneling of Cooper pairs between
adjacent CuO, layers inside a highly anisotropic layered
crystal is an integral part of modern concepts in the field of
high-temperature superconductors.

We have considered examples of characteristic branched
CVCs in the superconducting state as experimental mani-
festations of the intrinsic Josephson effect for mesa
structures based on hole-doped BiSr,CaCu,Og, «,
Bi,Sry_ La,CuOgs5, and (BigsPbyg,),Sr,CaCu,0s, elec-
tron-doped Sm,_,Ce,CuOy4_s5 and Nd,_Ce,CuQy, as well
as the magnetic superconductor RuSr, GdCu,Og.

In this review, we restricted ourselves to considering
effects in a zero magnetic field. Research in a magnetic field
is an extensive and rapidly developing area of study of layered
HTSCs, promising for practical applications. Here are some
useful references on the study of the intrinsic Josephson effect
in a magnetic field: 00i-2002 [56], Machida-2003 [57],
Kadowaki-2006 [58], Koshelev-2007 [59], Moll-2014 [23].

The key phenomenon associated with the Josephson effect
is the oscillations of various properties of superconducting
tunnel junctions with a magnetic field. To study the system of
Josephson vortices in HTSC single crystals, resistance
measurements are carried out in the vortex flow mode for a
magnetic field parallel to the layers. New periodic oscillations
of the flow resistance have been discovered in a wide range of
temperatures and magnetic fields in Bi,Sr,CaCu,Og.., single
crystals [56, 58], as well as in the (Sr4V,0¢)Fe,As, pnictide
with the intrinsic Josephson effect [23].

In the framework of mesoscale modeling [57], as well as in
the theoretical consideration of magnetic oscillations of the
critical current in stacks of intrinsic Josephson junctions [59],
it was shown that the observed periodic dependence is due to
the dynamic matching of the Josephson vortex lattice with the
edges of the sample (Josephson vortex commensurability
oscillations).
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5. Appendix.
McCumber parameter

An important parameter determining the type of current-
voltage characteristic (CVC) of a Josephson junction with
capacitance C is the McCumber (Stewart—-McCumber)
parameter, or hysteresis parameter, f, which is a measure of
the current attenuation in the SIS junction [48, 60]. Generally,
the value of ff should be less than one to make the CVC not
hysteretic.

Within the resistive model for the SIS junction, the total
current 7 through the system is the sum of the superconduct-
ing current I = I, sin ¢; the normal current I, = V//R, where
R is the junction resistance in the normal state, and the
displacement current Iy = CdV/d¢, associated with the
recharging of the capacitor plates:

I=I+1,+14. (A.1)

Using the fundamental relationship of the Josephson
effect theory [42] between the voltage across the junction
and the rate of temporal change of the phase difference
between the banks (¢ = ¢; — ¢,),

& 0

(1) = % o1’ (A2)

and multiplying both sides of (A.1) by 71/2e, we obtain the
following equation:

i\? A\ 1 I
h . N O
(26) Co+ (26) R§D+ c S @ c[C:

determining the phase dynamics at a given current / through
the junction. Here, ¢ and ¢ denote the second-order and first-
order time derivatives ¢, E; = hl./2e = ®yl./2n, where
@y = h/2eis the magnetic flux quantum.

All microscopic information about the junction is
contained in the quantities /. and R, while in the resistive
model these quantities are considered given, and the
behavior of the macroscopic characteristic of the junction
is studied, namely, the phase difference ¢, which char-
acterizes the superconducting state of the junction in
general.

Equation (A.3) is in fact the equation of motion of a
pendulum under the action of a driving force and in the
presence of friction [44, 46, 48, 60] (see, e.g., [61]): ¢ and ¢ are
the angular acceleration and angular velocity of the pendu-
lum with the moment of inertia J = (/i/2¢)*C, the coefficient
of friction 5= (h/2¢)*/R, the gravitational moment
mgl = E, and the applied torque E; (I/1).

Equation (A.3) can be written in a more compact form:

(A.3)

5o ;
R
0 ¢ 1.

(A.4)

where the notions of a characteristic Josephson frequency

2e
We == I.R (A.3)
and McCumber parameter [48]
B = % I.CR? (A.6)

are introduced.

1 1
0 1 2

V/I.R

Figure 14. Current-voltage characteristics of a Josephson junction in-
cluded in a circuit with a source of current /, calculated within the resistive
model for cases of insignificant (f =0), intermediate (f =4), and
dominant (ff = oo) capacitance [44, 46].

When f§ < 1, so that the capacitance term can be ignored,
Eqn (A.4) for function ¢(7) is integrated in elementary
functions, after which Eqn (A.2) yields

? -1 2e

=R—— | =—Ry/I*-1I2.
I+ I.coswt @ h ¢

The current-voltage characteristic of a Josephson junction
mapped by DC instruments as an interrelation between 7 and
the time-averaged voltage V in this case is reversible and has
the form (7) V = R\/I? — 12 (see Fig. 6b and the upper curve
in Fig. 14).

The numerical solution of Eqn (A.4) using (A.2) shows
that, with an increase in 3, the presence of capacitance in the
Josephson junction leads to an ambiguous form of'its current-
voltage characteristic: the dependence V(7)) becomes different
for the cases of increasing and decreasing / (Fig. 7b). With an
increase in the current, the voltage appears through a jump at
I> I., whereas, on decreasing the current, the voltage
disappears at the capture current 7, which is less than I,
i.e., hysteresis takes place.

Quantitatively, the capture (return) current and the
hysteresis properties are determined by the value of the
McCumber parameter (see Figs 14 and 15). The value of I,
decreases with an increase in f5, and in the limit f — oo tends
to zero. In this limit, the return part of current-voltage
characteristic becomes linear, which means effective suppres-
sion of the superconducting component of the current
through the junction.

Stewart [60] thoroughly considered the model of super-
conducting Josephson junctions with capacitance, similar to
the model of simple driven pendulum with damping. Careful
analysis has shown that this model yields CVC curves
demonstrating hysteresis properties.

Dissipation processes (normal resistance) in the junction
and the capacitance value determine the reversibility (or
irreversibility) of the 7—V curve.

The equation for the total current through a Josephson
contact, in addition to the superconducting component of the
current through the junction, considers the displacement
current through the shunting capacitance C of the junction, as
well as ‘normal’ losses represented by the shunting resistor R:

40 (A7)

, 1

P (A.8)

('j)—&-%—k(pozsin(p:w
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Figure 15. Dependence of return current on value of parameter f§ [44]. 0.6 1
Here, t=RC is the damping time, and the frequency 0.4
wy=+/2el./hC = \/2nl./C®y in the Josephson case is
called the plasma frequency of the junction. The plasma 02 L
frequency can also be considered the resonance frequency of
the corresponding pendulum. The relation between the
notations in Eqns (A.8) and (A.4) is as follows: 0 ! ! ! ! !
0 0.2 0.4 0.6 0.8 1.0 1.2
2 V/I.R
2 _ e _ — ¢
@o = p ’ we=f, and wor= \/E Figure 16. Curves of dependence of normalized direct current through a

The DC current-voltage (I— V) characteristics, calculated
in Ref. [60] by means of Eqn (A.8) for the set of wyt parameter
values, are presented in Fig. 16.

The CVC curves corresponding to the direct Josephson
current at I/I, < 1 (p)=¢ = 0 and p=arcsin (I/1.) in (A.8))
are reversible and have the form (7) V= Ry/I?>—1I2.
However, the curve (/—J) has a reversible form only at
wot < 0.5.

For intermediate values of wqz, the solutions obtained by
numerical integration of Eqn (A.8) lead to the CVCs
presented in Fig. 16: at wyt > 1, dependences become
irreversible with abrupt horizontal jumps of the voltage to
zero under the current decrease, i.c., hysteresis effects take
place. For wyt > 1, the (/— V) dependence tends to the origin
of coordinates following a linear law, which indicates
suppression of Josephson supercurrent in this situation.

All the above concerns a single Josephson junction. At the
same time, as is shown by the data set on the Intrinsic
Josephson effect in multilayered HTSCs, the value of the
McCumber parameter plays an essential role in experimental
manifestations of CVC branches for the junctions of
individual layers in these systems (see Section 3.2).

Indeed, the structure of current-voltage characteristics for
the current along the c-axis with a large (up to a few hundred)
number of hysteresis resistive branches most clearly manifests
itself in strongly anisotropic layered Bi and TI systems [24, 35]
(see also reviews [33, 34] and references therein). Estimates
show that for BSCCO f > 100 and, consequently, there are
multiple branches of intrinsic Josephson junctions, and that a
large hysteresis effect in current-voltage characteristics can be
observed even in BSCCO mesa structures of substantially
large sizes [36].

The dynamic behavior of layered structures with Joseph-
son coupling is thoroughly analyzed, e.g., in Refs [36] and [47]
based on the model with multiple sequential Josephson
junctions. It was shown that the conditions under which
multiple resistive branches are observed on CVCs are due to

junction on the voltage, calculated according to (A.8) for different values
of parameter wyt(= /B). Solid sections of curves are reversible; inter-
mittent jumps are shown by dashed lines with arrows [60].

both the independent dynamic behavior of each junction and
the presence of hysteresis. Since the McCumber parameter
reflects the capacitance of a Josephson junction, in the
presence of voltage, a large value of f promotes dynamic
charge induction in thin superconducting layers and, conse-
quently, individual switching of Josephson junctions.
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