ISSN 1063-7761, Journal of Experimental and Theoretical Physics, 2008, Vol. 106, No. 4, pp. 800-805. © Pleiades Publishing, Inc., 2008. .
Original Russian Text © Y.V. Kislinskii, K.Y. Konstantinian, G.A. Ovsyannikov, P.V. Komissinskiy, 1.V. Borisenko, A.V. Shadrin, 2008, published in Zhurnal Eksperimental’nov i

Teoreticheskoi Fiziki, 2008, Vol. 133, No. 4, pp. 914-920.

ELECTRONIC PROPERTIES

OF SOLIDS

Magnetically Dependent Superconducting Transport
in Oxide Heterostructures with an Antiferromagnetic Layer

Y. V. Kislinskii¢, K. Y. Konstantinian® *, G. A. Ovsyannikov*?, P. V. Komissinskiy**~,
I. V. Borisenko?, and A. V. Shadrin®

¢ Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Moscow, 125009 Russia
*e-mail: karen @ hitech.cplire.ru
b Chalmers University of Technology, Gothenburg, SE-41296 Sweden
¢ Darmstadt University of Technology, Darmstadt, D-64287 Germany
Received August 30, 2007

Abstract—The superconducting current in hybrid superconducting structures
Nb/Au/Ca,; _ ,Sr,Cu0,/YBa,Cuy;0, _5 with an antiferromagnetic layer is experimentally shown to have a
Josephson nature, and the deviation from the sinusoidal dependence of the superconducting current on the
phase difference between superconducting electrodes is about 20% of the second harmonic. These heterostruc-
tures are found to have sensitivity to an applied magnetic field that is much higher than that of conventional
Josephson junctions. The experimental shape of the magnetic-field dependence of the critical current in the het-
erostructures differs from the usual Fraunhofer shape by oscillation with a significantly smaller period along a

magnetic field.
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1. INTRODUCTION

Multilayer hybrid superconducting structures with
an interlayer consisting of alternating ferromagnet (F),
normal metal (N), and insulator (I) layers have aroused
considerable interest [1-4]. The current in such struc-
tures can be controlled due to the rotation of the mag-
netization direction in the F layers in a weak magnetic
field. Similar processes can occur in an antiferromag-
netic (AF) layer, which can be considered as a set of
ferromagnetic atomic-thick layers with oppositely
directed magnetizations [5, 6]. As was theoretically
shown in [5], an S—AF-S structure (S denotes a super-
conductor) with a layer of an A-type antiferromagnet
has a critical current /.. This current depends on the
applied magnetic field H, which changes the AF-inter-
layer parameters,

1(H) = Ii(ﬁ)m cos( Bt - )

where 3 > 1 characterizes the electronic structure of
the AF layer; 0 < Mg < 1 is the antiferromagnetic order
parameter, which depends on the spatial components of
the local magnetization of the F layers and the applied

, ey

magnetic field H; and I(C) is the critical current in the
absence of a magnetic field, which coincides with the
value of I, in an equivalent S—N-S structure [5]. The
authors of [5] also showed that the damping of the
superconducting order parameter in the AF layer is

specified by its metallic conduction; in the clean limit,
the coherence length is &,r = hvp/kT, where vg is the
Fermi velocity in the layer; T is the temperature; and &
and k are the Planck and Boltzmann constants, respec-
tively.

As follows from Eq. (1), the period of the /.(H)
dependence for an S—AF-S structure differs substan-
tially from the period of the Fraunhofer dependence
typical of a Josephson junction with a homogeneous
barrier layer [7],

0

c

sin(nd/D,)

2
nd/P,

I(H) = I

where @ = [1,HA is the magnetic flux penetrating into
the Josephson junction, L, is the magnetic constant, A =
Ld, is the cross-sectional area of the Josephson junc-
tion, d, = A, + A, + ¢ is the effective magnetic-field
penetration depth in the Josephson junction, A;; are the
London penetration depths of the magnetic field in the
electrodes forming this junction (i = 1, 2), ¢ is the inter-
electrode barrier thickness, and L is the geometric size
of the Josephson junction. The zeros of the /.(H) depen-
dence in Eq. (2) correspond to an integer number of
magnetic-flux quanta entering into the Josephson junc-
tion, @, = h/2e = 2.07 x 107> Wb, where e is the elec-
tron charge. At the same time, Eq. (1) demonstrates that
the zeros of I.(H) correspond to the condition PMg =
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Fig. 1. (a) Cross section of a structure with an AF layer. The layer thicknesses are as follows: YBaCuO, 200 nm; CaCrCuO, 20—
50 nm; Au, 10-20 nm; Nb, 200 nm. (b) Top view of the structure; the bright background indicates the superconducting electrodes
of a log-periodic antenna and a lateral tap used for four-probe resistance measurements.

/4 + mn (n=1,2,...). Then, in the case B > 1 I.(H)
oscillations can be detected at low fields (see Eq. (1)) [5].

Fraunhofer-type I.(H) dependences were observed
in most lumped Josephson junctions, which satisfy the
condition L < 4, where A, is the Josephson penetration
depth of the magnetic field, which depends on the
superconducting-current density j,,

h 12
= (e *

For distributed Josephson junctions (L > 4A)), I.(H)
usually deviates from the Fraunhofer shape [7].

The first experimental data on a Josephson current
in an S—AF-S structure were obtained on Nb-based
junctions with an FeMn layer [8]. As H increased, the
I.(H) dependence was nonmonotonic and close to
Fraunhofer-type Eq. (2). The London penetration depth
in superconducting electrodes determined from the
zeros of I.(H) (A, = 40 nm) was found to be close to the
tabulated value for Nb (A, = 47 nm). The secondary
I.(H) maximum amplitudes were nearly twice as large
as the expected Fraunhofer amplitudes, which could be
caused by both a change in the magnetization of the AF
layer (as follows from Eq. (1)) and by a nonuniform
distribution of the superconducting-current density and
the local magnetization of the layers because of the
polycrystalline structure of the AF layer. Coherence
length &, was experimentally shown to be specified by
the Néel temperature (100-300 K) rather than the phys-
ical temperature (about 4 K).

In this work, we experimentally study the magnetic-
field characteristics of hybrid heterostructures
Nb/Au/Ca, _ ,Sr,Cu0O,/YBa,Cu;0;_5 based on epitax-
ial films of the oxide superconductor YBa,Cu;0,_j
(YBCO) with the d-wave symmetry of the order param-
eter (D superconductor). Niobium (Nb) is a conven-
tional metallic superconductor; Au is a gold film used
to decrease the oxygen diffusion from YBCO; and the
Ca,_,Sr,Cu0O, (CSCO) layer is a quasi-two-dimen-
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sional Heisenberg antiferromagnet at low temperatures
with a Néel temperature of 100 K [9, 10]. In [11, 12],
we studied the anomalous proximity effect and the
Josephson nature of the critical current in such D-AF—
S oxide heterostructures and presented preliminary data
on their microwave and magnetic-field dependences.

Note that the d-wave symmetry of the order param-
eter in YBCO can change the I (H) dependence [13]
and that the interpretation of the /. (H) measurement
results is substantially complicated by the anisotropy of
the London penetration depth and by a change in the
level of doping at the interface near the superconductor
layers, which specify A;; [14—16]. In this case, however,
the authors of [14] observed good experimental agree-
ment between I,(H) and Fraunhofer Eq. (2) with allow-
ance for the inhomogeneity of the tunneling layer in the
hybrid junctions based on YBa,Cu;0; _; films.

2. EXPERIMENTAL

The CSCO/YBCO epitaxial heterostructures were
evaporated onto NdGaOj; substrates by laser ablation at
a temperature 7 = 800°C. After cooling, an Au film was
deposited without a break in the vacuum. We used
CSCO compositions with x = 0.15 and 0.50. The AF
layer thickness varied in the range dg = 20-50 nm. The
Nb and additional Au layers were deposited by magne-
tron sputtering. The topology of the structure was
formed by photolithography, plasmachemical etching,
and ion-beam etching [11-13]. Figure 1a shows the
cross section of the structure, and its shape represented
a square with linear sizes L = 10-50 um involved in a
log-periodic antenna used to measure millimeter-range
wavelengths in an electromagnetic field (Fig. 1b). To
measure the electrophysical characteristics of the struc-
ture, we applied two contacts onto the top Nb electrode
and two contacts onto the YBCO film (Fig. 1a). In this
case, at T < T, (T, is the critical temperature of the
YBCO film), we measured the resistances of the CSCO
layer and the Au/CSCO interface by the four-probe
Vol. 106
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Fig. 2. Dependences of (circles) critical current /(o) and
(triangles) first Shapiro step /(o) on the normalized ampli-
tude o = Ixp/1.(0) of millimeter-range radiation with a fre-
quency of 56 GHz. The dashed lines illustrate the theoreti-
cal /;(o) dependence obtained from the resistive model of a

Josephson junction. The solid line illustrates the depen-
dences calculated with allowance for the second harmonic
of the current—phase relation at ¢ = 0.2. The inset shows the
I-V characteristic of an Nb/Au/CSCO/YBCO heterostruc-
ture: (dashed line) intrinsic characteristic and (solid line)
under the action of electromagnetic radiation.

method. According to our preliminary measurements
performed in [11, 12], the resistances of the Au, Nb,
and CSCO films and the CSCO/YBCO interface may
be neglected. As a result, the fabricated structures with
an AF layer can be considered as S—N-/,—AF-D junc-
tions, where the Au/CSCO interface plays the role of
the 1, barrier. For comparison, we used the same tech-
nique to prepare and study Nb/Au/YBCO hybrid het-
erostructures without an AF layer. The structures of
both types were measured under the same conditions.
To investigate magnetic-field dependences in low

KISLINSKII et al.

fields, we used an additional shield made of an amor-
phous permalloy.

3. RESULTS AND DISCUSSION

At low voltages (V < 1 mV), the shape of the I-V
characteristics of the heterostructures is close the
hyperbolic shape typical of Josephson junctions (Fig. 2,
inset). At voltages V =5 mV and temperatures 7, > T >

T. (T, is the critical temperature of the niobium film),

the conductivity exhibits an anomaly with a maximum
at V = 0, which is most likely to be caused by low-

energy Andreev bound states [11, 12]. At T < T, the

voltage dependences of the differential resistance of the
heterostructures (R4(V)) have specific features induced
by the superconducting gap in niobium. On the whole,
the temperature dependence of the critical current of
the entire structure (I/(7)) follows the temperature
dependence of superconducting parameter Ay, in the
Nb film as in structures without an AF layer [13]. The
absence of a quadratic increase in the critical current
with decreasing temperature and the weak dependence
of the characteristic voltage of the structure V, = I.Ry
(1. is the critical current, and Ry is the normal resistance
of the structure) on the CSCO layer thickness (see
table) indicate that the layer thickness is small and that
the condition &, < dg, which determines the exponen-
tial dependence of the critical current, is not met [17].
Since thickness dg in all structures with an AF layer
under study is several tens of nanometers, the penetra-
tion depth of a superconducting order parameter in
CSCO is significantly larger than that detected for an
FeMn polycrystalline layer in [8].

When the heterostructures are subjected to mono-
chromatic radiation with a millimeter-range wave-
length, Shapiro steps, which are caused by the synchro-
nization of their radiation by an external signal, appear

Table
No. dg, nm X L, um I, UA Ry, Q V., WV WoAH, uT Aj, LM
274-10 50 0.5 10 2.5 60 150 54 196
274-20 50 0.5 20 10 20 200 9 196
274-30 50 0.5 30 18 9.8 176 5 219
274-40 50 0.5 40 51 42 214 6 174
274-50 50 0.5 50 70 2.9 203 185
269-20 50 0.15 20 280 0.38 106 12 37
273-10 20 0.5 10 335 0.8 268 38 18
273-20 20 0.5 20 890 0.15 134 49 21
N2-20 0 - 20 20 3.6 72 139 162
N2-30 0 - 30 60 0.93 56 118 140
N2-50 0 - 50 198 0.44 87 56 129
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 106 No. 4 2008
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Fig. 3. (a) Magnetic-field dependence of the critical current I ,(H) of a heterostructure of size L = 10 pm with an AF layer: (solid
line) calculation using Eq. (1) and (dashed line) Fraunhofer Eq. (2). (b) I.(H) for a structure of size L = 20 um without an AF layer
(Nb/Au/YBCO): (dashed line) Fraunhofer Eq. (2) and (solid line) numerical calculation [14].

in their I-V characteristics (Fig. 2, inset). The oscilla-
tion dependences of the critical current and the first
Shapiro step on the normalized external-signal ampli-
tude o = I/l support the Josephson nature of the
superconducting current (Fig. 2). The critical frequency
f. =2eV /h =50 GHz, which was determined from the
maximum value of the first Shapiro step using a resis-
tive model (Fig. 2, dashed line), agrees satisfactorily
with f, = 70 GHz, which was calculated from the value
obtained upon dc measurement (I,Ry = 145 WV), indi-
cating a uniform current in the structure and the
absence of pinholes. The best agreement between the
maximum value of the first Shapiro step and the calcu-
lated value is achieved when the second harmonic
(sin2¢) in the I5(@) = I;sin@ + I, sin2¢ dependence of
the superconducting current is taken into account.
According to the calculation in terms of the modified
resistive model in [13] (which takes into account the
presence of /.,; Fig. 2, solid line), the amplitude ratio of
the second to first harmonic for the structure shown in
Fig. 2is g=1,/1.,,=0.2.

Figure 3a shows the I.(H) dependence for a structure
of size L = 10 um with an AF layer made of a CSCO
film of thickness dg = 50 nm and x = 0.5. The dashed
line in Fig. 3a illustrates the dependence plotted
according to Eq. (2) from the experimental data nor-

malized by critical current I(c) (T =4.2 K) and the first
zero of the magnetic field dependence (H,). The posi-
tion of the second zero of the experimental dependence
(H,) is seen to differ significantly from Fraunhofer
Eq. (2). The solid line in Fig. 3a illustrates Eq. (1) at

experimental parameters / S and H, and an exponent of
—0.75 rather than —0.5 (as in the theory of [5]) for the
coefficient (2/tfMy) in Eq. (1). The deviation of exper-
imental points from the solid line in Fig. 3a at low H is
caused by the limitation of the applicability of Eq. (1)
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at Mg close to zero [5]. For comparison, Fig. 3b shows
the /. (H) dependence for the heterostructure without
the AF layer. In this case, the deviation of the experi-
mental / (H) dependence from the Fraunhofer depen-
dence is seen to occur at higher values of the applied
magnetic field (H > H,). The value of d, estimated from
the measured value of H; (d, = ®y/uoH,L = 0.5 pm)
yields A;; = 0.38 wm, which is higher than the tabular
value for optimally doped YBCO (A, = 0.15 wm) [18].
This difference is likely to be caused by the demagne-
tizing factor of the structure geometry. Note that the
data given in Fig. 3 were obtained when a magnetic
field was applied normal to the heterostructure plane
[19]. We detected no substantial changes in the shape of
the I.(H) dependences measured experimentally in two
different magnetic-field directions, namely, perpendic-
ular to the heterostructure plane and along the YBCO
electrode, and the demagnetizing factor only led to a
change in the scale along H for these directions.

A comparison of the data in Figs. 3a and 3b demon-
strates that, although the size L of the structure with an
AF layer is half that of the structure without an AF
layer, H, is significantly lower than the first-minimum
field for the latter structure. In structures with x =
0.5 for L > 20 um, this difference increases and reaches
about 20 times, as determined for several samples (see
table). This decrease by more than an order of magni-
tude in the magnetic field (H,) required for the first
minimum in the /.(H) dependence in the structures with
a CSCO layer as compared to the structures without this
layer can be related to the AF layer, since the measure-
ments were carried out under the same experimental
conditions on samples with the same geometry. Note
that, for structures with x = 0.15, H, (and, hence, aver-
age I, oscillation period AH) also decreases but to a
lesser extent as compared to x = 0.5 (see table).
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Fig. 4. (solid circles) Magnetic-field dependence of I.(H)

for a structure of size L = 50 um with an AF layer and (solid
line) calculation using Eq. (1). (open circles) Fragment of
the /.(H) dependence for the structure without an AF layer
of the same size (given for comparison).

This significant decrease in H; cannot be explained
by an increase in the London penetration depth A;; in
YBCO because of a decrease in the level of oxygen
doping of the YBCO film next to the Au/CSCO barrier
layer (no more than 30% for the critical temperature of
YBCO, whichis 40 K) [11]. As follows from the broad-
ened secondary maxima, the periodicity of the I.(H)
shape for the structures with an AF layer (Fig. 3a) is
closer to Eq. (1) with H, = (H, — H,)/2, whereas, for the
Fraunhofer dependence following from Eq. (2), H, =
(H,— H)). Note that the I .(H) dependence for the struc-
ture without an AF layer is well described by the model
in [13], which takes into account the presence of S/D
nanocontacts to the (001) and (110) plane of the D
superconductor in the barrier layer (Fig. 3b, solid line).
According to [5], a nonmonotonic I,(H) dependence
with a periodicity other than the magnetic-flux quan-
tum in S—AF-S junctions is caused by a weak change
in the canting of the magnetic moments in the ferro-
magnetic layers (and, correspondingly, in parameter Mg
in Eq. (1)) in an applied magnetic field. /.(H) minima
are detected at applied magnetic fields that are substan-
tially lower than the field H, = ®y/,d,L, which corre-
sponds to the penetration of a magnetic-flux quantum
@, into the structure.

As the size increases (L > 20 wm), the I.(H) depen-
dences change: the critical current exhibits a maximum
at low H, and I (H) then decreases in an oscillation
manner at a period of about 1 UT (see Fig. 4). At L =
50 wm, the shape of the I.(H) dependence seems to cor-
respond to the case of a distributed Josephson junction,
although the distribution condition L > 4A; is not met.
The periodicity of this oscillating “fine structure” of
1.(H) is well described by Eq. (1), which is illustrated
with a solid line in Fig. 4.
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Fig. 5. Average peak width ppAH vs. the heterostructure size:
(open symbols) without (solid symbols) with an AF layer.
(circles) The field is normal to the substrate (the measurement
error is represented by the root-mean-square deviation); (dia-
monds) the field is parallel to the substrate plane along the
antenna axis. (solid line) AH o 1/L approximation.

For the structures without an AF layer, the averaged
field period AH of I.(H) oscillations decreases in pro-
portion to 1/L (Fig. 5), and, for the structures with an
AF layer, we failed to determine the exact L depen-
dence of AH because of the complex shape of the I.(H)
dependence at L > 20 um. Note that, in all structures
with an AF layer, AH decreases significantly with small
deviations depending on the level of layer doping x (see
table).

The high sensitivity of the heterostructures with an
AF layer to an applied magnetic field can be used to
solve applied problems. For example, the conversion of
a magnetic field into voltage dV/d(uyH) in a structure is
an important characteristic for a SQUID-based mag-
netic transducer. We use the family of /-V characteris-
tics induced by a magnetic field and the I.(H) depen-
dence for a structure with L = 10 wm and obtain
OVIo(WoH) =2.5 V/T at T = 4.2 K. This value is close to
the value dV/o(u,H) = 2 V/T) detected at the same tem-
perature for SQUIDs on a bicrystal with a loop area of
200 um? without an additional magnetic-flux concen-
trator [20].

4. CONCLUSIONS

We measured the superconducting current in hybrid
oxide superconducting structures with an antiferromag-
netic layer and showed that it has a Josephson nature.
We revealed a deviation of the superconducting cur-
rent—phase relation from a sinusoidal shape due to the
presence of a 20% contribution of the second harmonic
(~sin2¢). In contrast to the well-known Josephson
structures, we observed critical-current modulation,
which is induced by the effect of an applied magnetic
field on the magnetization of the antiferromagnetic
Vol. 106
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layer. As a result, the sensitivity of the structures to an
applied magnetic field increases by almost an order of
magnitude.
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