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Proximity and Josephson effects in superconductorÕantiferromagnetic
NbÕg-Fe50Mn50 heterostructures

C. Bell, E. J. Tarte, G. Burnell, C. W. Leung, D.-J. Kang, and M. G. Blamire
Materials Science Department, IRC in Superconductivity and IRC in Nanotechnology, University of Cambridge,
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~Received 13 May 2003; revised manuscript received 26 June 2003; published 23 October 2003!

We study the proximity effect in superconductor (S), antiferromagnetic~AF! bilayers, and report the fab-
rication and measurement of the first trilayerS/AF/S Josephson junctions. The disordered fcc alloy
g-Fe50Mn50 was used as the AF, and theS is Nb. Micron and submicron scale junctions were measured, and the
scaling ofJC(dAF) gives a coherence length in the AF of 2.4 nm, which correlates with the coherence length
due to suppression ofTC in the bilayer samples. The diffusion constant for FeMn was found to be 1.7
31024 m2 s21, and the density of states at the Fermi level was also obtained. An exchange biased FeMn/Co
bilayer confirms the AF nature of the FeMn in this thickness regime.
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I. INTRODUCTION

From the earliest work of Hauseret al.1 there has been
considerable interest in the proximity effect between t
film superconductors~S! with both ferromagnetic~F! and
antiferromagnetic ~AF! materials. More recently Nb/C
multilayers2 and Nb/CuMn~spin-glass! systems have bee
studied,3 as have Cr/V/Cr trilayers.4 The recently renewed
interest in theS/F proximity effect due to the oscillating
order parameter in theF layer and the so-calledp shift,
recently found experimentally,5,6 has not led to complimen
tary experiments inS/AF heterostructures. As has bee
pointed out by Krivoruchko,7 the nesting features of Ferm
surfaces of the so-called band antiferromagnets destroys
symmetry in momentum space, similar to the splitting of t
Fermi surface in theF case. Therefore a band AF heavi
suppresses superconductivity, but without the oscillating
der parameter found in theF case which is necessary t
realizep junctions.

There has been much theoretical literature concern
S/F heterostructures~bilayer, trilayers, and multilayers: for
review see Ref. 8!. The various effects on the supercondu
ing critical temperature, field, and current density (TC , HC ,
andJC) of the parallel and antiparallel configurations of t
F layers is of great interest. Various theoretical predictio
have been made forJC enhancement in the case
S/F/X/F/S Josephson junctions, when theF layers have
their moments switched from parallel to antiparallel, w
large effects forX5 insulator (I ),9–11 more weakly in the
case ofX5normal~dirty! metal (N).12 Spin torque on theF
layers due to the Josephson current has been predicte
X5N.13 To achieve these ‘‘spin-active’’ junctions, tech
niques can be borrowed from the magnetics community
the fabrication of spin-valve devices. In these cases the a
parallel alignment is achieved either by the use of two m
terials with different coercive fields, or by using an AF
‘‘pin’’ ~exchange bias! one of two otherwise identicalF lay-
ers. In the latter case this can be done by field cool
through the blocking temperature~which is <TN , the Néel
temperature!, which increases the coercive field, and shi
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the center of the magnetic hysteresis loop to a nonzero
plied field. The latter technique was used in theF/S/F trilay-
ers studied in Ref. 14. If this technique is to be applied to
case ofS/F/X/F/S Josephson junctions, it is crucial to un
derstand the Josephson effect through an AF, as the devi
built up layer by layer.

The effect of magnetic and nonmagnetic impurities in t
barriers ofS/N/S junctions has been previously studied—
including the spin glasses CuMn, AgMn,15,16 and CuNi.17 In
these cases the barrier thicknesses were of the order of
nm or thicker~since the impurity concentrations were rel
tively small: for example a maximum of 4.6 at. % Mn in th
case of CuMn in Ref. 16!. To our knowledge no measure
ments have ever been made of AF Josephson junctions
in particular, with the AFg-Fe50Mn50. In this paper we
present bilayerTC measurements of the proximity effect b
tween FeMn and Nb, and the first measurement of the
sephson effect through an AF. These measurements en
the coherence length in the AF to be found, and hence
diffusion constant, and in addition, the density of states at
Fermi level of the FeMn to be calculated.

II. EXPERIMENTAL DETAILS

All films were deposited on~100! oxidized silicon sub-
strates by dc magnetron sputtering at 0.5 Pa, in an in-p
magnetic fieldm0H;40 mT. The sputtering system wa
cooled with liquid nitrogen and had a base pressure be
than 331029 mbar. The system was fitted with a load loc
which minimizes run to run variation by keeping the targe
under constant vacuum. Deposition rates were of the orde
0.08 nm/s for the Cu, Co, and FeMn targets, and 0.03 n
for Nb. Film thicknesses were controlled by varying the e
posure time under the magnetron targets. For all sam
containing FeMn, a 5 nmunderlayer of Cu was grown, in
order to achieve the required fcc AFg-FeMn phase.18

For the trilayer devices, a Nb/Cu/FeMn/Nb sandwich w
grown in situ; FeMn thickness,dFeMn was in the range 2–6
nm, both Nb thicknesses were 150 nm. The films were p
terned to micron scale wires with broad beam Ar ion millin
(1 mA cm22, 500 V!, and then processed with a Ga focus
ion beam to achieve vertical transport with a device area
the range 0.25– 1.2mm2. The fabrication process is de
©2003 The American Physical Society17-1
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scribed in detail elsewhere.19 For the bilayer measuremen
Cu/FeMn/Nb films were grown.

All transport measurements were made in a liquid He
probe. The critical current (I C) and normal state resistanc
(RN) were measured with room temperature electronics.
devices with aI CRN.1 mV a current-voltage (I -V) charac-
teristic was directly measured. For samples withI CRN
,1 mV a differential resistance measurement was m
with a lock-in amplifier, and theI C was found as a peak in
the dV/dI measurement. For theTC measurements a four
point configuration was used on unpatterned 5310 mm
films. The rate of cooling was,1022 K/s nearTC .

III. RESULTS

In this section the results ofTC measurements on AF/S
bilayers are presented, followed by the measurement
S/AF/S Josephson junctions.

A. Measurements ofTC in bilayers

Following Hübeneret al.4 we have measured the filmTC
independently varying theSand AF thicknesses, as shown
Figs. 1 and 2, respectively. TheR(T) curves, showed a tran
sition width of the order of 0.1 K, and theTC is defined as
the midpoint of the transition. An absolute error of 0.05
was found by measuring theTC of a thick Nb film, and
repeated TC measurements show a relative error
;0.05 K. For thicknesses of FeMn,1nm a broadened
transition (;0.2 K), is observed—presumably associat
with large percentage variation of the film thickness ov
the substrate, and no consistent data was obtained in
thickness regime.

For a constantdFeMn56.5 nm, with varying Nb thickness
a suppression ofTC was observed relative to the plain N
film . In Fig. 1 the final point withTC,4.2 K was measured
in a closed cycle He-3 cryostat, with a different calibrati
and thermal environment, hence the relative error inTC is
larger.

FIG. 1. Variation ofTC vs Nb thickness for a constant FeM
thickness of 6.5 nm,~triangles!, compared to plain Nb films
~circles!. Fit to triangles is de Gennes theory~see Sec. IV!.
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For a constant Nb thickness of 25 nm theTC of the film
drops dramatically as soon as the thinnest layer of FeM
grown underneath~the two points atdAF50 in Fig. 2 are for
Nb only and a Nb/Cu bilayer, respectively!. This implies a
short coherence lengthjAF in the FeMn, which we will show
correlates with the results from the Josephson junctions.

As a comparison, measurements on plain Nb films of
creasing thickness were also made, since in this thickn
regime the Nb only filmTC is also decreasing~circles in Fig.
1!. The reduction can be attributed to a combination of gr
size and resistivity effects, as well as the proximity effect20

The correlation between TC and resistance ratio
R(295 K)/R(10 K) ~RRR! shown in Fig. 3 is associate
with the grain size effect, and is consistent with previo
studies.21

B. Josephson junctions

The Josephson junctions showed resistively shunted ju
tion ~RSJ!, I -V characteristics, withI C in the range 10mA to
1.2 mA, andRN<2 mV. The reentrantI C(H) in Fig. 4

FIG. 2. Variation ofTC vs FeMn thickness for a constant N
thickness of 25 nm. Inset: detail for thinner films with de Genn
theory fit ~see Sec. IV!.

FIG. 3. TC and RRR variation vs thickness for Nb only films
Lines are the best fit cubic and linear curves forTC and RRR,
respectively.
7-2



t
a
el
-

s
a

i

e

is
or

n

tic

ll

F
ia
r

or

F,
n

e

stal
ise
er
d,

dies
ca-
on
f the

er-

i-
ad-

he

in

loy

c-
nce
ed

.

ing

the
g
k-

the

f
ci-
for

o-

tic
r
nc
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shows the presence of a Josephson current through
FeMn, although we do not obtain an ideal Fraunhofer p
tern. In this case the modulation is normalized to zero fi
critical current I C5500 mA. The junction dimension per
pendicular to the direction of the applied field was;600 nm
and the total barrier thickness~Cu and FeMn! was 7 nm.
Correcting for the finite thickness of the Nb electrode22

~each is 150 nm thick! we obtain from the Fraunhofer fit
magnetic penetration depth of 40 nm. A voltage criterion
used to extract theI C , hence the nonzeroI C is an artifact of
this process: theI C is suppressed to zero to within the 1mV
noise level of the measurement. We can estimate the Jos
son penetration depth usinglJ5(\/2em0JCd)1/2. For the
thinnest case withdAF;3 nm andJC;13109 A m22 we
find lJ;2 mm, whereas the largest junction dimension
1.2 mm, so we are close to long junction behavior only f
the largest junction with the thinnest barriers.

The inset of Fig. 4 shows the variation of critical curre
density JC with dFeMn. Assuming a dirtyS/N/S junction
JC}exp(2kAFdAF).23 Using kAF52/jAF ~see Sec. IV! and
fitting this to the inset of Fig. 4, we find the characteris
decay lengthjAF52.4 nm. The errors inJC(d) consist of
measurement error of the submicron junction area, as we
scatter due to variation ofdAF over the area of the chip~this
is also the case for the scatter in theI CRN data of junctions
with nominally the same thickness of FeMn!. There may also
be additional variation due to domain structures in the A
and spin compensation at the interfaces which are spat
inhomogeneous. All devices for a given film thickness a
patterned on the same 10 mm35 mm chip, hence interface
transparency and contamination should be comparable f
given dAF .

IV. DISCUSSION

g-Fe50Mn50 ~FeMn! is an example of a fcc disordered A
and is one of the most studied materials used to excha
bias ferromagnetic films.24 Although its magnetic/exchang

FIG. 4. Critical current modulation with an applied magne
field, normalized to the zero fieldI C . Line is a best-fit Fraunhofe
pattern. Inset: Critical current density vs FeMn thickness for ju
tions at 4.2 K. Line is a best fit exponential exp(22dAF /jAF) with
jAF52.4 nm.
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bias properties have been intensively studied, the cry
structure is complex and difficult to probe, hence the prec
nature of the magnetic structure of this material is still und
debate.25,26 The electronic properties are less well studie
and the authors are not aware of any experimental stu
of properties such as the Fermi velocity, electronic heat
pacity, or mean free path of FeMn thin films. In this secti
we use the measurements above to calculate some o
properties of the FeMn, and use them to fit the bilayerTC
measurements.

If we consider FeMn as a band antiferromagnet the coh
ence length in the AF is given by~in the dirty limit!

jAF5F2\D

Hex
G1/2

~1!

where D5 1
3 vFermi, is the diffusion constant andHex

;kBTN the exchange coupling between the AF spins, sim
lar to the exchange field in the ferromagnetic case. The
ditional factor of 2 compared to the F case@jF
5(4\D/Hex)

1/2# arises since the AF wave vector has t
form kAF52/jAF rather than the complex formkF52(1
1 i )/jF which gives rise to the oscillating order parameter
the F case.7 Hence,jAF scales with the bulkTN , which in
the case studied here is in the range 450–490 K.24 In the case
of FeMn, however, because it is a highly disordered al
system, we expect a very short mean free path,, of the order
of 1 nm or less.27 Hence, a reasonable value ofjAF using Eq.
~1! with a Fermi velocityvFermi523106 m s21 ~both Fe and
Mn havevFermi;23106 m s21) is of the order of 4–5 nm.
This is in agreement with the value from the trilayer jun
tions, and much shorter than the corresponding cohere
length in a normal metal. Further information can be gain
from this measurement of the coherence length. From Eq~1!
usingTN5450 K andjAF52.4 nm, the diffusion constantD
is found to be 1.731024 m2 s21.

Given the value of the diffusion constantDAF it is pos-
sible to calculate the density of states at the Fermi level us
the Einstein relations52e2N(eF)D.28 For this the value of
sFeMn is required. This was found using a series of Cu~5
nm!/FeMn/Nb~6 nm! films grown for differing FeMn thick-
nesses~the Nb serves as a cap to prevent oxidation of
FeMn!. Assuming a simple parallel resistor model, plottin
the ratio of total thickness and resistivity against FeMn thic
ness should give a straight line with gradient equal to
conductivity of the FeMn. sFeMn is found to be 8.4
3105(V m)21, from the linear fit~Fig. 5!. Hence usings
52e2N(eF)D, with the values ofD and sFeMn above, the
density of states at the Fermi levelN(eF) in FeMn is found
to be 2.731025 states J21 m23. For parallel resistors, the
intercept of Fig. 5 is given bysNbdNb1sCudCu. Using the
value ofsNb ~see below! this intercept is predicted to be o
the order of 0.16V. The smaller observed value is asso
ated with interface resistance, which would be significant
dNb56 nm, which reduces the effective value ofsNb . This
is also consistent with a higher value ofsFeMn obtained from
the junctionRN values: which would also contain a comp
nent due to the interface resistance.

-
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We can now fit the bilayerTC measurements. We do no
follow Ref. 4 which analyzed the data in terms of th
Werthamer theory.29 This considers the case that the met
are identical in the normal state, i.e., the Fermi velociti
residual resistivity, and Debye temperatures are the sa
and uses a single effective coherence length. Howeve
this case the Nb and FeMn films are significantly differe
and we should consider the coherence lengths of the su
conductor and normal metal separately. Hence we use
Gennes theory in the one frequency approximation.23 For the
case that the normal metal film is not superconducting at
temperature, i.e., hasTC50 K, we have

1

A2jS

AS TCS

TC
21D tanF dS

A2jS

AS TCS

TC
21D G

5
2

jAF

DAFNAF~eF!

DSNS~eF!
tanhF2dAF

jAF
G , ~2!

where the largest root of this equation givesTC , the transi-
tion temperature of the bilayer. HereNS,AF(eF) are the den-
sity of states at the Fermi level of theSand AF, respectively,
andTCS the transition temperature of the plainS layer. All of
the required parameters for Eq.~2! are known, or can be
obtained by experiment, as we now show.

From the trilayer junctions results above we usejAF
52.4 nm. The thicknessesdS anddAF are known for a given
film. To find jS in the dirty limit we usejS50.85(j0,)1/2,
with j0'\vFermi/kBT0 and substitute using the free electro
form D5 1

3 vFermi,5skB
2p2/3e2g.4,30 We obtain

jS5F p\kBs

6e2gT0
G 1/2

. ~3!

Here the electronic specific heat capacityg
5720 J m23 K22,31 and T059.25 K, the bulkTC of Nb.
From a van der Pauw measurement at 295 K we find a v
of sNb52.73107 (V m)21 for our films. We use a linear fi
to follow the variation of RRR value withdNb , ~Fig. 3!.
Hence for a given thickness of Nb we calculatesNb(10 K),

FIG. 5. Linear fit to findsFeMn using different thicknesses o
FeMn in a Cu/FeMn/Nb trilayer, at 295 K. Inset: Hysteresis loop
a Nb/Cu/FeMn/Co/Nb trilayer after annealing at 0.2 T from 200
for 30 min.
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using the RRR linear fit, and then findjS using Eq.~3!. jS is
found to be of the order of 6 nm.

The plain Nb transition temperatureTCS is similarly fol-
lowed using an empirical cubic fit to theTC , as in Fig. 3.
Finally from s52e2N(eF)D the ratio DAFNAF(eF)/
DSNS(eF) is identical tosFeMn/sNb50.031, using the above
values. Hence the only remaining parameter in Eq.~2! is TC ,
for which we solve numerically.

For varying Nb thickness, this fit with no adjustable p
rameters is shown as a solid line in Fig. 1, which is clea
not a good qualitative fit to the data. For the case of vary
FeMn thickness, as can be seen from Fig. 2, the suppres
of TC is saturated for thicknesses.1 nm: which would
be expected for a coherence length of that order. The in
of Fig. 2 shows that the theoretical fit, which saturates
dAF>2.5 nm, although the saturation value ofTC is
much higher than found experimentally. WithdFeMn
.10 nm there does appear to be some additional variatio
TC , which is not expected from Eq.~2!. However this most
likely due to a different phase of FeMn being produced
films thicker than 20 nm.18 More investigation of this behav
ior is required.

A Nb~150 nm!/Cu~5 nm!/FeMn/Co/Nb~150 nm! structure
was also grown as a reference to check the AF nature of
FeMn, with dFeMn;4.5 nm, anddCo;2 nm. M (H) hyster-
esis loop measurements were made with a vibrating sam
magnetometer, and showed that there was some exch
bias associated with the applied field during deposition. T
relatively weak nature of this (Hbias;150 Oe) implies that
there are many misaligned domains in the Co being pin
by the AF. The film was annealed in a field of 0.2 T
200 °C for 30 min, and field cooled. After annealing the e
change bias was measured asHbias;335 Oe~inset of Fig. 5!.
This shows that the FeMn is an AF in this thickness regim
as expected. Although in this regime the magnitude of
exchange bias is changing withdFeMn,32 this does
not imply variation of the exchange coupling energy betwe
the spins at 4.2 K, hence we can assume a constant valu
jAF .

Many models of exchange bias in magnetic films u
compensation of spins at the interface as a crucial param
Indeed the true structure of the present device might
S/N/F/AF/F/S: where theF layers are uncompensated A
spins. A full theoretical description of these bilayers a
junctions may enable additional information concerning
nature of thin films ofg –FeMn to be gained, as well a
provide a qualitative fit to the data in the present work.

V. CONCLUSIONS

We have been able to obtain the diffusion constantD, and
density of states ofg-FeMn. We have also fabricated A
Josephson junctions with a coherence lengthjAF;2.4 nm.
This value ofjAF was used to model AF/S bilayer TC mea-
surements, and with no free parameters, but gave unsati
tory results. It is clear that a more relevant theory is requi
to fit the data. Although this work implies a similar stron
suppression of superconductivity in AF FeMn as in the f
romagnetic case, the thicknesses used in the present wor

f
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similar to those used to fabricate spin valves. Hence the
rication of a Josephson spin valve using FeMn as a pinn
layer, measured below 4.2 K may possess aJC which is not
too small to be beyond experimental reach, although a
with lower TN , and weaker F layers would significantly in
crease theJC of the junctions.
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