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Proximity and Josephson effects in superconductdantiferromagnetic
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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,
Cambridge, United Kingdom
(Received 13 May 2003; revised manuscript received 26 June 2003; published 23 October 2003

We study the proximity effect in superconduct@) ( antiferromagneti¢AF) bilayers, and report the fab-
rication and measurement of the first trilay&AF/S Josephson junctions. The disordered fcc alloy
y-FegMnggwas used as the AF, and tBés Nb. Micron and submicron scale junctions were measured, and the
scaling ofJc(dag) gives a coherence length in the AF of 2.4 nm, which correlates with the coherence length
due to suppression of¢ in the bilayer samples. The diffusion constant for FeMn was found to be 1.7
X104 m?s™1, 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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[. INTRODUCTION the center of the magnetic hysteresis loop to a nonzero ap-
plied field. The latter technique was used in F/&/F trilay-
From the earliest work of Hauset al® there has been ers studied in Ref. 14. If this technique is to be applied to the

considerable interest in the proximity effect between thincase ofS/F/X/F/S Josephson junctions, it is crucial to un-
film superconductorgS) with both ferromagnetiqF) and derstand the Josephson effect through an AF, as the device is

antiferromagnetic (AF) materials. More recently Nb/Cr bu”'lfhlé:pelgggtrg‘yr#iyer:etic and nonmagnetic impurities in the
multilayer$ and Nb/CuMn(spin-glas$ systems have been g 9 b

studied® as have Cr/V/Cr trilayer8.The recently renewed %a::rlﬁzﬁgogrie/l\éﬁnjg?;stlsoensschjant?iegnM%r}%\gﬂgsgu;tﬁg :?]d_

interest in theS/F proximity effect due to the oscillating  these cases the barrier thicknesses were of the order of 100
order parameter in th& layer and the so-calledr shift,  nm or thicker(since the impurity concentrations were rela-
recently found experimentalfy has not led to complimen-  tively small: for example a maximum of 4.6 at. % Mn in the
tary experiments inS/AF heterostructures. As has been case of CuMn in Ref. 6 To our knowledge no measure-
pointed out by Krivoruchkd,the nesting features of Fermi ments have ever been made of AF Josephson junctions and,
surfaces of the so-called band antiferromagnets destroys th@ particular, with the AFy-Fe;gMnso. In this paper we

symmetry in momentum space, similar to the splitting of thePresent bilayeilc measurements of the proximity effect be-
Fermi surface in thé case. Therefore a band AF heavily tveen FeMn and Nb, and the first measurement of the Jo-

suppresses superconductivity, but without the oscillating or-Sephson effect through an AF. These measurements enable

der parameter found in thE case which is necessary to the coherence length in the AF to be found, and hence the
parar . Y 10 diffusion constant, and in addition, the density of states at the
realize 7 junctions.

: . . Fermi level of the FeMn to be calculated.
There has been much theoretical literature concerning

S/F heterostructuregilayer, trilayers, and multilayers: for a Il. EXPERIMENTAL DETAILS
review see Ref. B The various effects on the superconduct- ) ) o .
ing critical temperature, field, and current densifi( He, All films were deposited or{100) oxidized silicon sub-

andJc) of the parallel and antiparallel configurations of the SIrates by dc magnetron sputtering at 0.5 Pa, in an in-plane
; ictiondnagnetic field ugH~40 mT. The sputtering system was

cooled with liquid nitrogen and had a base pressure better
than 3< 10" % mbar. The system was fitted with a load lock,
their moments switched from parallel to antiparallel, with which minimizes run to run variation by keeping the targets
. pg_ll paratel, under constant vacuum. Deposition rates were of the order of
large effects forX=insulator (), L, more weakly in the g og nmys for the Cu, Co, and FeMn targets, and 0.03 nm/s
case ofX=normal(dirty) metal (N).™* Spin torque on th& o Nb. Film thicknesses were controlled by varying the ex-
layers due to the Josephson current has been predicted fgésure time under the magnetron targets. For all samples
X=N.** To achieve these “spin-active” junctions, tech- containing FeMna 5 nmunderlayer of Cu was grown, in
niques can be borrowed from the magnetics community irbrder to achieve the required fcc Af=FeMn phaSS?
the fabrication of spin-valve devices. In these cases the anti- For the trilayer devices, a Nb/Cu/FeMn/Nb sandwich was
parallel alignment is achieved either by the use of two magrown in situ; FeMn thicknessdg.y, was in the range 2—6
terials with different coercive fields, or by using an AF to nm, both Nb thicknesses were 150 nm. The films were pat-
“pin” (exchange bigsone of two otherwise identicdt lay-  terned to micron scale wires with broad beam Ar ion milling
ers. In the latter case this can be done by field coolingl mAcm 2, 500 V), and then processed with a Ga focused
through the blocking temperatutehich is <Ty, the Neel  ion beam to achieve vertical transport with a device area in
temperaturg which increases the coercive field, and shiftsthe range 0.25-1.2m?. The fabrication process is de-

have been made fod: enhancement in the case of
S/IF/X/F/S Josephson junctions, when tlte layers have
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FIG. 1. Variation of T¢ vs Nb thickness for a constant FeMn FIG. 2. Variation of Tc vs FeMn thickness for a constant Nb
thickness of 6.5 nmjtriangles, compared to plain Nb films thickness of 25 nm. Inset: detail for thinner films with de Gennes
(circles. Fit to triangles is de Gennes thedisee Sec. IV. theory fit (see Sec. IV.

scribed in detail elsewherf@.For the bilayer measurements ~ For a constant Nb thickness of 25 nm thg of the film
Cu/FeMn/Nb films were grown. drops dramatically as soon as the thinnest layer of FeMn is
All transport measurements were made in a liquid He dipgrown underneatfthe two points atix==0 in Fig. 2 are for
probe. The critical currentl¢) and normal state resistance Nb only and a Nb/Cu bilayer, respectivelyThis implies a
(Ry) were measured with room temperature electronics. Foghort coherence lengthyg in the FeMn, which we will show
devices with d cRy>1 uV a current-voltage V) charac-  correlates with the results from the Josephson junctions.
teristic was directly measured. For samples witgRy As a comparison, measurements on plain Nb films of de-
<1 uV a differential resistance measurement was madé&reasing thickness were also made, since in this thickness
with a lock-in amplifier, and thé. was found as a peak in regime the Nb only filnil¢ is also decreasinggircles in Fig.
the dV/dl measurement. For th€: measurements a four- 1). The reduction can be attributed to a combination of grain

point Configuraﬁon was used on unpatterne@k % mm size and reSiStiVity effects, as well as the prOXimity eﬁ?@Ct.
films. The rate of cooling was: 10”2 K/s nearTc. The correlation between T and resistance ratio

R(295 K)/R(10 K) (RRR) shown in Fig. 3 is associated
with the grain size effect, and is consistent with previous

Ill. RESULTS studies?
In this section the results dfc measurements on AB/ o
bilayers are presented, followed by the measurements of B. Josephson junctions
S/AF/S Josephson junctions. The Josephson junctions showed resistively shunted junc-

tion (RSJ, |-V characteristics, with¢ in the range 1QuA to

A. Measurements ofT. in bilayers 1.2 mA, andRy=<2 m(). The reentranti o(H) in Fig. 4

Following Hibeneret al* we have measured the filff 9.0
independently varying th8 and AF thicknesses, as shown in 26
Figs. 1 and 2, respectively. THT) curves, showed a tran- 85 |
sition width of the order of 0.1 K, and thE; is defined as ’ 24
the midpoint of the transition. An absolute error of 0.05 K 55
was found by measuring th€: of a thick Nb film, and 8.0+ ] §
repeated T measurements show a relative error of & 20 2
~0.05 K. For thicknesses of FeMrinm a broadened > 7.5 -_18§
transition (~0.2 K), is observed—presumably associated T3
with large percentage variation of the film thickness over 7.0 L1s
the substrate, and no consistent data was obtained in this
thickness regime. 65 14

For a constantl.p,= 6.5 nm, with varying Nb thickness, ) 10 20 30 40 50
a suppression of ; was observed relative to the plain Nb
film . In Fig. 1 the final point withT -<4.2 K was measured
in a closed cycle He-3 cryostat, with a different calibration  FIG. 3. T and RRR variation vs thickness for Nb only films.
and thermal environment, hence the relative errofgnis  Lines are the best fit cubic and linear curves Ty and RRR,
larger. respectively.

Nb thickness (nm)
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bias properties have been intensively studied, the crystal
104 structure is complex and difficult to probe, hence the precise
nature of the magnetic structure of this material is still under
081 debate?>28 The electronic properties are less well studied,
— and the authors are not aware of any experimental studies
§ 0.6 of properties such as the Fermi velocity, electronic heat ca-
g FeMn thickness (nm) | pacity, or mean free path of FeMn thin films. In this section
S 4 20250 35 40 90 55 o we use the measurements above to calculate some of the
o properties of the FeMn, and use them to fit the bilayer
024 measurements.
If we consider FeMn as a band antiferromagnet the coher-
oo ence length in the AF is given byn the dirty limit)

-0.I06 -0.I04 -0.I02 0.;)0 0.62 0.64 D.lIJS 0.;)8
Applied field p H (T)

2hDr’l2

Hoy @

AF=
FIG. 4. Critical current modulation with an applied magnetic
field, normalized to the zero fiel; . Line is a best-fit Fraunhofer . ) o
pattern. Inset: Critical current density vs FeMn thickness for junc-Where D=3zveemf is the diffusion constant andHe
tions at 4.2 K. Line is a best fit exponential exi®dae/éar) With ~ ~KgTn the exchange coupling between the AF spins, simi-
Exp=2.4 nm. lar to the exchange field in the ferromagnetic case. The ad-
ditional factor of 2 compared to the F casgée
shows the presence of a Josephson current through thie(4%D/Hg)?] arises since the AF wave vector has the
FeMn, although we do not obtain an ideal Fraunhofer patform kae=2/¢xe rather than the complex formkg=2(1
tern. In this case the modulation is normalized to zero fieldt i)/ &r which gives rise to the oscillating order parameter in
critical current! =500 xA. The junction dimension per- the F case’ Hence,éxr scales with the bulkly, which in
pendicular to the direction of the applied field wa§00 nm  the case studied here is in the range 450—490IK.the case
and the total barrier thickned€u and FeMh was 7 nm. of FeMn, however, because it is a highly disordered alloy
Correcting for the finite thickness of the Nb electrodes System, we expect a very short mean free @atbf the order
(each is 150 nm thickwe obtain from the Fraunhofer fit a of 1 nm or less.” Hence, a reasonable value#yf using Eq.
magnetic penetration depth of 40 nm. A voltage criterion is(1) with a Fermi velocityv germ=2% 10° ms™* (both Fe and
used to extract the:, hence the nonzerg: is an artifact of ~ Mn havev e~ 2X10° ms ) is of the order of 4-5 nm.
this process: théc is suppressed to zero to within theedy  This is in agreement with the value from the trilayer junc-
noise level of the measurement. We can estimate the Josepliens, and much shorter than the corresponding coherence
son penetration depth using;=(%/2euJcd)Y2 For the length in a normal metal. Further information can be gained
thinnest case wittdae~3 nm andJc~1x10° Am~2 we  from this measurement of the coherence length. Fron{Eg.
find A\;~2 um, whereas the largest junction dimension isusingTy=450 K andé,=2.4 nm, the diffusion constail
1.2 um, so we are close to long junction behavior only foris found to be 1. 10 % m?s™*.
the largest junction with the thinnest barriers. Given the value of the diffusion constabtyg it is pos-
The inset of Fig. 4 shows the variation of critical current Sible to calculate the density of states at the Fermi level using
density Jo with deeyy. Assuming a dirtyS/N/S junction  the Einstein relationr=2e*\{eg) D.?® For this the value of
Jorexp(—Kapdap). 2> Using kap= 2/ (see Sec. IV and  Orewmn iS required. This was found using a series of(&£u
fitting this to the inset of Fig. 4, we find the characteristic nm)/FeMn/Nk6 nm) films grown for differing FeMn thick-
decay lengthéar=2.4 nm. The errors illc(d) consist of nessedthe Nb serves as a cap to prevent oxidation of the
measurement error of the submicron junction area, as well d&e€Mn). Assuming a simple parallel resistor model, plotting
scatter due to variation afr over the area of the chithis ~ the ratio of total thickness and resistivity against FeMn thick-
is also the case for the scatter in theRy data of junctions ness should give a straight line with gradient equal to the
with nominally the same thickness of FeMiThere may also conductivity of the FeMn.ogey, is found to be 8.4
be additional variation due to domain structures in the AF,X10°(Q m)~%, from the linear fit(Fig. 5. Hence usingr
and spin compensation at the interfaces which are spatiallyz26’A\(eg)D, with the values ofD and ogey, above, the
inhomogeneous. All devices for a given film thickness aredensity of states at the Fermi lev#{er) in FeMn is found
patterned on the same 10 mB6 mm chip, hence interface to be 2.7 10% states J*m~3. For parallel resistors, the
transparency and contamination should be comparable foriatercept of Fig. 5 is given byr,dyp+ ocdcy. Using the
given dag. value of oy, (see below this intercept is predicted to be of
the order of 0.1). The smaller observed value is associ-
ated with interface resistance, which would be significant for
dyp=6 nm, which reduces the effective value @f,. This
v-FegMng, (FeMn) is an example of a fcc disordered AF, is also consistent with a higher value @f,),, obtained from
and is one of the most studied materials used to exchandgée junctionRy values: which would also contain a compo-
bias ferromagnetic film&* Although its magnetic/exchange nent due to the interface resistance.

IV. DISCUSSION
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0.09 using the RRR linear fit, and then firdd using Eq.(3). ésis
found to be of the order of 6 nm.

05 ‘é lo.08 % The plain Nb transition temperatuiig-g is similarly fol-
2 ‘E lowed using an empirical cubic fit to the., as in Fig. 3.
0o 2 b} Finally from o=2e’Mep)D the ratio DapNap(er)/
"E“ 1007 £ DsNy(eg) is identical toogepmn/ onp=0.031, using the above
el -1 + ; 2 values. Hence the only remaining parameter in@yis T¢,
/+/ Jo.oe & for which we solve numerically.
L £ For varying Nb thickness, this fit with no adjustable pa-
800 -800 -3 0 300 600 ] 5 !
[

rameters is shown as a solid line in Fig. 1, which is clearly
not a good qualitative fit to the data. For the case of varying
FeMn thickness, as can be seen from Fig. 2, the suppression
of T is saturated for thicknessesl1l nm: which would
be expected for a coherence length of that order. The inset
FIG. 5. Linear fit to findogey, using different thicknesses of Of Fig. 2 shows that the theoretical fit, which saturates for
FeMn in a Cu/FeMn/Nb trilayer, at 295 K. Inset: Hysteresis loop of dar=2.5 nm, although the saturation value dfc is
a Nb/Cu/FeMn/Co/Nb trilayer after annealing at 0.2 T from 200 °cmuch higher than found experimentally. Witldlgoyy,
for 30 min. >10 nm there does appear to be some additional variation of
Tc, which is not expected from E@2). However this most
We can now fit the bilayelT . measurements. We do not likely due to a different phase of FeMn being produced in
follow Ref. 4 which analyzed the data in terms of the films thicker than 20 nm® More investigation of this behav-
Werthamer theor§® This considers the case that the metalsior is required.
are identical in the normal state, i.e., the Fermi velocities, A Nb(150 nm)/Cu(5 nm)/FeMn/Co/Ni§150 nm structure
residual resistivity, and Debye temperatures are the samwas also grown as a reference to check the AF nature of the
and uses a single effective coherence length. However, iReMn, with dggpy~4.5 nm, anddc,~2 nm. M(H) hyster-
this case the Nb and FeMn films are significantly different,esis loop measurements were made with a vibrating sample
and we should consider the coherence lengths of the supamagnetometer, and showed that there was some exchange
conductor and normal metal separately. Hence we use daas associated with the applied field during deposition. The
Gennes theory in the one frequency approximatigror the  relatively weak nature of thisH,,<~ 150 Oe) implies that
case that the normal metal film is not superconducting at anthere are many misaligned domains in the Co being pinned
temperature, i.e., hab-=0 K, we have by the AF. The film was annealed in a field of 0.2 T at
200 °C for 30 min, and field cooled. After annealing the ex-
1 [[Tes ds //Tcs change bias was measuredHas, o~ 335 Oe(inset of Fig. 3.
\/_2_53 T_c_ 1)ta \/—2_5S T_c -1 This shows that the FeMn is an AF in this thickness regime,
as expected. Although in this regime the magnitude of the
2 DpNar(€r) 2dar exchange bias is changing withlgey,,>® this does
"~ & DNd(er) tam{ : (2 notimply variation of the exchange coupling energy between
where the largest root of this equation gives, the transi- ¢,

the spins at 4.2 K, hence we can assume a constant value of

tion temperature of the bilayer. Herés ar(€g) are the den- Many models of exchange bias in magnetic films use
sity of states at the Fermi level of t!&and AF, respectively, compensation of spins at the interface as a crucial parameter.
andTcsthe transition temperature of the pleBlayer. Allof  Indeed the true structure of the present device might be
the required parameters for E(2) are known, or can be S/N/F/AF/F/S: where theF layers are uncompensated AF
obtained by experiment, as we now show. spins. A full theoretical description of these bilayers and

From the trilayer junctions results above we u$g  junctions may enable additional information concerning the
=2.4 nm. The thicknessek; andd g are known for a given nature of thin films ofy—FeMn to be gained, as well as
film. To find &g in the dirty limit we useés=0.85(¢y¢)Y%,  provide a qualitative fit to the data in the present work.
with ég=~%vemil Kg To @and substitute using the free electron
form D= 2vpermf = ok3m2/3e?y.4*° We obtain

Applied field (O
] pplied field (Oe) Jo.0s

O 5 10 15 20 25 30 35 40 45 50
FeMn thickness (nm)

Enr

V. CONCLUSIONS

1/2
h kBO'

682 ’)/TO

We have been able to obtain the diffusion consanand

3 density of states ofy-FeMn. We have also fabricated AF

Josephson junctions with a coherence lengtp~2.4 nm.
Here the electronic specific heat capacityy  This value oféar was used to model AN bilayer T mea-
=720 Im 3K 2,3 and T;=9.25 K, the bulkTc of Nb.  surements, and with no free parameters, but gave unsatisfac-
From a van der Pauw measurement at 295 K we find a valugry results. It is clear that a more relevant theory is required
of onp=2.7X10" (Q m)~* for our films. We use a linear fit to fit the data. Although this work implies a similar strong
to follow the variation of RRR value withdy,, (Fig. 3. suppression of superconductivity in AF FeMn as in the fer-
Hence for a given thickness of Nb we calculatg,(10 K), romagnetic case, the thicknesses used in the present work are

&s=
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