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We present the measurement of superconductor/ferromagnetic Josephson junctions, based on an epitaxial Nb
bottom electrode and epitaxial JoBligg barrier. Uniform junctions have been fabricated with a barrier thick-
nesses in the range 2—12 nm. The maximum critical current derglt¢+0.2x 10° Am~2 was found for a
device with a 3-nm-thick barrier at 4.2 K, corresponding to an average characteristic VglRge 16 wV.

The IcRy showed a nonmonotonic behavior with,féig, thickness. The variation of the resistance of a unit
areaARy, of the junctions with barrier thickness gave a Nb/Py specific interface resistance of 6.@%®3% f
and FeggNig, resistivity of 174+50 ) m, consistent with other studies in polycrystalline samples.
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I. INTRODUCTION barriers. Clean limit junctions are also expected to show a
nonsinusoidal current-phase relationsHifn contrast to re-

The early research into the proximity effect between sucent measurements of S/F/S junctions with,Xy_, alloy
perconductors(S) and ferromagnetgF) concentrated on barrierst? S/F/S junctions have been proposed as potential
measurements of the critical temperatligeand critical field  logic elements in quantum computing circuiést* however,
of S/F heterostructures. A motivating factor for this researchthe present critical current—resistance prodligRy) values
was the realization of ther state, in which the ground-state are relatively small at present. The clean limit may again
phase difference between S layers changes from# tue  provide a route to achieving much higher critical current
to the oscillation of the superconducting order parameter indensities], and hencdcRy. All of these factors motivates
duced in the F layerThe transition should manifest itself as the investigation of epitaxial S/F/S junctions. The epitaxial
a nonmonotonic change in the properties of the multilayerske,(Nig, (Py) system is also of interest in spintronic applica-
as a function of F layer thickness. Many epitaxial and  tions, such as ballistic spin valves and spin torque devices,
polycrystalline systems of materials were investigated, usingind also provides an interesting comparison to the studies of
various growth techniques. Although oscillatdiy(d:) were  polycrystalline Nb/normal-metdN) and F/N interface$>-17
observedsee Ref. 2 for a reviewthese studies were com-
plicated by interface effects and “dead” magnetic layers at
the S/F interface, which made the interpretation of The [l. FILM GROWTH AND CHARACTERIZATION
data more difficul® — , _

It was not until the measurement of current perpendicular Our (110) Nb/(111) Fe,Nigo (Py) films are grown by
to plane(CPB Josephson junctions with ferromagnetic bar-sputtering on (1120) Al,O; as described in detall
riers (S/F/9 that the shift could be conclusively demon- elsewheré® To improve the epitaxy and reduce the strain in
strated. Suchr junctions have been characterized as a functhe films, the heterostructure is Nb/Cu/Py/Cu/Nb with the
tion of temperature andl: (Refs. 4 and § using alloys thicknesses of the two Cu layers5 nm, [with (111) orien-
whose composition could be tuned to achieve an appropriation]. The Cu layers are expected to be strongly proxim-
ately low Curie temperatur€ly,), such that the O cross- itized by the Nb electrodes and should not significantly re-
over could be observed in a suitable window of experimentatluce thelc of the devices. The Py thicknesds,, was in the
phase space. Thesejunctions have since been incorporatedrange 2—12 nm. The samples wilp,=2, 4, and 6 nm were
into loop geometries to further demonstrate theshift®’ initially grown with a bottom Nb layer of thickness 200 nm,
S/FIS junctions have also been fabricated with the relativelyand a top electrode of 20 nm of Nb followed by a 5-nm Au
high T,, ferromagnets N{Ref. 8, Co (Ref. 9, and compos- capping layer. This Au was removex situby Ar ion mill-
ite Co/Cu/FggNig structureg? In these cases the junctions ing, and the top Nb electrode deposited by dc sputtering. All
are much more sensitive to the barrier propertiesdnénd  of the remaining samples were grown in a second deposition,
hence the 0 crossover has not been clearly demonstratedwith the top and bottom Nb thicknesses-e250 nm, depos-

In all of the above CPP junctions, the S and F layers havéed in situ. To achieve epitaxy, the Py barrier was grown at
been polycrystalline and in the dirty limit. The realization of 423 K, and the Nb at 1023 K. It was not possible therefore to
epitaxial junctions in the clean limit may remove some of thegrow the top Nb layer epitaxially at the reduced temperatures
difficulties of measuring lowT,, alloy systems(which are required for the Cu and Py layers.
sensitive to stoichiometry and harder to characterize mag- Figure 1 shows the x-ray diffraction peaks of the Nb, Cu,
netically), as well as the sensitivity td- of the highTy  and Py layers in th&lp,=6 nm sample(taken with ClKa
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FIG. 1. X-ray diffraction scan of110) Nb, (111 Cu, and(111)
Py peaks at positions#2 38.6°, 43.2°, and 43.9°, respectively. The ~ FIG. 3. Ic(H) modulation for a device demagnetized at 4.2 K
splitting of the Nb peak is caused by the presence of the two«Cu for a 2-nm-thick Py barrier. The device dimension in the direction
radiation lines. Inset: Amw scan of the primary Nb peak. perpendicular to the applied fieldis1.06 um. The line is a best fit
to a “Fraunhofer” function.
radiation using a Philips X'Pert powder diffractometerhe

full width at half maximum values obtained from scans  mjcron scale wires and associated tracks and contact pads, to
were ~0.25° for the Nb laye(inset of Fig. 3, and~0.78°  gjlow four-point measurements to be performed. These
for the Py layer(not shown. This confirms the epitaxial tracks were then processed in a*Gacused ion beam to
nature of the bottom electrode and barrier. A resistance velgchieve vertical transport with a device area in the range
sus temperatureR(T), measurement of the unpatterned 0.05-1.1um2 This process is described in detail
dpy=2 nm film (before further Nb was deposited, such thate|sewheré! and has been used previously to fabricate Jo-
the relatively thick epitaxial Nb layer dominates the COﬂdUC-Sephson junctions with ferromagnetic barri@(s‘[ransport
tiVity) was also made. The film showed a residual TESiStanCﬁ]easurementS were made in a ||qu|d He d|p probe_ The dif-
ratio R(T=10 K)/R(T=300 K)=14.2. This is of similar or- ferential resistance as a function of bias current of the junc-
der to other epitaxial Nb films, in which the superconductingtion was made with a lock-in amplifier, and thg found
coherence lengtlfs=18 nm (Ref. 19, compared to a dirty using a resistive criterion. Th&, was measured using a
limit value of ~6 nm in polycrystalline sputtered filnfS. quasi-dc bias current of 3—5 mA. This enabled the nonlinear

The magnetic properties were characterized with a vibratpart of thel-V nearl to be neglected, but was not too large
ing sample magnetometer at room temperature. Figure & drive the Nb electrodes normal.
shows the saturation moment per unit area of the films in this
study (along with a typical hysteresis loop shown in the in-
sel. Extrapolating the least-squares fit gives a nominal mag- IIl. RESULTS AND DISCUSSION
netically “dead” layer of thickness-7 A.

The films were patterned using optical lithography, fol-  An I<(H) modulation obtained in a junction with lateral
lowed by broad beam Ar ion millingl mA cn?,500 V) to area~1060x 250 nn? is shown in Fig. 3. In this case the

10 05 0o o5 10 field is applied in the direction perpendicular to the larger

dimension of the device. It is expected that the coercive field
of the Py should increase relative to that taken from the
room-temperature hysteresis loop shown in Fig. 2, due to the
L ax10° & reduced temperature and the aspect ratio of the submicron
device?? In this case the applied field required to modulate
the I does not significantly affect the magnetization of the
Py, and thd ~(H) is symmetric about zero field. The good fit
to the ideal “Fraunhofer” pattern indicates a uniform current
flow in the junction. We note, however, that the effective
magnetic area of the junction is larger than expected. This
effect has been observed in other junctions with this
geometry® containing Py, and may be due to flux focusing
———— 7 0 from the nearby electrodes. Relatively smaller junctions,
which require larger fields to modulate thg were found to
show hysteresis which we associate with changes in the Py

FIG. 2. Scaling of the magnetic moment per unit area vs Pymagnetization. This results in net induction in the barrier,
thickness. The line is a least-squares fit to the data. Inset: Hysteresi¢hich shifts thelc(H) pattern away fronH=0 and reduces
loop of the 2-nm Py film at 295 K. the I at zero field from its true maximum valgé.
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of Py thickness. The line is a best fit excluding the point with the
FIG. 4. Characteristic voltageRy as a function of Py thickness largestARy for dp,=2 nm.

at T=4.2 K. The dashed and solid lines are two fits to Eqg, as

described in the text. been measurétiin Py asE.=135 meV andvg=2.2+0.2

To avoid falsely small values df, the films were demag- X 10° ms™ (for the majority spin. The lines in Fig. 4
netized at 4.2 K, as well as tHg(H) pattern being directly correspond to E,=95 meV, with both v=2.2 and
measured where possib®r devices withl cRy>2 wV). In - 2.1X10° ms?, to indicate the degree of variation the error
some cases however, the offset of the maximigrfrom  in vg causes. The agreement between the data and the
H=0 could not be removed. The cause of this is ascribed tonodel is not ideal, however for an order of magnitude
shape anisotropy in the submicron devices which provides aastimate it is clear that the fit is acceptable. The period of
additional demagnetizing field which may prevent the forma-oscillation of IcRy(dz) is given by whivg/Es, and can
tion of a flux-closed domain structure in the barrier. therefore be estimated to be of the order of 5 nm, again

_ The variation oflcRy(dpy) is shown in Fig. 4. Other de-  similar in magnitude to the 5.4-nm value obtained by
vices showed much largel values, but showed strongly Bjum et al® We note that these junctions fall in a regime for
distorted or nolc(H) modulation, implying shorting at the \ynich Eq. (1) will not be valid for largedp,, however

rication. Fordp,>8 nm the devices showed some reductionaccyrate modeling without a fuller characterization of

of the differential resistance arouhé 0, but did not show a
measurable supercurrent Bt 4.2 K (this was also the case
in several devices witldpy=7 and 8 nm. No reentrantcRy
was observed up top =12 nm. It is clear that there is a
strong suppression di:Ry for increasingdp,, but despite ) o2 — .
some scatter in the data of Fig. 4 for each syet of devices wit§amPles. one device W'tﬂry‘3 nr? hadc=1.03 mA with a
constantdp,, the decay is clearly not purely exponential. A ateral area of 0.:3»25_0.0ﬂm . giving the highest
component of this nonmonotonic change may be associatet ~2-9£0.2% 10° Am™ at the same temperature, the aver-
with the slightly different preparation methods of the 2-, 4-,29€ fordey=3 nm wasJc=2.4+0.2x 10° Am™2. The larger
and 6-nm-thick barriers, or run-to-run variation in the sys-Jc for the epitaxial films can be attributed to the increaged
tem. For example fodp,=3 nm, the fullyin situ deposition  ©f the Nb bottom electrode. _

may imply a higher quality and largégRy, however this is Finally, we have measured the total resista(Rg) of a
inconsistent with the same comparison between the samplegit areaAR, of all junctions. The variation oAR versus
with dpy=4, 5, and 6 nm. Therefore the variation ligRy dpy, over the range of 2 nrRIdpy<<12 nm are shown in Fig.
would seem to be a true effect associated with the oscillator. HereARy is the total specific resistances; consisting of the
induced superconducting order parameter in the Py layer. specific resistance of the S/F interfa¢@&yy,p,) in the S/F/S

We can compare this behavior to the nonepitaxial evaposandwich and the ferromagnetic layesuch that
rated junctions of Blumet al.® with the structure

Nb/Cu/Ni/Cu/Nb. In that case a measurable critical current AR\ = 2AR\p/py *+ ppydpy- (2
at T=4.2K was observed up to a Ni thickness of o _
9 nm—similar to the present data. Due to the relatively smallf we exclude one of the data pointaith the highestARy
number of data points and the scatter, it is difficult to accufor dpy=2 nm), the best fit straight line to our data gives an
rately fit this nonmonotonic decay. We model the data usingrdinate intercept of RRyy,p,=6.0+0.5 £ m? and the resis-
. tivity pp,=174150 ) m (from the slopg The values

IRy * [SIN(2E e de/fve) [/(2Ee,delfive), @l within the range of ARyyp,=6-7.502m? and
where vg is the Fermi velocity of Py, andE. the ppy=110-140 ) m reported for polycrystalline
exchange energy? These two parameters have recentlysamples>1’

the Py films, and a complete theoretical model. For the pre-
viously mentioned Ni junction®,a maximumI-~ 20 mA
was observed aff=4.2 K in 10X 10 um? devices for
a 1-nm-thick Ni barrier, givingJc=2x10° Am™2. In our
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IV. SUMMARY spin polarization, have been considered elsewf2Other
effects on the Josephson current due to the shape of the
X . ) L : Bermi surface in the epitaxial barrier also must be consid-
tax_la! Py barrier and observed high quality Junction Cha_rac'ered, in an analogous fashion to tunnel juncti®hss well as
ter|.st|cs. ThelcRy(dpy) _showed a nonmo.notom.c behavior, q effect of spin memory loss due to spin-orbit scattering or
which could be appr_oxmately modeled with a simple model.spin flipping. The use of elemental, or other epitaxial F
We observed no sign of a reentraly above dpy=8 NM.  |5uars_ with longer spin-diffusion lengths—may allow fur-
While suggestive of Gr crossovers, we emphasize that with- iher increases of thiy. to be achieved, and rule out problems
out phase-sensitive tests, these oscillationigBf, cannot be  4qq0ciated with loss of spin memory. With suitable materials

shown directly to correspond to such crossovers. The datgn growth technique, the fully epitaxial S/F/S would also be
extracted from theARy(dp,) product was consistent with important system to study.

polycrystalline samples.

Although interesting for spin-valve junctions, Py is not an
ideal material in which to examine ferromagnetic Josephson
junctions in the clean limit, since the spin-diffusion length is  We thank J. Aarts, E. J. Tarte, C. W. Leung, W. P. Pratt,
relatively short:®2*A reduced spin-diffusion length can have and J. Bass for useful discussions and assistance. We ac-
a strong influence on the possible realizationmojunctions  knowledge the support of the Engineering and Physical Sci-
formed by the interference of multiple Andreev reflectionences Research Council UK, the U.S. NSF Grant No. 98-
processes at the S/F interfaces. The role of different refled39688, and the European Science Foundatinfshift
tion amplitudes for the minority and majority spins, and thenetwork.

We have measured the Josephson current through an e
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