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Superconducting transition in Nb/Gd/Nb trilayers
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We report the observation of oscillations in the superconducting transition tempefatafeNb/Gd/Nb
trilayers as the Gd layer thicknesk,q is varied. TheT, minimum occurs ad g~13 A. The results are
consistent with our previous study of Nb/Gd multilayers and are in support of the theoretical prediction of a
mr-phase junction in superconductor/ferromagnet/superconductor sy$&0i63-18286)08633-X]

The possibility of am-phase coupling was proposed by In this paper, we present our study of the superconducting
Bulaevskiiet al! for junctions containing magnetic impuri- transition in sputter-deposited Nb/Gd/Nb trilayers; we have
ties in the tunnel barrier. In & junction, the ground state has observed a nonmonotonic dependencel gfon dgy that is
an intrinsic phase differencé ¢= 7 between the supercon- consistent with our previous studies of Nb/Gd multilayers. In
ducting order parameters in the neighboring superconducparticular, the Gd layer thickness at which the minimum in
ors. These so-called #-phase” states have also been pre- T occurs is the same for both the trilayers and the multilay-
dicted to exist in superconductorS{) ferromagnet F) ers. _ ) _
layered structure¥:* These predictions suggest that as the .In our previous work,_ the Nb/Gd multilayers consisted of
superconducting order parameter penetrates int6 tagers ~ Uniform Nb layers of either 500 A or 600 A, and wedge-
via the proximity effect, it decays nonmonotonically with a Shaped Gd layers from 10 A 0 40 A. In the present study of

characteristic length scag, = J4%Dy /1, whereD,, and| Nb/Gd/NDb trilayers, we used a fixed Nb layer of 250 A and

are the diffusion constant and the exchange interaction in tha wider Gd thickness range of 050 A. Since a Nb layer has

. ) . Ihterfaces with two magnetic layers in a multilayer and with
ferromagnetic layer, respectively. For cert&nayer thick- 9 y y

d h h % tound h high only one in a trilayer, the pair breaking effect should be
nessesdg, the m-phase state Is found to have a higher,,q o imately twice as strong in the former case. On this

superconducting transition temperaturé; than the padis it was suggested by Struekal?® that theT, depen-

“0-phase” state withA¢=0. As a resultT. of SF multi-  gence ondy, should be the same if the Nb layers in the
layers oscillates withde as the ground state switches be- myltilayers are twice as thick as that in the trilayers. We
tween the O-phase and thephase states. therefore chose trilayers witth,=250 A to facilitate com-

We recently reported the observation of oscillations of theparison with our multilayers witldy,=500 A.
superconductingdl, in Nb/Gd multilayers as the Gd layer  The deposition of the trilayer films was carried out in a
thicknessdgg is varied® For constant Nb layer thicknesses dual-source dc magnetron sputtering chamber. The deposi-
dyp Of 500 A and 600 A, theT, oscillation occurs in the tion conditions were similar to that of the multilayers de-
thickness range 10 Adgy<40 A where the Gd ferromag- scribed previously. The layer thicknesses were controlled
netism is well established. These results suggest the exisuring growth with quartz-crystal thickness monitors. The

ence of the predictedr-phase state its-F multilayers.¢,  wedge-shaped Gd layer was deposited by linear translation
for Gd was determined to be 13.5 A. of the substrate behind a mask during growth, and its slope

One manifestation of the-phase coupling is a spontane- Was setto be 1 A/mm. The film was then cut into 2-mm-wide
ous persistent current and magnetic flux in a ring containingt'iPS perpendicular to the wedge direction, giving a series of

an odd number ofr junctions in zero field. Indeed, the Samples with varyingdgy. In addition to the trilayer

observation of a spontaneous supercurrent would be a direé?rgples’h a '\ébégjdl multilayer fliIm dwitth_t;:dSQO IA and
probe of the existence of &-phase state. This phenomenon wedge-shape ayers was aiso deposited I1s run

has been demonstrated in recent experiments probing thend thesamewedge Gd layer deposition procedure. The

paifing symmetry in highF, superconductors:® m-phase multilayer films had the same configuration as those in the

Y . ; previous study. With the multilayers, we could check the
proximity-coupled S-F structures using conventional 10w- oq0qycibility of our previous results, and make a direct
T. superconductors are another candidate for such an eXpefigmparison of superconductivity in the multilayer and
ment. The simplest implementation would be a trilayer Struc‘trilayer geometries.

ture in the form ofS-F-S with the top and botton® layers Low-angle and high-angle x-ray diffraction of the
connected to form a superconducting loop. However, inmyltilayer samples shows similarly good layering quality as
Nb/Gd/Nb trilayers withd vy, in the range of 150-191 A, that of the previous study, and the bilayer wavelengths de-
Strunket al® observed plateaus in the dependenc&0bn  termined from low-angle diffraction agree well with the de-
dgg, but no clear oscillation. This discrepancy raises thesired values. Since the trilayers and the multilayers were de-
qguestion of whether the oscillatofl, is a consequence of posited in the same fashion and at the same time, their
the multilayer geometry upon which the theoretical calcula-quality should be comparable. The Gd layer thickness is de-
tion of Radovicet al? is based. termined from the sample position within the series. Because
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FIG. 1. Resistive superconducting transitions of Nb/Gd/Nb
trilayers withdy,=250 A anddg;=3.1 A, 6.3 A, 12.5 A, 18.8 A, FIG. 2. Superconducting transition temperatligeas a function
and 31.3 A. of the Gd layer thicknessdgy for Nb/Gd multilayers with

dnp,=500 A and Nb/Gd/Nb trilayers witldy,= 250 A.

of the built-in thickness gradient of the wedge layer and the
finite width of the samples, the thickness determination igshan that of a multilayer withdy,. The difference is the
accurate tar1 A. largest at lowdgy, and diminishes at highetgy. Thus, the

The superconducting transitions of both the trilayers andsymmetry argument leading to the simple expectation of
the multilayers were measured resistively using the standardilayers with dy,/2 being equivalent to multilayers with
four-probe technique. Because of the significant difference i, is only approximately correct. Also, in the limit of
the total thicknesses and the cross-sectional areas of thg;,=0, the multilayer is a bulk superconductor, whereas the
trilayer and multilayer samples, the measurement current fotrilayer becomes a single Nb film 500 A in thickness and
the trilayers was adjusted so that the current density waghus has a loweT, because of the finite-size effel.
about the samgl0 A/cm?) when measuring the two sys- It was suggested by Strunit al® that the penetration
tems. Similar to what we observed previously, the resistivalepth of Cooper pairs into the Gd layers may be too short for
transitions of some multilayers were again broad. We previthe T, oscillation to be observed in Nb/Gd/Nb trilayers. This
ously attributed this to the small volumes of inhomogeneityquestion can be resolved by measuring the parallel upper
or damage at the edge when the samples were cut, and ibritical fields H.,| of the Nb/Gd multilayers. If the Cooper
deed, the susceptibility measurements on the same samplgairs in one Nb layer do not penetrate through the Gd
showed a sharp transitionOn the other hand, the resistive layers into the adjacent Nb layer$i ;| should exhibit
transitions inall the trilayers are sharp. Figure 1 shows the
resistive transition of some trilayer samples wdtg=3.1 A,

6.3 A, 125 A, 18.8 A, and 31.3 A. The resistances are nor-
malized to the residual normal-state values, which are nearly
constant(16 w{) cm) for all samples. The midpoints of the
resistive transitions have been taken as the transition tem-
peratureT . for the trilayers. The nonmonotonic dependence
of the superconducting transition aly, is clearly evident.

The dgy dependence of the transition temperature is plot-
ted in Fig. 2 for both the trilayers and the multilayers. The
oscillatory dependence of thie, on dgq is clearly observed.
For both the trilayers and the multilayers, thig minimum
occurs at the same Gd layer thicknedgs~13 A. The
minimum in T, signifies the transition from the 0-phase state
(dgg<13 A) to the 7w-phase statedzs>13 A). T, then in-
creases aslgq is further increased, reaching a maximum
at dgg~20-25 A before decreasing again. Ags~35 A,

T, of the trilayers shows a small upturn. It is possible that at C e .
this Gd layer thickness, the ground state of € structures .5 06 0.7 0.8 09 105 06 07 0.8 09 1
switches from ther-phase state back to the 0-phase state, LI

but the data are insufficient to make a definitive statement on

this point. FIG. 3. Temperature dependence of the upper parallel field of
It should be noted that, although tfig's of the multilay-  Nb/Gd multilayers with dy, =500 A and (@ de=7 A, (b)

ers with 500 A Nb and the trilayers with 250 A Nb are dge=8.5 A, (¢) dgg=13.5 A, and(d) d go=17 A. The dashed lines

qualitatively similar, there are noticeable differences. For thexre the linear temperature dependence expected for 3D supercon-

samedgy, the T, of a trilayer with dy,/2 is always lower ductors.

- (a) d,=7A { F(b)d,, =8.5A
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two-dimensional (2D) behavior, Hcy%y1—T/T.. On  range where th& oscillation occurs, the Cooper pairs tun-
the other hand, if the Nb layers are coupléti,| should nel through theF layers.

exhibit three-dimensional3aD) behavior,H ¢y (1—T/T). In summary, we have observed a nonmonotonic depen-
Figure 3 shows the parallel upper critical fieltis,| as a dence of the superconducting transition temperafyen
function of T/T. for Nb/Gd multilayers withdy,=500  Nb/Gd/Nb trilayers on the Gd layer thicknedg,. The re-

A and dgg= 7 A, 85 A, 135 A, and 17 A. Neal,,  sults are consistent with our previous study of Nb/Gd multi-
He¢z varies linearly withT, indicating 3D behavior; i.e., the |ayers. While an oscillatoryT, is a signature of the
Cooper pairs tunnel through tte layer to couple with the  7_phase coupling, the existence ofraphase state can only
neighboring superconductors. As the temperature is reducege proved conclusively by experiments that are sensitive to
the S layers begin to decouple when the perpendicular cotne phase of the superconducting order parameter. Our ob-
herence lengt, of an equivalent anisotropic 3D SUPErcon- senation of T, oscillations in Nb/Gd/Nb trilayers suggests

ductor becomes comparable to the multilayer petfodl.di- - s ,ch an experiment is feasible without resorting to a
mensional crossover from 3D to 2D occurs, resulting 8nore complex multilayer structure

nonlinear temperature dependence. As expected, with in-
creasingdgy, the dimensional crossover becomes closer to This work was supported by the NSF under Grant Nos.
T.. Similar effects have been observed in Fe/VDMR 95-01195 and DMR 93-57518 and by the David and
multilayers*? The results conclusively show that in thlgy  Lucile Packard Foundation.
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