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Superconductor-ferromagnet CuNi/Nb/CuNi trilayers as superconducting spin-valve core
structures
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We have investigated CuNi/Nb/CuNi trilayers, as they have been recently used as the core structure of a
spin-valve-like devicdJ. Y. Guet al, Phys. Rev. Lett.89, 267001(2002] to study the effect of magnetic
configurations of the CuNi layers on the critical temperatligg 0f the superconducting Nb. After reproducing
aT¢ shift of a few mK, we have gone on to explore the performance limits of the structure. The results showed
the T¢ shift that we found to be quite close to the basic limits of this particular materials system. The ratio
between the thickness and the coherence length of the superconductor and the interfacial transparency was the
main feature limiting theT¢ shift.

DOI: 10.1103/PhysRevB.71.180503 PACS nunt®er74.78—~w, 72.25.Mk, 85.25

Superconductor(S)/ferromagnet(F) proximity systems recently this group has published a theoretical description of
show many interesting physical effects originating from thethis structuré?? In the present Communication, we begin by
coexistence of these two mutually exclusive orderings ofeporting our results from a nominally identical sample,
matter! Ferromagnetism is expected to suppress supercomwhich reproduces just what was found in Ref. 11, confirming
ductivity, as the presence of an exchange field breaks thiéne existence of the superconducting spin-valve effect. Fur-
time-reversal symmetry of a Cooper pair. However, the splitther results are then reported on the properties of Nb/CuNi
ting of the energy levels of the spin-up and spin-down elecirilayers, and the intrinsic limits in the device performance in
trons in the pair may not totally suppress the superconducthis materials system are found by constraining as many pa-
ing state. Exotic superconducting states, e.g., the Larkinrameters as possible experimentally, entirely using material
Ovchinnikov-Fulde-Ferrel(LOFF) state?® can be adopted. grown in the same sputter chamber.

In S/F multilayers, the mutual coexistence of the two effects The samples, with planar dimensions of XQ mn?,

is responsible for reentrant superconductivity in the criticalwere grown by dc magnetron sputtering on(180 sub-
temperature(Tc) versus F thickness¢d,) behaviort® and  strates. The CuNi was sputtered from an alloy target and
m-junction effect$:” Particularly interesting phenomena are characterized by vibrating sample magnetomet4sM).
predicted to happen in the limit of thin S layers, when theThe Curie temperature of a 5000-A thick film, determined as
thicknessd, is comparable to the coherence lengthNon-  the temperature where there is an upturn in the value of
local effects due to spatial variations in the exchange fieldnagnetic moment, was found to be40 K, which corre-
over the coherence length will strongly affect the superconsponds to a composition of51 at. % Ni(Ref. 13, which
ducting state. Therefore, it will be possible for a SC to dis-compares well with 53+2 at. % Ni, determined by x-ray
tinguish between paralldP) or antiparallel(AP) magnetic  photoelectron spectroscopy. In the first set of samples, S1,
configurations in two adjacent F layé¥8In the latter case, spin-valve structures were grown with the layer sequence
the opposite orientations should partially cancel out, resultTa/NiggFe,o/ CuNi/Nb/CuNi/NiFen/FeMn/Ta and the
ing in a much weaker effective field acting on the pair, andNb thicknessd, varied, and 100 A CuNi layers used. In S1,
consequently a highér. the core trilayer structure was embedded within two 30 A

This idea was the basis of a proposed model for a soNiggFe, layers, as in Ref. 11, in order to improve the switch-
called superconducting spin val¥®an F/S/F layer sequence ing characteristics of the CuNi. The second set, S2, is a se-
where it is possible to switch between P and AP alignment ofjuence of CuNi layers with thicknesls, increasing from 25
the two F layer moments. If the shift in critical temperature,to 800 A. The third set, S3, is composed of
AT, between the RT ) and AP(T¢ ap) configurations is  CuNi(100 A)/Nb/CuNi(100 A) trilayer structures with
bigger than the superconducting transition widMvy, then  varying Nb layer thickness and a Ta cap-e80 A. The last
for Tc p<T<Tc ap it is possible to valve the supercurrent set, S4, consists of similar trilayers to S3, but with a Nb
by applying only a relatively small magnetic field to switch a thickness of 230 A, varying CuNi thickness, ar®0 A of
soft F layer. Ge as a capping layer.

Afirst realization of such a spin switch has been reported, In Fig. 1 the hysteresis curves for the sample of S1 with
using CuNi for the F layers and Nb for the S spaédihin S d,=180 A are displayed fof=3 and 2.5 K, on either side of
layers are required, so the use of Nb and CuNi seems pronthe superconducting transitiont 8 K the magnetization re-
ising because of the very weak ferromagnetism of CuNiproduces a typical spin-valve behavior, where a region of AP
which can allow the S layer to be far thinner if compared toalignment of the magnetic moments in the two F layers is
systems with stronger ferromagnets such as Fe or Co. Thdistinguishable for 8<ugH<0.25 T on the forward going
device showed a small but measurable effect, wifi. ~ branch of the curve.
~6 mK, but this is still much less thaAW=0.1 K. Very The electrical resistance of the sample was measured by
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151 ' ' ' ' T process over many consecutive readings was carried out, be-
] ] cause of the changes of the resistance due to thermal fluc-
1.0 8 tuations across the transition, reflected in the displayed error
05 ] bars. In Fig. 2 the resistance verstiglot for the sample
o shows theT split obtained by switching between P and AP
'g 0.0 alignment on F layers. The thickness of the Nb layer is nomi-
2, 1 1 nally identical to the sample of Ref. 11 and the data are
o 057 1 indeed very similar, showing &-=2.82 K, a transition
E -1.0 . width AW=0.1 K, and aAT.=~2.5 mK.
1 e TeaK Theoretical predictions ak T are usually orders of mag-
-1.51 —._T-2sk 7]  nitude larger. In order to find out more quantitatively the
50 ] main limitations on performance, we carried out a series of
— — experiments that were interpreted in terms of a theoretical
03 02 -0 0.0 0.1 0.2 0.3 model for the proximity effect by Tagiro\. Although this
H [T] theory treats singlet pairing only, this is all that is required to

deal with the collinear P and AP configurations that we con-
FIG. 1. Hysteresis loops for the 180-A Nb sample of the S1 secern ourselves with hef€.This theory allows the calculation
at temperatures just aboy@ K) and just below(2.5 K) the critical ~ of the T of the F/SC/F trilayefusing Eqgs.(8) and (9) of
temperaturd Tc=2.8 K). Ref. 10 for the P state, and 8 and 10 for the AP $thssed
on the values of four parameters,
means of a low-temperature dc four-point probe in itne
plane geometry(probe spacing of 2.5 mmwhere the exter- _ =N 27Ty & 3

nal field is collinear to the sample length. Prior to the mea- €=V v T : (1)
. [P ngl l dm
surement for the superconducting transitioRig. 2), a

magnetic field of +0.5 T was applied. Subsequent applican, . are the densities of states at the Fermi energy in the S, F.
tion of small positive(negativé external magnetic fields cor- é‘.‘s is the |ength scale of Cooper pairs inSin proximity Sys-
responds to switching between AP) configurations by re-  tems[given by &= D4/ 27T (Ref. 17, with D the diffu-
versing the free layer only, in the usual spin-valve schemesjon coefficient in the S ani.g critical temperature of the
The resistance was then measured at alternating fields @fy|k S]. The magnetic stiffness length=7%v,,/21, wherev,,,

+30 mT as the sample was cooled through the supercondugls the Fermi velocity and the exchange splitting in Fy is

ing transition. Since these fields were equal and opposite, thfe BCS critical temperature of the SC afigis the param-
direct effect of the applied field on the S layer is cancelledeter accounting for the interface transparefidy, andd,, are

out, as well as other effects of even symmetry such as maghe mean-free path and the thickness of the F layer, respec-

netostriction in the F layers. We can see from Fig. 1 that outjyely. Our strategy was to fix as many of these parameters as
measurement fields are far from the coercivities of both magpossible with experimental values.

netic layers, so that we can be confident that domain effects The resistivity as a function of thicknesis, for the CuNi
such as exchange field averagihgnd spontaneous vortex monolayers of S2 is plotted in the inset of Fig(aB
formatiort® do not play any significant role. An averaging along with a fit to the Fuchs-Sondheimer relationship
p=pg(1+3l,,/8d,), wherepg is the bulk resistivity:® The fit
yields pg=57+1 uQ) cm andl,=44+2 A. Resistance versus
T measured during cooling in zero field was used to deter-
7 mine T for the S3 set. The results are plotted in Figo)3A
bulk T; of =8 K for Nb can be observed, lower than the
expected critical temperature of 9.2 K for pure Nb. The dis-
crepancy is due to residual impurities and other defects
found in thin-film materials. In the limit of thin Nb layers,
- the proximity effect becomes larger, resulting in a fallifig
until a critical thicknesslS'~ 160 A, below which supercon-
ductivity is totally suppressed. The previous result is consis-
tent with reported data of Rusanet al.” The critical tem-
peratures of the S1 samples are also plotted for comparison.
! . . . ! The points fall on the same curve as for S3, thus showing
2.80 2.85 2.90 that the layers outside the CuNi have no measurable effect on
TIK] the superconductor. On the same S3 set, the coherence
lengths in the out-of-plane field configuration were esti-
FIG. 2. Resistance v¥ plot close toT¢ for the same sample Mated. For this purpose, the critical fieldg , versusT were
(S1) as Fig. 1. The upper curve refers to P alignmer80 mT), measured by sweeping at fixed T and taking the value
while the lower is for the AP case-30 mT). The inset is a magni- corresponding to half height of the resistance transition, av-
fication showing &l shift of ~2.5 mK. eraged over positive and negative fields. As predicted from
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8 - - - - - - lated from the fit, which is acceptably close to the known
value for Nb of 7.8 mJ mot K2 (Ref. 23, given the ap-
proximations we have made.
. | The T versusd,, dependence for the S4 samples is plot-
o wo T who ted in Fig. 3a). The samples are now capped with Ge instead
o, A of Ta to avoid proximity with nonmagnetic metals for thin F
layers. A clear dip appears dt,~ 60 A. This is in agreement
with the data on Nb/CuNi bilayers reported in Ref. 50
A) and Ref. 7(40 A), where higher Ni concentrations have
0 50 100 150 200 250 been used. The position of the minimum afjdare related
Al through: ¢, =~ 2d,, for 7,,>5 (Ref. 21 and can be acceptably
, extended to lower7,, values, yielding in our case
o | ~120 A. The evaluation df,, d,, and¢, allows us to fix the
values of the last two parameters {@): &/1,=2.8 and
§|/dm2 118
The remaining two parameters can be constrained by re-

L T calling that for F/S trilayersll' is related to7;, by?!
] aor Nowméo 1

s 6 w
1600 1500 2600 —=2V2y arctar(y: ) , (3)
d,, A | &s V2y Nws &1+ (2/T)

0 500 1000 1500 2000 2500 with y= 1.7811 and, the BCS coherence length in the S,
d,, IAl given by&,=(fivg)/(1.76mTy). The latter relationship is valid
in the limit of d,> &, but it is still a very good approxima-
FIG. 3. (a) T¢ vs CuNi layer thicknessde,ni(=dy,) for the S4  tion for 7,<<1 or, more generally, in the regime whefg
set. The lines are interpolated curves assumifig<| (solid) andin ~ versusd,, is nearly constant. By extractings/N,, from (3)
the general casédashed with parameter values of§/1,=2.8,  and substituting inte as given in(1), we finally obtain
&/ds=3.3,7,=0.4, 0.45, and=1.9, 2.3, respectively. In the inset

cr
the low-temperature resistivity of GgNisq single layers is plotted & = 3'377 1 COI( di ) (4)
vs deyni (S2 set of samples (b) Te vs Nb layer thickness, \;’y 1+(2/7,) 2\’f2)’§s

dnp(=ds), in zero-field cooling for the samples of the &3rcleg

and S1(squaressets, respectively. The lines are the same curves a3 N€ set of free parametetd) is then reduced to only the
in (a), plotted as a function alyy, with &/d,,=1.18. Insetz, vs dg, interface transparency,. The latter can be found by inter-

the solid line is a fit of the data with the assumption of the scaling:Polating the data in Fig.(&), with the model of Ref. 18, and
E~TOS using fore the values given by4) as initial guesses. We then

estimated?,,=0.4 ande=2. In order to check the consis-
tency of our results, we calculated the rafg/ N, for bulk
epitaxial CyoNisy by means of thexsw software?® By sub-
stituting Ng/ N,,=0.25 into(1) and using the definition of;

Ginzburg-Landau(GL) theory, He, goes linearly withT
nearT., because of the three-dimensio@D) behavior ex-
pected in perpendicular field configuration even for a thin . = " 1 _
film. From a linear fit of the curves neag, it is possible to and (3) we estimatedhs~3x 10' cms™” and 2=1.8 meV.

is fai Y <1
extract the values of the GL perpendicular coherence Iengtéhg3 value Ofvts 'S‘i fzae'rlyhﬁlotsﬁ to 27”$< 10h cms bqugtedl'l;))_/
£ by means of the relationship, ‘odopyanowet al.=° while the small exchange band splitting

can be qualitatively justified with the low Curie temperature

T\2 of the CuNi we used. This raises the concern that the low
He, = Lz(l __> , (2)  Vvalue ofl brings the system close to the weak F/S lirfiit
2m(ég)) Tc <7T). In our caseT~4 K) we havel =~ #T~1 meV. The

data of Fig. 8a) were therefore interpolated within the same

where ¢, is the flux quantumé is related toég, by simple  model extended to the low region® represented by the
proportionality?®?! and &= (2/7) &g, . dashed line in Fig. @). It is reassuring to note that the val-

From the inset of Fig. ®), the value o can be obtained ues of the set of parameters 1 came out to be approximately
in the limit of thick Nb as&=70 A. The diagram also shows the same as within the previous approximaties2.3,7,,
a divergent behavior of; in the opposite limit of thin Nb. =0.45, but the interpolation returned a higher value Faf
This can be understood within the framework of the deg meV, incompatible with the weak F/S limit. This, coupled
Gennes—Werthamer theory of the proximity efféctvhere  with the fact that the fitted curves are so similar, means that
the coherence length of Cooper pairs in S is calculated aghe concern is not a serious one.
proportional to(y.Tc/0)™*% whereo is the electrical con- In the theory of Fominovet al?* the parametery,
ductivity and v, is the coefficient of the electronic specific =RA/p;& (whereR is the resistance of an interface of akea
heat. The solid line in the inset of Fig(l8 is a fit corre- andp; and¢; are the resistivity and coherence length of the
sponding to the behaviok=T(dy)™ %% By using py, ferromagnet, respectivelyplays an analogous role tf, in
~15 uf) cm, a value of 5.9 mJ mol K2 for v, was calcu- the Tagirov picture. By means of the Landauer fornfilRA

180503-3



RAPID COMMUNICATIONS

A. POTENZA AND C. H. MARROWS PHYSICAL REVIEW B71, 180503R) (20095

the layer external to CuNimainly Py for d,,< ¢, since¢

can be regarded as the coherence length of the injected pair
in F (Ref. 10. In our casef =120 A, so only the calcula-
tions with d,,> ¢ should be taken into account. This can
probably explain whyAT.~6 mK in Ref. 11 is two orders

of magnitude smaller than expected, éi=50 A. The result

is that in the best case df~d', the largest shift possible is
AT-=0.4 K. The maximum is accessible at temperatures
lower than 1 K and rapidly falls to 0.05 K after 0d}/&,, i.e.,
ds=7 A+d". The region where the performance is enhanced
is therefore hardly accessible.

FIG. 4. T¢ shift vsd,,/ . The log scale is for better displaying We have shown, t?y a series of gxpenmental measure-
the change of two orders of magnitude in feshift with changing ments of thl.:" kgy_physmal parameters in the theory, that there
do/ &, Inset: reducedc vs dy /¢ for the P(solid) and AP(dasheyt 7€ two main I|m|t§1t|ons _of the CuNi/Nb system as the core
cases used to calculate the shift in the main graph. The paramet_QF a superconducting spin valve. These are the low value of

values areg /I ,=2.8, T.,=0.4, ande=2, which correspond to the interfacial transparencyﬂ’sz.A [the same as for Pb/Fe
measured values for Nb/CuNi systems. system&? but far lower than in Nb/Gd systems, whefg

~1.75(Ref. 26], and the high ratid'/ &, which is roughly
may be directly linked to7y, yielding: y,=2l,,/37,& (the 2. Itis desirable to have a superconducting layer that is much
same relationship may be obtained directly by comparinghinner than its coherence length, but this is not possible
Egs.(8) and(14) in Ref. 24 with Eqs(6) and(14) of Ref. 10,  pecause of the extra pair breaking caused by the proximity
assuming a real vglued diffusion coeffl_cﬁer(Dur mgasured effect in this system. By calculating tHE. shift with the
value of 7,=0.4 givesy,=0.6 when this formula is used. thickness corresponding to the thinnest sample of S1, and
Fominov et al?* obtained a value of 0.3 when fitting their considering an uncertainty of +5 A in Nb thickness, we have
theory to unpublished Nb/CuNi bilayer data of Ryazanov., < dy/ &< 2.6, which yieldsA T between 1 and 20 mK, in

Both measurements agree that the transparency of gcordance with the shift of 2.5 mK we measured experi-
CuNi/Nb interface is rather low. mentally.

The AT for Nb/CuNi systems can now be predicted as a
function of the thickness of S and F layers. The results are We would like to thank K. Critchley and S. D. Evans for
summarized in Fig. 4. As expected\ T increases for assistance with the XPS measurements. This work was
smallerds/ &, and has a clear maximum fak,/ &~ 0.25.  funded by the EPSRC, and by the EU via project NMP2-CT-
Actually, the real shift is strongly affected by proximity with 2003-505587 “SFINX.”
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