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We have studied superconducting and magnetic properties of sputtefdtbfFe trilayers. For
a fixed Nb thickness and with changing Fe thickneds,, a nonmonotonic behavior of the
superconducting transition temperatdiewas observed with a maximum ag. ~ 10 A.  The analysis
of the magnetization data revealed that fipr = 7 A the Fe layer is nonmagnetic. The interpretation
of the observedl'. behavior is attributed to the existence of this magnetically “dead” layer and the
change of the interaction of the Cooper pairs with this layer at the onset of ferromagnetism for
dr. =7 A. [S0031-9007(96)01049-6]

PACS numbers: 74.80.Dm.74.50.+r, 74.62.—

Since the advent of metal superlattice growth capabiliet al.[8]. For the explanation of the nonmonotorilt
ties, the possibility to study proximity effects betweenbehavior two different models were proposed. Strunk
layers with dissimilar intrinsic properties, such as su-et al. assumed that the obtainef} behavior could be
perconductivity and ferromagnetism, has initiated muchattributed to the change in the underlying pair-breaking
research activity [1]. For ferromagnetic (FM) layers mechanism due to the transition of the Gd layer from
sandwiched between superconducting (SC) layers it ia paramagnetic to a FM state with increasifg;. In
expected that the critical temperature for the SC traneontrast, Jianget al.suggested that the oscillatory,
sition T. decreases monotonically with increasing mag-behavior provides evidence for the predictedcoupling
netic layer thickness. Interest in this topic increasedn SC/FM multilayers.
considerably after Wongt al. [2] showed a nonmono- In order to test the validity of these ideas, we prepared
tonic dependence of . as a function of the Fe layer Fe/Nb/Fe-trilayer samples consisting of one single SC
thickness in VFe superlattices and with fixed V thick- layer between two FM layers. Nevertheless, we observed
ness. Shortly afterwards, the possibility for oscillationa nonmonotonid,. dependence on thés. at fixed dyp,
of T, as a function of the FM layer thickness in &M  which looks very similar to th&. behavior in NgGd mul-
multilayers was demonstrated theoretically [3]. It wastilayers as reported by Jiarg al. [8]. Contrary to their
shown that at specific FM layer thicknesses the Josephinterpretation, we conclude that the nonmonotdhi@/. )
son coupling between two SC layers can lead to a juncdependence occurs due to the existence of magnetically
tion with an intrinsic phase differenca¢ = 7 which, “dead” Fe layers near the interface and their properties
in turn, exhibits a higherT. in comparison to the or- changing drastically upon the onset of FM order.
dinary A¢ = 0. Such so-calledr junctions have been The samples were prepared by rf sputtering techniques
suggested earlier to arise also in the tunnel barriersn Al,O; (1120) substrates at 300 K. Pure Ar (99.999%)
containing magnetic impurities [4] and have been pro-at pressures af X 10~ mbar was used as a sputter gas.
posed recently for weak links of superconductors withVery pure Nb (99.99%) and Fe (99.99%) targets were
d-wave pairing [5]. Although numerous experimental re-used for deposition. The growth rate was controlled by a
sults were discussed in terms af junctions, any un- quartz crystal monitor, and a rate of 0.7gec was found
equivocal observation of junction coupling has not yet to be optimal for the structural quality of the films.
been published. To find the optimal growth conditions for the Rdb/Fe

The evidence forz coupling in SGFM multilayers trilayers, systematic resistivity measurements on single Nb
was sought experimentally in AFe [6], Nb/Gd [7,8], films deposited under different conditions were performed.
and Nh/Fe [9] systems. In YFe [6], contrary to the TheT, value and the residual resistivip(10 K) were ob-
previous results [2]7, oscillations as a function of the served to be extremely sensitive to the preparation con-
iron thicknessdg. were not observed. Negative resultsditions. The highest obtained,. for a single Nb film
were also published for the MBe system [9]. At the with dy, = 400 A was 7 K. For this filmp(10 K) =
same time, for NJGd, a nonmonotonic dependence of 13 4 cm, decreasing monotonically with increasifg, .
T. on the FM Gd-layer thicknesglgq for fixed dn, ~ This probably shows that the conduction electron scat-
values was reported by Strurdt al.[7] and by Jiang tering at grain boundaries is the main scattering process,
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because usually (see, e.g., [7] and references therein) tAdese results clearly show that a Fe layer of less than 7 A
mean grain size is roughly proportional to the film thick- thickness sandwiched between two Nb layers is nonferro-
ness. We suppose that this scattering also leads to the smagnetic. The same thickness of a magnetically dead Fe
called lifetime “broadening” of the electronic density of layer was obtained by Mattsat al. [12] in their sputtered
states [10] and to a correspondingly I@wvalue (for pure  Fe/Nb superlattices.

bulk Nb 7T, = 9.2 K). The SC transition temperatureE. were measured

In order to study carefully the dependence of the SQesistively in a standard four-terminal configuration and
parameters on the thicknegs,, it is essential that the defined at the midpoint of the SC transition. In addition,
samples are deposited in an identical fashion. Thereforac magnetic susceptibility measurements were used to
sets of nine different Fé&Nb/Fe trilayer samples with determiner. for all samples. In this case the temperature
different dg. at constantdy, were prepared within one corresponding to half the value of the transition signal was
run. Prior to the sample growth, a Nb layer of 30 A defined ag.. Figure 3 shows the SC transitions observed
thickness was deposited on the sapphire substrates adw electrical resistivity and ac magnetic susceptibility
buffer layer. After the deposition process all samplesmeasurements for four samples with differdai. These
were covered with a protective Nb cap layer of 30 Asharp transitions confirm the high quality of our trilayer
thickness. systems.

In Fig. 1 x-ray reflectivity scans measured with Mo The 7. dependence on the Fe thickness obtained for
K« radiation for three trilayers with differenfr, and  two sets of trilayers with fixediy, = 400 A is shown
fixed dnp are shown. Fits with the Parratt formalism [11] in Fig. 4. A strong initialT. depression is observed up
show surface and interface roughnesses of less than 6 B de. =7A. For larger dg. T. increases markedly,
indicating the high structural quality of our films. The reaching a maximum aflr, =~ 10 A and then starts to
film thickness obtained from the fit procedure coincidesdecrease with a tendency of saturation &t = 20 A.
within 10%, with the thickness determined by the quartzWe have observed similar nonmonotordic behavior for
crystal monitor during deposition. Using the Parratt fit,two sets of samples witlx, = 350 and450 A, respec-
we also checked théy, values within one set prepared tively. It should be emphasized that the maximunipf
simultaneously and did not find any scatter within theat dg. = 10 A is outside of any possible experimental er-
error bar of the fit of about 1%. ror bar.

Magnetization measurements by a SQUID magnetome- The most important result in our present study is the
ter did not indicate qualitative differences in the magneti-pronounced maximum df, at dg. = 10 A (Fig. 4). As
zation curves for samples withd. between 25 and 10 A mentioned above, Jiangt al.[8] obtained results very
at fixeddx, = 400 A. The hysteresis loops show the typi- similar to ours and interpreted them as the first evidence
cal square shape for ferromagnets and a coercive forag& = coupling in SGFM multilayers [3]. Principally,

H. = 200 Oe. The dependence of the saturation magneene could assume that the coupling of the main SC Nb

tization M, on the reciprocal thickness of the Fe layers islayer of our trilayer system with very thin Nb cap and

shown in Fig. 2. For the samples with. = 7 A there  bottom layers might give rise to ar-coupling effect,

is no contribution to the magnetization from the Fe layerstoo. However, we can rule out this explanation for the
following reasons: First we note that the difference in
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FIG. 1. X-ray reflectivity scans measured with MEa;, I/ng‘(ll/A)
radiation for trilayers with differentdg. and fixed dn, =

100 A. The thicknesses of the Nb buffer and cap layer wasFIG. 2. Saturation magnetization measured by a SQUID
30 A each. The solid line is obtained by model calculationsmagnetometer at 10 K vs/dg. for the samples with fixed
using the Parratt formalism [9]. The multilayer structure isdy, = 400 A. The solid line is a linear fit. Note that the

shown in the inset. sample withdr. = 7 A was measured with higher precision.
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= If Fe/Nb/Fe ftrilayers, for the NHGd system FM vanishes

8 0.8} for dgg = 12 A[7,8]. We suppose that the disappearance
3 0.6} of FM order is due to alloying effects at the interface,
§ 0.4 since the value of the critical thickness is of the same
£ 02 d=7A de=10A  dp=0A order as the interfacial roughness obtained by the Parratt
x OC ' ' ' ' fit. Principally, the nonferromagnetic layers might be in
g of o a paramagnetic or in a nonmagnetic state. In our opinion,
Ro02l in either case it can cause the observed nonmono®nic
Tsv-o_4_ behavior.

5-0.6} First of all we shall discuss the case when the intermixed
£.08f 42254 dpTA 404, layer has localized moments but is in a paramagnetic state.
=t . . . . It is obvious that this situation is realized in the /&d

3 4 5 6 7 system due to the stability of thf magnetic moment of
Temperature (K) the G&®* ion. In this case we expect a strong initigl
FIG. 3. Superconducting transition curves for samples withdepression with increasing magnetic layer thickness due to
different dr. and fixed dy, = 400 A measured by electrical {he proximity with the localized moments in the interface
resistivity (a) and ac susceptibility (b). area [14] (analogous to the Abrikosov-Gor’kov mechanism
of pair-breaking scattering in dilute magnetic alloys [15]).
The appearance of FM order within the intermixed region
when increasing the magnetic layer thickness will lead

and 77-phase contact of two SC layers SGEM/SC(2) [0 an iljduced magnetic orde_ring of the whole irjtermixeq
must vanish asl;/d, in the limit d, < d> [hered, and aréa with a subse_quent freezing out of the elqstlc spin-flip
d» denote the thicknesses of the SC(1) and SC(2)]. FopXchange scattering process of the conduction electrons
our samples the ratid, /d, is of the order of 0.1. This N this region. This gives rise to a sudden increase in
makes ther junction effect irrelevant in our case, even if Tc; When further increasing the magnetic layer thickness
assuming a difference between maximum and minimunfnother basic mechanism & depression due to the
in T.(dr.) caused by coupling of the order of 1 K for exchange field at the_lnterfe_lce starts to_come mtq play _[3].
a contact withd; = d,. In addition, the amplitude of the ~ In our case the intermixed layer is most likely in
order parameter in the top and bottom layers is expectet® nonmagnetic state. We have analyzed the magnetic
to be strongly reduced by the lifetime broadening effect inState of the Fe atoms close to the interface by high
thin Nb layers [13]. rgsolutlon magnetization measurements of a single Nb
We believe that the most essential feature of/@@ film and of a sample witg. = 7 A. In the temperature
multilayers in which a nonmonotoni€, behavior was ange from 10 to 100 K and in a magnetic field up to
observed is the disappearance of ferromagnetism belogP00 Oe the magnetic susceptibility values were equal

a critical thickness of the FM layers. We have shown inwithin the experimental. error bars for both samples. We
Fig. 2 that ferromagnetism vanishesdat < 7 A in our ~ €stimated that the maximum value of the error is a factor

of 2 smaller than the expected magnetic susceptibility
of paramagnetic Fe ions incorporated in the interface
T region. Moreover, in all measurements the scatter of the
3 data points showed that the paramagnetic contribution
a4 to the magnetic susceptibility of the Agb/Fe trilayer
is smaller than the magnetic susceptibility of a single
\ Nb film. Therefore we conclude that in our system

the free energy as well as ifi. between a conventional
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FIG. 4. T, vs dg. as determined by ac susceptibility (closed
symbols) and resistivity (open symbols) measurements fo
The triangles and circles

samples with fixeddy, = 400 A.

30

the interface area fordg. = 7 A is nonmagnetic in
accordance with Méssbauer results by Che¢il. [16].

The nonmagnetic state of the intermixed layer can
easily be understood by the concept of virtual (resonant)
d levels [17], formed by Fe ions dissolved in the host
Nb metal. Strong mixing ofi states with the host band
suppresses the local moment of the Fe ions and leads to
the appearance of resonant states near the Fermi level.
Although these local virtual states are not usual pair
breakers, since their contribution to elastic spin scattering

Is small, they strongly suppress superconductivity by

correspond to two different sample sets. The dashed line is Bducing repulsive interactions between the conduction

guide for the eye.

electrons. The origin of this repulsion is the inelastic
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scattering of electrons on spin fluctuations of Fe-derivedarger dg. the appearance of a FM layer within the
resonant levels. The scale for this local paramagnomagnetically dead layer moderates the destructive effect
mediated repulsion can roughly be estimatedzadr;;, on superconductivity. This is due to the suppression
wheren is the density of Fe ions in the intermixed region, of spin fluctuations mediating the repulsion between
A is the coupling constant of the conduction electronselectrons by the induced internal field. This leads to an
to d-spin density on the resonant level, ang is the increase of thd, value. With further increase aefg. the
characteristic time scale for spin fluctuations on Fe ions. ordinary 7. depression by the exchange field of the FM
Let us imagine that the layers with such resonant statelsyer becomes predominant.
form a trilayer system with the SC layer. In this case the We would like to thank J. Podschwadeck and
Cooper limit for proximity systems works, with. given C. Leschke for technical support and Dr. M. Khusainov
by de Gennes [18], as follows: for helpful discussions. This work was supported by
the Deutsche Forschungsgemeinschaft (DFG-ZAG61
T. = 1.146p exp(— ZNI(Sf)dl il sz(sf)dz ) (1) 1) and by the Russian Fund for Fundamental Re-
Ni(ep)Vidi + Ny(ef)Vad, search (Project 96-02-16332a), which are gratefully

where the subscripts 1 and 2 refer to the two materials‘?CknOWbdged'

Ni(ef) is the electronic density of states at the Fermi
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