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We have studied superconducting and magnetic properties of sputtered FeyNbyFe trilayers. For
a fixed Nb thickness and with changing Fe thickness,dFe, a nonmonotonic behavior of the
superconducting transition temperatureTc was observed with a maximum atdFe ø 10 Å. The analysis
of the magnetization data revealed that fordFe # 7 Å the Fe layer is nonmagnetic. The interpretatio
of the observedTc behavior is attributed to the existence of this magnetically “dead” layer and
change of the interaction of the Cooper pairs with this layer at the onset of ferromagnetism
dFe $ 7 Å. [S0031-9007(96)01049-6]
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Since the advent of metal superlattice growth capa
ties, the possibility to study proximity effects betwe
layers with dissimilar intrinsic properties, such as
perconductivity and ferromagnetism, has initiated m
research activity [1]. For ferromagnetic (FM) laye
sandwiched between superconducting (SC) layers
expected that the critical temperature for the SC tr
sition Tc decreases monotonically with increasing m
netic layer thickness. Interest in this topic increa
considerably after Wonget al. [2] showed a nonmono
tonic dependence ofTc as a function of the Fe laye
thickness in VyFe superlattices and with fixed V thick
ness. Shortly afterwards, the possibility for oscillati
of Tc as a function of the FM layer thickness in SCyFM
multilayers was demonstrated theoretically [3]. It w
shown that at specific FM layer thicknesses the Jos
son coupling between two SC layers can lead to a ju
tion with an intrinsic phase differenceDf  p which,
in turn, exhibits a higherTc in comparison to the or
dinary Df  0. Such so-calledp junctions have bee
suggested earlier to arise also in the tunnel barr
containing magnetic impurities [4] and have been p
posed recently for weak links of superconductors w
d-wave pairing [5]. Although numerous experimental
sults were discussed in terms ofp junctions, any un-
equivocal observation ofp junction coupling has not ye
been published.

The evidence forp coupling in SCyFM multilayers
was sought experimentally in VyFe [6], NbyGd [7,8],
and NbyFe [9] systems. In VyFe [6], contrary to the
previous results [2],Tc oscillations as a function of th
iron thicknessdFe were not observed. Negative resu
were also published for the NbyFe system [9]. At the
same time, for NbyGd, a nonmonotonic dependence
Tc on the FM Gd-layer thicknessdGd for fixed dNb
values was reported by Strunket al. [7] and by Jiang
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et al. [8]. For the explanation of the nonmonotonicTc

behavior two different models were proposed. Stru
et al. assumed that the obtainedTc behavior could be
attributed to the change in the underlying pair-break
mechanism due to the transition of the Gd layer fro
a paramagnetic to a FM state with increasingdGd. In
contrast, Jianget al. suggested that the oscillatoryTc

behavior provides evidence for the predictedp coupling
in SCyFM multilayers.

In order to test the validity of these ideas, we prepa
FeyNbyFe-trilayer samples consisting of one single S
layer between two FM layers. Nevertheless, we obser
a nonmonotonicTc dependence on thedFe at fixed dNb ,
which looks very similar to theTc behavior in NbyGd mul-
tilayers as reported by Jianget al. [8]. Contrary to their
interpretation, we conclude that the nonmonotonicTcsdFed
dependence occurs due to the existence of magnetic
“dead” Fe layers near the interface and their proper
changing drastically upon the onset of FM order.

The samples were prepared by rf sputtering techniq
on Al2O3 s1120d substrates at 300 K. Pure Ar (99.999%
at pressures of5 3 1023 mbar was used as a sputter ga
Very pure Nb (99.99%) and Fe (99.99%) targets w
used for deposition. The growth rate was controlled b
quartz crystal monitor, and a rate of 0.1 Åysec was found
to be optimal for the structural quality of the films.

To find the optimal growth conditions for the FeyNbyFe
trilayers, systematic resistivity measurements on single
films deposited under different conditions were perform
TheTc value and the residual resistivityr(10 K) were ob-
served to be extremely sensitive to the preparation c
ditions. The highest obtainedTc for a single Nb film
with dNb  400 Å was 7 K. For this filmrs10 Kd .
13 mV cm, decreasing monotonically with increasingdNb .
This probably shows that the conduction electron sc
tering at grain boundaries is the main scattering proc
© 1996 The American Physical Society 1857
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because usually (see, e.g., [7] and references therein
mean grain size is roughly proportional to the film thic
ness. We suppose that this scattering also leads to th
called lifetime “broadening” of the electronic density
states [10] and to a correspondingly lowTc value (for pure
bulk Nb Tc  9.2 K).

In order to study carefully the dependence of the
parameters on the thicknessdFe, it is essential that th
samples are deposited in an identical fashion. There
sets of nine different FeyNbyFe trilayer samples with
different dFe at constantdNb were prepared within on
run. Prior to the sample growth, a Nb layer of 30
thickness was deposited on the sapphire substrates
buffer layer. After the deposition process all samp
were covered with a protective Nb cap layer of 30
thickness.

In Fig. 1 x-ray reflectivity scans measured with M
Ka1 radiation for three trilayers with differentdFe and
fixed dNb are shown. Fits with the Parratt formalism [1
show surface and interface roughnesses of less than
indicating the high structural quality of our films. Th
film thickness obtained from the fit procedure coincid
within 10%, with the thickness determined by the qua
crystal monitor during deposition. Using the Parratt
we also checked thedNb values within one set prepare
simultaneously and did not find any scatter within
error bar of the fit of about 1%.

Magnetization measurements by a SQUID magneto
ter did not indicate qualitative differences in the magn
zation curves for samples with adFe between 25 and 10 Å
at fixeddNb  400 Å. The hysteresis loops show the typ
cal square shape for ferromagnets and a coercive f
Hc ø 200 Oe. The dependence of the saturation mag
tization Ms on the reciprocal thickness of the Fe layers
shown in Fig. 2. For the samples withdFe # 7 Å there
is no contribution to the magnetization from the Fe laye
as
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e

FIG. 1. X-ray reflectivity scans measured with MoKa1
radiation for trilayers with differentdFe and fixed dNb 
100 Å. The thicknesses of the Nb buffer and cap layer w
30 Å each. The solid line is obtained by model calculatio
using the Parratt formalism [9]. The multilayer structure
shown in the inset.
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These results clearly show that a Fe layer of less than
thickness sandwiched between two Nb layers is nonfe
magnetic. The same thickness of a magnetically dead
layer was obtained by Mattsonet al. [12] in their sputtered
FeyNb superlattices.

The SC transition temperaturesTc were measured
resistively in a standard four-terminal configuration a
defined at the midpoint of the SC transition. In additio
ac magnetic susceptibility measurements were used
determineTc for all samples. In this case the temperatu
corresponding to half the value of the transition signal w
defined asTc. Figure 3 shows the SC transitions observ
by electrical resistivity and ac magnetic susceptibil
measurements for four samples with differentdFe. These
sharp transitions confirm the high quality of our trilay
systems.

The Tc dependence on the Fe thickness obtained
two sets of trilayers with fixeddNb  400 Å is shown
in Fig. 4. A strong initialTc depression is observed u
to dFe  7 Å. For larger dFe Tc increases markedly
reaching a maximum atdFe ø 10 Å and then starts to
decrease with a tendency of saturation fordFe $ 20 Å.
We have observed similar nonmonotonicTc behavior for
two sets of samples withdNb  350 and450 Å, respec-
tively. It should be emphasized that the maximum ofTc

at dFe ø 10 Å is outside of any possible experimental e
ror bar.

The most important result in our present study is
pronounced maximum ofTc at dFe ø 10 Å (Fig. 4). As
mentioned above, Jianget al. [8] obtained results very
similar to ours and interpreted them as the first evide
of p coupling in SCyFM multilayers [3]. Principally,
one could assume that the coupling of the main SC
layer of our trilayer system with very thin Nb cap an
bottom layers might give rise to ap-coupling effect,
too. However, we can rule out this explanation for t
following reasons: First we note that the difference
FIG. 2. Saturation magnetization measured by a SQU
magnetometer at 10 K vs 1ydFe for the samples with fixed
dNb  400 Å. The solid line is a linear fit. Note that th
sample withdFe  7 Å was measured with higher precision.



VOLUME 77, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 26 AUGUST 1996

ith
l

l

Fo

if
um

e
cte
t in

lo
in

s
ce
e,
me
rratt
in
ion,
c

ed
tate.

e to
ce
sm
]).
ion
ad
ed
-flip
rons

in
ss

e
[3].
in
etic

igh
Nb

to
ual

e
tor

ility
FIG. 3. Superconducting transition curves for samples w
different dFe and fixed dNb  400 Å measured by electrica
resistivity (a) and ac susceptibility (b).

the free energy as well as inTc between a conventiona
and p-phase contact of two SC layers SC(1)yFMySC(2)
must vanish asd1yd2 in the limit d1 ø d2 [here d1 and
d2 denote the thicknesses of the SC(1) and SC(2)].
our samples the ratiod1yd2 is of the order of 0.1. This
makes thep junction effect irrelevant in our case, even
assuming a difference between maximum and minim
in TcsdFed caused byp coupling of the order of 1 K for
a contact withd1  d2. In addition, the amplitude of th
order parameter in the top and bottom layers is expe
to be strongly reduced by the lifetime broadening effec
thin Nb layers [13].

We believe that the most essential feature of FMySC
multilayers in which a nonmonotonicTc behavior was
observed is the disappearance of ferromagnetism be
a critical thickness of the FM layers. We have shown
Fig. 2 that ferromagnetism vanishes atdFe # 7 Å in our
d
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FIG. 4. Tc vs dFe as determined by ac susceptibility (close
symbols) and resistivity (open symbols) measurements
samples with fixeddNb  400 Å. The triangles and circles
correspond to two different sample sets. The dashed line
guide for the eye.
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FeyNbyFe trilayers, for the NbyGd system FM vanishe
for dGd # 12 Å [7,8]. We suppose that the disappearan
of FM order is due to alloying effects at the interfac
since the value of the critical thickness is of the sa
order as the interfacial roughness obtained by the Pa
fit. Principally, the nonferromagnetic layers might be
a paramagnetic or in a nonmagnetic state. In our opin
in either case it can cause the observed nonmonotoniTc

behavior.
First of all we shall discuss the case when the intermix

layer has localized moments but is in a paramagnetic s
It is obvious that this situation is realized in the NbyGd
system due to the stability of the4f magnetic moment of
the Gd31 ion. In this case we expect a strong initialTc

depression with increasing magnetic layer thickness du
the proximity with the localized moments in the interfa
area [14] (analogous to the Abrikosov-Gor’kov mechani
of pair-breaking scattering in dilute magnetic alloys [15
The appearance of FM order within the intermixed reg
when increasing the magnetic layer thickness will le
to an induced magnetic ordering of the whole intermix
area with a subsequent freezing out of the elastic spin
exchange scattering process of the conduction elect
in this region. This gives rise to a sudden increase
Tc; when further increasing the magnetic layer thickne
another basic mechanism ofTc depression due to th
exchange field at the interface starts to come into play

In our case the intermixed layer is most likely
the nonmagnetic state. We have analyzed the magn
state of the Fe atoms close to the interface by h
resolution magnetization measurements of a single
film and of a sample withdFe  7 Å. In the temperature
range from 10 to 100 K and in a magnetic field up
2500 Oe the magnetic susceptibility values were eq
within the experimental error bars for both samples. W
estimated that the maximum value of the error is a fac
of 2 smaller than the expected magnetic susceptib
of paramagnetic Fe ions incorporated in the interfa
region. Moreover, in all measurements the scatter of
data points showed that the paramagnetic contribu
to the magnetic susceptibility of the FeyNbyFe trilayer
is smaller than the magnetic susceptibility of a sing
Nb film. Therefore we conclude that in our syste
the interface area fordFe # 7 Å is nonmagnetic in
accordance with Mössbauer results by Chienet al. [16].

The nonmagnetic state of the intermixed layer c
easily be understood by the concept of virtual (resona
d levels [17], formed by Fe ions dissolved in the ho
Nb metal. Strong mixing ofd states with the host ban
suppresses the local moment of the Fe ions and lead
the appearance of resonant states near the Fermi l
Although these local virtual states are not usual p
breakers, since their contribution to elastic spin scatte
is small, they strongly suppress superconductivity
inducing repulsive interactions between the conduct
electrons. The origin of this repulsion is the inelas
1859
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scattering of electrons on spin fluctuations of Fe-deri
resonant levels. The scale for this local paramag
mediated repulsion can roughly be estimated asnl2tsf,
wheren is the density of Fe ions in the intermixed regio
l is the coupling constant of the conduction electro
to d-spin density on the resonant level, andtsf is the
characteristic time scale for spin fluctuations on Fe ion

Let us imagine that the layers with such resonant st
form a trilayer system with the SC layer. In this case
Cooper limit for proximity systems works, withTc given
by de Gennes [18], as follows:

Tc  1.14uD exp

√
2

N1s´f dd1 1 N2s´fdd2

N2
1 s´f dV1d1 1 N2

2 s´fdV2d2

!
, (1)

where the subscripts 1 and 2 refer to the two materi
Nis´fd is the electronic density of states at the Fer
level, Vi is the electron-electron interaction constant, a
di is the layer thickness. Since this formula is stric
valid only for di , ji, in order to sense the characteris
parameters of the interface area we consider the in
Tc depression for a Nb thicknessd1  100 Å. We
took for Nb layerV1  0.0816 eV, N1  3.07 statesyeV,
uD  325 K. AssumingN2  N1, we estimatedV2 
0.046 eV. Bearing in mind our assumption about the N
layer thickness, we conclude that the real value ofV2 at
the interface of our system is somewhat smaller. Suc
weakening of net attraction in the interface region due
electron-paramagnon coupling is not unrealistic.

The above discussion may qualitatively explain
large initial Tc(dFe) depression in Fig. 4, but theTc

jump atdFe ø 10 Å still remains unexplained. We hav
concluded that abovedFe  7 Å a FM Fe layer occurs in
the middle of the dead Fe layer. This induces a str
internal field and a Zeeman splitting of the resonand
levels in the intermixed region. Concomitantly local sp
fluctuations discussed above become strongly suppre
Then the repulsion between the electrons also decre
causing an increase ofTc.

In summary, we have studied in detail the magnetic
SC properties of FMySCyFM triple layer system using
FeyNbyFe samples as an example. The first conclus
from our results is that the experimental finding of Jia
et al. [8] cannot be taken unambiguously as an evide
for the existence of ap coupling [3]. Second, we deduce
that in FeyNbyFe trilayers the nonmonotonic behavior
TcsdFed occurs due to the existence of a magnetica
dead Fe-rich layer near the NbyFe interface. It is argued
that the effective electron-electron attractive interact
in this layer is weakened considerably, giving rise
a strong initial Tc depression up todFe  7 Å. For
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larger dFe the appearance of a FM layer within th
magnetically dead layer moderates the destructive e
on superconductivity. This is due to the suppress
of spin fluctuations mediating the repulsion betwe
electrons by the induced internal field. This leads to
increase of theTc value. With further increase ofdFe the
ordinary Tc depression by the exchange field of the F
layer becomes predominant.
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