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Magnetism and superconductivity of Fe/Nb/Fe trilayers
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Sputtered Fe/Nb/Fe trilayers were prepared with Nb thicknessesdNb in the range 300–800 Å and with Fe
thicknessesdFe in the range 0–30 Å. X-ray reflectivity measurements revealed the high quality of the film
structure with low surface and interface roughnesses. Magnetic properties of the samples were studied using
the magneto-optical Kerr effect, ferromagnetic-resonance and magnetization measurements by a SQUID mag-
netometer. For constantdFe a decrease ofTc with decreasingdNb was observed up to a critical thickness
dNb
crit below which superconductivity vanishes. We deriveddNb

crit'320 Å independent ofdFe for dFe>7 Å. The
temperature dependence of the upper critical fieldHc2(T) showed two- and three-dimensional features for
parallel and perpendicular orientations of the magnetic field, respectively. At the Nb/Fe interface in the trilayer
systems an Fe-rich interlayer with nonmagnetic Fe is formed with a thickness depending sensitively on the
preparation conditions. We observed a nonmonotonic dependence of the superconducting transition tempera-
tureTc with increasingdFe and a definite maximum inTc(dFe) at the onset of ferromagnetic order within the
Fe layers. This maximum is attributed to a modification of the repulsive interaction between the electrons in the
magnetically ‘‘dead’’ Fe-rich interlayer when an exchange field in the Fe layer is present.
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I. INTRODUCTION

The interplay between superconductivity and ferrom
netism in dilute magnetic alloys and intermetallic com
pounds attracted considerable attention during the las
years~see, e.g., Ref. 1!. The complex mutual influence o
superconductivity and ferromagnetism may acquire new
culiarities in artificial systems like multilayers o
superconducting-ferromagnetic~SC/FM! materials due to the
proximity effect. Experimental investigations of the proxim
ity effect in SC/FM layered systems were started by Hau
Theurer, and Werthamer.2 They studied the depression of th
superconducting transition temperatureTc in the bilayered
Pb/NM systems in which NM denotes various types of m
terials: ferromagnetic Fe, Ni, and Gd, antiferromagnetic
and dilute magnetic alloys like 1 at. % Fe in Mo or 2.9 at.
Gd in Pb. The results of these measurements were comp
to a combined theory incorporating the de Genne
Werthamer calculation of the proximity effect in nonma
netic materials3–5 and the Abrikosov-Gor’kov model of su
perconductivity in dilute magnetic alloys.6

For a ferromagnetic layer sandwiched between superc
ducting layers it is expected that the critical temperatureTc
decreases monotonically with increasing magnetic la
thickness. Interest in this problem increased considera
after Wonget al.7 reported a nonmonotonic dependence
Tc as a function of the Fe thickness in V/Fe superlattices
fixed V thickness. Shortly afterwards the possibility of
oscillation of Tc as a function of the ferromagnetic laye
thickness in SC/FM multilayers was demonstrat
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theoretically.8 It was shown that for specific ferromagnet
layer thicknesses the Josephson coupling between two su
conducting layers can lead to a junction with an intrins
phase differenceDf5p which, in turn, exhibits a higherTc
value compared to the ordinary phase differenceDf50.
Such so-calledp junctions have been suggested earlier
arise also in tunnel barriers, containing magnetic impuriti9

and have been proposed recently for weak links of superc
ductors withd-wave pairing.10 Although numerous experi
mental results were discussed in terms ofp junctions, un-
equivocal observations ofp-junction coupling involving
conventional superconductors has not been published ye

The evidence forp coupling in SC/FM multilayers was
sought experimentally in V/Fe,11 Nb/Gd,12,13 and Nb/Fe
~Ref. 14! systems.15 In V/Fe,11 contrary to the previous
results,7 Tc oscillations as a function ofdFe were not ob-
served. Negative results were also published for the Nb
system.14 At the same time, for Nb/Gd a nonmonotonic d
pendence ofTc on dGd for fixed dNb was reported by Strunk
et al.,12 and by Jianget al.13 For the explanation of the non
monotonicTc behavior two different qualitative explanation
were proposed. Strunket al. assumed that the obtainedTc
behavior could be attributed to the change in the underly
pair-breaking mechanism at the transition of the Gd la
from the paramagnetic to the ferromagnetic state with
creasingdGd. In contrast, Jianget al. suggested that the os
cillatory Tc behavior provides evidence for the predict
p-phase differences in SC/FM multilayers.

In order to test the validity of these ideas we prepa
Fe/Nb/Fe-trilayer samples consisting of one single superc
8945 © 1997 The American Physical Society
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8946 55TH. MÜHGE et al.
ducting layer between two Fe layers. Nevertheless, a n
monotonicTc~dFe! at fixed dNb looking very similar to the
Tc~dGd! in Nb/Gd multilayers reported by Jianget al.13 was
observed. Contrary to their interpretation we conclude t
the nonmonotonicTc~dFe! occurs due to the existence o
magnetically ‘‘dead’’ Fe layers near the interface and th
properties changing drastically upon the onset of ferrom
netic order.16

The paper is organized as follows: Secs. II and III prov
a brief outline of the sample preparation and character
tion. Results of the study of magnetic properties using
magneto-optical Kerr effect~MOKE!, ferromagnetic reso-
nance~FMR!, and superconducting quantum interference
vice ~SQUID! magnetometer are presented in Sec. IV. R
sults of the measurements of the superconducting param
when varying the Fe and Nb thickness are provided in S
V. In Sec. VI the results in terms of different pair-breakin
effects are discussed. Finally the main results are sum
rized in Sec. VII.

II. FILM PREPARATION

We have prepared the Fe/Nb/Fe trilayers by rf sputter
on high-quality Al2O3 ~112̄0! substrates at room temperatu
using very pure Nb~99.99%! and Fe~99.99%! targets. Pure
Ar ~99.99%! at pressures of 531023 mbar has been used a
a sputter gas. The base pressure was 831028 mbar after
cooling with liquid N2. Prior to deposition the substrate
were ultrasonically cleaned in acetone and then in ethano
15 min, respectively. Subsequently they were annealed f
h at 770 K and plasma etched with 150-eV Ar ions. T
growth rate was controlled by a quartz crystal monitor an
rate of 0.1 Å/sec was found to be optimal for the quality
the films. The film thicknesses were finally confirmed byex
situ x-ray-reflectivity measurements.

In order to find the optimal growth conditions for th
Fe/Nb/Fe trilayers, we performed systematic resistivity m
surements on single Nb films deposited under different c
ditions. TheTc value and the residual resistivityr~10 K! are
extremely sensitive to the preparation conditions. In fact,
find thatTc depends on the time between igniting the plas
and starting the film deposition. We suppose that the hig
values forTc of the samples prepared later from the start
moment of the deposition result from a purification of t
target surface during the evaporation process. Our meas
ments of the residual resistance ratio RRR5R300 K/R10 K
shows that there is a close correlation betweenTc and RRR
in accordance with the results obtained by Su¨rgerset al.,17

and by Parket al.,18 for samples prepared by molecular bea
epitaxy ~MBE!. We observed that with increasingdNb the
value ofr~10 K! decreases monotonically, indicating that t
conduction electron scattering at grain boundaries is
main scattering process. Usually in thin films~see, e.g., Ref.
12 and references therein! the mean grain size scales with th
film thickness. With decreasing RRR the superconduct
transition temperature decreases monotonically. This de
dence ofTc on the rate of conduction electron scattering
caused by the so-called lifetime ‘‘broadening’’ of the ele
tronic density of states.19 Conduction electron scatterin
leads to a decrease of the density of states at the Fermi
and is especially important for transition metals with a n
n-
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row peak in the density of states near the Fermi level.
find a maximumTc of 7 K for a single Nb films with
dNb5400 Å and r~10 K!.13 mV cm. Increasing the Nb
thickness up todNb51500 Å, the value ofTc increases to 8
K and r~10 K! drops to 10mV cm. The residual resistivity
value allows an estimation of the electron mean-free patl .

TABLE I. Summarized parameters for all Fe/Nb/Fe trilayer sy
tems used for the present investigation. First column: sample se
number used throughout the text. Second column: nominal th
ness of the Nb layer. Third column: nominal Fe thickness and m
netic state of the Fe layers.

Sample series dNb ~Å!

dFe ~Å!

Nonmagnetic Magnetic

400 0
400 4
400 7

S502 400 10
400 13
400 16
400 19
400 22
400 25

400 0
400 6

S532 400 8
400 10
400 14
400 25
400 30

450 0
450 5
450 7

S528 450 8
450 9
450 10
450 12

300 7
320 7
340 7
360 7

S555 400 7
500 7
600 7
700 7
800 7

320 16
340 16
360 16
380 16

S510 400 16
500 16
600 16
700 16
800 16
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TABLE II. Parameters for the Fe/Nb/Fe trilayer systems5, s15,s25 as derived from the Parratt fit given in Fig. 1 of Ref. 16.dA denotes
the thickness of the layerA in the sequence from the top layer to the bottom layer,sA denotes the roughness parameter of layerA ~see Fig.
1!.

dO ~Å! dNb ~Å! dFe ~Å! dNb ~Å! dFe ~Å! dNb ~Å! sO ~Å! sNb ~Å! sFe ~Å! sNb ~Å! sFe ~Å! sNb ~Å! ssubstrate~Å!

s5 32 14.3 5.5 101 5.5 29 6.2 2.9 4.1 4.2 3.2 6 4.4
s15 27.8 21 16.3 101 16 30 4.3 3.3 3 5 4.1 3.1 2.6
s25 23.4 20 24 99 24.3 30 3.6 4.3 3.1 3 2.8 3 3.9
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Using the experimental density of states at the Fermi sur
and the experimental value of the Fermi velocity for N
^r l &53.7531026 mV cm2 has been obtained20 in the frame
of a ‘‘dressed’’ Drude theory. This givesl.29 Å for our
single Nb films withdNb5400 Å.

In order to study carefully the dependences of the sup
conducting parameters on the thicknessdFe ~or dNb!, it is
essential that the samples are deposited under identical
ditions and the relative thicknesses are determined with
accuracy as high as possible. Therefore in our experime
setup series of 7–9 samples with differentdFeat constantdNb
were prepared within one run. Prior to the trilayer growth
Nb layer of 30 Å thickness was deposited on the sapp
substrates as a buffer layer and in order to ensure symm
cal interfaces for the iron layers. After this, for the prepa
tion of a series of triple layers withdNb5const and variable
dFe, a shutter was opened for the evaporation of Fe on
substrates, which were arranged in an array. After a cer
time ~typically 30 sec depending on the deposition rate! the
shutter for the first sample was closed, then for the sec
and so on with an interval of 30 sec between the closing t
for each subsequent sample. When the evaporation of Fe
finished, all substrate shutters were opened simultaneo
for the evaporation of Nb. Afterwards the process for t
evaporation for the top Fe layer was repeated in the s
fashion as before. In a final step all samples were covere
a protective Nb cap layer of about 30-Å thickness. T
preparation of triple layers with constantdFe and variable
dNb was achieved in a similar manner.

After choosing the optimal growth conditions, five seri
of samples with thicknessesdNb and dFe as summarized in
Table I have been prepared for the present investigatio
should be noted that there were only minor differences
tween the preparation conditions of the series S502 and S
and of the series S528 in Table I. In addition, one multila
sample@Fe~7 Å!/Nb~30 Å!#20 has been prepared specifical
for precise magnetization measurements. The sample s
S517 ~see Table II! with nominal thicknessesdNb5100 Å,
dFe55, 15, and 25 Å was grown on large~131 cm2! sub-
strates and were intended for detailed x-ray measureme

III. STRUCTURE AND ROUGHNESS

The structure of the thin-film system of the present stu
was characterized in detail by low-angle x-ray-reflectiv
measurements. Original x-ray spectra revealing w
resolved superstructure and thin-film thickness oscillati
~Kiessig fringes! have been given in Fig. 1 of Ref. 16. Thick
ness and roughness parameters of the layers have bee
rived using the Parratt formalism.21 Table II summarizes the
corresponding parameters for the three sampless5, s15, s25
ce
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as a representative example for a trilayer system of
present study. It should be noted that the thickness par
eters coincide approximately with the values determined
the quartz crystal monitor during deposition~dNb5100 Å,
dFe55, 15, and 25 Å!. The roughness parameters of 3–4
are indicative of the high structural quality of the films. W
found that the absolute value ofdFe anddNb determined by
the fit procedure may deviate by up to 10% from the thic
ness determined by the quartz crystal monitor during de
sition. Using the Parrat fit, we also checked thedNb values
within one sample series with changing Fe thickness. In
case the scatter ofdNb was much lower, namely about 1%

The complex refractive index for x-ray radiation is give
by22,23

n1512rn~Z1D f 8!
r 0l

2

2p
2 i

lm

4p
512d2 ib. ~1!

Herel is the x-ray wavelength,r 0 the classical electron ra
dius,rn the number of atoms per volume,Z the atomic num-
ber,D f 8 the dispersion correction, andm the mass absorption
coefficient. The normalized parametersd andb are propor-
tional to the electron densityrnZ and to the absorption of x
rays, respectively. In the present case the contrast in the
flectivity spectra mainly results from the different absorpti
of MoKa1 radiation in Nb and Fe. This can be seen in Fig
1~a! and 1~b!, where thed andb profile of the samples with
dFe515 Å is shown. In Fig. 1~c!, the first derivative of thed
profile is presented, showing more clearly the interface
gion with a width of'7 Å.

FIG. 1. 2d and 2b profile of the sample withdFe515 Å. The
lower panel is the first derivative of the 2d profile showing more
clearly the interface region of'7 Å.
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8948 55TH. MÜHGE et al.
X-ray Bragg reflection measurements showed that
films are~110!-textured perpendicular to the film plane wi
a mosaicity of about 2°. Estimates of the grain size g
typical values of about 50 Å.

IV. MAGNETIC PROPERTIES

A. Magneto-optical Kerr effect

We have taken longitudinal MOKE measurements
room temperature with a high-resolution modulation te
nique which is described in detail in Ref. 24. The ferroma
netic MOKE signal in our trilayers could be registered f
the samples withdFe>20 Å only, for films with dFe,20 Å
no MOKE hysteresis loop could be resolved. The hystere
loops, an example is shown in Fig. 2, exhibit a coercive fo
Hc'40 Oe and are typical for thin Fe films.

B. Ferromagnetic resonance

FMR measurements for the three series of the sam
with varyingdFe ~series S502, S532, and S528 from Table!
were carried out at 9.4 GHz in a rectangularTE102 cavity of
the EPR spectrometer B-ER 418s ~Bruker AG!. For the
samples from the series S502 and S532 withdFe decreasing
from 25 to 16 Å, a FMR signal was observed with a lin
width DHpp;160 Oe, whereas for the samples withdFe<14
Å the FMR linewidth increased up toDHpp'500 Oe. No
FMR signal was observed for the samples withdFe<10 Å.
Figure 3 shows the results ofDHpp~dFe! at room temperature

FIG. 2. MOKE hysteresis loop for the sample withdFe522 Å
from series S502 measured at room temperature.

FIG. 3. The thickness dependence of the FMR linewidth for
samples from series S502 measured at room temperature.
e
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for the samples from the series S502 as an example. W
decreasing temperature the observed FMR signals did
undergo noticeable changes down to 1.7 K. Only a slig
continuous broadening of the resonance line was obser
For all samples from series S528, no FMR signal could
detected.

C. Magnetization

Magnetization measurements using a SQUID magne
meter were performed in the temperature range from 10
100 K with the film surface parallel to the direction of th
magnetic field. For the two series S502 and S532 these m
surements did not indicate any qualitative differences in
magnetization curves when changingdFe between 10 and 25
Å. The hysteresis loops have the typical square shape, s
lar to the MOKE hysteresis loops in Fig. 2. For the samp
with dFe<8 Å a contribution to the magnetization from th
Fe layers could not be detected for the series S502 and S
for the series S528 the same holds true for all samples w
dFe<12 Å. The dependence of the saturation magnetiza
MS on the reciprocal thickness of the Fe layers is shown
Fig. 4. The main magnetic properties of all samples are a
included in Table I.

We have analyzed the magnetic state of the Fe ato
close to the interface by a comparative high-resolution m
netization measurements of a pure Nb film and of the fi
with dFe57 Å ~both from the series S502!. In the tempera-
ture range from 10 to 100 K and in a magnetic field up
2500 Oe, the magnetization values were equal within
experimental error bars for both samples~Fig. 5!. The solid
line shows the expected paramagnetic contribution accord
to the Curie law in comparison. The absence of any con
bution to the magnetization from the 7-Å-thick Fe layers h
also been confirmed by our SQUID measurements of a s
cifically prepared multilayered sample@Nb~30 Å!/Fe~7 Å!#20.

It is necessary to note that the paramagnetic contribu
to the magnetic moment of the samples caused by unc
trolled impurities in the substrate material becomes predo
nant at low temperatures. In order to correct this contribut
of the substrate,M (H) measurements were performed up
e

FIG. 4. Saturation magnetization measured by a SQUID m
netometer atT510 K versus 1/dFe for the samples from series S50
~circles!, S532~triangles!, S528~squares!, and S510~dNb5800 Å,
rhomb!. The solid line is a linear fit for series S502 and S532. N
that the measurements for the sample withdFe57 Å from series
S502 were performed with higher precision.
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the saturation magnetization at each temperature. The co
bution of the substrate, linearly depending on the magn
field, was subtracted from the measuredM (H) curve, giving
the value defined asMS for the Fe layers in Fig. 4. For th
samples without ferromagnetic contributions the magn
moment of the substrates was also measured separately
removing the metallic layers. For our substrates at room t
perature we observed a diamagnetic behavior. With decr
ing temperature the magnetic susceptibility of the substr
crosses zero at about 40 K and then increases strongly.
is the reason for the increasing error bars in Fig. 5 at l
temperatures.

V. SUPERCONDUCTING PROPERTIES

The superconducting transition temperatureTc and upper
critical fieldHc2(T) for parallel [Hc2i(T)] and perpendicular
[Hc2'(T)] orientations of the magnetic field relative to th
film plane were measured resistively in a standard fo
terminal configuration and defined as the midpoint of
superconducting transition. The current and voltage le
were attached to the samples with silver paint.Hc2(T) was
measured by sweeping the magnetic field at constant t
perature. In addition, ac magnetic susceptibility measu
ments were used to determineTc for all samples. In this case
the temperature corresponding to half the value of the m
mum transition signal was defined asTc . The superconduct
ing transitions for four samples of series S502 have b
shown in Fig. 3 of Ref. 16 and are very sharp thus confir
ing the high quality of our trilayer films.

A. Critical temperature

TheTc dependence ondFe obtained for the two series o
trilayers S502 and S532 with fixeddNb5400 Å is shown in
Fig. 6~a!. A strong initial Tc depression is observed up
dFe57 Å. For largerdFe the value ofTc increases markedly
reaching a maximum atdFe510–12 Å and then decrease
with a tendency to saturation fordFe>20 Å. It should be
emphasized that the maximum inTc atdFe510–12 Å in Fig.
6~a! is outside of any possible experimental error.

FIG. 5. Magnetization measured by a SQUID magnetomete
a magnetic field of 2500 Oe for the samples from series S502
dFe50 ~open circles! and with dFe57 Å ~solid circles!. The solid
line shows the expected magnetization behavior for Fe in the 7
thick layer in the paramagnetic state~Curie law!.
tri-
ic

ic
fter
-
s-
es
his

r-
e
s

-
-

i-

n
-

In Fig. 6~b!, theTc~dFe! dependence for the samples fro
series S528 is presented for comparison. As discussed ab
in this series no indication of ferromagnetic ordering is o
served fordFe<12 Å. Remarkably, similar to the case of ou
previous series S502 and S532, at small iron thicknes
~dFe,5 Å! a strong initialTc depression is observed. How
ever, theTc value saturates atTc.5.3 K and develops no
maximum up to the highestdFe512 Å prepared within this
series.

The dependence ofTc~dNb! obtained for two series o
samples with fixeddFe57 Å ~S555! and dFe516 Å ~S510!

in
th

-

FIG. 6. Superconducting transition temperatureTc as a function
of dFe as determined by ac susceptibility~solid symbols! and resis-
tivity ~opened symbols! measurements. The triangles, circles, a
squares correspond to series S502, S532, and S528, respec
The dashed lines are guide for the eyes.

FIG. 7. Superconducting transition temperatureTc as a function
of dNb as determined by ac susceptibility~solid symbols! and resis-
tivity ~open symbols! measurements for samples from series S5
and S510 with fixeddFe. The triangles and circles correspond
two different Fe thicknessesdFe57 and 16 Å, respectively. The
solid lines are theoretical curves with the parameter«55 and«52.2
and takingTc057.5 K ~see main text and Ref. 25!.
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8950 55TH. MÜHGE et al.
is shown in Fig. 7. TheTc value decreases slightly whe
decreasing the Nb thickness fromdNb5800 Å down
to dNb.400 Å and then starts to decrease sharply down
critical thicknessdNb

crit below which the superconductivit
vanishes. We extrapolatedNb

crit.320 Å for both series. It
should be mentioned that if one reads the value ofTc at
dFe57 and 16 Å from Figs. 6~a! and 6~b! and presents them
in Fig. 7, one would obtain some difference between th
points and theTc~dNb! curve. However, one should bear
mind that the error bars for the absolute value of the
thickness are about 10%, which makes a direct compar
of results obtained on different sample series difficult. On
other hand, the experimentally determined thicknesses o
Nb layers for the series S502 withdNb5400 Å are known
within an error bar of 1% for all samples. We stress on
more that within one series of samples the Nb layer is eva
rated simultaneously from the same source, thus the sca
ing of dNb is very low. This implies that we can control th
thicknessdNb within one series to about64 Å, and from the
results given in Fig. 7 we then can conclude that this is by
enough to exclude the variation ofdNb as responsible for the
oscillations ofTc shown in Fig. 6~a!.

B. Critical fields

We performed measurements of the anisotropic up
critical fields Hc2i(T) and Hc2'(T) for selected sample
from series S502. The Fe thickness for these samples c
sponds to some special points along theTc~dFe! curve in Fig.
6~a!: i.e., startingTc~dFe50!, minimumTc~dFe57 Å!, maxi-
mum Tc~dFe510 Å!, and finally decreasingTc~dFe519 Å!
just before saturation.

The measurements with the magnetic field perpendic
to the surface of the film (Hc2') ~Fig. 8! show a linear tem-
perature dependence nearTc :

Hc2'~T!5Hc2'~0!~12T/Tc!. ~2!

We obtain the values ofHc2'~0!535 kOe for the single
Nb film andHc2'~0!517.5 kOe for the trilayer samples. I
the framework of the Ginzburg-Landau theoryHc2' for
a superconducting film is given byHc2'~0!5f0/2pj2~0!
with f0 being the flux quantum andj the in-plane coherenc

FIG. 8. The perpendicular upper critical fieldHc2' vs tempera-
ture for samples from series S502 with fixeddNb5400 Å and dif-
ferent values ofdFe.
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length. The extrapolation in Fig. 8 yields a coherence len
j~0!'95 Å for a single Nb film. The superconducting cohe
ence lengthjS in Refs. 8 and 25 is related to the Ginzbur
Landau coherence lengthj(T) via

j~T!5
p

2
jS~12T/Tc!

21/2. ~3!

This givesjS.60 Å. The value ofjS can also be estimate
from25

jS5A \DS

2pkBTcS
5AjBCSl

3.4
, ~4!

where DS5(1/3)vFl is the diffusion coefficient in the
superconducting metal,vF the Fermi velocity, jBCS
50.18\vF/kBTcS the BCS coherence length, andTcS the
value of Tc for a single superconducting film. Usin
vF52.773107 cm/s,20 TcS57 K and the value for the mea
free pathl529 Å as determined from the residual resistivi
above for our single Nb films withdNb5400 Å, we estimate
jS568 Å which is only slightly larger than thejS value de-
termined fromHc2'~0!.

The behavior of the upper critical field with the field pa
allel to the film surfaceHc2i ~Fig. 9! can well be described
by the formula for a two-dimensional superconductor:

Hc2i~T!5Hc2i~0!~12T/Tc!
1/2. ~5!

From a fit to the data points we find the values
Hc2i~0!545 kOe for the single Nb film andHc2i~0!528.6
kOe for trilayered samples.

VI. DISCUSSION

A. Magnetic properties

The analysis of the experimental data shows that the
appearance of the magneto-optical Kerr effect signal for
samples withdFe,20 Å is due to the limited sensitivity o
our equipment. The strong broadening of the FMR signal
the sample withdFe<13 Å from series S502 and S532 an
its disappearance for the samples withdFe510 Å is probably
due to inhomogeneities in the magnetization caused by al
ing effects near the interface.

FIG. 9. Square of the parallel upper critical fieldHc2i vs tem-
perature for the same samples as in Fig. 8.
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Figure 4 reveals a decrease of the saturation magne
tion Ms with decreasingdFe. There are two possible expla
nations for this dependence. First, the reduction ofMS could
be due to a lowering of the atomic magnetic moment of Fe
our Fe/Nb/Fe trilayers, e.g., due to alloying of the whole
layer with Nb. In this case, however, we should expec
continuous FMR line broadening with decreasingdFe, due to
the dispersion of the internal magnetic field in ferromagne
alloys. In Fig. 3, however one notices that the broadening
the FMR line sets in atdFe513 Å only, showing that for
series S502 the alloying effect is only important for t
samples withdNb<13 Å. This broadening of the FMR line i
probably also the reason for the disappearance of the r
nance signal in the ferromagnetic sample withdFe510 Å.

We believe that the reduction of the saturation magn
zation in Fig. 4 is due to the existence of a magnetica
‘‘dead’’ Fe-rich, nonmagnetic layer, formed by alloying
the interface. In Nb/Fe superlattices this effect was obser
previously by Mattsonet al.26 in their measurements of th
saturation magnetization. They observed that about 7 Å
each Fe layer is not ferromagnetic and hence not contribu
to the magnetization. It seems conceivable that the ave
concentration of Fe in this magnetically ‘‘dead’’ layer is
the order of 50 at %. Mo¨ssbauer results by Chienet al.27

show that Nb-Fe alloys with 50 at % Fe are close to
transition point from nonmagnetic to ferromagnetic allo
~'60 at % Fe!. Recently Luo and Krebs28 have reported on
the formation of amorphous or strongly disordered crys
line interlayers of 2.5 Å thickness in the interface regi
between the Fe and Nb crystalline layers by x-ray-diffract
studies. The multilayers were sputtered at room tempera
with preparation conditions very similar to ours. Hence
can imagine that at each Fe/Nb interface a nonmagn
Fe/Nb alloy is formed with an amorphous or strongly dis
dered crystalline state in the middle. The thickness of t
nonmagnetic layer, although being well defined within o
sample series, can vary definitely from one series to the o
~see Fig. 4!, in spite of the fact that we try to keep th
experimental parameters during the layer growth identi
We think that the microstructure and concentration grad
at the interface depends very sensitively on the paramete
the discharge, which we can only control within certain lim
its.

B. Superconducting properties for large Fe thicknesses

A theoretical model for the interpretation of experimen
studies of FM/SC multilayers is provided by the microsco
theory by Radovic´ et al.8,25,29 Among other details, this
theory ~see Ref. 25! calculatesTc andHc2(T) of a single
superconducting film embedded in a ferromagnetic meta
is assumed that both superconducting and ferromagn
metals can be described in the dirty limit. Assuming that
the ferromagnetic metal the dominant effect is the polari
tion of the conduction electrons by the strong exchange fi
and neglecting other possible depairing mechanisms in
superconductor, the authors calculateTc as a function of the
reduced superconducting film thicknessdS/jS and Hc2(T)
for parallel and perpendicular orientations of the magne
field. In this theory the parameter«5jM/hjS is essential.«
denotes the proximity effect parameter and is determined
the superconducting coherence lengthjS , the characteristic
a-
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distance of the decay of the pair wave function in the fer
magnetjM5A4\DM /I , and the parameterh characterizing
the interface transparency~DM is the diffusion coefficient in
the ferromagnet, andI is the exchange field polarizing th
conduction electrons!.

Our measurements of theTc~dNb! at fixed dFe ~Fig. 7!
show that the superconductivity vanishes at a criti
thicknessdNb

crit.320 Å. Bearing in mind that for our sample
jS.68 Å, we obtain the reduced critical film thicknes
dS/jS54.7. According to the theory25 this corresponds to
«'2.2. Fitting our results in Fig. 7 by using this parame
andTcS57.5 K shows bad agreement~see Fig. 7!. Another
possibility to determine the parameters of the theory is
fitting the theoretical curve from Ref. 25 to the data
Hc2(T) in Fig. 10. The best fit for the sample withdFe519 Å
shown by solid lines in Fig. 10 corresponds to«55. Fitting
T~dNb! dependence by using this« value shows good agree
ment at large Nb thickness but a theoretical value for
critical thicknessdNb

crit much smaller than the one observe
experimentally~see Fig. 7!.

The above analysis shows that our experimental res
cannot be described quantitatively in the framework of
theory by Radovic´ et al., probably because of the existenc
of a magnetically dead layer in our samples which is a m
complex situation than assumed in the theoretical model.
deed, our results on theTc~dNb! for the series S555 and S51
at two fixeddFe ~Fig. 7! show that there is no difference i
Tc~dNb! for the series with the non-magnetic Fe layer~dFe57
Å, series S555! and with the ferromagnetic Fe layer
~dFe516 Å, series S510!. Similarly, in Figs. 8 and 9 there is
essentially no difference betweenHc2(T) for the samples
from series S502 withdFe57 Å ~nonmagnetic Fe layer! and
with dFe519 Å ~ferromagnetic Fe layer!. The minute differ-
ence for theHc2i(T) curves is rather caused by the unce
tainty in the angle between the film plane and orientation
magnetic field, because close to the parallel orientation
angular dependence ofHc2 is much stronger than in the pe
pendicular orientation.

C. Dependence of the superconducting transition temperature
on the Fe thickness

The most important result in our present study is the
istence of a pronounced maximum inTc~dFe! atdFe'10 Å in

FIG. 10. The upper critical fieldHc2' andHc2i vs temperature
for the sample from series S502 withdNb5400 Å and withdFe519
Å. Solid lines present fits according to the theory of Ref. 25.
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Fig. 6~a! for the series S502 and S532 and its absence for
series S528 in Fig. 6~b!. As we mentioned in the Introduc
tion, Jianget al.,13 obtained a maximum inTc~dFe! very
similar to ours and interpreted it as an evidence forp cou-
pling in SC/FM multilayers.8 In principal, one could assum
that the coupling of the main superconducting Nb layer
our trilayer system with the very thin Nb cap and buff
layers might give rise to ap-coupling effect, too. However
we would rule out this explanation for the following reason

First, we note that the difference in the free energy as w
as in Tc between a conventional and ap-phase contact o
two superconducting layers SC~1!/FM/SC~2! must vanish as
d1/d2 in the limit d1@d2 @hered1 andd2 denote the thick-
nesses of the SC~1! and SC~2!#. For our samples the ratio
d1/d2 is of the order of 0.1. This makes thep-junction effect
irrelevant in our case, even if assuming a difference betw
maximum and minimum inTc~dFe! caused byp coupling of
the order of 1 K for a symmetrical contact withd15d2 . In
addition, the amplitude of the order parameter in the top
bottom layers is expected to be strongly reduced by the
time broadening effect in thin Nb layers. We have check
experimentally that single Nb layers withdNb530 Å are not
superconducting above 1.7 K when covered by an Fe la
with dFe>5 Å.

Our results in Fig. 6~a! suggest that the maximum inTc is
correlated with the onset of ferromagnetism fordFe.8 Å in
the series S502 and S532. We have shown in Fig. 4
ferromagnetism vanishes atdFe,7 Å in our Fe/Nb/Fe trilay-
ers for series S502 and S532 whereas for series S528 it

FIG. 11. Schematic picture of the superconducting wave fu
tion amplitude in the trilayer system~a!. ~b! shows the interface
region in more detail.
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ishes already fordFe<12 Å. Similarly, for the Nb/Gd system
ferromagnetism vanishes fordGd<12 Å.12,13 As discussed
above, this occurs probably due to an alloying effect near
interface. In principal, the magnetic atoms in the alloy
interface region may either be in the paramagnetic or in
nonmagnetic state. As will be described below, in either c
the observed nonmonotonicTc(d) behavior can be ex-
plained.

From our FMR and magnetization data we visualize
internal structure and the amplitude of the superconduc
wave function in our samples as shown schematically in F
11. We have a magnetically dead intermixed Nb-Fe interf
layer which is in direct contact with the main supercondu
ing Nb layer from one side and with the ferromagnetic
layer from the other side. For the sample withdFe57 Å, the
ferromagnetic layer is absent and we have from both side
the main superconducting Nb layer magnetically dead
rich layers with a total thickness of the order of 14 Å. Ho
can such a thin magnetically dead layer so effectively s
press superconductivity? A conventional Abrikosov-Gor’k
mechanism of pair-breaking scattering is not effective, sin
there is no indication for the existence of ordinary local
moments with Curie-like behavior~see Fig. 5!.

Instead, we can consider Fe-derivedd states in the inter-
face region in terms of Friedel-Anderson virtual states or
terms of a Kondo impurities with a large Kondo energ
Although these local virtual states are not usual pair bre
ers, since their contribution to the elastic spin scattering
small, they strongly suppress superconductivity by induc
repulsive interactions between the conduction electrons.
scale for this local paramagnon mediated repulsion can
roughly estimated as

Vsf.2n
I sd
2

vsf
, ~6!

wheren is the density of Fe ions in the intermixed region,I sd
is the exchange coupling constant of the conduction e
trons with thed-spin density of the resonant levels, andvsf is
the characteristic energy scale of the local spin fluctuati
~the sign of the interelectronic interaction constant is cho
to be positive for attraction!. Very roughly, the value ofVsf
can be estimated from the following considerations. As f
lows from Fig. 7, the initial thickness of the Nb layer
which superconductivity vanishes for the set of samples w
dFe57 Å is dNb

crit'320 Å. Using the Cooper limit5 for the sake
of simplicity we conclude that the effective BCS couplin
constant for thisdNb

crit must vanish:

leff5
d1N1

2V112d2N2
2V2

d1N112d2N2
50. ~7!

Here the subscripts 1 and 2 refer to the Nb superconduc
film and magnetically dead Fe-Nb intermixed layer, resp
tively, Ni is the electronic density of states at the Fermi lev
Vi is the electron-electron interaction constant,di is the layer
thickness.leff plays the role of an ‘‘effectiveNV’’ in the
BCS formula forTc

ln
1.14vD

Tc
5

1

leff
~8!

-
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with vD being the Debye temperature. AssumingN1;N2
and keeping in the mind that the real thickness of intermix
layer could be about 14 Å for a nominal thickness ofdFe57
Å, we calculated from Eq. 6:V2.2V1d1/2d2;210V1 . Us-
ing for pure Nb the valueV150.08 eV one finds a strongly
repulsive interactionV2;21 eV between electrons in th
Fe-Nb interface layer. The existence of such a strong re
sion in an intermixed region will strongly reduce the dens
of the Cooper pairs,ucpair~r !u5u^c↑~r !c↓~r !&u at the interface
~see Fig. 11! ~ucpair~r !u is the probability amplitude of finding
two electrons in the paired state at pointr !. This repulsion
originates from spin-fluctuation mediated contribution@Eq.
~6!#. Indeed, assumingn;0.5 andI sd;0.5–1 eV for the local
exchange coupling constant one finds thatVsf has the value
of the order of21 eV for vsf;0.1–0.5 eV. Such a scale o
spin-fluctuation energyvsf for Fe ions is plausible.

Ferromagnetism appears first for the series S502 and S
at dFe510 Å. The observation of theTc enhancement just a
this thickness seems to be highly surprising at first glan
since one would expect an additional suppression of the
perconductivity by the internal exchange field of the fer
magnetic layer acting on the Cooper pairs. However, the
lution of this apparent paradox can be given within o
model proposed above in a very natural way.

The appearance of the ferromagnetic Fe layer induce
Zeeman splitting of the Fe-derived resonantd levels in an
intermixed Fe-Nb region. Concomitantly local spin fluctu
tions in the intermixed layer become strongly suppress
Formally, the Zeeman splitting ofd levelsDEz enters in the
spin fluctuation contributionVsf via the renormalization of
the denominator in Eq.~6!, vsf→vsf1DEz , hence reducing
this contribution. Thus the repulsion between the electr
also decreases, causing an increase ofTc .

Concerning the pair-breaking effect of the ferromagne
layer on the Cooper pairs, it is actually strongly suppres
due to the presence of the magnetically dead layers betw
the superconducting Nb and the ferromagnetic Fe layers~see
Fig. 11!. Strongly repulsive interactions within the inte
mixed regions make the superconducting wave-function
plitude ucpair~r !u very small at the interface, thus renormali
ing the pair-breaking parameter by the small fac
a5ucpair~interface!u/ucpair~`!u. In other words, the dead layer
separate superconducting and ferromagnetic layers in
space thus reducing the destructive effect for the Coo
pairs from the ferromagnet. Indeed, without this ‘‘scree
ing’’ effect by the intermixed layer, the pair breaking param
eter r;I ~derro/dNb! would be very large, of the order o
1022I;100 K assuming an internal exchange field in the
layer I;1 eV. Therefore, the real value ofr must be strongly
reduced, by a factor 1022–1023, which originates in our
model from the strong reduction of the superconducting c
densate densityucpair~r !u at the interface. This model als
explains the absence of any difference betweenTc~dNb! for
the nonmagnetic and the ferromagnetic series shown in
7 and the absence of any difference inHc2(T) for nonmag-
netic and ferromagnetic samples~see Figs. 8 and 9!, since the
main influence on the superconductivity comes from
magnetically dead layer.

The local maximum inTc~dFe! @Fig. 6~a!# results from the
competition of two different effects of the ferromagne
layer on the superconductivity. The suppression of spin fl
d
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tuations in the intermixed region by magnetic exchange fi
first increasesTc , at larger thicknesses the pair-breaking e
fect of the ferromagnetic layer dominates andTc decreases
again. This scenario is supported by theTc~dFe! curve for the
samples from serie S528, i.e., for the series without fer
magnetic layers@see Fig. 6~b!#. For this series only an initia
depression ofTc without a maximum is observed, since
this case there is only the suppression ofTc by the repulsive
interaction in the interface region.

It is worth stressing that in our model theTc suppression
is dominated by a renormalization of the interactions b
tween electrons~‘‘pair weakening’’ effect! within magneti-
cally dead layers. This effect is qualitatively different fro
pair breaking by the internal field in a ferromagnetic layer
is not surprising, therefore, that our data cannot be fully
scribed within the framework of a pair-breaking based the
as worked out by Radovic´ et al.8,25,29

We finally note that our model with some modification
can also provide a reasonable explanation of the nonmo
tonic Tc behavior observed in the Nb/Gd multilaye

system.13 Different from the situation in the Nb/Fe system
the Gd ions in the intermixed region have well-defined lo
spins due to the stability of the 4f -magnetic moments. They
will give rise to a strong initialTc depression with increasing
dGd due to the proximity with the Nb side of the sandwic
~analogous to the Abrikosov-Gor’kov mechanism of pa
breaking scattering in dilute magnetic alloys6!. The appear-
ance of a ferromagnetic Gd layer in the middle of the int
mixed layer fordGd>12 Å, will lead to an induced magneti
ordering of the whole intermixed region by the oscillato
RKKY coupling between the Gd spins. One first would a
sume a sharp drop inTc~dGd! when the spins start to orde
This effect is usually observed in dilute magnetic allo
where theTc versus concentration curve often falls o
sharply to zero at the appearance of long-range magn
order. However, sometimes the situation even in rare-ea
based alloy systems is different. Finnemoreet al.30 found
that in La12xErx the Tc values are higher than those pr
dicted by the Abrikosov-Gor’kov theory6 near the critical
concentration. A similar effect was observed by Guertin a
Parks31 in the alloy Th12xErx .

In order to understand the maximum inTc in the rare-
earth alloy systems and in the Nb/Gd multilayers, one sho
first note that the magnetic ordering will strongly suppre
the low-energy spin fluctuations and reduce the Abrikos
Gor’kov pair-breaking mechanism. Second, it seems pl
sible to assume spin-glass-like ordering of the rare-earth
in the alloy system and in the intermixed region at the int
face of the Nb/Gd multilayers due to the frustrated charac
of RKKY coupling in random systems. In this case a unifor
exchange field will be absent in the intermixed region, ev
in the magnetically ordered state and an increase ofTc can
be expected when freezing out the elastic spin-flip excha
scattering processes by the local exchange field.

VII. SUMMARY

We have studied the magnetic and superconducting p
erties of FM/SC/FM trilayer systems using Fe/Nb/Fe as
example. We conclude from our results that the oscillat
Tc~dFe! curve observed by Jianget al.,13 cannot be taken
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unambiguously as an evidence for the existence of ap phase
of superconductivity.8 We provided experimental evidenc
that in Fe/Nb/Fe trilayers the nonmonotonic behavior
Tc~dFe! occurs due to the existence of a magnetically dead
rich layer near the Nb/Fe interface which is in direct cont
with the superconducting Nb layer on one side and with
ferromagnetic Fe layer~at dFe>10 Å! on the other side. We
argue that the effective electron-electron interaction in
layer is strongly repulsive and stems from the coupling of
conduction electrons to the local paramagnon fluctuatio
This gives rise to a strong initialTc depression with increas
ing dFe up to dFe'7 Å. For largerdFe the appearance of
ferromagnetic layer within the magnetically dead layer m
erates the destructive effect of the Fe ions in the dead l
s
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on the superconductivity. This effect is caused by the s
pression of spin fluctuations by the ferromagnetic excha
field and leads to a slight increase ofTc . When further in-
creasingdFe the ordinaryTc depression by the exchange fie
from the ferromagnetic layer becomes the predominant ef
and depressesTc further.
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Rev. B44, 859 ~1991!.
30D. K. Finnemore, D. C. Hopkins, and P. E. Palmer, Phys. R

Lett. 15, 891 ~1965!.
31R. P. Guertin and R. D. Parks, Solid State Commun.7, 59 ~1969!.


