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Influence of magnetism on superconductivity in epitaxial Fe/Nb bilayer systems
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We studied the superconductivity of molecular-beam-epitaxy-grown epitaxial Nb~110! thin films covered by
Fe~110! monocrystalline layers with thicknessesdFe between 4 and 30 Å. We find a nonmonotonous depen-
dence of the superconducting transition temperatureTc on dFe, however, without a maximum inTc(dFe) as
observed earlier in Nb/Fe layers prepared by sputtering techniques. We argue that the change in theTc(dFe)
curve is caused by a smaller thickness of the nonmagnetic Fe-rich interlayer at the Nb/Fe interface and can be
explained within the same model developed previously for the explanation of the maximum inTc(dFe) in
sputtered Nb/Fe layers.@S0163-1829~98!04209-X#
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The study of superconductivity in multilayer system
combined of ferromagnetic~FM! and superconducting~SC!
layers is a topic of great current interest~see, e.g., Refs. 1–3
and references therein!. The renewed interest in this classic
proximity effect at a FM/SC interface4 partly originates from
the observation of a maximum in the SC transition tempe
ture Tc in several systems,1,2 when plottingTc versus the
thickness of the FM-layerdF . This has given rise to the
speculation that the FM/SC multilayer systems might rep
sent the first experimental example of ap-type Josephson
coupling between successive SC layers, which has been
dicted theoretically.5

In our recent study on Fe/Nb/Fe-trilayer systems,6,7 for
which a p-type coupling can be excluded for geometric
reasons, we found, however, a similarTc(dFe) curve with a
clearly resolvable maximum atdFe'12 Å. We have devel-
oped a new model for the interpretation of the pecu
Tc(dFe) dependence in Fe/Nb, taking the presence of a n
magnetic ~magnetically ‘‘dead’’! Fe-rich interlayer at the
Nb/Fe interface into consideration. This interlayer acts i
twofold manner. On the one hand it reducesTc due to the
introduction of a strongly repulsive interaction for the Co
per pairs. On the other hand, it screens the SC layer from
strongly pair-breaking exchange field of the FM layer.
explained in detail in Ref. 7 with an appropriate thickness
the nonmagnetic interlayer the onset of ferromagnetism
the Fe layer can cause an enhancement ofTc first, instead of
a rapid suppression ofTc , which would be expected consid
ering proximity effects between the FM layer and the S
layer alone.

Since the interlayer at the Fe/Nb interface plays an es
tial role in our model, the aim of the present paper is
comparative study ofTc(dFe) for heterostructures prepare
in single crystalline form by the molecular beam epita
~MBE! technique. The optimized growth of Fe on Nb b
state of the art MBE techniques is known to provide t
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highest quality interface with less alloying than in the case
sputtered systems. This might lead to a change of theTc(dFe)
dependence.

The Nb/Fe bilayers were prepared by a conventional 3
RIBER EVA 32 metal molecular beam epitaxy system~for
details about this equipment see, e.g., Ref. 8!. The base pres-
sure in the sample chamber is 531029 Pa and the working
pressure 231028 Pa. Nb was evaporated by electron bea
evaporation from a 14-cm3 crucible. An evaporation rate o
0.5 Å/s was found to be optimal for the growth of hig
quality single crystal Nb~110! films with SC transition tem-
peratureTc58.5 K. Fe was deposited from an effusion ce
providing a flux of high stability. A rate of 0.1 Å/s was use
and the final thickness was determined by the evapora
time. The placement of the effusion cells is inclined at
certain angle to the 3-in. sample holder. This gave us
opportunity for the preparation of an Fe wedge on top of
Nb layers. As substrate material a single crystal Al2O3

(112̄0) was used, which was outgassed and finally annea
at 1000 °C for more than 1 h before starting the evaporatio
process. The substrate temperature during the evaporatio
the first Nb layer was 900 °C. Subsequently the layer w
annealed at 950 °C for 15 min. The following Fe wedge ty
layer was evaporated at 100 °C. Finally the Fe wedge w
covered by a thin Nb and Pd film of 30 Å thickness in ord
to prevent Fe from oxidation. The quality of each layer w
controlled byin situ reflection high-energy electron diffrac
tion characterization. We have prepared three samples
wedge-shaped Fe layers: m855 withdNb5220 Å and with
dFe510•••26 Å; m856 with dNb5250 Å and with
dFe57•••23 Å; m879 withdNb5225 Å and withdFe54•••9
Å. The width of each sample was 50 mm. For the magn
zation, resistivity, and ac-susceptibility measurements
samples were cut into stripes with a width of 3 mm.

X-ray reflectivity measurements were performedex situat
three positions of each sample, using an additional vert
slit of 0.2 mm in order to exclude effects from the Fe gra
5071 © 1998 The American Physical Society
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ent on the interpretation of the spectra. In Fig. 1 three typ
reflectivity measurements are presented for films cut fr
the sample m855 withdFe510, 15, and 23 Å, respectively
showing well resolved thin film thickness oscillations~Kies-
sig fringes!. The broadening of the total reflectivity edge
due to the top Pd layer with a rather high electron den
and a correspondingly high critical angle. Fits with the P
ratt formalism9 shown as solid lines in Fig. 1 give interfac
roughnesses of less than 5 Å, indicating the high struct
quality of our samples. The film thicknesses obtained fr
these fits were used for the final calibration ofdFe.

The inset of Fig. 1 shows a typical Bragg scan of a sam
with dNb5350 Å anddFe5100 Å. The presence of Lau
oscillations from the Nb as well as the Fe layers is an in
cation of the structural coherence of the films. All samp
show~110! growth of Nb and Fe with a structural coheren
length comprising the total film thickness. In-plane x-r
Bragg reflection measurments by grazing incidence diffr
tion show that Fe and Nb grow within a single domain w
the Fe@001# axis parallel to the Nb@001# axis.

The magnetic state of the Fe layers was studied by a
perconducting quantum interference device magnetomet
a temperature of 10 K with the surface of the samples pa
lel to the magnetic field. In Fig. 2 the saturation magneti

FIG. 1. X-ray reflectivity scans taken on three films cut from t
m855 sample. The solid line is a fit by the Parratt formalism~Ref.
9!. The Fe thickness as determined from the fit was~a! 10 Å, ~b! 15
Å, and ~c! 23 Å. The inset shows the~110! Bragg reflections with
well resolved Laue oscillations.

FIG. 2. Saturation magnetization versus reciprocal thicknes
the Fe-layer 1/dFe for a series of films cut from the m855~closed
circles! and m879~opened triangles! samples. The solid line is a
linear fit.
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tion as a function of 1/dFe is presented for a series of film
cut from m855 and m879 samples. The saturation magn
zation values are determined using the Fe thicknessdFe as
obtained by the x-ray reflectivity measurements.

For the residual resistivity ratioRRR5R300 K/R10 K we
obtained a factor of about 10–15 for all of our sample
Taking the phonon resistivity of bulk Nb asrph 514.5
mV cm, we estimate a residual resistivity of less than
mV cm for our samples. Using the experimental values
the density of states at«F and the Fermi velocity for Nb, we
obtain ^r l &53.7531026mV cm2,10 corresponding to a
mean free path of 250 Å. According to Ref. 5 the value
the SC coherence length can be estimated by

jS5AjBCSl

3.4

wherejBCS is the BCS coherence length of pure Nb. We th
obtain jS5180 Å for our thin films, which is three times
larger than thejS estimated for our sputtered films.7

The SC transition temperatureTc was measured by a
susceptibility. Typical transitions for one series of samp
are presented in Fig. 3. Except for the sample withdFe514
Å, all transitions are very sharp. The origin for the slight
broader transition of the sample withdFe514 Å can be un-
derstood by taking into account the shape of theTc(dFe)
curve ~see Fig. 4!, with the strong thickness dependen
arounddFe514 Å. Hence a small gradient ofdFe caused by
the wedge shape of the Fe layer can lead to a definite br
ening of the SC transition.

The SC transition temperatureTc , defined as the mid-
point of the ac-susceptibility transition, is plotted in Fig.
for three series of samples with variabledFe and fixeddNb .
As mentioned above,Tc for a pure SC Nb film is about 8.5
K. Thus there is a strong initialTc supression at lowerdFe
followed by a flatTc(dFe) curve for 5 Å<dFe<13 Å and
final dropping to a constant lowerTc value between 13 Å
<dFe<16 Å.

Thus in the present Fe/Nb bilayersTc depends nonmo-
notonously ondFe, similar to our previously studied Fe
Nb/Fe trilayers,6,7 however, here without a maximum i
Tc(dFe). It is neccessary to note that a strong resembla
exists between our data and the data reported on the Nb
system,2,3 when comparing sputtered and MBE samples.
both cases the sputtered samples show an increase iTc

of

FIG. 3. Transition curves as obtained by ac susceptibility
five samples with differentdFe cut from the m856 sample.
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when the magnetic layer becomes FM, while the MB
samples show a shoulderlike feature with a downward ju
around 13•••20 Å. We believe that for both systems th
change of theTc dependence on the ‘‘magnetic’’ layer thick
ness is due to a smaller value of the non FM interlayer at
interface in the MBE samples compared to the sputte
samples.

The linear dependence ofMS on 1/dFe ~Fig. 2! is caused
by the presence of a nonmagnetic Fe/Nb at the interface.6,7 A
linear fit gives a thickness of the nonmagnetic layer
dNM'5 Å. This is smaller thandNM for Fe/Nb/Fe trilayers
prepared by rf sputtering techniques,7 where the magneti-
cally ‘‘dead’’ layer thickness was larger than 7 Å. We ha
assumed7 that the magnetically ‘‘dead’’ layer arises due to a
intermixing of Nb and Fe at the interface. Therefore the d
ference in the nonmagnetic layer thickness may be due to
smaller particle energies during thermal evaporation as c
pared to sputtering. It is well known that Fe atoms diluted
Nb lose their magnetic moment. This has been experim
tally established11 and theoretically explained.12

Let us discuss the observedTc(dFe) dependence. From
our magnetization data we concluded that fordFe,dNM fer-
romagnetism is absent. As explained in detail in Ref. 7,
effective electron-electron interaction in this Fe-rich no
magnetic interlayer is strongly repulsive and stems from
coupling of the conduction electrons to the local paramagn
fluctuations. This repulsive interaction suppressesTc by the
proximity effect thus giving rise to the initialTc suppression
in Fig. 4. A special situation is given when a FM Fe lay
occurs first fordFe.dNM , since then there are two compe
ing effects:

~a! The Zeeman splitting of the virtual Fe-derivedd state
in the nonmagnetic layer weakens the repulsive interac
and this enhancesTc .7

FIG. 4. Superconducting transition temperatureTc versusdFe

for three series of samples~closed triangles: m856; closed circle
m855; opened triangles: m879!. The broken lines are guides for th
eye.
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~b! The exchange field of the FM layer is strongly pa
breaking and reducesTc . If one assumes ideally transpare
interfaces and neglects any influence of spin-orbit inter
tion, one can easily estimate the expectedTc suppression.
The exchange splitting of the conduction band in FeI Fe is
about 1 eV. In the Cooper limit the effective exchange fie
acting on the Cooper pairs in the Fe layer is given by

I eff5I Fe~dFe/dNb!. ~1!

Considering the Clogston limit, a field ofH5A2D/gmB will
completely quench superconductivity. With the gap para
eterD for Nb and the exchange fieldH5I eff /mB a complete
quenching of superconductivity is expected fordFe.0.5 Å.
This corresponds to less than one monolayer.

In the sputtered Fe/Nb/Fe trilayers the FM layer is w
screened by the nonmagnetic interlayer and effect~a! domi-
nates. This give rise to theTc maximum just at the onset o
ferromagnetism.

In the MBE-grown samples, the nonmagnetic interlayer
thinner, thus the FM layer is less well screened and ha
stronger direct negative influence onTc . Both effects~a! and
~b! just compensate and give rise to the first plateau
Tc(dFe) in Fig. 4. At largerdFe the negative direct effect of
the exchange field dominates in any case and a downw
jump in Tc(dFe) with a large slope is expected.Tc ap-
proaches a second plateau at an FM layer thickn
d5dFe2dNM comparable to the penetration depth of Coop
pairs into the Fe layerjM;12 Å.13 It is necessary to note
that the absence of any anomaly in the magnetization at
Fe thickness range between 5 and 25 Å~Fig. 2! indicates that
the jump in theTc(dFe) curve at 13•••16 Å is caused by the
exchange field only.

In summary, we have studied the influence of magneti
on the superconductivity in high quality epitaxial Fe/Nb b
layers. We obtained a nonmonotonousTc(dFe) curve, how-
ever, without the maximum observed in our sputter
samples. We explained this finding in the model develop
previously for sputterd Fe/Nb/Fe trilayers.7 This model was
based on a combined action of the FM Fe layer and
nonmagnetic Fe/Nb interface on the superconductivity. W
concluded that the actual shape of theTc(dFe) curve in
Fe/Nb multilayers is mainly determined by the thickness
the nonmagnetic interface. Therefore FM/SC proximity sy
tems offer an additional tool for the study of interface r
gions and its complex interplay with the physical properti
in multilayer system.
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and J. R. Clem, Phys. Rev. B44, 759 ~1991!, and references
therein.

6Th. Mühge, N. N. Garif’yanov, Yu. V. Goryunov, G. G. Khaliul
lin, L. R. Tagirov, K. Westerholt, I. A. Garifullin, and H. Zabe
Phys. Rev. Lett.77, 1857~1996!.

7Th. Mühge, K. Westerholt, H. Zabel, N. N. Garif’yanov, Yu. V
Goryunov, I. A. Garifullin, and G. G. Khaliullin, Phys. Rev. B
55, 8945~1997!.
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