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Abstract
We have investigated the structural, magnetic and superconduction properties of [Nb(1.5 nm)/Fe(x)]10 superlattices deposited on a

thick Nb(50 nm) layer. Our investigation showed that the Nb(50 nm) layer grows epitaxially at 800 °C on the Al2O3(1 102) sub-

strate. Samples grown at this condition possess a high residual resistivity ratio of 15–20. By using neutron reflectometry we show

that Fe/Nb superlattices with x < 4 nm form a depth-modulated FeNb alloy with concentration of iron varying between 60% and

90%. This alloy has weak ferromagnetic properties. The proximity of this weak ferromagnetic layer to a thick superconductor leads

to an intermediate phase that is characterized by a suppressed but still finite resistance of structure in a temperature interval of about

1 K below the superconducting transition of thick Nb. By increasing the thickness of the Fe layer to x = 4 nm the intermediate phase

disappears. We attribute the intermediate state to proximity induced non-homogeneous superconductivity in the structure.
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Introduction
Superconductor(S)/ferromagnet(F) heterostructures are inten-

sively studied systems, which are interesting for fundamental

physics due to a big number of predicted and detected phenom-

ena such as the appearance of non-uniform superconducting

states (see reviews [1-3]). Among these phenomena are

–Josephson junctions [4-7] with a -phase difference of super-
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conducting correlations between two neighboring interfaces,

long-range triplet superconductivity [8-16] generated in S/F

systems with a non-collinear (NC) magnetic configuration of

the F system, and re-entrant superconductivity as evidence of

nonuniform LOFF-states [17-20]. Apart from the interest in

basic science, the proximity effect in S/F structures has great

technological importance for the creation of spintronics devices,

where the transport properties of the structure are controlled via

the manipulation of the magnetic order in the F subsystem [21-

26].

One possible way to exert such a control is via interaction of

superconductivity and interlayer exchange coupling (IEC) of F

layers through a normal metal (NM) spacer. The IEC in a F/N/F

system can be tuned by varying the thickness of the N spacer to

organize antiparallel (AP), parallel (P) or non-collinearly

aligned F layers [27]. Also, the presence of superconducting

correlations in the same F/N/F system would favor AP align-

ment for singlet pairing or a NC configuration to generate a

long-range triplet condensate. To the best of our knowledge the

interaction of singlet superconductivity and exchange coupling

was first considered theoretically in [28,29] and different mag-

netic re-ordering processes, such as the transition from parallel

to antiparallel alignment [29] or the suppression of RKKY

interaction below TC were calculated [28]. Experimentally the

interaction of exchange coupling can be studied by integral

magnetometric methods such as SQUID magnetometry [30] or

depth-resolved techniques such as polarized neutron reflectom-

etry (PNR) [31].

One potentially interesting system for studying the interaction

between superconductivity and IEC is the Fe/Nb system. Prox-

imity effects in Fe/Nb systems were extensively studied before

[32-36]. The antiferromagnetic coupling of Fe layers through a

Nb(y) spacer with y = (1.3 + 0.9 × n) nm (n = 0, 1, 2) was found

in [37,38] by means of PNR. In the following work of the same

group [39] the modification of IEC by hydrogen uptake was re-

ported. An advantage of niobium as N spacer is that it is the

superconducting material with the highest bulk TC = 9.3 K

among all elemental superconductors. However, the thickest Nb

spacer layer where AP alignment is still possible, y  3 nm,

is still two times smaller than the minimum thickness

  6–8 nm of thin Nb films in which superconductivity

appears [19,20]. In order to provide superconducting correla-

tions in a Fe/Nb superlattice (SL) we propose to deposit the

Fe/Nb SL on top of a thick Nb(40–50 nm) layer. This thick

superconducting layer will act as a reservoir of supercon-

ducting pairs, which will be transferred to the SL using the

proximity effect. The aim of this work is the study of structural,

magnetic and superconducting properties of such S/F hetero-

structures.

Experimental
Growth conditions and techniques
Samples of the nominal structure Pt(3 nm)/[Nb(1.5 nm)/

Fe(x)]10/Nb(50 nm) were prepared on Al2O3( ) substrates

using a DCA M600 MBE system with a base pressure of

10 10 mbar. Before deposition, the substrates were cleaned

from organic contaminations with ethanol and isopropanol ex

situ and heated at 1000 °C in ultra high vacuum for 2–3 h. A

50 nm thick Nb layer was deposited at a typical rate of 0.6 Å/s

and a substrate temperature of TNb = 800 °C for samples s1 to

s5 and at TNb = 33 °C for sample s6. Subsequently, the sub-

strate temperature was decreased to TSL = 30–100 °C (see

below Table 1) and a periodic structure [Nb(1.5 nm)/Fe(x)]10

was deposited starting with the iron layer. The growth rates for

both elements in the periodic structure were about 0.1 Å/s. On

top, a 3 nm Pt cap layer was grown at about 0.3 Å/s at room

temperature to protect the sample against oxidation. Fe was

deposited by thermal evaporation from an effusion cell while

Nb and Pt were grown by electron beam evaporation. Reflec-

tion high-energy electron diffraction (RHEED) was measured in

situ during deposition to trace the structure of the atomic layer

being deposited. For the RHEED experiment, an electron beam

of 15 keV energy was directed along the  azimuth of the

sapphire substrate.

In order to check the crystal structure and the quality of the

epitaxial growth, X-ray diffraction measurements were per-

formed using a –2  diffractometer. The diffractometer oper-

ates at the wavelength of  = 1.54 Å and is equipped with a

DECTRIS line detector, which allows for simultaneous mea-

surement of both specular and off-specular reflections.

The polarized neutron reflectometry (PNR) experiments were

conducted on the angle-dispersive reflectometer NREX

(  = 4.28 Å) at the research reactor FRM-II (Garching,

Germany). During the experiments we applied a magnetic field

in-plane and normal to the sample plane. Data were fitted to

models using the exact solutions of the Schrödinger equation as

described in our prior works [13,40,41].

For the transport experiment we used the device depicted in

Figure 1b. The device consists of four metallic springs touching

the surface of the sample. The tension of the springs is suffi-

ciently high to ensure good contact with the sample surface and

to measure the resistivity using a standard four-point contact

method. The setup is designed to enable simultaneous PNR and

transport experiments, though in this work we used it ex situ.

For the measurements we used an ac current with an amplitude

of 100–200 A. In the experiment we measured the resistance

of the samples  as a function of the temperature T and the

magnetic field H, which was applied parallel to the sample sur-
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attention to the peculiarities of our transport experiment. Since

the contacts are attached to the surface, electrical current will

tend to flow along the surface penetrating only to a certain

depth . To calculate  one needs to know the resistivity of all

layers in z direction as well as the interfaces resistances. This

will require additional experiments on simpler systems and/or

with current applied normal to the surface. However, the

following arguments allow us to say that the value of  is

comparable to the thickness of the entire structure, that is, the

current flows not only along the SL but also through the thick

niobium layer or at least through its upper part. First of all, we

note that a stand-alone Fe/Nb SL structure itself hardly can be a

superconductor due to the absence of a clean and oriented Nb

phase. Secondly, we draw attention to the difference between

the transport properties of samples s5 and s6. Lowering of the

deposition temperature of thick niobium TNb led to polycrys-

talline growth of the thick Nb layer of sample s6 and a strong

decrease of its RRR (Table 1). Such a sensitivity of the RRR on

the crystal structure of thick Nb indicates that the transport ex-

periment is sensitive to the thick niobium layer, i.e., the current

does flow through it. If this is the case, then the transition of the

thick niobium to the superconducting state should lead to a

(almost) complete loss of resistance. This is indeed observed

experimentally below Tc2 for all samples, while for samples

with x  2.5 nm in the region of temperatures between Tc1 and

Tc2 the loss is only partial. Taking into account all of these facts

we can propose that the thick Nb layer in the intermediate state

comprises superconducting and normal-state domains. This

hypothesis allows us to explain the suppression of the resis-

tance and the absence of the Meissner effect in the intermediate

state. However, it requires further experimental and theoretical

studies. For example covering the SL from both sides with thick

superconductor layers would allow direct measurements of the

proximity effect using PNR [41].

Conclusion
We studied the structural, magnetic and superconducting prop-

erties of [Nb(1.5 nm)/Fe(x)]10 superlattices deposited on a thick

Nb(50 nm) layer. Our investigation showed that a high deposi-

tion temperature of TNb = 800 °C results in systems of high

structural quality with an epitaxial Nb(50 nm) layer and high

residual resistivity ratios of 15–20. By using neutron reflectom-

etry we have shown that Fe/Nb superlattices with x < 4 nm

form a depth-modulated FeNb alloy with the concentration of

iron varying between 60% and 90%. This alloy has properties

of a weak ferromagnet with a Curie temperature of Tm  100 K.

The proximity of this weak F layer to a thick superconductor

leads to the presence of an intermediate phase between normal

and superconducting state. This phase is characterized by a

suppressed resistance of the structure in the temperature range

of T = 8–9 K below the superconducting transition of thick Nb.

By increasing thickness of Fe layer to x = 4 nm this phase was

destroyed.
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