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Abstract. We report results of a magnetic characterization of [Cu30Ni70(6nm)/Nb(x)]20 

(x=17nm) superlattices using Polarized Neutron Reflectometry (PNR) and SQUID 

magnetometry. The study has shown that the magnetic moment of the structures growths 

almost linearly from H = 0 to Hsat = 1.3kOe which can be interpreted as evidence of 

antiferromagnetic (AF) coupling of the magnetic moments in neighbouring layers. PNR, 

however, did not detect any in-plane AF coupling. Taking into account the out-of-plane easy 

axis of the Cu30Ni70 layers, this may mean that only the out-of-plane components of the 

magnetic moments are AF coupled.  

1.  Introduction 

Hybrid superconducting/ferromagnet (S/F) heterostructures are intensively studied objects due to their 

interesting and promising properties [1]. At the moment the main research is concentrated on the study 

of simple S/F bilayers and S/F/S, F/S/F, and S/F/F trilayers (see [2] and references therein). However, 

we may expect that both superconducting ([3]-[11]) and magnetic ([12]-[14]) properties of a more 

complex S/F systems, such as [S/F]n superlattices, will differ from those of their constituent elements 

(S/F bilayers or S/F/S-, F/S/F -trilayers). A difference between the behaviour of the constituent 

elements and the superlattice is especially expected when the thicknesses of the layers become 

comparable with the correlation length of superconductivity, S, and magnetism, F, in the respective 

layers [12]-[15].  In a sense such superlattices can be considered as metamaterials assembled from 

“atoms” of S/F bilayers. 

Our main goal is the design and fabrication of SF metamaterials with unique superconducting and 

magnetic properties arising from the competition of magnetic and superconducting ordering. As the 

building blocks of this metamaterial we propose to use Nb/CuNi bilayers investigated in detail before 

[16]-[19]. 

http://creativecommons.org/licenses/by/3.0
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There are several reasons for this choice of materials, like very small but non-vanishing solubility 

of CuNi and Nb (yielding smooth interfaces), good electrical contact and relatively high 

superconducting correlation lengths S,F ~ 10nm [17]. The aim of this investigation is to search for a 

possible antiferromagnetic (AF) coupling of Cu30Ni70 layers through the Nb spacer. Such an AF 

coupling can give rise to unique superconducting and ferromagnetic properties of SF metamaterials 

[13]-[15]. A similar AF coupling has been previously observed by Polarized Neutron Reflectometry 

(PNR) in Fe/Nb systems [20] for thicknesses of the Nb spacers of dNb = 1.3nm, 1.7nm, 2.4nm, 2.7nm, 

3nm. 

 

2.  Sample preparation 

A series of periodic structures (PS) with nominal composition Si/[Nb(dNb)/Cu30Ni70(6nm)]20/Si 

(dNb = 1  7nm) were prepared at room temperature using the automatic magnetron sputtering device 

UNIVEX at Augsburg University. This machine allows an automatic fabrication of layered structure 

with specified parameters. All targets are mounted in independent chambers (target-cells) and the 

sample, fixed on the sample holder, is transferred between the target-cells by a robotic manipulator 

(see Fig. 1). 

The typical base pressure in the chambers is 3×10
-7

, 6×10
-7

 and 5×10
-6

 mbar for target-cells, 

transfer and load-lock chambers, respectively. Pure argon (99.999%, “Linde AG”) at a pressure of 

8×10
-3

 mbar was used as sputter gas. Three targets, Si, Nb and Cu30Ni70 (100 mm in diameter), were 

pre-sputtered for 10 – 15 minutes to remove contaminations before deposition of the samples and 1 

minute before each layer deposition. The {111} silicon substrate was etched in pure argon plasma for 

5 minutes. After the sample holder was transferred into the cleaned Si-target chamber, the Si-cell was 

hermetically closed and a 6 nm buffer silicon layer was deposited. The growth rate of the Si film was 

about 0.4 nm/sec. After deposition the waste gas was rapidly pumped out and the pressure in the 

target-cell and transfer chamber equalized (6×10
-7

 mbar). Next the load lock was opened and the 

manipulator picked up the sample holder. Then the sample holder was alternatingly transferred to the 

Nb target-cell and Cu30Ni70 target-cell for deposition of the superlattice structure. To avoid oxidation 

of the structure, the Si-cap film was grown on the top of the layered structure. The processes of 

pressure leveling between target-cell and transfer chamber and also sealing/opening of the load lock 

were repeated for every layer, thus ensuring a clean atmosphere in the transfer chamber during 

fabrication of the structures. The time spent for gas pumping, pressure leveling process and sample 

transferring between two target-cells was about 25-30 seconds. 

The deposition rates for Nb and Cu30Ni70 are 0.4 and 0.5 nm/sec, respectively. The thicknesses of 

the layers were controlled by the time of the ignited target exposition and checked later using neutron 

reflectometry. For this purpose, the chambers of the UNIVEX are equipped with a movable shutter 

between target and sample holder. While pure Nb was sputtered using a pulsed power module, the 

Cu30Ni70 and Si – layers deposition and substrate etching were performed using an AC power module. 

 

 

Figure. 1. Magnetron sputtering device 

UNIVEX. 1 - Computer (PC) for controlling 

the UNIVEX; 2-Target-cell or target chamber; 

3 - Target; 4 - load lock controlled by PC;5 - 

Load-lock chamber; 6- Gas pipe; 7 -Sample 

holder and silicon substrate; 8 - Movable 

shutter (opened position); 9 - Electric motor 

for shutter moving; 10 - Movable shutter 

(closed position); 11 - Transfer chamber; 12 - 

Robotic manipulator; 13 - AC and Pulsed 

power modules for magnetron 
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The structural properties of the superlattices were characterized using neutron reflectometry. The 

necessity of using neutron reflectometry instead of the more widely available X-ray reflectometry is 

due to the extremely low optical X-ray contrast for layers of CuNi and Nb [18],[19]. Figure 2 shows 

the non-polarized reflectivity curve of the sample with nominal dNb = 2nm measured at room 

temperature at the GINA reflectometer [21]. Two peaks at positions Q1 = 0.54 nm
-1

 and Q2 = 1.04 nm
-1 

can be identified and assigned to Bragg reflection from the periodic structure with period D. The 

positions of the peaks are given by Qn2n/D (n = 1,2...) and their presence gives evidence for a high 

repeatability of the bilayer thickness within the superlattice. We were able to reproduce the 

experimental curve with the scattering length density (SLD) depth profile depicted in the inset to the 

Fig.1. According to the fit, the nuclear SLD of Cu30Ni70 and Nb layers are CuNi = 7.8x10
-4

 nm
-2

 and 

Nb = 4.3x10
-4

 nm
-2

. The rms roughness of the Cu30Ni70/Nb and Nb/Cu30Ni70 interfaces is obtained as 

0.6 and 1.2 nm, respectively. The obtained thickness of Cu30Ni70 layer dCuNi = 6.3nm is close to the 

nominal value. However thickness of Nb film dNb = 6.0nm turned out to be much higher than nominal 

one. Similar disagreement was also observed for the sample with nominal dNb = 3nm. For the rest of 

the samples nominal thickness was within 10% accuracy close to nominal. The reason of such 

disagreement at dNb < 4nm will be discussed elsewhere. 

In order to demonstrate sensitivity of the model to repeatability of the bilayer thickness we 

calculated model reflectivity for the same SLDs but with 10% variation of  the thickness of each layer 

around mean dCuNi = 6.3nm  and dNb = 6.0nm  (see red dashed curve in Fig. 2). One can see that such 

deviation of real thickness of each layer will lead to the smearing of the 1
st
 Bragg peak which was not 

observed on the experiment. 

 
Figure 2. Sketch of the structure (left) and room– temperature data (dots) measured at the GINA 

reflectometer. Lines show model curve for 20 bilayers with the same thickness (solid black) and with 

10% deviation around mean values (dashed red). The inset shows part of the SLD depth profile. One 

“unit cell” of the periodic CuNi/Nb structure is shown by the dashed rectangular. 
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3.  Magnetic properties 

3.1.  Single copper-nickel layer 

In order to better understand magnetic behaviour of complex Cu30Ni70/Nb superlattices we first have 

characterized magnetic properties of single Cu30Ni70 layers. Figure 3a shows the hysteresis loop of the 

Cu30Ni70(23.5nm) film measured by Superconducting Quantum Interference Device (SQUID) in the 

Max-Planck Institute for Solid State Research (Stuttgart). The curve is characterized by the coercive 

field Hc  150 Oe and a remanent magnetization which is only 25% of the saturation magnetization. 

Such a shape of the hysteresis loop is typical for copper-nickel films with the easy axis turned out of 

plane of the sample [22]. In order to calculate the direction of the easy axis relative to the sample 

plane, , we used the following expression for the magnetic energy of the film 

 

E() = Kanys sin
2
( - ) - MS H cos(),       (1) 

 

where Kanys - anisotropy energy, ,  - the angles between the magnetic moment and the easy axis 

and direction of the external field H (or sample surface, see sketch in Fig. 3a), respectively, MS is the 

saturation magnetization. The value of MS can be found from the saturation magnetic moment msat as 

MS = msat/(dCuNiA), where dCuNi and A are the thickness of the Cu30Ni70 layer and the sample area, 

respectively. However, taking into account possible mis-calibration of the film thickness during 

deposition we decided to use Polarized Neutron Reflectometry (see below) which measures directly 

the magnetic contrast. Minimizing this energy by varying  for every magnetic field allows to draw a 

model dependence msat cos() vs. H (see red curve) and estimate the direction of the easy axis as 

  80°. 

The saturation magnetization was measured in a PNR experiment on the same sample. The 

reflectivity curves R
+ 

and R
- 
 were measured at NREX reflectometer [23] at T = 150K in a magnetic 

field H = 4.5kOe (Fig. 3b). Since both temperatures T = 150K and T = 10K are far below the Curie 

temperature Tm = 295K (Fig. 3d) we believe that comparison of PNR and SQUID data are possible. 

Oscillations of the reflectivity curves are caused by the interference over the thickness of the Cu30Ni70 

film and allowed us also to calibrate the thickness of the Cu30Ni70 layer for further preparation of 

periodic structures. Presence of spin asymmetry (R
+ 

- R
- 
)/(R

+ 
+ R

- 
) (Fig. 3c) is related to the magnetic 

moment in the film. Fitting the experiment to a model allows us to extract thickness of the layer 

dCuNi = 23.40.2nm, nuclear SLD of the single film CuNi = (8.30.1)x10
-4

 nm
-2

 and saturation 

magnetization 4Msat = 1.70.3kG.  

Using the values obtained from PNR for CuNi  and Msat  we may estimate the magnetic moment per 

one unit cell atom as  

 

m[B] = Msat[G]/(N [cm
-3

] B),        (2) 

where N - is the packing density of Cu30Ni70 layer, B = 9.2710
-21

 erg/G - is the Bohr magneton. 

The density can be derived from the nuclear SLD, which can be written as 

 

CuNi = N [CNi bNi + (1 - CNi) bCu],        (3) 

 

where CNi = 0.7 -concentration of nickel atoms, bNi = 10.3 fm, bCu = 7.7 fm are neutron scattering 

lengths for nickel and copper atoms, respectively. Using Eqs. (2) and (3) a magnetic moment of 

0.17 B/u.c. or 0.24 B/Ni atom can be estimated from experimentally obtained values of Msat and 

CuNi . This value is in agreement with the previously reported 0.27 B/atom for CNi = 0.67 [24]. 
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Figure 3. (a) Hysteresis loop for the Cu30Ni70(23.5nm) layer measured at T = 10K. (b) Low 

temperature PNR curves measured at T = 150K and H = 4.5kOe. The error bars if not seen are below 

the dot size. (c) Spin asymmetry (R
+
 - R

-
)/(R

+
 + R

-
) correspondent to data depicted in (b). (d) 

Temperature dependence of the magnetic moment measured at H = 1kOe. The vertical arrow shows 

the position of the Curie temperature. Inset shows the dependence of the Curie temperature of films 

on their thickness. 

 

3.2.  Periodic structure 

The next step is the characterization of the magnetic properties of the periodic structures. Fig. 4a 

shows the field dependence of the magnetic moment of the sample with dNb = 5nm measured by 

SQUID magnetometry at a temperature of 13K. The magnetic moment growths almost linearly from 

zero at H = 0 till its saturation value at H > Hsat = 1kOe. One of the explanations of the linear growth 

of the magnetic moment is an antiferromagnetic (AF) coupling of the magnetic moments in the 

neighbouring layers [24]. We have observed that all measured samples with different thickness of Nb 

spacer exhibit similar curves. In order to prove the presence of in-plane AF coupling we have 

performed low-temperature PNR experiments. The measurements were conducted at the angle 

dispersive ( = 0.466 nm) reflectometer V6 [26]. The protocol of the measurements was as follows. 

The sample was cooled down to T = 15K in a magnetic field H = 5kOe. At this temperature the field 

was released and several reflectivity curves were measured at fields H < Hsat. Fig. 4b shows PNR 

curves of the sample with dNb = 5nm measured in a magnetic field H = 400 Oe at T = 15K. Similar to 

the curve depicted in Fig. 2, the curve is characterized by the presence of the n = 1 Bragg peak from 

the superstructure. Similar to Fig. 3b, Bragg peaks of different polarization are split due to the 
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presence of the magnetic moment in Cu30Ni70 layers. Inset to Fig. 4b shows the field dependence of 

the spin asymmetry of the first Bragg peak S1 = (R
+
 - R

-
)/(R

+
 + R

-
). One can see that this dependence 

correlates with the field dependence of the magnetic moment depicted in Fig. 4a. A similar behaviour 

was observed for the sample with nominal dNb = 3nm. 

 

 

Figure 4. (a) Hysteresis loop measured by SQUID magnetometry at T = 13K on the sample with 

dNb = 5nm. (b) PNR curves measured at T = 15K in a magnetic field H = 400 Oe on the same sample. 

Dots in the inset show the field dependence of the spin asymmetry of the first Bragg peak. The solid 

line is shown to guide an eye.  

 

4.  Discussion and conclusion 

Our measurements on single Cu30Ni70 films have shown that the magnetic easy axis of the films is out 

of plane (OOP). This means that the magnetic moments of the Cu30Ni70 layers in small magnetic fields 

will tend to align out of plane. If an AF coupling exists in the system it would try to align the magnetic 

moments in the neighbouring layers antiparallel to each other. Such a magnetic configuration and its 

reflectivity curves are shown in Fig. 5a. One can see that in this case there will be the n = 1/2 peak due 

to the doubling of magnetic period in comparison to the structural one. Such peak was indeed seen in 

PNR experiments with Fe/Nb systems [20]. Another feature is the absence of a splitting at the n = 1 

peak. We may conclude that this model does not describe our data. Moreover this magnetic 

configuration leads to a strong increase of the OOP stray field which, in turn, increases the 

magnetostatic energy. Hence we consider another model, where only out of plane components of the 

magnetization of neighbouring copper-nickel layers are AF coupled (Fig. 5b). Such a configuration 

allows decreasing the magnetostatic energy. Since PNR is only sensitive to the in-plane magnetic 

moment, therefore this configuration will not produce an n = 1/2 peak, but will lead to the splitting of 

curves at the n = 1 peak. This model agrees with PNR data depicted in Fig. 4b. 
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Figure 5. Model reflectivity curves for different magnetic configuration depicted in the corresponding 

insets 

 

In conclusion we report results of the magnetic characterization of [Nb(dNb)]/Cu30Ni70(6nm)]20 

(dNb =17nm) superlattices using SQUID magnetometry and polarized neutron reflectometry. The 

study has shown that in all structures the magnetic moment growths almost linearly from H = 0 to 

Hsat = 1.3kOe which may indicate presence of antiferromagnetic coupling of the moments in 

neighbouring layers. PNR however did not detect any AF coupling in-plane. Taking into account an 

out-of-plane easy axis of the Cu30Ni70 layers, this probably indicates that only the out of plane 

components of magnetic moments are AF coupled. Further depth and out-of-plane sensitive 

techniques like X-ray magnetic scattering are required to answer this question explicitly. 
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