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Abstract

Magnetic properties of ultrathin PdgoFe(; films grown on niobium films are
investigated by magneto-optic visualization, SQUID magnetometry, and Hall-
voltage measurements in the temperature range from 3 to 40 K. We show that the
films are ferromagnetic at thickness larger than 10 nm. The Curie temperature 7
varies from 2 to 40K with increase of film thickness to 80 nm. The value of
spontaneous magnetization of the PdggFe,; depends on the PdFe film thickness.
The estimated spin polarization is about 4 5 per Fe ion, which corresponds to
the polarization of the Pd;Fe compound. In contrast to the homogenous bulk
material, PdggFe; films consist of ferromagnetic nano-clusters in a paramagnetic
host, which is confirmed by characteristic features of the magnetization loops
and by the increase of critical current density in the adjacent Nb layer. The size
of the clusters is estimated as 10nm, which is in agreement with the 30%
increase of the supercurrent observed in the Nb.

Keywords: PdFe alloy, magnetic structure, magnetization, hysteresis,
nanoclusters

1. Introduction

Diluted alloy Pd;_,Fe, is a weak ferromagnet with prospective use in superconductor—ferro-
magnet—superconductor (SFS) structures [1-4]. A weak ferromagnet with easily rotated
magnetization allows one to control current in the SFS structures by application of a small
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Figure 1. Sketches of the samples. (a) Bilayer sample for standard four-probe resistance
and Hall voltage measurements fabricated on the Si substrate: 1 and 2—current
contacts; 3 and 4—potential contacts to measure resistivity; 5 and 6—contacts to
measure Hall voltage. (b), (c) Planar and side views of the sample for visualization of
the magnetization reversal process. Note that the Nb layer is covered by the PdgoFe,;
film on the sample edges, while the center part of the sample (marked by 7) is naked.

magnetic field [5-7]. In the SFS systems the ferromagnetic layer should be thin to ensure the
link between the superconducting layers. The properties of bulk Pd;_,Fe, alloys have been
studied in detail [8—14], while only a few papers are devoted to thin films [4, 15, 16]. The
properties of thin films are sensitive to film thickness and substrate. The proximity effect and
distortion of the magnetic field distribution by the superconducting layers could also affect the
characteristics of the SFS structure.

In this paper we study the magnetic properties of ultrathin PdggFe(, films deposited on the
Nb films. We observe that PdgoFe(; films are ferromagnetic if their thickness is greater than
10nm. We show that the PdggFey; films consist of ferromagnetic nano-clusters in a
paramagnetic host. The material is magnetically soft and one can expect a high rate of
dynamic magnetization reversal. The non-homogeneous magnetization of the neighboring
ferromagnetic film gives rise to an increase of the effective pinning of Abrikosov vortices in the
Nb film, and as a result to the growth of the critical supercurrent density.

2. Experiment

The experiments were performed on bilayer PdFe—Nb hybrid films. Both metallic layers were
fabricated in a single vacuum cycle. The lower Nb layer with the thickness of D = 100 nm was
deposited by dc magnetron sputtering on a 5 x 15 mm?” Si substrate. The upper PdFe layer with
the thickness d of 10-80 nm was deposited by rf magnetron sputtering. The films were patterned
by lift-off lithography for resistive and Hall voltage measurements and for visualization of the
magnetization reversal process as shown in figures 1(a)—(c).
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The superconducting transition temperature 7 of Nb measured by the four-probe method
was found to be about 8.6 K with a transition width of 0.5 K. These values were independent of
the presence and thickness of the PdFe layer within the experimental accuracy (about 0.2 K).
The critical current density j, of the Nb film measured by the four-probe technique was about
4 x 10° Acm™ at T = 7K.

The Curie temperature 7¢ of the ferromagnetic PdFe layer was extracted from Hall voltage
dependences on the magnetic field and temperature, V (H, T'). The measurements are based on
the Hall effect sensitivity to magnetic scattering, which occurs due to the spin—orbit coupling
[17]. In ferromagnetic materials, the Hall voltage varies fast at low magnetic field when the
magnetic domains order. With further field increase, the Hall voltage grows linearly,
corresponding to the ordinary Hall effect [18-21]. The dependence of V (H, T) may be
described as V(H, T) x B(H, T) = H + 4zM (H, T) [20, 21]. The extrapolation of B(H, T)
to zero H gives the voltage Vj;(T'), which is proportional to 4zM (T'). Therefore, T can be
determined from Vi (T) in the same manner as from M(T), namely as the inflection point of the
W (T). The method is usually applied as an express method to determine the 7- of weak
ferromagnet materials [7, 19].

Complementary measurements of M(7T) were made by standard SQUID magnetometry,
mainly to check the applicability of the Hall method for our samples. Hysteresis loops and
magnetic susceptibilities of some samples were also measured by the SQUID.

To study the magnetization reversal process and the influence of PdFe layers on
superconducting properties of the Nb layer, the magneto-optic (MO) visualization technique
with an external indicator film was applied. For this purpose, a thin yttrium—iron garnet film was
superimposed on the top surface of the sample. The map of the distribution of the perpendicular
component of the induction B, (x, y) was registered by SDU285 digital video camera. This map
was used to recover the induction inside the sample and current distribution in the
superconducting layer [22, 23].

For the immediate comparison of the properties of a single niobium layer and that covered
with the PdFe, the bilayer Nb—PdFe samples with uncovered niobium in the center part were
fabricated by reactive ion etching (figures 1(b) and (c)).

The topography of the surfaces of Nb and PdFe grown on the Nb was studied by standard
atomic-force microscopy on the same samples.

3. Results

A typical dependence of the Hall voltage V(H) on the applied transverse magnetic field H is
shown in figure 2(a) for three different temperatures. At low fields and temperatures, the
functions V(H) are nonlinear with a small hysteresis (a few oersted when the applied field is
swapped between +1.5kOe). The function V(H) is linear if H is large enough. We extrapolate
this linear dependence to H = 0 and obtain the value Vy, which characterizes the non-linearity
of the Hall voltage V(H) at given temperature. The measured variation of Vy with 7 is given in
figure 2(b). The inflection point of Vj; (T') is taken as 7¢ (an explanation of the procedure is given
in the ‘Experiment’ section).

The 7¢ found by Hall measurements is in reasonable agreement with the ferromagnetic
transition temperature obtained from the dependence of magnetization on temperature M(7)
measured by the SQUID magnetometer (figure 3(a)). The magnetization decreases with
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Figure 2. (a) The dependence of Hall voltage on the applied transverse magnetic field
for different temperatures: 1—7 = 4.2 K, 2—9.7 K, and 3—12.2 K the thickness of the
PdFe film is 40 nm. (b) The dependence of Vj; (which characterizes the Hall voltage
non-linearity) on temperature.

temperature, which is typical for ferromagnetic materials. However, the transition to the
paramagnetic state is not sharp. Moreover, the temperature of the transition shifts towards
higher values with increase of the applied magnetic field. If H < 5 Oe, the transition occurs near
T = 14K, which is in agreement with the Hall measurements. If the temperature is fixed, the
value of magnetization depends on the applied field and does not saturate even if H > 1-2 KOe.
For example, if T = 3K, M =36X 10°emu in the field H = 1.5 Oe and
My =42 % 107%emu in the field H = 50 Oe. The observed smooth magnetic transition,
as well as the magnetization variation under the magnetic field, is typical for granular systems
due to scattering in the sizes of magnetic grains.

The temperature dependence of the low-frequency magnetic permeability y(7) is shown in
figure 3(b). An abrupt drop of x4 (T) to a negative value at T =~ 9 K occurs due to the transition
of the Nb layer to the superconducting state. A slow decrease of u(7T) with growth of T
corresponds to the behavior of M(T) shown in figure 3(a). The permeability u(7) depends on
the frequency (see figures 3(b) and (c)). For example, variation of the frequency from 1 to
1000 Hz shifts the temperature 7,,,x at which the maximum of permeability is achieved by about
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Figure 3. (a) Dependence of magnetization M on T in different applied magnetic fields:
1—H = 1.5 Oe, 2—5 Oe, 3—10 Oe, and 4—50 Oe. The magnetic field H is applied in
the film plane; the thickness of the PdFe film is 40 nm. (b) The dependence of the
magnetic permeability g on temperature. The measurements are made in the ac
magnetic field with frequency 1 Hz (squares), 10 Hz (down triangles), 100 Hz (circles),
and 1000 Hz (up triangles). Note that the maxima of the curves u(H) shift toward
higher temperature with the increase of frequency as shown below. (c) The dependences
of u.. (black squares, left panel) and Tp,,«x (open circles, right panel) on frequency.
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Figure 4. Hysteresis loops at different temperatures: 1—7 = 13K, 2—10K, 3—4 K
(right and left scales differ by two orders of magnitude). The magnetic field is applied in
the film plane. The sample is the same as in figure 3.

20% and reduces the maximum value of the permeability g, by about 30%. Naturally, the
frequency does not affect the Curie temperature. The permeability measurements confirm the
conclusion that the superconducting critical temperature of the Nb film practically does not
depend on the presence or absence of the PdFe cover. The possible reason for this fact is
considered in the discussion.

The hysteresis loops M(H) are shown in figure 4 (the field H is applied in the film plane). If
the temperature is higher than the superconducting transition temperature of Nb, 7 > T¢, the
loops have two distinct parts. The first part is a steep magnetization in the field H < 2 Oe and
the second one is a smooth approach to saturation at higher fields. However, the saturation is
not achieved even if the field is higher than 1 KOe. The coercivity H.(T) increases with the
decrease of temperature: H. (13 K) = 0.5 Oe, H.(10K) =1 Oe, and H.(5 K) = 3 Oe. The
appearance of the hysteresis loops such as curves 1 and 2 in figure 4 is typical for a nano-
granular ferromagnet with weakly interacting grains [24, 25].

The MO visualization of the magnetization reversal of hybrid PdFe-Nb bilayer films was
performed in both in-plane and transverse magnetic fields. The MO imaging shows that the
magnetic flux is concentrated near the sample edges in the in-plane field in the temperature
range 9 < T < 14 K. This indicates that the magnetic permeability of the sample is higher than
vacuum permeability, which is in agreement with the Hall and SQUID magnetometry data. The
MO images observed in the in-plane applied field are independent of the field direction, and the
residual magnetization is directed along the applied field. No traces of magnetic domain walls
are observed. The density of the magnetic flux near the sample edges is approximately
proportional to the strength of the applied in-plane field. All these features are characteristic of
granular ferromagnetic films with weakly interacting grains [24].

If the temperature is below the superconducting critical temperature of the Nb film
T. ~ 8.6 K, the transverse magnetic field is screened by the supercurrent. When this field
exceeds some threshold value, the magnetic flux starts to penetrate the sample. The flux
distribution has a shape typical for a superconducting plate (figure 5). The MO images in
figure 5 show that the flux penetration into the Nb area covered by PdFe is less than in the PdFe
free area by about 30%. This means that the presence of the PdFe layer gives rise to an increase
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Figure 5. Penetration of the transverse magnetic flux into hybrid Nb—PdFe structure at
T = 7K: (a) view of the sample surface (sample width is 1.8 mm); (b), (c) flux
distribution in the transverse field +14.4 Oe and —14.4 Oe, respectively. The depth of
the flux penetration to the Nb area covered by PdFe is less than in the PdFe-free region.
The thickness of the PdFe layer is 40 nm.

of the supercurrent density. We believe that the cluster magnetic structure of the PdFe film
causes an increase of the magnetic flux pinning in Nb and, as a result, the growth of the
screening current density. Thus, the deposition of PdFe on the Nb film increases the critical
current density.

4. Discussion

The obtained results clearly indicate that the Pdog9Feo 1 films have a nano-cluster magnetic
structure. The characteristic size of the magnetic cluster could be estimated using the
concentration of Fe ions in the film and magnetization measured at the lowest temperature
(3K), when the magnetic moment polarization of the ions is maximum. Taking for estimates
M3 K) =4 x 10"°emu, we obtain that the magnetization per unit volume is m = 23.2
emucm . Palladium has a face-centered cubic lattice with a lattice constant ¢ = 0.389 nm.
Then, we find that 1 cm?® of Pdg g9Feq o1 alloy contains 6.8 X 10%° jons of Fe and each Fe ion has
an effective magnetic moment of about 3.7 p . This value is close to the 4 u, corresponding to
the compound Pd;Fe [26].

The alloy Pdo g9Fe.01 1s paramagnetic if localized magnetic moments of 4 4, are randomly
distributed in it [27]. Thus, we have to suggest that atomic magnetic moments form clusters.
The ferromagnetism in PdFe grains disappears if the grain sizes are smaller than 10 nm [28].
This fact is in agreement with our data shown in figure 6, where the dependence of 7¢ in our
samples is shown as a function of the film thickness d. The value of Ti- tends to zero if
d < 10 nm. Thus, we conclude that the characteristic size 7, of the magnetic nano-clusters in our
films is not less than 10 nm, while the characteristic distance /, between these clusters is not less
than 100 nm.

The atomic force microscope image of the surface of the Pdgg9Fe o1 film, its fast Fourier
transformation, and the surface roughness are shown in figure 7. For comparison, the surface of
the niobium sublayer is given too. One can see that the Pdog9Feo o1 films are polycrystalline
with the average distance between the centers of large grains being about 125 nm. According to
our previous estimate each such grain must contain a ferromagnetic cluster. Following [28], it is
reasonable to suggest that the ferromagnetic cluster is located near the grain center while the



Mater. Res. Express 1 (2014) 036104 L S Uspenskaya et al

-0 —

0 3.4 10
Height (nm)

Figure 7. Atomic force microscope image of the top surface of a PdFe film grown on
Nb (top left panel), the fast Fourier transformation of the image (top right panel), the
result of the surface roughness analysis (bottom left panel), and the image of the surface
of single-layer Nb (bottom right panel).

grain shell is paramagnetic. Based on these observations we arrive at estimates of 7, ~ 10 nm
and [, ~ 100 nm.

Inhomogeneous nano-cluster structure of the magnetic layer is a possible reason for the
increase of magnetic flux pinning in the superconducting layer and the growth of the critical
current density [29]. The magnetic induction in the ferromagnetic film B is the sum of the
external field and magnetization of the ferromagnetic clusters. The magnetization produced by
the nano-clusters is the sum of an averaged magnetization 4zM and a random magnetic field
h(r) with zero average value. According to our experimental data, the magnetic moments of the
clusters are practically parallel to the applied magnetic field if H > 10 Oe. Thus, the induction
B = H + 42M + h(r) = B + h(r) has only a transverse component in the transverse applied
field H > 10 Oe. Under this condition we can calculate the averaged square of h(r) using the
Wiener—Khinchin theorem and having in mind that d ~ [, > r,. We obtain the practically
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evident result after standard calculations
W) = - [de @) = w2, (1)

where V is the sample volume.

The induction B is an external transverse magnetic field for the Nb film, which penetrates
the superconductor and generates a lattice of Abrikosov vortices. The thickness of the
superconducting film is less than the London penetration depth in Nb, 4 ~ 200 nm. The
external field is transverse and not small. Then, the average inductions in Nb and Pd¢g9Fe 01
films are equal.

The vortex lattice occupies a position with the minimum Gibbs magnetic energy Uy,. This
energy can be expressed as

Un (br) = 1/dr (E+bf)2—(§+h)(§+b) @)
m \Pf a7y 2 fll

where by is the perturbation of the magnetic induction due to strain of the vortex lattice in the
non-uniform external field. The average of by over the volume V is zero. The additional pinning
energy due to the vortex redistribution is U, = Uy, (br) — Uy, (0). The value of by is determined
by the condition of the minimum of the Gibbs energy, oUj, (bg)/0bs = 0. From the latter
condition and equation (2), we readily obtain that by = h and
(h?)
U, S 3)
The function A (r) has two characteristic lengths, the size of the magnetic clusters and the
distance between them. The characteristic scale of the pinning potential is evidently of the order
of the distance between the magnetic clusters /. Thus, the increase of the critical current density
Aj, can be obtained from the balance of the Lorentz Br4j, /c and pinning U, /I, forces. As a
result, we have

_ ()
Je = SuBely

(4)

Using equation (1), we derive a final estimate for the increase of the critical current density due
to inhomogeneity of the ferromagnetic layer in the form

_ cM?
8nly(H + 47M)

4j, )

Substituting in equation (5) the magnetization M = 20 emu cm ™, [, = 100 nm, and H = 20 Oe

we get Aj, ~ 10° A cm™2, which is approximately 25% of Jo in the Nb film measured by the
four-probe method. This estimate is also in agreement with the MO data (figure 5).

5. Conclusions

We study magnetic and superconducting characteristics of the ferromagnetic—superconducting
heterostructure Pdgg9Feo01—Nb. We show that the properties of the Pdgg9Feq o1 thin films are
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characteristic of nano-cluster systems. The estimated value of the magnetic moment per Fe ion
is about 3.7 u,, which is close to the 4 u, characteristic of Pds;Fe alloy. We also estimate the
size of the magnetic clusters, 7, ~ 10 nm, and the distance between them, [, ~ 100 nm. The
inhomogeneous magnetic structure of the Pdoo9Feo o1 layer gives rise to a considerable increase
of the critical current density in the Nb film. At the same time, Pd99Fe 1 film is shown to be a
magnetically soft nano-clustered material, so one can expect a high rate of dynamic
magnetization reversal. Therefore, the nano-cluster structure of PdggoFeo; thin films is
favorable for applications in devices based on SFS junctions.
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