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We present experimental evidences for magnetization modification by superconductivity in a series of

Nb/Ni80Fe20/Nb trilayers. By monitoring the magnetization in a zero field as a function of temperature,

we observed an irreversibility in magnetization between the cooling and warming branches just above

the superconducting transition temperature Tc. These results suggest that the magnetization of the

ferromagnetic Ni80Fe20 layer is reduced by the mutual interactions between the ferromagnet and

superconductor. Moreover, this effect diminishes with increasing thickness of the Ni80Fe20 layer, which

indicates that the interaction between the superconducting and magnetic layers occurs mainly at the

vicinity of the interfaces.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Recently, there has been a growing interest in the study of the
mutual interactions between superconductivity and ferromagnetism
in ferromagnet/superconductor (F/S) heterostructures [1–3]. Most of
the studies in this field have focused on the effects that the
ferromagnet imposed on the superconductor, and a variety of
interesting phenomena such as proximity effects [4,5], artificial flux
pining [6,7], domain wall superconductivity [8,9], etc., have been
observed. On the other hand, the reverse effect, i.e., the influence of
superconductor on the ferromagnet has not been well studied yet.
Although some theoretical works have predicted that superconduc-
tivity may modify ferromagnetism in certain F/S heterostructures
[10–12], there have been very few experiments demonstrating such
effects [13–15]. The difficulty in experiments is mainly due to
the fact that macroscopic magnetization measurements detect the
superposed signal from both the ferromagnet and the super-
conductor. Therefore, one cannot distinguish the magnetization
change of the ferromagnet itself from the superposed magnetization
of the F/S heterostructures.

To overcome this problem, we recently developed a new
strategy of experiments in which the magnetization of the
ferromagnet itself can be separated, and have successfully demon-
strated the magnetization modification by superconductivity in a
S/F/S/F/S multilayer [15]. In this work, we extend our experi-
mental study to a series of Nb/Ni80Fe20/Nb (S/F/S) trilayers with
different thickness of Ni80Fe20 layer. The results confirm the
magnetization modification by superconductivity in the simple
trilayer structure. Moreover, we find that the magnetization
ll rights reserved.
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change depends on the thickness of the ferromagnetic layer,
which suggests that the mutual interaction occurs mainly at the
S/F interfaces.
2. Experiments

The samples in our experiments were a series of Nb/Ni80Fe20/
Nb trilayers, as illustrated in Fig. 1. In such a trilayer structure, the
ferromagnetic Ni80Fe20 (Py) layer feels the interaction from two
superconducting Nb layers. Thus, the magnetization modification
by the superconductor would be amplified and is easier to be
detected. The thickness of each Nb layer is 100 nm and the
thickness of the Py layer ranges from 5 to 30 nm. The four samples
with Py layer thickness of 5, 10, 20, and 30 nm are denoted as Py-5,
Py-10, Py-20, and Py-30 nm, respectively. All the samples were
fabricated using dc magnetron sputtering on glass substrates. The
base pressure of the sputtering system is about 3�10�5 Pa. The
film was deposited at an Ar pressure of 0.5 Pa with a field of
300 Oe in the film plane to induce an easy axis in the Py layer.
The dc magnetization was measured using a superconducting
quantum interference device (SQUID) magnetometer down to 5 K.
The ac susceptibility was measured using a physical property
measurement system (PPMS) down to 2 K.
3. Results and discussion

First, we measured the ac susceptibility of the S/F/S trilayers to
check the sample quality. Fig. 2(a) and (b) show the real and
imaginary part of ac susceptibility of selected samples. For
comparison, the data of a pure Nb film with a thickness of
200 nm prepared in the same condition is also shown. All samples
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Fig. 1. Scheme of the Nb/Ni80Fe20/Nb (S/F/S) trilayer structure. The thickness of

each Nb layer is 100 nm. The thickness of Ni80Fe20 layer ranges from 5 to 30 nm.

Fig. 2. Temperature dependence of ac susceptibility of the trilayer samples with

Ni80Fe20 layer thickness of 0, 5, and 30 nm. (a) The in-phase component. (b) The

out-of-phase component.

Fig. 3. Magnetization modification by superconductor in (a) sample Py-5 nm and

(b) sample Py-10 nm. The measurement procedure is as follows: at 12 K, a 100 Oe

magnetic field was applied along the easy axis of the Py layer. Then, the magnetic

field was removed and the magnetization was recorded in zero field while the

sample temperature was scanned from 12 to 5 K and then back to 12 K at a rate of

0.4 K/min. The final magnetization is lower than the initial magnetization.
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exhibit a high superconducting critical temperature around
8 K and the transition is sharp, which suggests a good quality of
the samples.

In order to demonstrate the magnetization modification by
superconductivity, we employed the same approach as in our
previous paper [15]. The approach is based on the fact that the
magnetization of the ferromagnetic Py layer is nearly temperature
independent at very low temperature. Above the superconducting
critical temperature Tc, the magnetization is only from the Py
layer. Therefore, by cycling sample temperature across Tc and
comparing the initial and final magnetization, we can tell whether
the magnetization of the Py layer is modified in the super-
conducting state. The measurement procedure is as follows: first,
we applied a 100 Oe magnetic field which is strong enough to
magnetize the sample to saturation along the easy axis of the Py
layer at 12 K. Then, the magnetic field was removed and the
magnetization of the trilayer was recorded in zero field while the
sample temperature was scanned from 12 to 5 K and then back to
12 K at a rate of 0.4 K/min. Since the magnetization was recorded
in a zero field, any change of magnetization can only be due to the
mutual interaction between the superconductor and ferromagnet.

Fig. 3(a) and (b) show the magnetization versus temperature
for sample Py-5 and Py-10 nm. The magnetization is normalized
to the initial value at 12 K. With decreasing temperature from 12
to 9 K, the magnetization of the trilayers is nearly constant
as we expected. Below 8 K, the magnetization exhibits an obvious
increase, which is due to the diamagnetism of the superconductor
in response to the stray field of neighboring ferromagnetic layer
[15]. In the superconducting state (To8 K), the magnetization
measured with decreasing and increasing temperature are the
same. However, in the normal state (T49 K), the magnetization
measured with increasing temperature is apparently lower than
the initial magnetization. This result indicates that the magneti-
zation of the Py layer is reduced in the superconducting state.
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Fig. 5. Illustration of the dipole–dipole interactions between the superconducting

and ferromagnetic layers. Only the moments near the interface are affected by the

mutual interaction.
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The reduction is about 1% of the initial magnetization. To confirm
the reproducibility of this effect, we repeated the measurement
twice for the Py-10 nm sample. The results of the first and second
round are nearly the same, as shown in Fig. 3(b).

However, when we performed the same measurements for
sample Py-20 nm and Py-30 nm, the results are quite different. As
shown in Fig. 4(a) and (b), for these samples with thick Py layer,
although the magnetization measured with returning tempera-
ture is lower than the initial magnetization, the difference is quite
small. In these cases, the magnetization modification is negligible.

The magnetization reduction in Fig. 3 can be qualitatively
explained in terms of the interaction between the superconductor
and ferromagnet. Initially, all the magnetic moments of the Py layer
are parallel to the interface. As temperature decreases below Tc, the
Meissner effect would induce dipole images in the superconducting
Nb layers, as illustrated in Fig. 5. The dipole–dipole interaction
between the magnetic moments and images is described as

E¼
m0

4pr3
½~M1 �

~M2 � 3ð~M1 � êÞ � ð~M2 � êÞ� ð1Þ

where ~M1 and ~M2 represent the moments of the magnetic dipole
in the Py layer and the dipole image in the superconducting layers,
respectively; ~r the distance between the two moments and ê the
unit vector along~r . Apparently, the interaction energy depends on
the relative orientation of the two moments. When the moments
are parallel, the energy is maximum. To lower the free energy, the
moments tend to tilt out of plane. As a result, the net
magnetization in the plane is reduced. In practice, the
ferromagnetic layer may consist of domains. The tilt of magnetic
moments would cause a change in domain structure.
Fig. 4. The magnetization as a function of temperature for (a) sample Py-20 nm

and (b) sample Py-30 nm. The magnetization modification becomes negligible for

these samples with thick Py layer.
Since the dipole–dipole interaction decays fast as a function of
1/r3, only the moments close to the S/F interface could feel the
interaction. The moments beyond the interface would remain
unaffected. This is consistent with our experimental results that
the magnetization modification is only about 1% of the total
moments. Moreover, the view of local dipole–dipole interaction
can be further supported by the absence of magnetization
modification in samples with thick FM layers (Fig. 4). When the
ferromagnetic layer is thick enough, the moments at the interface
only occupy a very small proportion of the total moments.
Therefore, the slight modification at the interface is smeared out
in the total magnetization and becomes negligible.
4. Conclusion

We have demonstrated magnetization modification by super-
conductivity in a series of Nb/Ni80Fe20/Nb (S/F/S) trilayers. For
samples with thin ferromagnetic layer (5 and 10 nm), the
magnetization modification is well detectable. For samples with
thick ferromagnetic layer (20 and 30 nm), the magnetization
modification is negligible. These results can be explained in terms
of the local dipole–dipole interaction between the superconductor
and ferromagnet at the vicinity of the S/F interface.
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