PHYSICAL REVIEW B 80, 224505 (2009)

Controlled switching between paramagnetic and diamagnetic Meissner effects in
superconductor-ferromagnet Pb-Co nanocomposites
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A hybrid system which consists of a superconducting (SC) Pb film (100 nm thickness) containing ~1 vol %
single domain ferromagnetic (FM) Co particles of mean size ~4.5 nm reveal unusual magnetic properties: (i)
a controlled switching between the usual diamagnetic and the unusual paramagnetic Meissner effect in field
cooling as well as in zero-field-cooling experiments (ii) amplification of the positive magnetization when the
sample enters the SC state below 7. These experimental findings can be explained by the formation of
spontaneous vortices and the possible alignment of these vortices due to the alignment of the Co particle FM

moments by an external magnetic field.
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The paramagnetic Meissner effect (PME) has been
extensively studied in both conventional and high-7.
superconductors.'” There are many explanations for the
PME such as randomly oriented 7 junctions in high-7,
superconductors,®? flux compression,!®!! surface effect,'?!3
and special microstructures.'*!> A review article for the PME
can be found in the literature.'® Chu et al.'” reported that if
there is a low-T,. phase surrounded by a high-7'. phase in the
sample, the so-called extrinsic PME can be observed in field-
cooled (FC) measurements. Very recently, Miller et al.' ob-
served a PME in 18R-SnSe,{Co(CsHs),}o, in zero-field-
cooled (ZFC) measurements but the origin of it is not clear.

In this paper we report on a new phenomena: controlled
switching between PME and the diamagnetic Meissner effect
(DME) with the same external magnetic field in supercon-
ductor (SC)/ferromagnet (FM) nanocomposites. This switch-
ing can be performed in both FC and ZFC measurements.
The mechanism of the observed PME in SC/FM nanocom-
posites is completely different from that observed in all the
previous systems: it is exclusively due to the spontaneous
vortices induced by the FM nanoparticles embedded in the
SC matrix. The different contributions of the external field
and the spontaneous vortices to the magnetization of the
sample make it possible to manipulate PME and DME by
changing the orientation of the nanoparticles’ magnetic mo-
ments inside the SC.

The sample is a hybrid system consisting of a 100 nm
lead (Pb) film with 1% volume of homogeneously distributed
Co particles. This has been confirmed by giant magnetore-
sistance and tunneling magnetoresistance studies of Co nano-
particles in different matrices,'” following a well-established
preparation method.'®-?* These particles, with mean size of
4.5 nm diameter, were produced by the so-called inert-gas
aggregation method and codeposited with Pb atoms onto a
cold (40 K) sapphire (or quartz) substrate. It is important to
point out that due to their size, the cobalt particles have
single magnetic domain.?*~2° The method has some advan-
tages: (i) the size of the Co nanoparticles is tunable and its
size distribution is quite narrow, (ii) the orientation of the
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PACS number(s): 74.81.Bd, 74.25.Dw, 74.25.Fy

magnetic moments of the Co nanoparticles in as-prepared
samples is completely random. The size distribution can be
obtained with the help of a thin carbon foil catcher, which is
brought for a short time into the cluster beam and transmis-
sion electron microscopy (TEM) of this foil after deposition.
Previous TEM analysis of the cluster-size distributions for
Co clusters for this equipment indicates that our method can
produce particles with an average diameter L between 3 and
7 nm.'>?” The same analysis showed a distribution width AL
of AL/L<0.3. For the same calibration used here, recent
TEM analysis showed spherically symmetric Co clusters
with mean diameter of 4.5 nm.?"

The Co volume fraction in the Pb matrix was controlled
in situ by three quartz balances, which are used to monitor
the different deposition rates at different positions, and later
checked ex situ by energy dispersive x-ray. After deposition,
the samples were annealed at 300 K in order to decrease
the lattice defect density. A more detailed description of
the experimental setup and operating procedures can be
found in literature.'>?*2” The sample was taken out of the
preparation chamber and immediately put in a Quantum De-
sign MPMS-XL superconducting quantum interference de-
vice (SQUID) for the magnetic measurements to avoid the
oxidation of Pb. The external magnetic field in all measure-
ments was parallel to the surface of the film. Both FC and
ZFC measurements were performed in a warming up pro-
cess.

The blocking temperature of the Co particles is around 25
K.? Figure 1 shows the hysteresis loops for the sample at 5
and 8 K and we can see that the sample is ferromagnetic at 8
K as expected. The hysteresis loop at 5 K, however, clearly
shows the coexistence of SC and FM below H,.,, which is
0.15 T for this sample. Above H,,, the system is ferromag-
netic. The comparison of the hysteresis loop with the two
insets in Fig. 1 reveals that when the sample enters the SC
state, the magnetic moments of the Co nanoparticles (c,)
are shielded and the superconducting signal is much stronger
than the original ferromagnetic signal.

Figure 2 shows the magnetization as a function of tem-
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FIG. 1. (Color online) Hysteresis loops of Pb/Co nanocompos-
ites at 8 and 5 K, which are above and below T, respectively. The
upper inset shows the hysteresis loop at 5 K with the ferromagnetic
signal subtracted, i.e., it is only the superconducting signal. The
lower inset shows the center part of the curve at 8§ K.

perature (M-T curves) in a small external magnetic field. One
can see in Fig. 2(a) from the ZFC M-T curves that the
sample is in the diamagnetic Meissner state below T, with a
transition to the normal state when the temperature goes
above T.. The decrease in T, from 7.2 (corresponding to pure
Pb) to 6.2 K is due to the proximity effect and the spontane-
ous vortex formation in SC/FM hybrids and the details of
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FIG. 2. (Color online) dc magnetization as a function of tem-
perature of the Pb/Co nanocomposites (a) ZFC and FC in positive
external magnetic field from 300 to 4 K, (b) enlargement of the FC
curves, and (c) FC in a negative magnetic field from 300 to 8K and
then FC in positive external field to 4.5 K.
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this effect are discussed elsewhere.” The magnetization
measured for the Co particles in the lower inset of Fig. 1
after subtracting the contribution of the sample holder is
~1400 kA/m, which is consistent with the magnetization of
bulk Co. In Figs. 2(a) and 2(b) we show FC magnetization
curves where the FC is performed from 300 K, which is
above the blocking temperature, to below 7,. Such process
aligns the moments of Co particles to the direction of the
external field. The M-T curves have a positive signal below
T, which is known as PME in both conventional and high-7,
superconductors. When T goes above T, the PME signal
disappears and a small positive magnetization due to pc, is
left. Due to the scale of this figure the difference between the
FC and ZFC curves above T, are not well resolved.

From Figs. 2(a) and 2(b) one cannot conclude that the
PME is due to the interaction between the SC Pb matrix and
the embedded FM Co particles. For that reason, we per-
formed further measurements using the following procedure:
first we aligned wc, by applying a negative external mag-
netic field of 0.5 T above the blocking temperature (7},) and
cooled down the sample to 7 K which is below T}, of the Co
particles but above T, of the Pb matrix. Then the negative
magnetic field is removed and a small positive field (1 and 2
mT, respectively) is applied in order to do the same FC mea-
surements as shown in Fig. 2(b). This field is lower than the
coercive field of the Co particles and it cannot switch the
direction of the aligned magnetic moments.?’ The surprising
result is shown in Fig. 2(c): the PME in the FC M-T curves
[seen in Figs. 2(a) and 2(b)] disappears and instead a DME is
observed. The only difference between the two measure-
ments is the orientation of uc, relative to the external field
below T.: when the direction of u¢, is opposite (antiparallel)
to the external field one has a DME [Fig. 2(c)] while one has
a PME when direction of uc, is parallel to the field. Further-
more, we can conclude that the direction of the Co magnetic
moments has not been switched by the vortices induced by
positive external magnetic field in the SC, otherwise the sig-
nal in Fig. 2(c) would be positive rather than negative above
T.. This conclusion will be used in the discussions below.

In the following we will give an explanation for the ob-
servation of the PME in our Pb/Co nanocomposites. First we
can rule out that the positive PME signal is just the sum of
the negative DME signal of the SC Pb matrix and a stronger
positive FM signal of the uc,. The SQUID signal in Fig. 2(b)
decreases suddenly at 7, by a factor of about 3 when the
temperature goes above T, in the warm-up process. On one
hand it means that the PME signal is strongly associated with
the superconducting transition and, on the other hand, there
is no reason why the positive contribution of the uc, should
increase by such a large factor below T.. As discussed be-
fore, the fact that changing the orientation of uc, relative to
the direction of the external field produces a change between
PME and DME, clearly indicates that the PME is due to the
interaction between the SC Pb matrix and the FM Co par-
ticles.

In our previous work?® we have shown that the sample is
a type-Il SC with a coherence length & being somewhat
larger than the diameter d of the FM particles. The magnetic
stray field of ferromagnetic particles inside a type-II SC can
lead to spontaneous vortices in different forms, such as
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vortex-antivortex pairs, loops and even closed loops as pre-
dicted by theoretical calculations using Ginzburg-Landau
theory.30’31 These calculations, however, consider the case
d> ¢, and they do not apply to our sample where d=¢.

Since our Co particles are single domain particles, the
magnetic moment of each particle has to be suppressed and
shielded by the SC matrix inducing a supercurrent, i.e., form-
ing either just a nonsuperconducting sphere (“point vortex”)
around the particle or the type of spontaneous vortices as
described above. Because our samples contain a large num-
ber of magnetic particles, there will be many of these vorti-
ces forming a random network. A detailed transport study of
such a vortex state in Pb/Co nanocomposites can be found in
our previous work.”’ Here we want to concentrate on the
magnetic properties of this vortex state. We focus on the
magnetization due to vortices generated by (i) randomly ori-
ented magnetic moments of the Co particles, (ii) oriented Co
moments, and (iii) the application of an external magnetic
field.

In the ZFC process, going from room temperature below
T., all the wuc, are randomly oriented resulting in a zero
magnetization of the Co magnetic moments, i.e., Mc,=0.
Using the well-known relationship between the total mag-
netic field By, the applied external magnetic field H, and
the magnetization M

Bror= wo(H + M) (1)

we obtain Bror=0 for the sample without external magnetic
field above T.. Applying a small magnetic field H below T,
all the external field or most part of it is expelled out of the
sample due to the Meissner effect, resulting in Bror=~0. Us-
ing Eq. (1) we, therefore, can conclude that the sample has a
negative response (magnetization M) to the external mag-
netic field H, i.e., shows the usual, well-known DME.

In the FC process, on the other hand, the situation is quite
different. The external magnetic field will align pc, when T
goes below T),. In addition, cooling further down, the mag-
netic field will be trapped in the sample in form of vortices
when T goes below T... We can divide the total magnetic field
Bror, below T, in two parts: the external-field-induced part,
Bpr, and the Co-particle-induced part, B, where IF means
induced flux

Bror=Bgr+ Br. (2)

Due to the Meissner effect, the external magnetic field H
usually is expelled from the sample if H<H,;, H.; being the
critical field for the pure Meissner state. In our case, how-
ever, due to the FM Co particles we have the formation of
spontaneous vortices below T,, i.e., we essentially have
H_.,=0. Furthermore, the Co particles work as pinning cen-
ters and trap the external magnetic field in most of the
sample (H only is expelled near the surface). Consequently,
Bpr is very close to ugH. For the FC process, the magnetic
moments uc, are aligned and B;r>0. Consequently we have
Bror=Bgrp+Bj> uoH and using Eq. (1) we obtain M
=Bror/ po—H>0, i.e., a paramagnetic signal. According to
this analysis, the paramagnetic signal below T, i.e., the ob-
served PME in the FC measurements, results from the Co-
induced vortices. From the above discussion, we can easily
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FIG. 3. (Color online) The virgin magnetization curves of Pb/Co
nanocomposites at 5 K with the moments of the Co particles (a)
aligned to the direction of the external field, (b) randomly oriented,
and (c) aligned to the opposite direction of the external field. The
insets show the direction of the internal moments in the sample
during the measurements.

understand why we produce a change from PME to DME by
aligning uc, in opposite direction to the applied positive
external field as shown in Fig. 2(c). If the magnetic moments
are aligned in the direction opposite to the field, B;r<<0 and
Bror=Bgr+Br< moH. Again, using Eq. (1) we obtain M
<0 that gives rise to a diamagnetic response. It is important
to point out that the origin of this DME is different from the
typical DME response. In a normal SC, the origin of the
DME is the Meissner effect, while here, it is mainly induced
flux coming from the Co particles. The magnitude of the
DME signal in Fig. 2(c) is somewhat larger than that of the
PME signal in Fig. 2(b), indicating that not all the external
field H is trapped, i.e., (Bgp/ uy—H) <0 below T,. The non-
monotonic behavior of the magnetization in Fig. 2(c) can be
attributed to the redistribution of the spontaneous vortices in
the sample and we can see more evidence of the redistribu-
tion in Fig. 3.

We now return to the ZFC measurements and ask the
following question: is it possible to observe the PME in ZFC
experiments, i.e., without having a trapped external flux? In
this case we have Bgr=0 which gives Bror=B;r [see Eq. (2)]
and the magnetization of the sample becomes

M =Bror/ po— H=Bp/ ug— H. (3)
From this equation, it follows that if B;z> uyH the sample

will show PME even in a ZFC process and, vice versa, if
B < uoH the sample will show a DME.
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In order to test the above conclusions, the virgin magne-
tization curves have been measured for different orientations
of uc, relative to the external magnetic field. Figure 3 shows
that the magnetization presents fluctuations as a function of
the magnetic field only inside the superconducting region
(H<H,,). These fluctuations are an indication of vortex
rearrangement®® and will not be discussed in details here.
Although the data below H,, are too noisy to give a quanti-
tative analysis, it can give a qualitative estimation of the
magnetic property. The difference in the three plots of Fig. 3
is quite clear: from Fig. 3(a) one can find that in the low field
region the sample indeed has a positive signal when applying
a field parallel to the direction of the aligned Co particles,
i.e., parallel to uc,. If all the moments are randomly oriented
the total moment of all Co particles is zero. It results in
B;r=0 and the magnetization of the sample becomes M =
—H. We can see in Fig. 3(b) that most of the data points for
small magnetic fields indeed are negative. If uc, are aligned
antiparallel to the external field, B;<<0. According to Eq. (3)
the sample should have a more negative moment than for the
randomly oriented sample, which is confirmed by the data
shown in Fig. 3(c). These results clearly show that in the
Pb/Co nanocomposites one can manipulate PME and DME
even in ZFC experiments, which to our knowledge has not
been reported before.

We want to emphasize that the absolute value of the mag-
netization at low fields is much larger than the value of the
saturation magnetization resulting from the aligned Co mag-
netic moments. This indicates that the spontaneous vortices
are the origin of the magnetization at low fields. Further-
more, it shows that the transition into the superconducting
state gives an amplification of the magnetization due to the
formation of spontaneous vortices having a much larger
magnetic moment than the Co particles. In other words, the
interaction between the SC matrix and the aligned FM par-
ticles embedded in the matrix leads to a surprising amplifi-
cation of the sample magnetic moment below T..

There are few points we should comment about our re-
sults. First, all the discussion above is only valid when the
external field, applied after alignment of wuc, with a large
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field of opposite direction, is small enough not to realign
Mco- In this case it does not change the original orientation of
the spontaneous vortices in the sample. Second, when the
magnetic field becomes larger, the interaction between the
external field and the spontaneous vortices becomes more
complicated since the external field will penetrate the SC in
the form of vortices that can change the stray field of the Co
particles and consequently, change the form of the spontane-
ous vortices. Even for small external fields, the effect of the
field produced by the supercurrents on uc, is not taken into
account in our qualitative analysis. In principle, these fields
are strong enough to switch the magnetization of the cobalt
nanoparticles. However, from our results we can conclude
that if this effect exists, it is clearly secondary and does not
change our main conclusions.

In conclusion, our studies of the magnetic properties of
Pb/Co nanocomposites show that these samples have unusual
properties in an external magnetic field. We achieved the
manipulation of PME and DME in both FC and ZFC mea-
surements by changing the orientation of the magnetic mo-
ments of the Co nanoparticles relative to the external mag-
netic field. We find clear evidence for the formation of
spontaneous vortices, induced by the Co particles, being the
reason for the PME observed in this work. These vortices
are intrinsically different from the ones created by magnets
lying outside the SC (Refs. 32-34) because the magnetic
particles in our samples are smaller than the characteristic
superconductor’s length scales and the stray field generated
by a single particle is not strong enough to create a vortex in
the film. Due to these spontaneous vortices, the SC/FM
nanocomposite has novel magnetic behavior. These findings,
therefore, give an important contribution to the study of
the interplay between SC and FM besides the already
observed ones, such as proximity effect,> domain-wall
superconductivity,* and hysteresis pinning,* etc.
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