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Abstract: Metamagnetic off-stoichiometric Heusler alloys are actively being investigated because
of their great potential as magnetocaloric materials. These properties are intimately related to the
nanoscale homogeneity of their magnetic properties, mainly due to a strong influence of the nature
of the exchange interactions between Mn atoms on the magnetism of the alloys. In this work, a
spontaneous exchange bias phenomenon on a Ni-Co-Mn-5n metamagnetic Heusler sputtered film
is presented and studied in detail. More particularly, a series of DC magnetization curves measured
as a function of the temperature demonstrates that the system exhibits canonical spin glass-like
features. After a careful study of the field-cooling and zero-field-cooling curves measured on this
system, the existence of magnetic inhomogeneities is inferred, as a consequence of the competition
between ferromagnetic and antiferromagnetic exchange interactions between Mn atoms. Further
AC susceptibility measurements on this system demonstrate that the underlying exchange bias
phenomenon can be attributed to a magnetic clusters model based on superferromagnetic-like
interactions present in the film. These findings suggest that the spontaneous exchange bias exhibited
by the studied system is a consequence of the formation of this superferromagnetic-like state.

Keywords: metamagnetic Heusler alloys; spontaneous exchange bias; AC susceptibility; superferro-
magnetism

1. Introduction

Recently, NisoMnys,4Snps_x metamagnetic off-stoichiometric Heusler alloys (X, YZ,
where X =Ni, Y = Mn and Z = Sn) have attracted the attention of the scientific community
due to their magnetocaloric properties [1-4] which are closely related to the nanoscale
magnetic homogeneity [5-8]. The latter is caused by the sensitivity of Mn exchange
interactions to interatomic distances and local symmetry [9-13].

This complicated magnetic state promotes exchange bias phenomena (EB) in meta-
magnetic Heusler alloys [14,15]. It is known that exchange bias is attributed to spin
configuration between antiferromagnetic/ferromagnetic (AF/FM) interfaces [16-18], fer-
romagnetic/spin glass [19] or AF/ferromagnetic [20] interfaces and it is very common
in nanostructures [21,22] or thin film bilayers [23-25]. The most common applications of
exchange bias are in rigid and flexible spintronic devices [26-30] (i.e., magnetic tunnelling
junctions, Magnetoresistive Random-Access Memory) but recently AF/FM nanocompos-
ites, based on NiO/Ni, were also proposed as efficient microwave absorbers [31]. Therefore,
it is not expected in bulk materials where there are no interfaces and the surface to volume
ratio is very low. But in off-stoichiometric metamagnetic Heusler alloys, EB occurs in bulk
polycrystalline samples [32-34] due to the nanoscale magnetic inhomogeneity.
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It is evident that the observation of EB in bulk off-stoichiometric Heusler alloys is a
peculiar case of EB, but even more intriguing is the existence of spontaneous exchange
bias after zero-field cooling (ZFC) [35-38]. The difference between common EB and ZFC-
EB is that the latter takes place without the application of an external magnetic field
during cooling process. Particularly, EB in common AF/FM composites does not occur
without the influence of an applied magnetic field during the cooling process from high
temperatures below the Néel temperature. Contrarily, in ZFC-EB phenomena no applied
field is necessary during the cooling process for the occurrence of EB. According to the
existing models, ZFC-EB, in off-stoichiometric Heusler alloys, is correlated to short range
magnetic interactions [35,38,39], e.g., super ferromagnetism or super spin glass state. In
the present study, we investigate FC and ZFC exchange bias in an epitaxial Ni-Co-Mn-5n
sputtered film and we probe, for first time, the evolution of a superferromagnetic-like state
using AC susceptibility measurements at different DC bias fields.

2. Materials and Methods

A Ni-Co-Mn-5n film was sputtered by a Ni-Co-Mn-5n alloy target on a cubic MgO
(100) substrate at 773 K using a Pfeiffer Vacuum Classic 500 sputtering system. The Ar
deposition pressure was 2.6 x 10~2 mbar and the thickness of the deposited film was 1 pm.
The composition of the film was determined by energy-dispersive X-ray spectroscopy (EDX)
analysis using a built-in EDX system in a Hitachi TM-3000 scanning electron microscope.
X-ray diffraction (XRD) measurements, using a Bruker D8 Advance Vantec diffractometer
equipped with a HTK 2000 temperature chamber and an ultrarapid area detector with
a maximum aperture of 6°, confirmed the epitaxiality of the deposited Ni-Co-Mn-Sn
alloy film. Further details about the film growth can be found in [40]. All magnetic
measurements, including DC magnetometry, ZFC-FC measurements and AC susceptibility
measurements were performed in a Magnetic Property Measurement System (MPMS)
equipped with a superconducting magnet, using a Quantum Design MPMS-3 SQUID
magnetometer. Details on the sequences employed to perform the magnetic measurements
are available on reasonable demand from the corresponding authors.

3. Results and Discussion

The 500 nm thick Ni-Co-Mn-5n epitaxial film, issue of study in the present manuscript,
was grown by sputtering deposition on top of a cubic MgO substrate at high temperature.
The epitaxiality of the sample was confirmed by means of X-ray diffraction measurements,
showing a unit cell rotated 45° with respect to that of the substrate: Ni-Co-Mn-5n (001)
[110] | | MgO (001) [100]. Further details about the film growth and structural characteriza-
tion can be found in [40]. The composition of the film was determined by energy-dispersive
X-ray spectroscopy (EDX) analysis and found to be Nis;CogMn35Sn;;.

The field cooling (FC) hysteresis loop (Figure 1) was recorded at 5 K after cooling
down under a field of 1 T from 400 K, well above Tc of the austenite phase, where the
sample is in its paramagnetic phase. It should be stressed that for the zero-field cooling
(ZFC) measurements, in order to achieve real and accurate zero-field conditions during the
cooling process from 400 K to 5 K, the superconducting magnet was quenched to eliminate
any residual superconducting currents, which could result in a small residual field during
the ZFC measurements. Finally, the maximum sweeping field of the hysteresis loop at 5 K
was 2 T. The FC loop was shifted along the negative field axis, thus indicating the existence
of exchange bias, with an exchange bias field y, HE§ = 0.0175 T. It is known that EBis a
phenomenon which develops at the interfaces between an AF and a FM region, thereby
requiring the coexistence of AF and FM phases (or alternatively a spin glass state), which,
in the case of a single-phase Ni-Co-Mn-Sn Heusler alloy, can be realized through the
formation of AF and FM domains created by the interplay between FM and AF interactions
due to the anti-site disorder. Since there are no indications of the formation of a secondary
structural phase, we conclude that both magnetic phases, AF and FM, coexist as magnetic
domains in the same structural substance (Ni-Co-Mn-5n alloy).
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Figure 1. Field cooling (FC) hysteresis loop of the Ni-Co-Mn-5n film at 5 K, cooled from 400 K under
the influence of a cooling field of 1 T.

Indeed, as it has already been mentioned in the introduction, when Sn sites (Z sublat-
tice in X, YZ notation of a stoichiometric full Heusler alloy) are occupied by Mn (anti-site
disorder), then antiferromagnetic coupling is induced between adjacent Mn atoms in Y and
Z sublattices (Mn,-Mny). Actually, a Ruderman-Kittel-Kasuya—Yosida-like (RKKY-like)
oscillating exchange interaction has been identified between Mn atoms in off-stoichiometric
Heusler alloys [7], which results in alternating positive (ferromagnetic) and negative (anti-
ferromagnetic) coupling as a function of the Mn,~Mny interatomic distance. Furthermore,
at low temperatures the system undergoes a martensitic structural transformation from
a high symmetry (cubic) austenite phase to a low symmetry (orthorhombic) martensitic
phase [40], which varies further the interatomic distances of Mn along different crystal-
lographic directions, increasing the competition between FM and AF interactions of Mn
magnetic moments. The presence of competing magnetic interactions, in a low symme-
try structure, leads to a complicated free energy landscape having several local minima
separated by energy barriers that grow exponentially. Therefore, the interplay between
AF and FM interactions results in the formation of a metastable domain state consisting
of a mixture of FM and AF domain regions. Indeed, the ZFC hysteresis loop recorded
at 5 K, shown in Figure 2, verifies this picture, since the magnetization switching seems
to take place in several stages, indicated by the local minima of the first derivative of
magnetization (Figure 2), suggesting a domain wall pinning mechanism.

Except the unusual magnetization reversal mechanism, the system exhibits also spon-
taneous exchange bias at 5 K, y,HZEC = 0.0117 T (as extracted from the measurements
shown in Figure 2), after zero-field cooling. In order to obtain further insights into the
mechanism of ZFC exchange bias, FC and ZFC magnetization curves and AC suscep-
tibility measurements as a function of temperature were performed. Particularly, the
features above 220 K, in FC magnetization curves, are related to the martensitic—austenitic
magnetostructural transformation (austenitic start (T ~ 240 K) and austenitic finish
(TA ~ 310 K) temperatures) and the Curie point (T > 310 K). Below 200 K, zero-field
cooling and field cooling magnetization curves (Figure 3) show a similar behavior to that
observed in a classical spin glass system. It is known that in a canonical spin glass system,
the bifurcation point (T;;,) between FC and ZFC is very close to the local maximum (T§)
or plateau of the ZFC curve. In our system, there is significant deviation between T},
and T}, especially for low fields (<10 mT), which indicates that the system is not magneti-
cally homogeneous [41] although the material is compositionally homogeneous. This may
indicate the existence of a magnetic cluster phase [42] in the sample. The magnetic inhomo-
geneity could be attributed to the interplay between ferromagnetic and antiferromagnetic
interactions of Mn, resulting in short range magnetic (FM or AF) ordering.
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Figure 2. Zero-field cooling (ZFC) loop (black curve) at 5 K, after quenching the superconducting
magnet, and the derivative of the magnetization as a function of the applied field calculated in the
second half of the loop (—2 T to 2 T; red curve).
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Figure 3. Zero-field cooling and field cooling magnetization curves for various cooling fields.

It is well known that the temperature dependence of the AC susceptibility peak
provides significant information about the nature of the magnetic interactions of a glassy
system. For this reason, AC measurements at various frequencies (f) were carried out
in zero (DC) field cooling mode, starting from 400 K, which is above T, of the austenite
phase. The AC field was 0.2 mT for all measurements. The real part of the AC susceptibility
(Figure 4) showed the same features as those of ZFC DC magnetization measurements
recorded with a heating ramp at 0.004 T (Figure 3). Particularly the asymmetric peak
around 336 K indicates the martensitic transition (335 K-265 K), which is followed, at
higher temperatures (T > 336 K), by the paramagnetic transition of the austenite phase
at the Curie temperature (T, = 350 K). At lower temperatures, there is a very broad peak
around 220 K (T4c) which decays towards 5 K (Figure 4) and corresponds to the ZFC
curve of the DC magnetization measurements at 0.004 T shown in Figure 3. Actually, this
peak displaces to higher temperatures with increasing frequency. The dependence of the
relaxation times on the peak temperatures exhibits an exponential behavior, but fittings to
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both Néel-Arrhenius and Vogel-Fulcher-Tammann models, for non-interacting or weakly
interacting particles, respectively, yield unphysical values.
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Figure 4. Log scale plot of the AC volume susceptibility after ZFC at zero DC bias field and different
frequencies f. Units are SIL

To clarify the situation, AC measurements were repeated, using the same conditions as
in ZFC AC measurements, but this time a DC bias field of 0.0200 T was applied at 5 K after
ZFC. Then, an additional peak was observed around 42 K which did not exist in the initial
ZFC measurements at zero DC bias field (Figure 5), indicating the formation of an emerging
magnetic state. The peak also shifts towards higher temperatures as frequency increases;
this is a fingerprint of a magnetization relaxation process. As previously mentioned for
the zero-field cooling DC bias measurements, the analysis of the experimental data using
either Néel-Arrhenius or Vogel-Fulcher-Tammann models, for non-interacting or weakly
interacting particles, respectively, does not give reasonable results, therefore another model
should be used.
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Figure 5. Log scale plots of the AC susceptibility measurements taken after ZFC, at 0.02 T DC
bias field.

The weak shift of the AC susceptibility peak, when a DC bias field is applied, is a
sign of critical slowing down of the magnetization relaxation as the system approaches a
phase transition at the temperature Tg [43]. The nonanalytic behavior at Ty results from the
growth of correlations among the spins as Tg is approached. The conventional approach
of dynamical scaling relates the relaxation time T for the decay of the fluctuations to the
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spin correlation length & as T ~ £%, where z is the dynamical critical exponent [44,45].
Since the spin correlation length, near the phase transition, diverges with temperature as
[(T — Tg)/Tg]™Y, where v is a critical exponent, the expression for T is given by:

T = T, ({; —1) - 1)

where Ty is the static (f tends to zero) spin glass temperature which marks the onset
of critical slowing and collective glassy behavior; zv is the dynamical critical exponent
which is related to the correlation length & that diverges at Tg. The abovementioned
phenomenological activation law is usually employed for spin cluster magnetic systems.

The fitting parameters based on this specific model yield relatively reasonable values,
even though the range of frequencies was limited to 1 kHz. Based on this model, the glass
transition temperature Ty is 37 K, the critical exponent is 9.37 and the relaxation time is
2.6 x 1077 s. Similar values have been found in Ni-Mn-In compounds [30]. The latter
seems to be high compared to canonical spin glass systems, where 7 is determined by
the spin flip time of the atomic magnetic moments (10713 s), but in a cluster system the
characteristic relaxation time is determined by the spin flip time of the clusters, which
is always higher. In the present study, magnetic interactions take place mainly through
exchange interactions—since the magnetic clusters are accommodated in either the same
crystallites or neighboring crystallites which are in contact—which are always stronger
than dipolar ones; therefore, a high relaxation time is very likely. Consequently, the first
indications suggest that the system is well described by the cluster model.

To verify this conclusion, similar AC susceptibility measurements were performed at a
fixed frequency of 178 Hz while varying the DC bias field (0.0050 T < Hpc < 0.0350 T). The
aim of these measurements is to manipulate the size of the clusters and check its influence
on the AC susceptibility. Indeed, as observed in Figure 6, the peak of the AC susceptibility
measurements, around 42 K, progressively increases as the DC field increases from 0.0100 T
t0 0.0200 T and is also progressively decomposed at higher fields from 0.0200 T to 0.0350 T.

The evolution of this specific peak as a function of the DC bias field verifies the
existence of clusters and gives an insight into the interactions between them; when the
external DC bias field reaches a critical value, collective interactions between the magnetic
clusters develop, giving rise to a maximum in the AC susceptibility. Above this critical
value, the Zeeman energy dominates, forcing the magnetic moments to align parallel to
the direction of the field and forcing the response of AC susceptibility to be linear with the
external field. Usually, in an ensemble of nanoparticles, a superferromagnetic (SF) state
is achieved when the system is close to the percolation limit, when most of the particles
are very close to each other and strong interparticle interactions develop (i.e., dipolar
interactions). In this metamagnetic Heusler alloy in the form of dense films, the magnetic
nanoparticles have been replaced by nanoscale magnetic domains and a SF state is realized
through the expansion of the individual magnetic domains. In our case, the critical field
seems to be close to 0.02 T, as indicated by the AC susceptibility measurements, performed
at various DC fields (Figure 6). Indeed, at 0.02 T the observed peak presents its maximum
height, relative to the other peaks, at different fields.

All these findings verify the proposed exchange bias model based on the formation
of a cluster superferromagnetic-like state for the interpretation of the spontaneous ex-
change bias in metamagnetic Heusler alloys. Particularly, the unstable ferromagnetic
domains (as indicated by ZFC-FC magnetization measurements presented in Figure 3)
grow progressively with increasing external magnetic field after ZFC. Then, collective
interactions are induced through superexchange when the critical field is reached, forming
a superferromagnetic-like (SF) state with a unidirectional magnetic moment. Since the
SF clusters coexist with antiferromagnetic domains (due to Mn—Mn interactions), a new
stable interface is formed consisting of the domains of the superferromagnetic state and
the antiferromagnetic ones. This phenomenon results in pinning of the magnetic moments
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of the superferromagnetic-like state, below the blocking temperature, in a similar manner
to exchange bias in conventional ferromagnetic/antiferromagnetic interfaces.
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Figure 6. Evolution of the AC susceptibility peak close to 42 K after ZFC, as a function of temperature for different DC
bias fields (Hg) at 178 Hz; (a) Hye = 0.0125 T, (b) Hye = 0.0150 T, (c) Hye = 0.0175 T, (d) Hy. = 0.0200 T, (e) Hy. = 0.0225 T,

(f) Hye = 0.0275 T.

4. Conclusions

To sum up, a detailed study of spontaneous exchange bias in metamagnetic Heusler
alloys has been carried out. Particularly, DC magnetization curves as a function of temper-
ature showed that the system exhibits similar features to those of a canonical spin glass
system. However, the divergence between the bifurcation point of FC and ZFC curves and
the local maximum or plateau of the ZFC curve suggests the existence of magnetic inhomo-
geneities, which is related to the competition between ferromagnetic and antiferromagnetic
interactions of Mn atoms. To clarify the situation, we performed, to our knowledge, a
first-time study consisting of ZFC AC susceptibility measurements at different constant
DC bias fields. Then, a new peak arose at low temperatures (Figure 5), which has not
been observed in common ZFC AC susceptibility measurements without a DC bias field
(Figure 4). It is known that the existence of peaks in AC susceptibility measurements is
related to the formation of a new magnetic state. Indeed, a mathematical analysis showed
that the results are described by a magnetic clusters model based on superferromagnetic-
like interactions. Moreover, the evolution of the emerging superferromagnetic-like state
was probed by varying the DC bias field in AC susceptibility measurements at a fixed
frequency. All the aforementioned findings suggest that spontaneous exchange bias is
related to the formation of a superferromagnetic-like state.
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