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Study of dual-phase functionalisation of NiCoFeCr-Alx multicomponent alloys for the
enhancement of magnetic properties and magneto-caloric effect.

A. Quintana-Nedelcos,'? Z. Leong,! N. A. Morley,*

!Department of Materials Science and Engineering, University of Sheffield, Sir Robert Hadfield Building,
Mapping St., Sheffield, S1 3JD,

2a.quintana-nedelcos@sheffield.ac.uk

Abstract

We have studied the effect of phase separation on the magnetic and magneto-caloric properties of
the CoFeNigsCros-Alx (x= 0.0, 1.0 and, 1.5) system. Results show that a collaborative behaviour
amongst FeCr-rich segregated nanoparticles (NPs) increases the saturation magnetisation (Ms) whilst
the Curie temperature (T.) is controlled by the amount of added Al. With a strong ferromagnetic
coupling between segregated FeCr-NPs, the CoFeNiosCros-Alio sample shows the highest M, (100
Am?kg?) with an increase of 61% over the Al-free CoFeNiosCros sample. It is argued that as the
ferromagnetic interaction increases in a degenerated super-spin-glass like state of the NPs the field
induced phase transition is broadened whilst the magnetic entropy decreases. In turn, the
CoFeNigsCros-Al1o sample shows the highest refrigerant capacity (17.1 Jkg™* at uoAH = 1.0 T), and the
smallest measured magnetic entropy change (AS,*°*= 0.22 Jkg*K). We found that the enhanced
magnetic and refrigerant capacity by mean of phase separation and NPs clustering are amongst the
highest reported for the multi-component alloys being investigated for energy applications in the high
temperature range.
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Experimental

Synthesis: Samples of the stoichiometric composition of CoFeNiosCros-Alx (x = 0.0, 1.0 and 1.5) were
arc-melted at least three times in the presence of a Ti getter in an Edmund Buhler Compact Arc Melter
using components of >99% purity. The samples were then cast into 6 mm diameter rods in a water-
cooled copper hearth and were heat treated at 1423 K for 10 hours in Argon atmosphere, and
guenched in water. Thereafter samples will be named as AI0.0, Al1.0 and Al1.5 for x =0, 1.0 and 1.5,
respectively.

Characterisation: A Thermo Fisher Scientific Inspect F50 (20 kV) was used for scanning electron
microscopy (SEM) imaging. Energy dispersive x-rays (EDS) line scans were carried out at sites with
distinct segregation. X-ray diffraction (XRD) using a Bruker D2 phaser, with Cu Kz source was for XRD
characterisation.

Magnetic measurements: The vibrating sample magnetometer (VSM) module of a Quantum Design
MPMS-3 system was used to determine the magnetic properties. Field-cooling (FC) and field-heating
(FH) thermomagnetic M(T) curves were measured for applied static magnetic fields (uoH) of up to 2.0
T at a heating (FH) or cooling (FC) rate of 5 K/min. Curie Temperatures were determined from the peak
in the JM(T) / JT vs. T plots. For the Magnetic Force Microscopy (MFM) images a Bruker’s Dimension
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XR NanoEC was used. Lift mode while tapping was used to obtain non-contact magnetic force images
over the sample’s area.

The magneto-caloric (MC) effect was studied by determining the temperature dependence of the
magnetic field induced entropy change, AS,(T), through numerical integration of the Maxwell relation
from a set of magnetisation isotherms, M(H). The standard thermal protocol for a second order phase
transition (SOPT) was followed to measure each magnetisation isotherm by decreasing the
temperature in steps of 5 K.

Introduction

As climate change progresses, calls for responsible actions to address the impact of modern life on
our planet becomes more urgent. Solid-state magnetic refrigeration can be up to 30% more efficient
than traditional gas compressor cooling technologies [1][2]; as such they are an emerging
environmentally-friendly technologies that are re-writing the long-established technologies standards.
Magnetic refrigeration relies on the magneto-caloric effect (MCE) which is observed in the so-called
magneto-caloric (MC) materials. They are not yet commercially available as they require a wide list of
criteria to be satisfied such as low-cost, scalable production process, mechanical stability, high thermal
conductivity, high MCE and refrigerant capacity (RC) values, wide working temperature range, and
sensitivity to low applied fields (1 T or less) [3][4][5]. This defines the complexity of the task from a
materials engineering standpoint.

The isothermal magnetic entropy change (ASw) in typical single Curie temperature (Tc) materials with
first order phase transition (FOPT) or second order phase transition (SOPT) shows a “caret-like” shape
with the highest value (45,°¢%) at the Curie temperature, with higher values being more desirable.
AS,P% values of FOPT materials are an order of magnitude higher than SOPT materials due to the
concurrence of both a magnetic and crystallographic phase transition. However, there is a trade-off:
thermal hysteresis leads to significant energy losses in the refrigeration cycle. FOPT materials also
possess poor mechanical stability; the materials tend to fracture due to the stress induced (up to 4%
volume change) during the crystallographic phase transition [6][7]. To date the preferred materials for
magnetic refrigeration demonstrate SOPT. Commonly used MC materials in current magnetic cooling
prototypes are Gd and LaFeSiH [2]. The high cost of the first, and the mechanical instabilities of the
second are major obstacles for their upscaling to mass production. Alongside AS*¢, other figures of
merit to evaluate the MC materials performance are the practical working temperature range and the
refrigerant capacity (RC) [8]. As RC o AS”°%* x 8 Trwrm, increasing AS,¢° and/or 6 Trwhm increases heat
transfer. For an ideal Ericsson refrigerant cycle the efficiency is maximised when AS,(T) remains
constant over the working temperature range [9]. As consequence, a “table-like” ASm(T) shape is
preferred over typical “caret-like” ASx(T) shapes obtained in single Tc MC materials.

Multi-transitions MC materials is the most-used route to obtain a “table-like” AS,(T) shape. Tc graded
materials can be obtain either by stimulating a phase separation during the fabrication/post-annealing
[1][10] treatment or by designing a composite of constituents each with a different Tc[2][11]. However,
as ASn, and T¢ tuning are highly sensitive to parameters such as elemental composition [7][12],
microstructure variations [13][14], and post-annealing treatment [6][15][16], translating these
experiments from a highly controlled lab-based research environment into a production line is an
extremely difficult task.

Single-phase high entropy alloys (HEAs) belong to the wider family of multiphase near-equiatomic
multi-component alloys (MCAs). The MCAs family have been intensively investigated due to their



unique combination of properties that can be beneficial for MC materials. The list includes high
strength and hardness, corrosion and oxidation resistance, strong fatigue resistance and, high thermal
stability, among others [17]. This combination of properties has started to attract some attention to
the HEAs and MCAs and there is momentum on the investigation of them as potential active MC
materials [18][19][20] (henceforth the term MCAs is used to encompass both HEAs and MCAs).

MCE in MCAs have been reported to be associated to the order-disorder magnetic SOPT. As such,
characteristic AS,,”* values are relatively low and therefore the enhancement of the RC relies on the
widening of the working temperature range 6Trwwm. For example, Perrin et al. reported for FeCoNiCus.
«Mnz. (0>x>0.1) values of 0.115 Jkg 'K > 1 AS,*¢%1 > 0.081 Jkg 'K, 16.5 Jkg™ > RC=(1AS,"°™ x 8 Tewrm) >
9.6 Jkg*K"and, 395 K> T¢ >264 K for applied fields (toAHmex) = 0.55 T [19]. Belya et al. reported figures

of | AS,¢%1 > 0.70 Jkg*K™ and RC=( fTT ’“;; —ASy; dT ) > 100 Jkg™*K* at poAHmex = 5.0 T in NiFeCoCrPdx
co

(x=0-0.5) MC materials [21]. As pointed by the authors, outstanding thermo-mechanical stability and
corrosion and fatigue resistance makes them worthy to try. However, some common problems from
the viability point of view to the most traditional MC alloys persist. For example, high-cost materials
dependency (Pd), and an elevated compositional sensitivity (FeCoNiCu1xMn1., Tc =395 K, 321 K, 297
K, 279 K, and, 264 K for x=0, 0.025, 0.05, 0,075, 0.1 respectively) [19].

In the present contribution we expand on preliminary results found in [22] where the FeCr-rich
nanoparticles segregation dependence on Al addition in the CoFeNiosCrosAly system were
systematically studied. For the current research, we investigate the impact on the magnetic and
magneto-caloric properties of the functionalized CoFeNigsCrosAlx system.

Discussion and analysis.
Context and brief summary of previous results.

We recently reported on the FeCr NPs phase segregation within AINiCo rich matrix for CoFeNiosCros
with Al addition (CoFeNigsCros-Aly, x = 0.0, 0.5, 1.0 and 1.5) [22]. The NPs-matrix segregation is driven
by the addition of Al (Fig. 1), which is concomitant to a FCC (CoFeNiosCros) to BCC/B2 (CoFeNigsCrosAly,
x =1.0 and 1.5) phase evolution (Fig. 2). We found two distinctive Curie temperatures (T¢) for the fully
segregated CoFeNiosCros-Aly (x > 1.0) samples, these are T > 850 K and T < 700 K respectively
(cf. Table. 1). FeCr-NPs were found to have the greatest contribution to the total magnetisation in the
Al1.0 and Al1.5 samples. The CoFeNiosCrosAlos composition was identified as a transitional
composition were both FCC and BCC structures coexist arising in a lath-like grain evolution rather than
in a fully NPs-matrix segregation and therefore is not included in the present analysis. The jump in
magnetisation occurring at Tc*M® s = 5 times larger than the magnetisation change observed at T/".
The result, however surprising at first sight, was objectively explained in the same paper. For the
current analysis we use a phenomenological approach to expand on the previous explanation of the
magnetisation jump at TV and theorise on how the dual phase functionalisation can be used for
magneto-caloric materials development.




Fig. 1. SEM images of the CoFeNigsCros-Alx samples, x=0.0,x = 1.0 and x = 1.5.
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Fig. 2. XRD pattern of the CoFeNigsCros-Alx samples.

Table. 1. Summary of main results obtained for samples AlO, Al1.0 and, Al1.5 in ref [22].

Property Al0.0 Al1.0 All1.5
Magnetic-phase(s) (Tc-M(T) ) 265 K 640 K 905 K 455 K 825K
Microstructural-phase(s) (SEM) homogenous Matrix NPs Matrix NPs
Structural-phase(s) (XRD) FCC B2 BCC B2 BCC
Chem. Comp. (EDS) CoFeCrNi AINiCo FeCr AINiCo FeCr
Av. NPs’ diameter <D> (SEM) - - 156 nm - 90 nm
Std. Dev (<D>) - - 56 nm - 32nm
Av. inter-NPs’ distance <d> (SEM) " - - 350 nm - 168 nm
Std. Dev (<d>) - - 71 nm - 27 nm

* <d> centre to centre distance calculated as the first peak (first nearest neighbours) of the RDF. RDF
stands for the Radial Distribution Function (also known as pair correlation function) and provides the
probability of finding a particle as function of the distance.

Analysis: NPs formation and magnetic properties.

Fig. 3(a) andfig. 3(c) show the FH and FC paths of the M(T) measurements obtained at differentapplied
fields for the Al1.0 and Al1.5 samples. Both samples show a double magnetic transition. The transitions
will be referred to as low temperature transition (LTT) and high temperature transition (HTT) where,
LTT < 700 K (AINiCo-rich matrix) and HTT > 800 K (FeCr-rich NPs) in both samples following previous
analysis [22]. This is in agreement with the M(H,T) data (Fig. 3., Fig. 4.) where the samples response
to the change in field and temperature is similar. Any differences in Tc and saturation magnetisation
(M) will be linked to differences in stoichiometric composition and to the NPs size and distribution.
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Fig. 3. FC-FH at different applied fields poH up to 2.0 T for sample Al1.0 (a) and sample Al1.5 (c). dM/dT
for the HTT region for sample Al1.0 (b) and sample Al1.5 (d). Red dashed squares and blue dashed
polylines are built to help the reader to follow the evolution of the shoulder and main peak
respectively.

Both samples show a thermal hysteresis between the FC and FH paths at HTT, whilst there is a FC-FH
overlapping at LTT. The result suggests that LTT is SOPT type whilst the thermal hysteresis at HTT
demonstrates irreversibility. It has been reported that the precipitation and formation of FeCr
nanoparticles occurs at TYHTT in Fezs«CrSisNbsB1;Ag: [23] and Fezss«CrySiizsBoNbsCuy [24] soft
magnetic ribbons. The soft magnetic properties arises as the FM phase forms during the primary
crystallisation (which includes the atomic segregation for the crystallisation to happen) and domain
walls (DWs) might be pinned by other phases [24].

Calculations of the free energy of mixing indicate that the AlCoNi-rich matrix is always more negative
than the solid solution phase for Al1.0 and Al1.5 even at elevated temperatures where entropy might
stabilise the solid solution phase. As the solid solution phase is more negative than FeCr, AlCo and AINi
intermetallic formation in the AICoNi rich matrix is expected to drive the formation of the FeCr
nanoparticles. We would therefore expect the thermal hysteresis between the FC and FH path to be
linked to the primary crystallisation of the FeCr NPs at HTT. Accordingly, the two transitions are
observed for the Al:1.0 and Al:1.5 samples at HTT. For instance, fig. 3(b)[ fig. 3(d)] shows an augmented
image of the derivative of the FH-path of the magneto-thermal measurements at different fields for
sample Al1.0 [Al1.5]. Notice the appearance of two minimums in the HTT region, which might be linked
to a crystallisation process where the FeCr-NPs DWs are pinned to other phases [24].

In sample Al1.0 (fig. 3(b)) the peak observed at T=925 K correspond to the dominant phase for applied
fields of poH < 25 mT. The same remains almost unchanged and is displayed as a shoulder for poH = 25
mT, as a new peak at a lower temperature starts to develop and increases in magnitude as the applied



field is increased. This “low-T” phase (presumable associated to the FeCr-rich phase) within the HTT
region becomes the dominant phase for poH above 25 mT. A similar evolution of relative dM/dT peaks
intensity with applied field within the HTT region is observed in the Al1.5 sample (fig. 3(d)). However,
in the latter, there is a shift towards higher temperatures of both dM/dT peaks with applied field whilst,
in the Al1.0 sample the shoulder-peak remains unchanged, with the dominant peak shifting to lower
temperatures. Thereafter it is assumed that in the HTT region, FM-NPs stabilise within the AINiCo-
matrix. Henceforth, the correlated-phases formed at HTT is referred to as a single-FM-FeCr-rich-phase
and the reported measured and calculated values as Tcand, M(T,H) are those corresponding to the
dominant phase at high fields. The Curie temperature at LTT T¢'" of the Al1.0 (Al1.5) sample is 640 K
(455 K) and was calculated as the minimum of the derivative of the FC-path of the M(H) curve obtained
at 25 mT (fig. 5(d)). Likewise, T = 905 K and 825 K for Al1.0 and Al1.5 samples, respectively.

The FeCr-rich phase, T¢'™" decreases with increasing Al concentration (Al1.0 >AI1.5). We previously
identified two possible reasons for this: 1) The phase is not purely FeCr, but there is a small change in
the stoichiometry within the nanoparticles and 2) The size of the FeCr grains/particles decreases with
increasing Al concentration and this causes the decrease in the T¢[22]. We also find that differences
in the shape and size of the HTT transition can be linked to the NPs size: After the completed HTT (uoH
=25 mT) Al1.5 sample sees a jump in magnetisation of about 3 Am?kg?, which is less than the half of
the jump of 7 Am?kg'observed in Al1.0 sample. The extent of the HTT transition (E-HTT, measured as
the temperature window where the FC and FH paths are split) are E-HTT = 60 K and E-HTT = 110 K for
Al1.5 and Al1.0 samples, respectively. Thus, for the larger NPs (Al1.0) to form at HTT a wider
temperature transition, at higher temperatures is needed but, a higher magnetisation is achieved
accordingly.

AINiCo alloys are a well-known class of high-hard-magnetic materials were Al, Ni, and Co elements are
alloyed to other elements such as Fe and Cu [25]. The hard magnetic properties arises due to the
spinodal decomposition of the alloy into nano-precipitates of a FM FeCo-rich (a) phase within a
non/weak-magnetic AINi-rich matrix during cooling [25][26][27]. For instance, with a T¢ > 1000 K, the
coercivity of commercial Alnico 5-7 (Feas.9C024.3Ni14.0Als2Cu23Nb1 o), Alnico 8
(F630.0CO40,1Ni13,0A|7,1CU3,0Ti5,5), and Alnico 9 (F635,5C035,4Ni13‘1A|7‘oCU3‘2Nbo‘sTis‘o) permanent magnets
are as high as 59 kAm™ (740 Oe), 151 kAm™ (1900 Oe) and 109 kAm™ (1375 Oe), respectively [26]. In
contrast, from the M-H analysis at different temperatures (fig. 4) our materials show a soft-magnetic
behaviour after every transition (insert of fig. 4) including for T< LTT (TA™®), The results are, however,
consistent with what is expected for an AINiCo-rich matrix, as a disordered Fe-Al and Co-Al pairings
will show ferromagnetic order only if the Fe accounts for more than 40 at. % and the Co is larger than
50 at. %, respectively [28]. Whilst the Ni-Al pair do not show any magnetic order independently of the
composition [28]. Assuming that most of the Fe segregates with Cr to form the NPs, the remaining
composition of the matrix is then AlssNioCoss and AlsoNiisCoss for Al1.0 and Al1.5 samples, respectively.
As such, in absence of Fe-Co and Fe-Al strong FM pairs, the weak-FM and dilute Co-Al pair will provide
the main FM contribution to the AINiCo-rich matrix. Therefore, it is fair to assume that the NPs are
within a weak magnetic (WM)-AINiCo-rich matrix. Thus, the FM-NPs account for the majority of the
magnetism of the system. LTT dependence on stoichiometric composition of the matrix was discussed
in [22].
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Fig. 4. Hysteresis loops at 300 K and 700 K for samples Al1.0 and Al1.5, inset: zoom in of the
hysteresis loops for the low field region. Red Dashed lines are given for visual aid.

Hysteresis loops taken at T= 300 K < LTT and LTT < T = 700 K < HTT are shown in fig. 4. As with the
M(T) measurements, the jump in magnetisation that occurs at LTT in fig. 4 is higher than the jump in
magnetisation measured at HTT. AM(AI1.0, 1.0 T, M(1000K)-M(700K)) = 39 Am?kg™* whilst AM(AI1.0,
1.0 T, M(700K)-M(300K)) = 61 Am?kg™. Likewise, AM(AI1.5, 1.0 T, M(1000K)-M(700K)) = 22 Am?kg™
whilst AM(AI1.5, 1.0 T, M(700K)-M(300K)) = 46 Am?kg™. As the transition at LTT was successfully
identified with the FM transition of the AINiCo-matrix [22], this forms a weak magnetic phase that
cannot explain the jump in magnetisation at LTT by itself. Therefore, the counterintuitive
interpretation of the results might only arise if we naively assume that the whole magnetisation
change at LTT is solely ascribed to the FM-transition of the AINiCo-rich matrix. Moreover, from the
hysteresis loops shown in fig. 4 we can observed that intrinsic properties of our materials such as
coercivity field H.= 1.6 kAm™ (at oH: = 2 mT) and saturation field Hs = 159 kAm™ (at poHs=0.2 T) are
fairly similar after both transitions. Thus, the magnetic ground state is stablished after completion of
the HTT transition. Therefore, shifts of LTT and changes in the magnetisation saturation will be linked,
mainly, to the Al concentration and to the size and distribution of the FeCr-NPs, respectively.

Although, 159 kAm™ is identified as the saturation field (Hs), the magnetisation does not
asymptotically approach the M value as expected for a pure FM transformation. Instead, the
magnetisation continues to increase with a linear slope for ueH > poHs as an
antiferromagnetic/paramagnetic (AFM/PM) component (fig. 4) would do. The non-FM contribution
appears in both samples at T < HTT.

The saturation magnetisation at 300 K and 1.0 T is Ms = 100 Am?kg™* and 70 Am?kg* for sample Al1.0
and Al1.5, respectively (fig. 3(a), fig. 3(c), fig. 4 and, fig. 5(c).). A possible explanation for the decrease



in M, with aluminium addition is due to the PM character of Al. However, the explanation would not
satisfactory clarify the pronounced increased in M; on the initial Al addition if we compare both Al1.0
and Al1.5 samples with the reference sample with no added Al. M (Al0.0) = 62 Am?kg™ at 50 K and 20
Am?kgt at 300 K (> Tc) and 1.0 T, for instance, see fig. 5(c).

With PM-Al addition, the magnetic properties of the Al0.0 sample are considerable enhanced,
enlarging the FM region (fig. 5. i.e. shifting T. for more than 170 K towards higher temperatures) and,
increasing M; by 61 % and 16 % for Al1.0 and Al1.5 additions, respectively. For instance, the high M, =
100 Am?kg™* shown by sample Al1.0 is similar or better than others systems considered of excellent
magnetic properties, for example, AINiCoFe [29], AINiCo5 doped Sm(CoosCuoi)s ribbons [30],
FeCoNiAICry, x = 0.1, 0.3, 0.5, 0.7, and 0.9 [31], Fe3sCo3sMogB1sCu [32]. A high T, T(Al1.0) = 685 K,
with high M and a low core losses as consequence of the low coercivity are attractive properties for
industrial applications like sensors development, transducers and, transformers.

Analysis: NPs and cluster like behaviour.

The critical radius between the superparamagnetic state and a ferromagnetic state (Rs) for a single
particle and, the radius at which the nanoparticle changes from a single FM state to a multi-magnetic-
domain state (Rc) were calculated to determine whether Al1.0 and Al1.5 samples’ NPs are either
superparamagnetic or FM of single or multi-magnetic-domains. Equation 1 for Rs calculation can be
deduced from KV = kgzT whilst Rc was determined using the equation 2.

3 |3kgT

Rs = o (equation 1)
__ 36VAK .
R; = Y (equation 2)

where Lo is the permeability of free space, and M; was taken as the saturation magnetization for the
FeCr NPs at 700 K, 39 Am?kg™ (298 kAm™) for Al1.0 and 22 Am?kg* (168 kAm™) for Al1.5. A is the
exchange stiffness of the FeCr NPs, and K the anisotropy constant. The used value of 2.28E-11 Jm™ for
A was estimated as the 95% of the reported exchange stiffness for pure Fe [33], as it has been stated
that Cr addition of up to 30% to Fei1Crx bulk alloys decrease the Fe exchange stiffness by only 5 %
[34]. K was estimated by using the equation 3 for which the anisotropy field (Hk) was determined from
the magnetisation hysteresis loops at 700 K, by taking a straight line through the data around the
origin and determining the field at the point where the line significantly diverge from the hysteresis
loop. By following this conservative approach, Hx was approximated to 68 kAm™ (at poHx = 85.5 mT)
for both samples.

HoMgH
K:osk

2 (equation 3)

Therefore, it was determined that NPs are mono-magnetic-domain-FM as Rs < 7 nm for both samples
and the critical radius is Rc = 174 nm for Al1.0 sample and Rc = 411 nm for the Al1.5 sample. Thus, as
much as 2x and 9x larger than the corresponding NPs average radius. Notice that the difference in
estimated R¢ values between Al1.0 and Al1.5 samples is solely ascribed to the variation in Ms which,
as will be discussed in the following section, is consequence of the interparticle interactions. In an
ideal system with no interacting NPs, M; will be lower and Rc even higher than the calculated values.
The mono-magnetic-domain-FM character of the NPs was confirmed via the MFM images shown in
fig. 6.

For groups of mono-magnetic-domain NPs, it has been established that, the magnetic behaviour of
the cluster depends on the temperature and the externally applied field. Such interparticle
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interactions can be either long-range AFM dipolar force type or, based on nearest neighbours FM
exchange coupling [35] [36] [37]. As both interactions are different in nature, the prevalence of one
over the other will be determined by their relative strength. For instance, interparticle interactions
nature and strength depends on, the single particle anisotropy and energy barrier Eg, the random
distribution of easy axes, topological disorder, the NPs’ arrangement, volume distribution and the
magnetic properties of the spacer (interparticle medium) [35] [38].

If the interparticle interactions are negligible, magnetisation reversal of single particles of volume, V
are governed by their own Eg, independent on whether or not Ez is modified by the presences of quasi-
localised fluctuations modes associated to a weak interaction [38]. Therefore, the overall behaviour
of these NPs cluster is as a superparamagnet (SPM) [38].

On the other hand, extended fluctuations modes linked to the strongest particle-particle interactions
promote the formation of a collective state where the energy of the particle assembly is of greater
significance, such that the individual Es are not possible to be identified any more [38]. The transition
from a particle self-governing Ez to the interdependent modify energy barrier can be trigger by, for
example, an interparticle distance decrease, a spacer that enhances the exchange interaction, or, by
a decrease of the thermal energy component of the system. As a consequence, the properties of the
system are no longer relevant to the SPM state, making even more complex the prediction of an
ordering temperature [38] [39].

For a sufficiently close arrangement of particles and, depending on the relative strength between
competing dipolar and exchange interactions a “nanoparticle replica of the spin-glass state, SG” or,
for instance, a super-spin-glass state (SSG) can form [35] [36] [38]. For example, it have been
theoretically predicted that polydisperse ensembles of particles of different size favour the formation
of glass states [40]. Highlighted similarities of the collaborating-NPs-cluster and traditional SG are (i)
disordered arrangement of particles, (ii) random distribution of easy axes, (iii) presence of FM and
AFM interaction due to exchange and dipole interactions [36], arising in disorder and frustration as
short-range local order is revealed [38]. Furthermore, considering a broad distribution of size and
interparticle-distance, a degenerate magnetic states is likely to form [40], which in turn will induce a
gradual transition from a SPM to a SSG-like state [35] [39]. With an extended strength of interactions
beyond the local clusters, the long-range collective superferromagetic SFM state can be achieved [35].

Analysis: NPs - cluster like behaviour, T 2 LTT.

For temperatures above LTT, magnetic dipolar interactions are expected to dominate the interparticle
interactions in detriment of the exchange coupling as the matrix is PM. Values of the magnetic dipole
interaction energy (Ey, equation 4) at 700 K and critical temperature (Ty, equation 5) were calculated
(results are shown in Table 2) in order to estimate the strength of the dipolar interaction between NPs
and the critical temperature below which interacting NPs’ magnetic moments increases the magnetic
order of the sample.

_ Mo u? .
E; = oy (equation 4)
Ty = Za (equation 5)
kp

Where, Lo is the permeability of free space, u is the single particle’s moment (u =M x V, with M being
the magnetization, and V the volume of the particle), ks is the Boltzmann’s constant, and d the average
interparticle distance [39].



Table. 2. Calculated Egand Tpat T=700 K and poH =0.0 T, 25 mT and 50 mT for Al1.0 and Al1.5
samples.

Al1.0 00T 25 mT 50 mT All1.5 00T 25 mT 50 mT

M (Am?)  9.10E-18  1.36E-16 2.27E-16 u (Am?)  5.83E-19  1.45E-17  2.91E-17
Eq()) 1.93E-22  4.35E-20  1.21E-19 Es()) 7.16E-24  4.47E-21  1.79E-20
To (K) 14.00 3149.60  8748.88 To (K) 0.52 324.11  1296.44

Both samples show relatively high values of u and Eq. For example, dipolar exchange energy between
NPs of Fe304 of circa 11 nm diameter and d = 13 nm was found to be = 4.36E-22 J at room temperature
[41], and = 8.28E-22 ) for CoFe3 particles of 7.6 nm diameter [42]. In particular, Al1.0 sample shows
enough interparticle dipolar interaction energy to overcome the thermal energy, ksT, at temperatures
as “high” as 14 K at remanence, and more than 3000 K at applied fields as low as 25 mT, quite above
the temperature range of study and the melting point of the material. On the other hand, Al1.5 sample
has, for 25 < peH < 50 mT, an interacting/non-interacting T, transition temperature between 324 K
and 1296 K. With a decrease in d (Table 1) and a fairly similar Fe:Cr composition, the considerable
decreased Ey with Al addition should be ascribed to the smaller volume of NPs in Al1.5 sample and the
derived lower magnetic moment of the NPs (Table 2).

From previous results it can be suggested that at T > LTT, Al1.0 sample shows a strong dipolar
interparticle interaction, favouring a SSG state in detriment of the SPM state [39] whilst in Al1.5
sample both states coexists, being the SSG more relevant as the field increases. Further evidence of
this conclusion can be obtained from the non-equilibrium character of the SSG-phase and its
properties dependence on the thermomagnetic history [43].

For systems in thermomagnetic equilibrium, where the transition will always follow the same path,
both isofield and isothermal measurements probe the same phenomenon [44]. However, for NPs
clusters, where the thermal and the field-induced reversal of the magnetisation can be tuned
independently a difference between the isofield and isothermal measurements [35] can be expected.
Therefore, a comparison between the direct (FC/FH) and indirect (MT) magnetisation dependence on
temperature M(T) measurements can give valuable insights on the magneto-thermal history of a
system.

In order to study the magnetisation dependence on the thermo-magnetic history for T > LTT, the direct
and indirect M(T) curves in the Al0.0, Al1.0, and Al1.5 samples were measured and compared. The
Al0.0 sample has no Al addition and shows a single FCC structure with a single standard second order
phase transition SOPT below room temperature (RT) [22]. Fig. 5. shows the M(T) curve obtained from
the FC-FH direct measurement and indirectly (MT) from the magnetisation dependence on field M(H)
virgin loops. Both, indirect MT and direct FC-FH M(T) curves where taken on 5K steps and at 25 mT,
50mTand 1.0T.
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Fig.
5. FC-FH path of direct M(T) measurements curves (solid symbols) and the indirect magnetisation
dependence on temperature (MT) curve obtained from isothermal measurements of virgin loop in a
decreasing temperature path (open symbols) for samples Al0.0 (red), Al1.0 (black) and Al1.5 (blue) at
applied fields of 25 mT (a), 50 mT (b) and 1.0 T (c). (d) dM/dT of the FC-FH and MT curves in the LTT
temperature window.

As expected for a SOPT, there is an overlapping between the FC-FH and MT curves of the Al0.0 sample.
However, with the addition of Al and the corresponding NPs-matrix segregation in Al1.0, there is a
significant difference between the FC-FH curve and the MT curve, with the MT curve being at higher
temperatures. This difference in the temperature curves then decreases to an almost neglected FC-
FH — MT separation with further Al addition (Al1.5). In accordance to [35], this suggests that NPs
clusters for the region LTT < T < HTT are more liked to happen in the Al1.0 sample than in the Al1.5
sample. Therefore, considering a broad distribution of size (Table. 1) and interparticle-distance of NPs
in Al1.0 sample, a degenerated magnetic states with commons characteristics to a SSG-like state is
likely to form within the LTT < T < HTT region [35][40]. As a consequence of the enhanced magnetic
ordering, the Al1.0 sample achieve higher magnetization values compared to the Al1.5 sample of
smaller and weakly-interacting NPs. Note that the term weakly-interacting and not non-interacting
NPs is used for sample Al1.5 as a small, yet measurable, difference between the FC-FH — MT curves is
observed (fig. 5(d)), accordingly to the dipolar interaction analysis. However, due to the weak
interparticle interaction, overall behaviour of the NPs cluster is closer to the SPM type [38] for the
Al1.5 sample.

Analysis: NPs - cluster like behaviour, T < LTT.

As the samples go through the LTT temperature region, changes in NPs interaction and cluster
formation are expected. Size and configuration of the clusters obey the local equilibrium between
dipolar and exchange interactions, but now, the latter is enhanced by the magnetic-bias provided by
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the WM matrix. As the WM matrix provides a magnetic medium that enhances the exchange
interaction, the AFM-like symmetry achieved under a predominant dipolar interaction breaks into a
favoured FM-like short range interactions between NPs. The “bridging” mechanisms have been
reported for AINiCo materials where FM-FeCo-rich nano-precipitates align antiferromagnetically
within the PM-AINi-rich matrix [26]. In the later, it was also demonstrated that, for a FM coupling of
the NPs, an exchange-bridge, where the bridge’s domain wall energy is equal to the coupling energy
of NPs is needed. For instance ferromagnetically-coupled NPs of FeCo and FeCr have been achieved in
Cu-made exchange-bridge [26] and Cu substrate [45], respectively.

Fig. 6. shows the MFM image of the magnetic phase configuration for the Al1.0 sample at room
temperature (RT << LTT)). The bright and dark regions denote the areas of the highest magnetisation
with an antiparallel alignment respect to each other. Images of a total surface area of 20 um x 20 um
(fig. 6(a) and fig. 6(b)) and 5 um x 5 pum (fig. 6(c) and fig. 6(d)) correspond to the Al1.5 (fig. 6(a) and fig.
6(c)) and Al1.0 (fig. 6(b) and fig. 6(d)) samples.

From the MFM images, a labyrinth structure of magnetic domains is observed. The most obvious
difference between the samples is the width and length of the stripes. For the Al1.5 sample, the
magnetic domain stripes can be as thick as 0.5 um, 4-5 times the average NPs’ diameter(<D> =90 nm
+ 32 nm) and more than 6 um long. Whilst for the Al1.0 sample, the stripes’ width and length are of
the order of 1 and 3-5 times (< 1 um) the particle’s size, (<D>= 156 nm + 56 nm), respectively. Making,
on average, stripes width and length of sample Al1.0 less than one six the size of the stripes of sample
Al1.5.

12



Phase

Fig. 6. MFM image of AL1.5 (a),(c) and Al1.0 (b),(d) samples at different magnification. Total figure
size 20 um x 20 um (a),(b) and 5 um x 5 um (c),(d).

The results align with the concept that the NPs cluster formation determines the magnetic properties
of the samples. It is known that a labyrinth structure of self patterned lamellae stripes is achieved by
competing interactions favouring spatial inhomogeneity, governed by the frustrated nature of the
interactions. In our case, as the temperature decreases from LTT < T < HTT to T < LTT the new
magnetic-bridge provided by the matrix increases the FM-short-range interaction and the formation
of Spin-up/Spin-down rich areas is favoured. However, predominant exchange FM interact in Al1.0
larger NPs increases the long-range repulsion that must be balanced to the short-range attraction,
resulting in a decrease in the domain size as the repulsion energy is minimized by creating more
interfaces. As a consequence, the stripe width decreases with the increase of the relative strength of
the short-range FM interaction [37][46]. Thus competing short-range FM interactions and long-range
repulsion will determine the domain structure. Hence, weaker dipolar interaction enhance the stripes
thickness (sample Al1.5; fig. 6(a)) in the labyrinth structure, whilst a checkerboard pattern is favoured
if the long-range repulsive interactions are the predominant interactions (sample Al1.0; fig. 6(b)). No
ideal checkerboard pattern should be expected in the Al1.0 sample due to the disorder in particle
distribution. However, the appearance of short range local order of both AFM and FM regions arising
from disorder and frustrated areas of the size of interparticle’s distance is observed in the Al1.0 sample
(see red boxed areas in fig. 6(b)). Similar to a SSG-state like of NPs, where the role of the long-range
inter-clusters repulsion interactions lead over the short range FM inter-particles interactions.
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The mechanism for interparticle interaction inducing a collective behaviour of NPs-clusters have been
proven effective for relative low applied fields. At higher fields a detriment in the coupling lead to a
behaviour dominated by the single particle anisotropy [35], explaining the AFM-like linear M(H)
dependence observed in the hysteresis loops for poH > 0.2 T (fig. 4). For high fields, NPs in a metastable
cluster configuration, which are antiparallel aligned to the applied field, will start to respond
independently, and the rotation/magnetisation reversal, is favoured. Therefore, as the field increases,
more NPs will contribute to the total magnetisation in the direction of the applied field. It also explains
why M(T) measured at high field (1.0 T) on FC-FH curves are close to the indirect MT measurement as
compared to those measured at poH < 50 mT (fig. 5).

From fig. 5(c). it is noted that the addition of PM-Al element in the NiCoFeCr (Al0.0) starting alloy has
improved the saturation magnetisation of the FM-phase. However, the heightening is more
pronounced in the Al1.0 sample than in the Al1.5 sample. It has been shown that the higher tendency
of the NPs in the Al1.0 sample to form strong FM coupling than in the Al1.5 sample, with the
corresponding magnetisation increase. At high applied fields, for greatly independent NPs in the Al1.5
sample, the total saturation magnetisation should be closer to that of the sample Al0.0 as the magnetic
moment is carried by the unchanged amount of Fe, Cr and Co elements and no significant
enhancement of the magnetisation is expected due to the negligible magnetic NPs interaction. On the
other hand, the strong short-order FM exchange interaction between NPs in the Al1.0 sample frustrate
the de-coupling of NPs’ behaviours at high applied fields.

Analysis: Magnetocaloric effect.

Fig. 7 shows the magnetic entropy change AS., across LTT and HTT of the Al samples, where x = 0.0,
1.0 and, 1.5. As expected for a FOPT-like transition (with an irreversible component), AS,,”*° values
are an order of magnitude higher for the HTT transition compared to the LTT transition.

As for the LTT transition, the first thing to notice is the decrease in the size of the ASP®** with the
increase of the probability of the samples to form strong FM short-range coupled clusters. Both Aly
samples have lower AS,”% values than Al0.0. i.e. AS,P*°%(Al0) > AS,P*°K(Al1.5) > AS,°?*(Al1.0). The
previously discussed higher magnetic jump associated in the LTT for the Al1.0 sample contrasts with
the lower AS,, observed. Whilst the total magnetisation increases as consequence of the strong FM-
exchange interparticle interaction (enhanced in Al1.0 sample), self-organisation of particles in cluster
have been reported to decrease the field induced caloric response of a material [47] as magnetic
clusters reduces the magnetic anisotropy.
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Fig. 7. AS vs temperature across the LTT and HTT transition (a) for applied field of 0.5 T, 1.0 T and, 2.0
T. ASvs normalized temperature across the LTT transition peaks (b).

The decrease in the AS,°¢° is accompanied by a broadening of the transition. As a consequence, it is
possible to observe a flattening of the transition as the formation of FM clusters is enhanced (fig. 7(b)).
Such flattening mirrors what is expected in systems with graded T¢ distribution. In this case, a complex
dynamic equilibrium between co-existing multiple metastable NPs-clusters might be suggested as the
origin of the flattening effect on AS,. For instance, a scaled universal magnetic entropy change curve
was plotted in order to study the phase’s contribution to the LTT transition (fig. 8.), in which, the
second order character of the transition at LTT is confirmed, as the AS,, curves obtained at different
applied fields collapsed [48]. And, it is observed a uniform displacement of the HTT-peaks with field
towards LTT, suggesting a gradually evolvement for different phases.
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Fig. 8. Universal magnetic entropy change curve: Normalized magnetic entropy change for LTT as a
function of the rescaled temperature © for sample Al1.0 (a) and Al1.5 (b)

The augmented practical working temperature range (6 Trwnm) provokes an increase in the refrigerant
capacity (RC) of the Al1.0 sample as compared to the Al1.5 sample, despite the drop in AS,¢.
Calculated RC for the Al1.0 and Al1.5 samples are shown in table.2., where RC=(145,"**l x 8 Trwsm) and
OTewrm = Thot-Teoid. As such, 8Tewnnm Was found equal to 80 K, 120 K and 150 K for the Al1.5 sample, at
MoAH=0.5T,1.0T and 2.0 T, respectively. As for the Al1.0 sample, high values of AS,, for LTT < T< HTT
(for instance see fig. 7(b) for norm-T > 60 K) didn’t allow for a good estimation of 8 Tewum. Therefore, a
conservative approach was adopted and approximated § Trwnmto 155 K. i.e. for a temperature window
that range from 590 K to 745 K in the AS,(T) curve (fig. 7(a)), or, from -95 K to 60 K in fig. 7(b). In Al0.0
and Al1.5 samples, AS,, tends to zero for T > T¢c (PM region) and LTT < T < HTT (SPM-like phase),
respectively, as we would expect for a temperature window with few, if any, changes in the magnetic
order. On the other hand, the Al1.0 sample tends to keep “a relative high” AS, values for LTT < T <
HTT. This can be associated with the SSG-like configuration of NPs and the entropy change associated
to cluster re-arrangement between degenerated magnetic states whilst approaching LTT from HTT.

Table 3. shows the A5, RC, and T,ea values of the LTT transition for our samples, as well as, for
other HEAs reported in bibliography. Notice that AS,”¢®* and RC values corresponding to our Al0.0
sample are amongst the highest reported for HEAs within the room temperature range (T¢ = 300 K) or
below. What is more important, Tpeak Was substantially shifted to higher temperatures from 270 K
(Al0.0) to T,ea'™™ = 685 K and 455 K with Al1.0 and Al1.5 additions, respectively. As discussed in [49],
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the possibility of tuning Tc whilst keeping the MC properties of a material fairly constant have been
one of the most under-studied properties when improving MC-materials performance.

Table. 3. Measured AS,”¢* and calculated RC values (at LTT) for Al1.0 and Al1.5 samples at different
applied fields. Current work and data taken from bibliography for comparison purposes.

sample MolH (T)  AS.Pe* (Jkg*K?) RC (Jkg?)  Tpeak (K) Ref.

Al0.0 0.5 0.18 16.21 270 Present work

Al1.0 0.5 0.12 18.6' 685 Present work

All.5 0.5 0.16 12.8! 455 Present work
FeCoNiCuMn 0.5 0.115 16.5! 395 [19]
FeCoNiCug.97sMn1.025 0.55 0.094 15.3! 321 [19]
FeCoNiCug.g5sMn1 o5 0.55 0.10 13.5¢ 297 [19]
FeCONiCUo,gstn1,o75 0.55 0.084 12.21 279 [19]
FeCoNiCug.g0Mn1.10 0.55 0.081 9.6 264 [19]
Feo.975sCoNiCuMnN1 g25 0.55 0.105 14.0* 299 [19]
Feo.9s0 CoNiCuMny g5 0.55 0.071 10.0! 292 [19]
FeCoNiCuMn 0.55 <1.0 - 400 [20]
FeCoNiCuPt 0.55 <0.2 - 864 [20]
FeCoNiCuMo 0.55 <0.02 - 657 [20]

Al0.0 1.0 0.32 >36.8! 270 Present work

Al1.0 1.0 0.22 34.2! 685 Present work

All.5 1.0 0.28 33.6! 455 Present work
FeCoNiCrAl 1.0 <0.15 36* 290 [50]
NiFeCoCr 1.0 - < 362 <100 [21]
NiFeCoCrPdo.12 1.0 - < 362 <200 [21]
NiFeCoCrPdo.2s 1.0 - 362 <250 [21]
3(Feo.76Bo.24)9sN b4 1.5 1.51 1217 559 [51]
3(Fe(),75-|-I'T10,0;|_B(),24)96N ba 1.5 1.39 108! 537 [51]
3(FeO,71Tmo,05Bo,24)95N b, 1.5 1.21 91! 450 [51]
3(FE(),ssTmo,1080,24)95N b, 1.5 1.00 76! 390 [51]
3(FE(),ngmo,17Bo,24)95N b, 1.5 0.91 59! 316 [51]
3(F60,58Tm0,1880,24)95N b, 1.5 0.87 57 325 [51]

Al0.0 2.0 0.56 >75.6! 270 Present work

Al1.0 2.0 0.40 62.0! 685 Present work

Al1.5 2.0 0.50 75.0! 455 Present work
FECONi1_05CF()_95A| 2.0 0.27 - 150 [50]
FeCoNiCrAl 2.0 <0.3 - 290 [50]
Mn27Cr7NiggGe255ig 2.0 2.49 73.61 412 [52]
NiFeCoCr 5.0 <0.80 < 100? <100 [21]
NiFeCoCrPdo.12 5.0 <0.80 < 1407 <200 [21]
NiFeCoCrPdo.25 5.0 <0.90 < 140? <250 [21]

L RC=(1AS+P° 1 X 8Tewnm); 2 RC=( fTTh‘;; —ASy, dT ); *metallic glass

Although our AS,¢** values are an order of magnitude lower than those reported for FeCoNiCuMn
[20], (Feo.76+xTMo.0.xBo24)esNbs [51] and, Mn,7Cr;Niz3Ge,sSis [52], the comparison to the work here
should be made with caution. For instance, (Feo6:xTMo.0xBo.24)essNbs is of the metallic glass type,
Mn37Crs7NissGe,sSis future a Pnma space structure [52] and magnetic properties as of the FOPT
MnCoGe and MnNiGe type of materials [7] [53] and, the AS(T) shape of FeCoNiCuMn-system in [20]
reseambles what we obtain at HTT. The lack of analysis for T < 300 K does not allow a full comparison
to be made. The AS,”% of about 2.5 Jkg™*K* measured at poAH = 2.0 T and HTT at both of our Aly
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samples are of the size of the previously discussed samples found in the literature, and agrees with
what we would expect for concomitant transitions as the ones of the first order.

In this study, thanks to the materials functionalisation due to the AINiCo-FeCr phase separation a
competitive MC-response was tuned in a wide temperature region (> 400 K). This demonstrates the
ability to achieve a table-like AS,, in a single composition by means of tuning its metastable
microstructure. As such, we propose a simple materials engineering technique that will allow
materials for MC applications to be designed that span from room temperature commercial
technologies to high temperature applications such as engines and aircraft cooling systems with no
access to cold heat sinks [54].

Conclusions

Following a phenomenological approach, it was successfully explained how by mean of phase
separation of the CoFeNigsCros-Alx system into AINiCo and FeCr rich regions with aluminium addition
there is a significant enhancement of the magnetic properties of MC materials. Enhanced saturation
magnetisation at T< LTT was explained by means of the collaborative behaviour of segregated FeCr-
NPs. It was suggested that a cluster like behaviour of FeCr-rich NPs determines the total magnetisation
of CoFeNiosCros-Alx (x = 1.0 and 1.5) where the correlation between NPs-size and magnetisation is as
follow:

1- FM-NPs of FeCr rich phase forms at HTT. 2- As the temperature decreases, with the decrease of the
thermal energy in the region of LTT < T < HTT, dipolar interaction amongst NPs is favoured for particles
of larger size (i.e., Al1.0 sample). Un-favoured NPs’ interactions in Al1.5 sample show a SPM-like
collective behaviour were NPs are weakly linked to their neighbour. 3- as the sample reaches LTT, the
matrix becomes FM and provides the conditions to form the exchange-bridge that will enhanced FM-
NPs interaction via the formation of DWs. As consequence, already strong linked NPs of Al1.0 sample
increases the FM-like short-range interactions, which in turn increases the long term dipolar repulsion
that forms highly fragmented AFM-like domain structure to minimize the energy of the system. On
the other hand, the smaller NPs of Al1.5 sample are weakly ferromagnetically aligned which in turn
decreases the long-range dipolar repulsions interactions and allows for a wider stripes labyrinth
domain structure to form. Note that, clusters formation might happen both before (Al1.0) and during
(Al1.5) LTT, thus, depending on the nature of the interparticle interaction.

It was also found that a collaborative behaviours of NPs tents to flatten the magnetic entropy change
response to a varied field whilst improve the refrigerant capacity associated to the LTT transition.
Relatively large magneto-caloric properties with an enhanced table-like shape were found for the high
temperature spectrum, T>> 450 K for Al1.0 and Al1.5 samples. A RC of 17.1 Jkg* (at poAH = 1.0 T) and
a AS,Pe%* = 0.22 Jkg*K?! at LTT = 685 K seats on the top of the MC materials that aims to tackle high
temperature range of applications such as energy harvesting.
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