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Abstract

We have investigated the nature of the magnetic state of a single-crystalline FeCoCrMnAl
nanocomposite high-entropy alloy (HEA), composed of crystallographically oriented magnetic
nanoplatelets embedded in a magnetic matrix of different magnetic order. The two-phase
nanocomposite was formed by a bce-B2 spinodal decomposition. Due to the single-crystalline
nature of the material, there is no symmetry breaking of the surface atomic monolayer at the
borders between the two phases and there are no interface regions between the nanoplatelets and
the matrix. The material also does not exhibit grain structure, allowing for the observation of the
true intrinsic magnetism of a nanocomposite HEA. Upon cooling, the predominantly Fe-Cr-Mn

chemically disordered bce matrix orders first at T; = 425 K in an asperomagnetic-type magnetic
state. Below T, = 370 K, the B2 nanoplatelets that are predominantly an Al30(Co,Mn)70 pseudo-

binary intermetallic compound, start to order in a ferromagnetic (FM)-type manner. We have
focused to the question whether the magnetic state of the nanocomposite below T, is a collective
state of the interacting nanoplatelets and the matrix or their coupling is weak enough that the
magnetic ordering of each of them can be treated independently. Experimental results support the
development of a single collective, disordered FM-type magnetic state upon cooling due to the
exchange coupling between the nanoplatelets and the matrix. The nanocomposite is magnetically
soft and the strong variation of the magnetization with the temperature in a large interval AT =
125 K just above room temperature due to two successive magnetic phase transitions make this

material promising for the application in magnetocaloric refrigeration.

Keywords: high-entropy alloys; nanostructured materials; magnetic properties.



1. Introduction

A characteristic feature of nanoscale magnets is at least one dimension in the nanometer range (1
— 100 nm) [1]. When the small dimension becomes comparable to a characteristic magnetic or
electrical length scale, nanomagnets exhibit size-specific magnetic properties such as
superparamagnetism, remanence enhancement, exchange averaging of magnetic anisotropy
(leading to a magnetically soft material) or giant magnetoresistance. Examples of characteristic
length scales are the domain wall width §,,, the exchange length [, (the balance of exchange and
dipolar interactions) and the dimensionless magnetic hardness parameter (the ratio of anisotropy
to dipole energy). The number of small dimensions in a nanoscale magnet can be one (magnetic
thin films that form the basis of modern magnetic sensors and memory elements), two (magnetic
nanowires and nanoneedles) or three (magnetic nanoparticles). These magnetic nano-objects can
be separated or embedded in a matrix (either nonmagnetic or magnetic) to form a nanocomposite.

A general feature of nanostructures is a large portion of surface or interface atoms [1]. In a
film, wire or particle of 10 nm dimension, the fraction of surface atoms reaches 5, 10 or 15 %,
respectively. These surface atoms, together with the reduced dimensions are at the origin of altered
magnetic properties of a nanostructured material. The surface monolayer exhibits broken
symmetry, which then extends to the first few monolayers beneath due to structural relaxation
normal to the surface. The broken symmetry introduces strains, modifies the magnetic anisotropy
and frustrates the exchange and dipolar couplings within the interface region and its neighborhood.

High-entropy alloys (HEAs) are multicomponent equiatomic or near-equiatomic alloys,
which form mostly solid solutions including random solid solutions and partially ordered ones.

The concept of high entropy introduces a new strategy of developing advanced materials with



promising properties like high wear resistance, corrosion resistance, high strength, high fracture
toughness and plastic deformation [2-5]. HEAs composed of 3d, 4d and 5d transition elements,
sometimes alloyed with additional elements like Al, B and Si, belong to the class of “regular”
solutions, where the interactions between unlike atomic kinds are different from those between
like atoms, yielding nonzero mixing enthalpy, AH,,;, # 0. In such HEAs, random mixing of the
elements on the crystal lattice is compromised and preferential chemical environments are formed
on a nanometric scale [6,7], which is more pronounced in thermally annealed materials.
Nonrandom mixing of the elements is also favored by the atomic size differences [8,9], where
clustering of the atoms of similar size minimizes the lattice distortion in a given nanoscale volume,
which reduces the lattice strain energy and hence AH,,;. In regular solutions, positive
AH,,;, causes incomplete miscibility of the elements and leads to phase segregation, whereas
negative AH,,;, leads to the formation of intermetallic compounds. Regular HEAs are frequently
structurally heterogeneous, showing in some cases a microstructure of more than one solid
solution, a coexistence of a solid solution with an intermetallic compound, dendritic structure,
precipitation and eutectic or spinodal decomposition.

In this paper, we report on the magnetism of a single-crystalline FeCoCrMnAl HEA (in
the following abbreviated as FCCMA) that is an excellent nanocomposite magnet, composed of
crystallographically oriented magnetic nanoplatelets embedded in a magnetic matrix of different
magnetic order. Due to perfectly coherent phase boundaries, there is no symmetry breaking of the
surface atomic monolayer at the borders between the two phases. Consequently, there are no
interface regions between the nanoplatelets and the matrix and the material also does not exhibit
grain structure. Under these conditions, the true intrinsic magnetism of a nanocomposite HEA is

observed experimentally. We have focused to the question on the nature of the magnetic state of



the nanocomposite with the aim to find out whether or not there exists a single, collective magnetic
state of the interacting nanoplatelets and the matrix, or their coupling is so weak that the magnetic

ordering of each of them is independent.

2. Results

2.1. Material characterization

The FeCoCrMnAl single crystal used in this study was the same as the one reported in a recent

publication [10], where the details of its preparation by the Bridgman technique are described. The
volume of the primary grain was as large as 4.8 cm?, enabling us to prepare single-crystalline
samples of an appropriate size to measure the magnetic properties. The overall composition of the
crystal was Fe21.1C020.3Cr21.1Mn15.4Al22.0. TEM micrographs [10] have shown that the material

possesses a microstructure consisting of B2 inclusions in a bcc matrix, both occupying
approximately equal volume fractions. The two-phase structure was formed by a bee-B2 spinodal
decomposition. The inclusions are {001} nanoplatelets of about 65 nm thickness, with variable
lateral extensions of the order of 500 nm. The microstructure of B2 inclusions (bright) in a bee
matrix (dark) is also evident from the SEM low-voltage secondary electron (SE) image of Fig. 1
(the contrast is discussed in the Appendix A). The three-dimensional platelet-type morphology of
the inclusions is confirmed by Fig. B1 of the Appendix B, where the primary and the perpendicular
surfaces are shown. Both surfaces were prepared by cutting and polishing with a gallium ion beam

in an FIB instrument. A similar spinodally decomposed two-phase structure was found in



equiatomic AICoCrFeNi HEA [11], however with the matrix/inclusion setting inverted to that of
our FCCMA (the matrix is B2-ordered, whereas the inclusions are bcc).

High-resolution HAADF STEM images [10] have demonstrated that the phase boundaries
between the bce and the B2 phase are perfectly coherent. The lattice parameters of the bee and the
B2 phases according to STEM are the same (2.9 A). All lattice planes pass through a phase
boundary without any disturbance, so that the lattices of the two phases are aligned and in perfect
registry. The SAED patterns originating from a volume containing the bce and the B2 phases, as
well as several phase boundaries, display only a single set of reflections and are undistorted and
sharp [10]. These results reveal that the entire primary grain contains a single consistent and
continuous set of lattice planes, and can be referred to as a single crystal (in the topological sense),
even though two phases of different chemistry and order are present. The Bridgman technique
employed is a near-equilibrium growth method. The applied growth velocity was low (5 mm/h)
and the crystal was cooled very slowly, so that the solidified material was thermally annealed for
several hours. The material is thus well equilibrated, so that the bcc-B2 two-phase nanostructure
can be considered as thermodynamically stable and the chemical short-range ordering of the
elements on the atomic scale has established.

The chemical compositions of the bcc matrix and the B2 inclusions on the nanometric scale

were analyzed by STEM and EDS. A HAADF image of an area 300x300 nm? is shown in Fig. 2,

together with the EDS elemental maps. In the HAADF STEM micrograph, the matrix appears
bright and the inclusions are dark due to difference in the average atomic number (Z-contrast). The
inclusions are Al-Co rich, containing also a significant fraction of Mn, whereas the matrix is

predominantly Fe-Cr-Mn. The EDS line profile over the two phases is shown in Fig. 3. The average

composition of the bee matrix (in at. %) is Fe2gsCo7Cr3aMnasAls, whereas the average composition



of the B2 inclusions is Fe14Co39Cr7Mn17Al23. The concentration of each element within each of
the two phases fluctuates more or less randomly over the line profile by up to +4 %, revealing that
the matrix and the inclusions are compositionally inhomogeneous already by themselves on a 10-
nm scale, presumably due to chemical short-range ordering.

The chemical compositions of the spinodally decomposed bce and B2 phases can be

qualitatively understood by considering binary mixing enthalpies AH Y. of the constituent

mix

elements [12] (Table 1). For the Fe, Co, Cr and Mn, the enthalpies AH Y

mix are all small (between
0 and -5 kJmolfl), so that these elements mix well and produce a chemically disordered bcc solid
solution. Aluminum possesses large negative mixing enthalpies with these transition elements
(between —10 and —19 kJmolfl), showing strong tendency to form intermetallic compounds. The
largest negative binary mixing enthalpies are for the Al-Co and Al-Mn pairs, both amounting to

~19 kJmol™, so that an Al-(Co,Mn) pseudo-binary intermetallic compound in a B2 structure (a

chemically ordered bcc) is predominantly formed.

2.2. Magnetic measurements

The temperature dependent direct current (dc) zero-field-cooled (zfc) and field-cooled (fc)
magnetizations in a magnetic field B = 10 mT are shown in Fig. 4. Upon cooling, a two-step
magnetic phase transition is evident, the upper one occurring at T, = 425 K and the lower one at
Tc, = 370 K, with both transitions resembling a FM-type. Below 300 K, a difference between
M,s. and My, starts to be observed. While My saturates to a constant plateau, M . slightly

decreases upon cooling.



The two-step magnetic phase transition was further investigated by measuring the
alternating current (ac) magnetic susceptibility, employing a magnetic field of amplitude B, = 0.2
mT and logarithmically spaced frequencies v = 1, 10, 100 and 1000 Hz. The real part of the ac
susceptibility y' in the temperature range 300 — 500 K is presented in Fig. 5a. At about 425 K, a
peak is observed that shifts with an increasing frequency to higher temperatures (shown expanded
in Fig. 5b). Such behavior is typical of a spin freezing transition in magnetically frustrated systems
like spin glasses, disordered magnets and superparamagnets below the blocking temperature. By
associating the temperature of the peak with the spin freezing temperature T;(v), the
Tr(v) /T¢(1 Hz) relation is presented in the inset of Fig. 5b. A logarithmic dependence of T on
the frequency is evident. The fractional shift of the freezing temperature per decade of frequency

was evaluated to be I' = ATy /T;A(logv) = 3x107*, which is in the range typically found in

disordered magnets with competing FM and antiferromagnetic (AFM) interactions (for canonical
spin glasses, larger values I' = 102-107 are typical) [13]. Below 370 K (Fig. 5a), ' first rapidly

increases upon cooling and then shows a tendency to saturate towards a temperature-independent
plateau. Since the dc magnetization of Fig. 4 shows identical behavior in this temperature range,
the increased amplitude of the ac magnetization follows the increase of the dc magnetization.
The magnetization versus the magnetic field curves, M (H), were measured between T, =
425 K and 2 K for a magnetic field sweep of £7 T. A selected set of curves is shown in Fig. 6a,
where a continuous evolution of their shape with the temperature upon cooling can be noticed. Just
below T¢4, the FM-type curves saturate to an inclined linear line at high fields. Upon lowering the
temperature, the magnetization grows, the shape of the M (H) curves evolves toward a rectangular
step at H = 0, and the inclination of the saturation line decreases until it vanishes below 100 K

(the saturation plateau becomes horizontal). The decrease of the inclination of the saturation line



upon cooling is demonstrated on an expanded scale in the inset of Fig. 6a, where the parts of the
M (H) curves in the high-field range 4-7 T, normalized to their values at 7 T, M(H)/M(7 T), are
shown. The M(H) curves are magnetically soft at all temperatures. Due to the inherent hysteresis
of the employed superconducting magnet, which is up to 1 mT, the width of the hysteresis loops
of the FCCMA sample and the associated coercive field H, were determined by using a palladium
standard to subtract the magnet hysteresis. This procedure gives valid result once the coercive field
of the sample is larger than the magnet hysteresis. For the FCCMA, this happens below 300 K. In
Fig. 6b, we show the hysteresis curves at 100 K and 2 K on an expanded scale. The curves close
up in the field of about uyH =~ 40 mT, revealing their FM-type character. The coercive field py H,
between 300 and 2 K is shown in the inset of Fig. 6b. Within that temperature range, the coercive
field increases linearly from about 0.5 mT at 300 K to 4.3 mT at 2 K, revealing good soft magnetic
characteristics of the FCCMA nanocomposite.

The nature of the magnetic state was further investigated by the thermoremanent
magnetization (TRM) time-decay [14,15]. In a TRM experiment, the sample is cooled in a field
Hp. to the measuring temperature T;,,, where the cooling is stopped and the spin system is let to
age isothermally for a waiting (aging) time t,,. After t,,, the field is cut to zero and the time decay
of the magnetization is monitored over macroscopic times. Upon Hg, — 0, the reversible part of
the fc magnetization Mg, decays to zero almost instantaneously, whereas the irreversible part (the

TRM) decays in time logarithmically slow. In magnetically frustrated systems, the TRM is a

fraction of Mg, prior to cutting Hy. to zero. Its magnitude varies with the temperature from a few
percent at higher temperatures up to the full Mg, upon T — 0. The Mrgy time-decay depends on
the aging temperature T, the aging time t,, and the cooling field Hs.. TRM is a measure of

“stiffness” of the spin system, related to the length scale of the site-averaged spin correlations



(§i(0) . 53-(7")). This spatial correlation function defines the distance over which the spin
correlations average to zero, depending on the strength of the interspin interactions. For the spin
correlations that rapidly average to zero already at short distances (over a couple of interatomic
spacing), the TRM is vanishing small, whereas longer spin correlations on a mesoscopic scale
yield large, slowly decaying TRM.

We have measured the TRM decays at a set of temperatures T,,, between 425 and 2 K. The
sample was always cooled from RT to Ty, in a field poHr. = 10 mT, and the waiting time ¢, =1
h was employed. Cutting the field to zero was accomplished in about 10 seconds and the TRM
decay was then monitored over the time t of 3 h. The TRM amplitude at ¢ = 0, normalized to the
fc magnetization prior to cutting the field to zero, Mgy (0) /M., is shown in Fig. 7a. Its rather
complicated temperature dependence will be discussed later. The normalized Mygp (t)/Mygp (0)
time-decay curves at a selected set of the measuring temperatures T;,, are shown in Fig. 7b. The
logarithmic decay is fast just below T;; and then continuously slows down upon cooling, until it
becomes unobservable below 200 K within the employed 3-h time window (the TRM is constant

in time).

2.3. Magnetoresistance

Electrical resistivity p is another suitable quantity to characterize the magnetic state of a metallic
system. For a magnetic HEA, the resistivity is a sum of three terms, p(T) = pimp + ppn(T) +
pm(T), where p;p, is the residual resistivity due to elastic scattering of the electrons from
impurities and from lattice defects, p,, is the contribution due to inelastic electron-phonon

scattering and p,, is the magnetic contribution. The microscopic mechanism of p,, is inelastic

10



scattering of the conduction electrons by the thermally-induced magnetic excitations of the
magnetic state. Coupling of the magnetic excitations to the conduction electrons induces electronic
transitions from an occupied state |EO’) to an unoccupied state |E'a') (where k is the wave vector
and o the spin of the conduction electron), which increases p,, and hence the total resistivity p.
The p, contribution 1is best observed in the form of magnetoresistance,
[p(B) — p(0)]/p(0) = Ap/p. For exchange-coupled spins with parallel alignment (FM-type), the
growing Zeeman interaction in an increasing external magnetic field suppresses thermally induced
fluctuations of the localized 3d moments (it “locks” them into the field direction), resulting in a
negative magnetoresistance that approaches linear variation (Ap/p « —B) at larger fields [16].
The same type of magnetoresistance is also observed in paramagnetic systems. For the spins
aligned antiparallel (AFM-type), the fluctuations of spins on the sublattice parallel to the field are
suppressed in the same way as in the paramagnetic and FM cases, whereas the fluctuations of spins
on the antiparallel sublattice increase (the field tries to turn over these spins). The
magnetoresistance in such a case is positive and increases as Ap/p o« B? at low fields [17].

The temperature-dependent electrical resistivity p(T) of the FCCMA in zero magnetic
field is shown in Fig. C1 of the Appendix C, whereas the magnetoresistance, Ap/p, curves at
selected temperatures, for the field sweep of £9 T are shown in Fig. 8. In the upper temperature
range between T, = 425 K and about 200 K, the magnetoresistance is negative in the entire field
range, approaching linear variation (Ap/p o —B) at larger fields. The magnetoresistance slightly
increases (in the absolute sense) upon lowering the temperature. Below 200 K, the shape of the
Ap/p curves changes qualitatively. In a narrow field range about the B = 0 origin, the
magnetoresistance is positive and increases with the field (shown for the 2-K curve on an expanded

scale in the inset of Fig. 8). After passing a maximum, Ap/p decreases in a linear-like manner

11



(Ap/p < —B) at still higher fields. The temperature range of this modified magnetoresistance
correlates with the temperature range where the M (H) hysteresis becomes significant (inset in Fig.
6b). The field-dependence of Ap/p can be understood in analogy to the FM and AFM
magnetoresistance, by considering that the magnetic structure of the FCCMA nanocomposite
consists of magnetically polarized nanodomains that freeze in random directions upon zero-field
cooling. When the field is applied at the measurement temperature, the domains are pinned for the
external field lower than the coercive field, B < uyH.. When the field exceeds the coercive field,
the domains start to fluctuate in a similar way as in the AFM case (the fluctuations increase until
the domains’ moments start to rotate into the field direction). This results in a positive, growing
magnetoresistance in a narrow field range when B just exceeds pyH. and a negative-sloping
magnetoresistance Ap/p « —B at higher fields B > uyH,., where all magnetic domains are

already polarized into the field direction.

3. Discussion

The presented results indicate that the magnetic state of the single-crystalline FeCoCrMnAl two-
phase nanocomposite is determined by the interplay of its two constituents, the magnetic
nanoplatelets of one type of magnetic order and the matrix of another, different type of magnetic
order. Since in the temperature region between T,y = 425 K and T, = 370 K, one of the
constituents is already in a magnetically ordered state, while the other is still paramagnetic, it is
possible to unravel the magnetism of each constituent separately. In the following we perform a
qualitative discussion, assuming simplified chemical composition of the two constituents. The

chemically disordered quinary bcc matrix, in which the Fe, Cr and Mn atoms represent 87 at. %

12



of all atoms, is approximated by an Fe-Cr-Mn ternary solid solution (by neglecting the presence
of Al and Co, its chemical composition would be Fe32Cr3gMny9). Likewise, we approximate the
quinary B2 nanoplatelets, in which the Al, Co and Mn represent 80 % of all atoms, by a ternary

B2 intermetallic compound Al30Co49Mn21, which can also be considered as a pseudo-binary

compound Al30(Co,Mn)70. For the strictly stoichiometric case Also(Co,Mn)so, the B2 structure can

be viewed as two interpenetrating cubic lattices of the CsCl type, one occupied by Al and the other
by Co and Mn that randomly substitute each other. In the non-stoichiometric case, the excess Co
and Mn atoms represent antistructure defects occupying Al sites on the Al sublattice.

The magnetism of the Fe-Cr-Mn alloys has been studied in the past [18,19]. Starting with
the binary Fe-Cr system of bcc symmetry, it is a prototype of an alloy with a miscibility gap, which
extends over a wide concentration range [18,20,21]. The Fe-Cr system shows compositional
instability, where randomly disordered alloys segregate into Fe-rich and Cr-rich domains by
annealing in the miscibility gap, bounded by the temperature Ty, (amounting to 820 K for the 50:50
concentration). Magnetically, Fe-Cr is a system with competing FM and AFM interactions, where
upon segregation, Fe-rich domains order FM, whereas Cr-rich domains order AFM. Adding Mn,
the Fe-Cr-Mn alloys with near-equimolar compositions have similar structural and magnetic
properties as the Fe-Cr alloys, but the magnetic transition temperature is considerably higher for
the same Fe/(Fe + Cr) ratio. The Fe43.5Cr46.3Mn10.2 alloy of bce structure was reported to order

FM at the transition temperature 460 K [18], quite close to the T, of the FCCMA.

The magnetism of the AlixCox B2-structure alloys is controlled by the amount of
antistructure Co defects occupying the Al sites [22]. The stoichiometric AlsoCoso is paramagnetic,

whereas in the concentration range 50.3 < x < 63 at. % Co, a spin glass phase and growth of
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magnetic clusters were observed. For x > 63 % Co, the alloys order FM. The transition
temperatures depend on the thermal treatment, but magnetic ordering in the Al;-xCox generally
takes place at lower temperatures than in the Fe-Cr-Mn alloys. Since Co is FM as the elemental

metal, whereas Mn is AFM, the transition temperatures of the Alix(Co,Mn)x pseudo-binary B2

alloys are expected to be lower from those of the binary AlixCox.

Our FCCMA nanocomposite material grown by the Bridgman method was thermally
annealed for several hours during slow cooling (the annealing is inherent to the Bridgman method),
so that phase segregation within the predominantly Fe-Cr-Mn bce matrix is likely. The established
short-range chemical order in the form of Fe-rich FM-type clusters and Cr-Mn-rich AFM-type
clusters suggests a disordered magnetic state of the matrix, analogous to magnetic metallic glasses,
where asperomagnetic (predominantly FM-type disordered state) and speromagnetic
(predominantly AFM-type disordered state) are frequently observed [23,24]. We associate the
upper magnetic phase transition at Ty = 425 K with the ordering of the matrix.

The magnetic ordering of the matrix is best observed in the temperature range between T4
and T,,, where the nanoplatelets are still in the paramagnetic state and hence do not perturb the
matrix. The growth of the dc magnetization with the temperature below T, is of a FM-type. The
peak of the ac susceptibility at T,; that shifts with an increasing frequency to higher temperatures
signals spin freezing dynamics of a frustrated magnet. The TRM is large and decays significantly
with the time, whereas the M (H) curves saturate at high fields to an inclined linear line. The
magnetoresistance is negative and of Ap/p < —B type. All these features suggest that the
magnetic state of the matrix is asperomagnetic (ASPM). Asperomagnetism is a collective magnetic
state [23,24], appearing in disordered spin systems characterized by probability distributions of

the atomic moments P(u), the exchange interactions P(J), the magnetic anisotropy P(D), and the
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dipolar interactions P(H;). By assuming an exchange-dominated system, the ASPM state is
characterized by a P((J) distribution of the exchange coupling constants J that extends on both
J > 0 (ferromagnetic) and J < 0 (antiferromagnetic) sides, but is biased towards a net positive
value, so that the average J > 0. The average interaction is hence ferromagnetic and favors
parallel ordering of the spins, but locally there are also magnetic domains with antiparallel
ordering. Under the influence of random local easy directions that exist due to the distribution of
magnetic anisotropy, the structure breaks up into randomly oriented magnetic nanodomains, the
majority of which are FM-type and the minority are AFM-type. In the ASPM state, the site-
averaged spin correlations (§i(0) . 53-(7")) are ferromagnetic and average to zero on a mesoscopic
spatial scale, yielding large TRM. The M(H) curves of an asperomagnet are a sum of a FM
magnetization Mg, that saturates to a constant (horizontal plateau) and an AFM magnetization
Myrp that saturates to a linear, inclined line, and so does the total ASPM magnetization M5 =
Mgy + Mypy,. Due to the predominant FM magnetization component, the magnetoresistance is
negative and of a FM-type. In contrast, a disordered ferromagnetic state is characterized by a P(J)
distribution that is located entirely on the J > 0 side and the M (H) curves saturate to a horizontal
plateau (as there is no AFM component in the magnetization). The above described characteristic
features of the ASPM and the disordered FM states are schematically summarized in Fig. 9.
Below Tq, = 370 K, the nanoplatelets start to order magnetically. Nanoplatelets are
separated in space from each other, but are in a direct contact to the matrix. Due to the nanometric
dimensions of the nanoplatelets, the portion of their surface atoms in contact to the matrix is large,
so that the matrix-nanoplatelets interaction may be significant. Since at T, the matrix is already
in a magnetically ordered ASPM state, it may perturb the magnetic ordering of the nanoplatelets.

Assuming that the nanoplatelets can be approximated by a pseudo-binary B2 compound

15



Al30(Co,Mn)70, the concentration of the Co and Mn antistructure defects occupying the Al sites on

the Al sublattice is large enough that the nanoplatelets order FM. This is supported by the strongly
growing FM-type magnetization below T, (Fig. 4), the FM-type M(H) curves (Fig. 6a) and the
FM-type magnetoresistance (Fig. 8). The strong FM magnetization of the nanoplatelets could
perturb back the matrix. The basic question here is whether the coupling between the matrix and
the nanoplatelets is strong enough that the magnetic state below T, is a collective state of the
interacting two-phase nanocomposite system or it is so weak that the magnetic ordering of each of
the two subsystems can be treated, to a good approximation, as independent down to the lowest
temperatures.

The complex temperature-dependent TRM shown in Fig. 7 offers a possibility to elucidate
the nature of the magnetic state of the FCCMA nanocomposite. The ultraslow TRM time-decay is
a manifestation of broken ergodicity of a magnetically frustrated system, where the spin system
cannot reach thermal equilibrium on the finite time scale of the employed experimental technique.
By cooling the sample in a field Hy. to the measuring temperature T,,, and stopping there for the
aging time t,, before cutting the field to zero, the spin system tries to reach thermal equilibrium.
The approach towards equilibrium can be phenomenologically described by a stretched-
exponential function with the fc time constant 7, so that the fc magnetization after t,, can be
written as [25]

M¢o(Tp, Hpe, ty) = M7V + MTRMO{] — exp[—(tw/rfc)a]}. (1)
Here a is the stretched exponent (0 < a < 1), M"™¥ (Tm, ch) is the reversible part of the
magnetization, which follows the magnetic field instantaneously, and MTRM (T, H;.) is the

thermoremanent magnetization achieved after a long aging time t,, = co. Upon cutting the field
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Hp, to zero, the M"®" vanishes instantaneously, and the TRM decays slowly with a zero-field time
constant 7, and a stretched exponent 5 [26]

MTRM(T,  H;. = 0,t,,t) = MTRMO{1 — exp[—(tw/rfc)a]}exp[—(t/ro)ﬁ]. (2)
MTRMO js a fraction of My, prior to cutting the field to zero, with its magnitude increasing upon
cooling. In the following we shall assume, for simplicity, that during aging for t,, in a field Hy,,
the TRM has reached its full value MTRM0 (hence using the t,, — oo limit of Eq. (2)), a constraint
that is easy to relax.

We discuss the TRM normalized to the My, value, MR /M. Three characteristic
temperature ranges can be defined in Fig. 7a, denoted as I, II and III. Range I is between T,y =

425 K and T, = 370 K, where the matrix is in the ASPM state, whereas the nanoplatelets are still

paramagnetic. We have

MTRM ¢y MEMO exp[—(t/70)F] 3)
Mgc M+ Mag?
Just below T¢,, the reversible part M;¢” of the ASPM magnetization Mg = MAE" + M, 20 is

much larger than the TRM part, Mz > MZ?M 0 Upon cooling, the TRM part grows, whereas the
reversible part diminishes. As a result, the t = 0 amplitude M™®™(0) /M. increases from T¢; to
T¢, and reaches a value 0.4 close to T¢, (Fig. 7a). The TRM time decay MT®™ (t) /M. is strong
within the range I, but slows down upon cooling from T, to T, (Fig. 7b).

Within range 11 between T, and about 300 K, the nanoplatelets start to order magnetically,
contributing a FM component to the fc magnetization. We assume that, within this temperature
range, coupling between the nanoplatelets and the matrix is still weak enough to allow treating the
FM magnetization of the nanoplatelets and the ASPM magnetization of the matrix as independent.
Since within range II there is still no M(H) hysteresis (see inset in Fig. 6b), the FM nanoplatelets

17



can be assumed perfectly magnetically soft. Their magnetization is consequently fully reversible,
being nonzero only in the presence of a magnetic field. This yields

MTRM () MARMO exp[—(t/70)F]

= TRM,0 - “4)
Mfc Mpp + MuS” + My

Upon cooling, M:;?M‘O still grows at the expense of M;<”. However, the growth of the FM

rev

component Mgy between T, and about 300 K is much stronger (Fig. 4), imposing the leading

temperature dependence to M. This results in a strong decrease of the amplitude M TRM () / Mg,
within the range II (Fig. 7a). The TRM time decay M"RM (t) /M, is already very slow within this
temperature range (Fig. 7b), indicating stiffening of the spin system (stronger interspin coupling)
upon cooling.

Within temperature range III that extends from about 300 K down to the lowest measured
temperature of 2 K, the M(H) curves already saturate to a horizontal plateau (Fig. 6a) and the
TRM time-decays become practically unobservable, indicating strongly interacting (“stiff””) spin
system. This suggests a single, collective magnetic state of the FCCMA nanocomposite, so that
partitioning into the FM state of the nanoplatelets and the ASPM state of the matrix is no more
appropriate. The fc magnetization is constant with the temperature (Fig. 4). The rectangular step-
type M(H) curves indicate a FM nature of the collective state, and we denote the magnetization of
this state as Mgy, . (with the subscript ¢ denoting “collective”). A small M (H) hysteresis appears,
so that the FM magnetization of the collective state can no more be treated as perfectly
magnetically soft. The FM magnetization is still a sum of the reversible and the TRM components,

TRM

Mpye = MEST . + MERM™ | where, upon lowering the temperature, M{ &' increases at the expense

of Mrjy ., a consequence of the fact that the coercive field H, increases. This yields

MTRM () MEEM )
Mgc MEST e+ Minge
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where the denominator is constant in temperature. Since MEA’E’,’,"C’ increases at the expense of the

MF57 . upon lowering the temperature, the TRM amplitude M™*™(0) /Mg, grows upon cooling
within range 111, as indeed observed in Fig. 7a.

The temperature dependence of the TRM can thus be explained by assuming the
development of a single, collective FM-type magnetic state in the FCCMA two-phase
nanocomposite upon cooling, a consequence of the exchange coupling between its two constituent
phases across the phase boundaries. Another evidence of this coupling is the observed magnetic
softness (recall that though the coercive field H, is non-zero below 300 K, it is still small enough
to allow classifying the FCCMA nanocomposite as a magnetically soft material). Magnetic
softness/hardness of a FM material is related to the magnetic anisotropy. In magnetically
anisotropic materials, the magnetic moments tend to align with an easy axis, representing an
energetically favorable direction of the magnetization in the crystal lattice. The tendency of the
magnetization to align with the easy axis is represented by the anisotropy energy density, of which
the leading term is

E, = K,sin?0 . (6)

Here K; is the anisotropy constant (in units Jm*3), and @ is the angle between the magnetization

vector M and the easy axis. In nanocomposite materials composed of magnetic nanocrystallites
with different anisotropy axes, a phenomenon known as exchange averaging of bulk anisotropy
arises [27] when (1) the crystallites are magnetically single-domain particles, with a crystallite
dimension D much less than the Bloch domain wall width §,,,, and (2) the crystallites are exchange-
coupled across the grain boundaries. Under these conditions, the effective anisotropy (K) obeys
the D law [27]

(K) = K{'D®/m®A® (7
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where (K) decreases very rapidly for the reduced crystallite dimensions D in the sub-micrometer
range. Here A is the exchange stiffness, related to the Curie temperature T, roughly as A =
kgT-/2a, where a is the lattice parameter (of a simple structure). The parameter A is related to
the exchange coupling constant J of the exchange Hamiltonian. The coercivity scales with (K)
(within the Stoner-Wohlfarth model [28], the coercive field is H, = 2(K)/uy,M,, where M, is the
saturation magnetization), so that for small enough, randomly oriented exchange-coupled
nanocrystallites, H. becomes vanishing small and the material is perfectly magnetically soft. The
very small H, shown in the inset of Fig. 6b thus supports strong exchange coupling between the
matrix and the nanoplatelets and hence the existence of a single, collective FM-type magnetic state
in the FCCMA two-phase nanocomposite at low temperatures.

The fact that the coercivity is non-zero at low temperatures (though very small) can be
related to the fact that the nanoplatelets are magnetically not single-domain particles. The
exchange length [,,, which describes the shortest scale on which the magnetization can be twisted
to form magnetic domains in order to minimize the dipolar interaction, is in most FM materials in
the range 2—5 nm. The criterion for magnetically single-domain nanoparticles is their dimension
D <., a condition that is not fulfilled for the FCCMA nanocomposite with much larger
dimensions of the nanoplatelets. The domain walls, which are geometrically constrained in the
nanoplatelets, can be very narrow, as the wall width §,, is affected by the nanoplatelet thickness.
The presence of randomly oriented magnetic domains is also supported by the positive
magnetoresistance in the low magnetic field 0 < B < pyH,, where the maximum in Ap/p occurs
at the field that polarizes the domains into the field direction. This domain structure can be
considered responsible for the incomplete exchange averaging of the anisotropy in the FCCMA

nanocomposite, hence preventing the material to be ideally magnetically soft. HEAs containing
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magnetic 3d transition metals Fe, Co, Ni, Cr and Mn were generally found to be soft magnetic

materials with small coercivities puyH, in the range 1.4 — 23 mT [7,29-34].

4. Conclusions

The results and analysis presented in this paper unravel the magnetic ordering of a single-
crystalline FeCoCrMnAl HEA that is an excellent two-phase nanocomposite magnet, formed by a
bce-B2 spinodal decomposition. The nanocomposite is composed of crystallographically oriented
magnetic nanoplatelets embedded in a chemically disordered matrix of different magnetic order.
Due to the single-crystalline nature of the material, there is no symmetry breaking of the surface
atomic monolayer at the borders between the two phases and there are no interface regions between
the nanoplatelets and the matrix. The material also does not exhibit grain structure. Under these
conditions, we are observing the true intrinsic magnetism of the single-crystalline FeCoCrMnAl
nanocomposite HEA.

Upon cooling, the predominantly Fe-Cr-Mn bcc matrix orders first at Ty = 425 K. Due to
the known compositional instability of the Fe-Cr system upon thermal annealing in the miscibility
gap, phase segregation into Fe-rich and Cr-Mn-rich domains is likely. The established short-range
chemical order suggests a disordered, asperomagnetic-type magnetic state of the matrix, which is
well supported by the presented experiments. Below T, =~ 370 K, the nanoplatelets start to order
in a FM-type manner. The large fraction of their surface atoms in a direct contact to the matrix
suggests that the matrix-nanoplatelets exchange interaction (mediated by the conduction electrons)
1s significant, resulting in a formation of a single, collective FM-type magnetic state in the entire

nanocomposite.
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The observed collective magnetism of the two-phase spinodally decomposed single-

crystalline FCCMA nanocomposite HEA is different from the magnetism observed in the two-
phase eutectically decomposed polygrain nanocomposite CoCrFeNiZry (x =0.4 — 0.5) HEAs [35],

where no collective magnetic state could be found, but each of the two phases orders

independently. The multigrain microstructure with many interface regions of corrupted structural
symmetry may have obscured the intrinsic magnetism of the CoCrFeNiZry HEAs.

One of the consequences of the exchange coupling between the two constituents of the
FCCMA nanocomposite is a very good magnetic softness of the material. The two successive
magnetic phase transitions at T; = 425 K and T, = 370 K imply that the temperature change of
the magnetization dM /0T is strong in a large temperature interval from 425 to 300 K, thus over
the interval of about AT =~ 125 K just above room temperature (see Fig. 4). The magnetic softness
(required to minimize losses in ac applications where the material is periodically magnetized and
demagnetized) and the large dM /0T in a large temperature interval above 300 K are both
advantageous for magnetocaloric refrigeration. The magnetocaloric effect (the adiabatic change in
temperature of a magnetic system around temperature T, when exposing the material to a changing
magnetic field) is enhanced in materials with large changes of the magnetization vs. temperature,
at constant magnetic field. This usually happens in the vicinity of a FM phase transition. The two
consequent FM-like phase transitions in the FCCMA nanocomposite make the large dM /9T to be
spread over a wide temperature interval, indicating that the FCCMA material is promising for

magnetocaloric application in a wide temperature interval just above room temperature.
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Appendix A: Experimental section

The SEM imaging was performed with an FEI Helios NanoLab 650 FIB instrument. The surfaces
were prepared in-situ by gallium ion sputtering. For the imaging, relatively low-energy electron

beams were used (1 and 2 kV), in combination with in-lens secondary electron detector. The bcc
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matrix and the B2 phase are nicely distinguished, most probably due to magnetic type II contrast
(originating from deflection of the beam electrons by internal magnetic fields).

The high-angle annular dark field (HAADF) STEM micrographs, the EDS elemental maps
and the concentration line profile were obtained by a Cs-corrected Jeol ARM 200 CF STEM
microscope equipped with an SDD Jeol Centurio energy-dispersive X-ray spectrometer (EDS).
The operating voltage was set to 200 kV. A Gatan Quantum ER Dual EELS system was used for
EELS spectra collection and sample thickness estimation. The HAADF images were taken with
68 mrad inner and 175 mrad outer semiangles and convergence angle of 24 mrads.

The sample for the STEM analysis was prepared using a tripod polishing method
(Multiprep polishing system from Allied), where the sample was first mechanically thinned to a
few micrometers and finally thinned down to electron transparency using a Gatan PIPS II ion-
milling system. During this step, the sample was cooled with liquid nitrogen. The final sample
thickness in the analyzed areas was about 10 nm.

Magnetic measurements were conducted by a Quantum Design MPMS3 SQUID
magnetometer equipped with a 7-T magnet, operating at temperatures between 1.8 and 1000 K.
The sample for measurements was needle-shaped, with the long dimension of 4 mm and the
perpendicular dimension of 0.5 mm. The long dimension was set in the direction of the external
magnetic field. Due to rounded edges, the shape of the sample resembled a rotational ellipsoid, for
which the demagnetization effects are minimized.

Electrical resistivity and magnetoresistance measurements were performed by a Quantum

Design Physical Property Measurement System PPMS 9T. A rectangular-bar sample of

3

dimensions 1X1Xx8 mm- was used, with the long dimension oriented along the field direction to

minimize the demagnetization effects.
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Appendix B: Three-dimensional morphology of the FCCMA nanocomposite

The three-dimensional platelet-type morphology of the inclusions is confirmed by SEM SE images
of Fig. B1, where the primary and the perpendicular surfaces are shown. Both surfaces were

prepared by cutting and polishing with a gallium ion beam in an FIB instrument.

Appendix C: Electrical resistivity

The temperature-dependent electrical resistivity p(T) of the FCCMA in zero magnetic field is
shown in Fig. C1. The impurity contribution (p;,;,) due to elastic scattering of the electrons from

impurities and from lattice defects results in a large magnitude of the resistivity and its small total
variation in the investigated temperature range 400 — 2 K. The inelastic electron-phonon scattering

contribution (p,p,) is responsible for the positive temperature coefficient of the resistivity. The

magnetic contribution p,, is best observed in the form of magnetoresistance, shown in Fig. 8.
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Table 1. Binary mixing enthalpies (in kJ mol’l) for unlike atom pairs constituting the FeCoCrMnAl

HEA [12].
Fe -1 -1 0 -11
-1 Co —4 =5 -19
] 4 Cr 2 10
0 -5 2 Mn -19
-11 -19 -10 -19 Al
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Figure captions

Fig. 1. SEM SE image of the spinodally decomposed FeCoCrMnAl HEA, collected at 1 kV.

Fig. 2. HAADF STEM micrograph and EDS elemental maps of the spinodally decomposed

FeCoCrMnAl HEA.

Fig. 3. EDS compositional line profile along the yellow line drawn in the left panel.

Fig. 4. Temperature-dependent zfc and fc dc magnetizations in a magnetic field B = 10 mT.

Fig. 5. (a) Real part of the ac susceptibility y' in the temperature range 300 — 500 K. (b) The peak
in ' at the upper phase transition (T;; = 425 K) on an expanded scale. The inset shows the
Tr(v)/T¢(1 Hz) relation, where T;(v) is the spin freezing temperature, determined from the

highest point of the y' peak.

Fig. 6. (a) Magnetization versus magnetic field, M (H), between 420 and 2 K. The inset shows the
high-field parts of the curves (4-7 T), normalized to their values at 7 T, M(H)/M(7 T),
demonstrating a decrease of the inclination of the saturation magnetization line upon cooling. (b)
Hysteresis of the curves at 100 K and 2 K on an expanded scale. The temperature-dependent

coercive field pyH, is shown in the inset.
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Fig. 7. (a) Temperature-dependent TRM amplitude at the beginning of the time-decay (t = 0),
normalized to the fc magnetization prior to cutting the field to zero, Mrgy (0)/Mg.. (b) The

normalized Mgy, (t) /Mrgp (0) time-decay curves at a selected set of measuring temperatures Ty, .

Fig. 8. Magnetoresistance curves, Ap/p, at selected temperatures. The inset shows the 2-K curve
on an expanded scale around B = (. Vertical arrows mark the value of the coercive field + pyH,

atT =2 K.

Fig. 9. Schematic presentation of the magnetic state based on the distribution function of the
exchange interactions P(J) and the corresponding M(H) magnetization curve: (a) disordered
ferromagnetism, (b) asperomagnetism.

Fig. B1. SEM SE images collected at 2 kV of (a) the primary surface and (b) the surface
perpendicular to it (machined by a gallium beam in an FIB instrument), confirming the three-

dimensional platelet-type morphology of the inclusions.

Fig. C1. Temperature-dependent electrical resistivity p(T) in zero magnetic field.
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