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Abstract

While rare-earth magnets exhibit unchallenged hard-magnetic properties, looking for alternatives
based on inexpensive elements of non-critical supply remains of utmost interest. Here, we
demonstrate that (Fe,Co).(P,Si) single crystals combine a large magnetocrystalline anisotropy (K1
= 0.9 MJ m= at 300 K), high Curie temperatures (Tc up to 560 K) and an appreciable saturation
specific magnetization (101 A m? kg') leading to a theoretical |BH|max = 165 kJ m3, making them
promising candidate materials as rare-earth-free permanent magnets. Our comparison between
(Fe,Co).P and (Fe,Co)2(P,Si) single crystals highlights that Si substitution reduces the low-
temperature magnetocrystalline anisotropy, but strongly enhances Tc, making the latter
guaternary alloys most favorable for room temperature applications. Submicron-sized particles of
Fe175C00.20P0.75Si02s were prepared by a top-down ball-milling approach. While the energy

products of bonded patrticles are to this point modest, they demonstrate that permanent magnetic
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properties can be achieved in (Fe,Co)2(P,Si) quaternary alloys. This work correlates the
development of permanent magnetic properties to a control of the microstructure. It paves the
way toward the realization of permanent magnetic properties in (Fe,Co)2(P,Si) alloys made of
economically competitive Fe, P and Si elements, making these materials desirable for

applications.

Keywords: Magnetism, Magnetic properties, Single crystal, Nanomaterials.
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1. Introduction

Permanent magnets have become indispensable components of many mass-market consumer
and industrial products, including applications in motors, generators and actuators. Nowadays,
two families of magnets are produced on a large scale. The ferrite family, with the most common
phases being BaFe12019 and SrFe;2019, are cheap and relatively easy to produce magnets, but
their figure of merit, the energy product |BH|max is limited, of the order of 44 kJ m3. On the other
hand, rare-earth permanent magnets are high-performance magnets and represent about 2/3 of
the permanent magnet market in monetary value [1]. The most well-known are Nd-Fe-B magnets,
which can present energy products as high as 500 kJ m3. Nd-Fe-B is a very high-performance
magnet, as it is largely made of iron and appropriate magnetic hysteresis can be maintained at
temperatures up to 200 °C by replacing Nd by heavy rare earths, Dy or Th. Unfortunately, the
criticality of the supply of heavy rare earths forces attention to be paid to the possibilities of
replacing, or at least reducing the cost production and recycling of these magnets [2-5]. Therefore,
developing new, cost-competitive, rare-earth-free materials with a maximum energy product lying
in the gap between ferrite and rare-earth magnets is of primary importance [4]. Such a material
could enhance the performance and reduce the weight of devices that currently use ferrites, or
greatly reduce the cost of devices that currently use rare-earth magnets. Several 3d transition
metal based materials families are considered as potential rare-earth-free permanent magnets,
including MnBi, MnAl, Mn,Ga, FeisN2, YCos, FePt, CoPt [3-6]. But, despite intense research and

the achievement of interesting properties, no clear preferred candidate emerges at present.

In this context the Fe,P materials family is worth considering. The parent binary alloy is made by
nearly 80 wt.% of iron, the most abundant magnetic element on earth, ensuring easy supply and
a reasonable cost. Fe;P also presents a reasonably large saturation magnetic polarization (Js =
UoMs = 1.05 T at 5 K) and a uniaxial magnetic anisotropy with the hexagonal ¢ axis being the easy

magnetic axis [7-9]. These later two properties are essential in view of realizing permanent
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magnets. Its magneto-crystalline anisotropy energy is particularly large, stronger than most of the
3d based alloys mentioned above. However, its low Curie temperature of Tc = 214 K is
incompatible with applications. By substitution of Fe by Co, De Vos et al. reported in 1962 an
increase in Curie temperature and the possibility to prepare permanent magnets with a coercive
field uoHc of about 0.2 T at room temperature [10]. Further attempts at developing permanent
magnets deriving from Fe;P have however been impeded by the appearance of a competing
orthorhombic crystal structure in Fe,.,Co,P ternary alloys when y reaches 0.3 [11]. Substituting Ni
for Fe is also known to increase the Curie temperature, but at the expense of a reduction in both
magnetic anisotropy and saturation magnetization [12]. Similarly, substitutions of P for other
metalloid such as Si, As, Ge, or B raise T¢, but also result in the appearance of competing crystal
structures [13-15]. At the end, it turned out difficult to optimize ternary alloys deriving from Fe,P
for permanent magnet applications. Even though significant advances have been made to
prepare Fe,.,CoyP in nanosized form, the relatively large coercive field of yoH: = 0.57 T at 5 K of
such small nanoparticles quickly vanishes as the blocking temperature of these

superparamagnetic particles is relatively low [16-19].

Several theoretical studies have clarified the origin of the large magneto-crystalline anisotropy in
Fe,P and related alloys, which in particular highlighted the strong dependence of the magnetic
properties on both the band filling and structural distortions affecting the c/a ratio of the hexagonal
lattice parameters [20,21]. It led to the prediction of the possibility to maintain a strong magneto-
crystalline anisotropy of FezP in quaternary alloys by simultaneous substitutions on the metal and
metalloid sites [22]. Yet more experimental insights are needed, in particular as the stability range
of the hexagonal structure is virtually unknown in quaternary alloys deriving from Fe;P, except for
(Mn,Fe)2(P,As), (Mn,Fe).(P,Ge) or (Mn,Fe).(P,Si) studied for their giant magnetocaloric effect [23-
26]. Preliminary experimental studies in polycrystalline Fe,.,Co,P1.4Six and Fe,,NiyP1.Six allowed

us to roughly estimate the chemical compositions for which the hexagonal Fe;P-type structure
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can be observed, and an oriented powder method suggested the possibility to combine high Curie
temperatures and strong magnetic anisotropy with ¢ as easy axis [27,28]. However, two main
issues remained to be tackled, prior to quaternary compounds deriving from Fe,P could be truly
considered as potential rare-earth-free permanent magnets. First, a more accurate determination
of the magneto-crystalline anisotropy constants than that obtained in oriented Fe,.,CoyP1xSix
polycrystalline materials is needed. Ideally, this requires single crystals. While the growth of binary
Fe,P and ternary Fe.yNiyP single crystals has been reported a few decades ago [7,12], that of
guaternary alloys containing Si is highly challenging due to the combination of a high volatility of
P and a low solubility of Si in the flux. The growth of ferromagnetic quaternary alloys deriving from
Fe,P has seldom been successful; So far, only in Fe.,MnyP1.,Six magnetocaloric materials with
low Tc or with antiferromagnetic order, i.e. with a limited Si content [29]. The second aspect
requiring attention is that Fe,.,CoyP1.Six polycrystalline materials do not show coercivity nor
remanence in bulk form after synthesis by solid state reaction. As demonstrated here, developing
appropriate microstructures is beneficial to turn the large magnetic anisotropy into true hard

magnetic properties.
2. Experimental Methods
2.1 Single crystals synthesis

Fe,.,CoyP and Fe,.,Co,P1.,Six single crystals were grown by the flux method with tin as a metallic
flux. Several batches were synthesized to obtain the targeted Co and Si compositions. High-purity
Co (99.9%), Fe (99.9%), P (97.3%), and Si (99.999%) were used as starting materials. The
starting materials were mixed with high-purity Sn (99.99%) and then arc-melted under an Ar
atmosphere in water-cooled copper crucible. The resulting ingot was then sealed in a quartz
ampoule in an Ar atmosphere of 200 mbar. The charge to flux ratio was 1:20 wt. %. The sealed
ampoules were placed in a vertical furnace and heated to 1473 K over 10 h, then maintained at

this temperature for 100 h, and later cooled at a rate of 2.5 K h? to 900 K at which temperature
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the excess of tin was removed. The remaining flux was removed by etching with diluted

hydrochloric acid.
2.2 Submicron-sized particles synthesis

Fe175C00.20P0.8Sio2 submicron-sized particles were produced by a two-stage process. First, bulk
polycrystalline materials are prepared by mechanical alloying (planetary Fritsch Pulverisette) of
elemental starting materials during 10 h using a ball:sample weight ratio of 5:1 followed by shaping
into pellet and a solid state reaction at 1100 °C during 24 h ending by a quenching. The resulting
bulk polycrystalline samples mainly consist of the main Fe,P-type phase (about 95 wt.%, with
some contamination from secondary phase having 3:1 or 5:3 metal:metalloid ratio depending on
Si content) and are well crystallized with an average grain size of the order of 40 um. At the
second step, submicron-sized particles are produced by ball-milling (ball:sample mass ratio 6:1
in stainless steel jars with balls of 4 g) either using dry milling or surfactant assisted wet milling
with Heptane (99.8% purity) as solvent with 20 wt.% oleic acid (90 % purity) as surfactant. The

jars were sealed under purified Ar atmosphere. Different milling times were used.
2.3 Chemical and physical characterizations

The morphology and chemical composition of the single crystal were determined by scanning
electron microscopy (SEM, Hitachi SU8010 and Hitachi TM3030PIlus) and energy-dispersive
X-ray spectroscopy (EDS, using an acceleration voltage of 15 keV). To get a more quantitative
estimate of chemical compositions, polycrystalline Fei0Siioo and monocrystalline FezooP1.00

references were used.

An Empyrean PANalytical diffractometer employing Cu-K radiation was used for powder x-ray
diffraction with the internal parameters of the PIXcel detector adjusted to reduce the fluorescence

background. For polycrystalline materials, structural refinements were carried out using the
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Rietveld method and Fullprof software to confirm the phase content [30]. The VESTA software

was used for structure visualization [31].

Magnetic measurements were carried out using a Quantum Design Versalab system equipped
with a vibrating sample magnetometer option. For calculation of the anisotropy constant, the
demagnetizing field was corrected assuming the internal field Hi, = Ho-NM, where Hq is the applied
field, M the volume magnetization and N the demagnetizing factor calculated for each crystal
using the Osborn tables. In practice the demagnetizing field correction is mostly needed for
measurements with the applied field perpendicular to the long axis of the crystal as the
demagnetizing factor in this configuration are of the order of 0.45-0.47, close to the value of N =
1/2 expected for an infinitively long needle. For magnetic measurements above 400 K a
Lakeshore 7407 vibrating sample magnetometer was used in combination with an electromagnet

and a high temperature furnace model 74034 using BN crucibles.

3. Results and discussion
3.1 Growth of Fe2.,yCoyP1.xSix single crystals

Several batches of Fe,.,CoyP14Six single crystals were grown with a focus on the composition
range 0.1 <y < 0.5 and 0.2 < x < 0.4, respectively. From our preliminary study on polycrystalline
samples these compositions appeared the most likely to yield a high T¢c and a strong magnetic
anisotropy [27]. Simultaneous Co for Fe and Si for P substitutions are required to ensure that the
crystal structure is of the hexagonal Fe,P-type at large Si content, the latter being essential to
reach high Curie temperatures. Ternary (Fe,Co):P single crystals were also grown to serve as
comparative examples. As the flux growth method leads to a certain dispersion of the crystal
compositions with respect to the nominal ones, the compositions of the crystals were
systematically established using scanning electron microscopy (SEM) coupled with energy

dispersive X-ray spectroscopy (EDS) assisted by appropriate references. Figure 1 presents two
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typical crystals: a quaternary Fei1.94:006C00.10:0.01P061:002Sl033:001 and a ternary
Fe1.78:0.04C00.23:0.01Po.98:0.02 Crystal. Both crystals have a prismatic elongated needle-like shape
similar to the shape previously observed in hexagonal MnFe(P,Si) single crystals [29]. The
surfaces of the crystals are regular and of homogeneous composition. The ternary crystal has
dimensions of about 0.13x0.13x0.8 mm? and its chemical composition Fe; 78C00.23Po.9s is close to
the nominal starting composition Fe15C0020P. The quaternary crystal has average dimensions
of about 1.50x0.07x0.07 mm3. The analysis of the EDS spectrum indicates a metal:metalloid ratio
of about 2.17:1. This is larger than, yet close to 2:1 (nominal starting composition
Fe1.90C00.10P05Si0es) and significantly different from the other alloys eventually forming, usually
having 5:3 or 3:1 for the metal:metalloid ratio [27]. Growing crystals of quaternary compounds
containing Si therefore turned out more complex than for ternary. Due to the poor solubility of Si
in molten tin and the facilitated formation of secondary phases close to FesSi; or FesSi, the growth
of Fe,.,CoyP1,Six crystals is challenging and the outcome difficult to anticipate. Starting from a
nominal composition leads to collecting a large variety of crystals with a broad range of
compositions. Only a few of them present a metal:metalloid ratio close to 2:1 and a needle shape
expected for materials having a hexagonal structure. Additional batches of Fe,.,CoyP1.xSix crystals
were prepared to cover the targeted composition range, as for the Co-rich
Fe1.50:0.03C00.5020.02P0.70:0.02Sl0.30:0.01 Crystal (Fe1.75C00.25P0.45Si06s Starting composition) presented

hereafter.
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Figure 1. SEM images of as-grown Fe1.94:0.06C00.10:0.01P0.61:0.02Si0.33:0.01 (top) and
Fe1.78:0.04C00.23:0.01Po.9s:0.02 (DOttom) single crystals. The insets illustrate the corresponding
chemical analysis by EDS. On the right, crystal structure representation of hexagonal
(Fe,Co).(P,Si) alloys. The basic unit cell (solid contour) was tripled along the c direction to

highlight the stacking of layers containing inequivalent 3f and 3g metal sites along the c axis.
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3.2 Large magnetocrystalline anisotropy in Fe,,CoyP1xSix single crystals

In order to highlight the interest in quaternary Fe,.,CoyP1xSix compounds in comparison to binary
Fe,P or ternary (Fe,Co).P, we selected three representative crystals for the exploration of the
magnetic properties. First, the ternary Fe17sC0023Po.9s Crystal serves as comparative example
illustrating the influence of Co for Fe substitution in Fe,P. We recall that this composition is one
of the highest Co contents achievable prior to the appearance of the orthorhombic structure in
ternary (Fe,Co).P [11]. The second crystal Fe1.94C00.10P061Sio.33 is a quaternary sample with
limited Co for Fe and Si for P substitutions. The third Fe150C00.50P0.70Si0.30 crystal illustrates the

properties of quaternary compounds with a higher Co content.

Figure 2 presents the magnetization curves of the three crystals at room temperature (T = 300 K)
recorded parallel and perpendicular to the long axis of the needle, which is the crystallographic c
axis. We first note that no significant hysteresis can be distinguished between magnetization and
demagnetization curves of the present single crystals. Then, even though the uncertainty in the
normalized magnetization is relatively large (of the order of 10%), as relying on volume of crystals
estimated from SEM, Co for Fe substitution appears to trigger a reduction in magnetization at high
Co content. The room temperature data for Fe150C0050P0.70Si030 presents a specific saturation
magnetization that is approximately 10 A m?2kg lower than that of Fe1.04C00.10P0.61Si0.33. Similarly,
the low temperature data (T = 50 K, Supplementary Material), indicate that the specific saturation
magnetization of Fe;1.75C0023Po9s Was found to be ms = 122 A m?kg? (Js = 1.06 T), which is
comparable to that of the binary Fe-P parent. However, larger Co content and Si substitutions
trigger a reduction in saturation specific magnetization down to ~90 A m?kg* (Js = 0.81 T) for
Fe150C0050P070Sin30 at 50 K. In addition, the magnetization saturates to lower values when
measured along the hard c axis magnetic direction than perpendicular to it. This anisotropy of the

saturation magnetization is pronounced at room temperature for the Fe1.94C00.10P0.61Si0.33 Crystal

10
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showing the strongest anisotropy prior saturation (approximately 10% at yoH= 3 T). A significant
anisotropy of the magnetization (~9%) was also reported for the parent Fe.P composition at 5 K
[9], though a smaller anisotropy (~2%) was found for MnFe(P,Si) with the c axis as the easy
magnetic axis [29]. The anisotropy of the magnetization appears particularly large in Fe-P-type
materials, in particular in comparison to other 3d metals (usually considered of the order of ~0.1%

in Co [32]), and would deserve a dedicated studly.

More interesting for applicative purposes is the large magnetic anisotropy before saturation —even
at room temperature— exhibited by the three crystals when comparative measurements were
performed parallel and perpendicular to the ¢ crystallographic axis. In these three cases, the
anisotropy fields (uoHa) are of the order of 2 to 3 T. Yet, we can observe significant differences
between the three samples. At room temperature, the two quaternary compounds present a
significantly larger anisotropy field than the ternary Fe1.7sC00.23P0.9s crystal. This provides a direct
confirmation that simultaneous substitutions of Co for Fe and Si for P enables a large magneto-
crystalline anisotropy at room temperature in materials deriving from Fe;P. In addition, the
anisotropy field poHa of about 2.8 T for Fe;94Co00.10Po61Sioss is larger than that of the
Fe150C00.50P0.70Si0.30 Crystal with a higher Co content (uoHa = 2.5 T). This reveals the existence of
optimal Co and Si contents that maximize the anisotropy field at room temperature, as previously

suggested on the basis of theoretical calculations and polycrystalline data [22,27].
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To obtain more quantitative information characterizing the magnetic anisotropy, we turn now
toward the first- (K;) and second-order (Kz) anisotropy constants that define the magneto-
crystalline anisotropy energy of a hexagonal system, E = K1sin?0 + K,sin*6, where 6 is the angle
between the direction of the magnetization and the hexagonal ¢ axis. The Sucksmith and
Thompson method was used to determine K; and K from magnetization curves recorded parallel
and perpendicular to the c direction in the temperature range of 50 - 375 K [33]. Figure 3 shows
the temperature dependence of the anisotropy constants for the three crystals. As expected for
materials having an easy ¢ axis magnetic anisotropy, K is positive and largely dominant in all
three crystals. In this case an alternative estimate of K; can be made from the anisotropy field
and the saturation magnetization (Ms) by neglecting Kz, resulting in Ki = pgHaMs/2 [6]. This
alternative method for instance leads to Ki = 0.9 MJ m= for Fe194C00.10P061Sio33 at room
temperature, which is in good agreement with the Sucksmith and Thompson method (K; = 0.87
MJ m-3and K> =0.09 MJ m=3). We also note that the present anisotropy constants of single crystals
provide a confirmation for former quantitative estimate from oriented powder samples (K1 = 0.93
MJ m-= in a closely related Fe1.75C00.20P0.50Si0.20 cOmposition [27]) and for theoretical calculations
(K = 0.2 meVful (0.96 MJ m?3) around room temperature for a composition close to
Fe183C00.12P076Si024) [22]. At room temperature, the largest magneto-crystalline anisotropy is
observed for the Fe1.04C00.10P0.61Si0.33 crystal. At 50 K, the largest anisotropy is found in the ternary
Fe178C00.23Po.gs Ccrystal with K; = 1.81 MJI m3 (K = 2.03 MJ m? at 5 K) which is a very sizable
value for a transition-metal based compounds, yet smaller than the Fe,P binary parent (2.4-2.9
MJ m-3) [9]. In hexagonal symmetry, K; is usually considered to scale as Ms3(T) at low temperature
and as (3/5)Ms?(T) near Tc [6,34], which primarily explains that in Fe1.7sC00.23Po.9s the magnetic
anisotropy decreases much faster with the temperature than the magnetization and that Curie
temperatures much higher than room temperature are required to reach a large room-temperature
anisotropy, as achieved in (Fe,Co)2(P,Si) quaternary alloys. These tendencies allow one to draw

the following scenario on the evolution of the magnetic properties as function of chemical
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substitutions. The binary parent is likely to be close to the optimum to maximize the magnetic
anisotropy at low temperature. Co for Fe and Si for P substitutions increase the Curie temperature,
but decrease the ground state magneto-crystalline anisotropy, therefore requiring to mitigate both
aspects to reach a large magnetic anisotropy at room temperature. This is also the primary reason
why the maximum room-temperature magnetic anisotropy was observed at relatively limited
substitutions with Co around 0.2 and Si between 0.2 to 0.25 in the preliminary polycrystalline data

[27].

T L |
B Fe; 15C04 53P0 08
@ Fe; 56C04 10P061S10.33 ]
A— Fey 50C050P0.70Si0.30 |

T
200

T(K)

Figure 3. Magneto-crystalline anisotropy constants K; (full symbols) and K; (open symbols)
determined as a function of the temperature by the Sucksmith and Thompson method for the

three single crystals.

Table 1 summarizes the magnetic anisotropy parameters of the three crystals and compares it to
some candidate rare-earth-free permanent magnets. (Fe,Co):(P,Si) materials present a
significantly larger magnetic anisotropy and saturation magnetization than ferrites. The

magnetocrystalline anisotropy of (Fe,Co).(P,Si) remains lower than Lio CoPt or FePt permanent

14
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magnet candidates, but Pt containing materials are not economically competitive compared to
other magnets, even for rare-earth magnets. (Fe,Co).(P,Si) present a magnetocrystalline

anisotropy and a saturation magnetization that is comparable to the best Mn-based candidates

for rare-earth-free permanent magnets. The magnetic hardness parameter k = /(Kl/qusz) isa

convenient figure of merits for permanent magnets, with x > 1 the threshold for a material to resist
to self-demagnetization [6,35]. The room-temperature magnetic hardness parameters for ternary
(Fe,Co).P and quaternary (Fe,Co).(P,Si) alloys are about 1.0 and 1.3, respectively. This further
supports that these materials are potential hard magnetic materials, and the larger x for
guaternaries highlights their increased interest compared to the ternary alloys. Overall, by
combining a high Curie temperature, a large magnetic anisotropy and a relatively large saturation
magnetization, the (Fe,Co)2(P,Si) system is highly promising for permanent magnet applications

and would suitably fit in the performance gap between ferrites and rare-earth magnets.
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280 Table 1. Comparison of the main anisotropy constant (K), saturation specific magnetization
281  (ms), saturation magnetic polarization (Js), magnetic hardness parameter (k, calculated for the
282  present samples using anisotropy constants and saturation magnetizations at 300 K), and
283  magnetic transition temperature (Ty) between the present crystals, representative ferrites and

284  some rare-earth-free permanent magnet candidates.

Material K (50K) K (300K) ms (50 K) Js K(300K) Tu  Ref.
MIm3  [MIm3 [Am?kgl] [T] (K]

Fe1.78C00.23Po.9s 1.81 0.50 122 1.06 (50 K) 1.0 412 present
Fe1.94C00.10P0.61Si0.33 1.28 0.87 101 0.88 (50 K) 1.3 560 present
Fe1.50C00.50P0.70Si0.30 1.15 0.65 90 0.81 (50 K) 1.3 535 present
FeP 2.2 - 125  1.05 (50 K) - 214 [7-9]
BaFe:201s 0.45 0.33 92 0.48 135 725 [35,36]
SrFe12019 - 0.35 90 0.45 1.2 732 [35,37]
MnBi 0.2 1.1 62 0.73 1.46 628 [35,38]
MnAl 1.7 1.2 110 0.75 1.95 620 [35,39]
CoPt 4.9 4.1 55 1.01 2.47 840 [35,40]
FePt 7.4 6.0 90 1.43 202 660 [6,41]
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3.3 Top-down synthesis of Fe,yCoyP1Six submicron-sized particles

(Fe,Co)2(P,Si) materials do not present significant coercive field in single crystals or bulk
polycrystalline materials due to the formation of a magnetic multidomain configuration. One
approach to induce hard magnetic properties can be to restore a single domain structure by
reducing the particle size. The maximum single domain size for an isolated particle can be
estimated as Rsq = 36(AK1)Y?/uoMs?~ 150 nm, with A the exchange stiffness parameter, which is
usually of the order of 10 pJ m™ for transition metal ferromagnets with a Curie temperature well
above room temperature [6]. This maximum single domain size is comparable to other permanent
magnetic materials (about 270 nm in ferrites and 110 nm in NdzFe14B) [6]. The smallest width of
the stripes observed in MFM microscopy was about 200 nm (Supplemental Material Figure S3),
which is comparable to the theoretical estimate. Both estimates indicate that the single domain
size corresponds to the range of relatively large particles, which can be obtained by top down
methods. Fe..,Co,P1,Six submicron-sized particles were therefore synthesized by ball-milling of
bulk polycrystalline samples. While ball-milling usually leads to the development of microstrains,
crystallite agglomeration and results in irregular particle shapes of variable size, for this first
exploration of (Fe,Co).(P,Si) particles it was the preferred method as it allows a good control of
the chemical composition. Different milling methods were explored including vibratory ball-milling,
dry planetary ball-milling and wet planetary ball-milling with surfactant. All these methods led to
the synthesis of submicron-sized particles with an appreciable coercive field. We hereafter focus
on presenting materials prepared by dry planetary ball-milling, as this method is the most

straightforward to scale-up.

Figure 4 presents powder X-ray diffraction patterns of Fe175C00.20Po.75Si0.25 submicron-sized
particles prepared by ball milling of polycrystalline material. The starting polycrystalline material
presents a diffraction pattern typical for the Fe.P-type hexagonal crystal structure. A minor

contamination from a secondary phase having a 5:3 metal:metalloid ratio can however be
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distinguished (<4 wt.%). Increasing the milling time leads to a significant peak broadening up to
8 h milling, then it saturates. The three most intense peaks of the Fe;P-type phase (111), (201)
and (210) from 40.3° to 47.2° remain independent allowing an estimation of the crystallite size (d)
using the Sherrer’s equation d = kA/Bcos6, where k is a constant that dependents on the crystallite
shape and the definition of an average diameter, usually taken as k = 0.9, A is the X-ray
wavelength, and B is the broadening of the (111) diffraction peak. Additional sources of peak
broadening were not considered in first approximation. In particular, the development of
(micro)strains was not accounted for since, at the exception of the (210) peak presenting a small
shift to lower angles, no significant changes in peak positions could be observed. Ball milling leads
to a progressive crystallite size reduction down to about 20 nm after 8 h of milling. Similar
crystallite sizes were obtained when preparing submicrometric particles of MnFe(P,Si) giant
magnetocaloric materials by ball milling [42]. Increasing the milling time further does not lead to
a significant further reduction in crystallite size. Very long milling, e.g. 48 h, however results in the
appearance of a broad bump around 18°, indicating the appearance of an amorphous phase.
From the point of view of reaching a large coercive field without compromising the saturation
magnetization by the formation of an amorphous phase, the optimal milling time is therefore
expected to be in the range of 5 - 16 h. Using the same mill (planetary ball mill with same rotary
milling speed, jars size and ball mass), but polycrystalline materials dispersed in heptane solvent
with oleic acid surfactant (wet milling) results in similar crystallite sizes and magnetic coercivity.
This indicates that the presently obtained crystallite size is partly limited by the milling energy. In
addition, SEM imaging of the ball-milled product (Supplementary material) revealed a very broad
particle size distribution ranging from crystallites of less than 100 nm up to 40 um particles formed

by the agglomeration of (sub)micrometer-sized crystallites.
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Figure 4. Structure Fe175C00.20P0.75Si0.25 Submicron-sized particles. The X-ray diffraction
patterns of dry ball-milled Fe1.75C00.20P0.75Si0.25 powders with increasing milling times of 1, 5, 8,
16 and 48 h are compared to that of hand-crushed polycrystalline material. The patterns were

subtracted for background and normalized to highlight the peak broadening. The inset presents

the crystallite size estimated with the Sherrer’'s equation using the (111) reflection.

Although (Fe,Co)2(P,Si) submicron-sized particles should be considered as a flammable solid, we
note that they are relatively stable. The presently reported particles were stored in a glovebox
employing a purified Ar atmosphere. But additional batches stored in air for a long period of time
(6 months) did not present a noticeable deterioration of their crystal structure, nor of their

magnetic properties.
3.4 Permanent magnetic properties of bounded Fe,.,CoyP1,Six submicron-sized particles
Magnetization hysteresis cycles were recorded for Fe1 75C00.20P0.75Si0.25 SUbmicron-sized particles

milled in different conditions and bonded with epoxy resin. Figure 5 presents the evolution of the
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coercive field as a function of the milling time for different milling conditions. The largest coercive
fields are achieved for 8-16 h of milling. Additional magnetization cycles for 16 h milling (including
the virgin magnetization curve) are shown in Figure 6 and in Supplementary material. While

coercive fields of yoH: = 70 mT (55 kA m') at room temperature remain modest in comparison to

rare-earth magnets, it clearly demonstrates that permanent magnetic properties can be obtained

in (Fe,Co)2(P,Si) quaternary alloys with the Fe;P-type structure. Fhis-shape-is-often-considered

and/or-dislocations)- which-may-act-as-pinning-centers:-)-The highest coercive field achieved so

far in (Fe,Co)2(P,Si) quaternary alloys (uHc = 0.14 T, Supplementary material) was actually

observed in Fe1s5C001P0sSios particles showing a two phase mixture of Fe,P-type and

orthorhombic BCO-type structures. —ferwhich-the-sighificant-secondaryphase-content-can-be

ity—The lower value of the

room-temperature coercivity of Fe175C00.20P0.75Si02s Submicron-sized particles compared to the
value reported for Fe; 7C0q.3P powders (uoHc = 0.2 T [10]) primarily originates from the difference
in synthesis methods, the lixiviating method yielding fine, relatively well dispersed, particles
directly after leaching. Similarly ultrafine particles of (Fe,Co).P ternary alloys (in the range 100 to
20 nm) prepared by a gas phase reaction were found to reach a coercive field up to 0.32 T at
room temperature [16]. When comparing Fe1gC00.20P (uoHc: = 30 mT, Supplementary material)
and Fe1 75C00.20P0.75Si0.25 Submicrometric particles synthesized in similar conditions, the coercivity
of the quaternary alloys is significantly larger. This confirms that: (i) quaternary (Fe,Co)z(P,Si)
alloys are more promising for permanent magnets than ternary (Fe,Co).P alloys and (ii) the

optimal synthesis conditions maximizing the coercivity of ternary or quaternary alloys deriving
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from Fe,P have not yet been reached by the present top down ball-milling approach, so that a
significant improvement of the coercivity is likely to be achievable. Recalling that the Sherrer's
eguation estimates the crystallite size and therefore tends to underestimate the real particle size
and does not account for agglomeration during milling, our present particles do not have the
optimal shape to reach the full potential of (Fe,Co)2(P,Si) alloys for permanent magnetic
applications. We can nevertheless note that (Fe,Co)2(P,Si) quaternary alloys show higher Curie
temperatures than (Fe,Co).P ternary alloys [16,19] and therefore their permanent magnetic
properties are preserved up to higher temperatures (up to about 480 K for the present sample,

Figure 5).
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Figure 5. Permanent magnetic properties of Fe1.75C0o.20P0.75Si0.25 Submicron-sized particles.
(a) Coercive field (Hc) as a function of milling time for different milling conditions. (b) Theoretical
|BH|max €nergy product estimated from the saturation magnetization for different families of
permanent magnets. (c) Temperature dependence of the coercive field for Fe1.75C00.20P0.75Sio0.25
submicron-sized particles synthesized by 16 h of planetary ball milling (bonded oriented

powders). The insets present the B(H) hysteresis measurements at 50 and 300 K.

When considering the theoretical |BH|max, Which can be calculated from the saturation

magnetization as poMs?/4 = 165 kJ m2 [6], we can see that (Fe,Co)2(P,Si) materials are an
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interesting intermediate between the high |BH|max Of rare-earth magnets and the low performance
of ferrites (Figure 5b). In particular, the theoretical |BH|max Of (Fe,C0).(P,Si) is significantly larger
(about +40%) than that of other candidates for rare-earth-free magnets, such as MnBi or MnAl.
The experimental |BH|max Obtained in the present Fe175C00.20P0.75Si0.25 Submicrometric particles
bonded by epoxy resin and oriented in a poH = 1.1 T magnetic field range from about 21 kJ m3
at 50 K (~12% of the theoretical |BH|max) to about 5 kJ m= at room temperature. These energy
products are still small compared to the theoretical ones or compared to the well-established
permanent magnetic materials. These low performances are partially due to the imperfect
orientation process, the energy products for the oriented bonded samples were found to be only
~20% higher than the corresponding isotropic bonded sample, which may be due to particles
agglomeration during milling. But they are already comparable to that of ferrite magnets (of the
order of 15 kJ m=for oriented bonded ferrites and 5 kJ m- for isotropic bonded ferrites) [6]. The
magnetic hardness parameters obtained in section 3.2 (k = 1.3) settles (Fe,Co)2(P,Si) amongst
hard magnetic materials, for which a more significant fraction of the theoretical |BH|max should be
achievable. It often takes a long struggle from the introduction of a new hard magnetic composition
to reach its full potential as permanent magnet. As mentioned above for the coercive field,
significant improvements of the experimental |BH|max can be expected by optimizing the material

synthesis and magnet preparation conditions.
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Figure 6. Magnetization cycle including the initial magnetization branch at T = 300 K of
isotropically pressed Fe1.75C00.20P0.75Si0.25 Submicron-sized particles prepared by 16 h dry

milling.
4. Conclusions

Ternary (Fe,Co).P and quaternary (Fe,Co).(P,Si) alloys were successfully prepared in single
crystal form and their magnetic properties were investigated. Compared to the binary parent Fe,P,
substitutions with Co or Si decrease the magneto-crystalline anisotropy at low temperature, but
increase the Curie temperature. As a result, the magneto-crystalline anisotropy at room
temperature is enhanced in (Fe,Co).(P,Si) quaternary alloys. The present Fe1.94C00.10P0.61Si0.33
single crystal shows the largest magneto-crystalline anisotropy of K; = 0.9 MJ m3 at room
temperature, which brings support to former preliminary polycrystalline data, and confirms that
(Fe,Co)2(P,Si) show a much stronger magnetic anisotropy than ferrites. (Fe,Co).(P,Si) submicron-
sized particles were synthesized by a top-down ball-milling approach and their magnetization was

recorded. For the first time, hard magnetic properties were observed in (Fe,Co)2(P,Si) quaternary

24



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

alloys. While the coercive field and energy products are nearly comparable with ferrites, they so
far remain modest in comparison to other well-established permanent magnetic materials. Yet
further improvements of the performances are anticipated by optimization of the synthesis
conditions. Owing to the high economical interest that a permanent magnet essentially made of
iron and abundant metalloid elements has, (Fe,Co)2(P,Si) quaternary alloys are promising rare-

earth-free permanent magnet materials that deserve further investigation.
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