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a b s t r a c t   

In view of the interest that (Fe,Co)2(P,Si) compounds have as potential permanent magnets, their structural 
and magnetic phase diagrams are explored focusing on establishing the range where the hexagonal Fe2P- 
type structure is observed. In Fe1.93-xCoxP1-ySiy, the highest Si content prior entering a mixed phase domain 
is y ≈ 0.5. At high Si content but low Co for Fe substitutions, a structural distortion leading to a body- 
centered orthorhombic structure occurs. At high Co contents, when the Fe2P unit cell reaches a critical 
volume of about 102.4 Å3, the samples crystallize in a Co2P-type orthorhombic structure. Within the Fe2P- 
type structural range, the evolution of the unit-cell volume appears to follow the Vegard’s law, but this 
hides strongly anisotropic changes. Simultaneous Co for Fe and Si for P substitutions increase the range 
where the hexagonal structure is observed in comparison to ternary Fe2(P,Si) and (Fe,Co)2P. The samples are 
ferromagnetic, but with Curie temperatures showing an unusual evolution, uncorrelated to the c/a ratio of 
the lattice parameters. At low Si content, TC increases with Co for Fe substitutions. For y = 0.2, the evolution 
is not significant, while at high Si content TC systematically decreases with the increase in Co. Large Si and 
Co substitutions lead to a swift weakening of the magnetocrystalline anisotropy until the easy axis ani-
sotropy turns from the c axis toward the a-b plane. This study guides future investigations by restricting the 
range where desirable properties for permanent magnetic applications can be expected to 0.1 x 0.3 and 
0.1 y 0.3. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Potential permanent magnetic materials deriving from Fe2P are 
experiencing a renewed theoretical and experimental interest. Since 
this materials family is based on iron, the most abundant magnetic 
element, it makes these materials appealing for applications. The 
permanent magnet market is nowadays dominated by two materials 
families. On the one hand, the low-cost and of non-critical supply 
ferrites (BaFe12O19, SrFe12O19 and related) are the most widely used 
magnets, yet they exhibit low performances. On the other hand, 
high-performance permanent magnets such as Nd-Fe-B materials 
can show very high │BH│max energy products, but require doping 
with heavy rare-earths, making them scarce and expensive. As a 
result, much efforts are currently targeted at developing rare-earth- 

free permanent magnets, in particular focusing on materials having 
the potential to present a higher performance than the ferrites and a 
lower cost than that of rare-earth magnets [1–4], as is the case for 
Fe2P-type materials. 

The binary Fe2P parent crystallizes into a hexagonal structure 
(P m6̄2 ) and presents a strong magnetocrystalline anisotropy with 
the easy magnetic axis corresponding to the crystallographic c axis. 
But its Curie temperature (TC = 214 K) is too low for permanent 
magnet applications [5–8]. In order to increase TC, substitutions can 
be made either on the metal site such as in (Fe,Co)2P and (Fe,Ni)2P or 
on the metalloid sites like in Fe2(P,As), Fe2(P,Ge), Fe2(P,Si) or Fe2(P,B)  
[9–13]. All these ternary substitutions can lead to an increase in 
Curie temperature, but also result in the appearance of competing 
crystal structures and a reduced magnetic anisotropy. Nevertheless, 
permanent magnets were successfully prepared. De Vos et al. 
achieved coercive field μ0HC = 0.22 T at room temperature in 
Fe1.7Co0.3P particles prepared by lixiviating a Fe-Co-Cu-P melt [14]. 
Ultrafine Fe1.7Co0.3P particles (28 nm) produced by a gas phase 
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reaction reached a coercitivity of μ0HC = 0.39 T at room temperature  
[15]. Even smaller Fe1.8Co0.2P particles (21.8  ±  3.6 nm) can be pre-
pared by the solution-phase method, but this particle size leads to 
the appearance of a superparamagnetic behavior with a lower Curie 
temperature than the bulk and the appearance of a blocking tem-
perature, which are both undesirable for permanent magnet appli-
cations [16]. So far, improvements of the permanent magnetic 
properties in the Fe2P system have mostly been reached through 
control of the microstructure rather than compositional adjust-
ments. Yet, very recent theoretical and experimental studies re-
vealed that quaternary compositions can be more promising than 
(Fe,Co)2P ternary compounds [17–21]. A preliminary study on 
Fe1.80Co0.20P1-ySiy and Fe1.75Co0.20P1-ySiy powders oriented in mag-
netic field suggested the possibility to combine high Curie tem-
peratures (up to 640 K) with uniaxial magnetocrystalline anisotropy  
[18]. Subsequently, a study employing single crystals confirmed that 
a large magnetocrystalline anisotropy (K1 ≈ 0.9 MJm−3) is reachable 
at room temperature and in addition demonstrated that permanent 
magnetic properties could be achieved in (Fe,Co)2(P,Si) quaternary 
alloys via particle size reduction with a room temperature coerci-
tivity of μ0HC ≈ 0.2 T and an energy product │BH│max ≈ 5 kJ m−3 [20]. 
Another single-crystal study on quaternary (Fe,Co)2(P,Si) demon-
strated even larger room-temperature magnetic anisotropy of 
K1 ≈ 1.09 MJm−3 in Fe1.82Co0.18P0.78Si0.22 and suggested that much 
larger energy products should be reachable with a theoretical 
│BH│max up to 204 kJ m−3 [21]. 

Further developments are however impeded by the absence of a 
structural phase diagram for quaternary (Fe,Co)2(P,Si) compounds. In 
Fe2-xCoxP ternary compounds, Co substitutions trigger a crystal 
structure change from the hexagonal Fe2P-type to the orthorhombic 
Co2P-type (space group Pnma) around x ≈ 0.32 [9]. In Fe2P1-ySiy 

ternary compounds, Si substitutions lead to a spectacular increase in 
Curie temperature, but a competing body-centered orthorhombic 
(BCO, space group Imm2) phase appears at room temperature 
around y ≈ 0.2 [12]. A first study on Fe1.80Co0.20P1-ySiy indicates that 
simultaneous Co and Si substitutions could expand the stability 
range of the Fe2P-type structure beyond what is achievable in 
ternary compounds [18]. Yet, it is not clear up to which substitution 
levels the hexagonal Fe2P-type structure can be preserved. Un-
fortunately, the known phase diagrams of closely related quatern-
aries, such as magnetocaloric Mn2-xFexP1-ySiy are of little help, as 
their end compositions involve different crystal structures. The pri-
mary goal of the present study is therefore to explore the structural 
phase diagram of Fe2-xCoxP1-ySiy compounds, focusing in particular 
on the stability range of the hexagonal Fe2P-type structure and on 
the relationships between the different structures at play. Magnetic 
measurements were carried out in order to establish structure- 
properties relationship for hexagonal Fe2-xCoxP1-ySiy compounds 
with a special emphasis on magnetic parameters relevant for per-
manent magnet applications, i.e. the Curie temperature and the 
magnetocrystalline anisotropy. In view of the difficulties met in 
growing (Fe,Co)2(P,Si) single crystals of specifically targeted com-
positions and the apparent impossibility to grow crystals with a high 
Si content (y is typically lower than y  <  0.35 in single crystals) [20], 
polycrystalline materials prepared by mechanical alloying followed 
by a solid-state reaction are presently investigated. 

2. Experimental details 

Several series of Fe1.93−xCoxP1−ySiy quaternary compounds were 
prepared with Si contents fixed at y = 0.1, 0.2, 0.3, 0.4 and 0.5 and Co 
contents varied from x = 0–1.2. A total number of thirty-eight sam-
ples was selected to cover the investigated composition range. 
Elemental starting materials were ball-milled using stainless steel 
jars in a planetary mill at a speed of 350 rpm for 10 h. The sample-to- 
ball mass ratio was 1:5. The resulting powders were pressed in a 
mold of 10 mm inner diameter and sealed in quartz ampules back-
filled with 200 mbar Ar. The heat treatment consisted of a single 
annealing at 1100 °C for 22 h followed by quenching in water. 
Powder x-ray diffraction and magnetic orientation were obtained on 
hand-crushed samples and sieving the powders to less than 36 µm. 
Epoxy bonded powders were prepared at a high dilution mass ratio 
of 1:1 (correct dispersion and orientation of the particles is more 
crucial in the present study than maximizing the density), then 
shaped into plates of approximately 15 × 30 × 2 mm3, and oriented in 
a μ0H = 1.1 T magnetic field with the plate surface normal to the 
orientation of the magnetic field. 

Powder X-ray diffraction (XRD) experiments were performed on 
an Empyrean PANalytical diffractometer using Cu-Kα radiation over a 
20–90° 2θ angular range. The Rietveld method as implemented in 
the FullProf software is used for structural refinements [22] and the 
VESTA software is used for crystal structure visualization [23]. 

Magnetic measurements were conducted in a Quantum Design 
Versalab system equipped with a vibrating sample magnetometer 
option. For high-temperature magnetic measurements (T  >  400 K), a 
Lakeshore 7407 vibrating sample magnetometer equipped with a 
high temperature furnace was used. 

3. Results and discussion 

3.1. Stability range of the Fe2P-type crystal structure 

To assess the stability of the Fe2P hexagonal structure in 
(Fe,Co)2(P,Si) compounds, the phase diagram was explored by fo-
cusing on Fe1.93−xCoxP1−ySiy quaternary compounds with Si in the 
range 0 ≤ y ≤ 0.5 and 0 ≤ x  <  1.2 for Co. From former studies on 
magnetocaloric (Mn,Fe)2(P,Si) and Fe1.80Co0.20(P,Si) [18,24], the 
under-stoichiometry in metal:metalloid ratio appears as a pragmatic 
solution to reduce the secondary phase contamination. In particular, 
it limits the formation of cubic Fe3Si-type phase which is favored by 
the increase in Si content. Fig. 1 illustrates the competition between 
the different crystal structures in Fe1.93-xCoxP1-ySiy quaternary com-
pounds by taking the example of a series of samples at fixed Si 
content y = 0.4. The powder XRD pattern of the ternary 
Fe1.93P0.60Si0.40 (x = 0, not shown) compound was refined in the for-
merly reported BCO structure [12]. A limited Co substitution (x = 0.1) 
preserves the BCO structure, yet a further Co increase to x = 0.2 
triggers a transformation toward the hexagonal Fe2P-type structure 
(see Fig. 1). The hexagonal structure is stable until relatively large Co 
content (x = 1.0), above which the structure turns into an orthor-
hombic Co2P-type structure. We note that all diffraction patterns 
present additional peaks characteristic of 3:1 secondary phase. The 
samples shown in Fig. 1 present an additional peak near 45° 
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characteristic of a Fe3Si-type cubic secondary phase, whose weight 
fraction remains however limited, of the order of 3–4 wt%. Samples 
with low Si content (y ≤ 0.1) also show the presence of a 3:1 sec-
ondary phase, but having a tetragonal crystal structure similar to 
that of Fe3P. In a similar manner as a former study on Fe1.8Co0.2P1-ySiy 

compounds [18], the nature of the secondary phase evolves with the 
nominal composition. 

Scanning electron microscopy (SEM) coupled with energy dis-
persive X-ray spectroscopy (EDX) was carried out on several re-
presentative samples. Fig. 2 and Table 1 illustrate the results for 
selected Fe1.93-xCoxP0.6Si0.4 compounds. In general, SEM imaging re-
veals a significant porosity, and backscattered electron imaging or 
EDX elemental mapping shows the presence of a secondary phase. 
The local composition of the secondary phase is close to Fe3Si, 
confirming the interpretation of powder XRD data. We note that the 
formation of a secondary phase with a metal:metalloid ratio close to 
3:1 leads to a further off-stoichiometry of the main phase below 
1.93:1. This suggests that the formation of 3:1 secondary phase re-
sults from its inherent stability rather than being promoted by 
phosphorous losses during the synthesis. In addition, the secondary 
3:1 phase is a Si-rich phase, which leads to a reduced Si content in 
the matrix. These observations are in line with that previously made 
on (Fe,Co)2P0.8Si0.2 compounds with a nominal 2:1 metal:metalloid 
ratio and with (Mn,Fe)1.95(P,Si) studies [18,24]. 

Fig. 3 shows the structural phase diagram of Fe1.93-xCoxP1-ySiy 

compounds built from powder XRD data at room temperature. The 
highest Si content considered was y = 0.5. For y  >  0.5, samples were 
no longer (nearly) single-phase, as they contain large amounts of 
various phases: cubic Fe3Si-type, hexagonal Fe5Si3-type and Fe2P- 
type phases. Fe1.93-xCoxP1-ySiy samples with y = 0.5 already present 
an increased Fe3Si-type secondary phase content in comparison to 
the y = 0.4 samples displayed in Fig. 1 (from refinement of powder 
XRD data, the secondary phase fraction is in the range 6–9 wt%, for 
y = 0.5 samples). For ternary Fe1.93P1-ySiy compounds or quaternary 
Fe1.93-xCoxP1-ySiy with a low Co content, the increase in Si content 
favors the formation of the BCO structure, which is somewhat si-
milar to the structural phase diagram of the closely related Fe1.95- 

xNixP1-ySiy compounds [19]. But in contrast to the latter, at fixed Si 
content, high Co substitutions eventually lead to the formation of a 
Co2P-type orthorhombic structure. Despite the competing struc-
tures, the hexagonal Fe2P-type clearly benefits from simultaneous 
metal and metalloid substitutions as its stability range is increased 
compared to the corresponding ternary compounds. Limited to 
x ≤ 0.3 in Fe2-xCoxP, the Co content acceptable in the Fe2P-type 
structure now ranges up to x = 1.0 in Fe1.93-xCoxP0.6Si0.4 quaternary 
compounds, offering –in principle– more freedom to tune their 
magnetic properties. 

3.2. Structural relationships amongst Fe1.93−xCoxP1−ySiy compounds 

In order to address the evolution of the crystal structure as a 
function of the composition in more detail, we will first present the 
relationship between the three structures at play. Usually, the 
structure of MM’X compounds, where M and M′ are transition metals 
and X a metalloid or non-metal, is described by analyzing the 
shortest metal-nonmetal distances and consider the coordination 
polyhedral surrounding the metallic element. Following this ap-
proach, the Fe2P-type hexagonal structure (P m62 ) is described by 
two inequivalent metal sites 3f (xf,0,0) and 3g (xg,0,1/2) as well as 
two inequivalent metalloid sites 2c (1/3,2/3,0) and 1b (0,0,1/2). This 
corresponds to two distinct local geometries for the metal sites: the 
3f site sits in a tetrahedral environment created by four metalloid 
atoms (two 2c and two 1b sites) and the 3g site is positioned in a 
square-based pyramidal environment surrounded by 5 metalloids. 

Fig. 1. Powder X-ray diffraction patterns for Fe1.93-xCoxP0.6Si0.4 compounds, with se-
lected representative compositions from x = 0.1 (bottom) to x = 1.1 (top). The symbols 
mark the observed intensity, the overlaid line the intensity calculated by refinement, 
the line below is the difference between observed and calculated intensities, and the 
ticks mark the position of the reflections from the different structures. 
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Fig. 2. SEM picture and EDX mapping of a polycrystalline Fe1.83Co0.10P0.60Si0.40 sample. Spot selected to highlight the presence of a secondary phase.  

Table 1 
EDX analyses for representative Fe1.93-xCoxP0.6Si0.4 samples crystallizing in the BCO, Fe2P, and Co2P-type structures (from top to bottom, respectively).        

Nominal composition Fe at% Co at% P at% Si at% Effective composition  

Fe1.83Co0.10P0.60Si0.40 matrix 62.8(2.0) 2.8(0.1) 21.8(0.5) 12.6(0.3) Fe1.84Co0.08P0.64Si0.37 

inclusion 71.0(1.9) 1.5(0.1) 1.0(0.1) 26.5(0.5) Fe2.84Co0.06P0.04Si1.06 

Fe1.53Co0.40P0.60Si0.40 52.3(1.6) 11.3(0.5) 21.4(0.6) 15.0(0.5) Fe1.53Co0.33P0.63Si0.44 

Fe0.83Co1.10P0.60Si0.40 31.3(1.1) 35.7(1.3) 21.0(0.6) 12.0(0.3) Fe0.92Co1.05P0.62Si0.35    
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The metalloid polyhedrons surrounding the metal sites are illu-
strated in Fig. 4. Similar metallic environments can be distinguished 
both in the BCO and the Co2P-type structures. The link between the 
sites (Wyckoff positions) for the different structures is provided in  
Table 2. The primary difference between the three structures is in 
the stacking of tetrahedral and pyramidal metallic sites. In the 
hexagonal Fe2P structure, tetrahedrons and square based-pyramids 
perfectly pile up along the (001) direction forming canals of trian-
gular cross-section. Compared to Fe2P, the BCO structure is born 
from a small displacement of the metallic atoms in the tetrahedrons 
along the (100) direction, which distorts the canal of triangular 
cross-section and leads to the appearance of a small zigzag along the 
metalloid chains. On the other hand, the Co2P structure preserves 
the alignment of the triangular canals, but corresponds to a stacking 
of tetrahedral and pyramidal sites that is very different from the one 
in the Fe2P structure. Transforming the Fe2P structure to the Co2P 
structure requires major displacements of the metalloid atoms, 
which may explain why Fe2P-type to Co2P-type structural transitions 
are observed only at high temperature in (Fe,Co)2P ternary com-
pounds [14]. On the other hand, transforming from BCO to Fe2P 
corresponds to a relatively minor distortion, so that the BCO-Fe2P 
structural transition can be observed even below room temperature 
in Fe2(P,Si) ternary compounds [12]. 

Fig. 5 shows the hexagonal lattice parameters a and c, the lattice 
parameter ratio c/a and the unit-cell volume V of Fe1.93-xCoxP1-ySiy 

compounds. Within the stability range of the Fe2P structure, Si for P 
substitutions increase the cell volume, while Co for Fe decrease it, 
both evolutions being in line with their respective elemental atomic 
radii. Moreover, Co for Fe substitutions lead to a nearly linear 

evolution of the unit-cell volume within the Fe2P-type stability 
range. Yet, this apparent agreement of the cell volume with the 
Vegard’s law masks a strong anisotropic distortion of the unit cell, 
with the a axis decreasing and the c axis increasing with Co sub-
stitutions, both in a non-linear manner. These evolutions are 
somewhat at odds with the behavior of (Fe,Co)2P ternary com-
pounds, where both the a and c axes were found to decrease [9]. If 
we however look at the structural evolution as a function of Si for P 
substitutions while Co content is fixed, we can notice a progressive 
unit-cell volume increase until y reaches the range 0.4–0.5, with 
y = 0.5 showing little to no evolution compared to y = 0.4. Com-
pounds with y = 0.5 mark the boundary were a mixed phase region 
appears and are already anomalous, as the larger Fe3Si-type sec-
ondary phase content compared to other samples leads to an under- 
stoichiometry in Si of the main phase. Using the equivalence aortho 

= 2chexa, bortho = 3 ahexa and cortho = ahexa, the BCO to Fe2P phase 
boundary corresponds to a jump like increase in unit-cell volume 
with increasing Co content, as illustrated by the y = 0.4 series. This 
suggests that the distortion leading to the formation of the BCO 
structure originates from the impossibility to accommodate a sig-
nificant amount of large Si atoms in the Fe2P structure. At the other 
side of the Fe2P stability range, the boundary between Fe2P and Co2P 
in the present Fe1.93-xCoxP1-ySiy compounds seems to correspond to 
critical values of ratio c/a ≈ 0.59  ±  0.002 and cell volume 
V ≈ 102.40  ±  0.02 Å3 that cannot be overcome. It is therefore likely 
that the large Co content that can preserve the hexagonal Fe2P 
structure in Fe1.93−xCoxP1-ySiy (up to x = 1.0), compared to the ternary 
(Fe,Co)2P (up to x = 0.3), originates from the ability of Si to com-
pensate for the unit-cell volume contraction. 

3.3. Magnetic properties of Fe1.93−xCoxP1−ySiy compounds 

Panel a) from Fig. 6 illustrates the temperature dependence of 
the magnetization for Fe1.93-xCoxP0.9Si0.1 compounds and panel b) 
summarizes the evolution of the Curie temperature. The magneti-
zation curves present a two steps behavior with the first one cor-
responding to the Curie temperature of the main phase with the Fe2P 
structure for 0.1 ≤ x ≤ 0.4 or the Co2P structure for x = 0.6 and the 
second step is the Curie temperature of the secondary phase with a 
3:1 metal:metalloid ratio (recalling that the step amplitude is not 
directly representative for the phase content at low applied mag-
netic fields). The Curie temperatures of the secondary phase vary for 
different nominal compositions, mimicking the evolution of the 
nature of the 3:1 secondary phase. The Curie temperatures of the 
main phase were defined as the main minima of the dM/dT curves. 
For y = 0.1, the Curie temperature increases with the increase in Co 
content, up to TC ≈ 480 K for x = 0.4, then TC slightly decreases when 
reaching the Co2P structure for x = 0.6. This evolution of TC with Co 
content in the y = 0.1 series is similar to that found in Fe2-xCoxP 
ternary compounds showing an increase in TC with Co substitutions 
until reaching the orthorhombic range [9]. However, at higher Si 
contents, the evolution of the Curie temperature is anomalous from 

Fig. 3. Structural phase diagram for Fe1.93-xCoxP1-ySiy compounds built from the 
analysis of room temperature powder X-ray diffraction data. 
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two aspects. First, TC no longer increases with Co for y = 0.2, as it 
barely shows any significant evolution, until decreasing in the or-
thorhombic range. For y = 0.4 and 0.5, TC shows a reverse trend, it is 
actually decreasing with Co for Fe substitutions. The second puzzling 
result highlighted by the present TC(x,y) dataset is the apparent lack 
of a direct structure-property relationship within the stability range 
of the Fe2P structure. The c/a ratio is systematically increasing with 

Fig. 4. Crystal structure representation for the BCO structure (top, Fe1.83Co0.1P0.6Si0.4), Fe2P-type structure (middle, Fe1.73Co0.2P0.6Si0.4), and Co2P-type structure (bottom, 
Fe0.83Co1.1P0.6Si0.4). The representations on the left illustrate the basic metal blocks, those on the right display the stacking of the blocks. 

Table 2 
Connection between the crystallographic sites (Wyckoff positions) in the three crystal 
structures.     

BCO Fe2P-type Co2P-type  

8e, 4c metal 3f tetrahedron 4c (0.1443, ¼, 0.0607) 
4d, 4d, 2b, 2a metal 3g square-based pyramid 4c (0.0285, ¼, 0.6705) 
8e metalloid 2c 4c 
2a, 2b metalloid 1b 4c    
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Co substitutions in quaternary Fe1.93-xCoxP1-ySiy compounds, while 
the Curie temperature can be increasing, unmodified or decreasing. 
This is at odds with the common belief that in Fe2P materials 
magnetic properties are strongly influenced by structural modifica-
tions and in particular those affecting the c/a ratio. Generally, an 
increase in c/a is associated with a decrease in Curie temperature. 
This is in particular observed in magnetocaloric (Mn,Fe)2(P,Si) qua-
ternary compounds. In Fe-rich Mn0.66Fe1.29P1-ySiy compounds when 
Si increases, c/a decreases and TC increases [25]. In Mn-rich com-
pounds, Mn1.25Fe0.70P1-ySiy when Si increases, c/a decreases and TC 

increases [24]. In B-substituted MnFe0.95P2/3-ySi1/3By, when B in-
creases, the paramagnetic c/a decreases, the ferromagnetic c/a is not 
significantly affected and TC increases [26]. In Co-substituted 
MnFe0.95-xCoxP0.50Si0.50 or Mn1-xCoxFe0.95P0.50Si0.50, when the Co 
content increases, c/a increases and TC decreases [27]. These 

experimental tendencies can be understood thanks to several the-
oretical studies on ternary or quaternary compounds derived from 
Fe2P [17,28,29]. Most of them highlighted the important role played 
by the distance between the metallic 3g and 3f planes stacked along 
the c axis. In particular, a decrease in c/a ratio, i.e. a shrinkage of the 
distance between 3f and 3g sites, is expected to strengthen the 
magnetic 3f-3g interaction, favoring the development of a higher 
moment state on the 3f site and possibly an increase in Curie tem-
perature. Clearly, in the present Fe1.93-xCoxP1-ySiy quaternary com-
pounds the evolution of the Curie temperature cannot be reduced to 
the effect of a single variable like the c/a ratio. Band filling and dif-
ferent magnetic moments due to Co substitutions may play a role. In 
addition, preferential site occupation cannot be resolved on the basis 
of the present XRD data. In MM’X materials, the usual trends are that 
the metal with the lowest d electrons will go in the pyramidal site 

Fig. 5. Room-temperature lattice parameters a and c (panels a and b) and ratio c/a (panel c) for hexagonal Fe2P-type Fe1.93-xCoxP1-ySiy compounds, the unit-cell volume V (panel d) 
includes a few compositions crystallizing in the BCO structure. 
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(3g for Fe2P-type structure) and the largest metalloid will sit pre-
ferentially in the largest metalloid site (the 2c site for Fe2P struc-
ture) [30]. 

This trend is confirmed in magnetocaloric (Mn,Fe)2(P,As) and 
(Mn,Fe)2(P,Si) compounds where a strong selectivity of Mn for the 
3g site is observed [31,32] and a preferential occupation of Si on 
the 2c site [33]. We therefore expect that in Fe1.93-xCoxP1-ySiy 

quaternaries, Co will preferentially substitute the 3f site and Si the 

2c site in the Fe2P structure. Yet, the degree of selectivity might be 
influenced by both the Co content and the level of Si substitution, 
which could play a role in the complex evolution of TC with Co 
substitution. 

The evolution of the magneto-crystalline anisotropy is crucial 
for future works on potential permanent magnet applications of 
Fe1.93-xCoxP1-ySiy quaternary compounds. A preliminary study on 
Fe1.8Co0.2P1-ySiy oriented powders with x fixed at 0.2 indicated that 
the c axis corresponds to the easy magnetic axis and that the 
magneto-crystalline anisotropy at room temperature tends to form 
an optimum for specific compositions (y ~ 0.2 for x = 0.2) [18]. 
These observations were recently confirmed by magnetization 
measurements on single-crystal samples [20,21]. However, the 
compositional range explored by these studies were limited. Fig. 7 
presents diffraction patterns of representative Fe1.93-xCoxP1-ySiy 

oriented and bounded powders and their magnetization curves. In 
line with previous studies [18,20], no significant magnetic hys-
teresis was observed at room temperature in the present bulk or 
coarse powder samples. A microstructural control, such as forming 
submicron-sized particles, would be required to induce permanent 
magnetic properties [20]. At low Si content, the XRD patterns of 
the oriented powders show a clear preferential orientation along 
the c axis. The sizable difference between M(H) curves recorded 
with the measurement field applied parallel and perpendicular to 
the orientation field reveals a substantial magneto-crystalline 
anisotropy, but increasing the Co content appears to weaken it. 
When considering larger Si contents, e.g. y = 0.4 showing higher TC, 
the magneto-crystalline anisotropy appears significantly weaker. 
These two observations are qualitatively in line with former 
polycrystalline and single-crystal studies [18–21]. We note that the 
oriented powder method may underestimate the actual magnetic 
anisotropy, as samples with a weak anisotropy at room tempera-
ture will more likely suffer from misorientations, and therefore 
would show an even more reduced anisotropy, which is potentially 
the case for the x = 0.2, y = 0.4 sample. For y = 0.4, at low Co content 
the easy magnetization direction remains the crystallographic c 
axis. But the oriented powder diffractogram of samples with larger 
Co substitutions (x = 0.4) are drastically different with an increased 
intensity of the reflections having an a-b basal plane component, 
indicating a change in the magneto-crystalline anisotropy scheme 
with moments tilted or oriented toward the a-b plane. Such a 
change in magnetic anisotropy is undesired for permanent magnet 
applications, in particular as it leads to a further reduction in 
magneto-crystalline anisotropy energy as indicated by the parti-
cularly small area between M(H) curves recorded with the mea-
surement field parallel and perpendicular to the orientation field. 
The present investigation shows that even if the Fe2P structure can 
be maintained up to large Si (ymax ≈ 0.5) and Co contents (xmax ≈ 
1.0), the preferred composition range for potential permanent 
magnetic properties corresponds to rather limited Co and Si sub-
stitutions, typically x ≲ 0.3 and y ≲ 0.3. 

Fig. 6. Magnetic properties of Fe1.93-xCoxP1-ySiy compounds. a) Temperature depen-
dence of the magnetization for the y = 0.1 series. b) Curie temperatures (closed 
symbols for samples crystallizing in the Fe2P-type structure, open symbols for BCO or 
Co2P-type structures). 
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4. Conclusions 

The crystal and magnetic phase diagrams of quaternary Fe1.93- 

xCoxP1-ySiy compounds were explored focusing on establishing the 
Fe2P-type compositional range. Si for P substitutions compensate the 
cell volume reduction due to Co for Fe substitutions, delaying the 
appearance of the competing orthorhombic Co2P-type structure to 
high Co contents (xmax ≈ 1.0). Si for P substitutions decrease the c/a 
ratio of the lattice parameters and lead to an increase in Curie 
temperature. Co for Fe substitutions increase the c/a ratio, lead to an 
increase in TC at low Si content, no sizable evolution for y = 0.2 and 
even a decrease in the Curie temperature for y = 0.4 and 0.5. This 
apparent lack of structure-magnetic ordering relationship with Co 
substitutions is unusual in materials derived from Fe2P and calls for a 
dedicated study, in particular resolving possible preferential sub-
stitutions schemes for Si and Co. Magnetization curves recorded on 
oriented powder show that high Si and Co substitutions lead to a 
swift weakening of the magneto-crystalline anisotropy until the c 
easy axis anisotropy turns toward the a-b plane. This study guides 
further developments by demonstrating that the compositional 
range most desirable for permanent magnetic applications corre-
sponds to 0.1 ≲ x ≲ 0.3 and 0.1 ≲ y ≲ 0.3. 
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