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A B S T R A C T

A series of compounds with compositions Fe5Si1-xGexB2 were synthesised and their structural and magnetic
properties were investigated. The Mo5SiB2-type structure with tetragonal I4/mcm space group is maintained for
all compounds with x < 0:15, which is estimated as the compositional limit of the system. The unit cell pa-
rameters expand with Ge content before reaching a plateau of a ¼ 5.5581(1) and c ¼ 10.3545(1) Å at x ¼ 0:15.
The saturation magnetisation (MS) decreased slightly with increasing Ge content whilst the magnetocrystalline
anisotropy energy (MAE) remains almost unaffected. The Curie temperature for all compounds studied is at 790 K
whilst the spin-reorientation temperature shows suppression from 172 K to 101 K where x ¼ 0:15. Ab Initio
calculations reveal an increase in MAE for compositions up to x ¼ 0.25 and a decreased magnitude of MAE of
�0.14 MJ/m3 for the hypothetical compound Fe5GeB2 relative to the parent compound Fe5SiB2.
1. Introduction

Magnetic materials are of significant interest and importance for
energy conversion between mechanical and electrical energy. With
growing energy demands, the need for high performance permanent
magnets is ever increasing [1]. Currently, the most effective commer-
cialised materials used include Nd2Fe14B, which was first reported in
1984 [2,3] and later optimized to give an unprecedented energy product
of 0.474 MJ/m3 and a saturation magnetisation ofMS ¼ 1.25 MA/m [4].
However, a significant drawback lies in its use of the rare earth element
Nd, and several other permanent magnets with comparable properties
also utilise rare earth metals. In conjunction to this, all Nd2Fe14B contains
additives of Dy and Tb to increase the high temperature performance.
The high and volatile price of rare earth elements accompanied by
increasing demand has led to the need to develop rare earth free per-
manent magnets with improved properties over existing ferrite materials
[5,6].

The favourable properties of the rare earth-based magnets are largely
due to two factors, the spin-orbit coupling and the 3d elements. The spin
orbit coupling between the 4f orbitals of the lanthanide and the 3d or-
bitals of the transition metal results in the high magnetocrystalline
anisotropy energy (MAE) and resultant coercivity whilst the 3d elements
provide the high Curie temperature (TC) and high MS. Potential rare
earth free permanent magnets should therefore contain high
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concentrations of 3d elements to provide the high TC and MS required,
however these compounds often have low MAE. One class of rare earth
free materials which have already demonstrated these promising mag-
netic properties are the transition metal borides [7,8]. Among these, one
potential candidate is Fe5SiB2 which crystallises with the Mo5SiB2-type
structure, an ordered ternary variant of the Cr5B3-type structure, in the
I4/mcm space group with unit cell parameters of a ¼ 5.5507(1) and c ¼
10.3359(2) Å [9,10]. The compound contains the high concentration of
magnetic 3d elements required and also crystallises in a tetragonal space
group with a unique crystallographic axis which is a requirement for a
high MAE. The compound possesses the high MS required, 1.1 MA/m
with a high TC ¼ 760 K but the MAE is far lower than desirable at 0.3
MJ/m3. Another area of interest is the spin reorientation of the com-
pound, which occurs at 172 K, where the magnetisation switches from
the c axis to the ab plane [11]. This spin-reorientation has been shown to
be sensitive to elemental substitution, for instance in Fe5Si1-xPxB2 when
x > 0:20 the reorientation has been suppressed to 4–10 K [12], in
Fe4MnSiB2/Fe4CoSiB2 the transition is not at all visible [10] while for
Fe5Si0.75Ge0.25B2 it is suppressed to 60 K [13].

Several existing studies have concerned the effects of elemental
substitutions upon the magnetic and structural properties of these ma-
terials with the aim of increasing the MAE whilst maximising theMS and
TC of the system. The effect of substitution of Fe with Mn or Co has
previously been investigated in several works, cobalt substitution leads to
ptember 2022
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a noticeable decrease in both the TC and MS, whilst the effect of Mn
substitutions is similar but far less pronounced [10]. Previous studies
have also investigated the effect of silicon substitution with both phos-
phorous and sulfur [14]. Phosphorous was found to increase the MAE but
with notable decreases in both the MS and TC [12], A computational
study also predicted an increase in MAE for sulfur containing analogues
with a maximum at Fe5P0.4S0.6B2 [14].

An earlier study focused upon the synthesis and processing methods
and their effects upon the magnetic properties of the system but also
reported a compound with a nominal composition of Fe5Si0.75Ge0.25B2.
The compound maintained the high TC and MS of the parent compound
Fe5SiB2 but with an increase in the MAE to 0.5 MJ/m3, the highest re-
ported value in the family of Cr5B3-type structures [13]. However, the
evolution of the magnetic properties with composition and the compo-
sitional limits of the system are yet to be explored. In this work several
new compounds in the Fe5Si1-xGeXB2 series are reported, their structures
are analysed utilising a combination of powder X-ray diffraction (PXRD)
and Energy dispersive X-ray spectroscopy (EDS). The evolution of their
magnetic properties across the composition range is analysed and the
MAE is determined using the law of approach to saturation. Furthermore,
the effect of Ge substitution on the magnetic properties of the system is
also investigated using ab initio methods and the compositional limit of
the system is explored.

2. Experimental

2.1. Sample preparation

Samples were synthesised by arc melting of stoichiometric quantities
of FeB (H€oganas AB), Fe (Goodfellow, purity 99.0%), Si (Goodfellow,
Purity 99.5%) and FeGe2 powders under an argon atmosphere. FeGe2
was initially prepared by arc melting of Fe (Testbourne Ltd, Purity
99.95%) and Ge (Lesker, purity 99.999%) and its structure confirmed by
PXRD prior to further synthesis. The samples were re-melted four times
to ensure good homogeneity before crushing into a powder and
annealing as pellets in evacuated silica tubes at 1300 K for 7 days.

2.2. X-ray diffraction

The phase purity and crystal structures of the compounds were
investigated by powder X-ray diffraction using a Bruker D8 diffractom-
eter equipped with a lynx-eye position sensitive detector (PSD) using
CuKα1 radiation (λ ¼ 1.5406 Å) at room temperature with a step size of
0.016� and a 2θ range of 20–125�. The crystal structures were analysed
using Rietveld refinement [15] within the Topas 6 software program
[16]. The refined parameters include the background, zero-point, scale
factor, peak shape, unit cell parameters, atomic coordinates and
preferred orientation (using the March-Dollase model with (110) direc-
tion), whilst ADPs remained fixed at 0.2. Powder X-ray diffraction pat-
terns of each composition were also recorded as a function of
temperature on cooling between 300 and 16 K and the evolution of unit
cell parameters with temperature was investigated using Pawley re-
finements within the Topas 6 software program [16].

2.3. Energy dispersive X-ray spectroscopy

The composition of the samples was investigated using a Zeiss Leo
1550 field emission SEM equipped with Aztec energy dispersive X-ray
detector. Data were collected on at least 10 points per sample using an
accelerating voltage of 20 kV and any areas not corresponding to the
main Fe5SiB2 phase were omitted from the estimates of phase
composition.

2.4. Magnetometry

All samples were studied with a combination of a Quantum Design
2

MPMS 5 XL system and a LakeShore 7404 vibrating sample magnetom-
eter (VSM). Magnetisation measurements were carried out as a function
of temperature and field. The temperature dependent measurements
were performed in a field cooled mode with an applied field of 0.01 T,
from 390 K to 10 K in the MPMS systemwith a cooling rate of 3 K/min. In
the LakeShore system, the samples were heated to 1000 K and then
cooled to 300 K with the same applied field and cooling rates. Isothermal
magnetisation curves were collected at several temperatures with a
maximum applied field of 5 T in the MPMS system and 1 T in the
LakeShore VSM. The law of approach to saturation [17] was used to
determine an effective anisotropy constant, |Keff| using the same method
as in [11,12].

2.5. Theoretical calculations

Crystal structure relaxation was performed using the Vienna Ab Initio
Simulation Package (VASP) [18] [–] [21] within the Projector
Augmented Wave (PAW) method [22]. The Generalized Gradient
Approximation (GGA) in Perdew, Burke, and Ernzerhof (PBE) form [23]
was employed. The plane-wave energy cut off was set to 400 eV. A
supercell approach was used to obtain the crystal structures of Fe5S-
i0.75Ge0.25B2, Fe5Si0.5Ge0.5B2, and Fe5Si0.25Ge0.75B2. Magnetic anisotropy
energy (MAE) was calculated with spin-orbit coupling included asMAE¼
Epl - Ec, where Ec and Epl are the total energies with the magnetisation
directed along and perpendicular to c-axis. The negative sign of MAE
indicates the in-plane magnetic anisotropy.

For calculations based on experimental unit cell spin-polarised rela-
tivistic Korringa-Kohn-Rostoker (SPR-KKR) code [24] was used to obtain
magnetisation and MAE by solving the Kohn-Sham equations within the
Green's function formalism. MAE was calculated with the torque method
[25] without considering the full-potential effects in the Atomic Sphere
Approximation (ASA). ‘Alloying’ was treated within the coherent po-
tential approximation (CPA) [26,27] using a single unit cell. The PBE
[23] approximation was employed as exchange-correlation functional
with the angular momentum cutoff of lmax ¼ 3 in the multiple scattering
expansion. The converged k-point grids were utilized for the
self-consistent total energy calculations. Curie temperature was obtained
within the mean-field approximation [28]. The exchange parameters Jij
were calculated using the magnetic force theorem implemented in the
Liechtenstein-Katsnelson-Antropov-Gubanov formalism [29,30]. Sumo
package [31] was used for the density of states (DOS) plots.

3. Results and discussion

3.1. Phase analysis

Four compositions within the Fe5Si1-xGexB2 system with x ¼ 0:05;
0:10; 0:15 and 0:20 were synthesised. The samples were analysed by
powder X-ray diffraction using the Rietveld refinement method,
revealing Fe5Si1-xGexB2 as the predominant phase for each of the com-
positions a summary of the Rietveld refinement results is given in Fig. 1
and Table 1. A secondary FeB phase was observed in all samples though
with less than 5 wt% for compositions where x ¼ 0:05; 0:10 and 0.15.
Details of the FeB phase are given in Tables S2 and S3 of the supporting
information. For compositions where x � 0:2, a noticeable decrease in
the phase purity is observed and the secondary FeB phase fraction in-
creases substantially to around ~8 wt% with noticeable broadening of
the peak at 45� which could indicate the presence of additional phases
such as Fe3Si as previously reported in the Fe5SiB2 system [11,12]. The
presence of both Fe3Si and FeB impurities suggests that the phases are not
in equilibrium since these impurities don't occupy the same 3 phase re-
gion of the ternary phase diagram of Fe–Si–B. However, this effect is
likely due to the significantly higher melting point of FeB relative to the
other compounds, causing the FeB to crystallise first during the synthesis
subsequently driving the composition to the Fe5SiB2/Fe3Si region of the
phase diagram. Attempts to synthesise compositions with higher Ge



Fig. 1. Powder X-ray diffraction patterns (λ ¼ 1.5406 Å) and Rietveld refinements of (a) Fe5Si0.95Ge0.05B2 Rwp ¼ 3.01 Rp ¼ 2.24 χ2 ¼ 1.41 (b) Fe5Si0.90Ge0.10B2 Rwp ¼
3.34 Rp ¼ 2.56 χ 2 ¼ 1.35 (c) Fe5Si0.85Ge0.15B2 Rwp ¼ 3.80 Rp ¼ 2.78 χ 2 ¼ 1.57 and (d) Fe5Si0.80Ge0.20B2 Rwp ¼ 3.24 Rp ¼ 2.40 χ 2 ¼ 1.46.

Table 1
Results of Rietveld refinements of Fe5Si1-xGexB2 (x ¼ 0.05, 0.10, 0.15, 0.20)
powder X-ray diffraction data.

x a (Å) c (Å) Rwp χ2 FeB wt%

0.05 5.5518(1) 10.3388(1) 3.01 1.41 4.13(10)
0.10 5.5552(1) 10.3491(1) 3.34 1.35 2.58(10)
0.15 5.5581(1) 10.3546(1) 3.80 1.57 4.36(16)
0.20 5.5588(1) 10.3547(1) 3.24 1.46 8.04(13)

Table 2
Atomic positions and occupancies of Fe5Si0.95Ge0.05B2 derived from powder X-
ray diffraction data collected at room temperature.

Atom Wyckoff
Position

x y z Occupancy

Fe1 4c 0 0 0 1.00
Fe2 16l 0.1693(1) 0.6693(1) 0.1376(1) 1.00
Si 4a 0 0 0.25 0.95
Ge 4a 0 0 0.25 0.05
B 8h 0.6209(10) 0.1209(10) 0 1.00
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content resulted in a mixture of phases suggesting a compositional limit
in the amount of Ge which can be incorporated in the crystal structure
using this synthesis methodwhich is most likely limited by the significant
size difference between Si and Ge.

All 4 compositions studied are isostructural to the parent compound
Fe5SiB2 and adopt the I4/mcm space group. The X-ray powder diffraction
data and Rietveld refinement for the first four members of the Fe5Si1-
xGexB2 series are shown in Fig. 1 and indicate a good fit to the structural
model. The refined atomic coordinates of Fe5Si0.95Ge0.05B2 are shown in
Table 2 with full values for the other compositions provided in Table S1
in the supporting information. The evolution of the unit cell parameters
with Ge content is shown in Fig. 2, both the a and c parameters initially
increase with Ge content before reaching a plateau at ~ x ¼ 0:15, which
coincides with the maximum Ge content which could be introduced to
the structure by this synthesis method. Whilst the unit cell parameters do
increase with Ge content, the changes in unit cell parameters are
comparatively small in comparison to the existing studies concerning P,
3

Mn and Co substitution but are in the same order of magnitude as the
previously reported compound Fe5Si0.75Ge0.25B2 [13].

The composition was also explored using EDS analysis, the results are
summarised in Tables S4–S8 Figs. S2 and 3 in the supporting information.
The compositions are in good general agreement with the nominal
compositions and show increasing Ge across the series of compounds
though B content is excluded from the analysis due to the poor accuracy
in determining elements of low atomic weight. The analysis reveals a
monotonic relationship between the nominal compositions and the
estimated Ge content. The Ge content increases monotonically for x ¼
0:05� 0:15, however Ge content does not increase for values of x greater
than 0.15 suggesting something of a compositional limit for the system
and synthesis method. This finding is in keeping with the PXRD analysis
which contained noticeably lower levels of phase purity for compositions
where x > 0:15.

Variable temperature X-ray diffraction was measured on each of the



Fig. 2. Unit cell parameters of Fe5Si1-xGexB2 for x ¼ 0.05, 0.10, 0.15 and 0.20
from Rietveld refinement of powder X-ray diffraction data collected at room
temperature. Standard deviations are smaller than the symbols.

R. Clulow et al. Journal of Solid State Chemistry 316 (2022) 123576
new compositions to investigate the effect of Ge content on the low
temperature structure and spin reorientation temperature. Previous
studies of the parent compounds Fe5SiB2 have found that the spin reor-
ientation is not coupled to a change in crystal structure or symmetry. The
XRD data were measured at 6 temperatures down to a minimum of 16 K,
their diffraction patterns are shown in the supporting information, the
unit cell parameters were also monitored across the full temperature
range and in general show an expected contraction in the unit cell
parameter a at lower temperatures whilst c remains almost constant as
shown in Fig. 3. The unit cell parameters of the x ¼ 0.15 increase slightly
at lower temperatures, however, it should be noted that this composition
lies on the cusp of our observed solubility limit for Ge in the Fe5SiB2
system which could be a contributing factor for this somewhat unusual
behaviour. The analysis did not reveal evidence of any structural phase
transitions at low temperature and is in agreement with the reported data
for the parent compound Fe5SiB2 [11,12].
3.2. Magnetism

The magnetic measurements are shown in Fig. 4 and Fig. 5 and the
results are summarised in Table 3. The spin reorientation of the com-
pounds was studied using field cooled measurements as shown in Fig. 4a.

A previous neutron diffraction study shows that for Fe5SiB2, the cusp
seen in magnetisation versus temperature can be attributed to a
Fig. 3. Evolution of unit cell parameters of Fe5Si1-xGexB2 (x ¼ 0.05, 0.10, 0.15 a
diffraction data collected at 300, 175, 125, 75 and 16 K. (a) unit cell length a and (

4

magnetostructural transition rather than a phase transition [11]. Our
temperature dependent XRD measurements (see Fig. 3) also do not
contain any evidence for a structural transition. Therefore, it is likely to
assume that for the other Ge containing samples this is a magneto-
structural transition. In general, the spin reorientation temperature (Tsrt)
here is shifted to lower temperatures with increasing Ge content; how-
ever, there is no clear monotonic decrease with Ge content (see Table 3).

The highest Ge content (x ¼ 0:20) shows a Tsrt at 120 K. This can be
compared with Lejuene et al. [13], where they show a suppression of Tsrt

to 60 K for Fe5Si0.75Ge0.25B2. It should be noted that depending on the
synthesis conditions, large changes were reported in both structural
properties as well as magnetic properties [13]. As an example, for the
same chemical composition Lejuene et al. [13] reports saturation mag-
netisation of 116 Am2/kg for as spun samples, 134.4 Am2/kg for
cast-annealed samples and 158.3 Am2/kg for melt-spun/annealed sam-
ples. In the same system, the lattice parameters (a, c) vary as 5.559(4),
10.325(5) Å for as spun, 5.551(1), 10.347(1) Å for cast-annealed and
5.549(1), 10.337(1) Å for melt-spun annealed. These differences in lat-
tice parameters are for instance larger than what we observe in the whole
temperature range of 16 K and 300 K for x ¼ 0:20. It should be noted that
alloying Fe5SiB2 with Ge may produce unexpected changes, as evident in
SiGe thermoelectric materials, where neither Si or Ge possess good
thermoelectric properties, whereas an alloy of these, SiGe has excellent
thermoelectric properties and has been used to power some of the
Voyager space missions [32].

Another property that was lifted in Lejuene et al. [13] is that TC is not
significantly affected at all by the Ge substitution. They report that their
Fe5Si0.75Ge0.25B2 possesses TC in the range of 791–794 K for the three
different samples. In this study, samples within the range 0 � x � 0.20
were synthesised and the effect of composition upon TC was investigated
for all compositions using magnetometry. Unexpectedly, the compounds
studied in this paper also show more or less constant TC, despite the
lattice parameters varying with Ge content. Field cooled measurements
can be seen in Fig. 4b, all curves are normalised to the magnetisation at
600 K, M600K. All curves show a distinct minimum of dM=dT occurring
around 790 K, which is the TC reported in this study. The additional
inflection at ~840 K coincides with the reported TC of Fe3Si suggesting
trace amounts of the impurity in the samples, though at levels too low to
be detected in PXRD or EDS data. The TC of the compounds studied in this
paper appear to be unaffected by the Ge content. This is in contrast to the
earlier studies concerning P [12], Co [33,34], and Mn [10] substitutions.
This can be attributed to the number of valence electrons in Si vs Ge, as
they have similar valence shells, in contrast to the substitutions of alio-
valent elements.

Fig. 5a, c shows magnetisation curves versus field at 10 K and 300 K.
All samples have near zero coercivity and magnetic remanence,
nd 0.2) with temperature, derived from Pawley refinement of powder X-ray
b) unit cell length c.



Fig. 4. (a) Magnetisation divided by the magnetisation at the spin reorientation temperature as a function of temperature in an applied field of 0.01 T in the tem-
perature range 10–300 K. (b) Magnetisation as a function of temperature normalised by magnetisation at 600 K (M600K). The data for x ¼ 0.0 are taken from [12].

Fig. 5. Magnetisation as a function of an applied field at (a) 300 K and (c) 10 K. Saturation magnetisation versus Ge content (b) and (d) |Keff| as a function of Ge
content. The data for x ¼ 0.0 is taken from [12].
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indicating that the material is magnetically soft. Fig. 5 (b) shows the
saturation magnetisation versus Ge content at 10 K and 300 K, revealing
a decrease of the saturation magnetisation with increasing Ge content.
The general trend is that MS only varies to a small degree at room tem-
perature, 141 Am2/kg for x ¼ 0:0 and 129 Am2/kg for x ¼ 0.20. This is
further complicated by the impurity FeB which has quite a large moment
of around 1.8–2.4 μB/f.u [35] and is present in the highest amount in
x ¼ 0:20. As TC seems unaffected by the Ge content, likely a similar
argument could be made forMS at room temperature. Here the difference
in MS is ~9%, which is largely explained by difference in phase purity
and experimental uncertainty.
5

Lejuene et al. [13] reported that K1 increased from 0.3 MJ/m3 to 0.50
MJ/m3 when part of the Si was substituted by Ge using the law of
approach to saturation. In this paper, the law of approach to saturation
was also used to extract an effective anisotropy constant at room tem-
perature. The extracted value can be seen in Fig. 5d and Table 3. Overall,
jKeff j for our samples also show that jKeff j increases as the Ge content
increases. However, based on our experience using the law of approach
to saturation this approach more serves as tentative description of trends
rather than providing absolute values for the magnetic anisotropy. In this
study, samples above x > 0:2 could not be synthesised. However, as both
Lejuene et al. [13] and our values at least tentatively seem to show that



Table 3
Saturation magnetisation (MS) at 10 K and room temperature, together with spin
reorientation temperature, TC and |Keff|. The values for x ¼ 0.0 are taken from
[12]. The tabulated values correspond to the measured the values for the
samples.

x Ms (10 K) (Am2/
kg)

Ms (RT) (Am2/
kg)

Tsrt

(K)
TC

(K)
jKeff j (MJ/
m3)

0.00 159 141 165 790 0.30
0.05 146 134 120 790 0.43
0.10 152 128 140 790 0.42
0.15 157 131 101 790 0.46
0.20 148 129 120 790 0.49

Fig. 6. Fe–Fe exchange coupling parameters for Fe5SiB2 and Fe5GeB2 plotted as
a function of distance between Fe atoms.

Table 4
Lattice parameters, saturation magnetisation, and MAE calculated for the relaxed
structures Fe5Si1-xGexB2 with VASP using the supercell method.

x a (Å) c (Å) Ms (Am2/kg) MAE (MJ/m3)

0.00 5.509 10.293 155.8 �0.33
0.25 5.523 10.357 149.0 �0.34
0.50 5.536 10.440 142.5 �0.25
0.75 5.545 10.497 136.7 �0.24
1.00 5.552 10.569 137.3 �0.14

Table 5
Saturation magnetisation, MAE, and TC calculated for the experimental crystal
structures Fe5Si1-xGexB2 with CPA and SPRKKR code. For x ¼ 0:25 the unit cell
parameter measured for x ¼ 0:20 were used. The last line shows a calculation
performed for the unit cell relaxed with VASP.

x Ms (Am2/kg) MAE (MJ/m3) TC (K)

0.05 137.7 �0.544 903
0.10 137.5 �0.633 911
0.15 138.9 �0.688 926
0.20 137.6 �0.623 920
0.25 136.7 �0.623 919
0.25 (rel) 134.3 �0.291
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K1 (or jKeff j) increases with Ge content.
In order to investigate the effect of Ge-substitution on the magnetic

properties of Fe5SiB2 we performed the calculations in two ways – the
supercell and CPA methods. As the supercell calculations are computa-
tionally expensive [36], we were only able to consider the supercell of 32
atoms constructed by multiplication of the basal unit cell and replacing
one, two, and three atoms of Si with Ge. It allowed us to obtain the
magnetic properties of Fe5Si0.75Ge0.25B2, Fe5Si0.5Ge0.5B2, and Fe5Si0.25-
Ge0.75B2. Lattice parameters and the internal atomic positions of these
compounds were optimized using VASP both in volume and a/c ratio. All
the Si in the unit cell of Fe5SiB2 was replaced with Ge and the unit cell
relaxed to obtain crystal structure of Fe5GeB2.

Densities of states for Fe5SiB2 and Fe5GeB2 are given in Fig. S4. We
can see, that the substitution of Si with Ge has no significant effect. The
dominant role around the Fermi energy is played by 3d orbitals. The
majority spin channels are nearly fully occupied while the observed spin-
splitting (proportional to the magnetic moment) is similar for both
compounds. Fig. 6 shows the Fe–Fe exchange interactions is Fe5SiB2 and
Fe5GeB2. The dominating interactions are positive, favouring the ferro-
magnetic orientation of the spins, and are similar in size, which explains
the fact that the TC observed in the experiment remains almost un-
changed as Ge is added to the system.

Table 4 shows the structural and magnetic properties for the relaxed
Fe5Si1-xGexB2 (x ¼ 0:00; 0:25; 0:50; 0:75) and Fe5GeB2. We see the
gradual increase in the values of a and c with Ge concentration up to a ¼
5.552 Å, c¼ 10.569 Å for the hypothetical compound Fe5GeB2, which are
comparable to our reported values of a ¼ 5.5587 (1) and c ¼ 10.3547 (1)
Å for Fe5Si0.8Ge0.2B2 though with a slight deviation in unit cell length c. It
should be noted that PBE, while remaining the best GGA functional for
most solids with 3d transition metals, tends to overestimate the lattice
constants [37]. Saturation magnetisation shows no significant change as
Si is replaced with germanium and agrees well with the experimental
values. The MAE remains almost constant for Fe5SiB2 and Fe5Si0.75-
Ge0.25B2 at around 0.33 MJ/m3 but decreases (in the absolute value) to
�0.14 MJ/m3 for Fe5GeB2. As our theoretical values are lower than
measured ones, we performed the CPA calculations for the crystal
structures and Ge concentrations obtained experimentally. This approach
allows us consider the smaller values of x within a single unit cell. Since,
according to the measurements presented in Fig. 2, crystal structure
parameters seem to plateau as Ge concentration increases, we performed
an additional calculation for x ¼ 0:25 with the unit cell parameter
measured for x ¼ 0:20. The result is given in Table 5. Saturation
magnetisation underestimates the experimental values slightly and varies
insignificantly with x, similar to the calculations performed with VASP.
MAE increases from �0.54 MJ/m3 for x ¼ 0:05 to �0.62 MJ/m3 for
x ¼ 0:25. To explain the difference in magnetic anisotropy between the
values obtained with the supercell and CPA methods, we performed an
additional SPRKKR calculation for the a and c calculated for Fe5Si0.75-
Ge0.25B2 with structure relaxation in VASP, see Table 5. The resulting
value is �0.29 MJ/m3. Similar to Fe5SiB2

12 and Fe5PB2
31, MAE of Fe5GeB2

seem to be extremely sensitive to the unit volume. A VASP calculation
was performed to see the change in magnetic anisotropy with the unit
cell volume, see Fig. S5. The result is very close to the behaviour of MAE
6

in Fe5SiB2
12 and Fe5PB2

31. With the decrease in volume, magnetic
anisotropy decreases in value and eventually changes its sign becoming
uniaxial. As expected for the mean-field values of TC, it is overestimated.
However, similar to the experiment, there is no significant change in its
value.

4. Conclusions

Four new compounds within the Fe5Si1-xGexB2 series with x ¼ 0.05,
0.10, 0.15 and 0.20 have been synthesised. The compounds are iso-
structural with the parent compound Fe5SiB2 and adopt the I4/mcm space
group. Each of the compositions contained a few percent of FeB impurity
phase but expansion of the unit cell coupled with EDS and magnetometry
data show clear evidence for the incorporation of Ge into the crystal
structure. Whilst Ge has been incorporated into the compounds, it ap-
pears to be limited to relatively small amounts of Ge <~15%. Magne-
tometry reveals a slight decrease in MS with increasing Ge content whilst
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the MAE is almost unaffected by Ge content. The Tsrt is supressed at
higher amounts of Ge but the TC remains constant 790 K in contrast to the
earlier studies regarding P, Mn and Co substitution. Ab initio calculations
reveal an increase in MAE up to x ¼ 0.25 and subsequent decrease to the
value of �0.14 MJ/m3 for the hypothetical compound Fe5GeB2 sug-
gesting that further Ge substitution is unlikely to result in improved
magnetic properties.
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