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Magnetic properties of the FesSiB,—FesPB, system
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The magnetic properties of the compound FesSi;_,P,B, have been studied, with a focus on the Curie
temperature 7Tc, saturation magnetization Mg, and magnetocrystalline anisotropy. Field and temperature
dependent magnetization measurements were used to determine 7 (x) and Mg(x). The saturation magnetization at
10 K (300 K) is found to monotonically decrease from 1.11 MA/m (1.03 MA/m) to 0.97 MA/m (0.87 MA/m),
as x increases from O to 1. The Curie temperature is determined to be 810 and 615 K in FesSiB, and FesPB,,
respectively. The highest 7¢ is observed for x = 0.1, while it decreases monotonically for larger x. The Curie
temperatures have also been theoretically determined to be 700 and 660 K for FesSiB, and FesPB,, respectively,
using a combination of density functional theory and Monte Carlo simulations. The magnitude of the effective
magnetocrystalline anisotropy was extracted using the law of approach to saturation, revealing an increase with
increasing phosphorus concentration. Low-field magnetization vs temperature results for x = 0,0.1,0.2 indicate
that there is a transition from easy-axis to easy-plane anisotropy with decreasing temperature.
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I. INTRODUCTION

Magnetically ordered materials are key to the modern
world. Some examples include magnetic materials used in
electric generators, electric motors, hard drives, and medical
devices such as magnetic resonance imaging. Exploration of
the known and unknown magnetic materials is essential for
further development of magnetic technology, as well as for the
enhanced understanding of magnetic phenomena.

One system with potential for applications is the
FesSiB, —FesPB; system, which has attracted interest because
of a Curie temperature 7¢ higher than 760 K (FesSiB,),
a saturation magnetization Mg larger than 1 MA/m, and a
magnetocrystalline anisotropy (MAE) > 0.30 MJ/m? at room
temperature [1-4]. FesSiB, was first synthesized in 1959 by
Aronsson and Lundgren [5]. Using Mdssbauer spectroscopy
Wiippling et al. [6] determined that FesSiB, is ferromagnetic
up to the reported T¢ of 784 K and that the magnetization is
parallel to the ¢ axis at high temperatures. Other studies include
experiments on single crystalline FesPB, by Lamichhane et al.
[4] who reported a Tc of 655 K, an anisotropy constant
K, of 0.38 MJ/m3, and Ms = 0.92 MA/m at 300 K [4].
McGuire and Parker [2] studied the FesSiB,—FesPB, system
and they reported 7¢ > 760 K (maximum temperature in their
experiments) for FesSiB, and 640 K for FesPB,. McGuire and
Parker also studied the effect of substitution of Fe for Co and
Mn in FesPB; and found that 7 decreased down to 515 K for
Fe4CoPB,, while T¢ increased to 650 K for Fe,MnPB,.

FesSiB, is part of a larger system of borides, M s XB,, where
M is a d metal such as Fe, Co, or W, and X is a p-block element
such as P or Si. The crystal structure is shown in Fig. 1, where
the two Fe positions are marked, as well as the B position and
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the crystallographic site that contains the Si and P atoms in the
compound. Using density functional theory with the virtual
crystal approximation (VCA) Werwifiski et al. [3] reported
that the MAE varied from —0.3 MJ/m? to 0.3 MJ/m® as Si
was substituted with an increasing amount of P. In this work it
was also suggested that FesS;_, P, B, compounds with sulfur
can have an MAE as high as 0.8 MJ/m°.

In this study, the FesSi;_,P,B, system with 0 < x < 1
has been experimentally investigated using temperature and
magnetic field dependent magnetization measurements. Re-
sults from temperature dependent magnetometry between 7' =
10K and T = 950 K have been used to determine the variation
of T¢ with x. Field dependent magnetization measurements
performedat 7 = 10K and T = 300 K were used to determine
the variation of Mg with changing phosphorus concentration.
The law of approach to magnetic saturation was used to
determine the variation of the effective magnetocrystalline
anisotropy with x. Phase analysis has been performed with
x-ray diffraction (XRD) and thermogravimetric analysis. Den-
sity functional theory (DFT) calculations have been performed
using the spin polarized relativistic Korringa-Kohn-Rostoker
(KKR) method [7,8] and the generalized gradient approxima-
tion [9]. The Curie temperatures have been evaluated using the
Heisenberg exchange interaction parameters extracted from
the DFT results and using these as input for classical Monte
Carlo (MC) simulations.

II. EXPERIMENT
A. Sample preparation and material characterization

Master compounds of FesSiB, and FesPB, were prepared
from stoichiometric amounts of the elements iron (Leico
Industries, purity 99.995%; surface oxides were reduced in
H, gas), silicon (Highways International, purity 99.999%),
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FIG. 1. Crystal structure of FesSi;_,P,B,.

phosphorus (Cerac, purity 99.999%), and boron (Wacher-
Chemie, purity 99.995%). FesSiB, was prepared by conven-
tional arc melting while drop synthesis [10] was used for
FesPB,, where phosphorus was dropped into a melt of iron
and boron. Samples of intermediate compositions in the series
FesSi;_,P,B, were made by mixing appropriate amounts of
the master alloys. All samples were crushed, pressed into
pellets, and heat treated in evacuated silica tubes at 1273 K
for 33 days followed by quenching in cold water. The pure
FesSiB, sample is the same as used in Ref. [1].

Phase analysis and crystal structure determinations were
performed using a Bruker D8 diffractometer equipped with
a LynxEye position sensitive detector (4° opening) using
CuK «; radiation (A = 1.540598 A). All measurements were
performed at 298 K in a 260 range of 20°-90°. The crystal
structures were studied in detail with refinements according
to the Rietveld method [11] implemented in the software
FULLPROF [12]. In the refinements 18 parameters were varied:
five atomic coordinates, four atomic occupancies, isotropic
temperature factor, and two unit cell parameters as well as
the zero point, background, scale factor, peak shape, and three
half-width parameters. The unit cell parameters of the main
phase were precisely studied using least-square refinements of
the peak positions using the software UNITCELL [13].

To evaluate the melting point of the samples, differential
thermal analysis (DTA) was performed using a Netzsch STA
409 PC Luxx TG-DTA/DSC instrument. All measured samples
were analyzed under flowing Ar atmosphere and with Ar also
used as a purge gas in the temperature range 298—-1668 K with
a heating rate of 10 K/min.

B. Magnetization measurements

All samples were studied using vibrating sample magne-
tometry. Field (H) and temperature (7') dependent magneti-
zation (M) measurements were performed using two differ-
ent vibrating sample magnetometers (VSMs). Temperature
dependent values of M between 10 K < T < 300 K were
measured using a Quantum Design PPMS 6000 VSM, while
measurements between 300K < 7 < 950K were performed
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using a LakeShore 7404 VSM. Samples measured at low
temperature were immobilized in gelatin capsules using a
weakly paramagnetic varnish that accounts for less than 0.01%
of the measured magnetic moment. The samples used for 7 >
300 K were folded in 0.05 mm Cu foil during measurements.
Full hysteresis curves were measured at a temperature of 300
K using the LakeShore VSM with fields ranging from 1.4
to —1.4 MA/m. None of the samples exhibited a hysteretic
behavior and therefore only positive magnetic fields were
applied using the PPMS VSM at T = 10 K and 7 = 300 K.
The magnetization in SI units was calculated from the
magnetic moment by using the sample weight and the density
obtained from XRD measurements at 298 K. High-temperature
measurements were performed to extract the 7¢, whereas
low temperatures were made to reveal the magnetostructural
transitions previously reported for this system [1]. Using the
law of approach to saturation [14] an effective anisotropic
constant |K¢s| was determined using the same method as in
Ref. [1].

C. Details of calculations

The DFT calculations were carried out in the generalized
gradient approximation [9] using the spin polarized relativistic
KKR method [7,8] in scalar relativistic mode. Previous work
has shown that the atomic sphere approximation (ASA) is not
accurate in describing the relevant system [3], resulting in, e.g.,
incorrect magnetic moments in comparison to full potential
(FP) calculations. In other systems, such as (Fe;_,Co,),B,
ASA has been shown to provide an unsatisfactory description
of the band structure and certain delicate magnetic properties
including the magnetocrystalline anisotropy [15]. Since not
even the magnetic moments are correctly described by the
ASA for the system studied here, the calculations have been
performed in the more accurate FP mode. Previously reported
[3] computationally optimized lattice parameters and atomic
positions were used. For the self-consistent calculations 40
energy points on a semicircular path in the complex energy
plane and a discretization over approximately 1000 k points
in the Brillouin zone were considered. J;;, the exchange
interactions, appearing in the Heisenberg Hamiltonian, were
evaluated by the method of Liechtenstein et al. [16,17], with
respect to a ferromagnetic reference state.

III. RESULTS AND DISCUSSION

A. Phase analysis

The XRD studies confirm that the master compounds
crystallize in the /4 /mcm space group and the crystallographic
main phase is the same for all the samples in the series. The
crystal structure analysis is shown in Fig. 2 for the master alloys
FesSiB, (a) and FesPB; (c) as well as for the mixed compound
FesSip 5Py sB» (b). The crystal structure analysis has, however,
shown that all samples have secondary phases (<3%). For
FesSiB, and FesSigsPysB, it consists of Fes;Si, while for
FesPB, the secondary phase is Fe,P. The unit cells of all
samples have been refined and show that the a lattice parameter
decreases linearly while the c¢ lattice parameter increases
slightly when going toward higher phosphorous concentrations
[see Fig. 2(d)]. For the FesSiB, sample the unit cell parameters
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FIG. 2. Structure refinements performed on the samples (a) Fes;SiB,, (b) FesSigsPysB,, and (c) FesPB,. (d) shows the refined unit cell
parameters as a function of phosphorous content. The secondary phases are Fe;Si in (a) and (b) and Fe,P in (c).

are ¢ = 5.5541(1) A and ¢ = 10.3429(2) A [1]. These values
change to a = 5.4923(1) A and ¢ = 10.3654(4) A when the

sample (FesSigsPysB,) exhibiting a melting temperature in
between (1566 K).

silicon site is fully substituted with phosphorous. This trend

was also previously calculated by Werwinski et al. [3]. The

B. Experimental and calculated magnetic results

fact that phosphorous is replacing silicon in the structure is

further supported by the melting temperatures extracted from
the DTA results presented in Fig. 3. It becomes clear since the
lowest melting temperature is observed for Fes;SiB, (1491 K)

In Fig. 4, magnetization vs field curves for FesSiB,,
FesSigsPysB,, and FesPB, at 300 K are shown. All samples
exhibit close to zero coercivity and remanence, which is

and the highest for FesPB, (1603 K), with the intermediate
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FIG. 3. DTA scans used to extract the melting temperatures for

the samples FesSiB,, FesSij 5Py 5B, and FesPB,.

FIG. 4. M vs H at 300 K from top to bottom for FesSiB,,
FesSigsPosB,, and FesPB,. Inset shows the M-H curve for
FesSij 5Py sB, at weak fields.
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FIG. 5. Experimental values for Mg at 300 and 10 K together with
previously reported values [1]. Full substitution of Si for P decreases
Ms from 1.03 MA/m (FesSiB,) to 0.87 MA/m (FesPB,) at 300 K.
The dashed line is added as a guideline for the eye.

illustrated by the inset in Fig. 4 for Fe5Sig 5Py sB,. The highest
saturation magnetization is observed for FesSiB, (Mg = 1.03
MA/m). In a previous publication by Cedervall et al. [1] it
was reported that Mg = 1.02 MA/m for FesSiB,; at 300 K, in
good agreement with the present results. The present results
can also be compared to those of McGuire and Parker [2], who
reported a Mg of 0.96 MA/m (300 K) for FesSiB,. However,
the FesSiB, sample used in the present study contains <3%
of the impurity phase Fe;Si, a ferromagnetic compound with
a reported T¢ of about 840 K [18,19], which makes a direct
comparison problematic. McGuire and Parker [2] found that
their FesSiB, sample contained 3% Fe47Si;B. The values
reported here for Mg are 6% larger compared to those reported
by McGuire and Parker [2]. Regarding the Fe47Si,B impurity
phase, no reported data of its magnetization exists.

In a recent work studying a FesSiB, sample with isotope
pure "B [1], the Ms was reported to be 0.92 MA/m at
300 K not taking into account the 5% impurity of Fe47Si;B.
Assuming Fe, 7Si,B is nonmagnetic and that different boron
isotopes do not affect the magnetic moment, then Mg would be
0.97 MA/m for FesSiB,. The Mg value reported by McGuire
and Parker would be 1.08 MA/m at 300 K using the same
reasoning and the reported value in the present work is 1.05
MA/m at 300 K. Since the difference between Mg using
corrected and uncorrected moments are small, no corrections
were made for the other samples in the present work.

Figure 5 displays the Mg values from this study together
with previously reported values for the FesSiB,—FesPB;
system. Previous studies have focused on FesSiB; and FesPB,,
with no compositions in between. Taking all previous mea-
surements into account, considering the impurity contents
and the new results presented here it can be concluded that
the saturation magnetization monotonously decreases with
increasing P content (cf. Fig. 4). It should be pointed out that
this decrease of the saturation magnetization with increasing
phosphorus concentration does not comply with results from
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FIG. 6. Experimental values of 7¢ as a function of P concentration
together with values from MC simulations. Inset shows M-T curves
for Fe5 SiBz, Fe5Si0_5Po_5B2, and FCSPBQ.

density functional theory calculations [3], where instead the
results indicated a weak increase of the magnetization with
phosphorus concentration (from 1.07 MA/m to 1.08 MA/m
as x increased from O to 1).

Regarding FesPB,, My is estimated to 0.87 MA/m and
0.97 MA/m at 300 and 10 K, respectively. According to
the XRD results in Fig. 2, there is a secondary phase of
Fe,P present and the Mg values are therefore expected to
be somewhat underestimated. The present results can be
compared to those obtained from single crystal data of FesPB,
by Lamichhane et al. [4] who reported a Mg of 0.92 MA/m
at 300 K and 1.03 MA/m at 5 K. The larger values of Mg
obtained by Lamichhane et al. [4] can be explained by single
crystals being free from impurity phases. McGuire and Parker
[2], on the other hand, reported a Mg of 0.87 MA/m at 300
K and 0.96 MA/m at 5 K with 6% Fe,P impurity phase.
Substituting Si with P yields a reduction of Mg from 1.03
MA/m (FesSiB,) to 0.87 MA/m (FesPB;) at 300 K. Since
neither Si nor P are magnetic elements, the reduction of Mg
should mainly originate from a change in unit cell volume, or
from the magnitude of the magnetic moments on the Fe atoms.

From XRD data the unit cell volume for FesSiB, is 319.06 A3

and 312.67 AS for FesPB,, indicating that the moments on the
Fe atoms are larger in FesSiB, as compared to FesPB,.

In Fig. 6 experimental values of T¢ are shown together with
theoretically calculated and previously reported 7¢ values for
the FesSiB,—FesPB, system. Experimental 7¢ values show
approximately a linear decrease for concentrations x > 0.1.
The largest experimental ¢ is 834 K for FesSig 9Py B, and
the smallest value is 615 K for FesPB,.

Tc was extracted by drawing the tangent at the inflection
point on the M-T curve and determining 7¢ from the intercept
with the temperature axis. This method has given reliable
values for other magnetic material systems, e.g., Gd [20]. This
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FIG. 7. Fe-Fe exchange interactions plotted as a function of
distance between Fe atoms, for the compounds FesPB, (left) and
Fe;SiB, (I‘lght)

practice was employed in order to compensate for the Fe;Si
impurity phase, a ferromagnetic compound with a 7¢ of about
840 K [18,19]. Since T¢ for Fe;Si is higher than for some
of the investigated compounds, the temperature dependent
magnetization curve will be a superposition of two M-T
curves. Compared to common practice, the uncertainty of this
method was estimated to be around £5 K since it changed the
extracted T¢ by at most 5 K for the compounds with no visible
content of the Fe;Si impurity phase. The calculated Curie
temperatures are of similar magnitude as the experimentally
measured ones and correctly describe the observation that
FesPB, has lower T¢ than FesSiB,.

Figure 7 shows the Fe-Fe exchange interactions in the
FesSiB, and FesPB, compounds obtained from DFT calcu-
lations. The dominating short-range interactions are positive,
whereby ferromagnetism is expected to be favored. Further-
more, several of the dominating interactions can be seen
to decrease as P is substituted for Si, which explains the
mechanism behind the experimentally observed decrease in
Tc. Itis also noticed that all JFe2"Fe2 interactions are very weak,
and furthermore that there are fewer of these atoms, whereby
these should be less important for the magnetic ordering,
while Fe-Fe, interactions should dominate. This is consistent
with the observation that the Fe, magnetic moments are more
strongly reduced with temperature than the Fe; moments [1].

Using the exchange coupling parameters presented in Fig. 7
as input, ¢ has been extracted from classical MC simulations
of the Heisenberg Hamiltonian in the UPPASD code [21].
System sizes of up to 10* atoms with periodic boundary
conditions and exchange interactions up to distances of 3a,
where a is the in-plane lattice parameter, were considered.
Table I contains the Curie temperatures evaluated from MC
simulations as well as those obtained from mean-field theory
[22] and experiments. The mean-field theory (MFT) values
overestimate the 7¢ as is expected, but qualitatively they

TABLE 1. T of FesSiB, and FesPB,, calculated from MC
simulations and MFT, as well as the experimental values.

F€5SiB2 FC5PB2
YT (K) 1126 990
TMC (K) 700 660
TSP (K) 810 615
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succeed to describe the higher T¢ in the Si case. The MC results
provide areasonable agreement with experimental results, both
quantitatively and qualitatively. As pointed out earlier in the
text, the decrease in T¢ when substituting P for Si can be
understood from the reduction of the short-range J;;’s observed
in Fig. 7.

For FesPB,, the T¢ value of 615 K can be compared to 640 K
reported by McGuire and Parker [2], while Lamichhane et al.
[4] reported a T¢ of 655 K for single crystals. MC calculations
in this work result in a slightly higher 7¢ of 660 K, while
MFT based calculations give 990 K. The T¢ data for FesSiB,
exhibit larger discrepancies. The experimental T¢ of 810 K
found in this study can be compared to the work by McGuire
and Parker [2] who reported T > 780 K due to limitations
of their setup. The MC based calculation underestimates
Tc, whereas the MFT based calculation overestimates the
transition temperature compared to the experimental data.

Figure 8 shows the low-field M vs T curves for FesSiB, and
FesSig 9Py 1 B,. Both magnetization curves show a maximum
at a temperature T;; 7, = 172 K and 7; = 85 K for FesSiB,
and FesSig 9Py 1B,, respectively, even though the peak for
FesSig9Py.1B, appears more broad. The M vs T curve for
FesSip gPy 2B, exhibits an even broader peak, located in the
interval 4 — 10 K (not shown). In order to observe this peak
for the x = 0.2 sample, the temperature range was extended
down to 4 K. The M vs T curves of the other compounds
are featureless within the temperature range covered by the
experiment. Previously, using neutron diffraction on FesSiB,
a spin-flip transition [1] was revealed where the magnetization
on cooling switches from easy axis to easy plane. The
peaks observed for the three compositions x =0, 0.1, and
0.2, thus give further support for a spin-flip transition in
these compounds. The origin of the peak in the low-field
magnetization (cf. Fig. 8) is related to the zero crossing of the
anisotropy constant K; switching the system from an easy-axis
to an easy-plane state. At this temperature, the compound
would exhibit its largest field induced magnetization. The
broadening of the peaks with increasing x may reflect local

094433-5



DANIEL HEDLUND et al.

variations of the MAE or a gradual spin reorientation toward
an easy-plane rather than a spin-flip transition at a well
defined temperature. However, to fully resolve this issue,
further experimental studies are necessary, e.g., using neutron
diffraction.

The MAE of a tetragonal system can be described by [23]

E = K, sin’*0 + K, sin* 9, (D

where K| and K, are anisotropy constants, and 0 is the angle
between magnetization and the easy axis, i.e., the ¢ axis.
Information relating to the magnetocrystalline anisotropy can
be derived from the law of approach to saturation [14] that
describes how M varies close to saturation

M—l b 2
o= (1-7) @

Using the relations obtained by Andreev er al. [24] the

parameter b is given by b = %(uf;;s )%, which gives |K.5| =
lf‘—b woMs, where the effective value of the anisotropy

constant is defined as
K = K{ + (K| + 3K,) Ko 3)

This means that a plot of Mﬂ Vs # results in a straight
line and a numerical value of the regression constant b can
be determined which then gives |K.s|. The selection of
regression interval will some have impact on the extracted
| Kege]- In this study, the interval 93%-98% of Ms was used for
all regressions. This practice was employed since extending
the interval to <93% introduces deviations from the model,
which requires additional terms to describe the behavior of
the magnetization curves. Above 98%, a paramagneticlike
term (linear in field) is needed, which is small but without
such a term the fitting becomes poor. It is estimated that
the uncertainty by using other intervals, e.g., 94%-97% and
95%-98%, would give errors no larger than 10%.
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FIG. 9. Experimental values for K. at 300 and 10 K together
with previously reported values [1]. Note that only the magnitude
and not the sign is presented here and that the theoretical work by
Werwinski [3] reports values calculated for zero temperature.
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Figure 9 displays the experimental values of | K| vs x for
T =300Kand T = 10 K from this study together with values
of K, reported by others. The theoretical values of K; from
Werwiniski et al. [3], correspond to zero-temperature values. It
should be emphasized that K. does not generally equal K.
However, K, < K often holds, in which case K. ~ K.
Further, for the comparison with |Kg|, the calculated K
values are given as magnitude values, keeping in mind that
from theory these values are negative for x < 0.7, and from
experiment they are negative for x = 0.2 and lower and
positive for phosphorus-rich samples. The negative theoretical
values of the MAE are supported by the spin-flip transition
observed for FesSiB, [1] as well as by the peaks in the M vs T
curves observed for x = 0,0.1,0.2. It is also worth pointing out
that there is no obvious contradiction between the theoretical
and experimental results, since the former correspond to zero
temperature and the latter to finite-temperature results. The
peak temperature in the M vs T curve steeply decreases with
increasing x and is below 10 K already for x = 0.2, which
could explain why the easy-axis to easy-plane transition was
not observed in experiments for phosphorus concentrations
02<x<0.7.

Comparing with the data obtained for single crystals by
Lamichhane et al. [4], the value obtained here for |Kcg| is
70% larger than the K, value obtained for single crystalline
FesPB,. The agreement for low P concentrations is much better
indicating that the data obtained using the law of approach
to saturation gives quantitatively correct values for low P
concentrations and low temperatures as seen in Fig. 9.

One motivation for this study was to investigate if the
system for some range of phosphorus concentration would
exhibit properties making the materials suitable candidates
as rare-earth free permanent magnets. The aim to design
new permanent magnets with sufficiently large MAE is a
highly nontrivial task, from a synthesis and characterization
point of view, but also from theory. Some guiding principles
have, however, been identified, for how to find itinerant
electron magnets with large MAE. As argued in Refs. [25,26],
one should combine heavy elements with a large spin-orbit
coupling constant, with 3d elements that provide a large
exchange splitting and hence large saturation moments and
ordering temperature. In addition, a careful tuning of the band
structure should be made, in such a way that weakly dispersive
electron states are found on each side of the Fermi level, with
a small energy separation. Although this is something that
comes out of theoretical considerations of relativistic energy
band structures, it may not directly guide an experimental
realization of new magnets. It offers, however, a possibility
for theoretical and experimental efforts to join forces, in order
to reach goals that otherwise might not have been possible. The
present study is an example of such a joint effort, and although
the materials identified here are not suitable as permanent
magnets, the results of this investigation are still encouraging
since it shows that theory and experiment agree on most of the
relevant magnetic properties.

IV. CONCLUSIONS

The structural and magnetic properties of the
FesSiB,—FesPB, system have been studied experimentally as
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well as by performing DFT calculations and MC simulations.
The system crystallizes in the 14/mcm space group, the
a lattice parameter decreases linearly from 5.5541(1)
to 5.4923(1) A, while the ¢ parameter increases slightly
with increasing phosphorous substitution. All compounds are
ferromagnetic with a maximum 7¢ of 837 K for FesSig 9Py 1 B>,
in good agreement with the results from MC calculations. The
saturation magnetization has been found to decrease from 1.03
to 0.87 MA/m at 300 K as Si is substituted for P. Substitution
of Si by P does not change the crystal structure, but the volume
of the unit cell changes almost linearly with changing P
concentration. The phosphorus-rich compounds exhibit higher
MAE according to the method of law of approach to saturation,
which only gives the magnitude and not the sign of the MAE.
Results from zero-temperature VCA calculations performed
by Werwinski et al. [3] indicate that the MAE should cross zero
at x &~ 0.7, implying that the system will be in an easy-plane
state for smaller x values. The negative theoretical values of
the MAE for phosphorus-poor samples are supported by the
spin-flip transition observed for FesSiB, [1] as well as by the
peaks in the M vs T curves observed for x = 0,0.1,0.2. The
peak temperature in the M vs T curve steeply decreases with
increasing x and it is below 10 K already for x = 0.2, which
could explain why the easy-axis to easy-plane transition was

PHYSICAL REVIEW B 96, 094433 (2017)

not observed in experiments for phosphorus concentrations
0.2 < x < 0.7. A quantitative comparison between experi-
mental and theoretical results is complicated by the fact
that the theoretical results correspond to zero-temperature,
while the experimental results have been obtained at finite
temperature. However, the correct easy axis/easy plane is
obtained in the theoretical calculations of phosphorus-rich
and phosphorus-poor samples, with an anisotropy energy that
is qualitatively in agreement with experimental observations.
Comparing the present MAE experimental results with results
obtained for single crystals of FesPB, by Lamichhane et al.
[4] reveal good agreement for x = 0, while the MAE obtained
here for x = 1 is considerably larger.
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