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The effect of Co and Ni doping on the structure, magnetic and magnetocaloric properties of Fe-rich (Mn,Fe),(P,
Si) compounds was studied. With increasing Co and Ni content, both the Curie temperature (T,) and the thermal
hysteresis (AThys) decreased, whereas the hexagonal P-62 m crystal structure was maintained. A pronounced
reduction in hysteresis was observed upon Co doping, while a significant reduction in Curie temperature was
found upon Ni doping. Mossbauer spectroscopy measurements and DFT calculations indicated the substitution of
Fe at the 3f site for both Co and Ni doping. Rietveld refinement of the X-ray diffraction data showed that Co
substitute atoms in the main phase and the impurity phase, while Ni exhibits an affinity to the main phase.
Magnetization measurements on the Co doped samples revealed an increase in magnetization for 2 at.% of Co,
followed by a decrease for higher concentrations. DFT calculations showed that the magnetic moment on the 3f

site is enhanced by Co substitution, whereas an opposite trend was observed for Ni substitution.

1. Introduction

Magnetic refrigeration based on the magnetocaloric effect (MCE) has
a high potential to become a sustainable alternative for traditional
compressor-based refrigeration. Systems using magnetocaloric materials
(MCM) offer many advantages when compared to well-established
cooling technologies. The efficiency of the compressor-based re-
frigerators originally developed in the 19th century saturates around 40
% of Carnot efficiency. In contrast, with magnetic cooling, it is viable to
reach 60 % of Carnot efficiency, leading to significantly reduced energy
consumption. In addition to this, systems that use MCMs do not involve
hazardous, ozone-depleting gases, and the noise is reduced due to the
elimination of compressors [1-4]. These advantages and the need for
exploring environmentally-friendly technologies make magnetic cooling
a very promising replacement for conventional gaseous-refrigerant-
based systems.

Promising and applicable magnetocaloric materials should comply
with several requirements: they should exhibit a large MCE in the proper
temperature range and in low magnetic fields, since the maximum

required magnetic field is directly related to cost to generate the mag-
netic field by permanent magnets. MCMs should also consist of non-
toxic, abundant, non-critical, and readily available elements. Addition-
ally, promising materials should display mechanical and chemical sta-
bility, a large saturation magnetization (M), high thermal conductivity,
low specific heat and a large temperature span [5]. Among all known
MCMs, the generic (Mn,Fe),(P,Si) family that crystallizes in the hexag-
onal FeyP-type structure appears to be one of the most promising [6].
The Mn-rich compounds have been explored extensively since it was
found that in this region it is feasible to obtain materials with a small
hysteresis and yet exhibiting a giant magnetocaloric effect (GMCE) near
room temperature [6-8]. However, as reported by Ou et al. [9,10], the
Fe-rich region of the (Mn,Fe)2(P,Si) system can potentially also be
favorable since compounds with a higher Fe content can show an even
larger magnetic moment compared to Mn-rich materials.

The (Mn,Fe)y(P,Si) family of compounds consists of neither toxic nor
expensive elements. However, controlling the thermal hysteresis origi-
nating from the first-order magnetic transition (FOMT) is a prerequisite
for practical applications. The character of the transition and the
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magnitude of hysteresis can be tuned by utilizing appropriate doping, e.
g., V, B, C, N, and changes in the heat treatment [11-16]. Various studies
show that Co doping of (Mn,Fe).(P,Si) compounds can effectively reduce
the thermal hysteresis and the transition temperature [5,17,18].
Nevertheless, due to the high criticality of Co, ethical issues, and a high
price, it is essential to minimize the use of Co and look for possible re-
placements [19]. Recent research shows that Ni can be a good alterna-
tive for Co as it leads to similar tuning effects on ATy, and T, [17,18,20].
However, the substitution of Co and Ni for Mn in the Fe-rich (Mn,Fe)-(P,
Si) alloys has not yet been studied. Therefore, in this work, we present
experimental results on Co and Ni substitution for Mn focussing on the
magnetic, magnetocaloric, and structural properties of Fe-rich (Mn,
Fe)2(P,Si) compounds.

2. Experimental
2.1. Sample preparation

Polycrystalline (Mn,Fe,Co); 95(P,Si) and (Mn,Fe,Ni); 95(P,Si) com-
pounds were prepared by high-energy ball-milling under Ar atmosphere
and subsequent solid-state reactions. We prepared two series of samples:
Mnyg 62 xFe1.33C0xP0.66S10.34 and Mng g2.xFe1.33NixPo 66Si0.34 (0 < x <
0.12). Stoichiometric proportions of powders: Mn (99.7%), Fe (99.0%),
FegP (99.5%), Si (99.7%), Co (99.8%), Ni (99.9%), were weighed,
mixed, and ball milled by a Fritsch Pulverisette planetary ball-mill for
10 h with a constant speed of 350 rpm. Approximately 2 g of ball-milled
powder was pressed into pellets and subsequently sealed in quartz tubes
in 200 mbar protective Ar atmosphere. As-prepared samples were
annealed at 1373 K for 20 h and finally quenched into water. In order to
eliminate the so-called “virgin effect” originating from the metastability
of the quenched phase, all samples were pre-cooled in liquid nitrogen
before being manually powdered [21].

2.2. Instrumental methods

Transmission > Fe Mossbauer spectra were collected at 350 and 130
K with a conventional constant-acceleration spectrometer with a sinu-
soidal velocity spectrometer, using a >’Co(Rh) source. The Mossbauer
spectra were fitted with a binomial distribution model as described
earlier for FeMnP;_,As, using the Mosswinn 4.0 program [22].

The X-ray diffraction patterns were collected using a PANalytical X-
pert Pro diffractometer with Cu-K, radiation (1.54056 A). Structural
parameters were obtained by Rietveld refinement implemented in the
Fullprof software [23].

Electron Probe Micro Analysis (EPMA) measurements were con-
ducted with a JEOL JXA 8900R microprobe using an electron beam with
energy of 10 keV and beam current of 200nA employing Wavelength
Dispersive Spectrometry (WDS). The obtained intensity ratios were
processed with a matrix correction program CITZAF [24].

Magnetic measurements were conducted using superconducting
quantum interference devices (SQUID) MPMS-XL and MPMS-5S mag-
netometers, in the temperature range of 5-370 K with a constant sweep
rate of 2 K/min in applied magnetic fields up to 5 T.

The differential scanning calorimetry (DSC) measurements were
carried out using a TA-Q2000 DSC with a constant sweep rate of 10 K/
min.

2.3. Computational methods

In this work, the preferred site occupancy of the doping atoms and
the change in the local magnetic moments has been computed for
Mng 62.xFe1.33C0xPo.66Si0.34 and Mng 62 xFe1.33NixPo.66Si0.34, within the
framework of density functional theory (DFT). The Vienna Ab Initio
simulation package (VASP) [25,26], in the projected augmented wave
(PAW) method [27,28], was employed to perform the DFT calculations
using the generalized gradient approximation of Perdew-Burke-
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Ernzerhof (PBE) for the exchange correlation functional [29]. The
following orbitals were treated as valence electrons: 3p, 3d and 4s for
Mn; 3d and 4s for Fe, Ni and Co; 3s and 3p for P and Si.

The k-space integrations were performed with the Methfessel-Paxton
method [30] of second order with a smearing width of 0.05 eV. The
lattice parameters and atomic positions were relaxed for a force
convergence of 0.1 meV/A, while the energies were converged to 1 peV.
The kinetic energy cut-off was set at 400 eV for all calculations. Calcu-
lations to determine the site preference for the Ni and Co atoms were
performed using a 2 x 2 x 1 supercell. The structural degrees of freedom
were fully relaxed on a gamma centred k-grid of 5 x 5 x 11. For the
undoped system, the obtained lattice parameters were a = 6.12 Aandc
= 3.26 A. To study the effect of the dopants on magnetic properties in
this system, a 2 x 2 x 4 supercell was utilized with a 5 x 5 x 5 k-grid.
For the band structure and the density of state calculations (DOS) a
smaller 2 x 1 x 1 supercell with the composition Mng egFe1.25P0.66-
Sig.33To.08 (T = Ni, Co) and k-grid of 5 x 7 x 11 was used. For the DOS
calculations the k-space integrations were performed with the tetrahe-
dron method.

3. Results and discussion

In the (Mn,Fe)5(P,Si) family of compounds, Mn atoms show a pref-
erence to the pyramidal 3g site, which is marked by a larger magnetic
moment, whereas Fe atoms preferentially occupy 3f sites, associated
with a smaller magnetic moment [7,31]. In the Fe-rich region, the 3f site
is fully occupied by Fe, and the 3g site is partially occupied by Mn and
partially by Fe [32]. A schematic representation of the crystal structure
is shown in Fig. 1. As proven by density functional theory (DFT) cal-
culations, the magnetic moment of Fe at the 3g site is lower than for the
preferential Mn atoms at the same site [32,33].

3.1. Hyperfine field interactions

Mossbauer spectroscopy was carried out for a reference sample and
three other samples containing Co (0, 4, 6, 12 at.%). The Mossbauer
spectra recorded at 350 and 130 K are shown in Fig. 2. In the high-
temperature paramagnetic (PM) phase, a single broad absorption line
can be seen. In the low-temperature ferromagnetic (FM) phase, a more
complex absorption profile is observed that includes six broad spectral
lines, indicating a distribution in hyperfine field. Due to the fact that
atoms of P and Si are randomly distributed over the 2c and 1b sites,
slightly different sextets are observed in the FM state, reflecting the five
inequivalent neighbours of the Fe atoms [22]. All fitted Mossbauer pa-
rameters, including the hyperfine fields and spectral contributions, are
given in Table 1.

The aim of performed Mossbauer spectroscopy was to elucidate the
influence of the Co substitution on the magnetic properties. In the Fe-
rich region, the tetrahedral 3f site is fully occupied by Fe atoms. The
hyperfine field is found to decrease at this site, as indicated in Table 1.
This indicates the substitution by Co, which has a significantly smaller
magnetic moment at the 3f site than the Fe atoms [33]. Alternatively, Fe
might be substituted by Co at both sites, as it would lead to similar
changes of the hyperfine field. However, this possibility is less likely to
occur since the substitution of Fe by Co at the 3f site was also confirmed
by DFT calculations. The observed hyperfine field decrease at the py-
ramidal 3g site originates from the diminishing amount of Mn in Co-
doped samples and increasing amount of Fe at the 3g Wyckoff posi-
tion, which is associated with a significantly lower magnetic moment.
Additionally, for the sample with the highest Co concentration (12 at.
%), we observe the formation of an additional structure, most likely Fe-
Co, which suggests that the limit for maximum Co substitution was
reached.
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Fig. 2. Mossbauer spectra obtained for Mng e2.xFe1.33C0xPo 66Si0.34 (x = 0, 4, 6, 12 at.%) measured at (a) 350 K and (b) 130 K.

Table 1
Mossbauer fitted parameters of Mng g2 Fe;1.33C0,P0.66Si0.34 in the PM (350 K) and the FM (130 K) state.
Atomic percent of Co (%) T (K) IS* (mm-s™1) QS* (mm-s™!) Hyperfinefield* (T) I (mm-s?) Phase Spectral contribution (%)
0 350 0.25 0.22 - 0.35 P1 (3fsite) 77
0.38 0.66 - 0.35 P2 (3g site) 23
130 0.31 0.23 17.5 0.35 F1 (3f site) 74
0.43 0.22 21.0 0.35 F2 (3g site) 26
4 350 0.24 0.19 - 0.29 P1 (3fsite) 69
0.36 0.50 - 0.29 P2 (3g site) 31
130 0.30 0.21 16.8 0.34 F1 (3f site) 70
0.40 0.24 20.5 0.34 F2 (3g site) 30
6 350 0.26 0.20 - 0.33 P1 (3fsite) 68
0.36 0.68 - 0.33 P2 (3g site) 32
130 0.32 0.21 16.7 0.35 F1 (3f site) 63
0.40 0.24 20.7 0.35 F2 (3g site) 27
12 350 0.27 0.19 - 0.36 P1 (3fsite) 66
0.38 0.66 - 0.36 P2 (3g site) 34
130 0.31 0.20 16.3 0.35 F1 (3f site) 64
0.42 0.23 20.0 0.35 F2 (3g site) 33
0.28 —0.51 33.3 0.35 F3 3

Experimental uncertainties: Isomer shift: LS. + 0.01 mm s~!; Quadrupole splitting: Q.S. + 0.01 mm s~}; Line width: I" + 0.01 mm s~!; Hyperfine field: 0.1 T; Spectral
contribution: &+ 3%; F/P: ferromagnetic/paramagnetic phases.
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3.2. Structural and microstructural characterisation

The X-Ray diffraction (XRD) patterns of Co and Ni-doped samples
measured at 348 K clearly indicate that all samples crystallize in the
hexagonal Fe,P-type structure (space group P-62m). A Rietveld refine-
ment of the XRD data for the parent compound is shown in Fig. 3. All
samples were measured in the PM state, i.e., well above their transition
temperature. Although the metal-deficiency stoichiometry was applied
in order to prevent the formation of the cubic (Mn,Fe)sSi impurity phase
(space group Fm-3m) [34], Rietveld refinement of the measured XRD
patterns confirmed the presence of a small fraction (<4 wt%), of a metal-
rich impurity phase in each sample, and a minor amount (~1 wt%) of
Fe-Co impurity phase in Fej 33Mng 50C00.12P0.665i0.35, which is in
agreement with Mossbauer results. The excessive amount of metal
content was also confirmed by EPMA measurements performed for Co
and Ni-doped samples (x = 0.06, 0.12). As presented in Table 2, a
significantly higher metal to non-metal (M/NM) ratio is observed in the
selected samples, which prompts the occurrence of the metal-rich (Mn,
Fe)sSi impurity phase. The impurity phase is present in the form of
micro-sized inclusions (Fig. S1 in the Supplementary Material). The re-
sults obtained from XRD and EPMA measurements indicate that further
optimization of (Mn,Fe),(P,Si) is necessary to avoid the impurity phase.

The unit cell volume of the primary phase decreased gradually with
increasing Co and Ni content since both of these elements have a smaller
covalent radius than the substituted atoms: the covalent radii for Co and
Ni are 1.26 and 1.24 A, while they are significantly larger for Fe and Mn
with values of 1.39 and 1.32 A for Mn and Fe, respectively. The decrease
in unit-cell volume upon doping confirms the substitutional effect of
these elements. It is noticeable that with increasing Co content, the unit-
cell volume of the (Mn,Fe)sSi impurity phase exhibits a similar trend as
the main phase. On the contrary, the unit-cell volume of the impurity
phase present in the Mng g2.xFe1 33Ni, P 66Sip.34 series does not signifi-
cantly change, indicating that Ni exhibits a strong affinity to the main
phase (Fig. 4). The preference of Co to both — the main phase and the
impurity phase might contribute to a slightly diminished effect on the
decrease in T, when compared to the Ni-doped samples. As proposed by
Dung et al., the relation between the c/a ratio and T, reflects changes in
the atomic distances upon doping [35]. It can be seen in Fig. 5a that the
c/a ratio increases with Co content and is accompanied by the decrease
in T,, remaining almost constant beyond 8 at.% of doping. In contrast to
the Co-doped samples, as depicted in Fig. 5b, the Ni-doped samples show
that T, and c/a changes linearly in the opposite sense. From the XRD
patterns it is found that in Mng g Fe; 33Ni,Pg e6Sio.34 series, with
increasing Ni content, the (300) and (002) reflections shift towards
each other, indicating that the lattice parameters a and ¢ move in the

MnO.SZFe1.33PO.GSSiO.34
12000 + Rp: 1.80 observed
Rwp: 2.49 calculated
2.1.93 : —— difference
—~ 8000 - L | Fe,P-PM
3 (Mn,Fe),Si
2
7] i }
£ 4000 N L
2 . ,M e
£ ]
[ o 1T T T T T I
0_
L l | ok .
i [ i
-4000 T T T T T T v T T T T
20 30 40 50 60 70 80
20 (degree)

Fig. 3. Observed and calculated XRD patterns of Mng g2Fe; 33P0 .66S10.34-
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opposite sense (Fig. 6).

3.3. Magnetic properties

The temperature-dependent magnetization for the Mng g2.xFeq 33
CoxPo.66Si0.34 and Mng g2 xFe1 33Ni,Pg 66Sip.34 compounds measured in
1 Tisshownin Fig. 7. It is found that T, decreases with increasing Co and
Ni content, which is in good agreement with results published by van
Thang et al. [17] and Ou et al. [18]. In Mnoiﬁz,XFel.33C0XP0_663i0_34, we
observe that T, and the thermal hysteresis decrease linearly up to 6 at.%
Co doping and do not significantly change after exceeding the before-
mentioned concentration. As obtained from the DSC measurements,
upon 12 at.% of Co doping, T, decreased from 308.4 to 283.3 K and the
thermal hysteresis decreased from 11.0 to 3.9 K. In Mng g2.xFe; 33Ni,.
Po.665i0.34, the thermal hysteresis also reaches a constant value for
approximately 6 at.% of Ni, however the change in T, is not retained. In
the Ni-doped samples T, changed from 308.4 to 226.6 K for 12 at.% of
doping, and the thermal hysteresis decreased from 11.0 to 4.9 K. These
results are consistent with the observed behaviour for the c/a ratio
derived from XRD measurements. The effect of a reduced hysteresis was
more pronounced in Co-doped samples, as depicted in Fig. 8. The
thermal hysteresis is controlled by the energy barrier for nucleation and
thus, provides an important insight into the effect of doping on the
character of the magnetic transition. The decrease in the hysteresis upon
doping relates to the electronic configuration of Co and Ni, as both of
these atoms have an incomplete 3d orbital and a filled 4s orbital (7 and 8
of 3d electrons, for Co and Ni respectively), contributing to the weak-
ening of the energy barrier for nucleation [5,18]. As the energy barrier
for nucleation is reduced, the FOMT weakens accordingly. In both series
of samples, the changes in T, and the thermal hysteresis are accompa-
nied by the gradual decrease in the latent heat, from 6.2 kJ/kg to 0.9 kJ/
kg and 0.7 kJ/kg for 12 at.% of Co and Ni doping, respectively. The
changes in the latent heat and thermal hysteresis clearly indicate that
dopant atoms weaken the strength of the first-order magnetic transition.

The insert of the Fig. 7a presents the field dependence of the satu-
ration magnetization (M) for the Mng g2.xFe1.33C0xP0 66Si0.34 sSamples. It
shows that M increases and reaches a maximum well above the refer-
ence value for 2 at.% Co, before the decrease. As shown in Fig. 7b, for the
Mny 62-xFe1.33NixPo.66Si0.34 samples, the trend of increasing magnetiza-
tion for a small doping is not observed. This behaviour suggests that
Fe-rich (Mn,Fe,Co);.95(P,Si) alloys might exhibit a similar magnetic
behaviour as the Fe-Co alloys. Various studies show that the average
magnetic moment of Fe-Co alloy reaches the highest value for a small Co
content (20-25 at.%) before a decrease is observed [36-38]. The reason
responsible for a rapid increase in M; for a small Co doping is complex
and is related to changes in the magnetic moment and electronic
structure [39]. When a Co atom is respectively replacing an Fe atom
with 8 e in the outermost shells, the structure gathers an additional 3d
e’. The abrupt change in the saturation magnetization is explained by the
increase in the mean magnetic moment caused by the enhancement of
the magnetic moment of Fe, whereas the magnetic moment of Co re-
mains almost unchanged [37,38].

3.4. DFT calculations

DFT calculations were performed in order to investigate the prefer-
ential doping site and the change in the local magnetic moments in the
Fe-rich (Mn,Fe,Co);.95(P,Si) and (Mn,Fe,Ni); 95(P,Si) compounds. To
investigate the site preference, dopant atoms were placed on either 3g or
3f crystallographic sites. The energy cost of forming each structure (E) is
calculated as the difference between energies of doped (Eq) and pure (E,)
compounds, including the chemical potential contribution of the dopant
atom (pq) and substituted atom (), as indicated in Eq. (1). The chemical
potentials are obtained by first optimizing the structure for each element
and then taking the value of total energy per atom.
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Table 2
Aimed and found compositions, and M/NM ratios of Co and Ni-doped samples.
Sample Aimed Composition Main Phase Found Composition Main phase Ratio M/NM
Doping type Content (x)
Co 0.06 Fey.33Mn0.56C00.06P0.66510.34 Fey 37Mno,61C00.06P0.64510.31 2.04/0.95
0.12 Fey.33Mn0,50C00.12Po.66510.34 Fey.33Mno.55C00.12P0.64510.31 2.05/0.95
Ni 0.06 Fe1.33Mno.56Ni0.06P0.66510.34 Fe1.38Mno,.62Ni0.06P0.65510.30 2.06/0.95
0.12 Feq.33Mno 50Nio.12P0.66510.34 Feq.37Mno.54Nio.12P0.65510.33 2.03/0.98

The counting error: Fe and Mn — 0.15 wt%; Si, P, Co, Ni — 0.05 wt%.
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(300) and (002) reflections shift towards each other, indicating that the lattice parameters a and ¢ move in opposite direction.
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Fig. 8. (a) The composition dependence of the T, for Co and Ni doped samples
from DSC measurements.

Ef = Egopea + P — (Epure + /ld) 1)

To investigate the favorable site for the doping atoms, one Fe atom
from the 3f site was substituted and subsequently, one Mn/Fe atom from
the 3 g site by a dopant atom. From the DFT calculations, we see in
Table 3 that for both — Co and Ni doping, the lowest formation energy is
assigned to the 3f site, indicating that Co and Ni substitute Fe at this site.
These calculations support the findings of Mossbauer spectroscopy re-
sults discussed in section 3.1. Earlier studies have shown that correlation
effects in the (MnFe),(P,Si) family of compounds have no remarkable
impact on the magnetic properties and electronic structure [40]. How-
ever, according to the previous DFT calculations [33,41], the unusual
magnetocaloric properties of the (Mn,Fe),(P,Si) across the ferromag-
netic transition arise from the “mixed magnetism”, which indicates the
presence of an electron instability of the 3f moments in the presence of
stable 3g moments. The magnitude of the Co and Ni magnetic moment at

Table 3
Formation energy calculated per formula unit (eV/f.u.) for Co and Ni
substitution.

Site Formation energy (Co) Formation energy (Ni)
3g(Mn) —4.08490 —4.28724
3g(Fe) —4.23607 —4.46641
3f(Fe) —4.38727 —4.51569

12 T T T T T T
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o] \ (b) ]

hysteresis (K)
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and (b) changes in the thermal hysteresis as the function of doping content obtained

the 3f site is remarkably lower in comparison to that of the substituted
Fe, mainly due to the fact that the dopant atoms have more 3d valence
electrons. DFT calculations revealed that the total magnetic moment
decreases with increasing doping content. It has been calculated that the
total magnetic moment decreases from 4.26 ug/f.u. to 4.22 pg/f.u. upon
8 at.% Co doping. However, for 2 at.% Co, we observe a significant
difference in the local magnetic moment of Fe, in comparison to the
corresponding Ni-doped sample. As shown in Fig. 9a, upon 2 at.% Co
doping we observe a local moment enhancement on the 3f site, whereas
for 2 at.% Ni doping Fig. 10a indicates a strong weakening of the Fe
magnetic moment on the 3f site, which again is in good agreement with
the magnetic measurements discussed in section 3.3.

The band structure of Co and Ni doped (Mn,Fe),(P,Si) for both spin
up and spin down channels reveals metallic nature (Fig. S2 and S3 in the
Supplementary Material). The observed difference in magnetic behav-
iour upon Co and Ni doping in (Mn,Fe)(P,Si) can be explained by the
change in the density of states (DOS) at the Fermi level. The partial DOS
for Co and Ni are presented in Fig. 11, whereas the total DOS are shown
in Fig. 12. According to ab-initio calculations performed for the doped
(Mn,Fe),(P,Si) [33], in the Co—doped system, a sharp peak of DOS re-
sides at the Fermi level. This implies that a minor change in the DOS at
the Fermi level can result in pronounced changes in magnetic behaviour.
The difference between Co and Ni doping is especially highlighted in
Fig. 11. Unlike Co-doped (Mn,Fe),(P,Si), the DFT calculations did not
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Fig. 11. Partial DOS of Mng ggFe1.25T0.08P0.665i0.33 (T = Co, Ni) compounds for
Co and Ni in the vicinity of Fermi level. Spin up and spin down states are
coloured with red and blue respectively. Zero represents the Fermi energy.

predict the presence of a sharp peak at the Fermi level for the Ni-doped
system, which indicates that abrupt changes in the magnetic properties
are in this case not expected.
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E-Epermi (€V)
Fig. 12. Total DOS for (a) Mn0_66Fe1_33P0_668i0,33, (b) Mng ecFe1.25.

COQ.ogpo_GGSio.gg and (C) Mn0_66Fe1_25Nio_08P0,668i0_33 in the ViCiIlity of Fermi
level. Spin up and spin down states are coloured with red and blue respectively.
Zero represents the Fermi energy.

4. Conclusions

The Mno 62-xFe1.33C0xPo.66Si0.34 and Mno 62.xFe1.33NixPo 665i0.34 al-
loys were prepared by ball-milling and a subsequent solid-state reaction.
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The effect of Co and Ni doping on the structure and magnetic properties
has been systematically studied using Mossbauer spectroscopy, XRD,
EPMA, DSC and magnetization measurements. The obtained results
were compared with DFT calculations. All the compounds crystallize in
the hexagonal Fe,P structure with a small amount of the metal-rich (Mn,
Fe)3Si impurity phase for all samples, indicating that further optimiza-
tion of the (Mn,Fe)(P,Si) composition might be important to further
optimize the properties. Mossbauer spectroscopy and DFT calculations
revealed that the doping atoms substitute Fe at the 3f site. It is found,
that Co and Ni doping both weaken the ferromagnetic ordering and the
energy barrier for nucleation, resulting in a decrease in T, and the
thermal hysteresis. On account of the electronic structure of Ni and its
preference to the main phase, the decrease in T, is more pronounced in
Ni-doped samples. Although DFT calculations predict a decrease of the
total magnetic moment with increasing doping content, an increase in
magnetization is observed well above the reference value for 2 at.% of
Co. Besides, the DFT calculations show that Co doping, contrary to Ni,
enhances the local magnetic moment of Fe atoms at the 3f site.
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