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First-order magnetoelastic transitions usually involve mechanisms unique to each family of materials. For
(Mn, Fe)2(P, Si) compounds, it is generally predicted that the unit cell distortion occurring at the ferromagnetic
transition leads to a strong electronic reconstruction of the Fe d states accompanied by a notable change in
magnetic moment. However, there is no experimental consensus on this mechanism. Here, we use x-ray emission
spectroscopy (XES) complemented by first-principles calculations, high-energy resolution fluorescence detected
x-ray absorption (HERFD-XAS), and resonant inelastic x-ray scattering (RIXS) experiments, to clarify the
nature of the first-order transition in a Mn0.74Fe1.23P0.71Si0.32 crystal. HERFD-XAS and RIXS data show a minor
evolution of the spectral features in the upper part of the K-edge for Mn and Fe, consistent with the calculated
4p density of states and fingerprinting the transition. In contrast, no significant evolution of the XES spectra
is observed when the transition is crossed. In Fe-rich compositions, the calculations indicate that Fe at the 3g
site develops a magnetic moment (2.43 μB) that is smaller than that of Mn at the 3g site (2.93 μB), but larger
than that of Fe at the 3 f site (1.48 μB). Quantitative XES analysis using the IAD method gives a reasonable
agreement with the magnetic moments for different (Mn, Fe)2(P, Si) compositions. However, the reduction of
the Fe moment predicted by theory (approx. −0.6 μB) is not observed around the transition. This study indicates
that the Fe moment collapse at the transition may be weaker than the theoretically predicted value or more
gradual in temperature, suggesting a secondary role for this moment instability in the giant magnetocaloric
effect of (Mn, Fe)2(P, Si) compounds.

DOI: 10.1103/dzwg-bnpp

I. INTRODUCTION

Magnetic transitions are most often of the second order
type in the Ehrenfest classification. Yet, materials with a first-
order magnetic transition (FOMT) are of a strong interest
for their ability to realize large changes in properties such
as magnetization, volume, entropy, or electrical conduction
within a narrow temperature range, leading in turn to the
giant effects that form the basis of their applications. Cou-
pling a change in crystal structure with a magnetic transition
to form a magneto structural transition is one of the ap-
proaches leading to a FOMT. Alternatively, a few materials
undergo a FOMT without a change in crystal structure. These
isostructural FOMTs are scarcer, especially those that can be
induced by temperature or magnetic field at ambient pressure.
In this latter case, the coupling mechanism that turns a regular
second-order magnetic transition (SOMT) into an isostruc-
tural FOMT is more subtle. The origin of these isostructural
FOMTs is challenging to establish, as they involve intricated
changes in lattice, electronic and magnetic properties. The

*Contact author: francois.guillou@unicaen.fr

archetypal example is the antiferromagnetic-to-ferromagnetic
isostructural FOMT in FeRh, which has attracted continu-
ous interest over more than 70 years for its coupled volume
change, evolution of electronic states and metastability of the
Rh magnetic moments [1–4].

Ferromagnetic La(Fe, Si)13 and (Mn, Fe)2(P, Si) mate-
rials are more modern examples of isostructural FOMTs,
which have recently attracted a dedicated attention, since
they present significant advantages for applications, especially
those based on their giant magnetocaloric effect [5–13]. In
La(Fe,Si)13 alloys, the ferromagnetic isostructural FOMT is
associated with a large isotropic volume change and is usually
described in terms of an itinerant electron metamagnetism
mechanism involving a reconstruction of the electronic den-
sity of states and a reduction of the average Fe spin moment
(from 2.2 μB/Fe in the ferromagnetic state to 1.7 μB/Fe in
the paramagnetic state) [10,14–17]. In contrast, the isostruc-
tural FOMT in (Mn, Fe)2(P, Si) and related Fe2P compounds
shows a nearly negligible volume change, yet it involves
a large anisotropic deformation of the hexagonal unit cell.
So far, the prevailing model for the FOMT in Fe2P-based
compounds assumes a cooperative mechanism with a lat-
tice deformation, changes in the electronic structure, and a
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metastability of the magnetic moments [12]. However, while a
general consensus has been reached on the structural aspects,
debates persist on the nature of the electronic reconstructions
and on the evolution of the magnetic moments across the
FOMT.

(Mn, Fe)2(P, Si) compounds belong to a broader ma-
terials family derived from the Fe2P parent, including
(Mn, Fe)2(P, As) and (Mn, Fe)2(P, Ge), which present an ex-
ceptional tunability. Chemical compounding not only allows
to control their magnetism and adjustment of their Curie tem-
perature over a broad temperature window, but also enables
tuning of the strength of the FOMT from a minute latent heat
and thermal hysteresis in the binary parent Fe2P up to a gi-
ant FOMT with colossal thermal hysteresis in MnFeP2/3Si1/3

[12,18,19]. (Mn, Fe)2(P, Si) compounds crystallize into the
hexagonal Fe2P-type (P6̄2m) structure with Mn and Fe prefer-
ably occupying the 3g and 3 f Wyckoff positions, respectively,
forming layers that are stacked along the c axis. The metal-
loid elements substituting phosphorous in the 2c and 1b sites
may also develop a preferential occupancy, for instance Si on
the 2c site at the highest Si content [20–22]. Upon heating,
the ferromagnetic FOMT is accompanied by an expansion
of the c axis (�c/c ≈ +4.9%) and a contraction of the a
axis (�a/a ≈ –2.5%), resulting in a nearly negligible vol-
ume change (�V/V ≈ –0.02%), but a large �(c/a)/(c/a) ≈
7.5% for the most extreme MnFeP2/3Si1/3 compound. This
lattice deformation can vary greatly with the strength of the
FOMT for different substitutions [19]. The increase in c/a
ratio results in increased 3 f -3g interlayer distances, reduced
magnetic interactions, and is predicted to induce a strong
reconstruction of the electronic states with a reduction in the
magnetic moment on the 3 f site [12].

In the low-temperature ferromagnetic state, for equiatomic
MnFe(P,Si) or Mn-rich (Mn,Fe)2(P,Si), neutron powder
diffraction, x-ray magnetic circular dichroism (XMCD) and
Mössbauer spectroscopy, as well as theoretical calculations,
all agree that the 3g Mn site carries a large magnetic mo-
ment of about 2.9 μB/Mn, while the magnetic moment of the
3 f Fe site is about 1.5 μB/Fe. However, controversies have
arisen regarding the moment evolution with temperature, in
particular when the Curie temperature is crossed. Ab initio
calculations predict a strong reduction, or even a complete
quenching of the magnetic moment on the 3 f site (more
details in Sec. IV) [12]. The development of a spinless state
on the 3 f site has been observed by 55Mn NMR, but spread
over a temperature range much larger than the FOMT [23].
In contrast, XMCD measurements in finite applied magnetic
fields at the Fe and Mn L2,3 edges (2p → 3d) did not reveal
an extinction of the magnetic moment within a limited tem-
perature range around the transition (TC ± 30 K) [24].

Another issue closely related to the evolution of the
moments is that of the electronic structure. Initially, the
metastability of the Fe moment was ascribed to a redistri-
bution of the electron density around Fe occupying the 3 f
site concomitant with the structural deformation and filling
of the minority band [12]. Experimentally, the formation of
more covalent-like bonds between Fe and P/Si atoms has
been detected from radial electron density plots obtained from
EXAFS and XRD data [25]. X-ray absorption spectroscopy
(XAS) at the P K edge (1s → 3p) has been found to be

strongly modified across the FOMT, which offers another
fingerprint for the changes in the metal-metalloid bonding at
the transition [26]. On the other hand, no clear signature for
an evolution of the electronic structure was detected on XAS
spectra at L or K edges of Fe or Mn [24,26].

In this work, we use high-energy resolution fluorescence-
detected x-ray absorption spectroscopy near-edge structure
(HERFD-XAS), 1s3p resonant inelastic x-ray scattering
(RIXS), and x-ray emission spectroscopy (XES) to probe the
evolution of the electronic structure and magnetic moments
across the transition. The HERFD-XAS technique is comple-
mentary to conventional XAS measurements, as it generally
yields comparable absorption spectra while potentially offer-
ing advantages in terms of background rejection and reduced
spectral broadening [27–29]. The RIXS plane can, in cer-
tain cases, provide improved resolution for specific spectral
features or reveal electronic excitations that are not acces-
sible through conventional absorption spectroscopy [30–32].
Although multiplet splitting, charge-transfer satellites, or
crystal-field fingerprints revealed by RIXS are generally as-
sociated with pre-edge excitations and are not expected to be
prominent in the present metallic system, this possibility was
nevertheless examined.

Most importantly, XES is particularly well suited to ad-
dress the issue of the evolution of magnetic moments at the
FOMT in (Mn, Fe)2(P, Si), since it is a bulk sensitive method
able to track the evolution of the local magnetic moments
independently for Fe and Mn, regardless of the presence of
a long-range ferromagnetic order, and without applying a
magnetic field. The quantitative analysis of Kβ fluorescence
lines is nowadays a relatively well-established technique with
a demonstrated ability to resolve spin states of transition met-
als [33,34]. Mainly applied to covalent or ionic compounds,
XES has also been shown to be highly useful to address
the evolution of the local magnetic moments in metals or
intermetallic compounds, including as a function of external
driving parameters (temperature or pressure); for instance,
in Fe metal [35,36], Invar alloys [37], Fe compounds [38],
Heusler alloys [39], carbides [40], phosphides [41] or metallic
glasses [42].

In addition to the limitations of each experimental tech-
nique, former investigations addressing the FOMT mecha-
nism were often made challenging by a few percents of cubic
(Mn,Fe)3Si ferromagnetic secondary phase in polycrystalline
samples and the need to use quenching techniques to avoid
their formation [43]. Single crystals are therefore desirable;
yet the poor solubility of Si in the flux makes it difficult
to grow ferromagnetic crystals, and they usually present an
embrittlement when cycled across the FOMT. These issues
have recently been overcome by turning to the iron-rich side
of the (Mn, Fe)2(P, Si) phase diagram, for which, compared
to the equiatomic MnFeP2/3Si1/3, the iron excess increases
the Curie temperature near room temperature and weakens the
transition (less hysteresis, smaller deformation, better stability
upon cycling) [44]. Actually, while the initial investigations
on (Mn, Fe)2(P, Si) compounds for applications were mostly
focused on the Mn-rich side of the phase diagram, attention
is currently paid to optimizing Fe-rich polycrystalline ma-
terials [45–47]. The case of Fe-rich (Mn, Fe)2(P, Si) single
crystals is therefore highly relevant for addressing the FOMT
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mechanism responsible for the giant magnetocaloric and ther-
momagnetic effects in this material family.

As Fe-rich (Mn, Fe)2(P, Si) compounds have only re-
cently attracted dedicated attention, no complete predictions
for the magnetic moments for Fe and Mn in the differ-
ent metallic positions could be found. Therefore, we first
carried out first-principles calculations for a composition
reasonably close to that of the investigated single-crystal
sample. Then, x-ray spectroscopy experiments are presented
for a Mn0.74Fe1.23P0.71Si0.32 single crystal. For quantita-
tive analysis, several polycrystalline materials were also
investigated [Fe2P binary parent, MnFe0.95P2/3Si1/3, Mn-rich
Mn1.28Fe0.67P0.5Si0.5, and (Sc,Ti)Fe2 Laves phases]. Only es-
sential information is provided in the main text for these
reference materials and more details can be found in the
Supplemental Material [48]. Finally, the discussion compares
the experimental results with the literature on the metastability
of the magnetic moment at the FOMT of Fe2P materials.

II. THEORETICAL AND EXPERIMENTAL METHODS

Density functional theory (DFT) calculations were carried
out using the projector augmented wave (PAW) method as
implemented in the VASP package [49–52]. The generalized
gradient approximation as parameterized by Perdew-Burke-
Ernzerhof (GGA-PBE) was used to describe the exchange-
correlation potential. The structure was relaxed until all forces
acting on each atom were less than 0.001 eV/Å. The to-
tal energies were converged to 10−8 eV. For ferromagnetic
calculations, a single cell corresponding to thrice the nomi-
nal composition Fe4/3Mn2/3P2/3Si1/3 was considered with Fe
occupying preferentially the 3 f sites, Mn occupying preferen-
tially the 3g site and one of the 3g positions occupied by the
Fe excess. Calculations for the paramagnetic state were per-
formed using an antiferromagnetic 2 × 2 × 1 supercell while
inverting the magnetic moments for the nearest-neighbor
metallic atoms in the a-b plane. Simulations of the Fe and Mn
K-edge XANES spectra were carried out using the FDMNES

code and the experimental lattice parameters for the fer-
romagnetic and paramagnetic structures [53]. The spectral
simulations were performed using the Green’s formalism over
an aggregate radius of 6.8 Å (≈110 atoms), with one of the 3g
sites occupied by Fe. The cutting energy of the convolution
was shifted by 1 eV.

A Mn0.74±0.02Fe1.23±0.02P0.71±0.01Si0.32±0.02 single crystal
was grown by tin flux as described in [44]. The crystal mor-
phology (hexagonal prismatic shape with smooth surfaces
and sharp edges, approximately 770 µm long and 70 µm
apparent diameter) and the nominal composition of the crys-
tal was established using a Hitachi TM3030 Plus Scanning
Electron Microscope. Magnetic measurements were carried
out in a Quantum Design Versalab cryostat employing a vi-
brating sample magnetometer (VSM) option by mounting
the crystal with GE varnish on a quartz paddle. The mag-
netization measurements were carried out after the x-ray
absorption/emission experiments.

MnFe0.95P0.66Si0.34, Mn1.28Fe0.67P0.5Si0.5, and Fe2P poly-
crystalline reference materials were prepared by ball-milling
elemental precursors for 10 h in a planetary ball mill, followed
by shaping into pellets, sealing into quartz ampules backfilled

with a 200 mbar partial pressure of Ar, and performing a solid-
state reaction at 1100 ◦C followed by quenching. Commercial
Fe powder from Alfa Aesar was used for metal Fe reference.
A bulk polycrystalline reference sample of Sc0.28Ti0.72Fe2 was
prepared by arc-melting elemental bulk metals in a purified
Ar atmosphere. The button is melted, stirred, and flipped
five times, and then sintered at 1000 ◦C in a quartz ampule
backfilled with a 200 mbar partial pressure of Ar, and finally
quenched in water at room temperature. Powder x-ray diffrac-
tion was carried out at room temperature on an Empyrean
Panalytical diffractometer to confirm that the polycrystalline
materials had the targeted crystal structures, lattice parameters
close to those reported in the literature, and only mod-
est secondary-phase contamination (primary-phase content
�95 wt.%).

X-ray absorption and emission experiments were carried
out at the ID26 beamline of the European Synchrotron Radi-
ation Facility (ESRF) [28,32]. The sample temperature was
controlled by a cold finger cryostat with Kapton windows
ensuring high vacuum conditions at the sample space while
allowing optical access for x-rays. The single crystal was
mounted using double-sided carbon tape. The polycrystalline
references were ground into powder, mixed with BN (sam-
ple:BN mass ratio 2:1), and pressed into pellets. Only one
undulator was used to produce the incident beam, which
was monochromatized using a pair of cryogenically cooled
Si(111) crystals. Nonresonant Kβ XES spectra were recorded
with an incident energy of 7100 eV and 7800 eV for Mn
and Fe, respectively, and using a step size of 0.2 eV. Three
Ge(620) and two Ge(440) crystal analyzers were used for
emission measurements at Fe and Mn edges, respectively.
HERFD-XAS spectra were systematically recorded in the
same temperature conditions as the XES spectra, by setting
the emission energy to 7058.2 eV and 6490.4 eV for Fe
and Mn, respectively. At each temperature, ten HERFD-XAS
spectra were consecutively recorded, the final spectrum was
obtained as their average. RIXS planes were recorded as a
sequence of single XAS spectra by scanning the incident
energy at successively incremented emission energies. The
recorded intensity is plotted on a two-dimensional heat map
as a function of energy transfer vs incident energy [28,32,54].
The integrals of the absolute values of the difference spectra
method (IAD) was used for quantitative interpretation of the
nonresonant Kβ data [33,34]. The spectra were interpolated
in 0.2 eV increments from 6465 to 6500 eV and from 7035
to 7067 eV for Mn and Fe, respectively, and integrated to
unit area. Two XES spectra were successively measured in
the same experimental conditions for each element, the final
XES is taken as their average and the uncertainty estimated
from their difference.

III. RESULTS

A. Electronic structure calculations for Fe-rich
Fe4/3Mn2/3P2/3Si1/3

First-principles calculations were carried out on
Fe4/3Mn2/3P2/3Si1/3 using methods comparable to those
used for the investigation of equiatomic MnFeP1/2Si1/2

compounds [12]. Table I summarizes the relaxed crystal
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TABLE I. Unit-cell volume (V ), ratio of the lattice parameters
(c/a), and magnetic moments per atom for Fe or Mn in the different
positions (noted for instance MFe−3 f ) in ferromagnetic (FM) and
paramagnetic (PM) states for Fe4/3Mn2/3P2/3Si1/3.

Fe4/3Mn2/3P2/3Si1/3 V c/a MFe−3 f MFe−3g MMn−3g

(Å3) (μB/Fe) (μB/Fe) (μB/Mn)

FM 108.5 0.544 1.477 2.430 2.933
PM 108.7 0.608 0.866 2.074 2.988

structure and magnetic moments in the ferromagnetic (FM)
and paramagnetic (PM) states. The relaxed unit-cell volume
and c/a ratio of the cell parameters are well in line with a
volume-preserving but lattice-deforming FOMT, since from
the FM to PM state, the unit-cell difference is negligibly
small with �V/V ≈ +0.2%, while �(c/a)/(c/a) ≈ 11% is
particularly large. Regarding the ferromagnetic moments, the
present calculations are well in line with common results for
(Mn, Fe)2(P, Si) compounds. Mn atoms in 3g position carry

a strong magnetic moment of about 2.9 μB/Mn while Fe in
3 f site shows a smaller moment close to 1.5 μB/Fe. More
specific to the case of Fe-rich (Mn, Fe)2(P, Si), the magnetic
moment for Fe in 3g site, 2.4 μB/Fe, is found to be larger than
that of Fe in 3 f site. Predicting a larger moment for Fe in 3g
site than in the 3 f site for Fe4/3Mn2/3P2/3Si1/3 is consistent
with observations made on the Fe2P binary compound
(1.74 and 1.14 μB/Fe from Mössbauer [55] and 1.92 and
1.70 μB/Fe from polarized neutron diffraction [56]). In the
paramagnetic state, the large lattice distortion goes along
with a strong redistribution of the metal 3d states, affecting
the magnetic moments. Quantitatively, the evolution is most
pronounced on the Fe 3 f site with a 0.6 μB/Fe decrease in
moment. On the 3g site, the evolution appears more limited
with a 0.35 μB decrease for the Fe moment, while the Mn
moment experiences a slight increase of 0.05 μB. Figure 1
presents projected electronic-structure calculations for p and
d states of Mn and Fe atoms in Fe4/3Mn2/3P2/3Si1/3. In the
ferromagnetic state, one observes significantly sharper main
features and a larger exchange splitting for the d states of Mn

FIG. 1. Schematic representation of the Fe4/3Mn2/3P2/3Si1/3 ferromagnetic (left) and paramagnetic (right) unit cells. The polygons
highlight the inequivalence between Fe 3 f sites in a tetrahedron environment of P/Si atoms occupying 2c and 1b positions and the square-based
pyramidal 3g sites occupied by Mn and Fe. The arrows mark the evolution of the metal-metalloids distances across the transition. Projected
electronic density of states (DOS) in ferromagnetic (a)–(c) and paramagnetic (d)–(f) states. A scalling factor is applied to the p states for
visibility.
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FIG. 2. Magnetization of Mn0.74Fe1.23P0.71Si0.32 single crystal in
μ0H = 0.1 T, upon cooling (circles) and heating (squares).

at the 3g site than that for Fe at the 3 f site, which is primarily
responsible for the nearly twice-larger magnetic moment on
Mn-3g than Fe-3 f . The DOS for Fe at the 3g site bear more
resemblance with that of Mn at the 3g site rather than Fe at
the 3 f site, but the extra electron compared to Mn yields a
larger occupation of the minority spin channel leading in turn
to smaller magnetic moments.

One unit cell of the supercell representative of the para-
magnetic state was selected to compare moments and DOS
with the FM case. The large deformation of the unit cell
leads to significant changes in the d states of Mn and Fe at
both the 3 f and 3g sites, but the spin up and down channels
become notably more symmetric only for Fe in 3 f position.
A limited, yet present, p-d overlap in the valence band leads
to minor DOS features in the p states around –4 eV. Above
EF , the 4p states of the metals form two structures with a
small contribution from 0 to +3 eV and a broader and denser
contribution centered around +8 eV. The evolution across the
ferromagnetic transition is relatively subtle for the p states of
the metallic atoms compared with those occurring on the d
states. In the unoccupied part, the substructures of the broad
feature at +8 eV appear to evolve in intensity and position, but
these evolutions remain relatively minor.

B. Magnetic and spectroscopy data
for Mn0.74Fe1.23P0.71Si0.32 single crystal

Figure 2 shows the temperature dependent magnetization
of the Mn0.74Fe1.23P0.71Si0.32 single crystal. A sharp drop in
magnetization marks the ferromagnetic transition centered at
290 K upon heating. A sizable thermal hysteresis of about
12 K is observed upon cooling, confirming the first-order
character of this magnetic transition. The transition pathway
is somewhat unusual with several discontinuities separated by
slowly transforming plateaus. Such burst-like magnetization
jumps were previously observed in several (Mn, Fe)2(P, Si)
single crystals and were ascribed to local clamping/release of
the strains associated with the ferromagnetic transition and the

need to propagate the transition throughout a finite-size crystal
[44].

Figure 3 presents the temperature-dependent HERFD-XAS
and XES spectra at the Fe and Mn K edges. If one neglects
quadrupolar transitions from 1s → 3d states, K-edge XAS
spectra primarily reflect the excitation of a 1s electron to
unoccupied 4p states. In line with former XAS investigations,
the Mn and Fe edges are rather metallic in nature, with a broad
shoulder in the rising part of the edge, no discernible pre-edge
feature, and an upper part of the edge formed by a relatively
sharp spectral feature in the FM state. The post-edge region
differs markedly between Mn and Fe. Mn exhibits a single
broad main structure, whereas Fe shows two distinct features.
These differences can be related to the preferential occupancy
of Mn on the pyramidal 3g site and Fe on the tetrahedral 3 f
site. The single crystal exhibits a Fe-rich composition, result-
ing in a partial occupation of the 3g sites by Fe; consequently,
the Fe spectra arise from a dominant contribution of the 3 f
site and a minor contribution from the 3g site. XAS spectral
simulations were performed assuming a full occupation of
Fe on the 3 f site and a mixed Mn/Fe occupancy on the
3g site (separate contributions presented in the Supplemental
Material [48]). One can notice a very satisfactory agreement
between the experimental and simulated spectra.

Former studies using transmission [25] or total
fluorescence-yield [26] detection reported spectral changes
upon crossing the transition that were most pronounced
in the EXAFS oscillations and showed hardly any
modification in the near-edge region. Consistently, the
present temperature-dependent measurements show only
very limited temperature evolution and therefore agree well
with these earlier reports. Nevertheless, a minor yet clearly
distinguishable spectral change can be observed upon heating,
located at approximately +5 eV relative to the edge midpoint.
The associated broadening of this feature is more pronounced
toward lower energies for Fe, while it extends toward
higher energies for Mn. Reconsidering earlier investigations
in light of the present results, we note that a difference
between ferromagnetic and paramagnetic states was already
present in this energy range in the total fluorescence yield
spectra of Ref. [26], albeit much less visible. The evolution
of this spectral feature, also expected from simulations,
mainly occurs between 270 and 280 K and and therefore
confirms that the FOMT is crossed within this temperature
interval. The discrepancy in transition temperatures between
Figs. 2 and 3 is likely caused by differences in thermometry
calibration, as well as by local beam heating during the
spectroscopy experiments, both of which may lead to an
underestimation of the actual transition temperature. In line
with the DOS calculations shown in Fig. 2 and the simulations
presented in Fig. 3, the HERFD-XAS data support that the
structural distortion occurring at the FOMT affects the
unoccupied metal 4p states only weakly. By contrast, changes
in metal–metalloid distances give rise to more pronounced
spectral evolutions at the phosphorous K edge [26].

Figures 3(c) and 3(f) present the Fe and Mn Kβ XES
spectra, respectively. For each element, the energy range en-
compasses the strong Kβ1,3 line and the weakest Kβ’ feature
located at lower energies. Kβ fluorescence originates from
the transition of a 3p electron to a 1s hole; while several
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FIG. 3. Temperature dependence of the experimental HERFD-XAS (a),(d) and XES (c),(f) spectra at Fe (top) and Mn (bottom) edges for
Mn0.74Fe1.23P0.71Si0.32 crystal and FDMNES XAS simulations (b),(e).

mechanisms influence the shape of the fluorescence line,
3p-3d exchange interaction is usually considered primarily
responsible for the splitting between Kβ1,3 and Kβ’ lines.
The presence of a magnetic moment on the 3d states is one
of the main factors influencing the intensity of Kβ’ and the
energy splitting between Kβ1,3 and Kβ’. Here, both the Fe and
Mn XES spectra present a relatively broad Kβ’ bump typical
of metallic compounds. However, one observes that the Kβ’
feature is more intense and well separated from Kβ1,3 for
Mn than for Fe, which is in line with the significantly higher
moment predicted for Mn at the 3g site than for Fe at 3 f or
3g sites. Most importantly, and in contrast to the XAS spectra
recorded under identical conditions, no significant evolution
of the XES spectra could be distinguished as a function of
temperature. This provides a first qualitative indication that
the FOMT in (Mn, Fe)2(P, Si) does not involve a significant
evolution of Mn and Fe magnetic moments.

Figure 4 presents the 1s3p RIXS planes recorded in the
FM and PM states for Fe and Mn. The RIXS intensity maps
are dominated by a strong diagonal feature that closely re-
sembles the HERFD-XAS spectra shown in Fig. 3. In the
ferromagnetic state, the upper part of the absorption edge ap-
pears slightly more intense than in the PM state, in qualitative
agreement with the behavior observed in Fig. 3. A detailed
inspection of the 1s3p RIXS planes does not reveal other
pronounced or independent spectral changes upon increas-
ing temperature. Constant incident energy (CIE) cuts taken
at incident energies corresponding to the spectral changes
identified in the HERFD-XAS data are dominated by a single
asymmetric peak, with an additional broad shoulder observed

for Mn. Upon crossing the transition, the peak maxima de-
crease in intensity, compensated by a broadening of the main
peak for Mn, with an additional weak kink emerging at ap-
proximately +4 eV relative to the main peak for Fe. The
spectral evolutions can be primarily attributed to the same
mechanisms that give rise to the differences in XAS. Over-
all, this initial exploration of the RIXS planes is consistent
with XAS studies, indicating only subtle temperature-induced
changes for both Fe and Mn.

C. Quantitative XES analysis

To extract more quantitative information from the XES
spectra, the integrated average difference method (IAD) has
been used with Mn metal and (Sc,Ti)Fe2 at 250 K as reference
spectra for Mn and Fe, respectively. The expected magnetic
moments of the references being nonzero, this approach yields
only a relative IAD scaling. Table II summarizes the moments,
predicted by first-principles calculations or experimentally
measured, for the various Mn and Fe compounds. Figure 5
presents the IAD temperature evolution for Mn and Fe in
the Mn0.74Fe1.23P0.71Si0.32 single crystal and its comparison
with the compounds from Table II. For Mn, the IAD of the
Mn0.74Fe1.23P0.71Si0.32 single crystal is on par with that of
MnFe0.95P2/3Si1/3. This is well in line with the anticipated
similar moments as Mn only occupies the 3g site. In compari-
son, the Mn-rich compound shows a significantly smaller IAD
because of the smaller moment of Mn when it occupies the
3 f site. For Fe, the IAD of the single crystal is slightly lower,
but not significantly different from that of MnFe0.95P2/3Si1/3,
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FIG. 4. 1s3p RIXS planes for Mn0.74Fe1.23P0.71Si0.32 single crystal for Fe (top panels) and Mn (bottom panels) in the ferromagnetic and
paramagnetic states (warmer colors corresponding to higher intensities). The arrows indicate the energy location where constant incident
energy (CIE) cuts were carried out. The CIE curves were normalized per unit area.

whereas a slightly larger average moment of 1.66 μB/Fe was
expected for the former, owing to a partial occupation of Fe at
the high-moment 3g site. This minor inconsistency highlights
the limitation of the technique to resolve a limited moment
difference. The Si-doped samples show significantly larger
Fe moments than the Fe2P binary parent compound or the
Laves phase used as references. Fe metal appears not well
aligned in the present IAD scaling. We suspect that the fine

TABLE II. Anticipated magnetic moments on Fe and Mn for the
considered references. When bulk magnetization data could not be
employed, neutron diffraction results or first-principles calculations
(at FM ground state) were used to estimate the atomic moments. The
quoted uncertainty reflects the scatter among the available data.

Fe moment Mn moment
Sample (μB/Fe) (μB/Mn) Ref.

Mn metal 0.7(1) [57]
Fe metal 2.2
Fe2P 1.5(1) [55,56,58]
MnFe0.95P2/3Si1/3 1.6(1) 2.9(1) [12,59–61]
Mn1.28Fe0.67P0.5Si0.5 1.5(1) 2.4(3)a [20,61]
Sc0.28Ti0.72Fe2 (50 K) 1.2(1) [62]
Sc0.28Ti0.72Fe2 (250 K) 0.9(1)

a3g: 2.9 μB/Mn; 3 f : 0.7 μB/Mn.

Fe powder used for the measurement contains an amorphous
fraction with reduced magnetism (the measured magnetiza-
tion is lower than the expected 2.2 μB/Fe), resulting in lower
IAD values.

In line with the close overlap of the Kβ XES spectra from
Fig. 3, hardly any significant temperature evolution of the
IAD could be distinguished, neither for Mn nor for Fe in the
investigated temperature range. A slight increase of the IAD
is nevertheless observed for Fe between 100 and 250 K. This
evolution remains very limited in amplitude (�IAD ≈ 0.01,
on par with the estimated IAD uncertainty at a given temper-
ature), occurs well below the FOMT, and is not expected; for
instance, temperature-dependent neutron diffraction experi-
ments report constant, or even slightly decreasing, magnetic
moments on both 3 f and 3g sites far below the Curie temper-
ature [20]. This small increase in IAD is therefore disregarded
at first sight.

Temperature-dependent Kβ XES measurements were also
carried out on a pressed powder pellet of polycrystalline
MnFe0.95P2/3Si1/3 (see the Supplemental Material [48]). Even
in the latter equiatomic composition, with a clear site pref-
erence of Mn for the 3g site and of Fe for the 3 f site, and
corresponding to one of the strongest first-order transitions
achievable in the Fe2P system with the largest structural dis-
tortion, no significant evolution of the IAD could be noted for
Fe and Mn from 20 to 300 K (TC ≈ 230 K upon heating).
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FIG. 5. Quantitative analysis using the integrated absolute dif-
ference (IAD) method on XES data. (a) Temperature evolution of
the IAD at Fe and Mn edges for the Mn0.74Fe1.23P0.71Si0.32 single
crystal. (b)(c) IAD as a function of the anticipated magnetic moments
(experimental when available, otherwise theoretical) for Mn and Fe,
respectively.

IV. DISCUSSION

The presented XES data on a Mn0.74Fe1.23P0.71Si0.32 single
crystal and its IAD analysis well reflect the expected evolution
of the Mn or Fe moments for varying sample compositions,

but do not indicate significant changes across the FOMT.
The XES method has proven to be a powerful technique
to resolve moment collapse induced by a phase transition
as a function of the temperature or pressure, such as the
one occurring in pnictide superconductors [63,64]. Even if
the Kβ’ feature is particularly broad in the present metallic
(Mn, Fe)2(P, Si) compounds, especially on Fe, a complete
moment quenching on the 3 f site can safely be ruled out in
the explored temperature range. The present DFT calculations
predicted a decrease of the average moment for Fe from 1.66
μB/Fe to 1.10 μB/Fe. This moment reduction across the
transition is not supported by the present XES data. However,
we acknowledge that the accuracy of the IAD technique on
the present small single crystal is relatively limited, for in-
stance an expected difference of about 0.2 μB/Fe between the
Mn0.74Fe1.23P0.71Si0.32 crystal and MnFe0.95P2/3Si1/3 could
not be resolved. A decrease in the 3 f moment that is more
limited than the theoretical prediction, typically a few tenths
of Bohr magneton, cannot be discarded experimentally. Sev-
eral other aspects may also explain the apparent disagreement
between theory and experiment.

First, one should recall that the expected amplitude of the
moment instability on the 3 f site presents a relatively large
scatter. Table III summarizes most of the quantitative studies
on the Fe 3 f moment instability in Fe2P compounds. The
majority of these investigations have so far been theoretical.
The original work highlighting the metamagnetic character of
the magnetism in Fe2P by Yamada and Terao predicted a sig-
nificant, yet only partial, reduction of the moments on the 3 f
site, from 1.1 to 0.3 μB [65]. Subsequent studies confirmed the
unstable nature of the magnetism on the 3 f site in comparison
with the more robust 3g site. But the actual amplitude of the
moment reduction on the 3 f sites remains controversial; in
particular, several works predicted a fully vanishing moment.
In quaternary (Mn, Fe)2(P, Si) compounds, similarly to the
Fe2P parent, all theoretical studies suggest a moment instabil-
ity on the 3 f site, but of strongly departing intensity. At this
stage, the origin for this dispersion in predictions is unclear.
The reduction in the Fe 3 f moment does not correlate with
the amplitude of the structural distortions. Therefore, uncer-
tainties in the structural relaxation cannot be identified as the
cause. The method used to implement a PM state may have
a marked effect. For instance, the supercell approach should,
in principle, reflect a paramagnetic disorder. However, it is
practically challenging to construct such supercells because
of their finite size. The number and arrangement of antifer-
romagnetically coupled atoms differs in the various studies
that employ a supercell approach, influencing the calculated
moments in the PM state. On the other hand, disordered local
moments calculations consider the existence of magnetic mo-
ments in the PM state, albeit fully disordered and collinear.
DLM calculations therefore present an alternative to model
the PM state, which also indicate a fairly large reduction in
3 f moments. This suggests that the controversy surrounding
the evolution of the 3 f moments at the FOMT may have a
more systematic origin.

The second issue deals with the actual definition of
the FM and PM states for a given compound. Most first-
principles investigations compare 0 K ground states; whereas,
in practice, the transition takes place at finite temperature.
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TABLE III. Overview of the former reports quantifying the evolution of the magnetic moment across the FOMT for Fe2P related
compounds. With the exception of an experimental x-ray photoemission spectroscopy study (∗), the vast majority of these works are theoretical
studies. The method used to model the paramagnetic state is indicated (FerroMagnetic, Fixed-Spin Moment, Disordered Local Moments,
antiferromagnetic SuperCell).

FM PM

Material c/a 3 f 3g c/a 3 f 3g �(c/a) Method Ref.

Fe2P 0.585 1.08 1.94 0.3 1.5 �a/a ≈ 0.1% FSM [65]
Fe2P 0.585 1.02 2.08 0.608 0 1.67 0.023 DLM [66]
Fe2P 0.589 0.83 2.30 0.30 2.11 SC [68]
Fe2P 0.589 0.95 2.00 0.589 0.06 1.77 0 SC [68]
Fe2P 0.85 2.16 ≈ 0 1.3 FM [67]
MnFeP0.5Si0.5 1.54 2.8 0.003 2.6 SC [12]
MnFeP2/3Si1/3 0.533 1.45 2.93 0.576 0.67 2.87 0.043 SC [25]
MnFeP1/3Si2/3 0.527 1.509 2.823 0.571 0.695 2.805 0.0441 SC [61]
MnFeP1/3Si2/3 0.499 1.549 2.895 0.569 0.683 2.884 0.07 SC [61]
MnFeP0.75Si0.25 0.535 1.62 2.76 0.592 0.66 2.42 0.057 SC [60]
MnFeP0.5Si0.5 0.5188 1.499 2.854 0.5933 0.795 2.723 0.0745 SC [69]
Mn1.2Fe0.8P0.5As0.5 0.552 1.58 2.85 0.566 ≈0 2.88 0.014 DLM [70]
Mn1.1Fe0.9P0.6As0.4 1.0 1.26 1.04 1.31 ∗ [71]

Experimentally, an even more complex aspect is that the
transition is not an ideal discontinuity. The purely first-order
transition involving the latent heat is spread over a tem-
perature window of a few kelvins. The changes in lattice,
electronic, and magnetic properties, however, progressively
develop before the transition and keep evolving much after.
For instance, in Mn-rich Mn1.25Fe0.70P0.50Si0.50, the lattice pa-
rameters deviate from a linear evolution about 80 K below the
discontinuity at TC = 280 K and become again linear nearly
120 K above it [20]. The paramagnetic susceptibility presents
an anomalous behavior over an even broader temperature
range. Because of short-range magnetic correlations in the PM
regime, a linear Curie-Weiss behavior is reached at tempera-
tures about twice higher than TC [20,72]. Our present XES
investigation was primarily intended to probe the temperature
range near the FOMT, where a giant magnetocaloric effect
occurs. A zero net magnetization state as modelled by theory
may require significantly higher temperatures than presently
investigated.

One should finally recall that measuring the magnetic
moments in a site-selective or element-selective manner in
both the FM and PM states is experimentally challenging
as it requires indirect magnetization probes. For instance,
in MnFeP1−xAsx compounds, Mössbauer spectroscopy con-
cluded a fairly large reduction of the Fe magnetic moment
from 1.1 μB to 0.4 μB at the magnetoelastic FM-AFM tran-
sition for 0.25 � x � 0.35 [73]. On the other hand, neutron
diffraction refinements indicated either a strong reduction of
the Fe moments from 1.2 μB to 0.4(0.1) μB or an insignificant
difference from 0.9(0.2) μB to 0.6(0.25) μB, depending on
the As content [74]. On a relatively close Mn1.1Fe0.9P0.6As0.4

composition, the analysis of photoemission spectra yields
nearly identical Fe moments in the FM (1.00 μB) and PM
(1.04 μB) states. Somewhat dissenting observations have also
been made in (Mn,Fe)2(P,Si) compounds. XMCD measure-
ments at the L edges of Fe and Mn did not indicate a complete
moment quenching for Fe in the near vicinity of the transi-
tion [24]. Neutron diffraction experiments indicated persistent

magnetic moment on the 3 f site in a zero net magnetization
state of antiferromagnetic Si-poor (Mn,Fe)2(P,Si) compounds
[75]. No significant evolution of the local magnetic moment
is observed at the FOMT on the present XES data. On the
other hand, 55Mn NMR spectroscopy observed a spinless state
developing on the 3 f site, but at temperatures well above TC

[23]. Despite the differences, these studies have in common
that a complete 3 f moment collapse was not observed. If
present, the 3 f site moment reduction at the FOMT is likely
to fall within the limitations of XES or XMCD methods,
i.e., a few tenths of Bohr magneton. A limited 3 f moment
instability is therefore unlikely to be the primary driver of
the FOMT, nor the main contributor to the entropy change
and giant magnetocaloric effect. In a localized vision of the
magnetic entropy in the PM state, Smag = kBln(2J+1), if only
0.1 electron of spin ½ were involved in the moment insta-
bility, it would yield an entropy change �Smag ≈ 0.1R ln 2 ≈
4 Jkg−1K−1, roughly one order of magnitude smaller than
the observed total entropy change in (Mn,Fe)2(P,Si) materi-
als. This limited contribution aligns with recent studies using
inelastic-scattering methods or scaling of physical properties
[19,76], which suggest that magnetoelastic deformation may
be the primary source of latent heat and entropy change at the
FOMT.

V. CONCLUSIONS

X-ray emission spectroscopy (XES), high-energy-
resolution x-ray absorption (HERFD-XAS), and resonant
inelastic x-ray scattering (RIXS) were measured across the
first-order magnetic transition of a Mn0.74Fe1.23P0.71Si0.32

single crystal. HERFD-XAS and RIXS data show a minor
evolution in the upper part of the K edge for Mn and Fe across
the transition, consistent with the relatively mild evolution
calculated for the metal 4p density of states. In contrast, no
significant evolution of the XES spectra is observed when the
transition is crossed. Quantitative XES analysis using the IAD
method gives reasonable insights into the magnetic moments

034412-9



H. YIBOLE et al. PHYSICAL REVIEW MATERIALS 10, 034412 (2026)

for different (Mn,Fe)2(P,Si) compositions. However, the
reduction of the moment on the 3 f site predicted by theory
(approximately –0.6 μB) is not observed. The evolution of the
Fe moment at the transition is more limited than predicted,
suggesting that the moment instability may only be a minor
contributor to the entropy change in the giant magnetocaloric
effect of (Mn,Fe)2(P,Si) compounds.
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