Open Access Article. Published on 05 Difuu-sandaa 2025. Downloaded on 2025/08/21 3:52:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal

Revealing complex magnetic interactions in Fe,P-
based compounds: a study using Mossbauer
spectroscopy and neutron diffraction

i ") Check for updates ‘

Cite this: DOI: 10.1039/d5ta03047a

Karthika K. Thilakan, ©2 Sagar Ghorai, ©°® Wei Liu, ©° Lennart Haggstrom,©
Fredrik Lindgren,? Vladimir Pomjakushin,® Premysl Beran,*" Oliver Gutfleisch, ©°
Peter Svedlindh®" and Johan Cedervall & *2

The magnetic properties of Fe,_5,Mn,,P1,Siy (0 = x = 0.5) compounds are studied by neutron diffraction,
Méssbauer spectroscopy, and magnetometry. DC magnetization measurements indicate that compounds
with 0.2 = x = 0.5 undergo a paramagnetic to ferromagnetic transition, with the Curie temperature
increasing as x increases. In contrast, compounds with 0 < x = 0.15 show unclear magnetic ordering in
DC magnetization measurements, while AC magnetization measurements display frequency-dependent
peaks, indicating glassy spin dynamics. For the x = 0.125 sample, AC magnetization measurements under
applied DC fields suggest that the transition at 150 K corresponds to a complex antiferromagnetic (AFM)

structure. M&ssbauer spectroscopy reveals four distinct regions of hyperfine interactions for different x
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qgx = 0.2204(4), consistent with the Mdssbauer and magnetization results.

1 Introduction

Magnetocaloric materials have attracted significant interest as
a promising alternative to traditional gas compression methods
for magnetic refrigeration.'™ Fe,P-based compounds are among
the most promising candidates for magnetic refrigeration due
to their large magnetocaloric effect (MCE) resulting from the
first-order magnetic transition (FOMT).> Fe,P and its deriva-
tives when substituted with Mn and Si exhibit an intriguing
phase diagram, Fig. 1. Fe,P and Mn,P adopt a hexagonal P62m
structure, while the intermediate compound FeMnP crystallizes
in an orthorhombic Pnma structure (Co,P-type). Substituting P
with Si in Fe,P gives rise to another orthorhombic structure.
However, single-phase compounds corresponding to Fe,Si and
Mn,Si cannot be synthesized, as they are in a multiphase
region. The center of this phase diagram is occupied by
FeMnP, 5Si, 5, which retains the Fe,P structure.
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Fig. 1 Quaternary phase diagram of the Fe—Mn-P-Si system. The
samples studied in this paper lie on the dotted line.

Fe,P-based compounds are particularly intriguing due to their
tunable transition temperature, non-toxic and non-critical raw
materials, and high isothermal magnetic entropy change.'® These
compounds crystallize in a hexagonal P62m space group with two
independent metal sites; tetrahedral 3f and pyramidal 3g sites
(Fig. 2). Several studies have shown that Mn preferentially
occupies the larger pyramidal 3g site in Mn-substituted
compounds of Fe,P." The occupation of the non-metal atoms
P and Si in the 1c and 2b sites shows no preference in almost all
cases. However, XRD refinement and energy calculations of the
compound Fe, sMn; 4P 6Sip 4 using the Korringa-Kohn-Rostoker
Coherent Potential Approximation (KKR-CPA)" and the neutron
diffraction study of Fe,;oMn; »5P; ,Si, (x = 0.45, 0.50, 0.55) by
Miao et al.*® suggest that Si atoms preferentially occupy the 2c
site. A relation between the Si content and the magnetic hyperfine
field at the Fe sites in Fe,P; ,Si, compounds has been estab-
lished using Mdssbauer spectroscopy.’” It was observed that the
magnetic hyperfine field at the tetrahedral and pyramidal Fe sites
increases with increasing Si content. Another significant result
from Mossbauer studies™ is that the magnetic Fe hyperfine
field at the tetrahedral 3f site increases considerably from 11.4 T
in Fe,P to 22.8 T in FeMnP,, 5Si, 5. The magnetic hyperfine field at
the 3g pyramidal site cannot be measured in FeMnP, 5Si, 5 due to
the absence of Fe atoms at this site. However, Fruchart et al.*®
measured the hyperfine field at the 3g site for the compound
Fe; 4Mn, Py 6Sip 4 at 84 K as 19.5 T, which can be compared with
17.2 T in Fe,P.'®

The MCE is quantified by measuring isothermal entropy and
adiabatic temperature changes in materials. Large values of these
parameters indicate the strong potential of a material for mag-
netocaloric applications. Although a high isothermal magnetic
entropy change is observed in the (Fe,Mn),(P,Si) system, consid-
erable thermal hysteresis (AThy = 35 K) is associated with
FOMT." The isothermal entropy change (ASyag) of FeMnP, 5Si 5
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Fig. 2 Coordination polyhedra of the metal atoms: tetrahedral 3f site
(represented as blue polyhedron) and pyramidal 3g site (represented as
pink polyhedron).

with an applied magnetic field of 2 T is 16.5 J kg~ K ', making it
very competitive with other materials for magnetic cooling
applicaitons.” Corresponding values for other magnetocaloric
materials are 5.2, 18.4, 21.7 and 15 J kg™ * K, for Gd, Gd;Si,Ge,,
LaFe;; 6Si;.4 and Niso,Mnss0In,,¢ (Heusler), respectively.” The
search for optimal Fe:Mn and P:Si ratios is key to obtaining
reduced thermal hysteresis while maintaining the giant magne-
tocaloric effect in the Fe-Mn-P-Si system. So far, the studies on
(Fe,Mn),(P,Si) compounds were mainly focused on keeping equal
amounts of Fe and Mn.'****** These compounds, which crys-
tallize in the hexagonal Fe,P-type phase, are explored to under-
stand the magnetic interactions behind the physics of magnetic
cooling. In Fe,P, the magnetic moments are ferromagnetically
ordered along the hexagonal c-axis below the transition temper-
ature”® T, while in FeMnP, 5Si, s they are aligned along the a-
axis.” However, FeMnP, ,5Si,,5s shows a complex antiferromag-
netic (AFM) ordering.>* Therefore, it is important to investigate the
compositions between Fe,P and FeMnP, 5Siy 5 to understand the
stability of the ferromagnetic state (FM) and ultimately to develop
improved design guidelines for magnetocaloric materials.

In this work, a series of stoichiometric compounds Fe, ,,-
Mn,,P; ,Si, (0 = x = 0.5) were synthesized using the drop
synthesis method and studied through neutron diffraction,
magnetization measurements, and Mdssbauer spectroscopy.

2 Methods

2.1 Synthesis

Master alloys of Fe,P and FeMnP, 5Si, 5 were prepared from stoi-
chiometric amounts of iron (Leico Industries, purity 99.99+%.
Surface oxides were reduced in H,-gas), manganese (Institute of
Physics, Polish Academy of Sciences, purity 99.999%), phosphorus
(Alfa Aesar, purity 99.999+%) and silicon (Highways International,
purity 99.999%) using the drop synthesis method.** Intermediate
samples of Fe, ,,Mn,,P; ,Si, were prepared by mixing stoichio-
metric amounts of the master alloys. All samples were sealed in
evacuated silica ampules and annealed at 1370 K for 2 h, followed
by heat treatment at 1270 K for 10 days and rapid quenching.

2.2 Diffraction

X-ray diffraction experiments were performed using a Bruker D8
Advance operating with Cu K« radiation and equipped with
a LynxeyeXE position sensitive detector. Neutron powder

This journal is © The Royal Society of Chemistry 2025
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Fig.3 Neutron diffraction (1 = 2.45 A) pattern for Fe; gMng »Pg ¢Sio 1 at
room temperature. The refined structure model is shown as an inset.

diffraction (NPD) was employed using the HRPT instrument® at
SINQ (PsI, Villigen Switzerland). A Ge monochromator (reflec-
tion 400) was used that gives a wavelength of 2.45 A. All samples
were measured in a temperature range of 10 to 300 K.

The obtained diffraction data was analyzed using the Riet-
veld method® implemented in the FullProf software.”” In the
refinements, several structure parameters, including atomic
positions, occupancies, and displacement, were allowed to vary.
For incommensurate magnetic structures, the magnetic prop-
agation vectors, k, were investigated using k-search imple-
mented in the FullProf Suite. The obtained k-vectors were used
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as input parameter to find irreducible representations (IR) with
the SARAh software.”® The obtained IRs were later implemented
in full-pattern magnetic structure refinements.

2.3 Magnetometry

A Quantum Design magnetic property measurement system was
used to assess the magnetic properties of samples. The
temperature dependent magnetization under field-cooled
cooling (FC) and field-cooled warming (FCW) conditions were
measured using an applied magnetic field of yoH = 10 mT.
Temperature- and frequency-dependent AC susceptibility
measurements were performed to study the low-frequency
relaxation behavior of the compounds with 0.05 = x = 0.15
using an AC magnetic field amplitude of uoHxc = 0.4 mT.

2.4 Mossbauer spectroscopy

Mossbauer measurements were carried out on a spectrometer
working with a constant acceleration type of vibrator and
a °’CoRh source. The spectra were recorded at low temperatures
in an Oxford He-flow cryostat and at high temperatures in
a Ricor furnace, respectively. The Fe, ,,Mn,,P; ,Si,-samples
were mixed with inert BN and enclosed in sealed kapton
pockets. The absorbers formed thus had a sample concentra-
tion of ~2-20 mg cm 2. Calibration spectra were recorded at
295 K using natural Fe metal foil as a reference absorber. The
spectra were folded and fitted using the least square Mossbauer
fitting program Recoil to obtain the values of the center shift
(CS) versus natural o-Fe at 295 K, the electric quadrupole split-
ting (QS) (in the paramagnetic regime), the electric quadrupole
shift (¢) and the magnetic hyperfine field (By) (in the magnetic
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(@) Mossbauer spectra in the paramagnetic regime for different values of x. The red and blue subspectra emanate from Fe(l) at the

tetrahedral 3f and Fe(2) at the pyramidal 3g positions, respectively. (b) Normalized sum of spectral intensities of tetrahedral Fe(1) and pyramidal

Fe(2) versus x in Fes_>,Mn,,P;_,Siy.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta03047a

Open Access Article. Published on 05 Difuu-sandaa 2025. Downloaded on 2025/08/21 3:52:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

1.00 -

Normalized transmission

velocity (mm/s)

Fig. 5 Mdssbauer spectra of Fe,_»Mn,,P;_,Siy at 85 K. Blue and red
represent Fe at the pyramidal (3g) and tetrahedral (3f) sites,
respectively.

regime), the full-width at half maxima (W) of the Lorentzian
absorption lines and the spectral areas (4).

3 Results

3.1 Phase analysis

All samples are of high purity, with only trace amounts of
secondary phases, as shown in Fig. 3 for x = 0.1. Structural
refinements show that all samples crystallize in the Fe,P-type
structure, space group (SG) P62m. The evolution of the unit cell
parameter, studied using XRD, Fig. S1 in SI, gives a clear trend
where a (c) increases (decreases) with increasing amount of x.
This also affects the c/a-ratio, which decreases with increasing
level of substitution. There is a shift in the unit cell parameters
between x = 0.25 and 0.375 due to magnetostriction as samples
with x > 0.25 have T above RT. The unit cell parameters for the
master alloys (Fe,P and FeMnP, 5Si, 5) are in excellent agreement
with the values previously reported, which in combination with
the NPD results indicate that the substitutions have been
successful. The structure refinement to the NPD data confirms
that Mn preferably occupies the pyramidal 3g position even in low
concentrations, shown as an inset in Fig. 3, in agreement with
previous findings.'******* Varying the Fe and Mn occupancies
were tested in the refinements, but as it did not improve the
refined model they were left in their nominal compositions.

3.2 Mossbauer spectroscopy

3.2.1 Paramagnetic regime. In Fig. 4 the Mossbauer spectra
in the paramagnetic regime are presented along with the
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spectral areas for the two crystallographic sites. The area of
Fe(2) at pyramidal 3g sites decreases with increasing x and at x
= 0.5, (FeMnP, 5Siys), all contributions to the pattern come
from Fe(1) at tetrahedral 3f sites. This confirms the findings
from NPD that Mn atoms are solely located at the pyramidal 3g
site all through the substitution series. The fitted results using
one Mossbauer pattern each for Fe(1) and Fe(2) are presented in
Table S1.

A detailed study of the Fe(1) subspectrum for x = 0.5 and x =
0.375 shows some asymmetric doublet behavior that is caused by
an atomic disorder in the near surroundings of Fe(1) at the
tetrahedral 3f site. It is expected since the four nearest neighbour
(nn) atoms P or Si can vary. The nn to the 3f site is two P or Si
atoms at the 1b site and two P or Si atoms at the 2c site. Each
surrounding would give slightly different Mdssbauer subspectra,
which may explain the asymmetry and broadening in the spec-
trum as shown in Fig. 4. It has been argued that Si preferentially
occupies the 2c-site,”® however, by analysing the Mossbauer
hyperfine spectra of Fe,P; ,S, with 0.10 = x = 0.16 the P/Si
substitution is shown to be almost random.'” However, the
resolution in the present spectra in the paramagnetic regime is
too low to resolve any preference of the P/Si occupation.

3.2.2 Magnetic regime. The hyperfine parameters are
affected differently due to the various amounts of P, Si, Mn and
Fe atoms around each Fe metallic site. The spectra have there-
fore been fitted with 2 to 4 sextet patterns depending on the x-
value (Fig. 5). In the fitting, all subspectra representing Fe at the
3f site have the constraint of having the same central shift CS.
Similar constraints have also been used for Fe at the 3g site.
These constraints were used primarily to minimize the number
of fit variables. The variation of the CS values for different
surroundings was furthermore found to be small in the spec-
trum in the paramagnetic regime for Fe both at 3f and 3g,
justifying the constraints used. The average hyperfine results
from the fitting of spectra at 85 K are presented in Fig. 6 and
Table S2.

In order to find the polar (f) and azimuthal (¢) angles of the
magnetic fields versus the principal axes of the electric field

. 2¢ .
gradient (EFG) tensor at 85 K the factor K = os connecting the

two electric quadrupole parameters QS and ¢ can be calculated
using the expression:

_ 3cos’f — 1 + nsin’fcos2¢

i W

n
2 1+3

K

where 7 is the EFG asymmetry parameter and the angles § and ¢
refer to the situation at 85 K. Given the magnetic state of the
compounds at 85 K, QS cannot be directly measured. However,
using previously reported values for Fe,P,* QS(295 K)/QS(85 K)
= 1.15 for both Fe sites. Therefore, the values of K in Fig. 6(d)
2¢(85K)
QS(295K)
of the EFG has been found to be in the ab plane and also
a negative sign for QS for both Fe sites in Fe,P.** The calculated
values of K show four different regions: (i) K ~ - 0.5 for x close to

has been calculated as K = 1.15 . The principal z axis

This journal is © The Royal Society of Chemistry 2025
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2
electric quadrupole ratio K = Q—SS at 85 K.

0, (if) K ~ 0 for x ~ 0.1, (iii) K ~ - 0.9 for x ~ 0.25 and (iv) K ~ 0.9
for x ~ 0.4-0.5 (Fig. 6(d)).

Region (i) represents the ferromagnetic structure with the
magnetic moments along the c-axis. The polar angle is 90° with
a small asymmetry parameter 7, K would theoretically be —0.5
as also found experimentally here. With only a slight amount of
Mn and Si substitution, By¢ drops at both crystal sites and the
electric quadrupole ratio drops to zero, making the system enter
region (ii).

Region (iv) represents the ferromagnetic structure with the
magnetic moments along the a-axis. Since the orientation of the
z-axis of the electric field gradient tensor is in the ab-plane, the
polar angle will be unknown, as will the azimuthal angle for Fe
at the tetrahedral 3f site. Experimentally K ~ 0.9 is observed,
which can be interpreted as having the z-axis along the a-axis
with small contributions from the asymmetry parameter (Eq.
().

Regions (ii) and (iii) are more difficult to interpret from the
experimental values of K. The resonance lines are broad due to
the different possible nn configurations of the Fe atoms. The K-

This journal is © The Royal Society of Chemistry 2025

value has therefore to be interpreted as a value averaged over all
possible nn configurations. In region (ii) the average value for kK
is close to 0 which may be interpreted as a region with varying
polar and azimuthal values, a possible antiferromagnetic
helical structure for the magnetic moments. The drop in the
magnetic hyperfine field in region (ii) is further an indication of
a more complex antiferromagnetic structure. Judging from the
By results, region (iii) seems to be dominantly ferromagnetic in
character.

3.2.3 Mossbauer temperature study of the antiferromag-
netic region (ii). Here we present a temperature study of the
sample with x = 0.125 as a representative for the antiferro-
magnetic region (ii). The Mdssbauer spectra above 177 K could
be identified as emanating from a paramagnetic phase, while
spectra below 152 K were emanating from a phase where
magnetic fields were acting on the Fe nucleus (Fig. 7).

The spectra in the paramagnetic regime were fitted using two
doublets. In the magnetically ordered state, the spectra
exhibited significant broadening due to variations in the local
environment, where different numbers of neighboring Mn and

J. Mater. Chem. A
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Fig. 7 Representative Mdssbauer spectra of Fe, ,Mn,, Py ,Siy with x
= 0.125. Blue subpatterns represent Fe at the pyramidal 3g site and red
subpatterns represent Fe at the tetrahedral 3f site. A magnetic transi-
tion takes place between 152 K and 177 K.

P/Si atoms influence the magnetic field at the Fe nucleus. This
broadening was approximated by four sextets, two representing
Fe at the 3g site and two at the 3f site. Table S3 presents the
fitted results, while Fig. 7 displays representative spectra.

It is evident that no Fe magnetic moment ordering exists
above 150 K for the samples within the time scale of the
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Mossbauer transition ~ 107 s and longer. However, the AC
susceptibility results indicate slow spin dynamics with glassy
behavior at ~200 K and 320 K (cf. Fig. 9 below); the frequency
range 1.7-170 Hz corresponds to a time scale range of 1 - 100
ms. The absence of a magnetic hyperfine splitting of the *’Fe
Mossbauer spectrum at temperatures 7> 150 K can have at least
two explanations. One explanation could be that the slow spin
dynamics detected in the AC susceptibility measurement orig-
inate solely from the Mn magnetic moments. Another relating
explanation is that the local Fe magnetic moment disappears at
temperatures above the antiferromagnetic ordering tempera-
ture. The latter explanation connects to the rare case of mixed
magnetism, i.e. the coexistence of strong and weak magnetism,
discussed for hexagonal FeMn(P,Si).”

The AC susceptibility and Mossbauer results are consistent
with the onset of magnetic ordering at ~150 K. The observed
values of ¢ (~0.00 mm s ') are significantly lower compared to
QS (~—0.36 mm s~ ' and —0.56 mm s~ for Fe at the 3f and 3g
sites, respectively). This suggests that a magnetic structure with
moments aligned along the c-axis can be ruled out, as such an
arrangement would yield an electric quadrupole ratio K = %

of —0.5 (see the section on the magnetic regime above).

3.3 Magnetic characterisation

The temperature-dependent magnetization of the compounds
studied is shown in Fig. 8(a and b). Fe,P (x = 0) shows a para-
magnetic (PM) to ferromagnetic (FM) phase transition with a T¢
= 216(2) K, similar to the previously reported value.* A phase
transition from PM to FM is also observed in the samples with
0.2 = x = 0.5. For these four compounds, T increases with
increasing x, although the increase in T levels off at higher x
values. Magnetic transition temperatures of Fe,P-type
compounds are often related to the atomic distances between

0.5

(b)

BoH = 0.01T

x =0.125

T T
0 100

0.0

T T
200 300

T (K)

400

Fig. 8 Temperature dependent (a) and (b) magnetization measured under FC and FCW conditions. The direction of temperature change is
indicated by arrows. To clearly distinguish the temperature dependent magnetization two different scales for the magnetization are used in (a)

and (b).
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Table 1 Values of T¢, inter-atomic distances ds;_34, and temperature
hysteresis ATy, of the compounds with 0.2 = x = 0.5. The values of T
are taken from the FC magnetization versus temperature curves at uoH
=001T

X ris (X) A3t ag (A) AThys (X)
0 216 2.6272(4) 20
0.2 196 2.6225(7) 20
0.25 266 2.6523(5) 18
0.375 362 2.6551(6) 10
0.5 380 2.6678(4) 14

the magnetic atoms situated in the 3f and 3g sites. The posi-
tions of the 3f and 3g sites and their shortest interatomic
distances (d3¢_3,) were extracted from the neutron diffraction
refinements. The values of ds¢_3, and T¢ are shown in Table 1. It
is clear that an increase of ds¢_3, follows with an increase in T
for the four compounds with 0.2 < x =< 0.5. In Fe,P, both the 3f
and 3g sites are occupied by Fe, which is unlikely for the rest of
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the compounds. Interestingly, these four compounds exhibit
thermal hysteresis (ATyys), i.e. a difference in the magnetic
phase transition temperature between the FC and FCW
magnetization curves. The presence of ATy, is often used as an
indication of a FOMT."

The compounds with 0 < x = 0.15 exhibit a much lower
magnetization with unclear magnetic ordering (¢f. Fig. 8(b)).
The temperature-dependent magnetization curves resemble
those of materials with glassy behavior. To investigate this
behavior further, temperature- and frequency-dependent AC
magnetic susceptibility measurements have been performed for
the x = 0.125 compound; the results are shown in Fig. 9. The
real component of the AC-susceptibility (¢f. Fig. 9(a)) exhibits
a clear frequency dependence at temperatures above 150 K. The
imaginary component reveals several loss peaks (Fig. 9(b)). The
presence of several frequency-dependent loss peaks is indicative
of different contributions to magnetic dissipation in the
temperature range of 150 K < T < 400 K. From a comparison of
the AC susceptibility and Mossbauer results, it is concluded that
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Fig. 9 Frequency and temperature dependent real and imaginary components of the AC magnetic susceptibility without applied fields (a) and
(b), and with superimposed DC applied fields (c) and (d) respectively, for the x = 0.125 compound.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta03047a

Open Access Article. Published on 05 Difuu-sandaa 2025. Downloaded on 2025/08/21 3:52:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry A Paper
(a) (b)
10K
Model alorig b ©  los 5000
60000 - === leatc &
= — Nuclear > Yobs
— 50000 A g —— Magnetic igi;: = Ycale
o 4000 |- Mag along ¢
£ 40000 A ° o~ = = = -Mag along ab
o z = = =-Mag along b
> £ Bragg positions
£ 30000 1 2 S50
c £
3 g
€ 20000 - =
10000 ! 5 2000
=
A A___Aa —
0_
Nuclear I I (i I 0 T N N TR TR 1000 - oo1—»>| 1o > <10
11 [l [ Irmnm W I FERr TERn TE MO r Wi wmnirm |
{ | | 1 | 11
A | b los legic 17 ll8‘ 1|9 zlo 2l| 2I2 2I3 2l4 25
Pttt y . ) i ; . i : : ;
. . , QA"
I 2 3 4 5 @9
Scattering vector Q (A1)
Fig. 10 (a) Observed and calculated neutron diffraction patterns of Fe; gMngoPooSig1 in the antiferromagnetic state, for the model with

moments along b axis. (b) Refinement comparison of magnetic models with moments along the c-axis, b-axis, and within the ab-plane, shown
for the enlarged magnetic satellite peaks. Dashed lines represent the magnetic contribution of each model, while the total calculated intensity for
the model with moments along the b-axis is shown in as a green line. The hkl indices of the main Bragg reflections and their corresponding

magnetic satellites are indicated.

the slow spin dynamics in this temperature range is solely due
to the Mn magnetic moments. At the same time, the disap-
pearance of dissipation at 7' < 150 K is in accordance with the
order of AFM at low temperature involving both local Fe and Mn
moments, which will be discussed below when describing the
results of the magnetic structure analysis.

In order to get more insight into the glassy spin dynamics,
Fig. 9(c) and (d) show AC susceptibility versus temperature
results for fixed AC frequency (1.7 Hz and 170 Hz) along with
superimposed DC magnetic fields (0-5 mT). The real compo-
nent of the AC-susceptibility (¢f Fig. 9(c)), including its
frequency dependence is suppressed by the superimposed DC
magnetic field. Even more noticeable is the suppression of the
imaginary component of the AC susceptibility at 7 > 150 K. In
the presence of the 1 mT DC field, the loss peak at T = 320 K
vanishes, while the loss peak at T = 200 K is much reduced (cf.
Fig. 9(b)). Both loss peaks vanish in the presence of 5 mT DC
field, while the relaxation behavior at T < 150 is unaffected by

the superimposed DC magnetic fields (c¢f. Fig. 9(b)). From this it
can be concluded that the spin dynamics of the antiferromag-
netically ordered phase is not affected by the superimposed DC
magnetic field, while the time scales of the glassy spin dynamics
at T > 150 K are strongly DC magnetic field dependent with
a shortening of the time scales with increasing DC magnetic
field. A similar frequency dependent behaviour has been
observed for the x = 0.05, 0.1, and 0.15 compounds which are
discussed in SI.

To estimate the effective paramagnetic moment of the
compounds (x = 0, 0.2, and 0.25) which show a clear PM-FM
transition below 400 K, the temperature dependent inverse
DC-susceptibility has been fitted to the Curie-Weiss (CW) law
(Fig. S3(a) in SI).*> The calculated effective moments are 5.96 ug,
9.9 ug, and 10.4 up per formula unit for the x = 0, 0.2, and 0.25
samples, respectively. The extracted values for the x = 0.2, and
0.25 samples are likely overestimated, since the x = 0.2 sample
exhibits a Griffiths phase like behaviour*** and x = 0.25 is not

Table 2 Atomic coordinates, atomic displacement parameters and occupancy of Fe, Mn, P and Si atoms at 300 K and 10 K (antiferromagnetic
state) obtained from refinements of neutron powder diffraction data for the sample x = 0.1. The full coordinates of the atomic sites are 3f: (x 0 0),

12
33

1 1
3g: <x 0 E)' 2c: <— = 0>, 1b: <0 0 5). For 300 K refinement, Rgragg = 2.57, Rwp = 6.58, R, = 4.49, x* = 6.30. For 10 K refinement, Prop. vector g

= 0.2204(4), Rgragg = 2.51, Rmag = 3.39, Rwp = 6.71, R, = 4.33, x> = 17.2

300 K 10K
Atom Site x Biso (A) Occ x Biso (A) Occ M (up)
Fel 3f 0.25601(9) 0.43(2) 1 0.2559(1) 0.20(3) 1 0.7(2)
Fell/MnII 3g 0.5935(1) 0.43(2) 0.8/0.2 0.5923(2) 0.20(3) 0.8/0.2 2.3(2)
PI/Sil 2¢ 1 0.80(4) 0.9/0.1 1 0.79(6) 0.9/0.1 —

3 3
PII/Sill 1b 0 0.80(4) 0.9/0.1 0 0.79(6) 0.9/0.1 —
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completely paramagnetic even at 400 K (Fig. S3(b)). Moreover,
the field dependent magnetization at 400 K indicate that the
samples which did not show a clear PM-FM transition (e.g. x =
= 0.1 and 0.125) are also not completely paramagnetic at 400 K,
as indicated in Fig. S3(b) revealing a non-linear magnetic field
dependence at low fields. Therefore, among the studied
compounds, in the measured temperature range, the CW law is
only valid for the x = 0 sample, yielding a calculated effective
moment of 5.96 ug/f.u. and a Weiss temperature of 278.3 K.

3.4 Neutron diffraction results

Fe, »,Mn,,P; ,Si, (x = 0.1 and 0.125) samples were examined
using NPD measurements at various temperatures ranging
from 300 K to 10 K. The nuclear structure was determined at
room temperature (300 K), while the magnetic structure was
determined at 10 K. The x = 0.125 sample has a small amount
(0.7(2)%) of the secondary phase Fe;Si. The magnetic propa-
gation vector was determined using the k-search program in the
FullProf software. Several possible propagation vectors were
obtained from the k-search, which were then tested to find the
propagation vector that best describes the structure.

Magnetic structures for the samples x = 0.1 and 0.125 were
determined using simulated annealing and representation
analysis (SARAh). Magnetic structure refinement was performed
in FullProf, utilizing the basis vectors from SARAh. The neutron
diffraction patterns acquired below 150 K reveal a prominent
magnetic peak, 000 *+ k, for both samples, indicating an
incommensurate antiferromagnetic (AFM) structure with a non-
zero propagation vector. Some weak satellite peaks were also
observed in the Q range of 1.7-2.3 A™*. With the proposed k-
vector, three magnetic models—moments aligned along the b-
axis, c-axis, and in the ab-plane—were found to best fit the
observed data. The primary distinction between these models
lies in their fit to the weak satellite peaks, 001 + k and 101 + k.
Fig. 10(a) presents the observed and calculated NPD patterns for
the model with moments aligned along the b-axis at 10 K for x =
0.1. The magnetic contributions of the three models, along with
the total calculated intensity (nuclear and magnetic contribu-
tions) for the b-axis model, are shown in Fig. 10(b), here shown
for x = 0.1. The comparison reveals that the models with
moments along ab and b fit the 001 + k peak more accurately
than the c-axis model, while the c-axis model fails to produce
any intensity at the 101 + k peak position. Since the model with
moments along the g-axis (not shown here) does not provide
a good fit to the observed NPD pattern, it suggests that the
magnetic moments are more likely to align along the b-axis
rather than within the ab-plane. The x = 0.125 sample shows the
same behavior in the NPD patterns.

For the refinement of the nuclear structure at 300 K, several
profile parameters, atom occupancy, and atomic displacement
parameters were refined. Fe atoms were found to occupy only
the tetrahedral 3f site, while the pyramidal 3g site is occupied by
the Fe and Mn atoms. These occupancies were initially refined
and subsequently fixed in the final refinement. In the magnetic
structure refinement at 10 K, the same parameters as those used
in the 300 K refinement were refined, with atomic occupancies

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

fixed. A symmetric Gaussian size broadening was used to fit the
magnetic reflections at low temperature. Furthermore, the
magnetic moment parameters and the propagation vector were
refined. Table 2 shows the results of the NPD refinement at 300
K and 10 K for the x = 0.1 sample. The unit cell parameters at 10
K; a = 5.8996(1) A and ¢ = 3.4507(1) A are slightly smaller than
lattice parameters at 300 K; a = 5.9156(1) A and ¢ = 3.4553(1) A.
The parameter a decreases continuously with decreasing
temperature, while c initially decreases until 150 K, after which
it starts to increase down to 10 K (Fig. S4). The magnetic
ordering becomes antiferromagnetic in this case, likely due to
the increase in the c/a ratio below 150 K.

Fig. 12 shows the proposed magnetic structure model for the
x = 0.1 sample. The magnetic moments propagate sinusoidally
along the g-axis with an incommensurate propagation vector of
k, = 0.2204(4). The moments of atoms at the 3f and 3g sites are
aligned along the b-axis. The magnetic moments of Fe(1) and
Fe/Mn(2) atoms are 0.7(2) ug and 2.3(2) up respectively, at 10 K.
From Mossbauer spectroscopy, a sinusoidal model would give
broader Mdssbauer spectra due to magnetic fields ranging over
a wider interval, which is not directly observed here; however
the suggested model is the best from the neutron diffraction
analysis.

Previous studies have shown that Fe moments at 3f sites
typically have lower magnetic moments than Mn at 3g
sites.”"*>3¢ As the temperature decreases, k, increases for both
samples (x = 0.1 and 0.125), with the x = 0.125 sample showing
a larger k, (0.2254(5)) than the x = 0.1 sample at the same
temperature (Fig. S5). The magnetic moments at the 3f and 3g
sites also increase upon cooling, with the 3g site showing
a slightly larger increase than the 3f site, here shown for x = 0.1
sample. The unusual peak shape observed for the 000 £ k in the
NPD pattern could be attributed to a disorder in the magnetic
arrangement or multiple propagation vectors within the
magnetic structure. However, incorporating additional k-

[=} - Ood - < O
S 898 S5 EH
300 3.1e+04
250
< 200 2.1e+04
e
3
=1
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7}
o
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Fig. 11 Heat map of the evolution of the diffraction data for x = 0.1
sample in the Q region 0 to 3.3 A~ on cooling. The pure magnetic
reflection 000 + k (k = (0.2203 0 0)) has an increase in intensity below
=150 K and shows broadening compared to the nuclear Bragg peaks
in the figure.
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(a) Magnetic structure depicting the propagation of magnetic moments along a-axis. Fe | atoms sitting at the 3f site are shown inside

polyhedra (c) Unit cell with magnetic moments pointing along the b-axis.

vectors did not result in significant changes to the magnetic
structure. The temperature-dependent magnetization curve for
the compounds 0 < x = 0.15 from magnetometry suggests that
the samples are not in a purely paramagnetic state even at 300
K. The AC susceptibility measurements for the x = 0.125 sample
reveal a glassy spin dynamics at 7> 150 K and a possible AFM
transition below 150 K. This can be correlated to the observa-
tion of a hump with slight intensity above 150 K for the 000 + &
peak in the NPD data (Fig. 11) shown here for x = 0.1 sample,
indicating short-range or fluctuating magnetic correlations
which has been observed before in Fe-Mn-P-Si system.*” With
decreasing temperature, this feature evolves into a slightly
broadened antiferromagnetic peak at 10 K, indicating that the
system is moving from short-range to long-range order with
decreasing temperature, which is not unusual.®®

The broadness of the 000 + k peak below 150 K in the NPD
pattern likely arises from the system not attaining infinite
magnetic correlation even at low temperatures. It is interesting
to observe that a slight substitution of Mn at one of the Fe sites
alters the magnetic structure, leading to moments aligning
along the b-axis from the c-axis alignment in Fe,P. However,
more precise information on the nature of the magnetic corre-
lations would require a polarized neutron scattering study.

An incommensurate AFM ordering has previously been re-
ported for the (FeMn),(PSi) system with the composition
FeMnP, ;5Si »5.>* For this composition, Fe moments align along
the a-axis, while Mn moments align along the b-axis. In Fe,P-
based compounds, the chemical disorder of the 3f and 3g

J. Mater. Chem. A

sites and the lattice parameter ratio c/a play a crucial role in
determining the ground-state magnetic order.*

4 Conclusions

The magnetic behaviour for substitutions in Fe,P has been
demonstrated with neutron diffraction, Mdssbauer spectros-
copy and magnetometry. It is shown that Fe,P is extremely
sensitive to distortions of the structure, here exemplified by
substitutions.

From Mossbauer spectroscopy, a significant drop in the
magnetic hyperfine field for 0.05 <x < 0.15 as compared to x = 0 is
observed. The drop in hyperfine field comes from the change of
the magnetic structure, from ferromagnetic along the c-axis for
Fe,P, to an incommensurate antiferromagnetic structure. The
magnetic hyperfine field at the tetrahedral 3f site has been found
to increase by a factor of ~ 2 between x = 0 and x = 0.5. In fact,
the Fe magnetic field at the tetrahedral 3f site is, at x = 0.375,
larger than the Fe field at the pyramidal 3g site. This is in contrast
to the situation in pure Fe,P. These changes in the hyperfine field
have a counterpart in the magnetic moments. Further Mossbauer
studies are needed on samples with x closer to 0 to reveal the
exact nature of the antiferromagnetic structure adopted in region
(ii). From magnetometry, it is observed that the samples with
a small percent Mn substitution (0.05 < x < 0.15) exhibit glassy
spin dynamics in the temperature range 150 K < T'< 400 K, which
arises solely from the Mn moments. The AC susceptibility with
superimposed DC fields for a sample in this region, x = 0.125,

This journal is © The Royal Society of Chemistry 2025
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suggests an AFM behavior below 150 K. Samples with a higher
substitution for Mn (0.2 < x < 0.5) exhibit a PM-FM transition in
DC susceptibility, the same as observed for Fe,P. The implication
of a complex AFM structure from Mossbauer spectroscopy and
magnetometry is confirmed by NPD measurements for x = 0.1
and 0.125 samples revealing an incommensurate AFM structure
with propagation vectors k, = 0.2204(4) and 0.2254(5) respectively
at 10 K. The AFM 000 =+ k peak for both samples exhibits a slight
intensity above 150 K, suggesting the presence of short-range
magnetic correlations. Furthermore, the magnetic diffraction
peaks are broader than the nuclear peaks below 150 K, indicating
that the system does not attain infinite antiferromagnetic corre-
lation even at lower temperatures.

To conclude, the effect on simultaneous substitutions of Mn
and Si in Fe,P to Fe, ,,Mn,,P;_,Si, have been investigated with
regard to their magnetic properties. The system show mainly
ferromagnetic features with magnetic transition temperatures
correlated to the interatomic distances between the two iron
sites in the structure. However, a region 0.05 < x < 0.2 have been
found to have antiferromagnetic behavior, originating from an
incommensurate magnetic structure propagating along the
crystallographic a-axis with a propagation vector k, = 0.2204(4).
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