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The quarternary (Mn,Fe),(P,Si)-based materials with a giant magnetocaloric effect (GMCE) at the ferro-
magnetic transition Tc are promising bulk materials for solid-state magnetic refrigeration. In the present
study we demonstrate that doping with the light elements fluorine and sulfur can be used to adjust Tc
near room temperature and tune the magnetocaloric properties. For F doping the first-order magnetic
transition (FOMT) of MnggoFe130Po64Sio36Fx (x = 0.00, 0.01, 0.02, 0.03) is enhanced, which is explained
by an enhanced magnetoelastic coupling. The magnetic entropy change |ASp| at a field change (AuoH)
of 2 T markedly improved by 30% from 14.2 Jkg-'K~' (x = 0.00) at 335 K to 20.2 Jkg"'K~! (x = 0.03)
at 297 K. For the F doped material the value of |ASy| for ApgH = 1 T reaches 11.6 Jkg~'K~! at 294 K,
which is consistent with the calorimetric data (12.4 Jkg~'K~'). Neutron diffraction experiments reveal en-
hanced magnetic moments by F doping in agreement with the prediction of DFT calculation. For S doping
in MnggoFe125Po66-ySio34Sy (¥ = 0.00, 0.01, 0.02, 0.03, 0.04) three impurity phases have been found from
microstructural analysis, which reduce the stability of the FOMT in the main phase and decrease T, e.g.
the |ASy;| reduces from 7.9(12.6) Jkg'K! (332 K) for the undoped sample to 3.4(6.2) Jkg'K! (313 K) for
the maximum doped sample for ApgH = 1(2) T. Neutron diffraction experiments combined with first-
principles theoretical calculation, distinguish the occupation of F/S dopants and the tuning mechanism
for light element doping, corresponding to subtle structural changes and a strengthening of the covalent
bonding between metal and metalloid atoms. It is found that the light elements F and S can effectively
regulate the magnetocaloric properties and provide fundamental understanding of (Mn,Fe),(P,Si)-based
intermetallic compounds.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction X based magnetic Heusler alloys (X = Ga, In, Sn, Sb) [8], FeRh [9],

Mn,Sb based alloys [10] and Mn-M-X (M = Co, Ni and X = Si, Ge)

The giant magnetocaloric effect (GMCE), accompanied by an
isothermal magnetic entropy change (AS;;) and an adiabatic tem-
perature change (AT,), enables several promising applications
in the form of: (i) magnetic refrigeration [1], (ii) magnetic heat
pumps [2] and (iii) thermomagnetic motors and generators to
covert low-temperature waste heat into electricity [3,4]. In the
last two decades, numerous first-order magnetic transition (FOMT)
magnetocaloric materials (MCMs) that demonstrate a GMCE have
sprung up, including Gds(Si;Ge,) [5], (Mn,Fe),(PX)-based com-
pounds (X = As, Ge, Si) [6], La(Fe,Si);3-based materials [7], Ni-Mn-
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alloys [11]. Within these MCMs the (Mn,Fe),(P,Si)-based alloys with
a hexagonal crystal structure have attracted considerable attention
because they are rare-earth free, have no toxic elements, are low
cost and have a tunable Curie temperature (T¢). This materials sys-
tem demonstrates a strong magnetoelastic coupling controlled by
the magnetic, structural and electronic degrees of freedom.
Different strategies have been proposed to further optimize the
GMCE performance, for example engineering chemical pressure (by
atom substitution or interstitial doping), applying hydrostatic pres-
sure or multiple mechanical stimuli (multicaloric effect) [12,13].
Doping with light elements (e.g. H, B, C, N) can be an effec-
tive method to tailor the magnetic properties. For example, in an-
other prototypical magnetoelastic MCM system La(Fe,Si);3 the in-
sertion of H (as well as B and C) atoms significantly increases T¢
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[14]. For NiMn-based Heusler alloys substitutional B or interstitial
C are both helpful to adjust the magnetostructural phase transi-
tion [15-18]. Specifically for (Mn,Fe),(P,Si)-based materials B/C/N
atoms present positive effects. For example, substitution of B (up
to 7.5%) in MnFeqg5Pg505B0075Sip33 can dramatically reduce the
thermal hysteresis (ATyy) from 75 K to only 1.6 K, and thereby
effectively improve the reversibility of the GMCE [19]. Compared
to doping with metal elements (e.g. V, Ni, Co, Zr, Nb, Mo) [20-
23], the doping with light elements provides a unique platform
to investigate the nature of the magnetoelastic isostructural transi-
tion for this metal-metalloid system [24]. In addition to the B/C/N
doping of (Mn,Fe),(P,Si)-based MCMs, doping with F and S, which
have high electronegativity values of yxr ~ 4.0 and 2.5, respec-
tively [25], enables a systematic exploration on the question of
how light elements influence the fundamental magnetic properties.
It is noteworthy that, from the classical Pauling’s scale [26,27], the
element F (xf ~ 4) possesses the highest electronegativity value
[25] which can help us understand the role of the electrons within
(Mn,Fe),(P,Si)-based MCMs, especially in comparison with other
light elements like B. Additionally, S the neighboring element of
P, is rarely reported for MCMs and the increase in electronegativity
from P (xg ~ 2.1) to S (xfr ~ 2.5) can be considered dominant. For
S the influence of the chemical pressure is expected to be limited
as the atomic radius is very similar for P (r = 1.07 A) and for S
(r = 1.05 A) [28]. These properties inspire and further motivate us
to investigate the effects of F and S doping for (Mn,Fe),(P,Si)-based
MCMs.

In the present study, the F and S doped MngggFeq39Pg 64Sio.36Fx
(x = 0.00, 0.01, 0.02, 0.03) and MUO.GOFel.ZSP0.66—ySiO.34Sy (y = 0.00,
0.01, 0.02, 0.03, 0.04) alloys have successfully been produced. Here
the thermodynamic, MCE and structural information is reported.
It is found that F-doped materials show improved magnetic mo-
ments and GMCE performance. The increase in moments is in
agreement with Density Functional Theory (DFT) calculations. Ad-
ditional neutron diffraction (ND) experiments reveal that the MCE
properties can be tuned by controlling the atomic distances among
different metal-metal or metal-metalloid atom pairs. Electron Lo-
calization Function (ELF) calculations clarify that subtle changes
in atomic distances as well as the covalent bonding, defined by
the p-d hybridization, jointly control the GMCE properties of the
(Mn,Fe),(P,Si)-based materials. Our current study illuminates how
light elements affect the magnetoelastic coupling and the GMCE in
metal-metalloid MCMs.

2. Experimental and computational procedures

The off-stoichiometric bulk Mno.soFe]jOP0.54Sio.35FX (X = 0.00,
0.01, 0.02, 003) and MH0_60F61_25P0_66,y5i0‘345y (y = 0.00, 0.01, 0.02,
0.03, 0.04) MCMs were synthesized by solid-state chemical reac-
tion [20]. Mn (99.9%), Fe (99.9%), red-P (99.7%), Si (99.9%), FeFs
(97.0%) and FeS, (99.8%) powders with a total mass of 10 g were
mixed and milled for 10 h at 380 rpm. The pressed cylindrical
tablets were sealed in quartz tubes under 200 mbar Ar atmosphere
and annealed for 25 h at 1373 K. Subsequently, these samples were
rapidly quenched in cold water, followed by a pre-cooling process
in liquid nitrogen to remove the so-called “virgin effect” [29]. Note
that the ratio between metallic (Mn,Fe) and non-metallic (P,Si) in
the nominal composition of the studied alloys has been chosen to
deviate from 2:1 in order to achieve the smallest amount of impu-
rity phases [30].

Differential scanning calorimetry (DSC) measurements were
carried out using a commercial TA-Q2000 DSC calorimeter. The
DSC measurements under different magnetic fields were per-
formed in a home-built Peltier cell-based DSC, where the calori-
metric ASy; and AT, were derived from specific heat measure-
ments [31]. X-ray diffraction (XRD) patterns were collected using
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an Anton Paar TTK450 temperature-tunable sample chamber and
a PANalytical X-pert Pro diffractometer with Cu K, radiation. Neu-
tron diffraction (ND) experiments were performed on the Polaris
time-of-flight powder diffractometer at the ISIS pulsed spallation
neutron source (UK). About 6 g of powder sample was placed
into a vanadium can (8 mm diameter) and neutron diffraction
data were collected at room temperature (RT). Instrumental details
can be found in ref. [32,33]. The XRD and neutron patterns were
analyzed using Fullprof's implementation of the Rietveld refine-
ment method [34]. Temperature-dependent magnetization (M-T)
and field-dependent magnetization (M-H) curves were measured in
a superconducting quantum interference device (SQUID, Quantum
Design MPMS 5XL) magnetometer. Scanning electron microscopy
(SEM) was carried out on a JSM-7500F Field Emission Scanning
Electron Microscope to study the morphology and composition.

First-principles calculations in the framework of the density
functional theory (DFT) were performed using the Vienna ab initio
simulation package (VASP) [35,36]. The projector augmented wave
(PAW) method [37,38] was used with the generalized gradient ap-
proximation of Perdew-Burke-Ernzerhof [39] for the exchange cor-
relation functional. Elastic constants are calculated by applying ap-
propriate cell-volume conserving deformations [40-42]. In all cal-
culations the following electrons were treated as valence electrons:
3p, 4s, 3d for Mn; 4s and 3d for Fe; 3s and 3p for P, Si and S; 2s and
2p for F. A 2 x 2 x 2 supercell based on a 9-atom unit cell with the
composition MngsFe;5Pg67Sig33 was used in the calculations. All
3f sites were filled by Fe atoms while 3g sites were semi-randomly
occupied by Fe and Mn atoms. Si atoms were inserted at the 1b
site and P atoms at the 2c site in order to avoid the computational
cost related to larger supercells to account for the positional disor-
der [42]. The structure was fully relaxed on a gamma-centered k-
grid of 7 x 7 x 11 with the 2nd order Methfessel-Paxton method
[43] and a smearing width of 0.05 eV. A smaller 1 x 1 x 2 super-
cell with a k-grid of 14 x 14 x 11 was used for calculations of the
electron localization function. The kinetic energy cutoff was set at
500 eV, the force convergence tolerance was set to 0.1 meV/A and
the energies were converged to 1 peV.

To determine the F and S site preference, the formation ener-
gies of the structures with dopants placed on all possible crystal-
lographic sites were compared. The energy cost of forming each
structure is calculated as the difference between the energies of
doped (Egopeq) and pure (Epyre) compounds minus the chemical po-
tential of the dopant (u4) plus the chemical potential of the atom
replaced by the dopant (us):

Ef =Edoped+,u/s — (Epure + Ma) (1)

Chemical potentials were calculated by first optimizing bcc iron,
alpha manganese, diamond cubic silicon, orthorhombic sulfur and
tetrahedral phosphorus and then using the resulting total ener-
gies per atom. For fluorine chemical potential was obtained from
the total energy of the isolated F, molecule. To investigate the
type of the chemical bonds the electron localization function (ELF)
[44] was analyzed. The ELF allows for an accurate characteriza-
tion of the bond nature based on the electron densities. This char-
acterization is based on a topological analysis of local quantum-
mechanical functions related to the Pauli exclusion principle. The
ELF represents the possibility of finding a second electron with the
same spin in the vicinity of the reference electron. Higher ELF val-
ues correspond to areas with more localized electrons and indicate
a stronger covalent bonding.

3. Results
The specific heat as a function of temperature (measured by

zero-field DSC) for the MH0_60F61_30P0_64Si0_36FX (X = 0.00, 0.01, 0.02,
0.03) materials is presented in Fig. 1a. It is observed endothermic
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Fig. 1. (a) Specific heat derived from DSC experiments for MnggoFeq30Pog4Sio36Fx (X = 0.00, 0.01, 0.02, 0.03) materials upon heating and cooling. (b) Isofield M-T curves
for MnggoFe130Pos4Sio36Fx (X = 0.00, 0.01, 0.02, 0.03) alloys in an applied field of 1 T. (¢) Corresponding isothermal M-H curves as a function of applied field at 5 K. (d)
Temperature dependence of dM/dT derived from the M-T curves. (e) ATy, change for different F-doped materials. (f) AS, change for a field change (AjuoH) of 1 T (open
symbols) and 2 T (solid symbols) at different F contents. Note that the magenta curve is extracted from DSC under an applied field change of 1 T.

Table 1

Summary of the Curie temperature upon cooling (Tc-cooling) and heating (Tc-heating), the thermal hysteresis ATy, the latent heat L and total entropy change (AS:) for
MnggoFe;30Pg64Sin36Fx (x = 0.00, 0.01, 0.02, 0.03) materials, measured in DSC and SQUID.

Sample Tc-cooling DSC (K)  Te-cooling SQUID (K)  Tc-heating DSC (K)  Tc-heating SQUID (K) ATy, DSC (K) ATy, SQUID (K) L (J/g)  |ASeel (Jkg~'K-1)
x=0.00 3254 331.8 329.7 336.2 4.3 4.4 4.8 14.8
x=0.01 306.8 311.8 313.9 3184 7.1 6.6 5.1 16.6
x=0.02 2953 301.9 305.2 3104 9.9 8.5 5.4 18.3
x=0.03 278.8 283.9 292.8 296.4 14.0 125 6.0 21.7

and exothermic peaks shift to lower temperatures with increasing
F dopant content. The latent heat (L) of the phase transition has

Ty
been estimated by L = { Z—‘%dT, where dQ/dT is the change in heat
s

flow with respect to temperature, and Ts and Ty are the start and
end temperatures [45]. The entropy change at T¢ corresponds to
AStor = L/Tc. The main thermodynamic parameters extracted from
the DSC measurements are summarized in Table 1.

The M-T curves at 1 T for the Mn0‘60F61‘30P0‘64Si035Fx (X = 0.00,
0.01, 0.02, 0.03) materials are shown in Fig. 1b. A giant FOMT from
strong ferromagnetism at low temperature to paramagnetism at
high temperature is observed with phase transitions near room
temperature. (Mn,Fe),(PSi)-based alloys are found to be sensi-
tive to F doping with a sensitivity of the phase transition of
dTc/dx = —13.3 K/at.% F. In addition to the shift in Tc, two strik-
ing phenomena for F doping are found (i) a weak enhancement of
the saturation magnetization and (ii) an enhancement of the FOMT.
Furthermore, as shown in Fig. 1e, the thermal hysteresis ATy, con-
tinuously increases from 4.4 K (x = 0.00) to 12.5 K (x = 0.03),
which is in line with the enhanced FOMT indicated in Fig. 1f.

These findings are unusual as most doping elements in
(Mn,Fe),(P,Si)-based alloys result in a decrease in saturation mag-
netization and a lower thermal hysteresis. In particular, it has
been reported previously that B doping significantly reduces ATy,
resulting in an excellent cyclic adiabatic temperature change
(AT = 2.8 K under AuoH = 1.1 T) [19]. Considering the dif-
ference in free electrons among B (2s22p!') and F (2s22p°) and

the strong electronegativity (xr ~ 4.0) for F [25], the competi-
tion between covalent bonding and ferromagnetic exchange cou-
pling [24] is expected to be responsible to the difference in mag-
netic response for these doping elements.

As shown in Fig. 1d the value of T¢ has been determined from
the minimum in dM/dT and is collected in Table 1 for compari-
son to DSC data. The value of ASm for the Mn0'60F91'30P0'64Si0_36Fx
(x = 0.00, 0.01, 0.02, 0.03) samples, defined as the entropy change
caused by a magnetic field change, has been obtained from the M-
T curves in field and is shown in Fig. 1f. The maximum value of
|ASm| for ApgH = 2 T shows a significant improvement of 30%
from 14.2 Jkg~1K-1 at 335 K for the undoped sample (x = 0.00) to
20.2 Jkg~1K-! at 297 K for the highest doped sample (x = 0.03).
For a field change of ugH = 1 T the entropy change |AS;| reaches
11.6 Jkg~ 'K~ at 294 K for the x = 0.03 sample, which is consistent
with the in-field DSC data (12.4 Jkg='K~1). These values are higher
than the values for the archetypical MCM Gd of 2.8 (5.2) Jkg~1K~!
with ApugH = 1(2) T [46]. Fig. S1a and S1b (Supporting Infor-
mation) illustrate the conventional MCE upon applying magnetic
fields. The adiabatic temperature change for the x = 0.03 sample is
extracted from calorimetric measurements in Fig. S1c (Supporting
Information) and reaches AT, = 2.2(3.9) K with AugH = 1(1.5) T,
which is competitive with other MCMs [47].

Similar to F doping discussed above also S doping can be con-
sidered. In Fig. 2a the specific heat upon heating and cooling is
shown for Mno_GgFe1_25PO_66_ySio.34Sy (y = 0.00, 0.01, 0.02, 0.03,
0.04) samples. For all samples a FOMT is observed. For increas-
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Fig. 2. (a) Specific heat derived from DSC experiments for MnggoFe125Po66-ySio34Sy (v = 0.00, 0.01, 0.02, 0.03, 0.04) materials upon heating and cooling. (b) Isofield M-T
curves for MnggoFeq25Pg66.ySio34Sy (v = 0.00, 0.01, 0.02, 0.03, 0.04) materials under 1 T. (c) Corresponding isothermal M-H curves at 5 K. (d) Entropy change AS; for
ApoH = 1T (open symbols) and 2 T (solid symbols) as a function of different S doping contents.

Table 2

Summary of Tc-cooling, Tc-heating, ATyys, L and ASyr for MnggoFes 25Po66-ySio34Sy (v = 0.00, 0.01, 0.02, 0.03, 0.04) materials, measured in DSC and SQUID.

Sample Te-cooling DSC (K)  Te-cooling SQUID (K)  Tc-heating DSC (K)  Te-heating SQUID (K) ATy DSC (K) ATy SQUID (K) L (J/g)  |ASw] (Jkg~'K™1)
y =000 3239 3253 329.2 331.6 5.3 6.3 4.9 15.2

y=0.01 3199 323.2 325.8 328.0 5.7 4.8 4.2 13.2

y=0.02 309.7 315.2 315.8 3193 6.1 4.1 3.8 12.2

y =003 3056 308.8 312.2 316.1 6.6 7.3 3.6 11.7

y =0.04 303.1 305.9 309.2 313.0 6.1 7.1 3.0 9.9

ing S doping T shifts to lower temperature, ATy, remains almost
constant, while L and |ASs| continuously decreases, which indi-
cates a weakening of the FOMT, as illustrated in Table 2. Fig. 2b
shows the M-T curves for the S-doped samples in an applied field
of 1 T. By varying the S content, the Tc upon heating shifts from
332 K for the undoped sample (y = 0.00) to 313 K for the high-
est doped sample (y = 0.04). The effect of S doping on T is only
dTc/dy = —4.8 K/at.% S, which is significantly weaker than that
of F doping with dT¢/dx = —13.3 K/at.% F. Fig. 2c demonstrates
the corresponding M-H curves at 5 K. Mg slightly decreases from
y = 0.00 to y = 0.03, with a more rapid decline between y = 0.03
(151.5 Am2kg=') and y = 0.04 (132.8 Am%kg~1!). Fig. 2d shows
that |ASm| gradually decreases with increasing S doping. The en-
tropy change |ASy| reduces from 7.9(12.6) Jkg''K! for the un-
doped sample (y = 0) to 3.4(6.2) Jkg''K! for the highest doped
sample (y = 0.04) in a field change of AugH = 1(2) T.

To further investigate the mechanism responsible for the
weakening of the FOMT in MnggoFeq25P066.ySi034Sy (v = 0.00,
0.01, 0.02, 0.03, 0.04) materials SEM measurements are ap-
plied. Fig. 3a shows the backscattered electrons (BSE) SEM im-
age from the MnggoFe 25P0635i0.34S003 Sample, revealing three
distinct impurities randomly distributed within the main phase
matrix. The composition of these three types of impurities
are determined as MnyygFeg3P;4Sig2S353 (impurity 1: MnS-

based), Mn73Fe 9gP49Sis96Sg.4 (impurity 2: (Mn,Fe)Si-based) and
Mnyg sFe400P14.751240S08 (impurity 3: (Mn,Fe)sSi-based), respec-
tively. Interestingly, besides the MnS-based and (Mn,Fe);Si-based
impurities also observed by X-ray diffraction, another (Mn,Fe)Si-
based impurity has been found in (Mn,Fe),(P,Si)-based MCMs [48].
The reason for the appearance of this (Mn,Fe)Si-based impurity
could be the decomposition of (Mn,Fe)sSiz; below 800 °C into
(Mn,Fe)3Si and (Mn,Fe)Si [49,50]. These closely arranged impuri-
ties within matrix might also be attributed to compositional fluc-
tuations in the main phase, which may explain the appearance
of shoulders in some of the specific heat measurement peaks in
Fig. 2a. Additionally, the corresponding composition line-scan pro-
file in Fig. 3b clearly illustrates the competition among (Mn,Fe)Si-
based and MnS-based impurities.

In comparison to X-ray diffraction, neutron diffraction (ND) of-
ten possesses a higher sensitivity to light elements (e.g. H, B, C, N,
0, F, S), therefore it has been successfully employed to resolve the
occupation of B, C and N dopants within the (Mn,Fe),(P,Si)-based
lattice structure [51,52]. Due to the neutron spin ND is sensitive to
both the lattice structure and the magnetic structure [53,54]. Here,
we present the crystal structures at RT for Mng goFeq30P0.64Si0.36Fx
(X = 0.00, 002) and MHO.GOFe1.25P0.56_ySi0.34Sy (y = 0.00, 002) re-
fined from our ND data, Fig. 4(a,b) and (c,d), respectively. Good fits
to the data were obtained using a hexagonal unit cell (space group



F. Zhang, 1. Batashev, Q. Shen et al.

; |mpurity1 z

©_ Impurity2

: Impurity 3

Intensity (counts)

Acta Materialia 234 (2022) 118057

(b) —&— Mn
—e—Fe

4000 | "
—v—Si
——S

3000

2000

1000

0 C 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Distance (um)

Fig. 3. (a) Backscattered electron SEM image for the MnggoFe125P063Si034S0.03 alloy. (b) Corresponding composition line-scan profile along the yellow dashed line in (a).

~
o
~'

~
=

o obs
e 8 cal
-"g 407 8 ' : » difference
S g8 b B & I position
o |8 %% 138
S201 4% 1% ¢
> g 8 '
& O—I [ L IV AL RN
Q | II | { [ | IIIII ] %I “III (] IIIIIIII IIIIIIIII ’ll ”’”IIII“”IIIII
C “ ‘
1 2 3 4 5 6 7 8
-1
© QA
q o obs
@400 ¢ ¢ cal
-"é' = difference
=] I position
£ 20K
&
2 (& B
-a OI III [ U (o TNV AT TN
c | Lerr 1l LI 1 ATV R TR
Q 11 | Il [ [} LI 1 1 I B |
E
-20 | T
1 2 3 4 5 6 7

) :

obs
w40t cal
= » difference
% I position
2 9 F =0.02
A
P 5: ] | 4
.(7’ 0
O TV T U AT WL
E : PN o
2 . . . . . .
01 2 3 4 5 6 7 8
QA"
(d)40 o obs
) cal
= = difference
520_ I position
s | S =0.02
K
B F
@ NN L T
9
C
= |
a5 6 7

QAT
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P-62m) with both Mn and Fe magnetic moments aligned parallel
to the ¢ axis. The orientation of the magnetic moments is differ-
ent from previous studies of Mn-rich samples, where the moments
were found to be oriented in the a-b plane [55]. The magnetic mo-
ments for Fe-rich samples are preferentially aligned along c axis, in
a similar manner to its parent Fe,P counterpart [56,57]. This indi-
cates that the direction of moments is strongly determined by the
Mn/Fe ratio in (Mn,Fe),(P,Si)-based materials. The fitted ND pat-
terns for all F-doped and S-doped samples are exhibited in Figs.S2
and S3, respectively (Supporting Information). The structural pa-
rameters (including the XRD data for comparison) and the mag-
netic moments derived from Rietveld refinement can be found in
Tables S1 and S2 (Supporting Information).

The lattice parameters a and c of the hexagonal Fe,P type
lattice structure for the F-doped and S-doped alloys, derived
from the ND experiments, are shown in Fig. 5a,b. Fig. 5a shows
that at RT the lattice parameters exhibit discontinuous changes
in a and ¢ depending on their magnetic state (ferromagnetic
(FM)/Coexistence/paramagnetic (PM)) with anomalies in Aa/a
(Ac/c) of the order of —0.91% (+1.73%), while lattice symmetry is
conserved in different magnetic states. As shown in Fig. 5¢, com-
bining the ND data with high-temperature PM X-ray data, one can
easily distinguish the difference in c¢/a ratio among the FM state,
two-phase coexistence and the PM state. The change in c/a ratio is
closely related to the magnetic exchange interactions that control
the magnetoelastic coupling in these materials [58].
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and open symbols to XRD data, respectively.

In Fig. 5¢ the magnitude of the jump in ¢/a ratio for the F-doped
sample with x = 0.02 is about 2.6%, corresponding to a relatively
low ATy, of 9 K. Moreover, the cell volume V for the F-doped and
S-doped samples derived from the ND and XRD data are presented
in Fig. 5d. The slight differences are caused by the thermal expan-
sion of different experiment temperatures (ND at RT and XRD at
Tc + 100 K).

A comparison of the present data with those from Miao et al.
[52] for B, C, N-doped (Mn,Fe),(P,Si)-based materials and with DFT
calculations, makes it possible to further investigate the effect of
doping (interstitial/substitutional) and site occupancy of F/S atoms.
As demonstrated in Fig. 6a, compared with C doping (red curve;
interstitial site), F (green curve) and S (purple curve) atoms en-
ter the structure as substitutional atoms because the covalent ra-
dius of F (0.57 A) and S (1.05 A), as well as B (0.84 A), are smaller
than the non-metal elements P (1.07 A) and Si (111 A) within the
(Mn,Fe),(PSi) structure [28], which leads to the decrease in nor-
malized cell volume. The decrease in V for S is distinctly lower
than that for F, which could be ascribed to the comparable atom
radius among S, P and Si. In addition, based on our neutron diffrac-
tion results, accurate preferred sites for the F and S atoms have
been obtained: F preferentially occupies the 1b site, while S pref-
erentially occupies the 2c site with no evidence found for any pref-
erential occupancy of the P and Si atoms on these sites. This pref-
erence is illustrated in the schematic representation in Fig. 6b and
matches the conclusions for doped Fe,P [51]. According to DFT
calculations, the formation energies E; of various site occupation
models for these two systems confirm the experimentally obtained
preferred sites, as shown in Fig. S6 (Supporting Information).

4. Discussion
One interesting phenomenon about F doping is the surpris-

ingly continuous enhancement of the MCE accompanied by an in-
crease in thermal hysteresis. The thermal hysteresis is closely as-

sociated with the energy barrier for nucleation during the FOMT
[59]. Different strategies to minimize the hysteresis have been
proposed. For magnetostructural MCMs improving the structural
compatibility between both phases is recommended [11,60], while
metal-element doping or introducing secondary phases are ef-
fective for (Mn,Fe),(P,Si)-type and La(Fe,Si);3-type magnetoelastic
MCMs [22,23,61]. The magnetoelastic transition is sensitive to the
transition-induced elastic strain energy (Ug) because of the lattice
mismatch between the PM and FM phases (no symmetry change)
[42,62]. Ug in a hexagonal system [63-65] can be estimated by the
formula:

1
Ug = (Ciy +Crp)ed + 2Cizeqe3 + iCaaei (2)

where the G; (i, j = 123456) are the elastic constants
(calculated with DFT, see Section. 2) and e;; are the elas-
tic strains (e; = e; = Aa/a and e3; = Ac/c in an hexago-
nal system) [23,42]. Consequently, the corresponding Ug for the
Mn0.60F61.30P0.G4Si0.36F0.02 sample (AThyS =85 K) is estimated to
be 7.8 kJ/mol. The Ug for the parent MnggoFe;30Pg64Si036 Sam-
ple (AT = 44 K) is only around 4.1 kJ/mol (derived from
temperature-dependent XRD at T¢). Therefore, the increase in
ATyys for F doping is correlated with the enhanced elastic tran-
sition energy.

Additionally, Arrott plots (uoH/M versus M?) for F-doped and
S-doped samples present in Figs. S7 and S8 (Supporting Informa-
tion) were constructed to further analyze the nature of the transi-
tion. According to the Banerjee criterion [66] a clear FOMT feature
is found for all samples because of the “S-shaped” curves, which
confirms the other FOMT features (thermal hysteresis, peak in the
specific heat and lattice discontinuities at the transition).

The magnetic moments for the Fe and Mn atoms as well as
the total moment per formula unit for our MngggFeq30Pg64Si0.36Fx
(X = 0.00, 0.01, 002) and MH0_60F61_25POAGG_ySio_34Sy (y = 0.00,0.01,
0.02, 0.03, 0.04) alloys were determined from the neutron diffrac-
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tion data by magnetic structure refinement and are shown in
Fig. 7(a,b). It shows that Mn(3g) atoms are responsible for the
main magnetic moments, and that the Mn moments almost re-
main constant, while the Fe(3f) moments significantly decrease,
especially near to the transition region (see the F-doped sample
with x = 0.02 and the S-doped sample with y = 0.04). The so-
called “mixed magnetism” [67] in the (Mn,Fe),(PSi) system was
applied to explain that, compared with the robustness of Mn(3g)
moments, the Fe(3f) moments are relatively sensitive to the phase
transition reflected in the “Fe moment quenching” phenomenon,
which has been demonstrated in theoretical calculations [67,68].
The Fe(3f) intralayer coupling is easily influenced by external stim-
uli like chemical pressure (e.g. by heteroatomic doping), hence
in the next section we will further investigate these atomic-scale
variations among different doping systems. The total magnetic mo-
ments obtained from macroscopic magnetization measurements at
RT are in good agreement with the neutron diffraction results at
the same temperature. Interestingly, in comparison to the experi-
mental results (red curve), the DFT calculations for the total mo-
ment (black curve) also confirm that F doping (in contrast with
other elements) promotes a moment enhancement. This significant
enhancement is ascribed to the increase in Fe moment, while the
Mn moments maintain constant, as shown in Fig. 7c. For S-doping
Fig. 7d shows that even though the moment hardly changes in
the theoretical calculations, the magnetic moment from magneti-
zation measurements show a decrease, which could be caused by
the introduction of Mn-based secondary phases as DFT calculations

didn’t consider this effect, and a sudden increase in the amount
of (Mn,Fe)Si- and MnS-based impurities has been observed in Fig.
S4b (Supporting Information) considering Mn takes responsibility
for largest magnetic moments in (Mn,Fe),(P,Si)-based MCMs [67].

Actually, the parent system for (Mn,Fe),(PSi) is the hexago-
nal Fe,P metalloid material, for which itinerant ferromagnetism
was found to occur based on the Rhodes-Wohlfarth criteria
(qc/qs ~ 1.8) [69-71]. Single crystalline Fe,P shows a mixture of
itinerant and localized magnetism characteristics due to the pres-
ence of a strong magnetic anisotropy [72]. This itinerant-electron
metamagnet also shows a moment instability for one of the Fe mo-
ments, which is similar to (Mn,Fe),(PSi). Also, for (Mn,Fe),(P,Si)-
based MCMs high-resolution synchrotron powder diffraction exper-
iments combined with DFT calculation infer that the metastable
moment behavior (Fe moment destabilization) during the phase
transition is mainly ascribed to the function of the metalloid atoms
(P/Si) [24]. A remarkable electron-density redistribution around Fe
atoms was experimentally observed, indicating that this strong
magnetoelastic coupling system is dominated by the competition
between covalent bonding and ferromagnetic exchange coupling
[24]. The chemical coordination environment (like interatomic dis-
tances), directly strengthen/weaken the magnetic exchange inter-
actions among various atoms, thereby effectively influencing the
electronic configuration around the Fe(3f) sites [55].

The Fe-Fe (3f intralayer), Mn-Mn (3g intralayer), Fe-Mn (3f-3g
interlayer) and Fe-P/Si (3f intralayer) atomic distances with differ-
ent B, C, N, F and S dopant concentrations determined experimen-
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tally from ND measurements are shown in Fig. 8(a-d). Note that
the P/Si atoms are distributed randomly within 3g/3f layers. Com-
pared with the isotropic deformations for B doping, the most sig-
nificant atomic distance change for F dopant is the intralayer Fe(3f)
- Fe(3f) spacing, where the normalized atomic distance changes by
—0.17% (per dopant concentration%), as shown in Fig. 8a. This is
most likely because the Fe(3f) atoms are metastable and the con-
tracted Fe(3f) - Fe(3f) distance may consolidate the magnetic inter-
action, whereas the intralayer Mn(3g) - Mn(3g) distance shows a
negligible effect, as shown in Fig. 8b. Meanwhile, recent neutron
powder diffraction studies of doping in (Mn,Fe),(P,Ge) alloys elu-
cidate that coplanar Fe/Mn-Ge/P bond-length changes have a sig-
nificant influence on Tc and ATy [73]. Thus, the comparatively
small distance changes in the interlayer Fe(3f)-metalloid(2c) dis-
tance (—0.08%) and Fe(3f) - Mn(3g) distance (+0.10%) together with
Fe(3f) - Fe(3f) distance (-0.17%) for F doping, resulting in a distor-
tion of the tetrahedral Fe(3f) site, could contribute to this enhance-
ment in exchange interaction as illustrated in Fig. 8(c,d).

For S doping, the most remarkable change is observed for
the intralayer Mn(3g)-Mn(3g) distance (—0.11%). Based on elec-
tronic structure calculations, the Fe/Mn d electrons within the
(Mn,Fe),(PSi) structure are near the Fermi level, while the P/Si p
electrons are located far below [55,74]. As a consequence, similar

to Si doping [55], free electrons would transfer from the metal d
band to the metalloid p band due to the stronger electronegativity
(ability to attract shared electrons) of F (2s22p°) and S (3s23p?)
atoms, which further enhances the splitting of the d band, and
therefore increase the magnetic moment. Unfortunately, the intro-
duced impurities suppresses the increased moment potential for S
doping.

The Electron Localization Function (ELF), a visualization of the
valence shell electron pair repulsion theory, has been applied suc-
cessfully in intermetallic compounds to distinguish the nature of
the chemical covalent/metallic bonding [75-77]. This method is
also suitable for the (Mn,Fe),(P,Si)-based itinerant FM system. In
Fig. 9(a-c) and (d-f), the 2D ELF contour plots, sliced along (001)
and (110) direction, are shown for (i) no dopant, (ii) F-doping and
(iii) S-doping. From the topological analysis of the ELF in Fig. 9(b,c)
a significant electron localization around the P(2c) atoms is con-
firmed for F and S doping in comparison with the undoped mate-
rial (Fig. 9a). This is in agreement with K-edge phosphorus X-ray
absorption spectroscopy (XAS) results which indicate that P is in-
volved in a charge redistribution [78]. A similar phenomenon is
seen in Fig. 9(e,f). Obviously, F/S atoms can effectively promote
electron localization around the P(2c) atoms, while there is de-
localization around the Si(1b) atoms. The ELF maps for the Mn
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surroundings are shown in Fig. S9 (Supporting Information). The
line profiles of the ELF values between the nearest-neighboring
atoms are illustrated in Fig. 9g. A higher value (close to maxi-
mum 1) means more electron localization. It is noteworthy that
the maximum ELF values for nearest Fe-P atoms change from 0.49
to 0.58 (17.6% increase), which indicates a stronger covalent bond-
ing upon F/S doping, while the ELF values for the nearest Fe-Si
atoms decrease from 0.54 to 0.43 (20.5% decrease). These covalent
bonding properties for F/S doped systems are essentially associated
with the charge transfer from the p-d covalent hybridization. The
combined atomic distance changes jointly contribute to the total
moments enhancement for the F-doped (Mn,Fe),(P,Si) system and
help to stabilize the hexagonal phase. Taking metalloids as the en-
try point, our current study on introducing non-metal species pro-
vide a new way to further optimize the MCE performance by reg-
ulating the metastability in bonding and atomic distances.

5. Conclusions

In summary, the light elements F and S have successfully been
introduced into (Mn,Fe),(P,Si)-based MCMs and the thermody-
namic and magnetic properties of the new materials synthesised
have been investigated. For these two dopant systems T. can be
moved sufficiently into the RT range. Interestingly, it is found that
F doping enhances the magnetocaloric effect at the FOMT (by an
increase in magnetic moments and in |ASy|), while for S doping
the generated impurities slowly weaken the FOMT. By performing
ND experiments the site occupancy has been resolved, indicating
that F and S are substituted on the 1b and 2c site, respectively.
This site preference has been confirmed by DFT calculations. The
tunable MCE properties with F/S doping are analyzed in terms of
the experimental atomic distances among different metal-metal or
metal-metalloids atom pairs. Together with theoretical ELF calcu-
lations, these results clarify the subtle atomic distance changes, as
well as the covalent bonding. Together they determine the change
in GMCE with doping in these magnetoelastic (Mn,Fe),(P,Si)-based
materials. Our results provide important insights and systematic
understanding into the effect of doping with light elements on the
GMCE properties of (Mn,Fe),(P,Si)-based MCMs.
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