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a b s t r a c t 

The quarternary (Mn,Fe) 2 (P,Si)-based materials with a giant magnetocaloric effect (GMCE) at the ferro- 

magnetic transition T C 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 T C 
near room temperature and tune the magnetocaloric properties. For F doping the first-order magnetic 

transition (FOMT) of Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00, 0.01, 0.02, 0.03) is enhanced, which is explained 

by an enhanced magnetoelastic coupling. The magnetic entropy change | �S m | at a field change ( �μ0 H ) 

of 2 T markedly improved by 30% from 14.2 Jkg −1 K 

−1 ( x = 0.00) at 335 K to 20.2 Jkg −1 K 

−1 ( x = 0.03) 

at 297 K. For the F doped material the value of | �S m | for �μ0 H = 1 T reaches 11.6 Jkg −1 K 

−1 at 294 K, 

which is consistent with the calorimetric data (12.4 Jkg −1 K 

−1 ). Neutron diffraction experiments reveal en- 

hanced magnetic moments by F doping in agreement with the prediction of DFT calculation. For S doping 

in Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 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 C , e.g. 

the | �S m | reduces from 7.9(12.6) Jkg -1 K 

-1 (332 K) for the undoped sample to 3.4(6.2) Jkg -1 K 

-1 (313 K) for 

the maximum doped sample for �μ0 H = 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) 2 (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/ ) 
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. Introduction 

The giant magnetocaloric effect (GMCE), accompanied by an 

sothermal magnetic entropy change ( �S m 

) and an adiabatic tem- 

erature change ( �T ad ), enables several promising applications 

n the form of: ( i ) magnetic refrigeration [1] , ( ii ) magnetic heat

umps [2] and ( iii ) thermomagnetic motors and generators to 

overt low-temperature waste heat into electricity [ 3 , 4 ]. In the 

ast two decades, numerous first-order magnetic transition (FOMT) 

agnetocaloric materials (MCMs) that demonstrate a GMCE have 

prung up, including Gd 5 (Si 2 Ge 2 ) [5] , (Mn,Fe) 2 (P, X )-based com-

ounds ( X = As, Ge, Si) [6] , La(Fe,Si) 13 -based materials [7] , Ni-Mn-
∗ Corresponding author. 
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 based magnetic Heusler alloys ( X = Ga, In, Sn, Sb) [8] , FeRh [9] ,

n 2 Sb based alloys [10] and Mn- M - X ( M = Co, Ni and X = Si, Ge)

lloys [11] . Within these MCMs the (Mn,Fe) 2 (P,Si)-based alloys with 

 hexagonal crystal structure have attracted considerable attention 

ecause they are rare-earth free, have no toxic elements, are low 

ost and have a tunable Curie temperature ( T C ). This materials sys- 

em demonstrates a strong magnetoelastic coupling controlled by 

he magnetic, structural and electronic degrees of freedom. 

Different strategies have been proposed to further optimize the 

MCE performance, for example engineering chemical pressure (by 

tom substitution or interstitial doping), applying hydrostatic pres- 

ure or multiple mechanical stimuli (multicaloric effect) [ 12 , 13 ]. 

oping with light elements (e.g. H, B, C, N) can be an effec- 

ive method to tailor the magnetic properties. For example, in an- 

ther prototypical magnetoelastic MCM system La(Fe,Si) 13 the in- 

ertion of H (as well as B and C) atoms significantly increases T C 
nc. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.actamat.2022.118057
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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14] . For NiMn-based Heusler alloys substitutional B or interstitial 

 are both helpful to adjust the magnetostructural phase transi- 

ion [15–18] . Specifically for (Mn,Fe) 2 (P,Si)-based materials B/C/N 

toms present positive effects. For example, substitution of B (up 

o 7.5%) in MnFe 0.95 P 0.595 B 0.075 Si 0.33 can dramatically reduce the 

hermal hysteresis ( �T hys ) from 75 K to only 1.6 K, and thereby

ffectively improve the reversibility of the GMCE [19] . Compared 

o doping with metal elements (e.g. V, Ni, Co, Zr, Nb, Mo) [20–

3] , the doping with light elements provides a unique platform 

o investigate the nature of the magnetoelastic isostructural transi- 

ion for this metal-metalloid system [24] . In addition to the B/C/N 

oping of (Mn,Fe) 2 (P,Si)-based MCMs, doping with F and S, which 

ave high electronegativity values of χ F ≈ 4.0 and 2.5, respec- 

ively [25] , enables a systematic exploration on the question of 

ow light elements influence the fundamental magnetic properties. 

t is noteworthy that, from the classical Pauling’s scale [ 26 , 27 ], the

lement F ( χ F ≈ 4) possesses the highest electronegativity value 

25] which can help us understand the role of the electrons within 

Mn,Fe) 2 (P,Si)-based MCMs, especially in comparison with other 

ight elements like B. Additionally, S the neighboring element of 

, is rarely reported for MCMs and the increase in electronegativity 

rom P ( χ F ≈ 2.1) to S ( χ F ≈ 2.5) can be considered dominant. For 

 the influence of the chemical pressure is expected to be limited 

s the atomic radius is very similar for P ( r = 1.07 Å) and for S

 r = 1.05 Å) [28] . These properties inspire and further motivate us

o investigate the effects of F and S doping for (Mn,Fe) 2 (P,Si)-based 

CMs. 

In the present study, the F and S doped Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x 
 x = 0.00, 0.01, 0.02, 0.03) and Mn 0.60 Fe 1.25 P 0.66-y Si 0.34 S y ( y = 0.00,

.01, 0.02, 0.03, 0.04) alloys have successfully been produced. Here 

he thermodynamic, MCE and structural information is reported. 

t is found that F-doped materials show improved magnetic mo- 

ents and GMCE performance. The increase in moments is in 

greement with Density Functional Theory (DFT) calculations. Ad- 

itional neutron diffraction (ND) experiments reveal that the MCE 

roperties can be tuned by controlling the atomic distances among 

ifferent metal-metal or metal-metalloid atom pairs. Electron Lo- 

alization Function (ELF) calculations clarify that subtle changes 

n atomic distances as well as the covalent bonding, defined by 

he p-d hybridization, jointly control the GMCE properties of the 

Mn,Fe) 2 (P,Si)-based materials. Our current study illuminates how 

ight elements affect the magnetoelastic coupling and the GMCE in 

etal-metalloid MCMs. 

. Experimental and computational procedures 

The off-stoichiometric bulk Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00, 

.01, 0.02, 0.03) and Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00, 0.01, 0.02,

.03, 0.04) MCMs were synthesized by solid-state chemical reac- 

ion [20] . Mn (99.9%), Fe (99.9%), red-P (99.7%), Si (99.9%), FeF 3 
97.0%) and FeS 2 (99.8%) powders with a total mass of 10 g were 

ixed and milled for 10 h at 380 rpm. The pressed cylindrical 

ablets were sealed in quartz tubes under 200 mbar Ar atmosphere 

nd annealed for 25 h at 1373 K. Subsequently, these samples were 

apidly quenched in cold water, followed by a pre-cooling process 

n liquid nitrogen to remove the so-called “virgin effect” [29] . Note 

hat the ratio between metallic (Mn,Fe) and non-metallic (P,Si) in 

he nominal composition of the studied alloys has been chosen to 

eviate from 2:1 in order to achieve the smallest amount of impu- 

ity phases [30] . 

Differential scanning calorimetry (DSC) measurements were 

arried out using a commercial TA-Q20 0 0 DSC calorimeter. The 

SC measurements under different magnetic fields were per- 

ormed in a home-built Peltier cell-based DSC, where the calori- 

etric �S m 

and �T ad were derived from specific heat measure- 

ents [31] . X-ray diffraction (XRD) patterns were collected using 
2 
n Anton Paar TTK450 temperature-tunable sample chamber and 

 PANalytical X-pert Pro diffractometer with Cu K α radiation. Neu- 

ron diffraction (ND) experiments were performed on the Polaris 

ime-of-flight powder diffractometer at the ISIS pulsed spallation 

eutron source (UK). About 6 g of powder sample was placed 

nto a vanadium can (8 mm diameter) and neutron diffraction 

ata were collected at room temperature (RT). Instrumental details 

an be found in ref. [ 32 , 33 ]. The XRD and neutron patterns were

nalyzed using Fullprof’s implementation of the Rietveld refine- 

ent method [34] . Temperature-dependent magnetization ( M-T ) 

nd field-dependent magnetization ( M-H ) curves were measured in 

 superconducting quantum interference device (SQUID, Quantum 

esign MPMS 5XL) magnetometer. Scanning electron microscopy 

SEM) was carried out on a JSM-7500F Field Emission Scanning 

lectron Microscope to study the morphology and composition. 

First-principles calculations in the framework of the density 

unctional theory (DFT) were performed using the Vienna ab initio 

imulation package (VASP) [ 35 , 36 ]. The projector augmented wave 

PAW) method [ 37 , 38 ] was used with the generalized gradient ap-

roximation of Perdew-Burke-Ernzerhof [39] for the exchange cor- 

elation functional. Elastic constants are calculated by applying ap- 

ropriate cell-volume conserving deformations [40–42] . In all cal- 

ulations the following electrons were treated as valence electrons: 

 p , 4 s , 3 d for Mn; 4 s and 3 d for Fe; 3 s and 3 p for P, Si and S; 2 s and

 p for F. A 2 × 2 × 2 supercell based on a 9-atom unit cell with the

omposition Mn 0.5 Fe 1.5 P 0.67 Si 0.33 was used in the calculations. All 

f sites were filled by Fe atoms while 3 g sites were semi-randomly 

ccupied by Fe and Mn atoms. Si atoms were inserted at the 1b 

ite and P atoms at the 2c site in order to avoid the computational 

ost related to larger supercells to account for the positional disor- 

er [42] . The structure was fully relaxed on a gamma-centered k - 

rid of 7 × 7 × 11 with the 2nd order Methfessel-Paxton method 

43] and a smearing width of 0.05 eV. A smaller 1 × 1 × 2 super- 

ell with a k -grid of 14 × 14 × 11 was used for calculations of the

lectron localization function. The kinetic energy cutoff was set at 

00 eV, the force convergence tolerance was set to 0.1 meV/ ̊A and 

he energies were converged to 1 μeV. 

To determine the F and S site preference, the formation ener- 

ies of the structures with dopants placed on all possible crystal- 

ographic sites were compared. The energy cost of forming each 

tructure is calculated as the difference between the energies of 

oped ( E doped ) and pure ( E pure ) compounds minus the chemical po- 

ential of the dopant ( μd ) plus the chemical potential of the atom 

eplaced by the dopant ( μs ) : 

 f = E doped + μs − ( E pure + μd ) (1) 

Chemical potentials were calculated by first optimizing bcc iron, 

lpha manganese, diamond cubic silicon, orthorhombic sulfur and 

etrahedral phosphorus and then using the resulting total ener- 

ies per atom. For fluorine chemical potential was obtained from 

he total energy of the isolated F 2 molecule. To investigate the 

ype of the chemical bonds the electron localization function (ELF) 

44] was analyzed. The ELF allows for an accurate characteriza- 

ion of the bond nature based on the electron densities. This char- 

cterization is based on a topological analysis of local quantum- 

echanical functions related to the Pauli exclusion principle. The 

LF represents the possibility of finding a second electron with the 

ame spin in the vicinity of the reference electron. Higher ELF val- 

es correspond to areas with more localized electrons and indicate 

 stronger covalent bonding. 

. Results 

The specific heat as a function of temperature (measured by 

ero-field DSC) for the Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00, 0.01, 0.02,

.03) materials is presented in Fig. 1 a. It is observed endothermic 
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Fig. 1. (a) Specific heat derived from DSC experiments for Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00, 0.01, 0.02, 0.03) materials upon heating and cooling. (b) Isofield M-T curves 

for Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00, 0.01, 0.02, 0.03) alloys in an applied field of 1 T. (c) 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) �T hys change for different F-doped materials. (f) �S m change for a field change ( �μ0 H ) 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 ( T C - cooling) and heating ( T C - heating), the thermal hysteresis �T hys , the latent heat L and total entropy change ( �S tot ) for 

Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00, 0.01, 0.02, 0.03) materials, measured in DSC and SQUID. 

Sample Tc- cooling DSC (K) Tc- cooling SQUID (K) Tc -heating DSC (K) Tc -heating SQUID (K) �T hys DSC (K) �T hys SQUID (K) L (J/g) | �S tot | (Jkg −1 K −1 ) 

x = 0.00 325.4 331.8 329.7 336.2 4.3 4.4 4.8 14.8 

x = 0.01 306.8 311.8 313.9 318.4 7.1 6.6 5.1 16.6 

x = 0.02 295.3 301.9 305.2 310.4 9.9 8.5 5.4 18.3 

x = 0.03 278.8 283.9 292.8 296.4 14.0 12.5 6.0 21.7 
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nd exothermic peaks shift to lower temperatures with increasing 

 dopant content. The latent heat ( L ) of the phase transition has

een estimated by L = 

T f 
∫ 
T s 

dQ 
dT 

dT , where dQ/dT is the change in heat

ow with respect to temperature, and T s and T f are the start and 

nd temperatures [45] . The entropy change at T C corresponds to 

S tot = L/T C . The main thermodynamic parameters extracted from 

he DSC measurements are summarized in Table 1 . 

The M-T curves at 1 T for the Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00,

.01, 0.02, 0.03) materials are shown in Fig. 1 b. A giant FOMT from

trong ferromagnetism at low temperature to paramagnetism at 

igh temperature is observed with phase transitions near room 

emperature. (Mn,Fe) 2 (P,Si)-based alloys are found to be sensi- 

ive to F doping with a sensitivity of the phase transition of 

T C / dx = −13.3 K/ at. % F. In addition to the shift in T C , two strik-

ng phenomena for F doping are found ( i ) a weak enhancement of 

he saturation magnetization and ( ii ) an enhancement of the FOMT. 

urthermore, as shown in Fig. 1 e, the thermal hysteresis �T hys con- 

inuously increases from 4.4 K ( x = 0.00) to 12.5 K ( x = 0.03),

hich is in line with the enhanced FOMT indicated in Fig. 1 f. 

These findings are unusual as most doping elements in 

Mn,Fe) 2 (P,Si)-based alloys result in a decrease in saturation mag- 

etization and a lower thermal hysteresis. In particular, it has 

een reported previously that B doping significantly reduces �T hys , 

esulting in an excellent cyclic adiabatic temperature change 

 �T cyclic = 2.8 K under �μ0 H = 1.1 T) [19] . Considering the dif-

erence in free electrons among B (2 s 2 2 p 1 ) and F (2 s 2 2 p 5 ) and
3 
he strong electronegativity ( χ F ≈ 4.0) for F [25] , the competi- 

ion between covalent bonding and ferromagnetic exchange cou- 

ling [24] is expected to be responsible to the difference in mag- 

etic response for these doping elements. 

As shown in Fig. 1 d the value of T C has been determined from 

he minimum in dM/dT and is collected in Table 1 for compari- 

on to DSC data. The value of �S m 

for the Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x 
 x = 0.00, 0.01, 0.02, 0.03) samples, defined as the entropy change 

aused by a magnetic field change, has been obtained from the M- 

 curves in field and is shown in Fig. 1 f. The maximum value of

 �S m 

| for �μ0 H = 2 T shows a significant improvement of 30% 

rom 14.2 Jkg −1 K 

−1 at 335 K for the undoped sample ( x = 0.00) to

0.2 Jkg −1 K 

−1 at 297 K for the highest doped sample ( x = 0.03).

or a field change of μ0 H = 1 T the entropy change | �S m 

| reaches

1.6 Jkg −1 K 

−1 at 294 K for the x = 0.03 sample, which is consistent

ith the in-field DSC data (12.4 Jkg −1 K 

−1 ). These values are higher 

han the values for the archetypical MCM Gd of 2.8 (5.2) Jkg −1 K 

−1 

ith �μ0 H = 1(2) T [46] . Fig. S1a and S1b (Supporting Infor- 

ation) illustrate the conventional MCE upon applying magnetic 

elds. The adiabatic temperature change for the x = 0.03 sample is 

xtracted from calorimetric measurements in Fig. S1c (Supporting 

nformation) and reaches �T ad = 2.2(3.9) K with �μ0 H = 1(1.5) T, 

hich is competitive with other MCMs [47] . 

Similar to F doping discussed above also S doping can be con- 

idered. In Fig. 2 a the specific heat upon heating and cooling is 

hown for Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00, 0.01, 0.02, 0.03, 

.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 Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00, 0.01, 0.02, 0.03, 0.04) materials upon heating and cooling. (b) Isofield M-T 

curves for Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 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 �S m for 

�μ0 H = 1 T (open symbols) and 2 T (solid symbols) as a function of different S doping contents. 

Table 2 

Summary of T C - cooling, T C - heating, �T hys , L and �S tot for Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00, 0.01, 0.02, 0.03, 0.04) materials, measured in DSC and SQUID. 

Sample Tc- cooling DSC (K) Tc- cooling SQUID (K) Tc -heating DSC (K) Tc- heating SQUID (K) �T hys DSC (K) �T hys SQUID (K) L (J/g) | �S tot | (Jkg −1 K −1 ) 

y = 0.00 323.9 325.3 329.2 331.6 5.3 6.3 4.9 15.2 

y = 0.01 319.9 323.2 325.8 328.0 5.7 4.8 4.2 13.2 

y = 0.02 309.7 315.2 315.8 319.3 6.1 4.1 3.8 12.2 

y = 0.03 305.6 308.8 312.2 316.1 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 
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ng S doping T C shifts to lower temperature, �T hys remains almost 

onstant, while L and | �S tot | continuously decreases, which indi- 

ates a weakening of the FOMT, as illustrated in Table 2 . Fig. 2 b

hows the M-T curves for the S-doped samples in an applied field 

f 1 T. By varying the S content, the T C upon heating shifts from

32 K for the undoped sample ( y = 0.00) to 313 K for the high-

st doped sample ( y = 0.04). The effect of S doping on T C is only

T C / dy = −4.8 K/ at. % S, which is significantly weaker than that

f F doping with dT C / dx = −13.3 K/ at. % F. Fig. 2 c demonstrates

he corresponding M-H curves at 5 K. M S slightly decreases from 

 = 0.00 to y = 0.03, with a more rapid decline between y = 0.03

151.5 Am 

2 kg −1 ) and y = 0.04 (132.8 Am 

2 kg −1 ). Fig. 2 d shows

hat | �S m 

| gradually decreases with increasing S doping. The en- 

ropy change | �S m 

| reduces from 7.9(12.6) Jkg -1 K 

-1 for the un- 

oped sample ( y = 0) to 3.4(6.2) Jkg -1 K 

-1 for the highest doped

ample ( y = 0.04) in a field change of �μ0 H = 1(2) T. 

To further investigate the mechanism responsible for the 

eakening of the FOMT in Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00,

.01, 0.02, 0.03, 0.04) materials SEM measurements are ap- 

lied. Fig. 3 a shows the backscattered electrons (BSE) SEM im- 

ge from the Mn 0.60 Fe 1.25 P 0.63 Si 0.34 S 0.03 sample, revealing three 

istinct impurities randomly distributed within the main phase 

atrix. The composition of these three types of impurities 

re determined as Mn Fe P Si S (impurity 1: MnS- 
47.8 8.3 2.4 6.2 35.3 

4 
ased), Mn 17.3 Fe 19.8 P 4.9 Si 49.6 S 8.4 (impurity 2: (Mn,Fe)Si-based) and 

n 20.5 Fe 40.0 P 14.7 Si 24.0 S 0.8 (impurity 3: (Mn,Fe) 3 Si-based), respec- 

ively. Interestingly, besides the MnS-based and (Mn,Fe) 3 Si-based 

mpurities also observed by X-ray diffraction, another (Mn,Fe)Si- 

ased impurity has been found in (Mn,Fe) 2 (P,Si)-based MCMs [48] . 

he reason for the appearance of this (Mn,Fe)Si-based impurity 

ould be the decomposition of (Mn,Fe) 5 Si 3 below 800 °C into 

Mn,Fe) 3 Si and (Mn,Fe)Si [ 49 , 50 ]. These closely arranged impuri- 

ies within matrix might also be attributed to compositional fluc- 

uations in the main phase, which may explain the appearance 

f shoulders in some of the specific heat measurement peaks in 

ig. 2 a. Additionally, the corresponding composition line-scan pro- 

le in Fig. 3 b clearly illustrates the competition among (Mn,Fe)Si- 

ased and MnS-based impurities. 

In comparison to X-ray diffraction, neutron diffraction (ND) of- 

en possesses a higher sensitivity to light elements (e.g. H, B, C, N, 

, F, S), therefore it has been successfully employed to resolve the 

ccupation of B, C and N dopants within the (Mn,Fe) 2 (P,Si)-based 

attice structure [ 51 , 52 ]. Due to the neutron spin ND is sensitive to

oth the lattice structure and the magnetic structure [ 53 , 54 ]. Here,

e present the crystal structures at RT for Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x 
 x = 0.00, 0.02) and Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00, 0.02) re-

ned from our ND data, Fig. 4 (a,b) and (c,d), respectively. Good fits 

o the data were obtained using a hexagonal unit cell (space group 



F. Zhang, I. Batashev, Q. Shen et al. Acta Materialia 234 (2022) 118057 

Fig. 3. (a) Backscattered electron SEM image for the Mn 0.60 Fe 1.25 P 0.63 Si 0.34 S 0.03 alloy. (b) Corresponding composition line-scan profile along the yellow dashed line in (a). 

Fig. 4. Fitted powder neutron diffraction patterns for Fe-rich (a) Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F 0.00 , (b) Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F 0.02 , (c) Mn 0.60 Fe 1.25 P 0.66 Si 0.34 S 0.00 and (d) 

Mn 0.60 Fe 1.25 P 0.64 Si 0.34 S 0.02 collected in the Polaris detector bank 3 ( < 2 θ> ≈ 40.4 – 66.4 °) at RT as a function of the wave vector transfer Q . Black circles indicate the observed 

data points, red lines the calculated profile, blue lines the difference and vertical lines the Bragg peak positions. 
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- 62 m ) with both Mn and Fe magnetic moments aligned parallel 

o the c axis. The orientation of the magnetic moments is differ- 

nt from previous studies of Mn-rich samples, where the moments 

ere found to be oriented in the a-b plane [55] . The magnetic mo-

ents for Fe-rich samples are preferentially aligned along c axis, in 

 similar manner to its parent Fe 2 P counterpart [ 56 , 57 ]. This indi-

ates that the direction of moments is strongly determined by the 

n/Fe ratio in (Mn,Fe) 2 (P,Si)-based materials. The fitted ND pat- 

erns for all F-doped and S-doped samples are exhibited in Figs.S2 

nd S3, respectively (Supporting Information). The structural pa- 

ameters (including the XRD data for comparison) and the mag- 

etic moments derived from Rietveld refinement can be found in 

ables S1 and S2 (Supporting Information). 
5 
The lattice parameters a and c of the hexagonal Fe 2 P type 

attice structure for the F-doped and S-doped alloys, derived 

rom the ND experiments, are shown in Fig. 5 a,b. Fig. 5 a shows

hat at RT the lattice parameters exhibit discontinuous changes 

n a and c depending on their magnetic state (ferromagnetic 

FM)/Coexistence/paramagnetic (PM)) with anomalies in �a/a 

 �c/c ) of the order of −0.91% ( + 1.73%), while lattice symmetry is

onserved in different magnetic states. As shown in Fig. 5 c, com- 

ining the ND data with high-temperature PM X-ray data, one can 

asily distinguish the difference in c/a ratio among the FM state, 

wo-phase coexistence and the PM state. The change in c/a ratio is 

losely related to the magnetic exchange interactions that control 

he magnetoelastic coupling in these materials [58] . 



F. Zhang, I. Batashev, Q. Shen et al. Acta Materialia 234 (2022) 118057 

Fig. 5. Lattice parameters a and c as a function of the F and S doping concentration for the (a) Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00, 0.01, 0.02, 0.03) and (b) 

Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00, 0.01, 0.02, 0.03, 0.04) alloys. Note that the F-doped samples have different magnetic states (FM, PM, phase coexistence), while the S- 

doped samples are all in the FM state. (c) c/a ratio and (d) unit-cell volume V as a function of the F/S doping concentration. Note that solid symbols correspond to ND data 

and open symbols to XRD data, respectively. 
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In Fig. 5 c the magnitude of the jump in c/a ratio for the F-doped

ample with x = 0.02 is about 2.6%, corresponding to a relatively 

ow �T hys of 9 K. Moreover, the cell volume V for the F-doped and

-doped samples derived from the ND and XRD data are presented 

n Fig. 5 d. The slight differences are caused by the thermal expan- 

ion of different experiment temperatures (ND at RT and XRD at 

 C + 100 K). 

A comparison of the present data with those from Miao et al. 

52] for B, C, N-doped (Mn,Fe) 2 (P,Si)-based materials and with DFT 

alculations, makes it possible to further investigate the effect of 

oping (interstitial/substitutional) and site occupancy of F/S atoms. 

s demonstrated in Fig. 6 a, compared with C doping (red curve; 

nterstitial site), F (green curve) and S (purple curve) atoms en- 

er the structure as substitutional atoms because the covalent ra- 

ius of F (0.57 Å) and S (1.05 Å), as well as B (0.84 Å), are smaller

han the non-metal elements P (1.07 Å) and Si (1.11 Å) within the 

Mn,Fe) 2 (P,Si) structure [28] , which leads to the decrease in nor- 

alized cell volume. The decrease in V for S is distinctly lower 

han that for F, which could be ascribed to the comparable atom 

adius among S, P and Si. In addition, based on our neutron diffrac- 

ion results, accurate preferred sites for the F and S atoms have 

een obtained: F preferentially occupies the 1b site, while S pref- 

rentially occupies the 2c site with no evidence found for any pref- 

rential occupancy of the P and Si atoms on these sites. This pref- 

rence is illustrated in the schematic representation in Fig. 6 b and 

atches the conclusions for doped Fe 2 P [51] . According to DFT 

alculations, the formation energies E f of various site occupation 

odels for these two systems confirm the experimentally obtained 

referred sites, as shown in Fig. S6 (Supporting Information). 

. Discussion 

One interesting phenomenon about F doping is the surpris- 

ngly continuous enhancement of the MCE accompanied by an in- 

rease in thermal hysteresis. The thermal hysteresis is closely as- 
6

ociated with the energy barrier for nucleation during the FOMT 

59] . Different strategies to minimize the hysteresis have been 

roposed. For magnetostructural MCMs improving the structural 

ompatibility between both phases is recommended [ 11 , 60 ], while 

etal-element doping or introducing secondary phases are ef- 

ective for (Mn,Fe) 2 (P,Si)-type and La(Fe,Si) 13 -type magnetoelastic 

CMs [ 22 , 23 , 61 ]. The magnetoelastic transition is sensitive to the

ransition-induced elastic strain energy ( U E ) because of the lattice 

ismatch between the PM and FM phases (no symmetry change) 

 42 , 62 ]. U E in a hexagonal system [63–65] can be estimated by the

ormula: 

 E = ( C 11 + C 12 ) e 
2 
1 + 2 C 13 e 1 e 3 + 

1 

2 

C 33 e 
2 
3 (2) 

here the C ij ( i, j = 1,2,3,4,5,6) are the elastic constants 

calculated with DFT, see Section. 2 ) and e i,j are the elas- 

ic strains ( e 1 = e 2 = �a/a and e 3 = �c/c in an hexago-

al system) [ 23 , 42 ]. Consequently, the corresponding U E for the 

n 0.60 Fe 1.30 P 0.64 Si 0.36 F 0.02 sample ( �T hys = 8.5 K) is estimated to 

e 7.8 kJ/mol. The U E for the parent Mn 0.60 Fe 1.30 P 0.64 Si 0.36 sam- 

le ( �T hys = 4.4 K) is only around 4.1 kJ/mol (derived from 

emperature-dependent XRD at T C ). Therefore, the increase in 

T hys for F doping is correlated with the enhanced elastic tran- 

ition energy. 

Additionally, Arrott plots ( μ0 H / M versus M 

2 ) for F-doped and 

-doped samples present in Figs. S7 and S8 (Supporting Informa- 

ion) were constructed to further analyze the nature of the transi- 

ion. According to the Banerjee criterion [66] a clear FOMT feature 

s found for all samples because of the “S-shaped” curves, which 

onfirms the other FOMT features (thermal hysteresis, peak in the 

pecific heat and lattice discontinuities at the transition). 

The magnetic moments for the Fe and Mn atoms as well as 

he total moment per formula unit for our Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x 
 x = 0.00, 0.01, 0.02) and Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00,0.01,

.02, 0.03, 0.04) alloys were determined from the neutron diffrac- 
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Fig. 6. (a) Normalized volume as a function of the B, C, N, F and S doping concentration, obtained from ND data. (b) Schematic representation of (Mn,Fe) 2 (P,Si)-type lattice 

structure and the corresponding potential atom positions of the F/S dopant in the basal plane at z = 0 and z = 0.5. 
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ion data by magnetic structure refinement and are shown in 

ig. 7 (a,b). It shows that Mn(3 g ) atoms are responsible for the 

ain magnetic moments, and that the Mn moments almost re- 

ain constant, while the Fe( 3f ) moments significantly decrease, 

specially near to the transition region (see the F-doped sample 

ith x = 0.02 and the S-doped sample with y = 0.04). The so- 

alled “mixed magnetism” [67] in the (Mn,Fe) 2 (P,Si) system was 

pplied to explain that, compared with the robustness of Mn(3 g ) 

oments, the Fe( 3f ) moments are relatively sensitive to the phase 

ransition reflected in the “Fe moment quenching” phenomenon, 

hich has been demonstrated in theoretical calculations [ 67 , 68 ]. 

he Fe( 3f ) intralayer coupling is easily influenced by external stim- 

li like chemical pressure (e.g. by heteroatomic doping), hence 

n the next section we will further investigate these atomic-scale 

ariations among different doping systems. The total magnetic mo- 

ents obtained from macroscopic magnetization measurements at 

T are in good agreement with the neutron diffraction results at 

he same temperature. Interestingly, in comparison to the experi- 

ental results (red curve), the DFT calculations for the total mo- 

ent (black curve) also confirm that F doping (in contrast with 

ther elements) promotes a moment enhancement. This significant 

nhancement is ascribed to the increase in Fe moment, while the 

n moments maintain constant, as shown in Fig. 7 c. For S-doping 

ig. 7 d shows that even though the moment hardly changes in 

he theoretical calculations, the magnetic moment from magneti- 

ation measurements show a decrease, which could be caused by 

he introduction of Mn-based secondary phases as DFT calculations 
7 
idn’t consider this effect, and a sudden increase in the amount 

f (Mn,Fe)Si- and MnS-based impurities has been observed in Fig. 

4b (Supporting Information) considering Mn takes responsibility 

or largest magnetic moments in (Mn,Fe) 2 (P,Si)-based MCMs [67] . 

Actually, the parent system for (Mn,Fe) 2 (P,Si) is the hexago- 

al Fe 2 P metalloid material, for which itinerant ferromagnetism 

as found to occur based on the Rhodes–Wohlfarth criteria 

 q c /q s ≈ 1.8) [69–71] . Single crystalline Fe 2 P shows a mixture of 

tinerant and localized magnetism characteristics due to the pres- 

nce of a strong magnetic anisotropy [72] . This itinerant-electron 

etamagnet also shows a moment instability for one of the Fe mo- 

ents, which is similar to (Mn,Fe) 2 (P,Si). Also, for (Mn,Fe) 2 (P,Si)- 

ased MCMs high-resolution synchrotron powder diffraction exper- 

ments combined with DFT calculation infer that the metastable 

oment behavior (Fe moment destabilization) during the phase 

ransition is mainly ascribed to the function of the metalloid atoms 

P/Si) [24] . A remarkable electron-density redistribution around Fe 

toms was experimentally observed, indicating that this strong 

agnetoelastic coupling system is dominated by the competition 

etween covalent bonding and ferromagnetic exchange coupling 

24] . The chemical coordination environment (like interatomic dis- 

ances), directly strengthen/weaken the magnetic exchange inter- 

ctions among various atoms, thereby effectively influencing the 

lectronic configuration around the Fe( 3f ) sites [55] . 

The Fe-Fe ( 3f intralayer), Mn-Mn (3 g intralayer), Fe-Mn ( 3f- 3 g 

nterlayer) and Fe-P/Si ( 3f intralayer) atomic distances with differ- 

nt B, C, N, F and S dopant concentrations determined experimen- 
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Fig. 7. Experimental magnetic moments obtained from ND and SQUID magnetization measurements at RT for (a) Mn 0.60 Fe 1.30 P 0.64 Si 0.36 F x ( x = 0.00, 0.01, 0.02) and (b) 

Mn 0.60 Fe 1.25 P 0.66- y Si 0.34 S y ( y = 0.00, 0.01, 0.02, 0.03, 0.04) alloys. The magnetic moments derived from DFT calculations and magnetization measurements at 5 K as a function 

of (c) F and (d) S content. 

Fig. 8. Normalized interatomic distances of (a) Fe-Fe, (b) Mn-Mn, (c) Fe-Mn and (d) Fe-P/Si as a function of different B, C, N, F and S dopant concentrations for (Mn,Fe) 2 (P,Si)- 

based materials, determined from neutron diffraction. Note that the marked normalized atomic distance has been rescaled per dopant concentration ( at. %). 

8 
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Fig. 9. Calculated ELF contour maps for the 3f Fe layer with (a) no dopant, (b) F-doping, (c) S-doping sliced along (001) direction and (c) no dopant, (d) F-doping, (e) S-doping 

sliced along (110) direction in the FM state of the (Mn,Fe) 2 (P,Si)-based alloys. (g) Line profiles of the ELF values between Fe and its nearest neighbors. The stoichiometry of 

MnFeP 2/3 Si 1/3 is assumed in the supercell for simplicity of the calculations. 
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ally from ND measurements are shown in Fig. 8 (a–d). Note that 

he P/Si atoms are distributed randomly within 3 g/3f layers. Com- 

ared with the isotropic deformations for B doping, the most sig- 

ificant 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. 8 a. This is 

ost likely because the Fe( 3f ) atoms are metastable and the con- 

racted Fe( 3f ) - Fe( 3f ) distance may consolidate the magnetic inter- 

ction, whereas the intralayer Mn(3 g ) - Mn(3 g ) distance shows a 

egligible effect, as shown in Fig. 8 b. Meanwhile, recent neutron 

owder diffraction studies of doping in (Mn,Fe) 2 (P,Ge) alloys elu- 

idate that coplanar Fe/Mn–Ge/P bond-length changes have a sig- 

ificant influence on T C and �T hys [73] . Thus, the comparatively 

mall distance changes in the interlayer Fe( 3f )-metalloid( 2c ) dis- 

ance ( −0.08%) and Fe( 3f ) - Mn(3 g ) distance ( + 0.10%) together with

e( 3f ) - Fe( 3f ) distance (-0.17%) for F doping, resulting in a distor-

ion of the tetrahedral Fe( 3f ) site, could contribute to this enhance- 

ent in exchange interaction as illustrated in Fig. 8 (c,d). 

For S doping, the most remarkable change is observed for 

he intralayer Mn(3 g )-Mn(3 g ) distance ( −0.11%). Based on elec- 

ronic structure calculations, the Fe/Mn d electrons within the 

Mn,Fe) 2 (P,Si) structure are near the Fermi level, while the P/Si p 

lectrons are located far below [ 55 , 74 ]. As a consequence, similar
9 
o Si doping [55] , free electrons would transfer from the metal d 

and to the metalloid p band due to the stronger electronegativity 

ability to attract shared electrons) of F (2 s 2 2 p 5 ) and S (3 s 2 3 p 4 )

toms, which further enhances the splitting of the d band, and 

herefore increase the magnetic moment. Unfortunately, the intro- 

uced impurities suppresses the increased moment potential for S 

oping. 

The Electron Localization Function (ELF), a visualization of the 

alence shell electron pair repulsion theory, has been applied suc- 

essfully in intermetallic compounds to distinguish the nature of 

he chemical covalent/metallic bonding [75–77] . This method is 

lso suitable for the (Mn,Fe) 2 (P,Si)-based itinerant FM system. In 

ig. 9 (a–c) and (d–f), the 2D ELF contour plots, sliced along (001) 

nd (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)

 significant electron localization around the P( 2c ) atoms is con- 

rmed for F and S doping in comparison with the undoped mate- 

ial ( Fig. 9 a). This is in agreement with K -edge phosphorus X-ray 

bsorption spectroscopy (XAS) results which indicate that P is in- 

olved in a charge redistribution [78] . A similar phenomenon is 

een in Fig. 9 (e,f). Obviously, F/S atoms can effectively promote 

lectron localization around the P( 2c ) atoms, while there is de- 

ocalization around the Si( 1b ) atoms. The ELF maps for the Mn 
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urroundings are shown in Fig. S9 (Supporting Information). The 

ine profiles of the ELF values between the nearest-neighboring 

toms are illustrated in Fig. 9 g. A higher value (close to maxi- 

um 1) means more electron localization. It is noteworthy that 

he maximum ELF values for nearest Fe-P atoms change from 0.49 

o 0.58 (17.6% increase), which indicates a stronger covalent bond- 

ng upon F/S doping, while the ELF values for the nearest Fe-Si 

toms decrease from 0.54 to 0.43 (20.5% decrease). These covalent 

onding properties for F/S doped systems are essentially associated 

ith the charge transfer from the p-d covalent hybridization. The 

ombined atomic distance changes jointly contribute to the total 

oments enhancement for the F-doped (Mn,Fe) 2 (P,Si) system and 

elp to stabilize the hexagonal phase. Taking metalloids as the en- 

ry point, our current study on introducing non-metal species pro- 

ide a new way to further optimize the MCE performance by reg- 

lating the metastability in bonding and atomic distances. 

. Conclusions 

In summary, the light elements F and S have successfully been 

ntroduced into (Mn,Fe) 2 (P,Si)-based MCMs and the thermody- 

amic and magnetic properties of the new materials synthesised 

ave been investigated. For these two dopant systems T C can be 

oved sufficiently into the RT range. Interestingly, it is found that 

 doping enhances the magnetocaloric effect at the FOMT (by an 

ncrease in magnetic moments and in | �S m 

|), while for S doping 

he generated impurities slowly weaken the FOMT. By performing 

D experiments the site occupancy has been resolved, indicating 

hat F and S are substituted on the 1b and 2c site, respectively. 

his site preference has been confirmed by DFT calculations. The 

unable MCE properties with F/S doping are analyzed in terms of 

he experimental atomic distances among different metal-metal or 

etal-metalloids atom pairs. Together with theoretical ELF calcu- 

ations, these results clarify the subtle atomic distance changes, as 

ell as the covalent bonding. Together they determine the change 

n GMCE with doping in these magnetoelastic (Mn,Fe) 2 (P,Si)-based 

aterials. Our results provide important insights and systematic 

nderstanding into the effect of doping with light elements on the 

MCE properties of (Mn,Fe) 2 (P,Si)-based MCMs. 
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