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Achieving Tunable High-Performance Giant Magnetocaloric
Effect in Hexagonal Mn-Fe-P-Si Materials through Different

D-Block Doping

Fengqi Zhang,* Panjun Feng, Anika Kiecana, Ziying Wu, Zhaowen Bai, Wenijie Li,
Huaican Chen, Wen Yin, Xun-Wang Yan, Fengjie Ma,* Niels van Dijk, Ekkes Briick,

and Yang Ren*

Compared with traditional techniques, solid-state magnetocaloric phase
transition materials (MPTMs), based on the giant magnetocaloric effect
(GMCE), can achieve a higher energy conversion efficiency for caloric
applications. As one of the most promising MPTMs, the hexagonal

(Mn,Fe), (P,Si)-based compounds host some advantages, but the existing
hysteresis and relatively unstable GMCE properties need to be properly
tackled. In this study, it is found that substitutions with Ni, Pd, and Pt can
maintain and even enhance the GMCE (~8.7% maximum improvement of
|As,,|). For a magnetic field change of ApyH = 2 T, all samples obtain a |As,, |
in the range of 20-25 ) kg~' K™' with a low thermal hysteresis AT, (<5.6 K).
The performance surpasses almost all other (Mn,Fe), (P,Si)-based materials
with AT, . (<10 K) reported until now. The occupancy of substitutional
Ni/Pd/Pt atoms is determined by X-ray diffraction, neutron diffraction, and
density functional theory calculations. The difference in GMCE properties
upon doping is understood from the competition between a weakening of the
magnetic exchange interactions and the different degrees of orbital
hybridization among 3d-4d-5d elements. The studies elaborate on the
responsible mechanism and provide a general strategy through d-block
doping to further optimize the GMCE of this materials family.

1. Introduction

Worldwide greenhouse gas emissions have
led to serious problems like global warming
and climate change, which heavily threaten
human society and require urgent action
to reduce it. One of the most promising
ways is to improve the energy efficiency of
engines by lowering their energy input.l!
Currently, the main energy conversion
technology for cooling and heating (20%—
30% of total energy utilization) is the
widely used vapor-compression technique
among heating-ventilation air-conditioning
(HVAC) fields. The technique however
always has a limited energy efficiency,
which requires to be upgraded. Developing
a wide array of cooling strategies is vital for
our eco-sustainable society.l?l An efficient
alternative approach involves the use of
versatile solid-state phase transition caloric
effects for this purpose. Within these,
the magnetocaloric energy conversion

(McEC) on the basis of magnetocaloric
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effect (MCE) has the highest possibility to reach
commercialization.®*] It can attain a substantially improved
energy efficiency of more than 60%, and as an emerging sustain-
able technique, the M;EC is environmentally friendly with no
hazardous refrigerants (like hydrofluorocarbons) and no noise
production during cycling.

The foundation of the M;EC is the giant magnetocaloric
effect (GMCE), accompanied by an isothermal magnetic en-
tropy change (As,,) and an adiabatic temperature change (AT,;)
when the solid-state phase transition takes place.>®! In the last
two decades, numerous first-order magnetic transition (FOMT)
magnetocaloric materials (MCMs) that demonstrate a GMCE
have sprung up, including Gd;(Si,Ge,),”] (Mn,Fe),(P,X)-based
compounds (X = As, Ge, Si),l® La(Fe,Si);;-based materials,”]
Ni-Mn-X based magnetic Heusler alloys (X = Ga, In, Sn, Sb,
(Co)Ti),l"%11] FeRh,!"2] and Mn-M-X (M = Co, Ni and X = Si, Ge)
ferromagnets.[*! Within these MCMs the (Mn,Fe),(P,Si)-based
compounds with a hexagonal crystal structure present an iso-
structural FOMT with a strong magnetoelastic coupling among
the magnetic, structural and electronic degrees of freedom.[’] The
system has attracted considerable attention due to advantages
such as: rare-earth free, no toxic elements, low cost and a tun-
able Curie temperature (T,). To further optimize its GMCE prop-
erties, different strategies have been proposed such as tuning
the metallic (Fe-Mn) and nonmetallic (P-Si) ratios,*®] chem-
ical pressure engineering (substitutional/interstitial doping),!*]
nanostructuring,'/ additive manufacturing,'’! etc. As an effec-
tive way, alloying with doping elements does not necessarily only
tune the T, but potentially also change the AT, ,, which may
be detrimental to the cooling/heating efficiency.®! Most impor-
tantly, the GMCE performance is generally degraded.[*-?2] Note
that benefiting from the co-shared relative low concentration
of magnetic atoms (Mn and Fe form 66.7 at% for the model
(Mn,Fe),(P,Si) alloy), this system has a good potential for the
substitution with other elements. To extend its working window
for operation, effective ways to simultaneous tune T, control a
low AT, and maintain the excellent GMCE are still limited, and
further optimization methods will be beneficial for producing
crucial materials for the design of active magnetic regenerator
(AMR) beds, which are based on MCMs.[2>?4] Ingpired by pre-
vious reports about d-block substitutions with the 5d elements
W, 1251 Ta,126] and Ru,!?7?%] we in this study systematically investi-
gate the influence on MCE properties for 3d Ni, 4d Pd, and 5d
Pt (with same valence-electron count) doping to reveal how (mi-
cro)structural changes impact the performance, from detailed ex-
periments and theoretical calculations.

In the present study, the independent Ni, Pd and Pt doped
Mn, ,sFey;_ . (Ni/Pd/Pt), . Po5Siys materials have success-
fully been produced and the thermodynamic, GMCE and crys-
talline structural information has been studied from experimen-
tal and theoretical perspectives. It is found that Ni doping degen-
erates the GMCE, while doping with Pd and Pt can effectively tai-
lor T, keep alow AT, ; (<6 K) and maintain or even enhance the
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GMCE for a low dopant content (< 0.04). For example, the max-
imum |As,,| of the current Pd and Pt doped materials surpasses
almost all other (Mn,Fe),(P,Si)-based materials with the lowest
AT, reported until now. Through X-ray diffraction (XRD), neu-
tron diffraction (ND) experiments, and density functional theory
(DFT) calculations, the d-block Ni-Pd-Pt atoms are distinguished
as substitutional on the 3f{Fe) sites. The mechanism responsi-
ble for the tunable GMCE properties upon different d-block ele-
ment dopings is understood from the competition between the
ferromagnetic exchange interaction and the formation of cova-
lent bonding: for Ni doping the shortened intralayer atomic dis-
tances can promote the enhanced d-d and p-d hybridization (rela-
tively modest effect for Pd/Pt), thus leading to a degradation (con-
stant value and even enhancement for Pd/Pt) of GMCE. Our re-
sults provide an important understanding on how to control the
hybridization degree for d-block elements in various periods, en-
abling effective ways to tailor the physical properties for an op-
timal GMCE performance of the (Mn,Fe),(P,Si)-based MCMs.
This may further reinforce its potential for solid-state M;EC
applications.

2. Results and Discussion

The specific heat as a function of temperature (measured by zero-
field DSC) for Mn, ,sFe,,_ Ni,P, s Siy s (x = 0.00, 0.01, 0.02, 0.03,
0.04), Mn, ,;Fe,,_ Pd Py Siys (y = 0.01, 0.02, 0.03, 0.04), and
Mn, ,sFe,, ,Pt,PysSiys (z=0.01, 0.02, 0.03) materials upon heat-
ing and cooling is presented in Figure la—c, respectively. The
observed endothermic and exothermic peaks for Ni and Pt dop-
ing continuously shift to lower temperatures with an increased
dopant content, while for Pd the peaks first increase and then
decrease between temperatures ranging from 210 to 270 K. It is
worth mentioning that the FOMT could be degraded rapidly for
Ni doping because of the reduced specific heat peaks, in compari-
son to Pd and Pt doping. The corresponding extracted cooling T
(Tc?!"8), heating T, (T***"¢), and AT,  data for these three dop-
ing systems are present in Figure 1d-f. Interestingly, Ni doping
reduces AT, from 6.7 to 5.0 K (at a sweep rate of 10 K min™").
However, Pd and Pt doping both enhance AT}, t0 8.1and 9.3 K,
respectively. This differs with most dopant on this system, which
will decrease the AT}, (simultaneously degrade the GMCE), ex-
cluding the light element F.[*! For (Mn,Fe), (P,Si)-based materi-
als, the unusual effect of d-block metallic doping on AT;,  has also
been noticed in VB (V-Nb-Ta)[263%31) and VIB (Mo-W)!*32 group
doping systems, which could be closely associated with the co-
valent radius and the electron orbital configurations of these ele-
ments. The main thermodynamic parameters extracted from the
DSC measurements are summarized in Table 1.

The magnetization versus temperature (M-T) curves at
an applied field of 1 T for the Mn,,sFe,, Ni P sSiys (x
= 0.00-0.04), Mn,,sFey, ,Pd,PysSips (y = 0.01-0.04), and
Mn, ,sFe,,_,Pt,P;Si;s (z = 0.01-0.03) materials are shown in
Figure 2a—c, respectively. A sharp magnetoelastically coupled
FOMT from the ferromagnetic state at low temperature to the
paramagnetic state at high temperature is observed near room
temperature. In this system, the Mn (~2.5 u;) and Fe (1.5
up) atoms account for the magnetic moment of the alloy.3334]
As a similar observation, the shift in T, observed in the mag-
netic measurements shows the same trends as found in the DSC

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Specific heat derived from DSC experiments for a) Mn, 5Feq ;_,Ni,Po5Sigs (x = 0.00, 0.01, 0.02, 0.03, 0.04), b) Mn; 55Feq 7_,Pd,Pg 5Sig s
(y = 0.07, 0.02, 0.03, 0.04), and c) Mn; 55Feq;_,Pt,PosSigs (z = 0.01, 0.02, 0.03) materials upon heating (right peak) and cooling (left peak). The
corresponding extracted T-c00ling, T heating "and ATy, as a function of dopant content for (d)—(f).

experiments. Moreover, ignoring the difference in sweep rate (2
K min~! for the SQUID vs 10 K min~! for DSC),**! the intrin-
sic values of AT}, are all below 6 K. The obtained very low val-
ues for AT, are beneficial for the reversibility of the MCE cy-
cles because a large AT}, will inevitably degrade the energy ef-
ficiency of the AMR under practical conditions.['® As shown in
Figure 2d-f, the magnetization of all samples shows clear satu-
ration at 5 K and 5 T. The inset clearly shows that the total mo-
ments have been slightly diluted and the saturation magnetiza-
tion (M,) at 5 K has slightly decreased and fluctuates between 145
and 130 A m? kg~! as a result of the dopant substitution. It is rea-
sonable that Ni substitution on Fe does not significantly passivate
the M, because of its ferromagnetism nature. However, surpris-
ingly, compared with other nonmagnetic doping elements like

Adv. Funct. Mater. 2024, 2409270 2409270 (3 of 13)

V the value of M; still remains at a high magnitude (>135 A m?
kg~! starting from 144 A m? kg') for a limited Pd and Pt content
(<0.03), where V substitution (x = 0.03) reduced M, from around
154 to 140 A m? kg™' in Mnyg;Voe3Feq o5P 56351.36Bo.077- >
As two representatives in platinum-group metal (including Ru,
Rh, Ir, Pd, Pt), pure Pd and Pt, which are immediately be-
neath the “magnetic” Ni, are always recognized as nonmag-
netic and have paramagnetic properties.’’! These elements how-
ever interact with the strong magnetic elements (e.g., Fe, Co,
Ni) and act as an incipient ferromagnet.*”] For example, FeRh
materials show a strongly magnetoelastic coupled first-order
antiferromagnetic-to-ferromagnetic (AFM-FM) transition, where
the Fe moment is around 3.2 y; and Rh moment is around 0.9
up.381 Tt is possible that Pd and Pt doping in (Mn,Fe), (P,Si)-based

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. Summary of the values of Tc upon cooling and heating, the thermal hysteresis AT, the entropy change |Asy|, the magnetization
change AM and dT¢/ugdH for M, 5Feq 5 Ni,PosSigs (x = 0.00, 0.01, 0.02, 0.03, 0.04), Mn »5Feq;_,Pd,PysSigs (y = 0.01, 0.02, 0.03, 0.04), and
Mn; p5Feq 7_,Pt,PosSigs (z=0.01, 0.02, 0.03) materials, measured by DSC and SQUID.

Sample Tebse TeSQUID TePsC TeSQUID AT,,VSDSC ,,VSSQU’D |As,, [ AMD) dTc/updH
(cooling; K) (cooling; K) (heating; K) (heating; K) [K] [K] [ kg™ K] [Am? kg™ [K/T]
No dopant 247.5 253.3 254.2 256.2 6.7 2.9 15.2 (23.1) 140 3.9
x=0.01 239.2 245.7 245.3 2473 6.1 16 10.0 (16.2) 129 3.9
x=0.02 228.9 235.4 234 236.6 5.1 12 11.2 (16.3) 129 3.5
x=0.03 224.9 229.8 228.6 231.2 3.7 1.4 113 (17.2) 127 4.9
x=0.04 221.3 226.2 226.3 228.4 5 2.2 10.1 (14.8) 127 3.8
y=0.01 252.5 257.7 257.8 259.2 5.3 15 13.5 (20.7) 133 4.9
y =0.02 238.4 244 245.6 247.2 7.2 3.2 15.0 (23.7) 136 3.9
y =0.03 2309 237.7 238.8 2414 7.9 3.7 16.7 (25.1) 132 2.7
y = 0.04 220.8 227.6 228.9 2315 8.1 3.9 12.5 (21.5) 131 2.8
z=0.01 242.4 247.8 249.7 251.2 7.3 3.4 14.8 (20.8) 131 3.9
z=0.02 235.5 240.3 244 245.5 8.5 5.2 15.0 (23.7) 132 3.6
z=0.03 227.1 2333 236.4 238.9 9.3 5.6 13.3 (21.0) 130 3.2
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Figure 2. Isofield M-T curves at 1T for the a) Mn 55Feq ;_,Ni,Po5Sigs (x = 0.00, 0.01, 0.02, 0.03, 0.04), b) Mn; 55Feq ;_,Pd, Py 5Sigs (v = 0.01, 0.02,
0.03, 0.04), and c) Mn, 5sFeq 7_,Pt,Py5Sips (z=0.01, 0.02, 0.03) alloys. d—f) The corresponding isothermal M—H curves at 5 K for different dopants,
respectively. The inset shows the enlarged magnetization changes at high fields. g-i) As,, upon heating for AugH = 1T (open symbols) and 2 T (solid
symbols) for a varying Ni-Pd-Pt doping contents.
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materials behaves similarly. To evaluate the GMCE performance
of these compounds in practical Nd-Fe-B permanent magnet field
sources (less than 2 T), Figure 2g—i presents the calculated mag-
netic entropy changes As,, (for a magnetic field change Au,H
of 0-2 T) for a varying Ni-Pd-Pt content as a function of the
temperature in the vicinity of the FOMT. The value of As,, for
different field changes Au,H are calculated using the Maxwell
relation by*!
H
85, (T H) =/ (24 duyH (1)
0o \dT /u

The value of |As,,| remarkably decreases from 23.1 (x = 0.00)
t0 16.2 (x = 0.01) ] kg™! K~! for Au,H = 2 T (29.9% decrement)
for the 3d Ni doping, while 4d Pd doping can improve the value
of |As,,| to 25.1 (y = 0.03) J kg™! K~! (8.7% improvement) and 5d
Pt doping maintains its excellent |As,,| at the same field change
ApoH. Considering the difference in covalent radius (Ni: 1.24
A; Pd: 1.39 A; Pt: 1.36 A)*) and the free electron orbital con-
figurations (Ni: [Ar]3d®4s?; Pd: [Kr]4d'%; Pt: [Xel4f'*5d°6s!), the
competition between covalent bonding and ferromagnetic ex-
change coupling is expected to be responsible for the difference
in magnetic response for these doping elements.!?*3241] Another
key parameter to evaluate the GMCE performance of MCMs
is the adiabatic temperature change. By applying the equation
AT, = %T As,,, where C, is the specific heat at certain temper-

ature T, the adiabatic temperature change |AT,,| for the repre-
sentative samples (parent material; x = 0.01; y = 0.03; z = 0.02)
is estimated at 3.1, 2.8, 3.5, and 3.1 K for Au,H = 2 T, respec-
tively. The values of T¢, AT}, As,,, AM, and dT¢/u,dH obtained
from the magnetic measurements have been summarized in
Table 1.

For practical applications, the proposed coefficient of refriger-
ation performance (CRP) defines the suitability of MCMs with
hysteresis for cooling/heating applications.[*”) The CRP can be
expressed as

refrigerant capacity

CRP (uyH, =
(#O positie work on refrigerant

max )

AsAT,,,
= o Hinax (2)
Jo M(TC»MOH) duH

where AT, is the reversible adiabatic temperature change, u,H
the magnetic field, and As the entropy change of the system.
Therefore, the maximum CRP requires higher As. Theoreti-
cally, the maximum magnetic entropy change of a material (per
mole) corresponds to RIn(2]+1), with R the universal gas con-
stant and ] the total angular momentum.[***4 The value of
As,, refers to the total entropy change induced by the applied
magnetic field.’] In Figure 3, a performance map of |As,| for
ApgH =1 and 2 T as a function of the magnetic transition tem-
perature is presented for the benchmark material Gd and the
Fe,P-type MCMs (with AT}, less than 10 K). It is found that
the maximum |As,,| values of Pd/Pt doped samples are about
4-5 times higher than the values for the archetypical MCM
Gd of 2.8 (5.2) J kg™! K™ with AuyyH = 1(2) T It can be
seen that the high-performance GMCE is maintained and can
be tuned for the doped Mn, ,sFe,;_,Pd P, Siys (y = 0.01-0.04)

Adv. Funct. Mater. 2024, 2409270 2409270 (5 of 13)
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Figure 3. Map of |As,, | for AugH = 1T (open symbols) and 2 T (solid sym-
bols) as a function of the magnetic transition temperature for Gd, Fe,P-
type, typical La(Fe,Si); based, NiMn-based Heusler and Mn-M-X based
MCMs.[3.19.22,25-27,29,31,39,52-58,64-66] Note that all the selected Fe,P-type
MCMs have a AT, less than 10 K. The stars correspond to the present
data for the Pd and Pt doped samples at AugH =2 T.

and Mn, ,cFe,,_,Pt,P;Si;s (z = 0.01-0.03) materials. However,
other modification strategies for (Mn,Fe), (P,Si)-based materials,
such as compositional tuning among metallic and non-metallic
elements,['*%] substitutional /interstitial doping with some 3d/4d
transition metals[2230-324748] or light elements,[2>#°>1] dual-phase
composites,[®?] etc., are always confronted with difficulties like
an obvious reduction in |As,|. It is clearly observed that the
maximum |As,,| of the current Pd and Pt doped materials sur-
pass almost all other (Mn,Fe),(P,Si)-based materials with a low
AT, (<10 K) reported until now,(®192225-27.29.31.393258] and are
also very competitive with other MCMs, like La(Fe,Si);;-based
materials.’>®°! A comparison of the values of T, and |As,| for
different field changes Ay H in Gd, different Fe,P-type, typi-
cal La(Fe,Si);; based, NiMn-based Heusler and Mn-M-X based
material systems has been presented in Table 2. In addition, as
shown in Figure S1 (Supporting Information), for the selected no
dopant, x = 0.03, y = 0.03, and z = 0.02 samples, the magnetic
hysteresis of samples from the isothermal M—H curves has been
determined as 0.8, 0.5, 1.0, and 0.9 T, respectively. The changes
in magnetic hysteresis upon doping are in agreement with the
trends for AT),. The hysteresis loss is determined by the en-
closed area in a field cycle during phase transition. In addition,
based on the temperature dependent As,,, the refrigeration capac-

T,
ity (RC) under the Ay, H of 2 T is evaluated by RC = /h As,, dT,
T

where T, and T, represent the temperature for the full width at
half maximum of the As,, curve.l®!] Consequently, the reversible
RC for different samples can be estimated after deducting the
maximal hysteresis loss by RC under the Ay H of 2 TI® As
present in Table S1 (Supporting Information), it is found that the
good reversible RC of parent sample can be well maintained or
improved after Ni, Pd, and Pt doping, because of the reduced hys-
teresis for Ni doping and the excellent As,, for Pd/Pt doping. It is
worth noting that the reversible RC values for y = 0.03 (100.35 J
kg™') and z=0.02 (106.00 ] kg~') under Ay, H = 2 T are even bet-
ter than the (La,_,Ce,),Fe;;Si,H, (x = 0.4) sample (89.4 ] kg™")
with negligible magnetic hysteresis,[®?] which will be favor of the
practical MCE refrigeration applications. For the FOMT it evolves
as a nucleation and growth process.!'8] The large lattice mismatch
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Table 2. Comparison among Gd and different Fe, P-type material systems reported in the literature for the T and |As,,| for different field changes ApuyH

(Tand 2 7T).

Material system Tc [K] |As,,| [) kg™ K71 Refs.
Gd ~293 4 (1T); 8.4 (2T) 8]

MnFePq 4sAsg s ~310 14 (1T); 18 (2T) 8]

Mn, ;FegqP_,Ge, (x = 0.19-0.25) ~250-330 5-12 (1T); 13-24 (2T) [53]
Mn, Feq g5_,PosoSipso (x = 1.2-1.4) ~245-300 2-16 (1T); 7-25 (2T) [54]
Mn, Fe; g5_,P1_,Si, (x=0.66-1.34; y = 0.37-0.46) ~220-380 6-12.5 (1T); 12.5-18 (2T) 139]
MnFeq 95 Po 505 Bo.075 Sio.33 ~280 10 (1T); 15 (2T) [19]
Mn,_,Co, Feq g5 Pg 5oSig 5o (¥ = 0.20-0.28) ~270-330 5-13 (2T) [22]
Mn, -V, Feq 75PgsSigs (x = 0.01-0.05) ~210-260 10-15 (1T); 17-27 (2T) [55]
Mng g0 Fe1.30Po.64Si036Fx (x = 0.01-0.03) ~280-340 9-12 (1T); 15-22 (2T) [29]
Mng gFe 7_ W, Po64Sig36 (x =0.01-0.05) ~260-330 3-7 (1T); 5-12 (27) [25]
Mng ¢Feq.27-,Ta,Po.64Sig 36 (v = 0.01-0.04) ~290-350 5.5-8 (1T); 10-14 (2T) [26]
(Mn,Fe), (P,Si)-based ~250-280 10-20 (2T) [56]
Mn,_,Fe,SigsPys (x = 0.6-0.9) ~267-370 7.6-23.0 (2T) [57]
Mn; 1 Feggs_Nb, P 43Sig 57 (x = 0.01-0.04) ~255-300 6-10 (1T); 8-14 (2T) [371]
(Mn,Fe), (P,Si)/Cu magnetocaloric composites ~262 4 (17); 8 (2T) [52]
(Mn,Fe,Ru), (P,Ge/Si)-based ~270-320 6-8 (1T); 12-16 (2T) 127]
(Mn,Fe), (P,Ge)Al-based ~260-290 5-11 (1T); 14-20 (2T) [58]
LaFeq; _yNi,Sig4 (x=0.1-0.4) ~193-214 20-4 (1.9T) [64]
Nis7 5Co15 sMngs Tiys ~290 15 (1T); 27 (2T) [65]
Mn,_,Fe,,Ni;_,Ge (x=10.1) ~219 5 (1T); 15 (2T) [66]

between the ferromagnetic (FM) and paramagnetic (PM) phases
can induce considerable elastic strains inside the material, which
will further enhance the energy barrier for nucleation and hence
increase the thermal/magnetic hysteresis of the magnetoelastic
transition.['#3262] For the hexagonal (Mn,Fe),(P,Si) compounds,
the transition-induced elastic strain energy (Uy) can be expressed
as Up = (Cy + Cyy) € +2C 56065 + %Cﬁeg, where the Cg are the
elastic constants and ¢;; are the elastic strain parameters.I*>%*] The
strain parameters are closely related to Aa/a and Ac/c, which
are larger for the FOMT with increased hysteresis.[?] And it was
observed an almost linear relationship between the U, and the
AT, for this material system.*”] Therefore, for the current cases,
the decreased thermal /magnetic hysteresis for Ni doping and the
slight increased hysteresis for Pd/Pt doping could be ascribed to
the changes in Uy.

In addition, to distinguish the FOMT with a small AT, from
the second order magnetic transition (SOMT) without thermal
hysteresis the recently proposed field exponent n for the mag-
netic entropy change is applied.[”] This field exponent n can be
expressed as!®7:68]

_din(As, )

n(LH = m

G)

The field exponent n as a function of temperature
at a mediate field value of 1.4 T has been shown in
Figure 4 for the Mn, )sFe);PySiys5, Mn, y5Feq goNig 1 PosSigs,
Mn, 55 Feg 6;Pdg 03P 5Sig 5, and M, s Fe 65ty o, Py 5 Sy 5 samples.
It is observed that the exponent n stabilizes at around 1 when
the temperature is well below T. due to the expected field
dependence of the magnetization,[®7% while the n values will

Adv. Funct. Mater. 2024, 2409270 2409270 (6 of 13)

abruptly overshoot and finally tends to a value near 2 well above
T..*®1 Note that close to the magnetic transition the n value
peaks at a value above the value obtained for the PM state at
higher temperature, a characteristic feature for a FOMT.[®%70]
Therefore, it is concluded that all samples demonstrate a FOMT,
which is in line with the observed latent heat. The significant
degradation of |As,| in Ni-doped samples implies that for Ni

5
| —=—no dopant 14T
—eo—Ni
41 —a—Ppd
<
c 3
)
c
S 2
x
L

0 T T T T

220 230 240 250 260 270
T (K)

Figure 4. Temperature dependence of the exponent n for

Mn; 25 Feq 7Po.5Sins,  MnyasFeqgoNig01PosSios, MngasFeggrPdoosPos
Sig.5, and Mn 55 Feg g3 Pty 02 Po.sSio s in an applied field of 1.4 T.
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(Mn,Fe),Si

“hole”

i ) F ; .~.=c
Figure 5. a) Backscattered SEM image for the x = 0.04 alloy. The inset shows its morphology. b) Backscattered SEM image for the y = 0.04 alloy. The

inset shows the distribution of main phase and impurity phases. c) Backscattered SEM image for the z = 0.03 alloy at the same magnification as (b).
d) Secondary-electron SEM image for the z = 0.03 alloy.

system the robust magnetoelastic coupling might be modified
in contrast with the Pd and Pt doped systems.!”!]

To further investigate the mechanism controlling the ef-
fect of Ni/Pd/Pt doping, information about the microstruc-
tural changes has been acquired from the SEM measurements,
as demonstrated in Figure 5. In Figure 5a, only a limited
amount of the (Mn,Fe),Si-based impurity is found for the
Mn, ,sFe) ¢ Nij0aPosSips sample and the EDS analysis deter-
mines the compositions as Mny; s;5,Feys 516 P2.72) Sito.4(6) i1 s5(5)-
Note that a trace amount of SiO, originating from the used raw
Si powder is found. The morphology present in the inset shows
a wide distribution of cracks and holes in the main matrix, in
agreement with previous studies.®”?] In addition, in Figure 5b
two other impurities (MnPd and FePd based) have been seen with
dendritic structures within the matrix of the (Mn,Fe),Si phase.
In Figure 5c¢, similar as in the Pd case, a certain amount of Fe,Pt
based impurity (Mg Fe) Py Siigy Ptiopy) appears within the
(Mn,Fe),Si phase. Remarkably, all above Pd and Pt-based impu-
rities are preferentially located at the (Mn,Fe),Si phase, rather
than in the main phase (as proven from larger area observation in
Figure 5d), which is different from other previous cases.[25:26:3]
The EDS characterization confirm that Pd and Pt doping is intro-
duced in the main phase.

Moreover, especially for the sharp FOMT, subtle lattice
changes can have significantly impact on the magnetic transition,
e.g., by the alteration of the coordination environment induced
by the physical and chemical pressure from the dopant.[2°325973]
As indicated in Figure S1 (Supporting Information), the main
phase and the different impurities can be characterized from the
high-temperature XRD patterns in the PM state. In Figure 6a,
the extracted c/a changes for Ni, Pd, and Pt doped compounds

Adv. Funct. Mater. 2024, 2409270 2409270 (7 of 13)
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]

s

have been exhibited. The c¢/a ratio in this hexagonal system has
been found to be closely associated with the magnetic exchange
interactions, which govern the magnetoelastic coupling.”*l We
observed the c/a ratio keeps increasing with increasing doping
content. This trend is inversely correlated with the value of T
in Figure 1d—f, which indicates a decrease in magnetic exchange
interaction upon Ni/Pd/Pt doping due to the proportional cor-
relation between T and exchange interaction (within the mean
field approximation [MFA]).”>] As shown in Figure 6b the Ni sub-
stitution on Fe causes a volume contraction, while Pd and Pt
lead to lattice expansion. This is expected due to the difference
in covalent radius (Fe: 1.32 A; Ni: 1.24 A; Pd: 1.39 A; Pt: 1.36
A).1*] Interestingly, the 4d Pd doped compound more heavily ex-
pands than the 5d Pt. The volume changes for these three sys-
tems clearly suggest that all dopants have successfully enter the
main phase, which is consistent with the SEM-EDS results. In
addition, based on the refinement, the concentration changes for
different impurities have been evaluated in Figure 6¢,d. For ex-
ample, in Figure 6c, for the (Mn,Fe),Si phase (Fm-3m), the con-
centration slightly increases with Ni doping and Pt doping, fol-
lowed by a reduction. It is worth mentioning that Pd substitution
causes a decrease in its concentration from about 9.8 to 5.7 wt%
and then shows a stabilization. The abnormal T shift (toward
higher temperature) with Pd doping for y = 0.01 is explained by
this decrease, because T and the concentration of the (Mn, Fe), Si
phase were found to show an almost linear relationship.?*! Fur-
thermore, as observed in the SEM measurements, an increased
content of Pd and Pt produces extra impurities, in the form of
MnPd (P4/mmm)/FePd (Fm-3m) and Pt,04 (Im-3m)/Fe,Pt (Fm-
3m), respectively. It has been found that a limited amount of
impurities containing foreign elements will also reduce T, as
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Figure 6. a) c/a ratio and b) unit-cell volume V as a function of the dopant concentration. Fraction of c) (Mn,Fe);Si and d) Pd/Pt based impurity phases
for different dopant. (a)—(d) are extracted from high-temperature XRD refinement. Fitted powder neutron diffraction patterns for e) Mn ,5Feq 7Py 5Sio s,
f) M y5Feq 66 Nig 04Po 5 Si 5, 8) Mnq o5Feq 67Pdg 03 Po s Sig 5, and h) Mny 5 Feq 67Ptg 93Pg 5Sig 5 collected at RT as a function of the wave vector transfer Q.
Black circles indicate the observed data points, orange lines the calculated profile, blue lines the difference, and vertical lines the Bragg peak positions
(top-bottom: a. main phase and (Mn,Fe);Si impurity; b. main phase and (Mn,Fe);Si impurity; c. main phase, (Mn,Fe);Si, FePd and MnPd impurities; d.
main phase, (Mn,Fe);Si, Pt;O, and Fe; Pt impurities). i) Normalized interatomic distances of intralayer Fe-Fe, interlayer Fe-Mn, intralayer Fe-P/Si, and
intralayer Mn-Mn as a function of different Ni, Pd, and Pt dopant concentrations for (Mn,Fe), (P,Si)-based materials.

seen in (Mn,Fe)S,[?l Fe,W,C,[?°] TaO,1°! etc. In addition, com-
plementary to XRD, ND often possesses a higher sensitivity to
light elements and to neighboring elements (e.g., Mn/Fe/Ni/Co).
ND has successfully been employed to resolve the occupation of
dopants, such as V,’! Si,3* Ge,[”%] Mo, 32! etc., within the Fe,P-
based lattice structure. Compared with Mn (—3.73 fm) and Fe
(9.45 fm), pronounced differences in the coherent neutron scat-

Adv. Funct. Mater. 2024, 2409270 2409270 (8 of 13)

tering length for Ni (10.3 fm), Pd (5.91 fm), and Pt (9.6 fm)
enable ND measurements to obtain the pivotal information in
precise site occupancy of these metallic dopants. As shown in
Figure 6e-h, the good refinement of the ND patterns distinctly
distinguish that the preferential site occupancies for Ni/Pd/Pt
are 3f Fe site rather than 3fMn or 3g Mn sites. The y? values of
the refinement for different site models can be found in Table S3
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Figure 7. a) Calculated formation energy E for different site-occupation models of Ni (left), Pd (middle), and Pt (right) doped (Mn,Fe), (P,Si) based
materials. b) Total densities of states (DOS) for the no dopant, Ni, Pd, and Pt systems in the FM state. Orbital projected density of states (PDOS) of for
c) Ni (3d), d) Pd (4d), and e) Pt (5d) with Mn (3d) and Fe (3d) in the FM state.

(Supporting Information). Note that the ND results for the Pd
and Pt doped alloys are in good agreement with the XRD results.
All of structural parameters gained from XRD and ND are sum-
marized in Table S1 (Supporting Information). Based on these
structural parameters from the XRD refinement, in Figure 6i the
normalized atomic distances among different intralayer and in-
terlayer atom pairs (Fe;r-Fe,; Fe;-Mn, ; Fey~P/Si, ; Mn;,-Mn; )
have been calculated for all doped samples. With increasing
dopant content, for Ni doping the intralayer atomic distances of
Fe-Fe, Fe-P/Si, and Mn-Mn significantly decrease (dashed lines),
while the reduction for Pd and Pt doping is weaker and al-
most overlap each other. Nevertheless, for the Fe-Mn interlayer
distance there is nearly no change for Ni doping and even a
slight rise of about 0.05% for Pd/Pt doping. Recently, system-
atic ND and XRD studies in similar (Mn,Fe),(P,Ge)-based al-
loys elucidated that the changes in the coplanar Fe/Mn-Ge/P
bond length have an important influence on T and AT, but
that the interplanar length has a limited effect on the magne-
tocaloric properties.’®l The above experiments reveal that the
intralayer distances could be metastable and that the relatively
rigid interlayer changes might show a negligible effect on the
MCE. Similar results have been reported in the (Mn,Fe),(P,Si)
series MCMs,1262%#] which confirm a strong-correlated relation-
ship between intralayer distances and MCE properties. The ex-
change interaction among magnetic atoms is responsible for

Adv. Funct. Mater. 2024, 2409270 2409270 (9 of 13)

the moment formation and the pattern of magnetic ordering.
For the (Mn,Fe), (P,Si)-based materials the competition between
covalent bonding and ferromagnetic exchange coupling is be-
lieved to be responsible for the strong GMCE.[2324173] Tt wag
experimentally found that a charge redistribution occurs across
the FOMTI*'73] and that doping of F with a very strong elec-
tronegativity is found to dramatically modify the bonding prop-
erties for this partially localized and itinerant system.[*”! From
Figure 6i, it can be seen that, especially for Ni doping the short-
ened intralayer metallic-metallic and metallic-nonmetallic dis-
tances dominantly contribute to the strengthened d—d hybridiza-
tion among metallic-metallic pairs and p-d hybridization among
metallic-metalloid pairs because of the improved electron orbital
overlap.l”’] This effect may further compromise the impact from
the weakened magnetic exchange interactions among magnetic
atoms. Consequently, the GMCE properties upon 34 Ni substitu-
tion are weakened, while the large GMCE maintains after 4d Pd
and 5d Pt doping due to the relatively modest bonding nature.
To provide more insight, we use DFT to calculate the formation
energy and density of state (DOS) for different doping systems.
First, in Figure 7a, the calculated formation energy Ef for differ-
ent site-occupation models further proves that Ni/Pd/Pt atoms
prefer to substitute the 3f Fe sites, which is consistent with the
ND results. Second, as shown in Figure 7D, the materials exhibit
metallic characteristics in the FM state due to the presence of
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states at the Fermi level (Ep,,,,;)- There is a clear spin splitting be-
tween the majority and minority spin channels in the total density
of states (TDOS) as the result of exchange splitting. Compared
with the undoped parent compound, the Ep,,,; of Ni, Pd, or Pt
doped systems shifts rightward due to the increase of the num-
Dber of valence electrons, resulting in a mild modification of the
TDOS near the Ep,,,,; whose value changes from a local minimum
to a local peak that may imply a potential change in the magnetic
moments. Surprisingly, the TDOS calculation yields a net satu-
ration magnetic moment of 4.07 (no dopant), 4.08 (Ni), and 4.13
(Pd, Pt) pg/fu., which implies that there is no significant mo-
ment modification after substitution. Based on the Stoner model
for band magnetism, the reason could be that a limited amount of
Ni/Pd/Pt does not aggravate the exchange splitting of the energy
bands!”® and has a modest effect on the moment reduction.””!
Moreover, the orbital projected density of states (PDOS) for Ni
(3d), Pd (4d), and Pt (5d) with their nearest neighbouring Fe, Mn,
P, and Si atoms have been presented in Figure 7c—e. Note that the
4s and 6s orbitals for Ni and Pt are neglected because of the lim-
ited contribution. On the one hand, below Ey,,,; the overlap of Mn
(3d) and Fe (3d) peaks around —0.5, —1.1, and —2.0 eV demon-
strate the typical d-d hybridization.[8#1] Significant d-d hybridiza-
tion also exists between the doped atoms and Fe/Mn atoms, in
which the Ni dopant atom hybridizes with Fe/Mn in a higher and
wider energy range and has strongest hybridization peaks in the
energies about —1 to —3 eV below the Fermi level. The above re-
sults support the hypothesis that Ni has the strongest capacity
among these three dopants to hybridize the Mn/Fe atoms, and
the hybridization will promote the covalent bonding, which is
consistent with previous experimental atomic distance changes.
In addition, the metastability in bonding of metallic—
nonmetallic pairs is also pivotal for the magneto-elastic
transition.[*!] The electron localization function (ELF), on the ba-
sis of the valence shell electron pair repulsion theory, has been
applied to visualize the nature of the possible chemical covalent
bonding.[*8283] For example, the 2D ELF contour plots for the
no dopant, Ni, Pd, and Pt doping samples, sliced along (001) di-
rection, are shown in Figure 8a—d. From the topological analysis
of the ELF, from 3d Ni to 54 Pt a significant electron delocal-
ization around the P(2c) atoms (nearest neighbour atom of the
doped atoms) is confirmed in comparison with the undoped ma-
terial. Obviously, compared with Ni, Pd, and Pt atoms can more
effectively promote electron delocalization in the surroundings of
the P(2c) atoms. Furthermore, the line profiles of the ELF values
between the intralayer and interlayer nearest-neighbor Fe and
P/Si atoms are illustrated in Figure 8e,f, respectively. Note that
a higher value of ELF corresponds to form a stronger covalent
bonding. It is noteworthy that the intralayer changes in the maxi-
mum ELF values are greater in comparison of the interlayer one,
e.g., Pt substitution can improve the value about 2.53% for the
intralayer Fe-P/Si (only 0.59% for the interlayer). However, inter-
estingly, for Pd substitution the value of intralayer Fe-P/Si does
almost not change and the interlayer value gently increase, which
could be ascribed to the full filling of electrons on its 4d orbital
based on Hund’s rule. Moreover, compared with the Ni doping
even Pt doping has higher possibility to form a covalent bonding
between Fe-P/Si, but the strength of bonding becomes weaker be-
cause the energy level difference among 3p in P/Si, 3d in Ni, 4d in
Pd, and 6s/5d in Pt after considering the Pauling approximate en-
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ergy level diagram,l””] as well as the electronegativity difference
(Ni-1.7; Pd-2.0; Pt-2.1; P-2.1).31 The above ELF results theoreti-
cally confirm the occurrence of covalent bonding between metal-
lic and nonmetallic atoms. It further emphasizes the interplay
between the formation of covalent bonding and the ferromag-
netic exchange interaction for different d-block element doping
(e.g., 3d-4d-5d), which can be utilized to optimize the excellent
GMCE performance by regulating the metastability in bonding
and atomic distances.

3. Conclusions

In summary, the independent d-block Ni, Pd, and Pt doped Mn-
rich (Mn,Fe), (P,Si)-based compounds have been studied in terms
of their basic thermodynamic, magnetic, and crystalline structure
properties. It is found that Ni doping degenerates the GMCE,
while Pd and Pt can effectively tailor T, keep a low AT}, and
maintain or even enhance the GMCE for a low dopant con-
tents. The excellent high-performance GMCE properties have
been achieved for the designed Pd and Pt doped materials,
where the obtained maximum |As,,| surpass almost all other
(Mn,Fe), (P,Si)-based materials with a low AT, . Furthermore,
the preferential substitutional occupancy of the dopants has been
clarified through XRD, ND, and DFT calculations. Simultane-
ously, the physical mechanism is found to arise from the com-
petition between the ferromagnetic exchange interaction and the
formation of covalent bonding. Our results provide an impor-
tant and general understanding of how to control the degree of
hybridization for different d-block elements (in various periods)
doping in the Fe,P materials family, enabling effective ways to
further tailor the physical properties for an optimal GMCE per-
formance of the (Mn,Fe), (P,Si)-based MCMs.

4. Experimental Section

The off-stoichiometric bulk Mn; ,5Feq 7, Ni,PosSigs (x = 0.00, 0.01,
0.02,0.03, 0.04), Mn, 55 Feq ;_, Pd, P sSig s (v =0.01,0.02, 0.03,0.04), and
Mn; 55 Feq 7_,Pt,PosSigs (z=0.01,0.02, 0.03) MCMs were synthesized by
solid-state chemical reaction.[?] In brief, Mn (99.9%), Fe (99.9%), red-P
(99.7%), Si (99.9%), Ni (99.90%), Pd (99.90%), and Pt (>99.90%, fuel cell
grade) powders with a total mass of 10 g were mixed and milled for 10 h at
380 rpm. Then the pressed cylindrical tablets were sealed in quartz tubes
under 200 mbar Ar atmosphere and annealed for 25 h at 1373 K follow-
ing with rapidly quenched in cold water. A pre-cooling process in liquid
nitrogen is applied to remove the so-called “virgin effect”®*] inside the
materials.

Differential scanning calorimetry (DSC) measurements were per-
formed using a commercial TA-Q2000 DSC calorimeter in a rate of 10
K min~T. X-ray diffraction (XRD) patterns in the high-temperature para-
magnetic state (T¢ + 100 °C) were collected using an Anton Paar TTK450
temperature-tunable sample chamber and a PANalytical X-pert Pro diffrac-
tometer with Cu Ka radiation. ND experiments were carried out on the
time-of-flight (TOF) powder diffractometer at the BL16 Multi-Physics In-
strument (MPI) at the China Spallation Neutron Source (CSNS). More
instrumental details can be found in ref.[86]. About 6 g of powder sample
was placed into a vanadium can (8 mm diameter) and neutron powder
diffraction patterns were collected at room temperature (RT). The XRD
and ND patterns were analyzed using Fullprof’s implementation of the Ri-
etveld refinement method.[®”] Field-dependent magnetization (M—H) and
temperature-dependent magnetization (M-T) curves were measured in
a superconducting quantum interference device (SQUID, Quantum De-
sign MPMS 5XL) magnetometer. Scanning electron microscopy (SEM)
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Figure 8. Calculated ELF contour maps for the 3f Fe layer with a) no dopant, b) Ni doping, c) Pd doping, and d) Pt doping sliced along (001) direction in
the (Mn,Fe), (P,Si)-based compounds. For different doping systems, line profiles of the ELF values for the e) intralayer Fe-P/Si and f) interlayer Fe-P/Si

between Fe and its nearest metalloid neighbors.

was performed on a JSM-7500F field emission SEM equipped with energy-
dispersive X-ray spectroscopy (EDS) to study the morphology, microstruc-
ture, and composition of samples, and point-scans were used to deter-
mine the elemental distribution of different phases.

The calculations are performed in the Vienna ab initio simulation pack-
age (VASP) package, in which the plane wave pseudo-potential method
and the projector augmented-wave (PAW) pseudopotential with Perdew—
Burke—Ernzerhof (PBE) functional are adopted.[38-9T1 A2 x 2 x 1 supercell
based on a nine-atom unit cell with the composition Mn; 55 Feq 75Pg 5Sio s
was used in the calculations. All 3g sites were filled by Mn atoms while
3f sites were semi-randomly occupied by Fe and Mn atoms. And Si atoms
were placed at the 1b site and P atoms at the 2¢ site to avoid the high com-
putational cost associated with structural disorder. The plane wave basis
cutoffis 500 eV and the thresholds are 1077 eV and 1073 eV A~! for total
energy and force convergence in structural optimization. A mesh of 5 x 5
X 15 k-points is used for the structural relaxed, and a mesh of 9 x 9 x 31
k-points is used for the electron calculations.

In order to compare the preferred positions of dopant atoms, we calcu-
lated the formation energies for all possible sites. The atomic gap sites are
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disregarded due to the tendency of the larger radius of the dopant atoms
to result in structural collapse. Furthermore, experimental results indicate
that the gap positions are not susceptible to doping. The formation energy
Eform is defined by

1
Eform = 36 (Etot —MmEpe —myEpgy — 3By — nyEs; — "'SEp) (4)

where E, ; and E, represent the energy of the doped system and the doped
atoms, respectively. Parameter n; is the number of each atom in the super-
cell. The chemical potential of each atom has been obtained by optimiz-
ing the corresponding experimentally synthesized bulk. To investigate the
properties of the chemical bonds the ELFI®293] was conducted. The ELF
allows for an accurate characterization of the bonding nature on the basis
of the electron densities. The characterization is based on a topological
analysis of local quantum-mechanical functions related to the Pauli exclu-
sion principle, where ELF represents the possibility of finding a second
electron with the same spin in the vicinity of the reference electron. In
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principle, higher ELF values indicate the areas with more localized
electrons and show a stronger covalent bonding.
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