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a b s t r a c t 

In the field of nanoscale magnetocaloric materials, novel concepts like micro-refrigerators, thermal 

switches, microfluidic pumps, energy harvesting devices and biomedical applications have been proposed. 

However, reports on nanoscale (Mn,Fe) 2 (P,Si)-based materials, which are one of the most promising bulk 

materials for solid-state magnetic refrigeration, are rare. In this study we have synthesized (Mn,Fe) 2 (P,Si)- 

based nanoparticles, and systematically investigated the influence of crystallite size and microstructure 

on the giant magnetocaloric effect. The results show that the decreased saturation magnetization ( M s ) is 

mainly attributed to the increased concentration of an atomically disordered shell, and with a decreased 

particle size, both the thermal hysteresis and T c are reduced. In addition, we determined an optimal tem- 

perature window for annealing after synthesis of 30 0–60 0 °C and found that gaseous nitriding can en- 

hance M s from 120 to 148 Am 

2 kg −1 and the magnetic entropy change ( �S m ) from 0.8 to 1.2 Jkg −1 K 

−1 in a 

field change of �μ0 H = 1 T. This improvement can be attributed to the synergetic effect of annealing and 

nitration, which effectively removes part of the defects inside the particles. The produced superparamag- 

netic particles have been probed by high-resolution transmission electron microscopy, Mössbauer spectra 

and magnetic measurements. Our results provide important insight into the performance of giant mag- 

netocaloric materials at the nanoscale. 

© 2021 The Authors. 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 magnetocaloric effect (MCE) describes the fundamental 

henomenon that when a magnetic compound is exposed to a 

hange in the applied magnetic field under adiabatic conditions 

t shows an increase or decrease in temperature. This adiabatic 

emperature change �T ad is associated with a transfer between 

agnetic and vibrational entropies. In magnetocaloric materials 

MCMs) the strength of the MCE is affected by several intrinsic 

actors like the chemical composition, the crystal structure, the 

ature of the magnetic interactions and the stress state. Since 

he seminal work on the discovery of GdSiGe-based MCMs by 

echarsky and coworkers in 1997 [1] , a growing number of first- 

rder magnetic transition (FOMT) materials, which demonstrate a 

iant magnetocaloric effect (GMCE) have sprung up. This contrasts 

ith most other magnetic materials that show a second order 

agnetic transition (SOMT). Currently, numerous promising GMCE 

andidate materials have been proposed, including (Mn,Fe) 2 (P,X)- 

ased compounds ( X = As, Ge, Si) [2–4] , La(Fe,Si) -based materi- 
13 
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ls [5] , NiMn-X based Heusler alloys ( X = Ga, In, Sn, Sb) [6] , FeRh

ased alloys [7] , Mn 2 Sb based alloys [8] and MnM-X (M = Co or Ni,

 = Si or Ge) ferromagnets [9] . These MCMs with a GMCE exhibit 

he potential to design efficient devices for solid state magnetic re- 

rigeration, magnetic heat pumps and energy harvesting. 

Among these MCMs, the (Mn,Fe) 2 (P,Si)-based alloys, together 

ith the La(Fe,Si) 13 -based alloys, are the most promising giant 

CMs [10] and have been widely investigated because of their 

xcellent GMCE performance, low economic costs and absence 

f toxic elements, in comparison with previous two-generation 

Mn,Fe) 2 (P,As) and (Mn,Fe) 2 (P,Ge)-based compounds. Interestingly, 

he magneto-elastic coupling in (Mn,Fe) 2 (P,Si)-based MCMs (ac- 

ompanied by a change in c/a ratio at the FOMT) enables a re- 

uction in thermal hysteresis ( �T hys ) by doping [11] . In addition, 

he Curie temperature ( T C ) can be tuned by composition within 

 wide temperature window (10 0–50 0 K) [12] . In MCMs like the 

iMn-based Heusler alloys the magneto-structural coupling leads 

o a drastic change in crystal structure resulting in a relatively 

arge value for �T hys , which is detrimental for the cycling effi- 

iency. The physical mechanism responsible for the GMCE in the 

Mn,Fe) (P,Si)-based MCMs originates from the so-called “mixed 
2 
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M

agnetism”. The interlayers of the crystallographic 3 g (preferen- 

ially occupied by Mn) and the crystallographic 3 f sites (prefer- 

ntially occupied by Fe) of the hexagonal lattice, represent layers 

ith relatively large stable magnetic moments and relatively weak 

nstable magnetic moments, respectively. The latter show an in- 

eresting “moment-quenching” property across the magnetic tran- 

ition, as indicated by density functional theory (DFT) [13] , neu- 

ron diffraction (ND) [14] and X-ray magnetic circular dichroism 

XMCD) [15] . Combined DFT calculations and synchrotron high- 

esolution X-ray diffraction (HRXRD) [16] experiments show a sig- 

ificant electronic charge redistribution around the Fe atoms across 

he ferromagnetic transition, which was attributed to the competi- 

ion between magnetism and covalent bonding. 

However, although extensive experimental and theoretical stud- 

es have focused on the characterization of bulk (Mn,Fe) 2 (P,Si)- 

ased GMCE materials, the relationship between the magneto- 

lastic coupling and a size reduction down to nanoscale parti- 

les is still pivotal and deserves further exploration. In the field 

f nanoscale GMCE materials, some novel devices have been pro- 

osed in the field of micro-refrigerators [ 17 , 18 ], thermal switches 

19] , microfluidic pumps [ 20 , 21 ], energy harvesting devices [ 22 , 23 ]

nd biomedical applications (magnetic hyperthermia [24] or drug 

elivery [25] ). Nano-sized particles have several properties that 

re distinctly different from bulk materials, like a high surface- 

o-volume ratio and a fast thermal response. Nonetheless, reports 

bout nanoscale (Mn,Fe) 2 (P,Si)-based GMCE materials are rare. In 

his paper, nanoscale (Mn,Fe) 2 (P,Si)-based MCMs were produced by 

 “top-down” wet high-energy mechanical milling (HEMM) method 

26] , which is cheap and can be easily scaled up. The refined 

article size distribution in this method is a result of repetitive 

ragmentation and coalescence events. The crystal structure, ther- 

odynamics and magnetization are investigated as a function of 

rystallite size. A moderate post-milled annealing at a temper- 

ture of 30 0–60 0 °C under N 2 atmosphere was found to effi- 

iently recover the bulk MCE as a result of the synergistic effect of 

aseous nitridation and the removal of dislocations in the particles, 

s observed by High-resolution transmission electron microscopy 

HRTEM). Combined HRTEM, temperature-dependent Mössbauer 

pectroscopy and magnetic measurements, reveal the presence of a 

ono-domain state in (Mn,Fe) 2 (P,Si)-based superparamagnetic par- 

icles. Our findings shed new light on the properties of nanoscale 

MCE materials and offer useful guidelines for practical engineer- 

ng applications like ferro-fluids for self-pumping applications. 

. Experimental procedure 

Bulk MnFeP 0.45 Si 0.55 MCMs were synthesized from 10 g mixed 

owders of Mn (99.9%), Fe (99.9%), red-P (99.7%) and Si (99.9%) 

y milling for 10 h at 380 rpm. To prevent iron contamination, 

ungsten carbide (WC) balls were used during the pre-alloying pro- 

edure. The resulting powders were then pressed into cylindrical 

ablets sealed in quartz tubes under Ar atmosphere and then an- 

ealed for 25 h at 1373 K. After that, these samples were rapidly 

uenched in cold water, followed by a pre-cooling process in liquid 

itrogen to remove the so-called “virgin effect” [27] . Subsequently, 

 g bulk samples and 3 ml oleic acid (chemical surfactant to pas- 

ivate surface and prevent oxidation), were mixed together with 

-propanol under Ar atmosphere. The synthesis scheme is illus- 

rated in Fig. S1 (Supplementary Information). During the whole 

rocedure, we keep the same ball/powder weight ratio (8:1). Cor- 

espondingly, 0.3 g ball-milled powder was taken out from the jar 

t different ball milling (BM) times ranging from 1 to 26 h (ball 

illing times of 1, 2, 4, 8, 12, 16, 20, 26 h were used). The resid-

al surfactant and 2-propanol on the surface of milled-powders 

an be removed completely by mixing with an anhydrous ethanol 

olution and high-speed centrifugation (10,0 0 0 rpm). To recover 
2 
he magnetic properties after ball milling, we processed the milled 

owders (e.g. 26 h) in a horizontal tubular furnace under N 2 flow 

n different annealing temperatures (30 0, 50 0, 550, 60 0, 70 0 and 

00 °C). For comparison, Ar atmosphere is also applied at an an- 

ealing temperature of 600 °C. The average powder size of the BM- 

 h raw material is around 100 μm. The SEM and corresponding 

DS mapping images can be found in Fig. S2 (Supplementary In- 

ormation). 

Differential scanning calorimetry (DSC) measurements were 

arried out using a TA-Q20 0 0 DSC calorimeter. In the high tem- 

erature paramagnetic (PM), state X-ray diffraction (XRD) patterns 

ere collected using an Anton Paar TTK450 temperature-tunable 

ample chamber and a PANalytical X-pert Pro-diffractometer with 

u K α radiation. The crystal structure refinement of the XRD pat- 

erns was performed using Fullprof’s implementation of the Ri- 

tveld refinement method [28] . The average crystallite size was 

alculated based on the Scherrer equation implemented in the 

’pert Highscore software. Field-dependent magnetization ( M-H ) 

urves at a temperature of 5 K were measured in a magnetome- 

er equipped with a superconducting quantum interference device 

SQUID, Quantum Design MPMS 5XL) and a vibrating-sample mag- 

etometer (VSM, Quantum Design Versalab) was used to measure 

emperature-dependent magnetization ( M-T ) curves. Transmission 

7 Fe Mössbauer spectroscopy experiments at 4.2 and 130 K were 

erformed on a spectrometer using a 57 Co(Rh) source with a sinu- 

oidal velocity transducer. The velocity calibration was carried out 

sing an α-Fe foil at room temperature. The source and the ab- 

orbing samples were kept at the same temperature during mea- 

urements. The Mössbauer spectra were fitted using the Mösswinn 

.0 program. The spectra were fitted with a binomial distribution 

odel, as previously described for the analysis of Mössbauer spec- 

ra of FeMnP 1 −x As x compounds [29] . To prove the surface function- 

lization of surfactant, diffuse reflectance infrared Fourier trans- 

orm (DRIFT) spectroscopy measurements were performed on a 

hermo Nicolet Nexus 670 with a Harrick reflectance device with 

Br as reference material, over the range 40 0 0 to 40 0 cm 

−1 . DRIFT

xperiments show the used surfactant can be easily removed after 

 high-speed centrifugation process, as shown in Fig. S12 (Supple- 

entary Information). All demonstrated samples went through this 

rocess. Scanning electron microscopy (SEM) was carried out on a 

SM-7500F Field Emission Scanning Electron Microscope to study 

he particle distribution. HRTEM analysis was performed using a 

eol JEM 220 0FS (20 0 keV) and the element distributions were 

easured with the EDX detector of the same microscope in map- 

ing mode. Digital image processing was performed by the Digi- 

alMicrograph software (version 3.9.1, Gatan Inc). 

. Results and discussion 

.1. Crystal structural information and average crystallite size 

The XRD patterns of original bulk MnFeP 0.45 Si 0.55 material in 

he high-temperature PM state are shown in Fig. 1 a. The hexagonal 

e 2 P-type (space group P- 62 m ) phase was identified as the main 

hase. In addition, a cubic (Mn,Fe) 3 Si-type impurity phase (space 

roup Fm- 3 m ) was observed with a weight fraction of 10.1(2) wt.%. 

n the inset of Fig. 1 a, the hexagonal (Mn,Fe) 2 (P,Si) crystal structure 

as been illustrated, where the Mn atoms (red) preferentially oc- 

upy the pyramidal coordinated 3 g sites with five nonmetal near- 

st neighbors, while the Fe atoms (blue) favor the tetragonal coor- 

inated 3f sites surrounded by four nonmetal coordination atoms 

nd the P (Si) atoms are randomly distributed on the 2c and 1b 

ites [30] . 

To investigate the influence of the high-energy ball milling 

HEBM) process on the crystal structure, the XRD patterns of 

nFeP Si powders were obtained for different BM times in 
0.45 0.55 
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Fig. 1. (a) High-temperature XRD patterns of bulk MnFeP 0.45 Si 0.55 material in the PM state. (b) XRD patterns of MnFeP 0.45 Si 0.55 samples as a function of the BM times (0, 1, 

2,4, 8, 12, 16, 20 and 26 h) and post-annealed condition (600 °C and N 2 atmosphere) in the PM state. (c) The c/a ratio as a function of BM times. (d) Average crystallite size 

as a function of the BM time obtained from the peak width of the diffraction peaks. 
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he PM state, as shown in Fig. 1 b. The three strongest reflections 

111), (201) and (210) of the hexagonal structure in the milled 

owders indicate that the overall structure is largely unchanged. 

n Fig. 1 c the hexagonal lattice parameters ratio c/a are presented 

 a, c and the volume V can be found in Fig. S3 (Supplementary In-

ormation)). It can be seen that c/a only slightly changes for BM 

imes up to 4 h and it decreases dramatically for longer BM times. 

s seen in Fig. 1 b, the XRD peak-heights decrease, while the peaks 

roaden for increasing BM times. The peak broadening results from 

 decreased particle size and introduced micro-strains during BM 

rocess. The average crystallite size of the ball-milled samples is 

stimated based on Scherrer equation D hkl = K λ/ ( B hkl cos( θ )), where

 hkl is the average crystallite size, hkl are Miller indices of the crys- 

al planes, K is the crystallite-shape factor (0.9), λ is the wave- 

ength of the X-rays (0.154 nm for Cu K α1 radiation), B hkl is the 

ull-width at half-maximum (FWHM) of the diffraction peak in ra- 

ians and θ is the Bragg angle [31] . Note, that estimation of the 

rystallite size from the peak width in the XRD patterns is only 

eliable up to a crystallite size of about 200 nm. The influence of 

icrostrains on the peak width was not considered during calcu- 

ation because: ( i ) the crystallite size generally contributes more 

o the peak broadening than the microstrains when crystallite size 

s below 100 nm [32] and ( ii ) the strongest low-angle XRD peak

(111) reflection) was chosen to estimate the crystallite size as the 

ontribution of microstrains to peak broadening is relatively small 

n the low-angle range [ 33 , 34 ]. 

As shown in Fig. 1 d, the average crystallite size gradually re- 

uces from 86 nm (BM-1 h) to 28 nm (BM-26 h), with a slight in-

rease to 32 nm for the sample that was annealed after ball milling 
p

3 
BM-26h-600 °C 

–N 2 ). Previous studies showed that the crystallite 

ize increases exponentially with increasing annealing tempera- 

ure [35] . The slower increase for our samples may result from 

he moderate annealing temperature and from the nitrogen surface 

assivation, which is also observed in steels and Li-ion battery ma- 

erials [ 36 , 37 ]. The average crystallite size for bulk (Mn,Fe) 2 (P,Si)

ased MCMs with coarse grains is around 27 μm [38] . Here it 

s found that even a BM time of 1 h significantly decreases the 

rystallite size to nanoscale, which might be caused by the dras- 

ic plastic deformation and the continuous fracturing during the 

EBM process. In contrast to the significant reduction in crystal- 

ite size for BM times up to 4 h, successive ball milling results in a

low decrease in crystallite size towards a limiting value of around 

0 nm, this may be governed by the hardening rate introduced by 

he dislocation generation and the recovery rate arising from dislo- 

ation annihilation and recombination [39] . Additionally, the con- 

inuous decrease in crystallite size in Fig. 1 d is correlated with the 

ecrease in c/a ratio in Fig. 1 c because the c/a ratio is closely re-

ated to the magnetic exchange coupling [40] . The microstructure 

f the BM samples will be investigated in detail in Section 3.4 . 

.2. Thermodynamic properties 

Fig. 2 a shows the DSC curves of different BM samples per- 

ormed on cooling/heating processes between 360 and 415 K. The 

harp exothermic and endothermic peaks for samples with a short 

M time (less than 12 h) correspond to the presence of a FOMT, 

hile the samples with a longer BM time (e.g. 26 h) show a less 

ronounced specific heat peak. This indicates that long BM times 
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Fig. 2. (a) Zero-field DSC curves of MnFeP 0.45 Si 0.55 samples for different BM times along with heating and cooling process. (b) The �S tot as a function of BM times; (c) 

The changes in the thermal hysteresis �T hys and the average Curie temperature 〈 T C 〉 = ( T C 
heating + T C 

cooling )/2 for different BM times. (d) DSC curves of the BM-26 h and 

BM-26h-600 °C –N 2 samples. (e) DSC curves at different heating/cooling rates for BM-26 h sample. (f) Linear fitting of �T hys obtained from different sweep rates for the 

BM-26 h sample. 
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2

hift the FOMT towards the boundary between the FOMT and the 

OMT. The total entropy change ( �S tot ) at T C is determined by 

quation �S tot = L/T C , where L is the latent heat, which was de-

ived from the temperature integral of the specific heat (after sub- 

raction of a linear background). As shown in Fig. 2 b, compared 

ith the bulk sample ( �S tot = 20.93 Jkg- 1 K- 1 ), the sample with

 BM time of 26 h only shows roughly 10% ( �S tot = 2.03 Jkg -1 K 

-1 )

f the original bulk value, but the post-annealed sample (BM-26h- 

00 °C 

–N 2 ) shows a partial recovery ( �S tot = 2.86 Jkg −1 K 

−1 ). From

ig. 2 c, it is observed that �T hys (which is determined by the 

istance between exothermic and endothermic peaks) sharply de- 

reases from 15.9 to 7.8 K for increasing BM times up to 12 h. For

onger BM times it increases slightly, which may be ascribed to the 

rowing amount of defects like dislocations introduced in the ma- 

erial (see HRTEM results in Section 3.3 ). The 〈 T C 〉 = ( T C 
heating + T C 

ooling )/2 exhibits a similar decreasing tendency with increasing BM 

ime. 

This reflects that the BM effectively reduces the atomic ex- 

hange interaction energy and the exchange integral ( J ex ) that con- 

rols the Curie temperature ( T C ) [41] . In Fig. 2 d the post-annealed

M-26h-600 °C 

–N 2 sample holds a 8.2 K decrease in T C 
heating , 

ompared with BM-26 h sample. The origin of �T hys can be dis- 

inguished into intrinsic (e.g. electronic properties) and extrinsic 

ontributions (e.g. dynamic sweeping rate) [42] . To get the intrin- 

ic �T hys and exclude extrinsic factors for the BM-26 h sample, 

n Fig. 2 e different DSC sweeping rates (10, 7, 5, 2 K/min) have

een chosen. From these curves an extrapolated value of �T hys = 

.9 K is found at zero sweep rate, as shown in Fig. 2 f. The data for

he other BM samples derived by the same method are presented 

dashed line) in Fig. 2 c. Table 1 summarizes the changes in �T hys ,

 C 
heating , T C 

cooling , 〈 T C 〉 and �S tot at different BM times. 

The correlation between crystallite size and T C 
heating was stud- 

ed in Fig. 3 a. With decreasing size from 86 nm (BM time of 1 h)

o 28 nm (BM time of 26 h) T C 
heating shows a decrease. This trend

s in agreement with other reduced-dimension nanomaterials [43–

6] , for instance when in DyCuAl the crystallite size is reduced 

rom 90 to 38 nm T C reduces from 27 to 24 K [47] and in the

a 0.6 Ca 0.4 MnO 3 nano-system T C shifts from 270 to 258 K when the 

article size decreases from 223 to 45 nm [48] . The reduced crys- 
4 
allite size also affects the hysteresis behavior in the form of ther- 

al hysteresis [49] , magnetic hysteresis [50] as well as stress hys- 

eresis [51] . As shown in Fig. 3 b, with decreasing crystallite size, 

T hys reduces from 14.9 K at a BM time of 0 h to 7.8 K at a BM

ime of 12 h, with a slight enhancement to 10.5 K at a BM time of

6 h. 

.3. Microstructural characterization 

In order to investigate the microstructure evolution as a result 

f the nano-sizing SEM and HRTEM were performed, as shown 

n Fig. 4 . In Fig. 4 a, a SEM image of a collection of particles for

he BM-16 h sample is shown. An obvious particle size distribu- 

ion is observed with sizes ranging from several nanometer up to 

round 3 μm. Within some of the bigger particles several small 

anoparticles (NPs) can be identified, as indicated inside the red 

oxes. Fig. 4 b shows the HRTEM image of one isolated spherical 

article with a diameter of about 35 nm for the BM-26 h sam- 

le, which is composed of a darker crystalline core and brighter 

morphous shell. A fast Fourier transform (FFT) is applied which 

onfirms that the core is single crystalline behavior. Fig. 4 c indi- 

ates the inter-planar spacing is 0.20 nm. In Fig. 4 d the bright- 

eld HRTEM of one of the bigger particles (with a diameter of 

bout 170 nm) from the same BM-26 h sample presents a simi- 

ar shell layer. This shell layer is also found for the post-annealed 

articles (BM-26h-600 °C 

–N 2 sample) shown in Fig. S5b (Supple- 

entary Information). The formation of an amorphous shell in NPs 

as also observed in nano Gd (inert-gas evaporation) [52] , LaFeSi 

pulsed laser deposition (PLD); spark ablation) [ 53 , 54 ], Heusler al- 

oys (PLD) [55] , manganese perovskite (sol-gel method) [48] and 

ther oxide compounds (HEBM) [56] . By using a FFT and compar- 

ng the diffraction patterns we can evaluate the crystallite sizes 

ithin a polycrystalline particle. For instance in Fig. 4 e, four single- 

omain areas have been indicated with crystallite sizes of 36.8, 

0.0, 22.4 and 25.6 nm, respectively. The average crystallite size 

31.2 nm) from HRTEM is in good agreement with the value esti- 

ated from XRD (28 nm). Fig. 4 f and 4 g show different electron

iffraction patterns corresponding to single crystalline areas 4 and 

 in Fig. 4 e, respectively. These two single crystalline areas have a 
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Table 1 

Summary of thermal hysteresis ( �T hys ), heating Curie temperature ( T C 
heating ), cooling Curie tem- 

perature ( T C 
cooling ), 〈 T C 〉 and total entropy change ( �S tot ). 

BM time(h) �T hys (K) T C 
heating (K) T C 

cooling (K) < T C > (K) �S tot (Jkg −1 K −1 ) 

0 14.9 399.4 384.5 392.0 20.93 

1 9.6 396.9 387.3 392.1 21.33 

2 8.8 396.2 387.4 391.8 15.49 

4 8.3 395.7 387.4 391.5 8.44 

8 8.0 395.3 387.3 391.3 6.10 

12 7.8 394.8 387.0 390.9 4.23 

16 9.1 395.1 386.0 390.5 2.42 

20 10.4 395.3 384.9 390.1 2.28 

26 10.5 395.3 384.8 390.0 2.03 

26 ( + 600 ◦C-N 2 ) 8.7 386.5 377.8 382.1 2.86 

Fig. 3. (a) T C 
heating and (b) �T hys as a function of the average crystallite size. The horizontal axis is in log scale. The dashed lines reflect the bulk value obtained for zero BM 

time. 

Fig. 4. (a) SEM image for the BM-16 h sample. (b) HRTEM image of isolated “core-shell” single domain particle for the BM-26 h sample. (c) Partial enlarged image collected 

from the yellow box in (b) together with the interplanar spacing. (d) Bright-field HRTEM image of one of the bigger particles in the BM-26 h sample. Inset demonstrates the 

shell layer. (e) Different single-crystalline areas within one particle. (f-g) Corresponding FFT patterns in the regions indicated by the red circles in (e) for the BM-26 h sample 

(region 4 in (f) and region 2 in (g)). (h) Corresponding IFFT pattern of (g) consisting of numerous dislocations marked with “T” along the ( 11 ̄1 ) direction. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ifferent crystallographic orientation. The diffraction patterns from 

he crystalline cores are consistent with a pure hexagonal struc- 

ure along the [1, −1,0] zone axis, while the shell presents amor- 

hous diffraction rings, as shown in Fig. S4 (Supplementary In- 

ormation). The corresponding inverse fast Fourier transform (IFFT) 

mage for the diffraction pattern of Fig. 4 g is shown in Fig. 4 h. In

his figure some dislocation defects marked with “T” are observed 

long the ( 11 ̄1 ) direction, which could be ascribed to severe plastic 
5 
eformation during the HEBM process. The formation of such de- 

ects has also been observed in other HEBM nanomaterials [ 57 , 58 ].

he presence of dislocations may result in changes in structural, 

hermodynamic and magnetic properties. In contrast, widely dis- 

ributed dislocations have not been observed in the correspond- 

ng IFFT image of the post-annealed sample (BM-26h-600 °C 

–N 2 ), 

s shown in Fig. S5e (Supplementary Information). This is ex- 

ected to be a result of the annealing at a moderate temper- 
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Fig. 5. (a) Temperature-dependent magnetization ( M-T ) curves at 1 T for MnFeP 0.45 Si 0.55 samples with different BM times. (b) Isothermal field-dependent magnetization 

( M-H ) curves at 5 K for samples with different BM times. (c) M-H curves at 5 K for the BM-0 h sample, the BM-26 h sample and post-annealed samples for BM-26 h after 

annealing at various temperatures and protective atmospheres. (d) M-T curves at 1 T for the BM-26 h sample and the corresponding post-treatment samples annealed in N 2 

at different temperatures. 
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ture of 600 °C. To study the homogeneity of elemental distri- 

utions, energy-dispersive X-ray spectroscopy (EDS) mapping was 

erformed in the HRTEM for the BM-26 h sample, as shown in 

ig. S6 (Supplementary Information). It was found that the metal 

Mn-Fe) and non-metal (P-Si) elements are homogeneously dis- 

ributed in the matrix and that there is no obvious element segre- 

ation. The EDS mapping of sample BM-26h-600 °C 

–N 2 in Fig. S7 

Supplementary Information), also reveals the amount of doped ni- 

rogen within one of the particles. For this sample annealing un- 

er a nitrogen environment results in a reduction in unit-cell vol- 

me (from 111.9 to 110.8 Å 

3 ), indicating that N atoms enter the 

tructure substitutionally [59] . Image analysis of Fig. S7 indicates 

hat the particle shell contains a higher N concentration compared 

o the particle core, which may be attributed to the amorphous 

tructure of the particle shell. N doping during annealing generally 

resents some positive effects [60–62] , which is expected to be re- 

ponsible for the optimization of magnetic properties discussed in 

he section below. 

.4. Magnetic properties 

The change in crystallite size and microstructure upon nano- 

izing can also bring different magnetic properties with respect to 

he bulk behavior. For instance, from the M-T curves in Fig. 5 a, 

t is observed that for increasing BM times the characteristic 

harp FOMT for the bulk sample gradually disappears and that 

he transition area significantly broadens, which is expected to 
6 
e related to the evolution of the particle size distribution. The 

sothermal M-H curves in Fig. 5 b illustrate that the M s decreases 

ith increasing BM times, which can be ascribed to the gradual 

oss in long-range ferromagnetic order for smaller crystallite sizes. 

he gradual reduction in M s with BM times is more pronounced 

fter 4 h. 

In Fig. 5 c the saturation magnetization M s at 5 K and 5 T de-

reases from 175 to 122 Am 

2 kg −1 for a BM time from 0 to 26 h,

espectively. Interestingly, except for the bulk sample (BM-0 h), the 

st cycle magnetization and demagnetization curves almost over- 

ap each other for all BM samples. This suggests that successive 

illing results in a decrease in magnetocrystalline anisotropy [41] , 

hich can be observed by the correspondence between the 1st cy- 

le demagnetization and 2nd cycle magnetization process in sub- 

equent M-H curves, presented in Fig. S8 (Supplementary Informa- 

ion). Because the decrease in M s ( ∼30%) will be detrimental to 

he MCE, we tried to recover this loss in M s while maintaining the 

mall crystallite size by N 2 gaseous nitriding. The approach was 

nspired by previous studies, which noticed an enhancement of 

he magnetic moments [62] and a refinement of the microstruc- 

ure [60] . As exhibited in Fig. 5 c, an optimal temperature win- 

ow of 30 0–60 0 °C for annealing under N 2 atmosphere has been 

ound where a clear enhancement in M s is found for all post- 

nnealed samples. For annealing temperatures above 600 °C the 

aturation magnetization M s is reduced rapidly as the higher tem- 

erature leads to the formation of metal-nitride and the destruc- 

ion of the hexagonal structure. Specifically, the M s value for the 
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Fig. 6. (a) Saturation magnetization M s measured in a field of 5 T at a temperature of 5 K as a function of the average crystallite size D (for different BM times). (b) Linear 

fitting between the M s and 1/ D . 

Fig. 7. (a) Magnetic hysteresis loops for the BM-0 h, BM-26 h and BM-26h-600 °C –N 2 samples at a temperature of 320 K. (b) Magnification of the magnetization loops of 

(a) near the origin. 
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M-26h-600 °C 

–N 2 sample increased 22% from 127.5 to 147.9 (5 T) 

m 

2 kg −1 in comparison to BM-26 h sample. However, for an an- 

ealing temperature above 600 °C (see the data for 70 0–90 0 °C in

ig. 5 d), the transition is gradually suppressed due to the collapse 

f the hexagonal structure. 

The relationship between M s and the average crystallite size 

as been shown in Fig. 6 a. It is found that M s decreased contin-

ously with decreasing crystallite size. This phenomenon has been 

idely investigated in different nanomaterials systems [ 63 , 64 ]. The 

ecrease in M s with the reduction in crystallite size might (par- 

ially) be ascribed to the existence of a so-called magnetic dead 

ayer (MDL) on the surface [65] , which means the surface shell be- 

omes highly frustrated, leading to a reduced magnetic moment of 

he particle. The MDL is directly proportional to increased surface- 

olume ratio related to the decreased crystallite size. From HRTEM 

esults in Fig. 4 an amorphous MDL has also been observed at the 

urface of the magnetic nanoparticles. Experimentally, the polar- 

zed small-angle neutron scattering (SANS) technique has proven 

hat for maghemite/magnetite NPs a gradual decrease in magneti- 

ation can result from an enhanced tendency for spin canting near 

he surface [ 66 , 67 ]. As shown in Fig. 6 b, the relationship between

 s and crystallite size can be well estimated by the following re- 

ation [ 63 , 68 ]: 

 s = M s 0 

(
1 − 6 γ

D 

)
(1) 
7 
here M s is the saturation magnetization of the nanomaterial, M s0 

s the saturation magnetization of the bulk material, γ is the thick- 

ess of MDL (approximately 2–3 nm) and D is the average crystal- 

ite size. 

The hysteresis loops in the FM state were obtained in Fig. 7 a. 

s shown in Fig. 7 b, the coercive field μ0 H c (negative intersec- 

ion of the horizontal axis in the M-H curve for reducing field) for 

he BM-0 h, BM-26 h and BM-26h-600 °C 

–N 2 samples are 1.80, 

7.6 and 6.50 mT, respectively. Compared to bulk (Mn,Fe) 2 (P,Si) and 

ther soft magnetic MCMs [69] , the BM-26 h sample exhibits a 

ronounced 10 times increase in coercive field μ0 H c . The increase 

n μ0 H c with decreasing crystallite size D is also observed in some 

ther polycrystalline materials where a μ0 H c ∝ 1/ D relation was 

eported [ 41 , 70 ]. The mechanically reduced crystallite size is ex- 

ected to create more pinning sites, which are the main source 

or the enhanced value for μ0 H c [71] . As the mechanically reduced 

article size can pin the magnetic domain wall movement, an ad- 

itional driving force in the form of a higher applied magnetic field 

s needed to overcome the pinning of the magnetic domain walls 

efore they start to move. The thickness of the magnetic domain 

all ( κ) in (Mn,Fe) 2 (P,Si) system can be estimated by following for- 

ula [72] : 

= Na (2) 

 = 

√ 

π2 J S 2 /K a 3 (3) 

 = 3 k B T c / 2 zS ( S + 1 ) (4) 
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Fig. 8. Temperature dependence of �S m for the BM-0 h, BM-26 h and BM-26h-600 °C –N 2 samples for a magnetic field change μ0 �H of (a) 1 T and (b) 2 and 3 T (with 

respect to zero field); 2D contour plots of the field exponent n as a function of magnetic field and temperature for the (c) BM-0 h and (d) BM-26 h samples. 
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here N is the number of atomic planes contained within the 

agnetic domain wall; a is the effective lattice parameter ( a = 

3 
√ 

V/ 3 for an hexagonal system and V is the unit-cell volume); 

 is the exchange integral; S is the electron spins, which is de- 

uced from μe f f = 2 
√ 

S( S + 1 ) and μeff is the effective (average) 

pin moment of the Mn and Fe atoms; K is the magneto-crystalline 

nisotropy constant (0.28 ×10 6 J/m 

3 for (Mn,Fe) 2 (P,Si) system [73] ); 

 B is Boltzmann’s constant; T C is the Curie temperature and z is 

he number of nearest neighbors. The estimated magnetic domain 

all thickness δ is 13 nm for the BM-26 h sample, which is of the 

ame order of magnitude as the average crystallite size (28 nm). 

n addition, dislocations can also pin the motion of magnetic do- 

ain walls [74] . As a consequence it can cause a partial increase in

0 H c . For comparison, the BM-26h-600 °C 

–N 2 sample, which has 

 decreased dislocation density with respect to the BM-26 h sam- 

le shows a distinctly lower value for μ0 H c , even though its value 

s still higher than that of the original BM-0 h bulk sample. In ad- 

ition, the weak magnetic hysteresis in Fig. 7 b is expected to be 

scribed to the presence of a fraction of larger particles in the su- 

erparamagnetic material. 

Based on the isothermal M-T curves presented in Fig. S9 

Supplementary Information), the magnetic field induced entropy 

hange �S m 

can be evaluated using the Maxwell relation �S m 

= 

 

 

0 
( ∂M 

∂T 
) H dH, which is associated with the configuration entropy 

rising from spin disorder [75] . Fig. 8 a-b shows the negative heat- 

ng �S m 

values (conventional MCE) of three samples as a func- 

ion of temperature for magnetic field changes μ0 �H of 1, 2 and 

 T, respectively. For a field change of μ0 �H = 1 T (characteris- 

ic for applications), the maximum value of | �S m 

| decreases from 

.8 Jkg −1 K 

−1 for the original bulk BM-0 h sample to 0.8 Jkg −1 K 

−1 
8 
88% loss) for the BM-26 h sample, which can be ascribed to a sig- 

ificant reduction in �M and a broadening of the phase transition. 

n comparison with the BM-26 h sample, the BM-26h-600 °C 

–N 2 

ample shows an improvement in the maximum value of | �S m 

| 

rom 0.8 to 1.2 Jkg −1 K 

−1 (1.6 to 2.3 Jkg −1 K 

−1 for μ0 �H = 2 T). This

s consistent with the increasing trend of the transformation peak 

n the DSC experiments and can originate from the synergistic ef- 

ect of the reduced dislocation density and the nitrogen doping. 

In Fig. 9 a map of | �S m 

| versus T C is shown for some repre-

entative nano MCMs. For La(Fe,Si) 13 , the other most promising 

CMs, no data are reported, although several nano-compounds ex- 

st [ 53 , 54 ]. The post-annealed nano MnFeP 0.45 Si 0.55 sample (BM- 

6h-600 °C 

–N 2 ) shows competitive | �S m 

| values for field changes 

f 1 and 2 T, compared with the benchmark MCE material Gd in 

he form of nano-compounds. 

Furthermore, �T ad based on indirect measurements and the 

elative cooling power ( RCP ) used for evaluating the refrigeration 

apacity of a magnetic refrigerant can be obtained by expressions 

5) [76] and (6) [48] , respectively, as shown below: 

T ad 
∼= 

− T 

Cp 
�S m 

( T , H ) (5) 

CP = | �S m,max | δT F W HM 

(6) 

here C p is zero-field specific heat and δT FWHM 

is temperature 

ifference between T 2 and T 1 at FWHM. All MCE parameters in- 

luding T trans , �S m 

, �T ad , RCP, D , and synthesis methods for our

orks and some classical nano MCMs are summarized in Table 2 . 

ote that some nanomaterials focused on cryogenic magnetic re- 

rigeration like Gd O [77] and GdNi [78] are not included due 
2 3 5 
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Fig. 9. Map of the absolute magnetic entropy change | �S m | for different field changes μ0 �H as a function of the magnetic transition temperature for nano MCMs [ 35 , 48 , 79- 

89 ]. The stars correspond to the present data for the BM-26h-600 °C –N 2 sample. 

Table 2 

Transition temperature ( T trans ), magnetic entropy change | �S m |, adiabatic temperature change �T ad , RCP , crystallite size D and synthesis method for selected nano MCMs 

reported in the literature. 

Nano MCMs system T trans (K) | �S m |(Jkg −1 K −1 ) �T ad (K) RCP (Jkg −1 ) D (nm) Synthesismethods References 

Pr 2 Fe 17 and Nd 2 Fe 17 ∼285; ∼337 0.6 (1.5 T); 

1 (1.5 T) 

– 60 (1.5 T) 

118 (1.5 T) 

11;11 BM 40h [88] 

γ -FeNiMn 340 0.41 (1 T) – 78 (1 T) 17 BM 10h [86] 

(Fe 70 Ni 30 ) 95 Cr 5 258 ∼0.3 (1 T) – 77 (1 T) 13 BM method [87] 

Fe-Co-P DC 300–390 0.907 (1 T) 0.77 (1 T) 52 (1 T) < 100 electrodeposition [85] 

γ -(Fe 70 Ni 30 ) 89 Zr 7 B 4 353 0.7 (1.5 T) – 65 (1.5 T) 20 BM method [89] 

Nano Gd – ∼0.4 (0.1 T) – – 12 alkalide reduction [93] 

Gd nanoislands/MgO 296.2 ∼1.5 (1 T) – – ∼131 solid-state dewetting [84] 

La 0.7 Ca 0.3 MnO 3 266 1.2 (1.5 T) – 44 (1.5 T) 65 sol-gel method [82] 

La 0.7 Ca 0.3 Mn 0.9 Ni 0.1 O 3 145 0.95 (1.5 T) – – 15 BM method [80] 

La 0.6 Ca 0.4 MnO 3 258 0.6 (1 T) – 50 (1 T) 45 sol-gel method [48] 

Nano crystal Gd 285.6 ∼1.8 (1 T) – – 12 inert gas condensation [83] 

Gd/Ti nano multilayer 130 ∼0.9 (1 T) – – – sputtering deposition [79] 

Nano Gd 5 Si 2 Ge 2 ∼225 0.45 (2 T) – – 85 BM method [81] 

Nano LaFe 11.5 Si 1.5 200–340 – – – ∼6.5 spark ablation [54] 

Ni 50 Mn 34 In 16 nano-alloy 226–241 2 (6 T) – 150 (6 T) 150 BM method [35] 

MnFeP 0.45 Si 0.55 BM-26h-600 °C –N 2 ∼382 1.2 (1 T); 

2.4 (2 T) 

0.9 (1 T) 

1.74 (2 T) 

29 (1 T) 

77 (2 T) 

31.6 BM 26h this work 
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o their extreme low working temperature ( < 30 K), even though 

hey present a relatively high �S m 

at high field changes. 

In addition, to distinguish the FOMT or SOMT nature of the 

hase transition, Arrott plots ( μ0 H / M versus M 

2 ) were constructed 

or the BM-0 h, BM-26 h and BM-26h-600 °C 

–N 2 samples. The Ar- 

ott plots were made from the isothermal M-H curves presented in 

ig. S9 (Supplementary Information), assuming a demagnetization 

actor of N = 1/3 (assuming an equiaxed powder sample volume). 

lthough the BM-0 h sample represents clear FOMT characteristics 

with a “S-shaped” curve as predicted by the Banerjee criterion), 

he other two samples appear to be of SOMT type, which is in 

onflict with the observed hysteresis. Hence, the recently proposed 

eld exponent n for the magnetic entropy change [90] is applied 

o further identify the nature of the magnetic transition. This field 

xponent is defined as: 

 ( T , H ) = 

d ln | �S M 

| 
(7) 
d ln H 

9 
2D-plots of exponent n ( T,H ) as a function of temperature T and 

pplied magnetic field H have been shown in Fig. 8 c-d for the BM- 

 h and BM-26 h samples. Close to the magnetic transition the n 

alue peaks at a value above the value obtained for the param- 

gnetic state at higher temperature, a characteristic feature for a 

OMT [ 91 , 92 ]. We therefore conclude that: (1) the BM-0 h sample

s a strong FOMT ( n > 2) in agreement with the Banerjee criterion 

n the Arrott plot and (2) the BM-26 h sample shows a weak FOMT, 

ather than SOMT. 

.5. Mössbauer spectra and superparamagnetic particles 

When the dimension of a magnetic particle is below a certain 

ize (e.g. 50 nm) it will be single magnetic domain and presents 

uperparamagnetism (SPM) above the so-called blocking tempera- 

ure T B [94] . As mentioned, the HRTEM results ( Fig. 4 b) show in-

ividual nanoscale crystallites, which based on their size are ex- 
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Fig. 10. Mössbauer spectra for the (a) BM-0 h, (b) BM-26 h and (c) BM-26h-600 °C –N 2 samples recorded at 4.2 K. Note that the five middle sextets (blue, green, purple, 

dark yellow, cyan) correspond to the FM components of the main phase, the red curves correspond to the (Mn,Fe) 3 Si impurity phase, the middle brown curves correspond 

to the SPP phase and the black curves represent the sum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

Table 3 

Mössbauer fit parameters for the BM-0 h, BM-26 h and BM-26h-600 °C –N 2 samples at 4.2 K. (F- ferromagnetic phase; IM- impurity 

phase (Mn,Fe) 3 Si; SPP- superparamagnetic particles). 

Sample IS (mm s −1 ) QS (mm s −1 ) Hyperfine field (T) � (mm s −1 ) Phase 

Spectral 

contribution (%) 

BM-0h 0.30(1) 

0.27(2) 

−0.19(1) 

- 

23.6(1) 

8.8(5) 

0.30(1) 

0.30(1) 

F 

IM 

85(3) 

15(3) 

BM-26h 0.31(1) 

0.27(2) 

0.19(2) 

−0.17(1) 

- 

- 

23.3(1) 

8.8(5) 

12.0(5) 

0.39(1) 

0.30(1) 

0.39(1) 

F 

IM 

SPP 

67(3) 

15(3) 

18(3) 

BM-26h- 

600 °C-N 2 

0.31(1) 

0.27(2) 

0.17(2) 

−0.17(1) 

- 

- 

23.0(1) 

8.8(5) 

10.9(5) 

0.37(1) 

0.30(1) 

0.37(1) 

F 

IM 

SPP 

71(3) 

19(3) 

10(3) 
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ected to behave as superparamagnetic particles (SPP). Because 

össbauer spectroscopy is very sensitive to the magnetic prop- 

rties of nanoscale particles, it is an excellent technique to pro- 

ide more details about SPM in (Mn,Fe) 2 (P,Si)-based nano MCMs. 

he Mössbauer spectra at 4.2 K for the BM0h, BM-26 h and BM- 

6h-600 °C 

–N 2 samples are shown in Fig. 10 . The fitted hyper- 

ne parameters include the average isomer shift ( δ), the average 

uadrupole splitting ( QS ), the hyperfine field and linewidth ( �) and 

re presented in Table 3 . Obviously, the values of δ and QS for the

ain phase remain almost unchanged, but the reduced hyperfine 
10 
elds for the BM samples indicate a decrease in Fe moment. The 

ine width � is enhanced with increasing BM time, reflecting the 

evelopment of a wide distribution of magnetic fields acting on 

he Fe nuclei [95] . The five sets of sextets observed in Fig. 10 cor-

espond to five types of chemical coordination environment of Fe. 

imultaneously, the phase fraction of the SPP for the BM samples 

f 18% for the BM-26 h sample and 10% for the BM-26h-600 °C 

–N 2 

ample is clearly enhanced. In Fig. 10 a typical ferromagnetic sextet 

middle brown curve) appears due to the existence of collective 

agnetic interactions below T [96] . For comparison, in Fig. S10 
B 
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Supplementary Information) the hyperfine lines at 130 K become 

symmetrically broadened and a single line appears. These are fun- 

amental features of SPM for nanoscale particles, as seen in the 

össbauer spectra [ 56 , 95 , 97 , 98 ]. 

This phenomenon can be understood by considering the SPM 

elaxation time estimated by the Néel −Brown −Arrhenius expres- 

ion [99] : 

R = τ0 exp ( KV/ k B T ) (8) 

here τ R is the relaxation time of the magnetization vector in a 

article, τ 0 is a characteristic time constant that is roughly equal 

o 1 × 10 −9 s, K is the magnetic anisotropy constant, V is volume of 

he crystallite and k B T corresponds to the thermal energy. If τ R < 

L then a superparamagnetic doublet/singlet will appear, where τ L 

10 −8 - 10 −9 s is the Larmor precession time of the nucleus. For 

R > τ L a minor sextet structure is observed, while for the inter- 

ediate range with τ R ≈ τ L complex spectra with broadened lines 

re found. Other evidence for the presence of SPM can be found 

n the M-T curves at 0.1 T for ZFC-FC conditions, as presented in 

ig. S11 (Supplementary Information) for the BM-26 h and BM- 

6h-600 °C 

–N 2 samples. Typical magnetization divergences were 

bserved, which are characteristic of SPM in nanoscale particles 

100] . The blocking temperature T B (at 0.1 T) is determined to be 

2 and 61 K for the BM-26 h and BM-26h-600 °C 

–N 2 samples, re-

pectively. Annealing is found to reduce T B , which in agreement 

ith observations for other nano-systems [101] . The critical diam- 

ter for single magnetic domain behavior ( D sd ) for (Mn,Fe) 2 (P,Si)- 

ased compounds can be estimated by [72] : 

 sd = 2 R sd 
∼= 

9 γw 

/ k d (9) 

here R sd is the single domain radius, γw 

= 2 
√ 

AK is the surface 

nergy of a Bloch wall and k d = J 2 s / 2 μ0 = 

1 
2 μ0 M 

2 
s is the stray field

nergy ( J s is the saturation magnetization). Thus D sd can be de- 

uced from (9) : 

 sd = 36 

√ 

AK / μ0 M 

2 
S (10) 

 = n J ex S 
2 /a (11) 

here A is the exchange stiffness constant, n is the number of 

toms in one unit cell, J ex is the exchange integral, S is the spin,

 is the lattice parameter, K is the magnetocrystalline anisotropy 

onstant, μ0 is the permeability of vacuum and M s is the satu- 

ation magnetization. The value for D sd is estimated to be 29.8 nm 

or (Mn,Fe) 2 (P,Si)-based compounds. This is in accordance with our 

RD results where the crystallite size was estimated to be about 

8 nm for the BM-26 h sample and the HRTEM results of Fig. 4 e

ith an average crystallite size of 31.2 nm. 

. Conclusions 

In summary, we have systematically studied the crystalline 

tructure, thermodynamic-, microstructure- and magnetic proper- 

ies in (Mn,Fe) 2 (P,Si)-based nano MCMs derived from bulk alloys 

y XRD, DSC, HRTEM, SQUID and Mössbauer spectra. The change 

n crystallite size as a result of the HEBM process is found to be

esponsible for changes in T C , �T hys , �S tot and the magnetization. 

ano-sizing MCMs can be used to regulate T C and �T hys, similarly 

s with certain doping elements, tuning composition, optimizing 

nnealing conditions and adjusting physical pressure. An efficient 

ample treatment after the HEBM process was adopted, which con- 

ists of annealing in a temperature window of 300 - 600 °C with 

aseous nitriding. Even though the | �S m 

| of the bulk material (6.8 

kg −1 K 

−1 with μ0 �H = 1 T) is found to be significantly reduced 

y nanostructuring, the nitriding procedure was found to result in 

 significant recovery of the lost magnetization with an improve- 

ent in | �S m 

| ( μ �H = 1 T) from 0.8 to 1.2 Jkg −1 K 

−1 . During
0 

11 
his procedure the crystallite size remained almost constant, which 

emonstrates competitive MCE characteristics among the reported 

ano MCMs systems. A core-shell type nanostructure, with a crys- 

alline core and an atomically disordered shell, has been observed 

or the first time in (Mn,Fe) 2 (P,Si)-based nano MCMs. The existence 

f superparamagnetic NPs has been proved by HRTEM, Mössbauer 

pectroscopy and magnetic measurement. Our study provides es- 

ential insight in (Mn,Fe) 2 (P,Si)-based nano MCMs and opens the 

ossibility to further develop its potential for future applications 

n the field of microrefrigerators, ferrofluids, nanocomposites, het- 

rogeneous catalysis and magnetic hyperthermia. 
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