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a b s t r a c t 

We herein provide a combined experimental investigation and theoretical calculations on the impact of 

Mn doping and Fe off-stoichiometry on the magnetoelastic transition and the magnetocaloric proper- 

ties of Laves phase Hf0.82 Ta0.18 Fe2 alloys. Mn substitution led to an increase in unit-cell volume while Fe 

vacancies induced lattice contraction. By adjusting the Mn and Fe content, we achieved a table-like mag- 

netocaloric response with a magnetic entropy change of 1.7–2.2 J/(kg K) at a magnetic field change of 2 

T over a wide temperature range from 190 to 260 K. Mössbauer spectroscopy, neutron powder diffrac- 

tion and density functional theory calculations all reveal that both Mn atoms and Fe vacancies preferen- 

tially occupy the 6 h crystallographic site of the lattice structure with space group P 63 / mmc , and that the 

shortest intralayer Fe-6 h interatomic distance governs the magnetoelastic transition in (Hf, Ta)Fe2 Laves 

phases. The tunable magnetic transition is ascribed to the slight change of the electronic state of the 

Fe-6 h site and limited hybridization between Mn and Fe atoms. These findings offer new insight into 

the site-specific control for optimizing the magnetocaloric properties of Fe-based Laves phase alloys and 

inspire the design of other promising magnetocaloric materials with magnetoelastic transitions. 

© 2026 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Magnetic refrigeration based on the magnetocaloric effect 

MCE) is emerging as a sustainable alternative to conventional 

ooling technologies. Magnetocaloric materials are characterized by 

ither an isothermal magnetic entropy change ( �SM 

) or an adia- 

atic temperature change ( �Tad ) when subjected to a change in 

xternal magnetic field [ 1–6 ]. Over the past three decades, re- 

earch interest in MCE has surged, particularly after the discovery 

f a giant MCE (13 J/(kg K) in a magnetic field change of 2 T) in

d5 Si2 Ge2 , which has a Curie temperature ( TC ) of 270 K [ 7 ]. Unlike

aterials with a second-order magnetic transition (SOMT), such 

s Gd, which shows a moderate entropy change, materials with a 

rst-order magnetic transition (FOMT), such as FeRh [ 8 ], La(Fe,Si)13 

 9 , 10 ], (Mn,Fe)2 (P,Si) [ 1 , 11 ], (Mn,Cr)2 Sb [ 12 ], and (Hf,Ta)Fe2 [ 13 ]

isplay larger (absolute) values of �SM 

or �Tad due to their 
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trong coupling of magnetic and lattice degrees of freedom. Among 

he FOMT materials, those exhibiting “order-order” magnetic tran- 

itions, which involve magnetic transitions without altering the 

rystal symmetry, such as the antiferromagnetic-to-ferromagnetic 

ransition in FeRh, the antiferromagnetic-to-ferrimagnetic transi- 

ion in (Mn,Cr)2 Sb, or the ferromagnetic-to-antiferromagnetic (FM- 

FM) transition in (Hf,Ta)Fe2 upon heating, have unique charac- 

eristics. These transitions, which couple spin and lattice degrees 

f freedom, offer advantages such as a low thermal hysteresis 

 12 , 14 ], a high field sensitivity [ 8 , 14 ], and a good reversibility in

oderate magnetic fields [ 13 , 15 ], making them suitable for high- 

erformance magnetocaloric applications. 

The (Hf,Ta)Fe2 Laves phase alloys have attracted attention as 

romising magnetocaloric material due to their pronounced FM- 

FM transition, low hysteresis, tunable transition temperature ( Tt ), 

nd large adiabatic temperature [ 6 , 13 , 16–18 ]. Laves phase, a topo-

ogical stacked intermetallic compound, has wide applications in 

reas such as hydrogen storage [ 19 , 20 ], superconductivity [ 21 , 22 ],

nd magnetostriction [ 23 , 24 ]. Besides, a large MCE near room tem- 

erature has been reported in (Hf,Ta)Fe2 alloys, which crystallize in 
Materials Science & Technology. 
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Table 1 

Chemical composition (in at. %) determined by EDS for the Mn-doped 

and Fe-deficient alloys. 

Fe Mn Ta Hf 

Mn0 66.61(0.17) 0 5.77(0.16) 27.61(0.19) 

Mn2 66.66(0.17) 0.24(0.04) 5.05(0.16) 28.05(0.19) 

Mn4 65.35(0.17) 0.52(0.07) 5.98(0.16) 28.14(0.19) 

Mn6 65.79(0.34) 0.82(0.09) 6.61(0.16) 26.78(0.29) 

Fe1.94 66.41(0.17) – 5.53(0.05) 28.06(0.12) 

Fe1.96 66.36(0.17) – 5.74(0.07) 27.90(0.12) 

Fe1.98 66.20(0.17) – 6.03(0.07) 27.77(0.12) 
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he hexagonal MgZn2 crystal structure with space group P 63 / mmc 

 13 , 25 , 26 ]. For example, Hf0.84 Ta0.16 Fe2 exhibits a �Tad value up 

o 3.4 K obtained at 253 K under a magnetic field change of 1.5 

 [ 13 ]. The magnetocaloric properties of (Hf,Ta)Fe2 arise from its 

nique AFM configuration, where Fe atoms occupy two crystallo- 

raphic sites, 2 a and 6 h , within the hexagonal C 14-type struc- 

ure [ 27 ]. The magnetic moment of Fe atoms at the 6 h site align

erromagnetically within the a –b plane, while those of the 2 a 

ite are magnetically frustrated (the time-average magnetic mo- 

ent disappears) below Tt , leading to a lattice contraction of about 

 % [ 16 , 28 , 29 ]. Element doping and off-stoichiometry are common

trategies to modify the thermal and magnetic properties in mag- 

etocaloric materials. Hf0.85 Ta0.13 Fe2 + x alloys form a single C 14- 

ymmetry Laves phase with a modified negative thermal effect 

or < 0.43 [ 30 , 31 ], while the magnetic transitions change from a

OMT into a SOMT for > 0.1. Conversely, a sub-stoichiometric Fe 

ontent sharpens the AFM-FM transition [ 32 ]. Doping with ele- 

ents such as C and Co also affects the magnetocaloric proper- 

ies: carbon doping enhances the magnetoelastic coupling and in- 

reases | �SM 

| from 1.8 J/(kg K) for Hf0.85 Ta0.15 Fe2 to 4.0 J/(kg K) 

or Hf0.85 Ta0.15 Fe2 C0.01 in a magnetic field change of 2 T with a 

ow thermal expansion coefficient of 2.4 ppm/K [ 33 ]; Co doping re- 

uces Tt , while maintaining a significant magnetic entropy change 

 34 ]. Even though the potential of MCE systems with an order- 

rder transition to broaden magnetocaloric applications, systematic 

tudies of such materials remain limited compared to MCE sys- 

ems with an order-disorder transition. Moreover, the role of off- 

toichiometric Fe atoms and doping elements in the magnetoelas- 

ic transition remains unclear. 

In this paper, we explore the effects of Mn doping and Fe 

ff-stoichiometry on the magnetic properties of (Hf,Ta)Fe2 alloys. 

e achieve a table-like magnetic entropy change between 1.7 and 

.2 J/(kg K) at 2 T across a broad temperature range (190–260 K) 

y tuning Mn and Fe concentrations. Using density functional the- 

ry (DFT) calculations, Mössbauer spectroscopy, and neutron pow- 

er diffraction (NPD) techniques, we investigate the occupancy of 

n atoms and Fe vacancies and their influence on crystal struc- 

ure, magnetoelastic transition, and the magnetocaloric response. 

. Experimental methods 

Polycrystalline Fe2−x Mnx Hf0.82 Ta0.18 ( x = 0, 0.02, 0.04, 0.06) and 

ey Hf0.82 Ta0.18 ( y = 1.94, 1.96, and 1.98) alloys were prepared from 

igh-purity elements (Fe 99.98 %, Mn 99.9 %, Hf 99.7 %, Ta 99.7 %) 

y arc melting. The alloys were prepared by arc-melting approx- 

mately 5 g of material under an argon atmosphere. To ensure 

omogeneity, each button-shaped sample was melted four to five 

imes. The samples were flipped after each melt. For ease of refer- 

nce, the x = 0, 0.02, 0.04, and 0.06 samples are denoted as Mn0, 

n2, Mn4, and Mn6 alloys, and the y = 1.94, 1.96, and 1.98 sam- 

les as Fe1.94, Fe1.96, and Fe1.98 alloys, respectively. The compo- 

itions of the resulting alloys given in Table 1 were determined by 

nergy Dispersive X-ray Spectroscopy (EDS). Since previous studies 
197
n Fe2 Hf0.83 Ta0.17 [ 14 ] showed that the heat treatment had min- 

mal effect on magnetic properties, no additional annealing was 

erformed on these samples. 

Phase identification and crystal structure analysis were con- 

ucted using X-ray diffraction (XRD) on a Panalytical X-Pert PRO 

iffractometer with Cu-K α radiation. Rietveld refinement was per- 

ormed using the FullProf software suite [ 35 ]. The magnetic prop- 

rties of the samples were measured over a temperature range 

f 4–370 K using a superconducting quantum interference de- 

ice (SQUID) magnetometer (MPMS–XL) equipped with a recip- 

ocating sample option. The ferromagnetic transition tempera- 

ure Tt was determined from the minimum in the derivative 

f the magnetization–temperature ( M –T ) curves upon cooling at 

n applied magnetic field of 1 T Magnetic entropy changes 

ere calculated from M –T curves measured at various magnetic 

eld strengths, using the Maxwell relation. Scanning electron mi- 

roscopy (SEM) was used to analyze the sample microstructure and 

onfirm elemental distribution within each alloy. The SEM analysis 

as performed on an FEI Quanta FEG 450 microscope equipped 

ith an energy-dispersive X-ray spectroscopy (EDS) detector. The 

hemical compositions obtained from EDS analysis are presented 

n Table 1 for reference. Transmission 57 Fe Mössbauer spectra were 

ollected across various temperatures using a constant-acceleration 

r sinusoidal velocity spectrometer with a 57 Co(Rh) source. Veloc- 

ty calibration was performed at room temperature using an α- 

e foil, and the source and samples were maintained at the same 

emperature during cryogenic measurements. Mössbauer spectra 

ere analyzed using the MossWinn 4.0 program [ 36 ], with a par- 

icular focus on the identification of hyperfine interactions related 

o the 2 a and 6 h sites. NPD data at different tem peratures were

ollected at a wavelength of 1.6672 Å using the NPD apparatus 

EARL [ 37 ] at the research reactor of Delft University of Technol- 

gy. The crystal structures and the atomic occupancies were re- 

ned using the Rietveld refinement method implemented in the 

ullprof software package [ 38 , 39 ]. 

. DFT calculations 

First-principles calculations based on DFT calculations were 

onducted to investigate the electronic and magnetic struc- 

ures of Fe-Mn-Hf-Ta alloys. To enable a comparison be- 

ween experimental and simulation results, we utilized chem- 

cal compositions closely resembling the nominal composi- 

ions Hf0.82 Ta0.18 Fe2 , including Hf0.80 Ta0.20 Fe2 as the parent al- 

oy, Hf0.80 Ta0.20 Fe1.95 Mn0.05 and Hf0.80 Ta0.20 Fe1.75 Mn0.25 as the Mn- 

oped alloy, and Hf0.80 Ta0.20 Fe1.95 and Hf0.80 Ta0.20 Fe1.75 as the Fe- 

eficient alloy. DFT calculations were performed using the Vienna 

b Initio Simulation Package (VASP) [ 40 , 41 ] with plane-wave ba- 

is sets. An energy cutoff of 520 eV was applied, and pseudopo- 

entials were defined using the projected augmented wave (PAW) 

ethod with valence configurations 3 d6 4 s2 for Fe, 5 d2 6 s2 for Hf, 

 d3 6 s2 for Ta, and 3 d5 4 s2 for Mn [ 42 , 43 ]. Exchange-correlation in-

eractions were modeled using the Perdew-Burke-Ernzerhof (PBE) 

unctional within the generalized gradient approximation (GGA), 

nd a Monkhorst-Pack k -point grid of 2 × 2 × 4 based on a 

20-atoms supercell was employed for both structural optimiza- 

ion and electronic properties calculations [ 44 ]. Convergence cri- 

eria for the Hellmann-Feynman forces were set at < 0.01 eV/Å, 

ith an electronic loop convergence threshold of 10−5 eV. The 

ormation energy Ef was calculated as follows: Ef = Ecompound −
 

i xi Ei , where Ecompound represents the optimized total energy of 

he compound, and xi and Ei are the stoichiometric coefficients 

nd ground-state energies of Fe, Hf, Ta, and Mn atoms in their 

eference states, respectively. A lower Ef indicates higher stabil- 

ty of the alloy, which can be used to obtain the preferred atomic 

ite occupations. 
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Fig. 1. XRD patterns for (a) Mn0, Mn2, Mn4, and Mn6 and for (b) Fe1.94, Fe1.96, and Fe1.98 alloys. (c) Rietveld-refined XRD pattern of Mn0. (d) Crystal structure of MgZn2 - 

type (Hf,Ta)Fe2 alloys. 
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. Results and discussion 

The crystal structure of Hf0.82 Ta0.18 Fe2−x Mnx ( x = 0, 0.02, 0.04, 

nd 0.06) and Hf0.82 Ta0.18 Fey ( y = 1.94, 1.96, and 1.98) alloys were 

nalyzed by XRD patterns as shown in Fig. 1 . All alloys crystallize 

n a single-phase hexagonal structure with the MgZn2 -type C 14 

ymmetry. The refined XRD patterns, with an example of Mn0 in 

ig. 1(b) , confirm phase purity across the alloy series. Fig. 1(c) de- 

icts the hexagonal structure of (Hf,Ta)Fe2 -based alloys, where Fe 

ccupies two sites, 2 a and 6 h sites, and Ta/Hf occupies the 4 f site.

he SEM images, as shown in Fig. 2 , further prove the homogene- 

ty of Fe2−x Mnx Hf0.82 Ta0.18 and Fe2−y Hf0.80 Ta0.20 alloys. Mn sub- 

titution generally expands the unit-cell volume V, as shown in 

ig. 3(a) , due to Mn’s larger atomic radius (1.27 Å) compared to 

e (1.26 Å) [ 45 ]. Both the lattice parameters a and the V increase

ontinuously for increasing Mn content. For the Mn2 alloy, a mi- 

or drop in the c -axis is observed. For the Fe-deficient alloys, as 

hown in Fig. 3(b) , a clear contraction in the unit-cell volume is 

bserved for increasing Fe content, reflecting a lattice response to 

acancies. The decrease in unit-cell volume with increasing Fe con- 

ent aligns with previous studies of Fe-based Laves phases such as 

f0.80 Nb0.20 Fe2−x [ 46 ] and Hf0.83 Ta0.17 Fe2 + x [ 32 ], where Fe atoms 
198
artially substitute into Hf/Ta 4 f sites, promoting volume adjust- 

ents [ 30 ]. The chemical compositions obtained from EDS and 

isted in Table 1 align closely with the nominal compositions, ex- 

ept for minor deviations in the Ta content for the Mn2 alloy. The 

easured Ta/Hf ratios for the samples (Mn0: 0.219, Mn2: 0.180, 

n4: 0.213, Mn6: 0.247) show an initial decrease followed by an 

ncrease with increasing Mn content. Although Mn loss can oc- 

ur during arc melting, these measurements confirmed the propor- 

ional increase in Mn content with nominal doping. 

Fig. 4 displays the M –T and M –H curves of Hf0.82 Ta0.18 Fe2−x Mnx 

nd Hf0.82 Ta0.18 Fey alloys. The M –T curves in Fig. 4 ( a , b ), measured

nder an applied field of 0.01 T and 1 T, respectively, exhibit a pro- 

ounced decrease in magnetization with increasing temperature, 

ndicative of the FM-AFM transition. The FM-AFM transition tem- 

erature Tt decreases with increasing Mn content, except for the 

n2 alloy, which shows an anomalously high Tt of 245 K under a 

agnetic field of 1 T, potentially due to a minor deviation in the 

a/Hf ratio, as observed in the EDS analysis. The Tt values for Mn0, 

n4, and Mn6 are 215, 183, and 154 K, respectively. A reduced Ta 

oncentration is known to shift the transition to higher tempera- 

ure and promote a tendency toward a second-order magnetoelas- 

ic transition, as reported in previous studies [ 13 ]. However, our 
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Fig. 2. (a–e) SEM images of the Mn2, Mn4, Mn6, Fe1.98, and Fe1.96 alloys. (f) Elemental mapping of the Mn6 alloy showing uniform distribution of Fe, Mn, Hf, and Ta atoms. 

Fig. 3. Unit-cell volume V for (a) Mn0, Mn2, Mn4, and Mn6 alloys and for (b) Fe1.94, Fe1.96, and Fe1.98 alloys. (c) lattice parameter a and c for the Mn0, Mn2, Mn4 and 

Mn6 alloys as a function Mn content. (d) Tt as a function of lattice parameter c . 
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esults show that the Mn2 alloy still exhibits a sharp FOMT (dis- 

ussed later) with the higher Tt . This behavior is attributed to the 

ombined effect of slight Mn doping and the subtle change in Ta/Hf 

atio, suggesting an intricate interplay between compositional tun- 

ng and magnetic transition characteristics. 

Despite the anomaly in Mn2, a near-linear relationship between 

t and the lattice parameter c is observed in Fig. 3(d) , underscoring 

he sensitivity of the transition temperature to structural changes 

nduced by Mn doping. For the Mn6 alloy, a magnetization bump 

s observed in the M –T curve in a magnetic field of 0.01 T, likely

esulting from an inhomogeneous distribution of Mn atoms, simi- 

ar to the two-step magnetic transition previously reported in the 

f0.80 Nb0.20 Fe1.95 alloy due to Fe vacancies [ 46 ]. In Fig. 4(c) , the M –

 curves at 5 K reveal that Mn-doped alloys generally exhibit com- 

arable saturation magnetization Ms values, approximately 2.4–2.6 

B /f.u., with the Fe1.96 alloy showing a slightly lower magnetiza- 

ion in 1 T, likely due to induced magnetic anisotropy by Fe vacan- 
199
ies [ 46 ]. Thermal hysteresis of 2 K is observed near Tt in the Mn2

lloy, while Mn0 and Mn4 show slightly larger hysteresis values 

f 3–5 K at the onset of the FM-AFM transition. In contrast, the 

e-deficient alloys exhibit near-zero thermal hysteresis as shown 

n Fig. 4(d) , with Tt decreasing from 263 K in Fe1.94 to 253 K in

e1.98. Among these, the Fe1.98 alloy displays the sharpest magne- 

ization curve, consistent with previous reports that a slightly Fe- 

eficient, as-cast alloy tends to exhibit sharper FM-AFM transition 

 32 ]. 

To quantify the magnetic entropy change, a series of M –T 

urves upon heating was collected for Hf0.82 Ta0.18 Fe2−x Mnx and 

f0.82 Ta0.18 Fey at various magnetic fields, as shown in Figs. 5(a–

) and S1 in Supplementary materials. The highest | �SM 

| values 

re observed in the Mn0 and Mn2 alloys, reaching 2.0–2.1 J/(kg 

), which is comparable to other (Hf,Ta)Fe2 alloys with a FOMT, 

uch as 2.4 J/(kg K) in Hf0.86 Ta0.14 Fe2 [ 25 ] and 3.0 J/(kg K) in

a Fe Hf [ 13 ]. The Mn4 and Fe1.96 alloys exhibit | �S | val- 
0.15 2 0.85 M 
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Fig. 4. M –T curves of Mn0, Mn2, Mn4, and Mn6 alloys (a) in a magnetic field of 0.01 T and (b) in a magnetic field of 1 T (c) M –H curves of Mn0, Mn2, Mn4, Mn6, and 

Fe1.96 alloys at 5 K. (d) M –T curves of Fe1.94, Fe1.96, and Fe1.98 alloys in a magnetic field of 1 T. 

u

d  

s

(  

K

f

u

I

o  

s

t

o

a  

M

f

c

s

i

a

e

t

t

t

o  

8

w

[  

f

o

m  

p

s

N

b  

a

d  

T

t

l

a

B  

t  

e  

a

t

t  

T

T

l

f  

s

s

s

c

p

f

t

a

2  

c

s

c

T

a

t

t

es around 1.6–1.7 J/(kg K). The Mn6 alloy, however, shows a re- 

uced | �SM 

| of 0.7 J/ (kg K), likely due to broader M –T curves. A

ignificant feature of these alloys is a “table-like” entropy change 

a plateau in the | �SM 

| curve) [ 47 ] with | �SM 

| exceeding 1.7 J/(kg

) over a wide temperature range of approximately 70 K. Although 

errimagnetic Mn2 Hf crystalizes in the same C 14 structure, the sol- 

bility limit of Mn substitution in (Hf,Ta)Fe2 system is x = 0.06. 

nterestingly, the Hf0.80 Ta0.20 Fe1.97 Co0.03 alloy shows a coexistence 

f FM and AFM phases [ 48 ], indicating that Co has an even lower

olubility limit in the (Hf,Ta)Fe2 system than Mn. For Co substi- 

utions in Hf0.9 Ta0.1 Fe2 , the structure transforms from the hexag- 

nal C 14 structure to the cubic C 15 structure with increasing Co, 

dopting the cubic structure of Co2 Hf [ 49 ]. The Arrott plot for the

n2 alloy in Fig. 5(e) exhibits S -shaped curves, suggesting a FOMT, 

urther supported by the thermal hysteresis observed in the M –T 

urve. Other alloys, such as Mn0, Mn4, Fe1.96, and Fe1.98 alloys, 

how weaker S -shape profiles, as present in supplementary Fig. S2, 

ndicating a less pronounced FOMT compared to Mn2. The minor 

mounts of Mn appear to play an important role in the frustration 

ffect within (Hf,Ta)Fe2 alloys, which is highly sensitive to elec- 

ronic structure modifications by elemental substitutions [ 50 ]. No- 

ably, even a minor amount of Co in Fe1.97 Co0.03 Hf0.80 Ta0.20 causes 

he disappearance of the AFM-FM transition [ 48 ]. The dependence 

f Tt on the applied magnetic field with a slope m ( Tt / μ0 H ) of 8.0,

.1, 9.0 K/T for Mn0, Mn2, and Mn4 alloy, respectively, aligns well 

ith previous reported values, such as 8.6 K/T for Fe2 Hf0.83 Ta0.17 

 14 ] and 7.7 K/T for Hf0.85 Ta0.15 Fe2 [ 51 ]. Interestingly, the slope m

or Mn4 matches that of Fe48 Rh52 , which also exhibits an order- 

rder magnetic transition [ 52 ]. Mn substitution thus provides a 

eans to adjust the slope m , where a large m enables a more com-

lete phase transition in a limited applied magnetic field [ 2 , 53 ]. 

To explore the impact of Mn doping on the magnetoelastic tran- 

ition in Hf0.82 Ta0.18 Fe2−x Mnx alloys, Mössbauer spectroscopy and 

PD were conducted on the Mn0, Mn2, and Mn4 alloys. The Möss- 
200
auer spectra for the Mn0 and Mn2 alloys, shown in Fig. 6 , were

nalyzed based on the crystal structure, where Fe occupies two 

istinct sites: 2 a and 6 h sites, with an atom ratio of 1:3 [ 14 , 54 ].

he spectrum at 400 K confirms the PM state at high tempera- 

ures. At room temperature, spectra for both the Mn0 and Mn2 al- 

oys contain two magnetic sub-spectra, corresponding to the Fe(6 h ) 

nd Fe(2 a ) sites, indicative of the AFM phase. The hyperfine field 

hf of Fe(6 h ) in the AFM phase is about one-third of its value in

he FM phase, while the Bhf of Fe(2 a ) is zero due to the frustration

ffect [ 28 ]. At 4.2 K, the spectra exhibit four sextets with equal

rea contributions, assigned to Fe atoms at the 2 a site and to the 

hree 6 h sites in the FM phase, reflecting different spin reorienta- 

ions relative to the electronic field gradient’s principal axis [ 14 , 55 ].

he hyperfine parameters from Mössbauer analysis, summarized in 

able 2 , show consistent isomer shifts for the Mn0 and Mn2 al- 

oys at the same temperature. However, the quadrupole splitting 

or the 6 h site differs between the Mn0 and Mn2 alloys at 4 K,

uggesting that Mn doping influences the valence and electronic 

tate of the Fe atoms. The stronger magnetoelastic coupling ob- 

erved in the Mn2 alloy can be attributed to the slightly altered 

hemical environment at the 6 h Fe site in Hf0.82 Ta0.18 Fe2 , as sup- 

orted by Mössbauer analysis. The calculated magnetic moments 

or the Mn0 and Mn2 alloys, derived from a proportionality fac- 

or of 14.2 T/ μB proposed by Eriksson and Svane [ 56 ] are 2.42 μB 

nd 2.43 μB , respectively. The lower hyperfine fields for Fe at the 

 a and 6 h sites of the Mn2 alloy compared to the Mn0 alloy are

onsistent with its lower saturation magnetization. 

NPD analysis was conducted to refine the crystal and magnetic 

tructures of Mn0, Mn2, and Mn4 at various temperatures. The 

omparison of NPD and XRD data at 300 K is given in Table S1. 

he unit-cell volumes of the Mn0 and Mn2 alloys are comparable, 

nd both are smaller than that of the Mn4 alloy, which is consis- 

ent with the trend observed in the XRD results. Fig. 7 displays 

he NPD pattern of Mn0 at 400 K, representing the PM phase, and 
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Fig. 5. M –T curves upon heating in different applied magnetic fields for the (a) Mn0 alloy, (b) Mn2 alloy, and (c) Mn4 alloy. (d) | �SM | calculated from the heating curves for 

all alloys. (e) Arrott-plot of the Mn2 alloy. (f) Magnetic field dependence of the transition temperature ( Tt / μ0 H ) for the Mn0, Mn2, and Mn4 alloys. 

Fig. 6. Mössbauer spectra for Mn0 alloy at (a) 4 K, (b) 300 K, and (c) 400 K. Mössbauer spectra for the Mn2 alloy at (d) 4 K, (e) 300 K, and (f) 400 K. 

201
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Table 2 

Experimental uncertainties: isomer shift: I.S. ±0.03 mm s−1 ; quadrupole splitting Q.S.: ±0.03 mm s−1 ; line width �: ±0.05 mm s−1 ; 

hyperfine field: ±0.2 T; spectral contribution: ±3 %. 

Sample Tempera-ture (K) IS (mm s−1 ) QS (mm s−1 ) Hyperfine field (T) � (mm s−1 ) Phase 

Mn0 400 −0.25 0.33 – 0.37 100 % PM 

300 −0.20 0.28 – 0.41 38.64 % 2 a 

−0.19 0.12 6.30 0.43 61.36 % 6 h 

4 −0.08 

−0.07 

−0.06 

−0.07 

−0.06 

0.19 

0.06 

−0.07 

15.24 

18.97 

17.74 

16.87 

0.37 

0.39 

0.39 

0.39 

25.03 % 2 a 

24.99 % 6 h 

24.99 % 6 h 

24.99 % 6 h 

Mn2 400 −0.27 0.31 – 0.36 100 % PM 

300 −0.18 0.27 – 0.30 36.57 % 2 a 

−0.18 0.11 5.27 0.62 64.43 % 6 h 

4 −0.09 

−0.06 

−0.06 

−0.05 

−0.05 

0.30 

−0.11 

−0.07 

15.15 

18.87 

18.38 

16.61 

0.36 

0.39 

0.39 

0.39 

25.16 % 2 a 

24.95 % 6 h 

24.95 % 6 h 

24.95 % 6 h 

Fig. 7. NPD patterns for the Mn4 alloy (a) at 400 K showing nuclear Bragg peaks (PM phase) and (b) at 4 K with magnetic contributions (FM phase). The top row of marked 

Bragg peak positions is from the nuclear contribution. The second row in (b) corresponds to the magnetic contribution. NPD patterns at 4 K for the (c) Mn0 and (d) Mn2 

alloys. (e) Refined magnetic moment configuration of the FM phase. (f) Enlarged range of NPD patterns for the Mn0 alloy at 40 0, 30 0, and 4 K, illustrating the evolution of 

magnetic peak intensity. 
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f Mn0, Mn2, and Mn4 at 4 K, indicating the FM phase. At 400 K,

he diffraction pattern characteristic of nuclear Bragg scattering fits 

ell to the MgZn2 -type phase with P 63 / mmc symmetry, thereby 

onfirming the hexagonal structure of the PM phase. Complement- 

ng XRD, NPD offers enhanced sensitivity to light or neighbor- 

ng elements, and the substantial distance in coherent scattering 

ength between Fe (9.45 fm) and Mn (−3.73 fm) enables precise 

etermination of Mn’s site occupancy. Rietveld refinements on the 

ow-temperature (4 K) NPD data indicate that Mn predominantly 

ccupies the 6 h site, supported by the lowest χ2 value (18.4) ob- 

ained when Mn is modeled at the 6 h position, compared to 19.3 

nd 19.7 for Mn at the 2 a and 4 f sites, respectively [ 57 ]. Analy-

is of the magnetic reflections, especially at the (100), (101), and 

002) peaks, confirms that the magnetic unit cell is equal in size 

o the nuclear unit cell and that the magnetic moments are ori- 

nted within the a –b plane. At 300 K, weak AFM contributions are 
202
etected, with only a slight magnetic intensity at the (100) peak, as 

hown in Fig. 7(f) . The refined parameters listed in Table 3 , confirm

hat the Fe moments at the 2 a site are smaller than those at the

 h site. The total magnetic moments calculated from NPD for the 

n0, Mn2, and Mn4 alloys are 2.88, 2.48, and 2.58 μB /f.u., respec- 

ively, consistent with values obtained from SQUID and Mössbauer 

nalyses. The c/a ratio initially increases with temperatures up to 

00 K, then decreases as the temperature rises further. Addition- 

lly, the NPD patterns for Mn2 (at 170 K) at Mn4 (at 150 K) upon

eating and cooling reveal no thermal historical effects, as shown 

n Fig. S3. 

The temperature dependence of the lattice parameters in Mn- 

oped (Hf, Ta)Fe2 is examined to assess their potential for ther- 

al expansion applications. As shown in Fig. 8 , the lattice pa- 

ameters were derived from NPD patterns at various temperatures. 

he lattice parameter c increases normally with rising tempera- 
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Table 3 

Fitted NPD parameters for the Mn0, Mn2, and Mn4 alloys obtained at different temperatures. The lattice structure corresponds to the 

hexagonal P 63 / mmc symmetry (space group 194) with Fe atoms occupying the 2 a site at position (0,0,0) and the 6 h site at position 

( x , 2 x , 1/4) while Hf/Ta atoms are located at the 4 f site with position (1/3, 2/3, z ). 

sample T (K) x(6 h ) z(4 f ) c / a 

MFe(6 h ) 

(μB /f.u.) 

MFe(2 a ) 

(μB /f.u.) Rwp (%) 

Mn0 400 0.16904(23) 0.56328(15) 1.63418(5) – – 4.43 

300 0.16897(14) 0.56314(29) 1.63546(6) – – 5.05 

4 0.16889(21) 0.56269(15) 1.62987(4) 1.47 1.36 5.33 

Mn2 400 0.16947(26) 0.56326(18) 1.63394(6) – – 4.77 

300 0.16902(27) 0.56326(18) 1.63544(6) – – 5.01 

170 0.16890(25) 0.56255(18) 1.63116(6) 1.01 0.84 5.76 

4 0.16925(24) 0.56256(16) 1.62993(5) 1.25 1.2 5.71 

Mn4 400 0.16951(28) 0.56322(20) 1.63403(7) – – 4.91 

300 0.16935(16) 0.56308(33) 1.63514(7) – – 5.18 

150 0.16917(29) 0.56311(11) 1.63084(7) 1.06 0.84 6.29 

4 0.16903(29) 0.56216(19) 1.62996(6) 1.4 0.96 6.41 

Fig. 8. Temperature dependence of (a, b) lattice parameter a, c and (c) unit-cell volume V derived from NPD patterns. (d, e) Interatomic distances as a function of temperature, 

illustrating changes in the Fe-Fe and Fe-Hf/Ta distances across different temperature ranges. 

t

m

t

s

V

t

V

s

t

w  

(

p  

d

t

l

i

i

m

v

M

d

c

p

v

s

f

H

M

(

t

e

t

i  

t

(

n

i

ure, while the unit-cell volume V shows a typical positive ther- 

al expansion from 4 K up to 150–170 K, above which a contrac- 

ion begins, indicating negative thermal expansion behavior, as- 

ociated with the FM-AFM transition. At room temperature, the 

 of the Mn4 alloy is larger than that of the Mn2 alloy, consis- 

ent with the XRD result. However, at 4 K, the unit-cell volume 

 of the Mn4 alloy is smaller than that of the Mn2 alloy. The 

mall variation in volume or lattice parameter a prior to AFM-FM 

ransition responds to the collapse of magnetic moment oriented 

ithin the a –b plane [ 33 ]. These results indicate that Mn doping in

Hf,Ta)Fe2 alloys could be a potential strategy to tune thermal ex- 

ansion in Fe-based Laves phase. Fig. 8 ( d , e ) shows the interatomic

istance of Fe atoms derived from NPD patterns. The interlayer dis- 

ances, including Fe6 h -Fe6 h , Fe6 h -Fe2 a , and Fe6 h -Hf/Ta4 f , increases 

inearly with temperature. In contrast, a decrease in the Fe6 h -Fe6 h 

ntralayer spacing is observed between 150/170 K and 300 K. Sim- 

lar trends have been reported for the temperature-dependence of 

agnetism in Fe2 Sc0.4 Ti0.6 [ 58 ] and Fe2 Hf0.85 Ti0.15 [ 59 ]. The small 

ariation of lattice parameters prior to AFM-FM transition in the 
203
n4 alloy may be linked to the reduction in the shortest Fe6h -Fe6h 

istance between 4 and 150 K. This shortest Fe6h -Fe6h distance is 

ritical in controlling the magnetic interactions in Fe-based Laves 

hases [ 59 ]. 

To further understand the influence of Mn substitution and Fe 

acancies on the magnetic and structural stability of the (Hf,Ta)Fe2 

ystem, we employed spin-polarized DFT calculations to examine 

ormation energy, lattice parameters, and magnetic moment in the 

f0.80 Ta0.20 Fe2−x system. The calculated unit-cell volume for the 

n-doped alloy (159.58 Å) is larger than that of Hf0.80 Ta0.20 Fe2 

159.42 Å) and the Fe-deficient alloy (158.52 Å), consistent with 

rends observed in XRD results. Comparison of the formation en- 

rgies indicates that both Fe vacancies and Mn atoms preferen- 

ially occupy the 6 h site, as shown in Fig. 9(a) . As illustrated 

n Fig. 9 ( b , c ), the materials exhibit metallic characteristics in

he FM state, with electronic states present at the Fermi level 

 EFermi ). Spin splitting is evident between the majority and mi- 

ority spin channels in the total density of states (TDOS), result- 

ng from exchange splitting. The TDOS yields net saturation mag- 
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Fig. 9. (a) Formation energy EF for different site occupations of Fe vacancies (Vac) and Mn substitutions; A low EF indicates the preferred site. (b, c) Total density of 

state (TDOS) for the parent alloy, Fe-deficient system, and Mn-doped system in the FM state. (d–f) Orbital projected density of states (PDOS) for the three alloys, showing 

contributions from individual atomic orbitals. 
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etization values of 3.17 μB /f.u. for Hf0.80 Ta0.20 Fe2 , 3.06 μB /f.u. for 

f0.80 Ta0.20 Fe1.95 (Hf0.80 Ta0.20 Fe1.75 , 2.77 μB /f.u.), and 3.12 μB /f.u. 

or Hf0.80 Ta0.20 Fe1.95 Mn0.05 (Hf0.80 Ta0.20 Fe1.75 Mn0.25 , 2.95 μB /f.u.), 

ndicating lower magnetization in the Fe-deficient alloy, which 

ligns with M-H curves observations. The PDOS shape of Fe6h - 

 d and Hf-5 d for Hf0.80 Ta0.20 Fe1.75 shows obvious differences com- 

ared to Hf0.80 Ta0.20 Fe2 and Hf0.80 Ta0.20 Fe1.75 Mn0.25 as shown in 

ig. 9(e) , which accounts for the smallest calculated magnetiza- 

ion in Hf0.80 Ta0.20 Fe1.75 . Below EFermi , the overlap of Fe-3 d and 

f/Ta-5 d peaks around −1.6 eV indicates typical d –d hybridiza- 

ion, with d electrons to Hf/Ta atoms [ 57 , 60 , 61 ]. The magnetic

oment of the Mn atom (1.26 μB ) in Hf0.80 Ta0.20 Fe1.95 Mn0.05 and 

f0.80 Ta0.20 Fe1.75 Mn0.25 is lower than that of the Fe atoms (1.47 

B at 2 a and 1.61 μB at 6 h for the former and 1.33 μB at 2 a and

.53 μB at 6 h for the latter). The magnetic moments derived from 

eutron diffraction, Mössbauer spectroscopy, and DFT calculations, 

s shown in Table S2, exhibit good consistency. The limited hy- 

ridization between Mn(3 d ) and Fe(3 d ), along with the low Mn 

ontent, leads to the minimal difference in magnetization between 

he minor Mn-doped and parent alloys, ascribing to the tunable 

agnetoelastic transition [ 57 , 58 , 62 ]. The magnetic moments of Fe

t the 2 a site are frustrated in the AFM state, positioned between 

wo antiferromagnetic coupled planes as identified by NPD analy- 

is [ 29 ]. The sharp FM-AFM transition is attributed to the synchro- 

ized evolution of Fe at the 6 h and 2 a sites, as shown through

lectron spin resonance studies [ 16 ]. When the electronic state 

t the 6 h site undergoes slight changes due to Mn substitution 

r Fe vacancies, the moment at the 2 a site becomes unsynchro- 

ized, causing a shift in the magnetoelastic transition tempera- 

ure. Consequently, Mn substitution and Fe off-stoichiometry re- 

ult in a broadened magnetoelastic transition temperature win- 

ow in Hf Ta Fe -based alloys. Although further broadening of 
0.82 0.18 2 

204
he transition temperature is somewhat suppressed by the inho- 

ogeneous distribution of Mn atoms in high-Mn alloy, the abili- 

ies to specifically control the specific Fe sites offers a pathway to 

urther optimize the magnetocaloric response in (Hf,Ta) Fe2 Laves 

hase alloys. 

. Conclusions 

This study investigated the impacts of Fe off-stoichiometry and 

n substitution on the structural, magnetic, and thermal proper- 

ies of Hf0.82 Ta0.18 Fe2 -based Laves phase. All samples crystallize in 

 single-phase hexagonal C 14-type structure, with Mn atoms and 

e vacancies preferentially occupying the 6 h site, confirmed by DFT 

alculations and NPD analysis. Mn substitution led to an increase 

n unit-cell volume due to Mn’s larger atomic radius, while Fe va- 

ancies induced lattice contraction, creating a tunable structure 

hat influences magnetic and thermal behaviors. The small varia- 

ion in volume or lattice parameter a prior to AFM-FM transition 

esponds to the collapse of the magnetic moment oriented within 

he a –b plane. Notably, a table-like entropy change of 1.7–2.2 J/(kg 

) for a magnetic field change of 2 T was achieved over a wide 

emperature range of 190–260 K by adjusting the Mn and Fe con- 

ents. Mössbauer spectroscopy and DFT calculations revealed that 

n substitution slightly affects the magnetic interactions and al- 

ers the electronic state of Fe at the 6 h site, contributing to the 

odification of the frustration effect of (Hf,Ta)Fe2 alloys. These 

ndings provide valuable insights into the role of magnetic atoms 

n the magnetoelastic transition in Fe-based Laves phase alloys, 

nd the site-specific control offers a pathway for optimizing the 

agnetocaloric properties of Fe-based Laves phase alloys and in- 

pires the design of other promising MCE materials with magne- 

oelastic transitions. 
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