<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
Dutch Copyright Act (Article 25fa)

Citation (APA)

Shen, Q., van Rooij, F., Zhang, Z., Hao, W., Dugulan, A. I, van Dijk, N., Brlck, E., & Li, L. (2026). Tunable
magnetoelastic transition and enhanced magnetocaloric response in Hf . __Ta Fe,, Laves phase alloys by Fe(6h)-
site manipulation. Journal of Materials Science and Technology, 254, 18632050-18 2
https://doi.org/10.1016/j.jmst.2025.08.015

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.jmst.2025.08.015

Journal of Materials Science & Technology 254 (2026) 196-205

Journal of Materials Science & Technology

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jmst

Research Article

Tunable magnetoelastic transition and enhanced magnetocaloric N
response in Hfyg,TaggFe; Laves phase alloys by Fe(6h)-site
manipulation

Qi Shen®P, Floris van Rooij® Zeyu Zhang? Weixiang Hao? Achim Iulian Dugulan®,
Niels van DijkP®, Ekkes Briick®, Lingwei Li**

2Key Laboratory of Novel Materials for Sensor of Zhejiang Province, Hangzhou Dianzi University, Hangzhou 310012, China
b Fundamental Aspects of Materials and Energy, Faculty of Applied Sciences, Delft University of Technology, Mekelweg 15, 2629 JB Delft, The Netherlands

ARTICLE INFO

Article history:

Received 16 April 2025

Revised 24 June 2025

Accepted 7 August 2025
Available online 28 August 2025

Keywords:

Magnetoelastic transition
Magnetocaloric effect
Neutron powder diffraction
Maéssbauer spectroscopy

ABSTRACT

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 Hfyg,TaggFe, 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. Mdssbauer spectroscopy, neutron powder diffrac-
tion and density functional theory calculations all reveal that both Mn atoms and Fe vacancies preferen-
tially occupy the 6h crystallographic site of the lattice structure with space group P6s/mmc, and that the
shortest intralayer Fe-6h interatomic distance governs the magnetoelastic transition in (Hf, Ta)Fe, Laves
phases. The tunable magnetic transition is ascribed to the slight change of the electronic state of the
Fe-6h 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.

1. Introduction

Magnetic refrigeration based on the magnetocaloric effect
(MCE) is emerging as a sustainable alternative to conventional
cooling technologies. Magnetocaloric materials are characterized by
either an isothermal magnetic entropy change (ASy) or an adia-
batic temperature change (AT,q) when subjected to a change in
external magnetic field [1-6]. Over the past three decades, re-
search interest in MCE has surged, particularly after the discovery
of a giant MCE (13 J/(kg K) in a magnetic field change of 2 T) in
GdsSi;Ge,, which has a Curie temperature (T¢) of 270 K [7]. Unlike
materials with a second-order magnetic transition (SOMT), such
as Gd, which shows a moderate entropy change, materials with a
first-order magnetic transition (FOMT), such as FeRh [8], La(Fe,Si){3
[9,10], (Mn,Fe),(P,Si) [1,11], (Mn,Cr),Sb [12], and (Hf,Ta)Fe, [13]
display larger (absolute) values of ASy or AT,; due to their
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strong coupling of magnetic and lattice degrees of freedom. Among
the FOMT materials, those exhibiting “order-order” magnetic tran-
sitions, which involve magnetic transitions without altering the
crystal symmetry, such as the antiferromagnetic-to-ferromagnetic
transition in FeRh, the antiferromagnetic-to-ferrimagnetic transi-
tion in (Mn,Cr),Sb, or the ferromagnetic-to-antiferromagnetic (FM-
AFM) transition in (HfTa)Fe, upon heating, have unique charac-
teristics. These transitions, which couple spin and lattice degrees
of freedom, offer advantages such as a low thermal hysteresis
[12,14], a high field sensitivity [8,14], and a good reversibility in
moderate magnetic fields [13,15], making them suitable for high-
performance magnetocaloric applications.

The (Hf,Ta)Fe, Laves phase alloys have attracted attention as
promising magnetocaloric material due to their pronounced FM-
AFM transition, low hysteresis, tunable transition temperature (Tt),
and large adiabatic temperature [6,13,16-18]. Laves phase, a topo-
logical stacked intermetallic compound, has wide applications in
areas such as hydrogen storage [19,20], superconductivity [21,22],
and magnetostriction [23,24]. Besides, a large MCE near room tem-
perature has been reported in (Hf,Ta)Fe, alloys, which crystallize in

1005-0302/© 2026 Published by Elsevier Ltd on behalf of The editorial office of Journal of 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
MnO 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)
Fe1l94  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)

the hexagonal MgZn, crystal structure with space group P63/mmc
[13,25,26]. For example, HfygsTagigFe, exhibits a AT,y value up
to 3.4 K obtained at 253 K under a magnetic field change of 1.5
T [13]. The magnetocaloric properties of (Hf,Ta)Fe, arise from its
unique AFM configuration, where Fe atoms occupy two crystallo-
graphic sites, 2a and 6h , within the hexagonal Cl14-type struc-
ture [27]. The magnetic moment of Fe atoms at the 6h site align
ferromagnetically within the a-b plane, while those of the 2a
site are magnetically frustrated (the time-average magnetic mo-
ment disappears) below T, leading to a lattice contraction of about
1 % [16,28,29]. Element doping and off-stoichiometry are common
strategies to modify the thermal and magnetic properties in mag-
netocaloric materials. HfpgsTag3Fe; x alloys form a single C14-
symmetry Laves phase with a modified negative thermal effect
for < 0.43 [30,31], while the magnetic transitions change from a
FOMT into a SOMT for > 0.1. Conversely, a sub-stoichiometric Fe
content sharpens the AFM-FM transition [32]. Doping with ele-
ments such as C and Co also affects the magnetocaloric proper-
ties: carbon doping enhances the magnetoelastic coupling and in-
creases |ASy| from 1.8 J/(kg K) for HfygsTag5Fe, to 4.0 J/(kg K)
for HfygsTagisFe;Coop in @ magnetic field change of 2 T with a
low thermal expansion coefficient of 2.4 ppm/K [33]; Co doping re-
duces T, while maintaining a significant magnetic entropy change
[34]. Even though the potential of MCE systems with an order-
order transition to broaden magnetocaloric applications, systematic
studies of such materials remain limited compared to MCE sys-
tems with an order-disorder transition. Moreover, the role of off-
stoichiometric Fe atoms and doping elements in the magnetoelas-
tic transition remains unclear.

In this paper, we explore the effects of Mn doping and Fe
off-stoichiometry on the magnetic properties of (Hf,Ta)Fe, alloys.
We achieve a table-like magnetic entropy change between 1.7 and
2.2 J/(kg K) at 2 T across a broad temperature range (190-260 K)
by tuning Mn and Fe concentrations. Using density functional the-
ory (DFT) calculations, Mdssbauer spectroscopy, and neutron pow-
der diffraction (NPD) techniques, we investigate the occupancy of
Mn atoms and Fe vacancies and their influence on crystal struc-
ture, magnetoelastic transition, and the magnetocaloric response.

2. Experimental methods

Polycrystalline Fe,_xMnyHfpg,Tag1g (¥ = 0, 0.02, 0.04, 0.06) and
FeyHfyg2Tag1g (v = 1.94, 1.96, and 1.98) alloys were prepared from
high-purity elements (Fe 99.98 %, Mn 99.9 %, Hf 99.7 %, Ta 99.7 %)
by arc melting. The alloys were prepared by arc-melting approx-
imately 5 g of material under an argon atmosphere. To ensure
homogeneity, each button-shaped sample was melted four to five
times. The samples were flipped after each melt. For ease of refer-
ence, the x = 0, 0.02, 0.04, and 0.06 samples are denoted as MnO,
Mn2, Mn4, and Mn6 alloys, and the y = 1.94, 1.96, and 1.98 sam-
ples as Fel.94, Fe1.96, and Fe1.98 alloys, respectively. The compo-
sitions of the resulting alloys given in Table 1 were determined by
Energy Dispersive X-ray Spectroscopy (EDS). Since previous studies
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on Fe,Hfg3Tag 7 [14] showed that the heat treatment had min-
imal effect on magnetic properties, no additional annealing was
performed on these samples.

Phase identification and crystal structure analysis were con-
ducted using X-ray diffraction (XRD) on a Panalytical X-Pert PRO
diffractometer with Cu-Ko radiation. Rietveld refinement was per-
formed using the FullProf software suite [35]. The magnetic prop-
erties of the samples were measured over a temperature range
of 4-370 K using a superconducting quantum interference de-
vice (SQUID) magnetometer (MPMS-XL) equipped with a recip-
rocating sample option. The ferromagnetic transition tempera-
ture Ty was determined from the minimum in the derivative
of the magnetization-temperature (M-T) curves upon cooling at
an applied magnetic field of 1 T Magnetic entropy changes
were calculated from M-T curves measured at various magnetic
field strengths, using the Maxwell relation. Scanning electron mi-
croscopy (SEM) was used to analyze the sample microstructure and
confirm elemental distribution within each alloy. The SEM analysis
was performed on an FEI Quanta FEG 450 microscope equipped
with an energy-dispersive X-ray spectroscopy (EDS) detector. The
chemical compositions obtained from EDS analysis are presented
in Table 1 for reference. Transmission °’Fe Méssbauer spectra were
collected across various temperatures using a constant-acceleration
or sinusoidal velocity spectrometer with a °?Co(Rh) source. Veloc-
ity calibration was performed at room temperature using an o-
Fe foil, and the source and samples were maintained at the same
temperature during cryogenic measurements. Mossbauer spectra
were analyzed using the MossWinn 4.0 program [36], with a par-
ticular focus on the identification of hyperfine interactions related
to the 2a and 6h sites. NPD data at different temperatures were
collected at a wavelength of 1.6672 A using the NPD apparatus
PEARL [37] at the research reactor of Delft University of Technol-
ogy. The crystal structures and the atomic occupancies were re-
fined using the Rietveld refinement method implemented in the
Fullprof software package [38,39].

3. DFT calculations

First-principles calculations based on DFT calculations were
conducted to investigate the electronic and magnetic struc-
tures of Fe-Mn-Hf-Ta alloys. To enable a comparison be-
tween experimental and simulation results, we utilized chem-
ical compositions closely resembling the nominal composi-
tions Hfyg,Tag gFe;, including HfpggTagyoFe, as the parent al-
loy, HfggoTag20Feq9sMng s and HfpgoTagz0Fer75Mng 25 as the Mn-
doped alloy, and Hfo_goTao_zoFel_gs and Hf0.80T30.20F61_75 as the Fe-
deficient alloy. DFT calculations were performed using the Vienna
Ab Initio Simulation Package (VASP) [40,41] with plane-wave ba-
sis sets. An energy cutoff of 520 eV was applied, and pseudopo-
tentials were defined using the projected augmented wave (PAW)
method with valence configurations 3d® 4s? for Fe, 5d2 6s2 for Hf,
5d3 6s2 for Ta, and 3d> 4s2 for Mn [42,43]. Exchange-correlation in-
teractions were modeled using the Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation (GGA),
and a Monkhorst-Pack k-point grid of 2 x 2 x 4 based on a
120-atoms supercell was employed for both structural optimiza-
tion and electronic properties calculations [44]. Convergence cri-
teria for the Hellmann-Feynman forces were set at <0.01 eV/A,
with an electronic loop convergence threshold of 10~> eV. The
formation energy E; was calculated as follows: Ef = Ecompound —
> iXiE;, where Ecompound Tepresents the optimized total energy of
the compound, and x; and E; are the stoichiometric coefficients
and ground-state energies of Fe, Hf, Ta, and Mn atoms in their
reference states, respectively. A lower E; indicates higher stabil-
ity of the alloy, which can be used to obtain the preferred atomic
site occupations.
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Fig. 1. XRD patterns for (a) Mn0O, Mn2, Mn4, and Mn6 and for (b) Fe1.94, Fe1.96, and Fe1.98 alloys. (c) Rietveld-refined XRD pattern of MnO. (d) Crystal structure of MgZn,-

type (Hf,Ta)Fe, alloys.

4. Results and discussion

The crystal structure of Hfyg,TagigFe,_xMny (x = 0, 0.02, 0.04,
and 0.06) and Hfpg,TagigFey (y = 1.94, 1.96, and 1.98) alloys were
analyzed by XRD patterns as shown in Fig. 1. All alloys crystallize
in a single-phase hexagonal structure with the MgZn,-type C14
symmetry. The refined XRD patterns, with an example of MnO in
Fig. 1(b), confirm phase purity across the alloy series. Fig. 1(c) de-
picts the hexagonal structure of (Hf,Ta)Fe,-based alloys, where Fe
occupies two sites, 2a and 6h sites, and Ta/Hf occupies the 4f site.
The SEM images, as shown in Fig. 2, further prove the homogene-
ity of Fez,anfog.ngEIOJg and Fez,nyo_goTao_zo alloys. Mn sub-
stitution generally expands the unit-cell volume V, as shown in
Fig. 3(a), due to Mn’s larger atomic radius (1.27 A) compared to
Fe (1.26 A) [45]. Both the lattice parameters a and the V increase
continuously for increasing Mn content. For the Mn2 alloy, a mi-
nor drop in the c-axis is observed. For the Fe-deficient alloys, as
shown in Fig. 3(b), a clear contraction in the unit-cell volume is
observed for increasing Fe content, reflecting a lattice response to
vacancies. The decrease in unit-cell volume with increasing Fe con-
tent aligns with previous studies of Fe-based Laves phases such as
HfO.goNbo_zoFez,x [46] and Hf0_83T30_17F62+X [32], where Fe atoms

partially substitute into Hf/Ta 4f sites, promoting volume adjust-
ments [30]. The chemical compositions obtained from EDS and
listed in Table 1 align closely with the nominal compositions, ex-
cept for minor deviations in the Ta content for the Mn2 alloy. The
measured Ta/Hf ratios for the samples (MnO: 0.219, Mn2: 0.180,
Mn4: 0.213, Mn6: 0.247) show an initial decrease followed by an
increase with increasing Mn content. Although Mn loss can oc-
cur during arc melting, these measurements confirmed the propor-
tional increase in Mn content with nominal doping.

Fig. 4 displays the M-T and M-H curves of Hfjg;Tag gFe;_xMny
and Hfyg,Tag gFey alloys. The M-T curves in Fig. 4(a, b), measured
under an applied field of 0.01 T and 1 T, respectively, exhibit a pro-
nounced decrease in magnetization with increasing temperature,
indicative of the FM-AFM transition. The FM-AFM transition tem-
perature T; decreases with increasing Mn content, except for the
Mn2 alloy, which shows an anomalously high T; of 245 K under a
magnetic field of 1 T, potentially due to a minor deviation in the
Ta/Hf ratio, as observed in the EDS analysis. The T; values for MnO,
Mn4, and Mn6 are 215, 183, and 154 K, respectively. A reduced Ta
concentration is known to shift the transition to higher tempera-
ture and promote a tendency toward a second-order magnetoelas-
tic 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.
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Mn6 alloys as a function Mn content. (d) T; as a function of lattice parameter c.

results show that the Mn2 alloy still exhibits a sharp FOMT (dis-
cussed later) with the higher T;. This behavior is attributed to the
combined effect of slight Mn doping and the subtle change in Ta/Hf
ratio, suggesting an intricate interplay between compositional tun-
ing 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
the sensitivity of the transition temperature to structural changes
induced by Mn doping. For the Mn6 alloy, a magnetization bump
is observed in the M-T curve in a magnetic field of 0.01 T, likely
resulting from an inhomogeneous distribution of Mn atoms, simi-
lar to the two-step magnetic transition previously reported in the
Hfp goNbg 20Fe1 g5 alloy due to Fe vacancies [46]. In Fig. 4(c), the M-
H curves at 5 K reveal that Mn-doped alloys generally exhibit com-
parable saturation magnetization M; values, approximately 2.4-2.6
ug/fu., with the Fe1.96 alloy showing a slightly lower magnetiza-
tion in 1 T, likely due to induced magnetic anisotropy by Fe vacan-

199

cies [46]. Thermal hysteresis of 2 K is observed near T; in the Mn2
alloy, while MnO and Mn4 show slightly larger hysteresis values
of 3-5 K at the onset of the FM-AFM transition. In contrast, the
Fe-deficient alloys exhibit near-zero thermal hysteresis as shown
in Fig. 4(d), with T; decreasing from 263 K in Fe1.94 to 253 K in
Fe1.98. Among these, the Fe1.98 alloy displays the sharpest magne-
tization curve, consistent with previous reports that a slightly Fe-
deficient, as-cast alloy tends to exhibit sharper FM-AFM transition
[32].

To quantify the magnetic entropy change, a series of M-T
curves upon heating was collected for Hfjg,TaggFe;_xMny and
Hfy g, Tag gFey at various magnetic fields, as shown in Figs. 5(a-
c) and S1 in Supplementary materials. The highest |ASy| values
are observed in the MnO and Mn2 alloys, reaching 2.0-2.1 J/(kg
K), which is comparable to other (Hf,Ta)Fe, alloys with a FOMT,
such as 2.4 J/(kg K) in HfpggTagi4Fe; [25] and 3.0 J/(kg K) in
TagisFe;Hfgs [13]. The Mn4 and Fel.96 alloys exhibit |ASy| val-
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ues around 1.6-1.7 J/(kg K). The Mn6 alloy, however, shows a re-
duced |ASy| of 0.7 J/ (kg K), likely due to broader M-T curves. A
significant feature of these alloys is a “table-like” entropy change
(a plateau in the |ASy| curve) [47] with |ASy| exceeding 1.7 J/(kg
K) over a wide temperature range of approximately 70 K. Although
ferrimagnetic Mn,Hf crystalizes in the same C14 structure, the sol-
ubility limit of Mn substitution in (Hf,Ta)Fe, system is x = 0.06.
Interestingly, the HfyggTagoFe197C0003 alloy shows a coexistence
of FM and AFM phases [48], indicating that Co has an even lower
solubility limit in the (HfTa)Fe, system than Mn. For Co substi-
tutions in HfygTag;Fe,, the structure transforms from the hexag-
onal C14 structure to the cubic C15 structure with increasing Co,
adopting the cubic structure of Co,Hf [49]. The Arrott plot for the
Mnz2 alloy in Fig. 5(e) exhibits S-shaped curves, suggesting a FOMT,
further supported by the thermal hysteresis observed in the M-T
curve. Other alloys, such as Mn0O, Mn4, Fe1.96, and Fe1.98 alloys,
show weaker S-shape profiles, as present in supplementary Fig. S2,
indicating a less pronounced FOMT compared to Mn2. The minor
amounts of Mn appear to play an important role in the frustration
effect within (Hf,Ta)Fe, alloys, which is highly sensitive to elec-
tronic structure modifications by elemental substitutions [50]. No-
tably, even a minor amount of Co in Feqg7Coqg3HfyggTag2o causes
the disappearance of the AFM-FM transition [48]. The dependence
of T; on the applied magnetic field with a slope m (Ti/uoH) of 8.0,
8.1, 9.0 K/T for MnO, Mn2, and Mn4 alloy, respectively, aligns well
with previous reported values, such as 8.6 K/T for Fe,Hfyg3Tag17
[14] and 7.7 K|T for HfygsTag 5Fey [51]. Interestingly, the slope m
for Mn4 matches that of FesgRhs,, which also exhibits an order-
order magnetic transition [52]. Mn substitution thus provides a
means to adjust the slope m, where a large m enables a more com-
plete phase transition in a limited applied magnetic field [2,53].
To explore the impact of Mn doping on the magnetoelastic tran-
sition in Hfjg,Tag gFe;_xMny alloys, Mdssbauer spectroscopy and
NPD were conducted on the Mn0O, Mn2, and Mn4 alloys. The Mdss-
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bauer spectra for the MnO and Mn2 alloys, shown in Fig. 6, were
analyzed based on the crystal structure, where Fe occupies two
distinct sites: 2a and 6h sites, with an atom ratio of 1:3 [14,54].
The spectrum at 400 K confirms the PM state at high tempera-
tures. At room temperature, spectra for both the Mn0O and Mn2 al-
loys contain two magnetic sub-spectra, corresponding to the Fe(6h)
and Fe(2a) sites, indicative of the AFM phase. The hyperfine field
Bys of Fe(6h) in the AFM phase is about one-third of its value in
the FM phase, while the By of Fe(2a) is zero due to the frustration
effect [28]. At 4.2 K, the spectra exhibit four sextets with equal
area contributions, assigned to Fe atoms at the 2a site and to the
three 6h sites in the FM phase, reflecting different spin reorienta-
tions relative to the electronic field gradient’s principal axis [14,55].
The hyperfine parameters from Md&ssbauer analysis, summarized in
Table 2, show consistent isomer shifts for the MnO and Mn2 al-
loys at the same temperature. However, the quadrupole splitting
for the 6h site differs between the Mn0O and Mn2 alloys at 4 K,
suggesting that Mn doping influences the valence and electronic
state of the Fe atoms. The stronger magnetoelastic coupling ob-
served in the Mn2 alloy can be attributed to the slightly altered
chemical environment at the 6h Fe site in Hfjg,Tag gFe,, as sup-
ported by Mdssbauer analysis. The calculated magnetic moments
for the MnO and Mn2 alloys, derived from a proportionality fac-
tor of 14.2 T/up proposed by Eriksson and Svane [56] are 2.42 ug
and 2.43 ug, respectively. The lower hyperfine fields for Fe at the
2a and 6h sites of the Mn2 alloy compared to the MnO alloy are
consistent with its lower saturation magnetization.

NPD analysis was conducted to refine the crystal and magnetic
structures of Mn0O, Mn2, and Mn4 at various temperatures. The
comparison of NPD and XRD data at 300 K is given in Table S1.
The unit-cell volumes of the MnO and Mn2 alloys are comparable,
and both are smaller than that of the Mn4 alloy, which is consis-
tent with the trend observed in the XRD results. Fig. 7 displays
the NPD pattern of MnO at 400 K, representing the PM phase, and
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Experimental uncertainties: isomer shift: 1.S. £0.03 mm s~!; quadrupole splitting Q.S.: £0.03 mm s~'; line width I': £0.05 mm s~';

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

Sample Tempera-ture (K) IS (mm s~ 1) QS (mm s~1) Hyperfine field (T) I (mms1) Phase
MnO 400 -0.25 0.33 - 0.37 100 % PM
300 -0.20 0.28 - 0.41 38.64 % 2a
-0.19 0.12 6.30 0.43 61.36 % 6h
4 —0.08 —0.06 15.24 0.37 25.03 % 2a
-0.07 0.19 18.97 0.39 24.99 % 6h
—0.06 0.06 17.74 0.39 24.99 % 6h
-0.07 -0.07 16.87 0.39 24.99 % 6h
Mn2 400 -0.27 0.31 - 0.36 100 % PM
300 -0.18 0.27 - 0.30 36.57 % 2a
-0.18 0.11 5.27 0.62 64.43 % 6h
4 -0.09 -0.05 15.15 0.36 25.16 % 2a
—-0.06 0.30 18.87 0.39 24.95 % 6h
—0.06 -0.11 18.38 0.39 24.95 % 6h
—-0.05 -0.07 16.61 0.39 24.95 % 6h
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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) MnO and (d) Mn2
alloys. (e) Refined magnetic moment configuration of the FM phase. (f) Enlarged range of NPD patterns for the MnO alloy at 400, 300, and 4 K, illustrating the evolution of

magnetic peak intensity.

of Mn0, Mn2, and Mn4 at 4 K, indicating the FM phase. At 400 K,
the diffraction pattern characteristic of nuclear Bragg scattering fits
well to the MgZn,-type phase with P63/mmc symmetry, thereby
confirming the hexagonal structure of the PM phase. Complement-
ing XRD, NPD offers enhanced sensitivity to light or neighbor-
ing elements, and the substantial distance in coherent scattering
length between Fe (9.45 fm) and Mn (—3.73 fm) enables precise
determination of Mn’s site occupancy. Rietveld refinements on the
low-temperature (4 K) NPD data indicate that Mn predominantly
occupies the 6h site, supported by the lowest x?2 value (18.4) ob-
tained when Mn is modeled at the 6h position, compared to 19.3
and 19.7 for Mn at the 2a and 4f sites, respectively [57]. Analy-
sis of the magnetic reflections, especially at the (100), (101), and
(002) peaks, confirms that the magnetic unit cell is equal in size
to the nuclear unit cell and that the magnetic moments are ori-
ented within the a-b plane. At 300 K, weak AFM contributions are
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detected, with only a slight magnetic intensity at the (100) peak, as
shown in Fig. 7(f). The refined parameters listed in Table 3, confirm
that the Fe moments at the 2a site are smaller than those at the
6h site. The total magnetic moments calculated from NPD for the
MnO, Mn2, and Mn4 alloys are 2.88, 2.48, and 2.58 pg/f.u., respec-
tively, consistent with values obtained from SQUID and Md&ssbauer
analyses. The c¢/a ratio initially increases with temperatures up to
300 K, then decreases as the temperature rises further. Addition-
ally, the NPD patterns for Mn2 (at 170 K) at Mn4 (at 150 K) upon
heating and cooling reveal no thermal historical effects, as shown
in Fig. S3.

The temperature dependence of the lattice parameters in Mn-
doped (Hf, Ta)Fe, is examined to assess their potential for ther-
mal expansion applications. As shown in Fig. 8, the lattice pa-
rameters were derived from NPD patterns at various temperatures.
The lattice parameter c¢ increases normally with rising tempera-
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Fitted NPD parameters for the Mn0O, Mn2, and Mn4 alloys obtained at different temperatures. The lattice structure corresponds to the
hexagonal P6;/mmc symmetry (space group 194) with Fe atoms occupying the 2a site at position (0,0,0) and the 6h site at position
(x, 2x, 1/4) while Hf|/Ta atoms are located at the 4f site with position (1/3, 2/3, z).

Meesn) Mere(2a)
sample T (K) X6h) Z(4f) cla (pp/fou.) (pp/fou.) Ruwp (%)
MnO 400 0.16904(23) 0.56328(15) 1.63418(5) - - 443
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) - - 477
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 12 5.71
Mn4 400 0.16951(28) 0.56322(20) 1.63403(7) - - 491
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) 14 0.96 6.41
4948
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Fig. 8. Temperature dependence of (a, b) lattice parameter a, ¢ 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.

ture, while the unit-cell volume V shows a typical positive ther-
mal expansion from 4 K up to 150-170 K, above which a contrac-
tion begins, indicating negative thermal expansion behavior, as-
sociated with the FM-AFM transition. At room temperature, the
V of the Mn4 alloy is larger than that of the Mn2 alloy, consis-
tent with the XRD result. However, at 4 K, the unit-cell volume
V of the Mn4 alloy is smaller than that of the Mn2 alloy. The
small variation in volume or lattice parameter a prior to AFM-FM
transition responds to the collapse of magnetic moment oriented
within the a-b plane [33]. These results indicate that Mn doping in
(Hf,Ta)Fe, alloys could be a potential strategy to tune thermal ex-
pansion in Fe-based Laves phase. Fig. 8(d, e) shows the interatomic
distance of Fe atoms derived from NPD patterns. The interlayer dis-
tances, including Fegj,-Fegy, Fegy-Feaq, and Fegy-Hf[Tayy, increases
linearly with temperature. In contrast, a decrease in the Fegp-Feg
intralayer spacing is observed between 150/170 K and 300 K. Sim-
ilar trends have been reported for the temperature-dependence of
magnetism in Fe,;Scg4Tigg [58] and Fe,Hfyg5Tig15 [59]. The small
variation of lattice parameters prior to AFM-FM transition in the

Mn4 alloy may be linked to the reduction in the shortest Fegy,-Fegy
distance between 4 and 150 K. This shortest Feg-Feg, distance is
critical in controlling the magnetic interactions in Fe-based Laves
phases [59].

To further understand the influence of Mn substitution and Fe
vacancies on the magnetic and structural stability of the (Hf,Ta)Fe,
system, we employed spin-polarized DFT calculations to examine
formation energy, lattice parameters, and magnetic moment in the
HfggoTagoFe,_x system. The calculated unit-cell volume for the
Mn-doped alloy (159.58 A) is larger than that of HfyggTag0Fes
(159.42 A) and the Fe-deficient alloy (158.52 A), consistent with
trends observed in XRD results. Comparison of the formation en-
ergies indicates that both Fe vacancies and Mn atoms preferen-
tially occupy the 6h site, as shown in Fig. 9(a). As illustrated
in Fig. 9(b, c), the materials exhibit metallic characteristics in
the FM state, with electronic states present at the Fermi level
(Epermi)- Spin splitting is evident between the majority and mi-
nority spin channels in the total density of states (TDOS), result-
ing from exchange splitting. The TDOS yields net saturation mag-
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netization values of 3.17 pg/f.u. for HfyggTagoFe;, 3.06 pg/f.u. for
HfO.goTa().zoFe]_gS (HfO.goTaO.zoFE]jS, 2.77 [JB/f.U.), and 3.12 [JB/f.U.
for HfggoTaga0Fe195Mnoos (HfggoTagaoFe175Mngos, 2.95 pp/fu),
indicating lower magnetization in the Fe-deficient alloy, which
aligns with M-H curves observations. The PDOS shape of Feg,-
3d and Hf-5d for HfyggTagygFeq75 shows obvious differences com-
pared to Hf0.80TaO.20FEZ and Hfo_goT&0_20F61_75Mn0.25 as shown in
Fig. 9(e), which accounts for the smallest calculated magnetiza-
tion in HfpggTagoFe 75. Below Epemi, the overlap of Fe-3d and
Hf/Ta-5d peaks around —1.6 eV indicates typical d-d hybridiza-
tion, with d electrons to Hf/Ta atoms [57,60,61]. The magnetic
moment of the Mn atom (1.26 pg) in HfyggTagsgFe195Mnggs and
HfO.goTaolzoFe]]SMnO.zs is lower than that of the Fe atoms (147
pp at 2a and 1.61pg at 6 h for the former and 1.33 pg at 2a and
1.53 pg at 6h for the latter). The magnetic moments derived from
Neutron diffraction, Mdssbauer spectroscopy, and DFT calculations,
as shown in Table S2, exhibit good consistency. The limited hy-
bridization between Mn(3d) and Fe(3d), along with the low Mn
content, leads to the minimal difference in magnetization between
the minor Mn-doped and parent alloys, ascribing to the tunable
magnetoelastic transition [57,58,62]. The magnetic moments of Fe
at the 2a site are frustrated in the AFM state, positioned between
two antiferromagnetic coupled planes as identified by NPD analy-
sis [29]. The sharp FM-AFM transition is attributed to the synchro-
nized evolution of Fe at the 6h and 2a sites, as shown through
electron spin resonance studies [16]. When the electronic state
at the 6h site undergoes slight changes due to Mn substitution
or Fe vacancies, the moment at the 2a site becomes unsynchro-
nized, causing a shift in the magnetoelastic transition tempera-
ture. Consequently, Mn substitution and Fe off-stoichiometry re-
sult in a broadened magnetoelastic transition temperature win-
dow in Hfj g, Tag gFe,-based alloys. Although further broadening of
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the transition temperature is somewhat suppressed by the inho-
mogeneous distribution of Mn atoms in high-Mn alloy, the abili-
ties to specifically control the specific Fe sites offers a pathway to
further optimize the magnetocaloric response in (Hf,Ta) Fe, Laves
phase alloys.

5. Conclusions

This study investigated the impacts of Fe off-stoichiometry and
Mn substitution on the structural, magnetic, and thermal proper-
ties of Hfpg,Tag gFe,-based Laves phase. All samples crystallize in
a single-phase hexagonal C14-type structure, with Mn atoms and
Fe vacancies preferentially occupying the 6h site, confirmed by DFT
calculations and NPD analysis. Mn substitution led to an increase
in unit-cell volume due to Mn’s larger atomic radius, while Fe va-
cancies induced lattice contraction, creating a tunable structure
that influences magnetic and thermal behaviors. The small varia-
tion in volume or lattice parameter a prior to AFM-FM transition
responds to the collapse of the magnetic moment oriented within
the a-b plane. Notably, a table-like entropy change of 1.7-2.2 J/(kg
K) for a magnetic field change of 2 T was achieved over a wide
temperature range of 190-260 K by adjusting the Mn and Fe con-
tents. Mdssbauer spectroscopy and DFT calculations revealed that
Mn substitution slightly affects the magnetic interactions and al-
ters the electronic state of Fe at the 6h site, contributing to the
modification of the frustration effect of (HfTa)Fe, alloys. These
findings provide valuable insights into the role of magnetic atoms
in the magnetoelastic transition in Fe-based Laves phase alloys,
and the site-specific control offers a pathway for optimizing the
magnetocaloric properties of Fe-based Laves phase alloys and in-
spires the design of other promising MCE materials with magne-
toelastic transitions.
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