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Materials with zero thermal expansion (ZTE) or negative thermal expansion (NTE) are critical for precision
applications. Magnetocaloric materials exhibiting a strong spin-lattice coupling often undergo lattice changes
near a magnetic transition, offering a route to ZTE behavior via magnetoelastic effects. This study examines the
effect of Boron doping on the magnetoelastic transition, thermal expansion and magnetocaloric properties in
Fe1.9gHfp g5Tap.15Bx (x = 0.00, 0.01, 0.02, 0.03, 0.04) Laves phase alloys. Boron doping enhances hardness and
increases the field sensitivity of the transition temperature. The second-order transition in the undoped alloy
evolves into a first-order ferromagnetic-antiferromagnetic transition upon doping. First-principles calculations
show that B occupies the 2a sites, modifying the Fe-Hf 3d-5d hybridization and strengthening the spin-lattice
coupling. In the Fej og Hfy gs5Tag 15Bo.01 alloy a near-zero thermal expansion with a coefficient of —0.17 ppm/
K is observed in a temperature range of 133-213 K below the magnetoelastic transition at T; = 266 K, which is
ascribed to the enhanced magnetoelastic transition by light-element doping with B. Our findings highlight a
promising strategy to optimize the ZTE behavior through targeted light-element doping in magnetocaloric Laves

phase systems.

1. Introduction

Negative thermal expansion (NTE) materials have attracted consid-
erable attention due to their unusual property of contracting upon
heating, which contrasts sharply with the typical positive thermal
expansion (PTE) observed in most materials. This counterintuitive
behavior makes NTE materials highly valuable for thermal expansion
compensation in various advanced technologies. Zero thermal expan-
sion (ZTE) materials, often engineered by combining NTE and PTE
phases, are of particular importance in applications requiring excep-
tional dimensional stability across a broad temperature range, including
dental prosthetics, high-precision optical components, and printed
electronics. Since the pioneering discovery of magnetic Invar alloys in
1897, a variety of novel magnetic ZTE materials have been identified
[11.

The magnetocaloric effect (MCE) describes the thermal response of a
material to an applied or removed magnetic field, typically quantified by
the magnetic entropy change and the adiabatic temperature change
[2-6]. Many magnetocaloric materials also exhibit excellent ZTE
behavior due to significant lattice expansion or contraction associated

with a magnetic transition [7-9]. Compounds like La(Fe,Si)-based
compounds [10-13], Fe-based Laves phases [7,14-21], Mn-based anti-
perovskites [22,23], and Rare-Earth-based alloys [8,24] display a
tunable magnetoelastic transition, allowing control of the thermal
expansion. These materials exemplify the strong interplay between
magnetic ordering and lattice strain that underpins both MCE and ZTE
functionalities.

Among the various magnetic zero/negative thermal expansion (ZTE/
NTE) materials, non-rare-earth Feo(Hf,Ta) alloys have emerged as
particularly promising due to their advantageous combination of high
electrical and thermal conductivities, as well as robust mechanical
properties [25]. The NTE behavior in these alloys originates from a
magnetoelastic transition, specifically a transformation from a
large-volume ferromagnetic (FM) state to a smaller-volume antiferro-
magnetic (AFM) state with increasing temperature [14,25]. An opti-
mized composition, FeoHfj g7Tag 13, exhibits a pronounced linear NTE
coefficient of -16.3 ppm/K over a wide temperature interval of 105 K
(222-327 K) [25]. Additionally, a broad ZTE region characterized by a
low thermal expansion coefficient of 0.16 ppm/K has been observed in
Fe; ggAlp 12Hfp 9Tap 1 alloy within a temperature range of 272-378 K
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[26]. Despite these encouraging results, a systematic understanding of
the effects of light-element doping on the thermal expansion behavior in
this system remains scarce.

In the present study, we explore the influence of incorporating the
small-sized B element into the FeyHfj gsTag 15 alloy matrix to modulate
its ZTE properties. Our findings demonstrate that B doping yields a near-
zero thermal expansion coefficient (CTE) of -0.17 ppm/K in the tem-
perature range 133-213, below the magnetoelastic transition at T¢ =
266 K, underscoring its potential as an effective strategy for fine-tuning
ZTE behavior in Feo(Hf,Ta)-based systems.

2. Experimental methods

Polycrystalline Fe; 9gHfg g5Tag.15Bx (x = 0.00, 0.01, 0.02, 0.03, 0.04)
samples were prepared from high-purity elements (Fe 99.98 %, Mn 99.9
%, Hf 99.7 %, Ta 99.7 %,) by arc melting. Slightly off-stoichiometric Fe
compositions favor a sharper magnetic transition [27]. The alloys were
prepared by arc-melting approximately 5 g of starting materials 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 reference, the x = 0.00, 0.01, 0.02, 0.03, 0.04
samples are denoted as B0.00, B0.01, B0.02, B0.03 and B0.04 alloys,
respectively. Previous studies on FeoHfj g3Tag 17 [28] and the compari-
son in M-T curves of annealed and unannealed B0.00 alloys are shown in
Fig. S1 and indicate that the heat treatment had minimal effect on the
magnetic properties. Therefore, no additional annealing was performed
on these samples.

X-ray diffraction (XRD) data were collected with a Smartlab
diffractometer using Cu-K, radiation and an Anton Paar TTK 450 tem-
perature chamber. Rietveld refinement was performed using the Full-
Prof software suite [29]. The magnetic properties of the samples were
measured over a temperature range of 4-370 K using a superconducting
quantum interference device (SQUID) magnetometer (MPMS-Q3)
equipped with a reciprocating sample option. The ferromagnetic tran-
sition temperature was determined from the minimum in the derivative
of the magnetization-temperature (M-T) curves. Magnetic entropy
changes were calculated from M-T curves measured at various magnetic
field strengths, using the Maxwell relation. Differential scanning calo-
rimetry (DSC) measurements were performed using a TA-Discovery DSC
25 calorimeter. The microstructure was examined with an Electron
Probe X-ray Micro-Analyzer (EPMA, JXA-iHP200F JEOL), equipped
with Wavelength Dispersive X-ray Spectroscopy (WDS). The Vickers
hardness measurements of the B0.00 and B0.01 samples were performed
on the MVS-50Z Vickers hardness tester (19.61 N, 15 s).

First-principles calculations based on DFT calculations were con-
ducted to investigate the electronic and magnetic structures of Fe-Hf-Ta-
B alloys. The DFT calculations were performed using the Vienna Ab
Initio Simulation Package (VASP) [30,31] with a plane-wave basis sets.
An energy cutoff of 520 eV was applied, and pseudopotentials were
defined using the projected augmented wave (PAW) method with
valence configurations 3d® 4s? for Fe, 5d? 65> for Hf, 5d° 6s? for Ta and
2p'4s? for B [32,33]. Exchange-correlation interactions were modeled
using the Perdew-Burke-Ernzerhof (PBE) functional within the gener-
alized gradient approximation (GGA), and a Monkhorst-Pack k-point
grid of 9 x 9 x 1 based on a 60-atom supercell was employed for both
structural optimization and electronic properties calculations [34].
Convergence criteria for the Hellmann-Feynman forces were set at
<0.01 eV/A, with an electronic loop convergence threshold of 107 eV.
The formation energy Ef was calculated as follows: Er = Ecompound —
> iXiEi, where Ecompound represents the optimized total energy of the
compound, and x; and E; are the stoichiometric coefficients and
ground-state energies of Fe, Hf, Ta, and B atoms in their reference states,
respectively. A lower Ey indicates a higher stability of the alloy, which
can be used to obtain the preferred atomic site occupations.

To investigate the nature of chemical bonding, the Electron
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Localization Function (ELF) [35] was analyzed. The ELF quantifies the
likelihood of finding a second electron with the same spin near a
reference electron, based on the Pauli exclusion principle. High ELF
values correspond to regions of strong electron localization, indicating a
covalent character in the bonding.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of Fej ggHf( gsTag 15Bx (x = 0.00,
0.01, 0.02, 0.03, 0.04) alloys at room temperature, confirming that all
samples crystallize in a hexagonal MgZny-type Laves structure (space
group: P6s/mmc). The refined XRD pattern of the B0.01 sample is shown
in Fig. 1(b). As illustrated in Fig. 1(c) and 1(d), increasing the B content
results in a clear contraction of the lattice volume, attributed to the
substitutional incorporation of B atoms. The a axis decreases, while the ¢
axis remains nearly unchanged. Fig. 1(d) also presents a schematic of the
primary unit cell, where Fe atoms occupy the 2a and 6h sites, and the
Hf/Ta atoms are located at the 4f site. The local atomic environments of
Fe at the 2a and 6h sites are shown in Fig. S2, where the interatomic
distances of 2.448 A and 2.471 A are observed between the Fegn-Fegn
atoms and Feg,-Fegp, atoms, respectively.

To further evaluate the homogeneity of the alloys, EPMA was per-
formed on all samples, as shown in Fig. 2. The atomic composition of the
matrix provided in Fig. 2(f), reveals a good agreement with the nominal
composition. A systematic increase in B content confirms the incorpo-
ration of B into the matrix. The Hf content is about 1 % lower than the
nominal composition, which can be attributed to the presence of a minor
white secondary phase identified by WDS analysis as Hf-rich. The
detailed compositions and phase fractions of the secondary phase are
summarized in Table S1. The overall secondary phase content in all al-
loys remains below the detection limit of XRD. The B0.00, B0.01, and
B0.02 alloys contain <1 % of the Hf-rich secondary phase, with B0.01
exhibiting a smaller fraction than B0.00 and B0.02. In contrast, B0.03
and B0.04 contain higher amounts of the secondary phase of 1.4 % and
2.4 %, respectively (mainly located at the grain boundaries). Notably,
the B-rich phase in the white region (corresponding WDS points are
shown in Fig. S3) was identified in B0.03 and B0.04, as listed in Table
S1. This suggests that x = 0.02 corresponds to the solubility limit of B in
the Fel_gng0_85Tao.15Bx alloys.

Fig. 3(a, b) display the M-T curves of Fe; ggHfygs5Tap15Bx (x =
0.00-0.04) alloys measured under magnetic fields of 0.01 T and 1 T The
transition temperature (Tt) upon cooling curves, determined from both
M-T curves and DSC measurements (as shown in Fig. S4), decreases for x
< 0.02 and then increases with further B addition. In a 1 T magnetic
field, Tt values are 7-10 K higher than those from DSC, due to enhanced
ferromagnetic ordering in the applied field. This variation in Tt aligns
with the changes in lattice volume V in Fig. 1(c). The saturation
magnetization of 44.18 Am?/kg for the B0.02 alloy is significantly
reduced from 58.00 Am?/kg for the B0.00 alloy and 57.21 Am?/kg for
the B0.01 alloy. The M values for B0.03 and B0.04 are 49.37 Am?/kg
and 51.02 Am?/kg, respectively. The increase in M; for B0.03 and B0.04
compared to B0.02 is attributed to the presence of a ferromagnetic
secondary phase of B-rich phase at the grain boundaries by EMPA
analysis, corresponding to the residual magnetic signal above T; in Fig. 3
(b).

Fig. 4(a-c) shows the M-T curves of the B0.00, B0.01, and B0.02 al-
loys measured under magnetic fields ranging from 0.2 to 5 T With
increasing B content, the transition curves shift toward lower tempera-
tures, indicating a suppression of the ferromagnetic phase due to B
doping. The corresponding Arrott plots, derived from the M-T data, are
presented in Fig. 4(d-f). According to Banerjee’s criterion, a positive
slope indicates a second-order magnetic transition (SOMT), while a
negative slope indicates a first-order magnetic transition (FOMT). The
B0.00 alloy displays Arrott plots with positive slopes, suggesting a SOMT
behavior. In contrast, the B0.01 and B0.02 alloys exhibit negative slopes,
indicative of FOMT characteristics.
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Fig. 1. (a) XRD patterns of Fe; 9gHf( gsTap 15Bx (x = 0.00, 0.01, 0.02, 0.03, 0.04) alloys, with indexed peaks of the MgZn,-type structure. (b) Refined XRD pattern of

the B0.01 alloy. (c) Lattice volume (V) and (d) lattice parameters (a and c) as a function of B content.
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Fig. 2. The microstructure of (a) B0.00, (b) B0.01, (c) B0.02, (d) B0.03, (e) B0.04 alloys (f) The atomic concentration of matrix by WDS. The dashed line is the

nominal composition.

The order of the magnetic transition can also be evaluated using the 2 indicates a FOMT, while n < 2 corresponds to a SOMT. For the B0.00
field exponent n, as proposed by Law and co-authors [36], where n is alloy, n remains below 2 across the measured range, confirming its

determined from the relation: n (T, H) = %%l The temperature =~ SOMT character. In contrast, B0.01

and B0.02 both show a clear

dependence of n is shown in Fig. 4(a). A maximum field exponent of n > maximum above n = 2, consistent with the FOMT behavior and in
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Fig. 3. M-T curves for the Fe; ggHfj gsTap.15sBx (x = 0.00-0.04) alloys in magnetic fields of (a) 0.1 T (M-T curves are normalized for comparison of transition
temperatures) and (b) 1 T The open-symbol curve with the blue arrow and the solid curve with the red arrow represent the cooling and heating processes,
respectively. (c) Variation in phase transition temperature calculated from DSC and M-T curves in applied magnetic fields of 0.01 T and 1 T (d) M-H curves for the

Fel'gng0'85Ta0'15Bx (x = 0.00-0.04) alloys at 5 K.

agreement with the Arrott plot analysis. Fig. 5(b) presents the calculated
—ASy; curves for the alloys. All alloys exhibit pronounced peaks near
their respective phase transition temperatures. The maximum |ASy|
values increase with increasing magnetic field change (ApuoH). Specif-
ically, for the B0.00 alloy, maximum |ASy| values of 1.79 J/kgK and
3.91 J/kgK were obtained for AyoH = 2 T and 5 T, respectively. For the
B0.01 alloy, the maximum |ASy| values reach 3.13 J/kgK and 4.29
J/kgK, while for the B0.02 alloy, they are 2.73 J/kgK and 4.13 J/kgK.
The |ASy| value is larger than for other non-rare-earth alloys, like
MngoFezo_xCuyAlso (|ASyM| = 1.4 J/kgK for a field change of 2 T) [37],
and is comparable to other Fey(Hf, Ta)-based alloys with 1-5 J/kgK for a
field change of 2 T [7,38,39], MnySb-based alloys with 2-7 J/kgKfor a
field change of 5 T [40,41] and Gd metals with 6.1 J/kgK for a field
change of 2 T [42].

The field dependence of the transition temperature, quantified by m
= dT; /duoH, is shown in Fig. 5(c). The B0.01 alloy exhibits the highest m
value of 8.4 K/T, whereas the B0.00 alloy shows a much lower m value of
3.2 K/T, consistent with its SOMT nature. A positive correlation between
the n value and m is observed, indicating that stronger field sensitivity
aligns with a more pronounced FOMT character. In addition to the
magnetic properties, the mechanical strength was evaluated via Vickers
hardness measurements, as shown in Fig. 5(d). The B0.01 and B0.00
alloys exhibit average hardness values of 962 HV and 915 HV, respec-
tively. Both hardness values are significantly higher than those reported
for Fep g5Nip.35 [1] and ErCos gFeq o [8], indicating an enhanced resis-
tance to plastic deformation by B doping in Fey(Hf,Ta) alloys.

To elucidate the influence of B doping on both the magnetic and

structural stability in the Fey(Hf,Ta) system, DFT calculations were
performed on Fey ,Hfj g5Tag 15Bx compositions with x = 0.00 and 0.05.
The site-dependent formation energies, optimized lattice parameters,
and magnetic moments were evaluated. As shown in Fig. 6(a), B atoms
exhibit a strong site preference for the 2a position, which corresponds to
the lowest formation energy. The calculated formation energy difference
between the 6h and 2a sites in Fe; g5sHf( g5Tag.15B0.05 is 16.5 meV/f.u.
(5.5 meV for the 60-atom supercell). To better probe the effect of B on
site preference and magnetism, we also considered a larger, “exagger-
ated” substitution of Fe; sHfy gsTag 15Bg. 50 at both the 6h and 2a sites.
The result shows an even larger formation energy difference of 54 meV/
f.u. Both values consistently indicate a clear energetic preference of B for
the 2a site. Replacing Fe by B in Fe; gsHf g5Tag.15Bo.05 leads to a
calculated unit-cell volume of 157.90 i\3, smaller than that of the
undoped FeyHf gsTag 15 (159.11 10\3) alloy, consistent with experimental
XRD results. The total density of states (TDOS) in the ferromagnetic
state, shown in Fig. 6(b), confirms its metallic behavior with a signifi-
cant TDOS at the Fermi level and net magnetic moments of 3.10 up/f.u.
and 3.08 up/f.u. for the Fej 9s5Hfo.85Tag.15B0.05 and FexHfg gsTag 15 sys-
tems, respectively. The slight reduction in the calculated magnetic
moment with B doping aligns with the decreasing trend in My observed
experimentally (58.00 Am?/kg for B0.00, 57.21 Am?/kg for B0.01, and
44.18 Am?/kg for B0.02). The PDOS shown in Fig. 6(c) and in Fig. S5 for
the B-free alloy and weakly B-doped alloy exhibit similar profiles. In
contrast, the PDOS in Fig. 6(d) for excess B-doped alloy shows a sub-
stantial modification of the Fe 6h-projected density of states, accompa-
nied by a significant reduction in the net moment to 1.95 up/f.u.
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Therefore, excess B doping not only contracts the lattice and distorts the
electronic structure but also leads to a pronounced reduction in satu-
ration magnetization, ultimately weakening the magnetocaloric
performance.

The electron localization function (ELF), a tool grounded in valence
shell electron pair repulsion theory, has previously been used to
distinguish covalent versus metallic bonding in intermetallics, such as F
or S doped (Mn,Fe)»(P,Si) [43] and Cu doped MnCoGe [44]. To examine
how B doping influences the magnetic transition behavior in Fez(Hf,Ta),
the ELF of a hexagonal Fe; ¢9s5Hfo s5Ta0.15B0.05 supercell was analyzed, as
shown in Fig. 7. The 2D ELF contour plots in Fig. 7(a-d), sliced along the
(001) and (110) planes, reveal increased electron localization around B
atoms in the doped system, with peak ELF values around 0.5. ELF line
profiles in Fig. 7(e-f), extracted between Fe atoms at 2a and 6h sites and
their nearest neighbors, show an enhanced electron localization at both
sites upon B doping. Interestingly, the localization between Fe(2a) and
Hf weakens, as evidenced by a 5.6 % decrease in the maximum ELF peak
value, whereas it is strengthened between Fe(6h ) and Hf, showing a 5.0
% increase. This indicates a site-selective modulation of d-d hybridiza-
tion. Such a competitive bonding environment, introduced by B atoms,
may contribute to the FOMT observed in the B-doped Fey(Hf,Ta) system
[45].

In Fez(Hf,Ta), which undergoes a FM-AFM transition, the FM state
has a larger unit-cell volume than the frustrated AFM state. This volume
mismatch across the transition leads to a net negative contribution to the

thermal expansion, providing a natural basis for ZTE or NTE behavior
[46]. Therefore, temperature-dependent XRD measurements were per-
formed on the B0.00, B0.01, and B0.02 alloys at 20 K intervals across the
transition range. Structural refinement confirms that all samples retain
the hexagonal C14 Laves phase throughout the measured temperature
range. As shown in Fig. 8(e-f), the appearance of peak splitting at 253 K
in the B0.01 and B0.02 alloys provides direct evidence for a FOMT,
while the smooth evolution of the diffraction patterns in the B0.00 alloy
supports the presence of a SOMT. Fig. 9 presents the lattice parameters
and unit-cell volumes of the alloys. In the B0.00 alloy, a continuous
decrease in the lattice parameter a and an increase in c is observed,
whereas the B0.01 and B0.02 alloys exhibit discontinuous trends. For
the B0.01 and B0.02 alloys, the change in the V-T curve at Ty = 333 K
responses to the AFM-PM transition [14,28]. The B0.00 alloy exhibits a
continuous volume contraction between 193 and 313 K, corresponding
to a negative CTE of ay = —29.6 ppm/K. This NTE originates directly
from the volume collapse associated with the FM-AFM transition. In
contrast, the B0.01 alloy undergoes a FOMT, as confirmed by both the
n-value and Arrott-plot analysis, and displays a larger magnetic entropy
change (-ASy; = 3.13 J/kg-K at 2 T) compared with the B0.00 alloy (1.79
J/kg-K at 2 T) with a SOMT. This strong magnetoelastic coupling sta-
bilizes a near-zero CTE (ay = -0.17 ppm/K) in the range 133-213 K
below the transition temperature. The estimated linear CTE o) based on
the relation o = ay/3 is 1.37 ppm/K, 0.06 ppm/K and 1.17 ppm/K for
B0.00, B0.01 and B0.02, respectively [47].
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The extremely low o for B0.01 is much smaller than the value for
conventional NTE materials such as the Invar alloy FegsNigs (0 = 1.5
ppm/K, 193-373 K) [1] and Y2Mo3013 (o = 9.02 ppm/K, 20-450 K)
[48], as listed in Table 1. It is also lower than those of magnetic ZTE
materials, including Mng 975Nig 925C0Si, (¢y = 0.13 ppm/K, 10-170),
LaFe;;Siy hydride (¢ = 0.5 ppm/K, 20-275) and Mn3Zng 93N (o = 0.6
ppm/K, 4-185), where the ZTE occurs prior to the magnetoelastic
transition. As summarized in Table 1, compared with the conventional
NTE materials, the magnetic NTE materials generally exhibit a narrower
NTE/ZTE temperature range, but lower CTE values. The thermal hys-
teresis extracted from the M-T curves and DSC measurements is 1-2 K
and 3-6 K, respectively, for all the Fe; 9gHfj g5Tag.15Bx (x = 0.00-0.04)
alloys. This small hysteresis originates from the magnetoelastic

transition in Fez(Hf,Ta)-based alloys, in contrast to the much larger
thermal hysteresis (~20 K) typically observed in hexagonal
MnCoGe-based alloys undergoing a magnetostructural transition [49].

In most magnetocaloric materials, the ZTE originates from the sup-
pression or broadening of a magnetic transition through chemical
modifications, as observed in systems like (Zr;_,Nb,)Fes [17], Ra(Fe,
Co)17 [24], Sco.s5Tip.asFex [16]1, TbCoy_yFey [56], ErCoagFeo2 [81,
antiperovskite manganese nitride [22] and LaFe;3_,Al, [59]. However,
in the B0.01 and B0.02 alloys, the ZTE occurs below the magnetoelastic
transition, similar to that reported in La(Fe,Si);3 hydrides [12],
Mn;,Ni,CoSi [58]. and Mn3CugsGegsN alloys [22], suggesting a
different origin. As shown in Fig. 10, the B0.01 alloy exhibits a much
sharper dM/dT than the B0.00 alloy, consistent with a FOMT in B0.01
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Table 1

Linear thermal expansion data (a;), temperature range (AT) and crystal structure
of a series of conventional and magnetic NTE materials. * For materials with
anisotropic thermal expansion, the value of q; is estimated as one-third of the
volumetric CTE (ay).

Compounds Crystal AT (K) (x10° K Ref.
structure 1)
ScF3 Cubic 10-1100 —4.97 [50]
ZrMo,Og Cubic 250-502 5.0 [51]
HfMo,0g Cubic 77-573 -4.0 [52]
ZrW,0g Cubic 2-1443 —-7.2 [53,54]
Invar 35 Cubic 193-373 1.5 [1]
ReO3 Cubic 2-400 0.7 [55]
Y2Mo3012 Orth. 20-450 —-9.02 [48]
Fe;.9gHfp 85Tag 15 Hex. 133-213 1.37* This
work
Fe1.98Hfo.85Ta0.15B0.01 —0.06* This
work
Fe; 9gHf(.85Tag.15B0.02 1.17* This
work
LaFe;;Siy hydride Cubic 20-275 0.5 [12]
TbCo1 oFep 1 Cubic 123-307 0.48 [56]
Mn3Zng 93N Cubic 4-185 0.6 [57]1
Mny 975Nip 025C0Si Hex. 10-170 0.13 [58]

and a SOMT in B0.00. The NTE emerges in the temperature region
corresponding to the lowest |dM/dT| values, highlighting the strong
magnetoelastic coupling in this system. The magnetic-lattice coupling
can be quantitatively described by the relation: w(T) =kCM(T)?, where
k and C are the compressibility and the magneotoelastic coupling
parameter, and kC represents the magnetoelastic coupling strength [47,
60]. Here, M denotes the local magnetic moment measured undera 1 T
magnetic field, and ws is the magnetic contribution to thermal expan-
sion. The latter is determined as: @s = ®exp — @am, Where wey;p is the
experimental thermal expansion, and wpy is the phonon anharmonic
vibration contribution to thermal expansion, estimated from the linear
fitting of the high-temperature thermal expansion [61]. Similar trends
for the extracted ws and M 2, as shown in Fig. 10(c-d) confirm the critical
role of the magnetoelastic coupling in stabilizing the ZTE and enabling a
tunable NTE [25]. Notably, the coupling constant kC increases from 1.30
x 1071% ecm?/A2 for B0.00 to 1.69 x 1071° cm?/A2 for B0.01, indicating

stronger coupling between magnetization and lattice after B doping [8,
47]. These kC values are of the same order of magnitude as those for
FeyHfo g5Tip.15 (1.48 x 10710 cm?/A2) [62], FeoHf g3Tag 17 with (1.32 x
1071% cm?/A?) [28] and La(Feg gsAlg 24)13 with (1.79 x 107'° cm?/A?)
[63], which are magnetic NTE materials with a strong magnetoelastic
coupling.

In magnetically driven NTE systems, the CTE is governed by mag-
netic interactions. For Fey(Hf,Ta) alloys, the sharp FM-AFM transition
originates from the frustration of Fe moments at the 2a sites, which are
located between the AFM-coupled Fe(6h ) layers [25,39,64]. The mag-
netoelastic transition is highly sensitive to the lattice strain, which is
inevitably introduced by elemental doping, which is inevitably intro-
duced by elemental doping [65,66]. Unlike Co [67] or Mn [68] doping,
which tends to broaden the transition, trace small atoms substitutions
such as C [7] or B atoms sharpen the FOMT, leading to a ZTE prior to the
AFM-FM transition. In particular, Mn tends to occupy the 6h site [68],
which responses to normal thermal expansion before the AFM-FM
transition, in contrast to the effect of B atoms. In Fey(Hf,Ta) Laves
phase alloys with a highly symmetric Kagome structure, substitutional B
atoms occupy the Fe 2a site by DFT calculations, leading to an atomic
size mismatch and local electron concentration variations, thatis a 5.6 %
decrease in Fe(2a)-Hf orbital localization and, simultaneously, a 5.0 %
increase in Fe(6h )-Hf localization. This redistribution modifies the
frustration effect of 2a sites and enhances the magnetoelastic coupling,
thereby giving rise to ZTE prior to the AFM-FM transition for B-doped
Feo(Hf,Ta) alloys.

4. Conclusions

In this study, the effect of B doping on the magnetoelastic transition,
thermal expansion and magnetocaloric effects in Fex(Hf,Ta)Bx Laves
phase alloys has been investigated systematically. Increasing the B
content leads to a clear contraction of the lattice volume, accompanied
by a shift in the magnetic transition temperature. The B0.00 alloy dis-
plays a SOMT with a |ASy| value of 3.91 J/kgK in a magnetic field
change of 5 T B-doped alloys with x = 0.01 and 0.02 undergo a FOMT,
along with enhanced |ASy| values of 4.29 and 3.52 J/kgK, respectively,
for the same magnetic field change. Boron doping not only enhances the
hardness of the Fez(Hf,Ta)Bx alloys, but also increases the sensitivity of



Q. Shen et al.

(a)

(b)

Acta Materialia 302 (2026) 121687

NTE B0.00 000l NTE B0.01
0.00 | *\
q
5 L] . 0.05| :
3 2 s
-0.05| . 010} ,
®
0151 I
200 250 300 350 200 250 300 350
c T (K)
(©) 5,008 (d) 0.008
PTE NTE B0.00 B0.01
0.006 | og 0.006 | 16
0.004 | 14 — 0004 14
8 = 2
0.002 | 1§ 50002 {2 g
o°
0.000 | 8 o 00 0.000 | lo
_ - - @ 40
0002 -7 o -0.002 | 1.
100 200 300 400 100 200 300 400
T (K) T (K)
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the magnetoelastic transition temperature to the applied magnetic field.
Furthermore, the B0.01 alloy exhibits a near-zero CTE of -0.17 ppm/K
over a wide temperature range of 133-213 K, accompanied a strong
magnetoelastic coupling. First-principles calculations reveal that the B
atoms preferentially occupy the Fe 2a crystallographic site, modifying
the electronic structure through an altered Fe-Hf hybridization. This
electronic restructuring drives the stronger magnetoelastic coupling and
gives rise to ZTE prior to the AFM-FM transition in B-doped Fey(Hf,Ta)
alloys.
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