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Magnetocaloric

Qi Shen, Niels van Dijk, Ekkes Briick, and Lingwei Li*

Zero thermal expansion (ZTE) materials, which maintain a constant length
despite temperature variations, are highly desirable for advanced industrial
applications. This review highlights recent progress in exploring ZTE behavior in
Fe-based Laves phases, La—Fe-Si(Al)-based alloys, and rare-earth-based systems
exhibiting the magnetocaloric effect (MCE). The abnormal lattice expansion
observed in giant magnetocaloric materials, driven by magnetic interactions,
provides a natural foundation for designing ZTE materials. This review offers new
insights into the design and discovery of novel ZTE materials within MCE
systems. Furthermore, key properties such as mechanical strength, thermal and
electrical conductivity, and cycling stability are also discussed, paving the way for

ZTE advancements in functional materials.

1. Introduction

Materials with precisely controlled thermal expansion are essen-
tial in modern industries, including dental components, optical
mirrors, and printed electronics. In dentistry, composite materi-
als with a tunable thermal expansion can improve the adhesion
and longevity of dental restorations by better matching the ther-
mal behavior of natural teeth. In high-precision optical applica-
tions, zero-expansion coatings on mirrors help maintain the
optical performance by mitigating temperature-induced distor-
tions. Similarly, in the electronics industry, thermally engineered
materials can be tailored to match the thermal expansion of sili-
con substrates, thereby minimizing thermal stresses in printed
circuit boards and heat sinks. Beyond these applications, mag-
netic materials exhibit unique thermal expansion behavior due
to the interplay between magnetism and the crystal lattice.
The thermal expansion of a magnetic material is primarily gov-
erned by two mechanisms: 1) conventional thermal expansion
driven by lattice vibrations and 2) spontaneous magnetostriction,
where the temperature-dependent magnetic moment induces
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volume changes via the magnetoelastic
coupling. By strategically combining mate-
rials with negative thermal expansion
(NTE) and positive thermal expansion
(PTE), one can achieve zero thermal expan-
sion (ZTE), enabling the development of
dimensionally  stable materials for
advanced engineering applications. A
well-known magnetic ZTE material is the
Invar alloy FegsNiss, which has been in
use since its discovery by Guillaume in
1897, a breakthrough that earned him
the Nobel Prize."! This alloy exhibits a
nearly “invariant” thermal expansion, mak-
ing it widely applicable in various industrial
products. The term “Invar” has become
synonymous with an anomalously low ther-
mal expansion. The Invar effect arises from a magnetovolume
transition (MVE) between the larger-volume ferromagnetic state
and the smaller-volume paramagnetic state.” Extended X-ray
absorption fine structure (EXAFS) spectroscopy at the Fe and
Ni K-edges reveals that the first nearest-neighbor shells around
Fe exhibit a negligible thermal expansion, providing insight into
the microscopic origins of this phenomenon.®!

The magnetocaloric effect (MCE) refers to the thermal
response of a material’s lattice upon the application or removal
of a magnetic field and can be characterized by the magnetic
entropy change and the adiabatic temperature change.!*™
From the perspective of energy efficiency and environmental sus-
tainability, a wide range of magnetocaloric materials have been
identified, and the underlying mechanisms responsible for their
giant magnetocaloric effect have extensively been studied in var-
ious material systems such as the well-known La(Fe, Si);3,° %
(Mn, Fe),(P, Si)* ™! systems, and the rare-earth-based
alloys."% In itinerant-electron systems, a large change in mag-
netization and in magnetic entropy is generally correlated with a
significant volume change, except in cases where magnetic mate-
rials primarily undergo alterations in the ratio of the lattice
parameters, as observed in Mn—Fe—P-Si alloys.[*!! Several mag-
netocaloric materials, including FeRh*? and Gd;Si,Ge,*”
undergo a significant volume expansion (0.5%-1%) during mag-
netoelastic or magnetostructural transitions at the magnetic
phase transition. In contrast, materials such as La—Fe-Si and
Fe,(Hf, Ta) Laves alloys exhibit a substantial volume contraction
(*1%-2%) at the magnetoelastic transition.?*?*! The tunable
magnetoelastic transition makes the La—Fe-Si and Fe,(Hf, Ta)
systems promising candidates for ZTE applications. Therefore,
this review highlights these materials as representative magnetic
thermal expansion systems and provides a brief review of
rare-earth-based compounds with exceptional ZTE properties.

© 2025 Wiley-VCH GmbH
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2. The Characterization of ZTE Materials

Two key parameters must be considered when evaluating the
NTE performance of materials. The first is the temperature range
AT over which the NTE occurs. Different applications require
materials to maintain thermal stability within specific limits.
For instance, high-precision satellite components must function
reliably between —75 and 135 °C, whereas human tooth enamel
operates at 37 °C. A wide AT provides more possibilities for
applications. The second is the magnitude of the thermal expan-
sion given by a,. The volume coefficient of thermal expansion
(CTE) a, can be defined as follows

Vi =V,
@ =1 Y0 1
Vo(T1 — To) M
A
N =T To) &

where a, and q; are volume and linear CTE, respectively. For first-
order phase transitions, a, diverges at the transition temperature.
As aresult, a, and AT need to serve together as a universal mea-
sure of the strength of the NTE behavior. For isotropic systems,
such as polycrystalline materials with fully randomly oriented
crystals, the linear CTE oy can be related to the volumetric
CTE, ay, by the equation y = 1/3a,.**) For simplicity of compar-
ison, this relation is also used to estimate o for anisotropic sys-
tems in this review.”® Materials with |a,| < 3.0 x 107 °K™" or
|l <1.0x 10 °K " are classified as exhibiting a ZTE.***”)
The CTE and AT can be measured using several techniques,
including X-ray diffraction (XRD), neutron powder diffraction
(NPD), and dilatometry, each offering unique insights into the
thermal expansion behavior. XRD and NPD determine the
intrinsic lattice expansion by tracking unit-cell volume changes,
where NPD provides a better penetration and sensitivity to light
elements. In contrast, dilatometry measures macroscopic expan-
sion, incorporating microstructural effects, such as porosity,
grain boundaries, and texture, which likely lead to minor discrep-
ancies with diffraction-based methods.*®!

The Debye-Gruneisen relationship allows estimation of the
nonmagnetic thermal expansion curve by extrapolating the
high-temperature paramagnetic phase data.”>*”! The spontane-
ous volume magnetostriction o, accompanying a second-order
magnetic phase transition can be expressed as:

To T T
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g = (Vexp - Vnm)/vnm (3)

Vexp and Vp,, refer to the measured experimental unit-cell
volume and extrapolated nonmagnetic unit-cell volume, respec-
tively. Since a, represents the temperature derivative of ws, we
obtain

ay = dwg/dT 4)

Although there is no direct link between a, and the magnetic
entropy change ASy;, a connection exists between w, and mag-
netization M, given by:*

w,(T) = kCM(T)? )

where k and C are the magnetoelastic coupling constant and the
compressibility, respectively. Schematic illustrations for the cal-
culation of the CTE and w, in an NTE material are given in
Figure 1. The thermal expansion data of Invar alloy, Fe-based
Laves phases, La—Fe—Si(Al)-based alloys, and rare-earth-based
alloys are given in Table 1.

3. ZTE Materials
3.1. Fe-Based Laves Phase

3.1.1. Crystal Structure and Magnetic Properties

Laves phases (AB,) are topologically close-packed intermetallic
compounds, named after the German mineralogist and crystal-
lographer Fritz Laves. They typically crystallize in one of three
structural types: cubic MgCu,, hexagonal MgZn,, or hexagonal
MgNi,. The MCE near room temperature has been observed in
Fe-based Laves phases. A notable example is the Hf; ,Ta Fe,
system, which adopts the hexagonal MgZn,-type structure (space
group P63/mmc), as illustrated in Figure 2a,b. In this structure,
Fe atoms occupy the 2a and 6h sites, while Hf/Ta atoms are posi-
tioned at the 4f site. With increasing temperature, Hf; ,Ta,Fe,
undergoes a transition from a ferromagnetic (FM) to an
antiferromagnetic (AFM) state at the magnetoelastic transition
temperature T, followed by a further transformation into the
paramagnetic (PM) phase at the Néel temperature. A comprehen-
sive phase diagram is provided.*! In the FM state, the Fe mag-
netic moments at the 2a and 6h sites align within the a-b plane.
In the AFM state, the Fe moments at the 2a site experience

nm | -

T

Figure 1. Schematic illustration of the calculation methodology for a) the volume coefficient of thermal expansion CTE and b) the spontaneous volume

magnetostriction (w) in an NTE material.
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Table 1. Linear thermal expansion data () of a series of magnetic functional materials.

Composition CTE T K] Method Composition CTE T K] Method
FegsNiss!'! 1.5 193—373 Dilat. Fe,Zrt*4 —34.0 93-1078 Dilat.
FepsHf*) 1.79 418-523 SXRDY Sco.55Tig.45Fe, ") 0.4% 10-250 NPD
Fe, sHf 0.4% 433-583 SXRD ScoTiosFes —-9.59 125-205 NPD
Fe, gHf 1.99 298613 SXRD LaFeq06Sip4°2 -1.2 160—270 Dilat.
HfosTag 1Fe ! -10.7 287-356 Dilat. LaFeq.5Sits —50 170—240 Dilat.
Hfo.s8Tao.12Fes —14.4 250337 Dilat. LaFes0,5C01 0Siv.s —26.1 240350 Dilat.
Hfo.s7Ta013Fe, ~16.3 222-327 Dilat. LaFes4Coj3 5Siz 35 1.1 260—310 Dilat.
Hfo.sZro1Tao.1Fez -12 259-352 Dilat. LaFes0.6Sip.4”% —14.2 150—300 XRD
Hfo.sZro2Tao1Fez —124 240-352 Dilat. LaFe0.6Siz.4 -0.8 15-150 XRD
Hfo 57 Tag13Fe,®”] -12.6 250—-360 Dilat. LaFey; 5Si s —50 150—250 XRD
Hfo.s7Ta0.13Fe2.05 -11.3 250360 Dilat. LaFeyysSiis -5.6 15-150 XRD
Hfo.s7Ta0.13Fez1 —7.4 250360 Dilat. LaFe;;Si, hydridel® 0.5 20-275 XRD
Hfo.s7Ta013F€2.2 —2.8 250—360 Dilat. LaFe;0.5CoSiy o> —20.3 190—350 Dilat.
Fe,Hfo.57Tag13Cu7 258 1.7 50—293 Dilat. (LaFes0,8C0Siy 2)85Curs -17.6 240—360 Dilat.
Fe,.sHfo 50Tag.20!*®! 0.352 265350 Dilat. (LaFeq05C0Siy 2)55Cuys -1.9 280—-340 Dilat.
Hfo.g5Tag1sFe,?”! —15.89 240-290 XRD LaFeqq sAly 57! —2.02 5-250 XRD
Hfo.85Ta0.15F€;C0.01 —0.8 85-245 XRD LaFeyqsAlis 3T) -14.0 40-260 XRD
Hfo.g3Tag17Fe,*" —33.39 237-277 XRD LaFey; Al g9 —-10.5 100—225 Dilat.
Hfo.s3Tao17Fes (Ribbon) —6.3% 197297 XRD LaFe;5Al,5 0.78 5-250 Dilat.
Feq.55Nig.12Hfp.0Tag 1" 0.26 192-256 Dilat LaFe;q3Al, 7 0.36 5-250 Dilat.
Fey.56Vo.14Hfo.sTag 1 —0.12 232-333 Dilat TbCo,?¥ —6.62 173-231 Dilat.
Fes g3Alo.12Hfo.0Tao 0.16 272-378 Dilat TbCos sFeo 0.48 123-307 Dilat.
Fe;.76C00.24Hf.6Tag 1 —0.22 202267 Dilat Er,Fe; 4B -1.2% 120—475 XRD
Fe,Hfo.95Nbg os”"! —7.79 323-398 XRD ErFeg.05C00.05B 0.5% 120—475 XRD
Fe,Hfo.9Nbg 1 —7.29 273-373 XRD Er,Feq4Bq 035" 0.28 100—-550 Dilat.
Fe,Hfo.575Nbg 125 —6.07 248373 XRD Er,Fe14B1.035 —0.27% 100—550 XRD
Fe,Hfo 35Nbg 15 —2.89 173-323 XRD ErCo,.oFeg % —6.59 60—140 XRD
Fe,Hf 5,Nbg 205" —0.4Y 117-197 XRD ErCo, ssFeg s —1.1% 70-170 XRD
Fes 95Hf5.52Nbo 20 0.6” 117-197 XRD ErCo, sFeo 0.9% 10-220 XRD
Hf g5 Tio.1sFe > —8.3% 300—400 NPD ErCo, 7sFeg 25 2.99 10—300 XRD
Hfo.eTio.Fes —1.4% 120—295 SXRD HoFe;,172 —43% 295365 XRD
Hfo.Tio.4Fes —22 120-325 Dilat. HoFe cCr 0.43% 13-330 XRD
Zro.sNbg ,F e, 1.4 3—-470 NPD Ho,Fe; ;! —2.8%9 3-250 XRD
Zro7Nbg sFe, —2.14 209-358 NPD Ho,Fey; 6.5 250-340 XRD
Zro.6sNbg 35Fe,”*! 0.7 155—-300 Dilat. Ho,Fe;¢Co 0.29 3-460 XRD
Zre.75Nbyg 25Fe,Cog 1147 1.07 3—-440 NPD Ho,Fe;¢Co 0.07 100—461 Dilat.
Zro.5Tag Fey 7C003% 0.21 5-360 Dilat. Hog.sFeo.06°% 0.19 100—335 Dilat.
ZroTagsFe,*! 0.7 116—430 Dilat. Hog 04Feo.06 1.19 100—335 XRD

|f the thermal expansion is anisotropic, the value of the linear CTE (a)) is estimated as one-third of the volumetric CTE (ay). ¥ SXRD: Synchrotron XRD and Dilat.: dilatometry.

The data in bold correspond to a ZTE with o] < 1.0 x 106K

frustration due to their intermediate position between two anti-
ferromagnetic planes, as revealed by neutron diffraction.*"! The
magnetic structures of Hf; ,Ta,Fe, are depicted in Figure 2¢,d.

The magnetic entropy change for a field change of AugH=3T
varies between 1 and 6]kg ' K™! for the Fe,(Hf, Ta) system,

Adv. Eng. Mater. 2025, 2500833
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depending on the Ta content.””*273% A decrease in lattice param-

eter a and unit cell V accompanied by the FM-AFM transition at
253 K is shown in Figure 3b,c. A significant adiabatic tempera-
ture change of 3.5K (AuoH=2T) has been reported for
Fe,Hfp 4Tag.16,>" as shown in Figure 3d. Doping with elements

© 2025 Wiley-VCH GmbH
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(b)

Hf/Ta (4f site)

Fe (6h site)

Fe (2a site)

Figure 2. a,b) Unit-cell structure of the MgZn,-type structure of Fe,(Hf, Ta) Laves phase compound. Magnetic structure of Fe,(Hf, Ta): c) ferromagnetic
structure and d) antiferromagnetic structure. Fe atoms occupy the 2a and 6h sites, while Hf/Ta atoms are positioned at the 4f site. Reproduced under the
terms of the CC BY license.®” Copyright 2023, The Authors. Published by TU Delft.
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Figure 3. a) M-T curves for the Hf;,Ta,Fe, (x=0.13, 0.14, 0.15, 0.16) alloys in a magnetic field of 0.005 T. Lattice parameters from temperature-
dependent XRD data: b) Change of lattice parameters a and ¢ as a function of temperature, and c) Temperature dependence of unit-cell volume
for the Hf g4Tag 16Fe; alloy. d) Directly measured the temperature dependence of AT,4 in @ magnetic field change of 1.5 T. The inset shows the specific
heat capacity for the Hfg g4Tag 16Fe; alloy. Reproduced under the terms of the CC BY license.?4 Copyright 2021, The Authors. Published by MDPI.

Adv. Eng. Mater. 2025, 2500833 2500833 (4 of 15) © 2025 Wiley-VCH GmbH

8518017 SUOWILLIOD BAIIERID 3|ded!dde aup Aq peueAob 8e 9ol VO ‘8SN JO S8|ni o AkeiqiT8UlUO /8|1 LD (SUORIPUOD-PUE-SWBI ALY A8 | 1M Afe.q1Bu|Uo//SUNY) SUORIPUOD pue SWB | 8U3 885 *[G202/60/60] U0 AriqiTauliuo A|IM ‘BRa AseAun ealuyse L Aq E68005202 Wepe/z00T OT/I0p/LL0d A8 | im Akeiq iUl |uo"peoLeApe//Sdny Wo. pepeojumoq ‘0 ‘892/25T


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

such as C and Co affects the magnetocaloric properties: carbon
doping enhances the magnetoelastic coupling and increases A Sy
from 1.8] kgf1 K™! for Fe,HfygsTagqs to 4.0] kgf1 K! for
Fe,Hfj 85Ta0.15Co.01 in @ magnetic field change of 2 T:271 Co dop-
ing reduces T}, while maintaining a significant magnetic entropy
change.’” Additionally, a stable MCE of ~5 J kg ' K" at 7 T has
been achieved in HfgsTag 15Fe,, with an ultrawide operational
temperature range of 146-320 K through hydrostatic pressure
manipulation below 1 GPa.*® The magnetocaloric effect has also
been reported in Fe,(Hf,Ti),*® Fe,(Hf, Nb)**! and Fe,(Sc, Ti)*"!
alloys. Notably, Fe,Sco3Tip; undergoes a ferro-ferromagnetic
transition where FM and canted AFM coexist below the transi-
tion temperature of 125 K. The ASy; values for Fe,Scq 3Tio 7 are
3.47kg ' K 'at 106 Kand 1.7 J kg~ ' K™ at 337 K for a magnetic
field change of 5 T, corresponding to the ferro-ferromagnetic and
ferro-paramagnetic transitions, respectively.[*"!

3.1.2. ZTE Properties

During the FM-AFM transition, the lattice parameter a
decreases, while the lattice parameter ¢ remains constant, leading
to a 0.4% reduction in the unit-cell volume for Hfj g4Tag 16Fe,
alloy, as shown in Figure 3d.*® This characteristic makes the
Fe,(Hf, Ta) compounds promising candidates for NTE materials.
By reducing the Ta concentration, the initially sharp volume
change gradually transformed into a continuous one and shifted
toward room temperature. The optimal NTE behavior is opti-
mized at x=0.13, exhibiting a linear NTE coefficient of

www.aem-journal.com

—16.3 x 107 °K™" over a broad temperature window of 105K
(222 K—327 K).”®! A continuous magnetoelastic transition can
also be achieved in Fe,Hf; g3Tag 17 synthesized via rapid solidifi-
cation technique, which shows a linear NTE coefficient of
—6.3x107°K™! over a 100K range (197 K—297 K).*" The
broadened NTE window is closely linked to the asynchronous
FM ordering of the Fe moments at the 6k and 2a Fe sites,?!
derived from the Electron Spin Resonance measurements.

A similar NTE has been reported in other Fe-based Laves
phase compounds, such as Fe,HfygoNbgao (=5 x 107°K™},
150-240 K),[*! Fe,Hfy 55Tig 15 (—8.3 X 107° K™%, 300400 K)1*®
and  Fe;Sco4Tios (—9.5x107°K™', 125-205K).**!  For
Fe,Hf, g5Tig 15, the magnetic moments of Fe align in the a-b
plane below 400K, and their variation is responsible for the
NTE over a wide temperature range of 300-400 K, as shown
in Figure 4. The identical trends of dws/dT and dM/dT confirm
the strong magneto-lattice coupling in this system. A sharp mag-
netic transition indicates that spontaneous magnetostriction
drives thermal contraction, leading to the NTE. NPD results
show that the shortest in-plane Feg,—Feg, distance, as shown
in Figure 4d, controls the magnetic interactions in Fe,(Hf, Ti),
making the temperature-dependent reduction of the in-plane Fe
moments the key factor in the NTE. Additionally, the metallic
framework-like compound FeZr, exhibits giant uniaxial NTE
with o =—34.01 x 107 ®*K ™" across an extensive temperature
range (93-1078 K).**! Investigations using SXRD, NPD, neutron
pair distribution functions, EXAFS, and density functional the-
ory calculations indicate that strong Fe 3dz’-3dz” electron
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Figure 4. a) Temperature dependence of the hyperfine field of the arc-melted Fe,HfygsTag s alloy, derived from Méssbauer spectroscopy.
b) Temperature dependence of magnetic moment at the 2a and 6h sites of the arc-melted Fe,Hfy gsTag s alloy derived from NPD. c¢,d) Interatomic
distance as a function of temperature. €) dws/dT and dM/dT (at a magnetic field of 1T) as a function of temperature. f) Spontaneous volume magneto-
striction w; as a function of the square of the Fe magnetic moment. Reproduced under the terms of the CC BY license.*® Copyright 2021, The Authors.

Published by Elsevier.
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interactions reinforce the Fe—Fe bond, supporting a high c/a
ratio in the CuAl,-type structure, which accommodates contrac-
tion along the ¢ axis due to the strong expansion of the Fe—Zr
bond. Unlike the conventional framework, NTE materials driven
by low-frequency phonons, this giant uniaxial NTE arises from
the coupling of a flexible, weak-bonded structure and high-
frequency phonons.

Beyond the NTE, Fe-based Lave phase compounds can also
show a ZTE. Scg55Tig4sFe, demonstrates a near-zero expansion
with @ =0.41 x 10 °K ™" over 10-250 K,"**) while Fe,Zrq;Taq;
exhibits an isotropic ZTE (o =0.9 x 10"*K™', 10-450K) due
to its extended magnetic ordering window.*”! Neutron diffrac-
tion, Mossbauer spectroscopy, and theoretical calculations reveal
that the transition from an AFM hexagonal phase to a FM cubic
phase in Kagomé Fe layers plays a crucial role in this behavior.
An ultrawide ZTE behavior with an average linear thermal
expansion coefficient of a;=+0.47 x 10 °K ™! is observed in
Z196sNbg 3sFe; 15, spanning a broad temperature range of
4-425 K (Figure 5b).*! This ZTE is attributed to interplanar fer-
romagnetic ordering, which induces strong spontaneous mag-
netic compensation for the intrinsic lattice expansion. Notably,
trace Fe doping at the 8a crystallographic sites (Figure 5d), as
confirmed by NPD and Mossbauer spectroscopy, significantly
enhances the interplanar exchange interactions and raises the

www.aem-journal.com

Curie temperature. This enables tunable thermal expansion
behavior through targeted compositional control.

Off-stoichiometry has proven to be an effective strategy for
achieving ZTE in Fe-based Laves phase compounds. In particu-
lar, introducing excess Fe atoms into the Fe,Hf system leads to
notable ZTE behavior. For instance, Fe,sHf exhibits a
broad high-temperature ZTE range (o=0.42x 10 °K,
433-583 K), where the extra Fe atoms occupy 4f sites, as con-
firmed by NPD and Massbauer spectroscopy.l*’! The ZTE mech-
anism in HfFe,s is closely linked to MVE, with wy effectively
counteracting the normal thermal expansion. Moreover, the
increased number of magnetic exchange interaction paths due
to off-stoichiometry further tunes the lattice response, offering
a promising route to designing high-temperature ZTE materials.
This strategy is further supported by observations in other
off-stoichiometric systems. In as-cast HfygoTag 20Fe,s, ZTE is
observed in the temperature range of 265-350K, with
x=0.352x 10 °K!, where the formation of a Ferich
phase contributes to the overall thermal expansion behavior.*®!
Similarly, the presence of Fe vacancies can also induce ZTE, as
demonstrated in  FejosHfygNby,  (a1=-0.4 x 107 °K™1,
117-197K). In this case, fine-tuning the coexistence of
AFM and FM phases allows precise control over thermal
expansion.*”!
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Figure 5. a) Temperature dependence of Fe magnetic moments of ZNFF (Zrq ¢sNbo 35Fe;.15) measured by NPD and PPMS. The inset shows a contour
plot of the ZNFF peak (111) by NPD. b) Proposed process that magnetic ordering contributes to tuning ZTE for ZNFF. c) Positive correlation between the
magnetic moment of the Fe lattice ([ZMFe|) and the contribution of the magnetic order to the unit-cell volume (ws); d) *’Fe Méssbauer spectrum of
ZNFF measured at 300 K. Reproduced with permission.l*®! Copyright 2023, American Chemical Society.
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Figure 6. Temperature dependence of lattice constants a and ¢ and the cell volume V in a) HTFC (HfpgsTao15Fe2Co.01) and b) HTF (HfygsTagq1sFes)
alloys, respectively. Temperature dependence of the first reciprocal of magnetization and magnetoelastic coupling in ¢) HTFC and d) HTF magnets. The
first derivative of magnetization dM/dT under a 1T magnetic field, showing stronger coupling between magnetization and lattice after the addition of
interstitial Carbon. Reproduced with permission.””) Copyright 2023, John Wiley & Sons, Inc.

In addition to off-stoichiometry, elemental doping offers
another effective means of realizing ZTE in Fe-based Laves
phases. Carbon doping in HfygsTag15Fe;Coor leads to a low
oy of =2.2 x 1076 K" over the 85-245 K temperature range, as
shown in Figure 6.1”) The trace interstitial carbon enhances mag-
netoelastic coupling in the stabilized ferromagnetic state, effec-
tively suppressing PTE and enabling high-performance ZTE.
Doping with transition metals has also led to significant advan-
ces. The pyrochlore-structured Zrg ,5Nbg »5Fe,Cog 1* achieves a
low linear CTE of 1.07 x 107K ™" over the wide temperature
range of 3-440 K. Here, local compositional fluctuations of Fe
and Co modulate interplanar ferromagnetic ordering, gradually
counteracting normal phonon-driven expansion upon heating.
Beyond thermal performance, this alloy also exhibits excellent
corrosion resistance in both acidic and alkaline environments,
highlighting its practical potential. Another high-performance
ZTE alloy ZrgTag ,Fe; 7Cog 3 exhibits an isotropic ZTE behavior
(01 =0.21 x 107° K!) over a wide 5-360 K temperature range.>%
This material also shows superior corrosion resistance in
seawater-like environments, surpassing both classic and stain-
less Invar alloys. Its impressive cyclic thermal stability arises
from its cubic symmetry, tunable magnetic ordering, and the
formation of a self-passivating surface layer rich in Ta and Zr.

In parallel, room-temperature ZTE has been successfully
achieved in Fe,Hfy¢Tay; alloys doped with Co, Ni, V, or
ALPY These dopants influence the formation of different
Laves phase structures: Co and Ni promote a mixture of C14
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and C15 phases, while Al and V lead to the coexistence of two
C14 phases. The thermal expansion behavior in these systems
is governed by the atomic size ratio (ra/rg) and the electron con-
centration (e/a). Elements like V and Al, with smaller (ra/rs) and
lower e/a values, favor the C14 phase, while higher values pro-
mote stabilization of the C15 structure. The coexistence of phases
with opposing thermal expansion responses allows for effective
compensation of lattice changes, resulting in significant ZTE.

3.2. La—Fe-Si (Al)-Based Alloys

3.2.1. Crystal Structure and Magnetic Properties

La—Fe-Si(Al)-based alloys crystallize in a cubic NaZn;s-type
structure with space group Fm-3c, as shown in Figure 7a.'?
In the structure, La atoms occupy the 8a site, while Fe atoms
are distributed between the 8b and 96i sites. Al or Si randomly
substitutes for Fe at the 96i site. Pure LaFe;3 does not exist due to
the positive formation enthalpy between La and Fe atoms, but
LaFe;3 ,Si, compounds with Si content ranging from x=1.2
to 2.4 were successfully synthesized.!'>** LaFey; 4Si; ¢ exhibits
alarge ~ASy of 19.4 kg™ K" around 213 K under a magnetic
field change of 5T, driven by a field-induced itinerant-electron
metamagnetic transition.'”!

Co substitution for Fe or interstitial H doping modifies the
exchange coupling between magnetic elements, enabling phase
transition tuning across a broad temperature range, while

© 2025 Wiley-VCH GmbH
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Figure 7. a) Crystal structure of LaFeSi alloys. Reprinted with permission.'? Copyright 2018, Elsevier. b) Temperature dependence of linear thermal
expansions AL/L and c) temperature dependence of magnetizations for LaFe;q 5_,Co,Siy s (x=0.2, 0.4, 0.6, 0.8, and 1.0). (Inset) Curie temperatures of
LaFey15,Co,Sivs (x=0.2, 0.4, 0.6, 0.8, and 1.0). Reproduced with permission.[szl Copyright 2013, American Chemical Society.

preserving a large MCE.”?* Hydrogen doping shifts the first-
order magnetic transition to higher temperatures, yielding
—ASy~20]kg 'K and an adiabatic temperature change of
6K for a 2T field change over 195-336 K in La(Feq gsSio.12)13H,
compounds.”! The strong MCE correlates with a negative lattice
expansion across the phase transition, as shown by temperature-
dependent lattice parameters in LaFe;;s_,Co,Si;s (x=0.2—1.0)
compounds,®? as shown in Figure 7b. A detailed review on the
MCE in LaFeSi-based alloys can be found.*"

3.2.2. ZTE Properties

Huang et al. first reported a giant NTE in La(Fe, Si, Co);3 com-
pounds.[5 2 In LaFeq; 5,C0,Siy s, increasing Co content expands
the NTE temperature window, with LaFe;5Coq ¢Si; 5 exhibiting
a large linear NTE coefficient of —26.1 x 107 ° K" over 240-
350K. Interstitial hydrogen shifts the NTE range in
LaFe;q,0Siz0 from 175-250 K to 275-350 K and its hydride show
broad ZTE behavior, (¢ = 0.5 x 107 ° K", 20275 K).”* Yu et al.
reported a near-isotropic ZTE (o = 1.10 x 107* K™, 260-310 K)
in LaFes4Co;5Si3 35 alloy, which also demonstrates exceptional
toughness (277.8 Jom*).>* This is attributed to a precise chem-
ical regulation, involving phase structure (L/o phase), chemical
composition, and heterogeneous microstructure, as revealed by
SXRD, Electron Back-Scattering patterns, 3D Atom Probe
Tomography, and high-resolution transmission electron micros-
copy analysis, as shown in Figure 8. Cu doping in LaFe;( gCoSi; »
enhances the compression strength from 70 MPa to 645 MPa
and improves plasticity.[ss] The (LaFe;pgCoSi;;)ssCuss alloy
achieves a low linear CTE of —1.9x107°K™' over a
280—340 K temperature range with high mechanical reliability
after 10* thermal cycles. Cu addition promotes the formation
of the LaCu, phase, which is semi-coherent with the La(Fe,
Co, Si);3 matrix, and the LaCuSi phase, strengthening the struc-
ture through semi-coherent interfaces and stacking faults.

Adv. Eng. Mater. 2025, 2500833
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Li et al. reported that LaFe;; ,Al, (x=1.8) exhibits a linear
CTE of 10.47 x 10 ®K ' between 100 and 225 K.”® An increas-
ing Al content broadens the ZTE range to 5-250 K with x=2.5
(=078 x 10 °K ") and x=2.7 (@ =0.36 x 10 °K ). Song
et al. observed a slight NTE in LaFej;sA;s (o= —2.02 X
10 °*K ™!, 5-250K) without a magnetic field, while applying
3T induced a strong NTE (a=—14.01 x10 °K},
40—260 K).*”! This enhancement is attributed to a ferromagnetic
strengthening via spin-moment rotation in the canted structure,
as revealed by neutron powder diffraction and small-angle neu-
tron scattering.

3.3. Rare-Earth-Based Alloys

3.3.1. Crystal Structure and Magnetic Properties

Rare-earth compounds such as RCo, (R = Pr, Nd, Sm, Gd, Tb,
Dy, Ho, Er) are promising for the MCE due to their large
localized magnetic moments. Detailed reviews on the MCE
in rare-earth compounds are available."®?%® Er(Ho)Co,-
based compounds are promising for hydrogen liquefaction
(20-77 K), exhibiting a ASyy~ —25Jkg 'K ! and AT,q~ 4K
under a 5T field change.'”) Another notable RCo, alloy is
TbCo,, which undergoes a paramagnetic-to-ferrimagnetic
(PM-FIM) transition at Tc=231K. The Co magnetic state
depends on the 4f-3d exchange interactions and lattice param-
eters. Fe substitution at the Co site shifts T toward room tem-
perature while maintaining a table-like ASy~4Jkg 'K™!
over 210-320 K under a field change of 5 T.*°! Figure 9 shows
the magnetic structure for the TbCo; oFeq; alloy obtained
from NPD.® The magnetic moments of the Co/Fe atoms
at the 9e and 3b sites align antiparallel to those of the Tb atoms
at the 6¢ site. At Tc =307 K, the ferrimagnetic rhombohedral
structure (R-3m) transforms to the paramagnetic cubic struc-
ture (Fd-3m). Since the lattice parameter ¢ exhibits an almost
linear decrease with the Tb magnetic moment, a rapid decline

© 2025 Wiley-VCH GmbH
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Figure 8. a) Electro-probe microanalyzer image of the S-3 (LaFeg 9304C00.061xSi0.0583x With x=57.5) alloy. b) Electron back-scattered diffraction inverse
pole map of the S-3 alloy at high scales. c) High-angle annular dark-field scanning TEM image of the corresponding phase interface along the [001]_ zone
axis. d) Atom maps reconstructed using 3D atom probe tomography marked in the nanoprobe with the phase interface. e) 1D concentration profile of the
elemental distributions. f) Field-cooling magnetization at a magnetic field of L-phase (LaFe;q30C00 83Si1.87, 0.1 T) and S-3 (0.05 T), respectively. Insert the
magnetic structure model from FM to PM. g) The dilatometer thermal expansion of S-3, L-phase, Feg; 42C04 34Si3 07 (@ phase) alloys. The calculated S-3
ZTE (empty circle point line) derived from L-phase and a-phase thermal expansions is consistent with the experimental data. Reproduced under the terms
of the CC BY license.®"! Copyright 2024, The Authors. Published by Springer Nature.

in the Tb moment induces NTE, while a relatively slow
decrease gives rise to ZTE. Notably, TbCo; oFeq; exhibits a
negligible coefficient of thermal expansion (a;=0.48 x
107 K™") over a broad temperature range (123—307 K), fur-
ther enhancing its suitability for advanced thermal manage-
ment applications.
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3.3.2. ZTE Properties

For rare-earth-based alloys, their complex magnetic structure and
exchange coupling may provide new insights into the design and
development of novel magnets with high-performance ZTE over
a broad temperature range. ErCo, gFey, magnet exhibits ZTE

© 2025 Wiley-VCH GmbH
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Figure 9. a) Crystal and magnetic structure of the TbCo, gFeq 1 intermetallic compounds at 10 K by NPD. b) Temperature dependence of linear thermal
expansion (Al/lo) of Tb(Coa..Fe,) determined by a thermo-dilatometer. Reproduced with permission.?®! Copyright 2018, American Chemical Society.
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Figure 10. a) Temperature dependence of magnetization under a magnetic field of 5 T. b,c) Refined NPD pattern at 300 K. d) Tunable lattice thermal
expansion ranging from NTE to ZTE and to PTE via Fe substitution; the lattice thermal expansion behavior is separated into three distinct regions marked
in different colors. Reproduced with permission.[*® Copyright 2023, John Wiley & Sons, Inc.

with a negligible CTE (¢ =0.9 x 10 °K!, 10-220K),*” as
shown in Figure 10. The sublattice MVE in Erl and Er2 atoms,
responsible for the ZTE and tunable physical properties, was elu-
cidated through NPD and in situ transmission electron micros-
copy (TEM) magnetic domain observations. A dual-phase Er-Fe-B
alloy achieves an axial ZTE (a;=0.28 x 107°K~!, 100—550 K)
combined with a high strength, stiffness, and robust thermal
shock resistance,®! attributed to a distinctive “plum pudding”
structure—an Er,Fe 4B matrix (NTE, pudding) embedded with
a-Fe (PTE, plum). The low-cost Hog ¢4Feg o6 alloy demonstrates
an axial ZTE (0.19 x 10" ° K, 100-335 K).*”! Unlike the brittle
intermetallic ZTE compounds, this dual-phase alloy maintains a
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good strength-plasticity balance, as its eutectic lamellar structure
suppresses shear micro-cracks in the brittle H phase via the soft
a phase after 12% deformation.

Adjusting the Co content in Ho,Fe;;_,Co, tunes thermal
expansion, with Ho,Fe;sCo achieving a record-wide ZTE range
(0.07 x 10 ®K ', 3-461 K) comparable to the Invar alloy,®*) as
shown in Figure 11a,b. This ZTE arises from two coupled mech-
anisms. First, magnetic ordering in the Fe sublattice induces a 3d
bonding state transition: depopulation of bonding states in the
minority spin channel and population of nonbonding states in
the majority spin channel weaken Fe—Fe bonds, generating lat-
tice expansion stress that manifests as NTE (Figure 11c). The

© 2025 Wiley-VCH GmbH
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Figure 11. a) Temperature dependence of relative unit-cell volume determined by NPD refinements from 3 to 650 K for Ho,(Fe, Co),7; compounds;
b) apparent ZTE of Ho,Fe;6Co compound determined by thermal dilatometer from 100 to 520 K. c) DOS of Fe atoms at 6g site for Ho,Fe;; compound;
d) Atomic resolved contribution to the DOS of Co atoms at 6g sites for Ho,Fe;5Co, compound; ) magnetic moments of Fe/Co atoms (Me,co) at 6g site
and unit-cell volume as a function of applied magnetic field for Ho,Fe;¢Co compound at 5 K; f) Positive correlation between the magnetic moments of Fe
sublattice ([ZMkg|) and the contribution of magnetic ordering to the unit-cell volume. The inset shows the |[SM¢| as a function of Co content. Reproduced

with permission.l®l Copyright 2021, American Physical Society.

magnitude of this NTE scales with the Fe magnetic moment
(Figure 11f). Second, Co substitution enhances the molecular
field, extending magnetic order to higher temperatures and
thus widening the ZTE range. Importantly, Co introduces mini-
mal lattice stress due to compensating changes within non-
bonding electronic states (Figure 11d), enabling it to stabilize
the crystal structure while synergistically balancing the NTE
(from Fe sublattice magnetism) and intrinsic PTE (from lattice
vibrations).

3.4. Thermal Conductivity, Electric Conductivity, and
Mechanical Properties

Table 2 summarizes the physical properties of key NTE or ZTE
alloys. Fe,Hfj g7Tag 13Cu; 5, LaFessCos 5513 35, and Er,Feq4B o35
each feature multiple phases that exhibit an exceptionally high
compressive strength (CS > 1GPa), surpassing Invar alloys.
La—Fe—Co-Si alloys, however, have a much lower electrical con-
ductivity (0.62 MSm™") than Invar, though Cu doping enhances
their mechanical reliability. Fe,(Hf, Ta)-based Laves phase alloys
combine a high Young’s modulus, compressive strength, and
Vickers hardness with superior thermal and electrical conductiv-
ity, outperforming other metallic NTE materials. Additionally,
the Fe,Zr-based Laves phase demonstrates the widest NTE tem-
perature range, as shown in Table 1, along with an exceptional
corrosion resistance, broadening their potential for practical
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Table 2. Thermal conductivity (k, Wm™' K™"), electrical conductivity (o,
MSm™"), Young’s modulus (E, GPa), Compressive strength (CS, GPa),
Vickers hardness (Hy), and plasticity (%) of metallic ZTE/NTE materials.

Compounds k c E (& Hy plasticity
Invar 367 104 119 141 0282  150-200 30
Hfo.s7Tag 13Fe,?) 101 1.08 223 0.382 882 16.8
Fe,Hfo.7Ta0.13Cuy 55" 23.4 - - 1.04 - 9
LaFe;05C01 0Sin 527 6 0.62 130 - - —
LaFes,Co3 5Si3 35" - - 1.11 - 30.9
(LaFe05CoSi 2)5sCusst™ - - - 0.645 - 4.4
LaFey;SipH, ! - - - 0.06 - 1
LaFe0,Cor ,Siy 67 - - 1 - 3.87
ErCoz_gFeo_z[GO] - - - - 532.6 -
E'zFe14B1.35[61] - - 61.47 1.44 - -
HoFe;6Co!®’! - - - 0049 - 2
HozFewa[n] - - - 0.05 - 2
Hoo.04Fe0.06°%) - - - 0.88 - 15.6
TbCoy oFeq 2% - - - 0.26 - 1.5

applications. For rare-earth-based transition metal alloys, the
small CS and plasticity restrict their practical applications despite
the wide ZTE window.

© 2025 Wiley-VCH GmbH
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4, Correlation between MCE and ZTE

For certain Fe-based Laves phase materials, such as Fe,(Hf, Ta),
which undergo a FM to AFM transition, the FM state possesses a
larger volume than the AFM state, leading to a net negative con-
tribution to the thermal expansion. Similarly, in La(Fe, Si);;-
based compounds exhibiting a FM-to-PM transition, the loss
of long-range magnetic order upon heating results in a volume
contraction and induces NTE. In rare-earth-based alloys like
TbCo; oFeg 1, the FIM-to-PM transition can lead to either NTE
or ZTE, depending on the rate of decrease in the Tb magnetic
moment—rapid suppression leads to NTE, while a gradual
reduction results in ZTE.

The identical trends of dwy/dT and dM/dT as shown in
Figure 4f, 5c, 11f, and 12d confirm the presence of strong
magneto-lattice coupling in Fe-based Laves phase and rare-
earth-based alloys. According to Equation (5), the linear correla-
tion between the w, and M % highlights the dominant role of mag-
netic coupling and magnetoelastic transition in driving the
NTE.***# The trend in ws and M? is nearly identical and exhib-
its a strong linear dependency, indicating that magnetoelastic
transition dominates the NTE of Fe-based Laves phase and
Ho,Fe;5Co,. The volume contraction is associated with the
reduction in magnetic moments due to MVE counteracts the lat-
tice expansion caused by thermal vibrations.!*”) Furthermore, the
constant kC from Equation (5), which quantifies the strength of
this interaction, can be derived from the slope of the linear
ws and M* relationship.’®) A larger kC implies a stronger
magnetoelastic coupling, offering enhanced tunability of
NTE through magnetic transitions. The kC values for

www.aem-journal.com

FeszoA83TaoA17 and La(FeoA86A10,24)13 are 1.32 x 10710 sz A72
and 1.79 x 107'% cm® A™?, respectively, and both are potential
MCE materials with strong magnetoelastic coupling,*®!

Magnetic transitions, whether of the order-order (FM-AFM,
FIM-PM) or order—disorder (FM-PM) type, play a central role
in governing thermal expansion behavior in magnetic materials.
Based on the underlying mechanisms of magneto-lattice cou-
pling, strategies for achieving ZTE or NTE in magnetic systems
can be broadly categorized into three approaches: 1) Chemical
broadening or suppression of magnetic transitions: By chemi-
cally tuning the magnetic transition, it is possible to broaden
or suppress the sharpness of the magnetoelastic transition,
which reduces the abruptness of volume change and leads to
ZTE. Representative systems include (Zrl,bex)Fez,[M] R,(Fe,
CO)17,[63] SC0A55Ti0A45Fez,[43] TbCOZ,xFex,[ZS] ErcolgFeo_z,[GS] and
LaFe;;_,AlL.P® Further refinements can be realized through
phase separation via elemental substitution,®") phase coexistence
induced by atomic vacancies,’*® or variations in sample prepara-
tion methods.*®! 2) The second approach is based on exploiting
sharp magnetic transitions, below which ZTE behavior
emerges due to enhanced magnetoelastic coupling. This has
been observed in compounds such as Fe,Hfy 85T 15Co.01,2"
La(Fe, Si)13 hydrides,[53] and the Mn;_,Ni,CoSi system.[66]
3) Introduction of secondary phases: Secondary phase formation
can alter magnetoelastic interactions and fine-tune the thermal
expansion response. This approach has been successfully applied
in systems including Hf, oTag Fe,. X, (X=Al Co, V, Cl'),[5 1
Zrl,bexFeZCoy,Hg] HOxFelfx,[GZ] FeZ+x(Hﬂ Ta),[48’67] Hf().g7
T30A13Fezcux:[68] F62+fo0A80Nb0Azoy[39] (LaF610A8COSiL2)(100-y)
Cuy,[ss] LaFes,Co; sSi3 35.5

(@) 20 (b)
M en
18F e(6h) S 0F g EEEE 14
TOTT — LT ) e
161 X o
—~ .\
14 & =, —_
2 F | @
T 12 Mee(2a) S \, . 12 ©
- X % / X
1.0 - %o =
= g4 R =/ 5
S 08 i J PEEVEESL- L L 02
0.6 S '~.\ = [/ °
[ ]
0.4 6 —=—dM,,/dT -\
02 —e—da/dT ° 1-2
0.0 " L L L L \ -8 L 1 L 1 1 L
100 200 300 400 500 600 700 100 200 300 400 500 600 700 800
Temperature (K Temperature (K
(C) 6 P! (K) (d) P (K)
5 -
4+
A\A\ 2 4t
2 A o
a kA\ ° &
= =69 =
= 0—0—0—0—0— x
2
3-2f —— W, 32t
4} Whm
—A— 1
A ws
6}
0 L .

400 450 500 550 600 650 700 750
Temperature (K)

My (Mg?)

Figure 12. a) Temperature dependence of the magnetic moment at three different Fe sites. b) Rate of change of total moment dMy,/dT vs da/dT for
HfFe,s. ¢) Thermal expansion characteristics of HfFe,s. d) Correlation between Mo and ws for ZTE in HfFe,s. Reproduced with permission.[”].

Copyright 2022, American Chemical Society.
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5. Summary and Outlook

This review examines the ZTE in MCE materials, focusing on
representative systems such as Fe-based Laves phases, La—Fe—
Si(Al)-based alloys, and rare-earth-based compounds. The CTE
and temperature window of the ZTE for representative magnetic
systems are presented in Figure 13. The physical origins of both
the NTE and MCE are rooted in lattice-spin coupling, enabling
the tuning of the NTE to achieve a ZTE. An abnormal lattice
expansion in giant MCE materials provides a platform for
ZTE exploration. Weakening the magnetoelastic transition by
chemical substitution can certainly widen the ZTE performance.
However, the ZTE behavior occurring can also be attributed to an
enhanced magnetoelastic coupling. Therefore, understanding
the ZTE-MCE correlation is key to regulating phase transitions
and discovering novel ZTE materials. Techniques such as SXRD,
NPD, electron probe X-ray microanalysis, Mdssbauer spectros-
copy, high-resolution transmission electron microscopy, and
EXAFS are instrumental in revealing the structural and magnetic
features at macroscale, microscale, and atomic levels and guiding
the design and stabilization of ZTE behavior.

To accelerate the discovery of novel ZTE materials, we propose
three promising research directions. 1) Hybrid ZTE design:
Inspired by the approach of Cao et al., establishing quantitative
relationships in La(Fe, Si);3-based alloys between constituent
phases can guide the development of composite systems with
tailored ZTE behavior. 2) High-throughput doping and screen-
ing: Systematic doping strategies have proven effective for tuning
magnetic and structural transitions, thereby broadening the tem-
perature window for ZTE. The integration of high-throughput
experimental workflows can accelerate the identification of opti-
mal compositions, particularly for enhancing magnetoelastic
coupling and thermal expansion control. 3) Machine learning
(ML)-driven discovery: Although ML has shown success in iden-
tifying promising magnetocaloric materials, its application to
ZTE systems remains underexplored. By adapting existing ML
models and incorporating features specific to magnetoelastic

151 Invar

10L =L a-Fe-Si(Al)
%050
:g —_—— —_—
X 00¢
S
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Figure 13. a) Linear CTE and temperature window of the ZTE of
representative magnetic systems (data from Table 1 selected for
la] < 1.5 x 107K™"). Different line colors represent different types of
materials systems.
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behavior, new ML frameworks can be developed to predict
ZTE candidates and uncover underlying design principles, sig-
nificantly accelerating material discovery.

Additionally, the low magnetic transition temperatures of
most magnetic ZTE systems limit their practical applications
to cryogenic or low-temperature environments. Moreover, as
intermetallic compounds, these materials often exhibit high
hardness and low plasticity, which hinders processing and raises
concerns regarding mechanical reliability. Key functional prop-
erties such as electrical and thermal conductivity, as well as
long-term mechanical stability under cyclic loading, remain
insufficiently studied in many ZTE candidates. Future research
should therefore prioritize the enhancement of mechanical per-
formance, corrosion resistance, and overall durability to enable
broader technological deployment.
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