
Successive Magnetic Transitions Enable an Ultrawide Temperature
Window of Zero Thermal Expansion in (Hf,Ti)Fe2+x
Zhao Pan,*,⊥ Haowei Zhou,⊥ Chao Chen,⊥ Yili Cao,* Xubin Ye, Ruilong Wang, Shogo Kawaguchi,
Xianran Xing,* and Youwen Long*

Cite This: J. Am. Chem. Soc. 2026, 148, 12119−12125 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Zero thermal expansion (ZTE) alloys hold signifi-
cant potential for a variety of precise applications, yet the working
temperature range remains limited, generally lower than 500 K.
Herein, enabled by high-temperature annealing, we realize
heterogeneous elemental distribution and thus multiple magnetic
orders in nonstoichiometric kagome metal (Hf,Ti)Fe2+x. Successive
magnetic transitions yield ZTE in Hf0.6Ti0.4Fe2.54 over an ultrawide
temperature window, with an average linear coefficient of thermal
expansion α̅l = 0.76 × 10−6 K−1 (112−525 K). Magnetization
measurements, Lorentz TEM, neutron powder diffraction, and
Mössbauer spectra reveal that antisite Fe introduces extra magnetic
exchange interactions and stabilizes the magnetic ordering. A spin
reorientation emerges near 370 K when the direction of magnetic
moments in the 2a and 6h sites transform from in-plane to out-of-plane. Then, the moments show an abrupt decrease at 470 K, and
turn completely paramagnetic around 525 K. The compensation between magnetic order and the phonon effect enables such an
ultrawide ZTE across room temperature. The present study provides insight into unconventional ZTE behaviors for metallic
magnets with promising applications.

■ INTRODUCTION
Zero thermal expansion (ZTE) is an intriguing property of
solids, characterized by their ability to maintain stable
dimensions under temperature fluctuations.1−6 ZTE alloys
exhibit excellent thermal conductivity,7 electrical conductivity,8

and mechanical properties,9−11 rendering them highly valuable
for practical applications such as aerospace and semiconductor
engineering.12−14 Therefore, ZTE in metallic materials always
arouses considerable interest. The first ZTE alloy, Invar, was
discovered in 1897 and has seen widespread use over the past
century.15,16 Due to the influence of magnetic ordering on the
lattice, numerous intermetallic compounds also exhibit
negative thermal expansion (NTE) below the magnetic
ordering temperature. Although these materials can be
transformed into ZTE materials through chemical substitution,
like MnxFe5−xSi3,

17 ErFe10V2−x,
18 Fe2.75Co0.25PtB0.25,

19 etc.,2,20

size effects,21 and external-field modulation,22 the ZTE
emerges at low temperature and involves in a narrow
temperature range, generally lower than 500 K. It remains a
great challenge to realize a wide-temperature-window ZTE in
metallic materials.
Laves-phase intermetallic compounds (AB2) represent a

large family of intermetallic compounds consisting of the
kagome lattice,23 and exhibit a wide range of physical
properties, including wear-resistant and corrosion-resistant

applications, hydrogen storage systems, and magnetocaloric
technologies. The crystal structures of Laves phases are
classified into three primary types: C14 (hexagonal, MgZn2,
P63/mmc), C15 (cubic, MgCu2, Fd-3m), and C36 (hexagonal,
MgNi2, P63/mmc).24,25 Their crystal structures and magnetic
properties exhibit significant sensitivity to chemical composi-
tion,26−28 making compositional tuning a key strategy for
achieving ZTE performance. For example, the substitution of
Fe reduces the total magnetic moment and broadens the
magnetic transition temperature range in Dy(Co0.89Fe0.11)2,
enabling ZTE (α̅l = 0.58 × 10−6 K−1, 5−305 K).29,30 Recently,
chemical heterogeneity in Laves phases can generate ZTE over
a wide temperature window, such as Zr0.75Nb0.25Fe2Co0.1 (α̅l =
0.79 × 10−6 K−1, 120−440 K).31 Despite these advances,
precisely controlling the composition of different phases
remains challenging.
In this study, we introduce high-temperature annealing and

realize heterogeneous elemental distribution in nonstoichio-
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Figure 1. Crystal structure of ZTE Hf−Ti−Fe alloys. (a) The hexagonal crystal structure and Kagome lattice in (Hf, Ti)Fe2. (b) Rietveld
refinements of the SXRD patterns of Hf0.6Ti0.4Fe2.54. (c) Cross-sectional HAADF-STEM image of Hf0.6Ti0.4Fe2.54 along the [100] axis. (d) Enlarged
STEM image in (c) and the hexagonal crystal structure model. (e) Atomically resolved energy-dispersive X-ray spectroscopy (EDXS) mappings
(Hf, Ti, and Fe elements) and intensity profiles of Fe atom columns.

Figure 2. Thermal expansion behavior of Hf−Ti−Fe alloys. (a) Linear thermal expansion of Hf0.6Ti0.4Fe2.54 along three directions. (b)
Temperature dependence of NPD and SXRD-measured lattice parameters V; the inset shows the lattice parameters a and c determined by NPD.
(c) Temperature dependence of the SXRD peaks (110) and (112) of Hf0.6Ti0.4Fe2.54. (d) Temperature windows for conventional Laves ZTE
materials.29,31−44
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metric (Hf,Ti)Fe2+x. A comprehensive study of magnetization,
neutron diffraction, Lorentz TEM and Mössbauer spectrosco-
py revealed that antisite Fe stabilizes magnetic ordering with
multiple magnetic orders. Consequently, ZTE was achieved
over an ultrawide temperature range in the Hf0.6Ti0.4Fe2.54 (α̅l
= 0.76 × 10−6 K−1, 112−525 K). The nearly isotropic ZTE in
the ingot indicates its potential in future applications.

■ RESULTS AND DISCUSSION
As shown in Figure 1a, the Hf0.6Ti0.4Fe2.54 compound exhibits a
single hexagonal structure (space group: P63/mmc), with Hf
and Ti atoms randomly occupying the 4f Wyckoff position, and
Fe atoms occupying the 2a and 6h sites. The 6h site makes up
a kagome lattice. By using 1473 K annealing for 5 days, room
temperature synchrotron X-ray powder diffraction (SXRD)
shows that there is negligible impurity in the as-prepared
sample Hf0.6Ti0.4Fe2.54, and the peak reflections index into a
single Laves phase (Figures 1b, S1, and S2). The crystal
structure was further confirmed via STEM along the [100]
zone axis (Figure 1c). Analysis of the enlarged STEM atomic
images revealed that the lattice parameters (a = 4.75 Å, c =
8.05 Å) were measured (Figure 1d), comparable to those
obtained from SXRD refinement at 300 K (a = 4.8777 Å, c =
7.9463 Å). Atomic X-ray energy-dispersive spectroscopy
(EDS) elemental analysis demonstrated a uniform distribution
of three elements in the Hf0.6Ti0.4Fe2.54 alloys (Figure 1e).
Despite the introduction of excess Fe, the single-phase crystal
structure was maintained. It was found that a few Fe atoms
occupy the 4f positions (Figure 1e). The orange and gray atom
peak intensity maps respectively delineate regions of uniformly
distributed Fe atoms and regions where Fe atoms additionally
occupy the 4f site.

As shown in Figure 2a, the Hf0.6Ti0.4Fe2.54 exhibits favorable
ZTE over a wide temperature range (α̅l = 0.76 × 10−6 K−1,
112−525 K). The apparent thermal expansion of
Hf0.6Ti0.4Fe2.54 was measured along three directions from 112
to 525 K: α̅x = 0.86 × 10−6 K−1, α̅y = 0.85 × 10−6 K−1, α̅z =
0.76 × 10−6 K−1, which indicates that the sample demonstrates
nearly isotropic ZTE at the macroscopic bulk scale. Normal
positive thermal expansion emerges upon the gradual addition
of Fe (Figure S3). The evolution of SXRD peak positions with
temperature further confirms the anomalous thermal expansion
of the unit-cell parameters (Figures 2c and S4). The
temperature dependence of the cell parameters a and c was
confirmed by Rietveld refinement of the SXRD (Figures S5, S6
and Table S1) and NPD data (Figures 2b, S7 and Table S2).
The cell parameter a initially increases and then decreases,
while the c axis exhibits normal positive thermal expansion.
The variation of unit-cell volume with temperature, obtained
by calculation, is consistent with linear thermal expansion,
exhibiting ZTE of α̅v = 3.04 × 10−6 K−1 ≈ 3α̅l. To date, most
Laves ZTE materials exhibit a narrow temperature range
(Figure 2d and Table S3), e.g., Gd0.25Dy0.75Co1.93Fe0.07

37 (α̅l =
0.16 × 10−6 K−1, 10−275 K), Sc0.55Ti0.45Fe2

38 (α̅v = 1.24 ×
10−6 K−1, 10−250 K), and Zr0.8Nb0.2Fe2

44 (α̅l = 1.4 × 10−6

K−1, 3−470 K). Here, in the present study, the ZTE of
Hf0.6Ti0.4Fe2.54 covers an ultrawide temperature range of 510 K,
enhancing its potential for future applications.
To elucidate the correlation between magnetic ordering and

thermal expansion, the temperature-dependent magnetization
(M−T) of Hf0.6Ti0.4Fe2.54 was measured under a 500 Oe field
(Figure 3a). The M−T curve reveals the existence of three
distinct magnetic transition near 360, 460, and 520 K,
respectively. The isothermal magnetization with magnetic
field (M−H) curves of Hf0.6Ti0.4Fe2.54 are shown in Figure 3b.

Figure 3. Magnetic behavior evolution at different temperatures of Hf−Ti−Fe alloys. (a) Temperature dependence of magnetization M−T for
Hf0.6Ti0.4Fe2.54 in zero-field cooling under an applied magnetic field of 500 Oe. (b) Isothermal magnetization versus magnetic field curves (M-H) of
Hf0.6Ti0.4Fe2.54 at different temperatures, the inset shows the variation of saturation magnetization with temperature. (c) Lorentz TEM images at
temperatures from 295 to 370 K. (d) Isothermal Arrott plots of Hf0.6Ti0.4Fe2.54 based on the M−H curves.
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The M−H curve indicates that the sample exhibits saturation
magnetization at each temperature with a very small coercive
field, which demonstrates ferromagnetic (FM) ordering below
520 K. These results suggest the existence of three
ferromagnetic phases, denoted as FM1, FM2, and FM3. The
magnetic phase transitions are identified at critical temper-
atures of TC1 = 360 K (FM1→FM2), TC2 = 460 K (FM2→
FM3), and TC = 520 K (FM3→PM). To distinguish the nature
of these three ferromagnetic states, Lorentz transmission
electron microscopy (TEM) was performed from 295 to 370 K
(Figure 3c). It indicates an obvious 90° rotation of magnetic
domains around 360 K, evidencing a spin reorientation from
FM1 to FM2. In the isothermal Arrott plots, the presence of
curves with positive slopes indicates that the magnetic
transitions are of second order, and spontaneous magnetization
disappears around 525 K (Figure 3d), in agreement with the
FM3-PM transition in the M-T curve. The magnetic
disordering temperature coincides with the temperature at
which ZTE disappears, indicating strong coupling between
magnetic order and the lattice.
To further determine the magnetic structure, temperature-

dependent neutron powder diffraction (NPD) was measured
for Hf0.6Ti0.4Fe2.54. Two significant reductions in peak intensity
were observed for the (100) and (002) magnetic peaks (Figure
4a), corresponding to transitions at T = 370 K (from FM1 to
FM2, TC1) and T = 470 K (from FM2 to FM3, TC2). The
temperature dependence of the peak intensities in the NPD
patterns aligns with the results of the macroscopic magnet-
ization measurements (Figure 4b). Meanwhile, the temper-
ature-dependent magnetic peak intensities of the (100) and
(002) peaks indicate that, in addition to the transitions at 370
and 470 K, there may be another magnetic transition around

510 K, this agrees with the M−T curve (Figure 3a), namely T
= 510 K (from FM3 to PM, TC3). The detailed magnetic
structures, lattice parameters, and atomic magnetic moments
determined by NPD at different temperatures are shown in
Figure 4c and Table S2. At low temperature, the magnetic
moments of Fe2a and Fe6h sublattices lie within the ab-plane,
remaining in-plane FM from 3 to 370 K. With the temperature
increasing, all the magnetic moments of the two Fe sublattices
rotate and align along the c-axis, thus showing out-of-plane
FM2 from 370 to 470 K. Upon heating, it still demonstrates an
out-of-plane ferromagnetic structure, but the magnetic mo-
ment decreases significantly from 470 to 510 K. Beyond 510 K,
it transitions to the paramagnetic (PM) state. By combining
macroscopic magnetic measurements, LTEM observations,
and neutron diffraction results, we clearly reveal three magnetic
transitions in this sample, which play a crucial role in governing
its negative thermal expansion behavior.
To further investigate the spin orientation of the Fe

sublattice, 57Fe Mössbauer spectroscopy was performed at
4.7 and 300 K on Hf0.6Ti0.4Fe2.54. At both temperatures, the
spectra can be well fitted with a sextet, indicating the presence
of spontaneous magnetic ordering, as shown in Figure 5a,b. At
4.7 K, the probability density function P(B) of the local
magnetic field distribution shows two main peaks. The high-
field peak can be further decomposed into two subpeaks with
proportions of 69.6% and 26.4%, close to a 3:1 ratio, which
correspond well to the relative occupancies of the two
anisotropic sites (2a and 6h) in the hexagonal structure. The
low-field peak originates from the antisite 4f positions induced
by antisite Fe, accounting for about 3.9%, with a magnetic
hyperfine field of 9.76 T. Upon heating to 300 K, the
occupancies of the three magnetic sites (4f, 2a, and 6h) remain

Figure 4. Magnetic structure of ZTE Hf−Ti−Fe alloys. (a) Temperature dependence of the NPD (100) and (002) peaks of Hf0.6Ti0.4Fe2.54. (b)
Variation of NPD peak intensities for the (100) and (002) reflections as a function of temperature, and Rietveld refinements of the NPD patterns
of Hf0.6Ti0.4Fe2.54 at 3 K. (c) Temperature dependence of the magnetic structure of Hf0.6Ti0.4Fe2.54.
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nearly unchanged, while their magnetic hyperfine fields
decrease from 9.9 to 7.8 T, 19.4 to 16.2 T, and 22.1 to 18.8
T, respectively. These results indicate that the magnetic
moments of the Fe sublattice gradually decrease with
increasing temperature. The temperature dependences of the
magnetic moments of Fe atoms at the 2a and 6h sites, and of
the total magnetic moment, were determined by refinement of
NPD (Figure 5c). The total magnetic moment at 3 K (3.60
μB/f.u.) is comparable to the saturation magnetization
obtained from the M−H curve at 10 K (3.77 μB/f.u.). The
magnetic moment of Fe atoms decreases with decreases
progressively with increasing temperature, reaching zero at 550
K. To investigate the contribution of magnetic order to the
sample’s thermal expansion, the phonon effect on lattice
thermal expansion was evaluated by fitting with the Debye−
Grüneisen function: ωs = ωexp − ωnm (Figure 5d). Here, ωexp
denotes the experimentally determined unit-cell volume
obtained from NPD data, ωnm represents the nonmagnetic
(phonon) contribution, which was extrapolated from the unit-
cell parameters above TC. This thereby yields the c the
magnetic contribution, ωs, to the unit-cell volume. The ZTE
behavior of Hf0.6Ti0.4Fe2.54 arises from the compensating
contributions of phonons and magnetism to the lattice
equilibrium. Furthermore, according to Landau theory, a
strong correlation exists between ωs and M2(T): ωs =
κCM2(T). Here, κ is the compressibility constant, and C is

the magnetic volume coupling constant. As shown in Figure
5d, the linear relationship between ωs and M2(T) indicates that
the magnetic ordering of the Fe atoms drives the contribution
of magnetism to the lattice volume.

■ CONCLUSIONS

In conclusion, we report a single-phase Laves-phase
intermetallic compound Hf0.6Ti0.4Fe2+x that exhibits zero
thermal expansion over an ultrawide temperature range (α̅l =
0.76 × 10−6 K−1, 112−525 K). Comprehensive character-
ization of the crystal structure reveals that partial occupation of
the 4f sites, nominally belonging to Hf/Ti, is taken up by Fe
atoms. Lorentz TEM imaging, neutron powder diffraction, and
Mössbauer spectroscopy indicate that antisite Fe introduces
extra magnetic exchange interactions and stabilizes magnetic
ordering. A spin reorientation emerges near 370 K, in which
the direction of magnetic moments in the 2a and 6h sites
transforms from in-plane to out-of-plane. The moment then
shows an abrupt decrease at 470 K and becomes completely
paramagnetic around 520 K, yielding such ultrawide ZTE. The
isotropic ZTE in the ingot indicates potential for future
applications.

Figure 5.Mechanism of ZTE Hf−Ti−Fe alloys. The 57Fe Mössbauer spectrum and hyperfine magnetic field distribution results of Hf0.6Ti0.4Fe2.54 at
4.7 K (a) and 300 K (b), respectively. (c) Temperature dependence of the magnetic moments of Fe atoms at the 2a and 6h sites and of the total
magnetic moment. (d) Linear relationship between the squared total magnetic moment of Fe atoms in Hf0.6Ti0.4Fe2.54 and the spontaneous
volumetric magnetostriction ωs; the inset shows the procedure for calculating ωs.
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