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Materials and Methods.

Sample preparation.

All Hfo.6Tio4Fex+x (x = 0, 0.2, 0.54, 0.8, 3) samples were synthesized via arc melting
under a high-purity argon atmosphere, using high purity (=99.9%) metal as raw

material. To ensure compositional uniformity, each sample was remelted at least three
times. Then the samples were wrapped in molybdenum foil, sealed in quartz tubes under
an argon atmosphere, annealed at 1473 K for 3 days, and finally quenched in water. The
alloy samples were ground into powder for synchrotron radiation X-ray diffraction
(SXRD), neutron powder diffraction (NPD), magnetization measurements and

Maossbauer spectrum test.
Characterization.

Temperature dependence of the SXRD experiments were conducted at the BL02B2
beamline of SPring-8 (Japan) using a wavelength of approximately 0.42 A . Linear
thermal expansion measurements of the alloy bulk were performed over the temperature

range of 110 to 650 K using a thermal expansion meter (NETZSCH DIL402). The

. : o . . Al
coefficient of linear thermal expansion is calculated using the equation: o= N Here,
0

a, 1s the coefficient of linear thermal expansion, AT is the temperature range, A/ is the
length change and /o is the initial length of the sample. [sothermal and thermomagnetic
magnetic measurements were performed using a Physical Property Measurement
System (PPMS, Quantum Design). The temperature dependence of magnetization was
measured under a magnetic field of 500 Oe, while the maximum magnetic field for
isothermal susceptibility measurements was 4 T. The Australian Nuclear Science and
Technology Organization (ANSTO) performed temperature-dependent neutron powder
diffraction (NPD) using a high-intensity neutron diffractometer (WOMBAT), operating
at the wavelength of 2.41 A. The Rietveld refinements for the SXRD and NPD data
were carried out by using Fullprof software. to obtain crystal and magnetic structure.
The Mdssbauer absorption spectra of °’Fe were obtained using standard transmission

geometry with 3’Co source embedded in a rhodium matrix. Calibration was conducted

S



using an a-Fe foil, with isomeric shifts referenced to a-Fe. A GeminiSEM 300 (ZEISS,
Germany) scanning electron microscope, equipped with an Ultim Max (Oxford, UK)
EDS spectrometer, was employed for scanning electron microscopy (SEM) imaging
and X-ray energy dispersive spectroscopy (EDS) elemental analysis. Atomic resolution
scanning transmission electron microscopy (STEM) images and energy-dispersive X-
ray spectroscopy (EDX) data were obtained using an advanced FEI Themis TEM
instrument, which is equipped with a CEOS probe corrector and a Gatan image filter

spectrometer.



Figures and Tables.
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Figure S1. SEM images and EDS elemental maps of Hfy sTio.4Fe2 54 of Fe, Hf and Ti,

which show uniform elemental distribution.
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Figure S2. XRD patterns of Hfo¢Tio4Fex+r (x =0, 0.2, 0.54, 0.8, 1) samples.
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Figure S3. (a) Linear thermal expansion for Hfo¢Tio4Fex+x (x =0, 0.2, 0.54, 0.8, 1). (b)

Temperature dependence magnetization with zero field cooled (ZFC) conditions for

Hfo6TiosFer (x =0, 0.2, 0.8, 1).
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Figure S4. Temperature dependence of the SXRD peak (200) and (300)

Hfo.6Tio.4Fe2 54.
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Figure SS. Temperature dependence of SXRD-measured lattice parameters and unit

cell volume of Hfy ¢ Tig4Fes 54.
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Figure S6. Synchrotron radiation X-ray diffraction refinement of Hfo.¢Tio.4Fe2 .54 at

100 K (a), 375 K (b), 525 K (c) and 600 K (d).
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Figure S7. Neutron powder diffraction refinement of Hfo.¢Tio.4Fe254 at (a) 100 K, (b)
300 K, (c) 370 K, and (d) 530 K.



Hfo 6Tio.4Fe2 54 compounds (100—-600 K).

Table S1. Temperature dependence of lattice parameters by SXRD patterns for

Temperature a(A) c(A) V (A%
100 4.87803 (7) 7.93621 (14) 163.543 (5)
125 4.87818 (7) 7.9372 (14) 163.573 (5)
150 4.87836 (7) 7.93845 (14) 163.611 (5)
175 4.87853 (7) 7.94007 (13) 163.656 (5)
200 4.87854 (7) 7.94153 (14) 163.687 (5)
225 4.87839 (7) 7.94271 (14) 163.701 (5)
250 4.87831 (7) 7.94416 (14) 163.725 (5)
275 4.87809 (7) 7.94518 (14) 163.732 (5)
300 4.8777 (7) 7.94629 (14) 163.728 (5)
325 48771 (7) 7.94725 (14) 163.708 (5)
350 4.87675 (7) 7.94831 (13) 163.706 (5)
375 4.87625 (7) 7.94902 (13) 163.687 (5)
400 4.87595 (7) 7.94986 (13) 163.684 (5)
425 4.87582 (7) 7.95058 (13) 163.690 (5)
450 4.87586 (7) 7.95153 (13) 163.713 (5)
475 4.87583 (7) 7.95238 (13) 163.728 (5)
500 4.87594 (7) 7.9533 (13) 163.75 (5)
525 4.87595 (7) 7.95411 (13) 163.772 (5)
550 4.87646 (7) 7.95552 (13) 163.835 (5)
575 4.87733 (7) 7.95694 (13) 163.923 (5)
600 4.87828 (7) 7.95879 (13) 164.025 (5)




Table S2. Temperature dependence of lattice parameters and atomic magnetic moment

by NPD patterns for Hfo.¢Tio.4Fe2 54 compounds (3—600 K).

Temperature a(A) c(A) V(A Mee@o ()  Mreen (1B) Mot (1B)
3 48823 (2)  7.93973(4) 163903 (1)  1.82(10) 179 (6) 3.60 (14)
50 488211 (2) 7.94007(5) 163.897(1)  1.82(11) 1.75 (6) 3.54 (15)

100 488233 (2) 7.94097 (5) 163.930(1)  1.88(8) 1.79 (5) 3.63 (12)
150 48826 (2) 7.94287(5) 163.987(1)  1.81(10) 1.75 (6) 3.53 (14)
200 488278 (2) 7.94547(5) 164.053(1)  1.92(8) 1.78 (5) 3.63 (12)
250 488283 (2) 7.94806(5) 164.110(1)  1.69(11) 1.64 (7) 3.31(16)
300 488239 (2)  7.95026(5) 164.126(1)  1.59(11) 153 (7) 3.10 (16)
350 488158 (2) 7.95216(5) 164.111(1)  1.44(12) 132 (3) 2.70 (18)
370 488118(2) 7.95298(5) 164.101(1)  1.48(12) 135 (7) 2.77 (18)
390 488072 (2) 795376 (5) 164.086(1)  1.07(9) 120(11)  23421)
410 488048 (2) 7.95419(5) 164.078(1)  1.26(9) 098(13)  2.10(24)
430 488028 (2) 7.95502(5) 164.083(1)  1.08(9) 1L17(11)  230(22)
450 48802(2)  7.95551(5) 164.087(1)  1.06(9) 1.15(10) 227 (20)
470 48802(2)  7.95641(5) 164.106(1) 0.9 (9) 1.12(10)  2.19(20)
490 488036 (2) 7.95746(5) 164.138(1)  1.01(9) 087(13)  1.18(25)
510 488058 (2) 7.95809(5) 164.166(1)  097(11)  0.68(17)  1.51(32)
530 488073 (2)  7.9591(5)  164.196(1)  058(13)  1.08(12)  1.92(25)
550 488107 (2)  7.96021(5)  164.243 (1) 0 0 0

575 488199 (2)  7.96197(5) 164341 (1) 0 0 0

600 488315(2) 7.96358(5)  164.452 (1) 0 0 0




Table S3. Coefficient of thermal expansion, temperature windows and temperature

windows AT (K) for some ZTE materials.

Coefficient of

Temperature

Temperature

ZTE materials thermal expansion windows (K) windows AT (K) Reference
Hfo.6Tio.4Fea.s4 073 x 10K ' (@)  3-510 507 This work
Tbo.sEro4Co2Mng | 1.23x 10K (o)  125-236 111 1

VB» 218 x 10K (&)  5-150 145 2

YbALli 4Mng 1.64 x 10K (as)  140-300 160 3
Tb(Co1.9Feo.1) 048 x 10K (o)  123-307 184 4
Gdo.5(Hoo.5Dyo.5)0.5Co2 1.3 x 10K (o) 5-220 215 5
Sco.s5Tio.45Fer 1.24 x10°K ™" (o)  10-250 240 6
Hfo84Tao.16Fe1.9Cro.1 1.55x 10K (@)  110-370 260 7
Gdo2sDyo.75Co1.03Fe007  0.16 x 10 K™ (ay)  10-275 265 8
Dy(Coo.s9Feo.11)2 0.58 x 10K ()  5-305 300 9

(Ti, Zr, Hf, Nb, Fe)Fe» -0.62 x 10K (o) 10-360 350 10
Zro3TagsFer 7Co03 021 x 10K ()  5-360 355 11
(Zr0.65Nbo 35)0.95F €205 047 x 109K (ag)  4-425 421 12
Z10.75Nbo.25Fe2Co0.1 1.07x 109K ™" (as)  3-440 437 13

Hfo sNbo2Fes s 1.07 x 10K ™" (ay)  5-460 455 14
Z19gNbg2Fe, 1.4x 1070 K (i) 3-470 470 15
Hfo.6Tio.4Feas 1.7 x 109K (o) 10-480 470 16
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