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Abstract

Zero thermal expansion alloys possess significant potential for applications in aerospace,

electronics, and optical instruments due to their volume remains nearly constant despite

temperature changes[1,2,3]. Regulating and exploring zero thermal expansion alloys is

crucial to mitigating thermal strain and stress. This study successfully adjusted negative

thermal expansion alloy (Hf, Ta)Fe2 to zero thermal expansion over a wide temperature

range by optimizing its composition and controlling the magnetic phase transition.
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Moderately substituting Cr for Fe transformed the giant negative thermal expansion

(ΔT=15 K) into zero thermal expansion (ΔT=260 K). High-resolution synchrotron

X-ray diffraction, macroscopic magnetic measurements, and linear thermal expansion

measurements were employed to investigate the crystalline structures, magnetic

properties, and thermal expansion of Hf0.84Ta0.16Fe2-xCrx (0 x 0.25). The alignment of

the magnetic phase transition and anomalous thermal expansion temperature ranges

demonstrates the essential role of spin-lattice coupling[4]. This work offers valuable

insights into regulating zero thermal expansion behavior and explaining the applications

of magnetic negative thermal expansion alloys. This advancement will promote their

use in high-precision instruments, aerospace, microelectronics, and advanced

manufacturing, enhancing device reliability and performance, particularly in extreme

temperature environments[5,6].

Keywords: Zero thermal expansion, magnetic phase transition, negative thermal

expansion, kagome structure

INTRODUCTION

Zero thermal expansion (ZTE) is a rare and precious property where the material

exhibits negligible volume change with increasing temperature[7,8]. ZTE occurs when

the contraction of at least one dimension of the material with rising temperature

compensates for the positive thermal expansion (PTE), resulting in negligible volume

change[9,10]. This anomalous behavior has attracted considerable research interest,

providing a basis for understanding the physical nature of thermal expansion, and

leading to the development of a new class of functional materials with unique practical

value[11,12]. Research on anomalous thermal expansion dates back to 1897, when

Guillaume first discovered zero thermal expansion in Invar alloys[13]. This alloy series,

along with the later discovered magnetic negative thermal expansion (NTE) alloys, has

been essential in aerospace remote sensors, high-pressure compressor casings,

frequency generators, and printed circuit boards, due to their ability to compensate for
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PTE and their excellent thermal conductivity[14,15,16]. Magnetic NTE alloys can also be

tuned into ZTE alloys directly. Developing high-performance ZTE alloys requires

significant effort, and their practicality is often limited by narrow working temperature

ranges[17,18]. Thus, regulating the magnetism and temperature range of NTE alloys is

crucial for enhancing their versatility and applicability, maximizing their potential in

various technological applications[19,20].

Chemical substitution is one of the most effective methods for regulating thermal

expansion in NTE materials. It affects thermal expansion by introducing defects and

stress, and altering the material’s magnetism[21]. For instance, Song et al. achieved ZTE

in TbCo2 by substituting Fe in the Co sublattice[22]. Similarly, Huang et al. Incorporated

Co into La(Fe, Si)13 to expand its NTE temperature range and broadening the

temperature window in La(Fe, Co, Si)13[23]. Additionally, Xu et al. employed the method

of interstitial atom doping. They achieved zero thermal expansion in La(Fe, Si)13 by

doping hydrogen atoms into the lattice[24]. Xu et al. regulated HfFe2 by changing the

non-stoichiometric ratio and successfully broadened its negative thermal expansion

temperature window[25]. In addition to these traditional methods, some novel approaches

have also been put forward. For instance, Yuan et al. broadened the NTE temperature

range of Mn3GaN by means of increasing the configurational entropy of Ga-site[26]. Xu

et al. modulated the thermal expansion coefficient of PTE HfFe2 to 1.25×10-6 K-1 in the

temperature range of 433 – 583 K through non-stoichiometric engineering. Regulating

PTE to ZTE or NTE is highly meaningful, and various attempts have been made to

realize ZTE or NTE in the HfFe2 series[25]. Song et al. presented the coexistence of

ferromagnetic NTE phase and paramagnetic PTE phase via chemical substitution of Hf

by Nb and attained ZTE (Hf, Nb)Fe2[27]. Li et al. used Ta to substitute and obtained (Hf,

Ta)Fe2 with NTE performance. When the temperature is between 222 – 327 K, the

thermal expansion coefficient reaches -16.3×10-6 K-1, making it a very promising NTE

material[28]. However, the large NTE of (Hf, Ta)Fe2 caused by a first-order magnetic

phase transition, is difficult to regulate to ZTE, especially due to the narrow and low

https://www.scierxiv.com/


NOT PEER-REVIEWED

DOI: 10.20517/scierxiv202505.0252.v1 https://www.scierxiv.com/

4

temperature range. Therefore, the regulation of thermal expansion of (Hf, Ta)Fe2 has

become a focus of research aiming to fully exploit its application potential[29,30,31].

Herein, ZTE in Hf0.84Ta0.16Fe1.9Cr0.1 at room temperature was achieved by moderately

substituting Fe with Cr. We successfully broadened the temperature range to 110 - 370

K with a CTE of 1.55×10-6 K-1. By refining the synchrotron X-ray diffraction profiles

and analyzing the magnetic data and the thermal expansion data, it can be concluded

that the thermal expansion of (Hf, Ta) Fe2 is primarily governed by the magnetism of

Fe(6h). Cr substitution alters the Fe–Fe pair spacing, weakening the magnetic

interaction and reducing the interaction between iron atom[32]. The reduced interaction

between iron atoms weakens the negative thermal expansion trend, and the slow down

in this process results in the emergence of ZTE. This is beneficial to broaden the NTE

temperature window of (Hf, Ta)Fe2.

EXPERIMENTAL

A series of Hf0.84Ta0.16Fe2-xCrx (0 x 0.25) samples were all melted in an arc furnace

under a high-purity argon atmosphere. The raw materials were all high-purity metals of

Hf, Ta, Fe, and Cr with a purity of 99.99%. To ensure the uniformity of the ingots, the

melting operation was repeated 4 - 5 times for each ingot. During each melting process,

the ingot was turned over. After the melting process was completed, the ingot was

wrapped with molybdenum foil and sealed in a vacuum-tight quartz tube, and then

annealed in a muffle furnace at 1223 K for 5 days before being slowly cooled down to

room temperature. In addition, high-resolution synchrotron X-ray diffraction (SXRD)

patterns were collected on the BL02B2 beamline at SPring-8. The phase composition

and crystal structure were analyzed, and the X-ray diffraction (XRD) patterns were

refined using Fullprof program. All the thermal expansion data of the samples were

obtained using a NETZSCH thermomechanical analyzer with a heating rate of 5 K/min.

To better analyze the regulation mechanisms, the macroscopic magnetic properties of

the samples were measured using the Quantum Design Physical Property Measurement
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System (PPMS) and the Vibrating Sample Magnetometer (VSM).

RESULTSAND DISCUSSION

The XRD patterns of Hf0.84Ta0.16Fe2-xCrx (0 x 0.25) are shown in Figure 1a. The

temperature-dependent XRD data for Hf0.84Ta0.16Fe2 was collected and refined using the

Rietveld method (Figure 1b). In this study, based on the diffraction XRD data obtained

under the condition of room temperature (300 K) and the corresponding refined results

of Hf0.84Ta0.16Fe2, we thoroughly analyzed its crystal structure (Figure 1c). In

Hf0.84Ta0.16Fe2, Hf atoms and Ta atoms are mixed with each other and jointly occupy the

Wyckoff site 4f with coordinates of (1/3, 2/3, z). Meanwhile, Fe atoms are distributed in

two different Wyckoff sites, namely 2a (0, 0, 0) and 6h (x, 2x, 1/4)[33]. It is particularly

noteworthy that the iron atoms located at the 6h site are arranged in the ab plane to form

a unique two-dimensional kagome structure, and it is reported that this structural feature

is related to the regulation of NTE through magnetic phase competition[34]. To further

explore the thermal expansion characteristics of the Hf0.84Ta0.16Fe2-xCrx, we conducted

systematic tests on their macroscopic linear thermal expansion (Figure 1d). The results

showed that in the undoped state, Hf0.84Ta0.16Fe2 exhibited a very significant NTE

phenomenon. However, as the Cr element was gradually incorporated, an interesting

phenomenon occurred: the negative thermal expansion trend gradually became gentler.

Correspondingly, the thermal expansion coefficient steadily increased, and the working

temperature window was also broadened. It is especially worth mentioning that when

the Cr content reached 0.1, the linear thermal expansion characteristics of the material

exhibited an excellent performance of ZTE. At this time, for Hf0.84Ta0.16Fe1.9Cr0.1, the

zero thermal expansion temperature range extended to 110 K to 370 K, and the thermal

expansion coefficient was as low as only 1.55×10-6K-1. The previously reported

Hf0.85Ta0.15Fe2C0.01 by Xu et al. also exhibits the ZTE phenomenon with a thermal

expansion coefficient of 2.4 × 10-6 K-1, but the ZTE occurs at a low temperature[35].

Moreover, Xu et al. also regulated HfFe2+δ through the non-stoichiometric methodology

to achieve a thermal expansion coefficient of 1.25×10-6 K-1, but the only drawback is
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that the temperature operating window also does not include room temperature[25].

Therefore, our remarkable thermal expansion regulation effects demonstrate a great

success and further exploit the potential of this material system in practical

applications[36].

Figure 1. (a) XRD patterns of Hf0.84Ta0.16Fe2-xCrx (0 x 0.25) at room temperature. (b)

Rietveld refinement plots of SXRD at room temperature for Hf0.84Ta0.16Fe2. Red points

and black lines represent observed and calculated profiles, respectively, and the

difference between them is shown at the bottom of the graph. (c) Crystal structure (left)

and Kagome layer on (001) plane (right) of Hf0.84Ta0.16Fe2. (d) Linear thermal expansion

(ΔL/L0) curves of Hf0.84Ta0.16Fe2-xCrx (0 x 0.25).

To clarify the changing trend of the intrinsic lattice thermal expansion, the temperature

dependence of the synchrotron X-ray diffraction (SXRD) patterns of Hf0.84Ta0.16Fe2

within the temperature range of 100 - 400 K was tested (Figure 2a). The

temperature-dependent intensities of (112) and (201) peaks are specifically marked in

Figure 2b. It can be roughly observed that as the temperature rises from 100 K, the
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diffraction peaks of (200), (112) and (201) shift towards lower angles very slowly, but

when it reaches 250 K, they suddenly jump to higher diffraction angles, and then shift

towards lower diffraction angles as the temperature continues to increase. This directly

reflects the lattice thermal expansion characteristics of Hf0.84Ta0.16Fe2, that is, a

short-lived and intense negative thermal expansion at a narrow temperature range

around 250 K.

Figure 2. (a) Temperature-dependent SXRD patterns of Hf0.84Ta0.16Fe2. (b) Temperature

dependence of intensities of (200), (112), and (201) peaks in SXRD patterns.

Through the structural refinement of the SXRD data, we obtained the dependence of the

lattice parameters on temperature (Figure 3a). The a-axis exhibited a relatively intense

negative thermal expansion phenomenon, while the c-axis showed a positive thermal

expansion. Since the positive thermal expansion occurring on the c-axis was insufficient

to exceed the intense negative thermal expansion on the ab-plane, the overall volume

change still demonstrated a negative thermal expansion trend (Figure 3b). This

coincides with the temperature range and coefficient ratio of the macroscopic thermal

expansion. It has proved the accuracy of the macroscopic thermal expansion

measurements in Figure 1d.
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Figure 3. (a) Temperature dependence of lattice parameters a and c for Hf0.84Ta0.16Fe2.

(b) Temperature dependence of unit cell volume for Hf0.84Ta0.16Fe2.

Furthermore, Tong has already studied that the negative thermal expansion of (Hf,

Ta)Fe₂ is caused by magnetic phase transitions. Through using electron spin resonance

(ESR) to study the magnetic phase transition, it has been confirmed that the negative

thermal expansion of (Hf, Ta)Fe2 is due to spontaneous volume magnetostriction[37].

Therefore, we conducted tests on the magnetism of Hf0.84Ta0.16Fe2-xCrx (0 x 0.25).

From the magnetic field and temperature-dependent magnetization curves, we found

that Hf0.84Ta0.16Fe2-xCrx (0 x 0.25) still ferromagnetic at low temperatures, and

undergoes a phase transition to paramagnetic phase when the temperature rises, and the

addition of the Cr element makes the transition from ferromagnetic to antiferromagnetic

more gentle (Figure 4a). Moreover, as the Cr content increased, the saturation

magnetization of all the samples decreased accordingly (Figure 4b). Meanwhile, we

obtained TC by measuring the extrapolated tangent line when the M-T curve undergoes a

sudden change. This shows a good consistency compared with the TC obtained from the

Curie-Weiss fitting (Figure 4c)[38]. The lower fitting data after adding Cr may be caused

by the antiferromagnetism brought by Cr. We believe that in this system, the substitution

of Fe atoms by Cr atoms presents a special magnetic influence mechanism. Initially,

when a small number of Cr atoms entered the lattice to carry out substitution, the

antiferromagnetic characteristics carried by themselves introduced new

antiferromagnetic coupling effects. To some extent, this new coupling mode optimized

the magnetic interactions within the system, making the cooperative arrangement of
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magnetic moments among atoms more orderly, and thus promoting the increase in the

Curie temperature (TC). However, as the amount of Cr substitution further increased, the

magnetic balance within the system was disrupted. Excessive antiferromagnetic Cr

atoms led to excessive disorder in the magnetic interactions, seriously destroying the

original ordered arrangement of magnetic moments, and gradually weakening the

overall magnetism. Eventually, the TC dropped to some extent. At the same time, as the

Cr content increased, the trend of the transition from the ferromagnetic to the

paramagnetic state also became gentler from being intense. When the Cr content was

0.1, the degree of weakening of the magnetic interactions just promoted the

transformation from negative thermal expansion to zero thermal expansion.

Figure 4. (a) Temperature dependence of magnetization for Hf0.84Ta0.16Fe2-xCrx (0 x

0.15). (b) Hysteresis loops of Hf0.84Ta0.16Fe2-xCrx (0 x 0.15) from -5 T to 5 T at 5 K.

(c) Curie temperature (TC) and (d) saturation magnetization (MS) for Hf0.84Ta0.16Fe2-xCrx

(0 x 0.15).
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Furthermore, since it is known that the NTE phenomenon of Hf0.84Ta0.16Fe2 mainly

occurs in the ab plane, we need to obtain the changes in the interatomic bond lengths

within the ab plane for further research. Therefore, after refining the

temperature-dependent X-ray diffraction data, we obtained the bond lengths between Fe

atoms. The bond lengths between Fe atoms at the 2a site and those at the 6h site did not

show significant changes with the variation of temperature. However, interestingly, we

found that the bond lengths between Fe atoms at the 6h site within the ab plane all

decreased when the temperature rose to around 250 K (Figure 5a). Therefore, we infer

that the bond length contraction between Fe atoms at the 6h position in the ab plane

affects the Fe - Fe atomic interaction, which is the main reason for the NTE in

Hf0.84Ta0.16Fe2. This is also consistent with the research on the thermal expansion

behavior of Kagome magnets in the ab plane of (Hf, Ta)Fe2 conducted by Xu et al[35].

Figure 5. (a) Temperature dependence of the pair distance of different Fe - Fe pairs

obtained from the refined results. (b) The position of Fe atoms and the bond lengths

models of Hf0.84Ta0.16Fe2.

In order to observe the relationship between magnetic changes and anomalous thermal

expansion more intuitively, we fitted the thermal expansion curve with the curve of

magnetic properties changing with temperature (Figure 6). It turned out that the result

was consistent with our previous speculation. For Hf0.84Ta0.16Fe2, as the ferromagnetic

phase rapidly transformed into the paramagnetic phase (Figure 6), the thermal
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expansion curve also dropped sharply at almost the same temperature point. However,

in Figure 6b, the ferromagnetic phase of Hf0.84Ta0.16Fe1.9Cr0.1 slowly transformed into

the paramagnetic phase, and correspondingly, the thermal expansion curve in the same

temperature range also showed a trend of becoming gentler and exhibited a zero thermal

expansion phenomenon. This simultaneously verified the strong coupling behavior

between the thermal expansion behavior and the magnetic phase transition in

Hf0.84Ta0.16Fe2-xCrx (0 x 0.15)[39].

Figure 6. (a) Temperature dependence of coefficient of thermal expansion and

magnetization of Hf0.84Ta0.16Fe2. (b) Temperature dependence of coefficient of thermal

expansion and magnetization of Hf0.84Ta0.16Fe1.9Cr0.1.

CONCLUSION

In summary, we developed a ZTE material with a thermal expansion coefficient of 1.55

× 10 -6 K -1 and an operating temperature range covering room temperature (110 – 370

K.). Our strategy to regulate the negative thermal expansion of Hf0.84Ta0.16Fe2 involves

chemical substitution and continuous optimization composition. The strong interaction

between Fe atoms drives the negative thermal expansion of Hf0.84Ta0.16Fe2. Introducing

Cr atoms weakens the magnetic interaction between Fe atoms, reducing the extent of

negative thermal expansion. When the Cr content reaches 0.1, the weakened and

decelerated interaction between Fe atoms in the 6h plane delays the transformation from

the ferromagnetic to antiferromagnetic phase, leading to ZTE. This research expands the

understanding of zero thermal expansion regulation in (Hf, Ta)Fe₂ and highlights the
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potential applications of dimensionally stable materials over wide temperature ranges in

advanced modern technologies[40].
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