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Abstract

Here, we obtained a series of controllable thermal expansion alloys Tb, Er,Co,Mn, (x = 0-0.5, y = 0-0.4) by
incorporating double rare earth doping and introducing non-stoichiometric Mn content. By varying the amount of
Er or Mn, a low thermal expansion (LTE) is achieved in Tb, Er,,Co,Mn,, (TECM, a, = 1.23 x 10° K", 125~236 K). The
macroscopic linear expansion and magnetic properties reveal that anomalous thermal expansion is closely related
to the magnetic phase transition. Synchrotron X-ray powder diffraction results show that TECM is a cubic phase
(space group: Fd-3m) at high temperatures, and a structural transition to a rhombohedral phase
(space group: R-3m) occurs as temperature decreases. The negative thermal expansion c-axis compensates for the
normal positive thermal expansion of the basal plane, resulting in the volumetric LTE. This study provides a new
metallic and magnetic ZTE material.
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INTRODUCTION

By flexibly compensating for thermal expansion, negative thermal expansion (NTE) materials have gained
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significant attention and development over the past three decades. The NTE is an important requirement
for the development of zero thermal expansion (ZTE) materials, which exhibit no dimensional changes
when subjected to heating. Materials with a coefficient of thermal expansion below 2 x 10° K" are defined as
low thermal expansion (LTE) materials and find applications in various engineering environments, such as
electronic devices, optical instruments, and spacecraft. An example is Invar alloy Fe,Ni,,,, which has been
extensively used since its discovery in 1897"". Over time, other LTE alloys such as Fe-Co-Cr stainless steel
Invar alloys and other alloy compositions have emerged”. In comparison with oxides", fluorides', and
cyanides", LTE alloys offer additional properties such as optical properties'”, excellent electrical, thermal
transport properties, and mechanical properties”®. Examples of such alloys include (Zr, Nb)Fe,">",
(Sc, Ti)Fe,"?, MnCoGe!"*'"), La(Fe, Si, Al),,"*'*), RECo, (RE = rare earth)"”*, REFe B!, and RE,Fe ,**. The
metallic ZTE is known to be correlated with the magneto-volume effect (MVE), which refer to volume

changes induced by spontaneous magnetic ordering"**.

Cubic Laves phase RECo, has been studied intensively due to its relatively simple crystal and magnetic
structures. It belongs to a class of materials known for their magnetostrictive and magnetocaloric
properties””. The compound is composed of two magnetic sublattices: one involving the local magnetic
moment of REs, and the other comprising the Co sublattice, which exhibits long-range magnetic ordering
induced by the molecular field of RE atoms”**\. In previous literature, samples TbCo,Mn, (y = 0, 0.1, 0.2,
and 0.3) were found to exhibit a rhombohedral structure (space group: R-3m) below the Curie temperature
(T.) and undergo a transition to a cubic structure (space group: Fd-3m) above T . TbCo,Mn, were
reported for the ZTE temperature window of about 40 K. Intriguingly, the introduction of the element Er
in compound TbCo,Mn, gives the Laves phase of Tb, ,Er,Co,Mn,, and their ZTE temperature windows can
be wider with increasing Er content. In the (RE, ,RE')(Co, ,M,), compounds, the substitution of the RE'
atoms for the RE atoms occurs only in the 16d atomic site, while the substitution of the M atoms for Co
atoms takes place in the 8a sitel*. This differs from the (RE, ,RE',)Co,Mn, compounds, where the Mn atoms
can replace the 8a and 16d sites in the cubic structure with equal probability””. This unusual modulation of
multiple sites in (RE, ,RE',)Co,Mn, compounds significantly increases the T of the corresponding Mn-free
compounds. In this study, new intermetallic compounds Tb, .Er,Co,Mn, (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0
and 0.1), with a MgCu, type cubic structure, are introduced. These compounds can be modulated by
changing their components to achieve near ZTE.

MATERIALS AND METHODS

All the Laves-phase samples of Tb, ,Er,Co,Mn, (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0 and 0.1) were prepared by
arc melting under high-purity argon environment using raw materials with a purity of more than 99.9%,
which were weighed at the designed ratio of raw materials. To ensure homogeneity, the samples were
turned over and melted more than three times. At the end of the arc melting, the ingots are wrapped with
molybdenum foil and annealed in a vacuum-sealed quartz tube at 1,173 K for one week. The purity of the
samples was verified by a laboratory X-ray diffractometer (XRD, PANalytical X'Pert PRO) with Cu Ka
radiation. The scanning electron microscopy (SEM) imaging and X-ray energy dispersive spectroscopy
(EDS) elemental analysis were performed using a scanning electron microscope system (1,720, EPMA,
Shimadzu). All linear thermal expansion curves (AL/L,) were measured at a thermodilatometer (NETZSCH
DIL402) with a heating rate of 5 K/min. The magnetic properties were measured by a Physical Property
Measurement System (PPMS, Quantum Design company). Temperature dependence of the synchrotron
X-ray diffraction (SXRD) of the sample was collected at beamline of 11-BM-B (% = 0.459073 A) in the
Argonne National Laboratory (USA). All diffraction data were analyzed by the FULLPROF software.



Sun et al. Microstructures 2023;3:2023028 | https://dx.doi.org/10.20517/microstructures.2023.03 Page 3 of 7

RESULTS AND DISCUSSION

Tb, ,Er,Co,Mn, (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0, 0.1, 0.2, 0.3) were confirmed to be pure phases by XRD at
room temperature (except y = 0.4). For example, at 300 K, the Rietveld refinement of the SXRD data for
Tb, Er,,Co,Mn,, (denoted as TECM) shows the cubic structure in Supplementary Figure 1. In Tb, Er,Co,
(x=0,0.1,0.2, 0.4, and 0.5, Figure 1A and B: It is cubic without Er (x = 0, TbCo,) and remains cubic with
increasing Er content (x < 0.5). Meanwhile, it was observed that the peak (220) shifted to a higher angle due
to the successful introduction of smaller radii Er atoms. In Tb, Er Co,Mn,, (x = 0, 0.1, 0.2, 0.4, and 0.5), the
peak (220) shifted to a high angle with increasing Er content, while the Mn content being fixed at y = 0.1
and still maintaining the cubic phase)[Figure 1C and D]. To investigate the effect of different Er contents on
Tb, ,Er.Co, and Tb, Er.Co,Mn, , the cell parameters of which were obtained by fitting the XRD data
[Supplementary Figure 2 and Supplementary Table 1]. In addition, we successfully synthesized
Tb,Er,,Co,Mn, (y = 0, 0.1, 0.2, 0.3, and 0.4) with increasing Mn content. The samples have a similar cubic
structure below y = 0.4 [Supplementary Figure 3]. The cubic structure of the RECo, is shown in Figure 1F.
The rhombohedral structure is also presented in Figure 1E as the temperature decreases below T... The SEM
images and EDS elemental mappings shown in Figure 1G-K and Supplementary Table 2 illustrate the
uniform distribution of elements Tb, Er, Co, and Mn in TECM (Tb:Er:Co:Mn = 0.58:0.37:2:0.09). The
contents of Co and Mn were close to the nominal compositions, as evidenced by the ICP results shown in
Supplementary Table 3.

As shown in Figure 2, the samples Tb, ,Er,Co,Mn, (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0 and 0.1) exhibit a
significantly different linear thermal expansion behavior. The NTE behavior of TbCo, occurs in a narrow
temperature window. Interestingly, the anomalous thermal expansion of the Tb, .Er,Co,
(x=0,0.1, 0.2, and 0.4) compounds ends at lower temperatures with increasing Er content. A large NTE
coefficient of Tb, Er,,Co, (denoted as TEC, o, = -15.29 x 10° K", 131-167 K) was obtained [Figure 2A]. To
obtain LTE, the ferromagnetic (FM) exchange interactions can be enhanced by introducing Mn atoms at the
Tb/Er 8a and Co 16d sites™. However, the samples Tb, ,Er.Co,Mn,, (x = 0, 0.1, 0.2, 0.4, and 0.5)
[Figure 2B], are different from the above. As Er replaces Tb, the volume shrinkage behavior of
Tb, ,Er,Co,Mn,, decreases, and the LTE temperature window of Tb, .Er,Co,Mn,, gradually appears and
expands to x = 0.4. The LTE is obtained with TECM (¢, = 1.23 x 10° K", 125-236 K) when x = 0.4. For
comparison, the coefficient of thermal expansion value of TECM is smaller than that of common metals
such as Fe (¢,=12.2(0) x 10°K™"), Al (¢, = 22.9(0) x 10°K"), Cu (e, = 16.3(1) x 10° K"), etc. However, the
coefficient of thermal expansion trends from negative to positive with increasing Er content
[Supplementary Figure 4]. TECM has a wide temperature window of the LTE curves, which may offer
promising prospects for both basic research and applications.

The magnetic phase transition of TbCo, was documented to be first-order, while that of the TbCo,Mn,
compound obtained by the addition of Mn was second-order”. The addition of Mn significantly increased
the T, of the compounds, for example, from 225 K for TbCo, to 347 K for TbCo,Mn,,"*”. The macroscopic
FM behavior of Tb, ,.Er,Co,Mn, (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0 and 0.1) was determined by measurements
of zero-field cooling (ZFC) and field cooling (FC) during heating in a 500 Oe magnetic field
[Figure 3A and B]. It is obvious that the FM transition temperature of the compound TEC is 167 K
[Figure 3C], and that of TECM is 236 K [Figure 3D]. In Tb, ,Er,Co, and Tb, .Er.Co,Mn,, samples, the
magnetic transition temperature shifts to the low temperature with increasing Er content. The above results
can be obtained from the derivative curves of FC/ZFC. The introduction of Mn effectively increases the FM
transition temperature, as shown by the curves of T in Figure 3E, which is essential for obtaining LTE
materials with a wide-temperature window. To further verify the FM transition temperature, isothermal
magnetization curves M-H for selected TEC and TECM are shown in Figures 3F and
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Figure 1. XRD patterns of the (A) Tb,Er,.Co, (x =0, 0.1, 0.2, 0.4, and 0.5) and (C) Tb, ,Er,Co,Mny, (x =0, 0.1, 0.2, 0.4, and 0.5). The
corresponding enlarged diffraction peaks (220) are (B and D). The rhombohedral (E) and cubic (F) crystal structures of RECo,
(RE = rare earth, the orange ball is RE,and the purple ball is Co). (G) The SEM images and EDS elemental mappings of (H) Tb, (1) Er, (J)
Co, and (K) Mn of TECM, showing the uniformity of each element.
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Figure 2. Linear thermal expansion (AL/L,) of (A) Tb,_Er,Co, (x =0, 0.1, 0.2, 0.4, and 0.5) and (B) Tb, ,Er,Co,Mn,; (x =0, 0.1, 0.2, 0.4,
and 0.5).
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Figure 3. Temperature dependence of ZFC for the (A) Tb, Er,Co, and (B) Tb, Er,Co,Mn,; compounds under an applied magnetic field
of 500 Oe from 5 to 380 K. FC-ZFC and the derivative curves of FC/ZFC of (C) TEC and (D) TECM compounds, respectively. (E) Curie
temperature for Tb; Er,Co,Mn, (the results are obtained from the derivative curves of FC/ZFC). (F) Isothermal M-H curves (-4 to 4 T)
for TECM.

Supplementary Figure 5. The molecular magnetic moment of TEC is 6.32 w,/f.u., which is higher than that
of TECM (6.10 py/f.u.) at 5K [Supplementary Figure 6]. As shown in Supplementary Figure 7, the
introduction of Mn increases the phase transition temperature. A close correlation between structure,
magnetic and thermal expansion. The crystal structural and magnetic transition temperature of TEC and
TECM were found to be consistent with the point of the disappearance of NTE or ZTE, which would be
helpful in plotting the curves of structural transition, ZFC-FC, and delta L/L, (T).

In the SXRD intensity contour plot of the TECM compound [Figure 4A], a splitting of the peak at low
temperatures near 20.85° was found. The crystal structure of TECM was determined by SXRD, and it was
demonstrated that it produces a phase transition from cubic (Fd-3m space group) to rhombohedral (R-3m
space group) with decreasing temperature. Rietveld refinement results of TECM at T = 100 Kand T =275 K
are shown in Figure 4B. By a refinement of the SXRD pattern, this transition can be described in the inset of
Figure 4B. The results show that the two peaks (110) and (104) of the rhombohedral structure are replaced
by the peak (220) of the cubic structure. The temperature dependence of the unit lattice parameters and
volume of TECM from 100 K to 325 K is shown in Figure 4C. From the correlation between the unit cell of
the rhombohedral model (space group: R-3m) and the cubic model (space group: Fd-3m), it is clear that the

amounts of v2a and ¢/+v3 (a and c are the lattice parameters of the rhombohedral) are equivalent to the

cubic amounts™. From thermodilatometer measurement and SXRD calculation results [Figure 4C], it is
clear that the linear thermal expansion of TECM is consistent.

CONCLUSIONS

In summary, a series of Tb, ,Er,Co,Mn, intermetallic compounds with a cubic MgCu,-type structure were
synthesized. The addition of Mn increases the T, and contributes to a low thermal expansion with a wide
temperature window. It has been confirmed by the high-resolution SXRD, which signifies such LTE is
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Figure 4. (A) Contour plot of the SXRD intensity for TECM compound. (B) Full profile Rietveld refinements of the SXRD patterns for the
TECM compound at 100 K and 275 K. (The illustration shows the enlarged area. The experimental profiles are shown by star markers.
Bragg reflections are indicated by ticks. Pink lines represent the calculated data, while black lines represent the difference between the
observed and calculated data.) (C) Temperature dependence of the lattice parameters a, c,and V of TECM measured by SXRD. (The

amounts of v2aand ¢/y3 (a and c are the lattice parameters of the rhombohedra) are equivalent to the cubic amounts).

attributed to magnetic-structural transition below T.. The TECM compound shows a cubic (Fd-3m)
structure above T, while transforming to rhomboidal (R-3m) below T.. TECM has a wide temperature
window of the low thermal expansion curves, which offers good prospects for both basic research and
applications. This work provides structural information and near ZTE properties of the compounds
Tb, ,Er,Co,Mn,, which may guide future exploration of magnetic functional materials.
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