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Abstract

:

The successful growth of single crystals of a cubic Laves-phase material HoAl2 with the space group Fd-3m is reported in this study. The crystals were grown by a floating-zone method with five laser diodes as a heat source. Al-rich feed rods were prepared as compensation for heavy evaporation during the growth. The nominal ratio for the feed rods was optimized as Ho:Al = 1:2.5. Single crystals of HoAl2 with a length of 50 mm were first grown in this technique. Obtaining the large-sized crystal by the floating-zone method enabled us to systematically explore the physical properties using the same batch crystal. The crystal possessed a second-ordered ferromagnetic transition at 29 K and a first-ordered spin-reorientation transition at 20 K. The bulk physical properties, such as specific heat, magnetic susceptibility, isothermal magnetization, and thermal expansion measurements, were measured. Additionally, a magnetocaloric effect was evaluated by the magnetic entropy change. We demonstrate that anisotropic physical properties along the principal axes ([100], [110], and [111]) emerged below the magnetically ordered states, in contrast to the isotropic behavior in the paramagnetic state.
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1. Introduction


The magnetocaloric effect is a thermodynamic phenomenon of temperature change on a magnetic material controlled by an external magnetic field in adiabatic conditions [1,2]. Magnetic refrigeration is a promising application based on the magnetocaloric effect because of its potential for being environmentally friendly and highly efficient [3]. The material design exhibiting an efficient magnetocaloric effect has been a central key to the practical use of magnetic refrigeration. One of the efficiencies of the magnetocaloric effect can be assessed by the magnetic entropy change in the material, defined as the difference in entropy between the magnetized and demagnetized process. Ferromagnetic materials have usually been targeted because these materials should generally gain larger magnetic entropy change between the demagnetized (higher entropy) and magnetized (lower entropy) process near the transition temperature [4]. As the transition temperature widely varies from material to material, we can focus on the design of the material by demonstrating the excellent magnetocaloric effect at the focused temperature. Among the target temperature ranging from room temperature for air conditioners to extremely low temperatures, one of the focused temperatures is approximately 20 K which liquefies hydrogen as a next-generation clean-energy source [5,6].



Very recently, an active magnetic regenerative refrigerator combined with a superconducting magnet has been developed and succeeded in liquefying hydrogen [7]. This opens a new window to hydrogen liquefaction through the novel magnetic refrigeration technique in addition to the conventional gas compression/expansion technique. Here, HoAl2 was selected as a magnetic refrigerant among the materials because this material has a large magnetic entropy change around the temperature for hydrogen liquefaction.



HoAl2 has the cubic Laves-phase structure with the space group Fd-3m (No. 227) [8]. The crystal structure is illustrated in Figure 1. HoAl2 exhibits a ferromagnetic transition around 30 K as well as another spin-reorientation transition at 20 K [9]. For the above magnetic refrigeration, the HoAl2 polycrystalline material with a total weight of 250 g was filled inside the refrigerator as stamped particles with a diameter of 300–500 μm [7]. Additionally, a gas-atomization process was applied to make spherical polycrystalline particles with a diameter of 200–400 μm [10]. Producing many particles with homogeneous quality is one of the important factors for efficient liquefaction. Since the quality of the produced particles is directly linked to the liquefaction efficiency, it is useful to assess the variation in quality based on a “standard dataset” obtained from the reference material, preferably high-quality single crystals of HoAl2. In addition, the materials are exposed to both the cryogenic cycle and the application/removal of the magnetic fields during the liquefaction [7,11]. Since the crystalline material generally has anisotropic physical properties such as thermal contraction/expansion and magnetostriction, these may affect the sample durability under these extreme circumstances. Acquiring the anisotropic physical properties is an important task, and the investigation using a single crystal is in high demand.



Physical properties of the single-crystalline HoAl2 grown by the Czochralski and Bridgman methods have been presented both experimentally and theoretically [9,12,13,14,15,16]. However, to our knowledge, crystal growth with a floating-zone technique has not been reported. An advantage of the floating-zone method is minimized contamination level during the growth procedure due to the absence of the crucible, as well as the possibility to obtain large and homogeneous crystals [17]. These enable us to perform characterization by several experimental techniques using the same batch of grown crystals. In this paper, we first present the successful growth of HoAl2 crystals by the floating-zone technique with five laser diodes as the heat source [18,19]. Although we found that the procedure for the growth process of another intermetallic system NdAlGe [20] was partly applicable to the growth of HoAl2, we mention improved steps, such as the fabrication of Al-rich feed rods to compensate for the heavy evaporation during the growth of HoAl2. We show the thermodynamic physical properties such as specific heat, magnetic susceptibility, magnetization, and thermal expansion of the grown crystals. Throughout the measurements, the anisotropic physical properties are revealed in the ferromagnetic ordered state along the principal axes, in sharp contrast to the isotropic behavior in the paramagnetic state.




2. Materials and Methods


2.1. Growth by the Floating-Zone Technique


We employed a floating-zone technique using a laser diode as the heat source (L-FZ 2000, Quantum Design Japan, Tokyo, Japan) with five 400 W GaAs-based 940 nm laser heads for the growth of HoAl2 single crystals. Since the laser emission can be sharply focused, a steep temperature gradient can be created between the laser-heated narrower molten zone and the grown crystal. That provides a stable molten zone during crystal growth. Additionally, we optimized the distribution profile of the vertical irradiation intensity along the length of the rod, improving from a “flat” to a “bell-shaped” form, while the original flat temperature profile was kept along the radial direction of the rod (see Figure 2 of [19]). Such a modified profile reduces thermal stress inside the grown crystals. HoAl2 single crystals were grown using a laser-diode floating-zone furnace where five laser diodes provide the mentioned vertically bell-shaped distribution of temperature at the focal point.




2.2. Feed and Seed Rods Preparation


When we first attempted the crystal growth of HoAl2 using the feed rod with the nominal stoichiometric ratio Ho:Al = 1:2, the molten zone was stable during the growth process. However, we found high volatility from the feed rods, and the evaporated powder was deposited inside the quartz tube. The grown bulk crystal finally collapsed into powder when it was left in the air overnight. The collapsed powder was composed of Ho2O3, and HoN after probably absorbing the air, together with HoAl2 as the main phase by the X-ray diffraction measurements. Additionally, the evaporated powder was identified as aluminum. To grow the stoichiometric crystals, we made the Al-rich feed rods. The nominal ratio was finally optimized as Ho:Al = 1:2.5 to compensate for the Al evaporation during the growth. We denote the feed rod as HoAl2.5 hereafter. For making a feed rod, polycrystalline ingots of HoAl2.5 were first prepared using an arc-melting furnace under an Ar atmosphere (Techno Search Corp., Model SE-11399, Tokyo, Japan) with Ho (3N) and Al (5N) as starting materials. The ingot with a button shape was inverted and melted several times to ensure homogeneity. No weight loss by evaporation was detected at this stage. Next, the ingots with a typical weight of 15 g were powdered using an agate mortar and pestle. We shaped the powder into a cylindrical rod in a tubular rubber balloon and then applied hydrostatic pressure of 40 MPa for 5 min. The uniformly shaped rods removed from the balloon were sintered for 24 h at 1123 K in a tube furnace under flowing Ar gas at 3 L/min. Here, the Ar gas was circulated by using a yttria-stabilized zirconia-based oxygen pump heated at 873 K. The oxygen pump produced an extremely low oxygen partial pressure below 10−28 atm (Canon Machinery Inc., Model ULOCE-530, Shiga, Japan) [21]. Finally, the sintered rod with typically 5.5 mm diameter was cut into two unequal parts. The longer (shorter) parts 95 mm (30 mm) in length were designated as the feed (seed) rods. Based on the experience of working in ruthenates [22], great care was taken in all the preparation steps to prevent contamination risk.




2.3. Crystal Growth


The sintered feed rod (HoAl2.5) was attached to a platinum hock in the upper shaft with a molybdenum wire, and the seed rod was mounted on an alumina holder in the lower shaft. As the growth space was isolated from the outside environment by a quartz tube, the desired gas atmosphere and pressure were selected throughout the crystal growth. For the HoAl2 growth, a gas mixture of Ar (96%) and H2 (4%) was used for reduction. An additional thinner quartz tube of smaller diameter was installed inside the main tube to prevent damage to the outer tube by evaporating Al. The melting started from the bottom edge of the feed rod with increasing laser power. Then, the molten feed rod was attached to the upper end of the seed rod. The growth began with necking twice to ensure high crystallinity as a polycrystalline seed rod was used. The molten zone was stabilized at both feed and growth speeds of 5 mm/h after the second necking. The growth was performed at 0.3 MPa under a flow rate of 1 L/min to suppress the evaporation. To grow under homogenized molten liquid and temperature distribution, the feed and seed were rotated at 10 rpm in opposite directions. A stable molten zone was formed during the growth process until the end without cracks in the sintered feed rods prepared using the given procedure. After growth, the crystal was carefully removed from the furnace. The crystal grown using the HoAl2.5 rod was kept in bulk without collapsing to powder after the crystal was left in the air. We observed successful growth using a feed rod with the nominal ratio of Ho:Al = 1:2.2, and the crystal did not collapse under air. However, the grown crystal from the HoAl2.2 rod was still off-stoichiometry, suggesting Al deficiency, as described later.




2.4. Characterization


To check the phase purity, the ground single crystals were measured with powder X-ray diffraction using Cu Kα radiation at room temperature (MiniFlex600, Rigaku, Tokyo, Japan). The grown crystals were cut along the principle crystallographic axes ([100], [110], and [111] directions) by determining their orientations using a back-scattered X-ray Laue diffraction technique (SA-HF3S, Rigaku Co., Ltd., Tokyo, Japan, and s-Laue, Pulstec Industrial Co., Ltd., Shizuoka, Japan). The chemical composition of the grown crystals was analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES).



Thermodynamically bulk physical properties of the grown crystals were measured down to 2 K using a Physical Property Measurement System (Dynacool, Quantum Design). The specific heat (CP) as a function of temperature (T) was performed by a relaxation method. The magnetic susceptibility between 2 and 300 K was measured in a magnetic field (H) of 0.01 T under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. Here, the ZFC and FC refer to cooling conditions before and after applying a static magnetic field to the sample, respectively. The isothermal magnetization (M) at various temperatures was measured up to 9 T. The thermal expansion was performed by a capacitive-based method [23] with decreasing temperature at the control of 0.1 K/min. The magnetic entropy change (ΔSM) along the magnetic field directions of [100], [110], and [111] was deduced from the thermodynamic Maxwell relation,   Δ  S M  =   ∫ 0 H     ∂ M   ∂ T   d H   [4], which was obtained from the magnetization (M) measurement as a function of temperature measured up to 5 T under the FC process.





3. Results and Discussion


3.1. Growth of HoAl2 Crystals


A photograph of the HoAl2 crystal with a length of 50 mm grown under stable conditions is demonstrated in Figure 2a. The evaporated Al powder from the rod was deposited on the internal surface of the quartz tube and the shafts. No sign of the molten liquid dropping during the growth was spotted on the crystal surface, indicating stable temperature control. Figure 3 presents the powder X-ray diffraction profile of a partially crushed crystal. For comparison, an X-ray diffraction profile of HoAl2 from a database (PDF-2 03-065-7339 (ICDD, 2021)) [24] is added with red color. All peaks were sharp and well indexed to the Fd-3m space group without detecting impurity phases. The lattice parameters were deduced to be a = 0.7838 nm, which was consistent with the previous report [25]. The back-scattered Laue photos of the crystal along the axes [100], [110], and [111] after polishing are presented in Figure 2b–d, respectively, with sharp and clear spots from the bulk crystal. We can clearly see the four-, two-, and three-fold symmetry in the photos of [100], [110], and [111], respectively, reflecting the crystal symmetry of the cubic structure (Fd-3m). ICP-OES suggests the molar ratios of Ho:Al = 1.00:1.97, and 1.00:2.00 in the grown crystals for the HoAl2.2 and HoAl2.5 nominal compositions of the feed rods, respectively. Each ratio was identical to the different positions of the grown crystal within the experimental error, indicating the homogeneity of the grown crystal. This certifies that the stoichiometric crystal was grown from the HoAl2.5 feed rod where excess Al compensated for the evaporation, whereas the crystal grown from the HoAl2.2 feed rod still had Al deficiency. The possibility of Al embedding into the grown crystals when using off-stoichiometric (Al-rich) feed rods had to be verified following our experience in growing Ru-embedded Sr2RuO4 [26]. Any signals of quantum oscillatory effects originating from aluminum were not detected within the experimental resolution when the measured AC susceptibility of the grown material was at 30 mK. Since the AC susceptibility measurement using a field modulation technique [27] is a powerful tool that can detect the micrometer-size metal inclusions inside the bulk material, our results strongly suggest that there is no effect of Al embedding on the bulk physical properties of HoAl2. Hereafter, we show the bulk physical properties of the stoichiometric crystal HoAl2 (grown from the feed rod of HoAl2.5). Here, the thermodynamic physical properties in bulk were measured with dimensions of 2.0 mm and a weight of 47 mg after cutting and polishing along the principal axes ([100], [110], and [111]), as shown in Figure 2e. Appendix A shows the sample dependence between HoAl2 and HoAl1.97 found in the specific heat measurements.




3.2. Bulk Thermodynamic Properties of the Grown Crystal


In Figure 4, the temperature dependence of the specific heat (CP) for the stoichiometric HoAl2 without field represents a clear lambda-type anomaly with a second-ordered transition temperature at 29 K defined by the midpoint of the jump. The transition corresponds well to the onset of the ferromagnetic transition at TC from the paramagnetic state. Another sharp transition was seen at 20 K (TSR), defined at the peak, which corresponds to a first-ordered spin-reorientation transition [9]. The results certify that the observed phase transitions occur in bulk. No other transitions from impurity phases were detected in our experimental resolution down to 2 K except for these two sharp ones. For comparison, the CP of Al-deficient HoAl1.97 crystal is shown in Appendix A (Figure A1). We can see that the TC of HoAl1.97 is lower than that of the stoichiometric HoAl2. On the other hand, TSR seems almost identical. It should be noted that we were careful about evaluating the specific heat value for the first-ordered transition when the relaxation method is applied.



In Figure 5a–c, temperature dependences of the magnetic susceptibility (M/H) were presented under the applied magnetic field of 0.01 T under H//[100], [110], and [111], respectively. A clear ferromagnetic transition (TC) at 29 K as well as the spin-reorientation transition at 20 K (TSR) was seen in all field directions. Both TC and TSR correspond to the transitions seen at the specific heat in Figure 4. The hysteresis between ZFC and FC process is clearly observed below TSR as demonstrated in the inset of Figure 5b. The inverse magnetic susceptibility (M/H)−1 as a function of temperature along the field directions [100], [110], and [111] in Figure 5d–f, respectively, involves the black lines, which represent the fits to the Curie–Weiss law,    M H  =    N A   μ  eff  2   μ B 2    3  k B    T −  θ P      +  χ 0   . Here, kB, NA, and μB are the Boltzmann constant, Avogadro’s number, and the Bohr magneton, respectively. The effective magnetic moments (μeff) determined from the fits between 110 and 300 K were μeff = 11.1 μB, 11.0 μB, and 11.2 μB under H//[100], [110], and [111], respectively. These values match with the theoretical value of the free Ho3+ with a total angular momentum of J = 8, which corresponds to μeff = 10.6 μB. This suggests that the nature of the 4f electrons is well localized. The χ0 is a small temperature-independent term and typically represents Larmor diamagnetic and Pauli paramagnetic contributions. The values from the fits were +7.65 × 10−4, +6.20 × 10−4, and +5.87 × 10−4 emu/mol for H//[100], [110], and [111], respectively. The Weiss temperatures under H//[100], [110], and [111] were obtained as θP = +34.6 K, +33.4 K, and +36.1 K, respectively. The positive values of θP indicate a ferromagnetic coupling. Thus, the magnetic susceptibility measurements reveal almost isotropic behavior in the paramagnetic region, as found in the previous result that reports only under H//[100] and [110] [15].



The isothermal magnetization of HoAl2 under H//[100], [110], and [111] at several temperatures between 2 and 50 K in Figure 6a–c, respectively, was taken after the field cooling process. The rapid increase at lower fields was gradually suppressed under any field directions as the temperature increased. Under H//[100], the upward behavior around 2 T observed at low temperatures was suppressed with increasing temperature. At a high field, the magnetization is saturated toward the full moment (10 μB), which corresponds to a free Ho3+ (J = 8) with the g-factor gJ = 5/4, irrespective of the field directions. The remnant magnetization that was seen under all the field directions disappears at TC.



In Figure 7, the linear thermal expansions     Δ  L i     L i    =    L i   T  −  L i    300   K      L i    300   K       as a function of temperature, where the index i refers to the principal crystallographic axes (100), (110), and (111), represent a clear kink at TC = 29 K for all     Δ  L i     L i     , corresponding to the second-ordered ferromagnetic transition. In addition, a jump is seen at TSR = 20 K, indicating the first-ordered transition associated with the spin reorientation. As shown in the inset of Figure 7, the     Δ  L i     L i      is almost isotropic at the paramagnetic region. In contrast, we can see the anisotropic behavior below TC: on cooling, the     Δ  L i     L i      decreases along all the directions with the largest response to the (110) direction. Additionally, the     Δ  L i     L i      along the (100) and (111) directions decrease suddenly at TSR, whereas the     Δ  L i     L i      along the (110) direction increases. This result may be related to the spin-reorientation transition toward the (110) direction. Thus, the thermal expansion experiments offer directionally bulk information along the independent crystallographic axes throughout the magneto-volume coupling in the magnetically ordered phase.



To evaluate the magnetic entropy change ΔSM of single-crystalline HoAl2, the temperature dependences of the magnetization (M vs. T) of HoAl2 under H//[100], [110], and [111] under various static magnetic fields up to 5 T were plotted in Figure 8a–c, respectively. These were measured under the FC process. The Maxwell relation as mentioned above was applied to evaluate the magnetic entropy change ΔSM. The ΔSM as the functions of temperature under H//[100], [110], and [111] are shown in Figure 8d–f, respectively, for various applied fields up to 5 T. The ΔSM has a minimum near TC for all the field directions. The minimum values obtained for a field change between 0 and 5 T are −5.9, −5.8, and −4.9 J/K mol under H//[100], [110], and [111], respectively. These negative ΔSM with relatively large values around 30 K indicates the entropy release (gain) under magnetization (demagnetization) independent of the magnetic field directions. This result of being nearly field-independent might be advantageous as a magnetic refrigerant where polycrystalline particles are used [7,10]. Additionally, under H//[110] and [111], a convex (concave) upward behavior was seen around 20 K, although overall ΔSM behavior became negative. The ΔSM under H//[100] showed a positive peak at low temperatures as well as a negative peak around 30 K. Similar sign change can be seen in the previous report [15]. The anisotropic behavior around 20 K might be associated with the spin-reorientation transition. These results indicate that the main contribution in ΔSM originates from the paramagnetic to the ferromagnetic transition at TC irrespective of the field directions, and the spin orientation transition induces the anisotropic behavior in ΔSM.





4. Summary


Single crystals of a cubic Laves-phase ferromagnet HoAl2 were successfully grown by the laser diode-based floating-zone method. Here, the laser diodes as the heat source provided the vertically bell-shaped distribution of temperature at the focal point. Since Al evaporation was inevitable during the growth, we prepared Al-rich feed rods to compensate for the evaporation. The nominal ratio was optimized as Ho:Al = 1:2.5 to grow the stoichiometric crystals. Finally, a large-size crystal with a 50 mm length was obtained under stable conditions.



The crystal exhibited a second-ordered ferromagnetic transition at TC = 29 K and a first-ordered spin-reorientation transition at TSR = 20 K. These transitions occurred in bulk. The isothermal magnetization showed a typical ferromagnetic behavior along the field directions [110] and [111]. For the magnetization under H//[100], the upward behavior around 2 T observed at low temperatures was suppressed with increasing temperature. The magnetic entropy changes under the applied field along the principal axes had a relatively similar minimum value around TC, and the anisotropy became obvious at lower temperatures. In particular, the magnetic entropy change under H//[100] showed a positive peak at lower temperatures. The linear thermal expansion measurements to detect the directional information also revealed an anisotropic behavior below TC. The anisotropic behavior in the ordered state is in sharp contrast to the almost isotropic behavior shown in the paramagnetic region beyond TC. We emphasize that the floating-zone technique is useful for the crystal growth of intermetallic alloys because this method enables us to systematically investigate the fundamental properties of materials throughout a variety of experimental probes using the same batch with large crystals. We believe that these “standard dataset” should contribute to bridging the future application as a properly establishing the magnetic refrigerant.
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Appendix A


In Figure A1, we present the specific heat as a function of the temperature of the stoichiometric HoAl2 and Al-deficiency HoAl1.97 crystals. The sample dependence shows that the aluminum deficiency suppresses the ferromagnetic transition temperature at TC, whereas it has little effect on the spin reorientation temperature at TSR. Additionally, we can see that the peak height is suppressed, and the peak width becomes broadened at TSR for the Al deficiency sample, although we need to be careful to evaluate the specific heat with the first-ordered phase transition when the relaxation method is applied for the measurements.
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Figure A1. Temperature dependence of specific heat (CP) of the stoichiometric HoAl2 and Al-deficiency HoAl1.97 crystals. 






Figure A1. Temperature dependence of specific heat (CP) of the stoichiometric HoAl2 and Al-deficiency HoAl1.97 crystals.
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Figure 1. Crystal structure of a cubic Laves-phase material HoAl2 with the space group Fd-3m (No. 227). 
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Figure 2. (a) A photograph of the grown HoAl2 crystal after the floating-zone method using five laser diodes as the heat source. The crystal was obtained after necking twice at the beginning of the growth. (b–d) Back-scattered Laue photos along the principal axes [100], [110], and [111], respectively. (e) A photograph of the HoAl2 crystal after cutting and polishing along the principal axes for the measurements of the thermodynamic physical properties used in this study. 
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Figure 3. Powder X-ray diffraction pattern with indices of the partially crushed HoAl2 crystal using Cu Kα radiation at room temperature. For comparison, an X-ray diffraction profile of HoAl2 from a database (PDF-2 03-065-7339 (ICDD, 2021)) [24] is added with red color. 
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Figure 4. Temperature dependence of specific heat (CP) of HoAl2 crystal under zero field. Clear transitions with a second-ordered and a first-ordered feature are seen at TC = 29 K and TSR = 20 K, respectively. 
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Figure 5. Temperature dependencies of the magnetic susceptibility (M/H) of HoAl2 under the applied field along (a) H//[100], (b) H//[110], and (c) H//[111]. Measurements were performed at 0.01 T under zero-field-cooled (open circles) and field-cooled (closed circles) processes. The inset shows the hysteresis between ZFC and FC processes. Inverse magnetic susceptibility, (M/H)−1, as a function of temperature under (d) H//[100], (e) H//[110], and (f) H//[111]. Solid black lines represent fits to the Curie–Weiss law between 110 and 300 K. 
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Figure 6. Isothermal magnetization (M) of HoAl2 under (a) H//[100], (b) H//[110], and (c) H//[111] up to 9 T at several temperatures across the magnetic phase transitions (TC and TSR). The data were taken under the field-cooled processes at 2, 10, 15, 20, 24, 26, 29, 32, 37 and 50 K. 
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Figure 7. Temperature dependences of thermal expansion     Δ  L i     L i    =    L i   T  −  L i    300    K       L i    300    K       . Here, the index i refers to the principal crystallographic axes [100], [110], and [111], respectively. 
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Figure 8. Temperature dependence of magnetization of HoAl2 under (a) H//[100], (b) H//[110], and (c) H//[111]. The applied magnetic fields are 0.01, 0.1, 0.3, 0.5, 0.7, 1, 2, 3, 4, and 5 T. The data were taken under field-cooled processes. The magnetic entropy change ΔSM as a function of temperature under (d) H//[100], (e) H//[110], and (f) H//[111]. 
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