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The magnetic properties of hydrogenated metastable TiZrNi quasicrystals and their structures were studied. After hydrogenation, the quasi-lattice constants uniformly increased from 5.12 to 5.40 A with a narrower peak width in X-ray diffraction, suggesting that hydrogen atoms diffuse homogeneously in different pieces of the metallic ribbon samples. The magnetization values measured by using a superconducting quantum interference device (SQUID) revealed that the magnetic susceptibilities of the hydrogenated quasicrystals strongly depended on the temperature so that the enhanced magnetic coercivitics at low temperatures (<9 K) were the result of a combination of hydrogen and temperature while the reduced magnetization values at temperatures above 9 K were attributed to the structural factor rather than the temperature. In fact, hydrogen contributes to the significant decrease in the magnetization values from 0.0236 to 0.0163 emu/g at room temperature. The reasons for the decreased magnetization after hydrogenation are understood to be; the reduced interactions of magnetic moments between Ni atoms induced by the lattice expansion after hydrogen absorption.
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I. [bookmark: bookmark1]INTRODUCTION
[bookmark: _GoBack]Quasicrystals [1] are a new type of material exhibiting a long-range 5-fold rotational symmetry without a translation order, and Sheehtman received the Nobel Prize in Chemistry 2011 for the discovery of quasicrystals [2]. In spite of firm experimental evidence and more than 500 discoveries of quasicrystals, the reasons for the structural stability and the formation of the quasiperiodic phase are still under investigation.
Recently, much scientific attention has been focused on Ti-based quasicrystals that form the second largest cluster because of the fact that they can absorb significant quantities of hydrogen to a limit exceeding the density of liquid hydrogen. For example, TiZrNi quasicrystals, which are thermodynamically stable [3], are known to uptake a maximum of two hydrogen atoms per host metal atom because they have optimal interstitial sites for hosting foreign atoms and a chemical affinity for hydrogen [4-6]. Furthermore, TiZrNi alloys, with two exceptions of TiZrCo and TiZrFe, are known to be the best ordered materials for forming quasicrystals without, silicon [7,8]. Because of these structural and chemical advantages, TiZrNi quasicrystals have been proposed for use as a new type of hydrogen storage material [9-11].
In general, hydrogen is known to destabilize the struc-
tural stability in most metals by reducing the strength and the lifetime of the material and by making the material brittle. Our very recent data obtained from rapidly-quenched TiZrNi quasicrystals, however, provided strong support that hydrogen increased the structural stability. The reasons for the enhanced coherence lengths after the uptake of hydrogen in the quasicrystals are under investigation in terms of the role of Ni in magnetization [12]. One needs to remember that the optimum amount of Ni. compare to Ti and Zr, for forming a. quasicrystal phase is very marginal [13]. Studies on the compositional role of Ni have been emphasized by many researchers [1.4— 16], but not many studies have reported on the magnetic properties of hydrogenated TiZrNi quasicrystals [17]. In this papers, we report the effects of hydrogen on the magnetic properties of hydrogenated TiZrNi quasicrystals with combined structural properties, comparing the results with those for the unhydrogenated TiZrNi quasicrystals.
II. [bookmark: bookmark2]EXPERIMENT
The TiZrNi quasicrystal samples were prepared by arcmelting a total mass of 2.5 grams of Ti, Zr and Ni having purities of 99.98, 99.8, and 99.98%, respectively, in an Ar atmosphere and subsequently quenching the molten ingots onto a stainless-steel wheel rotating at a speed of
1000 rpm. This method produces thin metallic ribbons of phase-pure quasicrystals with dimensions of approximately 20 ~ 30 pm in thickness, 2 ~ 5 cm in length and 2 mm in width. The atomic concentration of the sample was set to Ti53Zr27Ni20 because the greatest volume fraction with large grains of quasicrystals was relatively easy to obtain at this composition. Before the arc-melting, the chamber containing the samples was evacuated to lower than 5 x 10~5 Torr by using a diffusion pump. Then, the chamber was back-filled with ultra-high-purity argon at least three times to reduce the oxygen level. To activate the hydrogen absorption, we used plasma etching in an argon atmosphere for 20 miniutes to remove the oxygen layer on the surface of the samples. A thin palladium film was subsequently coated by using an rf- magnetron sputtering system. A detailed description of the surface treatment of the sample is given elsewhere [18].[image: C:\Users\Admin\AppData\Local\Temp\FineReader12.00\media\image1.png]
     Fig. 1. XRD patterns of Ti53Zr27Ni20 quasicrystals for the (a) unhydrogenated sample and the (b) sample hydrogenated by using a P-c-T measurement. The H/M value for the sample in (b) was 1.36. The main diffracted peaks are indexed following the 6-dimensional index scheme proposed by Bancel et al. [19].

[image: ]The combined results obtained from X-ray depth- profile and SEM measurements revealed that the typical thickness of the Pd layer was approximately 230 nm. The structures, the coherence lengths and the quasi-lattice constants of the samples before and after hydrogenation were investigated by using the X-ray diffractometer (Bruker, D-8 Discover). For absorption of hydrogen in a slow manner, an automatic gas-handling apparatus operated by a commertial Lab VIEW software was designed and built in our laboratory. This pressure-composition- temperature (P-c-T) measurement system enabled us to load hydrogen to the maximum H/M (hydrogen to host metal atom ratio) values without the samples breaking into powders. The. magnetic moments and the magnetic susceptibility values of the hydrogenated and the unhydrogenated samples were measured by using a superconducting quantum interference device (SQUID). The magnetic moments were measured as functions of the applied magnetic field at 5 and 300 K and at various temperatures from 2 to 300 K under a constant field of 3000 Oe.
III. [bookmark: bookmark3]RESULTS AND DISCUSSION
Figure 1 shows the powder X-ray diffraction (XRD) patterns measured from unhydrogenated and hydrogenated Ti53Zr27Ni20 quasicrystals. The locations and the heights of the main XRD peaks follow well the Bancel scheme for indexing icosahedral peaks [19] and confirm that all samples are phase-pure quasicrystals. A careful analysis of the data measured by using the P-c-T system revealed that the samples were loaded by hydrogen to the H/M value of 1.36. All XRD peaks were uniformly shifted to lower 2ϴ, which illustrate that the quasi-lattice constants had increased from 5.12 to 5.40 Å after hydrogenation. This result also demonstrates that hydrogen atoms had been homogeneously uptaken in the interstitial sites of the host structure. The total amount of absorbed hydrogen in the sample was also estimated by

Fig. 2. M(H) values for Ti53Zr27Ni20 quasicrystals measured at (a) 300 K and (b) 5 K, and measured after hydrogenation with an H/M value of 1.36 at (c) 300 K and (d) 5 K. Open and closed circles represent data for unhydrogenated and hydrogenated quasicrystals, respectively.
interpolating the linear slope in a. plot of H/M value as a function of the amount of peak shift in 2ϴ, and the results matched well with the ones measured by using the mass gain after hydrogenation. Interestingly, the widths of the diffracted peaks after hydrogenation became narrow, demonstrating that hydrogen atoms uniformly diffuse into the sample and contribute to expanding the quasi-lattice constants. After hydrogen absorption, the value of the full width at half maximum (FWHM) of the (110000) peak decreased from 0.393 to 0.298 in 2ϴ, suggesting that the coherence length of the structure significantly increased to 280.85 from 214.66 Å. This result could not be obtained without the homogeneous absorption of hydrogen in the sample because XRD patterns were taken from many different pieces of metallic ribbons, and each ribbon had the same quasi-lattice constant.
The magnetization values of the hydrogenated samples were measured as functions of the applied field from — 10000 to 10000 Oe at 5 and 300 K. and the results were

[image: ][image: C:\Users\Admin\AppData\Local\Temp\FineReader12.00\media\image2.png][image: C:\Users\Admin\AppData\Local\Temp\FineReader12.00\media\image3.png]
[bookmark: bookmark6]Temperature (K)

Fig. 4. (a) Magnetizations as functions of temperature for Ti53Zr27Ni20 and Ti53Zr27Ni20H1.36 quasicrystals measured at temperatures from 2 to 300 K under 3000 Oc. (b) Higher- resolution results measured in 1 K intervals. Open and closed circles represent data for unhydrogenated and hydrogenated quasicrystals, respectively.
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Fig. 3. Magnetic susceptibilities as functions of applied field from —10000 to 10000 Oe for Ti53Zr27Ni20 and Ti53- Zr27Ni20H1.36 quasicrystals measured at (a) 300 K and (b) 5 K. Open and closed circles represent data for unhydrogenated and hydrogenated quasicrystals, respectively.
compared with the unhydrogenated ones. Figure 2 shows the M(H) curves of the samples in fields from —3000 to 3000 Oe. The magnetization values measured from the unhydrogenated samples are linearly proportional to the applied field. No hint of magnetic hysteresis was found for the samples measured at 300 K. After hydrogenation, however, the maximum magnetization values at 10000 Oe decreased from 0.0236 to 0.0163 emu/g at 300 K while the difference became smaller (0.003 emu/g) at 5 K. It is very interesting to note that a thin magnetic hysteresis loop was obtained from the hydrogenated samples and that the width of the loop was more prominent at 5 K, suggesting that hydrogen may enhance the magnetic coercivity of the quasicrystals. More detailed measurements in higher magnetic fields at extremely low temperatures are underway to configure the magnetic phase diagram of the TiZrNi quasicrystals.
Magnetic susceptibilities were calculated by using the relation M = y, where y, M and H are the magnetic susceptibility, the magnetization, and the strength of magnetic field, respectively, and the results as a function of applied field from —10000 to 10000 Oe are shown in Fig. 3. For the hydrogenated samples, it is worthy to note that larger magnetic susceptibility values were obtained near 0 Oe, supporting the existence of a magnetic


hysteresis at 5 K.
To investigate the dependence on temperature, we measured the magnetization at temperatures from 2 to 300 K under a constant field of 3000 Oe, and the results are shown in Fig. 4. The magnetizations of the hydrogenated quasicrystals show a strong temperature dependence, and the values became smaller than those of unhydrogenated samples at temperatures above 9 K. To compare the magnetization trend for hydrogenated samples with that for unhydrogenated ones at low temperatures, we recorded the data with a better resolution, and the results are shown in Fig. 4(b). Again, it is very clear that the magnetization decreases more drastically for the hydrogenated samples than for the unhydrogenated ones at low temperatures (<50 K). For example, the magnetizations for the hydrogenated quasicrystals are 0.00917 and 0.00569 emu/g at 2 and 300 K while those for the unhydrogenated ones are 0.00725 and 0.00721 cmn/g at 2 and 300 K, respectively. Based on our examinations, we can conclude that hydrogen increases the magnetization at low temperatures (<9 K) but decreases it with increasing temperature. This observation agrees well with the enhanced magnetic properties upon hydrogenation as shown in Fig. 2. We speculate that the decreased magnetization values for the hydrogenated samples are responsible for the reduced interactions of magnetic dipole moments between Ni atoms arising from the expansion of the quasi-lattice constants after the absorption of hydrogen at interstitial sites.

IV. [bookmark: bookmark7]CONCLUSION
To investigate the effects of hydrogen on the magen- tic properties of Ti-based quasicrystals and their structures, rapidly quenched TiZrNi alloys with a composition of 53, 27, and 20 at.% for Ti, Zr and Ni, respectively, were prepared and were hydrogenated to the H/M value of 1.36. The magnetization values were measured by using a SQUID, and the data were analyzed by the changes of quasi-lattice constants. After hydrogenation, all X-ray diffracted peaks have shifted to lower 2ϴ angle, suggesting that absorbed hydrogen atoms had uniformly diffused into the sample. Magnetic susceptibility measurements revealed that the magnetic properties of hydrogenated TiZrNi quasicrystals strongly depended on temperature and that the large change in the magnetization values was due to a combination of hydrogen and the increased lattice constant. The decreased magnetization values of hydrogenated quasicrystals at temperatures above 9 K can be understood based on the increased quasi-lattice constant which reduces the interactions of magnetic moments between Ni atoms. For better understanding of the magnetic phase diagram and the role of hydrogen at low temperatures, further measurements at extremely low temperatures under high magnetic fields are underway.
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