Pis’ma v ZhETF, vol. 101, iss. 7, pp. 518 – 521 © 2015 April 10

Thermoelectric properties of Au-based metallic glass at low temperatures

V. V. Pryadun^+, D. V. Louzguine-Luzgin^∗, L. V. Shvanskaya^{+×}, A. N. Vasiliev^{+×∘1)}

+MSU, 119991 Moscow, Russia

∗WPI Advanced Institute for Materials Research, Tohoku University, Katahira 2-1-1, Aoba-Ku, 980-8577 Sendai, Japan

×National University of Science and Technology “MISiS”, 119049 Moscow, Russia

∘Theoretical Physics and Applied Mathematics Department, Ural Federal University, 620002 Ekaterinburg, Russia

Submitted 24 February 2015

Thermoelectric properties of Au49Cu26.9Ag5.5Pd2.3Si16.3 glassy alloy have been studied using electrical resistivity, thermal conductivity and Seebeck coefficient measurements over temperature range 2–390 K. At heating, resistivity ρ decreases in a power-law manner from residual value ρ0 ∼ 150 μΩ · cm. The temperature coefficient of resistivity, α = ρ^{−1}(∂ρ/∂T ), is rather small and varies non-monotonously. Thermal conductivity κ rises linearly at low temperatures; it exhibits a plateau-like feature and sharply increases at elevated temperatures. Seebeck coefficient S increases with temperature and exhibits a characteristic “knee” feature. At elevated temperatures, S increases linearly with temperature but with a different slope. It total, thermoelectric properties of Au-based glassy alloy demonstrate behaviour of a highly disordered system in a most pronounced manner.

DOI: 10.7868/S0370274X15070097

Unique physical properties of bulk glassy alloys, i.e. high strength and hardness, large elastic strain limit and corrosion resistance, are quite attractive for a wide range of applications [1]. The first bulk glassy alloy (or metallic glass), namely Au–Si, was produced by rapid solidification of the melt in 1960 [2]. Partial substitution of Si by Ge have led to improved glass-forming ability [3] and later on, other noble metals based metallic glasses were produced [4]. However, all these binary alloys showed a poor glass-forming ability and lacked stability at elevated temperatures. It is recently that a multi-component Au–Cu–Pd–Ag–Si glassy alloy was reported exhibiting excellent glassy properties, low glass forming temperature and good workability [5].

While not directly related to workability, the measurements of thermoelectric properties of bulk glassy alloys provide valuable information on the mechanisms of electrons and ions interactions. Here, we present the measurements of electrical resistivity ρ, thermal conductivity κ, and thermopower S of glassy alloy Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3}. Similar to study of Cubased Cu–Zr–Ti metallic glasses [6] our measurements represent rare case of comprehensive research of transport properties in this class of materials over wide temperature range.

1)e-mail: vasil@mig.phys.msu.ru

The ingot of a Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} alloy (the composition is given in nominal at. %) was prepared by arc-melting mixtures of high purity elemental metals having more than 99.9 mass. % purity in an argon atmosphere. From this ingot, glassy ribbon samples of about 20 μm in thickness and 1 mm in width were prepared by rapid solidification of the melt on a single copper roller at a tangential wheel velocity of 40 m/s. Bulk glassy samples contain a surface layer of crystalline phases [7] and were not used in the present work.

The thermoelectric properties, i.e. electrical resistivity ρ, thermal conductivity κ and Seebeck coefficient (thermopower) S were measured in the temperature range 2–390 K by a four point method using relevant option of “Quantum Design” Physical Properties Measurements System PPMS-9T. The protocol of heat treatment was chosen as follows. Initially, the sample was heated from room temperature to 390 K with the rate 0.5 K/min. It was annealed at 390 K for 2 h. Then the measurements of ρ, κ, and S were carried out at cooling with permanent rate 0.15 K/min. At high temperatures, one point is measured within approximately 23 min. At cooling, this characteristic time decreases progressively. A similar procedure was applied to measure the kinetic properties of Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} alloy during heating. No significant hysteretic phenomena were observed in the series of cooling and heating measure-

518 Письма в ЖЭТФ том 101 вып. 7 – 8 2015 ments, albeit small non-systematic variations in every physical property were detected.

The temperature dependence of resistivity ρ in Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} glassy alloy measured at heating from liquid helium temperature is shown in Fig. 1. The resistivity decreases in a power-law man-

Fig. 1. The temperature dependence of resistivity in Au49Cu26.9 Ag5.5Pd2.3Si16.3 . The inset – the temperature dependence of the temperature coefficient of resistivity, α = ρ^{−1}(∂ρ/∂T )

ner from residual value ρ_0 of about 150 μΩ · cm (typical for metallic glassy alloys) at liquid helium temperature. The inset shows the temperature dependence of the temperature coefficient of resistivity, α = ρ^{−1}(∂ρ/∂T ). At lowest temperatures, the temperature coefficient of resistivity is rather small and varies non-monotonously; it reaches values typical for metallic glassy alloys of about 150 ppm/K and increases rapidly at elevated temperatures. To account for the details of the temperature dependence of resistivity in the intermetallic amorphous alloy, Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3}, we follow the general analysis of Cywinsky and Kilcoyne [8].

According to a simple classification scheme of conducting materials, the temperature dependences of resistivity may exhibit different trends. With lowering temperature, the resistivity decreases in metals and exponentially increases in semiconductors. None of these trends is seen in the sample of Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3}. It is well known that in a perfect crystal an electron experiences no scattering. The defects of crystal lattice, i.e. impurities, interstitials, vacancies, etc., are the source of scattering leading to the temperature-independent resistivity ρ_0. The temperature-dependent resistivity ρ_L(T ) stems from thermal vibrations. Within the Bloch–Grüneisen formalism, it could be described by a power-low dependence, ρ_L ∼ T^5, at low temperatures. In the first approximation, ρ_0 and ρ_L(T ) are independent from each other and the total resistivity can be written as ρ(T ) = ρ_0 + ρ_L(T ). This relation known as the Matthiessen’s rule is rather well satisfied in numerous polycrystalline alloys. The rapidly quenched amorphous intermetallic alloys, however, are quite far from the ideal crystals. The main difference with the crystals is that the amorphous alloys lack the translational symmetry [9].

As a result, the pronounced crystal disorder leads to significantly enhanced residual resistivity. Indeed, the measured resistivity of Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} is close to that expected when mean free path of the conduction electrons approaches a length scale comparable to the mean interatomic near neighbour distance of about 0.2–0.35 nm [10, 11]. The deviations from the Matthiessen’s rule in Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} are seen in whole temperature range studied. The temperature coefficient of resistivity, α = ρ^{−1}(∂ρ/ρT ), is rather small (∼ 10^{−4} K^{−1}) and negative. The Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} glassy alloy, as any other extremely disordered system, exhibits this peculiar and highly unusual behaviour due to the complex interplay of structural scattering processes and quantum corrections arising mainly from weak localization and electron-electron interactions.

The absence of translational symmetry in amorphous alloys necessitates a probabilistic description of the atomic positions in terms of a radial distribution function dominated by short-range atomic correlations. These radial distributions are very similar to those used to describe the structure of liquids. Therefore, to describe the temperature dependence of resistivity in Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} one can use the Faber– Ziman model based on the Ziman theory of conductivity in liquid metals and alloys [12]. The Faber–Ziman theory treats the conduction electrons as plane waves with a wavevector k_F, corresponding to the Fermi momentum, which are coherently diffracted by the amorphous structure. Within this formalism the resistivity ρ is defined by scattering matrix element and the resistivity static structure factor S^ρ(k). The latter is approximately related to the equilibrium structure factor S(k), as measured in conventional x-ray structural studies, through S^ρ(k) ≈ 1 + [S(k) − 1]e^{−2W (k,T )}. The Debye–Waller factor, e^{−2W (k,T )}, introduces the effects of thermal vibrations.

An important feature of the structure factor, S(k), is the large peak at k = k_p. For most amorphous alloys 2k_F lies close to k_p. In this case, the backscatter-

Письма в ЖЭТФ том 101 вып. 7 – 8 2015

520 V. V. Pryadun, D. V. Louzguine-Luzgin, L. V. Shvanskaya, A. N. Vasiliev

ing of conduction electrons leads to the characteristic high resistivity. Within the Faber–Ziman approach the negative temperature coefficient of resistivity α is associated with the backscattering condition 2k_F ≈ k_p, and reflects the reduction in scattering due to the temperature dependence of the Debye–Waller factor in cases when S(k = 2k_F) > 1. Basically, these simple qualitative arguments catch main features of the temperature dependence of resistivity in Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3}. For ρ_0 ≫ ρ_L(T ), negative sign of α can be obtained if to introduce multiplicatively the temperaturedependent Debye–Waller factor in Mattheissen’s rule, i.e. ρ(T ) = [ρ_0 + ρ_L(T )]e^{−2W (k,T )} to account for higher order phonon processes [13].

The temperature dependence of the thermal conductivity κ in Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} glassy alloy is shown in Fig. 2. At lowest temperatures, the ther-

Fig. 2. The temperature dependence of the thermal conductivity in Au49Cu26.9Ag5.5Pd2.3Si16.3 glassy alloy taken at heating. The dashed line represents the electron contribution to overall thermal conductivity. The inset – the temperature dependence of the phonon contribution to overall thermal conductivity

mal conductivity rises almost linearly, it exhibits a plateau-like feature and sharply increases at elevated temperatures. These features are reminiscent of those seen in amorphous insulators where the thermal conductivity is due to phonon heat transfer only [14, 15]. In glassy metals the heat transfer is provided additionally by the conduction electrons. The estimation of electrons thermal conductivity is straightforward using the Wiedemann–Franz law κ_eρ/T = L where the Lorenz number L = 2.45 · 10^{−8} W · Ohm/K^2. Therefore, the electrons thermal conductivity κ_e = LT/ρ(T ). This quantity is shown by the dashed line in Fig. 2. In essence, κ_e changes linearly with temperature since the temperature variation of Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} is rather modest. Evidently, up to T^∗ ∼ 200 K the electrons thermal conductivity κ_e constitutes the main part of the overall thermal conductivity. At further increase of temperature, the phonon contribution, κ_{ph}, starts to prevail, as shown in the inset to Fig. 2. The mean free path of the phonons can be estimated with the help of formula κ_{ph} = l_{ph}νC/3, where l_{ph} is the mean free path of phonons, ν is the sound velocity, and C is the specific heat. At critical temperature, T^∗, this value is comparable to the mean interatomic near neighbour distance of about 2−3.5 Å. Taking into account that the mean free path of phonons reached its natural limit and assuming that the velocity of sound, ca. 3 · 10^3 m/s, is a gently sloping function of temperature, one can state that the increase of thermal conductivity above T^∗ is due to the rise of specific heat only.

The temperature dependence of the Seebeck coefficient (thermopower) S in the Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} glassy alloy taken at both heating and cooling processes are shown in Fig. 3. At lowest temperature, the thermopower increases

Fig. 3. The temperature dependence of the Seebeck coefficient in Au49Cu26.9Ag5.5Pd2.3Si16.3 glassy alloy taken at both cooling and heating

linearly with temperature and exhibits a characteristic for disordered systems “knee” feature. At elevated temperatures, i.e. above T^∗ ∼ 200 K, the thermopower increases again but with a different slope.

In Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} the phonon drag contribution to the thermopower S should be negligible owing to the strong phonon scattering in the disordered structure [16]. As in any other non-magnetic metallic

Письма в ЖЭТФ том 101 вып. 7 – 8 2015

Thermoelectric properties of Au-based metallic glass at low temperatures 521

glass, the behaviour of S is almost linear with temperature T over a wide temperature range. The origin of the characteristic “knee” in the S(T ) curve at low temperatures is a topic of discussions. The widely accepted concept is that this feature results from the effect of electron-phonon interaction, which renormalizes the electron energy and relaxation time [17]. Moreover, it was shown [18] that the observed temperature dependence of S in a series of amorphous transition metal alloys can be understood as arising from electron-phonon enhancement effects. The enhancement and its temperature dependence were calculated using different models for the interaction of electrons with lattice vibrations and good agreement with the data for several amorphous transition metal alloys was found [19, 20]. The nonlinear thermopower behaviour has also been discussed on the basis of the temperature dependence of the structure factor [21, 22], and of the inelastic electronelectron interaction [23].

Concluding, thermoelectric properties of Au_{49}Cu_{26.9}Ag_{5.5}Pd_{2.3}Si_{16.3} metallic glass have been studied using electrical resistivity ρ, thermal conductivity κ and Seebeck coefficient S measurements over wide temperature range. While basically similar to relevant properties of Cu-based Cu–Zr–Ti glassy alloys the Au-based glass exhibit properties of highly disordered system in a most pronounced manner.

This work was supported in part from the Ministry of Education and Science of the Russian Federation in the framework of Increase Competitiveness Program of NUST “MISiS” (# K2-2014-036).

1. D. V. Louzguine-Luzgin and A. Inoue, Bulk Metallic Glasses. Formation, Structure, Properties, and Applications, Handbook of Magnetic Materials, ed. by K. H. J. Buschow, Elsevier (2013), v. 21, p. 131.

2. W. Klement, R. H. Willens, and P. Duwez, Nature 187, 869 (1960).

3. H. S. Chen and D. Turnbull, Appl. Phys. Lett. 10, 284 (1967).

4. H. S. Chen, Acta Metall. 22, 1505 (1974). 5. J. Schroers, B. Lohwongwatana, W. L. Johnson, and A. Peker, Appl. Phys. Lett. 87, 061912 (2005).

6. Y. K. Kuo, K. M. Sivakumar, C. A. Su, C. N. Ku, S. T. Lin, A. B. Kaiser, J. B. Qiang, Q. Wang, and C. Dong, Phys. Rev. B 74, 014208 (2006).

7. S. V. Ketov, N. Chen, A. Caron, A. Inoue, and D. V. Louzguine-Luzgin, Appl. Phys. Lett. 101, 241905 (2012).

8. R. Zywinski and S. H. Kilcoyne, Concize Encyclopedia of Magnetic and Superconducting Materials, ed. by K. H. J. Buschow, Elsevier (2005).

9. S. R. Elliot, Physics of Amorphous Materials, Longman, London (1983), p. 30.

10. J. H. Mooij, Phys. Stat. Sol. A 17, 521 (1973). 11. N. Chen, D. V. Louzguine-Luzgin, G. Q. Xie, P. Sharma, J. H. Perepezko, M. Esashi, A. R. Yavari, and A. Inoue, Nanotechnology 24, 045610 (2013).

12. N. E. Cusak, in Graduate Student Series in Physics, ed.

by D. F. Brew, Hilger, Bristol (1987).

13. A. L. Kuzemsky, Int. J. Mod. Phys. B 25, 3071 (2011). 14. W. B. Sheng, J. Mater. Sci. 40, 5061 (2005). 15. A. Jezowski, J. Mucha, and G. Pompe, J. Phys. D: Appl.

Phys. 20, 1500 (1987).

16. T. Matsuda, K. Shirai, H. Sato, Y. Yamada, and U. Mizutani, Mat. Sci. Eng. A 181/182, 926 (1994).

17. A. Kowalczyk, M. Falkowski, T. Tolinski, V. H. Tran, W. Miller, M. Reiffers, and M. Timko, Mater. Res. Bull. 43, 185 (2008).

18. Y. K. Kuo, K. M. Sivakumar, C. A. Su, C. N. Ku, S. T. Lin, A. B. Kaiser, J. B. Qiang, Q. Wang, and C. Dong, Phys. Rev. B 74, 014208 (2006).

19. A. B. Kaiser, R. Harris, and B. G. Mulimani, J. Non Cryst. Solids 61, 62, 1103 (1984).

20. S. Y. Li, W. Q. Mo, M. Yu, W. H. Zheng, C. H. Wang, Y. M. Xiong, R. Fan, H. S. Yang, B. M. Wu, L. Z. Cao, and X. H. Chen, Phys. Rev. B 65, 064534 (2002).

21. A. W. Szafranski, J. Alloys Comp. 333, 55 (2002). 22. B. Muschler, I. Tuetto, A. Zawadowski, J. Balogh, and R. Hackl, Phys. Rev. B 84, 104104 (2011).

23. N. V. Melnikova, V. E. Egorushkin, and V. A. Varnavskii, J. Phys. Cond. Matter. 8, 6685 (1996).

4 Письма в ЖЭТФ том 101 вып. 7 – 8 2015