Pis’ma v ZhETF, vol. 110, iss. 1, pp. 70 – 71 © 2019 July 10

Boron^{10}B–^{11}B isotope substitution as a probe of mechanism responsible for the record thermionic emission in LaB_6 with the Jahn–Teller instability

E. S. Zhukova^{+∗}, B. P. Gorshunov^{+∗}, M. Dressel^{+×}, G. A. Komandin^∗, M. A. Belyanchikov^+, Z. V. Bedran^+, A. V. Muratov^∘, Y. A. Aleshchenko^∘, M. A. Anisimov^∗, N. Yu. Shitsevalova^∇, A. V. Dukhnenko^∇, V. B. Filipov^∇, V. V. Voronov^∗, N. E. Sluchanko^{+∗ 1)}

+Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Russia

∗Prokhorov General Physics Institute of the Russian Academy of Sciences, 119991 Moscow, Russia

×1.Physikalisches Institut, Universität Stuttgart, D-70569 Stuttgart, Germany

∘Lebedev Physical Institute of Russian Academy of Sciences, 119991 Moscow, Russia

∇Frantsevich Institute for Problems of Materials Science, NASU, 03680 Kiev, Ukraine

Submitted 23 May 2019 Resubmitted 23 May 2019

Accepted 27 May 2019

DOI: 10.1134/S0370274X19130125

Materials with a low work function find diverse applications in electronic devices (see, e.g., [1]). Due to the high electronic emissivity, melting point, mechanical and chemical stability, rare earth (RE) hexaborides RB_6 (R is a metal ion) are among the most promising compounds for high-power electronic technology. The crystal structure of RE hexaborides has the bcc CаВ_6-type with Pm3m-O^h_1 symmetry and may be represented as a rigid network of covalent-bound octahedral-shaped B_6 complexes with RE ions embedded in the large size cavities formed by B_6 clusters [2]. It was found that in the higher borides RB_{12}, development of the Jahn–Teller (JT) instability in the boron B_{12} clusters leads to emergence of a collective excitation that involves corresponding JT-mode and produces both the rattling vibration of the RE atom and modulation of electronic density in the conduction band [3, 4]. It was suggested that the effects arise from the complex interaction among lattice, orbital and charge carriers subsystems, and that their striking consequence is the conversion of large fraction of conduction electrons into a non-equilibrium state with very strong scattering. This phenomenon was also proposed [5] to cause a record low thermal emission work function of LaB_6 (φ ≈ 2.66 eV [6]). Since the boron network is essentially involved in the formation of the collective mode, here our goal was to explore in detail its evolution and in this way the evolution of the conduction electrons state upon isotopic substitution in the boron sublat-

1)e-mail: nes@lt.gpi.ru

tice of several isotopically substituted La(^{10}B_x^{11}B_{1−x})_6 solid solutions.

High quality single crystals of La(^{10}B_x^{11}B_{1−x})_6 with x = 0, 0.189 (La^{nat}B_6), 0.5, 0.75 and 1 were grown as described in [7]. The infrared (IR) reflectivity spectra R(ν) were measured at room temperature at frequencies ν = 40−8000 cm^{−1} employing a Bruker Vertex 80V Fourier-transform spectrometer. With the J. A. Woollam V-VASE ellipsometer, spectra of optical conductivity σ(ν) and dielectric permittivity ε^′(ν) of the samples were directly determined at 3700–35000 cm^{−1}. DC conductivity σ_{DC} and Hall resistivity of the same samples were measured using a standard five-probe method.

Though the obtained reflectivity spectra of all crystals are typical for a good metal, when fitting the spectra we observe significant deviations from the Drude conductivity model [8] above a few hundred cm^{−1}. We formally model these deviations by introducing, in addition to the Drude free carrier term, a minimal set of Lorenztzian-shaped excitations, see Fig. 1. The results we obtain here for the La(^{10}B_x^{11}B_{1−x})_6 are qualitatively similar to those deduced from the infrared experiments on hexaborides Gd_xLa_{1−x}B_6 [5], and dodecaborides LuB_{12} [3] and Tm_{0.189}Yb_{0.811}B_{12} [4]. In [3–5], the origin of the excitations was associated with cooperative-dynamic Jahn–Teller effect in the boron sub-lattices, which produces quasi-local vibrations (rattling modes) of loosely bound RE ions, leading to “modulation”, via hybridization of 5d-conduction electrons

70 Письма в ЖЭТФ том 110 вып. 1 – 2 2019

Boron^{10}B–^{11}B isotope substitution as a probe of mechanism responsible . . . 71

Fig. 1. (Color online) Contributions observed in the infrared conductivity spectra of La(^{10} Bx^{11}B1−x)6 single crystals from Drude-type electrons in the conduction band (Drude electrons) and collective peak (non-equilibrium electrons). The temperature is T = 300 K

and 2p-boron states, of the conduction band along certain crystallographic directions. We believe that similar mechanisms are responsible for the observed peak in the conductivity spectra of La(^{10}B_x^{11}B_{1−x})_6 crystals. More specifically, because of double orbital degeneracy of the highest occupied molecular orbital, the B_6 molecules are JT active and their structure is thus labile due to JT distortions. In such cases, certain intrinsic structural defects lift the degeneracy and lower the B_6 symmetry. We suggest that reinforcement of the structural JT liability in the boron sub-lattice of RB_6 due to cooperative dynamic JT effect may be considered as the cause of large amplitude displacements of La atoms in oversized B_{24} cages, resulting in both, distortions and symmetry lowering of the bcc lattice and emergence of the rattling modes attributed to quantum motion of the La ions in the double-well potentials with the minima separated by ∼ 0.5 Å. As a consequence of the quantum motion (zero temperature vibrations) of La-ions, dramatic changes of the 5d−2p hybridization of electron states should occur in hexaborides resulting in (i) the formation of a collective mode (overdamped oscillator) and (ii) the emergence of non-equilibrium (hot) charge carriers.

We suggest that the effect of the discovered nonequilibrium (hot) electrons that make up the majority in LaB_6 (up to ≈ 70 %) can be considered as the key factor responsible for the extraordinarily low work function of thermoemission in this compound. Taking into account that the found highest values of the oscillator strength, dielectric contribution and damping of collective peak are observed for La^{nat}B_6 which is characterized by strongest disorder in the boron sublattice, we conclude that this disorder is among the important factors determining unique thermoemission characteristics of the LaB_6.

To summarize, the analysis of the optical conductivity spectra of several isotopically mixed La(^{10}B_x^{11}B_{1−x})_6 solid solutions shows that in addition to the Drude free carrier spectral component there exists an intensive collective excitation. We suggest that the presence in the conduction band of non-equilibrium (hot) electrons involved in the formation of this excitation is at the origin of the extraordinary low electronic work function in LaB_6. The finding provides a fresh look at the mechanisms responsible for highest thermoemission characteristics of materials.

The research was supported by the RSF grant # 17- 12-01426 and by the RF Ministry of Education and Science (Program 5 top100). Authors acknowledge the Shared Facility Center at P. N. Lebedev Physical Institute of RAS for using their equipment and the state assignment of the Ministry of Science and Higher Education (theme # 0023-2019-0005).

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364019130058

1. Y. Zhou, C. Fuentes-Hernandez, J. Shim et al. (Collaboration), Science 336, 327 (2012); DOI: 10.1126/science.1218829.

2. T. Mori, Rare earth borides, carbides and nitrides, ed.

by D. A. Atwood, John Wiley & Sons Ltd., Chichester (2012), p. 263.

3. B. P. Gorshunov, E. S. Zhukova, G. A. Komandin, V. I. Torgashev, A. V. Muratov, Yu. A. Aleshchenko, S. V. Demishev, N. Yu. Shitsevalova, V. B. Filipov, and N. E. Sluchanko, JETP Lett. 107, 100 (2018); DOI:10.1134/S0021364018020029.

4. N. E. Sluchanko, A. N. Azarevich, A. V. Bogach, N. B. Bolotina, V. V. Glushkov, S. V. Demishev, A. P. Dudka, O. N. Khrykina, V. B. Filipov, and N. Yu. Shitsevalova, J. Phys.: Condens. Matter 31, 065604 (2019); DOI: 10.1088/1361-648X/aaf44e.

5. E. S. Zhukova, B. P. Gorshunov, G. A. Komandin, L. N. Alyabyeva, A. V. Muratov, Yu. A. Aleshchenko, M. A. Anisimov, N. Yu. Shitsevalova, S. E. Polovets, V. B. Filipov, and N. E. Sluchanko, arXiv:1811.00104v1.

6. M. Bakr, R. Kinjo, Y. W. Choi, M. Omer, K. Yoshida, S. Ueda, M. Takasaki, K. Ishida, N. Kimura, T. Sonobe, T. Kii, K. Masuda, H. Ohgaki, and H. Zen, Phys. Rev. Special Topics – Accelerators and Beams 14, 060708 (2011); DOI: 10.1103/PhysRevSTAB.14.060708.

7. H. Werheit, V. Filipov, N. Shitsevalova, M. Armbruster, and U. Schwarz, J. Phys.: Condens. Matter 24, 385405 (2012); DOI: 10.1088/0953-8984/24/38/385405.

8. M. Dressel and G. Gruner, Electrodynamics of Solids, Cambridge University Press, Cambridge (2002).

Письма в ЖЭТФ том 110 вып. 1 – 2 2019