Pis’ma v ZhETF, vol. 107, iss. 2, pp. 108 – 109 © 2018 January 25

Collective infrared excitation in the cage-glass LuB_{12}

B. P. Gorshunov^{a,b1)}, E. S. Zhukova^a, G. A. Komandin^b, V. I. Torgashev^c, A. V. Muratov^d, Yu. A. Aleshchenko^d, S. V. Demishev^{a,b}, N. Yu. Shitsevalova^e, V. B. Filipov^e, N. E. Sluchanko^{a,b}

aMoscow Institute of Physics and Technology, 141700 Dolgoprudny, Russia

bA.M. Prokhorov General Physics Institute, Russian Academy of Sciences, 119991 Moscow, Russia

cFaculty of Physics, Southern Federal University, 344090 Rostov-on-Don, Russia

dLebedev Physical Institute, Russian Academy of Sciences, 119991 Moscow, Russia

eFrantsevich Institute for Problems of Materials Science, National Academy of Sciences of Ukraine, 03680 Kiev, Ukraine

Submitted 16 November 2017 Resubmitted 4 December 2017

DOI: 10.7868/S0370274X18020066

Rare earth borides RB_{12} ( R – metal ion) form a family of compounds that are in the focus of both, fundamental and applied research [1, 2]. The R ions are centered in the large cuboctahedral B_{24} cages formed by six neighboring B_{12} units. Large difference between the size of the B_{24} cage and the radius of the metal ion leads to the formation of loosely bound state of the heavy ion in the rigid B_{24} cage resulting in low energy (14–18 meV [3]) dispersion-less phonon modes. Sorting through various metals leads to wide variety of phenomena observed in the compounds making them promising for applications and stimulating studies of their fundamental physical properties. We apply infrared (IR) spectroscopy for the search of low-energy excitations and, thus, for the study of the nature of the ground state in LuB_{12} which is the most representative member of the dodecaborades family. High quality single crystals Lu^N B_{12} (N: natural, 10 and 11) were grown by inductive zone melting technique [4]. At frequencies ν = 40−8000 cm^{−1}, room temperature reflection coefficient R(ν) spectra were measured using Vertex 80V Fourier-transform spectrometer. With the J.A. Woollam V-VASE ellipsometer, optical parameters of the samples were determined at 3700 cm^{−1}–35000 cm^{−1}, and reflection coefficients were calculated and merged with the infrared reflectivity spectra. The data from [5] were used to extend the spectra up to ≈ 400000 cm^{−1}. The obtained broad-band R(ν) spectra were analyzed together with the DC conductivity of the same samples measured using four-terminal scheme. No significant difference in the spectra of the Lu^{nat}B_{12}, Lu^{10}B_{12}, and Lu^{11}B_{12} samples were detected. Below we present the analysis of the spectra obtained for the Lu^{nat}B_{12} crystal.

As is seen from Fig. 1a, typically metal-like reflectivity spectrum of Lu^{nat}B_{12} cannot be described within the

1)e-mail: bpgorshunov@gmail.com

Drude conductivity model alone (dashed line). This indicats that there are additional mechanisms governing the electronic properties of the compound. We model these mechanisms (solid line in Fig. 1a) with Lorentzian terms expressed as σ^∗(ν) =^{0.5Δεν20 ν}_{νγ+i(ν20 −ν2)} (Δε is dielectric contribution, ν_0 is resonance frequency, γ is damping constant). Fig. 1b presents the obtained conductivity spectrum of Lu^{nat}B_{12} (solid line) together with five additive contributions. The L3 and L4 resonances are characterized by reasonable dielectric contributions, Δε ≈ 2−5, and moderate damping constants, γ/ν_0 ≈ 0.7−0.8, and thus could be associated with electronic transitions between the conduction band states near Fermi level. On the contrary, the excitations L1 and L2 are rather unusual in having unexpectedly large dielectric contributions Δε, especially the L1 peak (Δε ≈ 8000 ± 4000). We believe that these terms do not represent separate mechanisms but rather are two components needed to formally reproduce the measured reflectivity spectrum with the excitation that has a non-Lorentzian lineshape, see lines in Fig. 1b labeled with “L1+L2”. It is known that the splitting of triply degenerate highest occupied molecular orbitals of the B_{12} molecule is at the origin of its Jahn–Teller (JT) activity and correspondent distortions [6]. In general, the JT distortions are non-polar. However, their IR activity have via coupling to a polar mode. In [6] arguments are presented in favor of cooperative dynamic JT effect in the boron sublattice of LuB_{12} that induces the rattling mode of lutetium ion in the double-well potential. Coupling to this quasilocal mode can activate the IR activity of the JT vibrations. Due to hybridization of 5d orbitals of lutetium and 2p states of boron, the charge carriers in the conduction band are also expected to be involved in the formation of the collective excitation.

We can estimate the concentration of conduction electrons involved in the free carrier conductivity and

108 Письма в ЖЭТФ том 107 вып. 1 – 2 2018

Collective infrared excitation in the cage-glass LuB_{12} 109

Fig. 1. (Color online) (a) – Room temperature reflectivity spectrum of the Lu^{nat}B12 single crystal. Solid line: fit using the Drude conductivity model and four Lorentzians. Dashed line: fit using the Drude conductivity model alone. (b) – Dynamic conductivity of the Lu^{nat}B12 single crystal obtained by fitting the reflectivity spectrum (solid line in panel (a)). The Drude free-carrier contribution to the conductivity is shown separately with a dashed line. The insert shows four Lorentzian contributions in details

in the formation of the collective excitation, using an expression ν^2_{pl} = ne^2(πm^∗)^{−1} = f for the plasma frequency ν_{pl} and oscillator strength f (here n is concentration of free electrons, e – their charge, m^∗ – effective mass). With the Drude plasma frequency ν_{pl} = 21700 cm^{−1} and m^∗ = 0.5m_0 [7], we obtain n_D = 2.6 · 10^{21} cm^{−3}. From the combined oscillator strength of L1 and L2 terms, f_{L1+L2} = 1.3 · 10^9 cm^{−2}, we get the concentration of the charge carriers participating in the formation of the collective excitation n_{L1+L2} = 7.2 · 10^{21} cm^{−3}, and the total concentration of charges in the conduction band n_{tot} = n_D + n_{L1+L2} = 9.8 · 10^{21} cm^{−3}. The obtained value coincides with the concentration of Lu-ions n(Lu) = 9.6 · 10^{21} cm^{−3} in LuB_{12} assuming that every lutetium ion delivers one electron in the conduction band. According to the above estimates, about ≈ 70 % of charges in the conduction band are involved in the formation of the collective excitation. Similar estimates for Lu^{10}B_{12} and Lu^{11}B_{12} give the percentage of ≈ 70 % and ≈ 80 %, respectively.

In conclusion, room temperature infrared (40−35000 cm^{−1}) spectra are measured of high quality crystals Lu^N B_{12}, N: natural, 10, 11. Broad non-Lorentzian shaped excitation with characteristic frequency in the range 200–1000 cm^{−1} and unusually large dielectric contribution Δε = 8000 has to be considered in order to model the measured spectra. No effect of isotopic composition on parameters of the excitation is detected. It is suggested that the origin of the excitation is connected with a collective dynamic Jahn–Teller mode of the boron (B_{12}) clusters that is coupled to rattling vibrations of caged lutetium ions and charge carriers in the conduction band.

The research was supported by the RSF grant # 17- 12-01426. Authors acknowledge the Shared Facility Center at P.N. Lebedev Physical Institute of RAS for using their equipment.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364018020029

1. P. Alekseev, G. Grechnev, N. Shitsevalova, K. Siemensmeyer, N. Sluchanko, O. Zogal, and K. Flachbart, in Rare Earths: Research and Applications, ed. by K. Delfrey, Nova, Commack, N.Y. (2008), Ch. 2, p. 79.

2. T. Mori, Boron Rich Solids: Sensors, Ultra High Temperature Ceramics, Thermoelectrics, Armor, NATO Science for Peace and Security Series, Springer (2011).

3. A. V. Rybina, K. S. Nemkovski, P. A. Alekseev, J.- M. Mignot, E. S. Clementyev, M. Johnson, L. Capogna, A. V. Dukhnenko, A. B. Lyashenko, and V. B. Filippov, Phys. Rev. B 82, 024302 (2010).

4. Yu. Paderno, V. Filippov, and N. Shitsevalova, AIP Conf. Proc. 230, 460(1991).

5. H. Okamura, S. Kimura, H. Shinozaki, T. Nanba, F. Iga, N. Shimizu, and T. Takabatake, Phys. Rev. B 58, R7496 (1998).

6. N. Sluchanko, A. Bogach, N. Bolotina, V. Glushkov, S. Demishev, A. Dudka, V. Krasnorussky, O. Khrykina, K. Krasikov, V. Mironov, V. Filipov, and N. Shitsevalova, arXiv:1707.06516v1 [cond-mat.str-el].

7. V. Pluzhnikov, N. Shitsevalova, A. Dukhnenko, A. Czopnik, V. Nizhankovskii, R. Settai, and Y. Ōnuki, JMMM 320, 1597 (2008).

Письма в ЖЭТФ том 107 вып. 1 – 2 2018