Pis’ma v ZhETF, vol. 104, iss. 6, pp. 413 – 414 © 2016 September 25

Doping induced spin state transition in Li_xCoO_2 as studied by the GGA + DMFT calculations

A. O. Shorikov^{+∗1)}, V. V. Gapontsev^+, S. V. Streltsov^{+∗}, V. I. Anisimov^{+∗}

+Miheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences, 620990 Ekaterinburg, Russia

∗Ural Federal University, 620002 Ekaterinburg, Russia

Submitted 1 August 2016

DOI: 10.7868/S0370274X16180077

Lithium cobalt oxide LiCoO_2 is a famous material in batteries production [1]. LiCoO_2 exhibits no long range magnetic order down to 5 K and Curie–Weiss behavior in high temperature region [2]. The local magnetic moments emerging in Li_xCoO_2 with decrease of lithium concentration x (hole doping) reduces Li mobility. This can be related to the coupling between Li and magnetic Co, which leads to lowering of battery efficiency. Therefore the study of the origin of magnetism in hole doped Li_xCoO_2 is quite important and can help in improvement of existing batteries characteristics and may suggest new ideas in searching of novel battery materials.

The parent compound, LiCoO_2, is a quasi-two-dimensional system with the Co ions forming a triangular lattice (in ab−plane). The Co–Co in-plane distance is two times smaller than the interplane one. The Co ions are in the CoO_6 octahedra, which share their edges. The Li ions are in between of the CoO_2 planes and donate additional x electrons to these CoO_2 layers in Li_xCoO_2 with x < 1. As a result in doped material Co valence reduces from 4+ (d^5 configuration) to 3+ (d^6 configuration) upon changing x from 0 in hypothetical CoO_2 to 1 in stoichiometric LiCoO_2. Both configurations may exist in different spin states. High spin (HS, S = 2 for d^6 and S = 5/2 for d^5), intermediate spin (IS, S = 1 for d^6 and S = 3/2 for d^5) and low spin (LS, S = 0 for d^6 and S = 1/2 for d^5) states.

Due to octahedral surrounding Co 3d band splits on t_{2g} and e_g sub-bands, while the trigonal distortions (due to layered structure) lead to further splitting of the t_{2g} band on the higher lying a_{1g} singlet and two e^π_g states having lower energy. In the ionic model competition between t_{2g} − e_g crystal-field splitting, Δ_{CF S} , and intra-atomic Hund’s rule exchange, J_H , defines, which spin state is stabilized in a system under consideration at given conditions [3]. The transitions between differ-

1)e-mail: alexey.shorikov@gmail.com

ent spin states (spin state transition) typically occur due to variation of temperature (as in LaCoO_3 [4]) or pressure (external, like in FeO [5], or internal, like in RCoO_3 [6]), while more exotic mechanisms such as isotope effect is possible [7]. Moreover, doping may also trigger the spin state transition. Indeed, in Li_xCoO_2 the Co– O distance [2] shrinks with decrease of the Li content, i.e., with decrease of x: Co–O bond length is 1.922 Å for x = 1, 1.921 Å for x = 0.94, and 1.906 Å for x = 0.75, which leads to increase of the t_{2g} − e_g crystal field splitting and may result in the spin state transition.

Indeed, Hertz et al. analyzing experimental magnetic data of Li_xCoO_2 proposed a spin state transition for Co^{4+} ions, while Co^{3+} was assumed to retain nonmagnetic LS state at any x [2]. The magnetic susceptibility shows Curie–Weiss behavior for any doping level, which is in accord with this scenario, but effective magnetic moment, p_{eff}, was found to be strongly nonlinear with x. Hertz et al. suggested change of the spin localization and onset of the two-phase region for 0.8 ≲ x ≲ 0.95 to explain this feature. In addition to this scenario there are other models based of analysis of different experimental data supposing that all Co ions are in the LS state across all doping values [8] or involving IS state [9]. Therefore, a thorough theoretical study is needed to describe evolution of Li_xCoO_2 magnetic properties with doping.

Our calculations carried out within the DFT + DMFT method with using of AMULET code package [10] show that there is the high spin to low spin transition Li_xCoO_2 with decrease of lithium concentration (see Fig. 1). One may see that with decrease of the doping level, x, and modification of the crystal structure the essential changes in contribution of different electronic configurations (see Fig. 1) occurs. The contribution of configurations, which have the largest possible magnetic moment becomes smaller. At the same time the contribution of the IS and LS states increase. This is in strong contrast to the case of Co^{3+}

Письма в ЖЭТФ том 104 вып. 5 – 6 2016 413

414 A. O. Shorikov, V. V. Gapontsev, S. V. Streltsov, V. I. Anisimov

Fig. 1. (Color online) Probabilities of electronic configurations with different spins in the case, when all Co were supposed to have 4+ charge state (corresponding number of electrons is N_d + 2Np = 5 + 12 = 17 per unit cell), as calculated in GGA + DMFT for x = 0.94, 0.75, 0.66, and 0.51. Inset shows local magnetic moments √ ⟨m^2_z ⟩, if all Co ions are in 4+ or 3+ charge states

(d^6), where the LS state was found to be dominating for all Li concentrations (see inset in Fig. 1).

The nature of this transition is a delicate balance between crystal splitting and Hund’s rule interaction, which is tilted with decrease of the doping level due to change of the crystal structure. The decrease of the Co–O distance results in increase of crystal field splitting that makes the LS configuration of both Co^{3+} and Co^{4+} more preferable. Thus, reduction of the Co–O bond length can stabilize the LS state in Li_xCoO_2 and hence can help to avoid appearance of magnetic traps, which improves ionic conductivity. This idea can be used in fabrication of Li_xCoO_2 thin films batteries by appropriate choice of a substrate.

This work was supported by the grant of the Russian Scientific Foundation (project no. 14-22-00004). The GGA + DMFT calculations were partially performed on the Supercomputing center of IMM UrB RAS.

Full text of the paper is published in JETP Letters journal.

DOI: 10.1134/S0021364016180028

1. K. Mizushima P. C. Jones, P. J. Wiseman, and J. B. Goodenough, Mat. Res. Bull. 15, 783 (1980).

2. J. T. Hertz, Q. Huang, T. McQueen, T. Klimczuk, J. W. G. Bos, L. Viciu, and R. J. Cava, Phys. Rev. B 77, 075119 (2008).

3. D. I. Khomskii, Transition Metal Compounds, Cambridge University Press (2014).

4. M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys.

70, 1039 (1998).

5. A. O. Shorikov, Z. V. Pchelkina, V. I. Anisimov, S. L. Skornyakov, and M. A. Korotin, Phys. Rev. B 82, 195101 (2010).

6. I. A. Nekrasov, S. V. Streltsov, M. A. Korotin, and V. I. Anisimov, Phys. Rev. B 68, 235113 (2003).

7. N. A. Babushkina, A. N. Taldenkov, S. V. Streltsov, A. V. Kalinov, T. G. Kuzmova, A. A. Kamenev, A. R. Kaul, D. I. Khomskii, and K. I. Kugel, JETP 118, 266 (2014).

8. D. G. Kellerman, V. R. Galakhov, A. S. Semenova, Ya. N. Blinovskov, and O. N. Leonidova, Phys. Solid State 48, 548 (2006).

9. S. Levasseur, M. Menetrier, Y. Shao-Horn, L. Gautlier, A. Audemer, G. Demazeau, A. Largeteau, and C. Delmas, Chem. Mater. 15, 348 (2003).

10. http://www.amulet-code.org/.

Письма в ЖЭТФ том 104 вып. 5 – 6 2016