Pis’ma v ZhETF, vol. 90, iss. 2, pp. 130 { 133 © 2009 July 25

Charge density excitations in bilayer graphene in high magnetic field

V. E. Bisti^{∗+1)}, N. N. Kirova^+

�Institute of Solid State Physics RAS, 142432, Chernogolovka, Russia

+LPS, Bat.100, Universite Paris Sud, 91406 Orsay Cedex, France

Submitted 9 June 2009

The charge-density excitations in bilayer graphene at the ˛lling-factor ˚ ≪ 1 at small momenta are considered in the frame of the Hartree-Fock approximation. The presence of small asymmetry of graphene layers is included. The dependence of the magnetoplasmon energy on the bilayer ground state is shown. The energy splitting proportional to

√H for the symmetric case with half-˛lled zero-energy levels is found both for bilayer

and monolayer graphene.

PACS: 73.22.Lp, 73.43.Lp, 76.40.+b, 78.66.Tr

Recent experimental progress has allowed the fabrication and study of monolayer and bilayer graphene. The electronic band structure of these objects is gapless and has a chirality [1]. The monolayer has Dirac-type spectrum with linear dispersion and chirality exhibiting Berry phase π. In magnetic field there is zero-energy Landay level, fourfold degenerate due to two spins and two valleys. The bilayer graphene is the unique object which combines the parabolic dispersion law of quasiparticles with their chirality exhibiting Berry phase 2π. In magnetic field there is a double-degenerate zero-energy Landay level incorporating two different orbital states with the same energy. Taking into account spin and valley degeneracies, the zero-energy Landau level is eightfold degenerate. For the bilayer with small asymmetry there are four weakly split two-fold levels, close to zero. This one-electron structure was confirmed in experiments on integer quantized Hall effect and Shubnikovde Haas oscillations [2, 3]. These properties are understood in terms of non-interacting electrons. The electron-electron interaction is an important problem in the study of cyclotron resonance in monolayer [4, 5], bilayer [6] and multilayer [7, 8] graphene. There are experiments with multilayer graphene exhibiting some properties of a monolayer structure, using magnetotransmission measurements [9 - 11]. The charge-density excitations at small momenta are considered in the frame of the Hartree-Fock approximation for monolayer graphene [12, 13]. In [14, 15] electromagnetic response in graphene was considered theoretically in RPA approximation. In [16] intra-Landau level transitions are considered.

In this work inter-Landau-level transitions from the top filled to the next free Landau levels in the bilayer graphene have been studied. Charge density excita-

1)e-mail: bisti@issp.ac.ru

tions (magnetoplasmons) are considered. These types are more useful for experimental study (it is possible to observe their energy by inelastic light scattering or microwave absorption). The charge-density excitations at small momenta are considered in the frame of the Hartree-Fock approximation. The case of filling-factor ν ≪ 1 is considered. This filling-factor means the absence of free carriers due to doping or applied voltage. The presence of small asymmetry is included. The energy of magnetoplasmon excitations is considered and the dependence of the magnetoplasmon energy on the bilayer ground state is shown. It is shown that the energy splitting proportional to √ H for the symmetric case with half-filled zero-energy levels takes place for bilayer and monolayer graphene.

The bilayer is modelled as two coupled hexagonal lattices with inequivalent sites (A1, B1) and (A2, B2) in the first and second graphene layers, respectively, arranged according to Bernal (A2-B1) stacking. The asymmetry between on-site energies in the two layers Δ is taken into account. The low-energy states of electrons in (A1-B2) dimer are conveniently described by an effective two-component Hamiltonian [17] that operates in the space of wave functions Ψ = (ψ_{A1}, ψ_{B2}) in the valley K and of Ψ = (ψ_{B2}, ψ_{A1}) in the valley K̃. H = − 1 2m ( 0 (π^+)^2 π^2 0 ) + ξΔ 2 ( 1 0 0 −1 ) −

− ξΔv^2 γ^2_1 ( π^+π 0 0 −ππ^+ ) , (1)

where π = p_x + p_y, ξ = 1 in valley K, ξ = −1 in K̃, m = γ_1/2v^2, v =^{√3}_2~ aγ_0.

Coupling parameters γ_1 = γ_{A2B1} , γ_0 = γ_{A1B1} = = γ_{A2B2} , a is the lattice constant.

130 Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 1 { 2 2009

Without magnetic field, the parameter of asymmetry Δ gives rise to the gap in the spectrum ∼ Δ. The twocomponent Hamiltonian is applicable within the energy range of |ε| <^1_4 γ_1, for magnetic fields H < cγ_1/2ve. For γ_1 = 0.39 meV it corresponds to H < 50 T.

The Landau level spectrum is found using the Landau gauge A = (0, Bx), π^+ and π are raising and lowering operators in the basis of functions ϕ_{Nk} = e^{iky} ϕ_N (x − k) [18]. At small asymmetry the resulting spectrum contains two states with energies close to zero

E_{0ξ} = 1 2 ξΔ, E_{1ξ} = 1 2 ξΔ − ξδ, δ = Δ~ω_c/γ_1 (2)

and for N ≥ 2 energy levels E_{±Nξ} = ±~ω_c √ N(N − 1) − 1 2 ξδ, N ≥ 2, (3) which are weakly split in valleys and almost equidistant for |N| ≫ 1. In the presence of the magnetic field the asymmetry splits the eightfold degenerate zero-energy Landau level into four twofold levels, if the Zeeman splitting is omitted.

We believe that the small asymmetry is important only for filling of LLs and the wave functions may be used without asymmetry. Ψ_{n,k} = a_nϕ_{|n|k} + b_nϕ_{|n|−2,k} (4) Ψ_{0k} = (ϕ_{0k} , 0), Ψ_{1k} = (ϕ_{1k} , 0),

Ψ_{±Nk} = 1 √ 2 (ϕ_{Nk} , ±ϕ_{N−2,k}). (5) Note that the spectrum of high-energy LLs is applicable in such fields that ~λ_H < γ_1/2v. For higher fields the full four-band Hamiltonian has to be used to determine the exact LL spectrum [19, 20]. Trigonal warping is not included, magnetic field is sufficiently high for that. According to [18] B > B_c, B_c ∼ 1 T. Although in graphite the electron g-factor is not small (g = 2), a very light effective mass m ≈ 0.054 in the bilayer determines a small ratio between the Zeeman energy and LL splitting ε_Z /~ω_c ∼ 0.05 [18].

The total Hamiltonian of the many-body system with the Coulomb interaction is

Ĥ = ∑ E_{nξ} a^+_λ a_λ + H_{int}, (6)

where a^+_λ and a_λ are the one-particle creation and annihilation operators; λ = (n, k, ξ, σ); n = 0, 1, ±N; ξ and σ are valley and spin indexes; k is the parameter which labels degenerate states within one Landau level in Landau gauge. The Coulomb interaction conserves spin and valley indexes. H_{int} = 1 2 ∑ V^′(q)J̃_{n4,n1} (q)J̃_{n3,n2} (−q)a^+_{λ1}a^+_{λ2}a_{λ3} a_{λ4}, (7)

V^′(q) = V (q)e^{iqx(k1−k2−qy )}, V (q) = 2π εq , (8)

J̃_{m,n}(q) = a^∗_na_mJ_{|m||n|}(q) + b^∗_nb_mJ_{|m|−2,|n|−2}(q); (9)

J_{m,n}(q)= ( n! m! )_{1/2} e^{− q24} ( q_y + iq_x √ 2 )_{m−n} L^{m−n}_n ( q^2 2 ) , (10) J_{m,n}(q) = J^∗_{n,m}(−q), m > n. Magnetic field is high: E_c ≪ ω_c, where E_c = e^2/εl_H , l_H is the magnetic length. Corresponding operators for excitations with momentum K are

Q^+_{λλ}0 (K) = ∑ k a^+_λ0 a_λ. (11)

The problem is considered in the way analogous to that employed in [12, 13] for monolayer graphene systems. The time-dependent Hartree-Fock approximation is used. The Hartree-Fock approach assumes that E_c is smaller than one-electron transition energy. For monolayer graphene the ratio E_{10}/E_c = 2.77 [12] and it is not dependent on the value of the magnetic field. For bilayer graphene E_c = 10 √ B, ~ω_c = 2.2 H [17] and the ratio ~ω_c/E_c = 0.22 H^{1/2} under the assumption ϵ = 5. For the first nonzero transition E_{12} = √ 2ω_c, and therefore for H = 40 T the ratio E_{12}/E_c ≃ 2. We consider the charge-density excitations: valley and spin indexes (ξ, σ) are not changed, λ^′ = ((n^′, k + K, ξ, σ), λ = (n, k, ξ, σ).

E_{n,n}0_{;ξ,σ} = E_n0_ξ − E_{nξ} + E^c_{n,n}0_{;ξ,σ}. (12)

The excitation energy consists of noninteracting and Coulomb parts. Coulomb part E_c is represented by direct (“excitonic” E_{ex}), exchange (“depolarization” – RPA), and exchange self-energy Σ_n contributions to the excitation energy. Restriction for K ≃ 0 enables to consider excitations with different (ξ, σ) independently (RPA part is zero).

Q^+_{λλ}0 (0) = Q^+_{n,n}0_{;ξ,σ}, E^c_{n,n}0_{;ξ,σ} = E^{n,n0}_{ex} + Σ_n0 − Σ_n. (13)

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 1 { 2 2009 9^�

132 V. E. Bisti, N. N. Kirova

As for monolayer graphene, there is the problem of divergency of exchange self-energy Σ_n due to summation over all filled LLs. The spectrum of monolayer and bilayer graphene described by the model Hamiltonian in unbounded both from above and below. This fact is physically artificial. In [13] the cut-off value on energy or number of LL vas defined. In [12] the semi-empirical way was used to treat the problem. Parameter of electronelectron interaction is fitted for one type of transition to experimental data. For the bilayer graphene the area of parabolic dispersion is less than needed cut-off value, and to consider the four-band Hamiltonian is too complicated problem. We only indicate some common rules where the Coulomb part can be seen.

The case of filling-factor ν = 0 is considered. This filling-factor means the absence of free carriers (holes ore electrons) without magnetic field. The Fermi level is equal to zero. We consider the interlayer electron transitions from the top filled (fully or partially) to the next free (fully or partially) Landau levels with energies nearly ω_c. There are following possible ground states and corresponding transitions.

A. The bilayer with asymmetry: Δ ≠ 0. For valley with Δξ > 0 we have the top filled LL with n = −2 and transition (−2, 1), and for valley with Δξ < 0 we have the top filled 0 and 1 LLs and transition (1, 2). The noninteracting part is the same for both types of transitions ω_c √ 2 + 1 2 |Δ − δ|. (14) Note that taking into account the electron-hole symmetry of one-particle Hamiltonian leads to the fact that (−2, 1) and (1, 2) transitions are really the same and have the same energy ((−2, 1) in electron representation is (1, 2) in hole representation). Taking into account spin we have four transitions with equal energies. Energy splitting due to asymmetry is absent, only additional shift takes place.

B. Ferromagnetic state (difference in energies of spin components): one spin component σ_1 of LLs 0 and 1 is completely filled and the other σ_2 is completely empty in both valleys. There are four transitions Q^+_{1,2,ξ,σ1} and Q^+_{−2,1,ξ,σ1} with the same energy.

C. Difference in energies of valley components. In [21] it is suggested that there is an intrinsic small asymmetry between valleys which is analogous to the ferromagnetic case.

Cases A-C correspond to integer filling. D. The symmetric ground state with half-filled 0 and 1 LLs in both valleys. For each valley and spin there are two combined Q^+_{1,2,ξ,σ} and Q^+_{−2,1,ξ,σ} transitions with the same noninteracting part ω_c √ 2 connected due to Coulomb interaction. It would be possible if the temperature is comparable to Zeeman splitting.

Is bilayer graphene in asymmetric case (A and C) we have filling-factor ν = 4 for the electrons in one valley and ν = 4 for the holes in another valley. In symmetric case we have two half-filled zero-energy levels in both valleys, it means ν = 2 for the electrons in each valley and ν = 2 for the holes in each valley. In all cases we have equal amounts of electrons and holes, it corresponds to ν = 0.

In monolayer graphene with valley asymmetry [12] we have filling-factor ν = 2 for the electrons in one valley and ν = 2 for the holes in another valley. In the valley-symmetric case we have the half-filled zero-energy level in both valleys, it means ν = 1 for the electrons in one valley and ν = 1 for the holes in each valley. In all cases we have equal amounts of electrons and holes, it corresponds to ν = 0.

Therefore, it is necessary to consider the (1,2) electron or hole transitions from filled to the next empty

The energy levels and transitions for symmetric and asymmetric cases

level for A-C cases and combined electron-hole transitions from half-filled to empty levels in the symmetric case (see figure).

For ν = 0 integer filling, labelled 0I, E^{(1,2)}_{ex,0I} = − 1 (2π)^2 ∫ dqV (q)J̃_{22}(q)J̃_{1,1}(−q) =

= 1 2(2π)^2 ∫ dqV (q)(J_{22}(q) + J_{00}(q))J_{11}(q)), (15)

(Σ_2 − Σ_1)_{0I} = ∫ dq V (q) 2(2π)^2

(|J_{11}(q)|^2 + |J_{10}(q)|^2− − ∫ dq V (q) 2(2π)^2 ( 1 2 |J_{21}(q)|^2 + 1 2 |J_{20}(q)|^2)+

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 1 { 2 2009

+ ∫ dq V (q) 2(2π)^2 ∑ N=2 |J_{2,N} (q)J^∗_{0,N−2}q|. (16)

This value may depend on solving the divergency problem, but it is not equal to zero. There is no Kohn’s theorem [22]. Energy splitting due to asymmetry is absent, only additional shift takes place.

In the symmetric case labelled 0H there are halffilled 0 (ν_0 = 1/2) and 1(ν_1 = 1/2) LLs in both valleys. For each valley and spin there are two combined (1, 2) – (−2, 1) transitions. Using the Hartree-Fock approximation for non-integer filling-factors [23, 24] two combined modes Q^+_{s,a} = Q^+_{1,2,ξ,σ} ± Q^+_{−2,1,ξ,σ} are found with energies E_{s,a} = ω_c √ 2 + E^{0H}_c ± 1 2 Ṽ . (17)

These modes may be called symmetric and antisymmetric in analogy to modes in semiconductor bilayer.

E^{0H}_c = 1 2 E^{(1,2)}_{ex,0I} + (Σ_2 − Σ_1)_{0H} , (18)

(Σ_2 − Σ_1)_{0H} ≠ 1 2 (Σ_2 − Σ_1)_{0I} , (19)

Ṽ = 1 (2π)^2 ∫ dqV (q)J̃_{12}(q)J̃_{−2,1}(−q) =

= 1 2(2π)^2 ∫ dqV (q)|J_{12}|^2(q) = 1 2 √ π 2 E_c · 7 16 , (20)

Ṽ = 2.5√H and for H = 40 T, Ṽ ≃ 15 meV.

This splitting for combined electron-hole transitions from half-filled level is not specific to bilayer graphene. For monolayer graphene with filling-factor ν = 0 for combined (0, 1)(electron) – (−1, 0) (hole) transitions the value of splitting is

Ṽ_{mg} = 1

2(2π)^2 ∫ dqV (q)|J_{01}|^2(q) = 1 4 √ π 2 E_c. (21)

This value is practically the same as for bilayer graphene (Ṽ_{mg} ≃ 2.5 √ H), but for monolayer graphene it is possible to observe this splitting for lower experimentally used magnetic fields.

Observation of this splitting would be the evidence of Coulomb interaction in graphene. If the splitting could not be clearly resolved, it would still perhaps be possible to detect it experimentally as the line broadening depending on magnetic field as √ H.

The work is supported by the Russian Fund of Basic Research.

1. A. H. Castro Neto, F. Guinea, N. M. R. Peres et al., Rev.

Mod. Phys. 81, 109 (2009).

2. Eduardo V. Castro, K. S. Novoselov, S. V. Morosov et al., Phys. Rev. Lett. 99, 216802 (2007).

3. L. M. Malard, J. Nilsson, D. C. Elias et al., Phys. Rev.

B 76, 201401 (2007).

4. Z. Jiang, E. A. Henriksen, L.-C. Tung et al., Phys. Rev.

Lett. 98, 197403 (2007).

5. R. S. Deacon, K.-C. Chuang, R. J. Nicholas et al., Phys.

Rev. B 76, 081406 (2007).

6. E. A. Henriksen, Z. Jiang, L.-C. Tung et al., Phys. Rev.

Lett. 100, 087403 (2008).

7. Mikito Koshino and Tsuneya Ando. Phys. Rev. B 77, 115313 (2008).

8. M. L. Sadovski, G. Martinez, M. Potemski et al., Phys.

Rev. Lett. 97, 266405 (2006).

9. P. Plochocka, C. Faugeras, M. Orlita et al., Phys. Rev.

Lett. 100, 087401 (2008).

10. M. Orlita, C. Faugeras, G. Martinez et al., Phys. Rev.

Lett. 100, 136403 (2008).

11. M. Orlita, C. Faugeras, P. Plochocka et al., arXiv:0808.3662v2.

12. Yu. A. Bychkov and G. Martinez, Phys. Rev. B 77, 125417 (2008).

13. A. Iyengar, Jianhui Wang, H.A. Fertig, and L. Brey, Phys. Rev. 75, 125430 (2007).

14. T. Misumi and K. Shizuya, Phys. Rev. B 77, 195423 (2008).

15. Marcus Mueller and Subir Sachdev, Phys. Rev. B 78, 115419 (2008).

16. Ya˛s Barlas, R. Cote, K. Nomura, and A. H. MacDonald, Phys. Rev. Lett. 101, 097601 (2008).

17. Edward McCann, Phys. Rev. 74, 161403 (2006). 18. Edward McCann and Vladimir I. Fal’ko, Phys. Rev.

Lett. 96, 086805 (2006).

19. J. Milton Pereira, Jr., F. M. Peeters, and P. Vasilopoulos, Phys. Rev. B 76, 115419 (2007).

20. Y. H. Lai, J. H. Ho, C. P. Chang, and M. F. Lin, Phys.

Rev. B 77, 085426 (2008).

21. Igor A. Luk’yanchuk and Alexander Bratkovsky, Phys.

Rev. Lett. 100, 176404 (2008).

22. D. S. L. Abergel and Vladimir Fal’ko, Phys. Rev. B 75, 155430 (2007).

23. V. E. Bisti, JETP Letters 69, 584 (1999). 24. Yu. A. Bychkov and G. Martinez, Phys. Rev. B 66, 193312 (2002).

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 1 { 2 2009