Pis’ma v ZhETF, vol. 106, iss. 6, pp. 349 – 350 © 2017 September 25

Slow quantum oscillations without fine-grained Fermi surface reconstruction in cuprate superconductors

P. D. Grigoriev^{a,b,c1)}, T. Ziman^{d,e}

aL.D. Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia

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

cP.N. Lebedev Physical Institute RAS, 119991 Moscow, Russia

dInstitut Laue-Langevin, 38042 Grenoble Cedex 9, France

eLPMMC (UMR 5493), Université de Grenobles-Alpes and CNRS, Maison des Magistères, 38042 Grenoble Cedex 9, France

Submitted 18 August 2017

DOI: 10.7868/S0370274X17180059

In the last decade, following their first observation in cuprate high-temperature superconductors,[1] magnetic quantum oscillations (MQO) are extensively used to investigate the electronic structure of cuprates. The MQO in the underdoped yttrium barium copper oxide (YBCO) compounds YBa_2Cu_3O_{6+δ} , reviewed in [2– 5]). have a prominent peak at frequency F_α ≈ 530 T with two smaller shoulders at F_± = F_α ± ΔF_α, where ΔF_α ≈ 90 T. All these frequencies are much smaller than expected from closed pockets of the Fermi surface (FS). To explain such a set of frequencies, many different theoretical models have been proposed, which are based on FS reconstruction due to the periodic potential created by a charge density wave (CDW) (see [2–4] for review). A weak and inhomogeneous or fluctuating CDW order has been detected in YBa_2Cu_3O_{6+δ}, e.g., by X-Ray scattering [6–8]. High magnetic fields suppress superconductivity and lead to long-range CDW coherence [7, 8]. Static CDW order can indeed lead to FS reconstruction, seen in new MQO frequencies, but only if the CDW potential is sufficiently strong: the CDW energy gap must be larger than the magneticbreakdown gap Δ_{mb} ∼ √ ℏω_cE_F, where ℏω_c is the cyclotron energy, and E_F ∼ 1 eV is the Fermi energy of the unreconstructed electron dispersion. The oscillations in cuprates are measured in magnetic fields B higher than 30 T, where Δ_{mb} ≳ 40 meV is rather large and a weak CDW ordering may not be enough to form new frequencies with amplitudes sufficient for experimental observation. Moreover, a frequency pattern similar to that of YBa_2Cu_3O_{6+δ} is observed in YBa_2Cu_4O_8, where there is no experimental indication of a static CDW. Even if this CDW is sufficiently strong, it is hard to explain the observed three-peak frequency pattern of MQO in YBCO without additional frequencies of similar ampli-

1)e-mail: grigorev@itp.ac.ru

tude for the CDW wave vector seen in X-ray experiments [6–8]. Moreover, if FS reconstruction really is the origin of the observed F_α, F_+, and F_−, they should depend strongly on doping. In YBa_2Cu_3O_{6+δ} the observed doping dependence of the three low frequencies is rather weak: frequency changes by only 10 %, from 515 T to 570 T, as the doping p varies from 0.09 to 0.14 [9]. In this paper, we propose a simple alternative picture, which is consistent with the observed three equidistant MQO peaks in YBa_2Cu_3O_{6+δ} and other features of the measurements.

Our explanation is somewhat analogous to “slow oscillations” (SlO), observed in organic superconductors and attributed not to new small FS pockets, but to the interplay (mixing) of two close frequencies F_β ± ΔF , where the frequency splitting ΔF is due to FS warping, originating from the interlayer electron transfer integral t_z [10]. As a result, magnetoresistance (MR) oscillations with a new frequency F_{slow} = 2ΔF = 4t_zB/ℏω_c arise. The amplitudes of the emergent slow oscillations may be even higher than those of the oscillations with the original frequencies F_β ± ΔF , because the SlO are damped neither by temperature nor by longrange disorder or sample inhomogeneities [10, 11]. The latter feature is especially important, because even in high-quality monocrystals of organic metals this longrange disorder makes the major contribution to the Dingle temperature [10]. In the notoriously inhomogeneous cuprates such disorder is much stronger, and MQO from closed pockets should be strongly damped, whereas the proposed SlO are insensitive to this form of disorder and can easier be observed.

In contrast to organic metal β-(BEDT-TTF)_2IBr_2, the YBCO compounds have bilayer crystal structures. The resulting electron energy spectrum is approximately given by

ϵ_± ( k_z, k_‖ ) ≈ ϵ_‖ ( k_‖ ) ±t_⊥ ( k_‖ ) ±2t_z ( k_‖ ) cos [k_z c^∗] . (1)

Письма в ЖЭТФ том 106 вып. 5 – 6 2017 349

350 P. D. Grigoriev, T. Ziman

In YBCO there are thus at least two types of splitting of the original frequencies: the larger bilayer splitting ΔF_⊥ = t_⊥B/ℏω_c, and the smaller splitting ΔF_c = = 2t_zB/ℏω_c ≪ ΔF_⊥ ≪ F_β due to the k_z electron dispersion. These two splittings result in four underlying MQO frequencies F_β ±ΔF_⊥±ΔF_c of similar amplitudes, instead of only two F_β ±ΔF_c for organic metals without bilayers [10]. The SlO of MR originate from these four frequencies in a similar way as before [10, 12] but result in a much richer set of frequencies.

Fig. 1. (Color online) The Fourrier transform of slow oscillations of magnetoresistance given by Eq. (5) at two Dingle temperatures: Γ/ℏωc(Bz = 1T ) = 8 (black line) and 16 (dashed green line)

Each pocket β contributes to total conductivity σ = ∑ β σ_β = ∑ β e^2g_{Fβ} D_β . (2)

via the product of a density of electron states (DoS) g_{F,β} = g_β (ε = E_F) and an electron diffusion coefficient D_{i,β} . Both contribute to oscillations, since they vary with the magnetic field B_z perpendicular to the conducting x-y layers as: g_{Fβ} g_{0β}

= 1+A_β ∑ j,l=±1 cos ( 2π F_β + jΔF_⊥ + lΔF_c B_z ) , (3)

with g_{0β} the average DoS at the Fermi level, and

D_β D_{0,β}

= 1 + B_β ∑ j,l=±1 cos ( 2π F_β + jΔF_⊥ + lΔF_c B_z ) , (4) with D_{0,β} the non-oscillating part of the diffusion coefficient. Coefficients A_β and B_β contain Dingle factor. Combining Eqs. (2)–(4), in addition to fast oscillations with frequencies ∼ F_β or ∼ 2F_β , we obtain the terms

A_β B_{i,β} [ 2 cos ( 4πΔF_⊥ B_z ) + ∑ l=±1 cos ( 4π ΔF_⊥ + lΔF_c B_z )] , (5) which contain only the differences of fundamental MQO frequencies and thus are not damped by the smearing of Fermi level. The amplitude of the central frequency 2ΔF_⊥ in Eq. (5) is twice as large as the amplitudes of the side frequencies 2ΔF_⊥ ± 2ΔF_c, and in Fig. 1 the amplitudes of side peaks are additionally damped by the finite Dingle factor. This resembles closely the experimental data in YBCO [2, 3]. We therefore propose an alternative interpretation of the observed oscillations at low frequency F_α ≈ 530 T in YBa_2Cu_3O_{6+δ} (and, possibly, in YBa_2Cu_4O_8), in which three equidistant harmonics are not due to the small pockets of the FS reconstructed by CDW order, but originate from mixing, according to Eq. (5), of four frequencies F_β ± ΔF_⊥ ± ΔF_c, formed by a fundamental frequency F_β split by bilayer and interbilayer electron hopping integrals t_⊥ and t_z.

The work is partially supported by the RAS program and RFBR grant # 16-02-00522.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364017180023

1. N. Doiron-Leyraud, C. Proust, D. LeBoeuf, J. Levallois, J.-B. Bonnemaison, R. Liang, D. A. Bonn, W. N. Hardy, and L. Taillefer, Nature 447, 565 (2007).

2. S. E. Sebastian and C. Proust, Annu. Rev. Condens.

Matter Phys. 6, 411 (2015) and references therein. 3. S. E. Sebastian, N. Harrison, and G. G. Lonzarich, Rep.

Prog. Phys. 75, 102501 (2012).

4. B. Vignolle, D. Vignolles, M.-H. Julien, and C. Proust, Comptes Rendus Phys. 14, 39 (2013).

5. S. E. Sebastian, N. Harrison, and G. G. Lonzarich, Phil.

Trans. R. Soc. A 369, 1687 (2011).

6. G. Ghiringhelli, M. Le Tacon, M. Minola et al. (Collaboration), Science 337, 821 (2012).

7. S. Gerber, H. Jang, H. Nojiri, et al. (Collaboration), Science 350, 949 (2015).

8. H. Jang, W.-S. Lee, H. Nojiri et al. (Collaboration), PNAS 113, 14645 (2016).

9. B. J. Ramshaw, S. E. Sebastian, R. D. McDonald, J. Day, B. S. Tan, Z. Zhu, J. B. Betts, R. Liang, D. A. Bonn, W. N. Hardy, and N. Harrison, Science 348, 317 (2015). See in particular Fig. 2.

10. M. V. Kartsovnik, P. D. Grigoriev, W. Biberacher, N. D. Kushch, and P. Wyder, Phys. Rev. Lett. 89, 126802 (2002).

11. P. D. Grigoriev, Phys. Rev. B 67, 144401 (2003). 12. P. D. Grigoriev, A. A. Sinchenko, P. Lejay, A. Hadj- Azzem, J. Balay, O. Leynaud, V. N. Zverev, and P. Monceau, Eur. Phys. J. B 89, 151 (2016).

Письма в ЖЭТФ том 106 вып. 5 – 6 2017