Pis’ma v ZhETF, vol. 122, iss. 2, pp. 100 – 102 © 2025 July 25

NMR evidence for a pseudogap in Pb-doped Bi:2201 single crystal

O. M. Vyaselev^{1)}

Institute of Solid State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia

Submitted 21 May 2025 Resubmitted 9 June 2025 Accepted 10 June 2025

A^{63}Cu nuclear magnetic resonance (NMR) study of a Pb-doped Bi:2201 system, Bi1.6 Pb0.4Sr2.05CuOy, is presented. The temperature dependencies of the NMR peak shift and the nuclear spin-lattice relaxation (SLR) rate reveal the pseudogap that opens near T^∗ = 60 K, significantly above the superconducting critical temperature Tc ≃ 9 K at the NMR experiment field, 7 T oriented H ‖ c. The noticeable disparity between Tc and T^∗ and the behavior of Cu SLR at T > T^∗ imply the underdoped state of the studied system. A relatively weak effect of the magnetic field on the superconductivity evidenced from small (≈ 7 K) shift of the zero-field Tc0 = 16 ± 1 K under the applied 7 T field suggests high upper critical field, Hc2, unusual for compounds with as low Tc0.

DOI: 10.31857/S0370274X25070144, EDN: KIYIUK

The “pseudogap” (PG), a phenomenon revealed in the decay of the density of states (DOS) at temperatures higher than the superconducting (SC) transition critical temperature, T_c, is a fingerprint of high-temperature superconductors (HTS). Discovered by NMR [1–3] and inelastic neutron scattering [4] as a drop of the electronic spin excitations at T^∗ > T_c, the effect was verified later by tunnel experiments [5] that tied the abnormal transport and spin properties of HTS’s above T_c. Quite recently, the PG phenomenon was discovered in a XXI century HTS – a FeSe-Based Superconductor [6].

Understanding the relationship between the normal and SC properties of HTS’c, in general, and of the nature of the PG, in particular, is among key issues in unlocking the mystery of HTS’c [7]. The origin of the PG has been widely disputed over the past decades. Some attributed it to SC fluctuations [8], others employed a two-gap scenario where the PG is associated with another order of non-SC origin, that coexists and competes with the superconductivity. Scrutinized by various experimental techniques including NMR [9], tunnel spectroscopy [10–12], polarized elastic neutron diffraction [13], and angle-resolved photoemission spectroscopy (ARPES) [14], this dualism has been seemingly removed in favour of non-SC nature of the PG.

In this letter we report on^{63}Cu NMR in a Pb-doped Bi:2201 (Bi_2Sr_2CuO_6), Bi_{1.6}Pb_{0.4}Sr_{2.05}CuO_y (y ≈ 6). The sample with dimensions a × b × c ≈ 3 × 5 × 1 mm^3 was cut from a single crystal grown by the crucible-free floating zone method [15]. T_c of the sample was mea-

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

sured by monitoring the NMR tank circuit resonance frequency, ν_t ≈ 80 MHz, as shown in the inset in Fig. 1, for H = 0 and μ_0H = 7 T aligned with the c-axis of the crystal. At zero field ν_t diminishes with decreasing temperature below T_{c0} = 16.5 ± 0.5 K, indicating the SC transition. Under the external field of 7 T, T_c shifts down to 8–9 K.

The temperature dependence of^{63}Cu NMR line shift in the Pb-doped Bi:2201,^{63}K = ν/ν_0 − 1 is shown in the main panel of Fig. 1a. Here ν is the position of the^{63}Cu NMR peak at 1/2 ↔ −1/2 transition, ν_0 =^{63} γμ_0H/2π = 79.231 MHz,^{63}γ ≃ 11.319 MHz/T the gyromagnetic ratio. For the sake of visibility, the μ_0H = 7 T data from the inset demonstrating the SC transition in the NMR experiment field, is plotted together with^{63}K. The decrease in^{63}K(T ) is observed below T^∗ = 60 ± 5 K, appreciably higher than T_c(7 T).

The shift of^{63}Cu peak is contributed from quadrupolar and magnetic shifts. For 1/2 ↔ −1/2 transition and H ‖ c, the quadrupolar shift is zero (the field is along the symmetry axis of the electron gradient field). Magnetic contributions include the diamagnetic one from the core electrons, the orbital shift related to the van Vleck susceptibility, and the Knight shift resulted from contact interaction with conduction electron spins, K_s ∝ χ_s, where χ_s is the conduction electron static spin susceptibility. The former two contributions are usually temperature-independent while K_s follows the T -dependence of χ_s coupled to the DOS at the Fermi level. Therefore, the decrease observed in the temperature dependence of the^{63}K shown in Fig. 1a is associated with K_s(T ) and denotes

100 Письма в ЖЭТФ том 122 вып. 1 – 2 2025

NMR evidence for a pseudogap in Pb-doped Bi:2201 single crystal 101

Fig. 1. (Color online) (a) – Temperature dependence of^{63}Cu line shift (squares) and the SC transition of the sample (circles) for μ0H = 7 T, H ‖ c. Inset: SC transition of the sample viewed as the shift of the NMR tank circuit resonance frequency. (b) – Temperature dependencies of the SLR rate, T^{−1}_1 (circles) and the (T1T )^{−1} product (triangles)

the decrease in DOS, hence opening of a spin gap. The temperature where it occurs, T^∗ > T_c implying the pseudogap.

Figure 1b shows the T -dependencies of^{63}Cu spinlattice relaxation (SLR) rate, T^{−1}_1 , and the (T_1T )^{−1} product. T^{−1}_1 is linear between room temperature and 75 K, and decreases faster upon further cooling. (T_1T )^{−1} is hyperbolic down to 60 K, and decreases at T < 50 K, well above the T_c ≃ 9 K of the sample in 7 T field parallel to c-axis.

Such T -behavior of Cu SLR is typical for HTS cuprates [1, 2, 16, 17]. In nonmagnetic metals the nuclear SLR is governed by spin fluctuations of conduction electrons, generally expressed as (T_1T )^{−1} ∝ lim_{ω→0} ∑ q |A(q)|^2χ^{′′}(q, ω)/ω, where A(q) is the hyperfine

coupling between electronic and nuclear spins, χ^{′′}(q, ω) the imaginary part of the wave-vector and frequency dependent dynamic electronic spin susceptibility [1]. In common metals χ^{′′} is q-independent, so the SLR is related with the Knight shift by the known Korringa formula (K^2_s T_1T )^{−1} ≡ πhk_B γ^2/μ_B which assumes the T - independent (T_1T )^{−1}, provided that K_s is constant. In HTS cuprates the Korringa relation is usually violated because χ^{′′} is peaked at the antiferromagnetic (AF) wave vector Q = (π, π), and (T_1T )^{−1} reproduces the (T + Θ)^{−1}-like behavior of χ^{′′}(Q), caused by the development of AF correlations [16]. Below T^∗ > T_c (T_1T )^{−1} decreases due to the pseudogap.

These features of the nuclear SLR are more pronounced in underdoped cuprates where the difference between T_c and T^∗ can be up to 100 K. In overdoped systems (T_1T )^{−1} is relatively flat above T^∗, and the discrepancy between T^∗ and T_c fades away [16–18]. As for the system in study, the essential difference between T^∗ and T_c, viewed in both the NMR line shift and Cu SLR

T -dependencies, as well as the hyperbolic T -dependence of (T_1T )^{−1} above 60 K, indicate the underdoped state of the system.

Summarizing, the Cu NMR data collected for Pbdoped Bi:2201 compound reveal the pseudogap that opens at T^∗ ≃ 60 K, way above the T_c(7 T) ≃ 9 K. The noticeable discrepancy between T_c and T^∗ and the behavior of Cu SLR at T > T^∗ implies the underdoped state of the studied system. Unexpectedly, the 7 T magnetic field applied along the c-axis of the crystal, shifts the zero-field T_{c0} = 16 ± 1 K by 7 K only. In other HTS cuprates with similar zero-field T_c the same magnetic field destroys the superconductivity either completely or shifts the transition temperature well below 4 K [19, 20].

ac-Susceptibility measurements by V. N. Zverev and A. V. Palnichenko are gratefully acknowledged. The crystal for the NMR study, characterized by X-ray and neutron diffraction, was provided by S. Wurmehl and A. N. Maljuk (IFW Dresden)

Funding. This work was supported by the Institute of Solid State Physics, Russian Academy of Sciences. No additional grants to carry out or direct this particular research were obtained.

Conflict of interest. The author of this work declares that he has no conflicts of interest.

1. P. C. Hammel, M. Takigawa, R. H. Heffner, Z. Fisk, and K. C. Ott, Phys. Rev. Lett. 63, 1992 (1989).

2. M. Takigawa, A. P. Reyes, P. C. Hammel, J. D. Thompson, R. H. Heffner, Z. Fisk, and K. C. Ott, Phys. Rev. B 43, 247 (1991).

3. W. W. Warren, R. E. Walstedt, G. F. Brennert, R. J. Cava, R. Tycko, R. F. Bell, and G. Dabbagh, Phys. Rev. Lett. 62, 1193 (1989).

Письма в ЖЭТФ том 122 вып. 1 – 2 2025

102 O. M. Vyaselev

4. J. Rossat-Mignod, L. P. Regnault, C. Vettier, P. Bourges, P. Burlet, J. Bossy, J. Y. Henry, and G. Lapertot, J. Magn. Magn. Mater. 116, 336 (1992).

5. Ch. Renner, B. Revaz, J.-Y. Genoud, K. Kadowaki, and Ø. Fischer, Phys. Rev. Lett. 80, 149 (1998).

6. B. L. Kang, M. Z. Shi, D. Zhao, S. J. Li, J. Li, L. X. Zheng, D. W. Song, L. P. Nie, T. Wu, and X. H. Chen, Chin. Phys. Lett. 39, 127401 (2022).

7. C. Varma, Nature 468, 184 (2010).

8. V. J. Emery and S. A. Kivelson, Nature 374, 434 (1995). 9. K. Gorny, O. M. Vyaselev, J. A. Martindale, V. A. Nandor, C. H. Pennington, P. C. Hammel, W. L. Hults, J. L. Smith, P. L. Kuhns, A. P. Reyes, and W. G. Moulton, Phys. Rev. Lett. 82, 177 (1999).

10. V. M. Krasnov, A. Yurgens, D. Winkler, P. Delsing, and T. Claeson, Phys. Rev. Lett. 84, 5860 (2000).

11. V. M. Krasnov, Phys. Rev. B 65, 140504 (2002). 12. T. Jacobs, S. O. Katterwe, H. Motzkau, A. Rydh, A. Maljuk, T. Helm, C. Putzke, E. Kampert, M. V. Kartsovnik, and V. M. Krasnov, Phys. Rev. B 86, 214506 (2012).

13. B. Fauqué, Y. Sidis, V. Hinkov, S. Pailhès, C. T. Lin, X. Chaud, and P. Bourges, Phys. Rev. Lett. 96, 197001 (2006).

14. T. Kondo, T. Takeuchi, A. Kaminski, S. Tsuda, and S. Shin, Phys. Rev. Lett. 98, 267004 (2007).

15. M. Roslova, B. Büchner, and A. Maljuk, Crystals 14, 270 (2024).

16. G.-q. Zheng, P. L. Kuhns, A. P. Reyes, B. Liang, and C. T. Lin, Phys. Rev. Lett. 94, 047006 (2005).

17. K. Ishida, K. Yoshida, T. Mito, Y. Tokunaga, Y. Kitaoka, K. Asayama, Y. Nakayama, J. Shimoyama, and K. Kishio, Phys. Rev. B 58, R5960 (1998).

18. Y. Kitaoka, K. Fujiwara, K. Ishida, K. Asayama, Y. Shimakawa, T. Manako, and Y. Kubo, Physica C 179, 107 (1991).

19. V. F. Gantmakher, G. A. Emelchenko, I. G. Naumenko, and G. E. Tsydynzhapov, JETP Lett. 72, 21 (2000).

20. L. Ya. Vinnikov, A. G. Yukina, V. N. Zverev, A. D. Shovkun, and A. B. Kulakov, JETP 119, 514 (2014).

Письма в ЖЭТФ том 122 вып. 1 – 2 2025