Azurite: a highly frustrated quasi-1D antiferromagnet

Andreas Honecker^1, Shijie Hu^{1,2}, Robert Peters^3, Johannes Richter^4,

Thomas Pruschke1, Tanusri Saha-Dasgupta5, Hena Das5, Helge Rosner6, Oleg Janson6, Hem Kandpal7, Xiaoqun Wang2, Andreas Brühl8, Bernd Wolf8, Michael Lang8, Ingo Opahle9, Roser Valentí9, Harald Jeschke9 1Institut für Theoretische Physik, Georg-August-Universität Göttingen, Germany

2Department of Physics, Renmin University of China, Beijing, China^3Department of Physics, Kyoto University, Japan 4Institut für Theoretische Physik, Otto-von-Guericke Universität Magdeburg, Germany^5Bose National Centre for Basic Sciences, Kolkata, India 6Max-Planck-Institut für Chemische Physik fester Stoffe, Dresden, Germany^7IFW Dresden, Germany 8Physikalisches Institut, Goethe-Universität Frankfurt am Main, Germany^9Institut für Theoretische Physik, Goethe-Universität Frankfurt am Main, Germany

29th August – 3rd September 2011

Motivation

Azurite: known as precious stone & pigment since ancient times plateau at 1/3 of saturation magnetization in low-temperature magnetization curve [1, 2] distorted diamond chain (?) [1] microscopic model controversial [1, 3–8]:

• frustrated magnet ? • dimensionality ?

Arrangement of Cu^{2+} ions in the structure of azurite

J_1, J_2, J_3, J_m J_5, J_6 J_4, J_7

Generalized diamond chain model

Spin-1/2 Heisenberg Hamiltonian: H = ∑ ⟨i,j⟩

Ji,j ⃗Si · ⃗Sj − H ∑ i Szi

DFT: band structure

copper dx2−y2 bands at Fermi level (metal) tight-binding fit (NMTO downfoldig) ⇒ ti idenfication of relevant antiferromagnetic Ji ∝ t2i /U

DFT: electron density

charge density isosurface for E ≥ −0.75meV

⇒ dx2−y2-character of relevant copper orbitals at variance with x-ray scattering [9]

GGA+U = 8eV: J_i [K]

J1 J2 J3 J4 J5 J6 J7 Jm Jd full 13.5 42.8 12.5 2.7 0.6 4.4 –1.7 2.6 –0.4 minimal 17.9 43.9 12.0 – – – – 2.4 – refined 15.51 33 6.93 – – – – 4.62 – Ref. [1] 19 24 8.6 – – – – – –

J2 dominant J4 − J7: contribute only in higher order perturbation theory ⇒ irrelevant for low-energy behavior ⇒ effective generalized diamond chain (including Jm)

Magnetization curve

Comparison with [2] sets energy scale: J2 = 33K

Magnetic susceptibility

our values for J: double-,,peak” structure at correct temperatures – in contrast to single peak for original values for J [1]

Specific heat

H = 0: peak at T ≈

3...4K – absent for original J-values [1] (compare [4]) low-T peak suppressed

with increasing H 7K ≤ T ≤ 10K: specific heat C increases with increasing T and H experiment: ordering

peak at T ≈ 2K ⇒ interchain coupling

Inelastic neutrons at M = 1/3

Transverse dynamic structure factor

H = 13.83T 60 spins

open boundary conditions

Sxx(⃗k, ω) = 3 N ∑ ⟨x,y⟩ e i⃗k· ( ⃗R_x− ⃗R_y ) Im⟨0|Sx 1 ω + E0 − H + i η

Sxy|0⟩

Experiment [5]

Good agreement

Inelastic neutrons at H = 0

Dynamic structure factor [10]

60 spins open boundary conditions

Experiment [5]

semi-quantitative agreement between theory and experiment ,,dimer” excitation: shifted, renormalized, and broadened from M = 1/3 → 0 ,,monomer” excitation with Jeff:

• sharp at M = 1/3 • two-spinon continuum at M = 0

Magnetocaloric effect [10]

expected isentropes and entropy in the high-field regime

quasi-degeneracy with entropy S/N = (ln 2)/3 (white line) split cooling by adiabatic (de)-magnetization from T ≈ 1.4K →≈ 100mK expected

Summary

generalized diamond chain model derived by first-principles computations as an effective model for azurite [14]:

explains a broad range of experiments [1,2,5] (including NMR [11] – not shown) 3D coupling geometry computed:

zero-field [12] and high-field order [13] remain to be analyzed enhanced magnetocaloric effect predicted in the high-field regime of azurite [10]

[1] H. Kikuchi et al., Phys. Rev. Lett. 94, 227201 (2005). [2] H. Kikuchi et al., Progr. Theor. Phys. Suppl. 159, 1 (2005). [3] B. Gu and G. Su, Phys. Rev. Lett. 97, 089701 (2006). [4] B. Gu and G. Su, Phys. Rev. B 75, 174437 (2007). [5] K. C. Rule et al., Phys. Rev. Lett. 100, 117202 (2008).

[6] H.-J. Mikeska and C. Luckmann, Phys. Rev. B 77, 054405 (2008).

[7] J. Kang et al., J. Phys.: Condens. Matter 21, 392201 (2009). [8] H. Kikuchi et al., Phys. Rev. Lett. 97, 089702 (2006). [9] E. L. Belokoneva et al., Phys. Chem. Minerals 28, 498 (2001).

[10] A. Honecker, S. Hu, R. Peters, and J. Richter, J. Phys.: Condens. Matter 23, 164211 (2011).

[11] F. Aimo et al., Phys. Rev. Lett. 102, 127205 (2009). [12] K. C. Rule et al., Phys. Rev. B 83, 104401 (2011). [13] F. Aimo et al., Phys. Rev. B 84, 012401 (2011).

[14] H. Jeschke, I. Opahle, H. Kandpal, R. Valentí, H. Das, T. Saha- Dasgupta, O. Janson, H. Rosner, A. Brühl, B. Wolf, M. Lang, J. Richter, S. Hu, X. Wang, R. Peters, T. Pruschke, and A. Honecker, Phys. Rev. Lett. 106, 217201 (2011).