acta physica slovaca vol. 49 No. 3, 481 Ű 484 June 1999

CONTRIBUTION OF ONE-SITE TWO-MAGNON BOUND STATES TO THE SPECIFIC HEAT OF S=1 HEISENBERG CHAIN WITH EASY-AXIS ANISOTROPY^�

E. “Ci“zmťar, M. Orendťa“c, A. Feher Faculty of Science, P.J. “Safťarik University, Park Angelinum 9, 04154 Ko“sice, Slovakia

Received 9 October 1998, accepted 11 November 1998

In this work we discuss the possibility of contribution of one-site two-magnon bound states (OSTMBS’s) to the thermodynamic equilibrium properties in S = 1 Heisenberg chain with easy-axis anisotropy. We found that for suf^ciently strong anisotropy |D/J| = 5 a good agreement between OSTMBS’s theoretical contribution to the speci^c heat using dilute approximation and numerical calculations for the aforementioned system was obtained for temperatures below T = 0.12|D/kB |. The obtained result con^rms that OSTMBS’s are the lowest energy excitations in S=1 Heisenberg chains with suf^ciently strong easy-axis anisotropy. Further, the compound Ni(N2H5)2(SO4)2 previously identi^ed as S = 1 antiferromagnetic Heisenberg chain with easy-axis anisotropy with D/kB = −15.6 K, D/J = 5, is proposed as an appropriate system for experimental studies of OSTMBS’s contribution to thermodynamic properties.

PACS: 75.40.Cx, 71.20.Be, 75.50.Ee

Quantum Heisenberg chains described by Hamiltonian

H = X_{i D(Szi )2 �} X_{i J(Si.Si+1) (1)}

where J represents the intrachain nearest neighbour spin exchange interaction and D denotes the single-ion anisotropy were subject of both theoretical and experimental studies, owing to the presence of non-linear excitations, which play an important role in the thermodynamic properties of these systems. It has been shown that in transverse magnetic ^eld the equation of motion of one-dimensional systems with easy-plane anisotropy, in continuum limit, can be mapped to a sine-Gordon equation [1]. Apart from linear excitations (magnons as small amplitude solutions of the linearized equation) there are also non-linear solutions known as solitons in both antiferromagnetic and ferromagnetic systems [1-4].

Magnetic excitations in classical spin chains with both non-linearity and discreteness of the lattice taken into account were theoretically investigated in [5]. These studies revealed that in the presence of a suf^ciently large longitudinal magnetic ^eld there exist intrinsic localised spin modes (ILSM) which are of a very different nature than solitons. ILSM extends over a few lattice sites and has the amplitude dependent frequencies outside the spin-wave band. The degree of

�Presented at 10th Czech and Slovak Conference on Magnetism, CSMAG’98, Koısice, Slovakia, August 24-27, 1998

0323-0465/99 © Institute of Physics, SAS, Bratislava, Slovakia 481

Fig.1. Energy spectrum of two-magnon states for ferromagnetic system with easy-axis type of anisotropy and D/kB = 15K and D/J = 5 (the dispersion branch of exchange bound states emerging from continuum at the zone boundary is not plotted for clarity).

localisation of these non-linear excitations increases with increasing maximum spin deviation and D/J ratio. Electron spin resonance and infrared spectroscopy were proposed as the most appropriate techniques for observation of ILSM due to their transverse magnetic moment rotating in the easy-plane. Nevertheless, the existence of ILSM has not been experimentally con^rmed yet.

The two-magnon states in anisotropic magnetic chains of arbitrary spin have been theoretically studied in [6] by extending the original Bethe ansatz for multimagnon states [7]. These calculations furnish a simple expression for two-magnon wave function together with the energy spectrum for systems with both easy-axis (Fig.1) and easy-plane type of anisotropy. Different types of two-magnon bound states emerge when the exchange interaction is taken into account. These states can be constructed either by reducing the azimuthal spin by two units at a single site, so called OSTMBS’s, or by reducing its value by one unit at two different sites, obtaining common exchange bound states. Two-magnon bound states emerge at the Brillouin zone boundary below the two-magnon continuum. We discuss the properties of OSTMBS’s as a potential quantum mechanical counterpart of ILSM’s. More speci^cally, we study the contribution

Contribution of one-site two-magnon bound-states... 483

Fig.2. Comparison of magnetic contribution to the speci^c heat as calculated by Blĺote with that of OSTMBS’s contribution. The experimental data of Ni(N2H5)2(SO4)2 are also plotted.

of OSTMBS’s to the speci^c heat in S = 1 ferromagnetic Heisenberg chain with suf^ciently strong easy-axis anisotropy where the energy dispersion of OSTMBS’s is extended through the entire Brillouin zone. We calculated the speci^c heat of such a chain system using approximation of dilute OSTMBS’s taking into account that the OSTMBS’s dispersion is lying under the magnon dispersion. For suf^ciently low temperatures the OSTMBS’s contribution should dominate because of the absence of interaction between OSTMBS’s and because of negligible thermal occupation of magnon states. Thus if we compare the numerical prediction of Blĺote [8] with the contribution of OSTMBS’s to the speci^c heat we can determine the value of critical temperature for validity of dilute OSTMBS’s approximation and indirectly verify the existence of OSTMBS’s in systems with suf^ciently strong easy-axis anisotropy. For ratio D/J = 5, the good agreement between numerical data and OSTMBS’s contribution to the speci^c heat is obtained for temperatures below T = 0.12jD/k_Bj (see Fig. 2). The temperature region of the applicability of the theoretical prediction for OSTMBS’s is extended with increasing D/J ratio. Fig. 2 also illustrates the experimental data of the compound Ni(N_2H_5)_2(SO_4)_2 previously identi^ed as S = 1 antiferromagnetic Heisenberg chain with easy-axis anisotropy with D/k_B = �15.6K, D/J = 5. Numerical calculations of Blĺote [8] using Heisenberg linear chain model describe very well the available experimental data of Ni(N_2H_5)_2(SO_4)_2 obtained in temperature region 2-20K [9]. A direct comparison of experimental data with theoretical prediction for OSTMBS’s cannot be accomplished because this theory is not available for antiferromagnetic system yet. Since Blĺote’s numerical predictions of speci^c heat for both ferromagnetic and antiferromagnetic systems with D/J = 5 differs only a little for temperatures below (D/k_B )/8 it can be expected that in low temperature region OSTMBS’s will also dominate in Ni(N_2H_5)_2(SO_4)_2. The extension of the theoretical model [6] for antiferromagnetic exchange coupling is in progress [10].

The obtained result con^rms that OSTMBS’s are the lowest energy excitations in S = 1 Heisenberg chain with suf^ciently strong easy-axis anisotropy and that they determine its thermodynamic properties at low temperatures. The experimental study of speci^c heat of aforementioned compound in temperature region from 100 mK to 2.5 K is being carried out.

Acknowledgement This investigation was performed under a Slovak-Greek bilateral program and was supported by the Slovak Grant Agency of Science (VEGA) grant number 1/4385/97.

References

[1] H.J. Mikeska: J. Phys. C11 (1978) 129 [2] K. Maki: J. Low Temp. Phys. 41 (1980) 327 [3] H.J. Mikeska: J. Phys. C13 (1980) 2913 [4] K.M. Leung, D.W. Hone, D.L. Mills, P.S. Riseborough, S.E. Trullinger: Phys. Rev. B21 (1980) 4017 [5] R. Lai, S.A . Kiselev, A.J. Sievers: Phys. Rev. B54 (1996) R12665 [6] N. Papanicolaou and G.C. Psaltakis: Phys. Rev. B35 (1987) 342 [7] H.A. Bethe: Z. Phys. 71 (1931) 205 [8] F.W. Klaaijsen, H. den Adel, Z. Dokoupil, W.J. Huiskamp: Physica B79 (1975) 113 [9] H.W.J. Blĺote: Physica B79 (1975) 427 [10] N. Papanicolaou: private communication