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INTRINSIC AND FIELD-INDUCED XY-LIKEBEHAVIOUR IN TWO-DIMENSIONALQUANTUM ANTIFERROMAGNETS�Tommaso RosildeDipartimento di Fisia �A. Volta�, Università di Paviavia A. Bassi 6, I-27100 Pavia, Italyand INFM, Pavia, Italy(Reeived July 10, 2002)I study the thermodynami properties of S = 1=2 two-dimensionalquantum antiferromagnets with easy-plane anisotropy, both in the ase ofintrinsi anisotropy (XXZ model in zero �eld) and in the ase of �eld-indued anisotropy (Heisenberg antiferromagnet in a uniform magneti�eld), making use of the ontinuous-time Quantum Monte Carlo method.For the model with intrinsi anisotropy I single out the harateristi fea-tures of the Heisenberg-to-XY rossover antiipating the Berezhinskii�Kosterlitz�Thouless (BKT) transition. Then I show how these features arereprodued in the ase of a �eld-indued anisotropy and BKT transition.Impliations for the experimental realization and detetion of a disorderedtwo-dimensional XY-like phase in real antiferromagnets are disussed.PACS numbers: 75.10.Jm, 75.30.Kz, 02.70.SsThe Berezhinskii�Kosterlitz�Thouless (BKT) ritial behaviour has beenobserved in many two-dimensional physial systems, suh as super�uid orsuperonduting �lms [1℄ and Josephson juntion arrays [2℄. In the ontextof magnetism, where the BKT theory was originally formulated as referred tothe lassial 2d-XY model, suh a behaviour is expeted in layered magnetsin whih the isotropi Heisenberg spin�spin oupling is perturbed by an easy-plane anisotropy [3℄. Nevertheless in most layered ompounds whose spin�spin interation is known to have an easy plane, the entity of the anisotropyis very small, representing a perturbation of order 10�2 � 10�4 with respetto the dominant isotropi oupling, and therefore a test of the Kosterlitz�Thouless preditions seems to be hardly feasible. Moreover, the existene� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1497)



1498 T. Rosildeof a residual inter-layer oupling, driving the system towards 3d long-rangeorder, masks the purely 2d transition. Therefore a more realisti point inlight of experiments would be to detet lear signatures of the anisotropyaway from the transition, marking the onset of an XY-like behaviour.The purposes of this work are two-fold. First of all I show that even a tinyeasy-plane anisotropy (as small as 10�3), omparable to those experimentallyobserved in real ompounds, is able to lead to lear deviations from theisotropi Heisenberg behaviour in a S = 1=2 2d quantum antiferromagnet(AFM), for what onerns the thermodynami behaviour of out-of-the-easy-plane suseptibilities. Then I illustrate how the appliation of a uniformmagneti �eld to an isotropi two-dimensional quantum antiferromagnet,induing an easy-plane anisotropy and a BKT transition, leads to analogoussignatures; this shows that a �eld-indued XY-like behaviour an be realizedand deteted in real AFMs.I onsider the S = 1=2 two-dimensional XXZ quantum antiferromagneton the square lattie in a uniform magneti �eld, whose Hamiltonian reads:Ĥ = JXi;d �Ŝxi Ŝxi+d + Ŝyi Ŝyi+d + �Ŝzi Ŝzi+d�� hXi Ŝzi ; (1)where i = (i1; i2) runs over the sites of a square lattie, d onnets eahsite to its four nearest neighbours, J > 0 is the antiferromagneti exhangeintegrals and � < 1 represents the easy-plane anisotropy parameter. Thespin operators Ŝ�i (� = x; y; z) are suh that jŜj2 = S(S + 1) with S = 1=2and obey [Ŝ�i ; Ŝ�j ℄ = i"��ÆijŜi .I �rst onsider the anisotropi model in zero �eld. Previous QuantumMonte Carlo (QMC) simulations [4℄ have shown evidene for a BKT ritialbehaviour in this model, suggesting the existene of a �nite-temperaturetransition, for anisotropies as small as � = 0:98. Making use of the QMCmethod based on the loop algorithm in ontinuous imaginary time [5℄, I amable to enfore this evidene by onsidering non-diverging quantities whosethermodynami behaviour has not been disussed by Ref. [4℄.Relevant non-ritial signatures of the anisotropy are in fat found inthe uniform suseptibility perpendiular to the easy-plane, �zz0 . In Fig. 1(a)the uniform suseptibility is presented for the ase � = 0:999; as we see,it shows a remarkable deviation from the isotropi behaviour, exhibitinga minimum at a temperature T � well above the estimated BKT ritialtemperature. The mehanism leading to the appearane of the minimumbeomes lear when onsidering what happens to, e.g., the staggered sus-eptibility �zzs (Fig. 1(b)) and orrelation length measured along the samediretion; both quantities exhibit a maximum at roughly the same tempera-ture T �, whih manifests suppression of antiferromagneti �utuations and



Intrinsi and Field-Indued XY-Like Behaviour : : : 1499orrelations along the hard-axis z at and below T �; at the same time it be-omes easier to magnetise the system by applying a uniform �eld along z,and therefore the uniform suseptibility begins to inrease. The tempera-ture T � is then seen as the upper bound of a temperature region where thespin �utuations lose the full rotational symmetry of the Heisenberg modeland tend to be on�ned to the easy-plane, thus marking a Heisenberg-to-XY rossover. Remarkably, we are still far from ritiality, so that thisbehaviour an be unambiguously observed in real layered magnets, as in-deed happens in the weakly easy-plane anisotropi layered antiferromagnetSr2CuO2Cl2 [7℄, whih shows a minimum in the uniform suseptibility atT � � 330 K, well above the transition temperature TN = 256 K.
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Fig. 1. Uniform (a) and staggered (b) suseptibility along the hard axis (z) in thetwo-dimensional easy-plane S = 1=2 quantum antiferromagnet (� = 0:999), fordi�erent lattie sizes: L = 64 (stars), 128 (squares), 200 (open diamonds); thearrows indiate the BKT ritial temperature. Open irles are QMC data for theisotropi model (from Ref. [6℄).Further quantum simulations have been performed for the model de-sribed by the Hamiltonian (1) with � = 1 and in a �eld. My simulationsare based on the worm algorithm, originally exposed in Ref. [8℄, but refor-mulated as a generalisation of the loop algorithm. At variane with the loopalgorithm, the worm algorithm allows to inlude a magneti �eld of arbitraryintensity without any loss of e�ieny.In the realisti ase of low �elds h = 0:05, 0.1 and 0.2, I observe analogoussignatures of the �eld-indued anisotropy in the thermodynami behaviourof the uniform and staggered suseptibility along the z axis (Fig. 2) as in thease of the intrinsi anisotropy: again the transition is antiipated by thesuppression of out-of-plane antiferromagneti �utuations and orrelations.This latter e�et is well separated from the onset of the ritial regime: this



1500 T. Rosildemeans that, applying an intense uniform �eld to a real layered AFM, the�eld-indued XY-like behaviour an be indeed observed in a temperatureregion where the inter-layer oupling does not play any role, i.e. where thesystem really behaves as a two-dimensional magnet. Uniform suseptibility,whih is a onventional observable for magneti systems, allows to learlydetet the temperature range over whih the XY-like phase extends. Furthermeasurements in this regime, e.g. foused on spin dynamis, ome to be veryappealing.
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Fig. 2. Uniform (a) and staggered (b) suseptibility along the z axis in the two-dimensional S = 1=2 Heisenberg antiferromagnet in a uniform �eld h = 0:2, fordi�erent lattie sizes: L = 32 (stars), 64 (squares), 96 (open diamonds); the arrowsindiate the BKT ritial temperature. Open irles are QMC data for the isotropimodel [6℄. REFERENCES[1℄ D.J. Bishop, J.D. Reppy, Phys. Rev. Lett. 40, 1727 (1978).[2℄ H.S.J. van der Zant et al., Phys. Rev. B54, 10081 (1996).[3℄ Magneti Properties of Layered Transition Metal Compounds, L. J. de Jongh(ed.), Kluwer, Dordreht (1990).[4℄ H.-Q. Ding, Phys. Rev. Lett. 68, 1927 (1992).[5℄ H.G. Evertz, Adv. Phys. 52, 1 (2003).[6℄ J.-K. Kim, M. Troyer, Phys. Rev. Lett. 80, 2705 (1998).[7℄ D. Vaknin et al., Physia C 274, 331 (1997); B.J. Suh et al., Phys. Rev. Lett.75, 2212 (1995).[8℄ N.V. Prokofev, B.V. Svistunov, I.S. Tupitsyn, JETP Lett. 64, 911 (1996).


