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DZYALOSHINSKI�MORIYA INTERACTIONIN S = 1=2 LADDER�R. CitroDipartimento di Fisi
a �E.R. Caianiello�, Università di Salernoand Unità I.N.F.M. di Salerno I-84100 Baronissi (Sa), Italyand E. Origna
Laboratoire de Physique Théorique de l'É
ole Normale SupérieureCNRS UMR 8549 75231 Paris Cedex 05, Fran
e(Re
eived July 10, 2002)Using a Majorana fermion representation, we dis
uss the in�uen
e ofDzyaloshinski�Moriya intera
tion on the magneti
 properties of a spin-1/2ladder. We 
al
ulate the spin-e
ho de
ay rate and analyze the modi�
ationswith respe
t to the isotropi
 ladder. Impli
ations of our 
al
ulations forexperiments on ladder systems are dis
ussed.PACS numbers: 75.30.Gw, 75.10.Jm, 75.25.+z1. Introdu
tionRe
ent years have seen a 
onsiderable e�ort in understanding the prop-erties of low-dimensional quantum spin systems. The most notable exampleof su
h systems are the spin ladders [1℄, whose properties are quite welldes
ribed by the isotropi
 Heisenberg model on a ladder. However, re
entele
tron spin resonan
e measurements (ESR) [2℄ on Sr14Cu24O41 and exper-iments on the 
ompound CaCu2O3 [3℄ suggest the ne
essity of taking intoa

ount spin anisotropies for an a

urate des
ription of the spin dynami
sin these systems. For spin 1=2 the leading anisotropy terms are of the formDzyaloshinski�Moriya (DM) [4℄. In this paper we 
al
ulate the slowly vary-ing part of spin-spin 
orrelation fun
tions by means of a Majorana fermionrepresentation of the spin ladder model. In parti
ular, we analyze the tem-perature dependen
e of the Gaussian spin-e
ho de
ay rate T�12G and dis
ussimpli
ations of the results for experiments.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1509)
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2. Model and spin�spin 
orrelation fun
tionThe model of two weakly 
oupled antiferromagneti
 (AF) S = 1=2Heisenberg 
hains with DM intera
tion along the rungs is:H = H = Jk Xj=1;2;iSj;i �Sj;i+1+J?Xi S1;i �S2;i+D �Xi (S1;i�S2;i); (1)where Jk(?) > 0 is the intra(inter)-
hain AF intera
tion, D is the DM ve
torand we use the quantization axis ẑ for the spins su
h that D = Dẑ. Thismodel is spe
ially pertinent the experimental situation in CaCu2O3 [3℄. Us-ing the gauge transformation [6℄:S+i;1 = e�i� ~S+i;1; S+i;2 = ei� ~S+i;2 ; (2)where 2� = ar
tan(D=J?), the Hamiltonian H is redu
ed to the simplerform:H = Xi Jk( ~S1;i ~S1;i+1 + ~S2;i ~S2;i+1) + ~J?( ~Sxi;1 ~Sxi;2 + ~Syi;1 ~Syi;2) + J? ~Szi;1 ~Szi;2;where ~J? = qJ2? +D2sign(J?). For weak inter
hain J?, we analyze themagneti
 properties of the Hamiltonian (3) by using bosonization approa
h[5℄ and the Majorana fermion representation originally invoked by Sheltonet al. [7℄ for the isotropi
 ladder. Based on this approa
h, we map theHamiltonian (3) into that of four de
oupled massive Majorana fermions�i�(i = 1; : : : ; 4) where the index � = L, R refers to right and left movingMajorana fermions respe
tively:H = � iu2 4Xa=1 Z dxf(�aR�x�aR � �aL�x�aL)� ima�aR�aLg : (3)The spe
trum is 
omposed of a Majorana doublet (�1� , �2�), (� = L,R), withmass m1;2 = m = J 0?=2� and two singlets �3� , �4� of masses m3 = ( ~J 0?� � J 0?2� ),m4 = �( ~J 0?� + J 0?2� ). In the isotropi
 ladder [7℄ the spe
trum would insteadbe formed of a triplet �a� , a = 1; 2; 3 with mass m and a singlet �4� with alarger mass, 3jmj [7℄. In the presen
e of a DM intera
tion, the loss of SU(2)symmetry thus manifests into the breaking of the triplet degenera
y.To 
al
ulate the spin-spin 
orrelation fun
tions, we need to evaluate thespin density 
omponents along the three spatial dire
tions (1; 2; 3). Theseare expressed in terms of Majorana fermions operators via the relations:
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tion in S = 1=2 Ladder 1511J1�a = �i 
os�(�2��3� � (�)a�1��4�) + i sin�(�2��4� + (�)a�1��3�) ;J2�a = �i 
os�(�3��1� � (�)a�2��4�)� i sin�(�2��4� + (�)a�2��3�) ;J3�a = �i�1��2� � i(�)a�3��4� ; (4)where a = 1; 2 is the 
hain index. Di�erently from the isotropi
 ladder,the isotropi
 in-plane 
omponents are mixed by the DM intera
tion. Thegeneralized spin sus
eptibility is a tensor:�AB(q; i!n) = X�;�=R;L Xa;b=1;2 Z d�dxei(!n��qx)hT�JA�a(x; �)JB�b(0; 0)i : (5)The Gaussian spin-e
ho de
ay rate is determined by indire
t nu
lear spin-spin intera
tion indu
ed by spin �u
tuations and 
an be 
al
ulated as [8℄:T�22G /Xq �(q; 0)2; (6)where a summation over the tensor 
omponents is understood. By usingEqs. (4), ea
h tensor 
omponent 
an be expressed in terms of doublet andsinglet and singlet-doublet 
orrelation fun
tions, that we denote by ���, asfollows:�11(q; i!n) = [
os2 �� 23(q; i!n)� sin2 �� 24(q; i!n)℄ = �22 ;�33(q; i!n) = � 12(q; i!n) ; (7)where���(q; i!n) = ���1 X�;�=R;LXk Xi!0n G���(k + q; i!0n + i!n)G���(k; i!0n) : (8)Here G�(�) is the doublet or singlet Majorana fermion thermal Green's fun
-tion. The expli
it expression of (8) is obtained by the approa
h of Ref. [8℄.In the limit T ! 0 we obtain a �nite value of the spin sus
eptibility that 
anbe as
ribed to a Majorana fermion pair 
reation pro
ess with an expli
it de-penden
e on the DM intera
tion, whereas in the limit of large temperature,we have: �11(q; 0) = �22(q; 0) ' 
os(2�)=T ; �33(q; 0) ' 1=T ; (9)where only the third 
omponent is identi
al to the isotropi
 
ase.In �gure 1 we show the result of the full temperature dependen
e of T�12Gin presen
e of a DM intera
tion and without it. We observe a saturation
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Fig. 1. Gaussian spin-e
ho de
ay rate versus temperature.at low temperature that depends on the anisotropy. As an e�e
t of DMintera
tion, the saturation value de
reases. As evident from Eq. (9), thebehavior of T�12 
ould provide information on the DM intera
tion strengthin experimental systems. REFERENCES[1℄ E. Dagotto, T.M. Ri
e, S
ien
e 271, 618 (1996), and referen
es therein.[2℄ V. Kataev et al., Phys. Rev. Lett. 86, 2882 (2001).[3℄ V. Kirhyukhin et al., Phys. Rev. B63, 144418 (2001).[4℄ I. Dzyaloshinski, J. Phys. Chem. Solids 4, 241 (1958); T. Moriya, Phys. Rev.120, 91 (1960).[5℄ R. Citro, E. Origna
, Phys. Rev. B65, 134413 (2002).[6℄ I. A�e
k, M. Oshikawa, Phys. Rev. B60, 1039 (1999).[7℄ D.G. Shelton, A.A. Nersesyan, A.M. Tsvelik, Phys. Rev. B53, 8521 (1996).[8℄ J. Kishine, H. Fukuyama, J. Phys. So
. Jpn. 66, 26 (1997); J. Kishine, J. Phys.So
. Jpn. 66, 1229 (1997).


