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PHONON-ASSISTED MAGNETIC ABSORPTIONOF (La,Ca)14Cu24O41:CONTRIBUTION OF DIFFERENT PHONON MODES�Tamara S. Nunnera, Philipp Bruneb, Thilo KoppaMaro Windt and Markus GrüningeraEP VI, Universität Augsburg, 86135 Augsburg, GermanybTP III, Universität Augsburg, 86135 Augsburg, GermanyII Physikalishes Institut, Universität zu Köln, 50937 Köln, Germany(Reeived July 10, 2002)We obtain the phonon spetrum for a simpli�ed struture (La,Ca)2Cu2O3using a shell model alulation. The external photon�eletron�phononvertex is expanded up to �fth order in the opper�oxygen hopping (tpd)and oxygen�oxygen hopping (tpp) and the resulting form fators for thephonon-assisted magneti ontribution to the optial ondutivity �(!) of(La,Ca)14Cu24O41 are analyzed. In this way we an understand the shift ofapprox. 60 m�1 observed experimentally between the upper two-tripletbound states observed in �rung(!) and �leg(!).PACS numbers: 75.10.Jm, 75.40.Gb, 75.40.Mg, 74.72.JtOptial spetrosopy onstitutes a valuable tool for the investigation oflow-dimensional quantum antiferromagnets. Measurements of the optialondutivity �(!) of the spin ladder ompound (La,Ca)14Cu24O41 [1℄ haveestablished the �rst experimental veri�ation for the existene of the two-triplet S = 0 bound states. Two peaks at 2140 m�1 and 2780 m�1 orre-spond to the S = 0 bound states with momentum px = � and px = �=2, re-spetively, where the momentum is provided by the simultaneous exitationof a phonon. In a reent publiation [2℄ we have shown that a thorough anal-ysis of �(!) of (La,Ca)14Cu24O41 allows to derive a minimal model, whihis the basis for all theoretial investigations of these spin-ladders systems.In order to ollet further evidene in favor of our minimal model weuse the dynamial DMRG [3℄ to alulate the entire spetrum of �(!) foran N = 80 site ladder. We obtain exellent agreement with the experimentalresult of La5:2Ca8:8Cu24O41 (see Fig. 1) using an anisotropy of J=J? = 1:3� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1545)

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by OPUS Augsburg

https://core.ac.uk/display/85193683?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


1546 T.S. Nunner et al.
1500 2500 3500 4500 5500

ω [cm
−1

]

0.0

0.2

0.4
σ

 [arb. units]

La5.2Ca8.8Cu24O41

DMRG 

1500 2500 3500 4500
ω [cm

−1
]

0.0

1.0

2.0
σ 

[a
rb

. u
ni

ts
]

La5.2Ca8.8Cu24O41

DMRG py=0
DMRG py=π
DMRG py=0+py=π

E || a (rung)

E || c (leg)

Fig. 1. Symbols: Corretion-vetor results for the optial ondutivity �(!) ofan N = 80 site ladder with polarization of the eletrial �eld E along the legs(left panel) and along the rungs (right panel), using J=J? = 1:3, Jy=J? = 0:2,J? = 1000 m�1, !legph = 570 m�1, !rungph = 620 m�1 and a �nite broadening ofÆ = 0:1J?. The leg polarization ontains two ontributions, where the two legs arein-phase (py = 0) or out-of-phase (py = �) with eah other. Gray line: magnetiontribution to �(!) of La5:2Ca8:8Cu24O41 at T = 4K after subtration of aneletroni bakground [2℄.for the exhange ouplings along the legs and rungs and a yli spin ex-hange of Jy=J? = 0:2 with J? = 1000 m�1 [2℄. In spite of the overallimpressive agreement with the experimental line shape, there still remainsome minor inonsistenies whih will be disussed here: (i) Experimentally,the frequeny of the upper bound state of 2780 m�1 is approx. 60 m�1lower in �leg(!) than in �rung(!). (ii) In �leg(!) the upper bound state(orresponding to px � �=2) is suppressed muh stronger in the DMRGalulation than in the experimental spetrum.In order to address these questions it is neessary to onsider the phononsand the proess, whih ouples light to the magneti exitations in more de-tail. To obtain some information about the frequenies and the displaementpatterns of the phonon modes of (La,Ca)14Cu24O41, we use a shell modelalulation with the parameters listed in Ref. [5℄. We believe that the inom-mensurate CuO2 hains have only little in�uene on the oxygen vibrationswith polarization along the Cu2O3-planes, whereas it is important to inludethe (La,Ca)-ions to obtain the orret values of the oxygen bending modes.The dispersion of the relevant oxygen modes and orresponding displaementpatterns at (0,0) as obtained for the simpli�ed struture (La,Ca)2Cu2O3 aredisplayed in Fig. 2 and Fig. 3, respetively.This knowledge about the phonon modes in (La,Ca)14Cu24O41 is impor-tant beause the exitation of a phonon [4℄ is neessary to break the inversionsymmetry between two neighboring opper spins and thus to generate a �-nite dipole moment for a oupled �phonon�two triplet� exitation�(!) � �!Xpx Xpy=0;� jfpj2 ImhhÆB�p; ÆBpii(!�!ph) ; (1)
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Fig. 2. Oxygen phonon modes with polarization within the Cu2O3-planes alu-lated with the shell model parameters of Ref. [5℄.
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−1640cm 601cm 583cm 568cm 509cm 423cm−1 −1 −1 −1 −1Fig. 3. Displaement patterns and frequenies at (0,0).where the spin-�ip operators ÆBrungp = 1N Pi eipri (Si;lSi;r � hSi;lSi;ri) andÆBlegp = 1N PiPk=l;r eipri;k(Si;kSi+1;k � hSi;kSi+1;ki) orrespond to polariza-tion of the eletrial �eld along the legs and the rungs, respetively. Thevertex funtion fp depends on the phonon mode involved and an be derivedin a perturbation expansion of the super exhange oupling J in the ele-tri �eld and in the displaements of the oxygen ions. Expanding fp to thelowest two orders (t4pd and t4pdtpp) using a set of typial parameters for the 3-band Hubbard model in the uprates (Ud = 8:8 eV, Up = 6 eV, tpd = 1:3 eV,tpp = 0:65 eV, � = 3:5 eV) we obtain the following form fators for a phononwith wave-vetor parallel to the legs (i.e. pphy = 0)� polarization jj leg, in-phase exitation of the legs:f leg;ipp = (0:7J (4)�0:1J (5)+(1:7J (4)+2:6J (5)) sin2 pxa2 )(u1x+u2x)� 0:3J (5) os pxa2 (2u0x + u1x + u2x)+ i(0:8J (4) + 2:6J (5)) sin pxa2 (u1y � u2y) (2)� polarization jj leg, out-of-phase exitation of the legs:f leg;opp = �(1:7J (4)+2:6J (5)) sin2 pxa2 +0:3J (5) os pxa2 � (u1x�u2x)+ i (0:8J (4) + 2:6J (5)) sin pxa2 (2u0y � u1y � u2y) (3)



1548 T.S. Nunner et al.� polarization jj rung:f rungp = (1:5J (4)+1:2J (5))u0y��0:4J (4)+0:7J (5)+0:3J (5) os pxa2 ��(u1y + u2y)i (0:8J (4) + 2:6J (5)) sin pxa2 (u2x � u1x) (4)with J (4) = 0:250 eV and J (5) = 0:569 eV for the 4th and 5th order ontribu-tions to the super exhange oupling J without eletri �eld and phonons.On this basis we are able to disuss the two questions put up in theintrodution. For (i) we ompare the frequenies of the phonon modes whihgive the strongest ontribution to �(!). For �rung(!) this is a strethingmode of the rung oxygen (see the term / u0y in Eq. (4)) whih has afrequeny of !1 = 640 m�1 and is the highest mode in Fig. 2. The largestontribution to the in-phase part of �leg(!), whih ontains the bound states,is aused by the in-phase strething (�u1x + u2x�) and by the out-of-phasebending (�u1y � u2y�) mode of the leg-oxygens (see Eq. (2)). In our shell-model alulation these two modes (see Fig. 2 and Fig. 3) have a frequenyof !2 = 601 m�1 and !4 = 568 m�1, respetively. This orresponds toa di�erene of about !1-!2 = 39m�1 and !1 � !4 = 72 m�1 between thefrequeny of the upper bound state in �rung(!) and �leg(!), whih is in goodagreement with the experimentally observed shift of approx. 60 m�1.Question (ii) is related to the form fators used in Eq. (1). The upperbound state (orresponding to px � �=2) is strongly suppressed in �leg(!)due to a form fator jfpj2 � sin4 pxa2 , whih is the dominant term to ordert4pd / J (4) and has been used in Fig. 1. In the next order, i.e. t4pdtpp / J (5),however, a form fator jfpj2 � sin2 pxa2 gains similar strength as an beinhered from Eq. (2). The inlusion of this prefator will pronoune theupper bound state with respet to the lower bound state.This projet was supported by the DFG (SFB 484 and SFB 608) and bythe BMBF (13N6918/1). REFERENCES[1℄ M. Windt et al., Phys. Rev. Lett. 87, 127002 (2001).[2℄ T.S. Nunner et al., Phys. Rev. B66, 180404(R) (2002).[3℄ T.D. Kühner, S.R. White, Phys. Rev. B60, 335 (1999).[4℄ J. Lorenzana, G.A. Sawatzky, Phys. Rev. Lett. 74, 1867 (1995); Phys. Rev.B52, 9576 (1995).[5℄ V.N. Popov, J. Phys. Condens. Matter 7, 1625 (1995); M.V. Abrashev,A.P. Litvinhuk, C. Thomsen, V.N. Popov, Phys. Rev. B55, 9136 (1997).


