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Interchain interactions and magnetic properties of Li,CuO,

Y. Mizuno, T. Tohyama, and S. Maekawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
(Received 20 April 1999

An effective Hamiltonian is constructed for an insulating cuprate with edge-sharing chalbs@i The
Hamiltonian contains the nearest and next-nearest neighboring intrachain and zigzag-type interchain interac-
tions. The values of the interactions are obtained from the analysis of the magnetic susceptibility, and this
system is found to be described as coupled frustrated chains. We calculate the dynamical spin correlation
function S(qg,w) by using the exact diagonalization method, and show that the specB(@ @) are charac-
terized by the zigzag-type interchain interactions. The results of the recent inelastic neutron-scattering experi-
ment are discussed in the light of the calculated spe®@163-18209)11133-7

One-dimensional cuprates have received much attentiotween neighboring chains, and thus the superexchange
as reference systems of high-superconductors with two- interactions’ Following these facts, IC interaction plays an
dimensional Cu@ planes. Recently, a variety of the com- important role in the magnetic properties of,CuG,. The
pounds with edge-sharing chains, where Guéragons are importance of IC interactions has also been pointed out in
coupled by their edges, were synthesized and found to show
unique physical properties. 4CuG, is one of the typical
compounds having such chains. As shown in Fi@),1lthe
chains run parallel to thb axis and are stacked alofagand
c axes!

An important feature of the edge-sharing chains is that a
nearest-neighboringNN) magnetic interaction); between
Cu spins strongly depends on Cu-O-Cu bond arglen the
case thatd=90°, the superexchange process via O ions,
which contributes to antiferromagneti8FM) interaction, is
suppressed due to the orthogonality of Cd &d O 2
orbitals, and ferromagneti&M) contribution caused by, for
example, direct exchange mechanism between @uaild
O 2p orbitals, becomes dominaht.With increasings, the
AFM superexchange interaction increases, and consequently
J; changes from FM to AFM interaction at a critical angle
6.. In an earlier study, 6, was estimated to be about 95°
from the cluster calculation. For J€uO, with §=94°, J,
was evaluated to be FM<(0) with magnitude of 100 K. In
addition toJ;, a next-nearest-neighborif®NN) magnetic
interaction J,, which comes from Cu-O-O-Cu path, also
plays an important role in the magnetic properties. The in-
teraction, is AFM (>0), and its magnitude is known to be ~ FIG. 1. (a) The crystal structure of LCuG,. The solid, open,
comparable t¢J,|. Therefore, an appropriate model describ-and hatch_ed circl_es denote Cu, O, gnd Li ions, respectively. The
ing the edge-sharing chain is a spin-1/2 Heisenberg modé&dge-sharing chaln_s run_along tbeaxns,_ and are stac_ked alom
with NN and NNN interactionga J;-J, mode). The ground _andc axes. '!'he th!n s_olld and open lines conr_lect |n_tracha|n and
state of thel;-J, model has been extensively studfeBor mtercham neighboring ions, respectlvgly. Thg thick solid and dotted
3,1|13,|<1/4, it is a FM state, while fod,/|,|>1/4, it is a lines represent paths that give the IC interactions atbagda axes

frustrated state with incommensurate spin correlation via Li ions, respectivgly.(b) The schematic picture of Cu'.o -Li-
In Li-Cu AEM lona-ranae order occurs —9 K O-Cu paths. NN Cu ion$Cu(1) and Cy2)] and NNN Cu ions
and the2 ma%ryletic Structgure k?elo'lm is EM alor?;Na_andk; [Cu(1) and Cy3)]in c direction are connected by the paths depicted

) N . by two solid and two dotted lines, respectivelg) The J;-J»-J;
axes and AFM along the axis® The recent inelastic o4el. The Cu sites witts=1/2 spin are depicted by the solid
neutron-scattering experiment showed the existance of intekircles. J, andJ, are interactions between NN and NNN Cu spins

chain (IC) interactions that bring about the orderi@he  in chains. Two chains are coupled by IC interactiahgy and
analysis of the dispersions alorgandc axes in the linear j_ .., which work between NN and NNN Cu spins in different
spin-wave theory revealed that the IC interaction betweeghains, respectively. We také.w=Jawn=J.. b=be, and ¢

NN Cu spins is of the order of 10 K. The band calculation=ce, are the primitive vectors. The rectangle represented by the
also showed the existence of large effective hoppings besroken lines denotes a unit cell.

Cu(2) Cu(3)
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FIG. 2. The magnetic susceptibility(T) of Li,CuO,. The

square symbols denote the experimental results in the magnetic
field applied along the chains from Ref. 3. The solid curve is the

theoretical result in thel;-J,-J. model with J;=—100 K, J,
=40 K, andJ.=16 K, obtained numerically on the system with
8X 2 sites.g factor is taken to be 2 from Ref. 10.

other edge-sharing cuprates,
SrsCuw40,41 (Refs. 8,9.

In this paper, paying attention to the IC interaction, we
examine the magnetic properties of,CuG0,, such as mag-

CuGedRef. 7 and

netic susceptibility and magnetic excitation, by applying the
exact diagonalization method on finite-size clusters. We con-

struct a minimal model, taking into account the IC interac-
tion to theJ;-J, model. A set of parameter values is obtained

from the analysis of the temperature dependence of the mag-

netic susceptibilityy(T). We find that the compound is de-

scribed as a system with frustrated chains coupled by zigzag-
type IC interactions. In order to examine the magnetic_

excitation, we calculate the dynamical spin correlation func
tion S(q,w) in the chain direction. The calculated spectra
show a flat dispersion caused by the frustration du&,tm
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FIG. 3. (8 S(q,w) along the chain directiorgy, with J;=
100 K,J,=40 K, andJ.=0 K. The chain has 20 sitet) The
same aga) butJ.=16 K. The system has X2 sites, simulating
the coupled edge-sharing chains in,CuO,. The § functions are
convoluted with a Lorentzian broadening of 0.3 meV. The thin solid

the low-energy region. On the other hand, in the high-energyyrve denotes a magnon dispersi&u. (3)] obtained by the linear-
region, there is a dispersion, the energy position of whichspin-wave theory.

corresponds to that obtained from the linear spin-wave

theory. The spectra of the dispersion are, however, broad. For J., there are two paths connecting between NN Cu
We show that this dispersion is brought about by the ICions [Cu(1) and Cy2)] and between NNN Cu iongCu(1)
interaction with zigzag-type structure. The experimental reand Cuy3)] as shown by two solid and two dotted lines in

sults are discussed in the light of our theoretical results.

We first construct a minimal model for §CuG, includ-
ing IC interaction. As shown in Fig.(&), Li ions are located
between the chains. The IC interaction worksarmand c
directions via Li ions. Since the hatched chains in Fi@) 1
are situated in thé-c plane, the orbitals relevant to the
electronic states in each chain are Cd,3 2 and O %, ,
ones. The possible paths that give IC interactions along
axis J. and alonga axis J, are shown in Fig. (8 by thick
solid and dotted lines, respectively. Fay (solid line), the
orbitals of Li ions (Li 1s, 2s) couple to O 2, in one
chain, but to O P, , orbitals inanotherone. On the other
hand, forJ,, they couple to only O @, orbitals in both
chains. As a result, the magnitude &f is expected to be
much smaller than that ofl. due to orthogonality of
Cu3d,2_,2 and O D, orbitals. In fact, the neutron scatter-
ing experiment indicates that the width of magnon disper-
sion alonga axis is narrower than that aloregaxis, andl, is
~4 K, which is less than half of.. In the present study,
we neglect], for simplicity.

Fig. 1(b), respectively. They give rise to zigzag-type IC in-
teractions between NN Cu spins and between NNN ones,
Jenn @ndJonnn s respectively. From the consideration of the
crystal structure and the orbital configuration, the magni-
tudes ofJ y and J.ynn are found to be the same because
each path makes an equal contribution to the two interac-
tions. Therefore, we také.yn=Jcnnn=Jc -

Based on the above consideration, we adogt-d,-J.
model shown in Fig. (). In the previous study,J; was
evaluated to be-100 K. We determind, andJ. based on
the analysis of the experimental data)dfT). By diagonal-
izing the Hamiltonian of thel;-J,-J. model for finite-size
clusters withM X N sites (M is the number of sites in a chain
andN is the number of chainsthe theoretical(T) is ob-
tained. We preliminarily calculated it inX42 and 4x 4 clus-
ters in order to check the size effect along the IC direction
(N dependende and found that the difference of(T) be-
tweenN=2 and 4 is so small that clusters with=2 are
enough to investigate the effect of the IC interaction on
x(T). In Fig. 2, we show the result for an>X& cluster by
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solid line together with the experimental data denoted byspectra of frustrated chai(q,») along the chain direction
square symbols. A good agreement between theory and el examinedS(q,w)’s for 12X 2 and 6x 4 clusters, wherg
periment is obtained fod,=40 K and J,=16 K. This s the two-dimensional vector witq=(q,,q.), are calcu-
value of J; is not far from the value determined by the lated to understand the effect of the IC interaction. By com-
neutron-scattering experimehtThe theoretical results of paring results between the two clusters, we found that there
x(T) reproduce well the divergent behavior of the experi-is no essential difference along the chain direction. There-
mental ones at low temperatures. We examigé®l) of the  fore, we consideS(q,w) for the 12<2 cluster.

single chain(the J;-J, mode) in the previous study,and The operatoiS; for the 12<2 cluster is written as
obtained a peak iny(T) at T=40 K. Therefore, we con-

clude thaty(T) is not explained unles$. is not taken into Z= 1 E eiqbyi(si_+SZB ei(@/2+ac/2)y )
account. T ING T e

Next, we calculate the dynamical spin-correlation func-
tion S(g,w) in order to investigate the magnetic excitation.
This is defined as follows:

whereS; ; andSg ; are thez component of spin operators at
ith sites onA andB chains in Fig. {c), respectivelyy; is the
y component of the position vector idh sites, and\y is the
number of Cu sites. Since in the case of filiie the system
S(q,0)=2, |(m|Sé|O>|25(w— E+Eop), (1) has two Cu sites in unit cell as shown in Figc) the lattice
m period in the chain direction is changed frdis| to |b|/2.
where |0) and |m) are the ground and excited states with Correspondingly, the period &(q, ) is changed from 2

energiesk, and E,,, respectively.Sé is the Fourier trans- 10 4. ) _
form of spatial spin density. The result ofS(q,w) for the 12<2 cluster is shown in

It is instructive to consideB(q,w) for the single chain Fig. 3(b), where the momentum af; is taken to be 4! The
(J.=0 casg in order to understand the effect of IC interac- SPectrum is completely different from that for the single
tion on the magnetic excitation. The calculation is performedchain shown in Fig. @). The strong intensity is seen aj
by applying the exact diagonalization technique on a 20-site” 27, and thus the spectrum becomes asymmetric with re-
single chain with];= —100 K andJ,=40 K. Because the SPecttog,=. The asymmetry is understood as follows. For
ratio of J,/|J,|(=0.4) is more than 1/4, the system is de- €xample, consider the spectragat (0,0) and (2r,0). S at
scribed as a frustrated chain. The calculated results dhese momenta is given by (NJ)=(Si;+Ss;) and
S(g,w) are shown in Fig. @), in which g, denotes a mo- (1/\/N—S)Ei(8,§,i—8§,i), respectively. From these expres-
mentum of the chain direction. The spectra have a period ofions, it is clear that the weight gt=(2,0) is larger than
27, and are symmetric with respect th,=7. Since the that atq=(0,0), when theA andB chains are coupled anti-
ground state has incommensurate spin correlation, the speferromagnetically. A flat dispersion with small intensity is
tral intensity is much larger aj,~ 1/27r and 3/2r than that seen aroundj,~ 7 at w<5 meV. This is a remnant of the
at other momenta. Much of the spectral weight is conceneontinuum seen in Fig.(8). In addition, a dispersive spec-
trated in the very low-energy regionw&2 meV), and trum with energy maximum adq),= 7 is seen in Fig. &).
small weight spreads over the high-energy region. This dispersion is consistent with that obtained by the linear

We turn our attention to the system with finilg. Since  spin-wave theory in which the intrachain FM and interchain
we are interested in the effect of the IC interaction on theAFM ordering is assumed;

1/2
o(qp) = [J1(cosq,— 1) +J,(cos Ay, — 1) + 83, ]°— 642 cos q cosz% . ©)

Here, we note thal. of zigzag type is responsible for this at the magnetic zone center, and the dispersion has a mini-
dispersionJ, connectdour spins in a chain wittonespinin ~ mum atq,=.°> The feature(i) is in good agreement with
the neighboring chain as shown in Figcll Therefore, these the momentum dependence of the spectral intensity shown in
four spins tend to align parallel so as to reduce the magneti€ig. 3b).}? For the feature(ii), the structure atr in the
energy. This is why the IC interactions have a large contri-experiment may correspond to thata5 meV which is a
bution to the dispersion. The spectra of the dispersion areemnant of the frustrated statéOn the other hand, the dis-
rather broad. This is clearly different from the single-peakpersion atw<20 meV has not been observed experimen-
structure in a simple FM chain. This is because FM align-tally. In order to find the dispersion, it will be necessary to
ment in the chain is disturbed by the quantum fluctuationrdo more detailed experiments, especially in the higher-
caused byl and frustration byd,. energy region.

Finally, we discuss the recent inelastic neutron-scattering We have studied the magnetic excitation spectra of
data alongb axis for Li,CuG, in the light of our theoretical Li,CuQ,, and found that the zigzag-type IC interaction
results. The experiment has shown thiatvhen the momen- brings about the dramatic difference seen in the spectra be-
tum is far from magnetic zone centgp=2m, the spectral tween Figs. 8) and 3b). Therefore, it is meaningful to ex-
intensity is very small, andi) the lowest excitation appears amine the spectra of other edge-sharing compounds such as
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LagCaCu,40,4; and CaY,CusO,o because they have differ- broad spectra induced by the interchain interaction. The
ent IC interactions, reflecting the difference of the crystalzigzag-type interchain interaction causes the dramatic effects
structures. For example, in b@a;Cu,,0,;, Which has the 0N the magnetic properties of iGuG,. It is highly desirable

structure similar to S5C,,0,,, IC interactions are expected f[hat the inelastic neutron-scattering experiment be performed

to be smaller than that in 4€u0, 8° We thus suppose that N the wide energy region to understand the characteristics of

the weight of the dispersion at the high-energy regionih€ dispersion along the chain.

(=20 meV) is very small and much of the weight is con-  We would like to thank M. Matsuda, H. Eisaki, and K.
centrated in the low-energy region=<6 meV) in  Mochizuki for valuable discussions. This work was sup-
LagCaxCuwy404; in contrast to LJCuO,. A comparison ported by a Grant-in-Aid for Scientific Research on Priority
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the effect of IC interactions on the magnetic excitation. Culture of Japan. The parts of the numerical calculation were

In summary, we have investigated the magnetic propertieperformed in the Supercomputer Center, Institute for Solid
of Li,CuO, with edge-sharing chains, taking into account theState Physics, University of Tokyo, and the supercomputing
interchain interaction. We determined the magnetic interacfacilities in Institute for Materials Research, Tohoku Univer-
tions in a chain and between chains by the analysis of theity. Y.M. acknowledges the financial support of Research
magnetic susceptibility. We also calculated the dynamicaFellowships of the Japan Society for the Promotion of Sci-
spin correlation function. The results show a dispersion withence for Young Scientists.
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