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Electronic and magnetic structure of LaCuO, g
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The recently discovered “ladder” compound LaCyfhas been found to admit hole doping without
altering its structure of coupled copper oxide ladders. While susceptibility measurements on the parent com-
pound suggest a spin gap and a spin-liquid state, NMR results indicate magnetic order at low temperatures.
These seemingly contradictory results may be reconciled if in fact the magnetic state is near the crossover from
spin liquid to antiferromagnet, and we investigate this possibility. From a tight-binding fit to the valence band
structure computed in the local density approximation, we deduce that the strength of the interladder hopping
term is approximately half that of intraladder hopping, showing that the material is three-dimensional in
character. A mean-field treatment of the insulating magnetic state gives a spin-liquid phase whose spin gap
decreases with increasing interladder coupling, vanistsiggmaling a transition to the ordered pheata value
somewhat below that obtained for LaCuf The introduction of an on-site repulsion terk, to the band
scheme causes a transition to an antiferromagnetic insulator for rather small but finite valiieefdécting
the predominance ofone-dimensionalladder behavior, and an absence of any special nesting features.
[S0163-18296)03833-1

[. INTRODUCTION investigate the spin gap and spin correlations, and the prop-
erties of multileg ladder®:1° These studies not only confirm
One of the interesting and challenging subfields of low-the picture of the spin system emerging from analytic
dimensional quantum magnetism which has emerged fromapproachég valid in certain limits, but provide the most
the wealth of activity directed at improving the understand-accurate information available on the properties of this class
ing of high-temperature superconductors is that of laddepf strongly-correlated systems.
systems. These consist of parallel, interacting chains of The second proposal concerning the properties of ladder
S=1 ions, which can be considered as a spin ladder with compounds made in Ref. 3, that the doped ladder should
legs, and rungs ofi—1 bonds. The ladders have only weak become superconducting withdawave order parameter, has
mutual interactions. A combination of experimental andproved harder to test for materials reasons. However, the
theoretical efforts has in the past few years produced significompound LaCu@s, recently synthesized by Hiroi and
cant advances in the realization and understanding of th€akano'? has been found to admit hole doping without al-
properties of spin ladders, some of which are not at all intuitering its structure of coupled, two-leg copper oxide ladders,
tive. and so constitutes the first case in which one may seek
Ladder cuprates emerged first with the discovery by Hiroidoping-dependent behavior analogous to that of the high-
et al? that in the series of materials &u,;0,,,, it is  temperature superconductors. The high-pressure phase of
possible to create two-dimensional, stoichiometric coppeta;_4SryCuO, g is derived from a cubic, three-dimensional
oxide planes of composition Gu; O,,.; by removing perovskite structure. The absence of oxygen atoms along
from the uniform CuQ plane parallel, equally-spaced lines lines leaves two-leg ladders which relax from a relative angle
of oxygen atoms. It was pointed out by Rieeal® that be-  of 90° in the primitive structure to 62° in the depleted one.
cause these shear defects give rise to only weak, ferromaghe material is then orthorhombispace groupPbarm), with
netic interactions between neighboring copper spins, the rdour copper atoms per unit cell, and may be considered as a
maining strips of Cu@ plane will appear as isolated set of ladders oriented along tlzeaxis, and periodically ar-
(n+1)-leg ladders of antiferromagnetically coupled spins.rayed in thex andy directions, as shown in Fig.(d). This
These authors proposed that the systems should then illustructure is not altered with Sr doping xe=0.2. The inter-
trate the contrasting, and now well-established properties dadder coupling in thex,y) plane arises because each oxy-
even- and odd-leg ladders, that the former show a gap to spigen atom at the outside edges of the two-leg ladders, which
excitations (spin gap with consequent exponential spatial is part of the planar Cu@unit, is also effectively apical to a
decay of correlations, while the latter are gapless withcopper atom in a neighboring ladder, contributing to a finite
power-law decays. Subsequent susceptillilipd nuclear transfer integral.
magnetic resonand®MR) (Ref. 5 experiments have amply Susceptibility measurementn the parent compound up
borne out this conjecture. to temperatures of 500 K, interpreted by a formula proposed
The theoretical understanding of ladders has been in largey Troyeret al,'® suggest the presence of a spin gap in the
part based on numerical technigues, which are particularlgxcitation spectrum, and therefore a spin liquid state. In con-
well suited to systems of such restricted dimensionality, andrast, NMR studies of the same sampfemdicate that the
this is reviewed in Ref. 1. The first indications that the two-system orders antiferromagnetically at low temperatures, be-
leg ladder should exhibit a spin gap came from numericalow an appareniTy=117 K. Since the spin susceptibility
work®’ and a variety of methods has since been applied tshould evolve continuously as one passes through the quan-
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tum critical point separating the spin-liquid state and the
state with long-range antiferromagnetic order, it is possible
that even in the latter, close to the quantum critical point, the
spin susceptibility will decrease substantially as the tempera-
ture is lowered. Such behavior may be difficult to distinguish
from that of a true spin liquid with a finite gap. Therefore it
is plausible that the seemingly contradictory experimental
results may be reconciled if the magnetic state is close to the
crossover from an antiferromagnet to the spin liquid. Here
we seek evidence, by examining the effects of interladder
interactions, that the system is indeed close to this quantum
critical point.

The outline of this paper is as follows. In Sec. Il we
present a tight-binding fit to the local density approximation
(LDA) band structure to extract the interladder hopping ma-
trix elements, and use these to obtain the superexchange in-
teractions. We consider in Sec. Ill the nature of the spin-
liquid ground state for ladders of spins coupled in both
orthogonal directions, using a mean-field approach to esti-
mate the location of the quantum critical point. In Sec. IV we
introduce a double-occupancy term to the tight-binding
bands, to investigate the degree of three-dimensional charac-
ter in the electronic structure as a result of interladder inter-
actions. Section V contains our conclusions and a brief dis-
cussion.

II. TIGHT-BINDING FIT TO THE LDA BAND STRUCTURE

The band structure of LaCuQ has been computed by
Mattheiss® using the LDA method. Here we examine the
dispersion of only the highest occupied valence bands, and
use a tight-binding model based on the single, copper-based
orbital in each planar Cu@unit within the ladder which lies
closest to the chemical potential: in the SyO,,, 1 Strip
this is the antibonding, Cu-centered,3_,> orbital. Restrict-
ing the set of hopping matrix elements to those between
nearby copper atoms, we obtain an effective one-band
model, albeit with four mixed level®ne from each Cu atom
in the unit cel). These generate a complex of four bands,
which lie close to or cut the Fermi energy. The complex is

FIG. 1. (a) Crystal stucture of the depleted perovskite half-filled in the undoped system, and well separated from
LaCuO, 5. Black and white spheres within the ladder units repre-other bands on the small energy scales of most physical in-
sent Cu and O atoms, respectively, and grey spheres represent $&rest, so can be taken to determine the low-energy behavior
The material is viewed along the axis of the laddez)s fhich can  of the model. With this interpretation, one may deduce the
be seen to be rotated about this axis to a relative angle of 62°. Ipatio t’/t, of inter- and intraladder atomic orbital overlap,

any (x,y) plane each copper atom is bonded to a neighbor in theynd thus estimate the ratié/J of the magnetic interactions,
same ladder by arung bond, and_ to two copper atoms in nelghboby using the superexchange reSSit=4t2/U.

|ng'lad$jers. The interladder couplings are through one oxygen atom” The tight-binding Hamiltonian is

which is bonded as part of the square planar coordination in the

same ladder and is apical to a copper atom in the next ladder, and

through the single apical oxygen atom, which is bonded in the H:_E t.c e )
ladder of the other neighbor. Allocation of antiferromagnetically o U ad

arranged spins to each ladder shows that the material can exist as an

unfrustrated antiferromagnet(b) Schematic representation of . L . .

LaCu0O, 5 to show the tight-binding parameters between Cu atomd" \_Nh'Ch' andj each denote a p_am(m), wheren I_ab_els the
used to fit the LDA band structuréc) Appearance of the four Unit cell, andm=1,....4 thedifferent atoms within each
inequivalent Cu atomélack circles in the unit cell. White circles  C€ll- The hopping matrix elementy may be taken to be
represent O atoms. The vectors for the two types of bond in théhort ranged, and the maximal set which we need to achieve
(x,y) plane are r(r)=[0.585@,—(+)0.2114] and areasonable fitis illustrated in Fig(d. Starting from tight-

s(5 =[+(—)0.53,0.288h], where a~ \/Eap and bzz\/iap are binding parameter fits in the two-dimensional CuO
the lattice constants in the andy directions, anda,=c is the plane!’®we choose the nearest-neighbor intraladder param-
lattice constant of the original, cubic perovskite structiRef. 12.  eters,t, for hopping along a rung ang for hopping along a
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leg, to have the same valte=t,=t=0.4 eV. We use as the 20
next-nearest-neighbor parametéfs- —it, andt,= 3, for
hopping across a square plaquette in the ladder, and along ey 177 T
two leg bonds, respectively. Finally, we introduce a param-
etertg for hopping from a copper atom on one ladder to its
neighbor on the adjacent ladder, and also the next-neighbor
analogt; for transfer between atoms on adjacent ladders 14 ------- .
\,

7\
Y

2(t+21]

with a relative displacement of one leg bond. Because of the
low symmetry of the LaCu@s structure, the Cuapica)
O-Cu interladder bond is far from straight, with the GuO N
pyramids quite irregular, and this distortion may allow a sub-
stantial value oft;. The role of each of the terms in the
fitting scheme will be illustrated below. The next-neighbor @ I Xs Yr zZ UR Tz
parameters, ¢ , are expected to be significantly smaller than
their direct counterparts, due to the short-range nature of the 2.0
overlaps, and the important parameter to fit will be the ratio
of tsto t, .

The Hamiltonian(1) may be expressed in matrix form in 1.0 ¢
reciprocal space as

ok X 2(t=21t’l)

E(eV)

0.0

N -

H= kz Clo'HkalT ) (2) A N
g

10}
wherec!, = (ci),c2l,c2t,ciy is the vector of creation op- 9—\
erators <

CL"J_J— eRune! @ ® T X8 YI zZ UR Tz
- :

for the Bloch states formed by separate linear combination of
thed,2_,2 orbitals of each copper atom in the unit cell, and
k is a vector in the orthorhombic Brillouin zone. Setting the
lattice constants, b, andc to unity, the Hamiltonian matrix
is
Z( kz) tseikysy 0 'a‘["re—ik~ r o

te My (k) ek 0
Hie= 0 ’{re—ik~r t,(k,) Ieikysy ' FIG. 2. (a) lllustration of the effgcts of the chosen band structure
~ T 0 ks, K parameters on the observed dispersion curves, for the choices
te tee "y t,(kz) @ tz_=tr=_t=_0.4 ev,t.=%,, t/=—1t,, ts=>2,, andt.= %ts (b)
Tight-binding band structure for the parameter set which appears
wheret,(k,) = 2t,cosk,+ 2t.cos X T.=7% Coék in which closest to the LDA results of Matthei¢Ref. 15. Parameters are as
z Z z Z z Z1 S S X

. _ ~ , in (), but witht,= %tr . Details of the fitting procedure and param-
the factor cosk, arises becauss,=0.5,t,=t,+ 2t,C0k,, eter choices are given in the text) Notation fork points in the

and the bond vectors(r) ands(s) are shown in Fig. ).  , thorhombic Brillouin zone.
The eigenvalue problem gives an equation quadratic in the
squares of the mode frequencies, whose solutions are the
dispersion relations of the four energy bands

—_

The dispersions of the four bands are shown in Fig) 2
for a series of high-symmetry lines in the orthorhombic Bril-
—~ ~ e louin zone, and for the ratids/t,=0.4. The labeling of
&=+ [t 7 +4t fco 3k, = 4t Tcosk,cosk, ] points is shown in Fig. (Z,‘),égnd their order is chosen to

_ oyt match the results of MattheissAlso shown in the figure are

21,008~ 24,08 . ©) the energy spacings dictated by the choice of the tight-

This concise, closed form emerges because the exponentiainding parameters, as these vary between their maximum
factors e (?ky'y*2kyS)) may be collected as 4dcosk,, as  and minimum values along the chosen directions.
ry+s,=0.5. The general dispersion simplifies further for ~For an isolated ladder along i.e., with no interladder
partlcular values ok, andk, in the Brillouin zone: in par- interactions {;=0), the bands would be completely flat
ticular, on the zone face§<)( ky=), the last term in the aroundI’XSYI' andZURTZ with only a cosine dispersion
square root vanishes and the bands are doubly degenerate (asldly perturbed by the, term) alongI'Z. In this situation
required by the group-theoretical analysis of structures wittthere would be two doubly degenerate bands around the
nonsymmorphic space groups. zone center and zone face, corresponding to the bonding and
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antibonding bands of each ladder. These features are re-

flected in the two branches observed in Fi¢g)2From Eq. H f_f

(5), the separation of the degenerate bands along the zone Y R PR & \‘\".\ )
face XSY and edgeURT is governed by the combinations "jﬁ—‘l{ : ‘;H:
t,=2t; and the splitting of the degeneracy alohi, I'Y . ﬂ ,xi’umt )
andZU, ZT by the combinationss+2t, Considering first H }l‘ cell

the intraladder parametets, t; t,, andt, chosen from the “i¢ ’ """"" § ST ¢ L
two-dimensional Cu@ plane, we find good agreement of the 2y ¢
tight-binding result with that from LDA. Particularly notable H S S Y

is that the negative sign df and the relative magnitude ’ N . N

it,, are required to reproduce the bands separations along

XSYandURT. There is no evidence that a value tpfdif- FIG. 3. Schematic representation of the periodic structure in the
ferent fromt, would improve the fit. The next-neighbor hop- (x,y) plane of locally antiferromagnetically correlated spins, for
ping parameter along the laddef,appears only as an asym- calculation of the spinon dispersion. The magnetic interaction pa-
metry of the cosine dispersion alodgZ, and the value rameters shown aré on the ladder rungs and’=\"J between
chosen is in qualitative accord with the LDA result. That spins on neighboring ladders.

CuO, plane parameters remain appropriate for the ladder

confirms the predominantly local picture of the interactionsfollow closely the treatment of these authors. They employed
between copper sites. Turning to the band splitting atithe 5 pong operator representation®# 1 quantum spins, used

andZ points, we find that the relatively large valte=3t,  initially® to investigate dimerized spin phases in two-
[Fig. 2b)] gives the best qualitative reproduction of the dimensional systems, exploiting the fact that the topology of
bands crossing the chemical potential in the full LDA calcu-the |adder favors dimerization, particularly when the spin
lation by Mattheiss? but that the valuet,=2t, appears interaction,J, on a rung exceeds that on a leg). The
closer to the results of a “12-parameter fit” iIIustra_ted il’_l the guthors proceeded in the mean-field approximation to con-
same reference. The difference of thieand Z splittings is  gjger first the properties of an isolated ladder as a function of
given rather well by the starting choice tif= at,. the interaction ratio\, then of periodic arrays of ladders in

It is clear from Fig. 2 that the primary feature of the two dimensions, and finally of an array of frustrated double
dispersion remains that in the, direction, i.e., along the ladders of the type found in the SrgD5 systen? This ap-
ladder. The Fermi surfaces for each band are determinggroach can be considered to be exact in the limit where
almost exclusively by this part of the dispersion, in that theyx —0 and the spins form dimers on every rung, while its
appear as sheets which are almost flat, perturbed little by thgccuracy will diminish on extrapolating through finiteto-
t, andts terms, and havé, as normal. At half-filling, the  wards the desired isotropic point=1.
lowest band is an exception to this situation, because part of We begin by representing the system of spin ladders, each
it is also filled close to th& point. On doping with holes, coupled by two identical bonds per spin to separate, neigh-
this region is rapidly emptiedbelow 5% so that all four  boring ladders, in a geometrically simpler but topologically
Fermi surfaces are sheets parallel to thg,k,) plane. Only  identical form, as shown in Fig. 3. Note that the spin con-
when the doping level reaches 20% does the chemical potefiguration for local, antiferromagnetic interactions is unfrus-
tial drop below the highest band in theXSYI" plane, caus- trated, so a transition to an ordered antiferromagnet may be
ing a pocket to open at thié point for this band. expected with increasing interladder coupling. The magnetic

In summary, we find that a simple model of a single or-interactions are taken to b for spins on the same rung,
bital per copper atom provides a good fit to the band struca J for spins separated by a leg bond, ard for neighbor-
ture. While there is scope for some variation in the choice oing spins on different ladders, while no other couplings are
intraladder parameters, with this level of agreement betweesonsidered. The Hamiltonian for the spins is
the tight-binding results and those of LDA it is not worth-
while to optimize further. We choose to work with the above
values of the intraladder hopping matrix elements, and with ~ H :J; S, Sr,j+)\~]j m2_| r Sm,j*Smj+z
the interladder overlap,=3t, , bearing in mind that this lat- o
ter will be close to the upper limit of the narrow range of / 1. 1. .
probable values. Estimating the superexchange interaction by A ‘]; (S S 39S S 3i-39), (6
J'«4t'2/U leads us to conclude that the interaction between
spins on neighboring ladders will have a magnitudewherej is a rung bond index and the labélandr denote
J'=0.25), whereJ is the intraladder magnetic coupling of Spins on the left and right sides of the ladder. Following Ref.
both rung and leg spins. Becaudeis an appreciable frac- 19, transformation to the bond-operator representation yields
tion of J, it is clear that the spin interactions in LaCu&will
have significant three-dimensional character. H=Ho+H;+Hy+Hyo, (7)

[lI. MEAN-FIELD ANALYSIS where
OF THE SPIN GROUND STATE

, , , Ho=J3> (—3slsi+3tl .t )— i(ssj+t! ti ,—1),
A mean-field analysis of the spin state for ladder systems ° JEQ (2883t at).0) JEQ #(SSiHtatj 1)
was introduced by Gopalaet al.,*® and in this section we (8)
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‘ . where in turn
Hl—szE (] otis2.aS] 158+t ot 5 oSiSj 45+ H.C)

9

o= \(A EAL)Z—A(AEA))? (18)

yield the dispersion relations of the two magnon branches.

and The Hamiltonian now takes the form

-J>IH

(t] atis L0 dg.08 Sj Hm(x,8)=N(—$§Js%—us ?+u) = $N(3J—u)

le, 159
y=*1 +3X+rv3y

M2

t v 41
P 1 a0 S dre st HC). (10 > ;, O Ve Va3 (19
In these equatlonsJ is the creatlon operator for a spin sin- which contains the mean-field part and the zero-point quan-
glet on bondj, the operators create the three possible tum corrections from the triplet magnon excitations. The
triplet states on the same bond and the Lagrange multipliemean-field equations to be solved self-consistentlyf@nd

4, introduced to ensure the constraint S are given by
dHp, A+ VA,
t k k "
2t ot e= (11) < g >:o—*2— 332 gy Mm(ed) (20
M ky==*

on each bond, which restricts the physical spin states to sirand
glets or triplets, appears as an effective chemical potential.
The partHyq in (7) contains terms with three and fotyr,, dH, 3 u Ay K ,
operators, and will be neglected in our approximation; in s :O:§+Zj_ 3KVE:+ 20! aNm(@y),
Ref. 19 it was shown in addition that the effects of such k 21)

higher-order terms are small.
Because the singlet on each bond has the lowest energyhere

we assume that the system condenses into this state, leading

to a finite expectation value of the bosorsc operator, a;f:)\codgt)\’co%k co%ky (22

(sj)=s. This is the average expectation value, or mean-field

value of the operators;, and the site-dependent chemical contain ttr;]e d|s;|)er3|ve pt)artsf ijt m(wg) _cliletr;ot(;_s the d
potential u; is also replaced by a global average vajue magnon theérmal occupation function, and will be discusse

Working with the physical unit cell, which contains two in more detail in a future publication. The factor of 3 pre-
rungs, we may transform the operatotﬁao in Ho, H,, and ceding thek summations in both equations is the result of the

H 1 hose for two ypes ofrples], andi, The Hami 20 et 1 e 100 KR Haaron o0 e
tonian in this approximation %4 S

of the correction on the results presented there.

The mean-field equations are solved at zero temperature,
Hm(®,s)=N(—3Js?—pus +,u)+2 Z [Akt‘k’;‘lt;a where the thermal factor becomes unity, and by taking the
ka [v=1.2 continuum limit in which thek sum becomes an integral
At +tY )]+ [ALLIE2 over three-dimensional reciprocal space. As in Ref. 19 we
fat ket that " e K kaTka reduce the two equations to a single one for the variable
+AL(GT2 it a)]+[1<—>2]] (12 2Js?
k{tkal-ka ™ tkal -k d= = , 23
in which e
which has the form
Ay=35J—pu+JIs?cok,, (13
1js? d=5-32 f LI 24
Ay=3Js?\COk,, (14) = 2 | @ Trda Virda (24)
A =2A,=—J"s’cos kxcos%ky, (15  As a characteristic parameter of the spin-liquid ground state,

we will be most interested in the value of the spin gap, the

andN denotes the total number of ladder rungs. The part ofninimum excitation energy of the triplet magnon excitations,
Hpm (12) dependent on the triplet operators is diagonalized byyhich is given by

the non-unitary, bosonic Bogoliubov transformation
=(3J—w)V1-d(A+1)'), (25)

h ffici . b with d determined by the mean-field equati@4). From Eq.
whose coetficients are given by (16) we see that the excitation spectrum has a minimum at
/ / the wave vectoky,=(0,0,7) in the reciprocal lattice of the
+
Coshggkt:AkJ;Ak' Sinhzglf:w_ (17)  bipartite structure shown in Fig. 3. The value Jof where
Wy Wy A is driven to zero will give the transition from the spin

yi,=cosho (tt +t2 )+sinhg; (=t —t21 ), (16)
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liquid state, where the spin orientation fluctuates with a time- -, 0.0
averaged value of zero and with short-range correlations pri- 4
marily atky,, to a magnetically ordered state characterized
by ky . This wave vector corresponds to uniform polariza- 040 |
tion of the spin singlets on ladder rungs in they) plane,
with spins oppositely directed between neighboring planes in
the z direction, i.e., a simple antiferromagnetically aligned
spin pattern.

In the limit of no interladder coupling we obtain the spin
gap A,=0.501 of the isolated, isotropicN=1) two-leg

ladder. This is only a mean-field result, but is in very good 0.00 ' :
0.00 0.05 0.10 0.15

0.20 +

agreement with the resul,=0.504) of numerical studie’s () 0
by the density matrix renormalization group technique. In
fact this agreement is largely serendipitous, and deteriorates 0.60

on taking into account the higher-order terfAsn the mean- 3
field approximation, the spin gap of the isolated ladder di-
verges logarithmically in the limit of larga,'® and the ef-

fects of this increase are already manifeshatl, causing

the mean-field result, which initially underestimates the spin

gap, to recover towards the exact value determined numeri-

cally. In this treatment we have not had to invoke a self- 0.20
energy correction term: in Ref. 19, the authors investigated
the curious qualitative behavior of the solution to thir-

0.40 1

roneou$ mean-field equation by expanding in smalhbout 0.00 s : - -

the limit of strong rung coupling where the dimer treatment 000 010 020 0.30 J?;J"O 0.50

is accurate. In the corrected mean-field theory, one obtains (b) /
A=JA-N+ 32+ 303+ 0(0Y), (26) FIG. 4. (a) Spin gapA as a function of the ratio between inter-

) ladder and intraladder magnetic couplingdJ, calculated for a
which corresponds reasonably well to the result three-dimensional system &t=0, in the mean-field approximation
from the starting point of dimerized ladder rungs. Here the intra-

A=J1-r+3IN2+IN3+0(0\%) 27) 9P g

ladder rung and leg interactions are the saime 1), and the value

of a detailed strong-coupling analysis including excitation®f the spin gap ai’ =0 is that of the noninteracting, two-leg ladder
modes? Previously, the coefficient of the quadratic term had(20=0.501)) in the same approximatiorib) Spin gap for a two-
been found to be negative, and so a self-energy tgnp  dimensional array of ladders.

was introduced to correct for short-range interaction effects

which appeared to have been missing at the mean-field Ieveﬂ{]own as??,fE%cFioPhot’ ifntrl]:ig_. 4(Ib)t’ "gh?retag"’_‘”’?:dé ant_:li_h
the chosen valug=0.7 brought the results into good argee- € gap ah ' =0 IS hat ot the 1Solaled, 1Sotropic fadder. 1he

ment with previous numerical ones, and with the above ap¢'itical value of the interladder coupling,.=0.43, isseen

proximate treatments. to be significantly greater than twice that in the three-

The spin gap obtained from the solution @4) for the dimensional case above, as might be expected for the simple

three-dimensionally coupled ladder system is shown in Fig/€ason that there are half as many interladder interactions,

4(a) as a function of the interladder coupling, for fixed yvhich may be taken as an indication that the spin liquid state

\=1. We see immediately that the spin gap decreases mon& more_robust in lower dimensions. The almost linear d_e-
tonically, with the transition point at’=0.121. Comparison C'€ase, in contrast to the downward curvature of the function

with the result of Sec. Il indicates that the LaCu£X»system iq Fig.. 4@, illustrates the mpst significa}nt .effect of dimen-
should lie within the ordered antiferromagnetic regime, butsmnallty, and agrees well with the qualitative result of Ref.

that it is indeed located in the vicinity of the quantum critical 19'W lude th ithin th f1h
point marking the phase transition from spin liquid to mag-,. e may conclude that to within the accuracy of the mean-
netic order. field approach for an isotropic ladder system, the above

It is also instructive to compare the appearance of the Spiﬁnaly3|§ plrlowdgs g(d)oq dewdfer;lce that LaQ@ngslon t'he f
gap with that in a two-dimensional, unfrustrated periodic ar-Magnetically ordered side of the quantum critical regime o

ray of coupled ladder¥ In this case the dispersive factor in € transition between spin liquid and antiferromagnet.

the excitation spectrum will be
IV. HARTREE-FOCK APPROXIMATION

a=Acok,— 1\'cok,, (28) TO THE HUBBARD MODEL

wherek, is a wave vector parallel to a ladder rung. Again We have seen in the previous sections that the interladder
km=(0,7) corresponds to a simple antiferromagnetic spininteractions in LaCu@s are quite strong, and possibly suffi-
alignment in the ordered phase, and the factok appears ciently strong to change the magnetic structure from a spin
because there is only one bond between ladders per spin liquid to a three-dimensionally ordered antiferromagnet. To
such a system. The spin gap for the two-dimensional array iexamine further the character of the electronic structure, we
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introduce an on-site Coulomb interactiod, to the tight-  the square root in Eq5) is denoted bye; the eight band
binding band structure of Sec. Il, and perform a Hartreegispersions will have the form

Fock calculation of an ordered antiferromagnetic state. In a

strictly one-dimensional system, the critical valuelbfnec- El=* [+ 4t2cogik,+ Lu?sn?)Y2- 2t/ cosk,,
essary to stabilize an insulating antiferromagnet vanishes at (34)

half-filling, whereas in a general, three-dimensional elec- ) .
tronic structure it is of the order of the bandwidth. wherei labels the bands. Theén term splits the former

Introduction of the on-site Coulomb interaction leads to afour bands into two sets, which &k becomes large will not
Hubbard Hamiltonian overlap, ensuring that the half-filled system becomes insulat-
ing. The corresponding eigenvectors are the states

Hyw=—> tiicl ci,+U>, clciclici. (29 &

o e =3, Clek. 39
Examining the stability of an antiferromagnetic state with .
wave vectork,, , we note first that there will be no increase Where the index runs over the eight atomic sites, ag is
of the unit cell in the §,y) plane, since there are already two the Bloch state created by the operatr The Hartree-Fock
atoms for each spin direction, but that it doubles alang equations for the system, which will determida and the
when the spins order along the ladder legs. In the notation afhemical potential x at fixed U when solved self-
A andB sublattices for the bipartite system, sites=1,3 of  consistently, are the equations for the total and site occupan-
the original unit cell[Fig. 1(c)] in every second plane, and cies
m=2,4 in the alternating planes, will belong to tAesublat- 8
tice, while the remaining sites will belong 8. Introducing 12 d3k 1

the pgrameteb‘nAlznT—nl as the differencg bet_vveen'aver— TOoT a4 (2m)3 m (36)
age site occupation by particles of each spin orientation on a

site of theA sublattice, we requirdn,= — sng= én for all and

sites. We proceed by solving the problem in the Hartree- o '

Fock approximation, with the value &f wheresn becomes L d*k |CjJ?

finite marking the antiferromagnetic transition. 2(1=9)(1+ an):izl f W m' 87

Following the treatment of Sec. Il, the Hamiltonian may

be written as in Eq(2), with now ¢}, =(cia ¢t .. ),

where the superscripta and b denote atoms in the two

These equations have been generalized to arbitrary band fill-
ing, which is expressed in terms of the deviatiénfrom

(x,y) planes of the doubled unit cell, and

half-filling, which in turn is normalized to be 1. The chemi-
cal potential is contained ig,=E, — u, and the second ex-

M. S(ky) 0 R*(k,) pression is valid for the coefficients of any chosen Bloch
S*(—k,) M _ R(k,) 0 function j. _ _ N _ . _
H,=— . , The operation of diagonalizing the Hamiltonian matrix
o 0 R*(—ky) M. S(ke) (29) can be performed numerically at sufficient speed that it
R(—k,) 0 S(—k,) M_ is still possible to solve the Hartree-Fock equations, which
(30) involve three-dimensionak integration, on a workstation
] ) ) within a reasonable amount of time. In Figabare shown
in which the 2<2 matrices the energy bands for the incipient antiferromagnetic system
) L . for half-filling (6=0) andU=t. The splitting of the bands
2t;c0k,+3Udn 27 into upper and lower branches as a resultbfis clearly
M. = t e~ i1 ot'cok.Tiusn] (3D) evident, as is the characterisicX SYI' and ZURTZ struc-
z zhz ture of the purely kinetic Hamiltonian in both sets of bands,
" ) 1 at positive and negative energies, as a result of the folding
te™! tr’e'k'”'ikZ back of bands due to the change in meaning of the coordinate
R(k,) = , (32 k,, which now spans a Brillouin zone half the former size.

. 1 i
t;elk-l’*likz tre'k'r

R_(kz) (defined identically using ) and

t.cossk,e' sy

téCOS% |(Xeikysy+i1/2<Z
téCOS% kxeikysyfi1/2kZ

tcostk,e' Sy

S(kp)= (
(33

At this value ofU, the half-filled system would appear to be
close to the transition from metallic to insulating behavior,
which one expects near the point where there is no longer
any overlap between upper and lower band energies in any
region of reciprocal space. At smaller valueslbf the two

sets of bands are characteristic of the doubled Brillouin zone,
and have a semimetallic overlap, whileldss raised to large
values, the energy gap increases, and the bands become pro-

are the generalizations of the previous expressions to the negressively more flat.

unit cell, and the neve-axis dimension is set to unity. This In other cuprate compounds, a Hubbard model has been
matrix cannot be block diagonalized, but the structure of thdound® to give an accurate description of the low-energy
solution for the eigenmodes and eigenvectors is evident frorbehavior with a ratioJ/W of order unity, wheréW is the
Sec. IIl. Schematically, if thek( ,k,) dispersion contained in bandwidth. Here the total bandwidth of the uppermost va-
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20 hopping matrix elements, although quite strong, are not suf-
i ) ficient to destroy the nesting character completely, which
~ 4 \\\ would make the electronic structure effectively three dimen-

1.0 -7 N sional.
This quasi-one-dimensional behavior of the bands may

also be reflected in the sensitivity of the system to random

E.(eV)
¢
\/
I
\
P

0.0 Ve potential fluctuations. It is well known that the onset of lo-
LN, ANZar )_\< calization is strongly dependent on dimensionality. Clearly,
ot AV ) in ladder compounds there is an inherent conflict between
— the need to change the valence of the counterions in order
7 \< to induce hole carriers, and the need to avoid strong,
20 random potential fluctuations. Thus it appears that in
r XS YIr Z UR T2 La;_,Sr,CuO, s the random potential fluctuations act to
(a) cause localization fox=0.15, in spite of the substantial in-
terladder overlap, suggesting that a more gentle hole-doping
1.0 : ; . N
technique will be required to retain itinerant character at
small doping concentrations. This could perhaps be achieved
c 08 in structures where the counterions are further from the lad-
© o6 ders than in the present case of LaGy4O
o4l V. CONCLUSION
We have investigated the basic electronic and magnetic
02} properties of the three-dimensionally coupled two-leg ladder
compound LaCu@s;, a material which is of significant ex-
0.0 | . . . perimental and theoretical interest as it is the first ladder
0.0 0.5 1.0 15 2.0

compound to be discovered in which the Q4 ladders may
be doped with holes. We present a tight-binding fit in which
the bands are derived from a singlé,{_,2) orbital close to
the Fermi energy on each copper atom. The results of LDA
studies are well reproduced by reasonable values of the most
significant transfer integrals: those within each ladder are
are shown fold=t=0.4 eV, where the half-filled system is close fﬁundhto k_)e similar to thefCl;]Qp(Ijana_r SySte'r?’ Qm?haSIZIng
the metal-insulator transitiontb) Antiferromagnetic order as a the short-range nature of the dominant physical processes,
function of U. The degree of ordering is parameterized by While the interladder hopping terth= 3t is found to be quite
sn=n;—n, the difference between the average occupation oflarge. As a consequence, the interladder magnetic coupling
each site in the structure by particles with spins oriented upwardg’ is also relatively large, and the compound may be ex-
and downwards. The doping #=0, i.e., the system is half-filled, pected to exhibit some three-dimensional characteristics.
and the temperature is taken to be low. The effective spin interactions in this structure are those
of unfrustrated antiferromagnetism, and a mean-field treat-
lence bands is approximately the same as in the cupratggent of the magnetic state from the basis of dimerized sin-
with CuG, planesW=3 eV. Since the local environment of glets on the rungs of decoupled ladders gives a spin-liquid
the C#* ions is similar, the on-site Coulomb repulsion phase whose spin gap decreases with increasing interladder
should also be the same,=4 eV. These parameter values coupling. The spin gap is found to vanish, signaling a tran-
place LaCuQ@s well within the Mott insulating region. We sition to an ordered phase, at an interladder coupling ratio
note that the actual magnetic structure cannot be determinel/J somewhat smaller than that deduced for LaGyQin-
in the Hartree-Fock approximation, as the quantum correcdicating that the system is located in the antiferromagneti-
tions which act to stabilize the spin liquid phase are notcally ordered state, albeit not far from the quantum critical
included. point of the ordering transition. We may take the very small
The form of the Hartree-Fock solutions for smaller valuesvalue of the intrinsic susceptibility measured at low
of U are sensitive to the effective dimensionality of the elec-temperaturé$ as evidence that proximity to the critical
tronic structure. In general, values 0f~W are required to  point, and the possibility this allows of significant critical
obtain a Mott insulator at half-filling, but the perfect-nesting fluctuations, plays an important role in determining the phys-
property of a one-dimensional band gives an insulating states of the system.
for arbitrarily small values oU. In Fig. 5b), the average Further insight into the electronic properties is provided
antiferromagnetic ordefparametrized bysn) in the half- by the introduction of an on-site repulsion teri, to the
filled system is shown as a function of the on-site repulsiorband scheme: within the Hartree-Fock approximation we
U, which is measured in terms of the bandwitth=3 eV. find that in the half-filled system the transition to an antifer-
In LaCuG; 5 we find that the critical valuéJ, for the anti-  romagnetic insulator occurs for valueslfquite small com-
ferromagnetic transition is rather small.=0.2W, which  pared to the bandwidth. This is a reflection of the fact that
indicates substantial one-dimensional nature. The interladdeéhe predominant feature of the bands remains the dispersion

uw
(b)

FIG. 5. (a) Band structure computed in the Hartree-Fock ap-
proximation for the parameters of the tight-binding fit of Sec. I,
with the inclusion of an on-site repulsion parameterThe bands
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in the ladder direction, and this one-dimensionality, also apwill serve to reconcile the apparent contradiction in current
parent in the Fermi surfaces of the partially-filled bands,results.
makes the system inherently susceptible to potential fluctua- The observation that the spin liquid is not the appropriate
tions. ThatU, is finite illustrates an absence of perfect nest-description of the magnetic ground state is itself important,
ing conditions in the band structure, and the instability oc-Particularly with regard to the current interpretation of the
curs at the antiferromagnetic wave vector. susceptibility dat&® While it may be possible to deduce the
Our results represent the first theoretical consideration oform of the susceptibility suitable for the critical regime from
the LaCuQ s system. While by the nature of the approximate & mean-field picture, we await the results of numerical stud-
techniques used they are somewhat inexact, we believe thigs of the same system in order to ”.‘ake. a more detailed
they are important in establishing the parameter space for tHe?MParison with the data. A further direction not strongly

magnetic state, and in focussing the direction of further re_emphasized in this communication is the nature of the doped

search. The properties of such “nearly critical” magnetic system: the methods used here become less accurate at finite

systems have been studied for the two-dimensional, planegrOpmg’ and so were not studied in great det_a_il in this _regir_ne,
case by detailed analytialand numeric&f techniques. We ut may npnethele_ss be use(_j 1o obtain gdd|t|onal insight into
propose the application of similar methods for the case o¥he. evolution of spin properties on moving towards the me-
ladder systems with variable interladder coupling in two ad-ta"'C state.
diti.onal dimensions, to_invgstigate the _natu,r,e of_ the pritical ACKNOWLEDGMENTS
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