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Sr,CuO; and CgCuO; are considered to be model systems of strongly anisotropic, spin-1/2 Heisenberg
antiferromagnets. We report, on the basis of a band-structure analysis within the local-density approximation
(LDA) and on the basis of available experimental data, a careful analysis of model parameters for extended
Hubbard and Heisenberg models. Both insulating compounds show half-filled nearly one-dimensional anti-
bonding bands within the LDA. That indicates the importance of strong on-site correlation effects. The bonding
bands of CaCuO; are shifted downwards by 0.7 eV compared with@uO3, pointing to different Madelung
fields and different on-site energies within the standaddnodel. Both compounds also differ significantly in
the magnitude of the interchain dispersion along the crystallographidaection: ~ 100 meV and 250 meV,
respectively. Using the band-structure and experimental data we parametrize a one-band extended Hubbard
model for both materials which can be further mapped onto an anisotropic Heisenberg model. From the
interchain dispersion we estimate a corresponding interchain exchange cahstarft.8 and 3.6 meV for
SrL,CuG; and CgCuO,, respectively. Comparing several approaches to anisotropic Heisenberg problems,
namely the random-phase spin-wave approximation and modern versions of coupled quantum spin chains
approaches, we observe the advantage of the latter in the reproduction of reasonable values fet the Ne
temperaturely and the magnetizatiom, at zero temperature. Our estimate Jf gives the right order of
magnitude and the correct tendency going fromC3rO; to Ca,CuO;. In a comparative study we also include
CuGeQG;. [S0163-18207)04830-3

[. INTRODUCTION (Ref. 10 appears to be the record value of an exchange
integral among all known quasi-1D antiferromagnets. The
Initiated by the discovery of highi;. superconductivity in  correct description of the physics of a magnetic quasi-1D
cuprate compounds, there is a renewed and growing interesystem with a weak magnetic interchain interaction has re-
in the electronic and magnetic properties of quasi-onecently attracted much theoretical attention, see, e.g., Refs.
dimensional(1D) structures near half band filling. Anionic 16-19. For all these reasons,,8uQO; has been announced
quasi-1D CuQ chains of oxygen corner sharing CyO to become a “superstar” in the field of low-dimensional
plaquetets are present in SuOsand in CaCuOs;>?  magnetism in the near futuf@.
and CuQ, chains of edge sharing plaquettes are present in In the work of Amiet al,® with the assumption of only a
CuGeQ.® Moreover, the first two of these compounds can bevery weak dipolar interchain interaction constdnt= 0.01
regarded as “parent” compounds of more complex strucimeV and on the basis of random-phase-approximation
tures such as the double-chain compound SrC(ich, in ~ (RPA) spin wave theory, for SICuO; a Neel temperature
notation SpCu,0,, is obtained from SyCuO; by replacing below 0.03 K(Ref. 21 was conjectured. At that time, due to
the CuQ; chain with a CyO, double chaip and of a resolution problems and because of the very small ordered
whole family of celebrated multileg ladder compoundsmoment<<0.lugyn,, Neutron diffraction on powders failed to
SrnCUyn 2045 2.4 A detailed theoretical description of the detect antiferromagnetic ordering down to 1.5 K. However,
parent compounds is naturally a prerequisite for understandhe relatively small interchain distances of 3.3 — 3.5 A sug-
ing all those materials. It is also desirable in view of thegest that direct interchain hopping, which leads to a much
related two-dimensiondPD) cuprate structures of the high- stronger kinematic exchange interaction, cannot be ne-
T. materials;~*! and particularly in view of possible dy- glected. The discussion of consequences for the magnetic
namical stripe superstructures in the latfer. properties forms a main issue of the present paper.
Experimentally, SsCuO5 and CgCuO; are found to be While numerous band-structure calculatitinand tight-
the best realizations of the quasi-1D spin-1/2 antiferromagbinding parametrizations of one- and multiband Hubbard
netic Heisenberg modeglAHM). Their Neel temperatures, model Hamiltonian® for the quasi-2D cuprate structures
Ty~ 5 K for Sr,CuO; and Ty= 9 K for Ca,CuQO3, are  can be found in the literature, we are aware of only two
very low compared to the intrachain exchange integraldand-structure calculations for a quasi-1D cuprate structure,
Jj~ 0.2 eV, and the ordered momenis Q.1ugyn) are ex-  both for CuGeQ@.*** On the basis of a wealth of available
tremely smalf*~*® The value J;=190 meV for SsCuO;  experimental data for CuGeQlarge efforts are currently di-
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rected to the parametrization of phenomenological antiferro-
magnetic spin-1/2 Heisenberg models and extensions includ-
ing frustration in the next-nearest-neighbor intrachain
exchangeé®2°To our knowledge, no parametrization on the
level of Hubbard-type models has been undertaken as yet,
although estimates within the Anderson impurity mdel
were pointing to strong correlation. The understanding of
CuO; chain substances is less developed, especially with
respect to interchain interactions, and we shall present here a
comparative analysis of both cases.

In contrast to the antiferromagnetic ordering o§Qr0O;,
the less anisotropic compound CuGg@xhibits a spin gap
state belowrl gp=14.2 K which is accompanied by the occur-
rence of a period-two superstructure with a very small dimer-
ization amplitude ofuy~ 0.007 A. Therefore it has been
interpreted as a spin-PeieflSP state. The SP state is sup-
ported by frustrated second-neighbor exchafig&Vvhen
doped with Zn for Cu or with Si for Ge, a coexisting &le
state has also been found below 4.5°K¥? The thereby
observed magnetic moment, for example, of @g3, in
Cu;_,Zn,Ge0;, is significantly larger than the correspond-
ing value of 0.0G,, Observed in SSCuO;,*® suggesting a
much larger anisotropy of the latter compound.

Within the frame of strongly anisotropic three-
dimensional Heisenberg models, all considered compounds
should be described by a dominating intrachain exchange [l. BAND-STRUCTURE AND INTERCHAIN
coupling, a small exchange coupling in the direction of the TRANSFER
shortest interchain spacing which reduces the strong quan-

tum fluctuati d ' dered i The crystal structure of the isostructural compounds
um Tuctuations :and provides a nonzero ordered magne 'ngCuQ and CaCuO;s is depicted in Fig. 1. Chains of oxy-
moment in the ground state, and a generally very small in-

gen corner sharing Cupplaquettes run along thie direc-

terchain coupling in the third direction to ensure a nonzergjon The in-chain Cu-O bond length is 1.96 A and practi-
Neel temperature in accord with the Mermin-Wagner theo-cg|ly the same in both compounds while the Cu-O bond

rem. By applying the results of available theoretical ap-lengths in thec direction differ: 1.95 A in SpCuO; and
proaches to the anisotropic two- and three-dimensionaj 89 A in Ca,CuO;. The two inequivalent oxygen sites are
Heisenberg model®'#33one may extract phenomenologi- referred to as chain oxygen and side oxygen in the following.
cal estimates of the exchange parameters for the chain cthe shortest interchain distance occurs indhgirection and
prates, which then can be compared to results of electronigiffers substantially for both cases: 3.49 A in,8u0O; and
structure theory. Interestingly, different approaches yield sig3.28 A in Ca,CuO;.
nificantly different predictions. The accurate determination The self-consistent LDA-LCAO method has been applied
of the Neel temperature of a strongly anisotropic Heisenbergo both compounds with a minimum basis treating the Cu-
magnet is still an unsolved and challenging theoretical task(4s,4p,3d), O-(2s,2p), Sr-(5s,5p,4d), and Ca-(4,4p,3d)
We review here two frequently used approaches and comorbitals as local valence basis states and the lower orbitals as
pare their predictions from our estimates of exchange paraneore states. The crystal potential is calculated from overlap-
eters with experimental data. ping spherical site densities. All basis states are calculated in
In Sec. Il we present band-structure results fosG3rO;  the spherical site contribution to the crystal potential and
and CgCuO; which were obtained by applying a linear- recalculated in each iteration step. The valence basis orbitals
combination-of-atomic-orbitals(LCAO) scheme to self- have been compressed by an additional attractive potential to
consistently solve the Kohn-Sham equation with the localteduce the overlap among théffDue to the relatively open
density approximation to the exchange and correlatiorcrystal structure two empty spheres per unit cell have been
potential (LDA-LCAO). This approach provides us, in a introduced with empty spherge and p orbitals at each site.
most natural way, with tight-binding parameters. Using thesd-or the exchange and correlation potential the parametriza-
results and experimental estimates for short-range correlatiaion of von Barth and Hedin was chosen and it has been
effects, in Sec. Ill a single Cufchain is represented by an calculated in the atomic sphere approximation. We show
extended Hubbard model and compared to the situation witin Fig. 2 the band structure and in Fig. 3 the density of
CuGe0;. The magnitude of interchain exchange is estimatedgtates (DOS) of Sr,CuO;. The corresponding results for
on this basis. In Sec. IV, estimates ofléemperatures and CaCuO; are similar. The quantitative differences between
ordered magnetic moments are derived by applying bottboth compounds are discussed below. To check the LCAO
standard RPA spin-wave theory and modern quantum spirband structure by another method, we also performed calcu-
chain theory. The results are summarized in Sec. V, and alations using the linear muffin-tin orbitdLMTO) approxi-
outlook is given. mation. We found no substantial differences, only the overall

FIG. 1. Crystal structure of S€CuO;.
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FIG. 2. LCAO energy bands near the Fermi level fosGiO; FIG. 4. Dispersion of the nearly one-dimensional band. The
along high-symmetry Brillouin-zone directions within thie, (k) inset is for fixedk, = Kypermi = m/2b.

plane. The momenta are given in units ef/@,w/b). Strong dis-

persion can be seen aloii@,0—(0,1) (b direction, parallel to the . i

CuO; chaing whereas a small, but non-negligible dispersion in thelncreases to a_‘ weight (_)f 2% for the Ca compound. o

perpendiculaa direction can be seen. The metallic behavior of the LDA band structure is in
sharp contrast to the experimental observation of large opti-

. cal gaps~ 2 eV which are comparable to the bandwidth
bandwidth of the wholepd band complex was found to be obtained above. This points to the necessity of dealing ex-

sorRewhat s;nzll;ar n th.e Lll\/'TOh res_u(Irlsee nu'rgbertg beld\';’ plicitly with the strong on-site Coulomb repulsion at the cop-
S EXpected from simple chemical considerations o CO'per site. The experimental gap cannot be explained by a spin
valency, there is a single, well-separated, nearly one

. : i . . . density wave since it is large and persists also above fleé Ne
|d|mtTnS|(r)1nlal, ha(;f-fllled antlbo$|gg band(crossmg ;LhehFermltemperatureTN. Instead we have to anticipate the situation
evel with large dispersion in t irection(see Fig. 2 The of a charge transfer gap between valence states of mostl
width of this band is about 2.2 eVLCAQO) or 2.0 eV g gap W v Sty

- . . _Oxygen character and a copper er Hubbard band above
(LMTO) for both compounds. The characteristic quas"lDtr:(g?:ermi level pper-upp . v
van Hove singularities near the band edges are clearly seen In analogy to cuprates with Cugplanes the construction

in the DOS(see Fig. 3. A tight-binding analysis of the or- of a multiband, Hubbard-like model Hamiltonian would

gléals mvolve(ljl sh?r\:vs t.gat in a first agptrhoxm;]apon the Cutherefore be desirable. However, it is well known that such a
z2-y2 8s well as the side oxygerp2and the chain oxygen o niyonian can be projected to an effective one-band pic-

2py orbitals are of direct relevance. Only a negligible admix-, .o\, vioh ;
. properly describes the low-energy physrcg.
ture of Cu 4 states can be detected near both edges of thI‘f’he existence of a well-isolated, one-dimensional band in the

an;ibonding half-filled bgnd. Its weight as determined by thepresent situatiorishown in Fig. 4 in more detailsuggests

ratio of the co.rrespo.ndmg areas uglder the DOS cu(sze_e such a possibility all the more. We assume that the param-

inset of Fig. 3 is relatively small(0.3% for S,CUOs), butit  gterg for the one-band description can be determined by fit-
ting the band of Fig. 4 to a dispersion of the form

16 T T T T T T T

14

S(E) = 2t1,LDACOi kyb) - 2t2,LDACO§2kyb) - 2tl COSkxa
D)

12+

,Cu_-lf ] j ~r | which yields the values listed in Tablé".

"Cu-d-states’ - In Fig. 4 the dispersion in tha direction is clearly visible
as an energy increase with increaskygby nearly the same

6f amount both at the bottom and the top of the band. This
dispersion is present through the band and gives a value of
T t, =25 meV. To be more accurate we determirigdfrom
.l IA | the dispersion at the Fermi level which is shown in the inset
>+ s

of Fig. 4. The corresponding dispersion for LLa1O; is sig-
0 . s s , [\' nificantly larger, by a factor of 2.82.0 in LMTO). The
wooe s s 20 smaller lattice constant of G&uO; leads to an increase of
ooy @0 the interchain overlap of the Cdiand Op basis orbitals, but
FIG. 3. Density of statedl(E) for Sr,CuOs. The inset shows this effect alone is too small to explain the strong enhance-
the partial Cu 8 and 4s density of states of the nearly one- ment. We have checked that the transfer in ghdirection
dimensional band crossing the Fermi level. goes dominantly via the cation Sr and Ca, respectively. The

density of states (8V unit cell)
(-]
T
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TABLE |. Model parameters for SCuO;, Ca,CuO;, and CuGeQ. The LDA-LCAO derived tight-
binding parameters in the first group of rows are explained in Sec. Il. The LDA numbers for GuiseO
estimated from Fig. 2 of Refs. 24 and 25. The second group contains experimental (#althes case of
several data we prefer the underlinaghich were used in addition to the band-structure information to
estimate the corresponding parameters of the extended Hubbard model as well as the exchange integrals of
the anisotropic Heisenberg-modghird group of row$. They are derived and discussed in Sec. lll. The
experimental magnetic momept™®* (given together withTy in group IV) may be compared with©S¢
derived from Eq(19) using the experimental data for the in-chain exchange intedraiad our estimation
of J, . Vice versa, the experimentaP**' determines via the same E3.9) the empirical interchain exchange

integralsJS™.
Group Quantity SyCuO; Ca,CuO, CuGeG,
(GeCUl,XZHXOQ,)
| t1 pa/meV 550 520 250
to pa/meV 100 100 81
t, /meV 20-30 50-65 25-33
I Ey/eV (1.8t01.9%° ¢ (1299 (3.7)¢

JimeV (=J;/ meV) (140)‘,(@)9,(260)“ (ﬂ))i(254)h (1_1¢1)J',(22)k

1l t,/meV 410 419 187
t,/meVv 100 100 90
Ues/eV (3.19° 35 4.34(4.2 ¢
V,i/eV 0.21 0.16 0.1
|K|/meV 11 30 19
J, ImeV 05to 1.1 29t04.3 0.6t0 1.1 '
v Tn/K 5)! 8...10' (45m
1Y gonr (0.06x0.01)" (0.09£0.01)' 0.231
\% 1S wgone 0.08 to 0.11 0.19 to 0.24 0.35-0.45
J™ meV 0.3 0.1 0.6£0.1 0.27
8Raman resonance, Ref. 11. PMidinfrared, Ref. 46.
PEELS, Ref. 45. "Theory, Ref. 36.
‘Opt. absorption, Ref. 5. IINS, Raman, Refs. 27, 29, 31, and 43.
dopt. absorption, Refs. 38 and 50. KRaman, Ref. 28.
®XPS, Ref. 30. 'WSR, Ref. 15.
"Magn. suscept., Refs. 8 and 9. MINS, Ref. 55.

9Magn. suscept., Ref. 10.

two-center Hamilton matrix elements between side oxygerifferent on-site energies may have an influence on the dif-
and Ca are two times larger than the corresponding ones fderent charge transfer energies as discussed in the next sec-

Sr. tion.
Dispersion in thec direction is found within the level of We also analyzed in the same manfteg. (1)] the linear-
accuracy of the band-structure calculations only5(meV).  ized augmented plane wav@ APW) energy bands for

This practically missing dispersion in the direction indi- CuGeQ reported by Mattheis¥. CuGeO; differs from the
cates also that the interchain hopping in éhdirection takes chain cuprates considered above in the structure of the
place horizontally only, with no zigzag contribution in the chains. The Cu@ chains of oxygen edge-sharing CuO
(112) direction from side oxygen to side oxygen. plaquetets of CuGeQresult in a more complex highest an-
The comparison of the band structures of the Sr and th&ébonding band in which two @ states per oxygen site hy-
Ca compounds shows yet another interesting featuredridize with the Cud orbital. The more complex composi-
namely, the bonding bands betwee.5 eV and—11.5eV tion of the crystal also manifests in the band structure. In
for Sr,CuO; are shifted downwards by 0.6 to 0.7 eV for the particular, due to the sizable interchain interaction mediated
Ca compound indicating a significantly different Madelungby Ge and due to the presence of two chains per unit cell
field. For the same reason the side oxygen in the Ca conthere are two differently filled split-off antibonding bands.
pound comes out more negatively charged although the hyFor our qualitative comparison with the above-considered
bridization of its p, orbital with the Cu &,2_,2 orbital is  chains (CuO; chain, we replace them by one half-filled
slightly increased due to the shortened bond length. Thedeand for the sake of simplicity. The tight-binding parameters



3406 ROSNER, ESCHRIG, HAYN, DRECHSLER, AND MIEK 56

of CuGeQ; (Table ) contain a significantly smaller nearest- Ji~—|K|+J34F. (4)
neighbor transfer integral; | po~0.25 eV and an anoma- ) o ) ) N
lously large next—nearest-'neighbor integral, pa~0.67; Notice that within this approacli, yleld_s a competitional
—0.18 eV estimated from Fig. 2 of Ref. 24. The large dif- (frustrated character to the usually dominant short-range an-
ference of the transfer integrals, o, between chains of cor- liferromagnetic correlations which are established Ly
ner sharing plaquettes and CuGg€hould be related to the That term is especially important for CuGgO '
efficient 180° Cu-O-Cu hopping for the former (p-d bond The two main parameterisj_ andt, of the effectlve_ex-
compared with the inefficiency of nenp-d hopping[nearly tended Hubbard mode! are directly related to the opt|cal gap
135° (45°)] for CuGeQy; for further details see Ref. 39. This Eg and the exchange integral between nearest neighljors
special structure also explains the relative large next-nearegithich are experimentally accessible. The following analysis
neighbor transfer integrats in CuGeO; due to the involved 'S considerably S|mpI|f|eq |.f the materlals-of interest are in
effective o p,-p, hopping along the chain. The interchain the strongly correlated limity >4t and excitonic effectg at
hoppingt, can be deduced from the dispersion in the Z€ro-momentum transferq are not very strong, i.e.,
direction of the LAPW energy bands of CuGg@nd is of ~YU>1>Vj, j=1,2. The parameter sets derived below sup-
the same order as in SEuO; and CaCuOs. port_such a point of view. We take into account t_h_e effect of

Based on both the available experimental data and thée intersite Coulomb interactiow, by renormalizing the
band-structure information obtained here, a semimicroscopign-Site correlation in the forme=U—V;. Then we may
strong correlation model will be constructed which then cart!Se the optical gaf, obtained from the Bethe-Ansatz solu-
be mapped approximately onto a spin-1/2 Hamiltonian td'on for the pure 1D Hubbard model given by Ovchinnikdv,
describe the magnetic properties. This is the objective of the 2
next section. E :1&1J“ Vx®—1dx

Uer J1 SINN(2 7t X/ U o)

lll. MICROSCOPIC DESCRIPTION IN TERMS U4t 42 In 235F
OF THE EXTENDED HUBBARD AND ANISOTROPIC T et 1
HEISENBERG MODELS for Ugty,  IF=at2/U )

A. General relations In the strong coupling case E(p) can be transformed to the

Here we parametrize the well-known extended Hubbardiseful relation
model for one single chain with hopping terms to first)(

and second neighbors,j: t;=0.577(1+ VEg /37" +1-2 In 2). (6)
It has been assumed that the smaller paraméjeasd |K]|,
H=-— E _ tj(CIq,sCm+j,s+ H.c. i.e., the ho_pping to second neighbors gnd_ the ferromagnetic
mj=12s exchange in Eq(2), have no substantial influence on the
U charge transfer gafbutt, enhances the spin gap in the spin-
+ 52 Ch CmsCh _Cm-st 2 Vilmlmsj Peierls state _
m;s mj=12 The presence of a weak second-neighbor exchange can be
approximately described in some cases by an effective renor-
—IK|> §S.1, (2)  malized nearest-neighbor exchange integrél
i
J=J1—I’J2~J1—J2, (7)

wherenm=EScL’SCm,S is the density operator argldenotes
the spin index. We included in Eq2) a small, but non- wherer=1 according to Ref. 42 and=1.12 according to
negligible direct ferromagnetic exchange which naturally ap-Ref. 43. Recently, Stephan and P&npredicted a strong
pears if we map a multiband, Hubbard-like Hamiltonian to anarrow excitonic peak in the density-density response func-
one-band modeP Its necessity and its main effects will be tion N(g,) of the EHM in the strong coupling limit at the

discussed below. zone boundary = =/b:
For the low-energy physics, at half-filling the extended
Hubbard model2) can be replaced to leading ordertitU we(m/b)=U—Vy, ®

by a spin-1/2 Heisenberg chain. It includes also a seconds idedV.>0
neighbor exchangé, (Ref. 40 and reads dprow eaVe=L

. . B. Parameter assignment
H_le SiSH1+J22i SSit2, In principle, we can determin®l o andt; from the ex-
perimentally measureety and J values using Eqs4)—(7)

4@ 4t§ which are presented graphically in Fig. 5. In the case of

= U_v.' 270w () SKCuO;, very recently the narrow excitonic peak at the zone

! 2 boundary (8) and with it Uy were also determined
where the effective exchange integrdyj of the spin-1/2  experimentally’®
Heisenberg Hamiltonian of cuprates is reduced from the pre- However, to the best of our knowledge, the available ex-
dominant antiferromagnetic superexchange part by the ferrgaerimental information on all three systems is incomplete or
magnetic contributiori2) contradicting each other. For instance, for ,CaO; the
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1. Sr,CuOs4

Recent electron energy loss spectroscopy data of Neudert
et al*® allow one to determin& .= 3.15+0.1 eV from the
maximum of Ine(w) at the zone boundari). At the same
g time E; was measured to be 1:90.1 eV from the data at
. small momentum. Similarhg,=1.92 eV was found from

SrZCuO:z, the Raman resonance ene]rggbiserved for diagonal in-
chain (yy) polarization only. Our aim is to derive values for
the magnetic coupling constants from E@—(7) with the
= 37— use of experimental values by andE,. Since it turns out

Eq [eV] =21 —— that the derived] values depend sensitively dd.; and
18 ----- Eg4, we consider two sorts of extreme cases. From(Eowe
o 20 '5'0 '10'0' '260' 500 obtain t;=0.410 eV with Ueﬁ=3.15Fev andE;=1.8 eV
¥ [meV] (lower bound. That corresponds tﬂff =213 meV. Accord-

: ing to Egs.(4) and (7) that value has to be reduced by the
frustrated next-nearest-neighbor excharlgeof about 12
meV (corresponding t@,= 100 meV from our tight-binding
fit) and by the ferromagnetic contributidi| before it can
be compared with the total experimental exchange integral
J=190+ 17 meV1° Thus we can estimate a direct ferromag-
netic exchange ofK|~11+17 meV. The slightly smaller
K value compared with 35 meV for L&uUO, obtained in
Ref. 35 might be attributed to the shorter Cu-O bond length
[ - of 1.89 A for the latter compound. The so-derived parameter
1 ’ set is listed in Table I. We derived a second parameter set

| = = = with a considerable smaller value 8f by takingEy=1.95
10 20 53 100 200 500 eV andU 4=3.25 eV near the upper bounds of the experi-
J¥ [meV] mental results. We obtain from E@5) t;=0.394 eV and
correspondinegJ’szlQO meV. Such a parametrization is

the on-site Coulomb interactiod . (lower panel of the Hubbard compatible ,W'th the total exchange mtegrgl . 135 mev
model according to its Bethe-ansatz solution vs inchain supereX(Ref' 9 derived from the, me}gnetlc quceptlbllle data,l' We
change integral™ (lower panel in the strong coupling limit for note that both parametrizations are incompatible with the
typical values of the optical gali,. The experimental values for 1argeJ values of 246 me\(Ref. 49 and 261 meVRef. 46

J4F are depicted by arrows. They are determined from the totaf€rived from midinfrared optical absorption ddthe small
exchange integral adopting ferromagnetic and second-neighbor differences between the latter values arise mainly from the

contributions discussed in the text. adopted phonon frequency of 70 and 80 meV, respectively,
involved in the phonon-assisted absorption procpesvided
there is no sizabléerromagneticsecond-neighbor exchange
over-compensating the ferromagnetic nearest-neighbor con-

the magnetic susceptibility does not exist. Interpreting thetribUtioanl and the gntiferromagnetic next-ngargst—neighbor
midinfrared absorption as a phonon-assisted two-magnoﬁu_pereXCh_"“ngg_’Z_:4t2/Ueff' Anyhow, Fhe elucidation of the
process a value ofJ=255 meV was reportetf For ~ MICToscopic origin of the apparent discrepancy between the

SrL,CuO;, the experimental values range from 140 to 260 magnetic susceptibillity and the midinfrared optical ab_sorp-
meV #1946 the following we shall use 190 meV as a rep- tion data analyzed in terms of the simple nearest-neighbor
resentative value. According to quite recent data for this sysSPin-1/2 Heisenberg model remains a challenging problem.

tem the one-dimensional charge transfer g&g(Sn 2 Ca.Cuo
~1.9+0.1 (Ref. 49 might be somewhat smaller as com- TS
pared to the Ca compound. Strictly speaking, the optical ab- The slightly larger charge transfer gap of 2.1 eV suggests
sorption sets in already near 1.5 &/84°The elucidation of ~also an enhanced value in comparison with the Sr com-
the observed broadening of the expected 1D van Hove sirpound. That means that it is again difficult to find a reason-
gularity in terms of the interchain interaction, quantum fluc-able parametrization which is compatible with the lathe
tuations, disorder, and/or excitonic and other many-body efvalue of 254 meV from midinfrared absorption data. Due to
fects is a difficult problem beyond the scope of the presenthe lack of experimental information on the magnetic suscep-
paper. tibility we use in the following our theoretical estimate of
Taking this situation into account, we use the availablel60 meV for thel value of CaCu0;.% Adding a ferromag-
experimental data and also our band-structure results to deetic contribution of K|~30 meV (of the same order as for
rive a consistent parameter set of E) (tq, ts, Ues, Vi, La,CuQ,) and a frustratingd,~10 meV we may find
and |K|) for each of the three substances, separately. Vicd;"=200 meV. Of course, in the given case this should be
versa, the demand of internal consistency weights the expere¢onsidered as a very rough estimate. Then, together with
mental information. Ey=2.1 eV, we calculate from Eq6) t;=418 meV. Ac-

400}

ty [meV]
O
C
()
(0]
O
w
N\,
N\,

200} b

-

Uets [eV]

FIG. 5. Dependence of the transfer integralupper pangland

charge gap determined from the maximum ofel®) is
Eq=21 eV?> but a direct measurement of tdevalue from
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cording to Eq(5) that corresponds td.4=3.5 eV, showing sponding 2D values 0.11 eV or 0.17 eV given in Refs. 35
the expected enhancement. On the level ofttlenodel the — and 53, respectively, and the estimate based on the four-band
reason for the enhanced effective on-site interaction shoulthodel for CuQ chains® V;~ngn,Vya+n3(Vag—Vada)
be traced back to a largére ,q~ Uy . It seems to be related ~0.23 eV, where typical occupation numberg~0.7,n,
to a Madelung effect caused by the difference in the lattice~0.13 andV,q=1.2 eV for the copper oxygen intersite Cou-
parameters of the Sr and Ca compound, respectively. Thiemb interaction andV,44=0.5 (V,44=0.25) eV for the
point of view is corroborated by our band-structure calcula{next) nearest-neighbor copper intersite Coulomb interac-
tions discussed in the previous section: for,CaO; the tion have been taken.
distance between the half-filled antibonding band and the The value fort, in Table | was either taken from the fit
filled bonding bands is larger by 0.7 eV compared to the Sto the band-structure data=¢,,psn for Sr,CuO; and
case. CaCuQy) or inferred from the experimentally known value
for J,=4.3 meV(Ref. 26 for CuGeQ; using Eq.(5).
3. Intersite Coulomb repulsion and comparison with CuGgO

. . . . 4. Interchain exchange
According to the microscopic calculations of Geertsma

and Khomski® the total nearest-neighbor exchange integral Now, we would like to give a first estimate of the mag-
of CuGeO; J,(Ge)=11.6 meV can be decomposed into an netic couplings between chains. The interchain exchange in-

antiferromagnetic contribution af"F=30.4 meV and into a  téractionJ, in the a direction for S,CuO; and CaCuO;,
relatively large ferromagnetic one t|=18.8 meV. Letus (corresponding to thé direction in CuGeQ) will be ap-

stress again that the effective nearest-neighbor transfer int@foXimated by

gral t; and the on-site interactiod . are directly related to 42

the antiferromagnetic part only. For CuGg@Gharge transfer J, =t (9)
gaps of 3.66 eMRef. 30 and 1.25 eV(Ref. 50 have been Uert

8 H _ AF _ H
reported US'?g 59_3'7 edV gn&]lbb_ 3(?'4 mde\I/, the main where we assumed for simplicity the same intersite Coulomb
pa_rameters o t; ext_en € ubbard mo f Cﬁmel out alﬁteractionvl within the chain and perpendicular to it. The
11=0.187 eV andU¢r=4.34 eV. Interestingly, the latter ., oqn0nding values are listed in Table I. The discussion
value nearly perfectly coincides with the charge transfer enzy, e anout a possible direct ferromagnetic exchange which
ergy A=4.2 eV found out from the XPS data analyzed|gqqs 1o a systematic reduction of exchange integrals sug-
within the Ander_son_lmpunty model in Ref. 30. W|th|n @ gests that these values should be considered as upper bounds.
pd model the significantly enhanced correspondifigps | the case of CuGe@the so-determined, =1 meV can be
value should be attributed to the Ge cations located near t mpared with experimental data from neutron scattéfifig
CuO, chain oxygens. This point of view is supported by the ; _3 1 mev showing a reasonable agreement. Notice that

following observations. In compounds like R€U2041 iy the case of SICUO; our interchain interaction exceeds
where the Cu@ chains under considerations are surroundedyo ginolar interaction evaluated in Ref. 8 by 2 orders of
by earth alkaline cations the corresponding charge gap Ihagnitude.

reduced to about 2.8 gV.FQr that compoundie .4 as cal- The magnitude of the weakest interactidn, in the c
culated within the ionic point charge model amounts t0 3.7jirection is difficult to estimate theoretically for several rea-

52
ev. sons. It was already discussed that a band-structure hopping

Comparing the data collected in Table | we suggest thaj,seqral cannot be given at present. In any case it may be
Ca,CuO5 should be somewhat stronger correlated than its Séxpected thatl, . is smaller than the other exchange inte-

counterpart. Without doubt, the most strongly correlatedy g s by several orders of magnitude and is difficult to cal-
compound among them all is CuGg®aving the smallest ¢jjate in any case. Treatinlj , therefore as a purely phe-
transfer integrat; (Ge)=0.187 eV and the largeste(Ge) = homenological parameter in the following, we will use to be
4.34 eV. The large ratiob o/t; obtained in all three cases specific (if necessarythe same value for G&uO; as has
[7.7(Sn), 8.4Ca), and 23Ge)] justify a posteriorithe use of  poen evaluated in Ref. 8 for 2uOs, adopting the dipolar

Eq.(5). _ interaction ford, .~10~% meV.
The difference between andt; o may be explained by ’

a renormalization of the transfer integtal by the intersite
Coulomb interactioriv,. Within the Hartree-Fock approxi-

mation, the correction due t¥'; leads to a renormalized The magnetic properties of undoped cuprafies., one
effective hopping integrat;+pV; with the bond order hole per Cu site in the standapt mode) are usually de-

p~2/m. This renormalized hopping integral can be com-scribed by the anisotropic spin-1/2 antiferromagnetic Heisen-
pared witht; | pp Where the intersite Coulomb interaction is berg model

already partially taken into account. From pa=t;+pV;

and the data of; andt;  pa given in Table | we may deter-

mine V;=0.21 eV for SpCuO;, V;=0.16 eV for H= 2 JiSS;, (10
Ca,Cu0,, andV;=0.1 eV for CuGeQ (heret,=0.187 eV 4y

as estimated above has been adopt&@thus, the intersite with J;;=J(=J,) for (ij) beeing nearest neighbors in the
Coulomb interaction¥;=<0.2 eV of all three compounds are chain direction(that is theb direction for S,CuO; and
guite close to each other and fulfill the relativh<U. No-  Ca,CuO3) andJ, for nearest-neighbor copper sites in the
tice that these numbers faf; roughly agree with the corre- a direction(see Fig. 1 The weakest interaction will be de-

IV. SOME ASPECTS OF THE NEEL STATE
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noted here by, .. According to the results of the previous Expandingl (R,R;) for J>J,>J, . gives the approximate
sections and from the experimental data we know thaexpression
Sr,CuO; and CaCuO3 are characterized by very aniso-

tropic interaction strengths 0.66
I(R,R)=—={1+0.24In(R/R,) —R]}, (16)
NESIESNI (1D R ’

the anisotropy being about 3 orders of magnitude for eackvhich determines the Né temperature together with Eq.

inequality. Instead of the spin-Peierls system Cugeld  (14). The zero-temperature magnetizatiog is in the same
this section for comparison we will consider the doped com{imit given by

pound GeCy_,Zn,05 (x=0.034) (Refs. 31 and 3Rwhich
shows antiferromagnetic order. This is an example for an
anisotropic Heisenberg problem with weaker anisotropy than
Sr,CuO; and CgCuOj3. For simplicity, we will use for
GeCy; _,Zn,05 the same parameters which were derived in )
the previous section for CuGeOWe also neglect here the Where the small parametét. turned out to be irrelevant.
frustrated exchanga,. Notice t.hat the RPA descrlptlpn_adopteq reyeals a vanishing

In the following we review several approaches for suchMagnetic moment in thB— 0 limit. Thus it differs from the
anisotropic systems where quantum and thermal fluctuation@dinary spin-wave theory which yields a diverging expres-
become important. We will mention the usual spin-wave apS1on Mo=|0.5+(1/m)InR| in the weak interchain coupling
proach in self-consistent random-phase approximatiorlim't- . ) )
(RPA-SWA) where all directions are treated on an equal and L€t us now check the above expressions using the esti-
simple footing, and the coupled quantum spin chain apmates of the last section and compare them W|_th the experi-
proach(CQSCA which involves a sophisticated treatment of Mental data. These data fdly and the magnetic moment
the intrachain direction and a mean-field treatment of thet" " —9LMo are given in Table I. In the foIIowmgzvg/e will
remaining perpendicular interchain interactions. adopt a typical cuprate Landactorg, ~2.1 for Cu*2." Us-
ing the values); andJ, from Table | anclJLyc=1O‘4 meV,
we find TR=38 K, T{®=75 K, u5=0.20uge, and

_ _ . _ 1%=0.26ug,, for the Sr and Ca compound, respectively.

The RPA-SWA yields simple analytical expressions forThe ratio of the two experimental Metemperatures agrees
the Neel temperature Ty and for the magnetization approximately with the RPA-SWA prediction
(Sa)y=mg at zero temperaturesee Refs. 8 and 56 and refer-
ences therein Both quantities can be derived from the ex-

0.303

M= 1-0.386IR) ’

17

A. RPA spin-wave theory

pression TRITR~ VIF% I35~ 2, (18)
1 1 ° 0(q) where the logarithmic corrections in E¢L3) can be ne-
2m(T)=—=—, o=, [ 0 cotl-( —) - 1}, glected since they are not very important for the above ratio.
1+2y¢ N<" [Q(q) 2T However, the absolute values @f within the RPA-SWA
(12 disagree with the experimental data. In the case of the more
where isotropic GeCy_,Zn,05 we find ©®®=0.32ugop, i-€., a
better agreement. But here also, the magnetic moment is
overestimated by the RPA-SWA. In this case that may be
Q(q)=wi— wi(a), ascribed to the effect of the frustrated second-neighbor ex-
change.
w1=4m(T)Jj(cosy,+ Reody, + R.cody,), (13) For the Sr and Ca compounds one could try the opposite
_ procedure using the given experimental dateluding J))
with — wo=4m(T)(Jy+J.+J, o),  R=J, /I, and  tg determine an “empirical’J™. Then one finds values for

Re=J, ¢/J). We putkg=1. The Nel temperature is de-

J¢™ which are two(from Ty) or more than foulfrom mg)
fined by the condition of vanishing magnetization which

orders of magnitude lower than those estimated in the previ-

yields ous section. This seems, therefore, to be unrealistic. Despite
the fact that it gives the correct limits fam, both for
2Ty=J /(R Ry), (14  R—0 and in the 2D isotropic case f&— 1, the RPA-SWA
Where seems to overestimatg, for large anisotropy R<1) quite

considerably. That points to the necessity for an improved
method. In the case of smaller anisotragyg.,R~0.1 like
1 m for GeCy,_,Zn,03), the RPA-SWA seems to give more
l(R’Rc)zﬁf f fo reliable results.

da,dqg,da, B. Coupled quantum spin-chain approach(CQSCA)

X .
R(1~cogy) + Re(1~cogyy) + (1~ cogyy) Adopting Schultz’s interchain RPA expressiiy. (7) of
(15 Ref. 16, we replaceJ, —0.5(J, +J, ) as would be sug-
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gested by our strongly “orthorhombic” parameter regime the extended Hubbard model. It was already mentioned that

Jj>J,>J, .. Then one arrives at such a procedure has the tendency to overestimate the ex-
change integrals which becomes already apparent]for
Mo = 7\/5' (19 Last but not least, one should keep in mind an uncertainty of

the band-structure methods with respect to transfer integrals
where the proportionality factoy is 0.72.(A similar factor as small as in the considered case. The replacement of the
2/7=0.637, was obtained by Fukuyaretal®’). The corre- full potential in the region in between the chains by empty
sponding values fop“SC=g, m, are listed in Table I. spheres as explained in Sec. Il might effect the transverse
Analogously, within these theories one expectstails of the Wannier functions which determine the value of
Tn~J. ., in particular, the slightly modified implicit ex- the transfer integrai, . A similar effect is expected if the
pression for the transition temperature proposed by Sthulz exchange and correlational potential is supplemented with
reads gradient terms reflecting the strong change in the electron
density moving from one chain to its neighbors. Anyhow,
2 one would expect roughly the same accuracy for the Sr and
TN:—Jilnllz(A,J”/TN), (20 the Ca compound. In this context the much stronger devia-
m tion of the magnetic moment of the Ca compound might be
whereA~5.8. related to somewhat reduced accuracy of Edf) in less

From a principal point of view(Mermin-Wagner theo- anisotropic cases.

rem), it is clear that Eq.(20) overestimatesly because it
does not depend of, .. However, if one assumes that its

influence can be described by logarithmic terms as in Eq. V. SUMMARY
(1_6) which 'ghen ensure a finitdy, the relative changes Band-structure calculations for SEuO; and CaCuO;
might be quite small. show in addition to the expected large dispersion along the

As in the RPA-SWA, our estimated values fbr and the  ¢hain direction also a remarkable dispersion in the crystallo-
experimental) lead to too large values fary andmo. But  graphica direction, i.e., perpendicular to the plane contain-
now, using the exper!r_nentahomand Jj we can determine g’ the comer-shared CyOplaquettes which form the
from Eq. (16) an “empirical” J7™ of the CuQy chain com- ¢y, chains. The corresponding interchain transfer gives
pounds which is of a similar order of magnitude to our esti-rise to antiferromagnetic exchange integralsin the meV
mates. The value aff"™"is smaller by a factor between 2 and range. Together with a small dipolar exchange in the third
3 (SrpCu0;, GeCu—4Zny0O3), or 6 (Ca,CuOz) compared  directiond, . it explains the antiferromagnetic order in terms
to the theoretically estimated valugsee Table). The Neel  of an anisotropic Heisenberg model. The larger valug of
temperature can also be used to determdifi¢’ which gives  for Ca,CuQ; corresponds with the larger Betemperature
similar values showing the internal consistency of theand the larger magnetic moméhtin comparison with
CQSCA. But one should keep in mind that Ef8) does not  Sr,CuO;. However, our rough estimation of exchange inte-
fulfill the Mermin-Wagner theorem. In that respect we notegrals, based on the one-band assumption, seems to overesti-
here an alternative approach to the strongly anisotropignate the difference between both substances. CuGsO
Heisenberg mode(Castro Neto and HoHR in which the  different from these two substances by a much smaller ex-
Neel temperature was found to depend linearly &n..  change in chain direction and a comparable large frustration
Naturally, the elucidation of the correct description as to howparameter which suppresses the antiferromagnetic state and
this smallest interaction parameter does affect the finite temstabilizes the spin-Peierls state. The smaller anisotropy be-
perature properties remains a challenging problem. Withougomes apparent in GeGu,Zn,O5; where a Nel state was
its generally accepted solution it makes no sense to discussund with significantly larger magnetic moments than in
the absolute values of the Bletemperature beyond an order Sr,Cu0, or Ca,CuO;.
of magnitude accuracy. The copper oxygen chains of the three compounds under

One possible explanation for the reduction ™ in  consideration can be described within an extended Hubbard
comparison with our estimatetl could be the proximity of model supplemented by ferromagnetic contributions to the
a spin-Peierls state. Phase fluctuation effects beyond theearest-neighbor exchange integral. For the Ca and Sr com-
mean-field interchain approach used in deriving @§) can  pounds excitonic effects in the limit— 0 are expected to be
then become quite important. Following the renormalizationweak due to small intersite Coulomb interactddp But near
group approach of Wargfor a plane of weakly interacting the zone boundarg~ m/b strong excitonic effects are ex-
chains atT=0, one finds a strongly renormalized magneti- pected in the framework of the theory developed recently by
zation which can be traced back to a renormalized exchangstephan and Perfé.If our proposed parametrization is cor-
integral. If that is true, one should expect £LuO; to be  rect, for CaCuO; (~3.5 eV) and CuGeQ (= 4.3 eV
much closer to the SP phase transition point thayC$D;.  these excitonic peaks should be observed at higher energies
Furthermore for small exchange integrals compared with thehan for SL,CuO; (3.15 eV).
phonon frequency10-20 meV, phonon exchange gives  The LDA band-structure calculations yield useful insights
rise to a quasi-instantaneous interaction between localizeitito important material dependent parameters as interchain
spins, leading to a renormalization- Jou<J.>® electron transfer and tendencies of the crystal fidlidde-

Another possible origin for the difference betwehnand  lung) potential, varying from one substance to the other, al-
J?™ might be our simple procedure to estimdtebased on beit that the estimate of the on-site and intersite Coulomb
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interaction requires more sophisticated methods such ake possibility to check in more detail sophisticated theories
LDA calculations with local constraint. for weakly coupled quantum spin chains.

According to our findings, CECuO; is expected to be a
typical 1D charge transfer insulator analogously to the 2D
model system SCuO,Cl, although the interchain interaction
is intermediate between the less anisotropic but strongly cor- Discussions with J. Fink, P. Fulde, D. Hone, H. Schulz,
related CuGe@ and the most 1D SICuO;. Possibly, the D. Johnston, K. Maiti, and T. Van Oosten are acknowledged.
latter system is the weakest correlated one of the three. Thepecial thanks to M. S. Golden for discussions and a critical
compounds SCuQ; and CgCuO; also offer the opportu- reading of the manuscript and to R. Neudert providing us
nity to study in detail the effect of the interchain interaction with EELS data for SyCuO; prior to publication. One of us
provided it can be changed in a controlled way. Indeed, th€J.M.) thanks the Max-Planck-Institut “Komplexe Systeme”
study of the magnetic properties of the alloy system $S€a  Dresden, for hospitality during which part of the present
«CuO; gives an interesting possibility to change continu-work was performed. Finally, the Deutsche Forschungsge-
ously the magnitude of the interchain coupling. This is alsomeinschaft is also acknowledged for financial suppg&t
interesting from the theoretical point of view since it givesL.D. and J.M).
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