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Superexchange interaction in cuprates
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Recent experiments have shown that the superexchange interddtioone-dimensiona({1D) cuprates is
larger than that in two-dimension@D) ones. We investigate a microscopic origin of the differencé iofthe
1D and 2D cuprates. The hopping matrix elements between @o@ O2 orbitals and between @2orbitals
are considerably influenced by the Madelung potential, which is a function of crystal structure, and these
values in the 1D cuprates are enhanced as compared with those for the 2D ones, resulting in larger values of
J. The same mechanism is applied to hopping matrix elements in the ladder cuprates. The elements between
O2p orbitals are found to be responsible for the anisotrapgcalong leg and rung of the ladder; i.€eq
>J.ung- We find a unique dependence of the electronic structure of cuprates on the dimensionality.
[S0163-182698)52546-3

Superexchange interactiahin insulating cuprates con- 1(b)].° In Fig. 1(b), two chains are combined by the edge-
tains much information on the electronic states of the matesharing structure, where the bond angle of Cu-O-Cu is near
rials. Recent magnetic measurements on insulating cuprat®® degrees. The two-leg ladder structure is shown in Fig.
demonstrate remarkable dependence of the interaction on thigc). Such isolated ladders are seen in LaGy®' Other
dimensionality of Cu-O network:® This provides us a good ladder compounds such as SgOg (Ref. 12 and
opportunity to establish proper understanding of the elec¢Sr, Cg,,Cu,,0,; (Ref. 13 have the coupled two-leg ladder
tronic states of the cuprates. structure, where two ladders are combined by the edge-

Since the discovery of higfi; superconductivity,J in sharing structure as for the double chains in Figp).1The
two-dimensional2D) cuprates has been extensively studied2D corner-sharing Cuplane[Fig. 1(d)] is seen in the high-
by using several experimental tools, and is now known to be ;. cuprates.
not strongly dependent on materials with the magnitude of In the perturbation theory for cupratekjs expressed by
0.1 eV~0.16 eV:~* On the contrary, the value dfin one-  an equatiol' containing hopping energieg,q and t,,,
dimensional(1D) corner-sharing Cu-O chains has been re-energy-level separation between @u@nd O2 orbitals, A,
ported to be 0.17e¥0.23eV from susceptibility and on-site Coulomb energies on @uand O, Uy and
measurements and 0.23 e\-0.26 eV from optical absorp- U,. The hopping energies appear in numerator of the ex-
tion measuremenfs These numbers are apparently larger
than those in the 2D cuprates. This indicates the difference of
the electronic states between the 1D and 2D cuprates. More (a) o(aﬁix) O(chain)
interestingly, the value of in two-leg ladder compounds °
shows large anisotropy: the exchange coupling along leg
(rung) of the ladderslieq (Jrung) is 0.17(0.09 eV in SrCy0O;
(Ref. 7), 0.13(0.072 eV (Ref. 8, and 0.16(0.08 eV (Ref.

9) in Sr;4Cuy Oy .

In this paper, we report a possible microscopic origin of
the variation ofJ in the cuprates. Examining the Madelung
potentials around Cu and O ions, we find that hopping matrix  (C)
elements between Cd3and O orbitals,t,4, and between
O2p orbitals,t,,, are significantly influenced by the poten- <<_ 0(rung)
tials. In the 1D cuprates, these magnitudes are enhanced as g
compared with that in 2D, resulting in largewhich is con-
sistent with the experimental results. In the ladder com-

pounds containing a coupled two-leg ladder structure, hop- ¢; 1 yarigys types of network made by Cu and O atofas.

ping matrix elements between @2rbitals along Fhe leg of 1D comer-sharing Cugchain, (b) double chain(c) Cu,0s two-leg

the ladder are enhanced by the presence of adjacent tWO"%der, andd) 2D Cu0, plane. Solid and open symbols denote Cu

ladders. This make3 along the leg larger than that along the 5nq o atoms, respectively.(hain and Qapey denote the oxy-

rung. Thus, we find a unique dependence of the electronigens combining with Cu atoms in the parallel and perpendicular

structure of cuprates on the dimensionality. directions to the chain, respectively. In the ladder cuprateshree
Figure 1 shows the underlying structure of Cu-O netWOl'k.spa’[ia”y nonequivalent oxygens are denoted ke, O(rung,

For the 1D cuprates, there are two types of structure: @and Qinter. The hatched circles represent Cu ions in adjacent lad-

simple corner-sharing Cu-O chain seen in,CXrO; and  ders of a coupled ladder structure. There are two kinds of the O-O

Ca,CuGQ; [Fig. 1(a)] and a double chain seen in STCU®ig.  bond in(b) and(c) that are denoted by the thin and bold lines.

<—O(inter)
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pression, while the others in its denominator. Therefore, the -0.06 ; —-
increase irt,q andt,, (A and the Coulomb energiefeads to 1 veco 8 chain A ey
the enhancemeriteduction of J. Since the Coulomb ener- -0.074  \ ': D= f’l‘;’z: ; ﬁ _futng ]
gies are supposed to be independent of material, the variation __ ] .ﬂd Es s |10 inter | |
of J should come from the hopping matrix eleme(t;;i, and E -0.08dm ';\ Sri12 ! /,\ i
top) and_/orA. The charge-trgnsfer gap experimentally ob.— s JLa | @0 5 :AAA A A
served in the 1D cuprates is generally larger than that in ,jc’u_o 09 ' Ca213 ! / ]
2D,!® implying larger A for 1D.1° This indicates that\ is ' t N\ | LCO25 A Al
never the origin of the variation af, butt,y andt,, should 0.10- e° A |
be. Hereafter, we regargy andt,, as hopping matrix ele- e © sr14 |
ments for ahole : ! A
~ Byusing a Cu_a Wannier orbital, ¢y, atrey qnd an ad- - (@ chamapel  |[A legrung
jacent O Wannier orbital,¢,, atrg, t,q is defined as 0.4d1a O chaininter|! | legeinter| -

* — YB’JO Pr E

toa= | Pp(r—ro)Heg(r—reydr, 1) S \ ‘A
=03 No W : A\}

whereH = — (A2/2m) V2+U(r). U(r) is the periodic poten- =g ! Ca213  Lcoss
ial in th | and b dg)=U = ‘e | Ll ATTTA
tial in the crystal and may be expresseds) = U zon{T) o e ® |
+Upm(r). Uaon(r) is the contribution from atomic poten- ! Sr14
tials, and Uy (r) is the Madelung potential defined by 0.2 1 1Sr213 O isri23 AT
Un(n)==Vi(r—r;) with Vi(r—r,)=2Z€e.|r—r;| (Z; is ; Srif2 |
the valence of an ion at sifeande., the dielectric constant 2D cuprates 1D cuprates Ladder cuprates

due to core polarizationUsing these expressions, we obtain
N FIG. 2. The values ot} and ty, calculated for the various
tpa=tpat tpas (2 cuprates. Each symbol in the 1D and ladder cuprates repregnts
) andtﬁ,"p for the bond related to each oxygen shown in Fig. 1. The
0 % 9 labels attached to the data represent the compounds: “La” for
tpa= f ¢p( ~omV +Uatom) pydr, () La,cu0, “YBCO” for YBa ,COg. ., “Pr” for Pr,CuQ,, “Nd”
for Nd,CuQ,, “Sr213” for Sr,CuQ; *“Ca2l13” for Ca,CuO;,
“Sr112” for SrCuO,, “Sr123” for SrCu,O; “LCO2.5” for
t’r\xﬂd:f ¢§ Vudqdr, (4) LaCuQ 5, and “Sr14” for Sr,Cup,Oy;. The smallet g, is, the
larger the absolute values tfy,p is.

M
pd(pp

where V==V, with the summation excluding two sites,

on which the two orbitals¢, and ¢4, are sitting.” For the  pution of the Madelung potential¥), around Cu and O,
right-hand side of E¢(3), we use the two-center approxima- which is mainly determined by the local environmefit:the
tion as usual’® Therefore t), term depends only on the dis- number of negative O ions coordinated around Cu ions and
tancedc,.c=|rcy—ro. Onthe contrarytg"d is dependent not (i) the valence and number of positive ions such & Sr
only ondc,.o but also on the crystal structure W&, . t,,is Y3 and other C&" located around Cu and O ions.
obtained by replacingg in Egs.(1), (3), and(4) with ¢, In The values oftyy andty, in 1D cuprategmiddle panel
the evaluation ofVy,, three sites, on which twe,'s and  are smaller than those in 2D ongsft pane). This behavior
their neighboring ¢4 are sitting, are excluded in the mainly comes from the difference of the stacking patterns of
summatiort.’ the Cu-O network: in 2D the Culplanes stack along the

We take the phase of the orbitals so as to make bg})th axis with block layers inserted between the planes, whereas
andtgp negative. Thus the smalleyd(pp) is, the larger the in 1D the Cu-O chains stack along theaxis without any
absolute values df,qp is [see Eq(2)]. We eva|uateg"d(pp) I:_:lyers betwee_n t_he chains. Suph s_trugturgl difference gives
numerically. The Wannier orbitalgyy and ¢,,, can be con-  fise to the variation of the spatial distribution of the Made-
structed by atomic wave function3We use the hydrogen- lung potentials around the Cu-O and O-O bonds. In particu-
like atomic orbitals for the atomic wave functiort§y,, is ~ 1ar, the magnitude of the Madelung potential around Cu and
evaluated up to the order @(S%), wheres is the overlap (0] |0+ns. in the 1D cuprates is enhanceq by thg presence of the
integral between Qg and its neighboring CuBe o or CW" ions in th?/u adjac%nt Cu-O chains. This leads to the
02p, atomic orbitals. The value of between Cug,>_2 small vaIuMes oft g andtpp_ for the 1D cuprates. In the 2D
and O, is assumed to be 0.03d¢,.o=1.91 A referringto ~ cupratest,, has a large difference among the matendj‘g.
those for other transition-metal oxid&sThe special extent for La,CuQ, is larger than those for NGuO, and PsCuG;.
of the O orbital is approximately fitted to the Hartree-Fock This is caused by the difference of the coordination number:
wave function for 32! The value ofS between Op, and  Six O ions in LaCuQ,, whereas four O ions in NGCUO,. ty,

O2p, is then estimated to be 0.24 é¢.o=2.69 A. for YBa,Cuz0Og . With pyramidal coordination is located be-
The calculated values d)f,”d andt,'\J"p for various materials tween LgCuQ, and NgCuQ, (Pr,CuQ,).

are shown in Fig. 2. These values depend not only on mate- From the above arguments, we can say that, when posi-
rial but also on the dimensionality of Cu-O network. Thesetive charges are close to Cu and O |on¥ﬁ(pm becomes
variations are caused by the difference of the spatial distrismall, and as a consequertgg,, is enhanced. This mecha-
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TABLE I. The parameters used in the cluster calculation for the typical cuprates. Listed are the hopping
matrix elements between Cd3and O2 orbitals,t,y, and between neighboring @2rbitals,t,,, and the

energy-level separation between @u&nd O% orbitals, A.

Material —tpq (8V) —tpp (8V) A (eV)
2D cuprates LsCuQ, 1.24 0.38 3.3
YBa,CuOs, 1.13 0.40 2.8
Nd,Cu0Q, 1.05 0.39 2.4
1D cuprates SCuG; 1.1621.09 0.49 31228
CaCu0, 1.2421.10 0.41 352 2.7
Srcug 1.1521.22P 1.25 0.53, 0.68 3.523.0P
Ladder cuprates SrG0, 1.0891.15%1.29 0.42, 0.53 2.692.6°
LaCuO, 1.1591.07¢ 1.40 0.33, 0.46 2.7792.86

8Parallel to the chain.
bperpendicular to the chain.
‘Interchain direction.

dLeg direction.

®Rung direction.
fInterladder direction.

nism also makes a difference in two hopping matrix elementtar, the significant enhancements tgf; andt,, are crucial
between OB orbitals in the ladder cupartes. From Fig. 1, we for obtaining large values aof in the 1D cuprates. If there
find two types of O-O bond(i) two Cu ions are located on were no such enhancemenisyould be smaller than that in
both sides of the bon¢bold lines in Fig. 3, and(ii) there is  the 2D cuprates because of large valued ofrhe enhance-
only one Cu ion on one side of the bond. The former is seement of t,, between @eg and Qinter) in SrCyO; and

in the double chain compound SrCu@nd in the coupled
ladder ones SrGO; and Si,Cw,04,. The former bond
shows the smaIIe't’F‘,"p as compared with the latter onee
open circle and triangles in the lower panel in Fig. 2he
resulting|t,,| in the former bond becomes larg@ee Table
I). This difference gives the anisotropit in the coupled
ladder compounds as will be discussed below.

In the following, we evaluate the value dfby using a

S14Cp404; is also important for the relation @eq™> Jryng-
The larget,, induces the increase iy, resulting inJeq
>Jruing OVErcoming the effect of,y on J that makesJ;ng
larger thand,eq via a bond length relatioreg™ dyng. >**In
contrast, the relation a}jeg>J;ng in LaCuQ, s comes from
the fact thatdeq<dyng. - Recently, the band structure cal-
culations have been done for ladder cuprategCes,04,
and SrCy0,.2>?® The tight binding fitting to the band struc-

Cu,0; cluster with two holeg.The value of] is determined tures shows that the effective hopping between nearest
by the difference of the energy between the ground state witheighbor Cu sites along the legs of the ladder is larger by
the total spin ofS,;=0 and the excited state with,=1. The

exact diagonalization method is used for the calculation of ! !

the energies. The parameters are obtained in the same way as i P E A g

the previous studie€2* The Hamiltonian is given by Eq. 0201 ! Ca213 ! A rung | 1

(1) of Ref. 23. The parametet is determined by the differ- b ogriqo!

ence in the Madelung potential between Cu and O, and the 0.18- E |A<Sr123

dielectric constant® By using the obtained, the calculated < 'Sr213 @ | ‘I

gaps are in good agreement with the experimental values. & ) @ E A A

Fortdy andty ), we take the bond length dependences with ™ 0.16{La m ekl E A Sr’1‘4 .

- _ . m g I | &

d™* andd~?, respectively. The values df; and 3 for YB’ By \ A

La,CuQ, are assumed to be 1.15 eV and 0.80 eV, respec- co : LCO2.5

tively. The resulting parameter values for typical cuprates are 0.144 i 5 \, 1

listed in Table I. The on-site Coulomb energies are set to be E ; A

Ug=8.5eV andJ,=4.1eV. The Hund’s coupling on O ion : :

is assumed to b ,=0.6 eV, and the direct exchange inter- 2D 1 Ladder
cuprates cuprates cuprates

action between CuBand O3 is taken to beK,4=0.05 eV

as for the prewous, stucﬁ?. . . FIG. 3. The calculated value of the superexchange interadtion
The calculated)’s are presented in Fig. 3. The results the parameter values used in the calculation are listed in Table .

show the characteristics seen in the experimeitshe val-  The japels represent the compounds; see the caption of Fig. 2. In the
ues ofJ in the 1D cuprates are larger than those in 2D oneSjadder cuprates, solid and open triangles repredgpand Jy g,
and (i) Jjeg™>Jyung in the ladder cuprates. The variations of respectively. The data qualitatively reproduce the tendencies seen in

t,ﬁ"d andt,“)"p on the dimensionality are their origin. In particu- the experiments.
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about 35% than that along the rungs. We believe that part ofxperimental and theoretical sides to draw a quantitative
this difference comes from the enhancement gfbetween comparison.

O(leg) and Qinten), because the enhanceg, contributes In summary, we have investigated the superexchange in-
only to the effective hopping along the legs as is easily unieraction in the various types of Cuprates. The interaction
derstood from Fig. 1. strongly depends on the local environments through the

The calculated results dfin Fig. 3 reproduce the tenden- Modification of hopping matrix elements due to the Made-
cies seen in the experiments very well. A detailed quantitalung potentials. The enhancddin the 1D cuprates and the
tive comparison is, however, difficult at present, becaijse 2niSOroPY 0ljg @ndJyng in the ladder compounds show a
in our evaluation oft,q andt,,, we neglect some possible unique dependence of the electronic structure on dimension-
effects such as the dependence of the spatial extent of atorfil!ly-
orbitals on the electron densit§ii) the experimental data of This work was supported by a Grant-in-Aid for Scientific
J are strongly dependent on the experimental tools, for inResearch on Priority Areas from the Ministry of Education,
stance, 0.180.26 eV for SgCuO; (Refs. 4—-6 and 0.13  Science, Sports and Culture of Japan. Parts of the numerical
~0.16 eV} 3 iii) the next-nearest-neighbor exchange inter-calculation were performed in the Supercomputer Center, In-
actionJ’ (Ref. 27 and the four-spin interactiody (Ref. 28 stitute for Solid State Physics, University of Tokyo, and the
which are involved in 2D and ladder cuprates prevent thesupercomputing facilities in Institute for Materials Research,
direct comparison between the experimental and theoreticalohoku University. Y.M. would like to thank the Japan So-
J's.? It is, therefore, necessary to make efforts from bothciety for the promotion of science for financial support.
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