PHYSICAL REVIEW B VOLUME 57, NUMBER 21 1 JUNE 1998-I

Tight-binding parameters and exchange integrals of BaCu3;0,Cl,
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Band-structure calculations of Bau;O,Cl, within the local-density approximatiolLDA) are presented.
The investigated compound is similar to the antiferromagnetic parent compounds of the cuprate superconduct-
ors but contains additional Guatoms in the Cu-O planes. Within the LDA, metallic behavior is found with
two bands crossing the Fermi surface. These bands are built mainly frond,€u3and O 2, , orbitals, and
a corresponding tight-bindinGB) model for these bands has been parameterized. All orbitals can be subdi-
vided in two sets corresponding to tAeandB subsystems, respectively, the coupling between which is found
to be small. To describe the experimentally observed antiferromagnetic insulating state, we propose an ex-
tended Hubbard model using the parameters derived from the TB fit and local correlation terms characteristic
for cuprates. Using this parameter set we calculate the exchange integrals for {fig @lane, the results
being in quite reasonable agreement with the experimental values for the isostructural compQur@®,£31,.
[S0163-182608)009—-22-9]

[. INTRODUCTION Coulomb correlation terms. We present here a considerable
improvement of the preliminary TB ft where only the up-

Several new cuprate materials have been studied in theer two bands had been fitted. Furthermore we also deter-
last years which contain modifications to the standard LuOmine the weight of each of the relevant orbitals in the band
plane. This class includes not only the now-famous laddestructure(Sec. 1) to obtain the TB parametefSec. Il)). In
compounds Sr.;Cu,.10,,,* but also BaCu;O,Cl, or the  contrast to Ref. 11 we now distinguish between different
similar SpCu 30,Cl,.2° The latter two compounds are an- oxygen orbitals. With reasonable assumptions about the local
tiferromagnetic insulators which are characterized by aoulomb correlation terms we estimate the exchange inte-
Cu;0, plane with additional Cy atoms in the standard grals in Sec. IV.
Cu,O, plane(Figs. 1 and & This new class of cuprates is
currently of great scientific interest since it may shed light on
some of the open questions in hid@h-superconductivity. [l. BAND-STRUCTURE CALCULATION
The layered cuprate B&€u;0,Cl, itself is also interesting

due to its “C.h magnetic structure 'anq the uncorjventlonai_ We performed LDA calculations for this substance using
character of its lowest energy excitations. Expenmentally,[he linear combination of atomiclike orbitalsCAO). Due

“"éo Neel temperatures have been foufﬁﬁj~330 K'and {4 the relatively open structure, eight empty spheres per unit
Tn~31 K (Refs. 3 and Bconnected with the two sublattices cell (between Cy and C) have been introduced. The calcu-
of A andB copper. The magnetic susceptibility and the smalllation was scalar relativistic and we have chosen a minimal
ferromagnetic moment have been explained phenomendasis set consisting of Cug¢fp,3d), O(2s,2p), Ba(6s,
logically’ together with a determination of the exchange in-6p,5d), and CI(3s,3p) orbitals, the lower lying states were
tegrals. Like in undoped SEuO,Cl,® the lowest electron treated as core states. To optimize the local basis, a contrac-
removal states in B&u;0,Cl, can be interpreted in terms of tion potential has been used at each %itéhe exchange and
Zhang-Rice singletawith a new branch of singlet excitations correlation part was treated in the atomic-sphere approxima-
connected with thé sublattice'° tion, while the Coulomb part of the potential was constructed
One might expect that the additional £would give rise  as a sum of overlapping extended site potentials. Hence, this
to considerable differences in the electronic structure in compart of nonspherical effects determined by the crystal sym-
parison with the usual Cuplane. In particular, the amount metry is taken into account self-consistently. On the other
of coupling between both subsystems would appear to bband, the intra-atomic asphericity is suppressed by azimuthal
crucial. This question will be addressed here by a micro-averaging over the site-charge density during the iterations.
scopic investigation starting from a band-structure calculaThe intra-atomic asphericity is only taken into account in the
tion. However, as for most undoped cuprates, the localfinal step of calculating the weights of several orbitals in the
density approximatiofLDA) leads to metallic behavior, and band structure. These weights are necessary for an improve-
one has to treat the electron correlation in a more explicitnent of the preliminary TB fit!
way. In this paper, we use band-structure calculations to de- In our calculation the Bloch wave functidkv) is com-
termine tight-binding TB) parameters and then add the local posed of overlapping atomiclike orbitalkij) centered at

The tetragonal unit cell of B&€u;O,Cl, is shown in Fig.
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FIG. 2. LCAO-LDA DOS p (solid line) and net-DOSp

(dashed ling of Ba,Cu;0,Cl,, the Fermi level is at zero energy.
The scaled relative differendd.0(p— p,e)/p] is plotted with large

black dots.
FIG. 1. The body-centered-tetragonal unit cell of,8850,Cl, _ i Ky ~% kv
with lattice constanta=5.51 A andc=13.82 A. plw)= Nkkzv LE” L,iz,j, CLijCLrivgScijLrivyy
the atomic sitej in the elementary celi with coordinates X KRIFSR =) 5(w—Ey,), (4)
wheresS,j;  +i/j: is the overlap matrix. Now one can decom-

posep into an on-site partii’ andj=j’) and an overlap
part (i#i’ or j#j’). For the on-site part one findg j; | /;;
=6,/ due to the orthogonality of atomiclike orbitals at the
with the normalization condition(kv|kv)=1. Here, L ~ Same site. So we can define a net density of statetsDOS
={nIm} wheren, |, andm denote the main quantum num-

ber, the angular momentum, and the magnetic quantum num- 1

bers, respectively. Note that for ealonly one main quan- Pref ®)= —2, E |C'|fivj|25(w— Ey,). (5)
tum numbem is considered. With the usual definition for the Ny kv Lij

density of states

||<y>=L2ij CirekRiFSI|Lj) (1)

The difference between DOS and net-DOS consists in the
1 overlap density but this difference is not very large as can be
plw)=—2> f d3r(kv|r){rlkv)8(w—Ey,), (2)  seen from Fig. 2. In the middle of the spectrum both quan-
Ny kv tities are nearly identical, whereas in the lower part the over-
lap density is positive and in the upper half the overlap den-
sity is negative such that the net-DOS becomes larger than
the DOS. The relative difference ¢ pne)/p depends on the
energy in an approximately linear way.
1 b Ky B The band structure corresponding to the DOS of Fig. 2 is
p(w)= N_; d3r§4 2 Ctiict':jﬂ-'l r) shown in Fig. 8a). Its main result are two bands crossing the
k™ b Fermi surfacgFS). These two bands, in common with most
X(r|L"i" ) ) e X RiFSR=SI5(w—E ) (3) of the other bands, show nearly no dispersion inzlttrec-
tion which justifies the restriction to the gD, plane in the
or following discussion. The two bands give rise to a peak in

whereN, is the number of elementary cells equivalent to the
number ofk values, one can writp as
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-6% in the LCAO-LDA band structure of B&€u;0,Cl,. The wave vec-
8 tor is measured in units ofi/a,m/a).
(0,0) (1,1) (1,0) (0,0) There is generally very small weight of tipe orbitals in this
wavevector narrow band, indicating that there is only small coupling

between theA andB subsystems. The only exception to this

FIG. 3. LCAO-LDA band struct f th | f .
@ and structure of the GO, plane o occurs around the wave vectorrfa,0). A further analysis

Ba,Cu;0,Cl,, the Fermi level is at zero energip) The same as in -
(a), but the weight of the lines is scaled with the sum of all 11 shows that the band complex betweerd and —3 eV is

orbital projections that are used in the TB modg) The band Prédominantly built up of out-of-plane oxygem, together

structure of the TB model. The parameter set used is shown iNvith the corresponding QUdiz,yz orbitgls (not shown, as
Table 1. The wave vector is measured in units of4,/a). well as a large contribution of Cl derived statésThe in-

plane oxygen orbitals contribute mainly to the lower band
the DOS(Fig. 2) at the Fermi level. To analyze the orbital complex between-4 and—8 eV [see Figs. &) and 3b)].

character of the two relevant bands, we write the net-DOS Thus it is evident that the two bands crossing the FS
(5) as which we want to analyze have nearly purd,3 2 and

2pyy character:* Therefore, we have to consider all together

/'

1
pref )= —2 > WTS(w—Ey,), (6)
Nk kv Lj

where we define the weight of the orbitdlj) in the state
|[kv) in the form:

|
(o))

W =2 [cil® (@)

energy (eV)

The sum of all weights is approximately uni@LjW',ij~1,
with deviations due to the neglect of the overlap density b) 2
which are linear in energysee Fig. 2 and the discussion
above.

In Figs. 4a) and 4b) we show the weights of the Gu
3dy2-y2 and Ci 3d,2_2 orbitals, respectively. We can ob-
serve that the broadband is built up of predominantly thg Cu
3dy2-y2 orbital which hybridizes with one part of the planar
oxygen 2, , orbitals resulting indpo bonds. The corre-

sponding oxygen orbitals, directed to theGatoms, are de- (0,0) (1,1) (1,0) (0,0)

noted here ap,, orbitals. Their weight is shown in Fig(&. wavevector

The p,, orbitals are to be distinguished from the oxygen

orbitals [Fig. 5(b)] which are perpendicular to théfh(see FIG. 5. Weight of(@ O 2p, and (b) O 2p, orbitals in the

Fig. 6). These oxygenp, orbitals hybridize with Cy  LCAO-LDA band structure of BfCu;0,Cl,. The wave vector is
3d,2_,2, building the narrow band at the HSee Fig. 40)]. measured in units of#/a,w/a).
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Hrg=Ha+Hg+Hag. 8

We distinguish two classes of orbitals corresponding to the
two different subsystems. One consists ofsGd,2 2 or-
bitals at the site® with on-site energiesﬁ and oxygen P,
orbitals at the sites with &, :

_ASY gt t
HA_gd% ddeRs+8p§ PrsPrs

+ tpd; (aerLsprs"' H.c)

FIG. 6. Two elementary cells of the @D, plane in S

Ba,Cu;0,Cl, or SL,CwO,4Cl, and the Cu 8,22 and O Z,, +
orbitals comprising the TB model. Also shown are the correspond- +tppz (g PrsPrrstH.C, €)
ing transfer integral$,y, tyq, tpp, thy, t2m andt,,. The Cy !
orbitals with on-site energyﬁ are marked by black diamonds, the
Cug orbitals with on-site energy® by black squares and the two where dLS and p:s are the usual creation operators for Cu
different kinds of O orbitals with on-site energieg ande ., re- 3dX27y2 and O D, orbitals, respectively, andg, is a phase
spectively, by black circles. The orbitals of tile subsystem are factor corresponding to Fig. 6 which connects only neighbor-
shalded to distinguish them from the orbitals of thesubsystem ing sites. The other class incorporatesBdez_yz orbitals at
(white). the sitesG with on-site energiesg’ and oxygenp,, orbitals

at the sitesr with ¢,. One gets the Hamiltoniaklg by
11 orbitals in the elementary cell of g0,, namely two Cy  replacingR with G, and the on-site and transfer energies
3dy2-y2, one Ci 3d,2_,2, four oxygenp, and four oxygen with the corresponding energies of the {Csubsystem, re-
p. orbitals. In Fig. 3b) we pick out the corresponding bands spectively. The creation operatop;; should then be re-
from the LDA band structure for which the sum of all 11 placed with the Qperatom;rs thus creating an O2, orbital.
orbital weightd Eq. (7)] is large. It is seen that the sum of all The coupling between both classes of orbitals, which corre-

orbital prOjectionS in Flg G)) decreases with ianeaSing Spond to the CN and CLE Subsystems1 respective|y, is pro-
binding energy. That can be explained by the reasons meRjided by the parametdy,., :

tioned above. One can also observe that the lower eight

bands in Fig. &) are not as pure as the upper three. For the

upper bands only a very small weight of additional orbitals, HAB=tpwE (a"/prTSq-rr,SJr H.c.). (10
in particular Cu 4 contributions, has been detected. These "S’

contributions are neglected in the following.

S

All together, we have to determine ten parameters, four on-
site energies 3, §, &,, £,), the nearest-neighbor
transfer integralst(y, t.q), and several kinds of oxygen

It is our main goal to find a TB description of the relevant transfers (o, th., t2 ., t,.).
bands crossing the FS. This task is difficult due to the large In our analysis we found that the &Cug transfertyq can
number of bands betweenl and—8 eV of Fig. 3a). There  be neglected since its estimation yields a value smaller than
is no isolated band complex which makes a TB analysi$.08 eV?® Eachp,, orbital is located between two Gsites
easy. However we have pointed out already that the releva@nd we neglect the influence of different local environments
bands are a nearly pure combination of Cik3 ,2 and O  on thety, transfer integral. In the case of the,, transfer we
2py.y orbitals. Thus we will only concentrate on these orbit- distinguish the two possible local arrangements, but the nu-
als, thereby accepting some deviations in the lower bangherical difference betweet] andt?_ is small (see Table
complex between-3 and —8 eV. The relevant orbitals are |). The necessity to distinguish between oxygem, 2and
depicted in Fig. 6. The tight-binding Hamiltoni&hz can be  2p,, orbitals was pointed out by Mattheiss and Hamrior
written as a sum of three parts: the case of the standard Cu@lane.

IIl. TIGHT-BINDING PARAMETERS

TABLE |. Parameters of the TB fit and the proposed extended Hubbard model for @y @lane in BaCu;O,Cls.

Parameter eh  e§ ey En o tha bty th 2.ty Uy U, Upg Uy Kpg Ko
TB fit

(electron representatipn —2.50 —2.12 —4.68 —3.73 143 1.19 081 041 050 0.25 - - - - - -
(energy/eV

Extended Hubbard model2.50 2.12 6.68 5.73 -1.43 —-1.19 -0.81 -0.41 -0.50 —0.25 105 40 1.2 3.2-0.18 -04
(hole representation

(energy eV
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Since there is a considerable admixture of other orbitals, .
especially Cu 8,, and Cu 83,22, in some of the lower
bands of Fig. &), we cannot determine the ten TB param- O
eters by a least-square fits of the 11 TB bands to the heavily
shaded LDA bands of Fig. (B). Instead, at the high-
symmetry pointsI'=(0,0) andM = (=/a,w/a) we picked
out those bands in Fig. (B8 which have the most pure
3d,2_,2 and 2, , character. Only those energies were com-
pared with the TB band structuf€&ig. 2(c)] derived by di-
agonalizing a 1X11 matrix. In this way it is possible to
calculate the parameter set analytically because the TB ma-
trix splits up into 3x3 and 4<x4 matrices at the high-
symmetry points’=(0,0) andM = (7/a,w/a). The calcu-
lated eigenvalues are given in the Appendix A. That
procedure results in the parameters given in Table |. These .
values are similar to those which are known for the standard
CuG, plane. The largest transfer integrals agg=1.43 eV
andt_ 4=1.19 eV as expected. Nevertheless these values are
somewhat smaller than in the previous TB'Yfitvhere all
oxygen orbitals were treated as identical. The difference be-
tweent,, andt . is roughly a factor of 2 in coincidence  FIG. 7. Clusters used for the calculation of the exchange inte-
with the situation in the standard Cy@lane}® a fact which  gralsJ, . (upper left, Jgg (Upper middig, I (lower left) and I
was not taken into account in Ref. 11. We have found thatlower right. The Cy, sites are marked with filled circles, the £u

only the smallest parametey,,=0.25 eV, is responsible for sites with squares and the oxygen sites with open circles.

the coupling between the subsystems ofi@ad Cy . Thus

despite the fact that the two oxygen. andp,, orbitals are  energy which is in the notation of E4L1) K. That cor-
located in real space at the same atom, they are quite fgg|ation energy is not given in Ref. 17 and we use here the

away from each other in Hilbert space. simple ruleK,,=—0.1U,.*® The Coulomb repulsion be-
tween two oxygen holes ip,, andp,, orbitals is assumed to
IV. EXCHANGE INTEGRALS beU,,=U,+2K, ., which is a valid approximation given

egenerate orbitals. In the second line of Table | we combine
. Thus far we have found that the TB parameters are rathei]eg TB parameters derived from the band structure of
similar to the standard CuyQrase and that the coupling be- Ba,C;0,Cl, (Now in hole representatiomvith the standard

tween the Cy and Ci subsystem is quite small. This justi- (';oulomb correlation terms. This parameter set then defines
fies the usage of standard parameters for the Coulomb mtea—n 11-band extended Hubbard model for the,@uplane

action part of the Hamiltonian. Of course it would be hich is used for the following estimation
desirable to determine these values by a constrained densit‘{)’- . 9 ) .
The exchange integrals have been calculated using the

functional calculation for B#u;0,Cl, but we expect only usual Rayleigh-Schdinger perturbation theory on small

small changes in the estimation of exchange integrals pre- ’ !
sented below. clusters(Fig. 7). All transfer integral§andK, ;) have been

The Coulomb interaction also changes the on-site coppe(?onSiderecj as a perturbation around the local limit. We cal-
and oxygen energies. Their difference, given in the first ”necu(ljated aIIAexchatque |_r|1_thegralsh|n thée cor‘r‘e/sggrl;dmg lowest
of Table I, is too small to explain the charge-transfer gap of" er(see Appendix B_ € exchangdaa>tpg X etween
~2 eV in BaCu,0,Cl,.18 Adding 2 eV to the on-site oxy- two Cu, spins is given in fourth order for the simple GO-
gen energies, the difference= ¢ —sQ (in hole representa- Cu, cluster. It turns out that the influence of intersite Cou-
H p . _
tion which is chosen from now 9rbecomes similar to the lomb _and exchange terms, g andKq is rather Iargg, de
standard value derived by Hybertsehall’ for La,CuQ,.  ¢'€@SiN@Jaa from 246 to 99 meMsee Table Il In spite of

Our proposal of on-site energies for the multiband Hubbard _ ) o

modelH = Hg+ H,, are given in the second line of Table I. TABLE II. Different exchange integrals as explained in the text.
We have used th(le values of Ref. 17 also for the parametef%ompared are estimations within the extended Hubbard model with
of the Coulomb interaction part experimental valuetRef. 7).

1 Exchange Without Uy, Kpq,Kp, All parameters Experiment
Him=§i: Uingng + Eizj uijnisnjs,+%‘, KiSS, integral (meV) (meV) (meV)
ss' Jan 246 99 13@:40
(1) Jge 17 12 161
wheren; is the occupation operator of the orbitalvith the I s 6.9 4.6
spins and§ the corresponding spin operator. From Ref. 17 34} -20
we know the values folg, Uy, Uyq andK,4. Since we I -15 -12+9

B
now have two oxygen orbitals at one site we also have to j3)

] ( > B.af 1.4 0.8
take into account the corresponding Hund’s rule coupling
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our rather approximate procedure, the latter value agrees
quite reasonably with the phenomenological vall@0+ 40)

meV (Ref. 7 for SL,Cu;0,Cl,. Ja, is thus also quite close to
the standard value of the Cy@lane[ ~ 140 meV(Ref. 17].

The exchangdgg is given only in sixth order for a larger
cluster of two Cyg, one Cy and four oxygen orbitals. Cor-
respondingly, it is roughly one order of magnitude smaller,
Jeg~12 meV (Table Il). For Jag we need to distinguish
between antiferromagnetic and ferromagnetic contributionsCug subsystem:

There are two antiferromagnetic couplings between nearest-

neighbor copper atoms$,; and third-nearest-neighbor £x— 2.,
copper atoméfg‘af, both being comparably small at 4.6 and

0.8 meV, respectively. The ferromagnetic contribution 1 4 . — 5
Jagi=—20 meV between nearest-neighbor copper spins Slegtent2t,* V(Ag+2t] )2+ 162 ],
arises in fifth order and is provided by Hund’s rule coupling

of two virtual oxygen holes sitting at the same oxygen. Sinc&oupling between the subsystems:

Kpr is known with less accuracy than the other interaction

parameters, this value has to be taken with care. U2(epte,+ \/m). (A3)

V. SUMMARY The eigenvalues in E4A3) are twofold degenerated.
Eigenvalues ak=(,m):
Summarizing, we have presented an LCAO-LDA band-  Cu, subsystem:
structure calculation for B&€u;,O,Cl,. Deriving TB param-
eters from it, we found only a weak coupling between the 1
two sets of orbitals connected with the subsystems of copper E[s§+spt VAR+16t5,]. (A4)
A (Cup 3dy2_y2and O D,,) and coppeB (Cug 3d,2_,2 and
O 2p,). Furthermore, we derived exchange integrdls ,
Jgg, andJ,g in reasonable agreeméhwith phenomeno-
logically derived values from magnetic-susceptibility data if

A
€q

£p— 4t (A1)

pp:

1
Sled+eptatp™ V(Aat 4ty ?+3275,].

(A2)

Cug subsystem:

e T2t __,

we add to the TB parameters the standard local Coulomb (A5)
correlation energies. One should note, however, that we used

a rather approximate perturbative procedure to estimate the 1 5 B — 5
exchange integrals. We expect that the Rayleigh-Sthger E[Sd +en— 2t k(Mg =2t )7+ 187,

perturbation theory provides us with the right order of mag-
nitude, but it may fail in the correct numbers. In that sensecoupling between the subsystems:
the agreement of the theoretical exchange integrals with the
experimental ones should not be overinterpreted. On the
other hand, the TB parameters were obtained by fitting to a
first-principles band structure and they are accurate within
the chosen orbital set.

°p (A6)

€y
where AA=sp—8'g,AB=s,,—sg’,pr=sp—sw,tfm=t71m
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AABZSp_SB! Appa=e,—&h, (B1)
APPENDIX A: EIGENVALUES
As written in Sec. lll, at the high-symmetry points tpan=tpd: tpap=tma, (B2)
I'=(0,0) and M=(=/a,m/a) the tight-binding matrix is
block diagonal, so it is possible to calculate the eigenvalues (4] 4tf)dA
analytically. In the following these eigenvalues are listed JAAzm
corresponding to the different parts of the tight-binding AT Xpd
Hamiltonian. 2t2d t2d sz
Eigenvalues ak=(0,0): X1 Kpg pdA pdhy_pd 1 (B

Cu, subsystem: 20p+U, Uy Ap+Upg)’
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J{%:M
A%
1 212 K2
><| 2(Kpd+ pdB) 4 pd -
(Ag+Upg) Ug (Ag+Upg)
2 1
+tde - 4+
205+U, 2Ag
1 2 \?
Ao oA [ (B4)
AB+Upd 2A5
2 .2
NGRS 25+ tpaeKpd (1 Kpd
A8 Ag(Aapt Upo)? ApgtUpg
2 .2 2 )
n 2t tpaalpas 1,1
A—B AE(AAB+AA+Up) AA AAB+Upd
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2 .2 .2
2tp7rtpdAtde (BS)
A=B AG(Aps+Up)(sh—efd ’
~B Ag(AagtUpa)(eg—eq+Uaq)
2 .2
ngé[g}: j’tpwtdeKpd Kpd
" ASB AR(ApptUpg)? ApptUpg
2 .2 .2 2
4 4tprrtpdAtde <i+ 1
AZB AF(Aa+Anp) | Ap ApgtUpg
N 4t;2)7rt;2)dAtgdB i+ 1 2
A8 AR(Aps+Aa+Up) | Ax  ApgtUpg
2 .2 .2
8tpﬂ-tpdAtde (BG)

+ 1
A8 A3(App+Upp)X(eh—e§+Uy)

1)[5]
IR =

42 p2 452K e ( 1

12
—+ — . B7
(Ap+Ag+U, )%\ Ag AB) (7
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