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The band structures and density of statB®©S of important subunitfCu-O planes and chains, both
including apical oxygensin YBa,CusO, were computed. As a first step we employedadminitio Hartree-
Fock (HF) crystal-orbital method to both subunits in a mutually consistent way embedding them also in a
partially self-consistent Madelung potential of the 3D crystal. Afterwards the bands were corrected for corre-
lation by a Green’s-function method in second order of thdldid?lesset many-body perturbation theory. The
main purpose of these rather large-scale calculations was to obtain reliable unfilled energy bands to be used in
subsequent exciton bands calculations. This will make it possible to look more thoroughly at the proposed
excitonic (polarization) mechanism of highF; superconductivity. A comparison with calculations based on a
local-density-functionalLDF) approximation showed good agreement to our approach in the valence-band
energy region above-8 eV while the LDF results agree well with experimental photoelectron spectra. In
contrast to the LDF methods, we detected betwe8rand—12 eV flat Cu3l energy bands, which correspond
to satellite structures observed by experimg80163-18207)01613-3

I. INTRODUCTION they were criticized with respect to their applicability to ce-
ramic material€® This was one reason to try the hard way of
In 1986 Bednorz and Mler* discovered superconductiv- the band-structure calculatiéh, namely the ab initio
ity in the ceramic material La ,Ba CuQ, above 30 K. This Hartree-Fock(HF) method. The resulting bands were cor-
initiated numerous experimental and theoretical investigarected afterwards for correlation. Because of the large com-
tions on various cuprates to explain the existence of Coopeputational time and storage place we had to choose rather
pairs in these materials. The ordinary BCS apprédetsed small subunits to be able to perform these calculations for
on phonon-electron coupling seems not to be exclusivelyhe energy bands, Fermi surface, and density of StRXeS).
valid in regions of higher temperature. Many different mod-Further we wanted to answer the question of whether our
els have been proposge.g., based on narrow filled baisl  two-dimensional2D) treatment leads to similar characteris-
polarization (excitonig (Refs. 3-5 or spin-dependefit® tics, as the full three-dimensione8D) band structuregcal-
mechanisn but up to now no theoretical description of the culated by LDF methods
complex situation could rule out the others. This means that we want to show the possibility to obtain
Many similarities between the different cuprates havesSignificant information about the electronic structure of
been detected, e.g., the common feature of containing,CuQBa,Cs0; using suitable subunits of the total system. We
layers, which play an important role in high-superconduc- take two units into account; each containing one copper and
tivity. Among the different highF, cuprates we want to con- three oxygen atoms: €2), O(2), O(3), O(4) (plane cell and
centrate on the electronic structure of the superconductor
YBa,Cu,0,_,,° with a critical temperature of .=92 K for
x=0.
The orthorombic unit cell of YBEu;0; is shown in Fig.
1. According to Siegriset al° the lattice vectors of the-y
plane(a=3.856 A,b=3.870 A) are nearly equal in contrary
to the one in thez direction (c=11.666 A. The rare-earth
element Y lies between two CyQayers. An apical oxygen
atom Q4) connects each plane with a Cu-O chau(l),
O(1)]. We have focused our approach on these regions. z
Many theoretical calculations using the local-density- |
functional approximation were performed on this |
material*'~2®In this way resulting filled bandg&lose to the Y
Fermi leve), DOS and Fermi surfaces are in quite good "
agreement with the experimental observatiths® It seems
that this approach is applicable to ceramic materials for re-
producing important features of the complicated electronic 5 1 The elementary cell of YBEWO, including two
structures. |
On the other hand, these methods use approximations?
[e.g., LAPW,(linear augmented plane way&MTO (linear-  —cu—o— Pplanes and one +G-O-chain, connected by the apical
ized muffin-tin-orbital§] to save computer time. Therefore oxygen atom ©4).
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Input  charges Output charges
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ne FIG. 2. One cycle of the mutually consistent
T l treatment containing one chain and one plane
Output | charges input charges SCF calculation.
SCF
Q'cuty, Qogry, Qow | ¢ Qv, Qsa, Qcu), Qo , Qo
Chain

Cu(1), O(1), 2x0(4) (chain cel). In each substructure we The Madelung matrix itself consists of two parts: The first
had to include the apical oxygen(4) to obtain reasonable one,VM:™X depends on fixed charges, which stem from those
results. The reason for this is that interatomic distanceatoms, which are not contained in the subunit under consid-
[Cu(2)-0(2): 1.946 A, Cu2)-O(4): 2.382 A; CU{1)-O(1): eration. The second terivi™ SCF depends on the HF calcu-
1.928 A, C1)-O(4): 1.785 A] are comparable. lation of the corresponding plane or chain layer. It contains
In the next section we shall introduce the method of mu-the four atomic charges computed in every SCF cycle with
tually consistent treatment, which “reconnects” the cells un-the aid of Mulliken’s population analysisto get the same
der consideration. Afterwards the HF results are correctedalues for the copper and oxygen atoms inside and outside
for correlation by a Green’s-function method using thethe explicitly calculated zone. The actual form\é¥ can be
Mdller-Plesset many-body perturbation thediBPT) for  taken from Ref. 24. Its evaluation is based on lattice summa-
the self-energy. Finally we discuss our results in comparisotions using Ewald’s methotf.
to the LDF approaches. To make this description more concrete the Madelung
The main purpose of our calculation was, however, tomatrices for the plane calculatioV}}) and for the chain

also obtain the unfilled bandsnd the unfilled parts of the (v are written as functions of the corresponding charges:
valence band in a reasonable approximatiotthe LDF

method is known_to be unreliable in thes_e re_g)oMamer, V'\p/'FV'\pArﬁX(QY ,QBa,Qcu1) Qo1

if one uses the filled narrow ba¢gl polarization model of

high-T. superconductivity of Ginzburfgin first order (the +VE*(Qcy2) . Qor2) . Qoz) :Qoa)). ()]
first-order term in the polarization propagatoone obtains

the excitonic superconductor modef. To be able to calcu- V&= VE™(Qy,Qsa, Qcuz)  Qorz) »Qora))

late the excitonic bands and from them the effective interac-

tion potential of this model one, of course, also needs un- +VE&SMQceu1) Qo) » Qo)) 4
filled energy bands in an acceptaljmrrelation corrected o ] ]
approximation. After determining the fixed charges, one can establish a mu-

tually consistent HF treatment of the plane and the chain.
The only really fixed charges a®g, and Qy. We have
taken for the Ba atoms always a positive charge of 2.00. This

Our approach can be viewed as the further developeghoice is based on cluster calculatiGhs? The decision for
method of Saalfrank and Ladf&,where no mutual relations identifying Qy with 2.80 was not so easy. Cluster calculation
between the plane and chain cell were taken into account. Ifesults vary from 2.63 to 2.8% These values indicate that
our model both subunits have to be understood as an elemetie formal charge of 3.00 is too large for Y. Test calculations
tary cell spanned by the lattice vectasandb. This results ~ with our method showed that charges on Y from 2.60 to 2.75
in 2D band structures of,, symmetry. Naturally we must led to unreasonable band structures. Using charges between
consider in both cases all atoms lying outside the regifixs  2.76 and 2.85 the results became realistic, stable, and nearly
their charges certain reasonable values were dakéhe independent on the charge of Y within this interval. One
explicit HF calculation. This means we have to embed theshould point out that this choice of the Y charge was not
subunits in a 3D surrounding modeled by a Madelung potenguided by LDA band structures of the “123" system, but
tial. Therefore the HF LCAO crystal orbitdCO) method®  only on the basis of the criterion to obtain reasonable band
had to be modified appropriately. The usual Fock maflx ~ structuresper se
which describes the region of full calculation without exter-  The other atoms outside the explicitly calculated region
nal charges, was corrected by a Madelung maitk This  were treated in a consistent wéilustrated in Fig. 2: Start-
leads to the following reformulation of the generalized ei-ing with the SCF calculation of the plane layer, an initial
genvalue problem: guess forQcy;) andQq(yy had to be made, e.g+1.00 and

_ —2.00, respectively. The converged result leads to charges
F()Ca(k) = en(k) (k) Ca(k), @ for Qcuz) Qo) Qo (@ndQg4). Now they can be used as
with fixed charges for the computation of the chainlike substruc-
F=E04+ M. @) ture, which then produces new guesg¥s,;) and Qq ;) to
be used for a further plane calculation, etc.

This equation has to be solved for differdntquasimomen- This mutually consistent treatment stops if the charges of
tum) values to obtain the energy eigenvaluegk) and cyclen agree with the input values of cycla—1). Because
eigenvector<, (k) for each banad. of charge neutrality of the total system this criterion forces

II. MUTUALLY CONSISTENT SCF CALCULATIONS
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FIG. 3. First Brillouin zone of the 2D substructures. The irre- “1o >/—\:/
ducible part is surrounded dy—X-S-Y-T'. R R
both HF computations in the last cycle to produce the needed r X S Y r S

identity betweenQq 4 and Q’o(4) (no more change in the

charge ofQq). B FIG. 4. HF band structure of one Cy@landike layer along
To program this method we modified the HF LCAO CO high symmetry lines of the irreducible Brillouin zone.

code cRYSTAL 88 (Ref. 30 to deal with charged unit cells

and Madelung corrections. For oxygémnd coppef basis  method used is based on theoretical developments of Buhai

sets of double: quality were taken into account. Further- 54 of Liegener, Ladik, and V&0 The Dyson equation
more, the copper basis was improved with a setpfblar- : '

ization functions. In the HF calculation we have used a cut G(w)=Gy(w)+Gp(w)%(w)G(w) (5)
off radius 11.6 A for the integralé&his was provided by the

CRYSTAL 88 program with an integral threshold 10a.u). can be taken as our starting poiBtis the self-energy, which

This radius corresponds in the plane to fourth-neighbor inwvas considered in oug calcul'atlon up to s,econd _order of the
teractions. We have noticed, however, that the third- and/@ller-Plesset MBPT? G(w) is the Green’s matrix for the
fourth-neighbor contributions were very small, their neglec-corrected system, where@gy(w) belongs to the unperturbed
tion did not change the band structure at all. Therefore in th&!F Hamiltonian. Using the relation

subsequent correlation calculation we had used only a Go(w)=(w-1—€) L. (6)
second-neighbor interaction approximation. We solved the

eigenvalue equatiofl) for 25 vectorsk in the irreducible (eis a diagonal matrix containing the HF band energaxl
part of the Brillouin zone(see Fig. 3. As a convergency applying the diagonal approximatidhone can derive the
criterion for one SCF calculation, an energy difference ofscalar inverse Dyson equatitin

107® a.u. was used.

The mutually consistent treatment converges within a few 0=6+3(w). )
cycles(each cycle containing two complete HF calculations
As expected the converged charges are independent of the denotes the quasiparticle band energy anthe corre-
initial guess forQ ¢y andQey (Naturally very wrong initial ~ sponding HF energy valué=(i k;) is a composite index
values prevent the first SCF computation from converging at
all).

The corresponding band structures are given in Figs. 4
(plane caseand 5(chain casg Both plots show four impor-
tant characteristics: The two lowest unoccupied bands domi-
nated by Cu8, Cu3d, O2s, and O2% atomic orbitals, a par-
tially occupied band mainly consisting of Cd3Cudp, and
O2p contributions, an intermediate valence energy region
(nine OP-like bands, weakly hybridized with Cw3orbit-
als) and four flat bands with predominantly Cdizharacter.
The last ones may play an important role in an excitonic
mechanism of superconductivity.
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A more detailed analysis of the band structure and com- N~
parisons to other approaches is carried out after we have P
corrected our results for correlatiqsee below Although -10 I I
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the curvature of our bands at the HF level is similar to the
LDF results, the obtained energy range is still too broad.

—

X S Y T S
Ill. CORRELATION CORRECTED BAND STRUCTURES

Going beyond the HF level we wrote a program for cor- FIG. 5. HF band structure corresponding to tein unit cal-
relation corrections for 2D systems @f,, symmetry. The culated in a mutually consistent way with the plane region.
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referring to both a band andkaindex. The self-energy term

The summation is restricted by the Kroneck&and by oc-
cupation numbers; (n;=1 for an occupied state antj=0
in the unoccupied cas@&y=1—nj). The two-electron inte- -10
gral V |k m is defined through

32(w,) up to second order is given by 15 5/\/\/\
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FIG. 6. Band structure of thelanesubunit after implementation
containing HF crystal orbitalgs,; which correspond to the of correlation corrections. The energy range of the \{alence rggion
HF energy eigenvalues;. Solving Eq.(7) iteratively®® we and the band gap were reduced definitely in comparison to Fig. 4.
obtain the correlation corrected energy valags The whole
procedure is very time consuming, especially the calculation

of the two-electron integral¥,x v which includes the so- We compare our results to LDF band structures and DOS,
called four-index transformatidievery ¢; is a linear combi-  which take into account the whole 3D system. The unoccu-
nation of many atomic orbitlAO) basis set functioflsThe  pjed bands have to be excluded, because for those energy
computational effort was diminished with the help of the regions no LDF results could be found in the literature. This
following methods. may be due to the fact that the correctness of these methods
(1) Implementing a suitable loop structure th¢ algo-  for unoccupied bands is not generally accepted. All other
rithm for calculating {7 was transformed into aN®  features of our plots are compared to the band structure given
routine® by Hirao et al* Figure 1 in the cited reference shows a 2D
(2) Taking into account translation and permutation sym-cut of their 3D energy band results k=0. It contains,
metry, the number of AO integrals could be reduced defihesides thregtwo plane-and one chain-derivegartially
nitely. filled bands, 33 occupied bands within an energy region of 8
(3) Symmetry characteristics &fpoints in the irreducible eV below the Fermi level. Their calculation has used the
Brillouin zone were used to remove redundant two-electrormixed DF pseudopotential-valence basis method and the re-
integralsV kv - sults fit best to ours. The comparison to other LDF

These improvements made it possible to correct our Hicomputation¥*shows also a rather good agreement but on
energy values for correlation. It could be argued that thisa more qualitative level.

time-consuming procedure should be done in every cycle of
our method described in the previous sectisae also Fig.

2). Fortunately the mutually consistent treatment depends
only on fixed and calculated charge values which are already 15
well described by the HF theof.

A comparison of the correlation corrected band structures
(given in Figs. 6 and)rto the HF results reveals the follow-
ing characteristics: The width of the partially filled band is
reduced from 7.2 to 4.5 eV in the plafeL) case and from
6.7 to 4.2 eV in the chain calculatid@H). As expected, also
the band gap decreaséBL: 10.8 eV—~7.0 eV; CH: 14.2
eV—10.3 eV). In both cases the intermediate valence region A
is shifted closer to the Fermi levéPL: [—11.6 eV; —3.2
eV]—[—-8.0eV;—-0.2eV|; CH:[-12eV;—-5.1 eV]—[—8.2

IV. COMPARISON TO OTHER CALCULATIONS
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eV; —1.4 eV]. Remarkably, the highest fully occupied T
chainlike band change@n contrast to all other bangsts -10
curvature completely through correlation corrections.
The gaps above and below the intermediate valence re- I X g Y r S
gion vanish nearly completely. Only in the chain case re-
mains a greater energy difference of 1.7 gWeviously 2.5 FIG. 7. Correlation corrected energy band structure ofctian

eV) to the lowest valence regidfthe four flat bands, which region, using the same Green”s-function method as in the planelike
are also shifted remarkably to lower binding energies case(the corresponding HF bands are given in Fig. 5
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In every case the valence region is strongly dominated bystics aroundS andI” can be detected. The last two bands in
Cu3d and O2% derived bands, whereas the Y and Ba states-ig. 1 of Ref. 11 correspond in nearly every respect to the
(which cannot be reproduced by our metha contribute  fifth (counted from below of our plane calculation. The
distinctively just below approximately-13 eV and in the same may be stated for the fifth chain-derived band in Fig. 7
unoccupied regions close to the partially filled baftdsatu- which is to be identified with the third band of the LDF plot.
rally these characteristics support the validity of our resultsThe energy ranges of our intermediate valence bands are in
within the valence energy regions. good correspondence, too. .

To perform the comparison, the number of bands and !t IS interesting to point out that the remaining lowest-
O(4) atoms has to be considered adequately. The 14 valenddnd four bands in each of our plots have no counterpart in
bands(including the band crossing the Fermi levef each any of the LD_F calculations We_have found in the literature.
plane or chain layer calculation have to be compared Witrﬁecause having 36 bf’i”d‘is d|scgss_ed abo)/ehese_: ap-
the 36 bands of Fig. 1 in Ref. 11. The complete elementar roaches_ have all their _Cd3contr|but|ops already n the
cell of YBa,Cw,O, contains one chain and two plane cells, ntermediate valence region. In comparison, to experifient

find good agreement to our flat Gili®ands region. The
but only two Q4) atoms. Therefore we double the number of V& ) :
bands )i/n Fig. 6 and add the chain-derived ones, which Ieaogusd _satellte grou_nd—9.4 ev Qetected with resonant photo-
to 42 bands. Subtracting the six bands corresponding to th mission .StUd'eS lies exactly in the energy region of the fou_r
2p orbitals of the two doubly counted(@ atoms we obtain plane-derived bands. The corresponding ones of the chain

also 36 bands. With the help of this procedure a compariso alculation may be identified as lying slightly above another
becomes possible u3d satelite around-12 eV.

Inspecting the three partially filled bands we get quite Let us turn our attention to the comparisons of the DOS.

good agreement to the curvature and the points of FermThe plots corresponding to our corrected band-structure cal-

: ; . culations are given in Fig. &hain cel) and in Fig. 9(plane
level crossings. The two plane-derived bands of Hieaal. ) ; e
having its maximum a6 correspond to our partially filled cel). Unfortunately in Ref. 11 no projected DOS is given.

band in Fig. 6. One of their bands crosses the Fermi Ieve‘,’herefore we use the results of thb initio pseudopotential

nearly exactly at the same points as in our case. The sa ane-wave calculation O.f Ref. 16 fqr the comparison. Figure
feature—even more precisely—can be detected by a look tof this reference contains the projected DOS for all copper

the partially filled chainlike band. In Fig. 7 this band shows21d 0Xygen atoms in the energy regions under consideration.

: . : Looking at our chainlike DOSFig. 8), peaks(a)—(d) cor-
nearly no dispersion alongandY, whereas in the LDF case -
the influence of the plane bands leads to a lowering of energ spiond(a:‘(ter ag ;anergy shift otf) 1“3 to 15'4 e\go_tzhe\l;o_ur
around theS point. Kim and 1hnt® insist on avoided crossing u(1) peaks and two @) ones between-5 and—2 eV in
betweenS and Y, which cannot be reproduced by our ap- Fig. 7(b) of Ref. 16. The higher-energy region differs more

proach. Interestingly the band structure in Ref. 16 for a 2Dstrongly. T.h's is due _to two facts: The agreement to the band
cut atk,= 7/c corresponds much bettén respect to Fermi structures in Ref. 16 is not as good as to the calculated values

in Ref. 11 for this energy region. Furthermore the demanded

level crossings, curvature and the lack of avoided crosssingI .
to our results as the cut &4=0. energy shift of 1.4 e\(see abovecannot be expected to be

Returning to our figures and the results given by Hiraoexactly the same everywhere within the intermediate valence

et al,’* we detect in our case a greater energy shift for the?°"c: . .
band containing the Fermi levgblane casgaroundX. Fur- Coming to the plane-derived DOig. 9, our strong

thermore, our partially filled bands cover an energy rangepealk lying close tcEg has no coun;erpart In Ref. .16' The
which is more than 1 eV broader than in the LDF chse. feason may be found again in the different dispersions of the

The next comparison refers to the chain-derived Occupiegorresponding bands. At higher pinding energies Fhe corre-
band lying very close to the Fermi level in Fig. 1 of Ref. 11. spondence improves. Pealgd—(c) in Fig. 9 may be identi-

Our corresponding band shows the same shape but at mugﬁd with the three highest values between_ eﬂ?é and—1eV
larger distance t&g . Taking in Ref. 11 at poin§ a look at in‘the Cy2) DOS PIOt of the LDF calculatior. .

higher binding energies we come to planelike bands which,. The energy region closer to the '°W.er end of the interme-
lie nearly in the same energy region as in our corresponding'ate valence region of the plane-derived DOS shows good

plot (Fig. 6). Therefore we should transfer the intermediate gree_mznt, :0%‘ TPetr?r(])rte expr)]reds?eo_l plelejk f:]ructu_t;(:ea]lrg)our
valence region of our chain-layer calculation with about 1.4cas€ IS due 1o Ine fact that we had lo inciude the apl

eV to lower binding energies to obtain the sequence of band@tom’ which leads to characteristic DOS contributions in this

proposed by LDF calculations. This necessary shift may p&NErY region.

due to the effect of the unshared apical oxygens belonging tﬂ] Flmally wedshfotl::d menttlpn that the pe?ks In (cj)ur. plc(;t? at
the planes and chains, respectively, in our mogehich € ‘ower end of tne negative energy scale are derived from

; ; e flat Cu3l bands which could not be found in any paper
compensates this effect possibly through the change of th%]sing LDE methods.

charge transfer due to the use of the mutually consisten
treatment Furthermore we should not forget that we have

too many band$due to the too many @) atomg, which V. CONCLUSION
influence this energy region containing hybridized 02 '
bands. We developed a method to enable theoretical statements

Continuing our comparison we come to very good agreeabout the electronic structure of YRau;0,. The compari-
ment at the lower end of the intermediate valence regionson of our results with LDF computations showed in many
whereas in between qualitatively similar curvature characterrespects good agreement for the Fermi level crossings, the
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partially filled bands and in the intermediate valence zonetonic coupling®® Therefore, it is interesting that we could
The LDF results, on the other hand, agree rather well wittcompute those bands in contrast to LDF calculations and in
photoelectron spectra in the case of “123"'°Therefore, agreement with experimental observatiéhi is also inter-

we conclude that our correlation corrected band structuressting to note that these bands are more flat in the “123”
give a rather good description of the filled bands. Furthercase, than in the case of LaBa,CuQ,,?* making the Cu@
more, neither the chain nor the plane cell could be handleelectrons belonging to these bands more localized and there-
without including the apical oxygen atoms. It is an importantfore more strongly polarizable. Assuming a polarizatier-

link influencing both subunits and should be taken into ac<itonic) mechanism of highF, superconductivity in cuprates
count in the search for mechanisms of hihsuperconduc- this could explain the largéer. in “123” than in the “214”
tivity. Low-lying, flat, and Cu3l-dominated energy bands system.

may play an important role for approaches based on exci- Last, but not least, in contrast to the LDF computations
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we were able to calculate also mutually consistent and cor- ACKNOWLEDGMENTS

relation corrected Cufplanelike and Cu-O chainlike un-
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