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Abstract: Recently, a molecular Aul; complex was stabilized in the interlayer space of the Bi,Sr.CaCu,0,
(Bi2212) high- T, superconducting phase, adopting an exceptional Dsj, structure (Choy, J.-H.; et al. J. Phys.
Chem. B 2000, 104, 7273). If the gold were formally Au(lll), a strong Jahn—Teller distortion to T- and
Y-shaped structures would be expected. In this work, we try to understand the structural preferences of
Auls in both the gas phase and the Bi2212 lattice, as well as the influence of the Aul; intercalation on the
superconductor lattice. What we think actually happens is that there is an effective electron transfer from
the s-type Bi lone pair to the gold, increasing the formal oxidation state of Bi from +3 to +5 and decreasing
that of Au from +3 to +1. A trigonal Au(l) trihalide is just fine. The DFT results confirm in the Bi-rich regions
the same kind of electron transfer as encountered on the EHT level of theory, but they reveal additional
complexities of the problem. The effect of the Bi to intercalating molecule electron transfer on the cuprate
layer may be important, quite apart from this specific example, in tuning superconductivity in the cuprates.

1. Introduction
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During the past decade, the intercalation technique has been Ca layer O
effectively applied to the BEr,CaCuOy superconductor (Bi2212), Cu0, layer

Though the geometry seems on the face of it innocuous, it is SrO layer
rather exceptional for three-coordinated Au complexes in both
solid and liquid phaséslIf Aul 3 were neutral, the geometry is
particularly surprising. Aulis formally a & system and as such Ca layer
should be JahnTeller unstable, with thé®s, structure being
the maximum on a typical Mexican hat-type potential energy Bi,Sr,CaCu,0, (Auly), ,5Bi,Sr,CaCu,0
surface. The species should have a large driving force to dlstort

Cu0Q, layer

O

extending the scope of highs superconductivity (HTCS) in [¢) ® Cu
layered cupratek:® st0 layer @ 0o

As part of this effort, recently, a molecular Automplex @ Bi
was stabilized in the interlayer space of the Bi2212 lattice by gjo 1ayer Oca
Choy et all Using several spectroscopic techniques, Choy et L Au Qs
al. concluded that a trigonal planab4,) Aul; intercalates
between the two BiO layers, its plane parallel to the layer BiOlaver Onu
interface (see Figure 1). @

O

jgure 1. Structure of the BiSLCaCuOy superconductor (pristine and
Aulg-lntercalated structures).

*To whom correspondence should be addressed. E-mail: rh34@
cornell.edu. to Cy, structure:1° Recent study of Auf and AuCk by

T Present address: National Center for Biomolecular Research, Faculty e . .
of Science, Masaryk University, Kétiska 2, CZ-611 37 Bmo, Czech  Hargittai et al. revealed that these two gold halides do indeed
Republic. undergo a JahnTeller distortion to a T-shape@,, structuret’12
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(7) Choy, J.-H.; Kim, Y.-I.; Hwang, S.-J.; Huong, P. V. Phys. Chem. B Chem. Soc200Q 122, 3127.
200Q 104, 7273. (12) Hargittai, M.; Schulz, A.; Riéy, B.; Kolonits, M. J. Am. Chem. So2001,
(8) Gimeno, M. C.; Laguna, AChem. Re. 1997, 97, 511. 123 1449.

5542 = J. AM. CHEM. SOC. 2002, 124, 5542—5549 10.1021/ja012449d CCC: $22.00 © 2002 American Chemical Society



Intercalation in Cuprate Superconductors ARTICLES

Or could it be the interaction with the Bi2212 that makesAul Chart 1

adopt this unusual geometry? z
There is experimental evidence that supports the latter

explanation. First, the Aglmoiety in Aub—Bi2212 is formed y

at 235°C, which is far beyond the decomposition temperature X

of Aul (100 °C).” This suggests that the BiO bilayer of Bi2212

interacts with Aug strongly enough to stabilize the metastable Oux Qx
complex, possibly in a way that favors tBg, structure. Second, OH“\ | /OHeq s Ol
other experiments done by Choy et al. indicate that the Bi2212 Bi Bi\
superconducting lattice behaves upon intercalation as a soft base OHeq/ \OHeq OHeq

with electron-donating characténf this is also the case for
the Auls complex, electron donation from the lattice might so-
to-speak quench the Jahmeller force and stabilize the complex
in the Dz, symmetry. The point is that while Agldefinitely Bi—O distances in the BiO layers to be 2.69 A for the ideal
does not want to be trigonal, At does. structure. This distance is too long for a"B+O bond!® as
While it is desirable to obtain more insight into the inter- tYPical bond distances in BD; polyoxides are on average 2:2
actions between Ayland Bi2212, the influence of these 2.3 A (cf. mte_rnatlonal crysta_l s_tructure_ database). Thus, there
interactions on the electronic and geometrical structure of Aul  Must occur displacements within the BiO sheet to create some
is not the only motivation for our study. An equally (if not more) Shorter (and some longer) 8O bonds'® A number of X-ray
important point is the influence of these interactions on the and neutron diffraction studié8;'” 22 indicate that- including
superconductor lattice. Charge transfer between host and guesthe axial oxygens from the two neighboring layershree short

is believed to be the main factor governing the evolutiomof ~ (2:0-2:4 A) and three long (3:03.5 A) Bi—O bonds are
upon intercalatiod:’” Therefore, understanding such charge formed. It has been noted that a qualitatively different electronic
transfers may lead to an identification of the electronic structure of the material is obtained for these distorted structures

parameters that correlate wiff. Though any one-electron ~compared to the idealized on®s.

theory that neglects many-particle interactions cannot by itself ~ TO the best of our knowledge, the most recent study on the

give an account of higff, superconductivity, knowledge of the ~modulated structure of Bi2212 is that of Gladyshevskii and

one-electron parameters correlated viithwould be of usé? Flikiger?® who reported an X-ray study with a refinement in a
In this work, we will attempt to understand the structural 9-fold supercell. The authors found Bi-rich regions with distorted

preferences of Aulin both the gas phase and the Bi2212 lattice, '0Ck salt-type atom arrangements as well as Bi-poor regions
as well as the influence of the Aglintercalation on the  Where zigzag chains of corner-linked EjQetrahedra are

superconductor lattice. We begin with the electronic structure formed. Bi atoms situated in the zigzag chains have short
of Da Auls in the gas phase. Then we perform geometry distances to two O atoms of the chains (2.17 and 2.30 A) and

optimizations to explore other important points on the potential 0 @ third O atom, situated in the SrO layer (2.51 A)' The two
energy surface. Finally, we study the interactions betweeg Aul Nt nearest O atoms are from the neighboring BiO layer at a
and Bi2212, using several molecular models of the supercon-distance of 3.26 A.

ductor lattice. Throughout the work, a combination of extended  In the present study, we adopt several molecular models of
Hiickel (EHT), density functional (DFT), and second-order the BiO layer including the axial oxygen atom from the SrO

(a) idealized [Bi(OH),0]*  (b) [Bi(OH),0T

Mgller—Plesset (MP2) methods was used. layer and investigate these at the extendédkeliand density
functional levels of theory. First, we performed calculations on
2. Structural Models of the Bi2212 Lattice the idealized rock salt-type BiO arrangement represented by the

| [Bi(OH)4OJ*~ unit (Chart 1a). The equatorial BO bond
lengths of 2.70 A were adopted based on the experimental data
summarized by Ginsbefdbut also shorter Bt Ogqbonds were
considered, cf. below. The axial BO bond length of 2.06 A
was adopted from the experimental study by Choy étTie

The structure of the Bi2212 lattice is pseudotetragona
(I4/mmn), and refinements in that aristotype space group give
the structure shown on the left side of Figure 1. However, the
structural determination of Bi2212 is greatly complicated by

stacking faults, modulations, and oxygen and cation disorder. T . . o
The true symmetry of the phase is not greater than pseudo-seconcl model adopted in this study is a [Bi(QB) unit with

orthorhombic; a number of space groups have been employqu;j |csjtorrt]ed tlr(lgonzlg)li/jramldl?l é’gu?irbe _It_)ﬁsed ontth_e Irg%ﬂts of
in an effort to describe this intractable structifteSince the adyshevskitan ger, ct. Lhar - Ihe equatoria

BiO quers OXyg.en QOSIIIF)nS are espgually pqorly constrained, (16) Torardi, C. C.; Parise, J. B.; Subramanian, A.; Gopalakrishnan, J.; Sleight,
the Bi—O ordering in Bi2212 remains to this day an open A. W. Physica C1989 157, 115.
questionl5 (17) von Schnering, H. G.; Waltz, L.; Schwartz, M.; Becker, W.; Hartweg, M.;

) ' . . Popp, T.; Hettich, B.; Mler, P.; Kanpf, G. Angew. Chem., Int. Ed. Engl.
Displacements in the BiO layers appear to be a consequence 1988 27, 574.

. . . (18) Bordet, P.; Capponi, J. J.; Chaillout, C.; Chenavas, J.; Hewat, A. W.; Hewat,
of a size mismatch between Cp@nd BiO layers. The CuO E. A.; Hodeau, J. L.: Marezio, M.; Tholence, J. L.. Tranquifysica C

bond length in the CuDsheets (1.91 A) forces the average a 198§ 156, 189.

9) Sequeira, A.; Rajagopal, H.; Yakhmi, J. Physica C1989 157, 515.
20) Sequeira, A.; Rajagopal, H.; Nagarajan, R.; Rao, C. NPHysica C1989

(13) Pavarini, E.; Dasgupta, |.; Saha-Dasgupta, T.; Jepsen, O.; Andersen, O. K. 159, 87.

Phys. Re. Lett. 2001, 87, 047003. (21) Ren, J.; Jung, D.; Whangbo, M.-H.; Tarascon, J.-M.; Le Page, Y.
(14) Ginsberg, D. MPhysical properties of high-temperature superconductors McKinnon, W. R.; Torardi, C. CPhysica C1989 158 501—-506.

World Scientific: Singapore, 1989. (22) Levin, A. A.; Smolin, Y. I.; Shepelev, Y. FJ. Phys.: Cond. Matt1994
(15) Kizler, P.; Su, H. L.; Majewski, P.; Aldinger, FRhysica C1994 233 6, 3539.

415. (23) Gladyshevskii, R. E.; Fliger, R.Acta Crystallogr.1996 B52 38.
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Chart 2
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idealized [BisO,)*

Chart 3
(a)

® Cu
Oo
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QAu

(b) . I
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with Au—1 bond lengths of 2.56 A,the Cu-O bond lengths

were set to 1.91 A, the ©H bond lengths 0.95 A, and the
Oa—Cu bond lengths to 2.46 A (cf. Ginsbéfly and the

Au—Bi bond length was varied as described below.

3. Computational Details

Extended Huakel calculations were performed using the default
parameters of the CACAO progréfrfor all atoms involved.

The single-point density functional calculations for isolated sAul
were carried out using the restricted open shell BP86 functional in both
the Amsterdam density functional (ADF1999.82inplementation and
the BP86 and BHP86 functionals (cf. below) in the Gaussi&h98
implementation. Within the former implementation, tri@&STO basis
sets from the ADF database were used, and the core atomic orbitals
were frozen out to 4p (I) and 5p (Au). Within the latter implementation,
we employed a (8s7p6d)/[6s5p3d]-GTO valence basis set for gold and
a (5s5p2d)/[4s4p2d]-GTO valence basis for iodines. Small multielec-
tron-adjusted quasirelativistic effective core potentials (ECPs) were used
for both Au and | atoms. Both the basis sets and the ECPs were those
of the Stuttgart group’ The geometry optimizations for Aulere
done using the BP86 and the MP2 methods in the Gaussian98
implementation only, using the same basis sets and ECPs as described
above.

Computational studies of the models of the BiO layer and its
interactions with AW and [Cu(OH)]?>~ were performed using the
BHP86 functional in the Gaussian98 implementation. The latter, "half-
and-half” hybrid functional combines Becke’'s generalized-gradient-
correction (GGA) functional for exchange (B),including 50%
Hartree-Fock exchange (H), with Perdew’'s 1986 GBAPS86) for
correlation. Such functionals are somewhat less popular but perform
well for certain classes of open-shell transition metal compotthds,
especially those with relatively small HOM@.UMO gaps, as is here
the case for BiO layer models including [Cu(QH)y. Comparative
calculations employing the more widely used B3LYP functional for
several BiO layer models with sufficient HOM@.UMO gaps
demonstrated that both levels of theory (B3LYP and BHP86) give
qualitatively the same results. We employed a (5s5p1d)/[3s3p1d]-GTO
valence basis set for Bi and O, (8s7p6d)/[6s5p3d]-GTO valence basis
set for Cu (both basis sets of the Stuttgart gféyand a (4s1p)/[2s1p]
hydrogen basig

bond lengths were set to 2.24 A (representing the average of ~ ol the Bi- and Cu-containing model systems possess a total negative

2.17 and 2.30 A¥2 the axial bond length of 2.06 A was again
taken from the study by Choy et @For both models, the ©H
bond lengths in the hydroxyl groups were fixed at 0.95 A and
the Bi—O—H angles taken as 180

The models selected represent the smallest chemically

meaningful fragments of the corresponding extended structures.

The hydrogen atoms were included in the models in order to

keep the total negative charge of the systems as small as(26)

possible. (The DFT description performed for these systems in
the next section would be problematic otherwise.) Also, protons
attached to the oxygens may model better the electronegativity
of oxygens in the extended structure.

A further model of the BiO layer, an idealized rock salt-type
[BisOg]3~ system (Chart 2) was studied at the DFT level of
theory. The model was investigated with-BD,x bond lengths
of 2.06 A and Bi-Oqbond lengths of, first, 2.70 A and, second,
2.50 A

To explore the interaction between Authe BiO and the
CuO layers, two models were studied: a Au[Bi(OH),O] -+
[Cu(OH)4)?~ system (Chart 3a, hydrogen atoms have been for
simplicity omitted), and a Aut-[BisOg]3+*-[Cu(OH)4]%~
system (Chart 3b). The bond lengths in the Bi-containing units
were chosen as stated above. Awhs taken as Bz, complex

5544 J. AM. CHEM. SOC. = VOL. 124, NO. 19, 2002

charge ranging from-1 through—3 to —5. In the DFT calculations,

(24) (a) Mealli, C.; Proserpio, D. Ml. Chem. Educl99Q 67, 399. (b) Mealli,

C.; lenco, A.; Proserpio, D. MBook of Abstracts of the XXXIII ICGC
Florence, Italy, 1998; Abstr. 510.

(25) (a) Baerends, E. J.; Ellis, D. E.; Ros, Ghem. Phys1973 2, 41. (b)

Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322. (c) te Velde, G.;

Baerends, E. JJ. Comput. Phys1992 99, 84. (d) Fonseca Guerra, C.;

Snijders, J. G.; te Velde, G.; Baerends, ETHeor. Chem. Acc1998 99,

391.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;

Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,

C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;

Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,

Inc.: Pittsburgh, PA, 1998.

(27) (a) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Chem. Phys1987, 86,
866. (b) Bergner, A.; Dolg, M.; Kehle, W.; Stoll, H.; Preuss, HVol.
Phys.1993 80, 1431.

(28) Becke, A. D.Phys. Re. A 1988 38, 3098.

(29) Perdew, J. P.; Wang, Phys. Re. B 1986 33, 8822. Perdew, J. P.; Wang,
Y. Phys. Re. B 1986 34, 7406.

(30) Holthausen, M. C.; Heinemann, C.; Cornehl, H. H.; Koch, W.; Schwarz,
H. J. Chem. Phys1995 102, 4931.

(31) Dunning, T. H.; Hay, H. InMethods of Electronic Structure Theory

Schaefer, H. F., lll, Ed.; Modern Theoretical Chemistry; Plenum Press:

New York, 1977; Vol. 3.
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Table 1. Occupied MOs of Aulz: DFT Results? Chart 4
character®
MOoP Au | ceal/mol
Y-shaped GS, 0
4¢ 6D 60y 1%; 50y, 502y 11% 5p, 5p,88% shapec fx, B kealino
2¢’ 50k, 5d,,4% 5p 95%
1g' 5p, 5p,100%
1a" 6p, 7% 5p 93%
3¢ 6Py, 6py10%, 56y, 5de-y2 1% 50, 5p,88% I
3a’ 65 23%, 5¢ 22% 5p, 5p,56%
1¢’ 50k, 50,,96% 5p, 4% 2.62A
2a’ 6s 1%, 5¢ 74% 5s, 5p 5p,24%
2¢ 50y, 5de-y2 81% 5s, 5p 5p,18% Au
1€ 69:6@ 4%, 5d<y, 5@(27}/2 6% 55 89% 1 > 164° T—shaped TS, +2.3 kcal/mol
la’ 65 6%, 5¢ 4% 55 91% 2.65A

aMO compositions determined by MPA analysis of the BP86 (ADF)
results. The order of MOs in the table corresponds to the energy level |
ordering (highest-lying MOs firstP This MO labeling omits the semicore
iodine 4d orbitals that were included in the basis set for the DFT calculation.
¢In this and the following tables, orbital contributions smaller than 1% have

Y

been omitted. 700 2624

this has been consistently compensated by distributing an equivalent 1 4 AU Tghaped TS, +19.1 kcal/mol
positive charge through a system of partial charges on the positions of 3.27A

the four nearest-neighbor Sr ions (in Cu-containing systems also on 62

the four nearest-neighbor Ca sites). Introducing the partial charges
results in a uniform stabilization of both occupied and virtual MOs
that is approximately linearly proportional to the amount of charge
applied. The electric fields that just compensate for the negative t0 each other (2.62, 2.62, 2.65 A). The second saddle point lies

molecular charges are in all cases sufficient to make all electrons 19.1 kcal/mol above the minimum, with bond angles®(7@’,
formally bound. This simple approach unfortunately then did not allow 220°) and two short and one much longer bond lengths (2.62,
us to optimize the geometry of the intercalated Aals optimization 2.62, 3.27 A)_
algorithms in Gaussian98 do not account for the electric field effects.  Ay|; thus offers us a typical JahiTeller system, character-
4. Auls in the Gas Phase ized by_ a Mexican hat-type potential energy surfac_er The central
Dshn point is a maximum; there are Y-shaped minimums and
; ’ lower-lying T-shaped saddle points on the “brim” of the hat
(O d¥2) below &’ (dz) below € (dy, de-y), W'th ef.doubly around the central maximum. The higher-lying T-shaped
occupied and thus the source of Jaflieller instability. The  giationary point can probably be understood as lying on the way
actual Auk case is complicated by the p-type lone pairs on the , gissociation of Aujinto Aul, and I'. A geometry optimiza-
iodides. These in fact dominate the region near the HOMO, 5 of A, in the triplet state restricted to tH2s, symmetry
with the Au 5p orbitals lower in energy. Still, the results of the yielded a minimum lying 5.0 kcal/mol above the singlet
density functional calculations (Table 1) reveal that the doubly Y-shaped minimum, with the Atl bond length being 2.65 A.
c.)cc%?ed 4eHOMO has a substarmal Rl Sde-y contribu- Due to the dispersion energy problem, many of the currently
tion>* We note that the results in Table 1 refer to BP86 o gensity functionals tend to underestimate interaction
calculation in the ADF implementation but that the other levels energies and overestimate bond lengths for weakly bonded
of theory employed (BP86 and BHP86/Gaussian98) give very qqmpjexed? To estimate the influence of the dispersion
similar bonding pictures. _ o interactions on the optimized structures and energies of, Aul
As a result of t.he. orbital .orderllng, Wh'Ch, is exactly as we performed geometry optimizations at the MP2 level of
expected from qualitative considerations, there is a strongJahn theory. Again, a Y-shaped structure was found to be an energy
Teller distortive force in the system. No stationary point of the i0imium Wiﬂ"l angles (138 138, 84°) and bonds on average
Aulz potential energy surfgce is found unless the system is 5 94 A shorter than at the DFT level (2.63, 2.63, 2.56 A). A
allowed to deform. A relaxation of the symmetry@g, resulted T-shaped first-order saddle point with the angles (97°, 166))

in the identification of three .stationary points, one minimgm and bond lengths (2.60, 2.60, 2.62 A) lies only 0.2 kcal/mol
(ground state, GS) and two first-order saddle points (transition ;p,ve the Y-shaped minimum. Very recently, a T-shaped TS

state, TS); see Chart 4. _ of a related AuH system was observed stabilized in a solid
The minimum corresponds to a Y-shaped structure with two .. upon interaction with b which is an interesting

larger and one smaller angles (14242, 76/;) and two longer ¢ nterpart of the Aulstabilization reported hefd.
and one shorter bonds (2.68, 2.68, 2.59 A). Both of the saddle During the preparation of the present report, studies on the
points are T-shaped structures. The first of these lies 2.3 kcall gjactronic structure of gold iodides by Schulz and Hardftai

mol above the Y-shaped minimum, having two smaller and one 5y, sanel et af8 were published. In their very careful study,
larger angles (98 98, 164°) and all of the bond lengths close

I

The D3, ML3 system should hava d orbital splitting ‘e

(33) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional

(32) For a comparison, EHT calculations on A(D3,) were performed. The Theory Willey-VCH: Weinheim, 2000.
qualitative features of the electronic structure are similar for both ap- (34) Wang, X.; Andrews, LJ. Am. Chem. So@001, 123 12899.
proaches, except for the fact that the frontier orbitalsafel 2¢ are more (35) Schulz, A.; Hargittai, MChem. Eur. J2001, 7, 3657.
covalent for EHT than for DFT and that the energies of thg 2&' MOs (36) Sdnel, T.; Brown, R.; Kloo, L.; Schwerdtfeger, hem. Eur. J2001, 7,
are switched. 3167.
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Schulz and Hargittd? explored the PES of gold trihalides and
found that a Y-shaped structure represents an energy minimum
and a T-shaped structure a transition state fogAtthe B3LYP
level of theory3” Interestingly, their MP2 results suggest that
even the Y-shaped structure does not appear to be a true
minimum but a transition staf8 This encouraged them to check
the PES of Aw beyond the JahnTeller surface. They found
that there is indeed a L-shaped structure Witlsymmetry, lying
much lower in energy than both of th€,,-symmetrical
stationary points.

Sthnel et alf% have drawn the same conclusions regarding
the relative energies of the Y- and T-shaped structures of Aul
as found in this study and by Schulz and Hargittai, and they
also studied the interaction between Aahd Bi2212. Unfor-
tunately, their model of the superconductor lattice appears to
us inadequate, as it considers only atoms within the idealized
BiO planes and disregards completely the strongly bound axial
oxygen atoms (g; see Chart 1). As a consequence, Bi in their
model is formally in the+2 oxidation state, whereas the
,OXI.datlon SFatET !n the real lattice 3. The Bi~Oax bond Iength Figure 2. MO diagram summarizing the essential features of the interaction
is in fact significantly shorter than the average—l, bond between Au and [Bi(OHYOJ*~ (idealized structure).
length (2.06 vs 2.70 A), and strong interactions with Bi orbitals
should thus be expected. Indeedy Orbitals mix considerably
into bands close tererm; as has been shown by band structure

Table 2. Occupied MOs of [Bi(OH)40]3~ (Idealized Structure
Shown in Chart 1a): EHT Results?

calculations (see ref 39) and as is reproduced by our molecular character
models (see below). It is thus not surprising that in the study of _ MO Bi Ocq Heq Ou
Sthnel et al. it was difficult to achieve SCF convergentieeir 6a 65 46%, 6p6% 21y 16% 2p19%
model disregarded Qand consequently had the wrong number ie 229’%21%%‘;//" 2Ry 18%
of electrons. 3t on100%
) _ 4e 2Ry 96% 20y 4%
5. Interaction between Aul s, the BiO, and the CuO » 1hy 2&5’21000/% Ry 470
Layers: EHT Results 5a 2p, 100%
) _ ) ) _ 3e 2Ry 22% 2Ry 75%
In this section, we discuss the interaction betweersfarie 4 6s 4% 29;228% ZQyﬁl%
of the two BiO layers, modeled by the [Bi(O)]®~ and the 2by 2p,y 84% 1s 12%
[Bi(OH),0]~ units, and the Cu@ layer, modeled by the 2e Gy 12% 2Ry 72% 1s 14%
SR ' 3a 6s 37% 2py 40% 1s 8% 2p13%
[Cu(OH)YJ* unit. 2 652%, 6p6% 25 87%
The limited gallery height for the Aul layer within by 2s 88% 1s12%
i ; ; la 25 84% 1s 12% 2s 4%
(Aul3)o.28Bi>SLCaCuyOy we think constrains the Agkcomplex o 6, 2% e 86% 1o 19%

to an intercalated planar structure parallel to the basal glane.
However, the structural modulations have made it impossible  aMPA analysis. The order of MOs in the table corresponds to the energy
so far to determine the relative orientation of the Acomplex level ordering (highest-lying MOs first).
with respect to the Bi and O atoms constituting the BiO layer.
Our initial choice was to simply place the two fragments
directly above each other, as shown in Figure 2. This figure
also shows the most important orbital interactions (EHT results)
for the idealized [Bi(OH)O]*~ model (hydrogen atoms have
been omitted in the figure for the sake of simplicity).
The highest occupied MO of the [Bi(OkD)]*~ unit is

Aulz molecule being located in the middle of the BiO bilayer.
As Aulz moves closer to one of the BiO layers, the repulsion
experienced from the iodine-based doubly occupied orbitals
pushes the HOMO of [Bi(OHPD]®~ high. At a Bi-Au distance

of 2.90 A, the repulsion is strong enough to switch the level
ordering of the highest occupied MOs of Auind [Bi(OHXOJ*~;

) ) : - ] the doubly degenerate antibonding combination of Auy,5d
displayed on the right side of Figure 2 (further details on the 5de_2 and | 5p, 5py accepts two electrons from the bismuth
electronic structure of [Bi(OHPD]*~ are given in Table 2). It lone pair (see Figure 2)Thus, there is an effect electron

is composed mainly of the Bi 6s orbital (46%), hybridized away 4nsfer from the s-type Bi lone pair to the gold, increasing the
from O by & 6% admixture of the Bi porbital. This MO formal oxidation state of Bi from+3 to +5 and decreasing

represents also the HOMO of the ﬁ“}[B_i(OH)“O]} complex that of Au from+3 to +1. The electron transfer is accompanied
for the Bi—Au distance of 3.135 A, which corresponds to the 1, 5 change in the electron densities of the axial oxygen of the

i - ni . ;
(37) The role of the T- and Y-shaped stationary points is switched for; AuF .[BI(OH)4O] unit (Ga): the net Mulliken charge on £
and AuCk: the T-shaped structure is an energy minimum whereas the increases from-1.64 to—1.45.

Y-shaped structure is a transition state; see refs 11 and 12. i i 3— i H H i

(38) The different nature of the Y-shaped stationary point suggested by our ,The relative Auj, [Bi(OH),OF" orientation displayed m,
calculations as compared to ref 35 is probably caused by slightly different Figure 2 represents, of course, only one of the many possible
Rasgri?;ttzucsoenqSﬂﬁifattjigﬂersmndable considering the very flat PES; SCh“'deometrical arrangemerﬂ%.Any rotation of Auk (or [Bi-

(39) Singh, D. J.; Pickett, W. El. Supercond1995 8, 583. (OH)40]%") around the axis interconnecting the Au, Bi nuclei
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Table 3. Occupied MOs of [Bi(OH),0O]~ (Model Structure Shown
in Chart 1b): EHT Results?

character®
MO Bi Ocq Heq O
8d 6s 40%, 6p15%, 2p, 6%y 2,220%

6p,13%

5d' 2Pxy,2 66% 2R 32%
7d 2pyz 34% 2R, 64%
4d' 2pxyz 100%
6d 2Pxy,z 96% 2R,24%
3d’ 2py; 30% 2p.66%
5d 6P, 2% 2fxy,z 60% 2R,z 34%
4d 6s 9%, 6p8% 21 14% 2R,,65%
2d' 6pc12% 2Ry 70% 1s 16%
3d 6s 28%, 6p8% 2By 50% 1s 14% 2p6%
2d 6p, 6% 25 6% 25 86%
1d' 6pc3% 2s 86% 1s12%
1d 6s 3%, 6p 3% 25 78% 1s 10% 25 5%

2 MPA analysis. The order of MOs in the table corresponds to the energy
level ordering (highest-lying MOs first).

electron density of the axial oxygen of the [Bi(Q8)]~ unit
(Oav): the net Mulliken charge on Qincreases from-1.67 to
—1.51.

In summary, for any of the two BiO models considered, EHT
Figure 3. MO diagram summarizing the essential features of the interaction predicts an effective electron transfer from the Bi lone pair to
between Aud and [Bi(OH}O]". the 5d,, 5de-y orbitals of gold for Au-Bi distances equal or

smaller than 3.0 A. This explains the highly unusual trigonal
will not influence much the interactions studied in Figure 2. planar geometry of the gold triiodide, by making it formally
Disregarding the direct (through-space) interactions between theay,2- with Au(l). We recently learned that Augtedge XANES
oxygens of [Bi(OH)OJ*~ and Auk, the approximate cylindrical  and XPS spectroscopy carried out by the Choy group at Seoul
symmetry of the Bi lone pair ensures that the overlap with the National University points clearly to a Au(l) oxidation state in
gold and the iodines is pretty much constant with respect t0 the system at harfd.
such a rotation. We also studied an arrangement wherg Aul  Assuming this intriguing electron transfer, how does the
was translated with respect to [Bi(OM)]°" relative to the  ay....[Bi(OH),O]" interaction influence the electronic structure
orientation in Figure 2 (while retaining its “parallel” orientation) o the CuQ plane? We model the cuprate by the [Cu(GIR)
so that one of the Agliodines (rather than Au) was above the unit, placed as in the full structure (Chart 3a). The EHT
Bi lone pair. As expected, the repulsive interactions between caicylations show that there are no significant interactions
the Bi lone pair and the iodines were strengthened, but followed penween the frontier orbitals of [Bi(OKP]~ and [Cu(OH)]2.
qualitatively the same scheme as shown in Figure 2. _ The latter complex is a classicél slystem with a half-occupied

Let us now examine a more realistic model for the Bi ¢, 3de_>-type HOMO, with substantial admixture of the OH
environment, one with three relatively short (2.24, 2.24, 2.06 group orbitals. The HOMO (for symmetry reasons) does not

A) Bi—O distances instead of four long and one short®i  haye any appreciable direct interaction with p-orbitals of the

contacts (see Chart 1b). Figure 3 displays the crucial orbital gyiq| oxygen atom of the [Bi(OHD]~ group. The doubly

interactions (EHT results) between the [Bi(GB]™ unit and  gccupied Cu 3d-centered MOs that possess symmetry-related

Auls. (Hydrogen atoms have again been omitted in the figure counterparts on the Qof [Bi(OH)20]~ (Cu 3dg, Cu 3¢, Cu

for simplicity.) . . . 3d2) do not enter any appreciable orbital interactions eiffer.
The highest occupied molecular orbital of the [Bi(Q&)~ However, when the Aglcomponent is included, an electron

unit is again dominated by Bi 6s (40%), Bi £§13%) transfer from the Bi lone pair to the B¢ 5de_2 orbitals of
contributions (for more details, see Table 3). The modified gold empties the HOMO of [Bi(OHD]~. This in turn can
structure lowers the symmetry froBa, to Cs, allowing a mixing accept the single electron from the HOMO of [Cu(QF). We

of Bi 6py orbital in the HOMO (15%). The Bi lone pair, as the 4o not trust EHT calculations to get that secondary electron
left side of Figure 3 shows, “points” roughly along the axis of ransfer right; the Bi and Cu levels will shift with charge in
the pyramid formed by the three closer ligands. This hybridiza- ways that EHT may not capture. However, it seems clear that
tion of the HOMO strengthens (!) the interaction between the ihe intercalation of Aw in the interlayer space of the BiO

Bi lone pair and the iodines coordinated to the gold. This in pjjayer in Bi2212 will increase the hole concentration within
turn pushes the Bi lone pair in energy above the HOMO of the CuQ layer. The latter effect is also predicted by our density
Aulz, already at an AuBi distance of 3.0 A. Again, the  fynctional calculations on a related model (see section 6). The
consequent electron transfer is accompanied by a change in thectron transfers between the AulI[Bi(OH),0]~, and

[Cu(OH)]%~ units are rather straightforwardly reflected in the

(40) As pointed out by a reviewer, it would be desirable to study also the
interaction of the trigonal planar and distorted Aulith both of the BiO
layers. Though a separate study would be required to get any quantitative (41) Choy, J.-H., private communication.
estimates, our EHT calculations do not suggest that any novel features would (42) The maximal energy (de)stabilizations resulting from the orbital interactions
appear upon the introduction of the second BIO layer. encountered are-0.1 eV.
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Table 4. Occupied MOs of [Bi(OH).0]~ (Model Structure in Chart to the HOMO?¢ Furthermore, there is some experimental and
N a . . . .
1b): DFT Results theoretical evidence for the BiO double layer itself that suggests
Y/
character? significant Bi 6s mixing in the valence band. First, several
MO Bi Ocq Heq O intercalation experiments showed that the BiO double layer
54’ 2P 59% 2p40% behaves as a soft base with electron-donating char&cter.
8d 6py 4% 2Py, 61% 2R 31% Second, valence band photoemission spectra of Bi2212 obtained
et ggzi‘;/}" 6r5% 3&2 s gg;;% by Fujimori et al. suggested a significant shift of the Bi 6s
(1] (1] (1] . . . . .

64  6p 2% 200se 90% 25 4% contribution from the deep-lying Bi 6s O 2p bonding states
3d 6p4% 2Pz 41% 2p51% to the antibonding states in the O 2p band region, as compared
5d 6|0x,y2;5% , 2y 33% . . 2p 3§% to the results of band structure calculations. The authors
gi, g;ztf/f » By 15% g: 53” ?(1)(;2 E i%; 2pA% concluded that the exact oxygen content igiCaCyOy, was
34 6s 74% 2;iy 169 1s 5% 253% greater than that assumed in the band strl_Jcture calc_ulal;'ron§ (
2d 6s 3%, 6p1% 2s, 2py 6% 25 90% = 8) and that the excess oxygens are coordinated to Bi, resulting
1d' 2s 86% 1s 12% in the upward shift of the Bi 6s level. Indeegl~ 8.25+ 0.1
1d 6s 3% 25 81% 1s10%  2s4%

has been obtained from thermogravimeft similar conclu-
aMPA analysis of BHP86 results. The order of MOs in the table SION (€xtra oxygen coordinating to Bi may raise Bi 6s in energy
corresponds to the energy level ordering (highest-lying MOs first). so that the latter orbital provides an important contribution to
the valence band spectra) was drawn from the experimental
Mulliken charge of the g atom. In isolated [Bi(OH)] ™, the study on the Bi2201 system of Xu et4lLast, significant Bi
charge of Qxis —1.67; itincreases te-1.64 upon the interaction  character of the BiO bands close t@germ Of Bi2201 was
with [Cu(OH)]?~ and then increases furtherdl.56 uponthe  suggested in theoretical studies due to Singh and P#élkett
subsequent interaction with ALIOur findings are in agreement Strange and Gunf,
with the results of XANES spectroscopic studies on Bi2212;  This body of evidence suggests that the models with Bi
these revealed partial oxidations of BiO and Gu&yers upon coordinated by four loosely bound OH groups (idealized
Agydw and Hg intercalatiort:*°More importantly, considering  strycture) or two more tightly bound OH groups (more realistic
that all Bi2212 samples in ref 7 were in the slightly overdoped sirycture) may not represent the electronic structure of the BiO
region of the phase diagrathour results are fully consistent plane at the DFT level of theory well. We see two possible
with a decrease iffc upon the intercalation:3 reasons for this. First, the oxygen atoms in the BiO plane are
bound each to four electropositive Bi atoms; they are thus less
electronegative than in our model, where oxygen atoms are parts
of the OH groups. The less electronegative ligands are then
DFT calculations with the hybrid BHP86 functional have also supposed to withdraw less charge from the Bi atoms and to
been performed for both the idealized [Bi(QB)3~ and the pull them down in energy to a smaller extent. Second, the
more realistic [Bi(OH)O]~ models (Chart 1). A brief inspection  bismuths are in reality likely to be more closely coordinated
of the DFT results for [Bi(OH)O] ~ (Table 4) reveals that the by oxygen atoms than represented by our models. Both the extra
relative ordering of the MOs is qualitatively different from that oxygen atoms (see above) and the structural modulations
obtained at the EHT level of theory. The highest-lying occupied (Bi-rich regiong%) may significantly shorten typical BiO bond
MOs correspond to the lone pairs of the oxygen atoms, leaving distances.
the Bi sp-hybrid lone pair at a relatively low energy. The same  Our density functional calculations reveal that a distant
result was obtained for idealized [Bi(O¥D]*~, both within our  coordination of Bi by electronegative oxygens pulls Bi orbitals
nonrelativistic treatmeft and when relativistic effects were  down in energy (electronegativity effect), whereas a close
explicitly accounted fof? coordination pushes Bi orbitals up in energy (orbital interaction
The qualitative disagreement between the chemically intuitive effect). For the idealized [Bi(OHD]*~ model with “average”
electronic structure supported by the EHT results on one side Bi—O bond lengths of 2.7 A, the 10 highest-lying orbitals are
and the DFT results on the other side is unusual. Which of these85—-90% composed of oxygen orbitals. Decreasing the @i
descriptions is closer to reality? On one hand, one might arguebond lengths from 2.7 to 2.0 A makes the Bi 6s orbital the
that the positive charge on the Bi atom (surrounded by very HOMO 51
electronegative ligandsy not accounted for within the EHT The second step toward a more realistic model we took was
approach— pulls the Bi 6s orbital down in energy, the latter to obtain a better account of the electronegativity of the oxygens
effect being magnified by the relativistic s-orbital contraction. surrounding the Bi atom in question. We do this considering a
On the other hand, the EHT description may suffer less from [Bj;Og]3~ model that corresponds to a 4-fold unit cell of the
the broken boundary conditions (i.e., carving a molecular model jdealized BiO structure (Chart 2). Embedding of the oxygen
out of the solid) when working with a molecular model.
The latter point of view is supported by the results of DFT (46) Schwerdtfeger, P.; Boyd, P. D. W.; Fischer, T.; Hunt, P.; Liddell,JM.
calculations on the related BjFsystem (with inclusion of (47 Am. Chem. Sod994 116 9620. given therein.

relativistic effects). These predict a significant Bi 6s contribution (48) Fujimori, A.; Takekawa, S.; Takayama-Muromachi, E.; Uchida, Y.; Ono,
A.; Takahashi, T.; Okabe, Y.; Katayama-Yoshida,Rys. Re. B 1989
39, 2255.

6. Interaction between Aul 3, the BiO, and the CuO »
Layers: DFT Results

(43) It should be kept in mind, though, that the decreas&.afan be more (49) Xu, G.; Mao, Z.; Yan, H.; Liu, X.; Xu, C.; Zhang, YSupercond. Sci.
directly connected to the interaction between the €pl@ne and @ and Technol.1998 11, 474.
that structural defects may participateTpevolution upon intercalation. (50) See: Strange, P.; Gunn, J. M.J=Phys.: Cond. Matt1989 1, 6843 and
(44) Note, however, that relativistic pseudopotentials have been employed. references given therein.
(45) Rtsch, N., private communication. (51) MunzarovaM. L.; Hoffmann, R., unpublished results.
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atoms between the four outer bismuth atoms changes radicallyfour constituent atoms. About half of this redox equivalent is
the relative ordering of the oxygen and central bismuth energy transferred from the [Cu(OH[Y~ unit and the other half from

levels. For the [BiOg]>~ model with in-plane B+O bond
lengths of 2.7 A, the HOMO contains 20% of a Bi sp-hybrid
orbital. This should be compared to the HOMO of the
[Bi(OH)4O]*~ model with the same BiO bond lengths that is
composed exclusively of oxygen lone pairs. Experiments by
Gladyshevskii and Fkiger indicate that regular BiO square
nets are formed in Bi-rich regions in which the in-plane-Bi
bond lengths are shorter than 2.2%We therefore carried out
DFT calculations for the [BOg]®>~ model with the in-plane
Bi—O bond lengths shortened to 2.5 A. For the latter model,
the HOMO contains as much as 37% of Bi sp-hybrid orbital.
Thus, diminution of the in-plane BiO bond lengths by 0.2 A
almost doubles the content of the Bi orbitals in the HOMO (!).
In the bismuth-poor regions of the BiO layer, zigzag chains
are expected to replace the regular square net of Bi and O atom
The [Bi(OH)O]~ system discussed above can be considere
as a minimal model of the BiO zigzag chain. Although the
HOMO of the [Bi(OH),O]~ model studied here corresponds to
oxygen lone pairs (Table 4), further modulations of the bond

lengths (shorter contacts within and between the chains) as well

as extra oxygen insertioffsaare again likely to push Bi orbitals
higher in energy.

Going back to the [BiOg]3~ model, it is of a great interest to
investigate its interactions with the [Cu(Qfff~ model and the
Aulz complex at the DFT level of theory. The structural model
employed for this investigation is shown at Chart 3b. Our
calculations for the isolated [BDg]®~ model with in-plane Bi-O
bond lengths of 2.5 A revealed the following (Mulliken) charge
distribution: Binner +1.20, Quinner —1.24, Qq —1.02, Bbuyter
+1.32, and Qouter —1.04. Upon the interaction with the
[Cu(OH)]?~ unit, the charge distribution on &g Bioues and
Oaxouteris affected only in a minor way, whereas the charge
distribution between Bjner and Quinner iS modified strongly:

Bi charge decreases #60.50 and that of oxygen atoms increases
to —0.50. The analysis of the spin density distribution assigns
~90% of the unpaired electron to the Cu atom, the remaining
~10% is delocalized onto the four OH groups. Finally, when
the [BisOg]3~, [Cu(OH)]%~ complexes interact with the Agll
complex (3.0 A from the BiO layer), gold triiodide accepts a
total of 0.4e, approximately equally distributed between the

the [BisOg]®~ unit. Our density functional calculations thus
suggest that Aglintercalation results in an increase of the hole
density within the Cu@plane.

7. Conclusions

The present study has not only shed light on the electronic
consequences of the Auintercalation of the Bi2212 super-
conductor but also illustrated important aspects of the EHT and
DFT descriptions of molecular models of extended structures.
Our EHT calculations suggest that there is an effective electron
transfer from the s-type Bi lone pair to the gold, increasing the
formal oxidation state of Bi from+3 to +5 and decreasing that
of Au from +3 to +1. Thus, a trigonal symmetry intercalate

s(formally Aulg?") is reasonable. DFT calculations predict in the
g Bi-rich regions the same kind of electron transfer as encountered

on the EHT level of theory. Our exploration of various molecular
models for the system revealed an instructive disagreement
between the DFT and the EHT results, which motivated us to
look more carefully at what DFT theory does in these systems.
Interesting effects of the bond lengths between the bismuth atom
and the surrounding oxygens, as well as of the electronegativity
of the latter on the Bi energy levels, have been uncovered. The
electronic structure of models of the BiO layer is very sensitive
to their detailed geometry. Further experimental work on the
structure of the BiO layer thus seems to be crucial for developing
a detailed understanding of tleeaxis electron transfers in Bi-
containing intercalated cuprate superconductors.
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