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To understand the link between doping and electronic properties in high-temperature superconductors, we
report first-principles calculations on the oxygen doping effect for the single-layer cuprate GigBa 5. We
find ionic behavior of the dopant atom up &-=0.22. The excess oxygen attracts electrons from the,CuO
plane leading to an increase of the hole concentration in this building block. The maximum amount of holes is
reached when the dopant oxygen shell is closed. All theoretical findings are in excellent agreement with
experimental observations. We propose that this doping behavior may be a characteristic feature of high-
temperature superconductors with the filling of the dopant oxygen shell to be a limiting factor for the hole
content in Cu@ planes. Possible effects of the charge redistributioT gare discussed.
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It is commonly believed that the charge carriers responean be dramatically increasédzor Hg1201, a systematic
sible for the superconducting pairing of higl-cuprates are study over a wider range of doping (083< 0.4)° revealed
holes mainly confined to the CyQayers. Similar correla- a paraboliclikeT, dependence on the oxygen contéhéx-
tions betweenT, and ng/m*, with ng and m* being the hibiting a maximum ats,,=0.22. More recent data sug-
charge-carrier density and the effective mass, respectivelgested a smalled,, close to 0.18Ref. 6 or to 0.13(Refs.
do not only include highr. materials, but also other families 7 and 8 At optimal dopingT, is close to 97 K for ambient
of superconductors. A universal relationship between Pressure. At 24 GP&,; reaches 118 K, which is the highest
T./TM@ and the hole conter, exhibiting a common feature value of any single-layer cuprate. Although the mercury

; . based highF. compounds are not explicitly included in the
among thep-type highT . superconductors, was presented in . ¢ X i
Ref. 2. This dependence is characterized by a plateau, whe perimental analysis described abbVene can expect

- max ;. em to fit into this very general framework.
the variation ofT,/T.*" is independent of the compound Theoretically, doping effects in this class of materials

considered. _ . have been studied for a high doping level®# 1/2 only’*°

In aI! these materials the actual amount of holes is drlvel}evea"ng covalent bonding in the basal Hg-O plane with
by doping. However, for most of the theoretical models de‘large overlap of the Hg and the dopant oxygen orbitals. This
scribing the superconducting phase transition the hole consyygen concentration, however, has never been achieved ex-
tent rather than the doping level is the crucial input paramperimentally. Therefore, a detailed study of the much more
eter. Above all, hardly anything is known about themportant lower doping regime is highly desirable. In our
relationship between these two physical quantities. Without avestigations special emphasis is put to the doping-induced
detailed knowledge of how doping influences the numberedistribution of the hole concentration in the Gul@yer. In
and the character of carriers in the normal state, also thaddition, the doping effect on the crystal structure is studied.
superconducting properties will lack a profound understand- For the investigation of the doping-dependent electronic
ing. In view of being able to tune the amount of carriers andstructure, we treat the doping by using a series of supercells
thereby the superconducting transition temperature a fultontaining one excess oxygen atom. Oxygen concentrations
clarification of how doping affects the electronic structure isof §=1/8, 1/6, 1/4, 2/9, 1/3, and 1/2 with cell sizes up to a
not only highly interesting, but even inevitable. In this con- ninefold single cell have been considered. The corresponding
text the following questions are raised) Where does the cells are depicted in Fig. 1. In a next step, we also investigate
excess charge go upon dopin@? How does doping influ- the effect of doping on the lattice parameters and atomic
ence the carrier concentration in the copper-oxygen planegsbsitions by total-energy and atomic-force calculations. For
(ili) What limits the amount of holes in these building this purpose, the influence of the doping concentration is
blocks?(iv) How does the density of statédB0OS) behave as treated by adding the appropriate amount of valence
a function of doping? electrons—& § (six electrons for the fully doped cgh-to

In order to address these topics, we have carried out elethe crystal in a single-cell calculation. To guarantee charge
tronic structure calculations based on density-functionaheutrality the corresponding positive charge was placed in a
theory. For that purpose, we have chosen the simplest reprephere at the doping oxygen site. As we will see below, this
sentative of the Hg-based high- compounds, the CuO virtual crystal approacliVCA) is justified by the ionic be-
single-layer HgBaCuO, . s (Hg120). This family of layered  havior of the dopant oxygen. The crystalline data as a func-
structures with the formula unit of HgB&3a,_,Cuy,0,,4 24+ 5  tion of doping were taken from Ref. 6.
(Ref. 3 represents the class of superconducting materials All calculations are carried out within the full-potential
with the highest transition temperature so far. It reaches #inearized augmented plane-wadeAPW) method utiliz-
value of 136 K forn=3 which can be even enhanced by ing the wiEN97 code'? Exchange and correlation effects are
applying pressuré.Upon adding some excess oxygeh, treated within the local-density approximation. The
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FIG. 1. Basal planes of the HgBauG, , s supercells used for 0.04 Eo, 4 ]
the treatment of different doping concentratiahsThe dopant oxy- [~ | . | | |
gen O3 indicated by'the black QOts is located between the Hg atoms 0'000.0 0.1 0.2 0.3 0.4 0.5
which are exemplarily shown in the lower left corner. Rbe 1/3 . _
and 1/2 two different setups were used. doping concentration &

FIG. 2. Doping induced changes in the partial charges within the
Brillouin-zone integrations for single-cell calculations are atomic spheres of Cllower panel and O1(middle panel, and total
carried out on a 28 20X 8 k-point mesh applying a Gauss- amount of holegupper panélin the CuQ plane as a function of
ian smearing of 0.002 mRy. Our basis set incluedes500 the doping concentratiod obtained by supercell calculations. The
LAPW's supplemented by local orbitals for the low-lying open symbols indicate the alternative supercellséfer0.33 ands
semicore-states Hggy Ba-5s, Ba-5p, Cu-3p, and O-%. =0.5 as shown in Fig. 1. Note that in the supercells nonequivalent
For the supercell calculations the parameters were corrécu and O positions, respectively, appear, therefore the numbers
spondingly modified. We used atomic sphere radii of 2.09iven above are averaged values.

2.2, 1.9, and 1.55 a.u. for Hg, Ba, Cu, and O, respectivelyyonong on the atomic sphere radii and therefore the absolute
The atomiclike basis functions used within the LAPW 51 e5 are somewhat bigger. The maximum hole concentra-
method allow an analysis and the orbital symmetry decomyion can be estimated by comparison to the charges of those
position of the electronic charge within the atomic spheres.siates which are completely filled. By this procedure we find
As already found by previous calculations carried out fory value of 0.16 which is in excellent agreement with
the Undoped materi§|%3 the Fermi level intersects a Single experirnen'ﬁrl4 In the Overdoped region, we observe a p|a-
free-electron-like two-dimensional half-filedps™ band,  teau in parallel to the superconducting transition tempera-
with its states being of Cu2_,2) and Ofp,) character. ture.
Upon doping the effect on the electronic structure is twofold.  The redistribution of the electron density upon doping is a
First, the dopant adds states at the Fermi level, where theg@mplex process since the bonds exhibit covalent but also
new charge carriers cause a shifttf. Second, the shift of ionic characater depending on the structural elements and
the Fermi level changes the carrier concentration in the,CuOatoms involved. Therefore the bonding of the crystal cannot
plane. This can be seen in Fig. 2 where the correspondinge understood within a pure ionic model, especially since the
losses in the partial charges with respect to the undoped sy&uQO, planes show strong covalent character. At the same
tem are displayed. The occupation number for the coppetime, however, the increase of the hole content can be under-
dy2_y2 orbital Q(dy2_2) is decreased by 0.08 (from  stood by ionic behavidr of the dopant: The excess oxygen
1.442e for the undoped case to 1.3@&2for §=0.22), and attracts electrons from the copper-oxygen plane thereby in-
similarly the O1¢,) chargeQ(p,) drops by 0.02 (from  creasing the hole concentration in this region. The band
0.972 to 0.952 Both orbitals clearly show a linear decreasestructures of the supercells show a flat oxygen banH gt
of charges(increase of amount of holesind exhibit their ~ with vanishing admixture of Hgt orbitals. These states are
minimum occupation numbémaximum number of holg¢sit  found at somewhat lower energy. The total and partial den-
6=0.22. The hole concentration within the copper-oxygensities of states fors=1/4 are shown in Fig. 3. It exhibits
planes with respect to the undoped case obtainedovalent bonding of Cu and O1 with peaks-a.35 eV and
by [Q(dy2—y2) (0) + 2XQ(py) (0)] — [Q (dy2—_2)(6) + 2 a small feature right beloviEr. Covalent bonds are also
XQ(py)(0)] is also displayed in Fig. 2. Its value & formed by Hg and the apical oxygen O2, whereas the dopant
=0.22 is 0.12e. One should note that the partial chargesatom O3 has hardly any common feature with mercury. This
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8 1ol b1 W A holes as obtained by this proceduFgg. 4). Again a linear
= 5L "H Vo i . behavior as a function of is found followed by a plateau.
o 9 R ke S Let us turn now to the question what the limiting fact for the
25] creation of holes in the CuQplane is? We propose that the
20] 03 hole concentration in the cuprate planes reaches its maxi-
15] mum when the dopant band is completely occupied, i.e., for
104 a closedO3 shell Since the excess oxygen attracts electrons
5 from the CuQ plane, its orbitals will be systematically filled
0 2 up not only by the electrons provided by the oxygen atom
20 -15 -1.0 05 00 05 1.0

itself, but also by those coming from the Cu(Qnit. In order
to support our hypothesis, we have repeated our VCA calcu-

FIG. 3. Total and site-projected densities of states in states pations with a muffin-tin radius of 2.5. a.u. for the O3 atom.
eV and unit cell volumeQ for 5=0.25 obtained by a supercell This sphere is big enough to contain a free oxygen ion and
calculation containing one O3 atom per four formula uni®he therefore allows the Interpretation of the Charges inside this

Fermi level is set to zerp. sphere as absolute occupation numbers. We indeed find a
closed shell ab=0.22, corresponding té, of Ref. 5.
fact is supported by the partial charges in the Hg sphere These findings also show up in the density of states which
which are not affected by doping. However, in the overdopedn the optimal doping regime exhibits a filled band right
region, investigated fo5=0.5 and 1, rather weak covalent belowEg. The calculated DOS at the Fermi leW{Er) has
bonds between oxygen and mercury atoms are formed as wasmaximum ats=0.22. It contains large contributions from
also found in the three-layer compound for the heavily oxy-the CuQ plane, but also a considerable amount of apical
genated materidf oxygen. All the contributions peak &=0.22. From the den-
The ionic behavior of O3 is also supported by the fact thesity of states aEr the electronic specific-heat coefficient can
the usage of an alternative supercell, ey1/3 has a very be determined. Assuming a similar behavior for other high-
minor effect on the charge distributiasee Fig. 2 It also T materials like the Bi-based compounds, the measured
justifies the above described approximate description of thepecific-heat coefficieny of Bi,S,CaCyOg., 5 as a func-
doping atoms within the virtual-crystal approach, whichtion of doping® can be understood by the pronounced in-
makes arbitrary doping concentrations feasible. For comparicrease of the DOS around optimal doping. Moreover, the
son to the supercell results, we show the doping-inducegalculated maximum value of=4.4 mJ/(mol ) is in ex-
cellent accordance with experimental values for other high-

Energy [eV]

T e RS e T, materials at optimal dopint.
Q2 CuO, layer sm u 1 Not only the electronic properties, but also the crystal
8 o124 . 7 structure is influenced by doping. The redistribution of bond
S ] |
i 0'08'_ ] TABLE I. Crystalline data as a function of doping obtained from
§ 0.04 ™ VCA calculations - total-energy and atomic-force calculations.
hol 1 4

[ ]
£ 0.00 +—— — 5 a® c@® Q@AY zBa[c] zO2)c]

0.00 0.05 ' 0.I10 ' 0.|15 ' 0.I20 ' 025 0.30
0.00 38574 97228 1446676 03003  0.2014

0.08 3.8192 9.8191 143.2211 0.2965 0.2023
FIG. 4. Number of doping-induced holes in the Gu@lane  0.17 3.8058 9.6887 140.3283 0.2851 0.2055

as a function of the doping concentratieh obtained by VCA  0.23 3.8312 9.5604 140.3280 0.2808 0.2074
calculations.

doping concentration §
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lengths can again be explained within the ionic picture. Sinceur calculations support the claim of Ref. 5. However, new
doping does not change the symmetry of the crystal, it onlyexperimental work is needed to clarify the role of competing
leads to displacements of Ba and the apical oxygendit  material-related effects like the presence of other defelts.
rection. With increasing oxygen content at the doping site, In summary, we have investigated the relationship be-
the positive Ba ions are expected to be attracted by the oxytween doping and electronic and structural properties in the
gen, whereas the negatively charged OZ2 ions should be rgjigh-temperature superconductor HgBaO,, 5. We find
pelled. Indeed a shift of the Ba position towards the basajhat for doping concentrations up &= 0.22 the dopant does
plane is observed together with a displacement of the O2 form covalent bonds with the neighboring Hg atoms, but
ions away from this plane. In Fig. 5 the corresponddg  o1,ys jonic behavior, i.e., the doping oxygen adds states
coordmates_ OT bOth atoms are shown which were calcul_ate lose to the Fermi level showing pure O3 character. Due to
by fully op.tlmlzmg t.he crystalllr.we data for selected doping its high electronegativity the excess oxygen attracts electrons
concentrations within the VCA: Fos=0, 0.08, 0.17, and from the CuQ plane resulting in a redistribution of charge

0.23 the unit cell volumes;/a ratios, and atomic positions carriers and an increase of the number of holes in this plane.

were obtained by total-energy and atomic-force calculation%he doping-induced charge redistribution is accompanied by

using a similar procedure like in Ref. 18. The results arta shrinkage of the unit cell and displacements of Ba and the

mental obseraloré Thess are & shiinkage of the unit eall 1S3l ©XYgen 02 towards and from the basal plane, respec-
upon doping, a shor.tening of the lattice p%rametean in- t]vgly. The amoun.t of holes created in the Guplane is
crease ofc f(’)r small doping levels followed by a nearly I|n_1|ted by the closing of the oxygen shell. We conclude that
linear decrease, an increasing distance between the baths behavior may be a gene(al fegturg of figh-com-

! unds. Further experimental investigations, however, are

plane and the Ba layer, as well as a reduction of the.d|stan desirable to finally clarify the relationship between doping,
between the layers of Ba and O2. In agreement with mea:
ole content, and ...

sured data of Refs. 6 and 8, the latter two quantities show a
less pronounced dependence at sndadind a stronger one This work was supported by the Austrian Science Fund,
for higher oxygen contents. Projects Nos. P13430, P14004, and M591. We appreciate
While an agreement between structure data of differenvery stimulating discussions with J. O. Sofo. P.S. acknowl-
publications and our results exists, there is no consensus @ages conversation with J. Pipek and A. Zawadowski. We are
the experimentab,; value. If the hole content in the CyO grateful to M. V. Klein for bringing Refs. 7 and 8 to our

planes andN(Eg) are the main factors which determiiig, attention.
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