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Doping-induced charge redistribution in the high-temperature superconductor HgBa2CuO4¿d

C. Ambrosch-Draxl, P. Su¨le, H. Auer, and E. Ya. Sherman
Institut für Theoretische Physik, Universita¨t Graz, Universita¨tsplatz 5, Graz, Austria

~Received 17 January 2003; published 21 March 2003!

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 HgBa2CuO41d . We
find ionic behavior of the dopant atom up tod50.22. The excess oxygen attracts electrons from the CuO2

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 CuO2 planes. Possible effects of the charge redistribution onTc are discussed.

DOI: 10.1103/PhysRevB.67.100505 PACS number~s!: 74.62.Dh, 74.25.Jb, 74.72.Jt
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It is commonly believed that the charge carriers resp
sible for the superconducting pairing of high-Tc cuprates are
holes mainly confined to the CuO2 layers. Similar correla-
tions betweenTc and ns /m* , with ns and m* being the
charge-carrier density and the effective mass, respectiv
do not only include highTc materials, but also other familie
of superconductors.1 A universal relationship betwee
Tc /Tc

max and the hole contentp, exhibiting a common feature
among thep-type high-Tc superconductors, was presented
Ref. 2. This dependence is characterized by a plateau, w
the variation ofTc /Tc

max is independent of the compoun
considered.

In all these materials the actual amount of holes is driv
by doping. However, for most of the theoretical models d
scribing the superconducting phase transition the hole c
tent rather than the doping level is the crucial input para
eter. Above all, hardly anything is known about th
relationship between these two physical quantities. Witho
detailed knowledge of how doping influences the num
and the character of carriers in the normal state, also
superconducting properties will lack a profound understa
ing. In view of being able to tune the amount of carriers a
thereby the superconducting transition temperature a
clarification of how doping affects the electronic structure
not only highly interesting, but even inevitable. In this co
text the following questions are raised:~i! Where does the
excess charge go upon doping?~ii ! How does doping influ-
ence the carrier concentration in the copper-oxygen plan
~iii ! What limits the amount of holes in these buildin
blocks?~iv! How does the density of states~DOS! behave as
a function of doping?

In order to address these topics, we have carried out e
tronic structure calculations based on density-functio
theory. For that purpose, we have chosen the simplest re
sentative of the Hg-based high-Tc compounds, the CuO2
single-layer HgBa2CuO41d ~Hg1201!. This family of layered
structures with the formula unit of HgBa2Can21CunO2n121d
~Ref. 3! represents the class of superconducting mater
with the highest transition temperature so far. It reache
value of 136 K forn53 which can be even enhanced b
applying pressure.4 Upon adding some excess oxygen,Tc
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can be dramatically increased.3 For Hg1201, a systematic
study over a wider range of doping (0.03<d<0.4)5 revealed
a paraboliclikeTc dependence on the oxygen contentd ex-
hibiting a maximum atdopt.0.22. More recent data sug
gested a smallerdopt close to 0.18~Ref. 6! or to 0.13~Refs.
7 and 8! At optimal dopingTc is close to 97 K for ambient
pressure. At 24 GPa,Tc reaches 118 K, which is the highe
value of any single-layer cuprate. Although the mercu
based high-Tc compounds are not explicitly included in th
experimental analysis described above1,2 one can expect
them to fit into this very general framework.

Theoretically, doping effects in this class of materia
have been studied for a high doping level ofd51/2 only9,10

revealing covalent bonding in the basal Hg-O plane w
large overlap of the Hg and the dopant oxygen orbitals. T
oxygen concentration, however, has never been achieved
perimentally. Therefore, a detailed study of the much m
important lower doping regime is highly desirable. In o
investigations special emphasis is put to the doping-indu
redistribution of the hole concentration in the CuO2 layer. In
addition, the doping effect on the crystal structure is studi

For the investigation of the doping-dependent electro
structure, we treat the doping by using a series of superc
containing one excess oxygen atom. Oxygen concentrat
of d51/8, 1/6, 1/4, 2/9, 1/3, and 1/2 with cell sizes up to
ninefold single cell have been considered. The correspond
cells are depicted in Fig. 1. In a next step, we also investig
the effect of doping on the lattice parameters and ato
positions by total-energy and atomic-force calculations. F
this purpose, the influence of the doping concentration
treated by adding the appropriate amount of valen
electrons–63d ~six electrons for the fully doped cell!—to
the crystal in a single-cell calculation. To guarantee cha
neutrality the corresponding positive charge was placed
sphere at the doping oxygen site. As we will see below, t
virtual crystal approach~VCA! is justified by the ionic be-
havior of the dopant oxygen. The crystalline data as a fu
tion of doping were taken from Ref. 6.

All calculations are carried out within the full-potentia
linearized augmented plane-wave~LAPW! method11 utiliz-
ing theWIEN97 code.12 Exchange and correlation effects a
treated within the local-density approximation. Th
©2003 The American Physical Society05-1
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Brillouin-zone integrations for single-cell calculations a
carried out on a 2032038 k-point mesh applying a Gauss
ian smearing of 0.002 mRy. Our basis set includes'1500
LAPW’s supplemented by local orbitals for the low-lyin
semicore-states Hg-5p, Ba-5s, Ba-5p, Cu-3p, and O-2s.
For the supercell calculations the parameters were co
spondingly modified. We used atomic sphere radii of 2
2.2, 1.9, and 1.55 a.u. for Hg, Ba, Cu, and O, respectiv
The atomiclike basis functions used within the LAP
method allow an analysis and the orbital symmetry deco
position of the electronic charge within the atomic sphere

As already found by previous calculations carried out
the undoped material,9,13 the Fermi level intersects a sing
free-electron-like two-dimensional half-filleddps* band,
with its states being of Cu(dx22y2) and O(px) character.
Upon doping the effect on the electronic structure is twofo
First, the dopant adds states at the Fermi level, where t
new charge carriers cause a shift ofEF . Second, the shift of
the Fermi level changes the carrier concentration in the C2
plane. This can be seen in Fig. 2 where the correspon
losses in the partial charges with respect to the undoped
tem are displayed. The occupation number for the cop
dx22y2 orbital Q(dx22y2) is decreased by 0.08e ~from
1.442e for the undoped case to 1.362e for d50.22), and
similarly the O1(px) chargeQ(px) drops by 0.02e ~from
0.972 to 0.952!. Both orbitals clearly show a linear decrea
of charges~increase of amount of holes! and exhibit their
minimum occupation number~maximum number of holes! at
d50.22. The hole concentration within the copper-oxyg
planes with respect to the undoped case obtai
by @Q(dx22y2) (0) 1 23Q(px) (0)# 2 @Q (dx22y2)(d) 1 2
3Q(px)(d)# is also displayed in Fig. 2. Its value atd
50.22 is 0.12e. One should note that the partial charg

FIG. 1. Basal planes of the HgBa2CuO41d supercells used for
the treatment of different doping concentrationsd. The dopant oxy-
gen O3 indicated by the black dots is located between the Hg at
which are exemplarily shown in the lower left corner. Ford51/3
and 1/2 two different setups were used.
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depend on the atomic sphere radii and therefore the abso
values are somewhat bigger. The maximum hole concen
tion can be estimated by comparison to the charges of th
states which are completely filled. By this procedure we fi
a value of 0.16e which is in excellent agreement wit
experiment.5,14 In the overdoped region, we observe a p
teau in parallel to the superconducting transition tempe
ture.

The redistribution of the electron density upon doping i
complex process since the bonds exhibit covalent but a
ionic characater depending on the structural elements
atoms involved. Therefore the bonding of the crystal can
be understood within a pure ionic model, especially since
CuO2 planes show strong covalent character. At the sa
time, however, the increase of the hole content can be un
stood by ionic behavior15 of the dopant: The excess oxyge
attracts electrons from the copper-oxygen plane thereby
creasing the hole concentration in this region. The ba
structures of the supercells show a flat oxygen band atEF
with vanishing admixture of Hg-d orbitals. These states ar
found at somewhat lower energy. The total and partial d
sities of states ford51/4 are shown in Fig. 3. It exhibits
covalent bonding of Cu and O1 with peaks at20.35 eV and
a small feature right belowEF . Covalent bonds are als
formed by Hg and the apical oxygen O2, whereas the dop
atom O3 has hardly any common feature with mercury. T

s

FIG. 2. Doping induced changes in the partial charges within
atomic spheres of Cu~lower panel! and O1~middle panel!, and total
amount of holes~upper panel! in the CuO2 plane as a function of
the doping concentrationd obtained by supercell calculations. Th
open symbols indicate the alternative supercells ford50.33 andd
50.5 as shown in Fig. 1. Note that in the supercells nonequiva
Cu and O positions, respectively, appear, therefore the num
given above are averaged values.
5-2
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fact is supported by the partial charges in the Hg sph
which are not affected by doping. However, in the overdop
region, investigated ford50.5 and 1, rather weak covalen
bonds between oxygen and mercury atoms are formed as
also found in the three-layer compound for the heavily o
genated material.10

The ionic behavior of O3 is also supported by the fact
the usage of an alternative supercell, e.g.,d51/3 has a very
minor effect on the charge distribution~see Fig. 2!. It also
justifies the above described approximate description of
doping atoms within the virtual-crystal approach, whi
makes arbitrary doping concentrations feasible. For comp
son to the supercell results, we show the doping-indu

FIG. 4. Number of doping-induced holes in the CuO2 plane
as a function of the doping concentrationd obtained by VCA
calculations.

FIG. 3. Total and site-projected densities of states in states
eV and unit cell volumeV for d50.25 obtained by a superce
calculation containing one O3 atom per four formula units.~The
Fermi level is set to zero.!
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holes as obtained by this procedure~Fig. 4!. Again a linear
behavior as a function ofd is found followed by a plateau
Let us turn now to the question what the limiting fact for th
creation of holes in the CuO2 plane is? We propose that th
hole concentration in the cuprate planes reaches its m
mum when the dopant band is completely occupied, i.e.,
a closedO3 shell. Since the excess oxygen attracts electro
from the CuO2 plane, its orbitals will be systematically filled
up not only by the electrons provided by the oxygen at
itself, but also by those coming from the CuO2 unit. In order
to support our hypothesis, we have repeated our VCA ca
lations with a muffin-tin radius of 2.5. a.u. for the O3 atom
This sphere is big enough to contain a free oxygen ion
therefore allows the interpretation of the charges inside
sphere as absolute occupation numbers. We indeed fin
closed shell atd50.22, corresponding todopt of Ref. 5.

These findings also show up in the density of states wh
in the optimal doping regime exhibits a filled band rig
belowEF . The calculated DOS at the Fermi levelN(EF) has
a maximum atd50.22. It contains large contributions from
the CuO2 plane, but also a considerable amount of api
oxygen. All the contributions peak atd50.22. From the den-
sity of states atEF the electronic specific-heat coefficient ca
be determined. Assuming a similar behavior for other hig
Tc materials like the Bi-based compounds, the measu
specific-heat coefficientg of Bi2Sr2CaCu2O81d as a func-
tion of doping16 can be understood by the pronounced
crease of the DOS around optimal doping. Moreover,
calculated maximum value ofg54.4 mJ/(mol K2) is in ex-
cellent accordance with experimental values for other hi
Tc materials at optimal doping.17

Not only the electronic properties, but also the crys
structure is influenced by doping. The redistribution of bo

TABLE I. Crystalline data as a function of doping obtained fro
total-energy and atomic-force calculations.

d a ~Å! c ~Å! V (Å3) z~Ba! @c# z(O2)@c#

0.00 3.8574 9.7228 144.6676 0.3003 0.2014
0.08 3.8192 9.8191 143.2211 0.2965 0.2023
0.17 3.8058 9.6887 140.3283 0.2851 0.2055
0.23 3.8312 9.5604 140.3280 0.2808 0.2074

FIG. 5. Doping-induced changes in the atomic positions of
and O2 in units of the lattice parameterc as function of doping.
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lengths can again be explained within the ionic picture. Si
doping does not change the symmetry of the crystal, it o
leads to displacements of Ba and the apical oxygen inz di-
rection. With increasing oxygen content at the doping s
the positive Ba ions are expected to be attracted by the o
gen, whereas the negatively charged O2 ions should be
pelled. Indeed a shift of the Ba position towards the ba
plane is observed together with a displacement of the
ions away from this plane. In Fig. 5 the correspondingz
coordinates of both atoms are shown which were calcula
by fully optimizing the crystalline data for selected dopin
concentrations within the VCA: Ford50, 0.08, 0.17, and
0.23 the unit cell volumes,c/a ratios, and atomic position
were obtained by total-energy and atomic-force calculati
using a similar procedure like in Ref. 18. The results
displayed in Table I. All trends are in agreement with expe
mental observations:6,8 These are a shrinkage of the unit ce
upon doping, a shortening of the lattice parametera, an in-
crease ofc for small doping levels followed by a nearl
linear decrease, an increasing distance between the b
plane and the Ba layer, as well as a reduction of the dista
between the layers of Ba and O2. In agreement with m
sured data of Refs. 6 and 8, the latter two quantities sho
less pronounced dependence at smalld and a stronger one
for higher oxygen contents.

While an agreement between structure data of differ
publications and our results exists, there is no consensu
the experimentaldopt value. If the hole content in the CuO2
planes andN(EF) are the main factors which determineTc ,
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our calculations support the claim of Ref. 5. However, n
experimental work is needed to clarify the role of competi
material-related effects like the presence of other defects6,7

In summary, we have investigated the relationship
tween doping and electronic and structural properties in
high-temperature superconductor HgBa2CuO41d . We find
that for doping concentrations up tod50.22 the dopant does
not form covalent bonds with the neighboring Hg atoms, b
shows ionic behavior, i.e., the doping oxygen adds sta
close to the Fermi level showing pure O3 character. Due
its high electronegativity the excess oxygen attracts electr
from the CuO2 plane resulting in a redistribution of charg
carriers and an increase of the number of holes in this pla
The doping-induced charge redistribution is accompanied
a shrinkage of the unit cell and displacements of Ba and
apical oxygen O2 towards and from the basal plane, resp
tively. The amount of holes created in the CuO2 plane is
limited by the closing of the oxygen shell. We conclude th
this behavior may be a general feature of high-Tc com-
pounds. Further experimental investigations, however,
desirable to finally clarify the relationship between dopin
hole content, andTc .
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