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From oxides to oxyhalides : modelling the properties of high T
Csuperconductors

M. Saiful Islam,* Mark S. D. Read and Severine DÏArco
Department of Chemistry, University of Surrey, Guildford, UK GU2 5XH

Atomistic computer simulation techniques are used to investigate the defect
properties of high temperature superconductors, in an attempt to illustrate
the type of information that can be obtained from the modelling of these
complex materials. Attention is focused on two systems : the mercury
cuprate which is the Ðrst member of the homologous seriesHgBa2CuO4`d ,

and the copper oxychloride whichHgBa2Ca
n~1Cu

n
O2n`2`d , Ca2CuO2Cl2 ,

is part of a new family of oxyhalide superconductors. E†ective interatomic
potentials are used to reproduce accurately their observed crystal structures.
A range of redox and dopant substitution reactions relevant to high TCbehaviour have been examined. The results are consistent with the experi-
mental observation that becomes superconducting byHgBa2CuO4`doxygen incorporation at interstitial sites, while shows super-Ca2CuO2Cl2conductivity only on doping with alkali metal ions at the calcium site. We
also consider the energetics of dopant substitution on the copper sublattice
of the oxychloride. Our study indicates the value of computer simulation
methods in examining the nature of defect reactions at the atomic level.

The historic discovery of high temperature superconductivity in copper-based oxides has
generated considerable interest from both the fundamental and applied perspective
because of their potential use in a number of technologies. Since the earliest La2CuO4material,1 many new families of compounds exhibiting this exotic behaviour have been
synthesised with ever-increasing chemical and structural complexity.2,3 The current
record transition temperature of 133 K (or 164 K under pressure) is held by(TC)a material whose processing requires the stoichiometric control ofHgBa2Ca2Cu3O8`d ,
Ðve elements.4,5 It is now well established that the solid state chemistry and defect-
related processes play a vital role in determining the properties of superconducting com-
pounds. For example, shows superconducting behaviour when doped with SrLa2CuO4or Ba, whereas the of is strongly inÑuenced by the degree of oxygenTC YBa2Cu3O7~dnon-stoichiometry.1h3

Over the last decade, we and other researchers (notably Allan and Mackrodt) have
demonstrated that atomistic simulation techniques, based on e†ective potentials and
MottÈLittleton methodology, can be used to probe the solid-state properties of super-
conducting oxides that are relevant to their high behaviour.6h11 These propertiesTCinclude the behaviour of localised species (defects or impurities), and the nature of redox
processes responsible for the creation of the itinerant charge-carriers. It is recognised
that simulation methods by their nature cannot yield details of the band structures of
solids, where electronic structure methodology is the more appropriate technique. They
are, however, well suited to probing the defect properties of ceramic oxides on the
atomic scale, many of which are difficult to examine by purely experimental techniques.

In an attempt to illustrate the range and type of information that can be obtained by
atomistic simulations of increasingly complex materials, we present current modelling
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work on two systems. The Ðrst relates to the mercury cuprate which isHgBa2CuO4`dthe Ðrst member of the homologous series and exhibits theHgBa2Ca
n~1Cu

n
O2n`2`dhighest (94 K) of any single copperÈoxygen layer superconductor.12,13 Secondly, cal-TCculations are reported on which is part of a new family of oxyhalideCa2CuO2Cl2superconductors14,15 with the halide ions replacing the apical oxygens in the crystal

structures. This compound is of interest because it exhibits p-type superconductivity in
an environment where the copper atom is not coordinated entirely by oxygen atoms.
One of the signiÐcant outcomes of the present study is that it o†ers an explanation
based on calculated energetics as to why particular “hole dopingÏ mechanisms are found
in these two systems. Before discussing the results of our studies we describe brieÑy the
simulation approach employed.

Methodology
The atomistic simulations presented here use the same methodology for the treatment of
perfect and defective lattices as employed in previous studies of oxides.6h11 Thehigh-TCmethods are based upon the speciÐcation of an interatomic potential model which
expresses the total energy of the system as a function of the atomic coordinates. For
ceramic oxides, the calculations are commonly formulated within a Born model repre-
sentation, with the total energy partitioned into long range Coulomb interactions and
analytical pair-potentials to model overlap repulsions and van der Waals forces. Because
charge defects will polarise other ions in the lattice, ionic polarisability must be incorp-
orated into the potential model. The shell model16 provides a simple description of such
e†ects and has proved to be e†ective in simulating the dielectric and lattice dynamic
properties of ceramic oxides.

Static simulations of the perfect lattice evaluate the lattice energy which is then mini-
mised with respect to all relevant structural variables. These determine the low tem-
perature phase, which is particularly relevant in the case of superconducting materials. It
should be stressed, as argued previously,17 that employing such a model does not neces-
sarily mean that the electron distribution corresponds to a fully ionic system, and that
the general validity of the potential model is assessed primarily by its ability to repro-
duce observed crystal properties. In practice, it is found that models based on formal
charges work well even for some semi-covalent compounds such as silicates and zeolites.

An important feature of these calculations is the treatment of lattice relaxation about
the point defect or dopant ion. The celebrated MottÈLittleton approach18,19 is to parti-
tion the crystal lattice into two regions so that ions in a spherical inner region surround-
ing the defect are relaxed explicitly. In contrast, the remainder of the crystal, where the
defect forces are relatively weak, is treated by more approximate quasicontinuum
methods. The explicit simulation of the inner region uses efficient energy minimisation
methods which make use of Ðrst and second derivatives of the energy function with
respect to ion coordinates. We note that these simulation methods are embodied in the
CASCADE20 and GULP21 programs, and have been applied to a rich variety of polar
inorganic solids.17,19

There is now ample evidence that given reliable interatomic potentials and a suffi-
ciently large inner region these methods can produce accurate values of the energies of
defect formation, migration, and substitution. In the present study, the short-range
potential parameters assigned to each ionÈion interaction were derived by empirical
Ðtting to the observed structural properties. All the cuprate superconductors have the
same basic crystal structure comprising alternating perovskite blocks of copperÈoxygen
sheets and rocksalt-like blocks. The mercury cuprate adopts a tetragonalHgBa2CuO4`dunit cell12 (shown in Plate 1) in which the Cu is six-coordinate to oxygen ; the Hg atoms
are two-coordinated with the two oxygen atoms arranged in a “dumb-bell Ï conÐgu-
ration. For the Ðrst three members of the homologous series, namely HgBa2CuO4`d ,
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M. S. Islam et al. 369

Plate 1 Crystal structure of showing (a) atom positions (b) copperÈoxygen octahedraHgBa2CuO4(grey\ Hg, yellow\ Ba, blue\ Cu, red\ O)

and the parameters were Ðtted simultaneously,HgBa2CaCu2O6`d HgBa2Ca2Cu3O8`d ,
resulting in a common set of interatomic potentials. This approach enables some infor-
mation concerning the curvature of the energy surface to be included and has the added
advantage of improved transferability. The copper oxyhalide crystallisesCa2CuO2Cl2with the structure shown in Plate 2 ; this also has Cu in octahedral coor-La2CuO4-type
dination but with Cl residing on the apical position.14,15 Details of the interatomic
potentials and shell model parameters are available elsewhere.7,8 An important test of
any theoretical approach to these materials is the accurate simulation of the crystal
structures. The calculated and experimental lattice parameters for both HgBa2CuO4and are listed in Table 1 which reveal good agreement between simulatedCa2CuO2Cl2and observed structures. In addition, the lattice energy and relative permittivities for the

Table 1 Calculated crystal properties of andHgBa2CuO4 Ca2CuO2Cl2
property HgBa2CuO4 Ca2CuO2Cl2

lattice parameters/Óa
a 3.936 (3.875) 3.870 (3.869)
c 9.413 (9.513) 15.088 (15.050)

lattice energy/eV [148.46 [101.65
relative permittivity

Se0T 30.43 18.81
Se=T 6.24 8.13

a Observed values in parentheses.
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Plate 2 Crystal structure of showing (a) atom positions (b) corner-sharing octahedraCa2CuO2Cl2(white\ Ca, blue\ Cu, red\ O, green\ Cl)

perfect crystal have been calculated and are also reported in Table 1. Corresponding
experimental data are currently unavailable and would be useful for further validation
and reÐnement of the potential model.

Results and Discussion
Oxidation reactions in HgBa

2
CuO

4‘d
The Hg-based superconductors have attracted considerable attention owing to their
record critical temperatures The compound12,13 which has a of(TC). HgBa2CuO4`d TC94 K is of particular interest because of its unusually high for a superconductor withTCa single copperÈoxygen layer per unit cell (shown in Fig. 1). In a similar process to

it is generally believed that for excess oxygen accommo-YBa2Cu3O6`d , HgBa2CuO4`ddated at interstitial sites in the layer is the primary hole-doping mechanism forHgOdp-type superconductivity.22 Calculations in this area are amenable by our simulation
methods and are particularly suited to evaluating the energetics of defect formation. We
therefore address a key issue related to the superconductivity of the HgBa2CuO4`d
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system, namely the nature of the redox reaction responsible for generating charge car-
riers.

In terms of defect chemistry, the oxygen excess is incorporated at interstitial sites
with charge compensation by hole formation. This important oxidation reaction may be
formulated as (1)

12O2(g) % OiA ] 2h~ (1)

where, in KrogerÈVink notation, is a doubly charged oxygen interstitial and is aOiA h~
hole species. The lowest energy oxygen interstitial site is calculated to be that at 0)(12, 12,in the centre of the layer, in agreement with di†raction studies.12,13 All otherHgOdinterstitial positions in the lattice are found to be greater in energy. Our approach to the
investigation of electronic defects follows that Ðrst used for transition-metal oxides and
subsequently the oxide superconductors.6h9. The positive holes are treated in localised
terms as Cu3` and O~ small polaron species (Table 2). Our studies have favoured
copper holes over oxygen holes although we acknowledge that the question of whether
such species have predominantly Cu(3d) or O(2p) character remains controversial.
Nevertheless, our main concern here is to understand how hole species might form; for
this task our simulation procedures have proved to be reliable. Ultimately, it will be
necessary to employ Ðrst-principles methods to examine the stability of electronic states
in these materials. The merit of our simulation approach is that it includes detailed
estimates of lattice polarisation and Coulomb energies which are difficult to make from
other sources. The energy of the oxidation reaction (1) was calculated and is reported in
Table 2.

The negative value, indicating a highly favourable reaction, clearly accords with
observation as it is known that this material readily oxidises with the uptake of oxygen.
The calculated oxidation energy is slightly more exothermic than that determined for

Moreover, we Ðnd good quantitative agreement with a measured oxida-YBa2Cu3O6`d .
tion enthalpy of [110 to [136 kJ mol~1 ([1.14 to [1.41 eV) for HgBa2CuO4`dderived from oxygen annealing experiments ;23 this provides encouraging support for the
reliability of the potentials and the general validity of our modelling approach. Our
results therefore conÐrm that this reaction is responsible for the generation of charge
carriers (holes) necessary for superconductivity in this oxide.

Ionic di†usion (particularly of oxygen) is known to be of considerable importance in
inÑuencing the properties of the cuprate superconductors. Although there have been
numerous reports on oxygen di†usion in materials,24 there are currentlyYBa2Cu3O6`d

Table 2 Calculated defect energies in
HgBa2CuO4

(a) isolated defect species

defect energy/eV

oxygen interstitial (OiA)a [18.20
Cu hole (h~) 3.44
O hole (h~) 5.32

(b) oxidation process

reaction energy/eV
12O2(g)% OiA ] 2h~ [1.47

a Interstitial position at centre of Hg
plane 0).(12 12
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no results on oxygen di†usion in the Hg based oxides. We have already obtained via
simulation methods valuable energetic and mechanistic information on oxygen migra-
tion in other high oxides.6 We have therefore examined possible interstitial migrationTCin mediated by conventional hopping between neighbouring sites. ThisHgBa2CuO4`dmechanism relates to the direct pathway between interstitial sites in the Hg plane.

The migration energy is evaluated by calculating the defect energy of the mobile
oxygen ion along the di†usion path with full lattice relaxation. The resulting activation
energy is found to be ca. 0.3 eV which suggests facile oxygen di†usion in this material.
As remarked earlier, there are at present limited oxygen transport data on Hg-based
compounds with which direct comparisons may be made, although our calculated
energy is lower than typical values for other superconducting oxides.24 In view of the
favourable interstitial motion in the Hg layer, anisotropic ion transport is anticipated
for single crystal with high di†usion coefficients in the ab plane.HgBa2CuO4`d (D

ab
)

Indeed such anisotropic transport behaviour is a common feature in other cuprate
superconductors.24

Defects and dopants in Ca
2
CuO

2
Cl

2

The oxyhalides and have opened up a new class ofSr2CuO2F2`d 25 Ca2CuO2Cl2 14,15
cuprate superconductors in which the apical position, above and below the plane,CuO2is occupied by a halide ion rather than oxygen. In the case of the com-Ca2CuO2Cl2pound, which has an structure and a of 26 K, it is believed that p-typeLa2CuO4-type TCsuperconductivity is induced by partial substitution of Na` for Ca2`. In contrast, high

behaviour in K) is associated with excess Ñuorine at intersti-TC Sr2CuO2F2`d (TC\ 46
tial sites. However, some ambiguity still remains concerning the hole-doping reaction in

with speculation centred around alternative mechanisms involving eitherCa2CuO2Cl2the incorporation of interstitial anions or the partial substitution of oxygen for chlo-
rine.14 The purpose of this study is to use simulation techniques to investigate further
the defect chemistry and mode of hole formation in which extends ourCa2CuO2Cl2previous work on the system.8Sr2CuO2F2`dThe presence of interstitial anions in the family of superconductors canA2CuO4`dbe an important contribution to the doping of these materials. For example, interstitial
anion defects have been reported for and more recently,La2CuO4`d ,26 La2NiO4`d ,27

From structural studies of these materials the interstitial position isSr2CuO2F2`d .25
found to be (0, of the tetragonal cell in which the interstitial ion is eight-12, B14)coordinate. However, neutron powder di†raction studies15 Ðnd no evidence of intersti-
tial anions in To investigate this problem, calculations were performed onCa2CuO2Cl2 .
isolated chlorine and oxygen interstitials at the ideal position in the Ca2CuO2Cl2“parent Ï compound, in which the lattice ions surrounding the defect were allowed to
relax in the energy minimisation procedure. The individual point defect energies
(interstitial and vacancy) are Ðrst combined to give formation energies for Frenkel and
Schottky disorder (reported in Table 3). The results show that whilst the chlorine Frenkel
energy is lower than the value for the Schottky defect, the magnitude suggests that
intrinsic disorder of this type is not signiÐcant in the oxychloride.

In relation to superconducting behaviour, we then examined the nature of the
oxidationÈreduction reaction that may be responsible for the formation of charge car-
riers. The following redox reactions for were considered : (i) oxidation toCa2CuO2Cl2form holes from oxygen incorporation as interstitial defects as in [eqn.HgBa2CuO4`d(1)] ; (ii) oxidation to form holes from chlorine incorporation as interstitial defects :

12Cl2(g) % Cli@ ] h~ (2)
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Table 3 Calculated defect energies in Ca2CuO2Cl2
(a) isolated defect species

defect Energy/eV

O2~ interstitial (OiA) [ 13.85
Cl~ interstitial (Cli@) 0.88
O2~ vacancy (VO~~) 24.19
Cl~ vacancy (VCl~ ) 4.26
Cu2` vacancy (VCuA ) 27.36
Ca2` vacancy (VCaA ) 18.85

(b) intrinsic atomic disorder

defect type energy/eV per defect

oxygen Frenkel 5.17
chlorine Frenkel 2.57
Schottky 2.90

(iii) oxidation to form holes from partial oxygen substitution of apical chlorine

12O2(g)] ClClC% OCl@ ] 12Cl2(g)] h~ (3)

which is similar to the “anion dopingÏ mechanism found in the oxychloride (Sr,
K) ; and 28 (iv) reduction to form electrons from partialCa)3Cu2O4`dCl2~y

(TC\ 80
chlorine substitution of oxygen

12Cl2(g) ] OOC% ClO~ ] 12O2(g)] e@ (4)

This process seems unlikely as it would lead to n-type (super)conductivity which has not
been observed in this system. Nevertheless, in view of the occurrence of n-type behaviour
in related compounds that do not possess apical oxygens,3,32 it shouldNd2CuO4-type
be investigated.

The energies of these four redox reactions in the low temperature limit are collected
in Table 4 and were derived using relevant defect and intra-atomic energy terms. Owing
to the uncertainties of the free-ion terms, we must be cautious in giving detailed interpre-
tations. Nevertheless, three main points emerge from these results. First, the high posi-
tive values for reactions (1) and (2) conÐrm that these reactions, involving interstitial
chlorine or oxygen, are not responsible for the introduction of the holes necessary for
superconductivity. This is in accord with neutron powder di†raction studies15 which
Ðnd little evidence to support the presence of interstitial anions in theirCa2CuO2Cl2 ;
reÐnements are consistent with the absence of any static displacements that would

Table 4 Calculated energies for redox reactions in
Ca2CuO2Cl2

process defects energy/eV per hole

oxidation :
reaction (1) OiA, h~ 3.51
reaction (2) Cli@ , h~ 4.03
reaction (3) OCl@ , h~ 2.55

reduction :
reaction (4) ClO~ , e@ 14.23
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suggest additional defects. Further, the Goldsmidt tolerance factor for this material is
t \ 1.05 which would indicate that the layer is under compression and has noCa2O2capacity to accommodate interstitial atoms, as argued by Argyriou et al.15 By compari-
son has a tolerance factor of 0.88 which indicates that the layer isLa2CuO4 La2O2under tension and can readily form interstitial defects within this layer. Second, the high
positive value for the reduction reaction (4) involving electron formation suggests that
the oxychloride is resistant to n-type behaviour as expected. Finally, it is evident that the
oxidation reaction (3) with replacement of apical Cl~ ions by O2~ is energetically unfa-
vourable, suggesting that this process is unlikely to be of any signiÐcance in this
material. The results are therefore fully compatible with the experimental observation
that unlike (or does not become supercon-Ca2CuO2Cl2 , Sr2CuO2F2`d HgBa2CuO4`d),ducting by the incorporation of interstitial anions.

In addition to the redox reactions discussed above, charge carriers may be extrinsi-
cally produced by doping with aliovalent cations. Although direct sensitivity to sodium
substitution on the calcium site in (Ca,Na) is limited from di†raction studies,2CuO2Cl2it has been concluded that such a substitution is the dominant hole-doping mechanism
for high behaviour.14,15 Our modelling approach is based upon assessing the relativeTCenergetics of reaction (or solution) for dopant substitution. Here we have considered the
incorporation of a range of alkali-metal ions at both calcium and copper sites in the
parent compound The relevant processes can be represented by the fol-Ca2CuO2Cl2 .
lowing two equations :

12M2O ] CaCaC ] 14O2(g) % MCa@ ] h~ ] CaO (5)

12M2O ] CuCuC ] 14O2(g) % MCu@ ] h~ ] CuO (6)

where signiÐes the dopant oxide and (or the dopant substitutional ; theseM2O MCa@ MCu@ )
reactions indicate that the substitution of either sublattice leads to the creation of holes.
The interatomic potentials for the dopant species (given in Table 5) are exactly those of
previous studies of corresponding oxides29 and chlorides.30 The resulting energies of
solution are presented in Table 6 and in Fig. 1 as a plot vs. ion size.

The simulations reveal that the alkali dopant ions (except lithium) substitute prefer-
entially for the calcium site. The solution energy for sodium on the calcium site is calcu-
lated to be [0.70 eV which is consistent with the observed solubility of inNa2OMoreover, this result is fully compatible with the proposed hole-dopingCa2CuO2Cl2 .
mechanism in the oxychloride and contrasts with the unfavourable positive energies for
the reactions involving anion interstitials (Table 4). We also calculate low solution ener-
gies for K` and Rb` substitution which predict that these doped materials might
exhibit high behaviour. Indeed, recent high pressure studies of Tatsuki et al.31 haveTCfound p-type superconductivity in the (Ca,K) system. Examination of Fig. 12CuO2Cl2reveals that the small lithium ion is calculated to substitute for copper. Although doping
with lithium would be predicted to generate holes, cation substitution on the copper

Table 5 Interatomic potentials for dopant species in Ca2CuO2Cl2
interaction A/eV o/Ó C/eV Ó6 Y `/e k`/eV Ó~2

Na`É É ÉO2~ 611.1 0.3535 0.0 2.218 96.41
Li`É É ÉO2~ 292.3 0.3472 0.0 0.705 7.989
K`É É ÉO2~ 902.8 0.3698 0.0 [83.55 86032.0
Rb`É É ÉO2~ 1010.8 0.3793 0.0 [125.3 121460.0
Na`É É ÉCl~ 2314.7 0.2903 29.6 2.218 96.41
Li`É É ÉCl~ 1380.6 0.2786 0.34 0.705 7.989
K`É É ÉCl~ 4117.9 0.3048 124.9 [83.55 86032.0
Rb`É É ÉCl~ 3559.9 0.3233 201.2 [125.3 121460.0
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Fig. 1 Calculated solution energies as a function of ion radius for alkali metal dopants at both Ca
and Cu sites in Ca2CuO2Cl2

sublattice generally does not lead to a high compound since the superconductingTCcopper-oxygen planes are disrupted ; this type of deleterious e†ect on has beenTCobserved for dopant substitutions for copper in and other cuprates.32YBa2Cu3O7

Conclusion
Atomistic computer simulations have yielded valuable information on fundamental
defect properties of oxide and oxyhalide superconductors that are relevant to their high

behaviour. The calculated energies are fully compatible with the observation thatTC is rendered superconducting by oxygen incorporation at interstitial sites,HgBa2CuO4`dwhile exhibits superconductivity only on doping with alkali metal ions (e.g.Ca2CuO2Cl2Na`, K`). These results are in accord with powder di†raction studies which Ðnd no
evidence of interstitial anions in We also Ðnd good agreement with theCa2CuO2Cl2 .
measured oxidation energy for The simulations therefore allow us toHgBa2CuO4`d .
rationalise, based on quantitative calculations as opposed to qualitative arguments, why
particular reactions are responsible for the creation of charge carriers. It is recognised
that there are limitations to such an approach to certain problems where the use of
explicit electronic structure techniques may be more appropriate. Current studies,

Table 6 Calculated solution energies of dopants
at both Ca and Cu sites in Ca2CuO2Cl2

solution energy/eV per dopant

dopant ion ECa ECu
Li` 1.43 [0.20
Na` [0.70 0.69
K` [1.20 3.67
Rb` [1.35 5.55
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however, demonstrate the value (and versatility) of simulation methods in probing the
nature of defect-related processes in complex solids.
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work. We are grateful to EPSRC and ICI for support. The simulations were carried out
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