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We have studied the atomic and electronic structure of pure and Zn-depedl 5 phases of BiO; by
first-principlescalculations. For the pure phase which is monoclinic, good agreement was obtained between
the experimental and calculated structural parameters and, in addition, the calculated density of states in the
valence band and the optical band gap correlated well with photoemission spectra. For th@lpase, which
has a defective fluorite structure, the calculations suggest that of three possible oxygen vacancy structures,
(100)-vacancy ordering is preferred. This phase, however, must be considered as a supercooled phase at
=0 K since we found that a single displaced vacati®, one that deviates frof100 ordering can trigger
a J-a phase transition. Similarly, a Zn substitutional impurity in thephase can also trigger this phase
transition. The formation energy of a Zn impurity in tlae phase was found to be 1.34 eV, resulting in a
maximum impurity concentration of 7410 ¢ at.% Zn atT=1000 K. The low solubility of Zn in thex
phase of BjO; is consistent with the observed phase separation between ZnO #Dgl Bi
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I. INTRODUCTION ferential overlapg SC-CNDQ (Ref. 17 and linear muffin-tin
orbital (LMTO) calculations:®

Bismuth oxide (BjOs) is an electroceramic material with At 730°C, BpbO; transforms into the cubic high-
a wide range of applications. Bd; doped with potassium temperatureS phase. There is agreement that thehase has
exhibits superconductivityand codoping with barium in- @ defective fluorite (Cafj structure, in which the Bi atoms
creases the critical temperaturg) to 31 K which was the ~0CCupy the fcc sites, but there has been debate regarding the
highest observed , value for noncuprate superconducfors 9XY9€n sublatticé-">**%20 Sillen proposed an ordered
at the time. The high-temperatuephase of BjO; shows an structure with two oxygen vacancies per unit cell aligned

. . 11 .
exceptionally high ionic conductivity at temperatures abovealong the(111) directions. - Gattow and Schider suggested

the phase transition temperatdréhe § phase can be stabi- a fractional occupancy of 3/4 for each of the eight oxygen

lized by rare-earth metal doping to maintain its cubic ctrucSites in the fluorite structut® while Harwig extended the

; i A i din this f  has b q number of possible sites by including the interstitial
ure at room temperature and in this form it has been use atﬁ:)sitions?3 Neutron diffraction experiments indicated a more
a solid electrolyte.

! ) i " , complicated vacancy structure in which the oxygen atoms
Bi,O; is also one of the most important additives in the 555 deviated from their ideal sites in the fluorite struciire.
production of ZnO varistofswhere the Bi content has a gattjeet al. later suggested thafl 10)-vacancy ordering may
fundamental influence on the nonlinda¥ characteristics of e more favorable in the pu® phase whilg(111) ordering
the devices.It is frequently observed that the majority of the s favorable if thes phase is stabilized by rare-earth metal
Bi atoms in varistor materials form more or less purg@i doping?l LMTO calculation€? have favored 111)-vacancy
phases at the triple junctions between the ZnO graliEhe  ordering along the lines of the Silemodel but rigid-ion
Bi concentration inside the ZnO grains is very folaut a  model calculatior’$?* showed that the system could gain
small amount of Bi can leak out of the triple-junction phasesenergy by breaking the long-rangé&11)-vacancy order by
to decorate the grain boundaries in the host mat&ii@le Bi  introducing local (110- or (100)-ordered vacancy struc-
accumulation in the grain boundaries is consistent with outures. However, no one has made a systematic study of how
recent theoretical investigation of the Bi doping of ZnO, the heat of formatiomH, varies when an O atom is moved
where we found that it was energetically favorable for Biin between the sites in the oxygen sublattice to form the three
atoms to segregate to 3= 13 [001] tilt grain boundary® possible ordered vacancy structures. This process is also of
The reason why BiO; phases form at triple junctions and interest for understanding the mechanism behind the high
their inability to dissolve Zn is not as well understood andionic conductivity of thes phase. Boyapatt al® have re-
needs to be further investigated. cently proposed a possible path for the O atoms which in-
In its pure form BjO5 has four known phasé$-'*The  volves interstitial sites, but it is beyond the scope of this
monoclinic « phase is the stable, low-temperature phasearticle to investigate all available conduction paths.
The structure of ther phase was first determined by Siité The a phase has a wide band daput the situation in the
and later studiéd—'* have refined the atomic positions & phase is less clear. The band structure calculated by the
slightly. The electronic structure of the phase has been LMTO method? indicated that theS phase is metallic but
investigated using photoemission experimeénté; « cluster SC-CNDO calculations gave a considerable band gap.
calculations® and self-consistent—complete neglect of dif- Measurements of the conductivity in thinBi; films have
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shown that there is a finite density of states at the Ferm0.1 eV to the eigenvalues. The projected density of states
level 2 (PDOS was obtained by projecting the wave functions onto

A tetragonalB phase or a bces phase may occur upon the atomic wave functions of the pseudopotentials. The band
cooling of the § phase below 730°C before the material structures of thex and 6 phases of BiO; were obtained by
finally transforms into thex phase. Recently, a fifth hexago- calculating the Kohn-Sham eigenvalues for 40 and k60
nal high-pressure phase has been discovered whenv the points along the irreducible wedge of the Brillouin zone.
phase is heated under presstiré

Ir_1 this article, we have investigated the qtomic a_nd elec- lIl. FORMALISM TO CALCULATE
tronic structure o_f thew gnd 6 phases of E§|Q3 by first- THE IMPURITY CONCENTRATION
principles calculations which were performed in a supercell
geometry using the serial and parallel versions of the com- The formalism used to determine the equilibrium concen-
puter codebAacAP0.2’ We have determined the equilibrium tration of Zn impurities in BjO; is based on the articles by
atomic structure of ther phase and also calculated its bandZhang and Northru and Van de Wallest al*” The equilib-
structure and electronic density of states. The most favorabléum concentratiorC; of an impurity is described by
vacancy ordering for the oxygen sublattice in the unit cell of
the 8 phase has been determined and the corresponding band Ci(Efom T) =Ngg ™ Erom/ksT, (1)
structure is presented. The stability of thephase and the ) ) ] )
possibility of treating a high-temperature phase inTa WhereéErm is the formation energy of the impurity ard,
=0 K calculation is further discussed. The effect of doping'S the number of available sites for_the impurity tp occupy. In_
Bi,Os; with Zn atoms was also studied to get some underthe present case, where we consider Zn substitution for Bi,

standing of the phase separation betweesOBiand ZnO this would be the number of Bi sites per unit volume. The
observed in varistor materials. formation energy is the change in Gibbs free energy due to

the inclusion of the impurity in the system. We have used the
DFT method to calculate the total energy of the impurity
Il. COMPUTATIONAL DETAILS system for thex and & phases of BiO;. The formation en-

The total energy calculations in this study were based of'9Y Eform for the Zn impurity was then obtained as
density functional theori** (DFT) using the PW-91 version
of the generalized gradient approximafloiGGA) for the Etorm= EBi,0,:2n~ Egi,0, T Bi— #zn— Nette,  (2)
exchange-correlation functional. The wave functions were
expanded in a plane-wave basis set with a kinetic energyhereEg; o, and Eg; o,:zn denote the total energy of the
cutoff set to 400 eV. This gives a total energy that is con-supercell for pure and Zn-doped,B);. ug; andu;, refer to
verged to within 60 meV/(BiO; molecule). The ultrasoft the chemical potentials of the Bi and Zn reservoirs, respec-
pseudopotentiafs for O, Zn, and Bi were generated from a tively. n, is the additional number of electrons at the impu-
scalar-relativistic all-electron calculation to achieve a goodity, taken from the electron reservqir,, which changes the
description of the core electrons for the Bi atom. The semicharge of the impurity from its intrinsic charge state. We
core electrons, € for O, 3d for Zn, and & for Bi, were  have, however, only considered the intrinsic charge state of
treated as valence electrons to obtain as good a description tife Zn impurity in B,O5; and thus the last term in EQ) is
the bonding in the crystal as possible and to keep a consisteabsent since no additional electrons have been added or re-
number of valence electrons in the substitution process. Thmoved from the Zn atom.
Brillouin zone of the supercell was sampled according to the The formation energy in Eq2) for Zn substitution in
Monkhorst-Pack schem8.A (2x2x2) grid was used for Bi,O; is dependent on the chemical potentials of the Zn and
the a phase and a (83X 3) grid was used for thé phase. Bi atoms andu,, and ug; need to be considered as vari-
This gives a total energy which is converged to withinables. The chemical potential of an atom in a metal oxide is,
25 meV/(BpO3; molecule). A finite-temperature smearing however, not well defined since only the chemical potential
of kT=0.01 eV was applied to improve the convergefite. of the smallest stoichiometric molecular unit can be deter-

The unit cell of thea phase contains four BD; mol-  mined. The chemical potential for the individual atoms are
ecules while the unit cell for the cubif phase contains two therefore free to vary under the restriction that their sum
Bi,O5; molecules. The large supercells used to describe dilutgives the value for the molecular unit. The chemical poten-
Zn doping in thea and § phases were composed of four and tials are dependent on the chemical environment in the sys-
eight unit cells of each structure, respectively. Thus, in eaclhem and the upper limit is set by the value in the bulk metal
case, the supercells contained 80 atoms. Eight unit cells werdnce a higher value would favor the formation of a metallic
also used to study the interactions between oxygen vacanci@hase in the system. The lower bound is set by the heat of
in the § phase. The equilibrium lattice parameters were deformation,AH, for the compound since the constituents can
termined by varying the cell vectors independently and find-at most gain the formation energy of the compound.
ing the minimum in the total energy of the supercell. The ZnO and ByO; are two of the most common compounds
atomic positions were relaxed by a preconditiomeds al-  in a varistor material. BO; was therefore considered as the
gorithm until the average forces on the atoms were less thareservoir for the extracted Bi atoms since we expect that
0.01 eV/A. The total density of staté®OS) shown in Figs. there are enough vacancies and oxygen atoms available at
1 and 4 was calculated by applying a Gaussian smearing dghe temperatures considered to incorporate the Bi atoms into
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TABLE I. The chemical potentialsi() for the pure substances The forces on the atoms in the equilibrium unit cell were
and the heats of formatiorAH) used to calculate the formation small (<0.15 eV/A) and the relaxation simply resulted in
energy of a Zn impurity in ther and & phases of BiO; using Eq.  smal| adjustments to the positions. The optimized atomic po-
2. sitions are given in Table Il and they were not only in agree-
o, bulk bk Ap AH - AH ment with the Ma_lmros_positioﬁ% but also with the values
Ko Hei Hzn Zno 8105 7Bl,0;  reported by Harwiy® which are also given for comparison.
Lev] [eV] LeV] LeV] [eV] [eV] Bi,O; is an ionic material which exhibits considerable
—4365 —1969.1 —1731.4 —3.08 —6.34 —5.56 charge transfer from the Bi atoms to the O atoms. The elec-
trons are to a large extent localized around the atoms with
only a small amount of delocalized charge. The charge local-
an at least BiOs-like environment. The relationship between ization was reflected in the flat dispersion of the bands in
the chemical potentials in BD; is given by Fig. 1 and the DOS had a distinct peak structure related to

bulk o the atomic contributions from the individual Bi and O atoms.
KBi0,=2Mei T 3pno=2up; +3uo>+AHgio,. (3 The center of gravity for the semicore electrond,ib Bi and
2sin O, was located at-23.5 eV and—18 eV below the
Fermi level. The 6 band from bismuth was divided into two
peaks centered aroundll eV and—9.6 eV. Debies and
AHg. o Rabalaig® attributed the upper of these two peaks to P 2
MEiLJIk+ 2 3<MBi<MgLij|k' (4) electrons but the calculated PDOS revealed that both peaks
2 had Bi 6s character and that they overlapped slightly with
the 2s and 2o orbitals from neighboring O atoms in agree-
ent with interpretations from previous calculatidfid®The

The lower limit onug; corresponds to an oxygen-rich envi-
ronment such tha,uo=,u82, giving the limits forug; as

The reservoir for Zn is ZnO which sets an upper limit for
Mz, from the relationship between the chemical potentials ifm

Zn0: main amplitude of the oxygen@states was instead located
in the valence band which consequently had strprahar-
o . .
Brno= ILLZHJFIMOIMELAIkJr 132+ AHzpo. (5) acter and its center of gravity was located-a8.7 eV. The

amount of occupied Bi p states in the valence band was
Mo IS, however, constant throughout the system which meantémited due to the charge transfer of a fraction of thp 6
that w7, and ug; are coupled throughuy. This gives the electrons from the bismuth atoms to the oxygen atoms and
limiting ZnO line which is shown bold in Fig. 6 as described most of the Bi § states were located in the conduction band.

later: The PDOS for Bi atoms showed, in addition, sifieak from
the Bi atoms just below the maximum of the valence band.
mBi( mzn) Comparing the calculated DOS to photoemission

3 spectrd® results in fairly good correspondence particularly
ﬂ. for the valence band. Debies and Rabafaisported the cen-
2 ter of gravity for the Bi & band at—12.4 eV, —-10.5 eV
(6) forthe O 2, and—3.5 eV for the Bi  band. The calcu-
lated peaks for the semicore electrons were slightly shifted

The calculated chemical potentials of the pure elements anghyards higher energies compared to the experimental peaks
the heats of formation for ZnO and the and 6 phases of \yhich were located at-28.8 eV and—25.7 eV for Bi

1
= ugi"+ 5 (AHgi,0,~3AHzn0— 3u2,) +

Bi,O; are given in Table I. 5d4, and 5s;, and—21 eV for the O 2 band. These shifts
are possibly due to the use of pseudopotentials which are not
IV. RESULTS accurately describing of the electron-ion interaction for these

. . semicore electrons. An incorrect treatment of the correlation
In the first two sections we present our results for the

atomic and electronic structures of the par@nd 8 phases. effects for thed electrons can also contribute to the upward

) ; shift for the 5 electrons.
In Sec. IVC we_desc_rl_be the effect of doping theand 5 The « phase has an indirect band gap since both the va-
phases with Zn impurities.

lence band and the conduction band have minima afi'the
point. The valence-band maximum occurs at the zone bound-
ary in the[100] direction. This gives an indirect band gap of
To obtain the equilibrium lattice parameters of the mono-2.6 eV and an energy gap of 2.7 eV at thepoint. These
clinic « phase we used the atomic fractional coordinates decalculated values were in much better agreement with the
termined by Malmro¥ and varied the lattice parametaas  experimental resuIEgXpt=2.5 eV!® compared to previous
b, c and the angles independently while computing the en- calculations which have either overestimated the magnitude
ergy. The lowest-energy configuration resulted in the paramef the band gapE,=6.2 eV}’ or underestimated the band
eters given in Table Il which were close to the experimentagap,E,=1.68 eV We believe that the good description of
data’*~*3 The calculated unit cell volume was 1.5% largerthe band gap in ther phase is connected to the ionic char-
than the experimental value which is common for DFT cal-acter of the material and the fact that the valence and con-
culations using the GGA exchange-correlation functionalduction bands are composed ©&ndp electrons where the

A. a phase of BO3
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FIG. 1. The band structure and
DOS for a-Bi,O3. The lowest-
energy peak originates from the O
2s electrons, the double peak at
—10 eV comes from the Bi
electrons, and the valence band
has a strong O R character.

Ek)-E_[eV]

X r k[A] A M X

correlation effects are not as severe asd@lectrons. Other diagonal110), or along an unit cell axié100). The unit cell
ionic s-p bonded metal oxides such as th@ndx phases of of the § phase in thg111)- and (100)-vacancy configura-
Al,O; (Ref. 38 also give reasonable values for the band gaptions is shown in Fig. 2.

However, in ZnO where thd electrons are close to the va-  We have, in addition, mapped out the heat of formation of
lence band, correlation effects result in an underestimatethe 6 phase for configurations intermediate between the

band gap compared to experimefits (112)- and (100)-vacancy structures by displacing an O
atom along the edge of the sublattice as indicated by the
B. & phase of BjO, arrows in Fig. 2. The purpose of these calculations was to

determine whether there are barriers for oxygen diffusion

The & phase of BjO; has a defective CaF petween the different structures. The values for the heat of
structuré*>141%"*as shown in Fig. 2. The Bi atoms form a formation shown in Fig. 3 were computed using the same
fcc lattice but only six oxygen atoms are present in the unikjze supercell and the atoms were held fixed without relax-
cell due to the stoichiometry of BDz. The eight sites in the  ation. The optimal lattice parameters for unit cells of the
cubic oxygen sublattice would then have either twothree different ordered vacancy structures were subsequently
vacancie$** or be fractionally occupief! An even larger  determined independently and the atoms were relaxed to de-
number of sites are available if deviations from the idealermine the total difference in the heat of formation between
positions in the sublattice are a”OW&.The superceII the three Conﬁgurations_ The relaxation energy pe!%|
method is, however, restricted to periodic systems and longmolecule for the/110)- and(100)-vacancy configurations is
range disorder cannot be modeled accurately. We havendicated by the arrows in Fig. 3. The symmetry of the
therefore, considered just the three possible ordered vacangy11)-vacancy structure resulted in negligible forces on the
configurations in the oxygen sublattice to find the optimalatoms in the cell which is why no relaxation occurred for this
vacancy ordering in thé phase and subsequently performedstrycture.
relaxations to determine deviations from the ideal sites. The Figure 3 shows that thel11)-vacancy structure is meta-
three vacancy orientations correspond to aligning the twataple although it possesses high symmetry. Despite the fact
vacancies along the space diagoqiall), along the plane that there were no forces on the atoms in the perfect

(111)-vacancy cell, there was no energy barrier for the dis-
TABLE II. The experimental and calculated lattice parameters

in the @ and & phases of BiO;. g is the angle between theeand TABLE IIl. The unit cell contents ofa-Bi,O; given in frac-
C axes. tional coordinates along the b, andc axes. The three left columns
present the results of this work while the three right columns are the
Phase a b c B Ref. values reported by HarwigRef. 13.
a 5.83 8.14 7.48 67.07° 11 .
5.8486 8.1661 7.5097 113° 2 Th'sywork , ) Rei'/ 13 ,
5.8496 8.1648 7.5101 112.977° 13
5.920 8.182 7.492 112.6° This work  Biy 0.5242 0.1840 0.3645 0.5242 0.1843 0.3615
1) 5.525 - - 90° 11 Bi, 0.0393 0.0421 0.7768 0.0404 0.0425 0.7767
5.6595 - - 90° 13 O, 0.7762 0.2999 0.7060 0.7783 0.3037 0.7080
5.648 - - 90° 20 O, 0.2340 0.0507 0.1249 0.2337 0.0467 0.1266
5.546 - - 90° This work O3 0.2702 0.0314 0.5119 0.2658 0.0294 0.5115
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FIG. 2. The unit cell for the defective fluorite structure of 56l
5-Bi,Og. The Bi atoms are dark gray and form a fcc lattice while ™"
the white O atoms occupy the corners in the cubic sublattice 0 1 2 3 4 5
indicated by the dashed gray lines. Thélll)- and <l11> xIA]  <110> <100>

(100)-oxygen-vacancy structures are shown and the arrows indicate
how the displacement of an oxygen atom can transform one struc- FIG. 3. The variation oAH (unrelaxed per Bp,O3; molecule as
ture into the other, passing the through {1140 configuration. a function of different crystallographically ordered oxygen vacancy

o . structures ins-Bi,O3. The vertical arrows indicate the relaxation
placement an O atom out of its ideal site. The forces on thenergy for the{110)- and(100)-vacancy configurations.

displaced atom were not pointing back towards its original

position but instead towards the10-vacancy configura- here is a general trend for occupied states in{tHl) struc-
tion. The (110-vacancy structure was found to be a localyyre 1o shift towards lower energies in th@00) structure.
minimum with an energy gain of 0.56 eV per,Bs mol-  The PDOS shows that these states reside on the two O atoms
ecule compared to thélll)-vacancy configuration. After in the unit cell which are farthest from the O vacancies.
relaxation the energy gain increased to 0.9 eV peiOBi  These O atoms experience four nearest-neighbor Bi atoms
molecule. There was a barrier for displacing an O atom ougng six next-nearest-neighbor O atoms. The other four O
of its ideal site in thg110)-vacancy configuration. The bar- atoms have four nearest-neighbor Bi atoms and four next-
I‘ier for transformation into thélOO)-Vacancy structure had nearest_neighbor O atoms. In thﬂl)_vacancy structure a”
an energy of 0.35 eV per BD; molecule and the peak was O atoms experience the same environment with four nearest-
located at the interstitial pOSition m|dWay between the Cor'neighbor Bi atoms and four next_neighbor (@) atomS, and the
ners. The heat of formation increased in transforming frompeaks in the DOS are more narrow.
(110- to (100-vacancy ordering and the energy difference  The perfecf 100]-vacancy ordering for thé phase intro-
was 0.39 eV before relaxation and 0.17 eV pes@imol-  duces an anisotropy into the [, lattice since the period-
ecule after relaxation. This means that #00)-vacancy city along the[100] direction is half the periodicity in the
structure was the energetically most favorable configuratiofo10] and[001] direction. This is reflected in the band struc-
and the total energy difference between tll)- and  tyre for the[ 100]-ordered structure at thé point in Fig. 4.
(100-vacancy structures amounted to 1.1 eV pe«®Bimol-  There is a zone boundary at thepoint in thek, direction
ecule after relaxation. These results stand in contrast to presyt not in thek, direction. This gives band gaps for bands
vious LMTO calculations which favored tl"(é.ll>-vacancy which pass through th& point while there are no corre-
ordered structuré sponding band gaps at thé point.

The optimal lattice parameter for tRd00)-vacancy or-
dered § phase was 5.546 Asee Table ). This value is TABLE IV. The unit cell contents of100)-vacancy-ordered

e _ 11 -
close to S!|I@S value ofa=5.52 é but slightly smaller 5 gj 0. given in fractional coordinates along taeb, andc axes.
than Harwig's value o8=5.66 A!® The optimized atomic

positions for thes phase in Table IV show that the relaxation piom X y z
of the atoms in thé100)-vacancy-ordered cell displaced the
Bi atoms away from the line of O vacancies and reduced th&i1 0 0 0
Bi-O bond length to 2.1, 2.1, and 2.2 A for the three nearestBiz 0.5 0.5298 0
neighboring O atoms. This deviation of the Bi atoms fromBis 05 0 0.5298
their ideal sites in the fluorite structure is not large enougtBis 0 0.5297 0.5297
for them to occupy interstitial sites as has been propose®; 0.25 0.7647 0.2647
previously**2%2thyt it indicates that the BD; crystal isin O, 0.75 0.7647 0.2647
this way trying to minimize the energy by moving the Bi O; 0.25 0.2647 0.7647
atoms closer to the O atoms, leaving large empty channelg, 0.75 0.2647 0.7647
through the crystal. Os 0.25 0.7647 0.7647
Figure 4 compares the computed DOS for (#60- and o, 0.75 0.7647 0.7647

(111)-vacancy structures in th& phase where it is seen that
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0
% -5 FIG. 4. The band structure and
T DOS for 6-Bi,0;. In the DOS
Ui panel, the solid and dashed lines
S,_lo . correspond to the(100- and
(111)-vacancy structures, respec-
tively.
_]5_ ............................................................................................ __—___—____— .....
20— L L L L L L
-1 -0.5 0 0.5 1 1.5 2 2.5 k[A™Y
M X r X M R r

The band structure for thé phase has more dispersion calculations there is a problem in that the impurity could be
compared to ther phase and the band gap between the vainteracting with itself due to the periodic boundary
lence and conduction bands is virtually absent. The highestonditions** We have therefore studied the Zn substitution at
occupied valence state between fheand R points has an various doping concentrations without relaxation to estimate
energy of 20 meV above the bottom of the conduction bandhe character and magnitude of the Zn-Zn interaction be-
at theI" point. This results in some states being occupied atween nearest-neighboring Zn atoms in thand 6 phases of
the bottom of the conduction band although the energy gap &i,0s.
theI" point was 0.37 eV. There is consequently a finite den- The formation energy under oxygen-rich conditionss(
sity of states at the Fermi level, resulting in semimetallic:,ugz), presented in Fig. 5, decreased slightly as the zZn
character for thes phase. Under estimation of the band gapconcentration was reduced. The variation in formation en-
is a common problem in DFT calculations related to the selfergy for thea phase was small, indicating that the Zn-Zn
interaction between the electron and its contribution to thgnteraction was limited. The small fluctuation in formation
electron densit§" Medvedevaet al,”> who found thed  energy for thea phase was probably due to the fact that
phase to be metallic, used a self-interaction correction ihonequivalent Bi sites were populated as the concentration

their calculations which did not alter the magnitude of thewas varied. The difference in formation energy for substitu-
band gap significantly. Conductivity measurements for thin

films of 5-Bi, 05 have also revealed a finite density of states 2.6

at the Fermi level. This indicates that the band gap fordhe sal ¥
phase can be much smaller than for thehase. ) !
22r 1

C. Zn doping in the @ and é phases of BjO; 2F

3

The mixing of ZnO and BiO; is not a favorable process %1.8-
according to the phase diagram by Peigney and Rofsset. =
Only very limited amounts of Zn can be incorporated into mﬂ-ﬁ'
Bi,O; and the mixing would result in a phase separation |
between ZnO and a bismuth-rich oxide compound | ¥
ZnBi3g0gp. There have also been reports of the formation of 1.2}
ZnBi,Og having a trirutile structure using hydrothermal
synthesig? Ir

We have investigated the substitution process where a B 08 . . .
atom in BLO; is replaced by a Zn atom in order to determine 0 15 20
the equilibrium concentration of Zn in the and 6 phases of

Bi,O;. The impurity-induced effects on the electronic struc- kg, 5. The formation energy per Zn atom under oxygen-rich
ture have also been studied to see if any active impurityongitions as a function of Zn concentration. The dashed and solid
states are formed in the band gap region. lines show the results for Zn substitution in theand & phases,

The expression for the impurity concentration in ED.is  respectively. The vertical arrows indicate the relaxation energy at
based on the assumption that the formation energy is inder.25 at. % Zn. This corresponds to the incorporation of 1 Zn atom
pendent of the impurity concentration. However, in supercelin the 80-atom supercell.

10
Zn—Conc. [at.—% Zn]
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tion at the two nonequivalent Bi sites in the unit cell was 80 0
meV which is 47% of the difference between the smallest
and largest values of the formation energy in Figi.&., 170 0.5
meV at 20 at.% Zn

The changes in formation energy were more pronouncec
for the 6 phase where the formation energy decreased frorr%
2.4 eV to 1.8 eV when the doping concentration was reducec’ 0 — — 5
from 20 to 1.25 at.% Zn. This indicates that the Zn-Zn in- £:1-5 g HEe 0
teraction was repulsive but the small differences in the for- ?‘?
mation energies further indicated that the magnitude of this_& -2f
interaction was not large. Figure 5 also shows that the for-
mation energy plateaus at a Zn concentration of 1.25 at. % _, 5|
for the 6 phase. This value was therefore chosen as the
model concentration for studying the effect of an isolated Zn
impurity in both thea and é phases of BiO;.

The relaxation of the atoms in the Zn-doped®j com- -6 -5
pressed the lattice around the Zn impurity for both phases.
The nearest-neighboring Zn-O distance in thghase de- FIG. 6. A logarithmic contour plot of the Zn concentration in
creased down to 1.9, 1.9, and 2.0 A for the three nearest; gj,0, at T=1000 K. The contour lines are labeled from
neighboring O atoms. The relaxation energy for the Zn-og(c)=-8 in the upper left-hand corner to 36 in the lower right-
dopeda phase is indicated in Fig. 5 by the dashed arrow ahand corner. The chemical potentials of Zn and Bi are given with
1.25 at.% Zn concentration. The relaxation of the Zn dopedespect to the bulk metal values and the lower limits on the plot are
6 phase was more cumbersome than indhphase because 2AH,,o and AHg 0,/2 for Zn and Bi. The thick line is the ZnO
of a tendency to disrupt the crystal structure as discussed imiting line for the Zn reservoir and the maximum concentration
the next section. The crystal structure could be maintained iihdicated by the bold circle is located at the intersect between the
the relaxation was restricted by freezing planes of atoms iZnO line and the minimum chemical potential for Bi. The inset
the cell to limit the extent of the atomic displacements. Inshows the variation of the formation energy,,, along the ZnO
this case the Zn-O distance for the three nearest-neighboririge with the value at the maximum concentration indicated by a
O atoms in thes phase decreased to 1.9, 2.1, and 2.1 A. Thelot.
corresponding relaxation energy is indicated in Fig. 5 by the ) o )
thin arrow at 1.25 at.% Zn. The compression of the latticel-25 at. % Zn. This shift is probably caused by the repulsive
around the Zn impurity was expected since the equilibriumZn-Zn interaction which pushes the energy level of the ac-
Zn-0 bond length in ZnO (2.0 A) is shorter than the Bi-O ceptor state further into thg .ba'nd gap at higher d'OpII’.lg levels.
bond length in BjO; (2.2-2.6 A in the« phase and Figure 6_shows th_e equmb_rlum Zn concentration in the
2.1-2.2 A in thes phasg. phase of BiO; optalned by msertmg.the results from the

The most important impurity-induced effect on the elec-DFT calculations into the set of equatiofiy and(2). These
tronic structure of ther phase was that the Zn substitution equations were solved &t=1000 K which is just below the
altered the number of valence electrons in the system. The Bf-0 Phase transition temperature. It is seen that the Zn con-

atom has three 16 electrons while the Zn atom has twe 4 Centration increases when the Bi chemical potential de-
electrons in the valence configuration. The substitution concréases which means that the removal of Bi atoms becomes

sequently left the highest occupied band half filled in themore favorable. The Zn concentration also increases when

Zn-doped system. This band had slightly smaller dispersioﬁhe Zn .chem|cal potential increases which means that the
compared to the highest occupied valence band in the gure "€Servoir _for the Zn atoms l:_)ecor_nes_less_, energetlcally favor-
phase with no minima at thE point. The highest fully oc- able relz_:\tlve to the sub_stltutlon sites |r12_B|3. The forma_tlo_n
cupied valence band on the other hand had a minimum at tHef ZnO in the system is, however, setting an upper limit for
T point, leading to the conclusion that this was the highest¢zn indicated by the thick line in Fig. 6. The region to the
occupied valence band and that the half filled band was H9ht of the ZnO line is inaccessible since in this regjon,
Zn-induced acceptor state. The wave function for the acceps higher than the value in ZnO. In this case a separate ZnO
tor state had significard character originating from the zn Phase would be formed instead of the solid solution. The
atom and it overlapped with the O atoms in the supercell. Ndormation energy along the ZnO line is shown in the inset to
clear localization could be observed around the impurityFig. 6. It is seen to increase as, increases because along
atom due to the limited size of the supercell. The amplitudehis line 1.5 Zn atoms are exchanged for every Bi atom since
of the wave function, on the other hand, varied throughouthree O atoms are needed to form the@j molecule. The
the supercell in contrast to the wave function of the highesffaximum Zn concentration, indicated by the bO'g circle in
occupied valence band in the pusephase which had the Fig. 6, occurs in the oxygen-rich limit whepeo= 5% and
same amplitude on every O atom in the supercell. The excithe chemical potentials for Zn and Bi have the limiting val-
tation energy from the top of the valence band to the accepdes

tor level varied with Zn concentration. The excitation energy bulk

decreased from 230 meV at 5 at. % Zn down to 70 meV at Mzn=Hzn T AHzno

&

Eform [eV

-1

-3+

—4 -3 —2
M, M, Buk [eV]
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TABLE V. The quantities, defined in the text, used to calculate TABLE VI. The different contributions to the total energy of

the equilibrium concentration of Zn in theand § phases of BiO3. 6-Bi,O3. The values are given relative to the phase which is
considered as the ground state. The terms are kinetic efigrgy
Phase T Eform Ng Ci ion-ion interaction energf,, , electron-ion interaction enerdy
K] [eV] [atom/m?®] [atom/m?®] (including local and nonlocal terms in the pseudopotential
- electron-electron interaction energy, andE,, a correction term
a-Bi;03 1000 1.34 2.3910°  4.22¢10% for the use of pseudopotentiaf,., and the total energg; .
5-Bi,0q 1090 0.93 2.3% 1078 1.17x 10%
Phase  Eyj, En Eie Ex Exc  Epsc Etot
and [ev] [eV] [eV] [ev] [eVv] [eV] [eV]
8-(111) —2.50 15.43 —15.90 7.87 1.93-4.94 1.88
bulk HBi203 5-(110 1.58 78.90 —153.76 77.60-0.07 —3.27 0.97
MBi= Mg T T 5-(100) 0.81 110.24 —215.24 108.27 0.05—3.32 0.80

The formation energy for the Zn impurity at a substitution ) o
site in a-Bi,0;3 was 1.34 eV and this corresponded to adominates over the effect of lower symmetry which increases

concentration of 7.X10°% at. % Zn atT=1000 K. the ion-ion and electron-electron interaction energies. The

The Zn Concentration in thé phase was Studied at final preference for thleO}—Vacancy structure over the
=1090 K which is just below the melting point. The behav- {110 orientation is determined by the kinetic energy which
ior for the 8 phase was similar to the phase but the forma- is lower for the(100 compared to th€110) orientation.
tion energy of the Zn |mpur|ty was |owd|093 eV} and The difference in heat of formationAH, between
consequently the equilibrium concentration was higher (2.6he (110- and (100-ordered vacancy structures was
X102 at.% Zn. The values for the formation energy, 0-17 eV/(BO; molecule), which is approximately twice
equilibrium concentration, and Fermi level in the Zn-dopedthe sum of the numerical uncertainty in the basis set and

« and 8 phases are summarized in Table V. k-point sampling, suggesting that the numerical precision is
sufficient to distinguish between t§&10) and(100) order-

ing. We have, in addition, compared the three vacancy ori-
entations using the PZ-LDARef. 41), exchange-correlation
The good agreement between the calculated and expeffiunctional and also used theasTep codé® to determine
mental lattice parameters and atomic positions shown imvhether LDA or another DFT code gives the same ordering.
Tables | and Il for thea phase was expected since DFT Both the LDA andcAasTEPcalculations reproduced the order-
calculations usually predict ground-state structural propertiesg which favored th€100) vacancy orientation. This shows
with high accuracy. The correspondence between the pealtsat calculations using LDA or GGA exchange-correlation
in the DOS and the photoemission spectra for the valenc&nctionals and pseudopotentials unambiguously favor the
band together with the size of the band gap provides furthet100) vacancy orientation. The finite-temperature effects are
indication that we have an appropriate method to describbarder to determine with our treatment. The thermal energy
the low-temperature phase of,Bl;. at the 5— a phase transition temperatufg_. ,= 1003 K is
The situation is more complicated for the high- kgTs_,,~86 meV or approximately half the difference in
temperatures phase which can be considered to be in aAH between thg110)- and (100)-vacancy structures. Fig-
supercooled state in ourT=0 K calculation. The ure 3 also shows that there are significant barriers to over-
(111)-ordered vacancy structure has been proposed based onme for thed phase to complete a full transition between
symmetry arguments, electrostatic argumenfs,and from  the (100)- and (110-vacancy configurations. These results
the results of LMTO calculatior. Our calculations, on the imply that the(100)-vacancy ordering is the most favorable
other hand, suggest thal00)-vacancy ordering would be configuration for thes phase.
more favorable. We have therefore analyzed the different en- In order to investigate the stability ¢fL00)-vacancy or-
ergy contributions to the total energy in order to understandlering against the formation of local(110- or
why this is. Table VI reveals that the ion-ion and electron-(111)-vacancy regions, we have calculated the formation en-
electron interaction terms favored the symme(fit1) con-  ergy for a “displaced” vacancy in thé100 structure. The
figuration but this effect was overcompensated by thelisplaced vacancy is a unit cell where the vacancy orienta-
electron-ion interaction. This suggests that #hehase is tion deviates from the regular vacancy ordering in the oxy-
gaining energy by accumulating a higher electron densityen sublattice, for instance (d10)-vacancy unit cell in an
close to the ion cores which increases the electron-ion inteletherwise(100)-vacancy lattice. We have considered a dis-
action. This accumulation of electron density depends on thelaced vacancy concentration of 12.5% by changing the va-
local atomic environment. Figure 4, which compares thecancy orientation in one of the eight unit cells in 0]
DOS for the(100)- and(111)-vacancy structures, shows that supercell as shown schematically in Fig. 7. In this case the
O atoms with six O neighbors have a lower energy than Gormation energy of the displaced vacancy is the difference
atoms with four O neighbors. This supports the idea that thén vacancy formation energy between two defect orientations
gain in electron-ion energy for atoms surrounded by a highein a cell containing the same number of atoms. The forma-
number of neighbors, as in th€l00)-vacancy structure, tion energy in Eq(2) then reduces to the difference in total

V. DISCUSSION
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AZ ever, the possible tendency for a phase transformation from a
high-temperature phase to a low-temperature phase is not
surprising since the calculations did not include finite-
temperature effects. In the=0 K formalism, thed phase
must be viewed as a supercooled state, but if there are large
enough structural disturbances, then these could trigger a
" " phase transformation. Interestingly, the incorporation of a Zn
.. .y [110] substitutional impurity into the phase was apparently suf-
~® ficient to destabilize the crystal structure. A full relaxation of
y the supercell containing an impurity atom led to a disruption
[100H f_ ‘.

of the crystal structure. This resulted in an unphysical nega-
tive formation energy of the order 8 eV for the Zn impu-
0’ " rity, when the perfec{100)-ordereds phase was taken as
X reference system in E@2). Treating defects in thé phase
using theT=0 K formalism is obviously a very delicate
matter which requires large supercells and freezing atoms in
order to maintain the crystal structure of the high-
temperature phase.
energy between the ideal defect orientation and the supercell S|n.ce the stability of t.hé ph_ase IS sensitive to perturba_l-
containing  the displaced defect, Eqorm((110) tlt_)ns in strucf[ure, our dlsc_uss_lon_of the solubility of Zn_ in
—E((100),(110) — E((100)). We have also studied the ef- Bi,Os is restricted to sqbsntutlon in the phase. The maxi-
fect of different orientations of the same type of vacancymum_6 Zn concentration was computed to be 7.1
ordering by considering §010] vacancy in an otherwise x10 at.% Zn atT=1_000 K(.e., p_nly one Zn atom per
[100] ordered structure and a zigzag chain(@i1) vacan- 5.7x10° Bi atpms). This low .solub|l|ty is probably con-
cies compared to E111]-ordered cell. n(_acted to the different electronic structures of Zn and Bi. The
Disturbing the[100-vacancy orientation in the oxygen B! a0m has a larger number of valence electrons whose
sublattice by displacing a vacancy rigidly, without relaxation, Vave functions have a different character and larger radius
was not energetically favorable. The formation energy of 41an in the Zn atom. This is reflected in the higher atomic
local [110] vacancy was 1.1 eV and the corresponding for-co0rdination of Biin ByO; compared to Zn in ZnO. The Zn
mation energy for a locdlo10] or a[111] vacancy was 1.5 atom @e_s not, therefore, find a_smtable substltutl_on environ-
eV and 3.1 eV, respectively. A zigzag chain(dfL1) vacan- ment in BLO5 even after relaxation and the resulting forma-

cies, on the other hand, had a lower energy than the regulflon energy is high. Our previous calculatioh®ave simi-

[111]-ordered structure and this decreased the energy diffefa'ly shown that Bi substitution in bulk ZnO is energetically
ence between thé100) and(111) structures to 0.65 eV per unfavorable and that there is a significant segregation energy
Bi,O; molecule ' for a Bi atom residing in th& = 13 tilt grain boundary. This
The formation of displaced vacancies imposed strona}“ggeStS. thlat th? meChi”'Ca'hm'X'”g qthnO angC]glto
forces on the surrounding atoms and releasing them to allo rm a single-solution phase having either a wurtzite or a
onoclinic structure is not favorable. The mixture of ZnO

relaxation had dramatic effects on the structure. A Bi atom irl" : : .
the fluorite structure has six nearest-neighbor O atoms witR"d BbOs would phase separate and evidence for this is
an ideal Bi-O bond distance afy\/3/4~2.4 A. However, pfov'd‘?d by x-ray dn‘fracnor_] expgnmer‘ifs on smtered
relaxation of the displaced vacancy structures moved most ¢f"O-Bi0s powders of varying Bi content which have

the Bi and O atoms closer together. The new neighbor dis§h°Wn that bismuth forms thin layers @-Bi,0; on the

tances varied between 2.1 and 2.5 A. This distribution Ofsu_rface of .the .ZnO.grai.ns. The formgtion O.f bismuth-fich
Bi-O bond distances is similar to that found in thephase oxides at triple junctions in polycrystalline varistor materials
which suggests that if thé-phase system is perturbed suffi- IS a(;‘ogge{hexamp'ﬁ of phase tsdeparatlt?]n tbetvyeeln anot and
ciently, it could transform into a structure at least resemblin 1203 ere Is, however, evidence that a singie-solution
the a phase. In addition, the relaxation energy was found t hase of a different structure can be fabricated by hydrother-

be very large. Although we did not pursue the relaxation”:al tsyn‘gwless to f:)rtmh ZnhBOt?] V‘llh'Ch has tad t”rIUtt')lﬁ.t
until an equilibrium structure was obtained, the difference jpowructure.” In general, though, the low computed solubility

heat of formation between the and § phases diminished for Zn in the o phase of BjOs is consistgnt with the experi-
significantly from an initial value of 0.78 eV/(BDs m_ental observation of phase separation between ZnO and
molecule) to 0.32 eV/(BiO; molecule). We interrupted Bi20s.
the relaxation at this point even though the ionic forces were

not negligible because the system was not apparently ap-
proaching an equilibrium structure. To properly simulate a We have investigated the atomic and electronic structure
5— «a phase transformation would require a change in shapef the pure and Zn-doped and § phases of BiO; by first-

of the supercell during relaxation which, unfortunately, is notprinciples calculations. The lattice parameters and atomic
a feature currently implemented in the computer code. Oupositions for thea phase were in good agreement with ex-
results are therefore suggestive rather than conclusive. Hovwperimental measurements. The calculated DOS corresponded

FIG. 7. A schematic diagram of a displaded.0] vacancy in an
otherwisg 100]-ordereds phase. The bold circles indicate the pairs
of vacancies along the two different orientations.

VI. CONCLUSIONS
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very closely to photoemission spectra for the valence banther a displaced vacancy or a Zn impurity led to a disruption
but the peaks for the semicore electrons were slightly shiftedf the ordered fluorite structure suggesting a tendency for
towards higher energy. We attribute this shift to the use ophase transformation into the phase.
pseudopotentials in our calculations. The optical band gap of We have also investigated substitutional Zn doping of
2.6 eV was also in good agreement with experimental value®Bi,O5 and found that the formation energy for a Zn impurity
Based on these results we conclude that our total energy the « phase was 1.34 eV, giving an equilibrium concen-
method is able to give a reliable description of the structuratration of 7.1x 10" ® at. % Zn atT=1000 K. The low solu-
and chemical properties of BDs. bility for Zn in the a phase of BjO; is consistent with the
Our calculations on thes phase showed that the phase separation between ZnO ang@iobserved in varis-
(100)-ordered vacancy structure was energetically the mosor materials.
favored in contrast to previous LMTO studies. Further inves-
tigations of the stability of theéd phase against the spontane-
ous formation of regions of different vacancy orientations
suggested that the structure could be destabilized by small J.C. has been supported by the Swedish Natural Science
perturbations. Thé phase should, however, be considered aResearch Council and H.S.D. acknowledges Grant No.
a supercooled phase in our calculations since it is a highPRAXIS XXI/BD/13944/97. The calculations were per-
temperature phase which would transform intodhghase at formed using the UNICC resources at Chalmers, Gothen-
T=1003 K. The relaxation of the supercells containing ei-burg, Sweden.
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