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Electronic structure and bonding in crystalline peroxides
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Hartree-Fock and density-functional PW91 theories as realized iorRheTAL95 code have been applied to
investigate the structural and electronic properties of Ba, Sr, and Ca peroxide materials with the calcium
carbide crystal structure, results for which are compared with those for the corresponding oxides. Special
attention is paid to the stabilization of the peroxide molecular igfi Gn the ionic environment provided by
the lattice, and to chemical bonding effects. In order to describe the covalent bonding withigf thiet©and
the polarization of the Oion in the crystal electrostatic field, it is essential to include an account of the effects
of electron correlation. The PW91 density functional has allowed us to reproduce the crystallographic param-
eters within a 3% error. The chemical bonding within the peroxide molecular ion has a complex nature with a
balance between the weak covalent bondrptype and the strong electrostatic repulsion of ¢hesed-shell
electron groups occupying G2and O 2, and 2p, states. Compression of the peroxide ion in the ionic
crystals gives rise to an excessive overlap of thes@l@sed shells of the two Dions of a peroxide molecular
ion 0,2, which in turn determinethe antibonding character of the interaction and chemical bonding in the
0,2~ molecular ion [S0163-18209)09527-7

[. INTRODUCTION ment of correlation, compared with more traditional post-HF
methods of quantum chemistry.
For many years, the peroxide ion®© has been the focus In the past ten yearsb initio quantum-mechanical tech-

of interest in solid-state physics, since the species is preseniques have been increasingly used for the investigation of
in most oxide materials as an important defect center witlthe structural and electronic properties of crystalline com-
interesting physical and chemical properti€sAs shown pounds. The alkaline-earth-metal oxides were amongst the
theoretically? this ion is metastable as an isolated moleculefirst compounds studied with such methd@$®as they crys-
which implies that it must be stabilized by its environment.tallize in the highly symmetric wurtzite or rocksalt structures
Such stabilization can result from covalent bonding, as inwhose small unit cells facilitate the use of computational
for example, hydrogen peroxideor from electrostatic inter- - methods. Various properties, including the equilibrium struc-
actions in ionic crystal3® Indeed, the anionic sublattice of yres and cohesive energies, electronic and lattice dynamical
0, ions is stabilized in Bag) SrQ,, and related crystalline properties, elastic constants and phase transitions have been
compounds, as shown in a recent theoretical sfudgre, we successfully modeletf:167 In contrast, there are no
concentrate on the electronic and structural properties of thiauantum-mechanical studies of the crystalline alkaline-earth-
latter class of materials. Our work reveals surprising featureﬁ1etal peroxides, although barium peroxide, for example, is a

of the bonding in these materia]s. Qur stu_dy s alsp relevan&hemically important compound and crystallizes also in a
to the properties of peroxy anions in solids and indeed tq

S ; simple, symmetric structure.

polyanionic compounds in general. Th d tet v distorted K

In spite of the multitude of crystal structures and chemical €se compounds possess a letragonally distorted roc
bonding effects in which the peroxide molecular ion is in_salt structure, usually referred to as the c_aIC|um carbide
volved, certain fundamental properties show little variation Structure—space group 14/mmm. The metal ions occupy the
In particular, the peroxide bond lengths of simple crystalline™®gular cation positions and the peroxide dgmbbellg.z_(D
ionic peroxides and of crystalline hydrogen peroxide nor-aré centered on the anion S|te§, Wh|Ie.the|raI|gnment is along
mally lie in the range 1.45-1.54 ARefs. 8-12 and their one of the unit cell axesc axis) leading to the observed
stretching vibrations are between 730 and 930 tifRef.  tetragonal structure, as shown in Fig. 1. Crystallographic
13). Experimental data available for alkaline-earth-metal perstudies of bariurh*®*°and strontium peroxide® are based
oxides fall within these ranges; other physical propertieson single-crystal x-ray diffraction, while that of calcium per-
e.g., electronic structure and elastic constants, presently rexide is based on powder diffraction d&t4? of poorly crys-
main undetermined. Theoretical investigations of these matalline samples, which are not pure calcium peroxide but also
terials also pose problems. Localization of electron densityontain water and/or hydrogen peroxide. They show addi-
over a small region in the lattice occupied by’0O would be  tional weak reflections that cannot be attributed to the cal-
expected to lead to an increased importance of electron cosium carbide structuré?! and the crystal structure reported
relation, which cannot be investigated by traditional one-for calcium peroxide cannot be considered as reliable.
electron or Hartree-Fock(HF) theories. The density- The previous relevant quantum-mechanical calculations
functional theory (DFT) using nonlocal density on peroxides comprise various studies on peroxide molecules
approximations presents probably the best approach as iitcluding hydrogen peroxide and different inorganic and or-
provides a relatively cheap and sufficiently accurate treatganic peroxide defect centers in the bulk and on the surfaces
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TABLE |. Valence basis sefexponents and contraction coeffi-
cients of the Gaussian functionsdopted for B&.The basis set has

been used along with the Hay-Wadt small-core pseudopoté&ntial.
Exponents Coefficients

Shell type [Bohr 2] s p.d

5sp 2.5964 0.1355 —0.0141
1.3877 —0.7698 —0.19759
0.5565 0.8298 0.58272

6sp 0.274 1.0 1.0

7sp 0.153 1.0 1.0

3d 1.7718 —0.0249
0.4465 0.700
0.136 0.405

®Reference 40.

PReference 39.

FIG. 1. The calcium carbide structure. (i) The derivation of the PW91 functional used fuliyo

initio techniques with particular care being taken in repro-

ducing the asymptotic behavior of the exchange-correlation
of crystalline and amorphous materiafs3* The investiga- hole. Furthermore, other functionals include semiempirical
tion in this paper focuses on the structural and electroni®arameters fitted using reference sets of small molecules and
properties of the crystalline calcium carbide-structured perare not, therefore, the most appropriate for these highly ionic
oxides of barium, strontium, and calcium making detailedcrystals.
comparison with the corresponding oxides. We place a spe- (i) Application of the PW91 functionals in solid-state cal-
cial emphasis on the properties of the peroxide bond an@gulations has proved their accuracy and reliability for very
compare results obtained for the three different peroxideglifferent systems: metallit’ covalent;” ionic,*” and hydro-
Furthermore, we compare results for Hartree-Fock and€n bondeagln alkaline-earth-metal perOXideS, we natura”y
density-functional theory-based methods. expect to find a dramatic change in the chemical bonding and

Our paper is organized as follows: after a brief descriptiorcharge-density behavior on the atomic scale as we pass from

of the methodological aspects in the next section, we discusd homopolar environment within the peroxide anions to a
first the electronic properties of the peroxides at equilibrium heteropolar one between cationic and anionic sublattices.
which are compared to those of the corresponding oxides: All-electron basis sets have been employed in this paper
charge-density distribution associated with the peroxide ionfr oxygen and calcium, while strontium and barium were
plays a key fte in understanding the unique properties offepresented by Hay-Wadt small-core pseudopoteditialsd
these materials. Next, the optimized structures are comparetflence-electron basis sets. The choice of pseudopotentials
with the experimental data; we also investigate the behaviofor heavier atoms is, as usual, dictated by the need to include

of the structure under pressure and compare the results wifglativistic effects for more energetic core electrons, on the
the available experimental data. one hand, and by a significant decrease in the computational

cost resulting from the reduced number of electrons treated
explicitly. For Ca, Sr, and Ba, we have used basis sets de-
rived in Refs. 16, 17, and 4@reviously unpublished param-
The guantum-mechanical, electronic calculations haveters of the Ba basis set are listed in Tablewhile the basis
been performed using a periodic self-consistent field apset for O has been taken from Ref. 41 using the exponents
proach as described in the monograph of Pisani, Dovesi, an@500, 0.191, and 1.000 Botr for the 3sp, 4sp, and 3
Roett?? and realized in theeRYsTAL9s program packag®  shells, respectively.
Both the method and the program have been widely used in We note that the presence of the optimizetishell in the
recent years and a detailed review is unnecessary. We wiflxygen basis set is crucial for the description of the perox-
only outline, therefore, the major features of the approaclides. For example, the presence of trie@bital lowers the
and the technical details appropriate to its application in thigotal energy of Ba®@ in our Hartree-Fock calculations by
study. more than 0.013 hartrees, while for BaO the difference for
Presently, the program allows calculations with HF andcalculations with and withoud orbitals is only 104 har-
DFT methods(in a recent implementation described by trees. The importance of the oxyged 8rbitals for the de-
Causaand Zupart), based on expansion of crystal orbitals in scription of the bonding within the peroxide bond will be
linear combinations of Gaussian-type atomic orbitalsshown later by an analysis of the electronic density of states
(LCAO). A number of local and norfor semij local density  (DOS). On the other hand, we found that the presence of the
functionals are available in the program, but we have chose8d shell in the oxygen basis set has little influence on the
the Perdew-Wang gradient-corrected exchange and correlaptimized geometries, except for a shortening of the perox-
tion functional$®*® (PW91) for the following methodologi- ide bond length by approximately 0.05 A. For a more direct
cal and practical reasons: comparison of results, we used the same oxygen basis set for

Il. METHODOLOGY
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FIG. 2. Band structures df) BaO, (b) SrO, (c) CaO, (d) BaO,, (e) SrO,, and(f) CaG, (DFT calculations Ef stands for the Fermi
energy. The bands have been calculated in the directions of the first Brillouin zone as specified by the following special points: Oxides of
the Fm 3m space groud’(0,0,0; X(1/2,0,1/2);W(1/2,1/4,3/4);K(3/8,3/8,3/4);L(1/2,1/2,1/2).Peroxides of the 14/mmm space
groupI'(0,0,0; Z(1/2,1/2~1/2); X(0,0,1/2); P(1/4,1/4,1/4):V(0,1/2,0).

both oxide and peroxide ions in both Hartree-Fock and DFTcontribution to the properties of the material as a whole.
calculations. Charge-density distributions and population analyses are
Both basis sets and pseudopotentials were derived on ttieerefore employed as a complementary tool for the charac-
basis of HF calculations, which may lead to some uncerterization of the electronic structure. In the discussion that
tainty regarding the quality of the DFT results. However, thefollows all results on the electronic properties have been ob-
properties considered in this paper do not explicitly involvetained for the optimized crystal structures.
core electrons; thus, we expect that only small corrections of
a uniform character should follow the introduction of the
DFT pseudopotential. Next, the extended character of triple-
split valence basis set used provides a large degree of varia- The present calculations of the electronic structure show
tional freedom so that a reoptimization of the basis set pathat the electronic states associated with the oxide and per-
rameters should not lead to significant changes in th@xide ions provide a dominant contribution to the valence
properties predicted. We also note that the spin-orbital interbands in all materials considered, irrespective of the method
action can have some importance in the electronic spectra @pplied. The main difference between the different oxides
the Ba compounds relating to charge transfer to the Ba; suchnd peroxides is related to the cation semicore stétes
processes are not of particular interest here. highest occupied shells on the catipnwhose position
changes with respect to the other bands, the Ca-associated
bands being the lowest and the Ba bands the highest. Other-
wise, the band structures within each grdigb oxides and
Electronic band structure and density of states often properoxide$ are qualitatively simila?,and we mostly concen-
vide sufficient data for a thorough characterization of thetrate here on the Ba compounds.
electronic properties of materials; however, this spectro- The band structures of BaO and Ba®btained from the
scopic information does not describe the specific character dFT calculations, are presented in Figéa)2and Zd) in the
the chemical bonding in the system. A major focus of thishigh-symmetry directions of the first Brillouin zone. The
study concerns the properties of the peroxide anion and itslectronic bands are flat as expected for ionic compounds.

A. Band structure and density of states

IIl. ELECTRONIC PROPERTIES AT EQUILIBRIUM
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For BaO, the direct band gap at thepoint is 4.6 eV com- 500 [ , , : : ,
pared with the experimental vaftfeof 4.29 eV while the
indirect T-X band gap is slightly smallét at 4.4 eV. The
corresponding band gap at thepoint for BaG is 4.4 eV,
but experimental data are unavailable for comparison. Th
close agreement of the calculated and experimental band g:
for BaO at thel’ point should be treated cautiously as the
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DFT one-electron spectra are known to underestimate th 100 L i
interband gap, in particular, owing to an incomplete accoun e L A l M j\r% |
of the self-interaction; the relatively wide gap can probably o . , . . . , / N
be related to a limited size of the basis set used and th 4, 500 ————
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localized character of the basis functions.

If we consider the occupied bands in more detail, using
information on the atomic orbital representation of the crys-
tal orbitals at thd™ point, we can see that the three bands ai
around —0.46 hartrees and the band at around.01 har-
trees appear in both band structures and are mainly ofpBa 5
and 5 character, respectively. The remaining occupied w00 1 '
bands correspond to the @2and X atomic states. Hence, ol h : o 1
the corresponding atomic and crystalline states will be use o s JWMLM |
below for designation of the electronic bands.

While in BaO, the topmost occupied @2ands are de-
generate at th€ point—we find in BaQ the expected split-
ting of the O 2 atomic levels at thé" point into the perox-
ide bondingo, (—0.31 hartregs degenerate bonding, and
my (—0.18 hartregs degenerate antibondingy and =
(—0.10 hartregsand unoccupied antibonding; (0.07 har-
trees bands, the latter giving rise to the lowest conduction
band. The O 2 level in BaQ is split similarly into the per- A
oxide bonding os (—0.83 hartrees and antibondingo} ol
(—0.59 hartregsbands, while in BaO there is only one @ 2  LnERGY (iARTRES)
band at—0.62 hartrees at thE point. Thus, the splitting of
the oxygens and p atomic levels into the corresponding

bandg at 'ttrrlwdt‘hpowllt Of. thle balnd Sltructubr_? Io g_BQQ:orre]: thé'ected DOS on(b) the barium(Ba) and the oxygers (s), py (pPX),
sponas wi € classical molecular orbital diagram o py (pY), andp, (pz) atomic orbitals;(c) the oxygend atomic or-
peroxide molecular ion and its isoelectronic molecuje F 5\

The DOS for BaO and BaQFigs. 3 and 4, respectively
confirm the assignment of the bands made above. Howeveye system is highly ionic, the ions are situated at lattice sites
the p!ots indicate that the barium and oxygen Qrb|tals MiXof cubic symmetry (octahedral coordination where the
significantly. In particular, the Basstates play an important strongest dipolar term of the polarizing crystal field is zero,
r0|e in the formation Of the OQO'S band, reducing the Charge and the Va'ence e|ectrons on Ba and O are On'g aﬁd p
density along the ionic bonds. As a result, the s2omic  character. A different situation occurs in BaQuhere the
orbitals are not fully orthogonal to the ZXrystal orbitals,  oxygen ions are at the sites of a nonzero electrostatic field,
and contribute to ther, bonding orbital of the OR, char-  which gives rise to strong electronic polarization effects.
acter in BaQ, in turn, reducing the charge density within the However, the absolute value of tdefunctions’ contribution
peroxide ion. The upper occupied states in BaOnsist not  varies with the basis set. Indeed, due to an overlap between
only of the peroxide bondingr, , and antibondingry, mo-  Ba and O basis functions, a fraction of the electronic polar-
lecular orbitals, but also of contributions from Baorbitals.  ization on the O ion is described by a charge transfer from
Furthermore, the DOS of Bg@how the contribution of the the O back to the B&" ions.
O 3d orbitals in the peroxides in contrast to the oxides. In  Looking at the formation of the electronic bands from a
particular, thed(z?) atomic orbital contributes about 0.6% to different angle, we conclude that the complex mechanism of
the maximum DOS of the peroxides crystal orbital. Fur-  the hybridization of O atomic states of different symmetry,
thermore, to a smaller extent tlz®) atomic orbital con-  triggered by the admixing of the BaSstates, is responsible
tributes to the peroxide, and o} orbitals, while thed(x2) for the polarization of the electronic density on the ©@ns
andd(yz) atomic orbitals contribute a small amount to thein BaO,. Each of these ions is situated in the electric field
peroxidew, and, crystal orbitals. The maximum contribu- directed along the axis (arising from the neighboring cation
tion of the O3l orbital in BaO, which corresponds to a and O ion. The polarization of the O ions by the lattice
hybridization of the Qi(z?) atomic orbitals with the Bp  field substantially destabilizes the, states owing to the an-
atomic orbitals, is smaller by a factor of approximately 100tibonding character of the Os2contribution. Thus, the
than in BaQ. This behavior for BaO should be expected ascharge density on each Cassociated with the Osrg, o
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FIG. 3. DOS of BaO(DFT calculations (a) Total DOS; pro-
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FIG. 4. DOS of Ba® (DFT calculationg (a) Total DOS; pro- FIG. 5. DOS of BaQ@ (HF calculationg (a) Total DOS; pro-
jected DOS on(b) the barium(Ba) and the oxyges (s), px (PX), jected DOS orb) the barium(Ba) and the oxygers (s), py (PX),

py (py), andp, (pz) atomic orbitals;(c) the oxygend atomic or-  p, (py), andp, (pz) atomic orbitals;(c) the oxygend atomic or-
bitals. bitals.

bands is shifted inwards in the peroxide ion while the chargeontrast, the DFT calculations predict it to be predominantly
density associated with the &, band is expelled from the of Oo} orbital character. This difference is clearly due to
peroxide bonding region towards the nearest cations. A simithe neglect of electron correlation in the Hartree-Fock
lar mechanism operates in all three peroxides. The majomethod: correlation is particularly important for regions in
difference is mainly due to the fact that the megddands in  the crystal with high-electron density, in general, and for the
Sr and Ca peroxide appear between bonding and antibondinggscription of a covalent bonding, in particular. Since the
O 2s bands: the Srg band at—0.63 hartrees is in close electron density is considerably higherdrthan in# bonds,
proximity to O 2s antibonding states, whereas the @a3 the energy levels corresponding to thébonding are stabi-
states at-0.82 hartrees nearly overlap with the @2 band lized by correlation relative to those corresponding 7o
(Fig. 2. bonding. The neglect of correlation leads consequently to a
Let us now compare the DOS of Ba®alculated using destabilization of the @, ando} crystal orbitals in the HF
the DFT (Fig. 4) and the HF metho¢Fig. 5. Apart from the  calculations, which in turn leads to the reversed order of the
band gap in the HF DOS, which is, as expected, much larges, and w, and 7, bands in the HF and DFT calculations as
than the DFT band gap, and the fact that the peaks in the Hivell as to the different nature of the bottom part of the con-
valence band occur at energies different from those in theluction band. Although without a proper calculation of the
DFT calculations, we find two striking differences. First, we optical transitions, our predictions have only preliminary
observe in the HF DOS that the order of thg and 7, ,  character, we can conclude that in peroxides we should ex-
bands is reversed compared to the DFT calculations: thpect on-site excitations to play a predominant role in contrast
maximum of the peak of the, band is higher in energy than to oxides where charge transfer is a competing process: in
the two maxima of the peaks of thg andm, crystal bands BaO the charge transfer should be predominant, while in SrO
[Fig. 5b)]. Second, the bottom of the conduction band isand CaO our calculations indicate a small but increasing con-
predicted, in the HF calculations, to consist, to an equal extribution of on-site processes. Moreover, both oxides and
tent, of contributions from the @; and Ba® states; in peroxides have metal bands closely following the lower
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conduction bands, which suggests that under pressure, duedtectron$, one can conclude that the larger the electron
the localized character of tlieshells on metal cations, they kinetic-energy contribution, the more positive is the Laplac-
can be of importancégsee the discussion in the following ian of p and, on contrary, the larger the potential-energy
section. We conclude that the inclusion of electron correla-contribution, the lower is the value of\p. In early
tion in ab initio quantum-mechanical calculations is crucial publications'® Bader actually proposed to distinguish be-
for peroxides, or alternatively, the Hartree-Fock method isween two kinds of chemical bonding: the shared interaction
unsuitable for a correct description of the peroxide bond. 55 in the covalent bond characterized by a negativend
the close-shell interaction occurring in ionic, molecular, and
B. Character of the chemical bonding other compounds and characterized by a positipeln par-

As mentioned, the full information contained in the wave ticular, the shared interactions are accompanied by a concen-
function can be represented in different ways: the density ofration of the charge density on the bond, the electron distri-
states and the charge density being the simplest. Whereas thgtion being shifted towards the bonding critical point both
former has provided us with the first insight into the spectro-from ions along the bond path and from the directions per-
scopic and electronic properties, the latter will be used hergendicular to the bond path. Thus, a strong chemical bond is
for a more thorough characterization of the bonding effectexpected in this theory to be characterized by negative values
in the peroxide materials. Charge transfer from cations t@f Ap and by large values qf itself at the bonding .
anions is traditionally associated with the formation of ionic ~ Summarizing our intuitive ideas on the chemical bonding
systems whereas the electron density concentration in interin peroxides, we should expect:
onic regions is an indication of covalent effects. We have (i) a very small and maybe negative overlap population
applied two methods currently in a wide use to analyze thesgetween metal ions and oxygen, which reflects an ionic char-
effects: the Mulliken population analysis and Bader's atomsycter of the bonding; i.e., the charge density at a critical

in molecules(AIM) theory***® To facilitate the following bonding point should also be small, while its Laplacian
discussion, we briefly recall next the basic points of thesey,,1d be small and positive:

methods.

. . . i) al iti I lation bet the t
The Mulliken analysis is based on the LCAO approxima- (ii) a large positive overlap population between the two

. : -~ oxygen ions forming a peroxy species, as should be the case
tion of the molecular-orbital theory. The bond population IS¢0r a covalent bond: accordingly, large values of the charge

defined by the appropriate nondiagonal elements of the ClerEi’ensity should be accompanied by negative values of its La-

sity matrix in the AO representation scaled by the corre-pI acian.

sponding over_lap integrals and summed over AOs centered However, a Mulliken analysis on the basis of our DFT
on a given pair of atoms. AIthqugh the absqlute values ar alculations confirms only the first assumption: the overlap
heavily dependent on the quality of the basis set employe ond population being-0.003, ~0.015, and+0.004e for

(see a detailed discussion for example in Rej, #is analy- a0, Sr0,, and CaQ resp;ecti\’/ely. Thé overlab population
sis is successfully used wherever we are only concerned wit etwéen th,e WO oxyéen ions of thé peroxy species proves to
relative changes in ion and bond population.

The AIM method uses solely the charge dengitior an be rather large and negative ©0.126,—0.144, and-0.141

. ) . e for BaO,, SrO,, and CaQ, respectively, i.e., an antibond-
analysis a}nd thus its results only depend on the qua}llty of ‘i’hg effect of the electrostatic repulsion seems to prevail over
reproduction ofp. At the heart of the AIM approach is the the covaleni, bond between the Oions. The largest con-
definition of an atom as an open system separated from other. z '

atoms by an interface: the surface of zero flux in the gradien r|but|9ns to the negative overlap are due to the overlap be-
. L i tween:
vector field ofp. The p distribution along the lines connect-

ing atoms defines in this theory the character of the bondingsu (I)e(s)tszsaAr?(S)'vecr?;teL?dthoeg ;:Tgség?sﬁér%?gitg)lgst’)f\'\{ﬂgh
Use of critical pointsr in the p distribution, in whichVp 99 P

=0, allows the quantification of the corresponding informa-2>Y9€N 10N,

o . . . . (i) O2p, and O 2, AOs, centered on the two oxygen
tion: of particular importance are the local maxima, situated 7~ = Y. . . ;

: : ions; this is an overlap involving both bonding and antibond-
nearly always at the nucldexcept for some metallic sys- ing crystal orbitals ofr character: and, finally
temg, and the points where the interatomic surface is crossed (iii) O2s and OD,AOs, centered on the two oxygen

by the bond paths. The latter, referred to as the bonding ions within the peroxy ion, which confirms an antibonding

below, are the points of a minimum @f on the bond path .

and the points of a maximum for perpendicular directions,cehnegsct;;gf the admixture of the @ 2tates to ther, va-
which is reflected by the signature of the eigenvalues of th '

Hessian ofp: one value is positive and two values are nega-n all three cases we observe an overlap between closed-shell

tive. orbitals centered on the two O ions of the peroxide molecular
The sum of these eigenvalues, the Laplaciap,0 di-  10N- _
rectly related to the character of the interatomic interaction The trends outlined above are clearly corroborated by the
by the local virial theoreff behavior of the charge density at the critical bonding points.
All corresponding data are collected in Table Il. The posi-
h? tions of critical points, charge densities, and relevant values
am Ap(N)=2G(r)+V(r), (1) of the density Laplacian have been obtained manually on the

basis of the calculated charge density. As a result the numeri-
where G and V are electron kinetic and potential energy cal values of the density Laplacian may lack some precision,
densities. Sinc& is positive andV is negative(for bounded but are sufficient for the purposes of the following analysis.
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TABLE Il. Values of the total charge densitipsand the density  tice decreases the peroxide bond length. The constituent ions
Laplacian at the minima of the total charge densigy:within the  are therefore under theressuregenerated by the increased
O—O bond, (b) within the M—O bond, and(c) between two ad-  short-range exchange correlation due to the surrounding
jacent O ions of neighboring peroxide molecular ions in #1140  jons. In the HO,, the interoxygen repulsion is rather de-

plane. creased due to an incomplete electron transfer from the hy-
drogen atoms. Both examples 0§®) and F, moleculeSAp

Compound  Total charge densitg.u) Laplacian(a.u) being 0.074 and 0.787 a.u., respectiVely fact, demon-
strate that Bader's description of the shared interactions, as

@ ) © @ b © characterized by negative values of the density Laplacian,

BaO, 02341 0.0234 0.0075 0.2023 0.1128 0.0220does not apply in general. The trend in the Laplacian as

Sro, 0.2339 00215 00107 02045 0.1216 0.0285 _out]ine_d aboye is rathgar of intere;t, and Iqwer values are

Ca0, 02335 00167 00125 02159 0.1002 0.0386 indicating an increase in the chemical bonding.

0 0.1718 0.2610 IV. STRUCTURAL PROPERTIES

H,0, 0.2658 0.0737

A. Crystal structure optimization

The calcium carbide structure of the alkali-earth-metal

Both in BaQ and BaO, the largest electron concentrationperoxides is defined by three crystallographic parameters: the
is, as expected, found on the O ions. The charge densitiwo lattice constanta and c of the tetragonal unit cell and
obtained by integration of the Gs2band is continuous in the the oxygen fractional coordinatO) that is also related to
interoxygen region, and prevails over the @& contribu-  the peroxide bond lengtdy o by the following relation-
tion. The charge density associated wittand =* peroxide  ship:
states is practically axially symmetrical around thg>O
bond. The contribution to the valence density from Ba is also doo=[1-22(0)]c. @

appreciable in the Ba region, which confirms théerof Ba We selected six values of the unit cell volumé=aZc)

states in the formation of the valence band and in the chemigf e5ch peroxide and then calculated the total HF and DFT

cal bonding in the peroxides. . ground-state enerd§(V) by allowing each of the three crys-
On examining the charge density within the peroxide 0N tallographic parameters fully to relax. THE(V) data have

we find it behaves quite differently. Indeed, we observe g)een fitted here using the Vinet equation of 48
large concentration of the charge density in the bonding re-

gion and the corresponding value at the critical bonding
point is practically the same of 0.234 a.u. in all peroxides
(Table Il). However, the density Laplacian is largely posi-
tive, which, again, points to an interaction of two closed-"
shell systems. The value of the Laplacian increases in the 3 13
series of Ba, Sr, and Ca peroxides indicating an increased y= E(Bo—l) and B= V—) , 4
destabilization of the materials. However, both Mulliken and 0
Bader approaches clearly demonstrate, that antibonding efrom which we have obtaine¥, (the unit cell volume at
fects, or in other words, repulsive forces, prevail in the bond-equilibrium), B, (the zero pressure bulk modujuand B’
ing character of the peroxide molecular ion. A comparison(the pressure derivative @& at p=0). For the equilibrium
with the metastable, free molecular ion?0 shows that an volume V, we again allowed each of the three crystallo-
ionic environment stabilizes the bond: the Laplacian degraphic parameters to relax, and thus obtained the equilib-
creases by approximately 0.05 a.u.; on the other hand, th@&um valuesag, cq, andzy(O).
charge density at the bonding critical point increases by ca. The procedure is simpler for the rocksalt-structured ox-
0.07 to 0.234 a.u. The covalent type of the environment repides that are defined only by one crystallographic parameter,
resented in our calculations of a free moleculagOkl  the lattice constan. Hence, we were able to increase the
specie®® clearly provides a much higher stabilizing effect, number of points, where the functid&(V) has been calcu-
which can be seen both from the molecular-orbital levels andated, to 10. The resulting oxide parameterg=Vy?, By,
from the relevant values in Table Il. The value pfat the andB’ are reported in Table Il along with the crystallo-
peroxide bonding, increases to 0.266 a.u. while the density graphic parameters for the peroxides.
Laplacian decreases to 0.074 a.u.; the value is still positive The agreement of the DFT crystallographic parameters
but more than three times lower than in the free peroxidewith the experimental values is very goédith the excep-
molecular ion. Furthermore, the Mulliken overldpond tion of CaQ, which we discuss latgrthe lattice constard
population is+0.072e for H,0,, indicating that we have a for the oxides is within a 0.6% of experiment, while the
classical covalent bond in the peroxy species §®O§l maximum errors fomy, ¢y, andz(O) in BaG, and SrQ are

In both ionic and covalent cases, the stabilization of the+0.9%, +1.4% and—0.5%, respectively. The slight overes-
peroxy species in §D, and the crystalline peroxides is ac- timation ofa, andc, for the peroxides corresponds with the
companied by a decrease in the peroxide bond lengths: fromesults obtained in other calculations using the DFT in the
1.64 A in the free @~ species to 1.53 A in the Ba, Sr, and generalized gradient approximatioincluding the PW91
Ca peroxides or to 1.48 A in the,B, molecule. However, functiona): the method often overestimates covalent and
the nature of the stabilization is quite different. In the solidsemicovalent bond lengti$>? In particular, the peroxide
ionic environment, the electrostatic interaction with the lat-bond length is overestimated by 2.5% in Ba&ghd 3.2% in

+const.  (3)

1 1 B
E(V)=—-9V,B e7<1/3>(———+—
(V) 0Bo 2 55

ith
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TABLE IIl. Calculated (Hartree-Fock and DFT calculationand experimental structural parameters for the peroxides and oxides of
barium, strontium, and calcium: the equilibrium lattice parantster, (andc,), unit cell volumeV,, oxygen fractional coordinate(O),
peroxide bond lengtlg o, zero pressure bulk moduli, and its pressure derivati®&' . The experimental crystallographic data for BaO
and SrQ are from Ref. 9, and for Cafrom Ref. 21. The bulk modulus for BgQs obtained from the-V data reported in Ref. 9p(
<5 GPa) by fitting them using the Vinet equation of state; the experimental data are insufficiently accurate to fit a reasonabl8\alue of
which is therefore fixed at 4.00, which is justified by comparison with similar materials. Relative deviations from experiment, in percent, are
given in parentheses.

MO, Hartree-Fock DFT Experiment
BaO, Sro, Ca0o BaO, Sro, Ca0o BaO, Sro,  Calo
ag (A) 3.92(+3.00 3.65(+2.4 3.40(-4.00 3.84(+0.9  3.58(+0.5 3.29(-7.1) 3.806 3.563 (3.59
co (A) 7.00 (+2.4  6.69(+1.) 656 (10.8 6.93(+1.4 6.70(+1.3 6.65(12.3 6.837 6.616 (5.92
Vo (A% 107.6 (+9) 89.17 (+6)  76.00 (+2)  102.3(+3) 85.89 (+2) 72.17(-3) 99.03 83.99 (74.2
2(0) 0.3964 (+1.4) 0.3916 (+1.0 0.3895 0.3896(—0.3 0.3858(—0.5) 0.3850 0.3908 0.3879 (0.39
doo@®) 145(-2.9  1.45(-2.2 1.45 1.53(+25  1.53(+3.2 1.53 1.493 1.483 (1.30
B, (GPa 745 84.9 72.3 90.4 107.5 64.0
B’ 4.03 4.67 5.91 4.38 3.86  (4.00
M(O) BaO SrO CaO BaO SrO CaO BaO SrO CaO
ag (A) 562 (+1.5  5.19(+0.6) 4.85(+0.8 555(+0.2 513(-0.6 4.80(-0.2 553% 5166 4.81F
B, (GP3 83.4 (+1) 114.7 (+19) 127.0(+9)  81.5(-1) 117.9(22)  124.7(+7) 823 969 1163
B’ 4.48 5.13 4.12 4.71 4.19 4.14 5037 5.08 479

aReference 54.
®These bulk moduli, linearly extrapolated to 0 K, and their derivatives are from Chang and G@kérence 5b

SrO,, which also explains why the error iy is higher than  published calcium carbide structure for CaQs incorrect,
that ina,, as the peroxide dumb bells are aligned along theat least for pure calcium peroxidéence the use of paren-
c axis of the unit cell. A relatively large elongation of the theses for the structural data of Cai@ Table Ill). We ad-
peroxide bond is, in fact, accommodated by a correspondingressed this problem in more detail elsewénecalculating
contraction of the ionic bonds so that the overall error in thethe internal and Gibbs free energies of the peroxide decom-
reproduction of thec lattice constant is not as large. The position reactiorM O,(s)—MO(s) + 1/20,(g) (M =Ba, Sr,
effect can be related to an underestimation of the polarizabil€a), which are clearly negative for CaQn contrast to Ba@
ity of oxygen in the peroxide species, raising the question aand SrQ.
to the quality of the basis set used.

HF crystallographic parameters are generally overesti- B. Structures under pressure
mated with respect to experime(see also, e.g., Ref. band ) ) ) )
the errors are clearly larger than in our DFT calculations: the. W& examine now the behavior of the oxides and, in par-
lattice constants of the oxides are overestimated with a maxicular, of the peroxides under pressure by considering the
mum error of 1.5% for BaO, while the maximum error for bulk moduli and the unit-cell edge and bond compressibili-
the crystallographic parameters of the peroxides Baad  UeS: _ _ _ _
Sr0, is 3.0%. On the other hand, we find that the peroxide The bulk moduli calculated using the Vinet equation of

bondlengths are underestimated by 2.9% in Ba6d 2.2% state(3) are reported in Table Ill. As observed in_ Refs. 16
in Sr0,, which explains why the error in the lattice constant@nd 17, the errors for CaO and SrO are approximately 8%
Co is Somewhat smaller than i . and 20% in both HF and DFT calculations. However, for

Let us consider now the optimized structures for GaO BaO we calculated a bulk modulus that is very close to the
Both the HF and the DFT calculations largely disagree Withexperlmental value. We note that the reported experimental

the experimental data reported by Kotbin 1941. The HF values_ of the bulk moduli have been exftrapolate@ﬂ( and
calculations, which in the case of Ba@nd SrQ overesti- thus d|r_ectly C(_)rr_espond to our calcglatlon. .

mated the structural parameters with a maximum error of By differentiating the Vinet equation of stg(@) With re-

3%, predict that the, lattice constant isindeestimated by spect to the volume, the pressure as a function of the volume
4% with respect to experiment, while tlog lattice constant is obtained.

is overestmated by 10.8%. The DFT calculations, which re- dE 1 1

produce for Ba®@ and SrQ structural parameters in good p(V)=— _:35097(1—B)(_2_ _)_ (5)
agreement with experiment, for Ca@ive an even higher dv B B

deviation: thea, value is underestimated by 7.1%, whdg ) )

is overestimated by 12.3%. The previous discussion of the NOW. the first- and the second-order compressibity
band structure and charge-density distribution of the perox@”d D, can be determined for selected structural parameters
ides has already indicated that Cai® less stable than SO

and BaQ. On the basis of the crystal-structure optimization L(IO)=1—D1D+ D,p?, (6)

and the electronic structure analysis, we conclude that the )
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TABLE IV. CoefficientsD; andD, of the parabolic approximation'r,=1—D,-p+ D,- p?, fitted using
the least-squares method for the pressure dependence of the lattice constants and borfBENgtaku-
lationg. The coefficientD, is the first-order compressibility of the bond or cell edge.

Compound Barium Strontium Calcium

D(TPaY) Dy(TPa? Dy(TPa?l) Dy(TPa? Dy(TPal) Dy(TPa?d

MO,
ala, 3.75 66 3.43 43 2.01 10
clcg 5.80 156 3.59 35 4.29 41
do_o/d3 o 1.78 42 1.02 2 1.17 7
Dy_o/dy_o(2X) 6.94 184 4.38 43 5.32 53
dy_o/d_o(8X%) 3.24 44 3.28 43 1.93 10
MO

du_o/dY o 3.41 34 2.39 16 2.33 15

wherer may be a unit-cell edge or a bondlength agds the  smaller compared to the DFT calculations. Thus, we calcu-

corresponding equilibrium value. The coefficieBtgandD,  lated, using the HF method, for Ba@ bond compressibility

obtained using the least squares fitting procedure are refonly 0.93 TPa' compared with 1.78 TPa from the DFT

ported in Table IV. calculations, and for Sr0.80 TPa'l compared with the
We note that the compressibility in tfi@01] direction of ~ DFT value of 1.02 TPa".

the crystal structure is considerably higher than in[th&0]

direction as the lattice compressibilities along thaxis and V. CONCLUSIONS

of theM—O(2X) bond are higher than that along thexis

and of theM—O(8%) bonds. We also observe that the The electronic and structural properties of the alkaline-

compressibility of individual bonds decreases when we mové&arth-metal peroxides BaOSrO,, and Ca@ are to a great

from the heavier to the lighter alkaline-earth-metal oxides o€xtent determined by the generic properties of the peroxide

peroxides of the same crystal structure. Only GaBows a molecular ion G7~. The primary aim of this study was to

different behavior clearly related to unusual features in thedmplify our understanding of the chemical bonding effects

ionic bonding of this material. within the Q2" ion and its stabilization by the ionic envi-
For BaQ the unit-cell edges and the unit-cell volume, ronment.

scaled by their equilibrium values, are plotted against pres- The chemical bonding within the peroxide molecular ion

sure in Fig. 6. The lines show the structural parameters fitteBas a complex chemical nature, with a balance between the

using Eqgs(5) and(6). Some of the experimental poifitare ~ Weak covalent bond of, type and the strong electrostatic

also shown forp<5 GPa. Within the range where experi- repulsion of theclosed-shelklectron groups occupying Gs2

mental data are available, the agreement with the theoreticahd O 2, and 2, states. Compression of the peroxide ion

results appears to be excellent for the unit-cell edgehile  in the solid ionic crystals gives rise to an excessive overlap

the compressibilities of the unit-cell edgeand of the vol-  of the O % closed shells of the two Oions of a peroxide

ume are slightly underestimated. On the other hand, we note

that the experimental data were obtained at room tempera- 195 - l ' ' ' :

ture and therefore not directly comparable witle hK cal- ZEBF,.—rTg _____
culations; the difference indeed could be caused by thermal \%g)'("r) """
L . . p.) ©
effects. The trend could also indicate the increased impor- gEExg.; o
XP.

tance of a good description of the interaction between per-
oxide ions. In particular, the dispersion forces that are not
rigorously accounted for in the generalized gradient approxi-
mation (GGA)-DFT can contribute to the compressibility.
The DFT results for the compressibility of the peroxide
molecular ion(Table IV) reveal that in all peroxide materials
investigated, the peroxide bond has the lowest bond com-
pressibility, that is it is calculated to be essentially rigid. The
M—O(2X) bonds, on the contrary, have a bond compress-
ibility that is approximately four times as large as the bond 0.85 . ' : 10 12 14
compressibility of the peroxide molecular ion. The neglect of
electron correlation in the HF calculations, as we have al-
ready seen, leads to a reversed order of the peaks in the DOS k|G, 6. unit-cell edges and the unit-cell volume of Ba@i-
of BaG, corresponding to ther, molecular orbital and the vided by their equilibrium values, as a function of pressure. The
m, and 7, molecular orbitals as compared to the DFT cal-DFT notations for the lines represent the DFT energy values fitted
culations. A further consequence of the HF approximation isusing Eq.(6). The Exp. notation stands for the experimental points
that the bond compressibility of the,®© ion is considerably ~ from Ref. 9.

0.9 - .

N
<o
]
I
@
[+3]

p (GPa)
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molecular ion G*~, which in turn determinethe antibond- might depend on the quality of the basis set used. Insuffi-
ing character of the interaction and chemical bonding in theciently extensive basis sets are known to fail in the descrip-
og‘ molecular ion tion of polarizability, which is an incentive for future work.
The valence charge density on the Gonstituent ions of Furthermore, the analysis of the electronic and structural
the peroxy species is significantly polarized by the crystaproperties given offers a basis for a derivation ofadminitio
electrostatic field. An accurate description of the oxygen poforce field with the aim of a separation of the electrostatic
larizability seems to be crucial for the reproduction and pre-and short-range exchange-correlation interactions in the
diction of the crystal structure and adiabatic surface. Thdonic peroxides.
properties affected include the compressibility and energies
of vibrational transitions.
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