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Electronic structure and stability of hexagonal Ba;Ti,RuQOy
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We investigated the electronic structure and stability of the hexagonal perovskite Ba3Ti,RuQOq using high-
resolution electron energy loss spectroscopy and first-principles band structure calculations. The comparison
between experimental and theoretical results leads to a coherent picture of the electronic structure of this
compound where both Ti and Ru ions are tetravalent, the first unoccupied states being of Ru 4d character.
Structural relaxations performed on four variants of this compound allowed a detailed investigation of the
influence of the Ru atoms location in the hexagonal unit cell and clarified the origin of the stabilization of this
phase at room temperature. Two structures without inversion symmetry built, respectively, with two TiRuOq
units (space group P63mc, 186) or with one Ru,0g and one Ti,Oq unit (P6m2,187) are found to be the most
stable. The stabilization of the first structure occurs through the polarization of the partially filled Ru 4d bands,
whereas a direct metal-metal bonding interaction taking place between the two Ru atoms in the Ru,Og unit
lowers the total energy of the second. The influence of the exchange correlation functional used to perform

these calculations on the relative stability of the four variants is discussed.
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I. INTRODUCTION

The phases of the perovskite system (ABOs) are com-
monly identified by the arrangement of the AO; layers,
which can stack in an either cubic (c¢) or hexagonal (%) con-
figuration or some combination of the two. The B atoms
occupy O octahedral voids between the AO; layers forming
BOg octahedra. Pure i stacking results in columns of face-
sharing BOg octahedra while pure ¢ stacking results in BOg
octahedra all linked by common vertices. The particular
combination of ¢ and 4 stacking, or polytype, adopted de-
pends upon a number of factors such as the relative ionic
radii of the constituent elements, the charge and electronic
configuration of the B site cations and the particular syn-
thetic conditions employed.

The work presented here consists in an experimental and
theoretical investigation of the atomic and electronic struc-
ture of the hexagonal perovskite Ba;Ti,RuOgy. The parent
structure for this compound is the six layers (6H) hexagonal
BaTiO; (Fig. 1) described in the P65/ mmc (194) space group
and identified by the stacking sequence (hcc),.'> At room-
temperature barium titanate adopts a tetragonal structure.
Upon heating it undergoes a displacive phase transition to a
cubic structure at 120 °C and then a reconstructive phase
transition to the 6H hexagonal structure at around 1430 °C.3
The hexagonal unit cell contains six BaTiO; formula units,
the six Ti atoms occupying two cystallographically inequiva-
lent positions. Four Ti atoms are located in Ti,Og units made
of pairs of TiOg octahedra sharing a face [see Fig. 1(b)] and
the remaining two Ti, in corner sharing TiOg octahedra remi-
niscent of the cubic phase. They are labeled respectively
fourfold and twofold sites.
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Pauling’s third rule, which states that cation polyhedra
will share corners first, then edges and then faces would
predict the hexagonal phase to be less stable at low tempera-
ture than the cubic phase, as observed experimentally. The
stabilization of the hexagonal phase at high temperatures is
possibly attributed to a loss of oxygen.* Recent studies have
demonstrated that the 6H phase exhibits semiconducting
behavior’ and that single crystals can be prepared with a
giant dielectric constant.® Thus, stabilizing the 6H phase at
room temperature has been a focal point of the research on
hexagonal BaTiO;. Glaister and Kay’ report two methods by

(a)

>

o)

o(1)

® 0(2)

c
Ibh

FIG. 1. (Color online) a) Unit cell of hexagonal BaTiO; in
[2110] orientation. Indicated is the cubic (c) and hexagonal (k)
stacking of BaOs layers and shaded (yellow) Ti centered and O
octahedra. (b) Ti,Oq face-sharing octahedral unit showing the crys-
tallographically inequivalent O(1) and O(2) sites.
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FIG. 2. (Color online) Unit cells of the four possible models
(described in the text) of hexagonal Ba;Ti,RuQq investigated in the
DFT calculations. The yellow and gray atoms represent, respec-
tively, the Ti and the Ru atoms in their coordination octahedron.
The Ba atoms are represented in green and the O atoms in red.

which the 6H structure can be stabilized at room tempera-
ture. The first involves firing in a reducing atmosphere and
the second, doping the Ti site with transition metals (TM).
Dickson et al.* demonstrated that a range of 3d, 4d, and 5d
TM’s, M=Ti®**), V, Cr, Mn, Fe, Co, Ru, Rh, Ir, and Pt, en-
courage the formation of the 6H structure at room tempera-
ture, particularly for the stoichiometry Baz(M,Ti,)Oq.

In the majority of the above compounds the M atoms
preferentially occupy one of the Ti sites in the Ti,Oq unit
thus forming a MTiOy unit. This observation naturally sug-
gests that the interaction of the M atom at the fourfold sites
with the neighboring Ti and O atoms is related to the stabi-
lizing mechanism. In a MTiOy unit, the M cation is in close
proximity to the Ti cation as a result of the face-sharing
configuration and thus a strong overlap between the M-Ti
(1) d orbitals has been proposed.* This M-Ti bond is sug-
gested to supply enough energy to override the electrostatic
repulsive force between the M and Ti cations thus stabilizing

the MTiOy wunit and consequently the hexagonal
structure. 810
Recently, two convergent beam electron diffraction

(CBED) works on Ba;Ti,RuQqy (Ref. 11) and Ba3Ti,MnOq
(Ref. 12) have given additional experimental support to the
formation of the M-Ti units. They have not only confirmed
the occupation of two of the fourfold sites by Ru and Mn but
have also demonstrated, that there is an explicit ordering of
the Ti and M cations on the fourfold sites [see structure (a) in
Fig. 2]. This specific order corresponds to a space group
without inversion symmetry (P6;mc).

A theoretical investigation of the stability of hexagonal
Ba;Ti,RuOy based on density functional theory (DFT)
within the local spin density approximation (LSDA) has re-
cently delivered a different conclusion.'® The study predicted
a unit cell containing one Ru,0q unit and one Ti,Oqy unit
[structure (b) in Fig. 2] to be more stable than the unit cell
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containing two TiRuOg units [structure (a) in Fig. 2] sug-
gested by CBED,!! by less than 0.2 eV. The LSDA calcula-
tions suggest that the energy gain due to the interaction be-
tween the d electrons of the two facing Ru atoms in the
Ru,0y unit is strong enough to compensate the nonbonding
character of the single Ti,Oq unit.

The aim of this work is to study the atomic, electronic,
and magnetic properties of the 6H hexagonal Ba;Ti,RuQq in
order to understand the origin of the contradiction between
theoretical and experimental results on the ordering of the Ru
ions in the unit cell. Here, we employed high-resolution elec-
tron energy loss spectroscopy (EELS) to probe the formal
valencies of transition metals as well as the structure of the
unoccupied electronic states in Ba;Ti,RuOy. In a second
part, structural relaxations performed under a DFT formalism
have been carried out to probe the effect of the Ru location in
the hexagonal unit cell on the total energy and magnetism of
this compound. Through a systematic comparison of the re-
sults obtained within the local density approximation (LDA)
and the generalized gradient approximation (GGA), we show
that the apparent contradiction between experimental and
theoretical results may be attributed to the failure of the
former functional to describe properly the physics of
Ba3Ti2Ru09.

II. METHODS

A. Experimental details

EEL spectra were collected on a FEI 200 kV TECNAI
fitted with an incident beam monochromator and a Gatan 866
spectrometer. The energy spread of the incident beam (mea-
sured at full width half maximum of the zero loss peak) was
0.1-0.2 eV. Spectra were collected in diffraction mode with a
collection angle greater than 10 mrad and a dispersion of
0.05 eV/channel. The spectra presented here are a summation
of individual spectra taken with an exposure time between 1
and 5 s. The individual spectra were offset from each other
by 1-10 eV by varying the drift tube energy and were then
manually realigned during post processing. This process al-
lows efficient averaging of spectral noise and charge-coupled
device artifacts as well as for long exposure times free from
cumulative instrumental energy drift effects. The onset en-
ergy of the O K edges have been arbitrarily set to 0 eV to aid
in the clarity of the display of the data.

Microcrystalline titanium oxide was prepared by hydroly-
sis of an isopropanol solution of titanium isopropoxide
Ti(O Pr!),. The dried powder was intimately mixed with
stoichiometric quantities of BaCO5; and RuO, and fired in an
alumina boat in air for 24 h at 990 °C. This gave a microc-
rystalline product of stoichiometry Ba;Ti,RuQ,. Crystals
were grown from this powder according to the method of
Blattner et al.,'* by heating in molten BaCl, in an alumina
crucible in a tube furnace. After 72 h most of the barium
chloride had evaporated and hexagonal crystal plates with
basal faces up to 2 mm and of thickness less than 0.1 mm
were easily separated from the remaining solidified flux by
washing with water. As mentioned before, a detailed report
on the crystal structure of these samples has been published
recently.!! In particular the noncentrosymmetric P6;mc space
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group has been determined using CBED and the stoichiom-
etry verified using energy dispersive x-ray spectroscopy. The
lattice parameters corresponding to this phase have been
measured using powder x-ray diffraction to be a
=5.7056 = 0.0005 and ¢=14.0093 +0.0015 A.

Transmission electron microscopy samples were prepared
by slightly crushing a single crystal under ethanol and
cleaved fragments were allowed to settle onto a holey carbon
copper grid. The grid was then placed in an oven at 80 °C to
complete evaporation of the ethanol.

B. Computational details

A geometry optimization for four possible variants of the
hexagonal form of Ba;Ti,RuOg has been conducted within
both the LDA and the GGA. Assuming the absence of oxy-
gen vacancies (see Sec. III B), these calculations investigate
the influence of the Ru atoms location inside the unit cell on
the structural, electronic and magnetic properties of the crys-
tals. Starting from the parent P6;/mmc structure of hexago-
nal BaTiO; and replacing only the Ti with Ru atoms, four
different structures, all of which having the correct stoichi-
ometry were examined using DFT. Through a comparative
examination of the total energy and the density of states
(DOS) of the four structures we gained insight into the over-
all stabilizing mechanism. The four structures (see Fig. 2) are
defined as follows. In structure (a), of space group P6;mc
(186), the Ti and Ru atoms occupy alternate fourfold sites
whereas the remaining Ti atoms occupy the twofold (corner
sharing TiOg octahedral) sites. This configuration corre-
sponds to the structure identified experimentally using
CBED.!! In structure (b), one Ru,0q unit and one Ti,Oy unit
is assumed. In this case too, the remaining Ti atoms occupy

the twofold sites. The space group of the crystal is P6m2
(187). In the third structure (c), two Ti,Oy units are assumed
and the twofold sites are occupied only by Ru atoms. This
structure contains an inversion center and possesses the same
space group P6s/mmc (194) as hexagonal BaTiOs;. The
fourth structure (d) resembles structure (a) in that the unit
cell contains two RuTiOg units but in this structure the ¢
glide plane is violated as the Ru-Ti ordering along the ¢ axis
is changed. This structure possesses the inversion symmetry

and corresponds to the space group P3m1 (164).

Electronic structure and total energy calculations were
performed using the WIEN2K code.'” This program is an
implementation of the full-potential linearized augmented
plane-wave method based on density-functional theory. The
calculations presented hereafter were performed using both
the local density approximation of Perdew and Wang'® and
the generalized gradient approximation of Perdew, Burke,
and Ernzerhof!” for exchange and correlation. The radii of
the muffin-tin spheres were set to 2.5 a.u. for Ba, 1.85 a.u.
for Ti and Ru, and 1.64 a.u. for O in all of these calculations.
Relaxations of the trial structures presented in Fig. 2 were
performed according to the following procedure. The total
energy was computed on a grid sampling the lattice param-
eters a and ¢ with a step size of 0.05 a.u. centered on the
experimental lattice parameters determined by x-ray
diffraction.!! For each of these (a,c) points, a full relaxation
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FIG. 3. TiL,3 edges from tetragonal BaTiO;, hexagonal
Ba3Ti2Ru09, and Ba3Ti2Mn09.

of the internal degrees of freedom was performed. The opti-
mal structure determined using this procedure therefore ac-
counts for both the equilibrium lattice parameters and the
equilibrium atomic coordinates inside the unit cell. These
calculations were performed using a plane wave cut-off
RK,,.. equal to 7 and 100 k points in the first Brillouin Zone,
corresponding to 14 points in the irreducible wedge.

III. EXPERIMENTAL RESULTS (EELS)

A. Ti L,; core loss edge

The Ti L,3 edge from Ba;Ti,RuQy is given in Fig. 3 along
with the same edge from tetragonal BaTiO; and the isostruc-
tural compound hexagonal Ba;Ti,MnQ,.'® The Ti L,; core
loss edge in Ti** oxide compounds is well described by
crystal-field multiplet theory assuming the local crystal-field
symmetry and strength is known.'”> From an ionic perspec-
tive, Ti** has an empty 3d band and therefore a 2p°®3d°
ground state configuration. Under a perfect octahedral crystal
field (O,, point group symmetry), dipole excitations to the
final state configuration 2p°3d' yield seven permissible
transitions,?® six of which are directly observable in high-
resolution EEL and x-ray absorption spectra (XAS). The four
main peaks in these spectra are approximately described in a
one-electron picture and can then be assigned the labels L;:
t, and e, and L,: t,, and e, states (as in Fig. 3). The two
groups of peaks, L3 and L,, are separated by 3/2 times the
radial factor of the 2p core-hole spin-orbit interaction &,, and
then the octahedral crystal field splits each group into 7,, and
e, components.?' It is important to note here that a lower
trigonal point group symmetry is expected in the hexagonal
phase. This symmetry lowering has however no major influ-
ence on the overall shape of the edge.?>?3 The experimental
Ti L,; edge in Ba;sTi,RuOy constitutes here an unambiguous
signature of tetravalent Ti in octahedral coordination.

B. O K core loss edge

The O K edge EEL spectrum occurs when incident elec-
trons lose energy in the dipole transition of a core electron in
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FIG. 4. (Color online) (a) O K edge from hexagonal
Ba3Ti,MnOy, hexagonal Ba;Ti,RuQOy, and tetragonal BaTiO5. The
evolution of a prepeak occurs in the series and an expanded view of
the first 5 eV beyond the edge onset from Ba;Ti,RuQy is given in

(b).

an atomiclike O 1s state to a delocalized state of O p char-
acter, predominately the O 2p states. In TM oxides, where
the TM is commonly octahedrally coordinated by oxygen,
the O 2p states are strongly hybridized with the localized
TM d states. Therefore the fine structure, up to 5-10 eV
beyond the edge onset of the O K edge contains information
about the TM oxidation state, crystal field splitting and ex-
change energy.?* Beyond this region and up to losses of 30
eV the features in the EEL spectra are influenced by the
hybridization of the O 2p states with the weakly structured
4sp band of the TM and, in this case, the Ba 5d and 4f states
(features D and E, respectively, in Fig. 4). The O K edge
from Ba;Ti,RuOy will therefore contain information related
to the hybridized Ti 3d and Ru 4d-O 2p states at the bottom
of the conduction band and close to the edge onset while the
extended region, from 5-10 eV onwards, will contain fea-
tures related to high-lying Ba states.

In Fig. 4(a) the O K edge from Ba;Ti,RuQy is given along
with the O K edges from the isostructural compound hexago-
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nal Ba;Ti,MnO, (Ref. 18) and tetragonal BaTiO;. As with
the Ti L,3 edges, there are only subtle differences between
this series of spectra. The most striking difference between
the spectra is the evolution of a prepeak or shoulder (labeled
A) at the edge onset. It is absent in BaTiO;, a weak feature in
Ba;Ti,RuOy and a strong, clear feature in the spectrum ac-
quired from Ba;Ti,MnOy. Recent EEL work on Ba;Ti,MnOq
attributed this feature to a state of dominant Mn 3d character
generated in the hybridization of Mn**(d*)3d states with
O 2p states.'® In the same work, the structures labeled B and
C, were assigned to states with Ti 7,, and e, character, re-
spectively, arising as a result of the hybridization of
Ti**(d")3d states with O 2p states respectively. An analogous
interpretation of the O K edge in Ba;Ti,RuOq can be applied
with the subtle difference being that the prepeak is assigned
to the hybridization of the Ru**(d*)4d and O 2p states and
has a Ru 4d character. The reason behind the difference in
the intensity of A between Ba;Ti,MnOg and Ba;Ti,RuQy is
not totally clear. It is likely a result of the different filling of
the respective TM d band since ionically, Mn** is a d> cation
and thus has more holes of d character than low spin
Ru**(d*). Further, the Mn 3d states are more spatially local-
ized than the Ru 44 states,” therefore leading to a narrower
band of higher density of states. A prepeak at the same en-
ergy but notably higher intensity than A in Ba;Ti,RuQOq has
also been observed by others in the perovskite system
SrRuy 35Ti( 505.2 In that work the prepeak was assigned to
Ru 4d states of mainly #,, character.

In Fig. 4(b) the first 5 eV of the O K edge in Ba;Ti,RuO,
is expanded and features A and B are fitted with Gaussians so
that their centroids can be assigned. The small residual con-
firms the accuracy of the fit and from the separation of the
centroids of the Gaussians the conclusion can be made that
the 4d states of Ru and 3d states of Ti are separated by
approximately 2 eV, in close agreement with the value of 1.8
eV reported elsewhere.”® An XAS study on Ru** and Ru®*
oxide compounds reported the Rui,, states in Ru>*
(SryRu,04) to be 1 eV lower in energy than in Ru*
(Sr,Ru0O,) thus making the separation from the Ti #,, states
close to 3 eV.2” This value is inconsistent with the value of 2
eV we have measured and thus indirectly suggests the pres-
ence of Ru** in Ba;yTi,RuOy, which is consistent with the
stoichiometry.

IV. DENSITY-FUNCTIONAL CALCULATIONS
A. Nonmagnetic calculations

The optimized structural parameters obtained for nonmag-
netic calculations in both LDA and GGA are summarized in
Table I. The equilibrium lattice parameters obtained for the
four different structures reproduce the experimental results
within a typical error of 1% to 2%. A closer inspection of
these results reveals the well-known inherent underestima-
tion of the lattice parameters usually obtained within LDA
and the slight overestimation provided by GGA functionals.
When spin polarization is neglected, both approximations
clearly agree in predicting (b) to be the most stable solution,
well below (a), (c), and (d). As these structures only differ by
the arrangement of the Ru atoms in the different octahedra,
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TABLE I. Structural parameters calculated for the four trial structures of hexagonal Ba;Ti,RuQq relaxed in LDA and GGA. The last
column shows the relative energy (in meV) per 6H unit cell. The energy of the most stable structure for each functional (LDA or GGA) is

used as an energy reference (set to 0).

Case a (A) c (A) Metal-metal distance (A) Total relative energy (meV/cell)
Experiment a 5.71 14.01
LDA nonmagnetic a 5.64 13.81 Ru-Ti 2.65 455
5.61 13.81 Ti-Ti 2.64 0
Ru-Ru 248
c 5.64 13.71 Ti-Ti 2.64 437
d 5.64 13.76 Ru-Ti 2.59 480
LDA spin polarized a 5.64 13.81 Ru-Ti 2.65 270
b 5.61 13.81 Ti-Ti 2.64 0
Ru-Ru 2.47
c 5.64 13.71 Ti-Ti 2.64 397
d 5.64 13.81 Ru-Ti 2.60 360
GGA nonmagnetic a 5.77 14.16 Ru-Ti 2.73 527
b 5.74 14.13 Ti-Ti 2.69 80
Ru-Ru 2.52
c 577 14.02 Ti-Ti 2.70 661
d 577 14.08 Ru-Ti 2.66 588
GGA spin polarized a 5.77 14.16 Ru-Ti 2.73 0
b 5.74 14.13 Ti-Ti 2.69 3
Ru-Ru 2.52
c 577 14.08 Ti-Ti 2.70 262
d 577 14.13 Ru-Ti 2.68 206
LDA spin-polarized a 5.67 13.90 Ru-Ti 2.67 186
(previous work)® b 5.66 13.88 Ti-Ti 2.66 0
Ru-Ru 249

4Reference 13.

and in particular in the occupation of the face-sharing octa-
hedral sites, one expects different local relaxations in the
Ti,O9, Ru,0y, or TiRuOq units. Table I therefore includes the
metal-metal distances separating the transition metal atoms
located in these face-sharing coordination octahedra. As it
can be seen, both Ti-Ti and Ti-Ru distances remain close to
the experimental Ti-Ti (2.69 A) distance observed in hex-
agonal BaTiO;.2° On the contrary, structure (b) exhibits a
much shorter distance between the two Ru atoms present in
the Ru,Oq structural subunit. This distance, of 2.47 and
2.52 A in LDA and GGA, respectively, is about 6% shorter
that the Ti-Ti distances observed in the other face-sharing
subunit of the same unit cell. This shortening of the inter-
atomic distance reveals a strong metal-metal interaction oc-
curring in structure (b). This effect clearly appears when
comparing the DOS of structures (a) and (b) presented in
Fig. 5. In the LDA or GGA framework, the overall electronic
structure of BayTi,RuQy is constituted by a 6 eV wide va-
lence band primarily built from the O 2p states and separated
from the unoccupied Ti 3d bands by a gap of about 3 eV. The
Ru 44 states of 1,, symmetry form a narrow band located in
the middle of this gap. The position of the Fermi level, lo-
cated in these Ru 4d bands, has important consequences on
the relative stabilities of the different structures studied here,

as we shall discuss next. This picture is coherent with the
conclusions drawn from the spectroscopic results. First, the
Ti 3d states are unoccupied and form the bottom of the con-
duction band therefore corresponding, in a ionic picture, to a
d°(Ti*") electronic configuration. Second, the Ru atoms are
also formally tetravalent in this compound with their four 4d
electrons filling two-third of the 1,, states, in agreement with
the analysis of the O K edge. Finally, the energy separation
between the unoccupied Ru 4d and Ti 3d states of t,, sym-
metry is about 2.0 eV, in good agreement with the one ob-
served experimentally in the O K edge between peaks A and
B.

As can be seen in Fig. 5, the main difference between the
DOS of structures (a) and (b) comes from these Ru-4d states.
Whereas they are only about 0.75 eV wide in the case of
structure (a), they extend over almost 2 eV in the case of
structure (b). The face-sharing octahedra in these structures
are aligned along the ¢ axis of the crystal with their common
face in the (a,b) plane. A direct metal-metal interaction be-
tween the two Ru atoms of structure (b) would therefore
essentially occur through an hybridization of the 4d orbitals
pointing toward each other and through the common face of
the coordination octahedra, i.e., primarily via the Ru d,2 or-
bitals. Inspection of the Ru d 2 local DOS clearly reveals the

085112-5



RADTKE et al.

1 S —

50 F
40 F

30 F

Density of States (V! cell'")

E- EFﬁrmi (eV)

FIG. 5. (Color online) Nonmagnetic total and Ru-d 2 densities of
states calculated in LDA for structures (a) and (b). The bonding (b)
and antibonding orbitals arising from the Ru-Ru interaction in
structure (b) are indicated by the arrows. Occupied states are
shaded.

presence of such an interaction leading to the formation of
localized bonding and antibonding states. Although not
strictly applicable in a solid, the description of these local-
ized states in terms of bonding and antibonding molecular
orbitals arising from the interaction between the two neigh-
boring Ru atoms seems well adapted in this case. This Ru-Ru
interaction stabilizes the bonding orbital at about 1 eV below
the Fermi level whereas the antibonding orbital is pushed to
0.5 eV above the Fermi level. This interaction tends to local-
ize the electronic charge between the tetravalent Ru ions and
therefore to stabilize structure (b) with respect to (a), (c), and
(d) where such a strong interaction is not observed, as illus-
trated schematically in Fig. 6.

Nonmagnetic calculations deliver a clear picture of the
chemistry taking place in these four different structures, sug-
gesting an electronic stabilization of structure (b) associated
with a direct Ru-Ru interaction. This result is in good agree-
ment with the conclusions drawn in many other Ru-based
compounds where a strong metal-metal interaction is found
in DFT calculations. This is the case in LasRugO 9 where the
Ru atoms are located in edge-sharing octahedral sites and
where the metal-metal distance is 2.448 A.232 It is also
verified in BaRuO; where the Ru atoms are also located in
face-sharing octahedral sites and where the interatomic dis-
tance varies between 2.529 and 2.537 A (Ref. 30) depending
on the hexagonal polytype (4H or 9R) adopted by this com-
pound.

An important consequence of the direct Ru-Ru interaction
can be seen in the DOS presented in Fig. 5(a), where the
narrow Ru-4d bands induce a high density of states at the
Fermi level n(Ep) =25 states/eV in cases (a), (c), and (d).
The situation is totally different for structure (b) where
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FIG. 6. (Color online) Schematic illustration of the metal-metal
interaction arising from the nonmagnetic calculations in structures
(a) and (d) in blue, (b) in red, and (c) in green. In case (b), the
strong metal-metal interaction leads to the formation of an occupied
bonding orbital and therefore, to an electronic stabilization. In cases
(a), (c), and (d), the Ru-Ti or Ti-Ti interactions are negligible.

n(Er) =2 states/eV is an order of magnitude lower. The
high density of states at the Fermi level observed for (a), (c),
and (d) suggests that these structures are susceptible to mag-
netic instability according to the Stoner criterion In(Ep)>1,
where [ is the Stoner exchange parameter. For Ru, with an
estimated value of I close to 0.6 eV (Ref. 31) this condition
is largely verified for (a), (c), and (d) but it is in the limiting
border for (b).

B. Spin-polarized calculations

Structural relaxations have been conducted in spin-
polarized LDA and GGA for structures (a)—(d). As expected
from the previous discussion, stable magnetic solutions have
been found in cases (a), (c), and (d) in both LDA and GGA
as summarized in Table I. Both functionals agree in predict-
ing a much larger stabilization of structures (a), (c), and (d)
where the Ru** atoms appear in the low-spin (f5,1)*(f5,))"
state with two unpaired 4d electrons as shown for structure
(a) in Fig. 7. On the contrary, we were unable to converge a
magnetic solution for structure (b) in LDA and only a small
stabilization of 80 meV/cell has been found through spin
polarization in GGA (see Fig. 8 for a schematic diagram
showing the relative energies of the four different structures).
The difference between the two functionals can be explained
by the strong variations of the DOS visible close to the Fermi
level in Fig. 5 for structure (b). The slight differences in the
equilibrium interatomic distances predicted in LDA and
GGA induce a slightly higher DOS at the Fermi level in
GGA which opens the possibility for a stable spin-polarized
solution.

Although the structural parameters obtained in spin-
polarized calculations (Table I) are very similar to the ones
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FIG. 7. (Color online) Total and Ru-d densities of states calcu-
lated in spin-polarized LDA for structure (a). Occupied states are
shaded.

obtained in nonmagnetic calculations, large differences are
found in the total energies as can be seen in Fig. 8. LDA
results still predict structure (b) to be the most stable even in
the absence of spin polarization. The energy gain found for
structures (a), (c), and (d) is not sufficient to compete with
the large electronic stabilization occurring in (b) through the
Ru-Ru interaction. The situation is totally different in GGA
calculations where a large stabilization of structures (a), (c),
and (d) occurs through Ru-4d states polarization. These dif-
ferences in the energy ordering of structures (a)—(d) provided
by LDA and GGA find a simple explanation when consider-
ing the tendency of LDA to underestimate experimental lat-
tice parameters and interatomic distances whereas GGA
tends to slightly overestimate them. Indeed, in LDA the elec-
tronic stabilization associated with the direct Ru-Ru interac-

LDA = GGA
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ﬁ i (a)
(d) 500 P
@ —. i
©  Nsee— 400 i
300 [
200 — |
100 ;" (b)
(b) 0
NM sP sP NM

FIG. 8. (Color online) Total energy per 6H unit cell of the op-
timized structures calculated in both nonmagnetic and spin-
polarized LDA (left) and GGA (right) approximations. For each
functional, the energy of the most stable structure is taken as the
energy reference.
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tion in (b) is increased and at the same time, the energy
gained through the spin polarization of the Ru-4d states is
lowered. LDA therefore favors structure (b). These results
are in good agreement with the previous calculations per-
formed on structure (b) using a pseudopotential and plane-
wave approach!'® but in clear contradiction with the CBED
results.!’ In GGA, the electronic stabilization of (b) is
weaker and the spin polarization leads to a larger stabiliza-
tion of (a), (c), and (d). In this case, structures (a) and (b) are
degenerate in energy and appear as two equally probable
configurations.

V. DISCUSSION

We will now focus our discussion on some important as-
pects of the structural data resulting from the spin-polarized
GGA calculations. In Table II, a summary of the O-O dis-
tances is given for the four structural models. The distances
between oxygen atoms located in the same (a,b) plane are
given first, a distinction being made for the fourfold site
between the distance dj, ,) between O(1) atoms forming the
face shared by the TM coordination octahedra and d(zib) be-
tween O(2) atoms forming the opposite face (see Fig. 1). The
distance between oxygen atoms belonging to adjacent (a,b)
planes is denoted dlcz) for the fourfold sites and dzf) for the
twofold sites. Finally the ratio y=d(,/{d(,)) is given, indi-
cating whether the trigonal distortion leads to a compression
(y<1) or an elongation (y>1) of the octahedra along the ¢
axis of the crystal.

These results reveal a systematic elongation of the four-
fold octahedral sites associated with a strong shortening of
the d(lal’b) distances together with a slight compression of the
twofold octahedral sites. As mentioned above, this inward
displacement of the O(1) atoms forming the face shared by
the coordination octahedron of the TM reflects the tendency
of the system to screen their strong coulombic repulsion. It
should be noted here that, in agreement with the direct
Ru-Ru covalent interaction observed in structure (b), the
O(1)-O(1) distance is slightly larger (2.68 A) in this case
than in the case of a Ru-Ti (2.63 A) or a Ti-Ti (2.58 A) pair.
Table III gives a summary of the Ti/Ru off-center displace-
ments (along the ¢ axis of the crystal) in their respective
octahedra. The strong trigonal distortion associated to the
face-sharing configuration of the fourfold sites induces a sys-
tematic displacement of the TM ions away from the face
built from the O(1) atoms shared by two coordination octa-
hedra. This effect is indeed much more pronounced in the
fourfold sites than in the twofold sites, which experience a
weaker trigonal distortion due to their corner sharing ar-
rangement. This displacement is also noticeably weaker for
the Ru ions.

We can now extend our discussion to the relative stabili-
ties of the structures (a), (c), and (d) in the light of these
structural parameters. First of all, structures (c) and (d) are
clearly the least stable structures tested in this study. The
dominant contributor to the instability of structure (c) is
likely the Ti-Ti repulsion in the Ti,Oq units. This repulsion
appears clearly through the large Ti-Ti distance (2.70 A)
associated to a z displacement of 0.16 A of the Ti ions from
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TABLE II. Summary of the O-O distances (A) extracted from the structures relaxed in spin-polarized
GGA and the parameter y=d/{d,p) indicating whether the trigonal distortion leads to a compression
(y<1) or an elongation (y>1) of the octahedra along the ¢ axis of the crystal.

d (0-0) (A) Ru octahedra Ti octahedra
Case b% Twofold site Fourfold site Twofold site Fourfold site
a dias 2.63 2.63
iy 2.93 2.84, 2.88 2.88
ai 2.91 2.87
g 2.81
y 1.05 0.98 1.04
b dias 2.69 2.58
i 2.89 2.85, 2.85 2.98
12
d(zcz) 2.90 2.87
i 2.80
y 1.04 0.98 1.05
c dias 2.69 2.58
iy 2.88,2.88 2.58
i 2.86
a3 2.82
y 0.98 1.05
d dias 2.63 2.63
iy 2.92 2.85,2.85 2.90
@ 291 2.87
a3 2.79
y 1.05 0.98 1.04

the center of their octahedra away from their common face
and accompanied by a strong reduction of the O(1)-O(1) dis-
tance. Considering it is the Ti,Og units that destabilize hex-
agonal BaTiO; at room temperature, it is not surprising that
placing Ru atoms on the twofold sites does not aid in stabi-
lizing the structure.

In structure (d), two Ru atoms are placed in the fourfold
sites as in structure (a). The only difference between the two
structures is the relative orientation of the TiRuOq units giv-
ing rise to unit cells without [structure (a)] or with an inver-
sion center [structure (d)]. It is thus interesting to note that in
spite of the many similarities in the local environments,
structure (d) has a much higher energy than structure (a) both
in LDA and in GGA (see Fig. 8). The calculations for struc-
ture (a) show that in a TiRuO, unit the Ti is displaced away
from the octahedron center by 0.25 A and away from the Ru
atom. Thus in structure (d), where the orientation of the
TiRuOy units with respect to the ¢ axis is opposite, the Ti
atoms are both displaced toward the central corner sharing
TiOg octahedron which links them. The resulting off-center
displacement is reduced (0.16 A), in agreement with the re-
duction of the Ru-Ti distance (2.68 A) observed in case (d)
with respect to case (a) (2.73 A). The movement of these
ions toward the central layer built from corner sharing TiOg
octahedra induces a local compressive stress. Because in
structure (a) both TiRuOg adopt the same orientation, the
strain on the corner sharing TiOg4 units is reduced by allow-
ing the Ti to be displaced within the central octahedron. The

inversion symmetry of structure (d) decreases the number of
internal degrees of freedom preventing this movement and
the subsequent energy gain. The specific Ti/Ru ordering
along the ¢ axis therefore becomes a critical factor in under-
standing the overall stability of the structure.

In these spin-polarized GGA calculations, both structures
(a) and (b) are considered quite probable since their total
energies are found to be degenerate. Interestingly, the calcu-
lations predict a large gain in energy through spin polariza-
tion for structure (a), but only a small gain in the total energy
for structure (b). Early experimental measurements* of the
high-temperature magnetic susceptibility of this compound
exhibit a paramagnetic behavior. The Curie-Weiss fit of the
susceptibility leads to a result of 1.9 unpaired electrons per

TABLE III. Summary of the off-center Ti/Ru displacements
along the z axis in the twofold and fourfold octahedral sites ex-
tracted from the structures relaxed in spin-polarized GGA.

Ru displacement (A) Ti displacement (A)

Case Two-fold site Fourfold site Twofold site Fourfold site

a 0.07 0.10 0.25
b 0.05 0.02 0.15
c 0 0.16
d 0.12 0 0.16
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Ru atom, in total agreement with the low-spin (f5,1)3(t54))"
state found for structure (a).

VI. CONCLUSION

In this work, we investigated the electronic structure of
the 6H hexagonal perovskite Ba;Ti,RuOy combining high-
resolution electron energy loss spectroscopy and first-
principle band-structure calculations. A coherent picture is
obtained from both theory and experiments where Ti and Ru
ions are tetravalent. The first unoccupied states in this com-
pound correspond to the Ru 4d states of t,, symmetry sepa-
rated by about 2 eV from the first Ti 3d states. The effect of
the TM ordering in the hexagonal unit cell has been studied
by structural relaxation of four different variants of this com-
pound. It led to a clarification of the mechanism responsible
for the stabilization of this 6H structure at low temperature.
Two structures, built respectively with two TiRuQy units [la-
beled (a)] or with one Ru,04 and one Ti,Oy unit [labeled (b)]
are systematically competing in both LDA and GGA. The
stabilization of the first structure occurs through the spin
polarization of the partially filled Ru 4d bands whereas a
direct metal-metal bonding interaction taking place between
the two Ru atoms in the Ru,0q unit lowers the total energy
of the second. The relative strength of these two interactions
strongly depends on the equilibrium interatomic distances

PHYSICAL REVIEW B 81, 085112 (2010)

and lattice parameters found after the structural relaxation
and therefore on the exchange functional employed in the
calculations. The tendency of LDA to underestimate the ex-
perimental lattice parameters favors the second structure, as
already noted by Colson et al.,'® in contradiction with the
experimental evidences available on this compound. On the
contrary, the two structures are degenerate in GGA, promot-
ing the first structure as a plausible solution in agreement
with magnetic and structural data obtained on this com-
pound. These results suggest that the apparent contradiction
between experimental and theoretical results found previ-
ously in the literature is essentially related to the failure of
LDA to describe properly the physics of this compound. We
also found that the specific Ti/Ru ordering along the ¢ axis
between the two TiRuOg subunits present in the hexagonal
phase plays a crucial role on the resulting stability of this
compound. In agreement with the experimental
observations,'! our calculations show that the order which
lowers the total energy is the one corresponding to a unit cell
lacking an inversion center.
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