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The electronic structures of the titanium-doped perovskite ruthenates SrRu;_,Ti, O3 with x=0.25, 0.50, and
0.75 are investigated using the generalized gradient approximation (GGA) as well as the GGA plus Hubbard U
(GGA+U) scheme. It is found that the Ti substitutions with nearly empty 3d orbitals and relatively smaller
atomic sizes significantly affect the orbital ordering patterns on the Ru sublattices. In addition, the observed
metal-insulator transition upon change in the Ti dopant concentration is demonstrated to be driven primarily by
the on-site Coulomb correlation U. The good agreement between the GGA+ U results and the experimental
observations reveals that the electron correlation plays an important role in SrRu;_,Ti,O5.
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I. INTRODUCTION

Ruthenium-based oxides have attracted increasing atten-
tion in recent years because of their diverse electronic and
magnetic properties as well as the unconventional supercon-
ductivity discovered in layered ruthenate Sr,RuO,.! With the
substitution of Ca** for Sr** ions, Ca,RuQ, turns into an
antiferromagnetic Mott insulator.> SrRuOj; is known to be the
only ferromagnetic metal (7.=~160 K) among the 4d
transition-metal oxides, whereas the magnetic properties of
the metallic CaRuO; remain controversial. Although the
electron correlation in the relatively itinerant Ru 4d orbitals
is less important than that in 3d oxides, there have been
many recent works focusing on the electron correlation ef-
fects in SrRuO; such as measurements on optical properties,’
infrared and optical reﬂectivity,4 thermal, magnetic, and
transport properties,’ and photoemission and x-ray absorp-
tion spectroscopy.®~10

The metal-insulator transition (MIT) in partially filled
transition-metal oxides can be caused by either electron
correlation'! (Mott-Hubbard transition) or dopant-induced
disorder'? (Anderson transition) effects. With the correlated
metallic Ru 4d band and nearly empty insulating Ti 3d bands
properly separated, SrRu;_,Ti O5 serves as an ideal system
for investigating the combined electron correlation and dis-
order effects on the MIT mechanism.'3"' One of the end
members, SrRuO; (Fig. 1), is a correlated ferromagnetic
metal with partially filled 4d 1,, orbitals in Ru** ions. The
other end member, SrTiOs;, is an optical band-gap insulator
with a fully filled O 2p valence band and empty 3d orbitals
for the Ti** ions. On mixing these two members,
SrRu,_,Ti, O3 goes from a correlated metal (x=0.0), to a dis-
ordered metal (x=0.3), to an Anderson insulator (x=0.5), to
a soft Coulomb gap insulator (x=0.6), to a disordered-
correlation insulator (x=0.8), to a band insulator
(x=1.0),'>16 with the MIT taking place at x=0.3.1>16 How-
ever, a larger x between 0.5 and 0.6 for the MIT was also
reported in an earlier work.'3

Orbital ordering, which is closely related to the charge,
spin, and lattice degrees of freedom, is one of the most chal-
lenging  topics in  transition-metal  oxides  both
experimentally'”!® and theoretically.!®?® In a previous
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paper,?® we investigated the electronic structures of SrRuO;
using the generalized gradient approximation plus Hubbard
U (GGA+U) method. We found that the Ru spin-down elec-
trons form a 4d 1,, orbital ordered ground state with canted
d,. and d, orbitals on the Rul-Ru3 and Ru2-Ru4 sublattices,
respectively. This finding unravels the close connection be-
tween the observed orbital ordering and the Jahn-Teller dis-
tortions, as well as the importance of the on-site correlation
in the relatively extended Ru 4d orbitals.?”

In this work, we present electronic structure calculations
of SrRu;_,Ti,03. The computational details are described in
the next section. The metal-insulator transition and the evo-
lution of orbital ordering with increasing Ti dopant concen-
tration are presented and discussed in Sec. III. The conclu-
sions are given in Sec. IV.

FIG. 1. (Color) Lattice structure of SrRuQs. The yellow, red,
and blue spheres denote the Ru, O, and Sr atoms, respectively. abc
and xyz are respectively the crystal and local coordinates.
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II. COMPUTATIONAL DETAILS

Band structure calculations for titanium-doped perovskite
ruthenates SrRu;_,Ti,O; with x of 0.25, 0.50, and 0.75 were
performed using the accurate full-potential projected aug-
mented wave method?! as implemented in the VASP
package?? within the generalized gradient approximation?? as
well as the GGA plus Hubbard U scheme.?* The dopants in
StrRu;_,Ti,03 were simulated by proper Ti substitutions for
Ru ions in the supercell approach under structure optimiza-
tions based on the refined lattice structure of SrRuQ;.>3 For
x=0.25 lattice, we replaced Rul (Fig. 1) by Ti (lattice I),
while Rul-Ru3 were substituted by Ti for x=0.75 (V). Three
possible dopant configurations were calculated for x=0.5:
the plane type in which Rul and Ru2 were replaced by Ti
(1), the chain type in which Rul and Ru3 were replaced by
Ti (IIT), and the diagonal type in which Rul and Ru4 were
replaced by Ti (IV). The calculations were carried out over a
7 X7 X5 Monkhorst-Pack k-point mesh in the irreducible
Brillouin zone using 31 360 plane waves with cutoff energy
of 400 eV. The on site Coulomb energy U=3.5 eV and ex-
change parameter J=0.6 eV (Ref. 26) were used for Ru ions
to explore the correlation effects in the 4d orbitals, whereas
we use U=J=0.0 eV for Ti ions due to the nearly empty
valence 3d orbitals.

III. RESULTS AND DISCUSSION
A. Electronic structure

Figures 2(a)-2(e) demonstrate the total density of states
(DOS) of SrRu;_,Ti,O5 from GGA calculations for lattices
I-V, respectively. The DOSs of the low-doping x=0.25 case
[Fig. 2(a)] are basically similar to those of the undoped
SrRu05.2° The O 2p bands span from ~2 to ~8 eV below
the Fermi level, while the main peaks of the spin-up and-
down Ru #,, bands are located at ~0.5eV below and
~0.3 eV above the Fermi level, respectively, resulting in a
metallic ferromagnetic ground state with the exchange split-
ting of ~0.8 eV. The Ru*" ions are in the high-spin state
with the spin alignment (tggT ,t;gl), giving rise to a mag-
netic moment close to 2ug. Meanwhile, the crystal field
splittings between the Ru 7,, and the higher Ru e, bands are
about 2 eV in both spin channels, whereas the nearly empty
Ti 3d bands at ~2 eV above E; are mixed with Ru e, bands
in energies.

For x=0.5, the DOSs of the plane [Fig. 2(b)] and chain
[Fig. 2(c)] types are similar to the each other, and to some
extent similar to the x=0.25 case. Since the two Ru ions in
the diagonal-type lattice (IV) are relatively far away from
each other, all the bandwidths are noticeably suppressed
[Fig. 2(d)] due to the reduced overlaps among the electron
clouds. Further, a crystal field energy gap at E in the spin-up
channel is therefore opened up between the occupied Ru 15,
and unoccupied Ru e, bands, giving rise to a half-metallic
ground state with an integer magnetic moment of 1up per
SrRu 5Tij sO5. The bandwidth suppression can be seen more
clearly in the half-metallic x=0.75 case [Fig. 2(e)]. The Ru
t,, bandwidths are significantly reduced from ~2 eV for x
=0.25 to less than 1 eV for x=0.75.
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FIG. 2. Total DOS of SrRu;_,Ti,O3 from the GGA. x=(a) 0.25
(lattice 1), (b)—(d) 0.5 with different doping types (lattices II-1V,
respectively), and (e) 0.75 (lattice V).

Although there exists a metal to half-metal transition at
x=0.5 in the above GGA calculations (Fig. 2), the experi-
mentally observed MIT at'>!¢ x~0.3 was not successfully
reproduced. The discrepancy indicates that the electron cor-
relation plays an important role in the MIT mechanism. Fig-
ures 3(a)-3(e) illustrate the total DOSs of SrRu;_,Ti,O; in
lattices I-V, respectively, from GGA+U calculations with
U=3.5 eV. When the on-site Coulomb energy U, which lo-
calizes the Ru 4d orbitals and suppresses the bandwidths, is
taken into account, SrRu;_,Ti,O5 starts with a half-metallic
ground state for x=0.25 [Fig. 3(a)]. This is consistent with
the half-metallic ground state for the undoped SrRuO; given
from GGA+U calculations.”’ For the three x=0.5 cases
[Figs. 3(b)-3(d)], the DOSs of the spin-down Ru #,, bands at
E; are strongly cut down so that the plane-type lattice (II) is
close to an insulator with very limited DOS at E,, while the
chain (TIT) and diagonal (IV) lattice types turn out to be in-
sulators with energy gaps of 0.05 and 0.1 eV, respectively.
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FIG. 3. Total DOS of SrRu;_,Ti, O3 from GGA+ U calculations.
x=(a) 0.25 (lattice I), (b)—(d) 0.5 with different doping types (lat-
tices II-TV, respectively), and (e) 0.75 (lattice V).

The GGA+U calculations successfully provide a MIT at x
~().5, which is compatible with the experimental observa-
tion of the MIT at x=0.3.1316

The different electronic behavior of different doping types
with x=0.5 can be related to the disorder effects.'? In a ran-
domly doped system, the conducting ions could be close to
each other as in lattices II and III, away from each other as in
lattice IV, or even far away from each other as in lattice V in
different regions. Therefore the resistivity can be higher than
it should be in a well-ordered case because of the distance
fluctuations among the metallic ions, and of the strongly dis-
ordered potential'? for the Bloch waves. In addition, it might
also be related to a percolation transition, as for metals em-
bedded in a rare gas matrix, responsible for the MIT.?” As for
x=0.75 case, the insulating spin-down energy gap of 0.2 eV
at E is even clearer [Fig. 3(e)] since the first and second
nearest neighbors are all Ti ions and electron hopping be-
tween conductive Ru ions is therefore unavailable in this
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case. The obtained energy gap of 0.2 eV is compatible with
the optical gap of ~0.4 eV observed for the x~ 0.8 case.!>!°
To clarify the origin of the deviation between the MIT
observed at x=~0.3'>1¢ and the the MIT obtained at x~0.5
(Fig. 3) using an electron correlation U of 3.5 eV. We
present in Fig. 4 the DOS from GGA + U calculation using U
of 3.0—4.5 eV. As can be seen clearly, a larger on-site Cou-
lomb repulsion U of 4.0 and 4.5 eV would open up energy
gaps of 0.02 and 0.24 eV, respectively, at E; for lattice II,
which would make the x=0.5 compound a Mott-Hubbard
insulator. As a result, the MIT could take place at x=0.3 if a
larger Coulomb energy U is used in the GGA+U calcula-
tions. This is presumably because the Ru 4d orbitals in
SrRu,_,Ti O, are more localized due to the Ti** dopants with
nearly empty valence orbitals than those in the undoped
SrRuQj;. Therefore a larger U would be more reasonable for
higher dopant concentrations. Combined with the GGA (Fig.
2) and GGA+U (Fig. 3) results, one may conclude that the
MIT in SrRu;_,Ti,O5 is driven mainly by the on-site Cou-
lomb repulsion and partially by dose or disorder effects.
Previous photoemission and x-ray absorption'® and opti-
cal and transport studies’ on SrRu,_,Ti,O; demonstrated
that the Ru #,, bands play the main role in the MIT mecha-
nism. In the following, we present the decomposed band
structures near E; for a close look at the Ru 4d band disper-
sions of different Ru concentrations. Figure 5 shows the site-
decomposed band structure (BS) along the orthorhombic
high-symmetry lines around E, for x=0.25 case from GGA
+ U calculations. The sizes of the colored spheres represent
the magnitudes of contributions from different Ru sites. It
can be seen in the conducting minority spin channel that the
Ru 7,, bands are relatively dispersive along GS, GX, and GY
directions, indicating a better conductivity on lattice a-b
plane. The band character is mainly Ru2 (red) at E/, espe-
cially along GS and XY, which correspond to the lattice [110]

and [110] directions, respectively. Further along XY, the
three occupied bands are well separated into Ru2 (red), Ru3
(green), and Ru4 (blue) bands. The Ru2 band has the highest
energy close to Ey, while the Ru4 band is located at about
~—0.6 eV. The main part of the Ru3 band comes from the
band maxima at X and Y points with energy of ~-0.4 eV. As
will be discussed in Sec. III B, the three bands can be sepa-
rated not only into Ru2, Ru3, and Ru4 sites but also into
different cubic harmonic orbitals of different Ru sites.
Figure 6 depicts the site-orbital-decomposed minority BS
around E; for SrRuysTiysO5 in the plane-type lattice (II)
from GGA+ U calculations. The magnitudes of the contribu-
tions from different orbitals of Ru ions are indicated by the
different sizes of the colored spheres. The highest occupied
part (—1 to 0 eV) is composed mainly of two bands with the
lower one belonging to Ru3 (left panel) and the higher one
belonging to Ru4 (right panel). The lower Ru3 band is of
mainly d,, (purple) character, while d, (green) orbital pre-
dominates in the higher Ru4 band. This clearly indicates the
formation of an orbital-ordered ground state as presented in
Sec. III B. The site-orbital-decomposed BSs of the other two
x=0.5 cases (lattices III and IV) are to some extent similar to
that of lattice II with different orbital characters and gap
openings due to the different doping types (not shown here).
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FIG. 4. (Color) Total DOS of SrRuy sTij sO3 around E in plane-
type lattice (II) from GGA+U calculations with U=3.0, 3.5, 4.0,
and 4.5 eV.

The GGA+U site-decomposed BS of the x=0.75 case
(lattice V) is presented in Fig. 7. There is one occupied Ru
band for each spin channel with an indirect band gap of
~0.2 eV between G and X points in the minority spin chan-
nel. Orbital-decomposition analysis reveals that the occupied
Ru band is still of 4d 1,, character because of the octahedral
crystal field; however, the resultant electron cloud is a com-
plicated linear combination of the three #,, states in accor-
dance with the lattice distortions as presented below.

B. Orbital ordering

By taking into consideration the on-site Coulomb correla-
tion (GGA+U) in previous work,?? we found for SrRuO5 an
orbital-ordered ground state, in which the four Ru ions can
be divided into two groups according to the occupied orbital
character, closely related to the associated Jahn-Teller distor-
tion. The highest occupied bands in the minority spin chan-
nel of Rul and Ru3 are of predominantly . and d,, char-
acter, whereas those of Ru2 and Ru4 have mainly d,, and d,,
features (Fig. 3 of Ref. 20). The 4d t,, electron clouds on
Rul and Ru3 ions arrange themselves in zigzag "ribbons”
running parallel to the ¢ axis, while those on the Ru2-Ru4

majority spin minority spin

Energy (eV)
Energy (eV)

FIG. 5. (Color) Site-decomposed BS of SrRuy 75Ti( 503 from
GGA+U calculations with U=3.5 eV. The sizes of red, green, and
blue spheres denote the contributions from Ru2, Ru3, and Ru4 ions,
respectively.
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FIG. 6. (Color) Site-orbital-decomposed minority spin BS of
SrRu 5Tip 505 for Ru3 (left panel) and Ru4 (right panel) in plane-
type lattice (II) from GGA+ U calculations. The sizes of red, green,
blue, purple, and light blue spheres denote the contributions from

dy, dy., d2, d., and d,>_,> orbitals, respectively.

sublattice differ from the former by a 90° rotation about the
c axis (Fig. 4 of Ref. 20).

Figure 8(a) illustrates the GGA+U partial DOSs of the
three Ru ions in SrRuy 75Ti ,505 projected onto the five fold
4d orbitals in the local coordinates (xyz) with the z axis
directed along the crystal ¢ axis and the x and y axes point-

ing, respectively, to the crystal [110] and [110] directions. As
can be seen, the highest occupied spin-down Ru band char-
acter is significantly different from that in the undoped
SrRuO;.2° For Ru2 (top panel), this band belongs to the d,,
orbital instead of mixed d,,+d,, orbitals as in StRuO; since
the d,, band energy has been raised to ~0.7 eV above E,.
Meanwhile, the spin-down #,, bands of Ru3 (middle panel)
and Ru4 (bottom panel) are occupied by mainly d,. and d,,
electrons, respectively. The occupied d,, bands of both Ru3
and Ru4 in SrRuOj; have been moved to 0.3—1.3 eV above
E; in SrRuy 75Ti)2505. This is because the 3d Ti** ions are
almost valence-electron-free, and the ion sizes are much

majority minority

Energy (eV)
o
T
i
Energy (eV)

N

S G X Y G z

S

FIG. 7. (Color) Site-decomposed BS of SrRuy »5Tij 7505 (lattice
V) from GGA+U calculations. The size of the red spheres denote
the contributions from Ru4 ions.
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FIG. 10. (Color) Orbital-ordering patterns of SrRugsTig 505 in
lattices 1T (Ieft), IIT (middle), and IV (right). The blue, green, light
blue, and red balls denote Sr, Ru, Ti, and O ions, respectively. The
gray color illustrates the charge contour of the occupied spin-down
Ru 7,, band.

smaller than those of the 4d Ru** ions, leading to a relatively
contracted TiOg4 octahedron. Consequently a Ti dopant at a
Rul site results in an expanded coplanar Ru2QO4 octahedron
especially in the lattice a-b plane, and therefore lowers the
d,, band energy of Ru2. Similarly, the smaller TiO4 associ-
ated with the planar electron cloud distributions in Ru20Ogq
also enlarges the second-layer Ru3O4 and Ru40Oq octahedra
along the lattice ¢ direction, and thus gives rise to lower d,,
and d,, band energies, respectively, as shown in the orbital
ordering contour of the occupied spin-down ,, band in Fig.
8(b).

The partial DOSs of Ru ions in SrRuy 5Tiy 505 for lattices
I (top panels), III (middle panels), and IV (bottom panels)
from GGA+ U calculations are depicted in Fig. 9. In all the
x=0.5 cases, the three t,, bands in the majority spin channel
of the two Ru ions are all fully occupied with one band (d,,
or d,.) higher than the other two bands, while in the minority
spin channel, there is approximately one d,, or d,, band oc-
cupied. One can see the good correspondence between the
occupied spin-down #,, band and the higher spin-up #,, band
due to the stronger Coulomb repulsion in the same ¢,, orbital
with one extra spin-down electron. It can also be seen that
the two Ru ions in the three lattices are occupied by different
spin-down 1,, electrons, i.e., d,; and d,, electron clouds re-
side respectively at Ru3 and Ru4 sites in lattice II, at Ru2
and Ru4 sites in lattice 111, and at Ru3 and Ru?2 in lattice IV.
For all cases, the spin-down d,, bands are energetically un-
favorable around 1 eV above Ej. Figure 9 clearly indicates
the different orbital-ordered ground states of lattices II-1V as
demonstrated in the charge contour of the occupied spin
down 1,, bands of Fig. 10.

In comparison with the orbital ordering of the undoped
SrRuO; (Fig. 4 of Ref. 20), the electron cloud distributions
on Ru sites in the planar lattice II and diagonal lattice IV are
to some extent similar to those of the undoped case with the
d,, components significantly suppressed (Fig. 10). The high
d,, orbital energy is a natural consequence of the smaller
TiOg octahedra in both the apical (lattice ¢) directions of
RuOyg since the elongation of the RuOg¢ octahedra in the api-
cal direction would lower the d,, and d, orbital energies. In
contrast, in the chain-type lattice III, the Ru2 ion exhibits a
d,, rather than a d,, electron in SrRuO;, which is presumably
due to a better isotropy of the electron clouds in the ab plane,

PHYSICAL REVIEW B 77, 085118 (2008)

FIG. 11. (Color) Charge contour (gray) of the occupied spin-
down Re 1,, band for SrRuy ,5Ti( 7505 (lattice V). The blue, green,
light blue, and red balls denote Sr, Ru, Ti, and O ions, respectively.

and therefore the more symmetric atomic positions and lat-
tice structure of lattice III.

Figure 11 illustrates the charge contour of the occupied
minority spin Ru #,, bands of SrRug»5Tig7503 from GGA
+ U calculations. It can be seen that with three Ti dopants in
one unit cell, the only Ru site still exhibits a crosslike charge
distribution with two major collinear lobes and the other two
minor collinear lobes. Orbital character analysis shows that
this asymmetric crosslike orbital has 4d 1,, features in the
octahedral symmetry, which is a complicated linear superpo-
sition of the three 1,, orbitals. In this high-dosage case, the
first and second nearest neighbors of the Ru4Og4 octahedron
are all TiO4 octahedra; therefore the Ru4Og4 octahedron can
expand equally in all directions to provide a better accom-
modation for the electron clouds. Meanwhile, two of the ad-
jacent coplanar oxygens (right-hand side) in Ru4O4 move
upward, making the higher octant narrower and the lower
octant broader, whereas the other two coplanar oxygens (left-
hand side) move in the opposite way, giving rise to the two
major lobes within the larger octants and the minor lobes
within the smaller octants as shown in Fig. 11.

Recent x-ray absorption spectroscopy measurement of the
orbital population of the Ru ion in Ca,RuQ, reveals approxi-
mately 0.5 and 1.5 holes in the d,, and d,,,, orbitals,
respectively.?® Calculations using the LDA+ U method also
illustrate the ratio of hole populations d,,:d,,,., to be 0.5:1.5
for the orbital-ordered SrRuO3.2O In our case, the orbital be-
haviors are different with different doping conditions. For x
=0.25, there is conceptually one spin-down electron occupy-
ing each dxy, d,,, and dyz orbital of the Ru2, Ru3, and Ru4
ions, respectively (Fig. 8), leaving the d, /.., d.yy,, and d_,,
orbitals empty. As a result, the hole populations per Ru ion
are estimated to be 2/3 and 4/3 for d,, and d,,,, orbitals,
respectively. Similarly, for all three x=0.5 cases where either
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the d,. or d,, orbital is occupied in the two Ru ions (Figs. 9
and 10), the predicted hole populations in the d, and d,
orbitals are 2/2 and 2/2 per Ru ion, respectively. As for the
x=0.75 case, the evaluated ratios are 2/3 and 4/3, respec-
tively, for the evenly occupied d,,, d,., and d., orbitals (Fig.
I1). Future experiments such as x-ray absorption
spectroscopy>® would clarify the evolution of the hole popu-
lations and therefore the orbital behaviors upon varying the

Ti concentrations.

IV. CONCLUSION

The electronic structures of SrRu;_, Ti O; with x of 0.25,
0.50, and 0.75 have been systematically investigated using
the GGA and GGA + U methods. The GGA calculations lead
to a metal to half-metal transition at x~0.5, in disagreement
with the experimental observation of a MIT upon variation
of the dopant concentration. In contrast, an on-site Coulomb
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repulsion U of 3.5 eV gives rise to a MIT at x=0.5, close to
the observed MIT at x=0.3, demonstrating that the MIT is
driven primarily by the electron correlations. A larger U
would further push the MIT toward a smaller Ti dosage,
closer to the experimental result. The good agreement be-
tween the GGA + U results and the experimental observations
reveals that the electron correlation plays an important role
in SrRu;_,Ti,O5. On the other hand, we have also investi-
gated in detail the effects of Ti dopants on the orbital order-
ing. It is found that the Ti impurities with negligible valence
electrons and smaller atomic size significantly affect the
Jahn-Teller distortions and therefore achieve strong evolution
in the orbital-ordering pattern upon Ti dosage.
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