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We report electronic band structure calculations for SrsRuszO10 which displays both ferromag-
netic and metamagnetic behavior. The density functional calculations find the ground state to be
ferromagnetic in agreement with experiment and we show that the resulting spin polarization has
dramatic consequences for the electronic properties. The minority spin bands are mainly empty
and disperse steeply upward at the Fermi energy, whereas the majority spin bands are full or nearly
fully occupied and form narrow bands near the Fermi energy, which could be the electronic origin
of the metamagnetism. Inclusion of a Hubbard interaction U applied to the Ru 4d states has major
effects on the narrow bands, which reveal the role of Coulomb interactions and correlated many-
body physics. The results are in qualitative agreement with recent angle resolved photoemission
spectroscopy (ARPES) experiments and show the need for a combined theoretical study and experi-
mental ARPES investigation with better energy resolution to reveal the nature of the narrow bands
close to the Fermi-level, which is critical for understanding the exotic magnetic properties observed

in this material.

I. INTRODUCTION

Strontium ruthenate materials Sr,41Ru, 03,41 form
a unique class of layered compounds in the Ruddles-
den Popper (RP) series; because the number (n =
1,2,3,---,00) of the RuOg octahedra in the unit cell
represents a critical parameter for obtaining distinct col-
lective phenomena in the ground state, depending on the
overlap between Ru 4d wave functions through adjacent
octahedra [1-3]. The rich array of ground state proper-
ties in this series include superconductivity, magnetic or-
der and metamagnetism, orbital order, heavy fermions,
and other phenomena [1-10]. These materials are also
particular examples of the 4d transition metal oxides
in which electronic correlations are remarkably strong.
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The richness of different phenomena in Sr-based layered
ruthenates comes from a competition between local and
itinerant physics; which is an evidence of strong inter-
play between charge, spin, orbital, and lattice degrees of
freedom [1, 11-13].

Among the strontium ruthenates in the RP series, the
single layer SraRuQO4 has been studies extensively, mostly
because it is a superconductor with an unconventional
order [2, 3, 14-20]; and it is the first example of a non-
cuprate layered perovskite superconductor [21]. The elec-
tronic properties are due to bands associated with the
Ru-O planes which form a square lattice with the same
structure as the Cu-O planes in the high-temperature
superconductors [22, 23]. The other members of the lay-
ered strontium ruthenates are formed by stacks of similar
layers. The double layered Sr3RusO; has two layers of
RuOg octahedra per unit cell and it is generally regarded
as a paramagnetic that is very near a ferromagnetic in-
stability [4]. Due to its interesting diamagnetic features,
quantum critical metamagnetism and nematic fluid be-
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havior with heavy d-electron masses, the Sr3RusO7 sys-
tem has also been the subject of many theoretical and
experimental investigations [5, 6, 24-29]. At the other
end of this series, the increased tendency toward mag-
netism culminates in SrRuQOj3, which is a ferromagnetic
metal with the cubic perovskite structure that can be
viewed as the infinite layer limit of the series [10, 30-32].
Also, SrRuOg3 is a highly conductive metallic oxide with
a good lattice match to many oxide materials; thus it
has been widely used as a conductive electrode in diverse
oxide heterostructures [10, 33-36].

The focus of this paper is the triple-layer system
SryRu3019, which displays both anisotropic ferromag-
netism and intriguing orbital-selective metamagnetic be-
havior [8, 9, 11, 12, 37-41]. The spontaneous ferromag-
netic moment is perpendicular to the planes below the
Curie temperature of 105 K, with an additional transi-
tion at around 60 K observed in magnetic susceptibil-
ity [9, 11, 37, 42]. Depending of the sample quality, the
reported saturated magnetic moments in SryRu3zO1q sin-
gle crystals range from ~ 1.0 to ~ 1.7up/Ru oriented
along the c—axis [8, 9, 11, 12, 43, 44]. A spin-polarized
neutron diffraction study [44] has shown that the mo-
ments are largest on the central layer and are almost
completely due to the spin with vanishingly small or-
bital contributions. For magnetic field applied along
the ab—plane, there is a decrease in magnetization be-
low the second transition at 60 K, which is accompanied
with a metamagnetic transition for fields of about 2.5
T [37, 38, 43]. A double metamagnetic behavior was also
reported in SryRu3zO01g with a second in-plane metamag-
netic transition at a slightly larger applied field [40].

Electronic band structure calculations of SroRuQy [45,
46], SrsRu207 [24, 25] and SrRuOj3 [47, 48] materials
have been reported, and compared in detail to angle
resolved photoemission (ARPES) experiments [23, 24,
26, 49-51]. However, it is only recently that the band
structure of the SryRu3z0O1g system has been studied by
ARPES [52], [53]. To our knowledge, there have been no
electronic structure calculations for SrsRuzO19 reported
so far.

Here, we report density functional calculations of the
band structure and Fermi surfaces of SrsRu3zO1g that re-
veal the large effects due to the magnetic properties of
this system. In agreement with experiment, the ground
state of SryRu301¢ is found to be ferromagnetic, so that
there are two sets of bands for the two spins. The mi-
nority spin bands have reduced occupation and Fermi
surfaces that are mainly in the outer areas of the Bril-
louin zone (BZ) away from I' with bands that disperse
steeply upward. In contrast, the majority spin bands are
full or nearly fully occupied with the Fermi level near the
top of the bands leading to narrow bands near the Fermi
energy around the I" point. As previously found for other
Sr-based layered ruthenates [54-57], we find that inclu-
sion of a Hubbard U has dramatic effects on states near
the Fermi energy, signifying the role of Coulomb inter-
actions and correlated many-body physics for explaining

the exotic ground state properties, e.g., anomalous meta-
magnetic behavior in this material.

The calculated bands are in general agreement with
ARPES experiments [52], which find hole-like and
electron-like pieces of the Fermi surfaces consistent with
spin-polarized bands of a ferromagnetic system and very
different from the calculated Fermi surfaces if the system
is constrained to be non-spin-polarized. However, it will
further require combined theoretical study and experi-
mental ARPES investigation with higher energy resolu-
tion to sort out the details of the narrow bands near the
Fermi energy.

The remainder of this paper is organized as follows.
In Sec. II we discuss the structure of the layered ruthen-
ates with the focus on the three-layered ruthenate ma-
terials. Sec. III contains a discussion about the nature
of the bands in these classes of materials, and presents
results from a tight-binding model, which are very useful
for understanding the DF'T results and comparison with
the experiment. Sec. IV contains the technical details of
our DFT calculations, and presents the band structures
and Fermi surfaces for the spin-polarised and non-spin-
polarised calculations. In Sec. V we discuss the compar-
ison of the calculated bands and Fermi surfaces with the
experimental data. Sec. VI discusses the possible conse-
quences for the interesting properties of SryRu3zO1¢ and
in Sec. VII are concluding remarks.

II. STRUCTURES OF THE LAYERED
RUTHENATES

The structures of the layered strontium ruthenates
in the RP sequence Sr,+1Ru,O3,41, n = 1,2,... con-
sist of Ru-O and Sr-O layers as illustrated in Fig. 1 for
SryRu3z019. At the top is the side view of a triple layer
which can be considered as three layers of Ru and O
atoms, with four Sr-O layers: two Sr-O layers between
the Ru-O layers and two Sr-O layers at the top and bot-
tom of each triple layer. The three-dimensional crystal
is formed by stacking the triple layers with the outer
Sr-O layers creating an effective insulating barrier be-
tween adjacent triple layers, so that the relevant elec-
tronic bands are essentially two-dimensional. The cal-
culations described in Sec. IV are for the experimentally
determined three-dimensional structure [8]. However, the
primary results are independent of the stacking and the
properties are dominated by the two-dimensional bands
of a single triple layer. This is verified by the calcula-
tions and is assumed in the interpretations of the ARPES
experiments which are analyzed purely in terms of two-
dimensional bands [52].

At the bottom of Fig. 1 is a top view of a single Ru-
O layer with the rotations of the octahedra indicated
by the displacements of the oxygen atoms in the plane.
If there are no rotations, as in the single layer system
SroRuQy4, each Ru atom is equivalent and the primitive
unit cell is a square containing one Ru atom. In the
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FIG. 1. The structure of SrsRusO;i0 is based on the triple
layer shown at the top, which consists of 3 layers of Ru atoms
surrounded by octahedra of O atoms indicated by the small
grey circles. There are layers of Sr between the Ru layers and
at the upper and lower sides of a triple layer. The stacking
of the layers in the crystal is described in the text but the
main features of the electronic structure are determined by
the bands of a single triple layer. At bottom left is depicted a
layer of Ru and O atoms. If the O atoms were exactly between
the Ru atoms, the layer would have one Ru per cell; however,
the octahedra are rotated as indicated by the arrows which
doubles the primitive cell as shown by the square. Similarly
the BZ is reduced by a factor of two and turned by 45 degrees
as indicated at the lower right.

double and triple layer systems, the rotations double the
unit cell so that it is a square containing two Ru atoms
and rotated by 45 degrees as shown in Fig. 1 (bottom
left). Correspondingly, the BZ is a square reduced by 1/2
and turned by 45 degrees, as depicted at the bottom right
in Fig. 1. In the triple layer, Sr4Ru3O1g, the rotations of
the RuQOg octahedra in the inner and outer layers are not
equivalent; the RuOg octahedra in the inner layer rotated
by an angle of ~ 11 degrees about the c axis whereas the
outer two layers rotated by very nearly half that amount
in the opposite direction [8].

III. NATURE OF THE BANDS

The main features of the band structures of the layered
compounds in the RP series can be understood starting
from the band structure a single Ru-O layer shown at the
bottom left in Fig. 1. In all cases, the Ru d states involved
are primarily the 3 to4 states d,., dy, and d,y where z,y

/L \V4
RRAV/ANNE
on ing// Ay
n n- M
onding
05 |
R
ding LN L) N\ \':"X
0 dxy - 3 fold degengrate ~ \| |/ | 77 ;
r X R T XM

FIG. 2. Characteristic bands of the coupled Ru t24 and O p
states found using the tight-binding model described in the
text and the structure shown in Fig. 1. Only the bands near
the Fermi energy are shown. These have mainly Ru d char-
acter; O states are at lower energy. At the left are bands of
a triple layer which are like three copies of the single layer
taking into account the splitting due to the hopping between
neighboring planes in the triple layer. The figure at the right
illustrates the effect of doubling the cell, which folds the bands
into the smaller BZ and leads to states with maxima at the
I" point. Note the similarity to the bands for the full DFT
calculations shown in Figs. 4, 5, 7 and 9.

denote the directions in the plane of the layers and z is
perpendicular to the plane. The bands are formed by Ru-
Ru hopping via the O p states so that they are mixed Ru
and O characters with the states near the Fermi energy
composed primarily of Ru d states. There are also oxygen
atoms (called apical oxygens) above and below the Ru
atoms that have the effect of raising the energy of the
dyz, dy. relative to the dg,.

It is very useful for understanding the DFT results
and comparison with experiment to have simple models
that capture the essential features. The minimal model
that captures the main features is a tight-binding model
with only one p-d hopping matrix element t,q, and one
relevant energy difference, Ap,q = €4 — €p, which is the
well-known model for the single layer SroRuO4 and used
for other materials in the RP series [1-3]. The resulting
bands near the Fermi energy have mainly Ru d charac-
ter: a dgy band with dispersion that is isotropic in the
x,y plane, and a pair of bands, d,, and d,. with very
anisotropic dispersion. The d,. band disperses along the
x direction and is flat in the y direction since the matrix
element with the oxygen p states is zero, whereas the d,.
band disperses in the y direction and is flat in the z di-
rection. At the I' point, d,. and d,, are degenerate with
energy shifted up relative to the d,, band at I, since the
hopping matrix element t,4» mixes the apical oxygen p
states with the d,. and d,. bands but does not affect the
d,y bands.



The multilayer systems consist of n Ru-O layers as il-
lustrated by the triple layer-system in Fig. 1. Since each
n-layer unit is weakly coupled to the adjacent n-layer
unit, the final dispersion is essentially two-dimensional.
However, within n-layer each unit, the hopping through
the apical oxygen is comparable to the hopping within
the planes. This leads to n copies of the bands of a sin-
gle layer which are split by the interlayer hopping into
bonding and antibonding for two layers; bonding, non-
bonding, and antibonding for three layers; and so forth.
The example of three layers is shown in the left side of
Fig. 2, where the three d,. and d,, states per Ru atom
form bands with large splitting due to the hopping be-
tween the three Ru-O layers. In contrast, the dgy states
form three bands, which are degenerate in this model.

At the right of Fig. 2 is the consequence of doubling
of the unit cell in real space. This is caused by the rota-
tions of the O octahedra indicated by the arrows in Fig. 1.
Since the bands are plotted in the smaller BZ, they ap-
pear complicated, and the relation to the unfolded bands
is very useful for understanding. Most relevant for our
purposes is that the bands at the R point are folded to
the I" point in the reduced BZ. In the original BZ (which
applies if there are no rotations of the octahedra), the
maxima in the bands are at the R point and there are no
bands near the zone center I' in the upper energy range.
It is only because of the rotations that there are bands
with maxima at the zone center I' that curve downward
(hole-like). An interesting consequence is that the inten-
sity of the folded bands in a measurement is proportional
to the amount of rotation and may appear to be weak in
the actual experiments.

There are other effects that are not shown but can
be understood qualitatively, e.g., magnetism. In a tight
binding model, this is simply a splitting of the majority
and minority spin states leading to two sets of bands
shifted almost rigidly, like those shown in Figs. 5 and
9. Since there is a large magnetization, the majority spin
bands are almost filled and the Fermi energy must be near
the top of the bands. Thus, the majority spin bands are
expected to be hole-like bands around I' with energies at
or near the Fermi energy. In contrast, the minority spin
bands have reduced occupation with the Fermi energy in
the lower parts of the bands.

IV. DFT CALCULATIONS AND
COMPUTATIONAL DETAILS

There is much previous work on the bands of the
ruthenates including SroRuQO,4 and Sr3RusO7 which has a
structure similar to Sr4RusO19. Density functional cal-
culations have proven very successful in describing the
overall features of the observed bands [1-3, 23, 25, 26].
In all cases, the bands near the Fermi energy have mainly
Ru t24 d character with characteristic forms determined
by only a few parameters, as described in Sec. III. For
the non-magnetic materials, the Fermi surfaces are de-

FIG. 3. BZ for Sr4Ru3zO1¢ structure as described in the text,
where a*, b*, c¢* are the reciprocal lattice vectors for the base-
centered orthorhombic structure with space group Cmece (64).
Since the dispersion is almost two-dimensional, the points are
labeled using the notation for a square lattice and the band
structure plots are for lines that connect I' = X — M —I" points
in the k. = 0 plane and I' — Z on the k. axis.

termined by the band fillings and sensitive only to the
relative energies of the d,, and the d,., d;, bands. There
are effects of correlation that cause narrower bandwidths,
however, the Fermi surfaces are not greatly affected be-
cause the Fermi energy is determined by band filling and
the volume is constrained by the Luttinger theorem [58].
However, there is a qualitative difference for ferromag-
netic Sr4Ru3z019. The bands for the two spins have very
different fillings and very different Fermi surfaces. The
results depend on the magnitude of the spin splitting
which is sensitive to the functional.

We carried out first-principles calculations using the
pseudopotential, plane-wave implementation of density
functional theory in the Quantum ESPRESSO distribu-
tion [59, 60]. All calculations were performed using the
PBEsol exchange-correlation functional [61] and ultrasoft
pseudopotentials [62] with Sr(4s, 4p, 5s), Ru(4s, 4p, 5s,
4d), and O(2s, 2p) valence states [63, 64]. The wavefunc-
tions were expanded in plane waves with a cutoff of 75
Ry for the kinetic energy and 600 Ry for the charge den-
sity. Gaussian smearing with a broadening of 0.007 Ry
was used in all our calculations. We have used the ex-
perimental lattice parameters and atomic positions taken
from Crawford et al. [8]. In that reference, the primitive
cell contains two triple layers with 68 atoms per cell, but
we have used the simplification in which the two triple
layers are equivalent (which was suggested as a possibil-
ity [8]) in which case it is a base-centered orthorhombic
structure with 34 atoms per cell with space group Cmce
(64). Given the proportions of a, b, and ¢ of the unit cell
(roughly thrice long along ¢ than a and b), integrations
over the BZ of this lattice were determined to be 8 x 8
x 3 Monkhorst-Pack [65] k-point meshes. The grids were
32 x 32 x 8 for the Fermi surface calculations. Structural
relaxations were performed with atomic forces converged
to within 1.0 x 10~° eV/, while energies were converged
to within 1.0 x 10~!! eV. The results presented here are
for the optimized structure with the above criteria.

In all cases, the lowest energy is a ferromagnet with
large spin polarization in general agreement with the
experiment. The moment calculated for the optimized



structure is 1.77up/Ru, which is in agreement with the
experimental values in the range ~ 1.0 to ~ 1.7up/Ru [8,
9,11, 12, 43, 44]. The moments are largest on the central
layer in agreement with a spin-polarized neutron diffrac-
tion study [44]. Since there is large spin polarization,
there is a large difference in occupation of the majority
and minority spin bands and we expect qualitative effects
on the states at the Fermi energy.

The BZ for the actual orthorhombic crystal structure
is shown in Fig. 3. The calculated bands are plotted for
the lines '-X-M-I'-Z connecting the points shown in the
figure. However, since there is only small dispersion in
the direction perpendicular to the layers, the bands are
almost two dimensional and we have used the notation
for the points in the BZ zone appropriate for a two di-
mensional square lattice. This is the notation used for
the ARPES experiments [52] where the data are ana-
lyzed in terms of a two-dimensional square BZ. We have
investigated the kz dispersion in other parts of the BZ
and we find that the dispersion at all places studied is
less than that along the I" to Z line which is shown in the
following figures for the band structures.

A. Non-spin-polarized calculations

We first present the calculated band structures and
Fermi surfaces of SryRu3zO;¢ for the case where the sys-
tem is constrained to have no spin polarization, as shown
in Fig. 4 and the left side of Fig. 6 respectively. The con-
clusion in Sec. V is that the results do not agree with the
experiment [52]. Nevertheless, this is important to show
the large difference from the spin-polarized results and it
provides a simpler picture of the bands that are a guide
to understanding the more complicated case where there
is no spin-degeneracy and there are twice as many bands.

The position of the bands relative to the Fermi energy
is determined by the fact that there are four electrons
in the 6 to4 states per Ru atom, i.e., 2/3 filling of the
tag bands. As we can see from the upper part of Fig. 4,
the bands below around -2 eV are primarily oxygen in
character and the bands above approximately 1 eV are
ey Ru d states. The main focuses here are the to4 bands in
the range -2 to 1 eV and the bands that extend to below
-2 eV in the range of the oxygen bands. The ty, bands
are mainly Ru d character and they look remarkably like
the tight-binding bands shown in Fig. 2.

This is shown most clearly by the flat bands along I" to
X that identify the bonding, non-bonding and antibond-
ing d. and d,, bands and the images that are folded into
the small BZ very much like that shown in the right side
of Fig. 2. The magnitude of the splitting of the bonding
and antibonding bands is approximately 1.3 eV which is
very similar to the value of approximately 1.2 eV calcu-
lated for SrsRusO7 [25]. The bonding and non-bonding
d.. and d,, bands are evident as shown by the almost flat
bands; the antibonding bands are not as clear since they
are mixed with other bands that are folded into the BZ.

E-E, [eV]

E-E,[eV]

FIG. 4. Non-spin-polarized bands of Sr4aRu3z0O1¢ plotted along
the lines connecting the points shown in Fig. 3. The Fermi
energy is set to zero and indicated by the dashed blue line.
The bands at the bottom of the top figure have mainly oxygen
in character; those from -2 eV to 1 eV are Ru t2y d bands
mixed with O p states. The steeply increasing bands are due
to the d;, states, whereas the d,. and d,. form pairs of states
degenerate at I' with one almost flat and the other with large
dispersion along the I' - X direction. These states in different
layers are strongly coupled leading to bonding, non-bonding
and antibonding bands at approximately -1.6, -0.8 and 0.3 eV
at I'.

The bonding and non-bonding combination of the d,
and d, . states in the three layers are mainly full and the
Fermi energy is in the range of the anti-bonding bands,
where there are many bands.

The bands that increase steeply upward going away
from I' both toward X and toward M have d, charac-
ter. There are three bands that are almost decoupled
from one another with one band for the central layer and
two forming a degenerate pair at a different energy since
the potentials at the central layer and outer layers are
different.

The calculated Fermi surfaces shown in the left side of
Fig. 6 are qualitatively similar to those for SrsRusO7 [24];



the shapes of the contours are similar, but the number
of bands and the sizes of the pieces of Fermi surfaces are
different for three layers compared to two in SrgRusO7.
The flat pieces of the Fermi surface are due to the d,, and
d,. bands, which are almost flat as a function of k, for
dy. and ky for d,.. These flat pieces of the Fermi surface
show how the lattice is oriented since they are perpen-
dicular to the rows and columns of Ru atoms. Along the
boundaries of the BZ, the Fermi surfaces are complicated
due to many bands crossing the Fermi energy, as can be
seen in Fig. 4. We have not tried to interpret these since
they depend upon the details and are not relevant to the
spin-polarized ferromagnetic system considered next.

B. Spin-polarized calculations

The calculated band structures and Fermi surfaces for
the same crystal structure using the same PBEsol func-
tional, but allowing for spin polarization are shown in
Fig. 5 and Fig. 6 respectively.

The ground state is found to be ferromagnetic so that
there are two sets of bands for the two spins. The
bands have very nearly the same form as in the non-
spin-polarized calculation shown in Fig. 4, except shifted
relative to one another. As expected from the large polar-
ization, the shift of the bands is large which changes the
picture qualitatively from a nonmagnetic state. The ma-
jority spin bands are shifted down and are almost filled
so that they have hole-like character near the Fermi en-
ergy. These are the dominant bands near the zone center
and there are several bands near the Fermi energy that
are quite flat, especially along the line from I'" to X.

In contrast, the minority spin bands shifted up so that
they are approximately 1/3 filled and have electron-like
character dispersing upward across the Fermi energy as
shown in Fig. 5. There are three d., bands for the three
layers that disperse steeply upward across the Fermi en-
ergy: two on the outer layers and very nearly degener-
ate, and one on the central layer with slightly different
energy. These give rise to the nearly circular pieces of
the Fermi surface shown in the right side of Fig. 6. The
non-bonding combination of d,, and d,. are the pair of
bands that are degenerate at — 0.4 eV, and which dis-
perse upward to form the square shaped piece of Fermi
surface. The character of the minority spin bands is es-
sentially the same for all the spin-polarized calculations
reported here and shown in Figs. 5 and 9.

The Fermi surfaces for the majority and minority spins
are shown in the center and right figures in Fig. 6. The
surfaces are qualitatively different from those for the non-
spin-polarized system shown at the left in Fig. 6. The sur-
faces for each spin state are much simpler and have more
straightforward interpretations. Because of the large po-
larization, pieces of the Fermi surface near the zone cen-
ter are mainly due to the majority spin bands, whereas
pieces nearer than the BZ boundary are mainly due to
the minority spins.

E-E[eV]

E-E[eV]

FIG. 5. Spin polarized bands of SraRu3O10 plotted along the
lines connecting the points shown in Fig. 3. The Fermi energy
is set to zero and indicated by the dashed green line. There
are two sets of bands for the majority (red solid lines) and
minority bands (blue dashed lines) spin. The bands from the
two spins are shifted almost rigidly, except that lower energy
parts of the majority spin bands are strongly mixed with oxy-
gen bands. As discussed in the text, the bands for each spin
are very similar to the bands for the non-spin-polarized case
in Fig. 4. The Fermi surfaces for the two spin states are shown
in the center and right figures in Fig. 6.

The pieces of the Fermi surface shaped like extended
ovals with the long direction pointing toward the X points
at the BZ corners are due to the majority spin d,. and
d,. bands, and they are very similar to to4 bands found in
many two dimensional systems, such as oxide interfaces
in [66]. However, in the present case, the position of the
majority spin bands relative to the Fermi energy is very
sensitive to the functional used in the calculation. This
is shown in the calculations described below where the
Hubbard U correction leads to a reduction of the size of
the ovals until they disappear completely. Comparison
of the bands with ARPES experiments is presented in

Sec. V.



FIG. 6. Fermi surfaces for SraRu3zO1¢ resulting from two different calculations.

At the left is the result for a calculation

constrained to have no spin polarization corresponding to the bands in Fig. 4. The two figures in the center and right are the
Fermi surfaces for the majority and minority spins in the spin-polarized calculation corresponding to the bands in Fig. 5. As
described in the text, the spin-polarized calculations explain the major features of the ARPES results shown in Fig. 11.

C. Spin-orbit coupling

The calculated band structures and Fermi surfaces for
the same crystal structure using the same PBEsol func-
tional with the inclusion of the spin-orbit couplings are
shown in Fig. 7 and Fig. 8 respectively. Since the spin-
orbit effects are small compared to the bandwidths, the
bands are still primarily majority and minority spin. By
comparing the bands in Figs. 4 and 7, we can see that
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FIG. 7. Bands of Sr4RusO10 with the inclusion of spin-orbit
coupling plotted along the lines connecting the points shown
in Fig. 3. The Fermi energy is set to zero and indicated by
the dashed blue line. The changes are mainly small shifts of
bands and small gaps; however, this has large effect on the
narrow bands near the Fermi energy, which can be seen in the
Fermi surfaces in Fig. 8.

E-E, [eV]

band crossings. The effects are most significant in cases
where there are band crossings for narrow bands near the
Fermi energy, which is illustrated by the Fermi surfaces
shown in Fig. 8. Note that in all the calculations, there
are large square parts of the Fermi surfaces, which is the
most prominent feature found in the ARPES experiments
as described in Sec. V.

FIG. 8. Fermi surfaces for SrsRuszO1¢ including spin-orbit
coupling corresponding to the bands in Fig. 7; the surfaces
are close to a sum of those for the majority and minority spins
shown respectively in the center and right figures in Fig. 6,
with changes mainly at the places where there are narrow
bands.



D. Including a Hubbard U correction

We also performed DFT + U calculation by apply-
ing a Hubbard U correction on the Ru 4d states [67].
Calculations with similar functionals with and without
an added U have been reported for SraRuQOy4 [54, 55],
SrsRu207 [56], and SrRuOs3 [57]. The values of U used
in the previous studies [54-57, 68-71] were in the region
1.54.0 eV. Here we present results for two moderate val-
ues, U = 1.0 eV and U = 2.0 eV, which show the large
effects on the electronic properties of SryRu3zO1g.

The calculated band structures using the PBEsol + U
functional with the inclusion of Hubbard U = 1.0 eV and
2.0 €V are shown in Fig. 9. The crystal structure is the
same as in the calculations for U = 0 eV. As expected,
the addition of a repulsive interaction U for electrons in
the Ru 3d orbitals leads to a larger splitting of the bands.
For U = 1.0 eV the highest states of the majority spin
band just touch the Fermi energy. This is the dividing
point where the nature of the Fermi surface changes. For
U <=~ 1.0 eV, there are pieces of Fermi surface which
are hole-like around the zone center for the majority-
spin bands. For U >= 1.0 eV the majority spin bands
are completely filled and there are only minority spin
bands at the Fermi energy. As U increases above this
value, there are small quantitative changes in the shapes
of the bands and the Fermi surfaces since the filling of
the minority spin bands is fixed at 1/3. This is illustrated
in Fig. 9 where we can see that the majority spin bands
shift downward relative to the Fermi energy for U = 2.0
eV, but the minority spin bands stay almost the same.

The minority spin Fermi surface for U = 2.0 eV is
shown in Fig. 10. It is essentially the same for U = 1.0 eV
(not shown) and, in fact, the minority spin Fermi surface
is qualitatively the same for U = 0, which can be seen
by comparing Fig. 10 with the Fermi surface at the right
side in Fig. 6. Thus a definitive result of our calculations
is that for any reasonable functional, the result for the
minority spin Fermi surface has qualitatively the same
form. As discussed in the following section this is the
major feature seen in the experimental ARPES data.

V. COMPARISON WITH ARPES
EXPERIMENTS

In this section we compare the theoretical calculations
presented above with recent ARPES experiments [52]
which are focused on the Fermi surface and the bands
near the Fermi energy. Since the experiments do not
resolve the spin, there is no direct evidence of the ferro-
magnetic moments nor of the difference between majority
and minority spins. Thus the conclusions regarding the
effects of spin polarization are prediction of the theory.
Nevertheless the experimental results [52] provide defini-
tive tests of the theory because the energies of the bands
are greatly modified by the polarization, and we can com-
pare the predicted and measured energies of the bands

E-E,[eV]

E-E, [eV]
(=)

FIG. 9. Spin polarized bands of Sr4RusO10 with the inclusion
of the Hubbard U interaction on the Ru atoms plotted along
the lines connecting the points shown in Fig. 3. The Fermi
energy is set to zero and indicated by the dashed green line.
The upper figure is for U = 1.0 eV and the lower figure is for
U = 2.0 eV. As U increases the spin splitting increases and at
U = 1.0 eV the majority spin band is filled and just touches
the Fermi energy. For larger U the system is fully polarized
- a half-metallic system with only minority spin states at the
Fermi energy. The Fermi surfaces for the minority spin for
U = 2.0 eV are shown in Fig. 10; the surfaces for U = 1.0 eV
are very similar and are not shown.

and shapes of the Fermi surfaces.

In the comparison with the ARPES experiments, it is
important to keep in mind that the experiments may be
affected by changes of the structure at the surface, and
there may be surface states like those found, for example,
in ARPES for SroRuOy [22]. However, careful studies to
distinguish bulk and surface states are not reported in
the experimental paper [52].

A. Fermi surfaces

First, we consider the Fermi surfaces because this is the
information that shows most clearly the primary result of



FIG. 10. The Fermi surface for the minority spin bands calcu-
lated with the inclusion of Hubbard U. The results shown are
for U = 2.0 eV and the Fermi surface is essentially the same
for U = 1.0 eV. There are no bands for the majority spin that
cross the Fermi energy, but there are bands near the I' point
that are close to the Fermi energy as shown in Fig. 9.

the present work: the large effect of the ferromagnetism
on the electronic spectrum. In Fig. 11 is shown the inten-
sity at the Fermi energy as a function of the momentum
in two dimensions parallel to the layers. The figure is a
reproduction of Fig. 1la in [52], where the data are pre-
sented with the square BZ oriented as shown (with the
sides vertical and horizontal) which corresponds to the
way the data was acquired. In order to compare with
the present calculations which are presented in the con-
ventional orientation of the BZ, the image must be turned
by 45 degrees; this is only a choice of presentation that
does not affect the conclusions [72]. The bright areas
indicate states at or very near the Fermi energy.

The dominant feature in Fig. 11 is the square shaped
region indicated as a; and ae. This is in good agreement
(when turned by 45 degrees) with the sets of bands in
the Fermi surfaces for the minority spin calculated for
the system with ferromagnetic order: the right side of
Fig. 6 for the calculation with U=0 or Fig. 8 where the
spin-orbit coupling is included, or Fig. 10, which shows
the Fermi surface calculated with U = 2.0 eV, which is
essentially the same for all U > 1.0 eV where there is only
the minority spin Fermi surface. As shown most clearly
in Fig. 10, the calculations find this to be a combination
of the nearly circular pieces of Fermi surface shown due to
the three nearly degenerate d, bands in the three Ru-O
layers and the square shaped piece of Fermi surface due
to the non-bonding combination of d,, and d,. states in
a triple layer. The character of the bands called a; and
«p is supported by the other results in the ARPES ex-
periments, which show that these are wide bands with
a large slope in agreement with the calculated minority
spin bands. These are robust results found in all the
spin-polarized calculations and clear support for the in-

©
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FIG. 11. The experimental Fermi surface reported in [52].
This is taken from Fig. 1la of [52] with no changes. As ex-
plained in the text, it must be turned by 45 degrees to com-
pare with the present theoretical calculations. The white ar-
eas correspond to the large intensity at the Fermi energy, and
it is immediately apparent that the primary feature - the large
roughly square shape - agrees well with the calculated Fermi
surface for the ferromagnetic calculations (Fig. 8 or Fig. 10)
and it is qualitatively different from the calculated Fermi sur-
face if the system is forced to have no spin polarization (the
left side of Fig. 6).

terpretation in terms of spin-polarized bands.

The observation that these bands have strong inten-
sity in the measurements is additional evidence for the
theoretical conclusion that they are due to minority spin
bands. This can be understood following the description
of the bands in the pedagogical model in Sec. ITI, where
it is clear that in the lower energy range the bands are
properties of the lattice of Ru-O octahedra independent
of whether the octahedra are rotated or not. This is the
energy range applicable for the minority spin bands in the
DFT calculations, which have reduced occupation (ap-
proximately 1/3) so that the Fermi energy is in the lower
part of the minority-spin ¢o, bands. In contrast the up-
per parts of the bands are “folded” into the smaller BZ as
indicated in right hand side of Fig. 2. This is the energy
range relevant for the majority spin bands which are fully
or nearly fully occupied in the DFT calculations. Thus
the intensity is non-zero only because of the rotations of
the octahedra, and the intensity for these bands may be
weak in the experimental measurements for momenta in
the first BZ.

Thus the major features in the ARPES data is well
explained by the theoretical calculations with spin-
polarization and it is quantitatively different from the



Fermi surfaces predicted by the non-spin-polarised calcu-
lations shown in the left side of Fig. 6. In that case, the
occupation of the bands is 2/3, the Fermi energy is in the
upper parts of the bands, and there are a host of pieces
of Fermi surface (left side of Fig. 6) near the zone bound-
aries that are not seen in the experimental data. They
are analogous to results of the non-spin-polarized calcu-
lations and the experimental results for Sr3RusO7 [24].

B. Narrow bands near the Fermi energy

The other prominent feature in Fig. 11 is a broad area
of intensity in the region around the zone center labeled
0. Even though there is no direct evidence in this fig-
ure for a Fermi surface, this indicates narrow bands at or
near the Fermi energy within the energy resolution over a
large area of the BZ around the zone center. This also is
in qualitative agreement with the present calculations for
the ferromagnetic system where the majority spin bands
are filled or almost filled with the maxima at the zone cen-
ter. The theory predicts that these bands near the top
of the majority spin bands should have weaker intensity
in the experiment because they have non-zero intensity
near the center of the BZ only because of the rotations
of the octahedra. The observations support this inter-
pretation and are very different from the predictions of
the non-spin-polarized calculation shown in Fig. 4 where
there are no hole-like bands around the zone center at
the Fermi energy.

In addition to the Fermi surface map reproduced in
Fig. 11, the experimental paper [52] also reports bands
around the zone center. We can compare directly with
the two bands along the I'-M direction analyzed most
carefully in [52]. For measurements with Linear Hor-
izontal Polarization (LHP) there is a band that curves
upward with a band width of order 40 meV; the disper-
sion shown in Figure 4c. of [52] is reproduced here as the
open circle curve in Fig. 12. For measurements with Lin-
ear Vertical Polarization (LVP) there is a band that has
a maximum at I' approximately 20 meV below the Fermi
energy and curving downward; the dispersion reported in
Figure S2c¢ in the supplementary material of [52] is shown
here as the grey solid circle curve in Fig. 12.

These results are compared with the theoretical calcu-
lations in Fig. 12, where the energies of the calculation
bands have been scaled by a factor of 5. We have chosen
to present the results for calculations with U = 1.5 eV.
The theoretical results for other values of U would be
similar except the majority spin bands would be shifted
upward or downward. The renormalization factor of 5
is very reasonable compared with the previous works of
factors ~6 for SrsRusO7 [26] and 3-5 for SroRuO4 [23].

There are other features evident in the experimental
ARPES results that clearly indicate intensity near the
Fermi energy near the X point, labeled ~ in Fig. 11 and
described in the text of [52] along the M to X lines. These
are also present in the calculated bands as indicated by

E-E, [eV]

-0.05

FIG. 12. Comparison of theory and experiment for narrow
bands near the Fermi energy in SraRu3O19 along the line from
I' to M. The experimental results from [52] are represented
by open and grey solid circle curves as described in the text.
The theoretical bands are calculated with Hubbard U = 1.5
eV and they have been scaled by a factor of 5, which is similar
to the renormalization factors found in the previous works of

~6 for Sr3Ru207 [26] and 3-5 for SroRuOy4 [23].

the narrow bands along the I' to X and M to X lines which
are in the same energy range as those shown in Fig. 12.
However, these features are not presented in as much
detail as the results shown in Fig. 12. We do not attempt
to analyze the narrow bands further. The theory is not
at a stage where the bands can be predicted in detail and
further work will need a combination of high resolution
experiments in conjunction with theoretical calculations.
In addition, we should bear in mind various caveats: the
dispersion of the bands perpendicular to the layers, the
resolution reported in the paper is or order 20 meV, and
there may be other effects like impurity scattering and
surface states.

VI. CONSEQUENCES FOR OTHER
PROPERTIES

The most novel properties of SrsRuzOi¢ relate to
magnetism. In addition to the ferromagnetic moment
along the c¢ axis there is metamagnetic behavior for
applied magnetic fields parallel to the layers. Such a
large susceptibility can be explained by narrow bands
at the Fermi energy, which has been proposed as the
explanation for the observed metamagnetic behavior in
SryRuzOqg [8, 9, 11, 12, 37-41] and studied in more de-
tail in Sr3RuzO7 [5, 6, 24-29]. Narrow bands in the right
energy range are found in the present work for DFT cal-
culations using the PBESol functional and DFT+U for
values of U up to around U = 2.0 eV. However, we have
concluded that the states of the art for the theory and the
experimental work done so far are not definitive enough



to establish the nature of the narrow bands in detail.

A result of this work is that for Hubbard interac-
tion U > 1.0 eV, SryRu3Oqq is predicted to be a half-
metal, with only minority-spin bands at the Fermi energy.
Such materials are potentially of technological interest for
spintronics applications [73] where the transport prop-
erties involve interesting many-body effects [74]. The
present calculations present interesting possibilities of a
nearly-half-metal with almost filled majority spin bands
that have large susceptibility due to narrow bands at
the Fermi energy. This would combine effects related to
metamagnetism and half-magnetism that could be con-
trolled by applied fields. For larger interactions U, there
would be no narrow bands near the Fermi energy and
the calculations would find behavior more like other half-
metals.

VII. CONCLUSIONS

The main conclusion of this work is the effect on the
electronic bands of SryRu3zO;¢ due to the ferromagnetic
order. Because the bands are spin-polarized with a large
ferromagnetic moment (known experimentally and found
in the theoretical calculations), the majority spin bands
are full or almost full and the minority spin bands have
an occupancy of approximately 1/3. The result is that
there are wide bands crossing the Fermi energy due to the
minority spin, whereas there are narrow bands at or near
the Fermi energy for the majority spin. When the spin-
orbit coupling is included, there is still the distinction of
two types of bands and there is an additional structure in
the narrow bands near the Fermi energy. The fact that
there are several narrow bands leads to a large density of
states that varies rapidly near the Fermi energy, which
is a way to understand metamagnetism as well as more
than one metamagnetic transition as has been observed
in SI‘4R113010 [40]

The experimental ARPES measurements [52] are in
good agreement with the theoretical predictions for spin-
polarized bands and qualitatively different from the cal-
culated bands if the systems is constrained to be non-
spin-polarized.As discussed in Sec. V, the wide bands for
the minority spins explain the dominant features of the
ARPES data that are roughly square and circular Fermi
surfaces, whereas the narrow bands of the majority spins
are in qualitative agreement with the observations of nar-
row bands around the zone center. The features due
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to the minority spins remain the same in all the spin-
polarized calculations. However, the position of the ma-
jority spin bands relative to the Fermi energy is very sen-
sitive to the choice of the functional, which is illustrated
by the large changes as a function of an added Hubbard
U interaction on the Ru d states.

Finally, it is important to put the present work in per-
spective in the big picture of electronic interactions and
correlation in the layered strontium ruthenates and, more
generally, transition metal oxides. The ARPES measure-
ments indicate narrow bands roughly a factor of 5 nar-
rower than those found in the present DFT calculations.
This is comparable to the other layered strontium ruthen-
ates [23, 26] and indicates similar effects of correlations.
In addition, however, there is another effect of interac-
tions, the magnitude of the spin-splitting in SryRu3zO1q
due to the ferromagnetic order. Our results show that
there are narrow majority-spin bands for a range of added
interactions U on the Ru d states, which appears to be
qualitatively consistent with the experimental data. But
our knowledge of functionals and the energy resolution
of the ARPES experiments done so far are not sufficient
to pin down details. Exploring the nature of the narrow
bands in future work can provide insight into the role of
interactions and correlations in the entire range of these
layered systems and transition metal oxides in general.
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