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Abstract
We have investigated the structural, magnetic and electronic properties of single-crystal
SrRu1−x Mnx O3, using first-principles density functional theory within the generalized gradient
approximation (GGA) + U schemes. The entire series of SrRu1−x Mnx O3 (x = 0, 0.25, 0.5 and
1) is stabilized in the single-crystal perovskite structure which is in agreement with
experimental findings. Our spin-polarized calculations give a metallic ground state for the
x < 0.5 regime and an insulator ground state for the x � 0.5 regime. The magnetic structure
for x = 0 is found to be the ferromagnetic state while the magnetic structures for 0 < x < 0.5
are the ferrimagnetic state where any Mn ions are coupled antiparallel to the Ru at the near
sites. The magnetic structures for x � 0.5 are found to be the antiferromagnetic states. The
substitution of itinerant Ru ions by localized Mn ions enhances the p–d coupling between O and
the transition metal. It also strongly drives the system from the ferromagnetic metal to the
antiferromagnetic insulator.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the past several years the ruthenates which belong
to the Ruddlesden–Popper (RP) series Srn+1RunO3n+1 and
Can+1RunO3n+1 (n = number of Ru–O layers/unit
cell) have been attracting considerable interest because
of their intriguing physical properties, such as their
diverse electronic and magnetic properties [1–3], and the
unconventional superconductivity discovered in the layered
ruthenate Sr2RuO4 [4, 5]. The Srn+1RunO3n+1 are metallic and
tend to be ferromagnetic besides Sr2RuO4 (n = 1). The Curie
temperature TC for the series Srn+1RunO3n+1 increases with n,
whereas the Can+1RunO3n+1 are all on the verge of a metal–
nonmetal transition and prone to antiferromagnetism. The
Néel temperature TN for the Can+1RunO3n+1 series decreases
with increasing n [6–8]. Such behavior is special and has
not been observed in other transition metal RP systems.
SrRuO3 and CaRuO3 are special cases when n = ∞ for

1 Author to whom any correspondence should be addressed.

the RP series [9–11]. These two compounds present the
same perovskite structure with orthorhombic distortion, the
same Ru4+ valence state, and show metallic-like resistivity.
However, their magnetic properties are totally different: whilst
SrRuO3 is an itinerant ferromagnet, its counterpart CaRuO3

magnetic ground state is paramagnetic [11].
In a recent experiment on Mn-doped SrRuO3, i.e.

SrRu1−xMnx O3, Cao et al reported that the single crystals
in the limited range of compositions 0 � x � 0.6 have
shown the 3d metal Mn ion substitution for 4d Ru ions can
drive the system from an itinerant ferromagnetic state for
SrRuO3 though a quantum critical point at x = 0.39 to an
insulating antiferromagnetic state [12]. However, Sahu et al
reported discrepant findings that the ferromagnetic ordering
in SrRuO3 is substantial up to 50% Mn substitution at the
Ru site, i.e. SrRu0.5Mn0.5O3 [13]. A more complicated
phase diagram with the coexistence of ferromagnetic and
antiferromagnetic phases in a wide range of substitution and a
large magnetoresistance has been reported by Zhang et al [14].
These discrepancies have triggered extensive discussions. So,
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Figure 1. The supercell of the perovskite structure SrRu1−x Mnx O3.
The green (medium sized), blue (large sized) and red (small sized)
spheres denote the Sr, Ru and O atoms, respectively. The eight
different sites of Ru atoms are labeled. xyz are the local coordinates.

on the theory side, it is significant to investigate the physical
properties of SrRuO3 doped with Mn.

These rich varieties of physical properties relate to both
the crystal structure and the character of the Ru ion. In
those series of matter, the Ru ions are surrounded by O
ions forming octahedra (see figure 1). The deformations
and relative orientations of these corner-shared octahedra
crucially determine the crystalline field splitting, the band
structure, the magnetic and transport properties. Controlling
the orientation of the octahedra by changing the chemical
composition may systematically tune the physical properties
in these materials. In these compounds, the Ru ion is also
considered to be responsible for the magnetic and transport
properties [15]. The major characteristic of these itinerant
4d-electron-based transition metal oxides is the extended d
orbits of the Ru ion which compares to those of localized
3d ions, which greatly enhances the transition metal oxygen
or p–d hybridization. Recent photoemission studies [16, 17]
revealed that the spectral density of SrRuO3 at the Fermi level
is significantly reduced due to the strong electronic correlation.
Both the strong correlation and the itinerant–localized duality
of the Ru 4d electrons play important roles in the magnetic and
transport properties. The strongly correlated electron systems
are often characterized by competing ground states susceptible
to external perturbations such as magnetic field, pressure or
chemical doping. Tuning the external parameters may lead to
a quantum critical point and stabilize different ground states
with exotic properties. Hence, by using chemical dopants,
the experimental research on RP systems has been reported
widely.

One end member of the SrRu1−xMnx O3 family, SrRuO3,
is by far the most studied compound in the Srn+1RunO3n+1

series due to possible technological applications as an electrode
material in microelectronic circuits [18]. The orthorhombic

perovskite SrRuO3 is an itinerant ferromagnet with TC ∼
165 K and a wide range of measured saturation magnetization
from 0.8 to 1.6 µB/Ru [19–21, 35, 37]. Moreover, this
compound shows an anomalous transport property called the
‘bad metal’ [15, 22]. The electrical resistivity increases
linearly with increasing temperature, and then passes through
the Ioffe–Regel limit without saturation at high temperatures.
The other end member, a cubic perovskite SrMnO3, is
a G-type antiferromagnet with a Néel temperature TN of
∼260 K [23, 36]. These experiments show that the perovskite
SrMnO3 is an insulator.

In this work, we investigate the electronic structure and
magnetic property calculations of SrRu1−xMnx O3 (0 � x �
1) by the generalized gradient approximation (GGA) + U
band structure calculations. The on-site Coulomb energy U
has been taken into account to unravel the correlation effects
of the localized d orbit on the magnetic moments and the
electronic structures. The computational details are described
in section 2. The results and discussions are presented in
section 3. The conclusions are given in section 4.

2. Computational details

In terms of [12], the single crystals of the entire series
of SrRu1−x Mnx O3 are in the x < 0.6 regime. So the
first-principles calculations of SrRu1−x Mnx O3 with x of 0,
0.25, 0.5 and 1 are performed in a plane-wave basis set
using the projector augmented wave (PAW) [24, 25] method
in the generalized gradient approximation (GGA) as it is
implemented in the VASP [26, 27] program. The local spin
density approximation (LSDA) and GGA are known to fail in
their description of the electronic properties of early transition
metal (TM) compounds, as the electron self-interaction error,
always present in these formulations, becomes significant
for electrons in the well-localized TM d levels. Thus we
have employed the DFT + U [28–31] methodology which
can significantly improve predictions of phase stability and
thermodynamic properties as well as magnetic and electronic
structure in oxides. We use here the simple formulation by
Liechtenstein et al [30] and Dudarev et al [31], where a single
parameter Ueff determines an orbital-dependent correction to
the density functional theory (DFT) energy. Ueff is generally
expressed as the difference between two parameters, the
Hubbard U , which is the Coulomb-energetic cost to place two
electrons at the same site, and an approximation of the Stoner
exchange parameter J , which is almost constant at 1 eV.

Since the main aim of this work is to research the structure,
electronic and magnetic properties of SrRu1−xMnxO3, we
have constructed a supercell consisting of 40 atoms (see
figure 1). We considered all possible substituted sites and
magnetic configurations for each compound and evaluated
the total energy for these test structures. Using Hellmann–
Feynman forces on the atoms and stresses in the unit cell,
the optimization of the atomic geometry is performed via a
conjugate gradient minimization of the total energy. During the
simulations, atomic coordinates and axial ratios are allowed to
relax for different volumes of the unit cell. These parameters
are changed iteratively so that the sum of lattice energy and
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Table 1. Calculated structural parameters and total magnetic
moments for SrRu1−x Mnx O3(x = 0, 0.25, 0.5, 1).

Composition (x)

0 0.25 0.5 1

a (Å) 3.996 3.959 3.869 3.851
b (Å) 3.982 3.966 3.941 3.851
c (Å) 3.986 3.948 3.934 3.851

V (Å
3
) 63.43 61.99 59.98 57.11

d〈Ru−O〉 (Å) 1.993 1.980 1.874 —
d〈Mo−O〉 (Å) — 1.975 1.934 1.926
µT (µB/f.u.) 1.95 0.50 0.00 0.00

electronic free energy converges to a minimum value. A
convergence minimum with respect to atomic shifts is assumed
to have been attained when the energy difference between
two successive iterations is less than 10−7 eV/cell and the
forces acting on the atoms are less than 1 meV Å

−1
. The

structure with the lowest total energy is taken as the ground
state structure. For the x = 0.25 lattice, we replaced Ru1
and Ru6 (figure 1) by Mn, while Ru1, Ru2, Ru7 and Ru8
were substituted by Mn for x = 0.5. The influences of
different K -point sampling and cutoff energy were explored
in a series of test calculations, which led to our calculations
being performed with 4 × 4 × 4K -point sampling and with
the basis set for valence electrons consisting of plane waves
with a cutoff energy of 520 eV. To explore the effects of the
on-site Coulomb energy U on the electronic structures and the
magnetic moments, specific values for Ru (U = 1.0 eV and
J = 0.9 eV) and Mn (U = 5.0 eV and J = 0.9 eV) are used
in the GGA + U calculation. We tested the value of U from 0
to 10 eV for Ru and Mn. We found that the magnetic moment
deviated from the experiment when we selected larger values
of U . On the other hand, the SrRu0.5Mn0.5O3 compound is the
metal ground state, which is in contradiction to the experiment,
when we selected smaller values of U .

3. Results and discussion

3.1. Structure relaxation

We show our calculated relaxed structural parameters for
different compositions by using the GGA + U method in
table 1. The unit cell shape, lattice vectors and atomic
coordinates are optimized simultaneously during optimizing.
The single-crystal structure of the compound for x = 1,
i.e. SrMnO3, has a cubic lattice with Pm3̄m group, while
the single-crystal structure of the compound for x = 0,
SrRuO3, is an orthorhombic lattice with Pbnm group. It is
in good agreement with the experimental result of the single-
crystal SrRu1−xMnx O3 [12], but differs from polycrystalline
SrRu1−x Mnx O3. Recently, Kolesnik et al reported that
polycrystalline SrRu1−xMnx O3 for 0.3 � x � 0.7 were a
tetragonal structure [32]. The discrepancy may be explained by
the difference between the single crystal and polycrystalline.
From table 1, we can find that the cell volume decreases over
the entire range of compositions. Synchronously, the mean
bond distance d〈Ru−O〉 decreases from 1.993 Å for x = 0

Figure 2. Calculated unit cell volume V (solid square) as a function
of the composition x compared with the experimental ones (solid
triangle). The experimental data are taken from [12, 23].

to 1.874 Å for x = 0.5. The mean bond distance d〈Mn−O〉
decreases from 1.975 Å for x = 0.25 to 1.926 Å for x =
1. The relaxed bond angle of Ru–O–Ru is 171◦ in the
SrRuO3 compound. The bond angles of Ru–O–Ru Mn–O–Mn
and Ru–O–Mn are almost 180◦ in the other SrRu1−x MnxO3

compounds. The lattice parameters, the cell volume and
the bond distances systematically decrease with increasing x
because the ionic radius of Mn4+ (0.53 Å) is smaller than
that of Ru4+ (0.62 Å). Otherwise, we have found that the
shrinking in the a and c axes is more rapid with increasing
x . This distinct behavior is accompanied by drastic changes in
the electronic and magnetic structure. According to the Vegard
law [33], the volume would be expected to vary linearly with
changing x . So we plot the variation of the unit cell volume V
as a function of composition x in figure 2 (remembering that
the GGA [34] is likely to overestimate the volume by 2%–3%).
The variation of V over the range of compositions (0 � x � 1)

studied here is almost linear with the composition x .

3.2. Electronic structure

The spin-polarized GGA + U calculations give a metallic
ground state at x = 0 and 0.25 and an insulator ground state at
x = 0.5 and 1 in SrRu1−xMnxO3, which are in agreement with
experiments [12]. In figures 3(a)–(d), we show the calculated
total density of states (DOS) of SrRu1−x MnxO3 and partial Ru
4d, Mn 3d and O 2p DOS for different compositions. For our
discussion of the density of states, which is limited to an energy
window of −8 to about 4 eV, we shall be primarily concerned
with the Ru d, Mn d and O p states, since the Sr-derived states
appear higher in energy. SrRuO3, i.e. the composition x = 0
(see figure 3(a)), is known to be a ferromagnetic metal, which
is consistent with our DOS calculation. The O 2p bands span
from ∼7.7 below the Fermi level (EF) to ∼4 eV above the
Fermi level, while the main peaks of spin-up and spin-down
Ru t2g bands are located at ∼0.4 eV below and ∼0.5 eV above
the Fermi level, respectively. Meanwhile, the Ru bands near
EF (from about −0.8 to 1.3 eV) are composed of t2g and eg,
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Figure 3. Total (black line) densities of states and partial densities of
states of Ru 4d (green line), O 2p (red line) and Mn 3d (blue line) in
SrRu1−x Mnx O3 using the GGA + U method. The energy zero is
taken at the Fermi level. The upper halves of each panel display the
spin-up states and the lower halves spin-down states.

in which the spin-up and spin-down bands are mainly made up
by eg and t2g, respectively. The bands from 1.3 eV to higher
energy above the Fermi level are dominated by Ru eg and O 2p
in both spin channels. The spin-down Ru t2g and eg bands pass
the Fermi level from below EF to unoccupied bands, while the
spin-up Ru t2g bands entirely cross the Fermi level, resulting in
a metallic ferromagnetic ground state.

For x = 0.25 (see figure 3(b)), the spin-up and spin-down
conduction bands crossing the Fermi level are dominated by
the admixture of Ru t2g, Mn t2g and oxygen p states. The
generic features of the DOS for x = 0.25 show metal character.
We can find the occupied DOS of Mn is almost in the spin-
down channel. Such a display is in accordance with the Mn
magnetic configuration (see section 3.3). Obviously, several
very sharp peaks which appear in the channel below the Fermi
level (from about −0.7 to −0.1 eV) are made up by the Ru
4d, O 2p and Mn 3d, which is associated to the enhanced
coupling of those ions p–d states. Otherwise, the obvious
peaks between 1.8 and 5.4 eV below the Fermi level are mainly
composed of O p states.

With a further increase of Mn atoms, the DOS of the
compositions change inevitably. For x = 0.5, since the
residual Ru ions are relatively far away from each other, all
the bandwidths are noticeably suppressed (see figure 3(c)) due
to the reduced overlaps among the electron clouds. Hence, a
crystal field energy gap at EF is cut down between the occupied
Ru, Mn t2g and unoccupied Ru, Mn eg bands, giving rise to an
insulator ground state with energy gaps of 0.5 eV. Figure 3(c)

Table 2. The atoms in the parentheses show the sites where Ru
atoms were replaced. The third and fourth columns give the nearest
and the next-nearest number of Mn and/or Ru neighbors. The last
column give the magnetic moment at various inequivalent sites.

x Sites nn nnn

Magnetic
moment
(µB)

0 Ru 6Ru 12Ru 1.462

0.25 Mn1(Ru1) 6Ru 4Mn + 8Ru −2.978
Ru2 4Mn + 2Ru 12Ru 1.330
Ru3 6Ru 8Mn + 4Ru 1.053
Ru4 2Mn + 4Ru 12Ru 1.249
Ru5 4Mn + 2Ru 12Ru 1.330
Mn2(Ru6) 6Ru 4Mn + 8Ru −2.978
Ru7 2Mn + 4Ru 12Ru 1.249
Ru8 6Ru 8Mn + 4Ru 1.053

0.5 Mn1(Ru1) 2Mn + 4Ru 4Mn + 8Ru −3.774
Mn2(Ru2) 2Mn + 4Ru 4Mn + 8Ru 3.774
Ru3 4Mn + 2Ru 8Mn + 4Ru −1.546
Ru4 4Mn + 2Ru 8Mn + 4Ru 1.546
Ru5 4Mn + 2Ru 8Mn + 4Ru 1.546
Ru6 4Mn + 2Ru 8Mn + 4Ru −1.546
Mn3(Ru7) 2Mn + 4Ru 4Mn + 8Ru 3.774
Mn4(Ru8) 2Mn + 4Ru 4Mn + 8Ru −3.774

1 Mn 6Mn 12Mn ±3.032

illustrates that these peaks are all composed of Ru d, Mn d
and O p, which elucidates that the p–d hybridization is more
enhanced. The bands between 1 and 4.6 eV below EF are
mainly made up by the O p state. The peak at ∼3.5 eV above
EF is mainly dominated by Mn eg states. The bandwidth
suppression is clear in the insulator x = 1 case which has
energy gaps of 0.64 eV (see figure 3(d)). The last two figures
both have symmetrical DOS between spin-up and spin-down
bands, hence these compositions are antiferromagnetic states.
In figure 3, with increasing x , a substantial enhancement is
obtained for the p–d coupling of the O 2p and the Mn 3d,
Ru 4d states which are associated with the decrease of Mn–
O and Ru–O bonds. The decrease of bond length has the effect
of enhancing the hybridization matrix element. It causes the
change of physical character.

In figure 3(a), the 4d t2g orbit in SrRuO3 is itinerant due to
self-doping by the O 2p electrons and the system is metallic. In
figures 3(b) and (c), relative itinerant Ru ions are substituted by
localized Mn ions. The metallic character disappears gradually
since the first and second nearest neighbors are more and more
Mn ions (see table 2) and electron hopping between conductive
Ru ions is therefore unavailable in the doping process. Under
the octahedral crystal field, the four 4d electrons of the Ru4+
ion occupy the t2g triplet and leave the higher eg doublet empty,
hence a low spin state with S = 1 (t3

2g↑, t12g↓). The total spin of

Mn4+ is S = 3/2 (t3
2g↑). In the doping process, the substitution

of Ru4+ by Mn4+ eliminates one of the t2g electrons and
hence the itinerant character of the d electrons. The Mn t2g

levels are all occupied with one electron, the only possibility
of hopping would be to temporarily fill one of the eg levels.
This process is energetically unfavorable. As a consequence
of the large crystalline field splitting in the MnO6 octahedra
(see figure 3(d)), the Mn sites interrupt the dynamics of the
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4d t2g electrons, and the metallic character of the compounds
gradually disappears, then the insulator character appears.

3.3. Magnetic properties

The calculated total magnetic moments (µT) for SrRu1−x

Mnx O3 are listed in table 1. The magnetic structure for
x = 0 is found to be the ferromagnetic (FM) state and the
FM state is 0.19 eV lower than the paramagnetic state. The
magnetic structure for x = 0.25 is the ferrimagnetic (FIM)
state where the Mn spins are aligned antiferromagnetically
at the sites that the Mn ions occupied in the Ru ions (see
figure 1). This FIM state is 0.25 eV lower in energy than
the constrained FM solution. The µT shows the remarkable
decrease from 1.95 µB for x = 0 to 0.5 µB for x = 0.25,
which is consistent with the experiment [12]. The magnetism
arises from strongly hybridized itinerant Ru–O bands, leading
to substantial O contributions to the moment. It may affect
the fit of neutron scattering data so our calculated moment
of SrRuO3 is a little higher than the experimental values
of [12], but it is quite consistent with other experiments
[19–21]. The magnetic structure for x = 0.5 and 1 is the
antiferromagnetic (AFM) state where each atom is aligned
antiferromagnetically with the nearest-neighbor Ru/Mn atoms,
which agrees with the [12] findings that SrRu1−xMnx O3 has
an antiferromagnetical magnetic structure in the x � 0.39
regime. For x = 1, SrMnO3, the FM state is 1.01 eV higher
than the AFM state. SrMnO3 is the AFM ground state. So
we tested three types of AFM structures and found the G-
type AFM is 0.61 eV and 0.23 eV lower than the A-type
and C-type AFM structures, respectively. In the ferrimagnetic
regime, as the Mn content increases, we find a rapid decrease
of µT. This is readily understood as Mn atoms are all
surrounded by Ru atoms due to low Mn concentration. The
Mn 3d electrons are local and Mn ions are connected to the
next Ru by 180◦ Mn–O–Ru bonds and, consequently, being
antiferromagnetically coupled. In the Mn-rich regime (x �
0.5) where more Mn ions surround Ru ions, SrRu1−x MnxO3

becomes the antiferromagnetic magnetic structure so the total
magnetic moments µT = 0.

As table 2 shows the magnetic moments of inequivalent
Ru and Mn (labeled in figure 1), the number of Ru and Mn
atoms in various neighboring shells differ from that of the
ordered arrangement. We notice that magnetic moments of
Ru ions surrounded by more Mn ions are bigger than those
surrounded by less Mn in the x = 0.25 regime. The increase
of the absolute magnetic moment of Ru and Mn from x =
0.25 to 0.5 may be explained by the strong antiferromagnetic
(AFM) super-exchange interaction between the nearest sites
of atoms. Our calculations show that the difference between
SrRu1−x Mnx O3 and SrRuO3 is the fact that the crystal field
gap between the t2g and the eg levels plays a key role, for
the crystal field gap is irrelevant. With doping Mn the
coupling of O 2p, Ru 4d and Mn 3d is substantially enhanced.
The enhanced p–d coupling will increase the effective
hopping strength. Thus, the antiferromagnetic coupling
between adjacent atoms is strengthened. Consequently, Mn
doping will reinforce the antiferromagnetic interaction and

SrRu1−xMnx O3 compositions change from the ferromagnetic
state to the antiferromagnetic state with x increasing.

4. Conclusions

In conclusion, we investigate a study of the structural,
electronic and magnetic properties of the single-crystal
SrRu1−xMnx O3 with x of 0, 0.25, 0.5 and 1 using first-
principles density functional theory within the generalized
gradient approximation (GGA) + U schemes. The crystal
structures of the compounds change from an orthorhombic
lattice for x = 0 to a cubic lattice for x = 1. It is interesting
to note that the variation of V over the range of compositions
(0 � x � 1) studied here is linear with composition x .
Our spin-polarized calculations give a metallic ground state
for the x = 0 and 0.25 regimes and an insulator ground
state for the x � 0.5 regimes. The magnetic structure for
x = 0 is found to be the ferromagnetic state. The magnetic
structure for x = 0.25 is the ferrimagnetic state where any
Mn at the Ru crystallographic site is coupled antiparallel to
the Ru moments at the adjacent site. The magnetic structure
for x � 0.5 is the antiferromagnetic state where each atom
is aligned antiferromagnetically with the nearest-neighbor
atoms. With Mn doping, the p–d coupling between O and
the transition metal is substantially enhanced. Synchronously,
the substitution of itinerant Ru ions by localized Mn ions
strongly drives the system from the ferromagnetic metal to the
antiferromagnetic insulator.
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