
PHYSICAL REVIEW B 95, 195106 (2017)

Half-metallic ferromagnetism in Sr3Ru2O7
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The bilayered member of the Ruddesden-Popper family of ruthenates, Sr3Ru2O7, has received increasing
attention due to its interesting properties and phases. By using first principle calculations we find that the
ground state is characterized by a ferromagnetic (FM) half-metallic state. This state strongly competes with an
antiferromagnetic metallic phase, which indicates the possible presence of a particular state characterized by the
existence of different magnetic domains. To drive the system towards a phase transition we studied the electronic
and magnetic properties as a function of RuO6 octahedra rotations and found that the magnetic phase does not
couple with the rotation angle. Our results provide accurate electronic, structure, and magnetic ground-state
properties of Sr3Ru2O7 and stimulate the investigation of other types of octahedra rotations and distortions in the
search of phase transitions.
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I. INTRODUCTION

The Ruddesden-Popper (RP) Srn+1RunO3n+1 family of
layered perovskites (where n refers to the number of RuO6

octahedra layers in the system [1]) have received an increasing
amount of attention in the past two decades due to a number
of interesting phases and properties. For instance, the bilayer
member Sr3Ru2O7 (n = 2) shows metamagnetic transitions
[2], quantum critical phenomena [3], and electronic nematic
phases [4]. In addition, the physical properties of the system
can be manipulated via external parameters (temperature,
pressure, magnetic field, etc.) [5–7] or by defects and alloy-
ing [8–13] to produce metal-to-insulator or magnetic phase
transitions. To determine and control these properties requires
an understanding of the ground-state structure and the role of
RuO6 octahedra rotations in the system.

Neutron powder diffraction measurements on Sr3Ru2O7

have determined the existence of two symmetry related
different space groups, Pban [14] (no. 50) and Bbcb [15,16]
(no. 68). The Bbcb space group is a subgroup of Pban.
While Bbcb has shown to yield a better fit with the scattering
data, the Pban structure allows for a larger number of AFM
configurations. The Sr3Ru2O7 structure is formed by two
layers of RuO6 octahedra connected by sharing an apical
oxygen and interleaved by two SrO layers (see Fig. 1). The
octahedra layers in the bilayer are both rotated about the c

axis with one octahedron rotated clockwise while the other is
rotated counterclockwise.

Experimental measurements at room temperature show
that each RuO6 octahedron is rotated by 7.18◦ [14]. As the
temperature is lowered to 9 K the rotation angle increases
by 15% to 8.05◦ along with a small 1% reduction in the
in-plane lattice parameters and a corresponding 1% increase
in the c parameter leading to a small reduction in volume [14].
This result indicates that octahedral rotations are sensitive to
temperature and possibly to other thermodynamic parameters
(i.e., pressure, composition, etc.). However, there are no
observed structural or magnetic phase transitions within this
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temperature range and, unlike the surface Sr3Ru2O7 structure,
no octahedral tilts have been observed [17].

At low temperature, Sr3Ru2O7 is a paramagnetic (PM)
metal with Fermi liquid state behavior that is close to a FM
instability [18,19]. In fact, it has been shown that a modest
application of uniaxial pressure of about 0.1 GPa along the
c axis drives the system into a FM state [5]. Moreover, by
applying an external magnetic field in the range of 5 to 8 T
parallel to the ab plane gives rise to a rapid increase in the
magnetization of the system (metamagnetism) [6]. In contrast,
when Sr3Ru2O7 is under hydrostatic pressure, the PM phase
is stabilized [20,21]. Furthermore, magnetic susceptibility
measurements indicate a short-range AFM-type correlation at
temperature below � 20 K [14,22,23]. These results suggest
the possibility of having two competing magnetic interactions
(AFM and FM) at low temperature which, as we will show
later, is in agreement with our calculations.

It is noteworthy to point out that the single and bilayer
members (n = 1 and n = 2) of the ruthenate RP family are
PM metals but larger layered members (n > 2) are FM metals
with localized magnetic moments ranging from 0.2 μB [24] to
1.6 μB. [25] Similarly, the conductivity at low temperatures
is mainly confined in the ab plane for the n = 1 and n = 2
members (PM systems) with a resistivity ratio (ρz/ρxy) of about
1000 [26] and around 300 [27], respectively, which denote the
quasi-two-dimensional character in these early members of the
family. In a comparison, Sr4Ru3O10 (n = 3) has a resistivity
ratio of 31 [28], while SrRuO3 (n = ∞) has an almost isotropic
conductivity with a value of about 1.1 [29]. These results
indicate that paramagnetism occurs when the resistance along
the c axis increases, where the n = 2 member is on the verge
of a magnetic transition. This is important since presumably
the application of certain external parameters could drive this
system towards electronic and magnetic phase transitions.
Understanding and controlling these transitions could have
a significant impact on technological applications (e.g., tran-
sistors and memories with higher energy efficiencies).

The magnetic and structural properties of other RP mem-
bers such as SrRuO3 [30–33] or Sr2RuO4 [34–37] have
been extensively studied theoretically. However, previous
computational investigations on Sr3Ru2O7 are scarce and
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FIG. 1. Side and top views of the orthorhombic Pban structure
of Sr3Ru2O7. The RuO6 octahedra are rotated alternately clockwise
and counterclockwise about the c axis. The structure does not exhibit
any other axis rotation. Dashed lines delimit the Sr3Ru2O7 bilayer.
J1, J2, and J3 are the magnetic couplings studied in this work. O1
refers to the in-plane oxygens, while O2 and O3 are the two different
apical oxygens in the system. α is the RuO6 rotation angle. The ex-
perimental cell parameters displayed in the figure have been extracted
from Ref. [14].

only considered the nonmagnetic (NM) or FM phases for
understanding the electronic and magnetic ground-state prop-
erties [38–41]. Therefore, a more exhaustive study requires
the investigation of a larger number of magnetic phases. In
the present work we study the NM, the FM, and various
AFM phases in Sr3Ru2O7 to understand the energetics and
the mechanisms that give rise to the observed properties
of this system. This allows us to reveal a FM half-metallic
ground-state structure. We also investigate the effects of RuO6

octahedra rotations on the electronic and magnetic properties
and find no magnetic phase transition independent of the
rotation performed. These results lay the foundation for future
studies on the effects of doping or pressure on the properties of
bulk and surface structures, where additional rotational degrees
of freedom (i.e., tilts) are allowed and may have a significant
impact on the properties of the material.

II. COMPUTATIONAL DETAILS

All calculations were performed with the replicated-data
version of the CRYSTAL14 computational package [42,43].
CRYSTAL14 employs atom-centered Gaussian type orbital

FM AFM-I AFM-A AFM-C AFM-G

FIG. 2. Schematic of the magnetic orderings considered in our
calculations. Dashed lines separate adjacent bilayers. Only Ru atoms
are displayed.

(GTO) basis sets to build Bloch functions, which are used
to expand the one-electron crystalline orbitals. Atom centered
bases that use GTOs can provide a significant improvement in
computational cost when using hybrid functionals due to the
natural cutoff with distance inherent in GTOs, as compared to
plane waves, which are global bases.

The GTO basis sets for each atom comprising the Sr3Ru2O7

system were taken from Ref. [44]. For Ru and Sr, the small-
core Hay Wadt pseudopotentials [45] were adopted for the de-
scription of the inner-shell electrons (1s22s22p63s23p63d10).
The valence functions for Ru were based on the modified
LANL2DZ basis [46] 4s24p64d75s1, while the 4s24p65s2

was used for Sr. Finally, for O atoms we used the 8-411d

all-electron basis set constructed by Corà [47].
For our calculations we employed an 8 × 8 × 8 Monkhorst-

Pack mesh [48] that corresponds to 125 k points in the
irreducible Brillouin zone. The thresholds controlling the
accuracy in the evaluation of Coulomb and exchange integrals
were set to 10−7 (ITOL1, ITOL2, ITOL3, and ITOL4, using
notations from Ref. [43]) and 10−14 (ITOL5), while the SCF
energy threshold was set to 10−6 a.u. Geometry optimizations
have been performed with the same 0.0003 Hartree/Bohr con-
vergence criterion on gradient components and 0.0012 Bohr
nuclear displacements. By using these parameters we obtain
converged total energies within 1–2 meV per unit cell.

Hybrid functionals can provide a better description of the
electronic exchange in materials where strong magnetic phase
competition plays an important role on the electronic and
magnetic structure and energetics. Therefore, besides some
standard DFT functionals such as LDA (VWN [49]), PBE
[50], and PBEsol [51], we investigate the use of some hybrid
functionals based on PBE and PBESol. For convenience
the PBESol hybrid functionals will be written as PBES-
5, PBES-10, PBES-15, and PBES-20, where the number
indicates the percentage of HFX mixing used in the hybrid
functional.

III. RESULTS AND DISCUSSION

A. Electronic and magnetic properties

At low temperature Sr3Ru2O7 exhibits a PM metallic
character. However, the theoretical approach used in this
work is not capable of directly treating a PM state. This is
due to the fact that electronic spins in magnetic calculations
using CRYSTAL14 must be constrained to a defined orientation.
Therefore, we study the FM, the NM, and four different AFM
states (Fig. 2). The AFM states include AFM-I (ferromagnetic
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TABLE I. Cell parameters (Å), rotation (deg), total energy differences: �EAFM−I = EAFM−I − EFM , �EAFM−A = EAFM−A − EFM , and

�ENM = EAFM−NM − EFM (meV), magnetic moment (μB), and volume (Å
3
) obtained via LDA, PBE, PBESol (PBES), PBE-10, and PBESol-

HFX (PBES-HFX) hybrid functionals in comparison to experimental data (Expt.) extracted from Ref. [14]. Ru-O1 are the in-plane Ru-O
distances, while Ru-O2 and Ru-O3 are the correspondent to the out of plane (see Fig. 1).

a b c Rotation Ru-O1 Ru-O2 Ru-O3 Magn. �EAFM−I �EAFM−A �ENM Vol.

LDA 5.399 5.399 20.732 10.84 1.943 2.034 2.043 0.77 125 34.3 230 604.3
PBE 5.575 5.576 20.913 10.45 2.005 2.048 2.057 1.41 13.0 267 995 650.1
PBE10 5.543 5.552 20.816 9.87 1.999,1.983 2.033 2.046 1.41 5.6 420 3490 640.6
PBES 5.503 5.503 20.656 10.23 1.977 2.024 2.035 1.32 15.2 192 586 625.5
PBES-5 5.498 5.499 20.613 9.98 1.975,1.973 2.016 2.029 1.385 16.6 345 1797 623.2
PBES-10 5.494 5.486 20.594 9.71 1.964,1.975 2.010 2.025 1.39 2.1 402 3000 620.8
PBES-15 5.485 5.477 20.573 9.54 1.955,1.975 2.006 2.022 1.394 6.6 462 4320 618.1
PBES-20 5.475 5.464 20.566 9.39 1.947,1.975 2.005 2.019 1.41 4.1 5630 615.3
Expt. 5.477 5.477 20.796 8.05 1.956 2.026 2.038 623.8

bilayers coupled antiferromagnetically), AFM-A (ferromag-
netic coupling in-plane coupled antiferromagnetically out-of-
plane for each bilayer), AFM-C (antiferromagnetic coupling
in-plane and ferromagnetic out-of-plane for each bilayer), and
AFM-G (antiferromagnetic coupling in-plane and out-of-plane
for each bilayer). This approach allows us to estimate the
energetic stability and total energy difference of various
magnetic phases to understand the electronic and magnetic
structure of the system.

In Table I we display the calculated structural parameters,
magnetic moments, and total energy differences between FM,
NM, and various AFM states using different DFT functionals.
The energy differences are all relative to the FM state and
all results were obtained after full geometry relaxation. Total
energy differences that involve AFM-C and AFM-G phases
(�EAFM−C and �EAFM−G) have not been included in the
table due to their much higher energies compared to the other
AFM phases. All tested functionals yield a FM solution as
the ground state with a magnetic moment of � 1.4 μB except
for LDA which predicts a significantly smaller moment of
� 0.77 μB per Ru atom (in agreement with Ref. [38]) and a
smaller volume indicating overbinding, which is a common
LDA problem in solids.

Interestingly, we find that the FM state is nearly degenerate
with the AFM-I phase (�EAFM−I � 2–16 meV). Both phases
practically have the same structural parameters with relative
differences less than 0.2%. To ensure that the small energy
difference is reliable, we performed additional simulations
using a 16 × 16 × 16 k-space grid along with increasing
tolerances to 10−7 a.u. on the full geometry relaxation and
observed minor changes of the order of 1 meV. This result
highlights the fact that at low temperature there is a strong
competition between AFM-I and FM phases indicating the
possibility of having a mixed state characterized by different
magnetic domains.

All functionals used in this study provide accurate structural
parameters as compared with experiment. With PBESol,
these parameters are slightly closer to experiment than those
obtained with PBE, improving the average relative error from
εrel. = 5.5% to 4.0%. We also note that a small amount of
HFX added to the PBESol further reduces the cell parameters,
volume, and rotations bringing the results into better alignment

with experiment with a εrel. = 2.7% (PBES-10). Curiously,
the density of states (DOS) obtained with these functionals is
different. PBESol produces a metal, while PBE (and PBES-10)
predicts a half-metal (Fig. 2). We find the same results when
performing full geometry relaxations via PBE and PBESol
using the Vienna ab initio simulation package (VASP [52]).
This is a consequence of the different exchange enhancement
factors (Fx) fitted in both functionals. Fx is used to scale
the gradient dependence of the exchange energy of the local
density approximation. In PBESol the Fx was fitted to improve
the lattice constants of solids over PBE, but degrades the
atomization energies of molecules and violates the asymptotic
expansion of the exchange energy of neutral atoms [51].
PBESol has a weaker Fx value than PBE and, therefore, has an
exchange energy approximation closer to LDA’s. As a result
PBESol produces electronic structure properties that are in
between PBE and LDA as it can be seen in Fig. 3 for the
DOS. When a nonlocal Hartree-Fock exchange (HFX) term is
introduced to the PBESol functional the half-metallic character
is recovered.

In general, both PBE or PBES-HFX provide similar
performance in the structural, electronic, and magnetic prop-
erties. However, since our calculations will be focused on
doped Sr3Ru2O7 systems (e.g., Mn, etc.) and the study
of phase transitions, hybrid functional calculations may be
required. Moreover, preliminary calculations on the surface
Sr3Ru2O7 structure [53] show that, unlike PBE, PBES-10
captures the RuO6 octahedra tilts at the surface in agreement
with experiment measurements [17]. Therefore, in order
to make it possible to compare with our future investiga-
tions we will employ PBES-10 for the remainder of the
paper.

Let us now study the electronic structure of Sr3Ru2O7. In
Fig. 4 we show the projected density of states (PDOS) for the
NM, FM, and AFM phases obtained with PBES-10. The NM
PDOS result is in perfect agreement with previous theoretical
works [38–40]. However, according to our calculations, the
FM state is the ground-state structure by a total energy
difference of 3 eV. This state features a half-metallic character
with a spin α band gap of about 1.5 eV. The half-metallic
character observed in this system is consistent with other
investigations on different perovskite systems [54–56]. Finally,
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FIG. 3. Total density of states obtained via PBE, PBESol, LDA,
PBE-10, and PBES-10 functionals. While PBE, PBE-10, and PBES-
10 produce a half-metal, LDA and PBESol yield a metal.
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FIG. 4. Projected density of states of the fully relaxed NM, AFM,
and FM orthorhombic phases using PBES-10 functional.

the metallic state of the AFM-I configuration is derived from
the mixture of electronic states that come from neighboring
bilayers (i.e., each bilayer has a half-metallic character with
alternating spins). Singh et al. proposed this AFM state (our
AFM-I) as the ground-state structure for Sr3Ru2O7 based
on the NM and FM simulations and experiment measure-
ments [38]. However, our hybrid DFT functional calculations
predict an FM ground-state solution that is 2 meV (that
corresponds to � 22 K) lower in energy than the AFM-I state
(Table I).

Hitherto, we have found that Sr3Ru2O7 is characterized
by a half-metallic state with a strong competition between
FM and AFM-I phases. Therefore, a better understanding
of the strength of the magnetic interactions occurring in the
system is essential to control phase transitions. To determine
the coupling strength between different neighboring Ru atoms
we extract some magnetic coupling parameters from the FM
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and AFM energies [57]. These parameters can be obtained by
means of the Ising Hamiltonian [58]. This Hamiltonian, that
emerges as a simplification of the Heisenberg Hamiltonian
[59], only commutes with the z component of the total spin
operator and is expressed as

ĤIsing = −
∑

ij

Jij Ŝzi Ŝzj , (1)

where
∑

ij denotes a sum over all equivalent pairs of
first, second, etc. neighbor sites and Jij is the exchange
coupling constant between Ŝzi and Ŝzj localized spin moments.
According to Eq. (1) a positive value of Jij corresponds
to a FM interaction, while a negative sign indicates an
AFM interaction.

Here, we consider three relevant magnetic couplings: J1,
J2, and J3. J1 is the coupling between Ru nearest neighbors,
which are localized in the same plane, J2 is the coupling
between next nearest neighbors, localized out of plane in the
bilayer, and J3 is the coupling corresponding to the nearest
Ru atoms localized in different bilayers (see Fig. 1). The
magnetic coupling parameters are calculated by mapping the
energy differences of different spin arrangements to the Ising
Hamiltonian [Eq. (1)]. The 48 atom Sr3Ru2O7 (Pban) unit
cell, where each Ru atom has two unpaired electrons per Ru
center (Sz = 1), leads to the following equations:

J1 = − 1

40
[EFM − EAFM−C], (2)

J2 = −1

8
[EAFM−I − EAFM−A], (3)

J3 = − 1

20
[EFM − EAFM−I ]. (4)

Solving these equations using the calculated energies we ob-
tain J1 = +30.1 meV, J2 = +51.1 meV, and J3 = +0.19 meV
(per pair of Ru atoms). These values indicate (1) all three mag-
netic couplings are ferromagnetic, (2) the coupling between
bilayers is weak and suggests the possible coexistence of FM
and AFM-I phases, and (3) the FM out-of-plane coupling (J2)
is the strongest magnetic interaction. This can be understood
as a consequence of the stronger polarization between Ru dxz

and dyz orbitals with the O pz through the 180◦ Ru-O-Ru along
the c axis in comparison to the Ru dxy and O px , py orbitals
forming 160◦ in plane.

Based on the Goodenough-Kanamori rules, the Ru4+-Ru4+

coupling should be AFM [60,61]. However, Sr3Ru2O7 has
itinerant carriers and magnetic moments and, therefore, a
non-negligible double-exchange (DE) FM interaction. This
interaction is mediated via Hund’s rule coupling between
itinerant electrons and localized moments [62]. Based on
these results the FM coupling is dominant, which favors the
DE interaction over superexchange which mainly applies to
localized states. Reducing the DE interaction by, for example,
partial substitution of Ru by Ti—atomic center acting as a
nonmagnetic impurity with similar ionic radius—favors the
localization of itinerant electrons modifying the structure of
the system and giving rise to an AFM state [8]. Therefore,
octahedra rotations and distortions could also trigger a phase
transition.
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FIG. 5. Evolution of the total energy difference between the FM
(and AFM-I) phase and the ground-state structure as a function of the
RuO6 octahedron rotations only in the top layer of the bilayer (partial
rotation case).

B. Role of RuO6 rotations

In this section we investigate the potential of obtaining an
energetically favorable AFM structure by breaking the t2g and
eg symmetries via octahedron rotations. We consider two types
of rotations: where we systematically vary the rotation angle of
one of the RuO6 octahedron layers in the bilayer while keeping
the other fixed (partial rotation), and where both octahedron
layers in the bilayer are rotated in the opposite direction and
by the same amount (simultaneous rotation). In this study we
performed atomic and volume relaxations fixing the RuO6

octahedron angles.
Figure 5 shows the total energy difference between the FM

and AFM-I magnetic phases with respect to the ground-state
structure. The energy difference between these two phases is
very small for each rotation angle, where the FM state is always
the lowest in energy. The total energy difference between the
ground state structure and this state is about 90 meV (22.5 meV
per formula unit). The DOS observed for each rotation angle
does not show significant changes from the results displayed
in Fig. 4. Therefore, no electronic or magnetic phase transition
is triggered via this rotation pattern.

Let us now consider the simultaneous rotation case. In
Table II we provide total energy differences between the FM
and AFM-I states, relaxed cell parameters, and magnetization
per Ru atom as a function of the RuO6 octahedra rotation
angles. We note that cell parameters highly depend on the
rotation performed. Therefore, as we reduce the octahedra
rotation in the system, the c parameter decreases and a and b

increase. We do not find a magnetic phase transition despite of
the wide range of RuO6 rotations explored. However, it is worth
mentioning that the smallests energy differences between FM
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TABLE II. Structural parameters (Å), total energy difference (meV), magnetism (μB), and volume (Å
3
) as a function of the RuO6 octhedron

rotation angles obtained via PBES-10 (simultaneous rotation case).

Rotation �EAFM−I a b c Vol. Magn.

0.0 2 5.564 5.563 20.104 622.3 1.36
2.1 5 5.561 5.562 20.109 622.0 1.36
4.5 6 5.537 5.545 20.258 622.0 1.37
7.1 10 5.526 5.536 20.337 622.1 1.37
9.7 2 5.494 5.486 20.594 620.7 1.39
11.7 5 5.466 5.459 20.764 619.6 1.40
12.3 11 5.451 5.448 20.840 618.9 1.40
13.1 9 5.431 5.433 20.942 617.9 1.41
14.1 11 5.409 5.417 21.055 616.9 1.42

and AFM-I states are comparable in the accuracy threshold
of � 1–2 meV. Therefore, different magnetic domains may
coexist under any RuO6 octahedra rotation performed in the
system.

Figure 6(a) shows the DOS as a function of octahedra
rotation angles. As we decrease the RuO6 rotations the spin-

up contributions spread out towards lower energies thereby
closing the band gap for the nonrotated structure. Figures 6(b)
and 6(c) show the PDOS onto O atoms and Ru 4d orbitals
for ground state and nonrotated structures, respectively. The
nonrotated structure, unlike the ground state, has nearly regular
octahedra with all Ru-O distances between 1.96 and 1.99 Å
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and, therefore, the crystal field splitting has almost degenerated
t2g orbitals with eg (x2-y2) levels slightly occupied at higher
energies [see Fig. 6(c)]. However, RuO6 rotations introduce
distortions in the octahedra producing larger splittings between
eg and t2g levels that remove the eg electronic occupation
[see Fig. 6(b)].

Based on these results, no magnetic phase transition is
triggered when RuO6 octahedra rotations increase/decrease
with respect to the ground-state structure. We only observe
small changes in the electronic properties represented by dif-
ferent metallic characters. Rotations about other axis (i.e., tilts)
or a combination of distortions and rotations may be needed
to drive the system towards a phase transition. One possible
approach would be the application of uniaxial pressure along
the c axis, thus increasing (reducing) the out-of-plane (in-
plane) polarization between Ru and O atoms which would
favor the eg orbital population over the t2g . However, more
studies are needed to understand how distortions couple with
the electronic and magnetic properties in Sr3Ru2O7 as our
recent work on octahedra tilts [53].

IV. CONCLUSION

We found that the ground-state structure of Sr3Ru2O7

is characterized by a half-metallic character and a strong

competition between FM and AFM magnetic phases. To
examine the possibility of obtaining a magnetic or electronic
phase transition we also investigated the role of the RuO6

octahedra rotations as a function of the rotation angle.
While the magnetic state does not depend on the octahedra
rotations, the electronic properties change. We predict a half-
metal–to–metal transition when the structure has no rotations
due to the much higher crystal symmetry. These results indicate
that rotations about the c axis have small impact on the
physical properties of Sr3Ru2O7. However, other types of
octahedra rotations (e.g., tilts) or/and distortions could lead the
stoichiometric compound towards an AFM insulating phase.
Our results motivate further studies on the coupling between
octahedra distortions and properties in the Sr3Ru2O7.

ACKNOWLEDGMENTS

The computational work conducted by P.R. and W.A.S. is
supported by the US Department of Energy under EPSCoR
Grant No. DE-SC0012432 with additional support from the
Louisiana Board of Regents and by an allocation of computing
time provided by the Center for Computation and Technology
located at the Louisiana State University. V.M. acknowledges
support by New York State under NYSTAR Program No.
C080117.

[1] B. V. Beznosikov and K. S. Aleksandrov, Crystallogr. Rep. 45,
792 (2000).

[2] R. S. Perry, L. M. Galvin, S. A. Grigera, L. Capogna, A. J.
Schofield, A. P. Mackenzie, M. Chiao, S. R. Julian, S. I. Ikeda,
S. Nakatsuji, Y. Maeno, and C. Pfleiderer, Phys. Rev. Lett. 86,
2661 (2001).

[3] S. A. Grigera, R. S. Perry, A. J. Schofield, M. Chiao, S. R. Julian,
G. G. Lonzarich, S. I. Ikeda, Y. Maeno, A. J. Millis, and A. P.
Mackenzie, Science 294, 329 (2001).

[4] R. A. Borzi, S. A. Grigera, J. Farrell, R. S. Perry, S. J. S. Lister,
S. L. Lee, D. A. Tennant, Y. Maeno, and A. P. Mackenzie,
Science 315, 214 (2007).

[5] S.-I. Ikeda, N. Shirakawa, T. Yanagisawa, Y. Yoshida, S.
Koikegami, S. Koike, M. Kosaka, and Y. Uwatoko, J. Phys.
Soc. Jpn. 73, 1322 (2004).

[6] S. A. Grigera, R. A. Borzi, A. P. Mackenzie, S. R. Julian, R. S.
Perry, and Y. Maeno, Phys. Rev. B 67, 214427 (2003).

[7] M. B. Stone, M. D. Lumsden, R. Jin, B. C. Sales, D.
Mandrus, S. E. Nagler, and Y. Qiu, Phys. Rev. B 73, 174426
(2006).

[8] P. Steffens, J. Farrell, S. Price, A. P. Mackenzie, Y. Sidis,
K. Schmalzl, and M. Braden, Phys. Rev. B 79, 054422
(2009).

[9] J. Hooper, M. H. Fang, M. Zhou, D. Fobes, N. Dang, Z. Q. Mao,
C. M. Feng, Z. A. Xu, M. H. Yu, C. J. O’Connor, G. J. Xu, N.
Andersen, and M. Salamon, Phys. Rev. B 75, 060403 (2007).

[10] G. Li, Q. Li, M. Pan, B. Hu, C. Chen, J. Teng, Z. Diao, J. Zhang,
R. Jin, and E. W. Plummer, Scientific Reports 3, 2882 (2013).

[11] B. Hu, G. T. McCandless, V. O. Garlea, S. Stadler, Y. Xiong,
J. Y. Chan, E. W. Plummer, and R. Jin, Phys. Rev. B 84, 174411
(2011).

[12] R. Mathieu, A. Asamitsu, Y. Kaneko, J. P. He, X. Z. Yu, R.
Kumai, Y. Onose, N. Takeshita, T. Arima, H. Takagi, and Y.
Tokura, Phys. Rev. B 72, 092404 (2005).

[13] J. Peng, Z. Qu, B. Qian, D. Fobes, T. Liu, X. Wu, H. M.
Pham, L. Spinu, and Z. Q. Mao, Phys. Rev. B 82, 024417
(2010).

[14] Q. Huang, J. W. Lynn, R. W. Erwin, J. Jarupatrakorn, and R. J.
Cava, Phys. Rev. B 58, 8515 (1998).

[15] H. Shaked, J. D. Jorgensen, O. Chmaissem, S. Ikeda, and Y.
Maeno, J. Solid State Chem. 154, 361 (2000).

[16] R. Kiyanagi, K. Tsuda, N. Aso, H. Kimura, Y. Noda, Y.
Yoshida, S.-I. Ikeda, and Y. Uwatoko, J. Phys. Soc. Jpn. 73, 639
(2004).

[17] C. Chen, J. Kim, V. B. Nascimento, Z. Diao, J. Teng, B. Hu, G.
Li, F. Liu, J. Zhang, R. Jin, and E. W. Plummer, Phys. Rev. B
94, 085420 (2016).

[18] S.-I. Ikeda and Y. Maeno, Phys. B 259–261, 947 (1999).
[19] R. S. Perry, L. M. Galvin, A. P. Mackenzie, D. M. Forsythe,

S. R. Julian, S. I. Ikeda, and Y. Maeno, Phys. B 284–288, 1469
(2000).

[20] W. Wu, A. McCollam, S. A. Grigera, R. S. Perry, A. P.
Mackenzie, and S. R. Julian, Phys. Rev. B 83, 045106
(2011).

[21] S.-I. Ikeda, N. Shirakawa, S. Koiwai, A. Uchida, M. Kosaka,
and Y. Uwatoko, Phys. C 364–365, 376 (2001).

[22] R. J. Cava, H. W. Zandbergen, J. J. Krajewski, W. F. Peck, Jr.,
B. Batlogg, S. Carter, R. M. Fleming, O. Zhou, and L. W. Rupp,
Jr., J. Solid State Chem. 116, 141 (1995).

[23] C. Lester, S. Ramos, R. S. Perry, T. P. Croft, R. I. Bewley, T.
Guidi, P. Manuel, D. D. Khalyavin, E. M. Forgan, and S. M.
Hayden, Nat. Mater. 14, 373 (2015).

195106-7

https://doi.org/10.1134/1.1312923
https://doi.org/10.1134/1.1312923
https://doi.org/10.1134/1.1312923
https://doi.org/10.1134/1.1312923
https://doi.org/10.1103/PhysRevLett.86.2661
https://doi.org/10.1103/PhysRevLett.86.2661
https://doi.org/10.1103/PhysRevLett.86.2661
https://doi.org/10.1103/PhysRevLett.86.2661
https://doi.org/10.1126/science.1063539
https://doi.org/10.1126/science.1063539
https://doi.org/10.1126/science.1063539
https://doi.org/10.1126/science.1063539
https://doi.org/10.1126/science.1134796
https://doi.org/10.1126/science.1134796
https://doi.org/10.1126/science.1134796
https://doi.org/10.1126/science.1134796
https://doi.org/10.1143/JPSJ.73.1322
https://doi.org/10.1143/JPSJ.73.1322
https://doi.org/10.1143/JPSJ.73.1322
https://doi.org/10.1143/JPSJ.73.1322
https://doi.org/10.1103/PhysRevB.67.214427
https://doi.org/10.1103/PhysRevB.67.214427
https://doi.org/10.1103/PhysRevB.67.214427
https://doi.org/10.1103/PhysRevB.67.214427
https://doi.org/10.1103/PhysRevB.73.174426
https://doi.org/10.1103/PhysRevB.73.174426
https://doi.org/10.1103/PhysRevB.73.174426
https://doi.org/10.1103/PhysRevB.73.174426
https://doi.org/10.1103/PhysRevB.79.054422
https://doi.org/10.1103/PhysRevB.79.054422
https://doi.org/10.1103/PhysRevB.79.054422
https://doi.org/10.1103/PhysRevB.79.054422
https://doi.org/10.1103/PhysRevB.75.060403
https://doi.org/10.1103/PhysRevB.75.060403
https://doi.org/10.1103/PhysRevB.75.060403
https://doi.org/10.1103/PhysRevB.75.060403
https://doi.org/10.1038/srep02882
https://doi.org/10.1038/srep02882
https://doi.org/10.1038/srep02882
https://doi.org/10.1038/srep02882
https://doi.org/10.1103/PhysRevB.84.174411
https://doi.org/10.1103/PhysRevB.84.174411
https://doi.org/10.1103/PhysRevB.84.174411
https://doi.org/10.1103/PhysRevB.84.174411
https://doi.org/10.1103/PhysRevB.72.092404
https://doi.org/10.1103/PhysRevB.72.092404
https://doi.org/10.1103/PhysRevB.72.092404
https://doi.org/10.1103/PhysRevB.72.092404
https://doi.org/10.1103/PhysRevB.82.024417
https://doi.org/10.1103/PhysRevB.82.024417
https://doi.org/10.1103/PhysRevB.82.024417
https://doi.org/10.1103/PhysRevB.82.024417
https://doi.org/10.1103/PhysRevB.58.8515
https://doi.org/10.1103/PhysRevB.58.8515
https://doi.org/10.1103/PhysRevB.58.8515
https://doi.org/10.1103/PhysRevB.58.8515
https://doi.org/10.1006/jssc.2000.8796
https://doi.org/10.1006/jssc.2000.8796
https://doi.org/10.1006/jssc.2000.8796
https://doi.org/10.1006/jssc.2000.8796
https://doi.org/10.1143/JPSJ.73.639
https://doi.org/10.1143/JPSJ.73.639
https://doi.org/10.1143/JPSJ.73.639
https://doi.org/10.1143/JPSJ.73.639
https://doi.org/10.1103/PhysRevB.94.085420
https://doi.org/10.1103/PhysRevB.94.085420
https://doi.org/10.1103/PhysRevB.94.085420
https://doi.org/10.1103/PhysRevB.94.085420
https://doi.org/10.1016/S0921-4526(98)01012-6
https://doi.org/10.1016/S0921-4526(98)01012-6
https://doi.org/10.1016/S0921-4526(98)01012-6
https://doi.org/10.1016/S0921-4526(98)01012-6
https://doi.org/10.1016/S0921-4526(99)02712-X
https://doi.org/10.1016/S0921-4526(99)02712-X
https://doi.org/10.1016/S0921-4526(99)02712-X
https://doi.org/10.1016/S0921-4526(99)02712-X
https://doi.org/10.1103/PhysRevB.83.045106
https://doi.org/10.1103/PhysRevB.83.045106
https://doi.org/10.1103/PhysRevB.83.045106
https://doi.org/10.1103/PhysRevB.83.045106
https://doi.org/10.1016/S0921-4534(01)00800-0
https://doi.org/10.1016/S0921-4534(01)00800-0
https://doi.org/10.1016/S0921-4534(01)00800-0
https://doi.org/10.1016/S0921-4534(01)00800-0
https://doi.org/10.1006/jssc.1995.1195
https://doi.org/10.1006/jssc.1995.1195
https://doi.org/10.1006/jssc.1995.1195
https://doi.org/10.1006/jssc.1995.1195
https://doi.org/10.1038/nmat4181
https://doi.org/10.1038/nmat4181
https://doi.org/10.1038/nmat4181
https://doi.org/10.1038/nmat4181


PABLO RIVERO, VINCENT MEUNIER, AND WILLIAM SHELTON PHYSICAL REVIEW B 95, 195106 (2017)

[24] M. K. Crawford, R. L. Harlow, W. Marshall, Z. Li, G. Cao, R. L.
Lindstrom, Q. Huang, and J. W. Lynn, Phys. Rev. B 65, 214412
(2002).

[25] A. Kanbayasi, J. Phys. Soc. Jpn. 41, 1876 (1976).
[26] N. E. Hussey, A. P. Mackenzie, J. R. Cooper, Y. Maeno, S.

Nishizaki, and T. Fujita, Phys. Rev. B 57, 5505 (1998).
[27] S.-I. Ikeda, Y. Maeno, S. Nakatsuji, M. Kosaka, and Y. Uwatoko,

Phys. Rev. B 62, R6089(R) (2000).
[28] S. Chikara, V. Durairaj, W. H. Song, Y. P. Sun, X. N. Lin, A.

Douglass, G. Cao, P. Schlottmann, and S. Parkin, Phys. Rev. B
73, 224420 (2006).

[29] G. Cao, S. McCall, M. Shepard, J. E. Crow, and R. P. Guertin,
Phys. Rev. B 56, 321 (1997).

[30] A. T. Zayak, X. Huang, J. B. Neaton, and K. M. Rabe, Phys.
Rev. B 74, 094104 (2006).

[31] A. T. Zayak, X. Huang, J. B. Neaton, and K. M. Rabe, Phys.
Rev. B 77, 214410 (2008).

[32] J. M. Rondinelli, N. M. Caffrey, S. Sanvito, and N. A. Spaldin,
Phys. Rev. B 78, 155107 (2008).

[33] N. Miao, N. C. Bristowe, B. Xu, M. J. Verstraete, and P. Ghosez,
J. Phys.: Condens. Matter 26, 035401 (2014).

[34] T. Oguchi, Phys. Rev. B 51, 1385 (1995).
[35] A. Liebsch, Phys. Rev. Lett. 87, 239701 (2001).
[36] Z. Q. Mao, Y. Mori, and Y. Maeno, Phys. Rev. B 60, 610

(1999).
[37] Z. V. Pchelkina, I. A. Nekrasov, T. Pruschke, A. Sekiyama, S.

Suga, V. I. Anisimov, and D. Vollhardt, Phys. Rev. B 75, 035122
(2007).

[38] D. J. Singh and I. I. Mazin, Phys. Rev. B 63, 165101 (2001).
[39] C. Piefke and F. Lechermann, Phys. Status Solidi B 248, 2269

(2011).
[40] M. Behrmann, C. Piefke, and F. Lechermann, Phys. Rev. B 86,

045130 (2012).
[41] C. Autieri, M. Cuoco, and C. Noce, Phys. Rev. B 89, 075102

(2014).

[42] R. Dovesi, R. Orlando, A. Erba, C. M. Zicovich-Wilson, B.
Civalleri, S. Casassa, L. Maschio, M. Ferrabone, M. D. L. Pierre,
P. D’Arco, Y. Noel, M. Causa, M. Rerat, and B. Kirtman, Int. J.
Quantum Chem. 114, 1287 (2014).

[43] R. Dovesi, V. R. Saunders, C. Roetti, R. Orlando, C. M.
Zicovich-Wilson, F. Pascale, B. Civalleri, K. Doll, N. M.
Harrison, I. J. Bush, P. D’Arco, M. Llunell, M. Causà , and Y.
Nol, CRYSTAL14 User’s Manual (University of Torino, Torino,
2014).

[44] http://www.crystal.unito.it/basis-sets.php.
[45] P. J. Hay and W. R. Wadt, J. Chem. Phys. 82, 299 (1985).
[46] M. Couty and M. B. Hall, J. Comput. Chem. 17, 1359 (1996).
[47] F. Cora, Mol. Phys 103, 2483 (2005).
[48] H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
[49] S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200

(1980).
[50] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,

3865 (1996).
[51] Z. Wu and R. E. Cohen, Phys. Rev. B 73, 235116 (2006).
[52] G. Kresse and J. Hafner, Phys. Rev. B 47, 558(R) (1993).
[53] P. Rivero, C. Chen, R. Jin, V. Meunier, W. Plummer, and W.

Shelton (unpublished).
[54] P. Rivero, V. Meunier, and W. Shelton, Phys. Rev. B 93, 024111

(2016).
[55] P. Rivero, V. Meunier, and W. Shelton, Phys. Rev. B 93, 094409

(2016).
[56] B. Bouadjemi, S. Bentata, A. Abbad, W. Benstaali, and B.

Bouhafs, Solid State Commun. 168, 6 (2013).
[57] P. Rivero, I. de P. Moreira, and F. Illas, J. Phys.: Conf. Ser. 117,

012025 (2008).
[58] E. Ising, Z. Phys. 31, 253 (1925).
[59] W. Heisenberg, Z. Phys. 49, 619 (1928).
[60] J. B. Goodenough, Phys. Rev. 100, 564 (1955).
[61] J. Kanamori, J. Phys. Chem. Solids 10, 87 (1959).
[62] C. Zener, Phys. Rev. 82, 403 (1951).

195106-8

https://doi.org/10.1103/PhysRevB.65.214412
https://doi.org/10.1103/PhysRevB.65.214412
https://doi.org/10.1103/PhysRevB.65.214412
https://doi.org/10.1103/PhysRevB.65.214412
https://doi.org/10.1143/JPSJ.41.1876
https://doi.org/10.1143/JPSJ.41.1876
https://doi.org/10.1143/JPSJ.41.1876
https://doi.org/10.1143/JPSJ.41.1876
https://doi.org/10.1103/PhysRevB.57.5505
https://doi.org/10.1103/PhysRevB.57.5505
https://doi.org/10.1103/PhysRevB.57.5505
https://doi.org/10.1103/PhysRevB.57.5505
https://doi.org/10.1103/PhysRevB.62.R6089
https://doi.org/10.1103/PhysRevB.62.R6089
https://doi.org/10.1103/PhysRevB.62.R6089
https://doi.org/10.1103/PhysRevB.62.R6089
https://doi.org/10.1103/PhysRevB.73.224420
https://doi.org/10.1103/PhysRevB.73.224420
https://doi.org/10.1103/PhysRevB.73.224420
https://doi.org/10.1103/PhysRevB.73.224420
https://doi.org/10.1103/PhysRevB.56.321
https://doi.org/10.1103/PhysRevB.56.321
https://doi.org/10.1103/PhysRevB.56.321
https://doi.org/10.1103/PhysRevB.56.321
https://doi.org/10.1103/PhysRevB.74.094104
https://doi.org/10.1103/PhysRevB.74.094104
https://doi.org/10.1103/PhysRevB.74.094104
https://doi.org/10.1103/PhysRevB.74.094104
https://doi.org/10.1103/PhysRevB.77.214410
https://doi.org/10.1103/PhysRevB.77.214410
https://doi.org/10.1103/PhysRevB.77.214410
https://doi.org/10.1103/PhysRevB.77.214410
https://doi.org/10.1103/PhysRevB.78.155107
https://doi.org/10.1103/PhysRevB.78.155107
https://doi.org/10.1103/PhysRevB.78.155107
https://doi.org/10.1103/PhysRevB.78.155107
https://doi.org/10.1088/0953-8984/26/3/035401
https://doi.org/10.1088/0953-8984/26/3/035401
https://doi.org/10.1088/0953-8984/26/3/035401
https://doi.org/10.1088/0953-8984/26/3/035401
https://doi.org/10.1103/PhysRevB.51.1385
https://doi.org/10.1103/PhysRevB.51.1385
https://doi.org/10.1103/PhysRevB.51.1385
https://doi.org/10.1103/PhysRevB.51.1385
https://doi.org/10.1103/PhysRevLett.87.239701
https://doi.org/10.1103/PhysRevLett.87.239701
https://doi.org/10.1103/PhysRevLett.87.239701
https://doi.org/10.1103/PhysRevLett.87.239701
https://doi.org/10.1103/PhysRevB.60.610
https://doi.org/10.1103/PhysRevB.60.610
https://doi.org/10.1103/PhysRevB.60.610
https://doi.org/10.1103/PhysRevB.60.610
https://doi.org/10.1103/PhysRevB.75.035122
https://doi.org/10.1103/PhysRevB.75.035122
https://doi.org/10.1103/PhysRevB.75.035122
https://doi.org/10.1103/PhysRevB.75.035122
https://doi.org/10.1103/PhysRevB.63.165101
https://doi.org/10.1103/PhysRevB.63.165101
https://doi.org/10.1103/PhysRevB.63.165101
https://doi.org/10.1103/PhysRevB.63.165101
https://doi.org/10.1002/pssb.201147052
https://doi.org/10.1002/pssb.201147052
https://doi.org/10.1002/pssb.201147052
https://doi.org/10.1002/pssb.201147052
https://doi.org/10.1103/PhysRevB.86.045130
https://doi.org/10.1103/PhysRevB.86.045130
https://doi.org/10.1103/PhysRevB.86.045130
https://doi.org/10.1103/PhysRevB.86.045130
https://doi.org/10.1103/PhysRevB.89.075102
https://doi.org/10.1103/PhysRevB.89.075102
https://doi.org/10.1103/PhysRevB.89.075102
https://doi.org/10.1103/PhysRevB.89.075102
https://doi.org/10.1002/qua.24658
https://doi.org/10.1002/qua.24658
https://doi.org/10.1002/qua.24658
https://doi.org/10.1002/qua.24658
http://www.crystal.unito.it/basis-sets.php
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448975
https://doi.org/10.1002/(SICI)1096-987X(199608)17:11<1359::AID-JCC9>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1096-987X(199608)17:11<1359::AID-JCC9>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1096-987X(199608)17:11<1359::AID-JCC9>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1096-987X(199608)17:11<1359::AID-JCC9>3.0.CO;2-L
https://doi.org/10.1080/00268970500179651
https://doi.org/10.1080/00268970500179651
https://doi.org/10.1080/00268970500179651
https://doi.org/10.1080/00268970500179651
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.73.235116
https://doi.org/10.1103/PhysRevB.73.235116
https://doi.org/10.1103/PhysRevB.73.235116
https://doi.org/10.1103/PhysRevB.73.235116
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.93.024111
https://doi.org/10.1103/PhysRevB.93.024111
https://doi.org/10.1103/PhysRevB.93.024111
https://doi.org/10.1103/PhysRevB.93.024111
https://doi.org/10.1103/PhysRevB.93.094409
https://doi.org/10.1103/PhysRevB.93.094409
https://doi.org/10.1103/PhysRevB.93.094409
https://doi.org/10.1103/PhysRevB.93.094409
https://doi.org/10.1016/j.ssc.2013.06.008
https://doi.org/10.1016/j.ssc.2013.06.008
https://doi.org/10.1016/j.ssc.2013.06.008
https://doi.org/10.1016/j.ssc.2013.06.008
https://doi.org/10.1088/1742-6596/117/1/012025
https://doi.org/10.1088/1742-6596/117/1/012025
https://doi.org/10.1088/1742-6596/117/1/012025
https://doi.org/10.1088/1742-6596/117/1/012025
https://doi.org/10.1007/BF02980577
https://doi.org/10.1007/BF02980577
https://doi.org/10.1007/BF02980577
https://doi.org/10.1007/BF02980577
https://doi.org/10.1007/BF01328601
https://doi.org/10.1007/BF01328601
https://doi.org/10.1007/BF01328601
https://doi.org/10.1007/BF01328601
https://doi.org/10.1103/PhysRev.100.564
https://doi.org/10.1103/PhysRev.100.564
https://doi.org/10.1103/PhysRev.100.564
https://doi.org/10.1103/PhysRev.100.564
https://doi.org/10.1016/0022-3697(59)90061-7
https://doi.org/10.1016/0022-3697(59)90061-7
https://doi.org/10.1016/0022-3697(59)90061-7
https://doi.org/10.1016/0022-3697(59)90061-7
https://doi.org/10.1103/PhysRev.82.403
https://doi.org/10.1103/PhysRev.82.403
https://doi.org/10.1103/PhysRev.82.403
https://doi.org/10.1103/PhysRev.82.403



