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Possible half-metallic antiferromagnetism in an iridium double-perovskite material
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Using the first-principles density functional approach, we investigate a material Pr,MgIrO, (PMIO) of double-
perovskite structure synthesized recently. According to the calculations, PMIO is a magnetic Mott-Hubbard
insulator with p >~ 6up per unit cell influenced by the cooperative effect of spin-orbit coupling (SOC)
and Coulomb interactions of Ir-5d and Pr-4f electrons, as well as the crystal field. When Pr is replaced
with Sr gradually, the system exhibits half-metallic (HM) states desirable for spintronics applications. In
[Pr_,Sr,MglrOq],, HM antiferromagnetism (HMAFM) with zero magnetic moment in the unit cell is obtained
for x = 1, whereas for x = 0.5 and 1.5 HM ferrimagnetism (HMFiM) is observed with w >~ 3upg and
Mot = —3up per unit cell respectively. It is emphasized that the large exchange splitting between spin-up
and spin-down bands at the Fermi level makes the half-metallicity possible even with strong SOC.

DOI: 10.1103/PhysRevB.93.134421

I. INTRODUCTION

Half-metals (HMs) are a class of materials which are
metallic in one spin channel while insulating in the opposite
spin channel, due to the asymmetric band structure [1-7].
HMs can generate spin-polarized currents without any external
operation, and thus are very useful for spintronics applications.
They have been identified in several groups of materials [8—16]
and huge magnitudes of magnetoresistance have been reported
[17]. It was noted, however, that spin-polarized current might
be hampered by stray fields which stabilize magnetic domains.
This drawback can be overcome in HM antiferromagnets
(HMAFM), a subclass of HMs characterized further by zero
spin magnetization per unit cell [2,7]. A brand new field
coined antiferromagnetic spintronics is emerging that in-
volves exploration of novel functionalities of antiferromagnets
[18-20].

Ideally HM in a stoichiometric material is a quantum
state specified by integer spin magnetization in units of Bohr
magneton (ug) per unit cell, where all valence bands are fully
filled in the insulating spin channel. In reality, however, accu-
rate integer spin magnetization has hardly been achieved. An
apparent reason is the quality of a crystal. Another, and more
intrinsic, reason may be the existence of spin-orbit coupling
(SOC), which is especially important for heavy elements.

Generally speaking, SOC is taken as an unfavorable effect
for spintronic applications, in which one wishes to keep the
spin moment for information processing and encoding. A naive
question then arises of whether HM can survive in the presence
of sizable SOC. In the presence of other fields, the answer to
this question can be positive. Actually, it is revealed that a
topological HMAFM state can be generated by simultaneous
application of antiferromagnetic exchange field and alternating
electric potential in addition to SOC in a double-perovskite
structure [21]. Generalizing the idea into broader classes of
materials is expected to provide a new facet for developing
functional materials. A newly synthesized double-perovskite
material, ProMgIrOq (PMIO) [22], attracts our attention with
unique properties: Pr atoms and Ir atoms carry opposite
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magnetic moment, and oxygen octahedra exhibit large crystal
distortion, which may induce strong crystal fields and help
split the spin-up and spin-down bands, which are expected to
compete with the strong SOC in Ir and Pr atoms.

It is also worth noticing that iridates themselves have
been attracting significant interest recently, which yield
various unconventional phases in cooperation with the
strongly correlated effects due to Coulomb interaction among
electrons. For instance, SrpIrO4 has been evidenced by
an experiment to be a Je = 1/2 Mott insulator [23-25].
LnyIr,O7 is predicted to transform from a topological band
insulator to a topological Mott insulator [26]. The topological
semimetal state has been predicted in Y,Ir,O7, characterized
by Fermi arcs on surface [27].

We have performed first-principles density-functional-
theory (DFT) calculations on PMIO. It is found that PMIO
is a Mott-Hubbard insulator, where a Pr atom carries approx-
imately 2up magnetic moment, while Ir atoms and oxygen
atoms carrying negative magnetic moments, resulting in (4o =~
6 per unit cell. This material is interesting in the sense that
(i) the topmost valence states close to Fermi level (Ef) are
exclusively up-magnetic-moment bands contributed from d
electrons of Ir, and (ii) the A-site element Pr provides both
charge and magnetic moment as opposed to most perovskite
materials. Therefore, holes doped into the system tend to
exhibit up magnetic moment, which makes this material
a unique platform for material tailored with simultaneous
control on charge and spin. Specifically, we consider the
replacement of Pr by Sr, with Sr being nonmagnetic and
donating one electron less than Pr. We find that the material
[Pro_,Sr,MglrOq4], is HMFIM with g 2~ 3upg and —3up at
x = 0.5 and 1.5 respectively, and HMAFM with ., = 0 at
x = 1. The interplay among Coulomb repulsion, SOC, and the
crystal field plays an important role in this material. To the best
of our knowledge, this is the first prediction of HMAFM with
large SOC.

II. CRYSTAL STRUCTURES AND METHODS

The crystal structure of PMIO is shown in Fig. 1(a), which
falls in the space group P2;/n derived from the double-
perovskite structure. It has monoclinic structural distortion
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FIG. 1. Crystals of double-perovskite structure: (a) parent
material [ProMgIrOq4],; (b) material with half Pr replacement
[PrSrMglrOq],. The red (black) arrows indicate the direction of Pr
(Ir) spins along the ¢ direction, which is the easy axis.

due to the tilting and rotation of IrOg octahedron to maintain
favorable Pr-O distances [22]. In addition, there are three sorts
of oxygen positions with Ir-O bond lengths /x = 2.06 A,
ly =2.02 A, and Iz = 2.01 A, respectively [see Fig. 2(b)],
which reduces the cubic symmetry O, and lifts the degeneracy
of Ir-d orbitals. The longest bond /x weakens the repulsion
between ligand electrons and the Ir-d orbitals along this
direction, and thus the d,. orbital takes a higher energy than
the d,; and d,, orbitals. Similarly, the energy of d,; is slightly
higher than d,, since Iz < [y.

In order to provide a realistic description of the electronic
and magnetic structures, a set of first-principles DFT cal-
culations were performed using the full-potential linearized
augmented plane wave plus local orbital method implemented
in the WIEN2K code [28]. The size of muffin tin Ryr is
244, 2.2, 191, 2.07, and 1.7 Bohr radius for Pr, Sr, Mg,
Ir, and O respectively. A set of 2000 k-points were used
in the full Brillouin zone. The standard generalized-gradient

(a)

0.4

(b)

eup

.

% i’}bﬁc o1

%&

-0.4

04 02-px —
, 03

<
/1

Ix=2.06A a=090.42°
Iy=2.02A B=88.93°
Iz=2.01A

04

04

Density of States (states/eV)

2N [

DFT
(c) 05 WANNIER

=~

04

7
&
7l

all

Energy (eV)
<

[

)

.
N\
-
Y

0 2 4 15
Energy (eV) R

4

-
>
S

FIG. 2. (a) Partial density of states for three inequivalent oxygen-
2p states and Ir-5d states in spin-up (1) and spin-down ({,) channels,
(b) adistorted IrOg octahedron, and (c) band structure with red (green)
curves for results based on the DFT (Wannier) [36] method for the
parent material [Pr,MgIrOq],.
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approximation (GGA) exchange-correlation potential within
the PBE scheme [29] was used with Coulomb interaction U
[30]. The results shown here are for Up, =5 eV and U;, =
1.25 eV [31], and we have confirmed that the results remain
unchanged in a reasonable ranges Up, < 8 eV and Uj;, <
2 eV. Spin-orbit coupling is considered via a second variational
step using the scalar-relativistic eigenfunctions as basis [32].
Starting from the lattice parameters given by experiments [22],
we relax the lattice and reach the stable structure using the VASP
package [33] with the force convergence set at 0.01 eV/A.
The on-site Coulomb interactions are treated by Dudarev’s
method [34]. We use an 8 x 8 x 8 k-point mesh within the
Monkhorst-Pack scheme [35] with energy cutoff 400 eV.
We confirm that the results remain unchanged for a cutoff
energy 600 eV.

III. PARENT MATERIAL [Pr,MglrOg],

The same as most A-site elements in perovskite materials,
in PMIO Pr provides charge to the system and nominally takes
the charge state +3 with 4 f2 configuration lying deeply in the
valence band. Unlike other cases, however, Pr is in a high-spin
state due to strong Hund’s coupling. The transition element Ir
nominally takes the charge state of +-4 with 54° configuration,
where five of the six #,, orbits are occupied and lie at the
top of the valence band, forming a low-spin state due to large
crystal field from the oxygen octahedron. According to first-
principles calculations, there is an energy gap of ~ 0.2 eV at
Er (see Fig. 2) indicating clearly that PMIO is a Mott-Hubbard
insulator. There is no experimental report on the energy gap
of PMIO; however, its isovalent compound La,MglrO4 has
been identified to have a similar crystal structure with AFM
ground state and a Mott-insulating state (experimental band
gap is 0.16 eV, which was well reproduced by first-principles
calculations using U;, = 1.25eV [31]. Based on the above
value of U, PMIO is predicted to be an insulator.

As revealed by the partial density of states (PDOS) in
spin-up and spin-down channels [37] and the band structures
obtained from first-principles calculations as well as Wannier
downfolding analyses (Fig. 2), the t,, orbits splits into
dy; > d; > dy, in the order of energy, and a large exchange
energy ~1.2 eV pushes those in the spin-down channel down
away from Efg. This is caused by distortions of octahedron
in the present material, where there are three sorts of oxygen
positions with different Ir-O bond lengths Iz < ly < Ix (see
the appendix for a discussion on hopping integrals among
I, orbitals obtained by Wannier downfolding scheme in
[Pr,MglrOgl,). The contributions from Pr-4 f states (domi-
nated by fs,2_y2 and f;2_.,2) are negligible and has the
least effect near Ff.

The magnetic property of PMIO is of particular interest.
At the ground state obtained from first-principles calculations,
Pr couples antiferromagnetically with Ir. The calculated total
magnetic moment ({) is 6.02up per unit cell (see Table 1),
which is slightly larger than the experimental value of p; =
5.16pp [22]. In an ionic picture, each Pr ion carries moment
+2up while Ir ion carries —1ug, giving rise to fye =4 X
(+2up) + 2 x (—1pup) = 6up in a unit cell, consistent with
the first-principles calculations.
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TABLE I. The magnetic moments including spin and orbital
contributions per atom of Pr and Ir, per set of three in-equivalent
oxygen atoms, and per unit cell respectively for [Pr,_,Sr,MgIrOq],
from first-principles calculations. The unit of moments is the Bohr
magneton ug. The contributions from individual atoms are within
muffin tins while the total magnetic moment includes those from
interstitial regime.

X Pr Ir (0] Mot

0 1.98 —0.55 —0.22 6.02
0.5 1.97 —0.76 —0.32 3.07
1 1.96 —0.98 —0.43 0.08
1.5 1.96 —1.17 —0.58 —2.97

IV. DOPED MATERIALS [Pr,_,Sr,MgIrOg],

The above properties of PMIO make it a promising
candidate for exploring possible HM states. To be specific,
we consider the A-site modification by replacing Pr with Sr,
a nonmagnetic element usually of +2 charge state, which
corresponds to hole doping into the parent material. Presuming
that the overall magnetic configuration will not be changed
upon replacement, a hole will go to the spin-up channel and
reduce the total magnetic moment by pu = 3up, with 2ug
taken away by the replaced Pr atom and 1up due to Ef shift.
In this way, one can modify the material with fine control on
both spin and charge.

We perform first-principles calculations to check the above
idea. Let us focus on the most interesting case of replacement
rate x = 1, where two Pr atoms are replaced by two Sr atoms,
and thus two holes are doped into the system per unit cell.
From the view of rigid band model, doping hole shifts Ef
downward to the valence region such that it crosses the topmost
occupied states. As revealed by first-principles calculations,
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FIG. 3. Total density of states obtained by GGA + U + SOC
scheme for spin-up (1) and spin-down (J) channels: (a) par-
ent material [Pr,MgIrOq],, (b) material with half Pr replacement
[PrSrMglrOq],.
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the two holes from Sr go to the spin-up Ir-d,, states that lie just
below Ef in the parent material, and push them up above EF.
The spin-down channel remains insulating since no change
occurs in the valence states. With spin-up channel metallic
and spin-down channel insulating, the system turns to a HM
as clearly seen in Fig. 3(b). Figure 4 shows the partial DOS
contribution from Pr-4 f, Ir-5d, and oxygen-2p states. It is
noted that the occupied Pr-4 f states lie deep in the valence
region for spin-up channel, whereas for spin-down channel
they appear far from Ef in the conduction region. This gives
rise to large exchange energy splitting (~ 6 eV) in Pr. It is clear
that in spin-up channel the Ir-,, orbits originally in the valence
band are now pushed up to cross Er and form a continuous
band there. Oxygen p orbits also appear around Er due to the
hybridization with Ir d electrons.

As summarized in Table I, two replaced Pr atoms take away
W =~ 4up, and the shift of E associated doped two holes in the
spin-up channel contributes a reduction of p >~ 2up further,
which reduces the total magnetic moment to zero. These
features can also be seen from the spin-density isosurface
plot in Fig. 5. With the zero total magnetic moment and HM
property, we conclude that the material PrSrMgIrO4 should
be a HMAFM. To the best of our knowledge, this is the first
proposal for HMAFM with large SOC taken into account.
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FIG. 4. Partial density of states for Pr-4 f states, three inequiva-
lent oxygen-2p states and Ir-5d states in spin-up (1) and spin-down
({) channels for material with half Pr replacement [PrSrMglrOq],
(Sr2-PMIO).
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FIG. 5. Isosurface of spin magnetization density at £0.21 e /A3
with red (blue) for spin up (down): (a) parent material [Pr,MgIrOq],
and (b) material with half Pr replacement [PrSrMgIrOq],.

HM states are also obtained for the replacement rates x =
0.5 and x = 1.5 in [Pr,_, Sr,MgIrOg¢], (see Fig. 6) where one
and/or three Pr atoms are replaced by Sr atoms per unit cell. For
x = 0.5, one hole from Sr goes to the spin-up Ir-d,; band that
was lying in the topmost valence region below Ef in the parent
material. As a result, the Ir-d,, band shifts to the conduction
region and forms a continuous band with the Ir-d bands in the
valence region. This gives rise to a metallic state for the spin-up
channel, while valence states in the spin-down channel remain
far from Eg. Similar results have been achieved for x = 1.5,
except that three holes from Sr are transferred to spin-up Ir-5d
states. The two materials are HMFiM with . = +3ug and
Uit = —3up per unit cell respectively.

V. DISCUSSIONS

In PMIO, SOC is crucially important due to the presence of
heavy elements such as Pr and Ir. The orbital moments obtained
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FIG. 6. Total density of states obtained for (a) x = 0.5 (Srl-
PMIO) and (b) x = 1.5 (Sr3-PMIO) in [Pr,_, Sr,MglrO¢], in spin-up
(1) and spin-down () channels.
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from first-principles calculations for Pr (—0.4up) come from
Ssxz2—xr2 and fi 2.\ while those of Ir (—0.2up) come from
the t,, states. These moments are in accordance with the
Hund’s third rule, where Pr with less than half-filled f shell
has its orbital moment antiparallel to its spin moment, whereas
Ir with more than half-filled #,, shell has its orbital moment
parallel to its spin moment [38]. Hence the total magnetic mo-
ment decreases for Pr while it increases for Ir respectively. For
the case of [PrSrMglIrOc]s, the orbital moment of Ir becomes
weaker due to charge transfer effect. Hence zero effective
moment is achieved even when SOC is considered. The mag-
netic moments, which are the summation of spin and orbital
moments from individual atoms, are summarized in Table 1.

Charge-transfer effects [39] are prominent between Ir and
oxygen, especially in O2 and O3 due to their shorter bond
lengths with Ir, which takes place between O2 and Ir via py,
py and d,;, d,, states, and between O3 and Ir via p, and
dy, dy; states. In order to accommodate charge transfers from
Ir atoms carrying spin-up polarization (spin-down channel is
fully occupied), the spin-up channel of oxygen p orbitals
is left partially occupied with the spin-down channel fully
occupied. This yields excess spin-down electrons at oxygen,
which results in a FM coupling between Ir and O as shown in
Table I [see also Fig. 5(a)].

Doping holes enhance the spin moment further at Ir and
oxygen [see Fig. 5(b)]. Similar features were reported for Sr-
doped LaCoOj [40]. First-principles calculations on magnetic
anisotropy energy indicates that the c axis of the crystal as the
easy axis (see Fig. 1) with anisotropy energy of ~ 27 meV per
unit cell for the parent material.

It is well known that SOC mixes spin-up and spin-down
bands, and thus spin-polarization at Er may be affected. It
is not the case for the present materials, where the exchange
splitting between the spin-up and spin-down DOS at EF is large
(see Fig. 3) and the mixing does not happen despite the strong
SOC (~ 0.35 eV) [41]. This is the first theoretical prediction
of HMAFM based on first-principles calculations involving
strong SOC.

In order to check the robustness of half-metallicity in the
present materials, we consider the disorder effects. There are
two main types of disorders, known as antisite disorder [42],
where the positions of Mg and Ir atoms at B and B’ sites are
interchanged, and cation disorder where Sr atoms replace Pr
atoms at different A-site positions. We have confirmed that
the HMAFM remains stable in the disordered configurations.
Shown in Fig. 7 are two examples of antisite disorder (b) and

,;Q ;é/? (b) ) o & Q@ (©)

¢@o +

5Q¢Oo CP

e
&

FIG. 7. Configuration of ground state (a), lowest-excitation state
in antisite disorder (b), and cation disorder (c) for the material
[PrSrMglrOq],. Oxygen atoms are not shown for clear view.
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cation disorder (c) for the replacement rate x = 1, which are
the lowest excited states to the ground state with excitation
energy of 400 and 70 meV respectively.

In the present work, HMAFM and HMFiM have been
derived from the same parent material. Thus, using them in
an integrated system, one can construct a useful device for
spintronics applications without suffering from the problem of
lattice mismatching.

VI. CONCLUSIONS

Based on the first-principles density functional approach,
we propose material tailoring a Mott-Hubbard insulator
Pr,MglIrOg4 with double-perovskite structure, exploiting the
cooperative effect from Coulomb interaction, spin-orbit cou-
pling, and the crystal field. It is demonstrated that by doping
holes into the system by replacing Pr with Sr, one can achieve
several half-metals. Especially, PrStMglrO¢ is found to be
a half-metallic antiferromagnet, namely half-metal with zero
magnetic moment per unit cell, which is ideal for spintronics.
It is emphasized that the large exchange splitting between
spin-up and spin-down bands at the Fermi level retains the half-
metallicity even in the presence of strong spin-orbit coupling.
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APPENDIX: DOWNFOLDING BY WANNIER FUNCTIONS

In order to get an intuitive real-space picture on how Ir-f,,
electrons close to Fermi level hop, we employ WANNIER90
[36] to project the bands obtained from DFT calculations
to the localized Wannier functions, i.e., the Ir-d,,, d,, and
dy. orbitals. Since there are two Ir atoms in a unit cell, the
total number of Wannier functions is twelve for the two spin
channels. The results listed in Tables II and III are obtained
by taking two unit cells as the cutoff distance in all directions.
The substantial imaginary parts of the onsite interorbital
coupling in Table II come from the spin-orbit coupling.
As displayed in Table II, large energy differences between
spin-up and spin-down electrons prevent spin-down electrons
from being pulled up to Fermi level by the spin-orbit coupling.
We confirm that the DFT results can be reproduced in terms
of the hopping integrals up to the nearest-neighbor unit cells
among the Wannier orbitals [see Fig. 2(c) in the main text].

TABLE II. Transfer hopping integrals in units of meV among t,, orbitals of Ir atoms at the equivalent position in unit cells. For example,
the hopping integrals with (1,0,0) denote the rates of Ir-d electrons hopping to the Ir atom at the equivalent position in the nearest unit cell
along x axis. (0,0,0) refers to the onsite energies and interorbital couplings. The row order of 6 x 6 transfer matrix is identical to that of the
column. We only show the upper triangular part of self-adjoint transfer matrix.

Direction dyy, dy, 1 dyy, 1 dygy | dy;, | dyy, |
0,0,0 6600 —209 + 160i 73 —11i —5+9i 31+ 58i —160 + 61i
6726 —83 — 8li —27 — 83i -3+ 12i 62 + 127i
6435 152 — 58i —48 — 130i 0
6085 141 — 135i 54 + 6i
6031 43 +75i
6190
1,0,0 =7 -8 -19 0 0 0
33 —10 0 0 0
—64 0 0 0
-1 0 —20
36 -8
—68
0,1,0 —18 4 37 0 0 0
37 —28 0 0 0
—81 0 0 0
—17 4 39
44 —33
—76
0,0,1 -10 2 -2 0 0 0
6 3 0 0 0
4 0 0 0
—-10 2 -2
5 2
3
1,1,0 -8 0 6 0 0 0
4 6 0 0 0
0 0 0 0
—11 0 7
3 5
1
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TABLE III. Transfer hopping integrals in units of meV among
t, orbitals of Ir atoms at the two inequivalent positions in unit cells.
(0,0,0) refers to the hopping integrals among the two inequivalent
Ir atoms in the same unit cell. d!® represents the d, orbital of Ir
located in the middle (corner) of the @ — b plane in Fig. 1(a), where
a = Xy,XZ,yZ.

Direction 0,00 d!., 1t d).,t d},*

xy?

di, |\ di, |l d, |

dz, 1 -35 —55 28 0 0 0
df,z, 4 —46 —-17 17 0 0 0
dfy, 0 -31 -29 26 0 0 0
dz, | 0 0 0 -37 —56 24
d}z,z, N —58 —18 24
dfy, N 0 0 0 -32 -29 27
Direction 1,0,0

dz, 1 0 0 2 0 0

dyzz, b 0 -2 0 0 0

dfy, 0 2 0 3 0 0

dz, | 0 0 0 0 0 -2
dyzz, s 0 0 0 0 -2 0
da,, | 0 0 0 2 2

PHYSICAL REVIEW B 93, 134421 (2016)

TABLE III. (Continued.)

Direction 0,00 d}, 1 dj, 1t d,t d_. | d.| d.. |
Direction 0,1,0

dx2 b -3 -1 0 0
d}z,z, b 0 0 -3 0
dfy, 0 0 1 -3 0
dfz, N 0 0 -3 -1 0
d_fz, N 0 0 1 —4
d(fy, 3 0 0 -1 -2
Direction 0,0,1

dfz, 4 12 -52 20 0 0 0
d}z,z, 4 —48 —41 -7

d)fy, 0 5 —14 12

dvfz, 4 0 0 0 13 —46 23
d)z,z, J 0 —51 —47 —10
d’, | 0 0 0 0 —10 12

xy?
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