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Electronic structure and magnetic properties of hole-carrier-doped La,MnNiOg4:La,_ Sr,MnNiOgq
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We have investigated hole-carrier-doping effects in a ferromagnetic insulator La,MnNiOg. Employing the ab
initio band-structure method, we have examined the changes in the electronic structures and the valence states
of Sr-doped La,_,Sr,MnNiO¢ with varying Sr doping ratio. On Sr doping, we have found a transition from a
ferromagnetic insulating phase to a half-metallic phase. The half-metallic nature in La,_,Sr,MnNiOg is found
to be robust with respect to the on-site Coulomb correlation of transition metal 3d electrons and the antisite
disorder at B sites. We have corroborated that the substantially weak x-ray magnetic circular dichroism signal
observed for La,_,Sr,MnNiQOg, as compared to the undoped system, is caused by antisite disorder at B sites in

a Sr-doped system.
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I. INTRODUCTION

Double perovskite La,MnNiOg is known to be a ferro-
magnetic (FM) insulator having the highest Curie tempera-
ture T-~280 K among FM insulators.!> The FM ordering
of Ni and Mn spins in this material is considered to be a
typical example of the Goodenough-Kanamori-Anderson
(GKA) rules for the superexchange interaction.>* Recent the-
oretical and experimental attraction has been drawn to this
material both in bulk and film form because of being a pos-
sible candidate of spintronic materials.>>> In double perov-
skite A,B'B"Og, B-site transition metal (TM) elements (Mn
and Ni for La,MnNiQg) are influenced by the octahedral
crystal field from neighboring oxygen ions. After long
controversy,20-3! the valence states of Mn and Ni have been
found to be tetravalent (Mn**) and divalent (Ni**) with or-
bital occupation of t%g and tggei, respectively.6-7:16.17.24

There have been many investigations on effects of A-site
doping in double perovskite A,B’'B"Og4. For example, when
La or K is doped to Sr,FeMoOg or Ba,FeMoOg, both of
which are colossal magnetoresistance materials with high 7,
the composition of Fe valence states, Fe** and Fe?*, is
changed and T increases for La doping but decreases for K
doping.3>® It will be thus interesting to explore the effects
of A-site doping in a FM insulator La,MnNiOg having the
highest T¢. In fact, there was a report on A-site doping to this
system,3® in which a polar behavior in Lu-doped La,MnNiOq
has been examined. In this case, Lu doping gives A-site size
disorder keeping the oxidation states fixed.

Recently, there was a report on  Sr-doped
La,_,Sr,MnNiOg,?! which corresponds to the effective hole-
carrier doping to La,MnNiOg. When La** ions are switched
by the Sr** ions, the valence states of Mn and Ni will be
changed to keep the charge neutrality, which is distinct from
the case of Lu doping. According to x-ray absorption spec-
troscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) experiment on Sr-doped La, .Sr,MnNiOg,2! the
measured Mn 2p XAS spectra for x=0 and x=0.2 are close
to each other, but the XMCD signal for x=0.2 is substan-
tially lower than for x=0. Possible antisite disorder of Mn/Ni
ions at B sites was invoked as a main cause of such low
XMCD signal for x=0.2. This speculation, however, remains
to be verified.
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In this paper, to explore the effects of A-site Sr doping and
B-site antisite disorder in Sr-doped La,MnNiOg, we have
studied  electronic and  magnetic  properties  of
La,_ Sr,MnNiO¢, employing the ab initio band-structure
method. We have investigated effects on the superexchange
interaction between TM elements>2>3° and on the crystal
structure. Interestingly, we have found that Sr doping induces
the half-metallic feature in La,_, Sr,MnNiOg, which is robust
with respect to the antisite disorder at B sites.

II. METHODOLOGY

We have employed the full-potential linearized aug-
mented plane-wave band method?’ implemented in WIEN2K
package.®® For the exchange-correlation energy functional,
we used the generalized gradient approximation (GGA).*
We have also investigated the effects of on-site Coulomb
correlation U between TM 3d electrons in the GGA+U
scheme. 4041

Monoclinic P2;/n structure of La,MnNiOg4 is employed
for the band-structure calculation.® Some of La ions in a
supercell are replaced with Sr ions to describe the Sr doping.
For La,_.Sr MnNiOg4, we have considered a 40-atom super-
cell for x=0.25 and 20-atom supercells for x
=0.5, 1.0, 1.5. For each doped system, the valence wave
functions inside the muffin-tin spheres are expanded with
spherical harmonics up to /,,,=10. The wave function in the
interstitial region is expanded with plane waves up to K,
=7.0/Ry;7, where Ry is the smallest muffin-tin sphere ra-
dius. R,;; were set as 2.5 a.u., 2.5 a.u., 1.6 a.u., 1.9 a.u., and
2.0 a.u. for La, Sr, O, Mn, and Ni, respectively. The charge
density was expanded with plane waves up to G
=12 (a.u.)”!. We have used 1000 k points inside the first
Brillouin zone. Especially for La;;55r),sMnNiOg, the
atomic relaxation has been performed based on the experi-
mental structure of undoped system with the restriction of
Hellman-Feynman force of each atom is of order 1 mRy/a.u.
Hence the smaller Ry;=1.9 au. is used for Ni of
La; 75513 ,sMnNiOg not to have overlapping spheres on the
course of the relaxation. When exploring the effects of anti-
site disorder at B sites in La,_ Sr,MnNiOg, we have adopted
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FIG. 1. Total and site-projected partial DOSs for La,MnNiOg.
(a)—(d): DOS in the GGA and (e)—(h): DOS in the GGA+U with
U=0.40 Ry (5.4 eV) for both Mn and Ni.

the virtual atom method in describing the A sites to save the
computational time.

III. RESULTS AND DISCUSSIONS
A. Half-metallic electronic structure

Let us first discuss the electronic structure of undoped
La,MnNiQg. Figure 1 provides the density of states (DOS)
of La,MnNiOg both in the GGA and the GGA+ U band cal-
culations. The GGA results were taken from our previous
paper.'® The electronic structures in the GGA are consistent
with those in literature.”'* XAS study?' indicated that the
Coulomb correlation interactions of Mn 3d and Ni 3d elec-
trons in La,MnNiQOg4 are very large. So we have also inves-
tigated electronic structures of La,MnNiOg in the GGA+U
scheme. In the GGA+U, U value of 0.40 Ry (5.4 eV) is
selected. It is evident that the U effect strengthens the insu-
lating nature of La,MnNiQg. Site-projected partial DOSs
both in the GGA and the GGA+ U suggest that the valence
states of Ni and Mn are divalent (Ni>*:d®) and tetravalent
(Mn?*:d%), respectively. Namely, the occupied electronic
conﬁgurations for Ni and Mn are (tgthzg lffét) and (égT)’ re-
spectively, where T and | stand for the majority and minority
spin states. The magnetic moments of Ni** and Mn** are,
respectively, 1.47ug and 2.80up in the GGA scheme whereas
1.67up and 3.18up in the GGA+ U scheme. The increase in
the magnetic moment of each TM ion is expected in the
GGA+U, since the electrons become more localized.

When Sr is doped at A site, it is worthwhile to check how
the doping affects the crystal structure. Note that undoped
La,MnNiOg has highly distorted monoclinic structure. For
this purpose, we have performed the atomic-relaxation cal-
culation for a supercell of La, 7551 ,sMnNiOg (x=0.25) hav-
ing the same monoclinic structure as La,MnNiOg. We have
found that highly distorted nature of the mother material
does not change much on doping. At around the Sr sites, the
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FIG. 2. Total and site-projected partial DOSs for

La; 75519 2,sMnNiOg (x=0.25). (a)-(d): DOS in the GGA and (e)—
(f): DOS in the GGA+U with U=0.40 Ry (5.4 eV) for both Mn
and Ni.

Mn-O-Ni angle increases from 158.6° to 159.1°, whereas, at
around the La sites, the angle decreases to 158.2°. The aver-
age distances of Sr-O and La-O in doped system are about
2% larger and —0.6% smaller than that of La-O in the un-
doped system, respectively. All these atomic displacements
suggest that the Sr doping does not induce the significant
change in the crystal structure so that the distorted nature is
retained for La, 7551y,5sMnNiOg.

Figure 2 shows the DOSs of La,75Sr,sMnNiOg (x
=0.25) both in the GGA and the GGA+ U. Note that Sr dop-
ing corresponds to the effective hole doping, and so, on Sr
doping, the Fermi level E is expected to shift down in en-
ergy to make the system metallic. Indeed Fig. 2 manifests
that La; 75S1r5,sMnNiOg becomes metallic with the finite
DOS at Er. Worth noting is that E crosses only the Ni DOS
but not the Mn DOS, implying that hole carriers are pro-
duced only at Ni sites. Furthermore, Ep crosses only the
majority spin states of Ni but not the minority spin states.
That is, on Sr doping, electrons come out of the Ni** major-
ity spin state which has originally (tgthgg legT) configuration.
Hence in La, 75519 ,sMnNiOg, Ef crosses only the highest e,
majority spin states of Ni so as to exhibit half-metallic fea-
ture.

Note that there are several double perovskites exhibiting
half-metallic feature. But those are mostly ferrimagnetic
materials.*>~%¢ In this aspect, half-metallic La,_,Sr,MnNiOg
with FM ordering of Mn and Ni magnetic moments is rather
exceptional. The half-metallic feature is preserved both in
the GGA and the GGA+ U schemes. Due to large hybridiza-
tion between oxygen p and TM d states, Er also crosses the
mixed O p states. Then the electron can hop from one Ni to
the neighboring Ni through oxygen, all of which are in FM
alignment. This situation is reminiscent of the double-
exchange mechanism, in which only the majority-spin elec-
tron shows metallic behavior. Therefore, it is expected that
the FM double-exchange interaction in the hole-doped sys-
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FIG. 3. Partial DOSs of Nid and Mn d for La,_,Sr,MnNiOq
with varying x in the GGA.

tem reinforces the FM ordering of TM elements, which is
produced inherently by the FM superexchange interaction.

The magnetic moments of Ni and Mn ions are, respec-
tively, 1.29up and 2.77 up in the GGA scheme while 1.60up
and 3.13up in the GGA+ U scheme. The hole doping reduces
the magnetic moments with respect to those for undoped
La,MnNiQOg, and the reduction in magnetic moment is stron-
ger for Ni. The total magnetic moment per formula unit of
La; 7551),sMnNiOg is 9.500up both in the GGA and the
GGA + U schemes, which is consistent with the configuration
that Sr?* ion has replaced one of the eight La** ions in the
supercell of 40 atoms.

In Fig. 3 are shown the partial DOSs of Ni and Mn for
La,_,Sr,MnNiOg¢ with varying x. We have seen in Figs. 1 and
2 that the results in the GGA are physically the same as those
in the GGA+U, and so we have employed the GGA band
calculation in Fig. 3 to examine the effects of higher Sr dop-
ing. Even at the high substitution rate, the FM interaction
between Mn and Ni ions is favored over the antiferromag-
netic (AF) interaction. For example, the energy difference
between AF and FM phases of LaStMnNiOg (x=1.0) is ob-
tained to be about 100 meV/f.u. Furthermore, as Sr-doping
ratio increases, the half-metallic nature is strengthened,
which results from the occupancy change in Ni e, states.
For LaSrMnNiOg (x=1.0), about half of the Ni e, states be-
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come occupied so as to have the valence state of Ni** (tgge;,).
Then the anticipated magnetic moment would be 1up, which
is close to the calculated magnetic moment of 0.9ug. With
increasing Sr doping, there appear finite Mn d majority spin
states at Ep, but the amount of Mn d DOS crossing Ey. is far
less than that of Ni d DOS for x=0.5. Still the half-metallic
nature remains intact for whole doping range.

The variation in the magnetic moment of each TM ion on
Sr doping is shown in Fig. 4. The magnetic moment of Ni
changes significantly on Sr doping, but that of Mn does not
change much. In the case of LaSrMnNiOg4 (x=1.0), the mag-
netic moment of Mn ion is 2.7up, which does not change
much from 2.8 up of undoped La,MnNiOg, whereas the mag-
netic moment of Ni is changed a lot from 1.5uz to 0.9up.
This feature is consistent with the variation in the partial
DOSs in Fig. 3.

Figure 5 shows the charge-density difference (CDD) plot
which corresponds to valence-charge density of the crystal-
line solid after subtraction of the superposed atomic charge
density of the valence electrons. Figure 5(a) is the CDD
around Ni site of the undoped La,MnNiOg4 and Fig. 5(b) is
that of LaSrMnNiOg (x=1.0). Likewise, Figs. 5(c) and 5(d)
are the CDD plots around Mn site of La,MnNiOg and
LaSrMnNiQg, respectively. The blue (dark) and the red
(light) color refer to the minus (depleted) and the plus (ac-
cumulated) charge density in the solid with respect to the
atomic charge density. The CDDs around TM ions show
clearly the symmetrized orbital shapes that arise from the
octahedral crystal field. For both Ni and Mn in La,MnNiOg,
accumulated #,, states in red and depleted e, states in blue
are apparent in Figs. 5(a) and 5(c). The Sr-doping effect is
prominent when comparing Figs. 5(a) and 5(b), which shows
that, on Sr doping, the electrons are coming out of the hy-
bridized Ni e, and O p states. On the contrary, there is al-
most no distinction between Figs. 5(c) and 5(d), reflecting
that the electronic structure of Mn is hardly changed on Sr
doping. The marked change in CDD only at Ni sites is again
consistent with the DOS data given in Figs. 1-3.

B. Effects of antisite disorder at B sites

As mentioned in the introduction, the XMCD signal for
La,_,Sr,MnNiOg (x=0.2) is substantially lower than for x
=0, even though the line shape is very similar to each other.
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FIG. 4. (Color online) Ni and Mn magnetic moments as a function of doping of Sr or Ba to La,MnNiOg. Sr doping is considered in the

supercell calculation, while Ba doping is treated in the virtual atom method. We have assumed a virtual atom Lb in Lb,MnNiOg with
effective atomic number Z,=57(2-x)+56x. Both calculation is in the GGA scheme.
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FIG. 5. (Color online) Top: CDD plot around Ni site. (a)
La,MnNiOg and (b) LaSrMnNiOg. Bottom: CDD plot around Mn
site. (¢) La,MnNiOg and (d) LaSrMnNiOg4. Both doped and un-
doped cases are performed using GGA functional.

The weak XMCD signal for x=0.2 with respect to that for
x=0 was attributed to the antisite disorder of Mn/Ni ions at B
sites. According to recent experimental reports on
La,MnNiOy thin film,>-> the antisite disorder exists at B
sites even for undoped system, which affects structural and
magnetic properties of the film system.

We have thus examined the effect of the antisite disorder
on electronic and magnetic properties of La,_,Sr,MnNiOg,
by performing the band-structure calculations for a system
with incomplete ordering of Ni and Mn ions at B sites. To
simulate Sr doping at A sites for these band calculations, we
employed the virtual atom method, instead of the supercell
calculation. In the virtual atom method, Ba doping to
La,MnNiOg is considered instead of Sr, assuming that Ba
doping would produce essentially the same hole-doping ef-
fects as | Sr d@ng. Then, for La,_.Ba,MnNiOg, the virtual

atom Lb in Lb,MnNiOg4 is assumed to have the effective
atomic number Z,=57(2—x)+56x. By using the virtual atom
method, the computational time is saved a lot for a present
system having disorder both at A and B sites.

We have checked first whether the results of the virtual
atom method applied to A-site-doped systems are really con-
sistent with those of the supercell calculation. In this case,
we consider the systems with perfect ordering of Ni/Mn ions
at B sites. In fact, the overall electronic structures obtained
from the virtual atom method are very similar to those of the
supercell calculation, and the doping-induced transition from
a FM insulating phase to a half-metallic phase is also well
reproduced by the virtual atom method. Furthermore, as
shown in Fig. 4, calculated ma}gletic moments of Ni and Mn

in the virtual atom method for Lb,MnNiOg are obtained to be
quite close to those in the supercell calculation for
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(b)

¥

FIG. 6. (Color online) (a) ,E;zMnNi06 with ordered Mn/Ni. (b)
Lb,MnNiOg with Mn/Ni antisite disorder. (c) Assumed FM spin
configuration for the disordered system (b). (d) Assumed AF spin
configuration for the disordered system (b).

La,_,Sr,MnNiOg. These results demonstrate that the virtual
atom method yields good approximate results that are con-
sistent with those of the supercell calculation.

The structural stability with introducing A-site doping is
also checked within the virtual atomic scheme. We consider

an idealized structure of Lb,MnNiOg in which each oxygen
atom 1is located at the midposition between two TM atoms,

while Lb atoms are located at the midposition between
neighboring oxygen atoms. Then TM-O-TM angle for an
idealized structure is 180°, which is far different from 158.6°
of the original distorted structure of La,MnNiOg4. Total-
energy calculation provides that the real distorted structure is
more stable than the ideal one by more than 300 meV/f.u. for
whole doping range, which indicates that the original dis-
torted structure will be retained on doping.

Nowfie/t us consider the electronic structures of virtual

system Lb,MnNiOg with Mn/Ni antisite disorder at B sites.
In the ordered system, each Mn (Ni) ion has six neighboring
Ni (Mn) ions [see Fig. 6(a)]. For an antisite disordered sys-

tem, we considered a specific configuration of Lb,MnNiOg
with Z,_g,, in which each Mn (Ni) ion has four neighboring
Ni (Mn) and two neighboring Mn (Ni) ions, as shown in Fig.
6(b). The mother material La,MnNiOg is a FM insulator, in
which the FM superexchange interaction is favored between
neighboring Mn and Ni sites.'® When the perfect order of Mn
and Ni is somehow changed, as in Fig. 6(b), the interaction
between neighboring Mn-Mn and Ni-Ni sites will also be-
come important. According to the GKA rules,* the superex-
change interaction between filled orbitals favors the AF or-
der. So the exchange interaction between Mn** and Mn**
with filled tgg will be AF. Likewise, the interaction between
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TABLE 1. Total energy for Lb,MnNiOg with a virtual atom Lb
with Z,_y,. Total energies are calculated in the GGA scheme for

Mn/Ni ordered (O) and disordered (D) EZMnNiOG systems. Total
energy of DFM Lb,MnNiOQg is set to be zero.

Ordered FM  Disordered FM  Disordered AF
(OFM) (DEM) (DAF)

Energy (meV) -110 0 4.6

Ni** and Ni** with filled ez will also be AF. As a conse-
quence, the situation for a system with B-site disorder be-
comes complicated due to the presence of both the FM in-
teraction between different TM ions and the AF interaction
between the same TM ions.

Keeping the FM ordering between Mn and Ni sites, we
have compared energetics for two cases of FM and AF or-
derings between the same TM ions, as shown in Figs. 6(c)
and 6(d). The result is summarized in Table I. The FM phase

~

of Lb,MnNiOy with perfect Mn/Ni order (OFM) has the low-
est total energy. However, when there exists Mn/Ni antisite
disorder, the energy difference between two spin configura-
tions of disordered FM (DFM) and disordered AF (DAF)
states becomes very small (4.6 meV/f.u.), even though the
DFM state is still more stable. Antisite disorder is supposed
to be generated during the sample-making process.”' The
XMCD experiment for La,; gSry,MnNiOg4 was performed at
around 80 K, which corresponds to thermal energy of 6.9
meV. This experimental temperature energy scale is of the
same order as the energy difference between two spin con-
figurations (DFM and DAF) of the antisite disordered sys-
tem. Then both the FM and the AF spin orderings would
coexist between the same TM ions, and so the XMCD signal
will be much suppressed.

On the other hand, despite the different atomic orderings
and spin configurations in Fig. 6, the overall DOSs for three
cases, OFM, DFM, and DAF, are similar to one another, as
presented in Fig. 7. This implies that the small antisite dis-
order at B sites does not modify the electronic properties of
the system much, even though the small portion of the mag-
netic exchange interaction between TM elements is changed.
This finding explains why the observed XAS for x=0 and
x=0.2 is close to each other while the XMCD signal for x
=0.2 is substantially lower than for x=0. One more thing to
note in Fig. 7 is that the half metallicity is seen to be slightly
broken for the DAF case. However, considering that the
DFM phase is more stable than the DAF phase, one can
safely say that the half-metallic nature of La,_, Sr,MnNiOg
system is robust against the antisite disorder at B sites.

In the above calculations for La,_ Sr,MnNiO, with anti-
site disorder at B sites, we have assumed the original dis-
torted monoclinic structure of La,MnNiOg. But it needs to be
examined whether the antisite disorder releases the distorted
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FIG. 7. Total DOSs for Lb,MnNiOg with Z,_,, with antisite
disorder at B sites in the virtual atom method. (Left) DOSs in the
GGA and (right) DOSs in the GGA+ U scheme.

structural nature of La,MnNiOg or not. Hence the same cal-
culation has been performed for an idealized structure, in
which oxygen atoms are located at the midposition between
TM atoms. Both DFM and DAF phases with idealized struc-
ture are found to have much higher energies than those with
distorted structure by more than 300 meV/f.u., indicating that
the antisite disorder at B sites would not change the distorted
structural nature significantly. Further, we have obtained that,
for the above assumed antisite disorder, the energy difference
between DFM and DAF phases with idealized structure (
~2 meV) is less than half of that with the distorted structure
(4.6 meV). This reflects that the distortion acts to favor the
FM interaction over the AF interaction in the presence of
antisite disorder.

IV. CONCLUSION

We have investigated electronic structures and magnetic
properties of hole-carrier-doped La,_,Sr,MnNiOg by per-
forming the ab initio band-structure calculation. On Sr dop-
ing, the material shows robust half-metallic behavior. The
metallic behavior comes mostly from the hole carriers which
are created in the e, majority-spin states of Ni.

We have also checked that both the A-site Sr doping and
the antisite disorder at B sites do not change the distorted
structural nature and the FM exchange interaction between
Mn and Ni in La,_ Sr MnNiOgs. We have verified that the
possible antisite disorder at B sites in a Sr-doped system can
be a reason of the substantially weak XMCD signal, as com-
pared to the undoped system.
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