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As typical strongly correlated electronic materials, manganites show rich magnetic phase diagrams and electronic
structures depending on the doped carrier density. Most previous relevant studies of doped manganites rely on the cu-
bic/orthorhombic structures, while the hexagonal structure is much less studied. Here first-principles calculations are
employed to investigate the magnetic and electronic structures of La-doped 4H-SrMnOj3. By systematically analyzing the
two kinds of La-doped positions, our calculations predict that the doped electron with lattice distortion would prefer to
form polarons, which contribute to the local magnetic phase transition, nonzero net magnetization, and semiconducting
behavior. In addition, the energy gap decreases gradually with increasing doping concentration, indicating a tendency of

insulator—-metal transition.

Keywords: manganites, polaron, magnetic phase transition

PACS: 75.47.Lx, 71.30.+h, 71.38.-k

1. Introduction

Tuning magnetic and electronic states in materials is one
of the fundamental goals for both basic science and practical
applications.!'=3] To achieve this goal, two conditions need to
be met: (i) effective modulation method, and (ii) ideal material
platform. Firstly, in terms of regulation methods, a frequently
used approach is doping, which can be realized through oxy-

[7-10

gen deﬁciency,[4‘6] cation substitution, I and interfacial

r.l11=141 Via proper doping, one can engineer ex-

charge transfe
citing physical phenomena in a new dimension,!>1%! such as
magnetic phase transition and insulator—metal transition (or
even insulator—superconductor transition).!7-18!

Secondly, in terms of material platform, transition metal
oxides have been providing a fertile ground for studying novel
functionalities and relevant physics, since they not only have
vast family members (from 3d to 4d/5d systems) with vari-
ous structures, but also possess fascinating physical phenom-
ena due to the multiple physical couplings among various
degrees of freedom (spin, charge, orbital and lattice).l!-2!]
Among these focused materials, Mn-based oxides have at-
tracted enormous attention and been extensively studied for
their rich magnetic phase diagrams, colossal magnetoresistiv-
ity, and multiferroicity. !%->2231

SrtMnOj3 (SMO) is a rare example of compounds that has
both cubic structure and hexagonal (4H) structures,?*! which
are antiferromagnetic insulators with Néel temperatures of
~ 233 K and ~ 280 K, respectively.[>>~2"] Since the tolerance
factor ¢ is larger than 1 (t = 1.04), 4H-SMO [see Fig. 1(a)]

is normally stable under ambient conditions, whereas the cu-
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bic phase is commonly observed in a metastable state.[?8-30]

In comparison of the hexagonal SMO with the cubic SMO, it
can be found that their crystal structures are completely differ-
ent. Cubic SMO contains only corner-sharing octahedra, while
4H-SMO structure contains both corner- and face-sharing oc-
tahedra [see Fig. 1(a)]. In addition, their spin arrangements
are different, although both of them are in antiferromagnetic
background. Cubic SMO is G-type antiferromagnetic order-
ing, while spin arrangement of 4H-SMO is in layered form,
similar to the A-type antiferromagnetic ordering. Therefore,
considering the rich electronic and magnetic properties pre-
sented in doped cubic structure, it is worthwhile to study the
doped 4H structure.

However, most of the previous experimental studies have
been focused on the metastable cubic SMO with low and high

31,321 while the physical properties of carrier

electron doping,!
doped-4H SMO has rarely been studied. The only recent re-
port on electron doping of 4H-SMO is fluorinated hexagonal
SMO (i.e., SMO3_,F,).33 Although some interesting proper-
ties (i.e., a spin- or cluster-glass-like state and ferroelectric na-
ture) have been observed in such F-doped 4H-SMO, more ex-
citing physical properties, such as magnetic phase transition,
insulator-to-metal transition and magnetic polaron, remain un-
explored in 4H-SMO.

In general, doping of Mn-based oxides is usually achieved
by introducing rare-earth (or alkaline-earth) cations rather than
anions into the host material, which can be expressed as
R,_xAxMnO3 (or A;_R,MnO3), where R and A are rare- and
alkaline-earth cations, respectively. Therefore, in this work,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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we perform systematic first-principles calculations to study the
magnetic and electronic properties of doped 4H-SMO by us-
ing La’" to replace Sr>* [i.e., 4H-La,Sr;_ MnO3 (LSMO)].
Due to the formation of magnetic polaron, the doped 4H-SMO
undergoes a localized magnetic phase transition from antifer-
romagnetism to ferrimagnetism. In addition, the energy gap
decreases gradually with increasing doping concentration, ex-
hibiting a tendency toward an insulator-to-metal transition.

2. Model and method

The following calculations were performed using the pro-
jector augmented wave pseudopotentials as implemented in
the Vienna ab initio simulation package (VASP) code.33]
The revised Perdew—Burke—Ernzerhof for solids functional
and the generalized gradient approximation (GGA) method
are adopted to describe the crystalline structure and electron
correlation.®6] The cutoff energy of plane wave is 550 eV.
For both SMO and LSMO (x = 0.25), a 9 x 9 x 5 Monkhorst—
Pack k-point mesh centered at the I" point is adopted for the
Brillouin-zone integrations, while 9 x 9 x 3 and 10 x 10 x 2
meshes are used for x = 0.125 and x = 0.083 cases, respec-
tively.

The unit cell of 4H-SMO structure has 20 atoms (4 f.u.).
Starting from the experimental 4H structure (space group
P63 /mmc, a = 5.4434 A and ¢ = 9.0704 A),[?%! the lattice
constants and inner atomic positions are fully relaxed un-
til the Hellman-Feynman forces are converged to less than

371 various

0.01 eV/A. Using the Dudarev implementation,
values of the Hubbard repulsion Uefr (= U —J) on Mn 3d or-
bitals have been tested from 0 eV to 2 eV. For bulk 4H-SMO,
both GGA and GGA +U can give reasonable crystal struc-
ture parameters (within <1% deviation) and well reproduce
the magnetic ground state. To better compare with the data
calculated by pure GGA in the literature,?®38! the GGA is

also adopted in this work, if it is not noted explicitly.

3. Results and discussion

Undoped SMO As shown in Fig. 1(a), 4H-SMO struc-
ture (space group P63/mmc) contains both corner- and face-
sharing octahedra, which is different from the cubic SMO with
corner-sharing octahedra only. This hexagonal structure has
relatively shorter Mn—Mn bonds with face sharing, resulting
in Mn;Og dimers, while relatively longer Mn—Mn bonds are
shown with corner sharing.

First, to determine the magnetic ground state of undoped
4H-SMO, four most possible magnetic orders: ferromag-
netism (FM), type-I antiferromagnetism (AF1), type-II anti-
ferromagnetism (AF2) and type-III antiferromagnetism (AF3)
[see Fig. 1(b)] are calculated and compared in energy. Tak-
ing the AF1 state (all Mn ions are antiferromagnetically cou-
pled along the c-axis) as the energy reference, the energies of

all magnetic orders are summarized in Table 1, which sug-
gest the AF1 to be the most stable state, in agreement with
the previous studies.[?®3% In addition, according to these en-
ergy differences among various magnetic orders, the exchange
coefficients can be obtained by mapping the system to a clas-
sical spin model with normalized spins (|S| = 1). Here, the
nearest-neighbor exchange J; refers to the magnetic coupling
between face-shared Mn ions, while the next-nearest-neighbor
exchange J; refers to the magnetic coupling between corner-
shared Mn ions, as indicated in Fig. 1(b). For undoped 4H-
SMO, J; and J, are 36.1 meV and 51.0 meV (see Table 1),
respectively, implying a strong AFM coupling between Mn

ions.

Table 1. Comparison of undoped SMO and LSMO (x = 0.25). The en-
ergy difference (in units of meV/Mn), exchange coefficients (in units of
meV) and net magnetization (in units of ug) are from DFT calculations.
AF1 is taken as the reference state for energy comparison. Exchange coef-
ficients (nearest-neighbor exchange J; and next-nearest-neighbor exchange
J») are calculated by mapping the DFT energies. Pure electron concentra-
tion (ele-concentration) case and pure lattice distortion case are also tested
and compared. Notably, for the cases of x = 0.25 (case B) and pure ele-
concentration, while ‘AF2’ is ferrimagnetic, it has the same spin arrange-
ment as AF2 order [see Fig. 2(b)].

AF1 AF2 AF3 FM Ji J M
36.1 153.0 203.6 36.1 51.0 O
—-12.8 16.7 52.6 —12.8 5.6 0
—66.1 13.1 273 -66.1 44 -1
—39.0 20.5 30.1 -39.0 6.8 —0.87
56.9 139.1 2142 569 464 O

Undoped SMO 0
x=0.25 (case A) 0

x =0.25 (case B) 0
Pure ele-concentration 0
Pure lattice distortion 0

Energy (eV)

Fig. 1. (a) The side view and top view of 4H-SMO unit cell. Corner-
and face-sharing octahedra are seen along the ¢ axis. (b) Schematics of
four possible magnetic orders: type-I antiferromagnetism (AF1), type-
Il antiferromagnetism (AF2), type-II antiferromagnetism (AF3), and
ferromagnetism (FM). Exchange couplings are also indicated: nearest-
neighbor exchange J; and next-nearest-neighbor exchange J>. (c) The
density of states (DOS) and atom projected DOS (PDOS) of 4H-
SrMnOs near the Fermi level. The Fermi energy is located at zero.

Second, the total density of states (DOS) and atomic-
projected density of states (PDOS) of 4H-SMO are shown in
Fig. 1(c). Clearly, the system is a Mott insulator with en-
ergy gap of ~ 1.74 eV, even in the pure GGA calculation,
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which agrees with the previous calculations.[?38] The cal-
culated magnetic moment is 2.45 Up/Mn, implying the high-
spin state of Mn** (d* configuration). Both the valance band
maximum and the conduction band minimum are mainly con-
tributed by Mn t;, orbitals, despite the presence of hybridiza-
tion between Mn 3d and O 2p orbitals around the Fermi level.

In our DFT calculation with spin-orbit coupling (SOC),
the energy of spins parallel to the xy plane is slightly lower
(~ 0.15 meV/u.c.) than the energy of spins along the c-axis,
in agreement with the previous study.?8! However, compared
with the results without SOC effect, the energy gap and mag-
netic moment with SOC are almost unchanged (i.e., ~ 1.73 eV
and 2.44 ug/Mn, respectively), implying that the influence of
SOC effect is very weak in this system and can be ignored in
the following calculations.
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Fig. 2. Crystal structure and corresponding electronic structure of La-
doped SMO. [(a), (b)] Two kinds of La-doped structures: (a) case A, (b)
case B. The direction and length of the arrows indicate different spin ar-
rangements and magnetic moments, respectively. Obviously, case A is
antiferromagnetic, while case B is ferrimagnetic with the same spin ar-
rangement as AF2 order. (c)-(h) Density of state (DOS) and projected
density of state (PDOS) of La-doped SMO: (c)—(e) case A; (f)—(h) case
B. The Fermi level for each case is set as zero, and the local moments
of Mn ions are indicated. The portion of the valence band associated
with electron doping is shaded in gray. Inset: the corresponding spatial
distribution of added electron in La-doped SMO.

La-Doped SMO First, the theoretically simplest doping
case, i.e., 25% doping, is studied by using one La to replace
one St in a unit cell. Due to the different valences between
La3* and Sr**, one more electron will be introduced into
the system, which can effectively modulate the magnetic or-
der and electronic structure. Since there are two kinds of
nonequivalent La atoms in the 4H-SMO system, two doping

cases (case A and case B) are tested and compared, as shown
in Figs. 2(a) and 2(b).

In our calculations, the crystal structures of La-doped
SMO are re-optimized with varying magnetism. As summa-
rized in Table 1, the total energies show that AF2 is the most
stable state for both cases A and B, instead of original AF1 in
pure SMO bulk, suggesting the doping-driven magnetic phase
transition. Interestingly, the intrinsic physical properties of
cases A and B are completely different, even though both of
them exhibit magnetic phase transitions:

(i) The magnetic coupling strengths are different. For
case A, the values of both J; and J, are significantly reduced
compared with those of the pure SMO. For case B, although
the values of J; is still smaller than that of the pure SMO, the
magnitude of its J; is nearly twice as large as that of the pure
SMO (see Table 1).

(i) The net magnetic moments are different. The net
magnetization of case A is 0 ug/u.c., indicating that the sys-
tem remains antiferromagnetism. However, the net magneti-
zation of case B is —1 ug/u.c. In this case, case B should be
ferrimagnetic (with the same spin arrangement as AF2 order)
rather than antiferromagnetic (see Table 1).

(iii) The electronic structures are different. As shown in
Figs. 2(c) and 2(f), case A becomes metallic and undergoes an
insulator—metal transition, while the energy gap of case B still
exists despite very small value (~ 0.07 meV).

To understand what makes case A different from case B,
the atomic-projected density of states (PDOS) and correspond-
ing distribution of electrons are plotted, which can be quali-
tatively used to analyze the effect of added electron on elec-
tronic structure, orbital occupation, and magnetic moment. As
shown in Fig. 2(a), since the doped La in case A is occupies a
highly symmetric position, the introduced electron is equally
divided by all Mn ions, which can be visualized by PDOS,
local magnetic moments, as well as the spatial distribution of
electron [see Figs. 2(d) and 2(e)]. In this case, all Mn ions
within antiferromagnetic order are partially occupied, leading
to a metallic behavior and zero net magnetic moment.

However, for case B, the position of doped La ion is no
longer located in the center of the two MnyOg dimers but close
to one of them (i.e., Mn3—Mn4 dimer) [see Fig. 2(b)], then the
occupation of the introduced electron on the near-La dimer
(i.e., Mn3—Mny dimer) is more prominent than that of the other
one (i.e., Mn;—Mn; dimer). As shown in Figs. 2(g) and 2(h),
the added electron is indeed localized on Mn3—Mny dimer, re-
sulting in an uneven distribution of charges and unequal lo-
cal magnetic moments between the Mn3—Mny (2.14 uz/Mn)
and Mn;—Mn; (—2.51 ug/Mn) dimers. In addition, compared
with the Mn—O-Mn bond angles (~ 80.9°) in bulk 4H-SMO,
the change of Mn—O-Mn bond angles in the Mn3-Mny dimer
(~ 76.9°) is relatively large, whereas the change of Mn-O—
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Mn bond angles in the Mn;—Mn, dimer (~ 81.1°) is very
small. Considering the results of electron restricted by strong
Coulombic interaction and the lattice distortions in this sys-
tem, the 3d polaron is formed, which will enhance the nearest-
neighbor magnetic coupling and contribute to the semicon-
ductor behavior.”! Similar magnetic polarons also exist in
the electron-doped manganite La,Ca;_,MnO3, which are Mn-
sites FM clusters embedded in AFM region.[*") Based on the
polaron forming and antiferromagnetic arrangement between
Mn3-Mny dimer and Mn;—Mn, dimer, a nonzero net magnetic
moment appears.

By comparing the energies of cases A and B, it is found
that case B owns the lowest energy (~ 109 meV/Mn lower
than that of case A), indicating that it is easier to form mag-
netic polaron in the La-doped 4H-SMO structure. The under-
lying physical mechanism is that the 3d electrons have strong
Hubbard interaction, which tend to favor localized magnetic
moments, thus the energy gain from forming magnetic polaron
is larger than that of delocalized one.!*?! In the following cal-
culation, case B is adopted as default doped structure.

(a) Pure electron concentration I‘ \
20( \ M 20
L / |
%) WA A St Mhmt o
8 ofid - A, 8
A Ay 0 \‘ I N‘W’ (e
—20} ‘ | W —20
1 -1 0 1 2
Energy (eV) Energy (eV)
= J© e vi=oev (@ ®03
= 80f @ Ugy=1eV —
< >
= & Uy=2eV, 10.2 ©
) °
£ 40 2
~ 10.1 0]
ol [ J
< of
AF1  AF2  AF3 FM 0 1 3 00

Ueir (€V)

Fig. 3. The tested magnetic and electronic properties of case B. (a) Elec-
tronic structure with only pure electron concentration. The Fermi en-
ergy is positioned at zero. (b) Electronic structure with only pure lattice
distortion. (c) The energy difference as a function of Uess. Here, AF2 is
taken as the reference state for energy comparison. (d) The energy gap
as a function of Ukg.

Magnetic order

As discussed above, the chemical doping effect on the
material is usually achieved by changing both carrier concen-
tration and lattice distortion. A direct question is which fac-
tor dominates the magnetic phase transition and which factor
dominates the change in electronic structure, or both together.
To clarify the physical mechanisms behind these phenomena,
pure electron concentration and pure lattice distortion are cal-
culated. Here, the pure electron concentration is simulated by
embedding La ion in the ground-state SMO structure without
re-optimizing the lattice structure, thus qualitatively avoiding
the effect of lattice distortion. In contrast, the pure lattice dis-
tortion is achieved by calculating pure SMO with the same
structure as the ground-state LSMO, so the system maintains
the same electron concentration as pure SMO and retains the
same lattice distortion generated by La doping.

As listed in Table 1, the magnetic phase transition from
AF1 to AF2 and a net magnetic moment can be induced
by pure electron concentration but not by pure lattice distor-
tion, implying that the magnetic properties of La-doped SMO
are mainly affected by electron concentration. However, the
net magnetic moment induced by pure electron concentration
(—0.87up) is slightly smaller than that of the real system with
lattice distortion (—1Lg). The underlying reason for this issue
is that in the absence of lattice distortion, the doped electron is
slightly diffused and not completely localized on the near-La
Mn dimer, leading to metallic behavior [see Fig. 3(a)] and re-
duction of the net magnetic moment (see Table 1). By consid-
ering lattice distortion but without alteration of electron con-
centration, the energy gap is almost the same as that of pure
SMO, as shown in Fig. 3(b). Therefore, the semiconducting
behavior and — 1 net moment are the result of a cooperative
mechanism between electron concentration and lattice distor-
tion.

To further verify the reliability of the magnetic phase tran-
sition, the energy difference is also calculated by varying Uk.
As shown in Fig. 3(c), taking AF2 as the reference state for
energy comparison, the energy differences are always positive,
implying a robust conclusion for the magnetic phase transition
in La-doped SMO. The energy gap is also checked, as shown
in Fig. 3(d). The energy gap increases almost linearly with
U.sr, suggesting a semiconductor fact for La-doped SMO.

(b) z=1/12 | /MW
2 o ‘H‘
a)
—20 “
- 20f(¢) =1/8 U
- )

il

e ] PSR M

of = Wt A N
b

Encrgy (CV)

1

DOS

Fig. 4. (a) Left: crystalline structure of La,Sr;_,MnO3 along the ¢ axis
with different doping concentrations: 25% (x = 1/4), 12.5% (x = 1/8),
and 8.25% (x = 1/12). Green: Sr; yellow: La; purple: Mn; red: O.
Right: the corresponding magnetic ground states: AF2 for x = 1/4,
AF2-AF1 hybrid magnetic order for x = 1/8 and x = 1/12. (b)—(d)
DOS near the Fermi level plotted with some selected doping concentra-
tions: 25%, 12.5%, and 8.25%. The Fermi energy is located at zero.
The topmost valence band and the bottommost conducting band are
marked by (gray) broken lines.

The localization of added electron can be further con-
firmed by calculating other doping concentrations (i.e., x =
1/8 and x = 1/12), as shown in Fig. 4. Starting from the
x = 1/4 minimal cell, pure SMO cell is doubled/trebled along
the ¢ axis. To determine the magnetic ground state, sev-
eral possible magnetic orders have been tested, including FM,
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AF1, AF2, AF3, and a special hybrid magnetic order [denoted
as AF2-AF1 here; see Fig. 4(a)]. The AF2-AF]1 state is AF2
order in the La-doped unit cell but AF1 order in La-undoped
unit cell (or supercells).

In our calculations, the AF2—AF1 state owns the lowest
energy for both x = 1/8 and x = 1/12 cases, due to the for-
mation of magnetic polaron. Such a magnetic polaron can be
further confirmed by the total DOS. As shown in Fig. 4(b), the
electron-occupied or even unoccupied states (near the Fermi
level) in x = 1/8 and x = 1/12 cases are very similar to the
x = 1/4 case, suggesting the same localized feature of elec-
tronic structures. In addition, with decreasing doping concen-
tration, the reduced doping/undoping ratio will make the en-
ergy gap approach to the pure SMO, leading to a gradually
increasing bandgap. In other words, the energy gap decreases
with increasing doping concentration until the highly probable
insulator—metal transition occurs. Of course, in DFT calcula-
tion with high-density electron doping, there are many choices
for the design of doping structure (ordered or disordered), so
the final electronic properties may also change accordingly,
which need further experimental confirmation and verification.

4. Conclusion

In summary, magnetic and electronic properties of La-
doped 4H-SMO have been studied systematically using the
first-principles calculation. The La doping to 4H-SMO can
not only modulate the electron concentration but also affect
the lattice distortion. The extra electron with distorted lat-
tice forms the polaron, leading to a localized magnetic phase
transition from antiferromagnetism to ferrimagnetism as well
as the semiconducting behavior. Moreover, with increasing
doping concentration, the energy gap of La-doped 4H-SMO
decreases gradually, showing a tendency of insulator-to-metal
transition. Further experimental studies are expected to con-
firm and verify our predictions.
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