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ABSTRACT: Exploring half-metallic materials with high
Curie temperature, wide half-metallic gap, and large magnetic
anisotropy energy is one of the effective solutions to develop
high-performance spintronic devices. Using first-principles
calculations, we design a practicable half-metal based on a
layered La(MngZn,)AsO alloy via element substitutions. At
its ground state, the pristine La(Mn,sZnys)AsO alloy is an
antiferromagnetic semiconductor. Either hole doping via
(Ca®*/Sr*",La*") substitutions or electron doping via (H™/
F~,0°7) substitutions in the [LaO]" layer induce half-
metallicity in the La(MngsZng5)AsO alloy. The half-metallic
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gap is as large as 0.74 eV. Monte Carlo simulations based on the Ising model predict a Curie temperature of 475 K for 25% Ca
doping and 600 K for 50% H doping, respectively. Moreover, the quasi two-dimensional structure endows the doped
La(Mn,Zn)AsO alloy a sizable magnetic anisotropy energy with the magnitude of at least one order larger than those of Fe, Co,

and Ni bulks.

B INTRODUCTION

Half-metallic ferromagnets (HMFs)," with one spin channel
conducting and the other semiconducting, are ideal spintronics
materials to provide 100% spin polarized carriers. Until now,
various half-metallic compounds have been proposed, such as
ternary and quaternary Heusler alloys (NiMnSb, NiCoMnGea,
etc.),”” double perovskites (Sr,FeMoQy, Sr,FeReO, etc.),”*
transition metal pnictides, and chalcogenides in zinc blende
phase (CrAs, CrSe, etc.).”~” However, to develop practicable
spintronic devices with HMFs, some essential issues should be
considered. First, the HMFs” Curie temperature should be high
enough, that is, notably higher than room temperature. Second,
the half-metallic gap should be wide enough to efliciently
prevent the spin-flip transition of carriers due to thermal
excitation and preserve half-metallicity at room temperature.®’
At last, large bulk magnetic anisotropy energy (MAE) is favored
in HMFs for their magneto electronics applications. Previously,
most theoretically proposed and experimentally synthesized
HMFs usually possess some of these three features, and there is
still no candidate to fulfill all these requirements.

In this work, we propose a new half-metallic material with
high Curie temperature, wide half-metallic gap and a sizable
MAE in a ZrCuSiAs-type La(MngsZn,s)AsO alloy via element
substitutions. The La(Mn, ;Zn,)AsO alloy possesses a layered
structure with magnetic [(Mn,Zn)As]™ layers separated by
nonmagnetic [LaO]" layer, sharing the same “1111” crystal
structure as superconducting LaFeAsO.'" Although it has not
been synthesized in experiment, La(MngZn,s)AsO can be
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looked as an alloy of two experimentally synthesized rare earth
element transition metal arsenide oxides, that is, LaMnAsO"*
and LaZnAsO,'* which have negligible lattice mismatch (less
than 1%) and ideal mutual solubility. In experiment, a possible
route to synthesize the La(MngsZn,ys)AsO alloy is by mixing
La, ZnO:MnO (1:1), and As in a NaCl/ KCl flux, followed by
an additional annealing procedure.'> Moreover, an analogous
doped system (La,_,Ba,)(Zn;_Mn,)AsO has been synthesized
recently.'

In our previous study, we have shown that the pristine
La(Mny5Zn,5)AsO alloy is an antiferromagnetic semiconduc-
tor with a band gap of 1.3 eV in which the carrlers spin
orientation can be controlled by external electric field.'* Here,
we show that the doped alloy with selected element
substitutions becomes ideal HMFs with big half-metallic gaps
(up to 0.74 eV) and high Curie temperatures. The calculated
MAE:s are found to be at least 1 order of magnitude larger than
those of Fe, Co, and Ni bulks.

B COMPUTATIONAL PROCEDURES

Our first-principles calculations are performed by using the
density functional theory (DFT) method within the Perdew-
Burke-Ernzerholf (PBE) generalized gradient approximation
(GGA)"® 1mplemented in Vienna ab initio Simulation Package
(VASP).'® The strong-correlated correction is considered with
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GGA+U method"” to deal with the Mn’s 3d and La’s 4f
electrons. The effective onsite Coulomb interaction parameter
(U) and exchange interaction parameter (J) are set to be 4.0
and 1.0 eV for Mn’s 3d electrons, respectively, considering that
the Mn atoms in our studied systems are all tetrahedrally
coordinated with a nearly d° electron configuration, which are
very similar to the Mn dopants in III-V and II-VI diluted
magnetic semiconductors. In these compounds, the estimated
U values for Mn 3d orbitals according to the photoemission
spectra vary between 3.5 and 4.5 eV depending on the used
theoretical models.'® ™! Thereby, we here take a compromised
value of U = 4.0 eV. For La’s 4f electrons, we use U = 7.5 eV
and J = 1.0 eV.>> We do not apply the strong-correlated
correction on Zn atoms due to their 3d orbitals being fully
occupied and far away from the Fermi level in our systems.
Note that it is not necessary to add electron correlation for La**
due to the absence of 4f and 5d electrons. Our test calculations
with Uy = 0, 4.5, and 7.5 eV present similar density of states
(DOS) at the Fermi energy level. There is only difference in the
DOS above the Fermi energy level with different values of U,
The projector augmented wave (PAW) potential®> and the
plane-wave cutoff energy of 400 eV are used. A 2 X 2 X 1
supercell is employed with a Monkhorst—Pack k-point mesh of
7 X 7 X S. Test calculations show that the PBE method predicts
well on the lattice constant, whereas underestimates the band
gap. For example, the lattice constant of LaMnAsO optimized
by PBEis a = b =4.093 A, c = 9.016 A, matching very well with
the experimental value (a = b = 4.124 A, ¢ = 9.030 A),11
whereas PBE+U predicts a lattice constant 0.10 and 0.22 A
larger than that of PBE for a/b and ¢, respectively. The
calculated band gap of LaMnAsO with PBE method is 0.43 eV,
which is greatly underestimated compared to the experimental
result (~1.4 €V).** The PBE+U method presents an improved
value (~1.06 eV). Thus, in the following calculations, the cell
shape, cell volume and the positions of all atoms are relaxed
without symmetry constraints with PBE functional. The
electronic and magnetic properties are computed with PBE
+U functional. The criterion for the total energy and force is set
as 1 X 107° eV and 0.01 eV/A, respectively. Magnetic
anisotropy energies are calculated with an energy cutoff energy
of 500 eV and convergence of 1 X 1077 €V for total energy.

B RESULTS AND DISCUSSION

The optimized structure of pristine La(Mn,;Zn,)AsO alloy is
shown in Figure la, which features a layered structure with
[LaO]* layers and [(Mn,Zn)As]™ layers stacked in an AB
sequence. Chemical bonding within the layers possesses
tetrahedral coordination patterns with predominantly covalent
character and the interlayer bonding is mainly of an ionic type.
Due to the strong ionic-type interaction between [LaO]* and
[(Mn,Zn)As] " layers, it is expected the electron/hole doping in
the nonmagnetic [LaO]* layer will affect the charge status of
the magnetic [(Mn,Zn)As]™ layer via charge transfer between
them. Therefore, the magnetic behavior of the [(Mn,Zn)As]~
layer, for example, transition from antiferromagnetic to
ferromagnetic coupling, can be tuned.

For this purpose, the substitution of La**/O> ™ with
heterovalent atoms was considered in the [LaO]" layer. We
use divalent Ca or Sr atoms to replace trivalent La atoms to
introduce holes in the system, while electrons are doped by
substitution of O with univalent H or F atoms. The solubility of
selected atoms in the La(MnyZnys)AsO alloy may be a
technique problem in reality. Note, the Ca/Sr doping is a
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Figure 1. (a) Structure of pristine La(MnysZn,;)AsO alloy. (b)
Models of the [LaO]* layer with (Ca**/Sr**,La*") and (H/F~,0*")
substitutions at different concentrations. (c) Optimized lattice
constants of the doped La(MngZny)AsO alloy, where a* = (a +
b)/2.

widely used technique in Manganite perovskites such as
LaMnO; for the study of colossal magnetoresistance.”> The
upper limit of doplng concentratlon of Sr in La,_,Sr,MnO;
could reaches x = 0.6, whlle Ca is soluble in LaMnOj; at
arbitrary concentrations.”” Thus, the mutual solubility between
Ca’/Sr** and La*" will not be a technique problem in our
systems. Upon the F and H doping, the poor solubility is
observed in previous reported LaFeAsO,_F,,'* which induces
novel superconductivity, whereas the doplng concentration of
H can reach to x = 0.53 in LaFeAsO,_H,.>® Later on, a higher
concentration of x = 0.73 is achieved in LaMnAsO,_H,,*
which directly demonstrates the possibility of high solubility of
H atom in La(MnyZny5)AsO alloy.

In this work, doping concentrations of 0.125 and 0.25 for
Ca/Sr and F doping, and 0.125, 0.25, 0.375, and 0.5 for H
doping are considered in the following calculations. The
substitution models are shown in Figure 1b. Different doping
configurations were considered, and we found that H atoms
prefer to stay at next-nearest O sites, while Ca atoms favor next-
next-nearest La sites (see Figure Sl in the Supporting
Information). Further, test calculations also show that the
distribution of introduced atoms does not affect the electronic
properties of the alloy too much. As shown in Figure S2 in the
Supporting Information, the density of states (DOS) profiles
for 25% Ca/H doping with different substitution patterns are
found to be very similar.

The element substitutions also induce a remarkable
distortion in the z-direction compared to that in the xy-plane
in the doped La(MngsZn,5)AsO alloy, as shown in Figure lc.
The (Ca®/Sr**,La*") substitution induces an expansion of the
lattice while a shrinkage effect occurs for (H™/F~,0*7)
substitution. There is no notable change in the cell shape
after fully relaxation on both cell and atomic position except
12.5% (Ca®*/Sr**La®*") substitution. For the Ilatter, the
difference value between lattice constants a and b is about
0.05 A. Test optimizations with PBE+U method present similar
result. This is because that we used the ground stripe-type
antiferromagnetic (AFM) coupling state (AFM2 state in Figure
2a) when performing cell optimization, which breaks the
symmetry between g-axis and b-axis. The optimization at its
ferromagnetic (FM) state removes the difference between the
values of lattice constants a and b.
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Figure 2. (a) Distribution of spin density in [(Mn,Zn)As]~ layer for
(Lag75Cag,s) (MngsZngs)AsO under ferromagnetic (FM), antiferro-
magnetic (AFM), and stripe-type antiferromagnetic (AFM2) states
with the isovalue of 0.05¢/A> Red and blue indicate the positive (spin
up) and negative (spin down) values, respectively. (b) Dependence of
relative stabilities between FM, AFM states (solid lines), and FM,
AFM2 states (dashed lines) on doping concentrations for Ca/Sr
doping and H/F doping.

For all the doped La(MngsZn,s)AsO alloys, the magnetic
moments mainly localize on Mn atoms in the [(Mn,Zn)As]~
layer, as illustrated in Figure 2a. To find the preferred magnetic
coupling in the doped La(MngsZn,s)AsO alloys, the FM,
AFM, as well as a special stripe-type AFM state (AFM2) were
considered. Previously, the stripe-type antiferromagnetic
coupling has been discovered as ground state in the iron-
based superconductor LaFeAsO.*® The magnetic coupling
order between neighboring [(Mn,Zn)As]™ layers are not
studied, since the interlayer distance between two [(Mn,Zn)-
As]” layers is about 9 A and the interlayer magnetic coupling is
weak. In our calculations, the interlayer ma§netic coupling is set
to be FM based on previous experiments.”">

To clarify the dependence of magnetic coupling on the
substitution, we plot the variation of exchange energies with the
increasing doping concentrations in Figure 2b, which is defined
as energy differences between AFM and FM states. The pristine
La(Mn,sZn5)AsO alloy exhibits stable AFM coupling with a
large exchange energy at its ground state. Both (Ca®*/Sr**,La’")
and (H /F~,0*") substitutions induce a magnetic transition
from AFM coupling to FM coupling in the alloy. The critical
point occurs at a lower concentration for hole-type (Ca®*/
Sr**,La**) substitutions than that in the electron-type (H™/
F~,0%7) substitutions, indicating that the hole doping is more
efficient in gaining ferromagnetism. Moreover, the (Ca*'/
Sr**La%") substitution with a concentration of 12.5% also
induces a magnetic transition from AFM coupling to stripe-type
AFM2 coupling before the AFM-FM transition. At 25% Ca/Sr
doping and 50% H doping, the doped systems possess robust
ferromagnetic ground state with large values of exchange
energies (over 400 meV per supercell) comparable to that of
pristine La(Mn, sZn, s)AsO.

To develop a practicable spintronic device, the Curie
temperatures (T.) of materials should be comparable to or
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higher than room temperature. Here, we adopt the Ising model
to evaluate the magnetic exchange parameters and the mean
field theory (MFT) to estimate the Curie temperatures of the
doped La(MnyZny)AsO alloy.z'S’34 Counting in the next-
nearest magnetic exchange interaction, the Hamiltonian can be
written as eq 1, where ], and J, are the nearest and next-nearest
exchange parameters, M; is the magnetic moment at sites i, (i,j)
and (k) are nearest site pairs and next-nearest site pairs,
respectively.

H= =2 MM, = D0, M-M,
i) k1

(1)

For the doped La(MnysZn,5)AsO alloy, the magnetic Mn
atoms form a simple square lattice (Figure 3a) with M = 4.5
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Figure 3. (a) Ising model considering both nearest and next-nearest
exchange interactions. Each lattice point represents a magnetic Mn
atom. Variation of the magnetic moment per unit cell with respect to
temperature for (b) (Lag,5Cag,5)(MnysZngs)AsO and (c) La-
(Mng3Zng5)As(OgsHys) respectively.

and 4.0 uB for 25% Ca doping and 50% H doping, respectively.
The magnetic energies of the 2 X 2 X 1 supercell under FM,
AFM, and AFM2 states can be evaluated by eqs 2—4. Then
with the AFM — FM energy difference calculated by VASP, the
exchange parameters J; and ], are obtained according to egs S
and 6.

E(FM) = —8(J, + J,)M’ @)
E(AFM) = 8(J, — J,)M* 3)
E(AFM2) = 8],M° *)
J, = [E(AFM) — E(FM)]/16M (s)
_ [2(E(AFM2) — E(FM)) — (E(AFM) — E(FM))]
2 32M?
(6)

The calculated exchange parameters are J; = 1.50 meV, ], =
—0.10 meV and J;= 2.29 meV, J,= 0.09 meV for (Lay,sCag,s)-
(MngsZny5)AsO and La(MngZny5)As(OgsHys), respectively.
In the following, the partition function of each magnet with an
integer magnetic moment M can be obtained with eq 7, where
71 = 4, v, = 4 are the nearest and next-nearest coordination
numbers of the Mn atoms, respectively. The ensemble-average
magnetic moment (M) can be calculated with eq 8, where the
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(M) changes with the parameter p = (y,]J; + ¥,J,)/ksT, and the
critical point p, corresponds to the Curie temperature T,. The
values of p, are calculated to be 3/35, 1/8, and 1/5 for M = 5.0,
4.0, and 3.0 pg, respectively. At 25% Ca doping, the local
magnetic moment is M = 4.5 yg and the Curie temperature is
estimated to be 612 K < T. < 656 K. In the case of 50% H
doping, the local magnetic moment is M = 4.0 yi5 and the Curie
temperature is predicted to be T, = 884 K.

7 = Z SR +1),)m(M) / ks T
m=—M,—M+2,.,M=2,M (7)
(M) = 1 Z m X HhFRL)mM) /T
z m=—M,—M+2,.,M—2,M (8)

It is well-known that the Curie temperature T predicted by
MEFT is probably overestimated. We performed Monte Carlo
(MC) simulations of the magnetic moment as a function of
temperature to obtain the precise value of T. The MC
simulations last for 1 X 10° loops with an (80 X 80) supercell.
In each loop, the spins on all the magnetic sites flip randomly.
Larger supercells or longer loops have been tested to give very
similar results. From Figure 3b, it can be seen that, for
(Lag75Cags) (MngsZng s )AsO, the magnetic moment per unit
cell starts dropping gradually from 4.5 p3 at about 200 K, then
the paramagnetic state is achieved at a temperature of about
475 K. For La(MngZny5)As(OysHy ), the Curie temperature
is predicted to be 600 K (Figure 3c). Compared to the MFT,
the Curie temperature is reduced by 23% and 32% for
(Lag7sCagas) (MngsZng s )AsO and La(MngsZngs)As(OgsHys),
respectively. Note that if other models are used, the results can
be different. A test calculation based on the classical Heisenberg
Hamiltonian is also performed,® and the predicted T. are
about 300 and 550 K for (Lag;sCag,s)(MngsZngys)AsO and
La(MnysZng5)As(OgsHys), respectively (see Figure S3 in the
Supporting Information). Considering this model tends to
underestimate the Curie temperature,” the results are in good
accordance with those based on the Ising model.

The DOSs of the doped alloys are calculated further to
understand their electronic properties. Figure 4a and d shows
the calculated DOSs of (Lay;5Cag,s)(MngsZngs)AsO and
La(Mng sZng s)As(OgsHys), respectively. Clearly, both
(Lag7sCagas) (MngsZng s )AsO and La(MnysZngs)As(OgsHojs)
are half-metals, exhibiting complete spin-polarization at the
Fermi level. The half-metallic gaps (labeled as & in Figure 4a
and d) are 0.74 and 0.46 eV, comparable to those of double
perovskites Sr,FeMoOg, Sr,FeReOg (about 0.5 €V),** tran-
sition metal pnictides, and chalcogenides (up to 0.88 eV)C A
large half-metallic gap can efficiently prevents the spin flip
transitions in HMFs which may occur far below T, and thus
enhance the stabilit;r of their half-metallicity. The HSE06
hybrid functional®***” was also used to confirm the PBE+U
calculations (see Figure S4 in the Supporting Information). The
doped La(Mn,Zn)AsO are still half-metals. The calculated half-
metallic gaps are 1.36 and 0.55 eV for (Lag,;sCag,s)-
(MnyZny5)AsO and La(MngZny)As(OysHy) respectively,
larger than those with PBE+U.

In (Lag,5Cagys)(MngsZngs)AsO, the states around the
Fermi level are mainly contributed by As and Mn atoms, as
shown in Figure 4b. The orbital-projected DOS, shown in
Figure 4c, indicates that these states mainly come from As’s 4p
and Mn’s 3d orbitals. The strong hybridization between them
reveals that the ferromagnetism originates from the Zener’s p—
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Figure 4. (a) Total density of states, (b) atom-projected density of
states, and (c) orbital-projected density of states for (Lag;5Cag,s)-
(MnysZng5)AsO. (d), (e), and (f) for La(MngsZngs)As(OgsHys),
respectively. The Fermi levels are all set to zero.

d exchange interaction.”®” A weak p—d hybridization can be
also observed in La(MngZngys)As(OysHys), as shown in
Figure 4e and f. This may be the reason why the electron
doping is less efficient than hole doping to induce the AFM-FM
transition in La(MngZngs)AsO.

In both (Lag;5Cag,s)(MngsZng )AsO and La(MngZng s )As
(OpsHys), there is no sharp impurity state peak that comes
from Ca or H atom around the Fermi level, indicating that the
impurity states are not localized at the doping sites. From the
atom-projected DOS, it can be seen that the introduced holes
mainly locate on the As atoms, while the doped electrons
mostly reside at Mn, La atom sites. This is further confirmed by
bader charge analysis*® (see Table SI in the Supporting
Information). The interlayer charge transfer is 0.12 hole/
electron per chemical formula for 25% Ca doping and 50% H
doping, respectively. The excess carriers in the [(Mn,Zn)As]~
layer lead to the rise of carrier-mediated ferromagnetic
exchange interaction and the Zener’s p—d exchange interaction,
which exceeds the antiferromagnetic superexchange interaction
and results in the transition of antiferromagnetic spin order to
ferromagnetic spin order."*

MAE is also an important property for magnetic materials
which determines the low-temperature orientation of the
magnetization with respect to the lattice structure. It is directly
related to the thermal stability of recorded data in magnetic or
magneto-optic data storage, and to reduce the used grain size
per bit of information requires an increased MAE per atom. It is
known that reduced dimensionality and symmetry would result
MAE several orders of magnitude larger than that of bulk
systems.‘”’42 Due to its intrinsic quasi two-dimensional

dx.doi.org/10.1021/ja412317s | J. Am. Chem. Soc. 2014, 136, 5664—5669



Journal of the American Chemical Society

structure, a sizable MAE is expected in the doped La-
(MngsZngy5)AsO alloy.

With spin—orbit coupling (SOC) calculations, the relative
stabilities along three magnetization directions, that is, (001),
(100), and (110), are studied and the easy axis (EA) is
determined for (Lag,5Cag,s)(MngsZngs)AsO and La-
(MngsZngs)As (OgsHys), together with LaMnAsO to verify
the accuracy of our calculations, as summarized in Table 1. The

Table 1. Summary of Magnetic Anisotropy Energy in ueV/
Mn and the Easy Axis (EA) for LaMnAsO,
(Lag75Cag,5) (Mny s Zny5)AsO, and

La(Mny sZny5)As(0o.sHo s)

E(100) — E(110) —

E(001) E(001) EA
LaMnAsO 72 72 (001)
(Lag75Cagas) (Mng sZng s )AsO —498 —509 (110)
La(MngsZng5)As(OpsHos) —191 —200 (110)

easy axis of LaMnAsO is along (001) direction, that is, parallel
to the c-axis, consistent well with the experimer1ts.31’32 With
doping, The easy axis in LaMnAsO rotates from the c-axis to
the ab-plane in (Lay;5Cag,s)(MngsZnys)AsO and La-
(MngysZngys)As(OpsHys). The calculated MAEs are —0.51
and —0.20 meV/Mn for (Lay,5Cag,s)(Mngy<Zngs)AsO and
La(MngsZng5)As(OgsHys), respectively. These values are
about one to 2 orders of magnitude larger than those of Fe
(—1.4 peV per atom), Co (—6S ueV per atom), and Ni (2.7
ueV per atom) bulks.**** Moreover, the magnitude of
calculated MAEs are comparable to those of monolayer of
Fe, Co deposited on Rh(111) and Pt(111) substrates. For
example, the values are 0.08, —0.37, 0.10, and 0.15 meV per
metal atom for Fe/Rh(111), Co/Rh(111), Fe/Pt(111), and
Co/Pt(111) systems, respectively.***® The large bulk MAE
makes our systems promising for magneto electronics
applications. To our knowledge, such large bulk MAE has
rarely been reported in other half-metallic systems from
traditional three-dimensional HMFs to low-dimensional
HMFs.*

B CONCLUSIONS

In summary, we presented a new type of HMF of the doped
La(Mn,Zn)AsO alloy with high Curie temperature, wide half-
metallic band gap, and sizable magnetic anisotropy energy for
practical applications in spintronics. Either the hole-type (Ca*"/
Sr**,La**) substitutions or electron-type (H™/F7,0*7) sub-
stitutions induce AFM—FM and semiconductor—HMF tran-
sitions in the alloy. The half-metallic La(Mn,Zn)AsO with
element substitution possesses both wide half-metallic gaps (up
to 0.74 eV) and high Curie temperature ranging from 475 K for
25% Ca doping to 600 K for 50% H doping. Moreover, a
sizable bulk MAE is found under both types of doping with the
values comparable to those of a surface-deposited transition
metal monolayer.

Our proposed system belongs to the big family of “1111”
ZrCuSiAs-type compunds, and it is expected that, by similar
design, other half-metallic systems can be obtained with
attractive electronic and magnetic properties, providing great
opportunities for spintronics and electronics devices.

B ASSOCIATED CONTENT
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Three different patterns of substitution for 25% H doping and
25% Ca doping, and corresponding density of states; the Monte
Carlo simulations based on the classical Heisenberg Hamil-
tonian; the calculated density of states with HSE06 functional;
the bader charge analysis. This material is available free of
charge via the Internet at http://pubs.acs.org.
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