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First Principles Study of Electronic and
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Abstract: Using first-principles density functional theory within the generalized gradient approximation method the effect
of electronic and magnetic properties of a series of orthorhombic manganites Gd, _ , Ho, MnO;( 0. 0<x<0.5) have been
studied. For all concentrations we find that the single orthorhombic structure in Gd, _ Ho MnO, can be maintained and
the volume of the unit cell can almost be linear decreasing with x. It is found that the Mn — O — Mn bond angle decreases
almost linearly with the Ho doping which originates the enhanced electric polarization in Gd, _,Ho MnO,. The AFM-E
phase becomes more stable due to the Ho doping and the local magnetic moment of Mn is basically constant for all x in
Gd, _ Ho MnO; based on the magnetic properties calculations.
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Multiferroic oxides have attracted considerable recent attention due to their intriguing coupling between the
magnetic and electric order parameters ' . Of all the known multiferroic materials the RMnO, rare-earth man—
ganites attracted particular interest. The rare-earth manganites prepared under ordinary synthetic conditions crys—
tallize in the orthorhombic perovskite structure ( 0-RMnO,) for R = La-Dy with large ionic radius and in the hexa—
gonal structure ( h-RMnO,) for R = Ho-Lu with smaller ionic radius. However by means of special soft-chemis—
try synthesis applying pressure or even epitaxial thinHilm growth the hexagonal structure can be converted into
the more dense albeit metastable orthorhombic phase ®* and the 0o-RMnO, manganites show a rich variety of

subtle interplay among charge spin orbital and lattice degrees of freedom *°
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Notably a special antiferromagnetic ( AFM) phase has been observed in 0o-RMnO, with the zigzag chains of
ferromagnetic ( FM) spins antiferromagnetically coupled to neighboring chains or the E-type in the Wollan-Koe—
hler standard notation. It is somewhat surprising that the E-type phase was predicted to be stable over a wide re—
gion of the phase space > " . Moreover both theoretical and experimental works demonstrate the existence of
spontaneous polarization triggered by such a magnetic configuration with broken spatial inversion symmetry ' ' .
The most significant effect on the orthorhombic structure by decreasing ionic radius is to enhance the cooperative
rotation of the MnOg octahedra. The resulting substantial bending of the Mn — O — Mn angle will weaken the FM
superexchange interactions between nearest-neighbor Mn ions due to a reduction in the overlap of Mn and O or—
bitals. Therefore the AFM interactions between Mn ions from different zigzag chains through the Mn -0 - O -
Mn or the Mn — O — Mn path would need to be taken into account and the APM-E type state becomes stable. A
simple strategy is to reduce the R-site ionic size by substituting the R-site ions with small rareearth ions such as
Ho Y Tm etc so that the Mn — O — Mn bond angle can be reduced to favor the AFM-E order. Along the road-
map mentioned above one can choose GAMnOj; as a prototype and perform the Ho-doping at the Gd site noting
that GAMnO, exhibits the AFM-A order but close to the boundary with the noncollinear spiral spin ( NSS) or-
der B4

To understand the physics involved in these multiferroic materials it is necessary to understand their elec—
tronic structure and magnetic properties. Compared to o-RMnO; the detailed electronic structure and magnetic
properties of Gd, _ Ho MnO; are not very well understood. In this paper we study the effect of Ho doping on the
electronic structure and magnetic properties in order to shed light on the questions raised by the experimental

studies.

1 Computational Details

Experimentally the unit cell in orthorhombic GAMnO, shows the Pnma symmetry ( whereas the Pnma set—

ting is used in some other references the standard Pnma orientation is adopted in this paper i.e. we choose b
as the longest axis) with strong distortions with respect to the ideal cubic perovskite. To study the electronic and
magnetic properties of Gd, _ Ho MnO;( 0. 0<<x<0.5) we have constructed a supercell consisting of 40 atoms.
We consider substitute forms in our initial configuration as follows: for x =0. 125 we replace one Gd atom with
Ho at (0.20 0.25 0.02) ; for x =0.25 we replace two Gd atoms with Ho at (0.20 0.25 0.02) and (0. 71
0.25 0.02) ; for x =0.375 we replace three Gd atoms with Ho at (0.20 0.25 0.02) (0.71 0.25 0.02)
and (0.54 0.75 0.52); forx=0.5 we replace four Gd atoms with Ho at (0.20 0.25 0.02) (0.71 0.25
0.02) (0.45 0.25 0.48) and (0.95 0.25 0.48) . We have considered four kinds of AFM spin configura—
tions: AFM-A AFM-C AFM-G and AFM-E in 40 atoms/unit cell. We recall that according to the standard
Wollan-Koehler notation the AFM-A shows ferromagnetic ( FM) ( AFM) intraplanar ( interplanar) coupling; the
AFM-C shows FM ( AFM) interplanar ( intraplanar) coupling; the AFM-G shows AFM in both intra-and inter—
planar coupling. The AFM-E shows in-plane FM zigzag chains antiferromagnetically coupled to the neighboring
chains. The reason why we used the AFM-A and AFM-E configuration in Ho doping systems is based on the fact
that the GAMnO, and HoMnO, show as ground state the AFM-A and AFM-¥ spin configuration respectively.

We perform simulations based on the PerdewBurkeErnzerhof ( PBE) '° version of the generalized gradient
approximation ( GGA) to densityfunctional theory ( DFT) using the Vienna Ab initio Simulation Package
( VASP) " and the projectoraugmented-wave ( PAW) pseudopotentials. The number of plane waves in VASP is
controlled by the cut-off energy which in all our static calculations is 400 eV while all the geometry relaxations
are performed with an increased cut-off of 500 eV to ensure proper convergence of the stress tensor. Forces on at—
oms are calculated and atoms are allowed to relax using a conjugate gradient technique until their residual forces
have converged to less than 0. 01 eV/A. The Brillouin zone integration is performed using Monkhorst-Pack grids
of 4 x6 x8 during the iterations; but to obtain higher quality state densities and to check the stability of the re—
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sults this number of k-points is increased to 6 x9 x 12 after convergence is reached.

2 Results and Discussion

In order to discuss the magnetic stability in a tiny range of -334.5r1
. _ . —— AFM-A
energy we start the structural relaxation from the experimental | —— AFM-C
3346 , AN
lattice parameters of GdMnO, ( space group Pnma a = —¥— AFM-E
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mized the internal structural parameters imposing AFM-A oy
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trons in GdMnO; and the total energies with different concen—

tration x are shown in Fig. 1. The AFM-E phase is most stable 00 or 02 03 04 05

X
in GAMnO,( x =0) at variance with experimental results repor— Fig.1 Total energy of AFM-A, AFM—C, AFM-G and
ting that the AFM-A phase is the spin ground state. The disa— AFM-E phases of GAMnO and total energy of AFM-A

greement with experiments may again come from neglecting ma— and AFM-E phases versus Ho concentration x

nybody effects within LDA/GGA and our results are consistent
with previous calculated results * . The results also show that the AFM-E phase is more stable over the range of
compositions x.

The lattice constants and the volume of the unit cell of AFM-A and AFM-E phases for different compositions
are shown in Fig. 2. The errors of the lattice constants are about 1% in GAMnO, which are typical errors for
GGA. For all concentrations we find that the single orthorhombic structure in Gd, _ Ho MnO, can be maintained
up to x =0. 5. On increasing Ho concentration the lattice constants @ b and ¢ are slightly decreasing continu—
ously both in AFM-A and AFM-E phases. The effect of the doping on the structure is also seen from the the vol—
ume of the unit cell which almost linear decreasing is observed indicating the lattice shrinking with increasing x.
This variation is reasonable because of smaller Ho’* ion than Gd’* ion. The mean Mn-O bond distances and Mn
— O — Mn angles in the ac plane are reported in Fig. 3. The Mn-O bond lengths [ m s in GdMnOj, are all slightly
larger ( <1%) than the experimental data " (1=2.229A m =1.944A and s =1.915A) . The Mn-O bond
length [ m and s look rather constant over the compositions x. Because of the small size of the Gd ionic radius

GdMnO, shows a highly distorted perovskite structure with the Mn — O — Mn ac-plane angle ¢ ~146° '* . The
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Fig.2 Lattice constants a, b, and ¢, volume of the Fig.3 (upper panel) Mn-O bond distance of Gd,,Ho,MnO; as a function of
unit cell in Gd Ho MnO versus Ho concentration x x. 1,x: long and small Mn-O distances in ac plane, respectively; m:middle
Mn-O distance along the b axis. The lines are plotted for an eye guide. lower
panel) Mn—O-Mn angles of Gd, . Ho,MnQ; as a function of x. ¢: Mn—-O-Mn
angles in the ac plane; ¢*, ¢©*: Mn-O-Mn angles corresponding to the bonds

with parrelel and antiparallel spins in the ac plane



( ) 35 2 (2012 )

lattice shrinking allows the reduction of the Mn — O — Mn angle ¢ in the AFM-A phase with increasing x ( see
Fig.3) as well identified in earlier literature ** . We also note that in the AFM-E phase the ¢" stays rather
constant while the ¢p™ decreases with x; the difference between ¢" and ¢* which is at the basis of the polar atom—
ic displacements " increases with the Ho doping. Recent experiment ° shows that the doping leads to a transi—

tion of paraelectric phase into ferroelectric one making Gd, _ Ho MnO, multiferroic. The enhanced ferroelectric

1-x
polarization originates from the reduction of Mn — O — Mn bond angle due to the Ho doping and the spin order of
Ho spins at high doping level may also make contribution to the polarization which are not considered in our cal-
culations.

We show the calculated total density of states ( DOS) and various partial densities of states in Gd, _,
Ho MnO; in Fig.4. The DOSs of spin-up and spin-down electrons are identical as expected for an AFM state.
From the results the band gap is estimated to be about 0. 1 eV in AFM-A phase and 0. 3 eV in AFM-¥ phase.
However it is well known that GGA greatly underestimates the band gap especially for the 3d compounds. The

real band gap might be much larger confirming the experimental fact that Gd,_ Ho MnOj; is an insulator. For

1-x
our discussion of the density of states which is limited to an energy window of —8 eV to about 4 eV we shall be
primarily concern with the Mn d and O p states since the Gd/Ho-derived states are quite small in the selected
energy range. We see that the DOS near the Fermi level is mainly from Mn d and O p orbits and there is a strong
hybridization between Mn d and O p states. In particular the bands lying just below E, and separated by the rest

of the valence band are Mn-O bands ( occupied hybridized e,ike states ( see Fig.5) ) .
AFM-A AFM-E

Total

...... 0(1)>
------ Mn(d)

DOS

Energy/eV
Fig.4 Total densities of states and partial densities of states of Min d, and O p of AFM-A (left panel) and AFM-E (right
panel) phases in Gd, . Ho,MnQO, The energy zero is taken at the Fermi level and the upper halves of each panel display the

majority—spin states and the lower halves minority-spin states

Here we would like to point out that the DOS does not change significantly both in AFM-A and AFM-E
phases. We recall that the Mn d state is well localized and the character of the Mn-O bond is rather ionic in na—
ture so it is not expected to undergo drastic changes as the bonding properties are concerned. In Fig. 5 we show
the orbital-resolved densities of states of Mn and explain the calculation results in detail only for x =0.25 in
AFM-A and AFM-E phase. As expected there exists a splitting between the valence ¢,, and e, states owing to the
octahedral crystalield effect. The John-Teller ( JT) distortion and the tilting of the octahedra result in further
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Fig.5 Orbital-resolved densities of states of Mn #,, (red line) and e, orbitals and the in ac—plane O 2p (navy line) orbital for

Gd, Ho,MnO; The energy zero is taken at the Fermi level and the upper halves of each panel display the majority-spin

states and the lower halves minority—spin states

splitting of e, states. In the AFM-A phase just below E; is the Mn e, state hybridized with the Op component;
the lowest unoccupied band is dominated by the Mn e, Mn t,, and O p states. In comparison with the AFM-A
case Fig. 5 clearly demonstrates that the hybridization of Mn e, and O p in the ac plan is weaker in AFM-E
phase which is due to the larger JT distortion.

The local magnetic moment of Mn is basically constant and equal to about 3.53 u, in AFM-A phase and
3.44 p, in AFM-E phase which is reduced with respect to the Hund’ s rule value 4 w, reflecting the hybridiza—
tion with O atoms. More information on the magnetic interactions between Mn atoms can be gained by considering
a Heisenberg Hamiltonian and using this model to fit our calculated total energies ( see Fig. 1) . The difference
between the total energy of AFM-A and AFM-E increases with x which indicates that the AFM-E spin configura—

tion becomes more stable. This can be explained considering that upon larger tilting the overlap between Mn d

and O p orbitals is not large enough to provide a strongly FM
superexchange ( SE) between Mn cations in the ac plane.
This alters the delicate balance with the second-nearest-neigh—
bor coupling SE interactions through Mn — O — O — Mn paths
along the a direction. Upon significant distortions the large

second-nearest-neighbor coupling ( of the order of few meV)

AFM coupling prevails therefore stabilizing the AFM-¥, orde—
ring.

In order to better understand the trends of the magnetic
properties let us briefly discuss the local magnetic moment of
the compounds in the AFM-¥ spin configuration. A general

feature for the entire Gd, _ Ho MnO, is that the oxygen atoms

-

also possess small magnetic moments which originate from Mn
d and O p hybridization in ac plan. The magnetic moments at
O atoms range from =0.01 g, to £0.05 w, and the moments
at O are directed parallel to the nearest-neighbor Mn atoms.

These can also be observed in Fig. 6. The Mn atoms are ferro—

magnetically zigzag chains coupled and antiferromagnetically

%6 -4 2 0 2 4 6

coupled to the neighboring chains inducing the spin polariza—
Fig.6 Contour plot of the spin density in the ac plane

in Gd, ,HoMnO:. (a) x=0, (b) x=0.25, and (c) x=0.5.
spherical distributed spin densities of Mn indicate the nearly Solid lines represent positive charge densities and

tion of oxygen site significantly as seen in Fig. 6. The roughly

halffilled 3d orbitals. The spin density distribution from Fig. dashed lines indicate negative charge density
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6(a) to (c) also demonstrates that the overlap between Mn d and O p orbitals decreases with Ho concentration.

3  Conclusions

In conclusion we have investigated a study of the structural electronic and magnetic properties of Gd, _,

Ho MnO,( 0. 0<<x<0.5) using first-principles density functional theory within the generalized gradient approxi—

mation ( GGA) schemes. The results show that the Mn-O bond length [ m and s look rather constant over the

compositions x and Mn — O — Mn bond angle decreases with x which originates the enhanced electric polarization

in Gd, _,Ho MnO;. Our spin—polarized calculations give a insulating state for all x and the DOS does not change
significantly both in AFM-A and AFM-¥ phases. The AFM-E spin configuration becomes more stable over the

range of compositions x which can be explained considering that upon larger tilting the overlap between Mn d

and O p orbitals is not large enough to provide a strongly FM superexchange ( SE) between Mn cations in the ac

plane.
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