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Analysis of Orbital Hybridization in the Magnetoelectric
YMnO3 Crystal From First Principles Calculations

Adilmo Francisco Lima and Milan V. Lalic
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We performed first-principles band-structure calculations on multiferroic hexagonal YMnO; to study the characteristics of Mn-O and
Y-O chemical bonds in the vicinity of ferroelectric (FE)—paraelectric (PE) phase transition. Both the FE and the PE crystal structures
were successfully reproduced and considered paramagnetic ones. Exchange-correlation effects between electrons were treated by the
recently developed modified Becke-Johnson (mBJ) approach which enabled successful reproduction of experimental band gap in the FE
phase and predicted a small band gap in the PE phase. Analysis of the resulting electronic structures in both phases indicates that Mn-O
bonds do not suffer significant changes during the PE-FE phase transition, while the Y-O bonds become more covalent, with clear signs

of hybridization between Y 4df and the O p, orbitals.

Index Terms—Density functional theory (DFT), electronic properties, manganites, multiferroics.

I. INTRODUCTION

HE hexagonal YMnOs (h-YMO) is one of the most

studied magnetoelectric materials because of its suit-
ability for usage in ferroelectric memories and due to the in-
triguing coexistence of ferroelectricity and magnetism [1]—[3].
It has a high ferroelectric-paraelectric transition temperature
(T. ~ 1258 K), and a low antiferromagnetic-paramagnetic
transition temperature (T, ~ 75 K). For T < T, the h-YMO
is simultaneously antiferromagnetic (with noncollinear Mn
spins ordered in a triangular arrangement [4]) and ferroelectric,
exhibiting a clear multiferroic characteristic. At temperatures
between T,, and T, the h-YMO is in the ferroelectric (FE)
phase, having the noncentrosymmetric structure described by
the space group P63cm and electric polarization along the
c-axis. In its paraelectric (PE) phase, above T, the h-YMO
has a centrosymmetric structure described by the space group
P63 /mmc [5].

Aiming to understand the origin of magnetoelectric prop-
erties of this compound, significant experimental and theoret-
ical efforts have been made so far [6]-[8]. As a result of these
works, it was established that the mechanism that causes ferro-
electricity in the h-YMO is different from the mechanisms in
other multiferroic materials such as BiFeOs (where the chem-
ical behavior of the Bi 6s? lone pair plays an important role [9])
and TbMnOg; (where the principal mechanism is spin frustration
magnetic ordering [10]). What is the exact nature of the driving
force of ferroelectricity in the h-YMO, however, is still a matter
of debate in the literature [11]-[14].

Filippetti and Hill [11] proposed the Mn d"-ness model,
based on results of their first principles density functional
theory (DFT) calculations. They stated that the h-YMO fer-
roelectric distortion is due to unoccupied Mn 3d2 orbital that
hybridize with the O 2p states. Van Aken et al. [12] used a
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combination of single-crystal X-ray diffraction and DFT cal-
culations have suggested that the ferroelectricity is generated
by the geometric effect rather than by hybridization. Cho et
al. [13], however, performed polarization dependent X-ray
absorption spectroscopy and showed that the Y 4d states are
strongly hybridized with the O 2p states. By an analogy with
ferroelectric electronic origin of the BaTiOs crystal [15],
they suggested the Y d”-ness model for h-YMO compound,
although they have not described in detail how it is realized.
Two years later, Kim ef al. [16] investigated experimentally
the Y-O hybridization of the h-YMO crystal in the temperature
range around T, and gave evidence of an increase of orbital
hybridization between the Y and O ions along the polar c-axis.
More recently, Liu et al. [14] proposed another mechanism for
the ferroelectric origin of the h-YMO that might be associated
with the charge transfer from the Y-O bonds to the Mn-O
bonds.

The main goal of the present work is to investigate how the
chemical bonds between the Mn 3d and O 2p, and the Y 4d and
O 2p orbitals change when the h-YMO suffers a phase transi-
tion from the PE to the FE structure. Towards this aim, we per-
formed first principles DFT calculations of the h-YMO crystal
in both paraelectric and ferroelectric phases, both being treated
in the paramagnetic state. In our calculations we employed for
the first time one of the most advanced approaches to treat ex-
change-correlation effects between electrons in insulators and
semiconductors, the Tran-Blaha modified Becke-Johnson (TB-
mBJ) approach [17], as well as its respective improvement [18].
By careful analysis of calculated electronic structure we showed
that the Y 4d!- and the O 2p?-states suffer a rehybridization
during the PE — FE phase transition, thus supporting the Y
d%-ness model proposed in [13].

II. CALCULATION DETAILS AND STRUCTURAL OPTIMIZATION

All calculations were carried out using a full potential linear
augmented plane wave (FP-LAPW) method [19] as embodied
in WIEN2k computer code [20]. In this method, the elec-
tronic wave functions, charge density and crystal potential are
expanded in spherical harmonics inside the nonoverlapping
spheres centered at each nuclear position (atomic spheres with
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TABLE 1
CALCULATED EQUILIBRIUM LATTICE CONSTANTS AND SELECTED INTERATOMIC DISTANCES (IN A) IN H-YMO CRYSTAL
COMPARED TO EXPERIMENTAL DATA. PARENTHESIS SHOW NUMBER OF CORRESPONDING EQUIVALENT BONDS

This work Exper.[5]

This work Exper.[4]

Ferroelectric

a 5.995 6.155

c 11.646 11.403
Mn- 01 (x1) 1.885 1.850
Mn- 02 (x1) 1.876 1.878
Mn- 03 (x1) 2.047 1.996
Mn- 04 (x2) 1.986 2.097
Y1-03 (x1) 2.328 2.345
Y2 - 04 (x1) 2.497 2.459

Paraelectric
a 3.499 3.618
c 11.402 11.340
Mn - O1 (x3) 2.020 2.089
Mn - 02 (x2) 1.870 1.865
Y -01 (x2) 2.851 2.835

radii RMT) and in plane waves in the rest of the space (intersti-
tial region). The choice for the atomic sphere radii (in atomic
units) was 2.0 for Y, 1.8 for Mn and 1.5 for O. Inside atomic
spheres the partial waves were expanded up to [, = 10,
while the number of plane waves in the interstitial was limited
by the cutoff at K. = 7.0/RMT. The charge density was
Fourier expanded up to G, = 14. A mesh of 5 k-points in the
irreducible part of the Brillouin zone was used. Tests with more
k-points were made, not leading to essentially different results.
The Y 4s, 4p, 4d, 5s the Mn 3s, 3p, 3d, 4s and the O 2s, 2p
electronic states were considered valence ones. Exchange and
correlation effects in our calculations were treated in a two-fold
manner. First, we performed a relaxation of hexagonal lattice
parameters and all atomic positions for both FE and PE phases
of the h-YMO using the generalized gradient approximation
with Perdew-Burke-Ernzenhof parameterization (GGA-PBE)
[21]. Within the relaxed structures all the atoms experience
forces less than 2 mRy/a.u. Then, we calculated electronic
bands for these optimized structures employing the semi-local
exchange potential appropriate for strongly correlated elec-
tronic systems: Tran-Blaha modified Becke-Johnson (TB-mBJ)
potential [17] for the FE phase, and the improved variance of
the TB-mBJ potential [18] for the PE phase. The improved
TB-mBJ potential has been applied in order to open a gap in
the PE phase and correct the original TB-mBJ which resulted
in metallic solution for it. The self-consistent calculations for
both phases of YMnO3 were performed on the same level
of precision and good convergence of the results has been
achieved (less than 10~* Ry and 10~°¢ for energy and charge
convergence, respectively).

Fig. 1(a) and (b) presents both hexagonal FE (P63cm) and
PE (P63mmc) fully optimized crystal structures of the h-YMO.
The primitive unit cells of the PE and the FE phase contain 10
and 30 atoms, respectively. Table I summarizes the calculated
lattice constants and some selected interatomic distances in the
Mn and Y first coordination spheres and compares them with
the corresponding experimental values. As it can be seen, the
overall agreement between theoretical and experimental data is
good. This means that the characteristics of both distinct crystal

(a) P63cm - FE

(b) P63mmc - PE

Fig. 1. Fully optimized crystal structures of h-YMO in its (a) ferroelectric and
(b) paraelectric phase. In the FE phase there are two nonequivalent Y3+ ions
(Y1 and Y2), while in the PE structure all Y** ions are crystallographically
equivalent. In both FE and PE crystal structures the Y ions are surrounded
by 8 O? ions.

phases have been preserved in our calculations. Special atten-
tion should be paid to the fact that the FE structure can be gen-
erated from the higher symmetry PE structure by the loss of the
mirror symmetry perpendicular to the c-axis, resulting in tilted
MnOj; bipyramids and unequal Y(1,2)—0(3,4) bond lengths.
This fact is clearly reproduced by our first-principles calcula-
tions, serving as an additional evidence of adequacy of the pre-
sented theoretical approach.

III. ELECTRONIC STRUCTURE

Fig. 2 shows the calculated total electronic density of states
(TDOS) for the h-YMO compound in its PE and FE phases. For
both phases our calculations lead to semiconductor solutions.
The calculated band gap in the FE phase is 1.6 ¢V, which is co-
incident with the estimated experimental optical gap [22]. The
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Fig. 2. TDOS of h-YMO in the PE and FE phase. Predominant orbital char-

acter of some bands is denoted. Vertical dot line indicates the Fermi level.

calculated gap for the PE structure is found to be 0.4 eV. Al-
though we did not find any published experimental facts about
electronic structure of the h-YMO in the PE phase, we supposed
that it should present a nonzero band gap having in mind that
the compound is an oxide and possesses a large gap in the FE
phase. It should be stressed that the GGA-PBE approach leads
to metallic solutions for both the FE and the PE phases, which
is certainly wrong at least for the FE structure. The error occurs
due to well-known deficiency of the GGA (or LDA) treatment
of the exchange and correlation effects between electrons [17].
This fact imposed the necessity to treat these effects in a more
realistic way, which has been performed in the present work.
The TB-mBJ approach [17] reproduced the correct gap for the
h-YMO FE phase, while the improved TB-mBJ potential [18]
opened a small gap in the case of the h-YMO PE phase. Both
structures (phases) were considered nonmagnetic ones, which is
areasonable supposition at such high temperatures that separate
the FE from the PE phase.

Fig. 2 demonstrates that the YMnOs TDOS differs signifi-
cantly in the two different phases, mostly because of substan-
tial rearrangement of the Y and the Mn d-states. Going from
the PE to the FE phase, two principal changes could be noted.
The first one is that the empty Mn d-states, separated in two
bands in the PE structure, concentrate themselves in unique en-
ergy range from 1.6 to 4.1 eV in the FE structure. The second
one is a change of the TDOS within the valence band, in which
the PE phase contains the most prominent peak centered at —2
eV while in the FE phase the most prominent peak is centered at
—3.8 eV. Both of these changes can be explained by analysis of
partial electronic density of states (PDOS), which is presented
in Fig. 3.

Changes within the conduction band can be understood in
terms of the crystal field splitting. In both, the FE and PE struc-
tures the local symmetry of the Mn is bipyramidal, thus the
energy of its 3d orbital is split into two doublets eqq(x%, yz)
and eg,(x? — y?,xy), and one singlet aj,(«?). This splitting
is clearly seen from the Mn 3d PDOS in the PE phase (Fig. 3),
where the ay, orbital has the highest energy due to the fact that
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Fig. 3. The PDOS of the h-YMO in the PE and FE phase. Vertical dot line

indicates the Fermi level.

the apical oxygens Ot (situated along the c—, i.e., z-axis) are
closer to the Mn ion than the in-plane Op ones. In the FE phase
the Mn— Ot and the Mn— Op distances are not so different (see
Fig. 1 and Table I), thus the energy splitting between the Mn
d-orbitals become smaller, resulting in formation of a unique
band. The chemical bonds between the Mn and neighboring O
ions are, however, altered very little because within the energy
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range where the Mn 3d-states are abundant there are very few
O states at disposal for hybridization.

On the other hand, changes of the DOS within the valence
band can be related to changes of the chemical bonds between
the Y ions and their neighboring apical oxygens. Within the
PE structure the occupied Y 4d-states (0.279 electrons within
the Y atomic sphere) are spread over the whole valence band,
without any peak that is distinguished from the others. They
consist of all types of d-states except the d? ones that are almost
empty (0.026 electrons). Within the FE structure, however, it
is formed a narrow and sharp peak with a clear Y 4d and O 2p
character, centered at approximately —3.8 eV. It contains signif-
icant amount of the Y d? states whose increasing presence can
be perceived over a whole valence band (within the Y1 atomic
sphere there are 0.296 d-electrons, being 0.059 in the d? states).
Appearance of this peak indicates hybridization between the Y
df and the O 2p, orbitals which changes the character of the
bond between the Y’s and their apical oxygens. Namely, filling
of the Y d2 orbital occurs because the charge distributed along
the Y-O bond in the z-direction moves towards the Y ion, thus
increasing the covalent character of this bond when compared
to the same bond in the PE phase. Therefore, our calculations
indicate that the PE — FE transition is accompanied by re-hy-
bridization between the Y and O orbitals. This effect is very
similar to the one that occurs with the Ti-O bonds in BaTiOj3
and explains its ferroelectricity [15]. By analogy, we conclude
that hybridization between the Y 4d and O 2p states might be
responsible for ferroelectricity in the h — YMnOg, supporting
this way the Y d"-ness model as it was proposed in [13].

IV. CONCLUSION

In this paper, we present the first principle study of the hexag-
onal YMnO3 (h-YMO) multiferroic compound in its PE and fer-
roelectric FE phases using the DFT-based FP-LAPW method
and treating exchange and correlation effects by the recently
developed TB-mBJ approach. Both structures were simulated
in the paramagnetic state. The main objective was to investi-
gate how the FE — PE phase transition influences orbital hy-
bridizations between the Mn and O and Y and O orbitals. A
careful analysis of the h-YMO DOS in both phases shows that
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the Mn-O bond character does not suffer significant changes
while the Y-O bonds become more covalent due to hybridiza-
tion between the Y 4d3 and the O 2p,, orbitals. This fact indi-
cates that Y-O hybridization could be responsible for ferroelec-
tricity of the h-YMO compound, supporting the d°-ness model
which has been successfully applied in the case of the BaTiO3
compound.
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