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ARTICLE INFO ABSTRACT

Keywords: This study employs the Local Density functional theory (DFT) and the DFT+U extension, to better describe
Multiferroics the localized d-Mn states, and therefore analyze six magnetic configurations of the Mn ions in hexagonal
Hexagonal manganites manganite YMnO,. The respective study was complemented through hyperfine interaction calculations of

Hyperfine interactions
DFT calculations

different atomic configurations. Our focus is on six distinct magnetic configurations, complemented by
thorough Hyperfine Interactions (HFI) calculations targeting the most plausible configuration. We find the P6’;

and P6; configurations are the most probable, aligning with previous research in the field. These configurations
also show a strong correlation with experimental observations of magnetic moments, providing new insights
into the magnetic ordering of YMnO;. Our results highlight the intricate relationship between magnetic
moments and the lattice structure of YMnO;, offering valuable insights into the material’s magnetic properties.

1. Introduction

Hexagonal manganite YMnO; (h-YMnO;), a prominent magneto-
electric material, is renowned for its unique combination of magnetic
and ferroelectric properties, particularly at temperatures below ap-
proximately 80 K [1,2]. At high temperatures, h-YMnO; crystallizes
at a centrosymmetric structural phase with P6;/mmc space group,
where the Y3* ions are symmetrically positioned at the 2a Wyck-
off positions. However, as the temperature decreases, these Y>* ions
experience asymmetric displacement, meaning they shift from their
original, symmetrically aligned locations to new positions that lack this
symmetry [3].

This displacement disrupts the centrosymmetry of the crystal, lead-
ing to a non-centrosymmetric structure in the P63cm space group (see
Fig. 1). Such a structural transition is crucial for the emergence of
ferroelectricity, as it enables h-YMnO3 to achieve spontaneous po-
larization. The displacement of Y3* ions plays a fundamental role
in this polarization, leading to an uneven distribution of electrical
charges within the crystal lattice. This ionic displacement, together
with the hybridization of electronic orbitals — specifically between Yd z?
and Opz - significantly contributes to the ferroelectric nature of h-
YMnO; [4]. Additionally, the magnetic properties of the h-YMnOj; stem
from the unoccupied d-orbitals of the Mn3* ions, which are arranged
in a non-collinear manner within the a-b planes, aligned along the c-
axis. This unique arrangement imparts a complex magnetic profile to
the material, including antiferromagnetic characteristics [5,6].
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Fig. 1. Crystal Structure of h-YMnO; in the P6;cm configuration.
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Recently, YMnOj; has also gained attention as an effective ferroelec-
tric at room temperature, particularly in the non-volatile random-access
memory devices [3,7-9]. The strong interaction between its ferroelec-
tric and magnetic properties at low temperatures enhances its multi-
ferroic attributes and thus expands the respective potential for multi-
functional and spintronic devices [10]. Other research advancements
include the development of YMnOj; ceramics and nanoparticles through
low-temperature synthesis, and these show remarkable dielectric and
multiferroic properties, which make them highly suitable for practical
applications [11,12]. The magnetic structure of h-YMnOj; also positions
it as an ideal model for theoretical studies to understand the complex-
ities of multiferroicity in this significant class of materials [3,13].

Despite extensive exploration, the precise magnetic ground state
structure of h-YMnO; remains a contentious topic in the field of mate-
rials science. Symmetry-based analyses and experimental data indicate
the possibility of six different magnetic configurations, each one with
the following spatial groups (see Fig. 2): P6scm, P6.c'm, P63c'm’,
P6 cm’, P63 and P6.. Each of these structures is characterized by
the angle ¢ between the Mn spin direction and the hexagonal a, b
axes [14-17]. In the hexagonal crystal YMnO;, the magnetic space
groups significantly influence the spin orientation of the magnetic ions
of the material. The P6;cm and P6';¢'m space groups confine the
orientation of magnetic spins strictly within the hexagonal a-b plane.
This restriction means that within these groups, the spins align parallel
to the plane formed by the a and b axes of the crystal, without any
component along the c-axis. In contrast, the P6;¢'m’ and P6; space
groups allow for a phenomenon known as ferromagnetic canting along
the c-axis. A small tilt or deviation of the magnetic spins from their
primary alignment is referred to as canting. In this case, while the spins
primarily lie along the a-b plane, these also evidence a component
tilted along the c-axis, all in the same direction, which is a characteristic
of ferromagnetic alignment. Conversely, the P6’;¢'m and P6'5 config-
urations are associated with antiferromagnetic canting. This implies
that the spins are slightly canted but in opposite directions, resulting
in an antiferromagnetic arrangement. Antiferromagnetic canting intro-
duces additional complexity to the magnetic behavior of the material,
exhibiting a more intricate magnetic state [18,19].

The accurate determination of the magnetic ground state configura-
tion of hexagonal YMnO; is complicated by the symmetric arrangement
of Mn ions. This symmetry in the crystal structure can be unknown
due to the differences in the spin orientations, making it challenging to
distinctly distinguish and characterize the magnetic states. Therefore,
understanding the exact magnetic ground state of hexagonal YMnO,
requires accurate theoretical and experimental analysis, taking into
account the details of different magnetic space groups and the sym-
metrical position of Mn ions. In this study, we explore these challenges,
aiming to identify the primary magnetic configuration and investigate
the possibility of spin canting beyond the a-b planes. Our research
employs Density Functional Theory (DFT) calculations for the six pro-
posed configurations by Lima and Lalic [6], coupled with an analysis
of hyperfine parameters which is determined through the hyperfine
magnetic field. This approach allows us to integrate theoretical findings
with existing experimental observations, comprehensively examining
the potential ground state configurations of h-YMnOs;.

2. Methodology

All calculations were conducted using the all-electron full potential
linear augmented plane wave (FP-LAPW) method [20], rooted in the
spin-polarized density functional theory (DFT) [21], and implemented
using the ELK code [22]. This approach expands electronic wave func-
tions, charge density, and crystal potential into spherical harmonics
within atomic spheres around each nucleus and plane waves within the
interstitial regions between atoms. The radii of these atomic spheres
were set at 2.6 for Y, 2.4 for Mn, and 1.8 for O atoms, measured in
atomic units. Inside these spheres, we expanded the partial waves up
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to /., = 8. The plane wave count in the interstitial regions was limited
by a cut-off of K,,,, = 8.0/R,,, where R, represents the mean radii
of the atomic spheres for Y, Mn, and O. We used a Fourier expansion
for the charge density up to G,,, = 20 au and a 4 x 4 x 2 k-
point grid to sample the irreducible Brillouin-zone for calculations. For
considering the exchange and correlation effects, we employed the local
spin density approximation (LSDA) [23], which is known to sometimes
inaccurately estimate the band gap in semiconductors and insulators.
In consideration of both the band gap and the treatment of strongly
correlated states within the Mn d-states, we employed the LSDA+U
method [24], where the parameter U was systematically varied from
3 eV to 7 eVinsteps of 1 eV for the Mn d-bands. The outcome of these
simulations identified U = 3 eV as the parameter yielding the lowest
total energy, leading to its consistent use throughout the study.

In our study, we incorporated spin-orbit coupling using a second
variational method, based on scalar-relativistic eigenfunctions [20].
The total magnetization density was utilized in conjunction with the
total charge density and full potential [25]. While we initially set
specific orientations for the magnetic moments, these were dynami-
cally adjusted these orientations during the self-consistency cycle to
achieve convergence. As a result, the final orientations of the magnetic
moments slightly differ from the initial setup.

Along the a-b plane, we initially positioned the magnetic moments
of Mn ions at specific phi angles, aligned with the characteristics of
each magnetic space group as illustrated in Fig. 2. For the P63 and P6'3
space groups, we maintained a ¢ angle of 10°, as indicated by neutron
diffraction studies of [16,26-28]. The z-component of the magnetic
moment is expressed in terms of the angle 6, defined as the angle
between the moment vector Mn and its respective projection on the a-b
plane, which measures the deviation of the Mn moment vector from its
projection along the a-b plane.

We ensured that all self-consistent calculations for the various mag-
netic structures maintained the same precision level. The convergence
criterion for these calculations was set to an energy accuracy of 10>
Ha, what means that the error in the difference of energies between
two self-consistent cycle must be less than 10~> Ha.

3. Results and discussion

Table 1 presents the key parameters selected for analyzing each
structure which are explained in Fig. 2, including the specific angles
of Mn spin moments used in our calculations and the values of these
properties obtained with and without U parameter. This table also
details the outcomes for various critical properties: the intensity of
spin moments, the electronic band gap, total energy, and the hyperfine
magnetic field (B, f).

From the analysis of the different studied magnetic phases, the P63
and P63 structures were found to be energetically the most stable,
agreeing partially with findings from Lima et al. [6]. The DFT results
revealed minimal variations in the initial angle, suggesting these angles
to be crucial for achieving the lowest energy magnetic configuration.
For the P63¢'m’ and P6’3cm’ configurations, the 0 angle consistently
remained at zero, indicating a convergence towards the P63 or P6’3
states. Notably, any deviations in these configurations generally tended
towards a small ¢ angle of 10.0°, further supporting the results of
Lima et al. [6]. However, our computational limitations restricted the
exploration of configurations with cantings exceeding 6 = 6°. This
limitation prevented us from fully investigating whether an initial
configuration set at this higher value might eventually converge to
a lower energy state. Such an observation highlights the need for
more advanced computational resources to fully explore the magnetic
behavior of YMnO3 in different configurations, particularly in states
with higher canting angles.

In our study, employing only the Local Spin Density Approximation
(LSDA), the P6’3 configuration emerged as the lowest energy state. This
finding aligns well with previous research performed by Lima et al. [6]
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Fig. 2. Representation of possible magnetic structures of the hexagonal YMnO; compound. Red and blue arrows indicate the Mn spin directions that lie within the adjacent a-b

planes of the hexagonal unit cell.
Source: Adapted from [6].

Table 1

Angle 0 of the spin canting relative to the a-b plane, angle ¢ between the spin magnetic moment of Mn and plane a-b, spin magnetic moment
ug of the Mn ions, Total Energy (Tot. Ener.) of each configuration, magnetic hyperfine field (B,’l‘j,") in the Mn site. Each configuration is labeled

with the corresponding magnetic spatial group.

(4 ¢ us (up/atom) Tot. Ener. (eV) B,"”f” (T)

LSDA LSDA+U LSDA LSDA+U LSDA LSDA+U LSDA LSDA+U LSDA LSDA+U
P6;cm 0.00 0.00 90.0 90.0 3.44 3.55 —0.4676 —0.7240 49.5 44.6
P6'5¢'m 0.00 0.00 90.0 90.0 3.38 3.32 -0.5714 —0.4927 46.1 41.7
P6;c’'m’ 0.00 0.00 0.00 0.00 3.55 3.40 —0.1523 —0.4098 47.2 42.8
P6’5cm’ 0.54 0.96 0.00 0.00 3.51 3.41 —0.1556 —0.5320 48.7 43.2
P6, 5.10 5.14 10.0 10.0 3.07 3.03 -0.1167 —0.9366 44.5 40.9
P6'y 5.06 5.02 10.0 10.0 3.10 2.90 —0.8031 —0.4031 42.6 39.9

and Brown et al. [26]. This specific configuration facilitates an antifer-
romagnetic alignment along the c-axis. Remarkably, the calculated spin
magnetic moment of 4§ = 3.10 uB closely matches the experimentally
observed values, which range between 3.14(3) and 3.34(2) up [26].
However, a notable deviation was observed in the band gap estimation.
Under LSDA, the band gap was calculated to be 1.21 eV, a value that
is lower than the experimentally determined band gap of 1.62 eV [29].
This discrepancy highlights a common limitation of LSDA in accurately
predicting band gaps, particularly in semiconductors and insulators,
where it often leads to underestimations. This aspect underlines the
importance of exploring alternative or more advanced computational
methods, such as LSDA+U or hybrid functionals, to achieve more accu-
rate band gap predictions in line with experimental data. By using the
LSDA+U method, the magnetic ground state was identified to be P63,
which is consistent with the research findings of Brown et al. [26] and
Lima et al. [6]. This particular state facilitates ferromagnetic ordering
along the c-axis. The canting angle 6 was calculated to be 5.14°,
closely aligning with the initially set parameter. Such a correlation
underscores the accuracy of our computational approach in replicating
the expected magnetic orientation. The band gap, as calculated by
employing LSDA+U, was found to be 1.54 eV. This value is more in

line with experimental observations, reflecting the effectiveness of the
U parameter in providing a more accurate representation of the band
gap. Additionally, the magnetic moment, measured at 3.03 uB, closely
mirrors the expected value, demonstrating a minor deviation from the
results obtained through the LSDA method.

Although Fe and Mn are different atoms, both are 3d magnetic
atoms and can present different valences. Nevertheless, the number
of 3d unpaired electrons for both atoms can be the same, depending
on the valence. Doping YMnO5; with small concentration of Fe can, of
course, disturb local fields, however, we are not expecting an extreme
difference in the hyperfine field for Fe-doped and undoped YMnO;. By
using Mossbauer spectroscopy at >’ Fe nuclei embedded in the material
through doping with iron atoms at a concentration of around 5%, the
experimental B, s on hexagonal YMnO; has been studied [30]. The
lowest temperature observations (11-12 K) yielded four fraction sites,
whose values of By, ranged from 40.0 T to 44.4 T, all with an angle
of 90° between the magnetization and the EFG z axis [30]. Of course,
the Fe atom is not the same as the Mn atom, but they both have
an incomplete 3d shell and +3 valence in YMnO; (Mn may have a
percentage of +4 valence). The primary distinction between Fe and
Mn is the contribution from the probe atom itself as a result of this
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Fig. 3. Total electronic density of states (TDOS) of the lowest-energy spin configurations P6; in YMnO3, calculated by LSDA approach.

Source: The Authors.

difference in the number of unpaired 3d electrons, which is one more
than the Mn atom has. This difference would only be accountable for
the core polarization effect at the nucleus. The contribution from the
nearest Mn atoms is the same for Mn or Fe probes since distances and
the electronic configuration of the neighborhood are not affected by the
probes. This difference would only be relevant to the core polarization
effect at the nucleus. Since the probes do not affect neighborhood
distances or electronic configuration, the contribution from the nearest
Mn atoms is the same for Mn or Fe probes.

The LSDA+U calculations for the hexagonal (P6;cm) YMnO; yielded
findings for B,, = 44.6 T. Regardless of the difference between Mn
and Fe, already pointed out above, this number falls within the range
of experimental values obtained at °’Fe in Fe-doped YMnO; using
Mossbauer spectroscopy.

The evaluation of hyperfine parameters in our study was con-
strained by the limited availability of comparative data in the existing
literature. Despite this, our calculations using both LSDA and LSDA+U
methods provided valuable insights. We observed that these computa-
tional approaches did not significantly alter the HFI values, Notably,
the planarity of this landscape tends to lead to convergence within
local minima during computational processes. Such a characteristic
can significantly influence the outcomes of our calculations, especially
regarding the determination of hyperfine parameters. This aspect of
hexagonal RMnO3 necessitates careful consideration in computational
modeling to ensure accurate predictions of its magnetic and electronic
properties.

It is essential to acknowledge that DFT has limitations, given the
approximations of exchange and correlation effects and technical er-
rors. Considering these aspects, the P63 or P63 configurations emerge
with more emphasis as the magnetic ground state of h-YMnO. The Mn
spin moments’ canting along the c-axis, influenced by Dzyaloshinskii-
Moriya interactions [3,31] and single-ion anisotropy [32], should be
captured in spin-orbit coupling. This inclination is also shaped by the
super-exchange interaction of Mn-O-Mn, favoring the permanence of
Mn in the a-b plane.

Fig. 3 presents the total density of electronic states (TDOS) for
the lowest energy manganese (Mn) spin configuration for hexagonal
YMnOj. This electronic structure aligns well with the findings of Lima
et al. [6]. Employing both the Local Density Approximation (LSDA)
and the LSDA+U (where U is the Hubbard correction) methods, we

observed the material to be insulating, evidenced by the presence of a
non-zero band gap. Notably, the LSDA+U approach, while maintaining
the insulating character, alters the band gap significantly. It achieves
this by segregating the occupied Mn states from the unoccupied 3d
states. This separation has a consequential impact on the magnetic
moments of the Mn ions, reflecting the sensitivity of Mn spin moments
to p-d hybridization variations across different magnetic configura-
tions. This result, illustrated in Table 1, highlights the importance
of considering electronic structure modifications in understanding the
magnetic properties of such complex materials. The LSDA+U method,
with its adjustment of the band gap and Mn states, offers a deeper
and more detailed insight into the electronic and magnetic character-
istics of hexagonal YMnOs, which is essential for accurate theoretical
predictions and potential material applications.

4. Conclusions

In this study, we employed density functional theory (DFT) to
analyze the six potential non-collinear magnetic structures of hexagonal
YMnOs; in its ferroelectric phase, utilizing the full-potential linear aug-
mented plane wave (FP-LAPW) method with the ELK code. We incorpo-
rated exchange and correlation effects through LSDA and LSDA+U ap-
proximations and included spin—orbit coupling. Our analysis focused on
computing the total energies for each magnetic configuration and ex-
ploring the feasibility of canting in the Mn ion magnetic moments along
the c-axis, as well as investigating hyperfine parameters associated with
these ions.

Our results indicate that the P63 and P6’3 configurations are the
most likely candidates for the magnetic ground state of h-YMnO5. How-
ever, experimental verification remains a challenge due to the minimal
energy differences between these configurations. Both configurations
suggest the presence of canting in Mn moments, potentially leading
to weak ferromagnetism in P63 and weak antiferromagnetism in P6'3
along the c-axis. Future studies should aim to validate these indications.

This research enhances our understanding of the magnetic proper-
ties of h-YMnO3, highlighting the complexity of its interactions and the
need for sophisticated theoretical approaches for in-depth analysis. The
emergence of P63 and P63 configurations as the leading candidates for
the ground state paves the way for further investigations to elucidate
the full magnetic behavior of this important class of materials.
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