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ARTICLE INFO ABSTRACT

Keywords:
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With flexibility in tuning their electric and magnetic properties, multiferroics can be used in information ex-
change and storage in ways that are very different from the present electronic materials. Here we use resonant
soft X-ray scattering spectroscopy to study the F-type (0,7,0) and C-type (0, 1-27, 0) diffraction peaks from
sinusoidal antiferromagnetic spin order in multiferroic DyMnOs. By comparing the temperature dependence of
ordering wave vectors 7, peak intensities I, and correlation lengths 1 measured at Mn Ly-, O K-, and Dy Ms-edges,
we show that the nearly perfect locking between the ordering wave vectors from Dy 4f states and Mn 3d orbitals
manifesting the second harmonic diffraction peak implies the notable orbital involvement in the coupling be-
tween Mn and Dy spins. Our DFT calculations further suggest that the lattice response to different antiferro-
magnetic ground states (A-type versus E-type) is much weaker in TbMnOs, in agreement with previous claim that
the symmetric exchange interaction can be an important factor for understanding the ferroelectricity in DyMnOs

than in TbMnOs.

1. Introduction

In response to the growing demands on energy to sustain the human
civilization, modern electronic devices are becoming more powerful,
compact, and energy efficient. However, this evolutionary trend for
electronic devices will soon reach the bottleneck around nm critical
dimension where pending issues such as the proper choice of materials
to prevent dielectric breakdown, the precise control of dopants inside
semiconductors, the methodology of EUV lithography, the advanced
metrologies to resolve finer spatial features, etc. remain the daunting
technology challenges. On the other hand, current electronic devices
only use the charge degree of freedom of electrons and proposals to tap
into other degrees such as spin and/or orbital can be attractive because
they offer additional dimensions to manipulate the digital information.
But to realize these novel devices, one needs materials with two or more
functionalities emerging from the interactions between multiple

electronic degrees of freedom.

Materials that exhibit two or more ferroic orders, such as ferroelas-
ticity, ferroelectricity, and ferromagnetism (or antiferromagnetism), are
known as multiferroics. Although multiferroics can be attractive can-
didates for next generation electronic devices that will employ all
electronic degrees of freedom, it is not easy to find them [1-5]. Taking
the coexistence of ferroelectricity and ferromagnetism as an example,
these two ferroic orders are quite different from the symmetry point of
view: ferroelectricity is associated with broken inversion symmetry
while ferromagnetism is associated with broken time-reversal symme-
try. From the electronic point of view, partially filled d orbitals in
transition metal elements are important for ferromagnetism, but ferro-
electricity favors ions with empty d orbitals.

Recently, the so-called type-II multiferroic manganites RMnO3 and
RMn;0s (R: rare earth elements) whose ferroelectricity is induced by
complex magnetic orders have been demonstrated to exhibit strong
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magnetoelectric effect [6-14]. With respect to temperature, they often
go through a series of magnetic transitions with distinct magnetic orders
and electric properties, as illustrated in Fig. 1(a) for DyMnO3. When
subjected to magnetic field or electric field, their responses also vary
significantly [15-18]. These multiferroic manganites offer us the op-
portunity to control one order through perturbations that influence the
other electronic degree of freedom [1,19-23]. This aspect, in particular
using electric field (charge degree of freedom) and magnetic field (spin
degree of freedom) to control ferromagnetism and ferroelectricity,
respectively, makes them extremely useful for electronic technologies
because the flexibility in changing the charge and spin states of electrons
provides other means to exchange and store digital information.

Several mechanisms, such as anti-symmetric inverse Dzyaloshinskii-
Moriya (DM) interaction (spin current) [24-26], symmetric Heisenberg
exchange interaction (exchange striction) [27-30], spin-dependent
Mn-ligand p-d hybridization [31], and other degrees of freedom such
as orbital and lattice [32-39], have been proposed to explain the
ferroelectricity in these manganites [21,22]. Previously, we used reso-
nant soft X-ray scattering (RSXS) spectroscopy to study the first har-
monic F-type (0, 7, 0) diffraction peak produced by the sinusoidal
antiferromagnetic spin order in multiferroic DyMnOs; and TbMnOj to
show that the aforementioned mechanisms can play different roles in the
ferroelectric transitions. In particular, we pointed out that besides the
structural based mechanisms, the electronic correlation is an important
ingredient to understand the ferroelectricity in DyMnOg [40].

Here, we look at the second harmonic C-type (0, 1-27, 0) peak of
DyMnO3; measured at Mn L,-edge. Compared with ™" determined from
first harmonic peak, ™" from second harmonic peak tracks ¥ even
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more closely. Furthermore, the anomalous temperature dependence
around the ferroelectric transition is also seen in the correlation length 4
of second harmonic peak, corroborating with previous findings in first
harmonic peak. By performing similar DFT calculations, we notice that
the variant in magnetic ground states has weaker effect on the structure
of TbMnO3 compared to DyMnOs. The calculations are consistent with
the proposal that the proximity to E-type antiferromagnetism is an
important factor in understanding the ferroelectricity in DyMnOs as
well.

2. Results and discussions

Selected g-scans at O K- and Mn Ly-edges are shown in Fig. 1(b) and
(c, d), respectively. Due to multiple absorption edges used in this study,
we adopt the following convention to simplify the discussion: O, Mn,
and Dy in the superscript of 7, I, and 1 indicate the results from mea-
surements at O K-, Mn L,-, and Dy Ms-edges. 1 and 2 indicate the results
for (0, 7, 0) (first harmonic) and (0, 1-27, 0) (second harmonic)
diffraction peaks.

Below the Neel temperature Ty ~39 K, Mn spins form a collinear

sinusoidal antiferromagnetic order along the crystalline b-axis. This
magnetic order produces the first harmonic F-type (0, 7", 0) (Fig. 1(c),
hv = 645.4 eV) and second harmonic C-type (0, 1-27"7, 0) (Fig. 1(d),
hv = 645.8 eV) diffraction peaks that can be accessed using soft X-rays.
The first harmonic directly comes from magnetic order from Mn sites
while the second harmonic peak comes from the quadratic term in the
magnetoelastic coupling between lattice and spin degrees of freedom,
and are all influenced by Mn 3d orbitals. When the sample temperature
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is increased, like (0, 7°, 0), both first and second harmonic peaks become
weaker, consistent with the literatures [12,41-51]. However, close ex-
amination shows that they have different intensity and width behaviors:
the (0, 1-27M", 0) peak exhibits more drastic decrease in intensity above
20K and has a broader width (or equivalently, shorter correlation
length) throughout the temperature range. In Fig. 1(e), we show
hv-scans at (h,k,1) = (0,7M",0) (top) and (0, 1-27M", 0) (bottom) at
™ =0.385 and 13K. From the distinct incident photon energy
dependence (the resonance profile), it is clear that their contrasting
behaviors are related to different electronic states involved in producing
these diffraction peaks. To quantify the differences, the Lorentzian
fitting was performed on g-scans and results are summarized in Fig. 2
(@-h).

We overlay ™"s from (0, 7, 0) (blue open circles, ?™!) and (0, 1-2,
0) (green filled circles, ™"2?) diffraction peaks with ¥ from (0, 7, 0)
peak (red filled diamonds) in Fig. 2(a) and (b), respectively. The dif-
ference Ar=7"Y-tM" is shown in the top panels. From the temperature
dependence of Az, one can see that "2 tracks ¥ more closely than
™Mn1 ) with the magnitude of Ar less than half of that of tM"!. The
agreement can also be seen in the intensity and correlation length
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Fig. 2. Lorentzian fitting results of g-scans showing the temperature depen-
dence of (a, b) ordering wave vectors 7, (c, e, g) peak intensities I, and (d, f, h)
correlation lengths /. (a) Comparison of 7P and "1, (b) Comparison of 7™ and
™2 Top panels in (a) and (b) show the difference Az = Y-zM»1(2) The
(z,I, )M (blue open circles), (z,I,A)™"? (green filled circles), and (z,I,2)™
(red filled diamonds) are determined from F-type (0, 7, 0), C-type (0, 1-27, 0),
and F-type (0, 7, 0) diffraction peaks measured at Mn Ly- (645.4eV), Mn L;-
(645.8eV), and Dy Ms-edges (1290 eV), respectively. The blue shaded area
marks the ferroelectric phase. The dashed lines mark the linear temperature
dependence at high temperature and are guides for eyes. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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behaviors. The intensities IM™! (Fig. 2(c)), IM™2 (Fig. 2(e)), and I™¥ (Fig. 2
(g)) all exhibit monotonic decrease with increasing sample temperature.
A kink that marks the onset of linear temperature dependence at high
temperature (the dashed color lines are guides for eyes) is observed in all
curves around 20 ~25K, just above the ferroelectric transition tem-
perature Tpg = 19K (the ferroelectric phase is shown as blue shaded
region). However, the magnitude of this kink is much larger in ™2 and
Py, For "ML (Fig. 2(d)), AM™2 (Fig. 2(f), and A% (Fig. 2(h)), they all
show larger values above the ferroelectric transition, but the anomalous
reduction seen in 2™ is also observed in AM™2, Previously, we argued that
this anomaly is not due to fitting artifacts and can be attributed to the
symmetric exchange coupling Hy = gﬂBZi?fﬁin between Mn and Dy
spins [40]. Observing similar behavior in M2 that has comparable
magnitude substantiates the authenticity of this anomaly. The similarity
between the (0, 1-27, 0) peak measured at Mn Ly-edge and the (0, 7, 0)
peak measured at Dy Ms-edge implies that the strong coupling between
Mn and Dy spins involve Mn 3d orbitals as well.

Although DyMnO3 and TbMnOj3 are the prototypical multiferroics
that have been extensively studied over the past years, the former one
has more than three times the electric polarization (P; ~ 0.2pC/cm?)
than the latter one and is more attractive from the perspective of elec-
tronic technology applications. One plausible reason for the enhanced
electric polarization is the coherence spin configuration of Mn and Dy
below Ty. When going from La to Ho, the size of rare earth ion decreases;
consequently, the lattice distortion is enhanced through tilting and
deformation of MnOg octahedral. With enhanced lattice distortion, the
strength of spin interactions are modified such that the magnetic ground
state evolves from A-type (LaMnOs) to collinear sinusoidal (Tb/
DyMnOs) to E-type antiferromagnetism (HoMnOs) [7,9]. In addition,
the tendency for orbital mixing and orbital ordering becomes stronger
[52-54].

Previously, we carried out DFT calculations with A-type and E-type
antiferromagnetism that do not naturally occur in DyMnO3 and inves-
tigated the effect of magnetic ground states on Mn 3d orbitals. We
showed that with E-type antiferromagnetism, the lattice structure is
further distorted after relaxation with four inequivalent in-plane Mn-O
bands, that leads to more delocalized O p orbitals. Based on that result,
we argued that the proximity to E-type antiferromagnetism may
enhance Mn and neighboring oxygen orbital hybridizations in DyMnOs.
Here, we perform similar DFT calculations on TbMnO3 and compare
results from DyMnOs. The calculated spin polarized partial density of
states (pDOS) of Mn in DyMnOs (left panels) and TbMnOg (right panels)
are summarized in Fig. 3. In this figure, the A-type (top panels) and E-
type (bottom panels) antiferromagnetism are employed with proper
lattice relaxation to attain the ground states.

The DFT calculations reproduce the insulating ground states for both
materials with similar Mn 3d pDOS (up and down arrows in the figure
denote the majority and minority spins, respectively). Upon changing
the magnetic ground state from A-type to E-type antiferromagnetism,
the majority 3ds,>_r2/3,>_> orbitals (blue) in valence band are pushed up
in energy, resulting in more spectral weight near the top of valence
band. In addition, the majority 3d,2_,2,»_ orbitals in conduction band
become narrower. In fact, band-narrowing is a generic trend for Mn 3d
orbitals with E-type antiferromagnetism for DyMnOs and TbMnOs, and
this effect pushes the rare earth d bands to even higher energy [data not
shown in the figure].

Noticing that the band profiles can change significantly with respect
to the magnetic ground states, we now look at their variants in the
spatial distribution. The pDOS is integrated over [ — 0.74 eV, 0eV] en-
ergy window to produce the iso-charge surface, which are shown in
Fig. 4. In this figure, we only show the results with relaxed E-type
antiferromagnetism. The Mn-O bond lengths (Mn-O(1): out-of-plane
bonds; Mn-O(2): in-plane bonds) for DyMnOs; (DMO) and TbMnOs
(TMO) using different magnetic ground states with and without lattice
relaxation are summarized in Table 1. Like in previous study for
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Fig. 3. Spin polarized partial density of states (pDOS) of Mn in DyMnOs (left)
and TbMnOs (right) with A-type (top) and E-type (bottom) antiferromagnetism.
The up and down arrows indicate the majority and minority spins, respectively.
The Mn s and p orbitals are located at much higher energies outside the display
window. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. The in-plane iso-charge surface of DyMnOs (left) and TbMnOj3 (right)
with relaxed E-type antiferromagnetism. The iso-charge surface is produced by
integrating the DFT density of states in [ — 0.74 eV, 0 eV] energy window. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

DyMnOs, [40] the lattice structure for TbMnOs3 also becomes more
asymmetrically distorted in-plane when going from A-type to E-type
antiferromagnetism, reflecting the loss of local mirror symmetry [the
difference between two inequivalent Mn-O(2) bond pairs is increased
from A-type to E-type antiferromagnetism]. In the meantime, the Mn 3d
orbitals become more delocalized as expected. What is intriguing from
DFT calculations is that for TbMnO3, the effect of lattice relaxation with
respect to different magnetic ground states is much smaller compared to
DyMnOj3 (see boldface numbers in Table 1; numbers in () are the
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differences in the bond length without and with lattice relaxation). This
implies that contrary to DyMnOs, the exact choice of magnetic ground
state (or proximity to A-type or E-type antiferromagnetism) plays a
minor role in affecting the energetics of TbMnOs. From previous study
[40], we showed that the wave vector of F-type (0, 7, 0) diffraction peak
for DyMnO3; and TbMnOs displays contrasting temperature dependence
where upon lowering the temperature, the former one increases
continuously from 0.365 to 0.385 while the latter one reduces from 0.30
down to 0.285 at 17 K. Since DFT calculation shows that the choice of
exact magnetic ground state has a weaker effect on the structure of
TbMnOs relative to DyMnOs, it is reasonable to expect that the wave
vector of TbMnOs; magnetic order can deviate from the E-type antifer-
romagnetism (wave vector around 0.354) without the significant ener-
getic penalty from the spin-lattice interaction. On the other hand, the
tracking of the wave vector of C-type (0, 1-27, 0) (from magnetoelastic
coupling) of Mn spin and F-type (0, 7, 0) of Dy spin (Fig. 2(b)) reflects the
important role of structural influence that keeps these wave vectors
around that of the E-type antiferromagnetism.

3. Summary

We have used RSXS spectroscopy to study the second harmonic
C-type (0, 1-27, 0) diffraction peak in multiferroic DyMnOs. We show
that the wave vector of sinusoidal antiferromagnetic spin order deter-
mined from this second harmonic peak at Mn Ly-edge (zM™?) tracks that
of the first harmonic peak at Dy Ms-edge (™) much more closely.
Furthermore, the anomalous reduction in the correlation length just
above the ferroelectric transition seen previously in 2™ is also observed
in AMn2, The similarity between these two diffraction peaks implies that
the strong coupling between Mn and Dy spins has noticeable Mn 3d
orbital involvement. We also carry out DFT calculations to look at the
effect of different magnetic ground states on Mn 3d orbitals. Contrary to
DyMnOs, we notice that the lattice response to different antiferromag-
netic ground states with and without lattice relaxation is much smaller
in TbMnO3. The weak response is in agreement with the notion that the
proximity to E-type antiferromagnetism plays a more important role in
DyMnOs than TbMnOs.

4. Materials and methods

Single crystal DyMnO3 was grown by flux method and the details of
crystal growth can be found elsewhere [55,56]. The crystal was checked
by conventional four-circle diffractometry to confirm the ortho-
rhombically distorted perovskite structure with Pbnm space group (a =
5.28A,b =5.85A, c =7.38A). Since the natural growth produces the
[1, 1, 0] surface, the [0, 1, 0] and [0, O, 1] surfaces were aligned in the
horizontal scattering plane by mounting the sample on a 45° wedge.
RSXS measurements were carried out at Beamline 8.0.1 at the Advanced
Light Source (ALS), Lawrence Berkeley National Laboratory (LBNL),
using the RSXS endstation [57]. During measurements, the incident
photon polarization was kept in the horizontal scattering plane
(m-scattering geometry). The beamline energy resolution was better than
0.3eV, 0.25eV, and 0.2eV at O K- (523.75eV), Mn Lo-

Table 1
Mn-O bond length from first principles calculations; () is the difference between relaxed and unrelaxed bond length; TMO and DMO stand for TbMnO3; and DyMnO3,
respectively.
Mn-0O(1) (A) Mn-O(1) (A) Mn-0(2) (A) Mn-0O(2) (A) Mn-0(2) (A) Mn-0(2) (A)
A-/E-AF, unrelaxed DMO 1.938 1.938 1.883 1.883 2.24 2.24
A-AF relaxed DMO 1.957 (0.019) 1.957 (0.019) 1.92 (0.037) 1.92 (0.037) 2.207 (— 0.033) 2.207 (— 0.033)
E-AF relaxed DMO 1.953 (0.015) 1.954 (0.016) 1.912 (0.029) 1.916 (0.033) 2.208(— 0.032) 2.221(— 0.019)
A-/E-AF, unrelaxed TMO 1.939 1.939 1.908 1.908 2.214 2.214

A-AF relaxed TMO
E-AF relaxed TMO

1.956 (0.017)
1.955 (0.016)

1.956 (0.017)
1.956 (0.017)

1.923(0.015)
1.915(0.007)

1.923(0.015)
1.917(0.009)

2.209 (— 0.005)
2.213 (- 0.001)

2.209 (— 0.005)
2.225 (0.011)
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(645.4eV/645.8eV), and Dy Ms-edges (1290 eV), respectively. The
beam spot on the sample was around 40 pm (v) by 500 pm (h). All
temperature dependence spectra were recorded in the warming process.

A photodiode with front Al window to block out ambient light and
photoelectrons was used to record the scattered X-rays from sample. The
angular resolution of this photodiode was ~0.5°, better than the half-
width half-maximum (HWHM) of diffraction peaks. Two types of
spectra were recorded and presented in this paper: hv- and g-scans. For
g-scans, the incident photon energy was fixed while sample () and
detector angles were varied so that photon momentum transfer was

projected along the crystalline b-axis. In the current study, the sample
and detector angles followed 6-26 relationship. For hv-scans, the inci-
dent photon energy, sample, and detector angles were changed simul-
taneously to keep the photon momentum transfer at a specific q-value.
The g-scans were first normalized by incident photon flux determined
from the photocurrent of an upstream Au mesh. The normalized spectra
were then fitted with a Lorentzian function on top of a linear background
to remove the contributions from fluorescence and specular reflection
[these two contributions have monotonic q dependence]. The ordering
wave vector 7 was determined from the peak position. The intensity I
shown in this paper is the peak area. The correlation length 1 was
calculated using the inverse of half-width half-maximum (HWHM) of
Lorentzian peak.

The first principles calculations were carried using the accurate full-
potential augmented-wave method [58,59], as embodied in the Vienna
ab initial simulation package (VASP). The exchange-correlation initia-
tion was treated within the generalized gradient approximation
(GGA+U). The calculations were performed over 7 x 7 x5 (axb x ¢
unit cell) and 7 x 3 x 5 (a x 2b x ¢ unit cell) Monkhorst-Pack k-point
meshes in the irreducible Brillouin zone for A- and E-type antiferro-
magnetism, respectively. Lattice relaxation, which gives lower energy,
was also included in the calculations. The on-site Coulomb energy
U =5.0eV and exchange energy J = 0.87 eV were used for Mn 3d elec-
trons [56].
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