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Oxygen is known to play an important role in the multiferroicity of rare earth manganites; how-
ever, how this role changes with rare earth elements is still not fully understood. To address this
question, we have used resonant soft x-ray scattering spectroscopy to study the F-type (0,T,0)
diffraction peak from the antiferromagnetic order in DyMnOgz and TbhMnO3. We focus on the mea-
surements at O K-edge of these two manganites, supplemented by the results at Mn L2- and Dy
Ms-edge of DyMnOs. We show that the electronic states of different elements are coupled more
strongly in DyMnOgs than in TbMnOs, presumably due to the stronger lattice distortion and the
tendency to develop E-type antiferromagnetism in the ferroelectric state that promote the orbital
hybridization. We also show that the anomaly in the correlation length of (0, 7,0) peak in DyMnOs
signifies the exchange interaction between Mn and rare earth spins. Our findings reveal the promi-
nent role of oxygen orbitals in the multiferroicity of rare earth manganites and the distinct energetics

between them.

PACS numbers: 75.25.-j, 75.85.4+t, 78.70.Ck

INTRODUCTION

Multiferroics are materials in which two or more ferroic
orders, such as ferroelasticity, ferroelectricity and ferro-
magnetism (or antiferromagnetism), are present simulta-
neously. When the couplings between these orders are
strong, their coexistence offers the advantage to control
one order through the perturbations that influence the
other electronic degrees of freedom [1-6]. This aspect, in
particular using the electric field (charge) and magnetic
field (spin) to control ferromagnetism and ferroelectric-
ity respectively, makes multiferroics extremely useful for
electronic technologies because the flexibility in changing
the charge and spin states of electrons provides alterna-
tive ways to exchange and store digital information [7, 8.
However, it is often challenging to find the transition
metal oxides that exhibit both strong ferroelectricity and
ferromagnetism: the strong Hund’s rule coupling tends
to enhance ferromagnetism in transition metal ions with
localized, partially filled d shell whereas covalent bonding
to oxygen ligands is important for strong ferroelectricity.
In addition, the symmetry requirements for these two
ferroic orders are very different.

It is not necessary to have strong ferroic orders for

the multiferroics to be useful. Instead, higher degree of
tunability and larger response to perturbations are more
desirable. Hence an alternative way to discover new mul-
tiferroics is through the improper ferroelectric, i.e. ferro-
electricity as a parasitic effect of a primary magnetic or-
der, as in the case of orthorhombic manganite ThMnO3
[9] and other RMnO3 and RMn2Os manganites (R =
Gd, Tb and Dy) [10-17]. These rare earth manganites
often display a series of magnetic transitions with dis-
tinct magnetic orders and electric properties (for exam-
ple, see Fig. 1(a) for the magnetic and electric properties
of DyMnOQs3); when they are subjected to the magnetic
field or electric field, their responses also vary signifi-
cantly [18-22].

Several mechanisms, such as anti-symmetric inverse
Dzyaloshinskii-Moriya (DM) interaction (spin current)
[23-25], symmetric Heisenberg exchange interaction (ex-
change striction) [26-28], spin-dependent Mn-ligand p—d
hybridization [29] and other degrees of freedom like or-
bital and lattice [30-36], have been proposed to con-
tribute to the ferroelectricity in these manganites [4, 5].
Although oxygen undoubtedly plays a crucial role in
these mechanisms, how this role changes with rare earth
elements remains not fully understood. Differences in the
role of oxygen are likely to reflect differences in the rela-



tive importance of these mechanisms when changing the
rare earth elements.

Resonant x-ray scattering spectroscopy is one of the di-
rect probes commonly used to study the electronic orders
in correlated materials, and is the ideal technique for elu-
cidating the role of oxygen in these multiferroic mangan-
ites [37]. This spectroscopy has been used at rare earth
L- and M-edges and Mn K- and L-edges, but the studies
at O K-edge are limited [38-48]. In that regard, we have
performed resonant soft x-ray scattering measurements
to study the F-type (0,7,0) diffraction peak from the
antiferromagnetic order in DyMnOg3 and TbhMnOg3. Our
results show that the oxygen orbitals are polarized by Mn
spin order below 39 K (DyMnOs) or 42 K (TbMnO3).
However, the behaviors of oxygen orbitals in these two
materials are rather different.

The temperature dependence of wave vector 7 and in-
tensity I of (0,7,0) diffraction peak measured at O K-
, Mn Ls- and Dy Ms-edge shows that the electronic
states of these elements are coupled more strongly in
DyMnQOgs than in TbMnOj;. The resonance profiles at O
K-edge in the ferroelectric state exhibit noticeable con-
tribution from the hybridization of oxygen orbitals with
localized Mn 4s/4p and Dy 65s/6p states. However, such
hybridization is absent in TbMnOgs. Using first princi-
ples calculations, we show that the stronger lattice dis-
tortion and the tendency to develop E-type antiferromag-
netism in DyMnOg; can contribute to this enhanced or-
bital hybridization. An anomalous temperature depen-
dence in the correlation length A of (0, 7,0) peak can be
seen across the ferroelectric transition in DyMnQs. This
anomaly, we propose, is caused by the exchange inter-
action between Mn and rare earth spins in the be-plane.
Presence of this exchange interaction and the prominent
role played by oxygen orbitals in DyMnOQg signify the en-
ergetic differences between these rare earth manganites.

EXPERIMENT

Single crystal DyMnOg and TbMnO3 were grown by
flux method, and the details of crystal growth can be
found elsewhere [50, 51]. All crystals were checked by
conventional four-circle diffractometry to confirm the or-
thorhombically distorted perovskite structure with Pbnm
space group (a = 5.28 A b=581A, ¢c=738A for
DyMnOs and @ = 5.31 A, b = 5.86 A, ¢ = 74 A for
ThbMnOs3). For DyMnOg, since the natural growth pro-
duced the [1, 1, 0] surface, the [0, 1, 0] and [0, 0, 1]
surfaces were aligned in the horizontal scattering plane
by mounting the sample on a 45° wedge. For TbhMnQs3,
the single crystal was cut and polished to expose the [0,
1, 0] plane and mounted flat on the sample holder (see
Fig. 1(d) for the schematic of experimental setup).

Resonant soft x-ray scattering (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 [52]. During the
measurements, incident photon polarization was kept in
the horizontal scattering plane (7w-scattering geometry).
The beamline energy resolution was better than 0.3 eV,
0.25 eV and 0.2 eV at O K- (523.75 eV), Mn Lo- (645.4
eV) and Dy Ms-edge (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 Al window in the
front to block out the ambient light (visible light around
the experimental chamber) was used to record the scat-
tered x-rays from sample. The angular resolution of this
photodiode was 3 mrad, less than 20% of the half-width
half-maximum (HWHM) of diffraction peak measured at
all edges.

g-scan spectra are presented in this paper. For record-
ing the g-scans, incident photon energy was fixed while
sample () and detector angles were varied such that the
photon momentum transfer was projected along the crys-
talline b-axis. The g-scans were first normalized by the
incident photon flux determined from the photocurrent of
an upstream Au mesh, and then fitted with a Lorentzian
function on top of a linear background to remove the
signals from fluorescence and specular reflection because
these two sources only have monotonic ¢ dependence.
The ordering wave vector 7 is determined from the peak
centroid. The intensity I is the peak area. The correla-
tion length X is calculated using the inverse of half-width
half-maximum (HWHM) of the Lorentzian peak. The
resonance profiles shown in Fig. 3(c) were produced by
recording the g-scans with incident photon energies var-
ied across the O K-edge.

The first principles calculations were performed us-
ing the accurate full-potential augmented-wave method
[53, 54], as implemented in the VASP package within
GGA+4U schemes at 0 K. The calculations were per-
formed over the 7x 7 x5 (ax bx c unit cell) and 7x3 x5
(a x 2b x ¢ unit cell) Monkhorst-Pack k-point meshes in
the irreducible Brillouin zone for A-type and E-type an-
tiferromagnetism, respectively. Lattice relaxation, which
gives lower energy, was also included in the calculations.
The on-site Coulomb energy U = 5.0 eV and exchange
energy J = 0.87 eV were used for Mn 3d electrons [51].

RESULTS AND DISCUSSIONS

Due to multiple absorption edges used in this study
to probe specifically the O 2p, Mn 3d and Dy 4f elec-
tronic states, we adopt the following convention in the
discussion: O, Mn and Dy in the superscript of 7, I and
A indicate the measurements at O K-, Mn Lo- and Dy
Ms-edge respectively. D and T in () indicate the results
from DyMnO3 and ThMnO3.
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FIG. 1: (color online) (a) The schematic plot showing the
characteristic temperatures of Mn and Dy spin orders and
the electric properties of DyMnOs. (b,c) Normalized g-scans
about the (0, @) 0) wave vector measured at selected tem-
peratures at (b) Mn Lo-edge (645.4 V) and (c) O K-edge
(523.75 V). Spectra are shifted vertically for clarity. (d) The
schematic plot showing the experimental setup.

RSXS at O K-, Mn L2- and Dy M;s-Edge of DyMnOs3

Selected ¢-scans from DyMnOgs at Mn Ls- and O K-
edge are shown in Fig. 1(b) and 1(c). In DyMnOs, Mn
spins form a collinear sinusoidal antiferromagnetic order
(AF) along the crystalline b-axis below T%n(D) ~ 39 K.
When an additional ¢-axis component is developed be-
low 19 K, this order becomes a spin-spiral (or cycloidal,
see Fig. 1(a)). The antiferromagnetic order produces the
first harmonic F-type (0, 7(P), 0) diffraction peak that
can be measured at Mn Ls-edge (Fig.1(b)). When the
sample temperature is increased, this (0, TMn(D) 0) peak
becomes weaker and shifts towards a smaller wave vec-
tor, consistent with the literature [10, 15]. The first new
finding of this paper is the observation of a corresponding
(0, 7)1 0) peak at O K-edge (Fig. 1(c)). Compared to
(0, M) 0), this (0, 7°P), 0) peak displays similar
temperature dependence in 7°®) and 7). Studies on
TbMnoOps suggested the origin of this peak as the an-
tiferromagnetic ordering of oxygen spins from polarized
oxygen orbitals [46]; hence the observation of (0, 79(P),
0) confirms that the oxygen orbitals are indeed involved
in the ferroelectricity in DyMnO3.

More information can be obtained from the Lorentzian
fitting of these g-scans. The temperature dependence
of 7, I and X of (0, 7(®), 0) peak are summarized in
Fig.2(a)-2(e) and Fig.5(a), 5(b). Data recorded at O K-
, Mn Lo- and Dy M;5-edge are represented by black filled

circles, blue open circles and red filled diamonds, respec-
tively. We overlay 7(P)s of different elements in Fig. 2(a)
to show the excellent agreement between 7™ and
7OM) which provides the strong evidence that the po-
larized oxygen orbitals lock tightly to the Mn spin order
below Tlll]/[n(D). Ordering of Dy spins below T%n(D) was
also reported previously and was attributed to the strong
coupling between rare earth and Mn spins [38, 42, 47].
However, 72¥(P) does not track 7M™(®) as closely as 7°(P)
does. In fact, the difference A7 = 7P¥(P) — 7Mn(D) (right

axis, Fig. 2(a)) occurs mainly above the 19 K ferroelectric

transition temperature (Tg%)).

Although 1°(®) (Fig.2(b)), IPY(P) (Fig.2(d)) and
I°(M) (Fig.2(e)) all exhibit a monotonic decrease with
increasing the sample temperature, the rate of decrease
—dI®)(T)/dT shows an abrupt reduction around 20 ~
25 K, just above Tg:). Such rate change manifests a
7kink” in their temperature dependence. One may ar-
gue that this kink is the fitting artifact because A(P)s
also show some changes at similar temperature range and
I scales inversely with A. But this argument does not
agree with the decrease in I°P) (Fig.2(b)) and 1°Y(P)
(Fig.2(d)) around 17 K and 20 K when A°(®) (Fig. 2(c))
and APY(®) (Fig.5(b)) decrease concurrently, nor with
the behavior seen in TbMnOj3 (Fig.2(h) and 2(i), see
later discussion). The increased peak intensity was pre-
viously viewed as an indication of enhanced coupling be-
tween Mn and Tb spins [41], and same notion here would
imply the stronger coupling between the electronic states
of Mn, Dy and O in the ferroelectric state.

What is intriguing in Fig. 2 is the anomaly in the corre-
lation length. A9 does not exhibit simple temperature
dependence; instead, there is an abrupt decrease around
17 K followed by an increase just above Tg%) (Fig. 2(c)).
We emphasize that this anomaly is not the fitting artifact
either, as it can be clearly seen in the normalized ¢-scans
in Fig.2(f) (the g-scans are scaled in height and shifted

in k to line up the peak centroids for comparison).

RSXS at O K-Edge of TbMnOs3

RSXS measurements at O K-edge were attempted on
other multiferroic manganites, like the Th manganites.
In TbMnyOs, the presence of (0, 79, 0) peak was at-
tributed to the presence of antiferromagnetic order of
oxygen spins from polarized oxygen orbitals. On the
other hand, previous measurements could not find this
peak in TbMnOj3 [44-46]. Here we repeat the same O
K-edge measurements on ThMnOj3, and unlike previous
reports, we have observed this (0, 7O(T), 0) peak. The
corresponding Lorentzian fitting results are summarized
in Fig. 2(g)-2(i).

Comparing the temperature dependence of 70T in
Fig.2(g) with the 7(Ts in the literature, one immedi-
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FIG. 2: (color online) (a-e) Lorentzian fitting results of g-scans from DyMnOs showing the temperature dependence of (a)
M) DY) and 7O () 19P) () AOP) () TPY®) and (e) ™M), Black filled circles, blue open circles and red filled
diamonds are data recorded at O K- (523.75 eV), Mn Ls- (645.4 eV) and Dy Ms-edge (1290 eV) respectively. The difference

in wave vector Ar = 7P¥(P) _ Mn(D)

is shown on top of panel (a) (right axis). (f) Selected g-scans at O K-edge. The g-scans

are scaled in height and shifted in k to align the peak centroids for comparison. (g-i) Lorentzian fitting results of ¢g-scans from
TbMnO3 at O K-edge (523.75 eV) showing the temperature dependence of (g) 7°™, (h) 1™ and (i) A°™. Red arrow in
panel (g) marks the lock-in temperature. Light blue regions indicate the ferroelectric state below 19 K T(F%) (panels (a)-(e)) or
28K Tg:) (panels (g)-(i)). Thin solid lines in panels (b), (d), (e) and (h) are guides for eyes. The gray dashed line in panel (c)

denotes our conjectured baseline value of A°®),

ately notices that contrary to 70P), 70(T) does not track

the temperature dependence of 7M2(T) and 7TP(T) at all
[41, 44, 45]. Although the lock-in temperature for 77°(T)
is ~ 3 K lower than that of 7M™(T) at 28 K (ferroelec-
tric transition temperature, Tg])), this temperature for
7O(T) as marked by the red arrow is even lower: ~ 10
K below T%TE) Besides 70| 19(T) and \O(T) also show
different temperature dependence compared to 1°P) and
XOM): the rate —dICM)(T)/dT becomes larger, instead
of smaller, above T(Fj;z) and 19T correlates with \°(T)
in a different manner. Furthermore, besides a ~ 10%
increase between 20 K and 28 K, \°(T) does not show
any cusps like the ones in A°(P). Lastly, there is a clear
reduction in A°™) around T%In(T), which is not seen in
AP)s in DyMnO3 (Fig. 2(c), Fig. 5(a) and 5(b)).

Enhanced Oxygen Orbital Hybridization in DyMnO3;

The contrasting temperature dependence in (0, 70D,
0) (Fig.2(a)-2(c)) and (0, 79 0) (Fig.2(g)-2(i)) sug-
gests the different roles played by oxygen orbitals in

DyMnOg3 and ThMnOg3. Results such as the nearly per-
fect tracking between 7(P)s of different elements relative
to 7(Ms, the abrupt decrease in —dI™)(T)/dT above
the ferroelectric transition and the absence of reduc-
tion behavior in A(P)s around T&IH(D), all imply that the
electronic states of different elements are coupled more
strongly in DyMnOg than in ThMnOg in the ferroelectric
state. These findings can be further investigated by look-
ing at the O K-edge resonance profiles of (0, 7,0) peak.
The resonance profiles of (0,7°™) 0) and (0,7°™),0)
peaks measured at 13 K (ferroelectric state) are shown
as red line with filled circles and blue line with open cir-
cles in Fig. 3(c), respectively. For comparison, the x-ray
absorption spectrum (XAS) of DyMnOj3 recorded in to-
tal electron yield mode is shown in Fig. 3(b) and the Mn
and Dy spin partial density of states (pDOS) from first
principles calculations are shown in Fig. 3(a) (the Mn and
Tb pDOS in TbMnOg are nearly identical to the Mn and
Dy pDOS in DyMnOg, hence they are not shown here)
[50, 51]. For clarity, the s (black curves) and p bands
(red curves) are magnified by a factor of 5 in this plot.

From Fig. 3(c), one can see that the resonance profiles
of these two peaks are very similar in the [522 eV, 526
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FIG. 3: (color online) (a) Mn (top) and Dy (bottom) spin
partial density of states (pDOS) from first principles calcu-
lations. The s (black curves) and p bands (red curves) are
magnified by a factor of 5 for clarity. (b) X-ray absorption
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states that hybridize with oxygen 2p orbitals are also labelled
in this panel. (c) Resonance profiles of (0,7°®),0) (red line
with filled circles) and (0,7°™,0) (blue line with open cir-
cles) peaks measured at 13 K.

eV] energy range. Based on Fig. 3(a) and 3(b), this is the
energy range for Mn 3d ey and to4 /e, states, and see-
ing strong intensity in the O K-edge resonance profiles
implies the strong oxygen 2p orbital hybridization with
Mn 3d states. The resonance profiles also display differ-
ences in the [526 eV, 529 eV] energy range, suggesting
that the oxygen orbitals hybridize differently with differ-
ent rare earth 5d states. However, what is surprising in
this figure is the presence of a broad hump in the res-
onance profile of (0,7°™),0) peak in the [530 eV, 535
eV] energy range only. This [530 eV, 535 eV] energy
range corresponds to the high energy Mn 4s/4p and Dy
6s/6p states, as determined from Fig. 3(a). The presence
of this broad hump signifies the finite oxygen orbital hy-
bridization with Mn 4s/4p and rare earth 6s/6p states in
DyMnOg, but not in ThMnO3.

Oxygen orbitals can hybridize with other electronic
states near the Fermi energy, such as Mn 3d states in
this case. Therefore, seeing finite intensity in the reso-
nance profiles of (0, 79PT) | 0) peak between 522 eV and
526 eV is not unexpected. In fact, similar phenomenon
has been reported in transition metal oxides where the
ordering of transition metal electronic states has strong
oxygen character (for example, see [55]). However, seeing

hybridization with higher energy Mn/Dy s and p states
is surprising because this calls for mechanisms that in-
volve higher energy scales. It is known that the size of
rare earth ions decreases when going from La to Ho; con-
sequently, the lattice distortion is enhanced through tilt-
ing and deformation of MnOg octahedral. The enhanced
lattice distortion changes the relative strength of spin in-
teractions and the magnetic ground state evolves from
A-type (LaMnO3) to collinear sinusoidal (Th/DyMnO3)
to E-type antiferromagnetism (HoMnO3) [10, 12]. In ad-
dition, the tendency for orbital mixing and orbital order-
ing becomes stronger [56-58]. With DyMnOj3; experienc-
ing stronger lattice distortion than TbMnOg, we believe
that the oxygen orbitals in DyMnOj3 can further encroach
upon the high energy, localized Mn/Dy s and p states to
promote the hybridization.

Besides looking from the lattice point of view, it was
recently pointed out that the polarization of oxygen or-
bitals can also contribute to the ferroelectricity, as in the
case of HoMnOg [31]. This mechanism was realized from
the asymmetry in the in-plane Mn-O bond lengths and a
higher degree of delocalization for oxygen orbitals with E-
type antiferromagnetism, together these factors give rise
to the directional dependence in the Mn-O orbital hy-
bridization. To elaborate on this point, we show the iso-
charge surface of DyMnOj3 from first principles calcula-
tions in Fig. 4. In the DFT calculations, we implemented
the A-type (panels (a), (c), (e) and (f)) and E-type anti-
ferromagnetism (panels (b), (d), (g) and (h)) that do not
naturally occur in DyMnQOgs. These two magnetic states
are schematically illustrated by color arrows in Fig. 4(a)
and 4(b). The calculated pDOS is then summed over two
spin flavors and integrated over [-0.74 eV, 0 eV] energy
window to generate the iso-charge surface. With relaxed
crystal structures, the E-type antiferromagnetism clearly
shows four inequivalent in-plane Mn-O bonds whereas A-
type antiferromagnetism only shows two pairs of inequiv-
alent Mn-O bonds (the difference in the bond length is
also listed in Table I). From the iso-charge surface plots,
it is clear that in addition to the enhanced lattice distor-
tion, E-type antiferromagnetism also exhibits more de-
localized orbitals at both Mn and O sites (Fig.4(b) and
4(d)), in agreement with previous results [31].

Surprisingly, this orbital delocalization can even be in-
duced by the magnetic interactions only. We repeat the
same calculations with frozen (unrelaxed) structure, e.g.
same lattice parameters from Inorganic Crystal Structure
Database (ICSD) for A-type and E-type antiferromag-
netism, and the resulting iso-charge surfaces are shown
in Fig.4(e-h). From these figures, one can see that even
with frozen structure, the degree of orbital delocalization
is still much higher with E-type antiferromagnetism than
with A-type antiferromagnetism. With 7(P)s of different
elements approaching the (H, K, L) = (0,1/2,0) E-type
antiferromagnetic ordering wave vector in the ferroelec-
tric state while 7(T)s moving away from it, we speculate
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relaxing the crystal structures (frozen structure). The Mn-O bond lengths are also summarized in Table I. O; and O2 denote
the out-of-plane and in-plane oxygens respectively.

TABLE I: Mn-O bond length of DyMnO3 from first principles calculations
Mn-Oq(1) (A)  Mn-0:(2) (A) Mn-O2(1) (A) Mn-02(2) (A) Mn-02(3) (A) Mn-O2(4) (A)

A-/E-AF, unrelaxed 1.938 1.938 1.883 1.883 2.24 2.24
A-AT relaxed 1.957 (0.019)”  1.957 (0.019) __ 1.92 (0.037) 1.02 (0.037)  2.207 (-0.033) _ 2.207 (-0.033)
E-AF relaxed 1.053 (0.015)  1.054 (0.016)  1.012 (0.020) _ 1.916 (0.033) _ 2.208 (-0.032) _ 2.221 (-0.019)
%() is the difference between relaxed and unrelaxed bond lengths

that the degree of delocalization for oxygen orbitals will Coupling Between Mn and Dy Spins Below Ti,%)

become even higher in DyMnQOs. In this scenario, the

observed hybridization between oxygen orbitals and Mn o _

4s/4p and Dy 65s/6p states in Fig. 3(c) can also be related The distinct energetics of DyMnOgz and TbhMnOsg

to their disparate magnetic interactions. are also manifested in other exchange interactions. In

Fig.5(a) and 5(b), we show the temperature dependence
of \Mn(D) and APY(P) - A\D¥(P) 5 consistently shorter than
M) and A°(P) | which may be related to the induced
nature of Dy spin order above its 6.5 K commensurate or-
dering temperature (Fig. 1(a)). AM™®) and \P¥(P) hoth
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FIG. 5: (color online) Lorentzian fitting results of g-scans
from DyMnOs showing the temperature dependence of (a)
AMRD) and (b) APY(®) (¢) Selected g-scans at Mn Lo-edge.
(d) The schematic plot illustrating the symmetric exchange
coupling Hgs between Dy (red arrows) and Mn (blue arrows)

spins below (left panel) and above Tg:) (right panel).

exhibit ~ 20 - 25% increase from low temperatures to
above T %]?E), suggesting that the Mn and Dy spin ordered
domains actually expand when transitioning from low
temperature be-plane spin spiral phase to high tempera-
ture collinear sinusoidal antiferromagnetic phase. Even
without fitting, changes in the correlation length can al-
ready be seen in the normalized g-scans at Mn Ly-edge
(Fig.5(c), g-scans at Dy Ms-edge are not shown here).
Although one can argue that such increase in correlation
length can also be seen in A°(™) around T %TE), which can
be related to the change in optical properties that leads
to a longer x-ray probe depth at high temperature (hence
longer correlation length), the magnitude of increase in
AMR(D) and APY(P) is too large (by about a factor of 2)
to be explained by this cause, let alone the cusps in the
temperature dependence of A°(P). Shorter AM*®) and
APY(D) helow T;%) may seem to contradict the behaviors
in I(®s of different elements and the general belief that
rare earth (Thb and Dy) and Mn spins are coupled more
strongly in the ferroelectric state [41, 42, 44, 45], but we
will show that this is the manifestation of an exchange
coupling between Mn and Dy spins that is further am-

plified by the perfect locking between 7(P)s.

The results in Fig.5(a) and 5(b) can be understood

by looking at the relative arrangement of Dy (red ar-

rows) and Mn spins (blue arrows) below T%n(D), as

schematically illustrated in Fig.5(d). For DyMnOs,

above T g%), Mn and Dy spins are pointing along the crys-

talline b- and ¢é-axis respectively. They develop canted
orientations below Tg%), giving rise to the spin spi-
ral structures [21, 38, 42, 47]. Spin exchange interac-

tions, whether symmetric Heisenberg or anti-symmetric

inverse Dzyaloshinskii-Moriya (DM) interactions, have
been extensively discussed in the literature. However,
most previous discussions focused on the interactions be-
tween Mn spins and few did on the interactions with
rare earth spins, despite they are strongly coupled even
below TN [38, 39).
4f moment acting as an internal Zeeman field (H,)
can influence the Mn spins (§) through the Hamiltonian
Hy = gusXis; - Hi, [28]. For DyMnOs, Hys is 0 above
TS?E) and finite below TS?E) when Mn and Dy spins are
no longer perpendicular to each other (Fig.5(d)). En-
hanced by the perfect locking between 7M*(®) and 7Py(P)
below Tg%) (Fig.2(a)), this Hamiltonian can disrupt the
be-plane spin spirals, leading to the smaller ordered do-
mains. This Hy may also be responsible for the strong
hysteresis effect in DyMnOg [59]. Although the Hyr may
affect the Tb and Mn spins in TbMnO3 as Tb spin also
exhibit finite component along the b-axis in the ferroelec-
tric phase, the effect can be different due to the disparate
tracking behavior in the 7(T)s [60-62]. Further examina-
tion on the behavior of ATP(T) and AM»(T) may provide
valuable insight to this subject.

Comparing the temperature dependence of A(P)s, one
can see that the increase in A(P)s when raising the sam-
ple temperature takes place just below the ferroelectric
transition. However, A°(P) displays the puzzling zig-zag
behavior that is not see in AM*®) and AP¥Y(®) As dis-
cussed earlier, the increase in correlation lengths can be
attributed to the suppression of competition between Hgy
and presumably the inverse Dzyaloshinskii-Moriya inter-
action that stabilizes the be-plane spin spiral below T%DE).
Then this zig-zag behavior in A°(®) can be viewed as an
outcome of an additional contribution below 17 K, which
we suggest comes from the enhanced hybridization be-
tween oxygen orbitals and the Mn/Dy electronic states,
on top of a baseline value denoted by the gray dashed
line in Fig. 2(c).

Here, the large rare earth

CONCLUSIONS

We have used RSXS spectroscopy to study the mul-
tiferroic DyMnO3 and TbMnOg3 and have observed the
F-type (0, 7,0) diffraction peak at O K-edge in both ma-
terials. The temperature dependence of this diffraction
peak shows that the electronic states of different elements
are coupled more strongly in DyMnOg; than in TbMnQOsg.
With first principles calculations, we suggest that the
stronger latticed distortion and the tendency to develop
E-type antiferromagnetism in DyMnOgs can contribute
to the enhanced orbital hybridization in the ferroelectric
state. The anomaly in the correlation lengths around the
ferroelectric transition in DyMnQOg is explained as the
manifestation of competition between the exchange in-
teraction Hyy and presumably the inverse Dzyaloshinskii-



Moriya interaction. With enhanced orbital hybridization
in the ferroelectric state that can help restore the antifer-
romagnetic order in the oxygen orbitals, A°(®) displays
the zig-zag temperature dependence around Tg}). The
contrasting temperature dependence between (0, 7OM)
0) and (0, 79T, 0), as well as the presence of Hy in
DyMnOQOg, highlight the complex nature of multiferroic-
ity in these manganites, and we propose that mechanisms
based on electronic correlations can be more influential to
the multiferroicity in manganites with smaller rare earth
elements.
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