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ABSTRACT: Understanding how individual dopants or substitutional atoms
interact with host lattices enables us to manipulate, control, and improve the
functionality of materials. However, because of the intimate coupling among various
degrees of freedom in multiferroics, the atomic-scale influence of individual foreign
atoms has remained elusive. Here, we unravel the critical roles of individual Sc
substitutional atoms in modulating ferroelectricity at the atomic scale of typical
multiferroics, Lu1−xScxFeO3, by combining advanced microscopy and theoretical
studies. Atomic variations in polar displacement of intriguing topological vortex
domains stabilized by Sc substitution are directly correlated with Sc atom-mediated
local chemical and electronic fluctuations. The local FeO5 trimerization magnitude
and Lu/Sc−O hybridization strength are found to be significantly reinforced by Sc,
clarifying the origin of the strong dependence of improper ferroelectricity on Sc
content. This study could pave the way for correlating dopant-regulated atomic-scale
local structures with global properties to engineer emergent functionalities of
numerous chemically doped functional materials.

KEYWORDS: structure−function relationship, individual dopant, multiferroics, lutecium ferrite, improper ferroelectricity,
electron microscopy

Capturing a complete picture of the connection between
chemistry, local structure, and functionality is a backbone

of solid-state chemistry, which lays the foundation for practical
applications and performance control of functional com-
pounds.1,2 This picture is generally complex and can be
much more complicated by doped atoms or chemical
substitution, because of the close and intertwined interactions
between foreign atoms and host lattices.3,4 Although it is
considerably challenging, bridging such connections in doped
or chemically substituted systems by addressing the critical
roles of foreign atoms is particularly important and intriguing,
into which extensive research endeavor has been continually
devoted.2−6 This is because such foreign atoms can always be
the inherent origin of (or the key control parameter for)
emergent phenomena or novel functionalities by subtly
mediating local crystal, electronic, and defective structures. A
typical example includes the giant piezoelectricity recently
reported in Sm-doped Pb(Mg1/3Nb2/3)O3−PbTiO3 relaxor
ferroelectrics, which arises from the enhanced local structural
heterogeneity introduced by inhomogeneously distributed Sm
dopants.7 Lacking the in-depth probe of the key behaviors of
these dopants or substitutional atoms would lead to an
incomplete understanding of the structure−function relation-
ship, preventing us from delving into the underlying chemistry
and accurately controlling the materials’ functionalities.

As an important branch of the functional compound family,
multiferroics, in which ferroelectricity and (anti-)-
ferromagnetism coexist and are closely coupled, has attracted
considerable attention, because of its potential application in
the new generation of electronic devices, like ultralow-power
information memory.8,9 Wherein, the intimate coupling among
charge, lattice, spin, and orbital degrees of freedom enables the
dramatic and effective regulation of multiferroicity by using
chemical doping or substitution. For example, in the
prototypical room temperature (RT) multiferroic system,
BiFeO3, the Ca doping can stimulate an electronic
conductor−insulator transition10 and the La doping can tune
the conductivity of the ferroelectric domain wall.11 However,
significant challenges are also introduced at the same time in
disentangling the critical effects of these dopants or substitu-
tional elements. In that, the foreign atoms in multiferroics can
strongly interact with host lattices with various competing and
intertwined degrees of freedom and significantly change the
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local structures and corresponding electric and magnetic
properties.4,10−12 Therefore, this makes doped or chemically
substituted multiferroics quite a challenging but representative
system to study, with regard to the critical roles of dopants or
substitutional atoms.
Scandium-substituted lutecium ferrite, h-Lu1−xScxFeO3, is a

recently developed promising RT multiferroic compound.12−14

Not only does the robust c-axis-oriented ferroelectricity exist
well above RT (TC ≈ 1050 K), more importantly, it has a
much higher antiferromagnetic ordering temperature, because
of stronger magnetic interactions between Fe3+ spins,12,15,16

compared to extensively studied isosymmetric manganites (h-
RMnO3, R = Ho−Lu, Y, and Sc).17,18 Wherein, the Sc
chemical substitution is well-recognized to be responsible for
the significant changes in crystal structure and the emergence
of many intriguing properties, like improper ferroelectricity
and fascinating topologically protected vortex domain
structure, nevertheless, how Sc functions remains elusive.14,19

In particular, the Sc-substitution-induced vortex domain
structure is widely considered to dominate the most desired
magnetoelectric (ME) coupling and functional charged
domain walls for application in electronic devices, as observed
in the hexagonal manganites.16,20−23 However, to date, only
one experimental observation of this vortex domain at the
mesoscopic scale was reported in bulk h-Lu1−xScxFeO3.

19 In-
depth structural and electronic investigations are still lacking,
especially regarding the functionality of Sc substitutional
atoms. Note that neither ScFeO3 nor LuFeO3 prefers the
hexagonal polar structure,24−26 and only the solid solution of
ScFeO3 (x) and LuFeO3 (1 − x) within a certain x range is

appropriate for the formation of improper ferroelectricity and
vortex domains.12−14,19,27 The reason for the stabilization of
the polar structure and vortex domains by Sc chemical
substitution and how Sc atoms modify local structures to
regulate the improper ferroelectricity in h-Lu1−xScxFeO3
remain unclear. Thus, it is of great scientific importance to
reveal the critical roles of individual Sc substitutional atoms to
elucidate the nature of improper ferroelectricity and vortex
domains in hexagonal ferrites, and to identify the chemical
substitutional atom-tuned couplings among charge, lattice,
spin, and orbital degrees of freedom.
In this work, we unravel the critical roles of Sc substitutional

atoms in stabilizing the hexagonal polar phase and the vortex
domain structure in h-Lu1−xScxFeO3 (x ≈ 0.51) and directly
bridge the individual Sc substitutional atom-mediated local
chemical and electronic structures with improper ferroelec-
tricity at the atomic scale. By using advanced scanning
transmission electron microscopy (STEM), we quantitatively
analyzed the atomic-scale chemistry and ferroelectricity, where
the local Sc content fluctuations are found to greatly change
the local ferroelectric polarization and can be well-correlated to
its variations. The combination of delicate spectroscopy studies
with theoretical calculations reveals the origin of this close
correlation. It is found that Sc substitutional atoms can modify
the local electronic structure and ferroelectric order by
changing the magnitude of FeO5 trimer distortion and the
strength of Lu/Sc−O hybridization, which determines the
nature of improper ferroelectricity and vortex domain
structure. The findings of this work suggest the possibility of
tuning and understanding the mechanism of improper

Figure 1. Structural characterization of h-Lu1−xScxFeO3. (a) Crystal structures of h-Lu0.5Sc0.5FeO3 (left) and o-LuFeO3 (right). (b) Rietveld
refinement of synchrotron X-ray diffraction (SXRD) results. The difference between the experiment (red cross) and calculation (blue line) is
shown at the bottom (purple line). Vertical green lines indicate the Bragg peak positions. (c−e) HAADF-STEM images and corresponding SAED
patterns (inset) along three major zone axes. δ represents the c-axial displacement. Scale bars are 1 nm for HAADF-STEM images and 5 nm−1 for
diffraction patterns.
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ferroelectricity via chemical cation substitution, to engineer
functional materials.
A nominal h-Lu1−xScxFeO3 (x ≈ 0.51; see Table S1 in the

Supporting Information) single crystal with high phase purity
is used for this study. Synthesis details can be found
elsewhere.14 The structural model (Figure 1a, left) was
constructed based on the structural refinement from
synchrotron X-ray diffraction (SXRD) experiments conducted
at BL44B2 in SPring-8 (Figure 1b). Rietveld refinement of X-
ray diffractograms in Figure 1b confirms a single hexagonal
phase with noncentrosymmetric space group P63cm (No. 185),
which is consistent with previous studies.13,19 The atomic
structure was characterized using aberration-corrected STEM.
Figures 1c−e show high-angle annular dark-field (HAADF)-
STEM images at [100], [210], and [001] zone axes,
respectively. Since the brightness in HAADF-STEM images
is approximatively proportional to Z1.7 (where Z is the atomic
number),28 the uniform contrast for Lu/Sc layers (ZSc = 21
and ZLu = 71) indicates an average homogeneous distribution
of Sc substitutional atoms. As shown in the selected area
electron diffraction (SAED) patterns in the right panels of
Figures 1c−e, no additional diffraction spots apart from the
P63cm symmetry can be detected. This means that neither Sc
ordering, nor phase separation exists. The symmetry thus
changes from orthorhombic to hexagonal upon Sc substitution,
reaching a single hexagonal phase. Similar to the hexagonal
manganites,29 the K3 nonpolar phonon mode (q = (1/3,

1/3,0))
condenses in this noncentrosymmetric phase, accompanied by
the trimerization of FeO5 bipyramids that induces corrugated
Lu/Sc layers (Figure 1c). Based on Landau theory,22 there
exist six distinct trimerized states, corresponding to six
degenerate minima of the lattice energy, that is, six ferroelectric
domains that merge to form a vortex (or antivortex) structure.
Such a vortex domain structure has been observed at mesoscale
using piezoelectric force microscopy (PFM).19

To reveal the roles Sc plays in stabilizing the trimerized
states, especially the vortex domains, typical vortex domains
were imaged and quantitatively analyzed at the atomic scale.
Figure 2a shows a HAADF-STEM image of the atomically
resolved 6-fold antivortex structure, as well as its corresponding
two-beam dark-field image (for an overview of the domain
configuration, see Figure S3 in the Supporting Information).
The corresponding annular bright-field (ABF) image is shown
in Figure S4a in the Supporting Information. Six ferroelectric
domains can be distinguished by the up−up−down and up−
down−down arrangements of Lu/Sc ions. Following the
practice in h-YMnO3,

30 a “lattice ruler” that has the lattice
periodicity is added as a reference to identify the transition
relationship between domains, as shown at the top of Figure
2a. Since the translational integral lattice periodicity does not
change, the domain phases can be determined by comparing
the positions of unit cells (marked by rectangles), relative to
the short vertical lines in the ruler. In this way, six ferroelectric
domains around a core are found to arrange in the sequence of
α+−γ−−β+−α−−γ+−β−, converging to form an antivortex
structure. By conducting a series of quantitative treatments
(see the Experimental Methods in the Supporting Informa-
tion) on Figure 2a, we reveal atomic-scale structural features of
this antivortex domain. Figure 2b is the polarization displace-
ment magnitude (δ) map, and the displacement distribution of
each R ion at three Lu/Sc columns (R1, R2, and R3) are shown
in Figures 2c−e, respectively. The averaged displacement δ of
the entire region is determined to be ∼41 pm, which is
comparable to that of bulk h-YMnO3.

31 In Figures 2c−e, we
note that the displacements of the R ions smoothly transmit
across domain walls, indicating that the transition regions are
several unit cells wide. It is worth mentioning that domain
walls may not be viewed edge-on, which may also contribute to
their broadening in HAADF-STEM images.32 Besides, a
dramatic reduction of the displacement magnitude is observed
within the vortex core (marked by white circles in Figures 2b−

Figure 2. Atomic-scale characterization of an antivortex domain. (a) HAADF-STEM image of a 6-fold antivortex domain, enlarged from the boxed
area in the dark-field image at the left bottom corner. Two types of domain walls are identified, labeled as Type-I (1/6[210]) and Type-II
(1/3[210]) in Figure S4a in the Supporting Information. (b) Displacement color map showing a visible vortex structure with three different Lu/Sc
columns (c) Lu/Sc1, (d) Lu/Sc2, and (e) Lu/Sc3. White circles indicate the vortex core. (f) Displacement profile across the vortex core in the
dotted-rectangle region in panel (a). (g) Areal concentration map of atomic layer-resolved Sc in the square area in panel (a) with no detectable
enrichment or deficiency within the core. Inset is the intensity profile in the white rectangle-framed area, showing the concentration fluctuation.
Scale bars = 2 nm.
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e), which has a radius of ∼1 nm. This is consistent with the
notable flatness of Lu/Sc layers shown in the close-up (right
inset of Figure 2a). Such a displacement drop can be further
confirmed by the line profile (Figure 2f) in the dot-framed
region in Figure 2a. Therefore, this vortex core shows a
significantly decreased magnitude of the primary order
parameter (QK3), which is consistent with a local symmetry
of P3̅c1 (No. 165) or P3c1 (No. 158) symmetry.33

The P3̅c1 and P3c1 phases were shown to have higher
energies than the P63cm phase and can only exist in regions
where strain accumulates and order parameter distributions are
not uniform, like at topological defects.32 Therefore, it is
possible that it is energetically favorable for vortex cores to
preferentially form at or, be pinned by, regions with higher
local Sc content. In our case, since the Sc substitution is
directly related to the formation of the vortex domain
structure, we conducted an atomic-layer resolved energy-loss
spectroscopy (EELS) investigation around the vortex core
(square-boxed area in Figure 2a) to examine possible Sc
segregation. Figure 2g shows the Sc areal concentration map
(see calculation details in the Supporting Information).34 No
evident concentration differences can be found between the
areas inside and outside the vortex core, safely excluding the
local enrichment of Sc in the core region. However, it is
noteworthy that, in each Sc layer, the areal concentration
manifests detectable fluctuations, as indicated by the profile in
the inset of Figure 2g. Such local concentration fluctuations of
Sc that happen within an area much smaller than the typical

size of the vortex domain may account for the above-
mentioned non-obvious correlation between the vortex core
location and Sc distribution. This Sc concentration fluctuation
is found to coincide with the variation of the local ferroelectric
polarization magnitude in Figure 3.
Figure 3a shows a randomly selected area from an upward

polarized domain. The corresponding atomically resolved map
of the Sc content (Figure 3b) manifests clear stoichiometry
fluctuations. Besides, atomic-resolution elemental maps with
energy-dispersive X-ray spectrometry (EDXS) were acquired
using the Super-X EDX system. As shown in Figure 3c, strong
Lu and Fe signals demonstrate high spatial spectroscopy
imaging resolution. For Sc, signals mainly reside within the Lu
layers with faint contrast, but importantly, localized intensity
variation can be noticed (ellipse-circled regions). To determine
how such localized Sc enrichment affects improper ferroelec-
tricity, the corresponding polarization displacement of each
unit cell in Figure 3a is calculated in Figure 3d. Unambiguous
displacement fluctuations can be observed, which share
anomalous characteristics with the Sc content map. Larger
(smaller) polarization displacements correspond to higher
(lower) Sc concentrations, as indicated in the ellipse-circled
areas in Figures 3b and 3d. Further line profiles (Figure 3e)
along the white arrows reveal that the variation in displacement
magnitude can be correlated with that of the Sc content (for
details, see Table S2 and Figure S5 in the Supporting
Information). This suggests that the localized enrichment (or
deficiency) of Sc can notably increase (or decrease) the local

Figure 3. Variation in polar displacement due to fluctuations of Sc concentration. (a) [100] zone axis HAADF-STEM image where the atomically
resolved EELS spectrum image was taken. (b) Sc content map of the area in panel (a), showing stoichiometry fluctuations. (c) Atomically resolved
EDXS maps. Localized Sc enrichment is circled. (d) Polarization displacement map, showing a clear fluctuation that is consistent with the Sc
distributions in panel (b). (e) Profiles along the white arrows in panels (b) and (d), showing the change of Sc content (gray circle) is correlated
with the polarization displacement (red circle). Scale bars = 1 nm.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c02123
Nano Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02123/suppl_file/nl1c02123_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02123/suppl_file/nl1c02123_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02123?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


trimerization magnitude that is associated with the polarization
displacement and improper ferroelectricity. We note that
measurements at some atomic positions have relatively large
error bars, which may be related to the small imperfection of
the area that can give rise to changes in inelastic delocalization
and probe channeling35 and/or the random error in measure-
ment. Such effects of substitutional atoms on the trimerization
magnitude were recently also demonstrated in cations-doped
h-YMnO3 based on theoretical studies, where Zr doping was
found to yield a robust ferroelectric state.36

The origin of the improper ferroelectricity in hexagonal
manganites is still under debate regarding the contribution of
the electrostatics and the R−O hybridization.37−39 Particularly,
whether the R−O hybridization plays a part and favors the
ferroelectric state is under contention.38,39 To understand the
origin of this close connection between the Sc chemical
substitution and improper ferroelectric polarization, we
investigated the electronic structures based on EELS near-
edge structures. EELS spectra containing Sc-L2,3 and O-K
edges are plotted in Figure 4a, which are acquired from the
corresponding regions in the insets. The high spatial resolution
measurement, manifested by the simultaneously pixel-by-pixel
acquired HAADF-STEM image, enables the investigations of
the local electronic structure. As indicated in the Sc-L2,3
spectrum image and the plot, Region-2 has a higher Sc
concentration than Region-1. Note that factors other than Sc
concentration should be negligible since these two regions are
within a pretty small area (∼1 nm2). Such differences in Sc
concentration induce different local electronic states, man-
ifested by notable differences in O-K edges that reflect subtle
changes in hybridization. Analogous to hexagonal mangan-
ites,38,40 the FeO5 polyhedron in h-Lu1−xScxFeO3 has D3h site
symmetry, where five degenerate Fe 3d orbitals split into two
doublets (e1g and e2g) and one singlet (a1g). As for ScO8 and
LuO8 cages with D3d site symmetry, Sc 3d and Lu 5d orbitals
split into three sets: eg

σ, a1g, and eg
π (see Figure 4b). Accordingly,

four subpeaks (noted as a, b, c, and d) are observed in the O-K
edge and can be divided into three hybridization regions
(oxygens hybridize with cations), that is, Fe−O and Sc−O
region (peak a and peak d), Lu−O and Sc−O region (peak b),
and Lu−O and Fe−O region (peak c) (see details in Figure S6
in the Supporting Information). Compared to Region-1 with
lower Sc concentration, peak b that is dominated by the Lu/
Sc−O hybridization shows apparently increased intensity for
Region-2 with higher Sc concentration. This suggests that the
Lu/Sc−O hybridization strength is reinforced by the enrich-
ment of Sc. According to Harrison’s rule for the p−d
hybridization,41 such an enhanced hybridization strength
results from the decreased bond lengths between Lu/Sc and
planar oxygen (OP, that is O3 and O4), which is also
confirmed by theoretical calculations (Figures 4f and 4g).
Meanwhile, the Fe−OP hybridization strength is weakened,
accounting for the slight intensity drop in peak a.
To provide fundamental insights into the coupling between

the ferroelectric properties and Sc content (xSc), we further
performed density functional theory (DFT) calculations on h-
Lu1−xScxFeO3 with fixed and relaxed lattice parameters (see
the Theoretical Methods in the Supporting Information). DFT
results reveal an intricate coupling between xSc and the
ferroelectric order, as apparent from the xSc-dependent K3
(corresponds to a collective rotation of FeO5 bipyramids) and
Γ2
− (corresponds to the c-axial uneven atomic displacement)

mode amplitudes (QK3 and QΓ2
−) shown in Figures 4d and 4e,

respectively. When the lattice is fixed, QK3 decreases with
increasing xSc (Figure 4d), resulting from the inverse
proportionality to Lu/Sc1−O3 bond lengths in Figure 4f.
For the relaxed lattice scenario, QK3 exhibits a parabola-like
shape, because of the combined Lu/Sc−OP effect (see Figure
S7a in the Supporting Information). The QΓ2

− mode amplitude
(Figure 4e), inversely proportional to the Lu/Sc2−O4 bond
length (Figure 4g), is found to be insensitive to either fixing or

Figure 4. Coupling between the ferroelectric order and Sc content. (a) EELS spectra showing Sc-L2,3 and O-K edges from Region-1 and Region-2.
Insets are the spectrum image (normalized intensity) and the corresponding HAADF-STEM image. Scale bar = 5 Å. (b) Crystal field splitting for
FeO5 (D3h), ScO8 (D3d), and LuO8 (D3d). (c) Schematic illustration of the FeO5 trimerization. DFT-calculated (d) K3 mode amplitude (QK3), (e)
Γ2
− mode amplitude (QΓ2

−), (f) Lu/Sc1−O3 bond length, (g) Lu/Sc2−O4 bond length, (h) apical FeO5 tilt angle (θ), (i) planar FeO5 tilt angle
(α), (j) Lu/Sc displacements (δ), and (k) polarization (P), as a function of xSc. Shaded areas indicate the experimental xSc window.
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relaxing the lattice, both cases showing a parabola-like shape.
Particularly, it is noteworthy that, with the lattice parameters
relaxed, both QK3 and QΓ2

− increase with increasing xSc in the
experimental Sc content window, because of the enhanced Lu/
Sc−OP bond strength (Figures 4f and 4g), which is consistent
with experimental observations (Figure 4a). These perturba-
tions in the ferroelectric order are also reflected by changes in
the apical (θ) and planar (α) FeO5 tilt angles, the Lu/Sc
displacements (δ), and the polarization (P) in Figures 4h−k.
Caused by the shortening of the Lu/Sc−OA (apical oxygen)
bonds (Figure S7b in the Supporting Information), θ decreases
with increasing xSc, as shown in Figure 4h. The increased α
with increasing xSc results from an increased off-centering of
the two planar oxygens. The reasoning for the changes in δ is
more complex and discussed in detail in Figure S7 in the
Supporting Information. Following the trend of the polar Γ2

‑

mode amplitude (Figure 4e), P shows a similar parabola shape,
as expected, and also exhibits an increase with increasing xSc in
the experimental xSc window. Moreover, we self-consistently
determine how changing the Sc content perturbs the free-
energy landscape of polarization switching (see Figure S8 in
the Supporting Information).36 Generally, increasing xSc results
in more shallow energy minima and lower domain switching
energy barriers (ΔE). However, interestingly, a small increase
in ΔE with increasing xSc is observed in the experimental xSc
window, indicating a strengthened ferroelectric domain state
by Sc substitutional atoms.
It is worth mentioning that certain longer-range local crystal

structures and/or electronic effects, such as local strain
variation, which, although expected to influence the local
ferroelectricity, cannot be well captured in our DFT
calculations. In addition, both the Curie temperature42−44

and the domain structure formation45 are also dependent on
the R-cation. This could lead to local fluctuations in TC, with
the corresponding heterogeneous formation of the ferroelectric
state when cooling across TC, which, in turn, could affect the
resulting local R-cation displacements. Such effects could be
investigated further using, e.g., large-scale DFT calculations33

or phenomenological modeling.46 Nevertheless, our theoretical
assessment further underlines the key roles that Sc atoms play
in determining improper ferroelectricity of the h-Lu1−xScxFeO3
system by small perturbations of the local atomic and
electronic structure, consistent with experimental results. On
this base, the strong dependence of improper ferroelectricity
on Sc substitutional atoms is readily established regarding both
their distribution and concentration.
In summary, based on elaborate electron microscopy and

theoretical studies, we reveal the atomic structure of the
intriguing vortex domain stabilized by Sc substitution in
multiferroic h-Lu1−xScxFeO3 and clarify the critical roles of
individual Sc atoms in controlling its ferroelectricity. By
directly mapping the distributions of Sc atoms at the atomic
scale, concentration fluctuations are observed, which manifest
a close correlation with the variation of improper ferroelectric
polarization. We show that Sc substitutional atoms locally
modify the atomic and electronic structure, resulting in a
tuning of the trimerization magnitude and Lu/Sc−O hybrid-
ization strength, which determines the essence of improper
ferroelectricity. This is also corroborated by systematic first-
principles calculations. The effects of Sc substitution are thus
established on the atomic scale, and the insights point to an
effective way to tune improper ferroelectrics and understand

their underlying mechanism. By directly correlating atomic-
scale local structures regulated by individual foreign atoms with
global properties, the approach of this study is widely
applicable to numerous chemically doped or substituted
functional materials to understand and boost their emergent
functionalities.
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