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Abstract

Utilizing advanced transmission electron microscopy (TEM), the structure at the (110) type twin
boundary (TB) of Ce-doped GdFeO3 (C-GFO) has been investigated with picometer precision.
Such a TB is promising to generate local ferroelectricity within a paraelectric system, while
precise knowledge about its structure is still largely missing. In this work, a direct measurement
of the cation off-centering with respect to the neighboring oxygen is enabled by integrated
differential phase contrast (iDPC) imaging, and up to 30 pm Gd off-centering is highly localized
at the TB. Further electron energy loss spectroscopy (EELS) analysis demonstrates a slight
accumulation of oxygen vacancies at the TB, a self-balanced behavior of Ce at the Gd sites,
and a mixed occupation of Fe?* and Fe®*" at the Fe sites. Our results provide an informative
picture with atomic details at the TB of C-GFO, which is indispensable to further push the

potential of grain boundary engineering.
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Domain boundaries can be functional elements of a material while the same functionality does
not exist in the bulk." It was the discovery of superconducting twin boundaries (TB) in WO3,?
that opened a wide field of application “domain boundary engineering”. Thereafter, continuous
research efforts have been motivated, to tailor the boundaries with desired properties and
reproducing them in an engineering fashion. Successful examples include BiFeOs,* where the
formation of a dopant-controlled polar pattern was able to cause periodic giant polarization
gradients. Moreover, the ferroelectricity in various heterostructures, such as CaTiO3/BaTiOs

and PbZr,2Tios0s/SrRuO3,*” can be effectively tuned by surface and interface strains as well.

The observation of TB related polarity®'? leads to new directions to produce complex patterns
in the bulk for ferroic devices. Within a paraelectric CaTiOs matrix, ferrielectricity was predicted
at the (110) type TB, resulting from distorted TiOs octahedra with the Ti slightly off the
geometrical midpoint."® 2 Such TBs are then considered as promising elements for
ferroelectric devices, given that their density and therefore the device performance can be
pushed via boundary engineering. Besides, it is also expected, that oxygen vacancies are
rather uniformly distributed within the TB but depleted in the bulk." However, neither the Ti
off-centering nor the oxygen vacancies have been directly observed by experiment. Yet, this
is indispensable information for a precise understanding of the TB-related properties, and a
critical premise for a successful TB engineering. Therefore, the present study focuses on a
(110) type TB formed in the Ce-doped GdFeOs (C-GFO). The C-GFO in our case is identified
as a secondary phase within the Gd- and Fe-doped ceria, and Ce is partially occupying Gd
sites. Among the various applications of C-GFO, an important one is boosting the overall
performance of dual phase oxygen membranes, by tuning the electronic characteristics of C-
GFO through Ce substitution of Gd." Both GFO' and CaTiOs belong to the space group
Pbnm, and the same (110) type TB enables a direct comparison between the two cases and

sound references for similar systems.

Transmission electron microscopy (TEM) with sub-Angstrdm resolution provides unique

advantages in studying the local atomic structure and chemical composition. The C-GFO in



our study is imaged along the [001] direction in order to maximize the visibility of any structural
distortion related to the TB, except along the viewing direction. In addition to high-angle annular
dark-field (HAADF) imaging, we also apply the integrated differential phase contrast (iDPC)
technique'’, which allows us to analyze both light and heavy elements from the same data.
Relative shifts of both cations, namely Gd and Fe, are observed from the center of symmetry.
This polar feature is mainly found for Gd with up to 30 pm Gd off-centering exclusively at the
TB. In addition, the TB shifts at the nanometer scale whereas no significant inclination is
observed on a macroscopic level. Moreover, chemical variation in the vicinity of the TB is
probed by both energy dispersive X-ray (EDX) and electron energy loss spectroscopy (EELS).
With this comprehensive characterization down to pm scale enabled by advanced TEM
techniques, indispensable insights into the emerging polarity at the TB of the paraelectric C-

GFO are obtained for the first time.

The C-GFO grain studied in this work is shown in Fig. 1a. It is ~1 ym in size and surrounded
by the ceria host phase. As denoted by the pair of arrows in cyan, the TB is almost straight,
going through the grain, and dividing the grain into a smaller upper (U) and a larger lower (L)
part. Additional stacking faults are also noticed in the U part, and marked by the two arrows in
pink, which will be discussed in a separate study. By selecting the region defined by the dotted
circle in Fig. 1a, the diffraction pattern in Fig. 1b was acquired. As outlined by the red and blue
rectangles in Fig. 1b, two identical patterns with a relative rotation of ~87° can be recognized.
Both patterns are further indexed as along [001] direction of the GFO structure, as shown in

Fig. 1c, and corresponding to the U and L part, respectively (Supporting Information, Fig. S1).

The averaged HAADF image in Fig. 1c resolves the cation sub-lattice at the TB in projection
along [001]. The peaks of higher intensity correspond to Gd/Ce atomic columns while the lower
intensity peaks occur at the positions of Fe-O columns, as the heavier Gd/Ce columns appear
brighter than the lighter Fe-O columns in the Z-contrast image. On the right side of Fig. 1d is
the laterally averaged intensity from the HAADF image. Clearly, a single Gd {110} plane in the

middle (the TB plane as marked by the arrow), is showing a higher intensity and separates the



U and L parts. As shown in Fig. 1c, the two neighboring Gd atomic columns at each Gd
positions are separated by ~68 pm. Thus, in the bulk region, elliptical peak shapes are found
consistently at the Gd/Ce positions, and a mean ellipticity of ~1.4 can be determined.'®
Meanwhile, at the TB, the ellipticity of Gd/Ce peaks alternates between approximately 1.1 and
1.4 (Supporting Information, Fig. S2). Mimicking all the experimental observations and ignoring
the Ce substitution of Gd, a structural model of the TB is proposed, and overlaid on the HAADF
image in Fig. 1d. To build the model, a relative rotation of ~87° and a translation of 74[11-1]
between the U and L part are introduced. Moreover, atomic reconstruction along the TB is
considered, in order to account for the varying shapes and lattice constants detected at the TB
as discussed below and in Supporting Information, Fig. S3. The right inset in Fig. 1d is the

simulated HAADF image based on the proposed model."

Qualitatively, a good agreement
between the experiment and simulation is reached, where a stronger channeling effect at the
reconstructed TB is likely to cause the brighter TB in HAADF imaging (Supporting Information,

Fig. S3).

Fig. 1e shows the EDX chemical mapping results around the TB, including the simultaneously
acquired HAADF image, extracted elemental maps using Gd La, Fe Ka, Ce La and O K line,
together with a composite map of Gd and Fe. The Gd and Fe map fit nicely with the model
overlaid on the HAADF image. Several local maxima are recognizable in the Ce map, and
coincide with some of the Gd sites, as suggested by the two sets of dotted squares which are
placed at the same positions in the Gd and Ce map, respectively. Consistent with the EELS
spectrum imaging (EELS SI) results (discussed below), an effective Ce substitution of Gd can
be identified. Moreover, across the TB, no significant intensity variation can be noticed in either
the Gd, Fe or the Ce maps. The composite map of Gd and Fe in Fig. 1e also verifies a uniform

intensity distribution in the vicinity of the TB.

Furthermore, although a macroscopic straight behavior of the TB is revealed in Fig. 1a, the TB
in our study also shifts, i.e. plane by plane between the U and L part, similar as those observed

in the Pb(Zr,Ti)O3 and LiNbOj3 thin films.? 2" Shifts of TB between neighboring Gd {110} planes



results in kinks (Supporting Information, Fig. S4), which are observed with varying densities,

but behave stable under our experimental condition (Supporting Information, Fig. S5-6).

For further structural analysis, the averaged HAADF image in Fig. 2a with a larger field of view
is selected. As shown in Fig. 2a, the pseudo lattice constant a, and b, are defined and
determined for the Gd and Fe sub-lattice, respectively. Using two-dimensional Gaussian
fitting,'® the Gd and Fe positions are first determined (measurement precision ~5 pm). Taking
the two outlined regions in Fig. 2a as a reference, Fig. 2b-c and 2d-e map deviations Aa, and
Ab, from the bulk for each sub-lattice. Significant deviations Aap g4 of the Gd sub-lattice are
detected along row #12 (the TB) and plotted in Fig. 2b. On the right side of Fig. 2b we plot the
averaged Aa,cq from each Gd row, where the value at row #12 is slightly above zero and with
a larger standard deviation. Fig. 2f further plots the individual Aap s from row #12 (Aap cg,12),
which is oscillating around zero by approximately £20 pm. In Fig. 2c and 2d, both the mapped
deviations Ab, g4 and Aapre do not show any significant deviation. For the deviations Abp re,
mapped in Fig. 2e, oscillations are noticed in three planes around the TB. As plotted on the
right side of the map, the Abp re,105 and Aby re 125 are slightly above zero, while the Abp e 115 is
below zero. Individual deviations of Abyre 115 are plotted in Fig. 2g, indicating an overall
reduced b, between the two Fe rows adjacent to the TB. Moreover, the averaged Aby re in rows
#10.5 and 12.5 (Abp e 105.125) are plotted in Fig. 2g as well, which is almost zero. Thus, any
significantly distorted by re is well confined within c.a. two unit cells around the TB. In the vicinity
of the TB, as indicated by the arrow in Fig. 2e, some localized deviation of b, along [100].
are also noticed, but with a much lower magnitude. The laterally averaged values of Abgre
among the first 14 columns are plotted in Fig. 2h, indicating small deviations also present away

from the TB in the L part.

The lattice distortions revealed in Fig. 2 suggest possible spontaneous polarization around the
TB. Such well-confined polarization could find use in boosting the performance of ferroelectric
devices, as predicted in the case of CaTiOs."” '? In order to directly show the existence and

determine the magnitude of projected polarization in the material and at the twin boundary, in



addition to Gd and Fe positions, also O positions need to be resolved. Therefore, the iDPC'”
technique was employed, which offers the ability to resolve close light and heavy atoms in the
same image. Fig. 3a and 3b show simultaneously acquired HAADF and iDPC images. On both
sides of Fig. 3a are the laterally averaged intensity profiles from the two regions defined by the
rectangles. As indicated by the arrows, two neighboring Gd {110} planes are giving higher
peaks than the others. Thus, similar to the case in Fig. S4, the TB in Fig. 3a shifts by one plane
in this area. Fig. 3b is the iDPC image, where planes of the Gd and Fe sub-lattices are labeled
separately. The region defined by the rectangle in Fig. 3b is further enlarged in Fig. 3c. When
compared with the overlaid GFO model, both Gd and Fe atomic positions can be identified.
There are two types of O in the GFO structure. The O4 sites (orange) located between
neighboring Gd positions can be recognized as the weak intensity peaks around each Gd
position. The O sites (blue) are only about 50 pm away from the Fe sites, and are not resolved

as separated peaks from the strong Fe signal in Fig. 3c.

The Gd, Fe and O+ positions are first determined. Due to the overlapping of adjacent Gd atomic
columns at each Gd position and the unresolvable O sites, direct measuring the Gd off-
centering with respect to the Gd polyhedron is challenging. Instead, both the Gd and Fe
positions were compared with the four neighboring O+ sites as indicated by the quadrilaterals
in Fig. 3c. The detected off-centering of Gd and Fe (dc4 and &re) are expected to provide a
good reference to indicate the projected polarization. In Fig. 3d-e, the mapped &re and &gq are
overlaid on the original iDPC image. Local maxima of &re are mainly distributed in the L part,
and along the a_ direction, consistent with the small Ab,re Observed in Fig. 2e and 2h. The
averaged &re from each {110} plane is plotted in Fig. 3f, where ®rexx and Orey, are the
components along lateral and vertical direction, respectively. In general, both &re xx and &re,yy
are close to the experimental measurement precision (~8 pm), while slightly larger &re,, are
detected in the L part. In Fig. 3e, the local maxima of &gq are consistently noticed along the
TB, and follow the shift of the TB between Gd rows #5 and #6 at column #10 as already
observed in the HAADF image. Therefore, dividing the ds4 map into a left (column #1-10) and

a right (column #11-16) part, Fig. 3g plots the averaged &cs from each labeled row. The
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detected g4,y are rather small and randomly jumping around zero. In contrast, we find quite
strong cation off-centering of about 30 pm dcuxx at the TB, i.e. in the Gd row #6 from the left

part and in row #5 from the right part.

In addition to the lattice distortion and off-centered cations, chemical disorder around the TB
is probed by EELS Sl as well. Fig. 4a displays the simultaneously acquired annular dark-field
(ADF) image, the extracted elemental maps including the Gd Mys, Fe L>3, O K and Ce Mys
edges, and a composite map of Gd and Fe around the TB. All atomic rows are labeled on the
left, where the TB can be located at row #16. The Gd, Fe and O map in Fig. 4a are showing a
good agreement with the GFO structure, as well as a quite uniform intensity distribution. In the
Ce map, several local maxima are randomly distributed at the Gd sites, as indicated by the two
sets of squares placed at the same positions in both Gd and Ce map. Fig. 4b plots the intensity
profiles across the TB as obtained by laterally averaging of elemental maps in Fig. 4a. While
the intensity of the Fe signal remains almost constant, the signal of Gd and O slightly drops
around the TB. The slight drop of O intensity (~2%) is always noticed at the TB without any
significant changes in the fine structure of the O K edge, supporting the theory that the TBs
represent sinks for oxygen vacancies.'? > 222* Along the Ce profile, several peaks are
recognizable and coincide with the Gd peaks. Although a hump is noticed around the TB in
Fig. 4b, the Ce substitution of Gd is found rather random and independent of the TB when
comparing different sample areas, e.g. in Supporting Information, Fig. S7. The bottom plot in
Fig. 4b shows the relative thickness (t/A) profile, which suggests no abrupt thickness variation

across the TB.

Moreover, utilizing the fine structure of Ce M4 s edge,?*?’ the valence state of Ce is determined,
and compared in Fig. 4c with the Ce/Gd ratio estimated from each Gd row. Different from the
Ce*" in the matrix ceria phase, most of the Ce inside C-GFO are Ce**, consistent with the Gd**.
Comparing the two curves in Fig. 4c, the Ce valence state increases as the Ce/Gd ratio
decreases, and vice versa, suggesting a self-modulation of the overall contribution from Ce. In

addition to Ce, the valence-specific multiplet structures of Fe L»3; edges also enable an



estimation of the Fe valence states.' % At the bottom of Fig. 4c, the estimated Fe*" fraction
(Fe*'/sFe) from each Fe row is plotted. Overall, the Fe**/ZFe is quite constant, and shows
ignorable dependence on the TB. From the whole mapped region, an averaged fraction of
~88.5% is determined, indicating that the Fe sites are mainly occupied with Fe** but also mixed
with ~11.5% Fe?". The hopping pairs of Fe?* and Fe** at the charge-conducting octahedral

sites could be then responsible for the electronic conductivity of the material.

In summary, we have directly visualized the atomic structure at the (110) TB of C-GFO with
picometer precision. Independent of chemical variations, the formation of the TB caused
significant yet well-confined distortions within the Gd sub-lattice, and up to 30 pm off-centering
of Gd with respect to the neighboring O was determined. As predicted for the CaTiO; case,'
a cation off-centering of only 1.5 pm will result in a boundary polarization between 0.004 and
0.02 Clb/m?. Thus, considerable spontaneous polarization at the TB is expected in our case,
and might be even higher than the bulk spontaneous polarization of BaTiOs (0.24 Clb/m?). The
Fe sublattice undergoes similar distortions, while only small Fe off-centering is randomly
noticed within the bulk region. The observed shift of the TB adds another dimension of flexibility
to engineer the boundaries, i.e. the length and shape of the TB can be tailored to some
degree.?® Consistent with the theory, slight accumulation of oxygen vacancies at the TB was
also revealed by chemical analysis. Our results here are essential for designing boundaries
with superior properties, controlling their distributions, and finally creating materials that
contain localized functionalities such as superconductivity and ferroelectricity, even when such

effects do not exist in the bulk.
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Fig. 1 The C-GFO grain with TB. (a) TEM bright field image showing a single C-GFO grain
surrounded by the ceria host phase. As indicated by the pair of arrows in cyan, the twin
boundary (TB) shows a similar contrast as the surroundings, goes through the C-GFO grain,
and separates the grain into an upper (U) and a lower (L) part. Additional stacking faults are
indicated by the two arrows in pink. (b) Diffraction pattern acquired from the region marked by
the dotted circle in (a). Two patterns with a relative rotation of ~87° are outlined by the blue
and red rectangles. Both patterns correspond to the [001] direction of GFO. (c) The GFO model
viewed along [001] direction. A single unit cell is indicated by the rectangle. (d) HAADF image
showing the atomic structure around the TB. A proposed structural model together with the
simulated HAADF image are overlaid on the image. The plot on the right is the intensity profile,
obtained by laterally averaging the HAADF image. (e) EDX chemical mapping results around
the TB: The HAADF image, the elemental maps in intensity from the Gd La line, Fe Ka line,
Ce Laline and O K line, together with a composite map of Gd and Fe. For the HAADF image
in (e), the TB is indicated by the arrows and the proposed model as in (d) is overlaid. A set of

two squares is placed at the same position in the Gd and Ce map, showing that peaks of Ce

signal correlate to those of Gd in the respective maps.

11



0 5 10 15 20
labeled Gd column

Aap, Gd

d Aap, Fe

m m
P 0 P
5 3 u
e
103
S g
159 2
Q =
8
20
=25""0'% 25 =25 0. 25
Dby, 64 —25p(r)n25 e Dby, re —25p?n2
9 (&
e
103
o 11.
2 sl nunn
159
e}
L.
20
=250 25 20 = Ulu2d
-250 25 -250 2
—o— Abp re, 115 Abp, fe,10.5-12.5 h 5 [ Abpre 11.5
R ? { I I I
A——M*A*—Q“Af/‘q\"‘,’u\n.,_,_‘.l‘../w\-}&\-, g 04 IIIIIIII I III II I
'BERR MR ER'ES ]U L
0 5 10 15 20 0 5 10 15 20

labeled Fe column

labeled Fe row

labeled Fe row

labeled Fe row

Fig. 2 Lattice distortion within the Gd and Fe sublattice. (a) HAADF image of the TB. The

Gd and Fe sub-lattices are labeled separately, and the pseudo lattice constants a, and b, are

defined. (b-e) Deviation matrices of Aa, and Ab, from the Gd and Fe sub-lattice in (a), by taking

the two outlined bulk regions as a reference. On the right side of each map are the averaged

values from each labeled row. (f) The extracted deviation Aap,cq from Gd row #12, Aap cd,12. (9)

The extracted deviation Abyre from Fe row #11.5, Ab,re 115, and the averaged Abgre for Fe

rows #10.5-12.5, Aby re,105-12.5. (h) The laterally averaged Abp re among the first 14 Fe columns.

The values from Fe row #10.5-12.5 are not shown.
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Fig. 3 Off-centering of Gd and Fe. (a-b) the simultaneously acquired HAADF and iDPC
images. On both sides of (a) are the laterally averaged intensity profiles from the two regions
defined by the rectangles. The TB shifts by one plane as indicated by the two arrows. (c) The
enlarged image from the region defined by the rectangle in (b). Part of the GFO structural
model is overlaid on the image. (d-e) Maps of the off-centering of Fe and Gd (&re and &cq) with
respect to the neighboring four O sites, as outlined by the quadrilaterals in (c). Background is
the iDPC image in (b) for comparison. (f) The averaged &r. along x and y direction, &re xx and
Ore,yy, from each labeled Fe row. (g) Top: the averaged dcdxxand &gq,y from each labeled Gd
row among the left part (Gd column #1-10); bottom: the averaged &cq.xx and &g,y from each

labeled Gd row among the right part (Gd column #11-16).
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Fig. 4 Chemical structure around the TB. (a) EELS Sl results: simultaneously acquired ADF
image and elemental maps plotting the intensity from the Gd Mys, Fe L23, O K, and Ce Mys
edges, together with a composite map of Gd and Fe. Each atomic row is labeled on the left
side, and the TB is located at row #16. Two sets of squares placed at the identical positions in
the Gd and Ce maps, indicate that peaks in the Ce signal occur at Gd positions. (b) Intensity
profiles by laterally averaging the elemental maps in (a). The estimated relative sample
thickness, t/A, based on low-loss Sl is also plotted at the bottom. (c) The estimated Ce/Gd

intensity ratio, Ce valence state, and Fe*"/=Fe from the corresponding atomic rows. The TB is

indicated by the dotted lines.
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