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Charge orders (COs) and entangled topology denote the fundamentals of correlated electron systems at low
temperatures, and their profound revelation at atomic scale awaits experimental advances. Here, we report such
a spatially resolved investigation using cryogenic atomic-scale electron microscopy and spectroscopy at 100 K,
with the CO insulator of HgMn;O,, below 240 K as an exemplification. By the cryogenic technique, we can
resolve the charge and lattice characteristics of the insulating CO phase at atomic resolution and identify the order
parameters (OPs) at play as charge-density-modulated (~31.4 A, modulation length) and antiphase (~10.5 A)
OPs. Both OPs are largely unaddressed forms of COs in correlated oxides and display the emergent topology
of intertwining mesoscopic stripes of 1040 nm in width and >500 nm in length, distinctly different from the
atomically narrow CO stripes conventional to correlated systems and depicting the unique electronic contour of
the phase. This preliminary demonstration of the cryogenic unveiling of the OPs and topological landscape paves
the way to disentangling the multifarious COs and hidden topology in condensed matters and, meanwhile, calls
for further developments in the atomic-scale cryogenic spectral probing at an enhanced speed.

DOLI: 10.1103/PhysRevB.103.115130

I. INTRODUCTION

Electronic phase transitions enrich the phase diagram of
correlated electron systems and are customarily entangled
with charge orders (COs) thereby [1-3]. CO stripes represent
a conventional form of the COs and feature atomically narrow
lines of charges embedded in the crystalline matrixes with
typically nonlocal Coulomb interactions [1,2]. The translation
symmetry of the underlying lattices is broken by the CO
stripes, and a unidirectional super-periodicity perpendicular
to the one-dimensional stripes concomitantly arises [1,2].

The CO stripes are ubiquitous in hole-doped correlated
insulators of copper [4—10], nickel [11-16], and manganese
oxides [17-19], and the topology of the textured stripes casts
an electronically modulated contour in the phases [1,2,20,21].
The renowned smectic CO in cuprates is a classical manifes-
tation of the CO stripes and intimately intertwined with the
related superconductivity [1,2,7,8,20]. Analogous CO stripes
in nickelates hint on the ground-state magnetic order [13,14],
and those in manganites underline the associated colossal
magnetoresistance (CMR) [17-19].

With these apparent impacts of the CO stripes
[1,2,7,8,13,14,17-21], direct imaging of the topological
charge contour becomes increasingly important for uncov-
ering the electronic phase in detail and demands techniques
that combine microscopic and spectroscopic capabilities
at atomic scale. The state-of-the-art scanning tunneling
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microscopy at atomic resolution provides a prime solution
and is mainly suitable to metals, namely the superconducting
cuprate family [9,10]. Many doped correlated oxides such
as certain nickelates and manganites [11-19], however,
are insulators and require another methodology yet to be
explored.

Here, we report such an atomic-scale tackling of COs and
incipient topology in a hole-doped insulator of quadruple-
perovskite HgMn;0O,, (HMO) [22] using cryogenic scan-
ning transmission electron microscopy (STEM) and electron
energy-loss spectroscopy (EELS) at 100 K, which represents
our low-temperature (LT) limit upon maintaining atomic res-
olution [23]. While the atomic-scale STEM-EELS scrutiny
of metallic and insulating phases at room temperature (RT)
has been demonstrated [24,25], the LT development is only
at its infancy [23,26-29]. The HMO with a reported CO
transition at 240 K is adequate for our 100 K setup and
employed as the exemplification. Notably, the cryogenic
STEM-EELS reveals the emergent forms of COs in the HMO
by charge-density-modulated (CDM) and antiphase (AP) or-
der parameters (OPs). The constituent topology of mesoscopic
intertwining stripes by the OPs surpasses the characteristic
microscopic length scale of conventional atomically narrow
CO stripes [1,2] and composes the textured electronic con-
tour of the CO phase in HMO. The capability of cryogenic
STEM-EELS in tackling the exemplified CO phenomena can
shed light on problems with complex charge-lattice coupling
across material disciplines [1-3]. A group-theoretical practice
for the OP symmetry and conjugated topology in COs is also
proposed.
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II. EXPERIMEMTAL DETAILS

The high-pressure growth of polycrystalline HMO bulks
with stoichiometric Hg and Mn has been reported [22]. The
electron diffraction and dark-field (DF) transmission elec-
tron microscopy (TEM) imaging were conducted on JEOL
2000FX. The STEM high-angle annular DF (HAADF) imag-
ing and STEM-EELS spectral probing were performed on
spherical-aberration-corrected JEOL 2100FX equipped with
Gatan Enfina EELS and a JEOL liquid-nitrogen stage, with
the respective HAADF and STEM-EELS collection angles of
70-190 and 30 mrad [24,25]. Both electron microscopes were
operated at 200 keV, and the specimens were prepared by
mechanical polishing and ion milling. The cryogenic investi-
gations were subject to a temperature limitation of 100 K and a
temperature precision on the sample of =5 K. The thickness of
the investigated polycrystalline grains is 0.6-0.7 A (A, inelastic
mean-free path) and each polycrystalline grain (size, ~tens of
micrometers) represents a single-crystalline area. All STEM-
HAADF images (acquisition time, ~8 s) were Bragg filtered
to reduce noise mainly arising from liquid-nitrogen bubbling
that degrades our STEM spatial resolution from ~1 A at RT to
~1.3 A at 100 K. Each STEM-EELS dataset at RT and 100 K
was optimally completed within ~60 s (spectral dispersion,
0.3 eV per pixel) to mitigate the effect of concomitant speci-
men drift at 100 K. The RT and LT results are reproducible in
altogether seven rounds of temperature-variable experiments
using polycrystalline bulks from four different batches and
are free from suspicious beam damages. The polycrystalline
nature of the HMO renders all TEM, STEM, and EELS char-
acterizations highly challenging.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the parent HMO crystallized in cubic
Im3 symmetry (a = 7.393 A) [22]. The nominal quadruple-
perovskite A4B40O;, formula of this cubic phase is of
(Hg"*Mn33)Mn3 732 0y, due to the Mn B-site hole doping
by the quarter Mn A-site substitution by Hg*? [22]. In this
paper, we are particularly interested in the CO phase below
240 K, with the respective symmetries above and below
the 240 K transition being reported as rhombohedral R3
(a =17.379 A o= 90.379°) and orthorhombic Pnn2 (a =
7.223A, b =7.325A, and ¢ = 7.585 A) [22]. Our cryogenic
STEM-EELS elaborations on the LT CO phase below 240 K
commence with electron-scattering reiterations of the docu-
mented R3 and Pnn2 symmetries [22], considering a firm
determination of the crystal symmetries represents a crucial
first step toward a systematic understanding of the relevant
charge-lattice interplays [25]. The previously exploited x-ray
powder diffraction technique for deriving the R3 and Pnn2
symmetries is insensitive to weak structural distortions and
can, therefore, lead to an average higher symmetry of a given
phase [25]. The strong scattering power of electrons em-
ployed hereby is advantageous in resolving such a symmetry
subtlety [25].

Figures 1(b)-1(d) show the direct probing of symme-
try elements by convergent-beam electron diffraction for the
HMO at RT [25]. The resolved symmetry characteristics in
the corresponding whole-pattern and bright-field scattering
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FIG. 1. (a) The cubic HgMn;0;, (HMO) and transition to
Imm2 (P112) below 490 (240) K. The group-theoretical analysis:
I';-(0,0,a) for Imm2 and Ti-(a, c) for P112. The room temper-
ature convergent-beam electron diffraction patterns in (b) [100],
(c) [2-10], and (d) [20-1] zones. Bright-field (BF) whole-pattern
(WP), inner (outer) pattern. m, mirror operation. The respective BF
and WP symmetries of 2mm and m in (b), m and 1 in (c), and m
and m in (d) lead to the mm2 point group and, in conjunction with
the reflection conditions by selected-area electron diffraction [31],
identify the space group of Imm?2. Pairs of black, white, and red
arrows in WPs guides for the eyes for capturing the missing mirror
operations with respect to origin.

in Figs. 1(b)-1(d) revise the RT symmetry as orthorhom-
bic Imm2 (¢ ~ 1.025a, a ~ b) [25,30,31], instead of R3. At
100 K, thorough examinations of the reflection condi-
tions within the selected-area electron diffraction patterns in
Figs. 2(a)-2(e) revise the LT monoclinic symmetry as P112,
with the nonorthogonal angle of y and the lattice parameters
otherwise like the Pnn2 [22]. Figures 2(d) and 2(e) further un-
veil unidirectional superlattices along the ac-lattice diagonal
(cyan arrows) below the CO transition at 240 K, referring to
the plausible onset of CO stripes [1,2], largely unnoticed in
the study before [22].

A close inspection of the ac-modulated superlattices [e.g.,
those in the red rectangle in Fig. 2(e)] by careful reflection-
intensity examinations is shown in Fig. 2(f) and reveals the
commensurate [101]/6 [cyan circles, Figs. 2(e) and 2(f)] and
vanishing second-harmonics [101]/3 [black arrows, Fig. 2(f)]
vectors. In real space, the emergence of a commensurate
[101]/6 superlattice directs to an OP of ~31.4 A in the modu-
lation length. The vanishing second harmonics corresponding
to this commensurate superlattice then indeed reflect a unidi-
rectional CO-stripe-modulated essence for the commensurate
~31.4 A OP, considering high-order harmonics in the con-
ventional CO stripes are customarily damped out by the
inherently forbidden fractional super-periodicity [1,18,32,33].
The intensity of the third harmonics {green circles; [101]/2,
Figs. 2(e) and 2(f) } nonetheless rises against that of the second
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FIG. 2. (a)—(e) Selected-area electron diffraction patterns at
100 K in respective [100], [2-10], [1-10], [1-1-1], and [10-1] zones,
with ac modulations in (d) and (e) (cyan arrows). (f) Intensity profile
of reflections in the red rectangle in (e), unveiling commensurate
[101)/6 vector [cyan circle, also in (e)], vanishing second harmonics
(black arrows), and antiphase (AP) [101]/2 [green circle, also in
(e)]. Commensurate vectors, £¢ in (e). (g) Robust commensurability
(cyan; error bars, +£3%) and AP upon warming up to 240 K. At
240-260 K, commensurate and AP modulations disappear (white
arrows, insets) and P112 survives. Gray squares, [101]/6 reference.

harmonics, suggesting a separate origin from the ~31.4 A OP
and implying an OP otherwise of ~10.5 A in the modulation
length. It is noted that the CMR phases of (La, Ca)MnO3
and (Pr, Ca)MnOj3; manganites harbor the conventional CO
stripes and an electronically separated metallic phase [17-19].
In the present HMO, the likewise coexistence of two OPs
as the manganites mentioned [17-19] could be possible. All
these superlattice characteristics in the HMO persist up to
240 K upon warming [Fig. 2(g)], consistent with a reported
CO transition at 240 K [22].

Using the commensurate [101]/6 vectors of +¢ [cyan ar-
rows, Fig. 2(e)] for further DF imaging at 100 K, the observed
contrast robustness upon £¢ in Fig. 3(a) reveals the charac-
teristic intertwined topology composed by the +g-contributed
bright and otherwise dark stripes at the mesoscopic length
scale of 10-40 nm in width and >500 nm in length [see
also the blowup in Fig. 3(b)], in distinct difference from the
conventional atomically narrow CO stripes at a microscopic
length scale [17-19]. Impinging the respective bright and
dark stripes with a finite ~5 nm electron probe [cyan and
green dots, Fig. 3(b)], the thus-obtained diffraction patterns

(a) 100k (b)

FIG. 3. (a) 100 K dark-field (DF) transmission electron mi-
croscopy (TEM) imaging by exploiting +¢ in Fig. 2(e). (b) Blowup
of the gray rectangle area in (a). Cyan and green dots, schematic
~5 nm probes impinging the respective bright and dark stripes. (c)
The corresponding diffraction to (b), showing commensurate [an-
tiphase (AP)] order of the contributed bright (otherwise dark) stripe.
CDM stands for a charge-density modulated order parameter (OP)
(see text).

in Fig. 3(c) firmly reveal the individual contributions by com-
mensurate ~31.4 A ([101]/6) and AP ~10.5 A ([101]/2) OPs.

Using atomic-scale cryogenic STEM at 100 K, we di-
rectly image the lattice characteristics of the commensurate
OP in Fig. 4(a) (cyan rectangle) and AP OP in Fig. 4(b)
(green rectangle). The RT counterpart in Fig. 4(c) shows the
A’ (superimposed Hg,, and Mn,, thus brighter), A (Mny),
B’ (Mng), and B (Mng) cations schematized in Figs. 4(g)
and 4(h) [34]. The LT structural characteristics observed in
Figs. 2—4 are firmly reproducible in our repeated LT experi-
ments at 100 K. At RT, all atomic contrasts center on ac and
b axes [Fig. 4(c)]. By contrast, the commensurate [Figs. 4(a)
and 4(d)] and AP [Figs. 4(b) and 4(e)] OPs at 100 K dis-
play ac-modulated Mng displacements (guiding colored dots)
parallel to the respective vectors of [101]/6 and [101]/2. The b-
oriented contrast smearing of Mny, and Mnp in Figs. 4(a) and
4(b) is associated with the condensation of 7;-phonon modes
with characteristic b-directed Mn,, and Mng displacements in
the LT P112 symmetry, as depicted in Figs. 4(g) and 4(h) (re-
spective gray and red arrows) [34]. We will come back to this
T irreducible representation (IR) in a later group-theoretical
discussion.

In the commensurate OP [cyan rectangle, Fig. 4(a)], the
Mnp ac displacements display a remarkable cooperative
zigzag pattern, with the blue-cyan Mnjp pair at lattice-column
marker I being reversed at II and restored at III. Fig-
ure 4(d) profiles the displacements of the blue and cyan Mnpg
atoms by careful averaging over four respective ac rows.
Figure 4(f) measures the relative Mng displacement Au(x) at
each blue-cyan pair of the OP in Fig. 4(d) and unveils a si-
nusoidallike pattern astonishingly analogous to the theoretical
sinusoidal one of charge-density waves [gray line; Au(x) =
Auyg - cos(q'x), where x is the coordinate, ¢’ is the charge-
density-wave wavevector, and Auy is the atomic-displacement
maximum at origin] [35]. By contrast, the AP OP [green rect-
angle, Fig. 4(b); also Fig. 4(e)] exhibits collective off-center
ac shifts of the olive-green Mny pairs. The Fourier trans-
forms of Figs. 4(a) and 4(b) (insets) agree with the respective
diffraction patterns in Fig. 3(c), confirming the uniaxial ac
modulation essence of the commensurate and AP OPs. This
modulation characteristic of the OPs is in sharp contrast to the
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FIG. 4. Bragg-filtered  scanning  transmission  electron
microscopy (STEM)- high-angle annular dark-field (HAADF)
imaging of (a) charge-density-modulated (CDM) and (b) antiphase
(AP) stripes observed in Fig. 3(a) at 100 K. Insets, fast Fourier
transforms. Cyan and green rectangles, the order parameters (OPs).
Blue-cyan (olive-green) Mny pairs, cooperative zigzag (rightward)
ac displacements. I, II, and III, lattice-column markers in (d)—(f). 1,
2, and 3, see Fig. 5(c). (c) Bragg-filtered STEM-HAADF imaging at
room temperature (RT). Gray cage, primitive lattice. A’, A, B’, and
B, see (g) and (h). (d) Intensity profiles of the respective blue and
cyan Mng ac rows in the OP in (a), and (e) those of the respective
olive and green Mnyg ac rows in (b). Each curve, an average over
four ac rows. (f) Relative displacements of the blue-cyan Mny pairs
(schematic inset) measured in (d), dark gray squares with error bars
of £10%. Gray line, theoretical sinusoidal displacement pattern
characteristic of charge-density waves. (g) 71-phonon mode 1 with
inherent zigzag and (h) 2 with face-to-face Mnp displacements in
the primitive P112 cell. Arrows, characteristic displacements [34].

conventional wisdom of CO stripes that are atomically mod-
ulated features perpendicular to the superlattice wavevector
[1,2]. In addition, the commensurate and AP OPs surpass the
respective primitive 7;-lattice motifs in Figs. 4(g) (blue-cyan
Mng) and 4(h) (olive-green Mng) by the longer-wavelength
Mnp zigzagging and cooperative AP rightward Mng displace-
ments [34]. Electronic subtlety in the OPs shall be at play and
is tackled in Fig. 5.

In Fig. 5(a), we scrutinize the charge features of the si-
nusoidallike displaced Mnp central to the commensurate OP
[Figs. 4(a) and 4(f)] using cryogenic STEM-EELS probing
for each of the constituent Mng;—Mngg. In the presence of
persistent liquid-nitrogen bubbling and specimen drift upon
the cryogenic STEM-EELS experiment, we optimized the
atomic-scale spectral probing by an adequate dwell time of
1 s per pixel (pixel size, 0.5 A) and an accompanied total
acquisition time around 1 min, altogether casting an eligible
probing distance of approximately ~3 nm [Fig. 5(a)] that is
compatible with the commensurate OP modulation length of
~31.4 A. Modern state-of-the-art EELS spectrometers with
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FIG. 5. (a) Cryogenic scanning transmission electron mi-
croscopy (STEM)- electron energy-loss spectroscopy (EELS) Mn-L
probing of Mny-Mn, and Mng-Mnp rows in charge-density-
modulated (CDM) order parameter (OP). Black, blue, and cyan
arrows, ac-scanning directions. Blue curve, Mn-L; intensity upon
blue arrow probing. Gray curve, room temperature (RT) counterpart.
(b) Mn-L maps of six blue (top) and cyan (middle) Mng;—Mnge
and Mny;—Mnye (bottom) in (a). Red (blue) arrow, highlighting the
spectral redshift (blueshift). (c) Mn-L maps of three olive (top) and
green (middle) Mng;—Mng; and Mns;—Mn,; (bottom) in antiphase
(AP) OP indicated in Fig. 4(b) (1, 2, and 3). Dashed lines, guides for
the eyes.

a high-speed detection scheme compared with this rather
slow one of ours [27,28] would enable the cryogenic spectral
tackling at a longer length scale, potentially addressing the
electronic characteristic of Mng in the commensurate OP in
further details and to be developed in the future.

Upon scanning the electron beam across the row of six blue
Mnjp at 100 K in Fig. 5(a), the atomically resolved oscillation
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FIG. 6. (a) and (b) The corresponding electron energy-loss spec-
troscopy (EELS) spectra of respective blue and cyan Mng;—Mngg in
Fig. 5(b), and Figs. 6(c) and 6(d) being those of respective olive and
green Mng;—Mngp; in Fig. 5(c). Dashed lines, guides for the eyes.
Respective red and blue arrows in (a) and (b), highlighting the corre-
sponding spectral red- and blueshift. (e) The readily estimated Mnp
and Mn, valence changes in charge-density-modulated (CDM) order
parameter (OP; left scale) and sum at each blue-cyan Mnj pair (right
scale; gray). Error bars, 10%. (f) The O-K spectra simultaneously
acquired at blue and cyan Mnge and sum of those at Mn;—Mne (thin
black). The well-aligned and nearly indistinguishable line shapes of
blue, cyan, and thin black spectra of CDM indicate that the related
spectral red- and blueshift in (a) and (b), respectively, are firm.
Olive and green filled, sum of the O-K spectra at olive and green
Mng;—Mng; in antiphase (AP) OP. Arrow, ~0.3 eV blueshift.

of acquired Mn-L3 spectral intensities (blue; gray, RT coun-
terpart) demonstrates a sensible achievement of atomic-scale
cryogenic STEM-EELS. The thus-derived Mn-L maps of blue
and cyan Mng;—Mnpg and Mny;—Mnye in the commensurate
OP are exhibited in Fig. 5(b). A gradual spectral redshift
emerges from the blue Mng; to Mnpgg [red arrow; top panel,
Fig. 5(b)] and a gentle blueshift appears from the cyan Mng,
to Mnpg (blue arrow; middle), with the Mn, being relatively
robust (bottom). By contrast, the spectral probing of the AP
OP in Fig. 5(c) indicates the absence of likewise spectral
shifts in the olive and green Mng. The original Mng spec-
tra consisting of Fig. 5(b) [Fig. 5(c)] are also displayed in
Figs. 6(a) and 6(b) [Figs. 6(c) and 6(d)], revealing that the
spectral shifts observed in the commensurate OP [Fig. 5(b)]
are indeed robust to both the L3 and L, edges as what a firm
Mn L-edge chemical shift should manifest [36].

With the typical chemical redshift of ~1.5 eV for Mn**
compared with Mn** in ionic limit [36], the maximal redshift
(blue) of ~0.25 (~0.18) eV at the blue (cyan) Mnp¢ in the
commensurate OP in [Figs. 6(a) and 6(b)], determined by
the difference in the Gaussian-fitted L; peak position with

(b) boundary

o

N w >
(spun -que) eary pajesbaju|

saduis 00

FIG. 7. (a) Mesoscopic charge-density-modulated (CDM; blue)
and antiphase (AP; green) stripes, a recasting of Fig. 3(a) in color.
(b) Blowup of a CDM-AP boundary schematized as the white box
in (a). (c) The conventional atomically narrow charge-ordered (CO)
stripes (blue; ¢, wavevector; ¢!, spacing; reproduced from Ref. [21])
embedded in crystalline matrix (green). Dashed-red circles, topolog-
ical dislocation defects.

the Mnp;, would correspond to a valence variation of —0.17
(40.12) from the blue (cyan) Mng;. The thus-estimated va-
lence changes of each Mng and Mn, in the commensurate
OP are shown in Fig. 6(e) (error bars, 10%), with the overall
valence change at each blue-cyan Mng pair (light gray, right
scale) suggesting a charge-modulated Mng pattern dissimi-
lar to the theoretical sinusoidal one of charge-density waves
[o(x) = po - cos(¢'x), where pg is the charge-variation max-
imum at origin) [35]. The sinusoidallike atomic modulation
in Fig. 4(f) of the commensurate OP is accompanied with
an intricate nonsinusoidallike charge counterpart [Fig. 6(e)],
indicating a CDM OP [8] by borrowing the sinusoidal anal-
ogy of charge-density waves in theory [35]. Future cryogenic
STEM-EELS studies by the state-of-the-art high-speed EELS
facility [27,28] shall be able to further address this subtle
charge modulation of the CDM OP. Although the AP OP is
immune from such charge variations [Figs. 5(c) and 6(c) and
6(d)], the Mn-3d component of the O-K spectrum is blue-
shifted by ~0.3 eV compared with that of the CDM [olive
arrow, Fig. 6(f)]. This feature refers to a further gapping in
the O-2p and Mn-34 hybridization by ~0.3 eV for the AP OP
(i.e., a more insulating OP than the CDM).

With the cryogenic structural (Fig. 4) and spectral investi-
gations (Figs. 5 and 6), the CO transition at 240 K of the HMO
is visibly irrelevant with the conventional CO stripes [1,2]
and rather arises from the emergence of CDM and AP OPs,
which are largely undocumented forms of COs in correlated
electron systems [1-3]. As indicated in Fig. 7(a) [a recasting
of Fig. 3(a) in color], the two OPs constitute a mesoscopic
topology of intertwining stripes (blue, CDM domains; green,
AP ones). An enlarged view of the CDM-AP boundary shows
atomically sharp characteristics without noticeable structural
distortions [Fig. 7(b)], lifting the possibility of the observed
topology [Fig. 7(a)] as a strain-driven pattern formation [37].
Intriguingly, the mesoscopic texture in Fig. 7(a) qualitatively
mimics the microscopic topology of conventional CO stripes
in Fig. 7(c) (reproduced from Ref. [21]), where the periodic
stripes are characteristically perpendicular to the modulated
vector g [1,2,20,21], and features similar to the ubiquitous
topological dislocation defects in Fig. 7(c) (dashed red circles)
are also found in Fig. 7(a).
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Considering the overall charge neutrality maintained in the
conventional CO-stripe texture in Fig. 7(c) [1,2,20,21], the
comparability of the striped AP/CDM area ratio of Ni in

Fig. 7(a) with the nominal quarter hole doping by Hg>* could
be enlightening. Supposedly, the AP OP could be relatively
positive due to the further gapping of ~0.3 eV in Fig. 6(f)
and may readily accommodate the doped hole thereby. Mean-
while, the CDM OP would be electrostatically negative,
as suggested by the negative net charge in Fig. 6(e). The
mesoscopic striped topology with the quarter AP-CDM area
ratio in Fig. 7(a) could then correspond to an electrostatic-
neutral landscape like the conventional CO stripes in Fig. 7(c)
[1,2,20,21] and delineates the unique electronic contour of the
HMO. While the mesoscopic texturing in the HMO could be
of such an electrostatic origin, further theoretical tackling of
the fundamental Coulomb characteristics of the exotic CDM
and AP OPs would be essential for underlining the grand
physics and is a separate work on its own. Our cryogenic
STEM-EELS unraveling of this distinct CO phenomena is,
in effect, assisted by an unambiguity in the CO modulated
vectors [Figs. 2(d) and 2(e)]. The firm pinpointing of the
ac modulations is based on an effective group-theoretical
practice for OPs [34], instead of the routine exploitation of
exhausted searches in real and reciprocal spaces [4—19].

According to the Landau theory of phase transitions,
symmetry breaking is linked to the condensed phonon insta-
bility in the Brillouin zone, and a group-theoretical analysis
of the characteristic IR can reveal the OP-symmetry direc-
tion and domain topology [25,34,38]. Taking ferroelectric
BaTiOs3 classics for example, the symmetry breaking from
high-temperature (HT) Pm3m to RT P4mm corresponds to
a condensed zone-center instability at IR T',” with a uni-
axial (0, 0, a)-OP symmetry and six degenerate domains, in
agreement with the c-oriented polarization and the intrinsic
topology of abundant domains [39,40].

Accordingly, we have proceeded to analyze the symmetry
breaking from RT Imm2 (Fig. 1) to LT P112 (Fig. 2) in
HMO and derived the IR-7; lattice instability in Fig. 1(a),
with an (a, c¢)-oriented OP direction and a two-component
OP space with degenerate domains [34,40]. Indeed, the ac
modulations [Figs. 2(d) and 2(e)], pertinent CDM and AP
OPs (Figs. 3-6), and concomitant topology [Fig. 7(a)] in
coherence with the two-component OP space are all exper-
imentally resolved. The charge-lattice entanglements in the
CDM and AP OPs not only dictate a symmetry breaking but
are apparently compatible with the Landau group-theoretical
practice for OPs [34]. This latter notion is further exam-
ined using the intricate 45° difference in the conventional

CO stripes in respective La,CuQO4-family cuprates [5] and
isostructural nickelates [11-16], considering the CO stripes
also exhibit a significant charge-lattice coupling [1,2,41].
Although the LT symmetries remain inconclusive, a group-
theoretical analysis on provisory LT P4,/ncm (Bmab) in the
cuprates [32] (nickelates [42]) from HT I4/mmm indicates
the (a,0)-OP symmetry upon IR X" [(a, @) upon IR X;]
with a two-component OP space [34]. This 45° angle be-
tween (a,0) and (a, a) coincides with the aforementioned
45° angular difference, and the characteristic OP space corre-
sponds to Fig. 7(c) [21]. The conventional CO stripes in the
CMR (La,Ca)MnOs3 and (Pr,Ca)MnO; manganites [17-19]
were more recently revised to be charge-density-wavelike
with a fractional Mn charge disproportionation like that of
the CDM hereby [Fig. 6(e)] [43—-45], stimulating future cryo-
genic STEM-EELS and group-theoretical undertaking with
the state-of-the-art EELS apparatus with high-speed detec-
tions [27,28].

IV. CONCLUSIONS

Electronic orders and topology stand at the core of
solid-state physics and continuously push the limit of ex-
perimental probing techniques [46]. Direct observations of
the OPs and intertwined topology, which have been long
awaited, shall lead to enlightening aspects on the physics.
Our cryogenic STEM-EELS study in a correlated manganite
insulator represents a preliminary step along this line and
prompts for extensive atomic-scale explorations of a plethora
of commensurate and incommensurate COs in matters at LT
[4-19,35,41,43-47], where the interplay of OPs and complex
topology remain largely unsettled territories, and our group-
theoretical scrutiny on broken symmetries in electronic phase
transitions might facilitate associated understanding.
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