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Topochemical fluorination introduces significant structural distortions and emerging properties in perovskite oxides
via substituting oxygen with fluorine. However, the rapid fluorination process and the similarity between F and O render
the O/F site occupation and local lattice evolution during fluorination unclear. Here we investigated the atomic-scale
O/F exchange in La,CoOy4 and quantified the lattice distortion of three ordered structures: La,CoO3 sF, LapCoO3F,, and
LayCoO, sF3 by utilizing aberration-corrected electron microscopy. Atomic-resolved elemental mapping provides direct
evidence for the O/F occupancy in interstitial and apical sites. We revealed that apical F ions induce significant octahedral
tilting from 178° to 165°, linearly proportional to the occupancy rate; and cause the obvious change in the fine structure O
K edge, meanwhile apical O is exchanged into interstitial sites. The strong octahedral tilt leads to the in-plane elongation
of the [CoO4F;] octahedra. These findings elucidate the atomic-scale mechanisms of the entire fluorination process and

highlight the significant role of F in tuning the octahedral tilt of functional oxides.

Keywords: topochemical fluorination, structural evolution, octahedral tilting
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1. Introduction

Anion regulation is an effective approach to explore new
physical properties and structure—property relationships of
transition metal oxides.!'=3 Tt introduces variations in both
the valence states of transition metals and coordination en-
vironments. The partial substitution of O>~ with anions
such as N3~, H™, or X~ (halide ions) can lead to signifi-
cant lattice modifications and induce exotic phenomena such
as photocatalysis,*! ionic conductivity,!®! magnetization.!6!
Topochemical fluorination substitutes oxygen with fluorine,
which can effectively modifies oxygen octahedra and in-
duces fascinating properties in perovskite oxides such as
multiferroicity”®! and superconductivity.!'>!! Anion re-
placement breaks the inversion symmetry of the host lat-
tice, thereby inducing ferroelectricity through cooperative
tilting distortions in La3NiyOssF35,18! and large magnetic
moment of the high-spin Co>* ions in axially elongated
Co04X; octahedra (where X = Cl, Br, S, Se).[lz] F sub-
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stitution can also exhibit site ordering and form a pyra-
midal coordination in Sr,FeOsF,!!3! leading to significant
distortion of the octahedra, rather than disordered apical
OfF sites in KoNbOsF.l'4 By introducing interstitial anions,
SroCuO,F,, 5 achieves a structural reorganization and thereby
produces the superconductivity.['% As a result, atomic occu-
pancy of O/F and its ordering are critical for structural distor-
tions and novel electronic structures.

However, the rapid fluorination process and difficul-
ties in distinguishing fluorine from oxygen render the struc-
tural evolution during fluorination unclear. Previous stud-
ies have adopted averaged characterization methods such
as x-ray/neutron diffraction and x-ray photoelectron spec-
troscopy to determine the crystal structure and composition

I5-191 Tt was reported that there are two un-

of oxyfluorides.!
known intermediates before reaching the reaction tempera-
ture of 370 °C in LayNiOy4.['%1 Moreover, there is a big

challenge in distinguishing fluorine and oxygen occupancy
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by neutron and x-ray diffractions because F and O have
nearly identical atomic scattering factors.?”) Although fluo-
ride ions are assumed in both the interstitial and apical posi-
tions in SryTiO3F, 181 Ba,ZrO;F, 2! and CayCuO,F, , 5,27
it is hard to assign the type of anion only by the analysis of
the bond length.[?3! Thus, it is desirable to directly visualize
the local atomic structure and identify the anion occupancy of
oxyfluorides in real space.

Here we combine aberration-corrected electron mi-
croscopy (STEM) and electron energy loss spectra (EELS) to
investigate the structure evolution of La,CoOy4 upon fluorina-
tion at atomic scale. Three ordered structures (La;CoOs sF,
La;CoO3F,, and La;CoO; 5F3) are revealed. A newly identi-
fied intermediate phase La; CoO3 sF completes the entire path-
way of the substitution dynamics. Atomically-resolved ele-
mental mapping provides direct evidence for the O/F occu-
pancy in interstitial and apical interstitial sites. The key role
of apical F ions in determining octahedral tilt has been visu-
alized, which is linearly proportional to the quantity of F ions
and induces obvious change in the fine structure O K edge.
These findings provide atomic insights into the entire process
of O/F exchange and highlight the important role of F in tun-
ing octahedral tilt, laying a foundation for the anion regulation
in perovskite oxides.

2. Methods
2.1. Sample synthesis

The precursor oxide used in this experiment was prepared
as a LapCoQOy4 thin film with a thickness of 37 nm on a (001)
oriented single crystal MgO substrate at 750 °C and an oxygen
partial pressure of 10~® Torr using a pulsed laser deposition
system with a base pressure of 3x10~8 Torr. After prepara-
tion, the film was thinned to a size suitable for TEM character-
ization using a focused ion beam system FEI Helios Nanolab
600i, resulting in a lamella of 5 x 1 um which was placed
on a FIB support, with the lamella thickness of about 40—
50 nm. Topochemical low-temperature fluorination involved
placing polyvinylidene fluoride (PVDF) and La;CoO4 lamel-
lae at varying spacings within a quartz tube, followed by heat-
ing in a tubular furnace at 250 °C for 5 hours. This process
generates F, gas, yielding compounds with controlled fluori-
nation degrees.

2.2. STEM characterizations

The structural evolution upon fluorination was character-
ized by a spherical aberration-corrected transmission electron
microscope, the JEM NeoARM200 (JEOL Ltd., Tokyo) op-
erated at an acceleration voltage of 200 kV. STEM imaging
and EELS analyses were performed with a probe convergence
angles of 20 mrad and 28 mrad, resulting in probe sizes of
0.8 A and 1.0 A, respectively. Collection angles for high-angle
annular dark-field (HAADF) and annular bright-field (ABF)

images were 75-310 mrad and 11-23 mrad, respectively. A
collection semiangle of 111 mrad was used for EELS inves-
tigations. For the acquisition of electron energy-loss spec-
troscopy (EELS) line scans and area scans, we utilized a GIF
Continuum 1069 with the K3 direct electron detection camera
to record the EELS spectra, which is well-suited for low-dose
imaging and in situ studies, enabling the resolution of high-

quality atomic structures even at low signal intensities.

2.3. Data processing

The critical bond angles and interlayer spacings calcu-
lated in this article are based on the atomic column positions
mapped by Calatom software and the O-O Picker plugin. >4
The simulation of ABF images was obtained through Dr.
Probe simulation software. > EELS data were processed with
a multivariate weighted principal component analysis routine
(MSA Plugin in Digital Micrograph) to decrease the noise
level.

3. Results and discussion
3.1. Atomic structure of La;CoQO4 and fluorination setup

The structure of the Ruddlesden—Popper (R-P) oxide
A,;BOy provides rich sites for fluoride ion regulation.[*®! As
shown in Fig. 1(a), LaCoQOy4 consists of alternating perovskite
(LaCo03) and rock-salt layers (LaO), where the perovskite
layer contains equatorial (X1) and apical (X2) anionic sites,
while the rock-salt layer contains interstitial anion sites (X3),

19.27] 1t can also

providing plenty of room for anion regulation.
work as a cathode material for fluoride ion batteries via F ion
intercalation, significantly preventing irreversible side reac-
tions during the fluorination process.[?®! Epitaxial La,CoO4.t,
thin films were reported as a novel type of ferromagnetic in-
sulating oxide material with interstitial O exhibiting an excep-

(291 The atomic

tionally high Curie temperature (7, = 820 K).
structure of the La;CoOy films was investigated using high-
angle annular dark-field (HAADF) imaging, showcasing the
classic R-P structure and high-quality crystallinity.[*") The al-
ternative stacking of [LaCoO3] perovskite layer and [LaO]
rock-salt layers can be visualized clearly in the [100],c (pc
is the abbreviation for pseudo cubic) projection; the [CoOg]
octahedra in the [110]p projection, as displayed in Figs. 1(b)
and 1(c). As demonstrated in Fig. 1(d), to insert F into the
La;CoQy lattice and obtain the intrinsic structure evolution,
we placed a special LayCoOy4 lamella with PVDF powders in
the same quartz tube and heated it at 250 °C for 5 hours to
obtain the oxyfluorides. The La,CoO,4 lamella, which was
milled into dimensions of 5 x 1 um using focused ion beam
(FIB) techniques, was subsequently mounted on a FIB sup-
port, with the final lamella thickness maintained below 50 nm.
This setup can be directly transferred into the electron micro-
scope, avoiding the negative effect caused by Ga ion irradia-

tion in conventional atomic structure investigation.3!!
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Fig. 1. Structural characteristics and fluorination process of La;CoOy. (a) The schematic diagram of the n = 1 RP-type structure includes
perovskite layers and rock-salt layers, as well as three anion sites: equatorial (X1), apical (X2), and interstitial (X3). (b) High-angle annular
dark (HAADF) image of La;CoOQj along the [100] and the enlarged image with overlayed structure model from the yellow-boxed area. Scale
bar: 1 nm. (¢c) HAADF image of La;CoOy4 along the [110] and the enlarged image with overlayed structure model from the yellow-boxed area.
Scale bar: 1 nm. (d) Schematic diagram of the experimetal setup for low-temperature topotactic fluorination of Lay;CoOy, schematic diagram
of the La;CoOy4 lamella on a FIB support and low-magnification annular bright field (ABF) image of La;CoO, lamella.

3.2. Atomic-scale lattice evolution under three fluorination
states

We firstly acquired a series of high-angle annular dark-
field (HAADF) images to investigate the structural evolu-
tion of LayCoOy after low-temperature fluorination from re-
gions with three fluorination stages. The La and Co columns
can be visualized directly based on the Z contrast feature of
HAADF images. The structural frameworks of both the pris-
tine LapCoO4 and the oxyfluorides have been obtained, as
shown in Figs. 2(a)-2(d). The impact of F insertion on the R-P
lattice is visualized by mapping the intralayer La—La distance
(dLa—1a) projected along the (110),c direction. In the initial
structure, the measured d 1, are uniformly 2.8 A (green).
After fluorination, a large periodicity appears at stage I. The
half dy o1, exhibit a checkerboard pattern of 2.3 A (navy) and
3.4 A (yellow), while the remaining regions retain the original
2.8 A, corresponding to the presence of 4-fold superstructure
diffraction points in the fast Fourier transform (FFT) pattern as
displayed in the upper right corner of Fig. 2(b). With increas-
ing F ions, the d} 41 4 exhibits a fully developed checkerboard
pattern of 2.4 A (navy) and 3.4 A (yellow), in line with the
2-fold superstructure diffraction points in the FFT patterns at
stages II and IIT (Figs. 2(c) and 2(d)).

The statistics of the lattice parameters at three fluorination
stages are also summarized in Fig. 2(e). At stage I, the a-axis
and c-axis elongations are 0.13 A (from 5.46 A t0 5.59 A) and
0.29 A (from 12.25 A to 12.54 A), respectively, while the b-

axis length remains almost unchanged. At stages II and III,
the lengths of the a-axis and c-axis have slight elongations of
0.24 A and 0.47 A, respectively. During stage II, the length of
the b-axis remains nearly constant, but it undergoes an elonga-
tion from 5.43 A to 5.67 A at stage III, becoming equal to the
length of the a-axis. This structural evolution indicates that
the crystal lattice undergoes distinct distortion modes as the
fluorine content increases. The interplanar spacing maps of
the lanthanum layer are used to measure the variations in the
layer spacing of the perovskite and rock-salt layers as shown in
Fig. S1, alternating navy and yellow/green stripes correspond
to the rock-salt layers and perovskite layers, respectively. We
can find that the elongation of c-axis in stages II and III is
driven by the expansion of the perovskite layer (from 3.45 A to
3.65 A), while the rock-salt layers slightly contract. Previous
studies reported that the insertion of fluoride ions into intersti-
tial sites leads a strong elongation of the ¢ axis in LayCoO4F; »
(from 12.6 A to 15.3 A)[?8] and LaSrMnO4F (from 12.6 A to
14 A),32 which is different from the situation in our La,CoOy4
film. Thus, we speculate that the slight elongation in the c-axis
(from 12.52 A to 12.72 A) is mainly caused by the tilting of the
octahedron or substitution of the apical oxygen by the fluoride
ion.!16201 Meanwhile, the volume of oxyfluorides has linearly
expanded from stage I to stage III with the F insertion, which
indicates a nearly linear increase of F concentration in three

stages.
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Fig. 2. Quantification analysis of lattice distortion in La;CoO4 and its oxyfluorides. (a)—(d) HAADF images of La,CoOQy in pristine state,
stage I, stage II, and stage IIT along the (110)p. zone axis. Scale bar: 1 nm. The insets in the lower left and upper right corners are the intralayer
La-La distance maps of the lanthanum layers (dy,—1,) and the fast Fourier transforms (FFT), respectively, reflecting the periodic distortions
of the R-P lattice. Superstructure diffraction spots are highlighted with red circles. (e) Statistics of lattice constant, layer spacing and unit cell

volume during the fluorination process.

3.3. Anion occupancy in oxyfluorides determined by EELS

mapping

To obtain the oxygen/fluorine occupancy pattern of
oxyfluorides, we performed atomically resolved STEM-EELS
element maps. The direct electron detector (K3) with an ex-
ceptionally high signal-to-noise ratio is used for collecting
EELS data to identify each element,*3-* which provides
an indispensable condition for visualizing the site occupancy
of O/F. There exists an obvious F K edge absorption peak
at 685 eV in stages II and III, proving that the appearance of

Fig. 3. The atomically resolved EELS elemental maps of La,CoQOy in
pristine state, stage II, and stage III. HAADF image of La;CoOy in pris-
tine state (a), stage II (b) and stage III (c) along the (110),c zone axis,
atomically resolved La, Co, O, F maps. The interstitial O are indicated
by yellow arrows. Scale bar: 0.5 nm.

the new structure is indeed caused by fluorination, as shown in
Fig. S2. It should be noted that stage I was not stable due to
the relatively high dose during the EELS acquisition. The peak
positions of Co L, 3 edges are stable after fluorination, indicat-
ing the unchanged valence state of Co®>*. The elemental maps
for La My 5, Co L 3 and O K edges validate the uniform distri-
bution of elements in the pristine La,CoOj4 (Figs. 3(a), S3(a)—
S3(e)), where equatorial and apical O in the perovskite layer
are manifested clearly. As inferred above, the apical O com-
pletely disappears and is replaced by F in stage II (Figs. 3(b)
and S3(f)-S3(j)). Meanwhile, part of the interstitial sites is oc-
cupied by O (indicated by yellow arrows). In stage III, besides
the apical F, there is both O (indicated by yellow arrows) and
F in the interstitial sites (Figs. 3(c) and S3(k)-S3(0)). Interest-
ingly, the interstitial O in stages II and III alternately occupies
interstitial anion sites within the rock-salt layer.

3.4. Regulation of [Co(OF)¢] octahedral tilt by apical fluo-

rine

To characterize the octahedral tilt evolution during fluo-
rination, a series of annular bright field (ABF) images are ac-
quired to demonstrate the anion occupancy due to its sensitiv-
ity to light anions such as O and F. Along the [110] zone axis,
the [CoOg] tilt can be visualized directly as the vertical dis-
placement of the equatorial oxygens. In the pristine LayCoOy,
the [CoOQg] tilt is nearly invisible with the empty interstitial
sites, as shown in Figs. 4(a) and 4(e) in good agreement with
the previous works.?3! In Fig. 4(b), stage I with anions ex-
hibits an ordered 1/4 occupation in the interstitial layers (in-
dicated by yellow dashed circles), and the half octahedra ex-
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hibit significant tilting. The tilting of the octahedra between
neighboring layers is antiphase, as shown in octahedral dis-
tortion model. The previous studies have reported that this
distortion leads to form interstitial cavities with different sizes
in the interstitial anion layer.[?%-36-38 A5 shown in Fig. 4(c),
in stage II, all octahedra exhibit significant tilting. Similar
to stage I, through the antiphase tilting of octahedra between
neighboring layers, interstitial cavities of different sizes are

formed. There is an ordered full occupation of the interstitial
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anion layers and significant tilting of the octahedra in stage III
(Fig. 4(d)). However, the interstitial sites display alternately
strong (indicated by yellow dashed circles) and weak (indi-
cated by red dashed circles) contrasts, which suggests ordered
F and O occupancy in the rock-salt layers. A series of simu-
lated ABF images are also acquired to validate the structural
models, as shown in the lower-right corner of Figs. 4(b) and
4(d), which are in good agreement with the experimental im-
ages.

Fig. 4. Octahedral tilt of LapCoO4 and three oxyfluorides. (a)—(d) Annular bright field (ABF) images of the pristine LayCoQOy4, stage I
(La;Co035F), stage II (LayCoO3Fy), and stage III (LapCoO, 5F3) along the [110] zone axis, respectively. Scale bar: 0.5 nm. The model in
the lower left corner illustrates the octahedral distortion between neighboring layers. In stages I-III, the anions filling the interstitial sites are
marked by yellow/red dashed circles, and simulated ABF images are shown in the lower right corner. (e)—(h) Corresponding Co—O;—Co bond
angles and Co—O; bond lengths of the octahedra in La;CoOy4 and three oxyfluorides shown in (a)—(d).

To quantify the impact of fluorine substitution for apical
oxygen on the tilt of the octahedra, we measured the Co-O—
Co bond angles to gauge the degree of distortion of the octa-
hedra. Figures S4(a)-S4(h) visually demonstrates the detailed
process of measuring and statistically analyzing the Co—O—
Co bond angles from ABF images. Note that bond angle 6;
measured is 178.7° for pristine LayCoOy4 (Fig. 4(e)), corre-
sponding to the theoretical 180°. This discrepancy should be
caused by the slight misalignment of the electron beam with
respect to the crystal zone axis.*”! In stage I, two types of the
bond angles can be identified: 8, being 166.3° near the inter-
stitial anion sites and 65 being 173.3° at other sites (Figs. 4(b)
and 4(f)). This variation is caused by the partially ordered
substitution of the apical O by F, leading to a 6.7° tilting of
the [Co(OF)g] octahedra. Adjacent [Co(OF)g] with antiphase
tilting form the bond angle 6,, while the [Co(OF)¢] adjacent
to undistorted [CoOg] form the bond angle 65. In stage II,
the bond angles 0, are all 165.5° (Fig. 4(g)), indicating that
F ions have completed the substitution of apical O, and the
neighboring [CoO4F;] octahedra are tilted antiphase at an an-
In stage III (Fig. 4(h)), the bond
angles 05 are 168.2° with [CoO4F;] octahedra rotating by an

gle of approximately 7.2°.

angle of 5.9°, where interstitial fluorine induces the [CoO4F;]
octahedra to tilt along the opposite direction, thus suppress-
ing the magnitude of the overall octahedral tilt in the (110)
plane, which will be shown later in this section. The varia-
tion in Co—O; bond length reflects the tetragonal elongation
of the [Co(OF)g] octahedra by the apical F.[*01 As shown in
Figs. 4(e) and 4(h), the initial projected Co—O; bond length is
1.09 A, which gradually increases to 1.30 A after fluorination.

The degree of octahedral distortion typically governs both

1411

multiferroic behavio and magnetic ordering!*?! in per-

ovskite oxides. According to Glazer’s notation, the octahe-

dral distortion in stage II corresponds to the a~a~c"/a~ac°
tilt system,3”) previously observed in R-P oxides like
La3_2Ba0.gMn3010[36] and Tb,CaFe;07,138] and has been ex-

[20] This creates alter-

tensively discussed in the La;NiO3F;.
nating wide/narrow channels in rock-salt layers (Fig. S7(b)),
with O>~ occupying wide channels, yielding an O/F ratio of
3:2 (LapCoO3F,).

equivalent a- and b-axis elongation with full interstitial layer

In stage III, analogous to LayNiO; sF3,

ordering indicates a distinct a=5°c?/b%ac tilt system,[71¢]
characterized by 90°-rotated octahedral tilts between z = 0 and
z=1/2 (Figs. S8(b) and S8(c)). This configuration generates
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three large and one small interstitial site: two F~ occupy diag-
onal large sites, one O~ fills the remaining large site, leaving
the small site vacant (3/4 total occupancy). The resultant O/F
ratio of 5:6 (La,CoO, 5F3) aligns with the contrast variations
in Fig. 3(d).

Additionally, the structural parameters of stage I, includ-
ing the dp,—1, lattice constant, Co—O;—-O bond angles and
Co-0; bond lengths, are all intermediate between the initial
La;Co0O4 and Lay;CoOsF,. The large-region ABF image in
Fig. S5 shows that the crystal structure of stage I within the
grains is not monophasic but intermixed with LayCoO3F;.
Thus, we deduce that stage I is an ordered transition struc-
ture, where F~ ions replace half of the apical O>~, and this
unique ordered substitution results in tilting of half of the octa-
hedra. This, in turn, leads to a partial aa~c®/a~a~ ¢ distor-
tion, which creates a wide channel in the rock-salt layer every
four interstitial sites to accommodate O%>~. Based on this fill-
ing pattern, the O/F ratio is determined to be 7:2, identifying
this fluorinated oxide as La,CoO3 sF. Based on the [Co(OF)g]
octahedral tilting shown in the ABF images and the O/F site
occupancy shown in the elemental mapping, the structural evo-
lution during topochemical fluorination of Lay;CoO4 has been
summarized in Fig. S6.

3.5. Fine electronic structure evolution upon fluorination

To further elucidate the electronic evolution upon fluo-
rination, we analyzed the fine structure of EELS spectra of
La;Co0y4, LaCoO3F,, and La,Co0O; 5F3 at atomic scale. Fig-
ure 5(a) displays the O K edge of pristine LaCoO4, which
mainly exhibits three peaks labeled as A, B, and C. The pre-
peak labeled A can be attributed to the hybridization of unoc-
cupied Co 3d and O 2p orbitals, while peaks B and C originate
from the hybridization of O 2p with La 5d and Co 4sp or-
bitals, respectively.[*3] Compared to the initial structure, pre-
peak A disappears in both oxyfluorides. Previous studies have
attributed the suppressed pre-peak of the O K edge in per-

(44451 To clar-

ovskites to the formation of oxygen vacancies.
ify the origin of the disappearance of pre-peak A, we turned to
measuring the Co L, 3 edges, as shown in Fig. 5(b). No sig-
nificant changes in the peak positions and L3 /L, ratio of Co
L 3 edges suggest the unchanged oxidation state of Co®*, ex-
cluding the possibility of oxygen vacancies. In fact, the sub-
stitution of apical O>~ by F~ annihilates the ligand holes in
the Co 3d3L configuration through the introduction of dopant
electrons, (46471 resulting in the disappearance of pre-peak A.
Examining the B peak in the O K edge spectra, the 530 eV
shoulder observed in pristine La;CoOy4 (attributed to apical
oxygen ligands via hybridization between O 2p,, and La 5d

[461) vanishes upon fluorination (Fig. 5(b)). This sup-

orbitals
pression directly correlates with the elimination of apical oxy-

gen in the fluorinated structure. Conversely, a distinct 531 eV

shoulder emerges in La;CoO,sF3. To investigate its ori-
gin, atomic-resolved spectra are obtained separately for the
perovskite and rock-salt layers. As shown in Fig. 5(c), the
531 eV feature in La;CoO; 5F3 exhibits pronounced enhance-
ment within rock-salt layers, coinciding with interstitial oxy-
gen, which indicates stronger hybridization between La 5d and

interstitial oxygen 2p orbitals.

(a) 531 eV B EwgogzﬁF;; (c) Rock-salt O K edge
530 eV % 0 LaxCoOsk, ‘s
o osbe \// 2‘” —o—LayCoOy 7
3 |0 K edge J \ c ‘,”
ge} /i .
3 /A e VAR
2 Aff (4 ’
2 74 {
< 7 i
2 4
520 530 540 550 ?
Energy loss (eV) 2 Persovkite O K edge
(b) =
Co L edge ‘tﬁr
41
\ Bom
2 T Ry
2 |
) LY g §
2 7
< S /
oo ?" » i

770 730 790 300 520 530 540 550
Energy loss (eV) Energy loss (eV)

Fig. 5. The evolution in the fine structure of O K edge and Co L
edge. (a) The oxygen K edge and (b) cobalt L, 3 edge in LayCoOy,
La;CoO3F; and La;CoO, 5F3, respectively. The oxygen K edge spec-
tra is categorized into pre-peak A and peaks B, C. (c) The O K edge
EELS spectra were collected separately for the perovskite layers and
the rock-salt layers.

4. Discussion

According to the crystal field splitting theory, the octa-
hedral environment around the Co atoms allows the Co 3d
states to split into lower ta, states (i.e., dyy, dy;, dx;) and higher
eg (ie., do_ 2, d2) states. 4048 The in-plane elongation of
the [CoO4F>] octahedra lifts the degeneracy of tp, into lower
d,y and higher d,; and d,; levels, whereas the e, states split
up into lower-energy d,2_,» and higher-energy d 2, as shown
in Fig. S9. Thus, the fluorination would result in the lower-
energy d»_» orbital and cause the magnetic moments to pref-
erentially align within the CoO; plane, thereby further enhanc-
ing XY -like magnetic anisotropy.*°! This hypothesis has been
experimentally confirmed in the axially elongated CoO4X>
system with the fact that the experimental magnetic moments
(4.45 up) are significantly higher than the spin-only magnetic

(121 On the other hand, compared to the par-

moments (3 ug).
ent compound Laj;NiOy, the Néel temperature of the oxyfluo-
ride La,NiO3F; is significantly reduced to 49 K.[?%! This phe-
nomenon suggests that substitution of apical 0>~ with F~ crit-

ically weakens antiferromagnetic order in LayCoQy.

5. Conclusion

In conclusion, our comprehensive study utilizing
aberration-corrected STEM and EELS has successfully elu-

cidated the atomic-scale structural evolution of LayCoQOy4 dur-
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ing topochemical fluorination, revealing three distinct ordered
stages. A newly identified intermediate phase La;CoOj3sF
provided insights into the substitution dynamics. We directly
observed F~ ions preferentially substituting apical oxygen
sites, with displaced O?~ and excess F~ in interstitial posi-
tions. Apical F~ ions were found to critically influence octa-
hedral tilt and cause significant changes in the fine-structure O
K edge. The strong octahedral tilt leads to the in-plane elon-
gation of the [CoO4F,] octahedra. These findings not only
provide atomic-level insights into the O/F exchange process
but also highlight the pivotal role of fluorine in modulating
octahedral tilt and electronic properties.
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