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TheJahn-Teller effect, in which electronic configurations with energetically
degenerate orbitals induce lattice distortions to lift this degeneracy, hasakey role

in many symmetry-lowering crystal deformations’. Lattices of Jahn-Teller ions can
induce a cooperative distortion, as exemplified by LaMnO, (refs. ). Although many
examples occur in octahedrally* or tetrahedrally® coordinated transition metal
oxides due to their high orbital degeneracy, this effect has yet to be manifested for
square-planar anion coordination, as found ininfinite-layer copper®’, nickel®?,

iron'®" and manganese oxides™. Here we synthesize single-crystal CaCoO, thin films
by topotactic reduction of the brownmillerite CaCoO, s phase. We observe a markedly
distorted infinite-layer structure, with angstrom-scale displacements of the cations
from their high-symmetry positions. This can be understood to originate from the
Jahn-Teller degeneracy of the d,,and d,, orbitals in the &’ electronic configuration
along with substantial ligand-transition metal mixing. A complex pattern of distortions
arisesina2+/2 x 2-/2 x 1tetragonal supercell, reflecting the competition between an
orderedJahn-Teller effect on the CoO, sublattice and the geometric frustration of

the associated displacements of the Ca sublattice, which are strongly coupled in the
absence of apical oxygen. As aresult of this competition, the CaCoO, structure forms

anextended two-in-two-out type of Co distortion following ‘ice rules™.

The cooperative Jahn-Teller effect (JTE) ofteninduces strong coupling
between charge, orbital and magnetic ordering, which has been related
tomany correlated phenomenasuch as colossal magnetoresistance'**
and superconductivity’. For the magnetoresistance associated with
the metal-insulator transition in perovskite-based manganites, it
has been established that the double-exchange model for magnet-
ism cannot solely account for the large resistivity drop below the
paramagnetic-to-ferromagnetic phase transition, and rather that a
strongelectron-phononinteraction arising from the JTE plays acrucial
role'”?°, Moreover, single-layered perovskite (La,A),CuO, (where A is
Sror Ba) shows unconventional superconductivity within Jahn-Teller
(JT)-distorted CuO, octahedra, indicating the important role of the
JTEin many correlated ground states®.

Despite its generality, the study of the cooperative JTE in oxides has
been largely confined to octahedral and tetrahedral coordination. In
perovskites, octahedral-site cations having outer-electron configurations
ofd*,d’ or &’ (ref.*) are often)T-active systems, splitting the partially filled
e, orbitals (Fig. 1a). In LaMnO, with high-spin state d*, the partially filled
e, orbitals of Mn** induces both MnO, octahedral distortion (that s, the
Q,JT distortion)' and d ,2-orbital ordering to reduce its total energy
(Fig.1b), resultinginan orthorhombic crystal structure (Fig. 1c). The coop-
erativeJTE hasalsobeen observedinspinelstructures with tetrahedral-site

cations having ' or &’ configurations®. The JTE in a square-planar anion
configuration has been theoretically discussed from the foundations of
the concept: that a Q, vibrational mode will distort the high-symmetry
square coordination toalow-symmetry rhombus'’. The FeO, chromophore
molecule exhibits nearly square-planar coordination, which is thought
tobe]JT driven from the expected tetrahedral structure*. However, a pure
cooperative Q,]JT distortion has not been experimentally observed in
crystalline materials hosting square-planar-coordinated cations.

The infinite-layer structure provides a unique platform to explore
this possibility and the potential cooperative response in a lattice
of JT ions. This structure forms a four-coordinated transition metal
oxide with a two-dimensional (2D) square lattice, which can often
be derived from precursor higher oxides by de-intercalating the
apical oxygen using topotactic reduction (Fig. 2a). These 2D oxides
were first synthesized in powder nickelates with an extremely low nickel
valence state (Ni*") (ref.®). The same four-coordinated system has also
been found in copper oxide superconductors®’. Subsequently, the
iron oxide infinite-layer structure was discovered with antiferromag-
netic ground states'®". Inaddition, recently, hole-doped infinite-layer
nickelates with Ni3d°® have been found to be superconducting®?.

Within this quasi-2D structure, how the orbital degeneracy affects
the crystal and electronic structure is an open experimental question.
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Fig.1|JT distortionin 3D and 2D oxide lattices. a, Schematic MO, (where M is
atransition metal) octahedron and crystal field structure for a high-spin d*
electron configuration. b, Octahedral distortions and associated orbital levels
foraQ,)T distortion. ¢, Strong Q;JT-distorted LaMnOj; crystal structure with
high-spind*Mn** asan example of a cooperative T distortion. d, Schematic

The crystal field structure for the square-planar coordination is quite
different fromthat of octahedral or tetrahedral coordination, with lower
overall degeneracy. As shown in Fig.1d, only the d,, and d,, orbitals are
degenerate. Therefore, to beJT active, the system should have a par-
tially filled d,, (or d,,) orbital state. The high-spin d’ configuration meets
these conditions, making the infinite-layer cobaltates (stabilized herein
CaCo0,) with Co* oxidation state an ideal candidate. Considering only
the CoO, plane, one might expectacooperativeTE toinduce an orbitally
ordered lattice of d,, or d,, orbital states in analogy to LaMnO; (Fig. 1e).
However, the absence of apical oxygen givesrise to strong electrostatic
couplingbetweenthe CoO,and Calayers—aninteraction thatislargely
screened for octahedral coordination. As we will show, this interlayer
coupling gives rise to a geometric frustration of the induced Ca dis-
placements (Fig. 1f), which is in competition with the cooperative JTE.

Angstrom-scale cation displacements in CaCoO,

Here we stabilized a infinite-layer compound CaCoO, with dramatic
in-plane lattice distortions. The starting point is the synthesis of epi-
taxial single-crystal thin films of brownmillerite CaCoO, s on strontium
titanium oxide (SrTiO5) (001) substrates (Methods; 8- diffraction angle
(26) symmetric X-ray diffraction (XRD) scanin Fig. 2b)*. The high-angle
annular dark-field (HAADF) scanning transmission electron microscopy
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square-planar MO, plaquette and crystal field structure for a high-spind”
electron configuration. e, Square-planar distortion and associated orbital
levels for a Q,J T distortion. f, Displacementsin the Calayerin CaCoO,, arising
fromstronginterlayer coupling in the absence of apical oxygen, geometrically
frustrate asimple cooperativeJT distortion analogous to LaMnO;.

(STEM) image of CaCoO, 5 (Extended DataFig.1a) confirms the excellent
crystallinity with abruptinterfaces with the substrate and subsequent
SrTiO;capping layer, whichis used to stabilize the reduced phase. The
CaCo0,; heterostructure was then reduced using calcium hydride
(CaH,), after which the XRD symmetric scan shows only peaks corre-
sponding to theinfinite-layer structure (00/) (Fig. 2c), with asubstantial
contraction of the out-of-plane lattice parameter (c,) from about 3.72 A
toabout3.27 A. From reciprocal space mapping, we extract the in-plane
lattice constant (a,) of CaCoO, to be about 3.86 A (Extended Data Fig. 1b),
indicating that the reduced filmis relaxed from the substrate.

The large c-axis difference between CaCoO, and CaCoO; (ref.
closely follows trends of known infinite-layer oxides (Extended Data
Fig.1c).Furthermore, electron energy loss spectroscopy (EELS) of the
CaCo0,and CaCoO, films (Extended Data Fig. 2) is consistent with a
transition from Co® to Co? (ref.%). It is noted that SrCoO, has been
previously synthesized by reduction from SrCoO,  (ref. ). However,
SrCo0, has amuch larger c, (about 3.76 A) with tetrahedrally coor-
dinated Co*'—that is, a fundamentally different structure®. Moreo-
ver, chemical characterization by time-of-flight secondary-ion mass
spectrometry (TOF-SIMS) shows no sign of hydrogen intercalation in
CaCoO, (Extended Data Fig. 3a), unlike structures such as SrCoO,H,
(refs.?%*°), To our knowledge, the infinite-layer structure we observe
has not previously been reported for cobalt oxides.
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Fig.2|Synthesis and large-scale cation displacementsin thin-film CaCoO,.
a, Schematicofthe topotactic reduction of brownmillerite CaCoO, s (left) to
infinite-layer CaCoO, (right). b,c, XRD 8-20 symmetric scans of 18-nm-thick
CaCo0,;(b)and CaCoO, (c) films capped with 2-nm-thick SrTiO; (STO) layers
grownon SrTiO; (001) substrates. Asterisks indicate the diffraction peaks of
thethinfilms.d, HAADF-STEM image of the [100], zone axis of CaCo0O0,. e, Plan-
view HAADF-STEMimage of CaCoO,. The distorted Calayerisclearly seenin

The HAADF-STEM image along the SrTiO, [100] zone axis (Fig. 2d)
shows that CaCoO, hasavery strongin-plane superlattice modulation,
unlike all knowninfinite-layer systems®*'®*., A closer look at the CaCoO,
layer along the[100], zone axis in Fig. 2f shows that thisis due to in-plane
cation displacements from the simple tetragonal infinite-layer struc-
ture. These are more clearly visible along the [110], zone axis (Fig. 2g),
whichreveals thatboth Co and Caions have alternating sites with very
large splitting of 1.08 A and 0.86 A, respectively. Beyond these sub-
stantial in-plane distortions, there are no observable accompanying
out-of-plane atomic distortions (Extended Data Fig. 3b—-d). The 6-26
asymmetric XRD scan also rules out a possible c-lattice doubling
(Extended Data Fig. 4). The plan-view HAADF-STEM image in Fig. 3e
alsoshows strongin-plane superlattice modulation. In aggregate, these
results show that the cation lattice is described by a tetragonal super-
cell2./2a,x2/2a,x c,(a=b=2./2a,=10.78 Aandc= ¢,=3.27 A) inthe

220000 Q0o Qan I
[i10], [110],

theimage (yellow dashed rectangles). f,g, High-magnification HAADF-STEM
images of CaCo0,alongthe [100], (f) and [110], (g) zone axes. Dark (bright)
blue ballsindicate Co (Ca) cations and grey ballsindicate oxygen. The atomic
positions of oxygen here are shown for theideal square-planar sites. h, Cation
unit-cell structure of CaCoO,based on HAADF-STEM. Thered solid balls
indicate the oxygen positions after GIXRD refinement.

5A

P42,2 symmetry group as shown in Fig. 2h (see Extended Data Table 1
for atomic coordinates). The projections of this crystal structure are
shownin Fig.2e-g, in close correspondence with the STEM images.

Structural refinement of the oxygen positionsin
CaCoO,

Giventhe extremely small sample volume and low relative X-ray and elec-
tronscattering cross-sections for oxygen, determining their positions
is quite challenging. Nevertheless, we can refine the oxygen positions
from high-resolution synchrotron grazingincidence XRD (GIXRD) of the
in-plane superlattice diffraction peaks (Fig. 3a). Using the cation coor-
dinates from STEM, we first simulated the XRD patternto find the seven
strongest in-plane superlattice peaks (Extended Data Table 2) assuming
undistorted oxygen positions. These were then used to experimentally
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Fig.3| GIXRD and refinement of the oxygen positions. a, Schematic of the
GIXRD experimental geometry. a;and «;are theincidentand reflected angle,
respectively, which are maintained to be 0.2° for all measurements. ¢ is the
angle between CaCoO0, (100),and (HK0),and @is the diffraction angle for
CaCo0, (HKO),planes. b, GIXRD 8-260scans for various CaCoO, (HKO), planes.
Thered dashedlinesindicate Voigt fitting results. ¢, Fast Fourier transformofa
plan-view HAADF-STEMimage. All seven GIXRD peaks are observed. d, Unit-cell-

search for the actual scattering peaks, all of which were found very close
tothesimulated positions (Fig. 3b and Extended Data Table 2), confirm-
ing the overallstructuralsymmetry deduced from the STEM results. The
fast Fourier transform of the plan-view HAADF-STEM image in Fig. 2e
also confirms the existence of the seven in-plane peaks observed from
the GIXRD measurements (Fig. 3c). The approximate oxygen positions
can also be extracted via plan-view annular bright-field (ABF)-STEM
imaging (Fig. 3d). These were taken as the starting positions for Riet-
veld refinement of the relative intensities of the GIXRD peaks (blue
diamonds in Fig. 3e; see Methods and Extended Data Tables 1 and 3).
Therefinement was dominated by oxygen displacements, such that the
initial R factor of about 0.46 with undistorted oxygen (greensquaresin
Fig.3e) reducedtoabout 0.08 (orange circlesin Fig.3e), indicative ofa
high-quality fit. The overlay of the final refined structure of CaCoO, in
Fig. 3d shows a good qualitative match with the experimental results
within the precision of the ABF-STEM measurement.

Origin of the ordered distortions in CaCoO,

Figure 4a highlights the three distinct CoO, plaquettes (for Co), Co,
and Coy,, coordinated by three distinct oxygen sites) in blue, green and
orange, respectively, for the refined structure of CaCoO,. The blue Co,,0,
plaquette shows strongJT distortion as predicted’: the bonding length
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averaged plan-view ABF-STEM image of CaCoO, with the final refined structure
model overlayed. Dark contrastindicates the atomic columns. e, Relative
integrated intensity for all CaCoO, (HK0), GIXRD peaks. The blue (orange) filled
diamonds (circles) are experimental (GIXRD refinement) results. The green
crossed squaresare calculated GIXRD intensity for CaCoO,in the absence of
oxygen displacements (oxygen positions for anideal square plane).

between Cogand O, (dcony-o0p) i52-09 + 0.01 Awhereas that between Coy,,
and O, (dcogy-o) is1.19 £ 0.01 A. Itis noted that the anisotropic bonding
ratio dcow-o@/dcon-o@ (1.76 £ 0.02) is extraordinarily large, for example,
compared with the value for theJT-distorted octahedrainLaMnO, (about
1.15)~ Thegreen Co,0, plaquetteis trapezoidal with three different Co-O
bonding lengths, whereas that for Co, (orange) maintains four-fold
symmetry (with rotation). Surprisingly, only 25% of the Cois strongly JT
distorted, in contrast to the cooperative JTEin LaMnO; that provides an
equivalent]JT octahedral distortion for every Mn site (Fig. 1c).

This intriguing situation can be understood to originate from the
competition between the JT distortion and an induced geometrical
frustrationinthe Calayer. As shown by the dashed rectanglesin Fig. 4a,
the strong JTE distorts not only the Co.,,0, but also the Calayer. This
unusual coupling of Ca to the Q,JT distortion arises from the lack of
apical oxygen, which givesrise to strong electrostatic coupling between
the CoO,and Calayers. The anisotropic distortions of the Calayer are
however highly geometrically frustrated between neighbouring sites
(Fig. 1f). Consequently, a complex arrangement of displacements is
observed.

Interestingly, the geometrical frustration of the cooperative JTE
results in a two-in-two-out type of distortion pattern, following ‘ice
rules™ for the dngstrom-scale displacements of Co, around the maxi-
mallyJT-distorted Co,)0, (Fig. 4a). The Co, 0, plaquette notably breaks
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Fig.4|Extended structure of CaCoO0,, icerules, quadrupolarordering and
electronicstructure. a, Plan view of the experimentally refined crystal
structure of CaCo0,, consisting of three different CoO, sites correspondingto
thethreedifferent colours (blue, greenand orange). The blue-coloured CoO,
plaquettesarestrongly]JT distorted. In the full unit cell, a pair of Co, ions distort
towards (purple arrows) the central Co,,, whereas the other pair of Co, ions
distort outwards (red arrows) fromthe central Co,,. The visualized isosurface
inyellow represents the computed electron density for the lowest unoccupied
d,2_ 2 band for Co,at thegamma point. b, The dipole arrangements associated
with Co, displacements form an ordered array of electric quadrupoles (purple
diamonds). ¢, Plan view of the computationally relaxed crystal structure of
CaCoO,fromDFT + U (U=5eV) calculations. This consists of three different

inversion symmetry, and thus the long-range-ordered structure canbe
viewed as an ordering of electric dipoles. From an electrostatic point
of view, this is equivalent to a ‘herringbone’ arrangement of electric
quadrupoles (Fig. 4b), which minimizes the electrostatic interaction
between quadrupole moments*.

To further understand CaCoO,, we performed density functional
theory (DFT) + on-site Coulombinteraction (U) calculations. The overall
symmetry for the relaxed structure directly matches the experimental
observations, anditis robust to variationsin U (Extended Data Fig. 5a).

CoO0,sites, whichshow the same structural symmetry as experiment, but with
much smaller distortions. The visualized isosurface in yellow colour represents
theelectrondensity for the lowest unoccupiedd ,2_ 2bandfor Co, at the
gamma point.d, The spin-dependent PDOS of Co;, d orbitals from DFT + Uand
the corresponding atomicenergy level diagram for the relaxed structure.

e, Anatomicenergy level diagram appropriate for the experimentally refined
structure fromaligand-multiplet calculation. The light blue arrows represent
theoccupationofhalfanelectron.f, Atable showing the number of holes from
ligand-multiplet calculations. The three columns give resultsin the absence
of distortions (non-JT), for parameters appropriate for the DFT + Urelaxed
structure (smallJT) and for parameters appropriate for the experimentally
refined structure (large)JT).

However, the magnitude of the distortionsis substantially smaller—for
example, the calculated anisotropic bonding ratio of about 1.06 is
much less than the experimentally observed ratio of 1.76 + 0.02. The
electronic band structure of CaCoO, shows aninsulating ground state
withabandgap energy of E, = 0.670 eV (Extended DataFig. 5b). Experi-
mentally, the resistivity exhibits insulating temperature dependence
(Extended Data Fig. 5c).

The spin-dependent partial density of states (PDOS) for Co,, shows
thatthed,2and d,, orbitals are doubly occupied (Fig. 4d) as expected
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fromstrong]JT splittinginasquare-planar geometry (absence of apical
ligands), and the d,, orbital opens a gap between occupied and unoc-
cupied states as indicated earlier (Fig. 1e). Overall, Co, isinad’ con-
figuration where a spin-down hole resides inboth thed,2_,2and d,,
orbitals, with an additional spin-down hole in d,, orbitals (Figs. 1d
and 4d). In contrast, the spin-dependent PDOS for Co sites show
degenerate d,,and d,, orbitals owing to the square symmetry of Co3,0,
(Extended Data Fig. 5d,e). These results are consistent with expecta-
tions from the simple crystal field structure in Fig. 1e, indicating that
the JTE, together with electron correlations, drives the symmetry-
lowering distortion and lifts the orbital degeneracy.

We further compared the total energy of the non-JT-distorted struc-
ture, a2 x+/2 x1 supercell with a purely Q,JT distortion, and the
relaxed structure to see whether the structure can be stabilized solely
by Q,JT distortions. Interestingly, the result shows that /2 x+/2 x 1
supercell with purely Q,JT distortionis energetically more stable than
asquare-planar lattice without any distortion (Extended Data Fig. 6a).
However, our DFT calculations with various starting points show that
the structure always converged to the current DFT-relaxed structure,
confirming that this structure minimizes the total energy (Extended
Data Fig. 6b,c).

The quantitative discrepancy in the scale of distortions between
experiment and theory may indicate the presence of large molecular
orbital effects in this system that are difficult to capture using
one-electron approaches®?*, Unlike octahedrally coordinated d* sys-
tems, the Q,JT distortion, which splits the d,, and d,, orbitals, draws
theligandsalongonedirectioninwards, towards Co,. This substantially
increases the hybridization of the o-bonded Co;,~O orbitals (Fig. 4a),
encouraging a strong admixture of holes on the neighbouring
oxygen. Evidence for this tendency canbe seenin the electron density
distribution computed using the experimentally refined atomic posi-
tions (yellowisosurfacein Fig.4a), whichis much more extended with
substantial weight on oxygen when compared with the computation-
ally relaxed structure (yellow isosurface in Fig. 4c). Thus a ‘negative
charge transfer’ material may result, with trimerized molecular orbit-
als of Co (3d2_,2)-0 (2p,) hybrids, transitioning from high-spin Co
3d’ toalow-spinstate Co 3d®L, where L denotes aligand hole dispersed
among the neighbouring o-bonded oxygens (Fig. 4e). In fact, this could
be the driving force behind the observed quadrupolar ordering
(Fig.4Db).

Performing a small cluster exact diagonalization calculation for an
11-orbital unit cell (5 Co 3d and 3 O 2p,, orbitals; see Methods; result
shown in Fig. 4f) confirms this picture. While asmallJT splitting gives
the DFT-relaxed configuration (high-spin 3d’), increasing the hybridi-
zation between Co and O along one direction, as in the experimental
structure, draws electron weight from O 2p, to Co 3d ,2_2 (Fig. 4f),
raisingthe 3d,2_,2complexabove the 3d,,,,. orbitals, further reducing
the degeneracy. This low-spin 3d®L configuration is common to other
Co-based negative-charge-transfer systems such as SrCoO, s (ref. %)
and SrCoO; (ref. ). Its presencein this systemis further supported by
OK-edge EELS (Extended DataFig. 2d), which shows a pre-peakingood
agreement with the hybridization pre-peak observed in SrCoO;_
(6<0.5)%.

Conclusion

In summary, we have found CaCoO, to be a model system for real-
izing the 2D JT lattice with square-planar coordination. In contrast
to layered perovskite-based systems with equivalent octahedral
distortions®™*, the interlayer coupling between the Calayer and the
Co0, layer is strong, such that the distorted structure is governed
by the underlying competition between the JTE and the geometric
frustration induced in the Ca layer. This leads to a complex pattern
of distortions thatariseina2./2 a, x 2-/2 a,  c,unit cell and substan-
tial ligand-transition metal mixing. The understanding of the JTE
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here may have general implications for complex compounds with
2D atomic layers where both interlayer coupling and the JTE are
prominent.
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Methods

Synthesis of CaCoO, thin films

Brownmillerite CaCoO, s thin films were synthesized by pulsed laser
deposition on perovskite SrTiO; (001) substrates. We used a CaCoO, 5
polycrystalline target and akrypton fluoride excimer laser (wavelength
A=248 nm, pulse repetition rate of 3 Hz and laser fluence of 1) cm™).
The distance between the target and the substrate was maintained at
about 50 mm. The optimal conditions for high-quality CaCoO, s films
were found to be a substrate temperature 7= 600 °C under oxygen
partial pressure Po, =50 mtorr. To protect the cobaltate films from
potential degradation during and after the reduction process, we
capped the as-grown CaCoO, s with five-unit cells of SrTiO. The precur-
sor CaCoO, s filmwasthenreduced to CaCoO, by topotactic reduction.
We loosely covered the CaCoO,  film with aluminium foil and sealed
it with about 0.1g CaH, powder in a vacuum glass tube. We annealed
thesealed tube at 250 °C for 3 hinatube furnace. The thermal ramping
and cooling rates were 10 °C min.

STEM measurements
STEMspecimens were prepared usinga Thermo Fisher Scientific Helios G4
UXfocusedionbeam. Cross-section samples were prepared and thinned
to electron transparency using standard lift-out and thinning methods.
Plan-view samples were prepared first using the standard lift-out method
andthenattached toahalfgrid ata90° angle to the standard orientation
and thinned. Total air exposure of the prepared STEM specimens was
limited toless than15 minto minimize possible degradation of the films.
HAADF and ABF-STEM data were acquired using a Thermo Fisher
Scientific Spectra 300 X-CFEG operating at 120 kV or 300 kV with
aconvergence angle of 30 mrad. Inner and outer collection angles
were approximately 60 mrad and 200 mrad, respectively, for HAADF
and 15 mrad and 30 mrad, respectively, for ABF imaging. To obtain
high-signal-to-noise ratio (SNR) images, many fast-acquisition images
were acquired and subsequently aligned using arigid registration pro-
cess optimized for noisy images*'. Owing to electron beam sensitiv-
ity of the sample, a probe current of less than 30 pA was used for all
STEM data acquisitions. EELS measurements therefore required total
acquisitiontimes of about 5,000 s for each spectrumto achieve a suf-
ficient SNR to distinguish differences in the EELS fine structure. The
spectra presented are aligned and summed series of several acquisi-
tions. To ensure stage stability sufficient for such long acquisitions, a
Nion UltraSTEM operated at 100 kV and equipped with a high-stability
stage, an Enfinium ER spectrometer and Quefina2 camerawas used to
acquireall EELS data. The effective energy resolution, measured by the
full-width at half-maximum of the zero-loss peak, was about 0.34 eV. To
ensure consistency, spectrafrom multiple regions of each sample were
acquired. Theindividual spectrafor each edge were first aligned with
respect toeach otherand summed to produce high-SNR measurements
forthe as-grownand reduced films. Absolute energy alignments were
then applied to the Co L;, and CaL;, edges and the O K-edges based
ontheTiL;,and O K-edges of the SrTiO; substrate, respectively, which
serve as wellstudied and consistent references. White line ratios were
calculated from the Co L, , edges using the Pearson method.

Synchrotron GIXRD

The synchrotron GIXRD experiments were performed at room tem-
perature (293 K) using the Huber six-circle diffractometer at the 3A
beamline of the Pohang Light Source-Ilin South Korea. The incident
beam from an undulator source was monochromatized t01.1078 A.
Theincident beam angle was fixed to 0.2°. The synchrotron XRD data
were collectedina26@range from 0°to 75° with astep interval of 0.01°.

Refinement of the oxygen positions
We developed an initial estimate for the oxygen positions based on
ABF-STEM images and the available phonon distortion modes given

the observed symmetry. We identified these phonon modes using the
software package ISODISTORT, part of the ISOTROPY suite, which
selects atomic displacement modes available when transitioning from
a parent symmetry to a lower-symmetry structure*>*>, We then used
the application ISOVIZ to visualize these displacement modes and to
manually identify the combination of modes that best matched the
ABF-STEM contrast*2. These initial oxygen positions (as well as the
cation positions deduced from HAADF-STEM) were then used to further
refine the GIXRD peaks by the Rietveld method. We used tl12e least-
squares method to minimize the function M = ¥, {19 - /319", where
1955 and /%' are the observed and calculated integrated Bragg peak
intensity of the ith (hkl) plane. We used seven independent (hkl) planes
for the refinement. The calculated Bragg peak intensity for the (hkl)
planeis given as /§i¢ = KpiiLo | Frdl 2, where K, pj,, Loand Fy are the
scaling factor, number of equivalent (hkl) planes, Lorentz polarization
factor and structure form factor, respectively. We used the R factor,
R= % to quantify the goodness of fit.

Sample characterization

The conventional XRD data were taken using a monochromatized Cu
Ko, source (1=1.5406 A). Theresistivity was measured using aluminium-
wire-bonded contacts in a Hall bar geometry.

TOF-SIMS

TOF-SIMS characterization was performed using TOF.SIMS.5 NSC
instrument (ION.TOF). A primary Bi* ion beam with an energy of
30 keV, d.c. current of 30 nA and a spot size of about 5 um was used
for extraction of the secondary ions of the analysed sample. A com-
plimentary Cs* sputtering beam with an energy of 500 eV and a cur-
rent of 40 nA was used for depth profiling. A low-energy unfocused
electron flood gunwas used for charge compensation. Measurements
were performed in non-interlaced mode, where each scan with Bi*
(100 um x 100 um, 4 s duration) was followed by a sputtering cycle with
Cs" (300 um x 300 pum, 2 s duration). A TOF mass analyser operated
in positive-ion mode was used to analyse secondary ions with a mass
resolution m/Am=2,000-5,000. The acquired chemical data provide
one-dimensional depth profiles, characterizing the distribution of the
elements of interest through the sample thickness. Depth calibration
was performed using the known sample thickness in the assumption
of homogeneous sputter rates.

DFT calculations

The initial structure was taken with all the atoms positioned at high-
symmetry points of the simple tetragonal structure witha22a, x 2./2
a, x 2c,supercell. Then structural relaxation was implemented with
this initial structure using DFT + U calculations, where the Perdew-
Burke-Ernzerhof** exchange-correlation functional was used and
DFT + U was treated using the simplified (rotationally invariant)
approachintroduced by ref. . AIIDFT + U calculations were performed
using the Vienna Abinitio Simulation Package (VASP)*. The structural
relaxation and self-consistent calculations were performed with
8 x 8 x 16 Monkhorst-Pack momentum points, whereas the density of
states calculations were performed with 20 x 20 x 40 Monkhorst-Pack
momentum points. It is noted that DFT + U calculations with various
Uvalues were explored, and 5 eV was chosen as the onset of opening a
gap. The obtained relaxed structure shows the same structural sym-
metry breaking as foundin the experimental structure but with smaller
distortions. The magnitude and symmetry of the distortion are robust
to variations in Uvalues (Extended Data Fig. 5). To further investigate
the stability of the distorted structure, we implemented generalized
gradient approximation (GGA) + U, strongly constrained and appro-
priately normalized semilocal density functional (SCAN)*, and
SCAN + U calculations, on a series of structures with different distor-
tions from zero up to the experimental distortion, asshownin Extended
Data Fig. 6. We find that the DFT + Urelaxed structure always shows



the lowest energy regardless of the calculation method used. Although
none of the three methods predicts the amplitude of the experimental
structure with the lowest energy, the symmetry-distorted structure
(DFT + Urelaxedstructure) exhibits lower energy than the non-distorted
one, showing the tendency of spontaneous symmetry breaking for the
infinite-layer CaCoO, structure.

Cluster multiplet calculations

The calculations were performed by exact diagonalization of the CoO,
11-orbital clusterinvolving 5 Co 3d orbitals and 6 O 2p orbitals forming
90°bond angles. The Hubbard-Kanamoriinteraction for O and Co orbit-
als captures multiplet energy levels parameterized by Slater-Condon
integrals F. Hybridization is included through tight-binding hopping;
charge transfer energy 4 and crystal field levels € are chosen to give a
high-spin Co 3d” ground state (total spin 3/2, 8-fold ground-state degen-
eracy) for the undistorted plaquette. A JT perturbation that lifts the
ground-state degeneracy is applied by changing relative orbital ener-
giesfor 3d,,and 3d,,, which maintains the high-spin ground state, while
reducing the degeneracy to 4. Increasing the hybridization (hopping)
along the x bond directions reduces the degeneracy to 2 and creates
alow-spin ground state characterized by 3d®L with aligand hole occu-
pancyinthe2p, orbital. Parameters are givenin Extended Data Table 4.

Data availability

The data presented in the figures and other findings of this study are
available from the corresponding authors upon reasonable request.
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the Gaussian filtered spectra. Uponreduction of the CaCoO, s filmsto CaCoO,,
we observe asuppression of the distinct pre-peak at~529 eVintheregion of the
OK-edge associated with hybridization between O 2p and transition metal d
orbitals consistent with anominal electronic transition from 3d°to 3d”. This s
similar to the pre-peak suppression observed upon reduction from perovskite
toinfinite-layer phasein the related nickelates*’. We further see the emergence
ofashoulderinthe CaCoO,spectrumat-530 eV, whichis similarto afeature
attributed toligand hole states in doped infinite-layer nickelates*. This feature
isalso consistent with published spectraacquired from SrCoO, 5, which has
negative charge transferred state”’. An O K-edge spectrum of the SrTiO,
substrateisincluded inblack for comparison.
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zone-axis projection with overlaid Co, Ca, and O atoms. ¢, Intensity line profiles

forthe blue and the orange dashed linesinb. The intensities of the line profiles
arefrominvertedimageb. The blue (orange) solid line indicates the line profile
for the Co column (Caand O column). The peak positions are the relative
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distinct half-order peak along the c-lattice direction. We first found e, the
CaCo0,(103), XRD peak as areference peak. Based on this reference peak
position, we perform 6-26 scans along the expected CaCo0, (0.75,0.25,0.5)
position.f,No XRD peak was observed at the expected CaC00,(0.75,0.25,0.5)
peak position, indicating that CaCoO, does not have a c-axis doubling of the
simpletetragonal unitcell.
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Extended DataFig. 5| DFT calculations for CaCo00,. a, Plan-view of the
relaxed crystal structure for CaCoO, from DFT + U calculationswithU=2eV,
U=3eV,U=4eV,U=5eV,andU=6eV.b, Calculated band dispersion of CaCoO,
(DFT+UforU=5eV).Green highlights d,, (and d,,) projections. The inset shows
high-symmetry points in the tetragonal Brillouin zone. ¢, Resistivity versus

temperature of CaCoO, thin film. The inset shows that the resistivity is well
fitted withan Arrhenius plot with anestimated (transport) gap of 0.337 +0.001eV.
The spin-dependent partial density of states (PDOS) of d, Co, and e, Co;, d
orbitalsfrom DFT + U (U=5eV). The spin-dependent PDOS of Co, shows the
degeneracy lifting of the d,,,-orbitals.
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Extended DataFig. 6 | Total energy calculation for CaCoO, with /2 x /2 x1

without distortion
-184.44 eV

With 10% distortion
-185.77eV

with 100% distortion
-172.28eV

1, no distortion 2, DFT+U relaxed structure 3: 4,
£2303 6%
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PI0TT%.  I%TY
LISTSTT  TL1oT]
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and 2/2 x2./2 x1supercell.a, DFT+U (U = 5eV) calculations for the total

energy under purely Q,-J T-distortionsinthe/2 x /2 x 1supercell.b, 242 x24/2 x1

supercell with different distortion amplitudes. Approaching #10, the structure

isapproaches the experimentally refined structure. c, Normalized total energy
forthestructures depicted inb. Three different first-principle calculations are
used for ¢ (Methods).
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Extended Data Table 1| Atomic coordinates for the initial (before GIXRD refinement) and refined structure of CaCoO,

P42,2 symmetry group
Atom X y z Occupation
Initial Refined Initial Refined Initial Refined

Coy 0 0 0 0 0 0 1

Cop 0200 0.205+0.011 0.200 0.205+0.011 0 0 1

Cog  0.500 0.500 0 0 0 0 1

Ca 0.460 0.459+0.012 0.250 0.255+0.011  0.500 0.500 1

Ou  0.349 0.349+0.010 0.099 0.099 +0.010 0 0 1

Op  0.349 0.363+0.012 0.349 0.363+0.012 0 0 1

Om  0.099 0.078+0.011 0.099 0.078 +0.011 0 0 1

Initial atomic coordinates were taken from the values from the STEM measurements.



Extended Data Table 2 | Simulated and experimental CaCoO, (HKO), GIXRD peak positions and intensities

Photon energy 11.2 keV (0.11078 nm)

h ok GO G () 20 () 26, () Mg MO e
1.25 0.75 0 30.96 30.83+0.002 2447 24.10+0.001 9.92 1406 + 13
0.5 1.5 0 18.43 18.31+0.002 26.58 26.24 +0.002 3.03 574 +10
1.75 0.25 0 8.13 7.72 +0.002 29.79  29.33 +0.002 15.10 2162 + 20
2.25 1.75 0 37.88 37.74+0.003 4896 48.24 +0.004 5.04 366 +8
2.75 0.75 0 15.26 15.64+0.032 48.96 48.14+0.027 0.90 160 + 29
25 1.5 0 30.96 31.02+0.003 50.16 49.43 +0.003 3.48 704 +10
2.75 1.25 0 2444 2453+0.035 52.10 51.10+0.034 0.36 46 +7

VESTA software®™ was used for the simulated GIXRD peak positions and intensities.



Article

Extended Data Table 3 | Structure symmetry and atomic coordinates for the refined structure of CaCoO,

Data collection CaCo0O: (GIXRD refinement)

Space group P42,2 (No. 90)
Cell dimensions
a, b, c(A) a=b=10.78A,c=3.27A
a,b,g (®) o =b=g=90°
Atomic coordination Atom X y z Occupation
Coq 0 0 0 1
Cop) 0.205+0.011 0.205 +0.011 0 1
Coo) 0.500 0 0 1
Ca 0.459+0.012 0.255+0.011 0.500 1
Oq) 0.349+0.010 0.099 +0.010 0 1
(019)) 0.363 £0.012 0.363 +£0.012 0 1
O@) 0.078 £0.011  0.078 +£0.011 0 1




Extended Data Table 4 | Parameters used for multiplet
calculations (ineV)

Fo 6
F2 0.12857
Fa4 0.025
Coulomb Uga 7.4
Hund’s J 0.886
Average Coulomb U 5.45
de-yZ 0
dzZ 24
Oxy 0.2
dxz/yz 1?
A 3U
tod 1
tpdz tpd/4
tpaxy = tpaxz = tpdyz 0.225
tppu 0.25
Coulomb Up, 1

These parameters were used to generate the ground-state (3d”) configuration for the cluster.
The high-spin Jahn-Teller split ground state was obtained by lifting the degeneracy of the d,,,,

site energies, while the low-spin ground state was obtained by increasing all hybridizations
along the x-direction of the cluster.
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