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Geometric frustration of Jahn–Teller order in 
the infinite-layer lattice

Woo Jin Kim1,2 ✉, Michelle A. Smeaton3, Chunjing Jia1,4, Berit H. Goodge5,6, 
Byeong-Gwan Cho7, Kyuho Lee1,8, Motoki Osada1,9, Daniel Jost1, Anton V. Ievlev10, 
Brian Moritz1, Lena F. Kourkoutis5,6, Thomas P. Devereaux1,9 & Harold Y. Hwang1,2 ✉

The Jahn–Teller effect, in which electronic configurations with energetically  
degenerate orbitals induce lattice distortions to lift this degeneracy, has a key role  
in many symmetry-lowering crystal deformations1. Lattices of Jahn–Teller ions can 
induce a cooperative distortion, as exemplified by LaMnO3 (refs. 2,3). Although many 
examples occur in octahedrally4 or tetrahedrally5 coordinated transition metal  
oxides due to their high orbital degeneracy, this effect has yet to be manifested for 
square-planar anion coordination, as found in infinite-layer copper6,7, nickel8,9,  
iron10,11 and manganese oxides12. Here we synthesize single-crystal CaCoO2 thin films  
by topotactic reduction of the brownmillerite CaCoO2.5 phase. We observe a markedly 
distorted infinite-layer structure, with ångström-scale displacements of the cations 
from their high-symmetry positions. This can be understood to originate from the 
Jahn–Teller degeneracy of the dxz and dyz orbitals in the d7 electronic configuration  
along with substantial ligand–transition metal mixing. A complex pattern of distortions 
arises in a 2 2 × 2 2 × 1 tetragonal supercell, reflecting the competition between an 
ordered Jahn–Teller effect on the CoO2 sublattice and the geometric frustration of  
the associated displacements of the Ca sublattice, which are strongly coupled in the 
absence of apical oxygen. As a result of this competition, the CaCoO2 structure forms  
an extended two-in–two-out type of Co distortion following ‘ice rules’13.

The cooperative Jahn–Teller effect ( JTE) often induces strong coupling 
between charge, orbital and magnetic ordering, which has been related 
to many correlated phenomena such as colossal magnetoresistance14,15 
and superconductivity16. 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 
strong electron–phonon interaction arising from the JTE plays a crucial 
role17–20. Moreover, single-layered perovskite (La,A)2CuO4 (where A is 
Sr or Ba) shows unconventional superconductivity within Jahn–Teller 
( JT)-distorted CuO6 octahedra, indicating the important role of the 
JTE in many correlated ground states21.

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 
of d4, d7 or d9 (ref. 4) are often JT-active systems, splitting the partially filled 
eg orbitals (Fig. 1a). In LaMnO3 with high-spin state d4, the partially filled 
eg orbitals of Mn3+ induces both MnO6 octahedral distortion (that is, the 
Q3 JT distortion)1 and d z 2-orbital ordering to reduce its total energy 
(Fig. 1b), resulting in an orthorhombic crystal structure (Fig. 1c). The coop-
erative JTE has also been observed in spinel structures with tetrahedral-site 

cations having d1 or d9 configurations5. The JTE in a square-planar anion 
configuration has been theoretically discussed from the foundations of 
the concept: that a Q2 vibrational mode will distort the high-symmetry 
square coordination to a low-symmetry rhombus1. The FeO4 chromophore 
molecule exhibits nearly square-planar coordination, which is thought 
to be JT driven from the expected tetrahedral structure22. However, a pure 
cooperative Q2 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+1) (ref. 8). The same four-coordinated system has also 
been found in copper oxide superconductors6,7. Subsequently, the 
iron oxide infinite-layer structure was discovered with antiferromag-
netic ground states10,11. In addition, recently, hole-doped infinite-layer 
nickelates with Ni 3d9−δ have been found to be superconducting23,24.

Within this quasi-2D structure, how the orbital degeneracy affects 
the crystal and electronic structure is an open experimental question. 

https://doi.org/10.1038/s41586-022-05681-2

Received: 5 April 2022

Accepted: 22 December 2022

Published online: xx xx xxxx

 Check for updates

1Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, Menlo Park, CA, USA. 2Department of Applied Physics, Stanford University, Stanford, CA, USA. 
3Department of Materials Science and Engineering, Cornell University, Ithaca, NY, USA. 4Department of Physics, University of Florida, Gainesville, FL, USA. 5School of Applied and Engineering 
Physics, Cornell University, Ithaca, NY, USA. 6Kavli Institute at Cornell for Nanoscale Science, Cornell University, Ithaca, NY, USA. 7Pohang Accelerator Laboratory, POSTECH, Pohang, Republic 
of Korea. 8Department of Physics, Stanford University, Stanford, CA, USA. 9Department of Materials Science and Engineering, Stanford University, Stanford, CA, USA. 10Center for Nanophase 
Materials Sciences Oak Ridge National Laboratory, Oak Ridge, TN, USA. ✉e-mail: wjk316@stanford.edu; hyhwang@stanford.edu

https://doi.org/10.1038/s41586-022-05681-2
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-022-05681-2&domain=pdf
mailto:wjk316@stanford.edu
mailto:hyhwang@stanford.edu


2 | Nature | www.nature.com

Article

The crystal field structure for the square-planar coordination is quite 
different from that of octahedral or tetrahedral coordination, with lower 
overall degeneracy. As shown in Fig. 1d, only the dxz and dyz orbitals are 
degenerate. Therefore, to be JT active, the system should have a par-
tially filled dxz (or dyz) orbital state. The high-spin d7 configuration meets 
these conditions, making the infinite-layer cobaltates (stabilized here in 
CaCoO2) with Co2+ oxidation state an ideal candidate. Considering only 
the CoO2 plane, one might expect a cooperative JTE to induce an orbitally 
ordered lattice of dxz or dyz orbital states in analogy to LaMnO3 (Fig. 1e). 
However, the absence of apical oxygen gives rise to strong electrostatic 
coupling between the CoO2 and Ca layers—an interaction that is largely 
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.

Ångström-scale cation displacements in CaCoO2

Here we stabilized a infinite-layer compound CaCoO2 with dramatic 
in-plane lattice distortions. The starting point is the synthesis of epi-
taxial single-crystal thin films of brownmillerite CaCoO2.5 on strontium 
titanium oxide (SrTiO3) (001) substrates (Methods; θ– diffraction angle 
(2θ) symmetric X-ray diffraction (XRD) scan in Fig. 2b)25. The high-angle 
annular dark-field (HAADF) scanning transmission electron microscopy 

(STEM) image of CaCoO2.5 (Extended Data Fig. 1a) confirms the excellent 
crystallinity with abrupt interfaces with the substrate and subsequent 
SrTiO3 capping layer, which is used to stabilize the reduced phase. The 
CaCoO2.5 heterostructure was then reduced using calcium hydride 
(CaH2), after which the XRD symmetric scan shows only peaks corre-
sponding to the infinite-layer structure (00l) (Fig. 2c), with a substantial 
contraction of the out-of-plane lattice parameter (ct) from about 3.72 Å 
to about 3.27 Å. From reciprocal space mapping, we extract the in-plane 
lattice constant (at) of CaCoO2 to be about 3.86 Å (Extended Data Fig. 1b), 
indicating that the reduced film is relaxed from the substrate.

The large c-axis difference between CaCoO2 and CaCoO3 (ref. 26) 
closely follows trends of known infinite-layer oxides (Extended Data 
Fig. 1c). Furthermore, electron energy loss spectroscopy (EELS) of the 
CaCoO2.5 and CaCoO2 films (Extended Data Fig. 2) is consistent with a 
transition from Co3+ to Co2+ (ref. 27). It is noted that SrCoO2 has been 
previously synthesized by reduction from SrCoO2.5 (ref. 28). However, 
SrCoO2 has a much larger ct (about 3.76 Å) with tetrahedrally coor-
dinated Co2+—that is, a fundamentally different structure28. Moreo-
ver, chemical characterization by time-of-flight secondary-ion mass 
spectrometry (TOF-SIMS) shows no sign of hydrogen intercalation in 
CaCoO2 (Extended Data Fig. 3a), unlike structures such as SrCoOxHy 
(refs. 29,30). To our knowledge, the infinite-layer structure we observe 
has not previously been reported for cobalt oxides.
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Fig. 1 | JT distortion in 3D and 2D oxide lattices. a, Schematic MO6 (where M is 
a transition metal) octahedron and crystal field structure for a high-spin d4 
electron configuration. b, Octahedral distortions and associated orbital levels 
for a Q3 JT distortion. c, Strong Q3 JT-distorted LaMnO3 crystal structure with 
high-spin d4 Mn3+ as an example of a cooperative JT distortion. d, Schematic 

square-planar MO4 plaquette and crystal field structure for a high-spin d7 
electron configuration. e, Square-planar distortion and associated orbital 
levels for a Q2 JT distortion. f, Displacements in the Ca layer in CaCoO2, arising 
from strong interlayer coupling in the absence of apical oxygen, geometrically 
frustrate a simple cooperative JT distortion analogous to LaMnO3.
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The HAADF-STEM image along the SrTiO3 [100] zone axis (Fig. 2d) 
shows that CaCoO2 has a very strong in-plane superlattice modulation, 
unlike all known infinite-layer systems6,9,10,31. A closer look at the CaCoO2 
layer along the [100]t zone axis in Fig. 2f shows that this is due to in-plane 
cation displacements from the simple tetragonal infinite-layer struc-
ture. These are more clearly visible along the [110]t zone axis (Fig. 2g), 
which reveals that both Co and Ca ions have alternating sites with very 
large splitting of 1.08 Å and 0.86 Å, respectively. Beyond these sub-
stantial in-plane distortions, there are no observable accompanying 
out-of-plane atomic distortions (Extended Data Fig. 3b–d). The θ–2θ 
asymmetric XRD scan also rules out a possible c-lattice doubling 
(Extended Data Fig. 4). The plan-view HAADF-STEM image in Fig. 3e 
also shows strong in-plane superlattice modulation. In aggregate, these 
results show that the cation lattice is described by a tetragonal super-
cell 2 2 at × 2 2 at × ct (a = b = 2 2 at = 10.78 Å and c = ct = 3.27 Å) in the 

P4212 symmetry group as shown in Fig. 2h (see Extended Data Table 1 
for atomic coordinates). The projections of this crystal structure are 
shown in Fig. 2e–g, in close correspondence with the STEM images.

Structural refinement of the oxygen positions in 
CaCoO2

Given the extremely small sample volume and low relative X-ray and elec-
tron scattering cross-sections for oxygen, determining their positions 
is quite challenging. Nevertheless, we can refine the oxygen positions 
from high-resolution synchrotron grazing incidence XRD (GIXRD) of the 
in-plane superlattice diffraction peaks (Fig. 3a). Using the cation coor-
dinates from STEM, we first simulated the XRD pattern to 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. 2 | Synthesis and large-scale cation displacements in thin-film CaCoO2. 
a, Schematic of the topotactic reduction of brownmillerite CaCoO2.5 (left) to 
infinite-layer CaCoO2 (right). b,c, XRD θ–2θ symmetric scans of 18-nm-thick 
CaCoO2.5 (b) and CaCoO2 (c) films capped with 2-nm-thick SrTiO3 (STO) layers 
grown on SrTiO3 (001) substrates. Asterisks indicate the diffraction peaks of 
the thin films. d, HAADF-STEM image of the [100]t zone axis of CaCoO2. e, Plan- 
view HAADF-STEM image of CaCoO2. The distorted Ca layer is clearly seen in 

the image (yellow dashed rectangles). f,g, High-magnification HAADF-STEM 
images of CaCoO2 along the [100]t (f) and [110]t (g) zone axes. Dark (bright)  
blue balls indicate Co (Ca) cations and grey balls indicate oxygen. The atomic 
positions of oxygen here are shown for the ideal square-planar sites. h, Cation 
unit-cell structure of CaCoO2 based on HAADF-STEM. The red solid balls 
indicate the oxygen positions after GIXRD refinement.
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search for the actual scattering peaks, all of which were found very close 
to the simulated positions (Fig. 3b and Extended Data Table 2), confirm-
ing the overall structural symmetry 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).  
The refinement was dominated by oxygen displacements, such that the 
initial R factor of about 0.46 with undistorted oxygen (green squares in 
Fig. 3e) reduced to about 0.08 (orange circles in Fig. 3e), indicative of a 
high-quality fit. The overlay of the final refined structure of CaCoO2 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 CaCoO2

Figure 4a highlights the three distinct CoO4 plaquettes (for Co(1), Co(2) 
and Co(3), coordinated by three distinct oxygen sites) in blue, green and 
orange, respectively, for the refined structure of CaCoO2. The blue Co(1)O4 
plaquette shows strong JT distortion as predicted1: the bonding length 

between Co(1) and O(2) (dCo(1)–O(2)) is 2.09 ± 0.01 Å whereas that between Co(1) 
and O(3) (dCo(1)–O(3)) is 1.19 ± 0.01 Å. It is noted that the anisotropic bonding 
ratio dCo(1)–O(2)/dCo(1)–O(3) (1.76 ± 0.02) is extraordinarily large, for example, 
compared with the value for the JT-distorted octahedra in LaMnO3 (about 
1.15)2. The green Co(2)O4 plaquette is trapezoidal with three different Co–O 
bonding lengths, whereas that for Co(3) (orange) maintains four-fold 
symmetry (with rotation). Surprisingly, only 25% of the Co is strongly JT 
distorted, in contrast to the cooperative JTE in LaMnO3 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 
frustration in the Ca layer. As shown by the dashed rectangles in Fig. 4a, 
the strong JTE distorts not only the Co(1)O4 but also the Ca layer. This 
unusual coupling of Ca to the Q2 JT distortion arises from the lack of 
apical oxygen, which gives rise to strong electrostatic coupling between 
the CoO2 and Ca layers. The anisotropic distortions of the Ca layer 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’13 for the ångström-scale displacements of Co(2) around the maxi-
mally JT-distorted Co(1)O4 (Fig. 4a). The Co(2)O4 plaquette notably breaks 
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Fig. 3 | GIXRD and refinement of the oxygen positions. a, Schematic of the 
GIXRD experimental geometry. αi and αf are the incident and reflected angle, 
respectively, which are maintained to be 0.2° for all measurements. ϕ is the 
angle between CaCoO2 (100)t and (HK0)t and θ is the diffraction angle for 
CaCoO2 (HK0)t planes. b, GIXRD θ–2θ scans for various CaCoO2 (HK0)t planes. 
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plan-view HAADF-STEM image. All seven GIXRD peaks are observed. d, Unit-cell- 

averaged plan-view ABF-STEM image of CaCoO2 with the final refined structure 
model overlayed. Dark contrast indicates the atomic columns. e, Relative 
integrated intensity for all CaCoO2 (HK0)t GIXRD peaks. The blue (orange) filled 
diamonds (circles) are experimental (GIXRD refinement) results. The green 
crossed squares are calculated GIXRD intensity for CaCoO2 in the absence of 
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inversion symmetry, and thus the long-range-ordered structure can be 
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 moments32.

To further understand CaCoO2, we performed density functional 
theory (DFT) + on-site Coulomb interaction (U) calculations. The overall 
symmetry for the relaxed structure directly matches the experimental 
observations, and it is robust to variations in U (Extended Data Fig. 5a). 

However, the magnitude of the distortions is 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 CaCoO2 shows an insulating ground state 
with a bandgap energy of Eg ≈ 0.670 eV (Extended Data Fig. 5b). Experi-
mentally, the resistivity exhibits insulating temperature dependence 
(Extended Data Fig. 5c).

The spin-dependent partial density of states (PDOS) for Co(1) shows 
that the d z 2 and dxz orbitals are doubly occupied (Fig. 4d) as expected 
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from strong JT splitting in a square-planar geometry (absence of apical 
ligands), and the dyz orbital opens a gap between occupied and unoc-
cupied states as indicated earlier (Fig. 1e). Overall, Co(1) is in a d7 con-
figuration where a spin-down hole resides in both the d x y−2 2 and dxy 
orbitals, with an additional spin-down hole in dyz orbitals (Figs. 1d  
and 4d). In contrast, the spin-dependent PDOS for Co(3) sites show 
degenerate dxz and dyz orbitals owing to the square symmetry of Co(3)O4 
(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, a 2 × 2 × 1  supercell with a purely Q2 JT distortion, and the 
relaxed structure to see whether the structure can be stabilized solely 
by Q2 JT distortions. Interestingly, the result shows that 2 × 2 × 1  
supercell with purely Q2 JT distortion is energetically more stable than 
a square-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 approaches33,34. Unlike octahedrally coordinated d4 sys-
tems, the Q2 JT distortion, which splits the dxz and dyz orbitals, draws 
the ligands along one direction inwards, towards Co(1). This substantially 
increases the hybridization of the σ-bonded Co(1)–O orbitals (Fig. 4a), 
encouraging a strong admixture of holes on the neighbouring  
oxygen. Evidence for this tendency can be seen in the electron density 
distribution computed using the experimentally refined atomic posi-
tions (yellow isosurface in Fig. 4a), which is 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 (3d x y−2 2)–O (2px) hybrids, transitioning from high-spin Co 
3d7 to a low-spin state Co 3d8L, where L denotes a ligand hole dispersed 
among the neighbouring σ-bonded oxygens (Fig. 4e). In fact, this could 
be the driving force behind the observed quadrupolar ordering 
(Fig. 4b).

Performing a small cluster exact diagonalization calculation for an 
11-orbital unit cell (5 Co 3d and 3 O 2px,y orbitals; see Methods; result 
shown in Fig. 4f) confirms this picture. While a small JT splitting gives 
the DFT-relaxed configuration (high-spin 3d7), increasing the hybridi-
zation between Co and O along one direction, as in the experimental 
structure, draws electron weight from O 2py to Co 3d x y−2 2  (Fig. 4f), 
raising the 3d x y−2 2 complex above the 3dxy/xz orbitals, further reducing 
the degeneracy. This low-spin 3d8L configuration is common to other 
Co-based negative-charge-transfer systems such as SrCoO2.5 (ref. 35) 
and SrCoO3 (ref. 36). Its presence in this system is further supported by 
O K-edge EELS (Extended Data Fig. 2d), which shows a pre-peak in good 
agreement with the hybridization pre-peak observed in SrCoO3−δ 
(δ ≤ 0.5)37.

Conclusion
In summary, we have found CaCoO2 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 
distortions38–40, the interlayer coupling between the Ca layer and the 
CoO2 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 that arise in a a a c2 2 × 2 2 ×t t t unit cell and substan-
tial ligand–transition metal mixing. The understanding of the JTE 

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 CaCoO2 thin films
Brownmillerite CaCoO2.5 thin films were synthesized by pulsed laser 
deposition on perovskite SrTiO3 (001) substrates. We used a CaCoO2.5 
polycrystalline target and a krypton fluoride excimer laser (wavelength 
λ = 248 nm, pulse repetition rate of 3 Hz and laser fluence of 1 J cm−2). 
The distance between the target and the substrate was maintained at 
about 50 mm. The optimal conditions for high-quality CaCoO2.5 films 
were found to be a substrate temperature T = 600 °C under oxygen 
partial pressure PO2

 = 50 mtorr. To protect the cobaltate films from 
potential degradation during and after the reduction process, we 
capped the as-grown CaCoO2.5 with five-unit cells of SrTiO3. The precur-
sor CaCoO2.5 film was then reduced to CaCoO2 by topotactic reduction. 
We loosely covered the CaCoO2.5 film with aluminium foil and sealed 
it with about 0.1 g CaH2 powder in a vacuum glass tube. We annealed 
the sealed tube at 250 °C for 3 h in a tube furnace. The thermal ramping 
and cooling rates were 10 °C min−1.

STEM measurements
STEM specimens were prepared using a Thermo Fisher Scientific Helios G4 
UX focused ion beam. 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 
and then attached to a half grid at a 90° angle to the standard orientation 
and thinned. Total air exposure of the prepared STEM specimens was 
limited to less than 15 min to 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 
a convergence 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 a rigid registration pro-
cess optimized for noisy images41. 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 
acquisition times of about 5,000 s for each spectrum to 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 camera was used to 
acquire all 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, spectra from multiple regions of each sample were 
acquired. The individual spectra for each edge were first aligned with 
respect to each other and summed to produce high-SNR measurements 
for the as-grown and reduced films. Absolute energy alignments were 
then applied to the Co L3,2 and Ca L3,2 edges and the O K-edges based 
on the Ti L3,2 and O K-edges of the SrTiO3 substrate, respectively, which 
serve as well studied and consistent references. White line ratios were 
calculated from the Co L3,2 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-II in South Korea. The incident 
beam from an undulator source was monochromatized to 1.1078 Å. 
The incident beam angle was fixed to 0.2°. The synchrotron XRD data 
were collected in a 2θ range from 0° to 75° with a step 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 structure42,43. 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 contrast42. 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 the least-
squares method to minimize the function M I I= ∑ { − }i i i

obs calc 2
, where 

Ii
obs and Ii

calc 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) 
plane is given as ∣ ∣I Kp L F=hkl hkl θ hkl

calc 2, where K, phkl, Lθ and Fhkl are the 
scaling factor, number of equivalent (hkl) planes, Lorentz polarization 
factor and structure form factor, respectively. We used the R factor, 

R =
I I

I

∑ | − |

∑
i

i

i i

i

obs calc

obs
, to quantify the goodness of fit.

Sample characterization
The conventional XRD data were taken using a monochromatized Cu  
Kα1 source (λ = 1.5406 Å). The resistivity 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 μm 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 gun was used for charge compensation. Measurements 
were performed in non-interlaced mode, where each scan with Bi+ 
(100 μm × 100 μm, 4 s duration) was followed by a sputtering cycle with 
Cs+ (300 μm × 300 μm, 2 s duration). A TOF mass analyser operated 
in positive-ion mode was used to analyse secondary ions with a mass 
resolution m/Δm = 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 with a 2 2at × 2 2
at × 2ct supercell. Then structural relaxation was implemented with 
this initial structure using DFT + U calculations, where the Perdew–
Burke–Ernzerhof44 exchange-correlation functional was used and 
DFT + U was treated using the simplified (rotationally invariant) 
approach introduced by ref. 45. All DFT + U calculations were performed 
using the Vienna Ab initio Simulation Package (VASP)46. The structural 
relaxation and self-consistent calculations were performed with 
8 × 8 × 16 Monkhorst–Pack momentum points, whereas the density of 
states calculations were performed with 20 × 20 × 40 Monkhorst–Pack 
momentum points. It is noted that DFT + U calculations with various 
U values 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 found in the experimental structure but with smaller 
distortions. The magnitude and symmetry of the distortion are robust 
to variations in U values (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)47, and 
SCAN + U calculations, on a series of structures with different distor-
tions from zero up to the experimental distortion, as shown in Extended 
Data Fig. 6. We find that the DFT + U relaxed 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 + U relaxed structure) exhibits lower energy than the non-distorted 
one, showing the tendency of spontaneous symmetry breaking for the 
infinite-layer CaCoO2 structure.

Cluster multiplet calculations
The calculations were performed by exact diagonalization of the CoO2 
11-orbital cluster involving 5 Co 3d orbitals and 6 O 2p orbitals forming 
90° bond angles. The Hubbard–Kanamori interaction 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 Δ and crystal field levels ε are chosen to give a 
high-spin Co 3d7 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-
gies for 3dxz and 3dyz, 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 
a low-spin ground state characterized by 3d8L with a ligand hole occu-
pancy in the 2px orbital. Parameters are given in 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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Extended Data Fig. 1 | Structural characterizations for CaCoO2.5 and 
CaCoO2. a, Atomic-resolution HAADF-STEM image along the [100]t zone- 
axis projection of CaCoO2.5 showing alternate stacking of tetrahedral and 
octahedral layers. b, X-ray diffraction reciprocal space map of CaCoO2 around 
the (−103) SrTiO3 diffraction peak, indicating that the film is relaxed from the 
substrate. c, Empirical relationship between perovskite and infinite-layer 

lattice parameters. c-axis lattice parameters for various transition metal oxide 
compounds are plotted for the perovskite phase and the infinite-layer phase 
after topotactic reduction. The dashed line is a linear fit for all the data points 
in the plot. Note that the CaFeO2 has relatively large cinfinite layer/cperovskite associate 
with out-of-plane displacement of both FeO4 and Ca layers48.



Extended Data Fig. 2 | EELS measurements of CaCoO2. a, Co-L3,2 edge; the 
blue (red) solid line indicates EEL spectra for CaCoO2.5 (CaCoO2). b, Ca-L3,2  
edge EELS shows that there are no substantial changes in the spectra before 
(CaCoO2.5, blue) and after reduction (CaCoO2, red). c, A plot of the intensity 
ratio I(L3)/I(L2) of the Co-L3,2 edge for different Co compounds with different 
oxidation states. Note that the dashed line indicates a polynomial fit curve  
for four different compounds from ref. 27 (CoCO3, CoSO4, Co3O4, and CoSi4). 
I(L3)/I(L2) of the CaCoO2.5 and CaCoO2 films are depicted with blue and red 
circles, respectively. d, O K-edges EELS data. Spatially averaged O K-edge 
spectra of CaCoO2 (CaCoO2.5) in red (blue). The partially transparent, solid lines 
indicate the raw, background-subtracted data, and the dashed lines indicate 

the Gaussian filtered spectra. Upon reduction of the CaCoO2.5 films to CaCoO2, 
we observe a suppression of the distinct pre-peak at ~ 529 eV in the region of the 
O K-edge associated with hybridization between O 2p and transition metal d 
orbitals consistent with a nominal electronic transition from 3d6 to 3d7. This is 
similar to the pre-peak suppression observed upon reduction from perovskite 
to infinite-layer phase in the related nickelates49. We further see the emergence 
of a shoulder in the CaCoO2 spectrum at ~ 530 eV, which is similar to a feature 
attributed to ligand hole states in doped infinite-layer nickelates49. This feature 
is also consistent with published spectra acquired from SrCoO3-δ, which has 
negative charge transferred state37. An O K-edge spectrum of the SrTiO3 
substrate is included in black for comparison.
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Extended Data Fig. 3 | Time-of-flight secondary-ion mass spectrometry 
(TOF-SIMS) and ABF-STEM measurements of CaCoO2. a, Depth profiles of H+ 
and other ions from both CaCoO2.5 and CaCoO2 thin film on SrTiO3 substrate 
(with ~ 2 nm SrTiO3 capping layer) were measured with secondary-ion mass 
spectrometry. The Co ion signals from both CaCoO2.5 and CaCoO2 thin films 
were employed as a marker for the interface position. TOF-SIMS measurements 
show that the H+ concentration for CaCoO2 is similar to the background level  
of the as-synthesized CaCoO2.5 thin film. b, ABF-STEM image along the [100]t 
zone-axis projection with overlaid Co, Ca, and O atoms. c, Intensity line profiles 

for the blue and the orange dashed lines in b. The intensities of the line profiles 
are from inverted image b. The blue (orange) solid line indicates the line profile 
for the Co column (Ca and O column). The peak positions are the relative 
distances noted at the bottom of the image b. d, Atomic distances between Ca 
and Ca (black triangles), Co and Co (green diamonds), Ca and O (red squares), 
and Ca and Co (blue circles) layers are plotted. Note that the atomic layer 
numbers in d correspond to those in b. Error bars are taken as the full-width at 
half-maximum of the intensity peaks in c.



Extended Data Fig. 4 | Powder XRD simulation and c-lattice parameter 
determination. Lattice structure models for a, 2 2 at × 2 2 at × ct and b, 2 2 at × 
2 2 at × 2ct. The second structure model is lattice doubled from the first model 
by stacking a half-unit-cell shifted layer along the in-plane direction. Powder 
XRD simulation results for both c, 2 2 at × 2 2 at × ct and d, 2 2 at × 2 2 at × 2ct 
models. Note that the XRD simulation for the 2 2 at × 2 2 at × 2ct model has a 

distinct half-order peak along the c-lattice direction. We first found e, the 
CaCoO2 (103)t XRD peak as a reference peak. Based on this reference peak 
position, we perform θ–2θ scans along the expected CaCoO2 (0.75, 0.25, 0.5) 
position. f, No XRD peak was observed at the expected CaCoO2 (0.75, 0.25, 0.5) 
peak position, indicating that CaCoO2 does not have a c-axis doubling of the 
simple tetragonal unit cell.



Article

Extended Data Fig. 5 | DFT calculations for CaCoO2. a, Plan-view of the 
relaxed crystal structure for CaCoO2 from DFT + U calculations with U = 2 eV, 
U = 3 eV, U = 4 eV, U = 5 eV, and U = 6 eV. b, Calculated band dispersion of CaCoO2 
(DFT + U for U = 5 eV). Green highlights dxz (and dyz) projections. The inset shows 
high-symmetry points in the tetragonal Brillouin zone. c, Resistivity versus 

temperature of CaCoO2 thin film. The inset shows that the resistivity is well 
fitted with an Arrhenius plot with an estimated (transport) gap of 0.337 + 0.001 eV. 
The spin-dependent partial density of states (PDOS) of d, Co(2) and e, Co(3) d 
orbitals from DFT + U (U = 5 eV). The spin-dependent PDOS of Co(2) shows the 
degeneracy lifting of the dxz/yx-orbitals.



Extended Data Fig. 6 | Total energy calculation for CaCoO2 with 2 × 2 × 1 
and 2 2 × 2 2 × 1 supercell. a, DFT+U (U = 5 eV) calculations for the total 
energy under purely Q2-JT-distortions in the 2 × 2 × 1 supercell. b, 2 2 × 2 2 × 1 
supercell with different distortion amplitudes. Approaching #10, the structure 

is approaches the experimentally refined structure. c, Normalized total energy 
for the structures depicted in b. Three different first-principle calculations are 
used for c (Methods).
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Extended Data Table 1 | Atomic coordinates for the initial (before GIXRD refinement) and refined structure of CaCoO2

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



Extended Data Table 2 | Simulated and experimental CaCoO2 (HK0)t GIXRD peak positions and intensities

VESTA software50 was used for the simulated GIXRD peak positions and intensities.
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Extended Data Table 3 | Structure symmetry and atomic coordinates for the refined structure of CaCoO2



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

These parameters were used to generate the ground-state (3d7) configuration for the cluster. 
The high-spin Jahn–Teller split ground state was obtained by lifting the degeneracy of the dxz/yz  
site energies, while the low-spin ground state was obtained by increasing all hybridizations 
along the x-direction of the cluster.


	Geometric frustration of Jahn–Teller order in the infinite-layer lattice
	Ångström-scale cation displacements in CaCoO2
	Structural refinement of the oxygen positions in CaCoO2
	Origin of the ordered distortions in CaCoO2
	Conclusion
	Online content
	Fig. 1 JT distortion in 3D and 2D oxide lattices.
	Fig. 2 Synthesis and large-scale cation displacements in thin-film CaCoO2.
	Fig. 3 GIXRD and refinement of the oxygen positions.
	Fig. 4 Extended structure of CaCoO2, ice rules, quadrupolar ordering and electronic structure.
	Extended Data Fig. 1 Structural characterizations for CaCoO2.
	Extended Data Fig. 2 EELS measurements of CaCoO2.
	Extended Data Fig. 3 Time-of-flight secondary-ion mass spectrometry (TOF-SIMS) and ABF-STEM measurements of CaCoO2.
	Extended Data Fig. 4 Powder XRD simulation and c-lattice parameter determination.
	Extended Data Fig. 5 DFT calculations for CaCoO2.
	Extended Data Fig. 6 Total energy calculation for CaCoO2 with and supercell.
	Extended Data Table 1 Atomic coordinates for the initial (before GIXRD refinement) and refined structure of CaCoO2.
	Extended Data Table 2 Simulated and experimental CaCoO2 (HK0)t GIXRD peak positions and intensities.
	Extended Data Table 3 Structure symmetry and atomic coordinates for the refined structure of CaCoO2.
	Extended Data Table 4 Parameters used for multiplet calculations (in eV).




