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Direct visualization of the Jahn–Teller e�ect
coupled to Na ordering in Na5/8MnO2
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The cooperative Jahn–Teller e�ect (CJTE) refers to the corre-
lation of distortions arising from individual Jahn–Teller centres
in complex compounds1,2. The e�ect usually induces strong
coupling between the static or dynamic charge, orbital and
magnetic ordering, which has been related to many important
phenomena such as colossal magnetoresistance1,3 and super-
conductivity1,4. Here we report a Na5/8MnO2 superstructure
with a pronounced static CJTE that is coupled to an unusual
Na vacancy ordering. We visualize this coupled distortion
and Na ordering down to the atomic scale. The Mn planes
are periodically distorted by a charge modulation on the Mn
stripes, which in turn drives an unusually large displacement
of some Na ions through long-ranged Na–O–Mn3+–O–Na
interactions into a highly distorted octahedral site. At lower
temperatures, magnetic order appears, in which Mn atomic
stripes with di�erent magnetic couplings are interwoven with
each other. Our work demonstrates the strong interaction
between alkali ordering, displacement, and electronic and
magnetic structure, and underlines the important role that
structural details play in determining electronic behaviour.

NaTMO2 (TM = 3d transition metal ions) compounds with
alternating Na and TM layers have been studied extensively for
their potential application in rechargeable batteries5–7 or as the
parent materials of the superconductive cobaltate5,8–10. Na can be
electrochemically and reversibly removed from these materials
creating NaxTMO2 (0< x< 1) compounds in a process called de-
intercalation. Superstructures due to Na-vacancy (VNa) ordering
have been observed and identified to be dominated by the
electrostatic interactions in NaxVO2 (ref. 6) and NaxCoO2 (refs 5,8).
However, NaxMnO2 is expected to be more complicated as it mixes
Mn3+ ions, which exhibit one of the largest Jahn–Teller distortions
in transition metal compounds, and forms antiferromagnetic (AF)
Mn3+ atomic stripes11–13, with Mn4+ ions, which are not Jahn–Teller
active and can form ferromagnetic or AF nearest-neighbour
couplings, depending on the competition between different direct
and indirect exchange mechanisms14. As such, NaxMnO2 is well
suited to study the interplay between the VNa ordering, CJTE and
the magnetic properties.

There have been continuous efforts to directly visualize the CJTE
using scanning/transmission electron microscopy3,15–17 (S/TEM).

Here, electron diffraction, synchrotron X-ray diffraction (XRD),
density functional theory (DFT) and aberration-corrected atomic-
resolution STEM imaging are used to determine the superstructure
of electrochemically formed Na5/8MnO2, and to visualize in sodium
intercalation compounds the cooperative distortion of the Mn
Jahn–Teller centres and their coupling to Na ordering. Rather than
being dominated by electrostatic interactions, we show here direct
experimental evidence from STEM imaging that the superstructure
in Na5/8MnO2 is mainly controlled by Jahn–Teller distortions
which induce specific long-rangedNa–VNa interactions throughMn
charge and d-orbital orderings. We use neutron powder diffraction,
magnetic susceptibility measurements and DFT computations to
demonstrate that a ‘magnetic stripe sandwich’ structure is formed
at low temperatures, which causes a pronounced change of the
magnetic properties.

Electrochemical Na removal from NaMnO2 initially is known to
occur through a two-phase reaction, forming a newphaseNaxMnO2
(ref. 18). Figure 1a,b shows the structure of conventionalmonoclinic
NaMnO2, which is used to index the electron diffraction patterns
of NaxMnO2 shown in Fig. 1c–e. The formation of a superstructure
is clear from the (200), (1–22), (12–2) diffraction spots. In the
Z-contrast image shown in Fig. 2b, each dot corresponds to either
a Na or Mn atomic stripe projected along the [010] or b direction.
The periodic intensity modulation of one bright and three dark
dots in the Na plane is proportional to the Na concentration
in these stripes. The superstructure hkl peaks and STEM
Z-contrast information efficiently limit the possible Na orderings
in this compound. To determine a unique order, we performed an
exhaustive search of the possible superstructures in the supercells
up to 32 formula units for several x values in NaxMnO2. The only
superstructure that matches all of the electron diffractions and
STEM images occurs at x=5/8. The synchrotron XRD refinement
(Supplementary Fig. 1 and Tables 2 and 3) was performed on this
particular superstructure model starting with DFT relaxed ion
coordinates and shows a good fit. Furthermore, DFT calculations
show that this superstructure has the lowest energy among the
300 different Na arrangements that we calculated for x=5/8, with
its energy below the tie line connecting the two lowest energy
structures at neighbouring Na compositions, indicating that it is
thermodynamically stable (Supplementary Fig. 2). On the basis of
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Figure 1 | Superstructure hkl spots in electron di�raction patterns show the ordering of Na+ in NaxMnO2. a, The monoclinic structure (C2/m) of pristine
NaMnO2 with the conventional definition of the lattice parameters. The direction of the Jahn–Teller distortion is marked by the white arrows. The grey
arrow shows the [011] direction, and the (200) plane is in green. b, Structure looking along [011]. The green, blue and red lines are the [011] projections of
(200), (1–22) and (12–2) planes, respectively. c–e, The experimental electron di�raction patterns along [011], [001] and [010] show consistently the
4-period superstructure di�raction spots corresponding to the (200) planes. The [011] di�raction pattern in c shows additional 2-period (1–22) and (12–2)
superstructure di�raction spots.

the experimental and computational data, we conclude that this
Na5/8MnO2 superstructure is the new phase formed in the first
voltage plateau when Na is de-intercalated from NaMnO2 (ref. 18).
It is worth noting that the Na-vacancy arrangement with the lowest
electrostatic energy (labelled as Ewald_0 in Supplementary Fig. 2)
at x = 5/8 is significantly higher in energy, indicating that the
electrostatic interactions do not dominate in this structure.

We now describe the structure and its magnetic ordering inmore
detail. The Na layer of Na5/8MnO2 is formed by one full Na atomic
stripe parallel to three half-full Na stripes in which Na and VNa
alternate, as shown in Figs 2b, 3a and 4a,b from three different
zone axes, respectively. We observe Mn charge ordering in both the
STEM-EELS (electron energy loss spectroscopy) measurement in
Fig. 2, where the L3/L2 peak ratio is inversely proportional to the
Mn charge state, and the DFT calculations in Fig. 3. There are three
types of Mn atomic stripe: a pure Mn3+ stripe, a pure Mn4+ stripe
and a stripe of alternating Mn3+ and Mn4+ ions. As the Mn3+O6
octahedron is Jahn–Teller distorted and the Mn4+O6 is not, the
periodic arrangement of these different stripes gives a CJTE, which
can be directly visualized by the rippling of the Mn layers in Fig. 2b.
It is worth noting that in the DFT-calculated structure Na ions in
one of the three half-full Na stripes are displaced along the stripe
direction [010] by about 1.4 Å from their normal octahedral site into
a new site, consistent with our synchrotron XRD refinement. This
stripe is labelled as NaDisp in Figs 2 and 3 and as stripe ‘e’ in Fig. 4.
The local environment of the displaced Na ions (NaDisp), shown in
Fig. 3b, is a highly distorted octahedral site face-sharing with both
Mn4+O6 octahedra. Although such face-sharing sites occur in the
O1 structure of CoO2 or NiO2 when they are fully delithiated19, it
is unusual to see such a site occupied by an alkali ion, as we find in
Na5/8MnO2. The other two types of Na site in Na5/8MnO2, Na2 and

Na3, are normal slightly distorted octahedral sites, which edge-share
with both TM layers. Figure 3c clearly shows that notwithstanding
the unusual site occupation for NaDisp the stacking is still O3 type20.

The NaDisp is directly observed in the STEM measurement in
Fig. 4. The annular bright field (ABF) image is sensitive to light
elements such as Na, and can visualize the NaDisp ions between the
neighbouring Mn columns, as shown along the stripe labelled ‘e’
in Fig. 4a, as well as in its line scan in Fig. 4e. The Na intensity
modulations along the other stripes labelled as ‘c,d’ in the ABF
image and their corresponding line scans in Fig. 4c,d, respectively,
are also consistent with the x = 5/8 superstructure model. The
type of each atomic column in the ABF image was identified by
direct comparison with the annular dark field (ADF) image taken
simultaneously (Fig. 4b) with consistent contrast information.

To investigate the role of the Jahn–Teller distortion on the
displacement of the NaDisp ions, we replaced all of the Mn ions
by non-Jahn–Teller-active Cr ions in the DFT calculation, which
reduced the Na displacement to less than 0.5Å, indicating that
the Na shift is largely driven by the Jahn–Teller distortion. The
Na and VNa ordering is in fact connected by the cooperative
Jahn–Teller effect to the Mn3+ and Mn4+ in a remarkable way.
At the extension of all 180◦ –O–Mn–O– triplets are Na sites in
Na5/8MnO2. It has previously been argued in the LixNiO2 system
that the Jahn–Teller activity of the transitionmetal creates attractive
interactions between the alkali ions sitting at the extensions of these
180◦ oxygen–metal–oxygen bonds due to the spd hybridization
of the alkali-s, O-p and metal-dz2 orbitals21. The inset of Fig. 2b
(enlarged in Supplementary Fig. 3a) shows that in Na5/8MnO2 all
of the non-displaced Na ions are in this configuration. In the (202)
planes, these 180◦ Na–O–Mn3+–O–Na fragments alternate with
non-Jahn–Teller-distorted VNa–O–Mn4+–O–VNa configurations, as
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Figure 2 | Atomic-resolution STEM image visualizes CJTE and STEM-EELS showsMn charge ordering. a, The Mn EELS L3/L2 peak ratio at each Mn [010]
atomic column site along the STEM-EELS scanning direction of [100]. The dashed lines show the ratios corresponding to the standard samples of Mn2O3
and MnO2. The error bars are determined from the errors introduced in background subtraction and data fluctuation among spectra. b, STEM image along
[010] shows the periodic distortion of the Mn ab plane and the intensity modulation of the Na plane that agrees quantitatively with the superstructure
model. c, The 17 Mn L23-edge EEL spectra after background subtraction that give the L3/L2 ratios shown in b.

shown in Supplementary Fig. 3b. The origin of the displacement
of the NaDisp ions in the remaining half-full stripe is now clear (see
Fig. 3d and Supplementary Fig. 3c): there are not enough Na ions in
this stripe to create only 180◦ Na–O–Mn3+–O–Na configurations.
Hence, rather than create VNa–O–Mn3+–O–Na configurations, the
Na ions relax to the highly distorted octahedral site where they
share the symmetric attraction of the two neighbouring Jahn–Teller-
distorted –O–Mn3+–O–Na configurations. In other words, the
Jahn–Teller-distorted 180◦ configuration of VNa–O–Mn3+–O–Na
is unstable, producing a long-ranged VNa–Na repulsion through
the Jahn–Teller centre. We have also re-examined the previously
predicted superstructures in LixNiO2 (refs 21,22), and found
no 180◦ VLi–O–Ni3+–O–Li configurations. As many new battery
compounds are based on the Mn4+/Mn3+ redox couple, the
argument of Jahn–Teller-mediated orbital interactions has general
implications for both Na and Li batteries23,24.

One of the interesting consequences of the electronic and alkali
ordering in Na5/8MnO2 is that it leads to a new magnetic ordering.
On the basis of neutron powder diffraction, magnetic susceptibility
measurements and DFT generalized gradient approximation
(GGA)+U calculations, we propose the magnetic-stripe-sandwich
structure at low temperature in Fig. 3a. The DFT total energies
for different collinear magnetic spin orderings in Na5/8MnO2 in
a supercell containing up to 80 formula units were calculated,
and mapped onto a spin Hamiltonian, −

∑
i<j JijSi·Sj, to extract

the nearest-neighbour and next-nearest-neighbour spin exchange
parameters Jij between site i and j, as defined in Fig. 3a. Si and Sj
are the spin angular momentum operators; details of this method
can be found in the literature12. The resulting exchange parameters
and ground-state magnetic structures in Supplementary Table 1
predict the Mn3+ stripes to be AF, Mn4+ stripes to be ferrimagnetic,

and mixed valence Mn3+/Mn4+ stripes to be ferrimagnetic with
AF nearest-neighbour coupling, at U =2.47 eV, a U value close to
the previously determined one by comparison of the GGA +U
DFT simulation of the pristine NaMnO2 (ref. 12) with neutron
powder diffraction11,13.

The neutron powder diffraction data of Na5/8MnO2 shown in
Fig. 5 confirm the presence of long-range magnetic order at low
temperatures. The diffraction pattern taken at T = 2.5 K reveals
additional magnetic Bragg peaks compared with the diffraction
pattern at T = 100K (consisting of nuclear Bragg peaks from
the crystal structure). The inset in Fig. 5 shows the temperature
dependence of the integrated intensity of the lowest angle magnetic
Bragg peak, indicating an ordering temperature of around T∼60K
that is consistent with the temperature of the upturn in themagnetic
susceptibility. The DFT-calculated coupling constant of −61.5 K
(negative value corresponds to AF interaction) for the Mn3+ AF
stripe at U = 2.47 eV (Supplementary Table 1) is in reasonable
agreement with the temperature scale of the observed ordering.

The intensities of the magnetic Bragg peaks can be described
by a pattern of magnetic stripes of ordered moments on the Mn
sites. The simplest model of ordered moments consistent with the
data consists of AF stripes of Mn3+ with an AF coupling between
stripes, as indicated by the blue arrows in Fig. 3a. When only
these moments are taken into account, the fits yield an ordered
moment of 3.2(4) µB per Mn3+. Other magnetic ordering patterns
that have the same periodicity as these AF Mn3+ stripes would also
be consistent with the data. For example, AF stripes of Mn4+ and
mixed Mn3+/Mn4+ coexisting with the AF stripes of Mn3+ would
yield a similarmagnetic diffraction pattern, but the averagemoment
would have a smaller value of 2.2(3) µB per Mn. Further details
of the magnetic structure will probably require measurements on
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Figure 3 | Na5/8MnO2 superstructure shows VNa ordering, Mn charge and magnetic stripe orderings. a, The Na ordering in the ab layer includes Na ions
(yellow circles), displaced Na ions (orange circles labelled with NaDisp) and Na vacancies (open squares). The TM layer charge ordering includes pure
Mn3+O6 (purple hexagon) stripes, pure Mn4+O6 (green hexagon) stripes and the mixed-valence Mn stripes. The magnetic spin stripe ordering includes
ferrimagnetic stripes (red arrows) and AF stripes (blue arrows). The exchange parameters Jij between di�erent Mn sites provided in Supplementary Table 1
are defined. The di�erent sites labelled by Mn(α–δ), Na(Disp, 2, 3) and O(1–6) correspond to Supplementary Tables 2 and 3. b, The local environment of
two displaced Na ion face-sharing with the Mn4+O6 octahedra. The two triangles that share faces with one Na site are labelled with thick lines. c, The
structure viewed from the b direction shows oxygen O3 stacking. d, The basic unit of the spd hybridization interaction that drives the Na displacement to
the distorted octahedral site. The spd hybridized bonds are in red connecting Na, O and Mn3+ ions.

single crystals. Interestingly, the divergence of the field-cooled
and zero-field-cooled susceptibility curves around T = 12K in
Supplementary Fig. 4 may indicate the presence of weakly coupled
ferrimagnetic components and agrees quantitatively with the
calculated nearest-neighbour coupling constant of 11.9 K for the
Mn4+ ferrimagnetic stripes atU =2.47 eV (Supplementary Table 1).
Overall, the general pattern predicted by DFT of AF Mn3+ stripes
interwovenwith theMn4+ andMn4+/Mn3+ stripes is fully supported
by the experiments.

This newmagnetic-stripe-sandwich structuremay have potential
application in magnetic storage or spin electronics25 as the one-
dimensional analogy to the sandwich structure of two-dimensional
magnetic thin films, from which abundant magnetic phenomena
have been engineered25. It is also worth noting that the dynamic
version of the hole-segregated magnetic stripes has been proposed
to be important for high-temperature cuprate superconductors26.

We have found Na5/8MnO2 to be a model system for visualizing
the complex interactions between Na ion ordering, charge ordering,
magnetic ordering and cooperative Jahn–Teller distortions. We
find that in contrast to other alkali-vacancy systems the Na
ordering in NaxMnO2 is controlled by the underlying combination
of electrostatic and electronic structure interactions through the
Jahn–Teller effect, which enables some Na to occupy the highly
distorted octahedral site. This leads to Na and Mn charge-ordered

stripes, which in turn yields a fascinating low-temperaturemagnetic
ordering to develop. DFT and experimental observations are in
excellent agreement, providing confidence in the proposed ground
state and in the explanation for the physical origin of its stability.
The understanding of the CJTE here may have general implications
for understanding complex compounds where the Jahn–Teller effect
is prominent, including intercalation energy storage materials and
high-temperature superconductors, and illustrates the fascinating
physics of mixed Mn valence systems.

Methods
Synthesis. The pristine NaMnO2 powder was synthesized by the solid-state
reaction, and the electrochemical cells were configured on the basis of our
previous publication18. The Na5/8MnO2 cathode films were obtained by charging
to the end of the first electrochemical plateau either by the C/200 galvanostatic
charge in a home-made in situ XRD cell to monitor the depletion of the pristine
phase or by the potentiostatic intermittent titration technique charge with
10meV step up to 2.685V in a Swagelok cell. The charged batteries were
disassembled in a glove box with the cathode films dried for further
characterizations. The Na5/8MnO2 powder for the neutron diffraction was
obtained by chemical de-intercalation of pristine NaMnO2 powder in an iodine
acetonitrile solution.

TEM. TEM samples were made by sonication of the charged cathode films in
anhydrous dimethyl carbonate inside a glove box, and sealed in airtight bottles
before immediate transfer into the TEM column. The electron diffractions were
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taken on the JEOL 2010F at MIT. The STEM-ABF/ADF and EELS line scan were
taken on the Cs-corrected cold field-emission Hitachi HD 2700C at 200 kV at
Brookhaven National Laboratory (BNL). The STEM images were obtained by
using 1Å scanning probe of 28mrad semi-convergence angle, with the
semi-collection angles of 10–22mrad and 53–280mrad for the ABF and ADF
detectors, respectively. The STEM ABF and ADF images were taken
simultaneously at the optimal defocus value of the ADF imaging condition, which
was more defocused than the optimal ABF imaging condition on this instrument.
Thus, the contrast in the ABF image is reversed with the bright area
corresponding to the atomic positions27. The line-scanned EELS were collected by
a 1.4 Å probe of 60 pA probe current and taken by the Gatan Enfina ER
spectrometer with the semi-collection angle of 20mrad at 0.3 eV per channel,
1.4 Å scanning interval and 1.2 s collection time per spectrum. The Mn L2,3 edges
were fitted by the Gaussian model after a background subtraction of power law.

XRD. The charged cathode film was sealed with silicone tape for the collection
of the synchrotron XRD pattern on beam line X14A at NSLS at BNL with a
wavelength of 0.7788Å. The XRD refinement was done by GSAS software with
the background estimated by a shifted Chebyschev function and the peak profile
described by the Finger, Cox and Jephcoat function. The preferential orientation
was set for the first (004) peak. The Na5/8MnO2 powder was sealed in the
capillary for the synchrotron XRD measurement on X14A at NSLS, which
confirmed the same superstructure phase as the electrochemically de-intercalated
cathode film.

Neutron diffraction and magnetic susceptibility. Neutron diffraction
measurements were performed on 5 g of chemically de-intercalated Na5/8MnO2

powder using the triple-axis spectrometer BT-7 at the NIST Center for Neutron

Research28. Measurements were taken in two-axis mode with a fixed initial
neutron energy of 14.7meV (wavelength 2.359Å), collimator configuration
open-80’-sample-80’ and a radial-position sensitive detector. Magnetic Bragg
peaks are observed when the sample was cooled below T∼ 60K. The intensities
of the observed magnetic peaks are consistent with a pattern of AF stripes, as
discussed in the text. The magnetic structure factors were calculated assuming
the spins were collinear and pointing in the direction of the Jahn–Teller-distorted
axis of the oxygen octahedra. The form factor was assumed to be that of the free
Mn3+ ion29. The size of the ordered moment can be obtained by comparing the
structure factors for the four intense structural peaks in the range 48◦<22<63◦
to the integrated intensities of the measured peaks. The structure factor for the
structural peaks was calculated assuming the structure obtained from the XRD
refinement. The magnetic susceptibility measurements were obtained using a
Quantum Design MPMS-XL SQUID.

DFT. All DFT calculations in this work were performed using the Vienna Ab
initio Simulation Package within the projector augmented-wave approach using
the Perdew–Burke–Ernzerhof GGA functional and the GGA+U extension to it.
A plane-wave energy cutoff of 520 eV and a k-point density of at least 1,000 per
number of atoms in a unit cell were used to ensure that all calculations were
converged to within 1meV atom−1. All calculations were spin-polarized and
started from a high-spin configuration. A U value of 3.9 eV was used for Mn for
the structure relaxation, in line with previous literature30. The phase diagram
construction and analysis in Supplementary Fig. 2 was performed using the
Python Materials Genomics (pymatgen) library30. For the extraction of spin
exchange parameters, the magnetic structures were calculated in the supercells
with up to 80 formula units, with different U values ranging from 0 eV to 3.9 eV
and were converged to 0.01meV per supercell.
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