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The electronic structure of superoxide KO2 was investigated by employing soft x-ray absorption spectros-
copy �XAS� and core-level photoemission spectroscopy �PES�. The clean and single component was observed
in both the O 1s and K 2p core-level PES spectra of KO2, which confirms the good quality of the KO2 sample
employed in this work. The measured O 1s XAS spectrum was compared with the calculated density of states
�DOSs�, obtained from the first-principles electronic-structure calculations that include both the spin-orbit �SO�
effect and the on-site Coulomb interaction �U� between O 2p electrons. In the O 1s XAS, both the unoccupied
O 2p antibonding �g and �u states are identified. It is found that the unoccupied states, observed in the O 1s
XAS, agree reasonably well with the calculated DOSs, which suggests the importance of the SO and U effects
for KO2 having the high-symmetry tetragonal structure.
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I. INTRODUCTION

AO2-type alkali superoxides �A=Na,K,Rb,Cs�, which
can be regarded as ionic molecular crystals, are very inter-
esting since they exhibit magnetism even though they do not
contain the partially filled d or f electrons.1 In AO2, one
alkali-metal atom provides one electron to an oxygen mol-
ecule and the resulting O2

− molecular ion plays the role of an
anion. Then each O2

− anion has nine electrons at the 2p mo-
lecular levels with the electronic configuration of �g

2�u
4�g

3

�see Fig. 1�.2 One hole in the antibonding �2p��g molecular
state can generate the magnetic moment of 1 �B for each
O2

−. Therefore these partially occupied antibonding �2p��g
states in AO2 superoxides are important in determining their
electronic and magnetic properties, such as �-electron
magnetism.3 At room temperature, KO2 crystallizes in the

tetragonal �T� structure, in which the O2
− molecular bond

axes are parallel to the z axis �see Fig. 1�.4 KO2 retains this
structure down to 197 K. Upon cooling, O2

− molecular bond
axes seem to tilt to have a lower crystal monoclinic symme-
try. By lowering the crystal symmetry, the degeneracy of the
�g level is lifted, similarly as in the Jahn-Teller distortion.3,5

Experimentally, however, the electronic structures of AO2
superoxides have not been investigated much due to the dif-
ficulties in the sample preparation. KO2 reacts violently with
water, and may cause fire in contact with combustible mate-
rial. In this work, we have studied the electronic structure of
KO2 by employing soft x-ray absorption spectroscopy �XAS�
and core-level photoemission spectroscopy �PES�, which are
known to be powerful experimental tools for studying the
electronic structures of solids.6–8 We have also compared the
measured O 1s XAS spectrum with the calculated density of
states �DOSs�. For the electronic-structure calculations, we
have used the full-potential augmented plane-wave band
method9 implemented in the WIEN2K package.10 For the
exchange-correlation potential, the generalized gradient ap-
proximation �GGA� �Ref. 11� was used. The on-site Cou-
lomb interaction U between the oxygen 2p electrons �GGA
+U� �Ref. 12� and the spin-orbit �SO� effect were included as
a second variational procedure �GGA+SO+U�. The details
of the calculation are described in Ref. 5.

II. EXPERIMENTAL DETAILS

PES and XAS experiments were performed at the 8A1
undulator beamline of the Pohang Light Source �PLS� at
room temperature. The KO2 sample used in this study was
obtained in the powder form from Sigma-Aldrich Co., USA.
After the seal of the sample bottle was opened, KO2 sample
had been kept in vacuum until it was measured at the PLS.
Several samples were mounted on the sample holder by us-

K

O2

Superoxide O
-

2

p
ππππu

p

*σσσσu

σσσσg

ππππg
*

ππππg
*

*σσσσu

ππππg
*

ππππu

σσσσg

FIG. 1. �Color online� �Left� �T� structure of KO2. K atoms are
denoted as red large spheres and O atoms are denoted as blue small
spheres. �Right� Energy-level diagram for the superoxide O2

−. Each
O2

− anion has nine electrons at the 2p molecular levels and the
bonding �g and �u states are completely filled while the antibond-
ing �g orbitals are partially filled. The red dotted line is added as a
guideline to distinguish the unoccupied states from the occupied
states.
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ing a double-sided Cu tape or silver paste. After several trials
and errors in the sample-mounting procedure to minimize the
exposure time to the moisture in air, we were able to mount
each KO2 sample within less than a few minutes of the air-
exposure time. As soon as the KO2 sample was mounted on
the holder, the holder was loaded in the load-lock chamber
immediately, followed by pumping.

The base pressure of the XAS/PES chamber was better
than 3�10−10 Torr. XAS spectra were obtained by employ-
ing the total electron yield mode with the photon energy
resolution of �100 meV at h��500 eV. The Fermi level
EF and the instrumental resolution of the system were deter-
mined from the valence-band spectrum of scraped Au in
electrical contact with samples. The overall instrumental res-
olution of the PES spectra was about �0.4 eV at h�
�600 eV. All the XAS and PES spectra were normalized to
the incident photon flux. Only the potassium- �K-� and
oxygen- �O-� related peaks were observed in the survey PES

spectra �not shown here�, except for the existence of the
carbon �C� 1s core level. A clean, single peak was observed
in the O 1s core-level PES spectrum. These findings confirm
that our PES/XAS data for KO2, presented in this work, are
reliable.

III. RESULTS

Figure 2 provides the core-level PES spectra �red dots� of
KO2, obtained with h�=650 eV, along with the curve-fitting
results �solid lines� for �a� the O 1s state and �b� the K 2p
state, respectively. Note that the O 1s core-level PES spec-
trum of KO2 exhibits a single and symmetric peak, indicating
the good quality of our sample employed in this work. When
we determine the binding energies �BEs� of PES spectra by
using the sputtered Au metal in electrical contact with the
KO2 sample, the BE’s of the O 1s, K 2p3/2, and C 1s core
levels in KO2 become 537.6 eV, 298.9 eV, and 291.1 eV,
respectively. This C 1s BE is too high. So we have instead
used the C 1s core peak of KO2 by setting it as 284.5 eV
�Ref. 13� in the BE calibration of KO2 spectra. Then the BE’s
of the O 1s and K 2p3/2 core-level peaks become 531.0 eV
and 292.3 eV in KO2, respectively. The latter value is similar
to that of KCl.13 These BE’s are rather different from those in
the literature for KO2 film,14,15 which might be due to the
difference between the in situ grown thin films and our bulk
samples.

The measured core-level PES spectra were analyzed by
using the Doniach-Sunjic line-shape function,16 as follows:

f�E� =
��1 − ��cos���/2 + �1 − ��arctan�E/	��

�E2 + 	2��1−��/2 ,

where E is the energy relative to the peak position, � denotes
the gamma function, and 2	 corresponds to the full width at
half maximum of the Lorentzian function. The intrinsic life-
time width is described by 	, which simulates the broadening
due to a finite core-hole lifetime. The asymmetry parameter
� accounts for the low-energy electron-hole excitations.
Each peak is further convoluted with a Gaussian function to
account for the broadening due to the instrumental resolution
as well as that due to phonons. The background due to the
inelastically scattered electrons is also added.

The parameter values determined from this fitting are
listed in Table I. First, this fitting confirms that the O 1s
core-level PES spectrum can be described by a single com-
ponent. Similarly, the K 2p core-level PES spectrum of KO2
is fitted well by using one component only. Peak 1 and Peak
2 in K 2p states correspond to the 2p3/2 and 2p1/2 peak, re-

FIG. 2. �Color online� Core-level PES spectra of KO2 along
with the curve-fitting results for �a� the O 1s state and �b� the K 2p
state, respectively. Solid dots represent the experimental data and
solid lines are the curve-fitting results. See the text for the details.

TABLE I. Fitting parameters employed in the O 1s and K 2p core-level PES spectra of KO2.

Core levels

BE
�eV�


ESO

�eV�
2	

�eV� �
GB
�eV� Intensity I2 / I1Peak 1 Peak 2

O 1s 531.0 0 1.1 0 1.2

K 2p 292.3 295.1 2.83 0.9 0 1.05 0.49
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spectively, with the SO splitting �
ESO� of 
ESO=2.83 eV.
Therefore these core-level PES spectra confirm that our KO2
sample is in the single phase and that our PES/XAS spectra
represent the intrinsic features of KO2. Note that the Gauss-
ian broadening �GB�, employed in this fitting �GB
�1.05–1.2 eV�, is much larger than the instrumental reso-
lution ��0.4 eV� of the present PES. Such large GB values
seem to imply the large phonon effect in KO2, as is expected
from the presence of the strong interplay among spin, orbital,
and lattice degrees of freedom in degenerate �g states.1,5

Figure 3 compares the measured O 1s XAS spectrum of
KO2 �red dots� with the calculated DOS �solid lines�. The
O 1s XAS spectrum of KO2 has been shifted by −526 eV
and the peak positions are shown in the relative energy scale.
Our O 1s XAS spectrum of KO2 is similar to that of KO2
film, which was prepared in situ15,17 but somewhat different
from that of the later work by Pedio et al.18 The features in
our XAS data are sharper than those in KO2 films15,17,18 but
the relative intensities are different. At the moment, we do
not know the origin of such differences. However, the O 1s
core-level PES spectrum for our sample exhibits a single
clean peak, as shown in Fig. 2�a�, and the quality of our O 1s
XAS spectrum is much better than those of KO2 films15,17,18

in both the signal-to-noise ratio and the instrumental reso-
lution. Hence we consider our O 1s XAS spectrum to repre-
sent the intrinsic feature of KO2. One reason might be the
difference between thin film samples15,17,18 and bulk samples
�our data�.

The calculated O 2p partial DOS �PDOS� in Fig. 3�a� was
obtained from the GGA calculation, while that in Fig. 3�b�
was obtained from the GGA+SO+U calculation with U

=11.5 eV.19 In this figure the Fermi level �EF� corresponds
to E=0 eV. In both calculations, the ferromagnetic �FM�
phase of KO2 with the �T� structure, shown in Fig. 1, was
assumed since the O 1s XAS spectrum was obtained at room
temperature. In the calculated PDOS, the lowest energy peak
above EF corresponds to the O 2p antibonding �g states �see
Figs. 1 and 4�, and the high-energy peaks between 5 and 15
eV are dominated by the unoccupied PDOS of K s, p, and d
states, but together with a contribution from the antibonding
�u states of O 2p orbitals.5

Figure 3 shows that the energy separation between the
lowest energy peak �A� and the higher energy peaks �B ,C� in
the O 1s XAS is quite different from that in the GGA calcu-
lation but agrees better with that in the GGA+SO+U calcu-
lation. Note that both the sharp lowest energy peak �A:
�2 eV above EF� and the higher energy double-peak struc-
ture �B and C: �5 eV and �7 eV above EF� in the O 1s
XAS agree well with those in the calculated PDOS. The
improved agreement of GGA+SO+U calculation with ex-
periment in the energy separation comes from the increased
splitting of �g↓ states �see Fig. 1� due to the combined effect
of the spin-orbit and on-site Coulomb interactions. The en-
ergy separation between the unoccupied �g↓ and �u states
�see Fig. 4� will decrease further by increasing U value in the
calculation, which will then result in a better agreement with
experiment. This finding indicates that it is important to in-
clude the SO interaction and the on-site Coulomb interaction
U between O 2p electrons in the calculation of the electronic
structure of KO2. In fact, this finding is consistent with that
in the recent studies,1,5 which suggests the importance of the
SO and U effects for the splitting of �g states in KO2 with
the �T� structure. The U effect of O 2p electrons was also
examined for the similar 2p magnetic oxides, such as Rb4O6
and RbO2.20,21

Figure 4 compares the calculated PDOS of O p, K s, p,
and d states for the FM phase of KO2 with the �T� structure.
These PDOS’s are obtained from the same calculations, as
shown in Fig. 3�b�. In the GGA+SO+U calculation, the
O2

− �g↓ states are split into �+1�m=1� and �−1�m=−1�,

FIG. 3. �Color online� Comparison of the O 1s XAS spectrum
of KO2 with the calculated O 2p PDOS, which was obtained from
�a� the GGA calculation, and from �b� the GGA+SO+U calculation
�U=11.5 eV�, respectively. In both calculations, the FM phase of
KO2 with the �T� structure was assumed.

FIG. 4. �Color online� PDOS of O p, K s, p, d states for the FM
phase of KO2 with the �T� structure, obtained from the GGA+SO
+U calculation �U=11.5 eV�. The red solid line and black dotted
line represent O p PDOS and K d PDOS, respectively.
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which are located below and above EF, respectively. The
broad O p PDOS above EF corresponds to the O2

− �u states
�see Fig. 1�. Note that the lineshape and the width of the
O2

− �u PDOS are very similar to those of K s, p, and d
PDOS’s, indicating that the hybridization between O2

− �u and
K s, p, and d states is large. This finding shows that the
existing XAS analyses,17,18 which assume the sharp O2

− �u
molecular levels for KO2, are not realistic. This figure also
shows that the unoccupied K d states has a larger contribu-
tion to the spectral weight in 8–15 eV above EF in the O 1s
XAS spectrum than the unoccupied O2

−�u states.

IV. CONCLUSION

The electronic structure of superoxide KO2 is investigated
by employing XAS and core-level PES. We have compared
the measured O 1s XAS spectrum with the calculated DOS,
obtained from the GGA+SO+U calculation. The measured

O 1s and K 2p core-level PES spectra of KO2 are clean and
only one symmetric component is observed in both of them.
This observation confirms the good quality of the KO2
sample employed in this work. Both the unoccupied O 2p
antibonding �g and �u states are observed in the O 1s XAS
spectrum. It is found that the main features in the unoccupied
states, observed in the O 1s XAS, agree reasonably well with
the calculated DOSs, suggesting the importance of the SO
effect and the on-site Coulomb interaction in KO2 with the
high-symmetry tetragonal structure.
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