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Electronic Structurein the Bulk State of Protonic Conductor CaZr O3
by Resonant Soft-X-Ray Emission Spectroscopy
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The electronic structure in the bulk state of the protonic conductdrdioped CaZr@(CZI) has been investigated by resonant

soft-X-ray emission spectroscopy (SXES), which reflects the electronic structure in the bulk state. The resonant SXES spectrum
of proton-doped CZI shows a proton-induced level at the top of the valence band, indicating proton exchanges with holes. This
finding confirms that protons exist in the bulk state, even though a surface state may also exist. [DOI: 10.1143/JJAP.41.1.938]
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Perovskite-type oxides of general formula ABiave been structure of the bulk state, because the mean free path of a
receiving considerable attention as a solid-state proton coseft-X-ray is very long compared with that of an electron.
ductor for a wide range of promising electrochemical appliFurthermore, the SXES has a clear selection rule regarding
cations such as fuel cells, gas sensors, and hydrogen pimpthe angular momentum due to a dipole transition, as it occurs
Most attention has been focused on cerates and zirconates im&inly within the same atomic species. Thus, we believe that
cause of their excellent proton conductivity and chemical stdlke contribution of proton in the bulk state can be observed by
bility.2® In particular, IFt-doped CaZr@ (CZI) is the most O 1s — 2p SXES spectra.
practical material since the proton conductivity stabilizes at a The sample was a sintered ceramic prepared by a con-
relatively high temperature. From the defect chemical analyentional solid-state reaction method. The starting materi-
sis, it has been estimated that the oxygen vacancies formedddg were ZrQ of 98% with 1.0 mass% Hf©(99 mass% for
a charge compensation reaction due to the substitutiorfdf ZrzrO, + HfO,) supplied by High Purity Chemicals Inc. and
for an acceptor dopant that has a lower valency thdh,zre CaCQ of 99.995 mass% and 4@; of 99.999 mass% purity
occupied partly by extraneous oxide ions under dry and osupplied by Rare Metallic Co. Ltd. (Tokyo, Japan). The sam-
idizing atmospheres and, as a result, holes form in the ovesle rods, prepared by isostatic pressing of well-mixed pow-
all charge neutrality conditioh® Protons are incorporated der of the nominal composition of Cagglng 0102 995, Were
by the dissolution of KO through the reaction with an oxy- calcined at 1673 K for 10h in air. Then, the samples were
gen vacancy and an oxide ion from two O—H groups and th@ushed to powder and mechanically pressed into disks. Fi-
direct exchange reaction between hole and proton. Furtherally, the disks were sintered at 1873 K for 10h in air. The
more, many theoretical and experimental investigations intensity of the disks was higher than 98% of the theoretical
the mechanism of proton migration have also been reportete calculated from the lattice parameter. The samples were
for perovskite-type protonic conductots?”) confirmed as being of a single phase with the perovskite struc-

In recent years, the electronic structure of CazZin@s been ture by powder X-ray diffraction analysis.
studied using photoemission spectroscopy (PES) and O 1 SXES spectra were measured using a soft-X-ray spectrom-
X-ray absorption spectroscopy (XAZ¥) The Fermi level eter installed at the undulator beamline BL-2C (at the Pho-
(Ef) is about 1.0eV higher because of proton doping, inditon Factory), of the High Energy Accelerator Organization.
cating the existence of a proton that acts as a positive char@ynchrotron radiation was monochromatized using a varied-
Furthermore, the intensities of the hole states at the top of tliee spacing plain grating whose average groove density is
valence band and the acceptor-induced level just aBgwe- 1000 lines/mm. The incidence angle of the soft-X-ray was se-
crease with proton doping. These facts indicate that the dopksitted to be about 75in order to avoid the self-absorption
proton exchanges with a hole and an oxygen vacancy in tleéfect. The energy resolution was smaller than 0.4 eNat
crystal lattice. However, the exchange mechanism reflects th80 eV. The bottom axis was calibrated by measuring the 4
surface state. core level of Au.

In this Letter, we present the resonant soft-X-ray emis- Figure 1(a) shows the GXAS spectra of dried CZI. From
sion spectroscopy (SXES) spectra of dried and proton-dopétk dipole selection rule, it is understood that the SOXAS
CZI. Although photoemission spectroscopy (PES) has beerspectra of thed transition metal oxide correspond to the tran-
powerful method for studying the electronic structure, PES isitions from O ¥ to O 2p character hybridized into the unoc-
surface-sensitive, because the mean free path of an electoupied metatl states’: 1% The broad band at around534 eV
is very short compared with that of light! Therefore, it is is attributed to the CaBBband that is mixed with unoccupied
difficult to study the electronic structure of a thin film by PESO 2p character. The peak at arournd295 eV is thetyg sub-
as it requires a clean surface under ultrahigh vacuum. On thand of the Zr 4 states: thes;-subband is considered to be
other hand, the SXES technique can investigate the electromibscured by the overlapping Cd Bands. The vertical bars,
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Fig. 2. (a) O 5 SXES spectra of dried and proton-doped CZI. This SXES
spectrum of dried CZI is spectrum 2 in Fig. 1(b). (b) Difference SXES
spectrum obtained by subtracting the ®XES spectrum of dried CZI
from that of proton-doped CZI. The vertical bar is the top of the valence
band.

Fig. 1. (a) O 5 XAS spectrum of dried CZI. The numbers indicate the
photon energies at which the resonant SXES spectra were measured. (b) O

1s SXES spectra of dried CZI excited at various photon energies indicated .
in Fig. 1(a). Arrows show the energy position of the excitation photorsPONdS to the nonbonding state and feature B corresponds to

energy. A and B indicate the Qpluorescence components. the bonding state that is well mixed with the Zt dtates.
Figure 2(b) shows the difference spectrum by subtracting
the O I SXES spectrum of dried CZI from that of proton-

which are labeled from 1 to 5, indicate the selected photo#Pped CZI. These features indicate the contribution of pro-
energies from the resonant SXES measurements. tons, which bond with oxygen ions (O-H bond). In the va-
Figure 1(b) shows the Gskesonant SXES spectra of dried/ence band region from 525 eV to 529 eV, the difference com-
CZI. The O & emission reflects the O2partial-density-of- ponent in feature B (bonding state) is higher in proton-doped
state (PDOS) in the valence band region. An arrow show®ZI. This result can be explained by the change of the hy-
in each spectrum indicates the excitation photon energy. The&dization effect between Zrdtand O 2 states. From the
peak beneath the arrow is attributed to elastic scattering of tResonant-PES (RPES) spectra at the @r-4 4d absorption
excitation photons. The elastic peak is enhanced at an excigfige? it has been clarified that the Zd4artial-DOS of CZI
tion energy corresponding to thg absorption peak and the in the valence band region increases with proton doping, in-
intensity decreases with increasing photon excitation. A arfticating the increase of the hybridization effect. Thus, the O
B are observed at 5280eV and~ 5264 eV, respectively. 2p partial-DOS observed from the SXES spectra in proton-
Although the intensity of the feature B does not depend ofioped CZI decreases, which is in contrast to the results of a
the photon excitation, that of the feature A is enhanced at tfiesonant-photoemission study, since the total DOS in the va-
excitation energy corresponding to thgabsorption peak, in- lence band does not change in either spectra. On the other
dicating the O § — 2p resonance effect. However, the ® 1 hand, the difference component in feature A indicates the ex-
resonant SXES spectra are not found to the exist by soft-X-ragtence of protons in the nonbonding state.
Raman scattering, which is often useful observing in resonantlt is striking that an apparent feature corresponding to the
SXES spectra excited at transition metal sif®sTherefore, « peak is observed at the top of the valence band. A similar
the O X resonant SXES spectra of CZI reflect the @fiio-  result has been observed in the ©X-ray absorption spec-
rescence component in the valence band region. troscopy (XAS) spectr&?? In dried CZI, the XAS spectrum
Figure 2(a) shows the comparison of the ©SIXES spec- below the O % threshold shows two empty features whose
tra of dried and proton-doped CZI. The intensities of th@nergy positions match the hole state at the top of the valence
SXES spectra are normalized by beam current and measub@nd and the acceptor level above the Fermi lekzg).(How-
ment time. By this normalization, the intensity of elastic scatéVer, the intensities of the hole state and the acceptor level
tering in dried CZl is in good agreement with that in protondecrease due to proton doping. Furthermore, a new structure
doped CZI. The line shape and bandwidth do not change if found at a level belovEg, which is considered to be the
either spectra. The OmpartiaLDOS in the valence band proton-induced level. These findings indicate that the doped
mainly consists of two features, A and B. These energy pd¥rotons replace the holes and oxygen vacancies in the crystal
sitions accord with the PES spectra in the valence band of thatice. On the other hand, a tiny feature is observed at about
same sample. Therefore, it is estimated that feature A corrfé-7 €V above the top of the valence band, although the feature
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is very weak in Fig. 2(b). If the existence of the feature is clar- 3) S. Shin, H. H. Huang, M. Ishigame and H. Iwahara: Solid State lonics

ified by careful measurement using high-resolution and high-4

brightness SXES, the energy separation betweel theak

and the feature might be related to the activation energy fors)
the migration of protons, which is estimated for the analysis
of the ionic part of the Seebeck coefficiérand the quantum
mechanical molecular dynamics simulation based upon they)
density functional theor§.19) Thus, the above results indicate

that protons act as positive charges in the bulk state.

In conclusion, we have studied the electronic structure in
the bulk state of protonic conductor CZI using SXES. Inig)
proton-doped CZlI, the existence of a proton-induced state wdg)
observed at the top of the valence band. This finding proves®)
that the proton acts as a positive charge in the bulk state. The
findings are direct evidence that protons exist in the bulk state,

even though a surface state may also exist.
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