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The electronic structures of molybdenum bronzes K,;Mo00;, K;;;Mo00O; and
K,9Mo0O,; have been systematically studied by means of the ultraviolet photoemis-
sion spectroscopy (UPS). Resonant photoemission spectra have been measured in the
photon energy range from 32 eV to 100 eV. The measurements of total yield spectra
have also been made on K,;M00; and K,sMo040,;. Resonant enhancements of the
photoemission have been observed in the valence and conduction bands with the con-
tribution from the Mo 4d states for the excitation around Av=49 or 50 eV. It is found
that the resonant effect is very weak for the structures at a binding energy Ez=4.6 eV
for K ;M00; and K, 33M00;. The magnitude of these resonances corresponds to the
local electronic densities of Mo 4d states at the corresponding Ey and can be
qualitatively explained by the simple band structure model.

§1. Introduction

Recently, molybdenum bronzes A,Mo,O,
(A:Li, Na, K, Rb, Cs and TI) have received
much attention because of their characteristic
electrical properties related to low dimen-
sionality and superconductivity.

Among potassium molybdenum bronzes,
we have studied the electronic structures of
the blue bronze K,:MoO;, the red bronze
Ko.53M00; and the purple bronze Ko.9sM0¢O:7.
The blue bronze K,:MoQO; is a typical quasi-
one-dimensional conductor'? which exhibits a
metal-to-semiconductor transition at 7.=180
K with the formation of a charge density
wave (CDW).? In the CDW phase below this
transition temperature, the nonlinear elec-
trical conduction® due to the dynamics of the
CDW were observed. The crystal structure is
monoclinic with 20 formula per unit cell.?
Clusters of MoQOs octahedra form an infinite
sheet, separated by K ions. This layered
material can be cleaved parallel to the b-axis as
well as to the [102] direction. The red bronze
Ko.33M00O; is well known as a semiconductor at
all temperatures.” The crystal structure of the
red bronze is also monoclinic with 12 formula

per unit cell.¥ Ko sMogO7 is a quasi-two-dimen-
sional conductor which undergoes a transition
due to the onset of a CDW below 120 K.” The
crystal structure is trigonal and consists of
four layers of MoQOs octahedra perpendicular
to the c-axis, separated by the layers of MoO,
tetrahedra and KO, icosahedra.'® The
cleavage plane is the (0001) plane.

In these materials, it is considered that the
valence bands are hybridized ¢ and 7 bonding
bands from the molybdenum 4d and oxygen
s-p orbitals, and the conduction bands being
n* bands made up of a combination of
molybdenum 4d t,, orbitals and oxygen p or-
bitals. A potassium atom donates the 4s elec-
tron to the Mo 4d orbitals. Several photoemis-
sion studies have already been performed on
this family of crystals in order to examine the
energy band structures. Angle-resolved and
angle-integrated ultraviolet photoemission
spectroscopy (UPS) and X-ray photoemission
spectroscopy (XPS) were performed for
Ko3:Mo0O;.'"'® These angle-resolved UPS ex-
periments were the first study for the mapping
of the conduction bands structures of quasi-
one-dimensional CDW systems. The UPS
technique was also applied to K¢sMo0s017.*¥
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In this study, we systematically examined
the electronic structures of the blue bronze
Ko3MoOs, the red bronze Kq3:MoO; and the
purple bronze K,sMo¢O;; by means of
ultraviolet photoemission spectroscopy using
synchrotron radiation. Resonant photoemis-
sion study is employed to reveal the hybridiza-
tion of molybdenum 4d orbitals with oxygen
2p orbitals in the valence and conduction
bands. The measurements of total yield spec-
tra have also been made on K,3;MoO; and
Ko9Mo0sO;7. Some of the discussions in this
paper has already been reported.!>'¥

§2. Experimental

Single crystals used in this study were grown
by electrolytic reduction of a melt of K;MoO,
and MoO; as described before.'>'® Samples
were identified by the X-ray diffraction
method and the electrical resistivity measure-
ment. All the crystals are platelets of typical
sizes of 1x1x0.5mm*® (for K;:MoQ,),
10x10%x30 mm® (for Koi33sMoOs) and 4 X
4x0.5 mm? (fOI' K0,9M06017).

Photoemission measurements were per-
formed on clean surfaces of samples cleaved
in situ in ultrahigh vacuum (UHV) at more
than 1 x 107!° Torr at the second beam line of
SOR-RING, the 0.4 GeV electron storage ring
of Synchrotron Radiation Laboratory, In-
stitute for Solid State Physics, the University
of Tokyo. No noticeable oxidation was
detected through the measurements. A com-
bination of a Rowland-type monochromator
and a double-stage cylindrical mirror analyzer
was employed. The resolution of the
monochromator was set to 0.2eV at the
photon energy (hv) of S0 eV and that of the
analyzer to 0.2eV. The angle-integrated
photoemission  spectra  of  K(3MoOs,
Ko.33:M00O; and KosMo¢O;; were measured at
room temperature over the range of photon
energy from 32 eV to 100 eV. Particular atten-
tion has been paid to the resonant behavior of
Mo 4d emission near the Mo 4p—4d transi-
tion. The energy distribution curves (EDC)
were normalized by the photon flux.

Total yield (TY) spectra for Ko3;Mo0O; and
Ko.9Mo0sO;7 were also measured with the use of
a pico-amperemeter over the photon energy
range of Av=32~100eV. The TY spectra are
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Fig. 1. The angle-integrated UPS spectra of (a)

Ko;M00;, (b) K;33:M00; and (c¢) Kq9MogO,; for
photon energy #v=100 eV measured at room temper-
ature.

known to resemble absorption spectra in the
core excitation region.

§3. Results and Discussion

In Figs. 1(a), 1(b) and 1(c), we present the
typical overall angle-integrated UPS spectra
of K0,3MOO3, K0,33MOO3 and Ko.gMOGOn, re-
spectively, measured for the photon energy
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Table I. Core-level binding energies of K;;Mo0;,
K,.33Mo0O;, Kq9Mo40,; and corresponding elements.

elements
Ko3MoO; Kj3:Mo0; K;sMos0,; (Cardona
and Ley'”)
K 3p 18.1eV 18.2eV 18.5eV 18.3eV
O 2s 22.5eV 22.4¢eV 21.6eV —
K 3s 342eV 34.3eV 34.7eV 34.8eV
Mo 4p 40eV 40eV 41 eV 35.1eV

(hv) of 100eV at room temperature. In all
three curves, the structures with Ep (binding
energy from the Fermi level) smaller than 10
eV are related to the valence and conduction
bands, while those with Ey larger than 10 eV
originate from individual inner core states, K
3p, O2s, K3s and Mo4p. The binding
energies of the inner core levels of these series
determined from Figs. 1(a), 1(b) and 1(c) are
listed in Table I with those of the corre-
sponding elements. The structures of the
valence and conduction bands of these three
spectra are different, while those of the inner
core states resemble each other. Figs. 2(a),
2(b) and 2(c) show the EDC of angle-in-
tegrated UPS spectra of the three materials for
the photon energy Av=60 or 65 eV, where the
mutual difference of the valence and conduc-
tion bands is clearly recognized between the
three spectra.

Figures 3(a), 3(b) and 3(c) show a part of the
result of the angle-integrated UPS spectra of
Ko.3Mo0Os, Ko3:M00O; and KosMoeO,7, which
were measured for different excitation photon
energies between 32 and 100 eV. We have ob-
served the remarkable increases in the
photoemission intensities of most structures in
all the three compounds around Av=49 or 50
eV. In order to obtain more detailed informa-
tion of these resonant effects, we plotted the in-
tensity of several peaks of the spectra for
Ko‘3MOO3, K0,33M003 and K0,9M06017 as a func-
tion of the photon energy Av in Figs. 4(a), 4(b)
and 4(c), respectively. The intensities are
evaluated from the peak height of the EDC
spectra measured from the zero lines. Such
curves are called the CIS (constant initial
state) spectra. The CIS spectra correspond to
the Av- dependence of the photoionization
cross section for the same initial state. In Figs.
4(a), 4(b) and 4(c), it is noticed that the reso-
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Fig. 2. The angle-integrated UPS spectra of (a)
K,3Mo00;, (b) Ko3;M00; and (¢) KgoMogOy; for
photon energy hv=65 or 60 eV measured at room
temperature.

nant effects for the structures at the binding
energy Ez=4.6 eV in the valence bands are ap-
preciably weak for Kq9Mo0¢0;; and very weak
for Ko3MoOs; and K,33M00O;s in contrast to the
resonance enhancement of other structures.
The characteristic increases in photoemission
intensities and the CIS spectra found around
hv=49 or 50eV can’t be attributed to an
overlap of Auger peaks, because we have ob-
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Fig. 3. Photon energy dependences of the angle-integrated UPS spectra for (a) K, 3;M00;, (b) K, 33M00; and (c)

Ko oMo¢O,; measured at room temperature.

served no peaks in the UPS spectra which
move in parallel with the photon energy. The
similar resonant enhancement effects were also
detected in other Mo compounds such as
Cu, sMosS7 ¢ with a completely different crystal
structure.'® Then we can confirm that this type
of resonance is most likely ascribed to the Av-
dependence of the atomic photoionization
cross section of the Mo 4d states. Since the pre-
sent spectra are measured by the angle-in-
tegrated mode, the band effects in the final
state of the excitation from the 4d states may
be smeared out. While the inner p core absorp-
tion is negligibly weak in the case of a nearly
filled d shell metal,'” the presence of a large
amount of empty d states is playing the domi-
nant role in both the absorption and the reso-
nant photoemission process in molybdenum
bronzes. Therefore, the resonant effects in
these compounds can be qualitatively inter-
preted as resulting from an interference be-
tween the directly excited states of the Mo 4d
valence or conduction electron and the final
states realized through the Auger decay of the
Mo 4p core excited states. For the resonant
behavior of these three molybdenum bronzes,

the following two processes are considered to
occur:

Mo 4p®4d” — 4p®4d" ' +e
(direct excitation) (1)

Mo 4p®4d” — 4p°4d"*' (N, excitation)
— 4pt4d" 1 +e
(super Coster-Kronig decay) (2)

In the p inner core excitation, the excited elec-
tron far above Er can be more properly de-
scribed as the &d state.

The TY spectra of Ko3MoO; and Ko sMo0sO17
are shown in Figs. 5(a) and S(b). These curves
resemble the CIS spectra as shown in Figs.
4(a) and 4(c). The peak structures are also ob-
served around Av=49 or 50 eV, respectively.
As mentioned above, the TY spectrum is well
known to resemble the absorption spectrum in
the inner core excitation region. Thus, it is
understood as the Mo 4p core excitation struc-
ture. Since the binding energy Eg of the Mo 4p
core state measured by photoemission is about
40 or 41 eV, the peak of the CIS spectra and
the absorption peak are delayed by about 9
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Fig. 5. Total yield spectra for (a) K,;Mo00; and (b) Ky oM0osO,;.

eV. Although there may exist a peak in the than 10 eV is rather unrealistic. The Coulomb
unoccupied density of states for the Mo 4d or- and exchange interactions between the p core
bitals about 9 eV above the Fermi energy, such  hole and d electrons as well as the centrifugal
a large band width of Mo 4d states of more potential play essential roles in these delays.
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Such delays were also detected not only in
another Mo compound, Cu;sMosS76,'® but
also in other localized d electron systems, for
examples, Ti0,.22 In a qualitative sense, we
can obtain the information of the local elec-
tronic density of Mo 4d states at the corre-
sponding binding energy from the magnitude
of the resonance in the CIS spectra. In order
to relate the magnitude of the resonances
around ~Av=49 or 50 eV to the electronic struc-
tures of these compounds, the simple band
structure models of K¢3:Mo00O; and K;33:Mo0O;
are discussed at first. The band structures of
KosMo¢O;; can also be explained by the
analogy with that of K,3;Mo00O; and K, 3:Mo0O;.
The energy level schemes of K;:MoO; and
Ko.33M0QO; can be derived from the elementary
MoOs octahedron as described previously.>?

In a MoOg octahedron, the Mo 5s and 4d e,
orbitals combine with the three 2po orbitals of
the oxygen (one per atom) to form a set of
three bonding ¢ and three antibonding o*
molecular orbitals. The Mo 4d t,, orbitals com-
bine with three oxygen per octahedron to give
the bonding n and antibonding n* bands.
Three oxygen 2p7 orbitals per octahedron re-
main as nonbonding levels because they are of
the wrong symmetry to combine with any of
the Mo orbitals. Figure 6 represents the simple
band structure model discussed above. The K
atom donates the outer 4s electron to the 4d
bands. Since the energy of the K 4s level is
assumed to be high above the Fermi level, the
energy level of unoccupied K™ is not shown in
Fig. 6. While ¢ and 7 bonding bands and px
oxygen nonbonding levels form the fully filled
valence bands, ¢* and #* bands can form the
conduction or the outermost valence bands. In
these cases, ¢* bands are completely empty.
As discussed above, the magnitude of the
resonance corresponds to the local electronic
density of Mo 4d orbitals at the corresponding
binding energies. Therefore, if the rate of
Mo 4d orbitals increases, the resonant
enhancements in these CIS curves become
stronger. From Figs. 4(a) and 4(b), it is clear
that the resonant enhancements at Fz=1.8
(for Ko3Mo00s) or 1.5 (for K;33:M00s) eV in
the conduction or the outermost valence
bands are much larger than those at the other
binding energies in the valence bands. On the
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contrary, the resonant effects at Ez=4.6eV
corresponding to the shallower binding energy
Eg region of the valence bands are very weak
for both materials, whereas remarkable
resonances are observed at the deeper binding
energies in the valence bands. Moreover, the
enhancements at the middle binding energies
of the valence bands at Ez=6.7 (for K,;Mo00O;)
or 7.1 (for Ky33Mo00;) eV seem to be larger
than those at the deeper structures with
EB=8.0 (fOI' Ko,3MOO3) or 8.7 (fOl' Ko‘33MOO3)
eV. These points can be explained by this sim-
ple band structure model. As for the first
point, the conduction (or the outermost
valence) bands of these two compounds con-
sist of #* bands dominated by the Mo 4d or-
bitals, while the valence bands are made up of
pn, n and o bands ascribed to the oxygen 2p
orbitals or to those hybridized with Mo 4d or-
bitals. Therefore, it is reasonable that the reso-
nant enhancements in the region of the conduc-
tion (or the outermost valence) bands are the
largest at first. As for the second point, the
very weak resonances at the shallow binding
energies in the valence bands around Ez=4.6
eV are attributed to the existence of the non-
bonding pr valence bands. Finally, the degree
of the hybridization of Mo 4d state of orbitals
at the middle binding energy in the valence
bands is larger than that of ¢ orbitals at the
deeper binding energies as understood from
Fig. 6. For this reason, the resonances at the
middle binding energies in the valence bands
at Ep=6.7 (for K,3Mo0O;) or 7.1eV (for
Ko.313Mo00Q;) are larger than those at the deeper
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binding energies in the valence bands at
Ez=8.0 (for Ky3MoOs;) or 8.7¢V (for
Ko.:3M00;). We can also explain the CIS spec-
tra of Ko9MsO;7 by a simple model analogous
to that of K,3Mo0O; and K,33M00;. In princi-
ple, the band structure of K, sM4O,7 is similar
to that of Ko3MoO; and K, 3;3M00; originating
from the elementary MoOs octahedron, while
there are some differences derived from the
existence of the layers of MoO, tetrahedra
separating the four layers of MoOg octahedra.
From Fig. 4(c), it is obvious that the resonant
enhancements at Eg=0.7 eV in the conduction
bands are much larger than those at the other
binding energies in the valence bands. Besides,
the enhancements at the middle binding
energy region of the valence bands Eg=7.0 eV
are larger than those at the deeper structures
with E5=28.5 eV. These two points are also ob-
served in those of K¢3MoO; and Kg33:M00;
and can be realized from the same energy level
scheme as discussed above. On the other
hand, the resonant effect at Ex=4.6 €V at the
shallower binding energy FEp region of the
valence bands is not so weak as the cases of
Ko.3Mo0O; and K, 33Mo0Os. It suggests a contribu-
tion of the nonbonding orbitals of Mo 4d
states originating from MoO, tetrahedron in
the higher region of the valence bands near
FEz=4.6eV of Ko,gMOsOn.

§5. Conclusion

The angle-integrated ultraviolet photoemis-
sion spectra of potassium molybdenum
bronzes Ky3:MoO;, Ko33:M00O; and Ky.sM0O17
have been systematically measured for the
photon energies between 32 and 100eV at
room temperature. The measurements of total
yield spectra have also been made on
Ko.:M00O; and KysMoO;;. The CIS spectra in
the region of the valence and conduction
bands have shown the strong resonant
enhancements around the photon energy
hv=49 or 50 eV. While this energy is much
greater than the binding energy of the Mo 4p
core level measured by photoemission, these
resonant effects are ascribed to the in-
terference of the direct photoemission of Mo
4d states with the final state realized through
the super Coster-Kronig decay of the Mo 4p
core excited states leading to the same final
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state. A characteristic peak is also observed
around Av=49 or 50 eV for total yield spectra,
which is understood as the maximum of the
Mo 4p—4d absorption. This energy is in coin-
cidence with the energy of the resonant
enhancement for the CIS spectra. Thus, the
delay of the resonance from the core binding
energy is attributed to the delay of the absorp-
tion peak.

The magnitude of these enhancements cor-
responds to the local electronic densities of
Mo 4d orbitals at the corresponding binding
energies. We can successfully explain the
strength of these resonant effects by the simple
band structure model.
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