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Electronic structure and charge transfer processes in a Bi-Ca misfit cobaltate
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We report polarization-dependent on-resonance and off-resonance photoemission and x-ray absorption mea-
surements to probe the character and the symmetry of the occupied and empty valence-band (VB) states of the
four-layered misfit cobaltate [Bi,Ca,0,4]RS-[C00,]; ¢7. These experiments bring clear evidence that the one-
electron removal VB photoemission spectra, between the Fermi energy (Ep) and ~4.5 eV, contain Co 3d
states, which are strongly hybridized with O 2p states in the binding energy region of ~1.8—~4.5 eV below
Ep. The states at the Fermi energy have a;, out-of-plane symmetry. In addition, by tuning the incident photon
energy across the Co 2p3,— Co 3d (ay,) threshold and the O 1s— O 2p—Co 3d (a,,) hybridized threshold,
both found at ~2 eV below the absorption edge maximum, it is possible to observe a transition from a Raman
regime to an Auger regime. From this transition the charge transfer dynamics from the Co 3d to the O 2p states
and from the O 2p to the Co 3d states have been estimated to be ~3 and ~3.3 fs, respectively. This combined
information suggests an electron hopping process between neighboring Co a,, states across E and mediated

by O 2p states with suitable symmetry.
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I. INTRODUCTION

In the last decade sodium and misfit cobaltates have chal-
lenged our understanding of the physics of strongly corre-
lated materials because of the coexistence of large thermo-
electric power (TEP) with low resistivity and low thermal
conductivity.'~” Misfit cobaltates are characterized by a com-
plex three-dimensional crystalline structure with a rocksalt
(RS) block of oxides in between CoO, slabs. In the Bi misfit
family, the RS block is formed by four pseudoquadratic lay-
ers of the type M-O/Bi-O/Bi-O/M-O (with M=Ba, Sr, or
Ca) [see Fig. 1(a)]. By reducing the electron motion along
the c axis, the RS imposes a quasi-two-dimensionality upon
the CoO, planes and acts as a charge reservoir for the CoO,
layers. The composition of the RS block modifies the number
of free carriers in the CoO, planes and consequently the
nominal ratio of Co** to Co*" ions. Angle-resolved photo-
emission spectroscopy (ARPES) measurements have shown
that the electronic structure near the Fermi level is similar in
Na and misfit cobaltates, which legitimates the comparison.®

Here we report an experimental study, based on
polarization-dependent (on-resonance and off-resonance)
photoemission (PE) and x-ray absorption spectroscopy
(XAS), of the Bi misfit cobaltate [Bi,Ca,0,]*S-[C00,]; ¢7
(hereafter BiCaCoQ). The aims of this work are to elucidate
the nature and the character of the Co 3d occupied and un-
occupied valence-band (VB) electronic states and to evaluate
the degree of hybridization of the Co-O bonds. In addition,
by combining resonant photoemission (ResPES) and XAS
with the polarization selection rules, we also obtain informa-
tion about the symmetry of the resonating states. ResPES
measurements at the Co Ly and Co M3, edges reveal strong
Co 3d character down to ~4.5 eV binding energy (BE) and
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a significant overlap between states with Co 3d and O 2p
characters between 1.8 and 4.5 eV below Er. These measure-
ments, together with polarization-dependent PE and XAS
measurements, confirm that the occupied and empty states
across Ef have a,, out-of-plane symmetry. We also track the
Raman-Auger transition for Co 2p;,3d3d and O 1s2p2p
Auger peaks. Both these transitions involve the Co a,, out-
of-plane states, revealing an abrupt delocalization of the ex-
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FIG. 1. (Color online) (a) Schematic of the side view of the
BiCaCoO misfit structure. The distorted Co-O octahedra layers are
separated by four pseudoquadratic RS layers stacked in the order
CaO/BiO/BiO/Ca0. agrg and brg indicate the in-plane crystallo-
graphic axes for the RS. (b) Top view picture of the CoO, triangular
lattice. The green circles are the Co ions, while light blue circles are
the O ions. ar and by indicate the in-plane crystallographic axes for
the triangular lattice.
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cited core electrons. Within the sudden approximation, this
finding can be interpreted in view of the electron transport
mechanism, suggesting an electron hopping process between
neighboring Co a,, states across E, and mediated by O 2p
states with a suitable symmetry. The charge transfer times
are estimated to be ~3 fs for electrons from Co 3d to O 2p
states and ~3.3 fs for electron transfer from O 2p to Co 3d
states.

The physical properties of BiCaCoO are shown in Ref. 4.
Its room-temperature (RT) TEP (~140 uV K7!) is compa-
rable with that of Na,CoO, with x near 0.8 (Ref. 5) and
larger than BiSrCoO (Ref. 9) (~125 wV K~!) and BiBaCoO
(~95 wV K™1).1° Due to the low value of its thermal con-
ductivity (~1 W K='m™" at 300 K), its figure of merit is
calculated to be 0.015 at RT, comparable with that of
Na,CoO, (0.03) and that BiSrCoO (0.025). The doping in
BiCaCoO, estimated to x=0.8 (Ref. 11) to 0.9,% has the larg-
est x value for misfit cobaltates. This puts BiCaCoO in the
poorly explored region of the Na,CoO, phase diagram, near
the band insulator limit, where unexpected magnetic correla-
tions and a huge increase in the TEP (Ref. 5) are detected.
The in-plane resistivity p,,(T) (60 mQ cm™! at RT) exhibits
a progressive change from dp,,/dT>0 to dp,,/dT<0 at T
~200 K as T decreases. BiCaCoO shows a large negative
magnetoresistance®!%!12  (not reported in Na cobaltates)
reaching —87% in 7 T at 2.5 K—the largest value reported
for a misfit cobaltate—revealing that there exists a coupling
between itinerant carriers and magnetic fluctuations. These
properties are consistent with those of samples grown by
other groups.'>!* To interpret these physical properties, the
modification of the orbital occupation near the top of VB has
been proposed'? and a clear picture of the nature of the elec-
tronic states at the top of the VB is desirable.

Figure 1(a) shows a representative picture of the BiCa-
CoO misfit structure. The RS block separates Co-O layers, in
which Co ions are located in the center of an octahedron with
six oxygen atoms. Each octahedron is tilted and compressed
with respect to the ¢ axis. Such a distortion results in layers
of triangular arrays of Co sandwiched between oxygen layers
[see Fig. 1(b)], which are also present in Na and other misfit
cobaltates. The misfit structure derives from the incommen-
surability of one of the in-plane cell parameters between
each sublattice (bgg/b;=1.67).)> The octahedral distortion
lowers the local symmetry group of cobalt from O,, (octahe-
dral) to Dj, (trigonal), leading the occupied t,, states to split
into new states, one with out-of-plane symmetry (a;,) and
the other double degenerate with more in-plane symmetry
(eg,) compared with a;,. These states can be represented as

1
|a1g> = \/_5[|dxy> + |dyz> +|d )], (1)
! 1 —i2m) —idm,
|egl)=+ V—§[|dxy)+e 2 /3|d),z>+e 431 d, )], (2)

1 . )
|eé2> —_ ,_§[|dxy> + e+:2ﬂn-/3|dvz> + e+147-r/3
N ’

dzx>] ’ (3)

where |d,,), |d,.), and |d_) are the atomic orbitals in the
reference system (x,y,z) of the undistorted octahedra. Clear
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pictures of these orbitals are reported in Fig. 2 in Ref. 16.

The knowledge of the energetic order between the 1,, or-
bitals is of crucial importance for understanding the interplay
between the low-energy electrodynamics properties of these
compounds and the symmetry character of the
carriers.>>!31718 Although, in a crystal-field approach the
trigonal distortion would stabilize the a,, state compared to
e, states,'” band calculations® predict that the top of the 7,,
band has a dominant a,, character, with six eé', pockets at K
points of the Brillouin zone. Many spectroscopic experimen-
tal studies*' > confirm the a;, character prediction, but e}
pockets could not be detected by ARPES.32428 Ap initio
quantum chemistry calculations predict a lower value for e;
bands,? which may account for this difference. Neverthe-
less, a direct and clear experimental evidence of the out-of-
plane symmetry character of the states across E is lacking in
misfit cobaltates.

II. EXPERIMENTAL

BiCaCoO single crystals with dimensions of approxi-
mately 1.5X1.5X0.3 mm® (aXbXc) were grown by a
standard flux method.’® They were characterized by mag-
netic and transport measurements,'® while the misfit crystal
structure and parameters have been investigated by x-ray dif-
fraction measurements confirming the misfit crystal
structure. '3

The PE and XAS experiments were carried out at the
BACH beamline’'3> on the Elettra storage ring. Samples
were cleaved in situ at RT at a background pressure of
<5X 1071 mbar, while the experiments were performed in
a background pressure of <4 X 107! mbar. The cleaved sur-
faces were seen to be very stable and remained clean for
~48 h.

PE spectra were acquired using a 150 mm VSW hemi-
spherical electron analyzer with a 16-channel detector. The
analyzer work function ¢ was determined by measuring the
Ep of a pure Au sample using the first and the second orders
of the diffraction grating. The overall experimental resolu-
tions were set at 380, 250, and 70 meV for ResPES spectra
across the Co L5 edge, the O K edge, and the Co M, edges,
respectively. XAS spectra were measured using the total
electron yield with energy resolutions of 0.5 and 0.2 eV for
the Co L3, edges and the O K edge, respectively. PE and
XAS spectra were referred to the Ep of a gold reference
sample. All data were collected at RT.

Figures 2(a) and 2(b) show the polarization configurations
exploited. The incidence angle (6,,.), defined as the angle
between the direction of the incoming photon direction and
the normal to the sample surface (i.e., the ¢ axis), was fixed
at 60° for all PE measurements, while it was changed from
0° to 60° for XAS measurements. Hereafter we define as the
P geometry the experimental condition when the light elec-
tric field E lies in the plane defined by the photon direction
and the ¢ axis [Fig. 2(a)] and the S geometry when E is
perpendicular to that plane [Fig. 2(b)]. Figure 2(c) shows the
scheme of the light electric field components with respect to
the orientation of the Co-O octahedra. Note that in the P
geometry there are contributions from out-of-plane states of
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FIG. 2. (Color online) Schematic view of the experimental con-
figurations: (a) in the P geometry the light polarization is parallel to
the plane defined by the photon direction and the ¢ axis; (b) in the
S geometry the light polarization is perpendicular to it. (c) Scheme
of the light electric field components with respect to the orientation
of the Co-O octahedra.

a,, symmetry together with the in-plane e; states.

PE spectra taken on the same sample, for different
cleaves, were found to be consistent. The cleanliness of the
surface was checked during the entire experiment by taking
PE spectra of the VB and O 1s spectral region. The O K and
Co L3, ResPES spectra were aligned using the Bi 5ds,, core
level.

III. X-RAY ABSORPTION RESULTS

Figure 3(a) shows the first peak of the O K edge absorp-
tion spectra acquired in the P geometry at 6,,,=0° and 6;,.
=60°. According to the literature on Na cobaltates,’33* the
features labeled as A, A,, and Az and located at 528.1, 529,
and 530 eV, respectively, are assigned to O 2p empty states
hybridized with Co 3d empty state, while the structures at
higher photon energies [shown in the inset of Fig. 3(a)] are
assigned to transitions from the O 1s to O 2p empty states
hybridized with Bi and Ca outer orbitals (532-539 eV) and
with Co 4sp continuum states (539-547 eV). The energy
splitting between A and A, is ~0.9 eV and that between A,
and Az is ~1 eV. The angular dependence of their intensi-
ties (an increase in spectral weight with the incidence angle
for A; and an opposite trend for A,) allows to specifically
assign them to Co** a;, (4)), Co** ¢, (A,), and Co** ¢, (A;)
states, as was done for Na cobaltates. 53 It is worth notlng that
the angular dependence of A5 is not straightforward because
of the eventual presence of O 2p—Bi 6p hybridized states in
the same energy region, as already reported in Refs. 21 and
23 for BiSrCoO and confirmed by cluster calculations for
BiCaCo0O.%
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FIG. 3. (Color online) (a) O K edge main peak and(b) Co L;
edge XAS spectra of BiCaCoO acquired in the P geometry for
0;,c=0° (black curve) and 6;,.=60° (red curve). The inset in (a)
shows the wide O K edge absorption spectrum. The inset in (b)
shows enlarged C, feature; dots represent the experimental points,
while the dashed lines represent the smoothed curves. A linear
background has been subtracted to the spectra, and they have been
consequently normalized at 1 at 555 eV for the O K edge and 815
eV for the Co L5 edge, far above the absorption threshold.

Co L; edge XAS spectra at 6;,,=0° and 6,,,=60° are
shown in Fig. 3(b). They are also in good experimental
agreement with those reported for other cobaltates.?!-33:34.36
L; edge consists of a main peak at 780.3 eV (C,) and two
shoulders at 778.5 eV (C,) and 782.5 eV (C3), which can be
attributed to Co** ions, by analogy with Na cobaltates.>3*
This confirms qualitatively the doping estimated for BiCa-
Co0. The data show an increasing emission for the C; fea-
ture by increasing the incident angle [see inset of Fig. 3(b)].
This result confirms that the holes near E have a dominant
a,, out-of-plane orbital character, in agreement with O K
edge XAS.

IV. PHOTOEMISSION RESULTS
A. Valence-band features

Figure 4 reports the full VB spectrum of BiCaCoO ac-
quired at hv=90 eV in the P geometry. The most-
pronounced VB components are marked by the letters from
A to G. The broad emission centered at 11 eV is the result of
the superposition of two components: the Bi 6s core level®’
(H) at ~11.5 eV and the correlation satellite G centered at
~10.5 eV BE (detected also in Na cobaltates)?* and not pre-
dicted by density of states (DOS) calculations,”” indicating a
strongly correlated behavior.

By comparing this spectrum with that of Na,,CoO, (Ref.
24) measured at the same photon energy, one can see that the
VB line shape reveals the same general features as Na co-
baltates: a peak near the Fermi level is separated from a
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FIG. 4. BiCaCoO VB spectrum acquired at RT with hv
=90 eV in the P geometry (overall resolution: 70 meV).

wider structured region from ~2 to ~8 eV BE even if it has
more structure with respect to Na. This is in general agree-
ment (with the exception of emission F) with band theory
DOS calculations®® for Na, sCoO,, confirming that VB states
are constituted mainly by Co 3d and O 2p states. In the fol-
lowing we will explain the character and the symmetry of the
VB states.

B. ResPES at the Co L; edge

Panels (a) and (b) of Fig. 5 show a selection of wider VB
spectra obtained by tuning the photon energy across the
Co L; edge from 775 to 785.5 eV in the P and S geometries.
The photon energies are marked as circles on the correspond-
ing XAS spectra in panels (c) and (d). The spectra have been
normalized to the intensity of the Bi 5d5,, core level, located
at 28.7 eV BE, whose cross section does not change appre-
ciably in this energy range. By increasing the photon energy
for both P and S geometries the emission near Ef is first
almost suppressed (hv=777 eV) and then it strongly in-
creases, starting from Av=779 eV, reaching a maximum at
the top of the absorption edge, hv=780.2 eV. This finding
is consistent with that reported for Co L; ResPES experi-
ments on the superconductor Nag35Co0,-1.3H,0 (Ref. 22)
and the Bi-Sr misfit cobaltate.?® This result confirms that the
sharp emission near £y has a predominant Co 3d 1,, charac-
ter.

The constant BE pure resonant enhancement of the deeper
part of the VB (2-9 eV BE) cannot be clearly interpreted
because of the resonant Co 2ps,3d3d Auger line [marked by
thick vertical dashes in Figs. 5(a) and 5(b)]. The evolution of
the Auger contribution will be discussed in Sec. V A.

Figure 6(a) shows the resonant spectral weight (RSW)
obtained by subtracting spectrum 1 from spectrum 8 in Figs.
5(a) and 5(b). The amount of resonance of the peak near Ep
is less pronounced in the S geometry than in the P geometry.
This effect is unlikely to originate from geometric factors,
i.e., the enhancement of the PE cross section for out-of-plane
a, states in the P geometry with respect to e;. In fact, the
graph also reveals a transfer of spectral weight from the peak
near Ep to the resonant Co 2ps,,3d3d Auger line in the S
geometry with respect to the P geometry. The more intense
Auger emission in the S geometry with respect to the P ge-
ometry can be regarded as experimental evidence that the
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FIG. 5. (Color online) Resonant VB PE spectra collected with
photon energies across the Co Ls edge in the (a) P and (b) S geom-
etries. The spectra corresponding to the resonance maximum are
shown in thick lines (orange and violet, respectively). XAS spec-
trum at the Co L; edge measured in the (¢) P and (d) S geometries.

in-plane empty states are more delocalized than those out of
plane.

C. Geometry dependence of the valence band

In order to evaluate the energetic order of the Co 3d 1,,
states near Ep, we performed high-resolution off-resonance
VB measurements at hv=94 eV. The results are shown in
Fig. 6(b) for both the geometries. The comparison between
the two spectra shows that in the S geometry the spectral
weight near E decreases, while it increases in the P geom-
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FIG. 6. (Color online) (a) Resonant spectral weight for the P and
S geometries obtained by subtracting spectrum 1 from spectrum 8
in Figs. 5(a) and 5(b). The spectra have been normalized to the
background taken at 30 eV BE. (b) Polarization-dependent VB PE
spectra acquired at hv=94 eV with an overall resolution of 70
meV; the difference spectrum (P geometry—S geometry) permits to
identify the a;, and e, centroids.

etry. This behavior is consistent for VB acquired at different
photon energies (not shown here). This shows unambigu-
ously that the low-lying excitations have majority out-of-
plane a,, character in BiCaCoO as in other cobaltates. By
taking the difference between these two spectra, we can es-
timate that the centroids of the a;, and e ; bands lie at ~0.33
and ~1 eV below Ep, so the energy difference between the
centroids of the two bands is not large (~670 meV), and the
bands largely overlap over the 1 eV peak below Ej. This
energy splitting is not large enough to reduce from six to two
the spin degeneracy of the hole in the VB.

D. ResPES at the Co M3, edges

Figure 7 shows the modulation of the VB, while the pho-
ton energy is tuned across the Co M3, edges in both (a) P and
(b) S geometries (the Co 3p core level main peak is located
at about 60 eV BE). A Shirley background?® has been sub-
tracted from the normalized spectra. As the ResPES at Co Ls
edge is difficult to interpret due to the superposition of the
Auger signal, resonant effect at this edge can be used to get
complementary information. The VB components are
marked by the letters from A to G according to the assign-
ment in Fig. 4. Transition metal 3p-3d resonances are usually
much less intense than the 2p-3d resonances and sometimes
difficult to interpret. However, here ResPES spectra reveal
clear resonant behavior. In fact, emission B, whose centroid
is located at 2.37 eV BE, resonates in the P geometry reach-
ing a maximum at ~v=68 eV, while emission C, located at
3.4 eV BE, resonates in the S geometry reaching a maximum
at hv=65 €V [these two spectra are plotted together in Fig.
7(c)]. So the Co 3d character extends up to ~4.5 eV below.
This indicates not only that components B and C contain
Co 3d character but also that they have different symmetries,
B being more out of plane and C being more in plane. Their
resonant behaviors at different energies are due to the differ-
ent symmetries of their wave functions.
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FIG. 7. (Color online) ResPES spectra collected with photon
energies across the Co M3, edges in the (a) P and (b) S geometries.
The spectra corresponding to the resonance maximum are shown in
thick lines. (c) Comparison between the resonance maximum in the
P geometry (hv=68 eV) and in the S geometry (hv=65 eV).

The resonant enhancement of these two emissions is iden-
tified by their corresponding resonant profiles (RPs) across
the Co M3, edges, shown in Figs. 8(a) and 8(b) for all the
VB components. RP have been calculated by integrating the
intensity of each VB component as a function of the incident
photon energy and normalizing such intensity to the overall
VB intensity. This makes the profiles to represent the relative
enhancement of each emission with respect to the overall VB
spectral weight that, due to the partial photoionization cross
section of the VB, becomes weaker as the excitation energy
increases.

Of particular interest is the RP for component A in both
geometries. Its trend reveals both atomic and metallic contri-
butions [indicated as “a” and “m” in Fig. 8(a)] to the wave
function of the intermediate states involved in the de-
excitation process: it keeps a constant value at lower photon
energies, it suddenly decreases while approaching the Co 3p
edge (the minimum is around 62 eV), and then it increases
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FIG. 8. (Color online) Resonant profiles for VB spectra acquired
in (a) the P and S geometries. The resonant profiles have been
calculated by integrating the VB spectra in different BE regions and
normalizing to the overall VB intensity. The solid black line in (a)
represents the Fano profile associated to the atomic part of the reso-
nant profile. Panels (c) and (d) show the BE regions for the hv
=51 eV VB in P and S geometries, respectively (component A:
1.62 to —=0.2 eV; component B: 3.1-1.62 eV; component C: 4.1-3.1
eV; component D: 5.25-4.1 eV; component E: 7.6-5.25 eV; com-
ponent F: 9.25-7.6 eV ; and component G-H: 13-9.25 eV). The RP
features are less smooth in the S geometry because fewer spectra
were taken in this configuration.

moving to higher photon energies. The atomic part (from 58
to 66 eV) can be fitted with a Fano profile® (superimposed
in the graph for the P geometry): a minimum close to the
excitation threshold (~60 eV) and the following (relative)
maximum, as a result of the interference between the wave
functions of the electrons photoemitted directly from the VB
or as a consequence of the autoionization. In the minimum,
i.e., for destructive interference, the wave functions are out
of phase. When approaching the maximum, the wave func-
tions shift to the same phase, enhancing the total yield. The
mathematical expression for the Fano profile is I=(g
+€)?/(€2+1), where ¢ is the Fano asymmetry parameter and
e=(E-E,;)/T (E, is the resonance threshold energy and I is
the lifetime width of the core level, Co 3p in this case). The
fit gives E,;,=63 eV, I'=1.5 eV, and ¢=0.36. As ¢ is pro-
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portional to the ratio between the transition probabilities of
indirect and direct PE processes, we can argue that emission
A is dominated by the direct PE from the VB.

Together with this similarity with the atomic Fano reso-
nance, two other characteristics can also be noticed corre-
sponding to the resonant behavior of more delocalized states:
first of all, the onset of the resonance maximum of this peak
is delayed to ~78 eV, far above the 3p threshold; second,
the resonance occurs over a broad energy range of more than
10 eV (as for components B and C in P and S geometries,
respectively). Both the delay and the width of the resonance
process are due to the metallic nature of unoccupied electron
states above the Fermi level, which allow shake-up transi-
tions from the VB to the empty states across several tens of
eV, simultaneously with the excitation of a 3p core electron.
Such a behavior is similar to that reported in literature for
metallic Co.** The shoulder representing the atomic effects is
absent in the RP of components B and C in P and S geom-
etries, respectively. We ascribe this behavior to the more de-
localized Co 3d wave functions in this energy region due to
the hybridization with O 2p states.

While the RP for component F remains constant in the
entire energy range for both geometries, the RPs for emis-
sions D, E, and G-H have different trends in the P or S
geometry. For D and E this could be due to the fact that these
emissions are not clearly distinct in the VB. More interesting
is the resonant behavior of the correlation satellite G, calcu-
lated by integrating the spectral intensity from 9.25 to 13 eV
(we assume that Bi 65 intensity H is not affected by Co reso-
nance). Its resonance maximum occurs at ~57 €V in the P
geometry, slightly below the Co 3p core level maximum, and
at ~65 eV in the S geometry, above the 3p absorption edge.

E. Photon energy dependence of the valence band

Figure 9(a) shows the modulation in intensity of the VB
states as the photon energy is varied from 122 to 187 eV in
the P geometry. The spectra were normalized with respect to
the background at 50 eV BE. By taking advantage of the
different dependences of the cross section on the photon en-
ergy between the Co 3d and the O 2p states, in particular
below 200 eV [see Fig. 9(b)], we can discriminate the char-
acter of VB states by monitoring their relative intensity emis-
sions versus the energy of the photon. We have limited the
analysis to photon energies in the range of 100-200 eV,
avoiding photon energies below 90 eV since the Co 3d cross
section could be still affected by Co 3p-3d resonance inter-
ference effects.

A qualitative comparison of these four spectra reveals that
component A varies slightly in intensity, whereas emissions
B and C show a dramatic photon energy dependence. This
suggests that B and C have an O 2p character, as in this
photon energy range the O 2p cross section decays faster
than that of the Co 3d. As was pointed out by the ResPES
data at the Co M, edges (Fig. 7), this is the energy region in
which Co 3d states are also found. As emissions B and C are
those that resonate at the Co M;, threshold in the P and S
geometries, respectively, this finding can be regarded as an
experimental evidence of the strong overlap between the
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FIG. 9. (Color online) (a) VB PE spectra acquired at different
photon energies in horizontal polarization. The overall resolution is
0.1 eV. The spectra have been aligned with respect to the Bi 5ds,,
core level and normalized at 50 eV BE. (b) The O 2p and Co 3d PE
cross sections plotted as a function of the photon energy (taken
from Ref. 41), normalized at 200 eV, together with the integrated
intensity of emissions B and C.

O 2p and Co 3d orbitals. Moreover, emission C decays more
slowly than B as the photon energy increases. In Fig. 9(b) the
integral of components B and C superimposed on the Co 3d
and O 2p cross sections*! was reported. The integral of emis-
sion B follows quite well the decay of the O 2p cross sec-
tion, while the integral of emission C does not. This behavior
is consistent with the idea that emission B has more O 2p
character than emission C. This is also consistent with the
larger resonant increase in emission C at the Co M5, edges
with respect to emission B [see Fig. 7(c)].

V. RAMAN-AUGER TRANSITION AND ESTIMATION
OF THE CHARGE TRANSFER TIME

A. Transitions at the Co L3 edge

The existence of Co L;VV Auger emissions, which grow
from hv=777 eV at 3.8 eV BE [i.e., ~767.5 eV kinetic
energy (KE)] and resonate according to the absorption inten-
sity, in Co L; ResPES spectra [see Fig. 5(a) and 5(b)] is due
to the core hole recombination dynamics. In fact, the pure
resonant states resonate at constant binding energy if the ex-
cited electron remains localized on the ion and it participates
in the core hole decay.42 However, when the excited electron
delocalizes “before” the core hole recombination process (for
example, via hopping to the ligand orbitals or to the conduc-
tion band), it does not participate in the core hole decay, and
the system decays via a normal Auger process. As a conse-
quence, the emitted electron is detected at constant kinetic
energy. The transition from constant BE (Raman) to constant
kinetic energy (normal Auger) emission occurs when the life-
time of the core hole (referred to also as the charge transfer
time) becomes shorter than the lifetime of the intermediate
state. So ResPES can also probe the degree of localization of
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resonating states and indirectly the time scale of the charge
transfer processes of matter in the low-femtosecond time re-
gimes, with an intrinsic lifetime scale given by the lifetime
of the intermediate (core hole) state.*>** Obviously, the
above description and its consequences are valid in the limit
of the PE sudden approximation, in which the relaxation of
the on-site electronic cloud due to the Coulomb potential
created by the deep core hole is omitted.

Figure 10 shows the kinetic energy position of the
Co L;VV Auger peak as a function of the incident photon
energy for both P and S geometries. The KE has been ex-
tracted by fitting the centroid of the Co L;VV Auger with a
Gaussian line shape. The error bars have been estimated
from the fitting procedure. The Co L; XAS acquired in the P
geometry has been superimposed in the graph for compari-
son. Well below the Co L; edge, the KE position changes
with the photon energy. This behavior is typical of the non-
radiative Raman regime, where the excited core electron par-
ticipates in the core hole recombination process. The KEs of
the Auger peak are different for the P and S geometries. As
the difference is within the error bar, we cannot discriminate
if this different slope originates from a geometrical factor or
is an artifact. Moreover, in the Raman regime we observe
little differences in the line shape of these peaks in the two
geometries, which could be, in principle, ascribed to the dif-
ferent intermediate states selected by the polarization selec-
tion rules. However, we cannot unambiguously interpret
these features because the Co L;VV Auger overlap with the
one-electron removal VB emission.

We have fitted this “pre-edge” region with a linear func-
tion (y=a+bx) giving b=1.13%0.03 for the P geometry and
b=1.010%=0.015 for the S geometry, consistent with that ex-
pected for Raman behavior. For Av>778.5 eV, the slope
decreases and the KE reaches a maximum value of
~770.2 eV at hv~779.3 eV. This value corresponds to the
BE of the Co 2ps, core level (Ep), which is about 0.6 eV
higher than the KE value characteristic of the off-resonance
Auger (769.615+0.030 eV). At higher photon energies the
position of the peak gradually moves toward lower KE val-
ues and reaches at ~780.2 eV (in correspondence of the
maximum of the absorption edge, Ey) the kinetic energy of
the off-resonant Auger spectra. The deviation from the
Raman-like behavior takes place at the intersection between
the pre-edge region and the above resonance regime at hv
~778.5 eV, corresponding to Co 3d a;, states of the ab-
sorption edge. This behavior is interpreted as a sudden delo-
calization of the excited electrons as soon as they have
enough energy to reach Co 3d a;, empty states.

The presence of an intermediate region between Ep and
Ey, where the slope of the curve deviates from one, suggests
an overlap between Raman and normal Auger processes,
which could be the result of the persistence of reduced 3d
electron localization as hv is increased above the Ep value.
When hv reaches Ey, the system is free to de-excite through
a pure normal Auger process. A similar behavior has been
observed before for the Mn L;VV Auger in Mn/Si(111) thin
films.**

B. Transitions at the O K edge

Figures 11(a) and 11(b) show a selection of ResPES spec-
tra obtained by tuning the photon energy across the O K edge
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FIG. 10. (Color online) Kinetic energy position of the Co L;VV Auger peak plotted as a function of the incident photon energy for both
P (blue) and S (red) geometries. Co Ly XAS acquired in the P geometry has been superimposed in the graph for comparison, together with
a Gaussian representing Co a,, states. The crossover is the energy of the intersection point of the two straight lines fitting the Raman and
normal regimes (dashed lines). Exa, Ep, and Ey are indicated by vertical dashed lines and their meanings are explained in the text.

from 523.5 to 535.25 eV in both geometries. The spectra
have been normalized to the incident flux and plotted as a
function of the kinetic energy for a better representation. The
photon energies are marked as circles on the corresponding
XAS spectra in (b) and (d). The VB and outer core levels
(Bi 65, O 2s, Ca3p, Bi 5d, and Ca 3s) are visible together
with four resonant Auger peaks (labeled as A-D, going from
higher to lower kinetic energies). It is worth noting that
emission A, originating from the O 1s2p2p Auger process, is
derived from transitions that interfere with direct PE from
the VB. Peaks B and C correspond to O 1s2s2p Auger tran-
sitions, while peak D corresponds to the O 1s2s2s Auger
peak.* The intensity of these four Auger emissions changes
while the photon energy is tuned across the absorption
threshold according to the absorption intensity.

It is worth noting that no pure resonance in the VB ap-
pears while the photon energy is tuned across the absorption
edge. There is an increase in spectral weight in the deeper
part of the VB (from 2 to 7 eV BE) due to the low-BE tail of
the O 1s2p2p Auger peak. This occurs because of the delo-
calized nature of the O 2p orbitals, causing the excited inter-
mediate states to have a lifetime smaller than the lifetime of
the O 1s core hole, so that all the electrons delocalize faster
than the recombination process and no constructive interfer-
ence can occur. This does not occur at the Co L5 edges due to
the more localized nature of some of the Co 3d intermediate
states.

In the following we focus only on the O 1s2p2p Auger
line, as B-D have lower intensities and other core levels are
located in the same energy region. Tracking the KE position
of the O 1s2p2p Auger peak is complicated as the Auger line
shape is constituted by at least four components. Therefore,
we have limited our analysis to photon energies at the begin-

ning of the absorption edge, where the Raman-Auger transi-
tion takes place. In this energy region the Auger peak can be
interpreted as a single component emission. Figure 12 shows
a magnification of the O 1s2p2p Auger peak, while the pho-
ton energy is tuned across the O K edge in the energy range
of 523.5-528.75 eV, in the S geometry. The Auger KE posi-
tion is indicated by vertical dashes. Emission A undergoes a
transition from a Raman regime to a normal-Auger regime,
which takes place in correspondence to the thick green spec-
trum, acquired at hv~528.1 eV (Eg,), in correspondence to
the O 2p states hybridized with the Co a, state of the XAS
spectrum, similarly to the Co L5 edge. This photon energy is
located 2 eV below the absorption edge maximum and 1 eV
below the O 1s core level BE (529 eV). The transition takes
place at hv~528 eV in the P geometry (not shown here). As
the monochromator resolution was set to 0.2 eV, the differ-
ence between these two values is within the experimental
resolution, and no further details can be gained by the
present data. We observe differences in the line shape of this
peak in the two geometries, which are visible because the
peaks do not overlap with valence-band states. The analysis
of the O KVV Auger line shape as a function of the incident
photon energy and polarization across the absorption thresh-
old requires an extensive and detailed work that is out of the
scope of this paper.

The charge transfer dynamics reported for O and Co Au-
gers suggests a model for the electron transport based on
Co a,,~Co a,, indirect hopping: an electron in a Co a,, or-
bital can hop only onto the nearest Co atoms (into another
ay, orbital) through an intermediate O 2p orbital of suitable
symmetry. In this sense the oxygen ligands are the mediators
of the indirect exchange interaction between Co atoms. This
mechanism thus realizes the macroscopic electron motion
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FIG. 11. (Color online) Selection of ResPES spectra at the O K
edge acquired on BiCaCoO in the (a) P and (b) S geometries. The
spectra corresponding to the resonance maximum are shown in
thick line (blue and red, respectively). The spectra have been nor-
malized to the incident flux. The incident photon energies are
marked as full circles on the corresponding XAS spectra in (c) and
(d), respectively. The blue and red circles indicate the photon ener-
gies at which the PE spectra were collected in the corresponding
geometry. Peaks A—D that are marked by dashed lines correspond to
oxygen Auger peaks as labeled in the graphs.

along the ab plane. Our results support the picture that the
indirect overlap between Co 3d wave functions is predomi-
nant in the charge transport mechanism even if a direct
Co-Co hopping cannot be excluded. This is supported by
theoretical work!*#® claiming that, even if the direct hopping
between d electrons might be important for a realistic de-
scription of the band structure, its value is at least half that of
the indirect hopping.
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FIG. 12. (Color online) O 152p2p Auger peak acquired for v in
an energy range from 523.5 to 528.75 eV in the S geometry. The
spectra are plotted as a function of the BE. The thick green spec-
trum corresponds to the Raman-Auger transition (hv=528 eV).
The purple line indicates the KE position in the Raman regime.

C. Charge transfer time

The transition from the Raman to the normal Auger re-
gime is governed by the competition between the time scales
corresponding to the core-hole decay (7.,) and the charge
transfer (7,,) or, in more general terms, the delocalization of
the excited core electron in the intermediate state. If
7., <, the electron will hop on the ligand and the system
will de-excite via normal Auger behavior. These rates are not
simply constants, but they change throughout the absorption
threshold. As was suggested by earlier measurements (see,
for example, Ref. 47), the charge transfer time may possibly
depend on the intermediate state. This is due to the excita-
tions into orbitals hybridized with the neighboring atoms,
which have higher probability of delocalization in a given
time. On the other hand, close to the threshold, the core-hole
decay time has to be replaced by an “effective scattering
time,” which depends on the photon energy relative to the

absorption edge**8 according to
1 )
Ty = T—,

where () is the detuning energy (the difference between the
absorption edge maximum and the energy at which the
Raman-Auger takes place) and I is the lifetime of the core
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hole. The lifetime of the core hole could be, in principle,
derived from a fit of the O s core level PE spectrum with a
Voigt function fixing the Gaussian width equal to the overall
experimental resolution. Unfortunately, we cannot fit the ex-
perimental spectra because of the complexity of the bonds
between the oxygen and the metal ions. To give an estima-
tion of the charge transfer time, we take the O ls core hole
lifetime from gas phase PE experiments. Prince et al.®
showed that the O 1s core hole lifetime in different gases is
similar and it corresponds to a bandwidth of ~0.15 meV.
Assuming also for the present system a O ls core hole life-
time of I'=0.15 eV, with a detuning ) of ~2 eV, from Egq.
(4) we obtain 7,,~3.3 fs for electron transfer from O 2p to
Co 3d empty states, while 7,~3 fs for electron transfer
from Co 3d to O 2p empty states. We do not think such a
hopping could break the spin degeneracy (responsible for the
large spin entropy and consequently for the high ther-
mopower of this system)* because both spin channels are
coupled through it in the same way.

The effect of the electron correlation on the interpretation
of experimental photoemission data has been measured by
Valla et al>® in the case of ARPES measurements for two
parent compounds, namely, NaCo,O, and Pb-doped Bi-Ba
misfit cobaltates. The authors have pointed out how the
merge of the quasiparticle peak near E while the tempera-
ture is decreased is a fingerprint of strong electronic correla-
tions. However, this is not the case for the system under
investigation here as ARPES measurements report the lack
of the quasiparticle peak in BiCaCoO.

PHYSICAL REVIEW B 80, 035114 (2009)

VI. CONCLUSIONS

In conclusion, we have performed polarization-dependent
PE, ResPES, and XAS on the Bi misfit cobaltate BiCaCoO.
The present study unambiguously identifies the character of
the VB states in the one-electron removal PE spectra. The
occupied and empty states near E exhibit Co 3d (a;,) char-
acter, while the emissions from the Co 3d states spans from
Er to ~4.5 eV below Epf, having a strong overlap with the
O 2p states in the ~1.8—~4.5 eV BE energy region.

Concerning the de-excitation emissions, the Co 2p3,,3d3d
and O 152p2p Auger peaks undergo a transition from a Ra-
man to a normal Auger regime by tuning the incident photon
energy across the Co 2p;,— Co 3d (ay,) threshold and the
O 1s—02p-Co3d (a;,) hybridized threshold, respec-
tively. In the limit of the sudden approximation, this result
suggests a picture in which the electron hopping process be-
tween neighboring Co a, states across Ey is mediated by
O 2p states with suitable symmetry.

The charge transfer times, estimated from the value of the
detuning energy and the core hole lifetime [Eq. (4)], are
~3 fs for electrons from Co 3d to O 2p states and ~3.3 fs
for electron transfer from O 2p to Co 3d states.
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