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Electronic structure of LaO,_,F,BiSe, (x = 0.18) revealed by photoelectron spectromicroscopy
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We report an electronic structure study on LaO,_,F,BiSe, (x = 0.18) by means of photoelectron spectromi-
croscopy. The Fermi surfaces and band dispersions are basically consistent with the band-structure calculations
on BiS,-based materials, indicating that the electron correlation effects may be irrelevant to describe physics of
the new BiSe, system. In LaO,_,F,BiSe, (x = 0.18), the area of the Fermi pockets is estimated to be 0.16 £ 0.02
per Bi, consistent with the amount of F substitution. Although the spectromicroscopy technique avoids the effect
of microscale inhomogeneity for angle-resolved photoemission spectroscopy (ARPES), the ARPES spectral
features are rather broad in the momentum space, indicating the likely effect of local disorder in the BiSe, layer.
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I. INTRODUCTION

Soon after the discovery of superconductivity in Bi4O4S3
with the BiS, layer [1], a new family of BiS,-based lay-
ered superconductors was identified with a composition of
REO,_,F,BiS, (RE = rare-earth elements). Since then, the
physical properties of these new materials have been studied
by various experimental techniques [2—18]. In particular, the
REO,_,F,BiS, system consists of the electronically active
BiS, layers and the REO spacer layers, and the carrier
concentration of the BiS, layers can be controlled by the
F substitution in the spacer layers with superconducting
transition temperature 7, depending on the size of the RE
ion. The T, value also depends on the growth procedure, and a
maximum 7, of ~10.5 K appears in LaO;_,F,BiS; (x = 0.5)
synthesized by high-pressure annealing [4]. In addition, T, is
highly susceptible to the external pressure, e.g., LaO; _,F,BiS;
(x = 0.5) synthesized at ambient pressure annealing shows a
T, of ~2.5K, while it increases rapidly to 10 K at ~1 GPa
[11,12,16]. Very recently, Tomita et al. has found a maximum
T, of 10.7 K at ~0.7 GPa and has assigned this to be due
to a structural phase transition from tetragonal to monoclinic
at this pressure [18]. These experiments indicate that 7, in
the BiS,-based materials should be related to the structural
instability of the BiS, layer.

Various studies have been carried out to alter the structural
instability by substitutions in the electronically active BiS,
layer with a hope to obtain higher 7, in these materials.
Among these, substitution of sulphur by heavier chalcogen
atoms has been promising; however, the LaO;_,F, BiSSe [19]
and LaO;_, F,BiSe, [20], with heavier chalcogen ions, exhibit
superconductivity with 7, ~3.8 and ~ 2.6 K, respectively. It
has been proposed that a larger buckling distortion of the BiSe;
layer is responsible for the reduced 7, [21]. On the theoretical
front, Usui et al. has proposed that a Fermi surface nesting
of quasi-one-dimensional Bi 6p,/p, bands is responsible
for the superconductivity [22]. On the other hand, Yildirim
emphasized the roles of strong electron phonon coupling,
where a zone center ferroelectric phonon mode and a (g,g,0)
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phonon mode coupled with a charge density wave are expected
to play a significant role at x = 0 and 0.5, respectively [23].
Very recently, an x-ray photoemission spectroscopy (XPS)
study on LaO;_,F,BiS; [24] and angle-resolved photoemis-
sion spectroscopy (ARPES) studies on NdO, _, F, BiS; [25,26]
have revealed that there is an overall agreement between
the band-structure calculations and the experimental band
dispersions and Fermi surfaces. However, the XPS spectral
weight near the Fermi level (Er) appears to disagree with the
calculations, and the disagreement emphasizes the importance
of the electron-electron and/or electron-phonon interactions
[24]. The possible polaron correlation effect is also suggested
by the peculiar temperature dependence reported in the ARPES
study by Zeng et al. [25]. On the other hand, the ARPES
study by Ye et al. indicates rather weak electron correlations
[26]. In addition, an optical spectroscopy study by Wang et al.
excludes strong electron/polaron correlations [27]. The con-
flicting conclusions between the ARPES and optical studies
suggest that the polaron correlation may be enhanced at the
surface and that the surface electronic states are modified with
respect to the bulk electronic states. Interestingly, nanoscale
stripe patterns have been observed at the cleaved surface of
NdO,_,F,BiS, by means of scanning tunneling microscopy
[28], indicating that the cleaved surface of REO,_,F,BiS,
may suffer from structural and electronic reconstructions.
The disagreement between the two ARPES studies [25,26]
would be related to a kind of microscale phase separation (or
microscale coexisting domains) between two phases, with and
without the nanoscale reconstruction of the cleaved surfaces.
Another serious problem is that the area of the observed Fermi
surfaces is much smaller than that expected from the amount
of the F substitution in the previous works on the BiS, system
[25,26]. The large deviation from the expected Fermi surfaces
may indicate charge redistribution at the cleaved surface,
which would affect the interpretation of the ARPES results.
In this context, ARPES studies on related systems including
LaO,_,F,BiSe, would be useful to resolve the issues on the
electron and/or polaron correlation effect and the deviation on
the Fermi surface area. In addition, space-resolved ARPES
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with submicrometer spatial resolution would be helpful to
address the issue on the microscale phase separation of the
cleaved surfaces.

In the present work, we focus on LaOyg,Fy 13BiSe;, of
which single crystals have been recently grown by Tanaka
et al. [21]. The main purpose of this study is to verify
by photoelectron spectromicroscopy if microscale electronic
inhomogeneity exists on the cleaved surface of the new BiSe;
system. This is followed by measurements of Fermi surfaces
and band dispersions using submicrometer beam size on the
best part of the cleaved surface and compare the outcome
with the reported results on the BiS,-based systems. The
spectromicroscopy reveals microscale inhomogeneity related
to the surface LaO layer and enables ARPES measurements,
avoiding the effect of the microscale electronic inhomogeneity
due to the submicrometer spatial resolution. The Fermi
surfaces and band dispersions are basically consistent with
the band-structure calculations; however, the experimental
features are relatively broad, suggesting possible nanoscale
lattice disorder.

II. EXPERIMENT

The single crystals were grown as reported by Tanaka
et al. [21]. The photoelectron spectromicroscopy results
were obtained at the spectromicroscopy beamline, Elettra
synchrotron facility, Trieste [29]. Photons at 27 eV were
focused through a Schwarzschild objective in order to obtain a
submicrometer-size beam spot. For the present measurements,
the total energy resolution was set to about 50 meV and the
angle resolution was 0.35 degree. The scanning photoemission
spectromicroscopy images were obtained in the step size of
10 pm for the overview image and 1 yum for the fine image. The
single crystals were oriented by ex situ Laue measurements
and were cleaved in situ at 37 K under ultrahigh vacuum at
107'° Torr. All the measurements were performed at the same
temperature of 37 K. A standard photoemission microscopy
procedure was used to remove topographic features from the
images presented [30].

III. RESULTS AND DISCUSSION

Figure 1(a) shows a photoelectron spectromicroscopy
image of the cleaved surface of LaOgg,Fy 13BiSe, in which
photoemission intensity was integrated from 0.5 to 3.5 eV
relative to Ep. The regions with different contrast and
brightness are mainly derived from large height difference
in the cleaved surface. Although some regions appeared as
very dark or very bright in the overview image in Fig. 1(a),
the cleaved surface showed the moderately bright region with
reasonably good flatness. The moderately bright region of
Fig. 1(a) was selected as indicated by the solid box, and a
fine image of 100 um x 100 um was taken as shown in
Fig. 1(b). There is no appreciable electronic inhomogeneity
in the fine image of photoemission intensity integrated from
0.5 to =3.5 eV. Figure 1(c) shows photoemission spectra at
the three points (A, B, and C) selected from the fine image
of Fig. 1(b). Interestingly, the photoemission spectral shape
at point A is different from those at points B and C. The
photoemission intensity from—1.0 to —2.0 eV, which is derived
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FIG. 1. (Color online) (a) Overview image of photoelectron
spectromicroscopy on LaOg g, Fy 1sBiSe,. The photoemission inten-
sity is integrated from 0.5 to —-3.5 eV relative to Er. The solid
box indicates the region selected for the fine image. (b) Fine
image of photoelectron spectromicroscopy on LaOy g, Fy 13BiSe,. The
photoemission intensity is integrated from 0.5 to 3.5 eV relative
to Er. (c) Photoemission spectra taken at points A, B, and C in
Fig. 1(b). (d) Fine image of photoelectron spectromicroscopy on
LaOy g, Fy.1sBiSe;. The photoemission intensity is integrated from—
1.0 to =2.0 eV relative to Er.

from the Se 4 p (and Bi 6s) states of the BiSe; layer, is relatively
strong at point A. On the other hand, the peak at ~—2.3 eV,
which corresponds to the O 2 p band from the LaO layer as will
be discussed later, is enhanced at points B and C. When the
photoemission intensity was integrated from—1.0 to 2.0 eV,
the upper part of the fine image gets brighter than the lower
part, as displayed in Fig. 1(d). The difference in the O 2p band
indicates microscale inhomogeneity of the cleaved surface that
would be related to the surface LaO layer. Therefore, it is
reasonable to judge that point A, with less O 2p intensity,
is more suitable than points B and C for probing the bulk
electronic structure. The spectromicroscopy technique allowed
us to select the relatively homogeneous region (at least in the
microscale) from the inhomogeneous surface.

Figure 2(a) shows the Fermi surface map measured at 37 K
around point A in Fig. 1(d). Here, k, (or k,) is the momen-
tum along the I'-X direction or the Bi-Bi direction of the
BiSe, plane. The Fermi surface map shows ARPES intensity
integrated within £10 meV above and below the Fermi level
(EF). The map was obtained by tetragonal symmetrization
of the ARPES intensity measured in the region indicated by
the dotted box. The solid square centered at I" represents
the two-dimensional Brillouin zone of the BiSe, plane. The
relationship between k, and k, (momentum perpendicular to
the BiSe, plane) at hv = 27 eV is shown in Fig. 2(b) for
reasonable inner potential values of 13, 14, and 15 eV. At this
photon energy, the observed Fermi surfaces are roughly located
around the X point in the Brillouin zone. The rectangular
Fermi pockets around the X point were clearly observed,
consistent with the ARPES works on NdO,_, F, BiS, [25,26].
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FIG. 2. (Color online) (a) Fermi surface map at hv = 27 eV of
LaOg s,Fy 1sBiSe,. The dotted box indicates the region in which
the ARPES data were taken. The map is obtained by tetragonal
symmetrization. The image in the dotted box was rotated by 90°,
180°, and 270° around I', and the ARPES intensity was averaged
when the rotated boxes overlap. (b) Relationship between k, and k.
at hv =27 eV. (c) Fermi pockets around the X point. The open circles
indicate peaks in MDCs that correspond to E crossing points.

Figure 2(c) shows the zoom of the Fermi pockets around
the X point. The open circles indicate peaks in momentum
distribution curves (MDCs) at Ep that correspond to Ep
crossing points. Two Fermi pockets with rectangular shape
were identified as illustrated by the solid curves in Fig. 2(c).
The areas of the two Fermi pockets were estimated to be
5.94% and 9.25% of the two-dimensional Brillouin zone.
Assuming good two dimensionality, the area of the Fermi
pockets should correspond to the electron concentration in
the BiSe, or BiS; layer introduced by the F substitution. The
electron concentration was estimated to be ~0.16 £ 0.02 per
Bi in LaOy g,F 1sBiSe;, which is larger than 0.07 per Bi for
NdOg ;7F¢3BiS; [25] and is comparable to 0.16 per Bi for
NdOy 5Fy 5BiS,. [26] The estimated electron concentration is
consistent with that expected from the nominal composition in
LaOy g,Fy.1sBiSe;, indicating that the present ARPES result
represents the bulk electronic structure. On the other hand,
the deviation from the nominal value is substantially large in
NdO,_,F,BiS,, and the substantial reduction of the electron
concentration from the nominal value is attributed to Bi
defects [26]. If the Bi defects are responsible for the large
deviation in NdO,_,F,BiS,, it is interesting to note that the
LaO,_,F,BiSe, system with fewer Bi defects tends to show
lower T, than NdO;_,F,BiS,. Another possibility is that the
previous ARPES results on NdO,_, F,BiS, would be affected
by surface reconstruction. In either case, the present work on
LaOy g,Fy.1sBiSe; provides the first ARPES result consistent
with the bulk electronic structure of the ideal BiSe, layer.
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FIG. 3. (Color online) (a) Second derivative plot for the wide
energy range along cut 1 of Fig. 2(c). (b) Second derivative plot
for the wide range along cut 2 of Fig. 2(c). (c) Second derivative plot
for the near Er range along cut 1. (d) MDCs for the near Ef range
along cut 1. (e) Second derivative plot for the near £ range along
cut 2. (f) MDC:s for the near Er range along cut 2. The open circles
indicate peaks in MDCs that correspond to band dispersions. k, is the
momentum relative to the X point.

Figure 3(a) shows the band dispersions along cut 1 of
Fig. 2(c). In Fig. 3(a), —d*p(E)/dE* was smoothed and
plotted as a function of k,, where p(E) is the ARPES spectrum
and E is the energy relative to Er. The conduction bands
crossing Er can be attributed to the Bi 6p bands, while the
other low-lying bands (valence bands) are mainly derived
from the Bi 6s and Se 4p orbitals in the BiSe, layer and
the O 2p orbitals in the LaO layer. As shown in Fig. 3(a), the
flatband at ~—2.3 eV is very peculiar and is not reproduced by
the band-structure calculations. The peculiar flatband is also
reported in NdOy 5F 5BiS; [26] and can be attributed to the O
2p band of the LaO or NdO layer. Figure 3(b) shows the band
dispersions along cut 2 of Fig. 2(c). Here, —d’p(E)/d E* was
smoothed and plotted as a function of k,. Again the flatband

214517-3



N. L. SAINI et al.

(a) (b) © —
cutl cut2 \ X-point
S . I  ® EDC
M X Ik X - Fit
0.0 . 0.0 - Rt
rex EBouom
f) \ ~-0.49 ¢
> A
I \
= F N
55 2 \
0.5 -0.5 — . 0.5 )\ |

-

0 'La0, i,F, ,;BISeH

NdO, F, BiS;
[ZR- Yeet al] [ZR. Yeet. al]

I I I | I I

-03 -02 -0.1 0.0 -0.3 -02 -0.1 0.0

k A" k (A

BiS¢
NdO, F, sBiS,

Intensity (arb.units)

FIG. 4. (Color online) (a) Comparison between the band dis-
persions along cut 1 estimated for LaOyg,Fy13BiSe, compared
with the band dispersions reported for NdOgsFysBiS, [26].
(b) Comparison between the band dispersions along cut 2 estimated
for LaOg g, Fy 1sBiSe, compared with the band dispersions reported
for NdOg 5F5BiS; [26]. k, is the momentum relative to the X point.
(c) EDC at the X point and Gaussian fit.

at ~—2.3 eV is clearly observed and can be assigned to the
O 2p band of the LaO layer. The bottom of the Bi 6p bands
at the X point is ~—0.5 eV, while the top of the Bi 6s/Se 4p
bands is located at ~—1.2 eV. The energy gap between the Bi
6p conduction bands and the Bi 6s/Se 4p valence bands is
0.7 eV, which is slightly smaller than that of NdOy 7F, 3BiS;
and NdOO.SFO'SBiSZ [25,26]

As for the Bi 6p band dispersions near Er, the ARPES
intensity and MDCs along cut 1 [cut 2] are displayed in
Figs. 3(c) and 3(d) [Figs. 3(e) and 3(f)], respectively. The
open circles indicate peaks in the MDCs at each energy and
roughly correspond to band dispersions along cuts 1 and 2.
Along cut 1 of Fig. 2(c), the Bi 6p bands cross Er at k, ~

0.13 A~!. The Bi 6 p bands are split into the two branches
along cut 2. The branches cross Er at k, ~ 0.17 and 0.24 A’l,
respectively, as indicated by the arrows in Fig. 3(d). Here, &,
is the momentum relative to the X point. In this direction, the
spin-orbit splitting of the Bi 6p bands can be well resolved,
supporting the existence of the two Fermi pockets in Fig. 2(c).
The Ef crossing points are consistent with the estimation of
the Fermi surface area in the previous paragraph, although the
substantial broadening in the momentum space does not allow
precise estimation. Interestingly, the broad ARPES features in
the momentum space indicate that large atomic disorder in the
BiSe; layer is likely. Since the ARPES signals are derived from
the region without the microscale electronic inhomogeneity,
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the broadening can be attributed to nanoscale inhomogeneity,
which is probably related to the larger buckling and local lattice
distortion of the BiSe; layer.

The observed Bi 6p band dispersions qualitatively agree
with the band-structure calculations and the ARPES results
on the BiS, system [25,26]. As shown in Figs. 4(a), 4(b),
and 4(c), the bottom of the Bi 6 p bands are located at ~0.5 eV
below Ef in LaOgg,Fy 1§BiSe,, while it is around ~0.4 eV
below Ef in NdOgsF,5BiS, [26] and ~0.35 eV below Efp
in NdOg7F,3BiS, [25]. The hump observed in the Bi 6p
bands in NdOy;F,3BiS, [25] is absent in LaO;_,F,BiSe,.
There can be several possible reasons for the absence of the
hump structure. One possibility is that the electron-phonon
interaction responsible for the hump gets weaker in going from
the BiS, to the BiSe; systems. Another possible reason could
be the differences in the surface quality of the two systems.
Apparently, the surface quality of the BiSe, is very good,
and the results obtained here indeed represent the bulk band
structure. This is also because the present ARPES results were
obtained for the best region of the cleaved surface by means of
the spectromicroscopy technique with submicrometer spatial
resolution.

IV. CONCLUSION

In summary, we have studied the electronic structure of
LaO,_,F,BiSe; (x = 0.18) by means of photoelectron spec-
tromicroscopy. The spectromicroscopy image indicates a ho-
mogeneous distribution of the electronic state with the absence
of any electronic inhomogeneity at a submicrometer scale.
The ARPES spectral features, measured on the homogeneous
part of the cleaved surface using submicrometer resolution,
are rather broad in the momentum space, probably due to
some local (nanoscale) lattice disorders in the BiSe; layer. The
Fermi surfaces and band dispersions are basically consistent
with the band-structure calculations, suggesting that the elec-
tron/polaron correlations are irrelevant in the BiSe, systems.
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