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The evolution of fine electronic structures in superconducting LnO;_,F,BiS, (Ln denotes lanthanoid) is
systematically investigated with spin- and angle-resolved photoemission spectroscopy. A shape change of the
Fermi surface (FS) at the X point from elliptical to rectangular with increasing the electron doping is commonly
observed in different lanthanide systems. Besides that, an emergent large Fermi surface around the I" point is
also observed in all the samples with different doping levels deviating from the theoretical prediction, which
might be related to the superconductivity. In addition, we found a humped band around X (;,0) in the highly
doped samples only, which may be attributed to the BiS, surface reconstruction or surface defects relying on the
electron concentration. We also demonstrate the spin-selective excitation of photoelectrons, which indicates the
presence of spin-orbital-entangled bulk Rashba splitting in this system. This result may enable the optical tuning

of electron spin in a BiS,-based system.

DOLI: 10.1103/PhysRevB.106.104511

I. INTRODUCTION

Recently, LnO,_,F,BiS(Se), (Ln = La/Ce/Pr/Nd) [1-5]
was manifested as an unconventional superconductor with
similar properties to those of cuprate superconductors, includ-
ing a rather high value of 2A /kgT¢ [6] and Cooper pairing
symmetry [7,8]. The system exhibits a maximum supercon-
ducting critical temperature (7¢) of 10.6 K at x ~ 0.5 [1]
among all the BiS(Se),-based superconductors. Furthermore,
the so-called hidden Rashba effect with remarkable Rashba
spin splitting with a magnitude of 100 meV was predicted
in a LaOBiS, film. This effect is caused by strong polar
fields between the buffer layer La,O, and the BiS, layers,
which sandwich the buffer layer [see Fig. 1(a)]. The pair of
opposite polar fields causes the counterhelical Rashba spin
polarization, which cancels each other and results in the hid-
den Rashba spin-split states [9,10]. According to Ref. [11],
quite large Rashba splitting with the Rashba parameter ag =
1.2(eV A) for the lowest conduction band (LCB) is observed
in LaOO_5F0,5BiSZ.

Although such hidden Rashba spin-split states have been
experimentally observed in some other two-dimensional (2D)
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materials [12-14] recently, the coexistence of hidden
Rashba spin-split states and the superconductivity in bulk
LaOy sFysBiS; crystals [11] is quite unique, and it provides
us with an interesting platform to investigate the interplay
between its spin-polarized states and the superconductivity. In
particular, all the previous SARPES studies of spin-polarized
states in LaOg ssFp 45sBiS, and cuprate Bi2212 [15] focused on
their superconducting sheets; the buffer blocks were assumed
to be an ignored effect for the layered local spin polarization.
In this paper, we will inspect the plausible assumption by
substituting the buffer blocks of a series of LnO;_,F,BiS(Se),
superconducting samples.

By the way, methods to enable electrically and/or opti-
cally tuning electronic states of strong spin-orbit coupling
(SOC) are desired to artificially manipulate electron spins
for a spin-field-effect transistor (spin-FET) [9,16] and spin-
qubits [17,18]. According to previous experimental results
[19,20], a linearly polarized light source can selectively ex-
cite spin-polarized electrons in several materials with strong
SOC because of a dipole-matrix element effect, and that
effect is termed “spin-selective excitation.” Namely, spin-
selective excitation in photoemission can be illustrated with
the dipole transition term in the interaction Hamiltonian, tak-
ing both the mirror plane and the spin-orbital entanglement
into account. So far, the surface electronic states with spin-
orbital-entanglement in an elemental W (110) [19] and Bi

©2022 American Physical Society
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TABLE I. Obtained LnOBiS(Se), samples in our experiment.

®—®:Grown in Yamanashi Univ. @:Grown in Chinese Academy of Sciences

F doping level F doping level F doping level Tc (K)

Symbols Samples (nominal) (by EDX) (Luttinger theorem) (ambient pressure)

® PrOy g7F¢.13BiS, 0.20 0.13 0.178 2.4

@ PrOg.77F23BiS, 0.40 0.23 0.280 4.0

® PrOg.74F 26BiS, 0.60 0.26 0.291 4.3

@ Ce0y 73F027BiS; 0.44 0.27 0.162 [26] 3.1

® NdOy 71 Fy29BiS; 0.30 0.29 0.241 [8] 5.1

® LaOy s5F(.45BiS; 0.50 0.45 0.215 [11] 3.2 (10.6 high pressure)
@ LaQysF, sBiSe, 0.55 0.50 0.220 33

(111) [20], a topological insulator Bi,Se; [21-23], and a
ternary alloy BiTel [24,25], etc., were unveiled by previous
experimental observations.

In spite of its clear interest, the possibilities of having spin-
orbital entanglement in the LnO;_,F,BiS, system, namely
its bulk Rashba spin polarization rotation with the linearly
polarized lights, has not been investigated to date.

In this study, in order to reveal further the electronic states
of the LnO,_,F,BiS; system, we performed high-resolution
angle-resolved photoemission spectroscopy (ARPES) of a
series of LnO;_,F,BiS(Se), superconducting samples (see
Table I) with the modulation of two different parameters,
i.e., the electron-doping level and the lanthanide element. By
utilizing the high-resolution ARPES system, the evolution
of fermiology and its fine electronic structures are revealed.
Furthermore, the spin-resolved lowest conduction band (LCB)
and its spin-orbital entanglement are also revealed by laser-
based SARPES with controlling the directions of an incident
linearly polarized UV laser.

II. EXPERIMENTAL RESULTS AND DISCUSSIONS

As shown in Fig. 1(a), the crystal structure of LnOBiS(Se),
consists of triple-layer (TL) minimal blocks in which the LnO
layer is sandwiched by BiS; layers. The TL blocks are stacked
by a weak van der Waals force along the c-axis, and each block
consists of a strong ionic bonding between a middle (LnO)™*
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layer and two sandwiched (BiS;)~ layers. Namely, different
lanthanide elements (Ln) bonding with oxygen have different
electron affinities that significantly affect the strength of the
ionic bond and also determine the fluorine-substitution level
in oxygen sites. Thus, in the TL block, the LnO,_,F, layer
works as a reservoir of the electrons, and it applies a dipole
field to the BiS(Se), superconducting layers.

As shown in Table I, in our study seven types of super-
conducting compounds with different fluorine-doping levels
from x = 0.13 in PrO;_,F, block (sample ®) to x = 0.5
in LaO;_,F, block (sample @), which were determined by
energy-dispersive x-ray spectroscopy (EDX) measurements,
have been systematically observed. However, the doping level
estimated by EDX measurement and from the Luttinger vol-
umes of two-dimensional Fermi surface (FS) sheet enclosures
obtained by ARPES measurement shows some deviation [see
Fig. 2(c)]. In addition, the sample with different lanthanoid
seems to have a different doping level, which may be due
to the different electron affinity of lanthanoid atoms. Besides
that, electrons could also be trapped on the cleaved surface
because of the existence of Bi-S nano-zigzag chains with
dangling bonds, which were first unveiled by recent STM/S
measurements [27] as well as the possible defect states.

FS topology

We first observed the evolution of FS as a function of
different doping levels and the lanthanide atoms. To pre-
cisely observe the entire FS, intensity mappings near the FS

s-pol

FIG. 1. (a) Crystal structure of LnOBiS(Se),. A black-dashed line denotes the position of the cleavage surface. (b) The top view of the
BiS, surface. Two perpendicular nano-zigzag Bi-S chains, shown in a black-dashed box, reconstruct the BiS, surface and electronic structures.
LDOS is defined as low density of states of Bi 6p electrons, and HDOS is defined as high density of states of Bi 6p electrons [27]. (¢) Schematic
diagrams of experimental geometries with reference to the spin-orbital-entangled Fermi surface of LnO,_,F,BiS(Se),.
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FIG. 2. (a) ARPES intensity mapping of the first Brillouin zone of
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LaOysFy sBiSe, [number 7 in Fig. 1(a)], o branch electron pocket, and

its spectra cutting line 8. Coordinate axes (P, Py, Pz) denote positive directions of spin vectors. (b) Comparative ARPES mapping of « branch
electron-pocket in PrO;_,F,BiS, (numbers 1-3) and their energy dispersion curves (EDCs). “A” represents an opened band gap near FS. (c)

Tc (left axis) vs electron-doping levels (bottom axis) of samples (D-Q)
corresponding to the energy-dispersive X-ray spectroscopy (EDX); the
of two-dimensional FS enclosures according to Luttinger’ s theorem.

are integrated within £20 meV above and below Eg. The
high-resolution ARPES intensity mapping of LaOg sF sBiSe;
(sample @) demonstrates that, as in Fig. 2(a), two small rect-
angular electronic Fermi pockets (indicated by red and blue
dotted curves) around X (i, Q) are observed.

Although it is hard to resolve the two pockets directly in
the ARPES results, the SARPES measurement reveals that
there are two pockets with opposite spin polarization [11]. The
Fermi pockets enclose 8% and 14% of the Brillouin zone area,
respectively, corresponding to an electron-doping level (x) of
0.22 per Bi site. The observed rectangular pockets around
X (r,0) with fourfold symmetry are pretty consistent with
theoretical anticipation at doping level x = 0.25 [28].

As shown in Fig. 2(b), in the sample with a smaller doping
level (sample @), smaller Fermi pockets with elliptic shape
are observed. This elliptic Fermi pocket of sample O with
x = 0.13 changes to a larger Fermi pocket with increasing
doping level (sample @), and even the shape changes into a
rectangular shape in the sample with x = 0.26 (sample ®).
We observed FS pockets with different doping levels and
lanthanoid atoms, and we estimated the electron-doping levels
from the Luttinger volume of two-dimensional FS sheets. The
relation between the estimated doping levels (red circles) as
well as the doping level obtained by the EDX measurement
(black circles) and the superconducting transition temperature
(Tc) are summarized in Fig. 2(c).

As shown in Fig. 2(c), the doping levels obtained from
the Luttinger volumes coincide more or less with their EDX
values except for samples ® and @, which contain La atoms.
The reason for this large deviation of the doping level by EDX
in samples ® and @ is not clear at present. However, if we
rely on the doping levels obtained by the Luttinger volume,
the T¢ values are linearly dependent on Luttinger volumes,
i.e., the larger the electron-doping level, the higher ¢ is. This
result provides direct evidence that ¢ is proportional to the
actual electron-doping levels of the BiS, plane. As shown
in Fig. 2(c), the lowest-doped sample (sample @) with the
elliptic Fermi pockets is still superconducting with the 7¢ of
2.4 K. The pretty small elliptic pockets of sample @ deviate

(error-bar marks). Electron-doping levels are denoted with black marks
red marks represent the doping levels extracted from ARPES mappings

remarkably from the theoretically expected [28] rectangular
or large starlike pockets, which fulfill the condition of several
nesting vectors between straight parts of Fermi pockets and
could lead to both charge-density-wave (CDW) and higher
superconducting transition (~10.6 K). Our finding of the large
deviation of doping level in samples ® and @ suggests that
high T¢ samples fabricated by the high-pressure technique
[1] could benefit from an unrevealed mechanism by which
doped electrons are smoothly transferred from (LnO)* layers
to (BiS,)~ layers.

If one looks more closely at the FS in Fig. 2(a), however,
there are some weakly bridged bands highlighted with red
crosses in Fig. 2(a) connecting four isolated electronic pockets
to form a holelike band around I"(0,0) with a larger enclosure
of the Brillouin zone, which is contrary to the aforementioned
DFT calculations [28] at an x = 0.25 doping level since the
weakly bridged spectra around the region would be located
slightly above the Fermi level in the calculation. One could
deduce that such a bridged band should only originate from
the extension of band dispersion at the corner of the rectan-
gular electron pockets of sample ® (x = 0.26). However, as
indicated in Fig. 2(b), the weakly bridged bands even appear
at the corner of the elliptic electronic pocket of smaller doped
samples with x = 0.13 (sample @).

We can conclude and discuss the results by systematically
investigating the evolution of FS with the actual doping level
in superconducting LnO;_,F,BiS, (Ln denotes lanthanoid);
we clarified the small Fermi pocket of elliptical shape which
stems from a pretty low-doping superconducting sample ©.
The shape change of Fermi pockets from elliptical to rect-
angular with increasing the electron doping is commonly
observed in different lanthanide systems. Finally, a large FS
around the I" point connecting each rectangular Fermi pocket
at the X point is also observed in all the samples with different
doping levels deviating from the theoretical prediction, which
might be related to the unconventional superconductivity
[29-32].

PrOBiS, exhibits a mixed valence of Pr**/Pr**. The flu-
orine substitution cannot affect the ratio of Pr** to Pr*t
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FIG. 3. (a) The bulk lowest conduction band (LCB) of sample @ measured by ARPES (hv = 21.2eV) along the cutting line 8 in Fig. 2(a);
the arrows “1”” and “2” denote two branches of a double-split band. (b) The bulk LCB branches along the cut 8 marked with numbers “1”” and
“2” as well as the undispersive states (‘“3”) of samples O—® (x = 0.13, 0.23, and 0.26, respectively). A double arrow line denotes a band gap
between the LCB and HVB. The flat in-gap band “4” is denoted with a dashed blue line.

[33-35], hence it provides an excellent superconducting plat-
form with a homogeneous metallic state and tunable electron
doping in BiS; sheets. The reshaping and classifying of two
types of FS in the superconducting compounds are revealed by
high-resolution ARPES experiments. Given that extra doped
electrons come from the variable valency, the coexistence of
the pretty small elliptic pockets at the X point and the large
connected FS around the I" point in the lowest doping sam-
ple © might lead to an unclear mechanism by which doped
electrons are dynamically transferred from (PrO)* layers to
(BiS,)~ layers. Moreover, the deviation of doping level in
samples ® and @ also suggests a possible variable valency
of the sample Ln = La fabricated by the high-pressure tech-
nique, such that the dynamic transferring of electrons could
become a dominant mechanism for reaching a higher 7¢.

Fine electronic structures

To clarify the evolution of fine electronic states more
precisely, we systematically investigated many samples with
different doping levels. Figure 3(b) shows the EDCs near Ep
of samples ©, @, and @ taken with a helium discharge lamp
(21.22 eV). The obvious splitting of the lowest conduction
band (LCB) was confirmed by the ARPES measurements
(please also see Fig. S1 in the Supplemental Material) [11], as
marked with arrows “1”” and “2.” These LCBs from 0 to 0.8 eV
below the Fermi level are double-split bands caused by the
hidden Rashba effect, as indicated in the previous SARPES
measurement [11] and our present work [26] (see Fig. S1).
The LCB is attributed mainly to the Bi 6p states. On the other
hand, the bands near 1.2 eV are also Rashba-split bands [11],

as indicated with red and blue curves, and they originate from
2p states of O and S atoms. Interestingly, although sample
@ has strong ARPES spectral weights up to the Fermi level,
those of samples @ and ® shift down about 0.1-0.15 eV.
The intensity of this band becomes relatively weak near the
Fermi level in higher doping samples @ and ®. However, the
band still crosses the Fermi level, as seen in the figures with
increased contrast [see Fig. 3(b) below].

In addition to these previously reported bands, our ARPES
data also indicate the presence of a faint humped band
(marked “3”). As in Figs. 2(b) and 3(b), the humped bands
present an energy gap of about A ~ 0.1 eV below Eg. In the
larger energy range spectra in Fig. 3 (please also see the sup-
plemental material, Fig. S2), in addition to the undispersive
humped band (“3”), the in-gap flat band (“4”) also appears
when the electron-doping level is larger than 0.23.

Furthermore, it is shown by a double arrow line in Fig. 3
that the original energy gap of 0.6 eV between the topmost
valence band and the bottom of the lowest conduction band
of sample O with x = 0.13 is enlarged to about 0.8 eV along
with the band shifts in the higher doping samples (00.13 <
©0.23 < 30.26).

According to the density functional theory calculations
of the BiS, plane [36], taking into account the soft phonon
at the Brillouin zone I'(M) point, pioneered by Yildirim,
sulfur atoms dynamically shift along the diagonal of the two-
dimensional square in the BiS;, plane and form two different
Bi-S dangling bonds [bond lengths 2.80 and 2.98 A, respec-
tively, as shown in Fig. 1(b)], which make in-plane zigzag
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Bi-S chains resulting in the reconstructed sheet. Additional
experiments performed by utilizing scanning tunneling mi-
croscopy/spectroscopy (STM/S) [27] indicate an alternating
arrangement of two types of dangling bonds on the BiS,
cleavage surface, as schematically shown in Fig. 1(b). In
addition, the STM measurement shows that the large num-
ber of disorders or defects appears in highly doped samples,
causing the insulated electric conductivity in spite of the
anticipated metallic/superconducting behaviors in the bulk
materials, which may contribute to the newly appeared undis-
persive band (“3”) and the in-gap flat band (“4”). On the
other hand, the observed humped state and the indication of
a lower density of states at the Fermi level may coincide
with these previous observations in Nd(O,F)BiS, [37] and
the sample NaggsWO3 [38,39]. The disorder-induced self-
trapping of polarons in Nag s WO3 shows the temperature
dependence of the spectral function. The conduction elec-
trons are self-trapped due to strong disorders induced by the
randomly distributed Na™ ions, forming a weakly dispersive
polaron band near the top of the valence bands, while a po-
laron decouples electrons at high temperature, which leads to
a large decrease of the intensity of the humped state. These
properties are quite similar to what we have observed in
Pr(O,F)BiS, because we observed both spectral weights near
the bottom of the conduction band (band “3”) as well as the
top of the valance band (band “4”). With consideration of the
polaron model, the introduction of electron carriers by critical
fluorine substitution that leads to more and more electrons
flowing from (PrO)™* buffer layers to the disordered (BiS,)~
surface might lead to a polaron state, by which an electron-
level-dependent humped state could be properly explained.
Furthermore, the previous DFT calculation [36] predicted that
selenium substitution of the BiS, plane causes the formation
of stable BiSe;-based compounds by suppressing the local
dynamic distortion in the BiS, plane [40]. Thus, the disap-
pearance of the humped band “3” and band gap closing near
Eg in Fig. 3(a) of the highly doped BiSe,-based sample @ are
indirect evidences for the surface-disorder-induced polaron
state [26].

Spin textures and spin-orbital-entangled bulk LCB

By utilizing the function of three-dimensional spin-vector
analysis, the synchrotron radiation-based SR-SARPES mea-
surements with linearly polarized photons were performed at
25 K (above T¢). The photon energy was set to 18 eV for
the linear polarization. The experimental p- and s-polarization
setups referring to the mirror plane are shown in Fig. 1(c).
The CECs (constant energy contours) at Eg for the samples
of different LnO-buffer layers are shown in Figs. 4(a), 4(c),
and 4(e). For sample PrOg 77F(23BiS,, the rectangular shape
possessing a larger enclosure of FS means that Ef is in close
proximity to the Lifshitz transition as a consequence of the
connected large FS around the I" point. Both PrOy g7F, 13BiS;
(sample @) and PrOy77F(23BiS; (sample @) possess the
same helical spin textures for varied electron-doping levels as
shown in Figs. 4(a) and 4(c).

Figures 4(b), 4(d), and 4(f) further show the spin-resolved
intensities from positions “1” to “4” (the difference of
spin-up and spin-down intensities) obtained by perform-
ing SR-SARPES measurements for PrOyg;Fy3BiS,; and
PrOy.77F023BiS,; and CeQOq73F(27BiS,, respectively. The

clear spin splitting of the conduction band can be observed
for all the samples. As for the spin textures, those of FS
were demonstrated in Figs. 4(a) and 4(c), helical spin tex-
tures of FS were experimentally observed in PrOy g7F( 13BiS,
and PrOg77Fy23BiS,, while Figs. 4(b) and 4(d) show the
spin-resolved EDCs in PrOy g7Fy 13BiS; and PrOg 77F 23BiS,,
respectively. The spin-resolved EDCs from positions “1” to
“4” indicate that the peak shifting of the spin-up and spin-
down intensities can be clearly observed with respect to the
X point. As a result, spin intensity reversal occurs at peak po-
sitions, and the helical spin textures in PrO;_,F,BiS, are the
same as that of LaQOg s5Fy45BiS, [11] and NdOg 7;Fy29BiS,
[Fig. 5(c)]. However, spin-resolved EDCs at position “3” in
Fig. 4(f) are evidently different from that in Figs. 4(b) and
4(d) since no spin intensity reversal occurs at two-peak po-
sitions. We can summarize the spin-resolved EDC results to
schematically plot the nonhelical spin texture of circular FS
in Fig. 4(e) for sample ®, which suggests a Dresselhaus-like
nonhelical spin texture in CeOg 73F( 27BiS,. The distinguished
spin textures exist between Ce- and Pr- samples due to the
LnO blocks between Ce(O, F)BiS, and Pr(O, F)BiS,, which
are associated with the polar interaction between the LnO and
BiS, layers. The lattice constant ¢ is ~ 13.8 A for Ln = Pr
[41] and ~ 13.6 A for Ln = Ce [42], indicating that the
separation between the BiS, layer and the LnO buffer layer
decreases from Ln = Pr to Ln = Ce. Namely, Ce(O,F)BiS;
could likely be considered a three-dimensional compound.
Moreover, both Ce(O,F)BiS; and Pr(O,F)BiS; exhibit a mixed
valence of Ce®*/Ce*" and Pr’*/Pr**, respectively. In the
Ce’t /Ce*t valence-variable state for Ln = Ce, the Ce 4f
orbitals are hybridized with the Bi 6p orbitals via the S 3p
orbitals at the out-of-plane sulfur site [35]. Since this hy-
bridization channel is sensitive to the local displacement of the
out-of-plane sulfur site, the system Ln = Ce tends to be inho-
mogeneous, which may create a Dresselhaus-like spin texture
of FS.

Figure 5 shows the results of laser-SARPES measurements
of the bulk lowest conduction band (LCB) with high-energy
resolution and large electron-attenuation length for the sample
® withx = 0.29 by utilizing the linearly polarized low-energy
laser source of 6.994 eV. As in Fig. 5(a), the splitting of
bulk LCB can be clearly revealed experimentally. That is,
the Rashba-split LCB [bands “1” and “2” in Fig. 5(a)] can
be observed, and its spin-resolved intensity mapping of Py in
Fig. 5(b) (equal tangential spin to the FS) along the cutting
line 8 unambiguously confirmed the spin polarization of the
bulk band dispersion at the X point. The definitions of posi-
tive directions of spin vectors are shown with the coordinate
axes (Px, Py, P7) in Fig. 2(a). In Fig. 5(b), the experimental
spin-resolved LCB dispersion on the left side is concatenated
to the schematic illustration of full band dispersion (right
side), which cannot be reached by experiment because of the
low-energy laser source. The faint humped band “3” that is
schematically shown in Fig. 3(b) is not observed in the high
doping level sample, probably due to the bulk-sensitive mea-
surement by the low-energy UV laser (6.994 eV) excitation
instead of surface-sensitive measurement by a helium lamp
(21.22 eV).

In Fig. 5(c), we demonstrated the spin-polarized energy
distribution curves (EDCs) of Py for the LCB measured with

104511-5



SHI-LONG WU et al.

PHYSICAL REVIEW B 106, 104511 (2022)

Intensity (arb.units) ~

Intensity (arb.units)

(d)

Intensity (arb.units)

Intensity (arb.units)

~
(¢)
~
~
N

Intensity (arb.units)

Intensity (arb.units)
<_
4
S}

FIG. 4. Schematic diagrams of spin textures of FS and spin-resolved EDCs of PrOg g7Fy 13BiS, (sample ®) and PrOy 77F 23 BiS, (sample @)
and CeQy 13Fy27BiS; (sample @) by synchrotron radiation based (SR)-SARPES. (a), (c), and (¢) SR-ARPES intensity mapping and schematic
plotting of spin textures of FS of PrOgg;F¢.13BiS, and PrOg77F;,3BiS, and CeOy 73F,,7BiS;. (b), (d), and (f) Spin-resolved EDCs around
X at momentum points from “1” to “4” with p-polarized SR light of 18 eV photon energy, which is corresponding to PrOy g;F( 13BiS, and

PrOy.77F(23BiS; and CeOg 73F 27BiS,, respectively.

different light polarization. The electronic pockets along k,
and k, have obvious orbital distinctions of Bi 6p, and 6p,
orbitals, respectively. As shown in Fig. 1(c), by changing the
polarization of the linearly polarized laser, the spin-resolved
EDCs at the k, point indicated with an arrow in Fig. 5(b)
were measured with p- and s-polarized light. Because of the
dipole matrix effect of photoemission, even (odd) initial states
of a py (p,) orbital referring to a mirror plane can be selec-
tively observed by p(s)-polarized laser-SARPES observations.
As shown in Fig. 5(c), the spin-resolved EDC taken with a
p-polarized laser indicates opposite spin polarization to that
taken with an s-polarized laser. The spin reversal of EDCs
results from changing of the electric-field-vector direction of
the linearly polarized laser from horizontal to vertical, mani-

festing the spin-orbital-entangled LCB. By referring to other
SARPES results in the BiS,-based familiar scenario (please
see more spin-polarized EDCs of other lanthanoid-included
samples from Fig. 4) in which the helical spin texture of the
Fermi pocket around X (7, 0) was revealed for Ln = La [11],
Pr, and Nd samples by p-polarized synchrotron radiation, the
spin-selective excitation changes the helical spin texture of a
rectangular Fermi pocket into a counterhelical spin texture, as
schematically shown in the inset of Fig. 5(c). By the selective
excitation of the linearly combined even and odd states of the
wave functions of LCB, the spin directions of photoelectrons
can be readily reversed by tuning the linear polarization axis
of the light even with the photon energy fixed. Because of
the strong spin-orbit coupling, the spin-orbital entanglement
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FIG. 5. (a) LCB of sample (x = 0.29, 5) along the cutting line 8 measured by ARPES with a p-polarized ultraviolet (UV) laser source of
6.994 eV photon energy [43]. (b) The concatenation of experimental spin-resolved LCB dispersion (left side) and theoretical simulation of
LCB dispersion (bands “1” and “2” only; see the supplemental material) (right side). (¢) Spin-resolved energy distribution curves (EDCs) at

EDC cut x taken with p- and s-polarized UV lasers, respectively.

can be generalized from the surface state to the bulk LCB in
the LnOBiS, system, as demonstrated in Fig. 5(c). That is,
our results illustrate that the bulk electrons of different orbital
symmetries are selectively excited from the lowest conduc-
tion band dominated by spin-orbital entanglement. Thus, the
spin-selective excitation of strong SOC bulk materials offers a
platform for fabricating the photocathodes as a spin-polarized
electron source with tunable spin directions. The disadvantage
of commonly used GaAs photocathodes [44,45] as spin-
polarized electron sources is that either tuning the directions
of electron spin or fabricating the heterojunction film is more
difficult than that in LnO;_,F,BiS; bulk materials, thus they
could be exploited to fabricate an efficient photocathode.

III. CONCLUSIONS

In summary, we have systematically investigated the novel
BiS(Se),-based superconductors with different lanthanides
and doping levels by ARPES and spin-resolved ARPES.
Small elliptic electronic pockets in the superconducting sam-
ples are identified in the low-doping samples, which is
contrary to previous theoretical scenarios of nesting vectors
between the larger starlike electronic pockets around X (;r,0).
This finding will contribute to the further understanding of
superconductivity in the LnO;_,F,BiS; system.

In addition, we have found a humped band and a flat
band around X (;r, 0) in the samples above a critical electron-
doping level which might come from the surface state or
surface defects state. We also demonstrate that due to the pres-
ence of spin-orbital entanglement in the bulk conduction band
around X (7, 0), which exhibits different orbital symmetries
(referred to as the aforementioned spin-selective excitation
of photoelectrons), its bulk spin polarization is rotating with
linearly polarized light. This finding offers us a pathway to
manipulate the electron spin in bulk materials by adjusting the
s — (p—) polarized UV laser.

IV. METHODS

A. Crystal growth

La(O, F)BiS, single crystals were grown by a high-
temperature flux method in a vacuumed quartz tube. The raw

materials of La,S3, Bi, Bi,S3, Bi, O3, and BiF; were weighed
to have a nominal composition of LaOg 4F( ¢BiS,. A mixture
of raw materials (0.8 g) and CsCI/KCl flux (5.0 g) with a molar
ratio of 5:3 was combined using a mortar and then sealed in
a quartz tube under vacuum. The quartz tube was heated at
800 °C for 10 h, cooled slowly to 600 °C at a rate of 1°Ch~!,
and then furnace-cooled to room temperature. The quartz tube
was opened to the air, and the flux was dissolved into distilled
water in the tube. LaOg s5F 45BiS, single crystals were ob-
tained in this product. The obtained single crystals had good
cleavages, producing flat surfaces as large as ~1 x 1 mm?.
The actual compositions of the examined samples were an-
alyzed using energy-dispersive x-ray spectroscopy (EDX) on
a TM-3030 instrument (Hitachi). The average value of x from
EDX was calculated using the data obtained for five points on
the sample surface.

B. Laser-(S)ARPES and synchrotron radiation
(SR)-(S)ARPES measurements

Our laser-ARPES and laser-SARPES measurements using
an ultraviolet laser were performed at the Institute for Solid
State Physics, The University of Tokyo [43]. Our laser system
provides 6.994-eV photons. Photoelectrons were analyzed
with a combination of a ScientaOmicron DA30L analyzer
and twin very-low-energy electron-diffraction (VLEED) -type
spin detectors. The effective Sherman function was set to
0.27. The experimental geometry is represented in Fig. 1(c).
The light incident plane is in the x-z plane on the sample
axis, which corresponds to the mirror plane. We used linearly
polarized light, and the direction of its electric-field vector is
arbitrarily adjustable between the p- and s-polarizations. The
energy and angular resolutions were set to 6 meV and 0.7 °,
respectively. The sample temperature was kept at 25 K during
the laser-(S)ARPES measurements. The spot size of the UV
laser is 50 um. A Scienta Omicron helium discharge lamp
with photon energies of 21.2 and 40.8eV was also used as
the light source at Tokyo University. The energy resolution
for He-ARPES was set to 20 meV. The energy resolution and
the position of Er were calibrated by the Fermi edge of a
Cu block attached to the samples. The samples were cleaved
in situ under ultrahigh vacuum (UHV) below 1x 1078 Pa.
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An ESPRESSO machine for SR-ARPES and SR-SARPES
measurements at Hiroshima University [46] can resolve both
out-of-plane (P7) and in-plane (P /Py) spin polarization com-
ponents with high angular and energy resolutions. The overall
experimental energy and wave number resolutions of ARPES
(SARPES) were set to 35meV and < 0.008 Al (60 meV and
< 0.04 A~1), respectively. The samples were cleaved in situ
under ultrahigh vacuum (UHV) below 1x 1078 Pa. The energy
resolution and the position of Er were calibrated by the Fermi
edge of an Au film near the samples.

C. High-resolution ARPES measurements

High-resolution angle-resolved photoemission measure-
ments for sample @ were carried out on our lab-based system
[47] that is equipped with a Scienta Omicron DA30L electron
analyzer. A Scienta Omicron helium discharge lamp with pho-
ton energies of 21.2 and 40.8 eV was used as the light source.
The energy resolution was set at 10 meV for FS mapping
and band-structure measurements. The angular resolution was
~0.3°. Samples were measured at 25 K to avoid sample

charging. All measurements were carried out in ultrahigh vac-
uum with a base pressure better than 6.7x 10~ Pa.
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