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Electronic structure and magnetic phase transition of hexagonal FeSe thin films studied by
photoemission spectroscopy
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Hexagonal FeSe thin films were grown on SrTiO; substrates and the temperature and thickness dependence
of their electronic structures were studied. The hexagonal FeSe is found to be metallic, with a Fermi surface
consisting of six elliptical electron pockets. With decreased temperature, parts of the bands shift downward to
high binding energy while some bands shift upward to Er. The shifts of these bands begin around 300 K and
saturate at low temperature, indicating a magnetic phase-transition temperature of about 300 K. With increased
film thickness, the Fermi surface topology and band structure show no obvious change. Our paper reports the
electronic structure of hexagonal FeSe, and shows that the possible magnetic transition is driven by large-scale

electronic structure reconstruction.
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I. INTRODUCTION

FeSe has the simplest chemical and crystal structure
among all the Fe-based superconductors. The bulk FeSe
superconductor has a superconducting transition temperature
(Tc) of ~8K and it can be dramatically enhanced to 37 K
at high pressure [1,2]. Moreover, the discovery of high-
temperature superconductivity in single unit-cell (UC) FeSe
film grown on SrTiO3; (STO) substrate has attracted extensive
attention recently [3-9]. Whether for bulk or film materials,
the superconductivity has been found to be extremely sensitive
to stoichiometry in Fe;;,Se. A superconducting 8 phase with
tetragonal structure and a nonsuperconducting o phase with
hexagonal structure are often found during sample growth
with bulk or thin-film methods [10-12], which is strongly
depending on the Fe/Se ratio and growth temperature. The
superconducting phase of tetragonal FeSe has been studied
extensively, but little is known about the hexagonal phase,
especially its electronic structure.

Hexagonal structured FeSe (referred to as hexagonal FeSe
hereafter) has been found to be magnetic [13,14] and received
much attention for its potential application ranging from high-
density data storage media [15,16], to spintronic devices [17],
to anode material for lithium storage [18]. The magnetic and
crystallographic properties of hexagonal FeSe strongly depend
on the fabrication parameters, crystal structures, and chemical
compositions. It is found, within the local-density approxima-
tion plus dynamical mean-field theory, that hexagonal FeSe
resembles an orbital-selective insulating state [19]. However,
hexagonal FeSe usually shows low resistivity in electric
measurements with high carrier concentration just like metal
[20]. Whether hexagonal FeSe has a metal or a semiconductor
nature and the origin of its magnetism are still undetermined.

In this paper, we report an angle-resolved photoemission
spectroscopy (ARPES) investigation of the low-energy elec-
tronic states of FeSe thin films grown on STO substrates. The
hexagonal FeSe is found to be metallic, with a Fermi surface
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consisting of six elliptical electron pockets. The band structure
of hexagonal FeSe shows abnormal temperature evolution
behavior. With decreased temperature, parts of the bands
shift downward to high binding energy while some bands
shift upward to Eg. The shifts of these bands begin around
300 K and saturate at low temperature, indicating a magnetic
phase-transition temperature of about 300 K. With increased
film thickness, the Fermi surface topology and band structure
show no obvious change except some minor quantum size
effect or correlation effect.

II. EXPERIMENT

High-quality FeSe single-crystalline thin films were grown
on the TiO, terminated and Nb-doped (001)-orientated single-
crystal SrTiO3 (0.5 wt %) (Shinkosha) substrate with the
molecular-beam epitaxy (MBE) method following the previ-
ous reports [4,6]. It is reported [11] that NiAs-type hexagonal
FeSe can be obtained on double-layer graphene formed on
SiC grown at a low substrate temperature of 180 °C. At ele-
vated substrate temperatures exceeding 420 °C, layer-by-layer
growth of unstrained epitaxial films of tetragonal 8-FeSe can
be obtained. Hexagonal and tetragonal structured FeSe can also
be grown on the tetragonal structured surface of SrTiO3 (STO)
depending on the substrate temperature. Superconducting
tetragonal B-FeSe can be obtained at relatively high substrate
temperature of 400—450 °C on TiO,-terminated STO. When
the substrate is kept at low temperature of about 300-350 °C,
which is just the case of our experiment, we can get the
hexagonal FeSe. The heterostructure of FeSe/STO is illustrated
in Fig. 1(a), and the crystal structure of the obtained NiAs-type
hexagonal FeSe film is shown in Fig. 1(b).

After growth, the film was directly transferred from the
MBEI|chamber into the ARPES chamber with typical vacuum
of 5x 107" mbar. ARPES was conducted with 21.2 eV
photons from a helium discharge lamp. A SCIENTA R4000
analyzer was used to record ARPES spectra with typical energy
and angular resolutions of 10 meV and 0.2°, respectively. A
freshly evaporated gold sample in electrical contact with the
FeSe sample was served to calibrate Ef.
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FIG. 1. Crystal and electronic structure of 1-UC hexagonal FeSe. (a) Schematic structure of the FeSe films on the STO substrate.
(b) Hexagonal NiAs-type structure. (¢) LEED pattern of 1-UC hexagonal FeSe thin film. (d) Fermi surface topology extract from (c) and (e).
(e) Photoemission intensity map at Ef integrated over [Er — 10 meV, Er 4+ 10 meV]. (f), (g) Photoemission intensity plots around I' and M
points, respectively. (h) Photoemission intensity plot along the I"-M direction [cut 3 in (e)]. All the ARPES data were collected at 30 K.

III. RESULTS AND DISCUSSION

The electronic structure of 1-UC hexagonal FeSe thin film at
30 K is presented in Fig. 1. The photoemission intensity map
is integrated over an [Er — 10meV, Er + 10 meV] window
around the Fermi energy (Eg) as shown in Fig. 1(e). The
observed Fermi surface consists of 12 elliptical electron
pockets, which form a flowerlike pattern. The low-energy
electron diffraction (LEED) pattern of hexagonal FeSe is
shown in Fig. 1(c); two sets of sixfold symmetric diffraction
pattern can be resolved, which indicate that two domain
structures exist on the surface of hexagonal FeSe. Based on our
ARPES and LEED data, the Fermi surface of single-domain
hexagonal FeSe is extracted and drawn in Fig. 1(d), which
contains only six elliptical electron pockets around each M
point.

The low-energy band structure along the I'-M direction is
shown in Fig. 1(h). We can clearly observe an electronlike
band (B) centered at the M point contributing to the elliptical
pockets, whose band bottom is located at about Eg-0.6 eV
[Fig. 1(g)]. Two nearly parallel holelike bands (« and &) can
be seen below Ef at the I" point [Fig. 1(f)], whose band top is
located at Eg-0.2 eV and Eg-0.47eV. The existence of only
electron band crossing Er shows that 1-UC hexagonal FeSe
film is metallic with only electron Fermi pockets.

Hexagonal FeSe has always been found to be magnetic
(ferrimagnetic or antiferromagnetic depending on the chemical
compositions) [13,14]. The band structure of the magnetic ma-
terials often gets reconstructed across the magnetic transition

[21-25]. To examine this, Fig. 2 presents the temperature de-
pendence of the low-energy band structure of 1-UC hexagonal
FeSe. The topologies of the electron (8) and hole (¢ and «')
bands around I"- and M points show no obvious change, but
the positions of these bands shift with changed temperature.
The band tops of @ and «’ gradually shift upward to Er with
decreasing temperature as shown in Fig. 2(a), while the band
bottom of S gradually shifts downward to high binding energy
as shown in Fig. 2(b).

We tracked the energy distribution curves (EDCs) at the
center of o’ and 8 bands to reveal the temperature-dependent
band-structure evolution more precisely. The parallel « and
o’ bands show the same trend of energy shift with changing
temperature; we only track the «’ band with much higher
intensity as representative. As shown in Fig. 2(c), the band
top of o’ locates at about Eg-0.47eV at 30 K, which shifts
downward with increasing temperature. The band top moved
to about Er-0.56 eV at 300 K and kept unchanged even as the
temperature is further increased, which gives a max energy
shift of 90 meV. For the 8 band, its band bottom locates at
about Er-0.16 eV at 30 K, which shifts upward with increasing
temperature. The band bottom of 8 moved to about Eg-0.14 eV
for 300 K and above temperature, which gives a max energy
shift of 20 meV.

The temperature dependence of the Fermi surface and
valence-band structure for 1-UC hexagonal FeSe are present
in Fig. 3. The topology of the Fermi surface exhibits negligible
change except some thermal broadening at high temperature,
and there is no energy gap at the Fermi surface [Figs. 3(al)
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FIG. 2. Temperature dependence of the low-energy band structure for 1-UC hexagonal FeSe. (al-a8) Temperature dependence of the band
structure around the I" point, [cut 1 in Fig. 1(e)]. (b1-b8) Temperature dependence of the band structure around the M point, [cut 4 in Fig. 1(e)].
(c) Temperature dependence of the EDCs at the I' point; the peak position marked by the red triangle corresponds to the band top of «’. (d)
Temperature dependence of the EDCs at the M point, the peak position marked by the red triangle correspond to the band bottom of .

and 3(a2)]. To check if there are any other bands shifting
with temperature except o/’ and B, we tracked the EDC
around I" and M points at various temperature as shown in
Figs. 3(d) and 3(e). Interestingly, the 1 band at the I" point
shifts downward to high binding energy, while the ¢ band
around the M point shifts upward to Ep with decreasing
temperature. It is worth noticing that not all the bands shift with
temperature; the characteristic peak at about Ep-2eV stays
unchanged at various temperatures [Fig. 3(d)]. To summarize,
with decreased temperature, the max band shift is 490 and
+80 meV upward for a/a’ and &, —20 and — 15 meV downward
for § and n. We note that the upward shifts are larger than the
downward shifts with decreasing temperature, and it seems that
the electronic energy is not reduced in the possible magnetic

ground state. Presumably, the bands would shift toward higher
binding energy to reduce energy, which is inconsistent with the
actual situation; further studies are needed to fully understand
this issue.

The Fermi surface and band structure of tetragonal FeSe
thin films have been found to change dramatically with
different thickness [6,9]. It is natural to ask whether the
electronic structure of hexagonal FeSe has a similar thickness
dependence. The electronic structure of 1-, 2-, and 6-UC
hexagonal FeSe are shown in Fig. 4. Due to the mismatch of
the lattice symmetry between hexagonal FeSe and tetragonal
STO substrate, the sample quality become worse and worse
with increased film thickness, and clear band dispersion cannot
be detected in thick thin films. The obtained Fermi surface
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FIG. 3. Temperature dependence of the Fermi surface and valence-band structure for 1-UC hexagonal FeSe. (al), (a2) Photoemission
intensity map at 30 and 290 K, respectively. (bl), (b2) Photoemission intensity plots around the I' point at 30 and 380 K, respectively.
(c1), (c2) Photoemission intensity plots around the M point at 30 and 380 K, respectively. (d) Temperature dependence of the EDCs at I" point;
the red triangle marks the band top of o’ and the blue triangle marks the band position of 7. (e) Temperature dependence of the EDCs at the M
point; the blue triangle marks the band bottom of 8 and the red triangle marks the band position of ¢.

topology and valence-band structure show no dramatic change film thickness, as marked and shown in Figs. 4(d)—4(f).
for different film thickness. However, subtle changes of some  The band bottom of v shifts downward with increasing film
typical bands still exist in the valence-band structure around  thickness, while the u band shifts upward as shown in Fig. 4(g).
the I" point. The positions of - and v bands shift with changing The intrinsic nature of this thickness-dependent band shift is
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FIG. 4. Thickness dependence of the Fermi surface and valence-band structure for hexagonal FeSe at 30 K. (a)—( c) Photoemission intensity
map of 1-, 2-, and 6-UC hexagonal FeSe, respectively. (d)—(f) Photoemission intensity plots around the I" point of 1-, 2-, and 6-UC hexagonal
FeSe, respectively. (g) Thickness dependence of the EDCs at the I" point; the black triangle marks the band bottom of v and the red circle
marks the band position of .
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not clear by now, which may be associated with the quantum
size effect [26,27] or the reduced correlation with increased
film thickness.

IV. DISCUSSION AND CONCLUSION

As the tetragonal and hexagonal phases of FeSe always
intertwine with each other, it is difficult to prepare pure
hexagonal phase of FeSe, which prevents the understanding
of its electronic structure and magnetic properties. Using
MBE method, we have successfully prepared pure phase of
hexagonal structured FeSe and made it possible to study its
electronic structure.

Considering the complex phase diagram of hexagonal FeSe,
the primary task is to confirm which phase our thin-film sample
is. McQueen et al. [10] reported two hexagonal phases in their
paper: namely, alpha-Fe;;,Se (Fe excess phase) and gamma-
Fe;Ses (Se excess phase). Considering our thin-film fabrica-
tion process, the Se flux was kept 20 times greater than Fe by
co-deposition during growth; it is unlikely that excess Fe can
survive under such Se-rich condition (thus the Fe excess alpha-
Fe;1,Se phase can be excluded). The low growth/annealing
temperature used in our study should lead to a bit Se excess
phase, which is named FeSe,, in our paper [11].

According to the magnetic phase diagram [14] of hexag-
onal FeSe,, reported by Terzieff and Komarek, hexagonal
NiAs-type FeSe;;, exhibits both antiferromagnetism and
ferrimagnetism depending on composition. FeSe;;, shows
antiferromagnetism with compositions of 0.02 < x < 0.10
(50.5 to 52.5 at % Se), ferrimagnetism is observed at
compositions near 0.10 < x < 0.36(52.5t061.0 at % Se), and
both the Néel and Curie temperatures vary with composition.
Although the precise composition and the specific magnetic
structure of our thin-film samples cannot be determined due to
the lack of in situ characterization method, we can still study
its magnetic properties by temperature-dependent electronic
structure measurement, as the band structure for magnetic ma-
terials often gets reconstructed across their magnetic transition.

Indeed, we found that the electronic structure of our
FeSe;,, film gets reconstructed when the temperature is
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varied, and the transition temperature is determined to be
around 300 K. The band-shift behaviors observed in our
hexagonal FeSe thin films are not exclusive to magnetic
compounds. Similar band-shift behavior has been reported
in TaFe;3Te;, a spin-ladder compound with an antiferro-
magnetic ground state [28]. It is proposed that TaFe; 53 Tes
is the second kind of novel quantum material in addition
to the parent compounds of iron-based superconductors,
whose antiferromagnetic transition directly correlates with the
electronic structure reconstruction at high binding energies.
The similar band-shift behaviors found in hexagonal FeSe
and TaFe; 53 Tes give strong evidence that possible magnetic
transition happens in FeSe;;, film. With a simple chemical
and crystal structure, clear experimental band dispersion,
the hexagonal FeSe;;, provides an excellent platform for
experimental and theoretical study of the mechanism for
magnetic transition in FeSe-related systems.

In summary, we report in situ angle-resolved photoemission
spectroscopy study of hexagonal FeSe thin films. The hexago-
nal FeSe is found to be metallic, with a Fermi surface consist-
ing of six elliptic electron pockets. With decreased tempera-
ture, parts of the bands shift downward to high binding energy
while some bands shift upward to Eg. The shifts of these bands
begin around 300 K, and saturate at low temperature, indicating
a magnetic phase-transition temperature of about 300 K. With
increased film thickness, the Fermi surface topology and
band structure show no obvious change. Our paper shows
that the possible magnetic transition in hexagonal FeSe is
driven by electronic structure reconstruction, which is crucial
to understand the origin of the magnetism in NiAs-type FeSe.
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Origin of the kink in the band dispersion of the ferromagnetic perovskite SrRuQO;:
Electron-phonon coupling
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Perovskite SrRuQOs;, a prototypical conductive ferromagnetic oxide, exhibits a kink in its band dispersion
signaling the unusual electron dynamics therein. However, the origin of this kink remains elusive. By
taking advantage of the combo of reactive molecular beam epitaxy and in situ angle-resolved photoemission
spectroscopy, we systematically studied the evolution of the low-energy electronic structure of SrRuOj; films
with thickness thinning down to a nearly two-dimensional limit in a well-controlled way. The kink structure
persists even in the four-unit-cell-thick film. Moreover, through quantitative self-energy analysis, we observed
the negligible thickness dependence of the binding energy of the kink, which is in sharp contrast to the downward
trend of the Curie temperature with reducing the film thickness. Together with previously reported transport and
Raman studies, this finding suggests that the kink of perovskite StRuO; should originate from the electron-phonon
coupling rather than magnetic collective modes, and the in-plane phonons may play a dominant role. Considering
such a kink structure of SrRuQ; is similar to those of many other correlated oxides, we suggest the possible
ubiquity of the coupling of electrons to oxygen-related phonons in correlated oxides.

DOI: 10.1103/PhysRevB.93.121102

I. INTRODUCTION

In correlated oxides, the delicate interplay of charge, spin,
lattice, and orbital manifested by various collective excitations,
gives rise to a wealth of fascinating quantum phenomena, such
as metal-insulator transition [1], high-7, superconductivity
[2,3], colossal magnetoresistance [4], and multiferroics [5].
Among these compounds, perovskite StRuO3;—a moderately
correlated conductive ferromagnet [6—8]—has attained contin-
uous interests. On the application side, it is widely utilized as
conductive electrodes due to the good stability and structural
compatibility with other correlated oxides [7]; meanwhile,
it is explored to be a key integrant in fabricating oxide
heterostructures/superlattices [9-17], which may contribute
to new functionalities in electronics and spintronics [7].
From the viewpoint of fundamental studies, SrRuO; is a
simple but profound model system to explore how many-body
interactions determine the physical properties [18-22], and the
underlying mechanism may provide a hint on novel physics
of other correlated oxides including the unconventional
superconductivity in SrpRuOy4 [23] and quantum criticality
in Sr3Ru,07 [24].

For correlated oxides, a kink in the low-energy band dis-
persion reflects the unusual electron dynamics—the scattering
rate of electrons has been altered within a narrow energy
range—which usually implies the existence of pronounced
coupling between electrons and various collective excitations
[3,25-29]. Thus, the interpretation of the kink is of significance
to understand the essential effects on physical properties of
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correlated systems. For example, there have been lasting and
intense debates on whether the kinklike feature discovered
in the dispersion of cuprate superconductors stems from spin
fluctuations or lattice waves (phonons), which is intimately re-
lated with the fundamental understanding of the pairing mech-
anism of high-T, superconductivity [3,28,29]. For SrRuOs,
previous studies have reported a kinklike feature in its band
dispersion [18], which suggests remarkable renormalization
of low-energy electrons by some collective modes. However,
the details of which mode is most relevant have not been
completely explored yet.

In this Rapid Communication, we took advantage of the
reactive molecular beam epitaxy (MBE) to fabricate a series of
high-quality SrRuOj thin films with well-controlled thickness.
Through tuning the extra knob of dimensionality, we can
effectively adjust the ferromagnetism and meanwhile keep
the basic crystal structure of films, which is expected to
result in the pronounced dichroism between the possible
electron-phonon and electron-magnon interactions in films.
Consequently, we performed a systematic in situ angle-
resolved photoemission spectroscopy (ARPES) study of the
kink structure to pin down which boson modes are most
relevant. We found that the kink persists in a film as thin as four
unit cells (uc). Through quantitative self-energy analysis, we
found that, while the film thickness was progressively reduced,
the kink energy remained around 62 meV below the Fermi
level (E ). This observation, together with reported thickness
dependent Curie temperature (7¢) and Raman studies of
phonons, suggests that the kink in StTRuOj3 originates from the
strong electron-phonon coupling, and the collective magnetic
excitations may have little contribution. By referring to other
correlated oxides exhibiting similar kinklike structure, we

©2016 American Physical Society
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infer that the electron-phonon coupling may be ubiquitous
in correlated oxides.

II. EXPERIMENT

High-quality single crystalline (001), (where p denotes
pseudocubic indices) SrRuO; thin films with a spectrum of
thicknesses were fabricated on (001), NdGaOs3 substrates
(without special treatment; mixed termination) using a reactive
MBE system (DCA R450). The in-plane lattice constant
of (001), NdGaO; is 3.865 A, which leads to a 1.65%

compressive strain to the pseudocubic SrRuOs3 (3.93 A). The
shuttered growth mode was applied to synthesize films in
the distilled ozone atmosphere of 1.0x 10~° Torr. During the
growth, the temperature of substrates was kept at 600 °C
according to the thermocouple behind the sample stage.
Moreover, the overall growth rate and surface structure of thin
films were monitored by in situ reflection high-energy electron
diffraction (RHEED) during growth. Strontium (Sr) and ruthe-
nium (Ru) were evaporated from a thermal Knudsen cell and
an electron-beam evaporator with delicate feedback control of
flux, respectively. The Sr and Ru fluxes were approximately
1.2x10'3 atoms/(cm? s), which were checked before and after
the deposition by a quartz crystal microbalance.

Figures 1(al) and 1(a2) display the typical RHEED patterns
of a 21-uc-thick SrRuOj3 epitaxial thin film taken along [100],
and [110], azimuth directions, respectively. The remarkable
shiny spots and visible Kikuchi lines reveal the fine surface
with long-range ordered lattice structure. The amplitudes and
periods of RHEED intensity oscillations of the [00] and [01]
diffraction rods tend to be constant, indicating the layer-by-
layer and stoichiometric growth of this film [30]. Note that
each oscillation represents the growth of one layer of StRuQOs,
as depicted in Fig. 1(b). Consequently, closing/opening the
Sr/Ru shutters according to the RHEED intensity curve can
intentionally control the thickness of thin film. In this way,
the thicknesses of all SrRuOj films in this work were well
controlled. As shown in the inset of Fig. 1(c), the morphology
of a typical four-uc-thick film measured by atomic force
microscope illustrates a surface roughness of only 0.13 nm,
which guarantees the well-controlled thickness of the ultrathin
films and following ARPES measurements. The typical x-ray
diffraction (XRD) of the SrRuOj film is shown in Fig. 1(c). The
0-26 scan result is consistent with the growth of phase-pure
(001) ,-oriented SrRuQs. The clear Kiessig interface fringes
indicate the sharp and smooth interfaces between the thin film
and substrate. The scheme of the thickness control could be
further confirmed by the explicit fitting of Keissig fringes in
the XRD pattern [31]. For example, the best fit to the 6-20 scan
around the 002 diffraction peak [Fig. 1(d)] gives a thickness
of 21 uc, which is in good agreement with that determined by
counting RHEED oscillations.

After growth, the film was cooled down to 200 °C and then
immediately transferred to the ARPES chamber within 5 min
through a transfer chamber bridging the MBE and ARPES
with a vacuum of around 1.0x107!° Torr. In so doing, a
clean sample surface is expected to be preserved [18]. Then
ARPES measurements were performed with a Specs UVLS
monochromatized helium discharging lamp (He I, 21.2 eV)
and a VG Scienta R8000 analyzer under an ultrahigh vacuum
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FIG. 1. MBE growth and characterization of SrRuOs thin films
with well-controlled thicknesses. (a) Typical RHEED patterns of
a 21-uc-thick SrRuO; epitaxial thin film. (al) and (a2) are taken
along [100], and [110], azimuth directions, respectively. (b) RHEED
intensity curve: time dependence of the intensities of [00] and [01]
diffraction spots in the [100], RHEED pattern (al). Each oscillation
framed by two adjacent dotted lines represents the growth of 1 uc
SrRuO; thin film. (c) The typical x-ray diffraction 6-26 scan of a
21 uc SrRuOj; thin film whose nominal thickness is determined by
counting the number of RHEED oscillations. Red markers represent
diffraction peaks of the film, while black ones represent those of the
NdGaOs; substrate. The inset shows the morphology of a typical four
uc SrRuQ; thin film measured by atomic force microscope, which
gives a rather flat surface with a roughness of only 0.13 nm (Rq).
(d) A close-up of the 002 diffraction peak of this 21 uc SrRuO; film,
showing clear Keissig fringes. The red dotted line is the best fit to the
data, which gives the thickness of 21 uc, in good agreement with the
nominal thickness determined by counting the RHEED oscillations.

of 8.0x 10~ Torr. Thin films were measured at 14 K with an
energy resolution of 10.5 meV and angle resolution of 0.3°.
The Er was referenced to that of a polycrystalline gold newly
deposited and electrically connected to samples. We note that
finite density of states near Ep persists in even two-uc-thick
film, which is in line with the best StTRuO; films ever reported
[19]. In order to avoid the photoemission charging effect due to
the insulating behavior of the NdGaOj; substrate, conducting
silver paste was used to carefully cover edges of the substrate.
In all cases, we experimentally conformed that no charging
effect occurred through photon flux test. Also, no apparent
signs of degradation were observed during measurements.

III. RESULTS AND DISCUSSIONS

Figure 2(al) displays the band dispersion of one typical
14-uc-thick SrRuOs film along the (0,0)-(0,7) high-symmetry
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FIG. 2. The kink exists in all SrRuOj; films down to four uc thick. (a) The photoemission intensity spectra of SrRuQO; films with various
thicknesses near E along the (0, 0)-(0,77) high-symmetry direction as shown by the inset of (al). The black lines overlaid are extracted band
dispersions obtained through fitting MDCs spaced by 3 meV with Lorentz functions. Red arrow in (al) roughly marks the energy position of
the kink. (b) Extracted band dispersions with bare bands obtained by polynomial fittings with an order of two as indicated by dotted red lines.
The difference between the extracted band dispersion and the polynomial bare band is treated as the self-energy denoted by the yellow shadow.

The kink structure is present in all films ranging from 14 to 4 uc.

direction (see the inset). Consistent with the previous report
[18], the quasi-one-dimensional band § exhibits sharp quasi-
particle peaks, indicating that the sample is indeed in the
Fermi liquid regime. The overlaid black curve is the exacted
dispersion by fitting momentum distribution curves (MDCs)
with Lorentzian functions. It is evident that the slope of the
dispersion near Ef is significantly smaller than that of the
high-binding-energy part (—0.15 eV to —0.25 eV). Such an
abrupt change of the slope is the key characteristic of the
kink structure signaling significant electron-boson coupling
[18,32,33]. As displayed in Figs. 2(al)-2(a6), while the film
thickness keeps decreasing, the kink structure persists in the
dispersion of the band g, and can even be observed in a four-
uc-thick film [Fig. 2(a6)], aside from the broader background
and smaller slope of the high-binding-energy part partially due
to the increasing electron correlations induced by reducing
the dimensionality [34]. For films with less than four uc, the
dispersion is too broad to extract the kink structure, while finite
spectral weight near the E still remains in two-uc-thick films
(not shown).

To identify such kink evolution with dimensionality in an
accurate way, quantitative self-energy analysis was carried
out [18,26]. Here the self-energy is handled in a practical
way, which was proved to be effective in identifying the
kink [18,26]. We first fitted the band B (specifically the
high-binding-energy part) with a polynomial function with an
order of two to approximately yield the bare band dispersion

marked by red dotted lines in Figs. 2(b1)-2(b6); consequently,
by subtracting the exacted band with the fitted bare band, we
can obtain the the real part of the self-energy X'(w), as marked
by yellow shadows in Fig. 2(b). Figure 3(a) illustrates the
thickness dependence of X'(w). Each curve evidently shows
a maxima which can be used to mark the energy position of
the kink. It is found that the kink structure is always located at
around 62 meV below Ef, as highlighted by the gradient cyan
shadow. Such a result can be also confirmed by the imaginary
part of the self-energy X”(w) analysis, which is directly
related with momentum distribution curve (MDC) peak widths
[see Fig. 3(b)]. As we can see, each Z”(w) curve exhibits a
characteristic steplike increase, implying the sudden change of
the scattering rate of electrons. With the decreasing of the film
thickness, the steplike feature’s characteristic energy remains
around 62 meV (binding energy) as well, in line with the 3'(w)
analysis. We can further estimate the kink energy of each film
by applying Gaussian fitting to the maxima region of the ¥’(w),
given that the maxima region of the X’(w) qualitatively adopts
the Gaussian function shape. As shown by the left axis of
Fig. 4(a), the kink energy qualitatively remains unchanged
with film thickness.

Perovskite StRuO; was reported to host a fundamental
thickness limit of the long-range ferromagnetism: the Curie
temperature 7¢ keeps decreasing with thinning the film [19],
as illustrated by the reproduced data in Fig. 4(a) (the right
axis). In a typical itinerant ferromagnet, the effective exchange
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FIG. 3. Negligible thickness dependence of the kink in SrRuOj.
(a) Real part [X/(w)] analyses of the self-energies of films. Offsets
are used to display those curves clearly, and no normalizations are
applied. The gradient cyan shadow area indicates the maxima region
of the real part of the self-energies, which denotes the binding energies
of the kinks. All kinks occur at around 62 meV below the Er. (b)
Corresponding imaginary part [X”(w), can be represented by the
FWHM of MDC peaks] analyses of self-energies. To display these
data clearly, offsets and normalizations of “amplitude” (difference
between the biggest and smallest FWHMs in one film) are used.
In addition, black dotted lines are used as guides to the eyes. The
gradient cyan shadow marks the abrupt change of the imaginary part,
which represents the kink. All kinks occur at around 62 meV below
the E, which is in accordance with the real part analyses in (a).

interaction J is expected to be proportional to the T¢, and thus
the energy of spin waves or magnons, which is proportional
to the spin wave stiffness D o J, would be reduced as the T¢
decreases. If the kink structure of SrRuQOj3 indeed originates
from the electron-magnon coupling, the energy of the kink
should have shown an evident downward trend with thinning
the film. However, by contrast, the binding energy of the
kink shows negligible thickness dependence as illustrated in
Fig. 4(a) (the left axis). In addition, for another two members
of the Ruddlesden-Popper (RP) series of ruthenates, Sr,RuO4
and Sr;Ru;O;, whose magnetic ground states are totally
different from SrRuQs3, the spectral behaviors of the kinks are
similar to that of SrTRuOj3 [25]. Therefore, we suggest that the
collective magnetic excitations may have little contribution
to the kink of SrRuO;. Alternately, it was proposed that
strong electron-electron interaction could solely lead to the
formation of a kink in the electron band [32,35] as well, which
however is not the case of STRuO;3 since STRuO; is known as
a moderately correlated without well-separated sub-Hubbard
band [7].

On the other hand, the combined study of Raman
spectroscopy and lattice dynamical calculations revealed
that perovskite SrRuOj; films possess the prominent in-
phase stretching mode in the phonon spectra [as illustrated
in Fig. 4(b) schematically], the energy scale of which
(540 cm~! ~ 67 meV) is remarkably close to our measured
kink’s binding energy 62 meV [36]. In addition, such bond-
stretching phonons with similar energy scale have been well
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FIG. 4. Electron-phonon coupling origin of the kink in SrRuOs.
(a) Left axis: measured negligible thickness dependence of the energy
position of the kink. The kink energy is extracted by applying
Gaussian function fitting to the maxima region of the real part of
self-energy. Right axis: reported thickness dependence of the Curie
temperature (Ref. [19]). The black rectangular marker displays the
energy scale of in-phase stretching phonon mode proposed by the
combined studies of Raman spectroscopy and calculation (Ref. [36]).
(b) Schematic of in-phase stretching phonon mode (associated with
the movement of in-plane oxygen atoms as marked by blue arrows)
(Ref. [36]), based on the perovskite structure of SrRuO; which is
constituted of oxygen octahedra connected by oxygen atoms (note
that Sr atoms are not drawn for simplicity).

identified as the origin of the kink structure in the band
dispersion of RP-structured manganite La;_5,Sr; 2, Mn, O
[27]. Thus, it is most probable that the coupling of electrons
to the bond-stretching phonons plays a dominant role in
the formation of kink in perovskite SrRuQOj; films. Indeed,
since in-plane phonon mainly involves in-plane movements of
atoms, its mode energy should not notably change with driving
SrRuOj3 to two-dimensional limit.

As mentioned above, for two other members of RP-
structured ruthenates, Sro,RuO4 and Sr;Ru,O; both show
the kink structure with the same binding energy in the
band dispersion [25]. Considering their more two-dimensional
electronic structure and negligible thickness dependence of
kink in perovskite StRuOj3 think films, it is natural to assign
these phenomena to the coupling of electrons to the in-plane
stretching phonon branch. Moreover, such kink structure in the
band dispersion was also observed in many other correlated
oxides, such as various cuprate superconductors [28,29] and
SrVOj; [26]. In terms of crystal structure, these compounds
belong to the perovskite and layered perovskite oxide family,
which are constituted of oxygen octahedra/tetrahedra con-
nected by oxygen atoms [see the structure of SrRuOj; in
Fig. 4(b) as an example]. The vibration of oxygen atoms,
together with various tilts and distortions of similar oxygen
octahedra would lead to considerable phonon modes. Once
such phonon modes couple with electrons, renormalization
with cut-off binding energies may occur and the scattering
rate near the Er may be changed as well, thus forming a kink
in the band dispersion.

Thus, we suggest that the interaction between electrons
and phonons may be ubiquitous (in many cases even form
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a kink in the band dispersion, as discussed above) and then
impact the physical performance of correlated oxides with
the transition-metal-oxygen octahedra units. Particularly, this
kind of coupling has also been considered to be important
in understanding the formation of Cooper pairs in cuprates
[28,33], and the colossal magnetoresistance effect in man-
ganites [27]. The studies of electron-phonon coupling in
ruthenates may provide opportunities to uncover the roles
phonons play in these novel materials.

IV. CONCLUSION

To summarize, we have utilized the delicate combo of reac-
tive MBE and in sifru ARPES to systematically study the kink
structure of SrRuQOj5 thin films with various well-controlled
thicknesses. The kink structure exists in all SrRuOj films
(even in four-uc-thick films). Moreover, through quantitative
self-energy analysis, we observed that all kinks approximately
occur at around 62 meV below the Ep. This observation,
and comparisons with other oxides, together with reported
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transport and Raman studies, demonstrate that the kink
originates from the the strong electron-phonon coupling other
than electron-magnon coupling. In addition, we discussed the
possible ubiquity of electron-phonon coupling in correlated
oxides. Our work not only uncovers the kink origin of StRuO3
and gives a hint on fundamental exploration of other correlated
oxides, but also demonstrates that the in situ MBE and ARPES
system could be a powerful toolkit in studying novel quantum
materials.
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Comparative angle-resolved photoemission spectroscopy study of CaRuQO; and SrRuQj thin films:
Pronounced spectral weight transfer and possible precursor of lower Hubbard band
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In the prototypical 4d system (Sr,Ca)RuOs;, the degree and origin of electron correlations, and how they
correlate with physical properties, still remain elusive, though extensive studies have been performed. In this
work we present a comparative electronic structure study of high-quality epitaxial CaRuO;3; and SrRuOj; thin
films, by means of reactive molecular beam epitaxy and in sifu angle-resolved photoemission spectroscopy. We
found that while SrRuO; possesses sharp features signaling the Fermi liquid state, the isostructural CaRuO;
exhibits broad features and its spectral weight is markedly transferred from the Fermi level to —1.2 eV forming
a “hump” structure which resembles the Mott-Hubbard system (Sr,Ca)VO;. We suggest that this hump is the
precursor of the lower Hubbard band, and the U/ W (U and W represent the on-site Coulomb interactions and
bandwidth, respectively) of our CaRuQj thin film is much larger than that of SrRuOs;. In addition, we discuss the
origin of electron correlations as well as the ferromagnetism in StRuO; which is absent in CaRuOs3. Our findings
put constraints on future studies, and also show that perovskite ruthenates are indeed an experimentally tunable

system for the study of electron correlations.

DOI: 10.1103/PhysRevB.94.115151

I. INTRODUCTION

The physics of electron correlations is one of the most
fundamental topics in the study of transition metal oxides,
since it essentially lays the foundation for versatile ex-
traordinary physical phenomena including high-7, supercon-
ductivity [1,2], metal-insulator transitions [3], and colossal
magnetoresistance [4], etc.

The celebrated single-band Hubbard model addresses the
role of on-site Coulomb interaction U of electrons. The
Mott-Hubbard transition illustrates that when the U is large
enough to be comparable with the bandwidth W, the half-filled
band will be split into the upper and lower Hubbard bands
separated by a considerable band gap, and the system will be
driven into the Mott insulating state [3,5]. Such a well-known
example is the 3d' electron system (Sr,Ca)VO;. Although
this system would not reach the real insulating state through
continuous Ca substitution, the pronounced spectral weight
transfer from the Fermi level (Efr) towards high binding
energy region and the resulted lower Hubbard band located at
around —1.6 eV have been directly observed by photoemission
studies [6—8]. When going from 3d to 4d electron systems, U
would usually decrease since 4d electrons are expected to be
more delocalized than 3d ones, while the spin-orbit coupling
(SOC) would become stronger due to the heavier elements.

Among various 4d transition metal oxides, perovskite
ruthenium (Ru) oxides CaRuO3; (CRO) and SrRuO; (SRO)
have aroused plenty of interest, since they not only serve as
key building bricks in all-oxide electronics and spintronics but
also can provide rich implications for fundamental physics [9].
In these compounds, Ru** has a 4d* configuration with four
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2469-9950/2016/94(11)/115151(6)

115151-1

electrons occupying three degenerate #,, orbitals. Despite their
similar crystal structure, while SRO is a metallic ferromagnet
with a T, of 160 K and exhibits the Fermi-liquid (FL)
state at low temperatures [9,10], CRO remains metallic with
the absence of long-range magnetic orderings and does not
exhibit FL behaviors until 1.5 K [11-13]. So far, electron
correlations have been proposed to account for such striking
differences [9,14,15]. However, controversies on the extent
of electron correlations and how they determine the physical
properties still exist, despite a magnitude of theoretical [15-21]
and experimental attempts [10,22-31]. Additionally, the origin
of electron correlations in this system remains an open
question. Besides the common Coulomb repulsion (Mott
physics), the Hund’s coupling [16,32,33] and SOC [34] were
also proposed to play an important role.

In order to study electron correlations in CRO and SRO,
directly detecting their electronic structures is highly desirable.
However, the difficulty to cleave the pseudocubic (Sr,Ca)RuO3
highly hinders the visualization of their band structures
by means of experimental probes like scanning tunneling
spectroscopy (STS) and angle-resolved photoemission spec-
troscopy (ARPES). To the best of our knowledge, the measured
band structure of CRO has not been reported before. And thus,
a comparable picture of low-lying electronic structures of CRO
and SRO is still lacking to date.

In this article we took advantage of reactive molecular beam
epitaxy (MBE) and in situ ARPES [10,35,36] to investigate
the band structures of CRO and SRO in a comparative way.
We found that, while SRO exhibits sharp spectra formed by
evident quasiparticles near Er signaling the FL state, the
photoemission spectra of CRO show broad and blurry features
in the vicinity of Er and a pronounced “hump” structure
centered at —1.2 eV which we suggest is the precursor of
the lower Hubbard band.

©2016 American Physical Society
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FIG. 1. Growth and characterization of CRO thin films. (a)
Schematic of CRO thin films epitaxially grown on NGO substrates.
(b) Typical RHEED patterns of CRO thin film (bl) and the NGO
substrate (b2) along the (100), azimuthal. Sharp diffraction spot-
streak structures and visible Kikuchi lines in the CRO RHEED pattern
indicate its high quality with long-range ordered surface structure. (c)
X-ray diffraction pattern around (001),, peak for a CRO thin film. The
red and black markers denote (001), peaks of the CRO thin film and
the NGO substrate, respectively. The red dotted line is the good fitting
curve which gives a thickness of 41 unit cells (UCs) and out-of-plane
constant of 3.832 A as a result of the tensile strain. (d) Temperature
dependence of the resistances of this 41-UC-thick CRO film (i) and
21-UC-thick SRO film (ii). In (i), no signature of a phase transition
in our CRO film was observed within the temperature range of our
measurement; the inset shows that the low-temperature resistance has
alinear dependence of T3/? (T is short for temperature). In (ii), the red
arrow marks the kink corresponding to the ferromagnetic transition of
SRO; the inset shows that the low-temperature resistance has a linear
dependence of T2, which indicates the Fermi liquid ground state. The
growth details of high-quality SRO thin films with well-controlled
thicknesses can be found in our previous work [34].

II. EXPERIMENT

Perovskite (001), (where the subscript p denotes pseudocu-
bic indices) CRO films [Fig. 1(a)] were fabricated using a DCA
R450 OMBE system at a substrate temperature of 750 °C in
a background pressure of 2x 10~® Torr of distilled ozone. Ca
and Ru were evaporated from an effusion cell and an electron
beam evaporator, respectively. To achieve high-quality CRO
thin films, (001), NdGaO3; (NGO) was used as the substrate
to effectively get rid of multidomains [37], which leads to a
0.6% tensile strain for epitaxial films. During growth, in situ
surface-sensitive reflection high-energy electron diffraction
(RHEED) was used to monitor the growth and check surface
structure. Growth details of our high-quality SRO thin films
can be found in our previous work [35].

After growth, thin films were quickly transferred to
the combined ARPES chamber (within 5 min) for mea-
surements through an ultrahigh vacuum buffer chamber

PHYSICAL REVIEW B 94, 115151 (2016)

(~1.0x 1071 Torr). Our in-house ARPES system is equipped
with a VG-Scienta R8000 electron analyzer and a SPECS
UVLS helium discharging lamp with a monochromator. The
data were collected at 15 K with He I (21.2 eV) photons under
ultrahigh vacuum of 8x 10~ Torr. The overall energy and
angular resolutions were set to 15 meV and 0.3°, respectively.
During the measurements, the films were checked to be
stable and no signatures of degradation or charging were
observed.

III. RESULTS AND DISCUSSIONS

As displayed in Fig. 1(b1), the RHEED pattern of a typical
CRO thin film features shiny diffraction spot-streak structures
and visible Kikuchi lines which are comparable to the NGO
single-crystalline substrate [Fig. 1(b2)]. These fine structures
of RHEED pattern reveal the high quality of films with long-
range ordered lattice structure and flat surface, which guarantee
the following good ARPES data. Figure 1(c) shows the typical
x-ray diffraction (XRD) 6-26 scan of the CRO film around
the (001), peak. One can see persistent fringes which indicate
the sharp and smooth interface between the thin film and the
substrate that again confirms the high quality of thin films.
Good fitting to these fringes [see the red dotted line in Fig. 1(c)]
gives a thickness of 41 unit cells (UCs) and the out-of-plane
constant of 3.832 A as a result of the tensile strain from the
NGO substrate. Characterizations of SRO films have been
reported in our previous work [35].

Figure 1(d)(i) displays the temperature dependence of
the electrical resistance [R(T)] of this 41-UC-thick CRO
film. CRO remains metallic in the whole temperature range
(from 2.0 to 300 K), and exhibits a smooth curve without
the kinklike feature, suggesting no signature of long-range
magnetic ordering as in SRO [9,10]. Moreover, in our
measurement range, the low-temperature resistivity obeys a
T3/? dependence, implying the non-Fermi-liquid (NFL) state.
This behavior as well as the R(T") curve shape, is in accordance
with previous reports [11-13]. By contrast, SRO is generally
thought to possess the FL ground state [i.e., low-temperature
resistance obeys a T’ dependence; see the inset of Fig. 1(d)(ii)]
with a ferromagnetic transition around 155 K signaled by
a “kink” (marked by the red arrow) in the R(T) curve
[9,10].

To understand these differences between the isostructural
CRO and SRO thin films, in situ ARPES measurements were
carried out to compare their low-lying electronic structures.
Figures 2(a) and 2(b) show the representative valence band
(VB) spectra of CRO and SRO along the (0, 0)-(0, 7) high
symmetry direction [see the cut #1 in the inset of Fig. 2(b)]
and the corresponding integrated energy dispersive curves
(EDCs) [normalization within (—4.2 eV, —3.4 eV) was used
to display the near- Er features clearly], respectively. Evident
dispersive bands can be observed, which again confirms the
high-quality surface and crystal structures of the thin film.
High-energy parts of their band dispersions (from —2.5 to
—7.5 eV) look quite similar, as illustrated by their spectra
in Fig. 2(a). However, near Er [cyan shadow region in
Fig. 2(b)], a pronounced difference is directly revealed from
the integrated EDCs, whereas SRO shows one sharp peak
at Er, CRO exhibits one peak at Er and an additional
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FIG. 2. Valence bands of CRO and SRO. (a) Valence band spectra
of CRO and SRO. Their high-binding energy dispersions (below
—2.4 eV) are similar. (b) Integrated valence bands of CRO (blue
curve) and SRO (red curve). The normalization of these two curves
was done within the energy window of [—4.2 eV, —3.4 eV] to clearly
show their near- E structures. In (i), near- E r parts were shown with
the normalization within the energy window of [—2.2 eV, 0]. The
inset is the schematic of the first Brillouin zone (corresponding to the
pseudocubic substrate) with the cut #1.

hump structure centered at —1.2 eV. These differences are
also shown in the zoom-in plot [Fig. 2(b)(i)], in which the
normalization within (—2.2 eV, 0) was used. Note that bands
in this region mainly originate from Ru 4d electrons. It is
worth noting that spectra backgrounds of CRO and SRO can
be intrinsically different, and generally a high-binding-energy
region has a higher background than the near- E r region within
one spectrum.

Then we investigated the band dispersions of CRO and
SRO in the vicinity of E, as directly compared in Fig. 3.
While SRO shows sharp band dispersions built by evident
quasiparticles around E ¢ [10,35] [insets of Figs. 3(d) and 3(e)],
CRO displays blurry and broad features which reveals that
electrons (quasiparticles) have quite short lifetimes [Figs. 3(a)
and 3(b)]. This finding indicates the NFL state of CRO and FL.
state of SRO at our measurement temperature (15 K), which is
in line with bulk-sensitive transport studies discussed above.
Moreover, in contrast to SRO, CRO possesses appreciable
spectral weight around —1.2 eV forming an ellipsoid-shaped
band [Fig. 3(a)]. This additional feature contributes to the
pronounced hump structure, which is as also confirmed by
the side-by-side comparison of individual EDCs [Figs. 3(c)
and 3(f)].

What’s the origin of the hump feature discovered in CRO
thin film? Since this hump resides at relatively high binding
energy region (more than 1.0 eV below Ef), low-energy
excitations which may exist in this system (e.g., phonons [35],
polarons [38], and magnons [2]) should not be attributed to.
If we compare the renormalized integrated EDCs of CRO
and SRO [Fig. 4(a)], we can conjecture that part of spectral
weight of the quasiparticle peak near E should have shifted
to —1.2 eV and formed the hump structure in CRO. This
is naturally reminiscent of the well-established example—
Sr(Ca)VO; system with a simple 3d' configuration [3]. As
displayed in Fig. 4(b)(i), StVO3; shows a coherent peak at
Er and a broad feature centered at —1.6 eV ascribed to the
lower Hubbard band; when going from SrVO; to CaVOs;,
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FIG. 3. Side-by-side comparison of representative long-cut dis-
persions of CRO and SRO along the cut #1. (a) Long-cut spectrum
(down to —2.5 eV) of CRO. The hump structure enclosed by black
dotted line is evidently shown to be located around —1.2 eV. (b) EDCs
of the spectrum (a) exhibiting broad peaks. (c) Two representative
EDC:s cutting across the hump structure marked by the purple shadow.
(d) Long-cut spectrum of SRO. No hump structure is observed [no
evident spectral weight in the same black-dotted-line region as (a)].
The inset shows sharp band dispersions near Ef. (¢) EDCs of the
spectrum (d), exhibiting sharp peaks. The inset shows EDCs near E .
(f) Two representative EDCs at the same positions as (c) showing no
signatures of hump in SRO.

the effective Coulomb interaction increases and consequently
more spectral weight transfers from the coherent peak to the
lower Hubbard band at higher binding energy [6-8]. Such
behavior was also observed in some other typical Mott-
Hubbard systems, such as V,03 [39] and NiS,_,Se, [40].
Theoretically, Mott-Hubbard spectral weight transferring has
been studied in the context of the dynamical mean field
theory (DMFT) solution of the Hubbard model [41,42]. As
schematically shown in Fig. 4(b)(ii), as increasing Coulomb
interactions between electrons, spectral features evolve from
sharp peak at Ef [electrons are entirely independent which
is characteristic of a “good” metal (see the curve a)] to
the vanishing of the quasiparticle peak and the formation
of incoherent lower Hubbard band [electrons hugely interact
with each other which is characteristic of Mott insulator (see
the curve f)]; in the mediate region, the spectrum features a
quasiparticle peak near Er and a broad hump which is the
precursor of the lower Hubbard band.

Likewise, the spectral weight transferring of CRO could
be understood in the similar Mott physics picture, and the
hump of CRO can be ascribed to the lower Hubbard band.
Actually, its cousin compound Ca,RuQ, is a well-studied
Mott insulator [43,44], and doping SRO showed similar
spectral weight transfer which was interpreted to be related
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FIG. 4. (a) Integrated EDCs of CRO (blue curve) and SRO (red curve) (i), and schematic of CRO (ii) showing a bigger GdFeOs-type
distortion than SRO (iii). (b) Pronounced spectral weight transfer in Mott-Hubbard system Sr(Ca)VOj;, which is reproduced from Ref. [7]
(1). Schematic of spectral weight transfer with increasing the U/ W in a typical Mott-Hubbard system (from the DMFT solution of the
Hubbard model; Refs. [41,42]) (ii). (c) Simple phase diagram of CRO and SRO. The y axis and the bottom and top x axes are the GdFeOs;-
type distortion and the U/ W and magnetism, respectively. Ruthenium perovskites are indeed a tunable system to explore the electron
correlations and related quantum criticality, with structural distortion as the knob (can be experimentally modified via epitaxial strain and

doping).

with correlation effects [24,25]. Therefore, it is reasonable to
demonstrate that the Mott physics plays an important role in
the formation of the hump in CRO, and CRO shows a larger
U/W than SRO [see Fig. 4(b)(ii)]. From the perspective of
structural distortion, smaller size of Ca’t than Sr’* leads
to bigger GdFeOs-type distortion in CRO [Fig. 4(a)], and
further suppresses the hopping of electrons (decreases the
bandwidth W), and thus increases the effective Coulomb
interactions [14,15,31,33].

Since C(S)RO are 4d non-half-filled multiband compounds,
besides Mott physics, some other scenarios were proposed to
play a role in electron correlations. On one hand, recently
initiated by the studies of iron-based superconductors [45,46],
Hund’s rule coupling (intra-atomic exchange J) was proposed
to play a key role in determining the electron correlations from
two aspects: it drives the system away from the Mott transition
and decreases the possible Mott gap; meanwhile, it makes
the metallic state more correlated by strongly suppressing
the quasiparticle coherence scale [16,32]. Considering the
multiband nature and highly suppressed coherence temper-
ature of CRO, it may also contribute to the electron correla-
tions [16,33]. On the other hand, SOC was also involved into
the strongly correlated physics (e.g., spin-orbit Mott insulator):
the split bands by SOC are so narrow that a small on-site
Coulomb interaction U may introduce a relatively large U/ W
which drives the system into the Mott insulating state [34].
Since Ru possesses a stronger SOC than 3d elements, it
is reasonable to take SOC into consideration. However,
our photoemission data do not reveal any notable splitting
phenomena of bands near Er of C(S)RO, which is consistent
with previous theoretical predictions that SOC would not have
a large effect on the electronic structure [14,18].

Except the hump structure, another pronounced difference
in the band structures of CRO and SRO is the flat band around
the BZ center of SRO which is absent in CRO. These bands

contribute to large density of states, which together with the
FL ground state, may account for the itinerant ferromagnetism
of SRO [17,47]. Note that local moment may also play a
role [10,21], regarding the Hund’s coupling in the non-half-
filled shells. Although CRO does not show any long-range
magnetic ordering (in our thin film case and bulk studies
reported [11,12]), it was suggested to be located in the vicinity
of magnetic ordering region [12,17]. Recently, ferromagnetic
CRO thin film was reported by applying considerable tensile
strain [48] possibly due to modifying structural distortion.
Meanwhile, strain was also suggested to change the Curie
temperature of SRO [49].

Figure 4(d) displays a simple phase diagram of ruthe-
nium perovskites. The y axis and top and bottom x axes
represent the GdFeOs-type distortion and magnetism and the
U/ W, respectively. With the increase of the GdFeO;-type
distortion, the system can evolve from a ferromagnet (bulk
SRO) with FL ground state and small effective Coulomb
interaction, to a nonmagnet (bulk CRO) with NFL ground
state and big effective Coulomb interaction. Thus, a quantum
critical point is expected in the mediate region, and the
GdFeOs;-type distortion can be used as an essential knob.
This distortion can be experimentally tuned via epitaxial
strain [10,48,49] and chemical doping [24,25,50-52]. There-
fore, ruthenium perovskites are indeed a profound system
to study the electron correlations and relevant quantum
criticality.

IV. CONCLUSION

To summarize, comparative in situ ARPES studies of high-
quality CRO and SRO thin films were presented. In contrast
to SRO possessing sharp features at the Fermi level, CRO
exhibits broad features and the spectral weight is substantially
transferred from Er to around —1.2 eV forming a hump
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structure which we suggest is the precursor of lower Hubbard
band. We show that the U/ W of CRO thin films on NGO is
bigger than that of SRO. Discussions about the possible origins
of the electron correlations and magnetism are also presented.
Our results suggest that ruthenium perovskites are indeed a
tunable system to study the electron correlations and quantum
criticality therein. Further studies from both theoretical and
experimental aspects are highly advocated, and our results
could be a good start point.
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van der Waals heterostructures (VDWHs) exhibit rich properties and thus has potential for applications,
and charge transfer between different layers in a heterostructure often dominates its properties and device
performance. It is thus critical to reveal and understand the charge transfer effects in VDWHs, for which
electronic structure measurements have proven to be effective. Using angle-resolved photoemission
spectroscopy, we studied the electronic structures of (PbSe), 14(TiSe;),, (m = 1, 2), which are naturally
occurring VDWHEs, and discovered several striking charge transfer effects. When the thickness of the TiSe,
layers is halved from m = 2 to m = 1, the amount of charge transferred increases unexpectedly by more
than 250%. This is accompanied by a dramatic drop in the electron-phonon interaction strength far beyond
the prediction by first-principles calculations and, consequently, superconductivity only exists in the m = 2
compound with strong electron-phonon interaction, albeit with lower carrier density. Furthermore, we
found that the amount of charge transferred in both compounds is nearly halved when warmed from below
10 K to room temperature, due to the different thermal expansion coefficients of the constituent layers of
these misfit compounds. These unprecedentedly large charge transfer effects might widely existin VDWHs
composed of metal-semiconductor contacts; thus, our results provide important insights for further

understanding and applications of VDWHs.

DOI: 10.1103/PhysRevLett.120.106401

Boosted by then enormous effort put into graphenelike
materials, research into artificial materials formed by
stacking different two-dimensional (2D) crystals in a
desired sequence, the so-called van der Waals hetero-
structures (VDWHSs) have gradually drawn considerable
attention [1-6]. The interaction between neighboring 2D
crystals is relatively weak, but owing to the atomically flat
interfaces and precise crystallographic alignment, elec-
tronic orbitals can still protrude across the interfaces and
thus affect charge carriers in the adjacent 2D crystals. The
resulting charge reconstruction leads to emergent properties
distinct from those of its individual components, e.g., the
observation of Hofstadter’s butterfly [7,8], the fractal
quantum hall effect [9,10], and the unconventional diode
and photovoltaic effects in MoS,/WSe, heterostructures
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[11], which naturally pique both fundamental and techno-
logical interest. However, the deterministic placement
methods for preparing most artificial VDWHs impede
the experimental investigation of the influence of charge
transfer on their low-energy electronic structure, which is
the key to understanding the underlying mechanism and of
important directive significance to further devices based
on VDWHs.

Misfit compounds, bulk materials that consist of alter-
nately stacked rock-salt and transition metal chalcogenide
layers, belong to naturally occurring VDWHSs [12-16]. The
neighboring structural subsystems exhibit different sym-
metry and periodicity, leading to an incommensurate
crystal structure bound by weak van der Waals interactions
between interleaved layers, as sketched in Fig. 1(a) [17].

© 2018 American Physical Society
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These compounds provide a unique opportunity to inves-
tigate the manipulation of VDWHSs, and in particular the
cleavable crystal structure and absence of unwanted inter-
layer adsorbates enable the direct probing of their intrinsic
electronic structure by angle-resolved photoemission spec-
troscopy (ARPES).

In this Letter, through systematic ARPES measure-
ments and first-principles calculations on the low-lying
electronic structure of typical naturally occurring VDWHs
(PbSe), 4(TiSe,),, (m =1, 2) (denoted as ml and m2
hereinafter), we demonstrate remarkable charge transfer
effects that may prove endemic to VDWHs. First, varying
the thickness of TiSe, layers from m?2 to m1 results in the
significant increase in the charge transferred at the inter-
faces, which is accompanied by a dramatic drop in the
electron-phonon coupling (EPC) strength far beyond the
prediction by first-principles calculations. Furthermore, an
unexpected temperature-dependent band shift is revealed,
which introduces an up to 40% decrease in the charge
transfer when warmed from 10 K to room temperature.
Since a large number of current prototype VDWH devices
are made from transition metal chalcogenides, and their
design is optimized mainly based on their low-temperature
properties, this finding may prove crucial to the further
exploration of VDWH applications.

High-quality (PbSe), ,4(TiSe,),, (m = 1, 2) single crys-
tals were synthesized by a chemical vapor transport method
as described elsewhere [18]. They could be mechanically
exfoliated down to few-layer thickness, forming natural and
air-stable VDWHs suitable for device applications (see
Supplemental Material [19] for details). ARPES measure-
ments were performed at beam line 54 of Stanford
Synchrotron Radiation Laboratory, beam line 105-ARPES
of Diamond Light Source, and (beam line 13U of National
Synchrotron Radiation Laboratory (NSRL). These beam
lines are all equipped with VG-Scienta R4000 electron
analyzers. The overall energy resolution was 10-15 meV
depending on the photon energy, and the angular resolution
was set to 0.3°. All samples were cleaved under a vacuum
better than 5 x 107! Torr. The details of first-principles
calculations can be found in Supplemental Material [19-23].

We first present the photoemission intensity maps of m1
[Fig. 1(c)] and m?2 [Fig. 1(d)] at the Fermi energy Er. Both
full-scale maps show hexagonal symmetry in accord with
the lattice of bulk 17-TiSe,. According to the crystal
structure of misfit compounds, there should be a sizable
possibility for the PbSe layer to be present on the surface.
However, neither map shows any fourfold symmetric
feature from the PbSe layers in all of our more than a
dozen samples. We speculate that the random or incom-
mensurate potential may affect PbSe severely and localize
its holes, and its photoemission signal is thus smeared in
momentum space.

Both Fermi surface maps exhibit elliptical Fermi pockets
around the M point similar to bulk 17-TiSe, [24], but a
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FIG. 1. (a) Crystal structure of (PbSe), ,4(TiSe,),, (m =1, 2).

The bottom left depicts the projected 2D Brillouin zones (BZ) of
the TiSe, (blue hexagon) and PbSe layers (red squares). Note that
the I' point of the second PbSe BZ and the M point of the TiSe,
layer coincide. The bottom right shows a comparison of their
lattice constants. (b) Schematic diagram of the charge transfer at
interfaces. Orange and cyan rectangles represent PbSe and TiSe,
layers, respectively. PbSe layers donate electrons to TiSe, layers.
[(c) and (d)] Photoemission intensity maps of m1 and m2 at Er,
respectively, over the projected 2D BZ. Black dashed ellipses
indicate the Fermi pockets and the intensity has been integrated
over a window of (Ep — 2.5 meV, Ep + 2.5 meV). Data were
threefold symmetrized. Photoemission intensity plots (e) and
(f) for m1 and (g) and (h) for m?2 are presented near I' and M,
respectively. The dashed lines indicate band dispersions obtained
from the momentum and energy distribution curves (MDCs and
EDCs). All data were taken at 10 K with 80 eV photons.

detailed comparison indicates significant electron doping in
both m1 and m2. The estimated Luttinger volumes of the
Fermi pockets are 13% and 7.4% of the Brillouin zone for
m1 and m2, respectively (see more details in Supplemental
Material [19]). Based on the charge transfer processes
sketched in Fig. 1(b), the doped charge in the surface layer
of m1 would be half its bulk value, while there is no charge
reconstruction in m2, which gives bulk doping levels of
0.26 ¢~ and 0.074 e~ per TiSe, for m1 and m2, respec-
tively [25-28]. This finding confirms the previous model
that the PbSe layers serve as a carrier reservoir for TiSe,
layers, thus giving rise to the charge transfer. When the
thickness of the TiSe, layers is halved from m?2 to m1, the
amount of transferred charge increases by as large as 250%,
which suggests that varying the thickness of the interleaved
layers might provide a rather efficient means of tuning
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charge transfer in VDWHs. We note that the charge
transfer originates from the difference in Fermi level/
chemical potential of neighboring layers in VDWHs
[19]. Although our findings are on bulk misfit compounds,
they represent the behaviors of VDWHs down to a few unit
cells. As shown by the static electric model analysis in
Supplemental Material [19,29], the charge distribution
is stable and independent of the number of unit cells
down to 2 u.c. of PbSe/TiSe,, 2 u.c. PbSe/TiSe,/TiSe,, or
1 u.c. TiSe,/PbSe/TiSe,.

More detailed electronic structure comparisons of m1
and m2 are shown in Figs. 1(e)—1(h). In the vicinity of E,
one electronlike (y) and two holelike bands (a and p)
around I" together with another electronlike band (1)
around M can be clearly resolved. As in the bulk material,
n is a Ti 3d band while the highly dispersive a and f are
spin-orbit-split Se 4p bands [30,31]. However, we stress
that the y band in (PbSe), ;4(TiSe,),, cannot be assigned as
scattered states by the charge-density-wave (CDW) wave
vector as in 17-TiSe,, since the CDW is unlikely present in
m1 and m?2 for the following reasons. First, throughout the
whole temperature range from 300 to 10 K, we have never
found any sign of band folding in our ARPES measure-
ments, which is the smoking gun for the presence of bulk
or surface CDW states in 17-TiSe, [32]. Secondly, our
ARPES measurements have confirmed nearly the same
photoemission spectra of m2 as those of CuggsTiSe,,
which is located in the same optimal doping regime as
m?2; CDW has been proven absent at this doping [32,33].
Thirdly, the doping level of m1 is much higher than m2 on
the surface, and even higher in the bulk, and thus ml is
further away from the CDW regime than m?2. Instead, y is
more reasonably accounted for as the electronic states of
TiSe, scattered from M by the reciprocal lattice constant of
the PbSe layers [illustrated by the double-headed arrow in
Fig. 1(a)]. This result suggests that the charge density from
the PbSe layers impinges upon the TiSe, planes, serving
as a commensurate potential that scatters the electrons
therein [34].

The dramatic change in the transferred charge with m is
accompanied by an unexpected modulation of the photo-
emission spectra of these naturally occurring VDWHs.
Figures 2(a) and 2(b) compare EDCs of m1 and m?2 along
I'-M at low temperatures. Note that while the 7 band of m1
shows typical quasiparticlelike dispersion with sharp and
well-defined peaks, the spectral line shape of m?2 taken at
the same momenta is remarkably broad and the linewidth
is on the same order as the dispersion, which strongly
suggests the incoherent nature of the spectra. Meanwhile,
the maxima of these incoherent peaks still follow the
dispersion predicted by band structure calculations.
Taking spectra around the # band bottoms of both com-
pounds as an example [Fig. 2(c)], rather different behavior
is clearly observed. The EDC for ml is well fit by a
Lorentzian peak having a linewidth of 22.1 meV, in which
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FIG. 2. [(a) and (b)] EDCs along the I'-M cuts shown in
Figs. 1(c) and 1(d) for m1 and m2, respectively. Spectra around M
have been intentionally scaled down by 0.25 to be comparable to
those around I'. (c) Comparison of their EDCs at the M point. The
line shape (d) for m1 can be fitted by a Lorentzian peak, while
that (e) for m?2 is fit best by a Gaussian envelope. (f) The phase
diagram of electron-doped TiSe,, whose regime below 0.1
doping is reproduced from that of Cu,TiSe, with one Cu ion
doping one electron [33], and the overdoped regime is a sketch.
m1 is located in the heavily overdoped regime with quasiparticle-
like spectra, which extends the original phase diagram, while
m?2 is located in the optimally doped regime and its spectra
exhibit the typical Franck-Condon broadening of polarons due to
strong EPC.

the shadow band background and the Fermi-Dirac function
have been considered [Fig. 2(d)]. In contrast, as shown in
Fig. 2(e), the line shape of the spectrum taken from m?2 is
clearly nonquasiparticlelike, and it can only be reasonably
fit by a Gaussian function with a linewidth of 112 meV,
more than 5 times wider than m1. Note that both samples
are rather 2D in nature (see Supplemental Material [19]
for details, [35]) and transport measurements have
further proven the more 2D electronic structure of m2.
Furthermore, X-ray diffraction and transition electron
microscopy have illustrated the similar crystalline quality
of our m1 and m?2 samples [18]. Therefore, this unconven-
tional spectroscopic broadening of m?2 is not due to k,
broadening or disorder. Moreover, since the actual doping
in bulk is twice that on the surface for m1, its linewidth of
bulk states should be even much smaller.
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Such spectroscopic linewidth broadening has also been
reported at low doping x in Cu, TiSe, [32]—photoemission
spectra of Cuy 45 TiSe,, located in the same optimal doping
regime as m2, exhibit an analogous broad feature. The
observed sharp Fermi edges in both our data and Ref. [32]
represent the Fermi-Dirac cutoff of a broad feature extend-
ing well above Ep. This behavior is characteristic of the
typical polarons in transition metal chalcogenides [36,37],
indicating the very strong EPC in m2, which is reasonable
as it is in proximity to a CDW phase [38]. In principle, our
first-principles calculations can reproduce the tendency for
diminishing EPC strength with increasing electron doping
in TiSe,, with the coupling constant A decreasing from 0.55
in m2 to 0.51 in m1 (see Supplemental Material [19] for

more details of calculations,

[39-41]). However, the

>500% difference in the spectroscopic linewidth between
these two sibling VDWHs is not well accounted for by this
calculation, suggesting a much more drastic change in the
EPC strength owing to charge transfer. Our findings also
suggest that the strong EPC would likely reduce the charge
transfer and cause the observed large difference between
ml and m2—the two TiSe, layers in m2 would share
electrons transferred from one layer of PbSe, so that the
carrier concentration in its TiSe, layer would be less than
the m1 case, which results in stronger EPC that sub-
sequently reduces the charge transfer. This possibility
needs to be tested by further calculations including the
doping dependent EPC. Moreover, one immediate conse-
quence of such a significant modulation of the EPC is on
the emergence of superconductivity in (PbSe), ,4(TiSe,),,
(m =1, 2). As summarized in the phase diagram of

(ch)
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electron-doped TiSe, [Fig. 2(f)], the spectra of m?2 exhibit
typical Franck-Condon broadening of polarons due to
rather strong EPC, while those of m1 behave like the
coherent quasiparticle in a weak-coupling regime (see more
analysis in Supplemental Material [19]). The weak EPC in
ml explains its absence of superconductivity despite the
higher density of states near Ey than in m2.

Unexpectedly, we discovered that the carrier concen-
trations of these naturally occurring VDWHs exhibit strong
temperature dependence. The upper halves of Fig. 3(a)
show the room-temperature photoemission intensity maps
of m1 and m2. Compared with those taken at low temper-
atures, the electron pockets around M shrink markedly.
The more quantitative comparison of Fermi surface con-
tours at different temperatures [the lower part of Fig. 3(a)],
extracted from the MDC peak fitting, further confirms that
the charge transferred from PbSe to TiSe, is reduced for
both m1 and m2 on increasing temperature. This shrinking
of the Fermi pockets can be attributed to the upward shift
of the Ti 3d n band [Fig. 3(b)], which could be directly
observed from comparisons of EDCs taken at high and low
temperatures for m1 and m2 as well [Figs. 3(c1)-3(c2)].
Detailed temperature dependence measurements indicate
that this band shift is continuous and not due to some
sudden phase transition, as illustrated in Fig. 3(d).
Quantitatively, the n bands of m1 and m?2 shift as much
as 24.5 and 21.2 meV towards Ep, respectively, from our
lowest measurement temperature to room temperature
[Fig. 3(e)].

To account for the temperature-dependent energy shift
of the # band, we have considered the thermal expansion
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FIG. 3. (a)Fermi surfaces of (PbSe), ,4(TiSe,),, (m = 1, 2). The upper halves are room-temperature photoemission intensity maps of
ml and m?2 integrated over (Ep —2.5 meV, Er + 2.5 meV). Data were sixfold symmetrized. The lower halves are a quantitative
comparison of Fermi pocket size at low (8.5 and 10 K) and room (295 and 312 K) temperatures. (b) Comparisons of photoemission
intensity plots around M for m1 and m2 at low and ambient temperatures. (c1 — ¢2) Direct comparisons of the EDCs taken at high
and low temperatures for m1 and m2, respectively. (d) Temperature-dependent EDCs located at M for m1 and m?2, respectively.
(e) Temperature dependence of the 7 band bottom energy for m1 and m?2. (f) Temperature dependence of carrier concentrations for m1
and m2 due to charge transfer.
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FIG. 4. Band structure comparison of the TiSe, component in
misfit VDWHs at low and room temperatures, as simulated by
first-principles calculations based on the thermal expansion of
the lattice.

effect of the TiSe, lattice and then estimated the Ti 3d band
shift through band structure calculations (Fig. 4) [42]. This
band energy shift is calculated to be about 26 meV from 8
to 300 K, in good agreement with our experimental results
(see Supplemental Material [19] for details of this calcu-
lation). Since the chemical potential of PbSe lies higher in
energy than the Fermi level of TiSe, [43] and the upward
shift of the Ti 34 band observed on warming in misfit
VDWHSs would reduce the energy gap between them, the
electron transfer from PbSe to TiSe, is effectively sup-
pressed. Accordingly, the resulting carrier concentrations of
ml and m?2 are modulated by as much as 30% and 40%,
respectively, by temperature [Fig. 3(f)]. Currently, most
prototype devices based on VDWHs are designed mainly
according to their low-temperature properties, but are
intended to be employed in a room-temperature environ-
ment. If such a huge variation in carrier concentration
with temperature occurs more generally in VDWHs, it is
essential that it should be taken into account.

To summarize, we have comprehensively characterized
the electronic structure of the typical naturally occurring
VDWHs (PbSe), 4(TiSe,),, (m =1, 2). By varying the
thickness of the TiSe, layers, we can realize carrier
concentration modulation of these VDWHSs on an unprec-
edentedly large scale. Simultaneously, the EPC strength in
these VDWHs can be tuned via charge transfer, and thus
the domelike dependence of the superconducting transition
temperature with carrier concentration in electron-doped
TiSe, can be understood. Most remarkably, a dramatic
temperature-dependent band shift is revealed that cuts the
carrier concentration nearly in half on warming to room
temperature. These findings may provide crucial feedback
for the application of devices based on VDWHs and offer a
new direction to further our understanding of this interest-
ing class of materials.
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By means of oxide molecular beam epitaxy with shutter-growth mode, we fabricate a series of electron-doped
(Sri—zLag )2IrO4 (001) (z=0, 0.05, 0.1 and 0.15) single crystalline thin films and then investigate the doping
dependence of the electronic structure utilizing in-situ angle-resolved photoemission spectroscopy. It is found
that with the increasing doping content, the Fermi levels of samples progressively shift upward. Prominently,
an extra electron pocket crossing the Fermi level around the M point is evidently observed in the 15% nominal
doping sample. Moreover, bulk-sensitive transport measurements confirm that the doping effectively suppresses
the insulating state with respect to the as-grown SroIrOy4, though the doped samples still remain insulating at
low temperatures due to the localization effect possibly stemming from disorders including oxygen deficiencies.
Our work provides another feasible doping method to tune electronic structure of SraIrQOy.

PACS: 71.20.—b, 71.30.+h, 73.21.Ac, 77.55.Px

Researchers may notice that 5d transition-metal
oxides (TMOs) have recently drawn a great deal
of attention. In these compounds, the compli-
cated interplay between spin-orbit coupling (SOC)
and electron correlations has been suggested to host
multiple novel quantum states, including topolog-
ical Mott insulators,l'! Weyl semimetals,[**] axion
insulators,[>® and spin liquids." % These studies
were mostly initialized by the pioneering experiments
on the prototype layered perovskite SrolrQOy, in which
the strong SOC was revealed to lift the orbital de-
generacy and then to result in a narrow half-filled
Jer =1/2 band so that even the relatively weak
Coulomb repulsion of 5d electrons could induce a Mott
metal-insulator transition (MIT) therein.[>'%l Scatter-
ing experiments have found that this Mott insulator,
showing an effective pseudospin 1/2 antiferromagnetic
(AFM) order at low temperature, can be well de-
scribed by the Heisenberg model with an exchange
coupling of 60-100meV."""? Such findings indicate
that the low-energy behavior of this single-layer iridate
rather resembles that of cuprates. Consequently, it is
tempting to investigate the carrier doping of SrolrQOy,
which might pave the way to discover a new family
of unconventional superconductors. Indeed, a recent
theoretical work has predicted the unconventional su-
perconductivity in the electron-doped SroIrQy 11

In this context, various experimental attempts

DOI: 10.1088/0256-307X/32/5/057402

have been performed to achieve the effective car-
rier doping of SroIrOy4.l'* 1715211 So far, one of the
most promising progresses is the try of surface elec-
tron doping of SrolrOy4 via in situ potassium depo-
sition, in which Fermi arcs and pseudogap behavior
have been reported.!'%] Nevertheless, this finding is not
consistent with the reports on the sibling La-doped
Sr3IrO7, in which only small Fermi pockets rather
than Fermi arcs were revealed.”>??] This controversy
naturally raises one open question, namely, whether
the existence of Fermi arcs is an universal property of
the electron-doped iridates irrespective of the specific
doping method. As there has been no equivalent study
reported so far for La-doped SraIrOy4. This important
question still remains unanswered.

In the present work, we synthesize a series of high-
quality La-doped SroIrO,4 thin films on SrTiO5(001)
single crystal substrates by means of oxide molecu-
lar beam epitaxy (OMBE), by which the metastable
phases with large electron doping levels could be sta-
bilized in the formation of thin films. We can thus
investigate the electron-doping dependence of elec-
tronic structure of bulk SroIrO4 through in situ angle-
resolved photoemission spectroscopy (ARPES). We
find that, with the increasing La-doped content, the
Fermi levels of samples gradually shift upward to the
conduction band, which is consistent with the electron
doping. In addition, we recognize an extra electron-

*Supported by the National Basic Research Program of China (973 Program) under Grant Nos 2011CBA00106 and
2012CB927400, the National Natural Science Foundation of China under Grant Nos 11274332 and 11227902, and Helmholtz
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Strategic Priority Research Program (B) of the Chinese Academy of Sciences under Grant No XDB04040300.
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like band crossing the Fermi level upon 15% nominal
La-doping, forming one pocket-like feature around the
boundary of the reduced Brillouin zone (BZ), in stark
contrast to as-grown SroIrO4 samples. Although elec-
tric transport measurements manifest that the lan-
thanum substitution of Sr can significantly suppress
the resistivity of this system, the doped SraIrOy still
shows clear insulating behavior. We argue that this
may be caused by the random carrier hoping between
localized states in our system due to inevitable oxygen
related defects.

Intensity (arb.units)

L S, 4
r IrO 1
1 1 1 1
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Fig.1. (a) and (¢) RHEED patterns of the SrTiO3(001)
substrate and as-grown (Srg.g9s5Lag.05)2IrO4 along [110],
azimuth direction, respectively.  (b) RHEED inten-
sity curves integrated within the rectangle windows in
panels (a) and (c). (d) Time dependence of the in-
tensity of [00] diffraction streak in RHEED pattern
of (Sri—gLaz)2IrO4 (z = 0.05) thin film during de-
position. (e) AFM topographic image of as-grown
(Sro.95Lag.05)2IrO4 thin film. (f) The in-plane length de-
pendence of height along the arrow direction in panel (e).

The La-doped SryIrO4(001) films were deposited
onto SrTiO3(001) single crystalline substrates using a
DCA R450 OMBE system. The flat stepped surface
of substrates was obtained by etching in hydrofluoric
acid buffer solution (BHF) and annealing in a muffle
furnace according the standard procedure.l”!! The in-
plane lattice constant of SrTiO5 substrates is 3.905 A,
which leads to a 0.44% tensile strain to the pseudo-
cubic (La,Sr)oIrO, (3.888A). The shuttered growth
mode was applied to synthesize the films in the dis-
tilled ozone atmosphere of 2x1076 Torr. During the
growth, the temperature of substrates was kept at
800°C verified by the thermocouple behind the sample
stage. Moreover, the overall growth rate and surface
structure of thin films were monitored by in situ reflec-
tion high-energy electron diffraction (RHEED) during
the growth. Strontium (lanthanum) and iridium were
evaporated from Knudsen effusion cells and an elec-
tron beam evaporator, respectively. All the doping
levels mentioned here are nominal values.

Figures 1(a) and (c) show the RHEED patterns
of the SrTiO3(001) substrate before the growth and
after the growth of the 6-unit-cell (Srg.g5Lag.05)2IrO4
thin film, respectively, which were both taken with a

glancing electron beam parallel to the [110], azimuthal
direction. These RHEED images exhibit prominent
Kikuchi lines, indicating the high crystalline perfec-
tion of films. We compared the RHEED intensity
curves integrated within the rectangle windows of the
(Sr0_95La0_05)21rO4 film and substrate [Flg 1(b)], and
the negligible shift of the intensity peak indicates that
there is no evident lattice relaxation for the strained
film. The amplitudes and periods of RHEED inten-
sity oscillations of the [00] diffraction streak tend to be
constant once the Sr(La)/Ir flux ratio is adjusted to be
close to stoichiometric 2. However, to further confirm
that the shuttered SrO/(Las03)¢.5 and IrO2 monolay-
ers are complete during the growth, we measured the
total thickness of films and their c-axis lattice con-
stants through x-ray diffraction (XRD) to estimate
the actual number of unit cells. By comparing this
value to the number of shutting periods of our calibra-
tion sample, we can then deduce the scaling factor, by
which we can calibrate the Sr/La and Ir shutter open-
ing times. In this way, the layer-by-layer growth of
(Sry_;La,)2IrOy films could be achieved. Figure 1(d)
shows a typical RHEED intensity oscillation of the
[00] diffraction streak (surrounded by a yellow pane
in Fig.1(c)) of such a calibrated film. By means of
the ex situ atomic force microscopy (AFM), we fur-
ther examined the typical surface morphology of our
thin film, as displayed in Fig. 1(e). The film surface
shows a well defined terrace-step structure with a typ-
ical step height of 0.394nm [Fig. 1(f)], preserving the
flat terraces and surface morphology of SrTiO3(001)
substrates. This finding confirms the layer-by-layer
growth mode of our films. Moreover, since all growths
of our films were terminated after an integral number
of oscillation finishing, we can expect a single IrO,
surface termination for all the films.

To characterize the phase purity and crys-
tallinity of (Sri_,Lag;)2IrO4 thin films, the high-
resolution cross-sectional transmission electron mi-
croscopy (TEM) and the ez situ XRD measurements
were performed. Figures 2(a) and 2(b) show the TEM
images of the typical SroIrO4 and (Srg.gsLag.15)2IrOy4
thin films deposited on SrTiO3(001) substrates. Both
data demonstrate the continuous and evenly spaced
SrO/(La203)0.5 and IrOs layers and the atomically
sharp interfaces between the epitaxial thin films and
the substrates, with no discernible interdiffusion or
vacancy observable. The XRD results of typical
(Sr1_;La,)IrO4 thin films are shown in Figs. 2(c)
and 2(d). The 6-20 scans of the films [Fig.2(d)]
are consistent with the growth of phase-pure (001)-
oriented (Sr;_,La,)2IrO4. The clear Kiessig interface
fringes indicate smooth film surfaces and sharp in-
terfaces between the thin films and substrates. We
also measured the rocking curves around the (006)
peaks of SraIrOy4 and (SrggsLag.15)2IrOy, as shown in
Fig.2(c). The full widths at half maximum (FWHM)
of these curves are 0.062° and 0.069°, respectively, in-
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dicating the good epitaxial film quality. In addition, e _ :
through Bragg’s function on the (006) peak positions, (é‘) : é :ﬁxcm?m[ ,‘E}L“: 1573
we can deduce the out-of-plane c lattice constants of | EZO'OGTﬁ
SI‘QII"O4 and (SI"(),85La0_15)QII“O4 to be 12782A and § :L
12.821 A, respectively. For comparison, the out-of- 2

plane c¢ lattice constant of bulk SryIrO4 was deter-
mined to be 12.899 A.[*"] Obviously, the in-plane ten-
sile strain for the epitaxial films results in the compres-

S Y S —
— 0.250 0.25

sion in the out-of-plane ¢ direction, while the doping y T y T y T T S (deg) T
of lanthanum with smaller ionic radius partially coun- 0 [ La=15%
terbalances this effect. From another perspective, this g
finding confirms the real bulk doping of lanthanum in 5
our (Sri_,La,)2IrO4 films grown by OMBE. &

After growth, we performed in situ ARPES mea- 2z
surements on these samples in order to investigate §
the electron doping evolution of (Sr;_,Lag)2IrOy. g
Thin films were transferred through an ultrahigh vac- , . , . . . . . . .
uum buffer chamber (1.0x 1071 Torr) to the combined 10 20 30 4 (d 40 50 60
ARPES chamber for measurements immediately af- 26 (deg)
ter the growth. (This ARPES system is equipped Fig.2. (a) and (b) TEM cross-sections of SroIrO4 and

(Sro.s5Lag.15)2IrO4 thin films on SrTiO3(001) substrates,

with a VG-Scienta R8000 electron analyzer and a respectively. (c) Rocking curves of (006) diffraction peaks

SPECS UVLS helium discharging lamp. The data
were collected at 40K under ultrahigh vacuum of
8x10~ ™ Torr. The angular resolution was 0.3°, and
the overall energy resolution was set to 15meV (Hel,

of SraIrO4 (orange symbol-line) and (Srg.g5Lag.15)2IrO4
(blue symbol-line) thin films, respectively. Green lines
are Gauss curves for fitting the rocking curves of thin
films. (d) X-ray diffraction 6-20 scans of 8-nm-thick

(Sri—zLagz)2IrOs4 (x = 0 and 0.15) thins films on

21.2€V photon energy). During the measurements,
the films were stable and did not show any sign of
degradation.

SrTiO3(001) substrates. The characteristic peaks of sub-
strates are labeled with an asterisk.

Intensity
(arb. units)

Xf(ll.47;)‘2 ]'\4 0:2 X -04-02 M 02 —-02 M 02 04 I’
k, (A1) k, (A1) k, (A1)

—0.271 0.2
k, (A1

Intensity
(arb. units)

—0.8 —0.40.0 0.4 0.8
k, (A7)

Fig. 3. (a) Photoemission intensity plots of SroIrO4 thin film along X—-I'-X direction, taken with 21.2eV photon
energy at 40K. (b) The valence-band photoemission spectra at the I' point for (Sri—zLag)2IrO4 thins films. (c)
Photoemission intensity plots along X—M of the SraIrO4 thin film. (e) and (g) Photoemission intensity plots along
X-M and M-I of (Srg.g5Lag.15)2IrO4, respectively. (d), (f), (h) The momentum distribution curves for the data in
panels (c), (e) and (g). (i) The two-dimensional projection of the Brillouin zone and the high-symmetry directions.
The blue solid lines represent the reduced Brillouin zone. (j) Fermi surface map integrated over [Ep = —15meV,
Er = +15meV] of the (Srg.g5Lag.15)2IrO4 thin film. Yellow dashed lines guide for the elliptical Fermi surface
around M. The blue dashed lines illustrate the reflected shadow band of Fermi arcs. All the APRES data were
taken with 21.2eV photon energy at 40 K.

we can identify that the features between —7.0 and
—2.0eV are mainly contributed by the O 2p states,
while the Ir ¢y, orbitals mainly distribute the fea-
ture located at around —0.5¢€V, as illustrated by the

Figure 3(a) shows the valence band photoemission
intensity plot for SroIrO4 epitaxial films along X—
I'-X high-symmetry direction highlighted by the red
line in Fig.3(i). Comparing with DFT calculations,
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integrated spectra in momenta around the I' point
[Fig. 3(b)].l'"?0~2%] However, upon further La doping
(from z = 0 to 0.15 nominal doping level), we discov-
ered a continuous energy shift (as large as ~500 meV)
for these spectral features as shown in Fig. 3(b). This
finding confirms the gradual electron doping into the
insulating SroIrO4 by substituting Sr with La, which
would increase the chemical potential of this system
and keep pushing valence band (VB) features to higher
binding energy. Here all the spectra have been renor-
malized by the spectral intensity at the binding energy
of 8.0eV for comparison.

Surprisingly, as for the sample with nominal 15%
La-doping, we observe an extra electron-like band
crossing the Fermi level [Figs. 3(e) and (g)], while the
non-doped SroIrOy4 just presents as a typical insulator
with an energy gap [Fig. 3(c)]. Moreover, the compar-
ison between the corresponding momentum distribu-
tion curves in Figs. 3(d), 3(f) and 3(h) further confirms
this finding. As shown in Fig. 3(j), the band forms
one elliptical electron pocket around the M point of
the reduced Brillouin zone which is guided by yellow
dashed line [Fig. 3(i)]. It seems that our findings are in
qualitative agreement with the Fermi pockets discov-
ered in the metallic electron-doped Sr3Iro Oy, in which
electron carriers are doped into the conduction band
and produces a small Fermi surface containing only
the added z electrons.l*”l However, we could still not
simply rule out the possibility of the Fermi arcs. Tak-
ing into account of the significant octahedral rotation
and the possible antiferromagnetic (AF) ordering in
(Sry_ La,)2IrOy, it is highly possible for ARPES to
observe the reflected shadow bands of the Fermi arcs,
which would also produce the pocket-like feature as
illustrated by the blue dashed lines in Fig.3(j). To
further pin down the origin of this pocket-like feature,
a more detailed doping dependence of the low-lying
electronic structure is highly imperative.

To further determine whether our findings are
caused by the surface or the bulk electronic structure,
we compared the in-plane resistivity of films with dif-
ferent doping levels. As shown in Fig.4(a), for the
as-grown SralrOy, the normalized R-T curve mani-
fests a typical insulator behavior and the resistivity
has been out of measurement range when the tem-
perature is below 70 K. Nevertheless, though the film
with 15% nominal doping level still behaves as an in-
sulator, its in-plane resistivity has dropped by around
three orders at 70K, and it is still in the range of
our measuring system at as low as 5 K. This promi-
nent change of the bulk properties of films is in good
agreement with our ARPES result, and it undoubt-
edly supports that our findings are mainly caused by
the electron doping into the bulk SryIrO4. We note
that (Srg.ssLag.15)2IrOy is still insulating though there
is finite spectrum weight in the vicinity of Fermi en-
ergy (Er), which implies that this system might be
in the strongly localized regime.l””) Figure 4(b) shows

the logarithm of the in-plane resistivity as a func-
tion of T-1/% for a temperature range 5-300K. In
the low temperature range (5—40K), we could observe
an excellent agreement with a linear fit, consistent
with the typical two-dimensional variable range hop-
ping (VRH) model.l*’] In this case, carriers would hop
between localized states as sketched by the inset of
Fig.4(b). At higher temperatures, though there exists
a slight deviation from the linear fit, we can conclude
that the VRH may still be the main conduction mech-
anism. Recently, one scanning tunneling microscopy
and spectroscopy experiment discovered some oxygen
related defects on the surface of SrolrO4, which are
likely native to the sample and regardless of the good
sample quality.l*'] Such random distribution of the de-
fects are in good agreement with the VRH behavior
in our in-plane resistivity data.

— (a) La doping 0% — 4r (b)
X —— La doping 15% N i
o S 3
= S
o e
~ Qd 2t
- ~
= S
s
1 ot ‘Transport direction

0 100 200 300
Temperature (K)

0.2 03 04 0.5 0.6
T-1/3 (K—l/({)

Fig. 4. (a) The temperature dependence of resistance for
(Sr1—z,Lag)2Ir04(001) (z = 0 and 0.15) epitaxial films,
normalized by the resistance at 300 K temperature. (b)
The logarithm of the in-plane normalized resistivity as a
function of T—1/3 for the (Sro.85,La0.15)2IrO4 epitaxial
film. Inset: sketch of a typical two-dimensional variable
range hoping model.

In summary, we have grown a series of La-doped
(Sr1_,La;)2Ir04(001) (x = 0, 0.05, 0.1, and 0.15)
epitaxial films on SrTiO3(001) substrates and studied
the corresponding electronic structure and transport
properties. By increasing the La-doping level, Fermi
level for the samples are drifted up getting close to
higher binding energy. Moreover, a fast dispersing
state is observed around the M point for the samples
with 15% La-doping. In addition, the R-T curves of
(Srg.s5Lag.15)2IrO4 thin film is suppressed under the
one of undoped SraIrOy4 thin film. Although the La-
doped content is as high as 15%, the films still remain
insulators, which might be resulted from the strong lo-
calized effect induced by disorders including the oxy-
gen defects in the samples.

We gratefully acknowledge Professor Donglai Feng,
Dr. Rui Peng and Dr. Wei Li for the helpful discus-
sion.
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Tunable electronic structure and surface states in rare-earth
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Here we report the evolution of bulk band structure and surface states in rare-earth monobismuthides with
partially filled f shell. Utilizing synchrotron-based photoemission spectroscopy, we determined the three-
dimensional bulk band structure and identified the bulk band inversions near the X points, which, according
to the topological theory, could give rise to nontrivial band topology with an odd number of gapless topological
surface states. Near the surface " point, no clear evidence for a predicted gapless topological surface state is
observed due to its strong hybridization with the bulk bands. Near the M point, the two surface states, because
of projections from two inequivalent bulk band inversions, interact and give rise to two peculiar sets of gapped
surface states. The bulk band inversions and corresponding surface states can be tuned substantially by varying
rare-earth elements, in good agreement with density-functional theory calculations assuming local f electrons.
Our study therefore establishes rare-earth monobismuthides as an interesting class of materials possessing tunable
electronic properties and magnetism, providing a promising platform to search for various properties in potentially

correlated topological materials.

DOI: 10.1103/PhysRevB.98.085103

I. INTRODUCTION

The discovery of topological insulators has sparked tremen-
dous research interest in condensed matter physics in the past
decade [1-3]. The recent realization of topological semimetal,
including Dirac and Weyl semimetals [4—12], has further
advanced the field and significantly expanded the scope of
topological materials. Although a majority of known topo-
logical materials are weakly correlated systems, searching
for topological phases with strong electron correlations could
yield a plethora of new quantum states and phenomena [13].
A well-known example of a correlated topological material
is the topological Kondo insulator, e.g., SmBg, where the
hybridization between f and conduction electrons opens up
an energy gap, which is smoothly connected by topologi-
cal surface states (TSSs) [14-18]. Recently rare-earth (RE)
monoantimonides/bismuthides, RESb/REBi, have attracted
considerable research interest as potential candidates for cor-
related topological semimetals [19-22]. In LaSb/LaBi where
no f electrons are present, it has been predicted that strong
spin-orbit coupling (SOC) causes bulk band inversion, leading
to nontrivial Z,-topological invariant and TSSs [21]. If La
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is replaced with other RE elements with a partially filled f
shell, a magnetic transition could occur at low temperature,
which breaks time-reversal symmetry and potentially leads to
novel topological phases with strong electronic correlations,
such as Weyl fermions [23]. The simultaneous presence of
nontrivial band topology and magnetism provides an oppor-
tunity to study the topological phase in a strongly correlated
setting.

The electronic structure of RESb/REBI has been studied by
first-principles calculations and angle-resolved photoemission
spectroscopy (ARPES). Nontrivial band topology and TSSs
have been observed experimentally in LaBi by ARPES mea-
surements [24—28], while most RESb compounds are found to
be topologically trivial without TSSs [29-33]. In this paper, we
focus on the electronic structure of a few representative REBi
compounds with different numbers of f electrons, including
CeBi, PrBi, SmBi, and GdBi, in order to probe the evolution
of bulk bands and possible TSSs. Since most previous ARPES
studies of REBi are focused on LaBi [24-28] (with two recent
papers on CeBi [20,34]), such a systematic study is crucial
to reveal the role of f electrons and their influence on the
electronic structure near the Fermi level.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single crystals of REBi were grown using an indium flux
method with a molar ratio of RE:Bi:In of 1:1:10. The raw

©2018 American Physical Society
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FIG. 1. Sample characterization of REBIi. (a) Crystal structure (left) and its corresponding bulk and surface BZ (right) of REBI. (b)
Momentum-integrated large-range energy scans for various REBi compounds. The spectrum for CeBi, PrBi was taken with 42-eV photons,
while 54-eV photons were used for SmBi and GdBi. The small splitting of both the Bi 5d3,, and 5ds,, lines is caused by simultaneous
contributions from surface and bulk Bi atoms due to the cleaved surface, and their relative ratio could be dependent on the photon energy. The
spectra between —2 and —10 eV are dominated by RE 4 f bands, which gradually move to deeper binding energies with heavier RE. (c) The
resistivity vs temperature for all REBi compounds. The resistivity for CeBi under 9-T magnetic field is also displayed, showing its extremely
large magnetoresistance. (d) A Laue image of SmBi indicating high-quality single crystal. (¢) Three-dimensional FS for GdBi within the first

BZ, typical for all REBi’s.

materials were weighed and put into Al O3 crucible, sealed in
an evacuated quartz tube, and heated to 1100°C before cooling
down slowly to 800°C. The excessive indium was removed
in a centrifuge. The typical size of the crystal is 2 x 2 x 2
mm. After growth, the samples were characterized by Laue
diffraction, magnetotransport, and thermodynamic measure-
ments. Synchrotron-based ARPES measurements were carried
out at BL13U beamline at National Synchrotron Radiation Lab
(NSRL, China) and beamline 21B at Taiwan Light Source, both
equipped with a R4000 electron energy analyzer. All ARPES
spectra in this paper were taken at ~30 K, i.e., the samples are
in their paramagnetic phase. The typical energy resolution is

~20 meV and the momentum resolution is typically 0.01 A
Constant energy contours are generated by rotating the sample
in steps of 1° or 0.5° with respect to the vertical z axis (at
NSRL). Large single crystals of ReBi were cleaved in situ in the
ARPES chamber (base pressure ~7 x 10~!! Torr), resulting in
a flat and shiny surface for the ARPES measurement. Because
these samples are easily oxidized, all data presented in this
paper were taken only within a few hours (<4 h) after a
fresh cleave at low temperature. Sample aging is monitored
regularly (by checking the reference scan) to ensure that the

data presented in the paper reflect the intrinsic band structure
of the materials.

Electronic structure calculations were performed using den-
sity functional theory (DFT) and a plane-wave basis projected
augmented wave method, as implemented in the Vienna ab
initio simulation package (VASP) [35]. The f electrons were
treated as core electrons in all DFT calculations. An energy
cutoff of 480 eV and 12 x 12 x 12 gamma-centered k-mesh
were employed to converge the calculation to 1 meV /atom.
The spin-orbit coupling effect was considered using a second
variational step. Since the Perdew-Burke-Ernzerhof (PBE) fla-
vor of the generalized gradient approximation to the exchange-
correlation functional is known to exaggerate the band inver-
sion features [36], we have employed the modified Becke-
Johnson (MBJ) potential to obtain better agreement with exper-
iments [37]. For the PBE calculations, the surface states were
obtained by using a 25-layer slab-model with 25-A vacuum
layer (PBE slab), whereas for the MBJ calculations, the surface
states were obtained with the surface Green’s function method
(MBJ GF calculations) [38], assuming a semi-infinite slab. Slab
calculations using the MBJ potential are difficult to perform at
the moment, due to the nonconvergence problem.
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FIG. 2. Probing the three-dimensional band structure by photon-energy dependent ARPES, example of GdBi. (a)-(f) ARPES spectra of
GdBi taken along the TM direction with various photon energies, in comparison with the projected bulk band calculation using the MBJ
potential (g). The &, values, indicated at the bottom right of the experimental data, are calculated based on the dipole transition model using
an estimated inner potential of 14 eV. The dashed yellow curves on top of experimental data are the extracted dispersion relations of the bulk
bands at k, = 0 cut. The fact that they do not show a continuous change with photon energy indicates large k, broadening in the photoemission
process, which yields emission features dominated by the band edge (k, = 0 or & cuts). The thick black (red) curves in (g) indicate k, = 0
(k, = m) cuts. (h) The band character for the k, = 0 cut, highlighting the bulk band inversion between Gd 5d and Bi 6p bands near the M point.

III. RESULTS AND DISCUSSIONS
A. Sample characterization

REBI crystallizes in the simple rocksalt structure (face-
centered-cubic) as shown in Fig. 1(a), where its bulk three-
dimensional (3D) Brillouin zone (BZ) and projected 2D BZ,
typically used for APRES analysis, are also shown. Since we
work on the (001) surface in this paper, the bulk I" and one X
(k, = m) point project onto 2D T point with (kx, ky) = (0, 0),
and two bulk symmetry-inequivalent X points (with k, = 0
or m, respectively) project onto the same 2D M point with

(kx, ky) = (~1 Afl, 0). A momentum-integrated energy scan
reveals sharp core levels, including Bi 54 (—26 eV and —23

eV), RE 5p (between —28 and —18 eV) and RE 4 f (from
—10 eV up to —2 eV) [Fig. 1(b)], confirming a good sample
quality. The sample quality is further verified by the large
residual resistivity ratio (typically over 100), as well as sharp
Laue patterns, as shown in Figs. 1(c) and 1(d). An extremely
large magnetoresistance (MR) was also observed [39], and an
example is shown for CeBi with MR up to 2 x 10*% at 9 T
and 2 K. Magnetic transitions take place at low temperature
for many REBi’s, due to partially filled 4 f shells, which may
overlap with the orbits of conduction electrons and develop
long-range magnetic order. A well-known example is CeBi,
where highly anisotropic magnetic orderings with a complex
phase diagram occur at low temperature, accompanied by

085103-3



PENG LI et al.

PHYSICAL REVIEW B 98, 085103 (2018)

-0.6

P 23.8 eV SD 28.1 eV SD
-

Energy (eV)
o
w

-0.6

K, (2mla)

high
low
54 eV SD Kz=0 bulk band
high
N Bi6p_ ...
N -~ Ss0
~ \x_ - -7 3
- Bi6p™~
N Inverted Gap
« Pr5d
.
. X
~. .-
7] low
T T
0.5 1.0

-0.4 0.0 0.4 0.8 1.2 -0.4 0.0 0.4 0.8 1.2

Calc E=-0.084 eV

-0.4 0.0 0.4 0.8 1.2 -0.4 0.0 0.4 0.8 1.2

Low [N High

-0.4 0.0 0.4 0.8 1.2

-0.4 0.0 0.4 0.8 1.2 -0.4 0.0 0.4 0.8 1.2
K, (2mla)

FIG. 3. Identifying bulk band inversion and associated SSs, using PrBi data as an example. (a) Upper row: ARPES data along the T M
direction taken with different photon energies, compared with the calculation (the rightmost panel). The yellow, black, and red dashed curves
indicate extracted SSs, bulk band edge of Pr 5d and Bi 6p, respectively. The white arrows indicate the bulk band inversion point. In the
calculation, the blue background indicates the bulk continuum and the SSs are shown as sharp lines lying within the inverted gap. Lower row:
The corresponding second derivative of experimental data, together with the plot of bulk band character for k, = O cut (the rightmost panel),
which is directly relevant for bulk band inversion. (b) Experimental constant energy contours using 23.8-eV photons at £ = 0, —0.18, —0.24,
and —0.315 eV, which corresponds to the Fermi energy, the conduction band bottom, the bulk band inversion point, and the center point of SSs.
(c) Theoretical constant energy contours, to be compared with (b). Thin lines at £ = —0.189 and —0.256 eV maps correspond to SS contours
centered at the M point. All calculations were performed using the MBJ GF method.

dramatic changes in transport and thermodynamic properties
[40-43]. Although PrBi (non-Kramers f? configuration) stays
in a paramagnetic phase at the lowest temperature, a magnetic
transition takes place at low temperature for both SmBi ()
and GdBi (f7). These magnetic transitions are evident in the
resistivity data [Fig. 1(c)], where sharp change occurs near
the antiferromagnetic (AFM) transition for CeBi (Ty = 25K)
and SmBi (Ty = 9 K), with peaklike features typical for AFM
Kondo lattice systems [44]. For GdBi (T =~ 27 K), the AFM
transition shows up as a small kink in the resistivity. In this

paper, we focus on the basic electronic structure of REBi in
the high-temperature paramagnetic phase, where time-reversal
symmetry is still preserved.

B. Bulk band inversion and surface states

In the paramagnetic phase, the calculated Fermi surface
(FS) of bulk REBi consists of two hole pockets at the I"
point (Bi 6p orbitals) and one electron pocket at each X
point (RE 5d orbitals), as illustrated in Fig. 1(e). Because
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FIG. 4. ARPES spectra near the T point for CeBi, PrBi, SmBi, and GdBi, in comparison with theoretical calculations. (a) Experimental
band dispersion near the I point taken at 23.8 eV. The white arrows indicate the crossing points of the conelike emission features. (b) Results

from MBJ GF calculations, to compare with experiments.

of the three-dimensional nature of the band structure, we
first performed a detailed photon energy dependence study
to associate the APRES spectra with different k, cuts; the
example of GdBi is shown in Fig. 2. The projected bulk
band structure, obtained by DFT calculations using the MBJ
potential, is also shown for comparison. It is clear that the
spectra under 83 eV is very close to the k, = m cut [thick red
curves in the calculations in Fig. 2(g)], showing two cone-like
structures at the ' and M points, respectively. The 54 eV
spectrum shows strong emission from hole bands near the T’
point and electron bands close to the M point, corresponding
to the k, = O cut [thick black curves in Fig. 2(g)]. Based on the
photon energy vs k, correspondence at these photon energies,
one could estimate the inner potential to be ~14 eV, similar
to previous results for LaBi [25]. We should mention that
significant k, broadening is present in REBi; as a result, the
bulk bands do not move continuously with photon energy as
one might expect for a bulk band under the standard dipole
transition. For example, the bulk hole pockets at the T point
are observed over a large photon energy range between the
“expected” k, ~ 3w (23.8eV) and k, ~ 4.57 (65 eV), and the
bands show little movement with photon energy (cf. the dashed
yellow curves). Such a discontinuous movement of bulk bands
with photon energy can be attributed to a large k, broadening,
which has also been observed in other monopnictide systems,
such as LaSb and CeSb [26,32,34]. The most likely cause
for the large k, broadening is the short photoelectron escape
depth (5-10 A) in the current experiment; indeed, soft x-ray
ARPES in CeSb/CeBi has identified continuous movement
of the bulk bands with photon energies, due to better bulk

sensitivity (hence smaller k, broadening) [34]. The large k,
broadening in the current photon energy range indicates that it
is necessary to make careful comparisons between experiments
and calculations to distinguish bulk bands and TSSs.
According to DFT calculations, bulk band inversion (be-
tween Bi 6 p and RE 5d bands) takes place along I'X direction,
as indicated by Fig. 2(h), and leads to a nontrivial Z;-
topological invariant and TSSs [24]. Here, the Z,-topological
invariant can be evaluated by calculating the band parity of all
occupied bands at all time-reversal invariant momentum points
[45]. Although the definition of the Z,-topological invariant
was intended for a topological insulator with an absolute
band gap, such a concept can be extended to semimetallic
REBi, where a momentum-dependent partial band gap exists,
separating the valence and conduction bands [12]. Detailed
numerical calculations predict that REBi (with RE ranging
from Ce to Gd) could possess a nontrivial Z; index and hence
TSSs [46]. Since there are three X points in this calculation,
the Z, index is dependent on the product of the parity of
all occupied bands at X: If there is band inversion along
the I'X direction, the Z,-topological invariant is nontrivial;
otherwise, the system will be topologically trivial. This bulk
band inversion is indeed observed in all compounds studied
in this paper; an example for PrBi is shown in Fig. 3 (same
for GdBi in Fig. 2). The bulk band inversion is best displayed
under 54-eV photons [Fig. 3(a)], where the Pr 5d (black dashed
curve) and Bi 6p (red dashed curve) bands become crossed
and yield an inverted gap, in good agreement with the MBJ
GF calculation (the rightmost panel). The emission intensity
of the bulk bands does not show an obvious shift across the
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FIG. 5. Photon-energy-dependent ARPES spectra of SmBi near the T point, showing a conelike emission feature (denoted by the white
dashed curves), which is visible over a wide photon energy range and does now show an obvious change with photon energy. One possible
explanation for this conelike feature is the predicted gapless TSS, although it could be more naturally explained by the bulk bands near band
inversion point, because of the large k, broadening discussed in the paper.

inversion point, which seems strange in view of the changed
orbital character. However, it is likely that the photoexcited
final state plays an important role in the photoemission ma-
trix element, which, together with the large k, broadening,
smears out the expected intensity shift across the inversion
point.

In the MBJ GF calculation, two sets of gapless TSS Dirac
cones would be expected at the M point due to the projection
of two symmetry-inequivalent X points, which consists of
linearly dispersive Dirac cones and relatively flat portions
that smoothly connect to the bulk inversion point. In the
experiments (23.8-and 28.1-eV data), we could only resolve
the lower portion of the Dirac cone, while the upper part is
somewhat diffuse and cannot be identified clearly. As we shall
see later (Sec. INIC), two predicted TSSs near the M point
(based on projections of two bulk X points) actually interact
with each other and give rise to two sets of gapped surface
states (SSs). As these SSs disperse into the bulk band region, it
gradually loses its surface character and merges into the bulk
continuum. Although the SSs presumably share an in-plane
orbital character that is similar to the bulk states, their detailed
photon energy dependence seems to be obviously different,
likely due to the difference in the z extent of the wave function
(hence a different photoexcitaton cross section).

The experimental FS [Fig. 3(b)] at the T point consists
of two hole pockets (k, = 0) and one electron pocket (k, =
1), due to a large k, broadening as mentioned earlier. Two
elliptically shaped electron pockets, rotated 90° with respect
to one another, can be observed at the M point, corresponding
to k, = 0 and 7 cuts, respectively. All bands at the FS are
expected to derive from bulk states. Moving down in energy,
the hole pockets expand and the electron pockets shrink; at
the bulk band inversion point (E ~ —0.2 eV), one begins
to see significant spectral contributions from SSs near the
M point, which exhibit an elliptical shape and eventually
develop a continuous connection to bulk bands with cross-like
features (E >~ —0.2 eV). The highly anisotropic dispersion of
the SSs is a direct manifestation of the bulk band structure.
All these experimental observations are in good agreement
with MBJ GF calculations [Fig. 3(c)]). Note that the MBJ
GF calculations assume equal spectral contributions from all
k,’s; the good agreement between ARPES results and MBJ GF
calculations further confirms the large k, broadening inherent
in the photoemission process of REBi.

A Z,-topological insulator is characterized by an odd
number of gapless TSS(s), and, in the current case, it should
theoretically correspond to a gapless TSS at the T point (due
to the projection of a single X point). This predicted TSS stems
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FIG. 6. Evolution of bulk band inv_ersion and associated SSs in CeBi, SmBi, and GdBi, in comparison with theoretical calculations. (a),(b)
Experimental band dispersion along I' M direction taken at two representative photon energies. (c) is the second derivative of the data taken at
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PBE slab calculations.
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FIG. 7. Theoretical band structure of CeBi with various lattice constants, matched to those of bulk (a) CeBi, (b) SmBi, and (c) GdBi,
mimicking the pure pressure effect for CeBi. We used the experimental lattice constants (ag) of 6.505, 6.35, and 6.311 A for CeBi, SmBi and
GdB4i, respectively. The calculations were performed using the MBJ GF method.

from the same bulk band inversion observed near the M point,
except that it is now from the k, ~ 7 projection [see Fig. 1(a)].
The ARPES spectra near the I' point for CeBi, PrBi, SmBi,
and GdBi are summarized in Fig. 4(a). Indeed, a conelike
feature can be observed near the T" point for all compounds,
which extends in a large energy range and forms a continuous
dispersion across the valence band. In addition, this sharp
conelike feature is present over a large photon energy range
(see Fig. 5). Although these behaviors seem to be compatible
with the theoretically expected gapless TSS, its dispersion with
photon energy in some cases [e.g., in Figs. 2(a) and 2(b)]
suggests that it is more likely due to the neighboring bulk states
near k, ~ 7. We argue that due to the absence of a partial bulk
gap near the T' point, the originally gapless TSS hybridizes
strongly with the neighboring bulk bands and therefore loses
its surface character. This might be why this Dirac-cone-like
feature could appear gapped in some cases [25,27], because of
complete overlap with gapped bulk states. This also highlights
the unique character of a semimetal with a Z,-topological
invariant: Even if the bulk topology predicts odd numbers of
gapless TSS(s), some TSS(s) could hybridize strongly with
neighboring bulk states and no longer survive as pure SSs.

C. Evolution of electronic structure with rare-earth elements

With heavier RE’s, the conelike features near the T point
move down in energy [see the white arrows in Fig. 4(a)],
whereas the bulk hole bands show relatively little change,
consistent with the MBJ GF calculations [Fig. 4(b)]. In the
calculations, a bundle of bulk states piles up near the predicted
TSS, which could give rise to visually “gapped Dirac cones”
centered at the T point.

InFigs. 6(a)-6(c), we present the evolution of the bulk bands
and associated SSs near the M point for CeBi, SmBi, and
GdBi, respectively. Moving from Ce to Gd, we observe that
the inverted bulk gap [denoted by cyan arrows in Fig. 6(c)]
gradually shrinks and the band inversion region moves down
in the energy, in good agreement with the MBJ GF calculations
[Fig. 6(d)]. Interestingly, both experiments and calculations
indicate that GdBi possesses a very small inverted gap and
highly linear bulk bands, suggesting a possible topologically
nontrivial-trivial phase transition when replacing Gd with a

slightly heavier RE element. Specifically, DFT calculations
have predicted that no bulk band inversion occurs for REBi
with RE heavier than Dy [46], resulting in a topologically
trivial phase. The large tunability of both bulk bands and SSs
in REBI is quite different from the case of RESb, where the
change of the electronic structure with RE replacement is much
less pronounced [31].

Although the experimental bulk bands are in good agree-
ment with MBJ GF calculations, the detailed dispersion of
SSs near the M point differs. The experimentally extracted
dispersions of SSs are highlighted by the yellow dashed
lines in Fig. 6(a), which clearly show two cones with well-
separated Dirac points, apparently different from the MBJ GF
calculations [Fig. 6(d)]. The difference is probably due to the
simplified treatment of surfaces in the GF calculations, which
neglects the detailed surface conditions, particularly surface
structural distortions and dangling bonds. This discrepancy
could be solved by slab calculations that take into account
realistic surface conditions, but such slab calculations using the
MBI potential are hampered by the nonconvergence problem
in the practical calculation. To circumvent this problem, we
present the results of slab calculations using the PBE potential
in Fig. 6(e). Indeed, the results show two sets of vertically
separated SSs, both of which consist of flat portions connecting
to the band inversion point and V-shaped cones centered at
the M point, in better agreement with the experimental data.
Nevertheless, PBE slab calculations yield band inversions that
are much larger than experiments, a well-known problem for
DFT calculations using the PBE potential [47]. Note that the
observed SSs are not real TSSs, since they are apparently
gapped and connect to the valence band or conduction band
separately, different from intrinsic TSSs that form a continuous
connection between valence and conduction bands. Never-
theless, these SSs are thought to be intimately linked to a
nontrivial band inversion near the X point, as no SS could be
seen in the calculations of heavy REBi where no band inversion
occurs [46]. A possible explanation is that a direct projection
of two symmetry-inequivalent X points gives rise to two sets
of originally gapless TSSs, which then interact and open up a
gap, rendering two sets of trivial gapped SSs. The gap opening
might be related to surface structural distortions, which act
to reduce the dangling bonds at the surface and minimize the
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surface energy. These SSs could also be interpreted in terms
of classic Shockley-type SSs, which arise due to closings and
openings of the local band gaps [48].

To understand the dependence of the electronic structure
on the RE element, one needs to disentangle the effects of
the varied proton/ f -electron counting and simultaneous lattice
compression. This insight would be useful to understand
the pressure tuning of physical properties in REBi [49]. To
simulate the pure lattice-pressure effect, we have calculated
the electronic structure of CeBi with differing lattice constants,
matched to bulk CeBi, SmBi, and GdBi, respectively (Fig. 7).
Apparently, pure lattice compression enlarges the bulk gap
inversion due to the stronger wave-function overlap, which is
opposite to the experimental trend of replacing with heavier RE
elements [Fig. 6(a)]. This indicates that the varied proton/ f-
electron counting plays a dominant role in tuning the electronic
structure, which essentially changes the atomic and exchange
potential that the valence/conduction electrons feel. Note that
f electrons should be mostly local in the paramagnetic phase,
yet they could not be simply considered as partially canceling
the nuclei charge.

IV. CONCLUDING REMARKS

To conclude, we present ARPES measurements and com-
parisons with electronic structure calculations for REBi ho-
mologs, a class of materials possessing possibly nontrivial
bulk band topology and strong electronic correlations below
magnetic transitions. We identified the bulk band inversion,
in excellent agreement with MBJ calculations. We did not
observe a clear gapless TSS near the T point, probably due

to strong mixing with neighboring bulk bands, while two
of the originally gapless TSSs near the M point interact
and yield a peculiar pair of gapped trivial SSs. The large
variation of the electronic structure with RE elements provides
an opportunity to tune the topological properties, while the
presence of magnetism at low temperature sets the stage for
exploring strongly correlated topological phases.

Our current results call for future studies to explore the
effect of magnetism on the electronic structure at low temper-
ature. Specifically, it would be important to track the change
in the electronic structure across the magnetic transition and
understand the role of the f electrons. It might also be
interesting to reveal SSs under different magnetically ordered
phases and search for different topological phases with broken
time-reversal symmetry. Experimental efforts are currently
under way to tackle these problems.
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Observation of possible topological in-gap surface
states in the Kondo insulator SmB¢ by
photoemission
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SmBg, a well-known Kondo insulator, exhibits a transport anomaly at low temperature. This
anomaly is usually attributed to states within the hybridization gap. Recent theoretical work
and transport measurements suggest that these in-gap states could be ascribed to topolo-
gical surface states, which would make SmBg the first realization of topological Kondo
insulator. Here by performing angle-resolved photoemission spectroscopy experiments, we
directly observe several dispersive states within the hybridization gap of SmBg. These states
show negligible k, dependence, which indicates their surface origin. Furthermore, we perform
photoemission circular dichroism experiments, which suggest that the in-gap states possess
chirality of the orbital angular momentum. These states vanish simultaneously with the
hybridization gap at around 150K. Together, these observations suggest the possible
topological origin of the in-gap states.
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ondo insulators (KIs) or heavy-fermion semiconductors!3

are exotic materials with strong electron correlations, in

which the localized 4f electrons give rise to novel ground
states. SmBg is a well-known KI. At high temperature, the many-
body interactions between the local spins of Sm ions and
conduction electrons (the Kondo screening) are weak, and the
system is a correlated metal. With decreasing temperature, an
energy gap develops due to the hybridization of 4f bands and
conduction 5d bands!~3, featured by a rapidly rising resistance.
However, there is a long-standing puzzle: its resistivity does not
diverge but saturates at temperatures below 4K (refs 4-6).
The residual conductivity was attributed to some in-gap
states, evidenced by optical, neutron scattering, specific heat
and angle-resolved photoemission spectroscopy (ARPES)
experiments’ 1%, Although various models have been proposed
to address the in-gap states™!!, their exact nature remains illusive
after decades of studies.

Recently, the novel concept of topological KI (TKI) may
shed new light on the in-gap states in SmBg (refs 12,13). In the
so-called topological insulator (TI) such as Bi,Se; or Bi,Te;
(refs 14,15), there will be surface states that are protected by
band topology from impurities that do not break time-reversal
symmetry. Although the usual TIs are defined in weakly
interacting systems, KIs with strong correlations can also be
topologically classified. A topologically non-trivial KI could be
realized by strong spin-orbit coupling associated with a
hybridization band gap'>!3. If SmBg is a TKI as
predicted!>!31617 there will be surface states that naturally
explains the origin of in-gap states and the residual conductivity.
In particular, unlike traditional TI materials in which surface
transport was usually concealed by the defect-induced bulk
carriers, SmBy seems to possess a true insulating bulk that
will make it a promising candidate material for future
spintronics applications'®. Several recent experiments have
observed pronounced surface-dominating transport in SmBg
(refs 10,18-21) suggesting the TKI scenario. However, direct
electronic structure evidences for these potential topological
surface states are highly demanded for the understanding of their
exact nature.

In this letter we present an ARPES study of SmBg single
crystals. We observe several bands within the hybridization gap of
SmBg, which show negligible k, dependence, indicative of their
surface origin. Furthermore, the photoemission circular dichro-
ism (CD) of these in-gap states suggests the chirality of the orbital
angular momentum (OAM), and these states vanish simulta-
neously with the hybridization gap around 150K. Our results
thus strongly suggest their possible topological origin.

Results

Sample characterization and valence band structure. Sample
preparation and experimental details are described in the
Methods section. Figure la shows the powder X-ray diffraction
pattern of SmBg taken after grinding the single crystals into
powder. No evident secondary phase is observed, showing the
high quality of the crystals. The resistivity of our SmBs sample
exhibits a sharp increase below 50 K and starts to saturate below
5K (Fig. 1b), similar to previous reports*-6. As shown in Fig. 1b,c,
magnetoresistance is clearly present, which is negative below
~20K and positive at higher temperatures. The negative
magnetoresistance can be understood in the context of Kondo
effect, where the Kondo singlet will be partially broken by the
magnetic field, which releases the localized d-band electrons and
lowers the resistivity. In contrast, the positive magnetoresistance
at high temperatures might be induced by the orbital scattering
effect. Figure 1d shows the low-energy electron diffraction
(LEED) pattern of the cleaved surface. Clean 1 x 1 pattern of
the (001) surface is observed. The bulk and projected Brillouin
zones of the (001) surface are shown in Fig. le.

The photoemission intensities measured along I'-X and X-M
directions over a large energy scale are presented in Fig. 2a,b.
Three flat bands can be observed at 18, 150 and 950 meV below
the Fermi energy (Ep), as marked in the integrated ener
distribution curves (EDCs). They are the %H.,,,, °H,, and °F
multiplets of the Sm?* 4f°— 4f final state, respectively!%?2. In
addition, there is a highly dispersive band centred at X (dashed
line). In previous ARPES studies??, it was ascribed to the bulk 5d

band based on the band calculations?3.
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Figure 1| SmBg sample characterization. (a) Powder X-ray diffraction pattern of an SmBg crystal. Solid line is the Rietveld fitting using the TOPAS
software. The s.d. is negligible. (b) The temperature dependence of resistance at zero field and 14 T. A negative magnetoresistance is observed in the low
temperature region, while it becomes positive in the high temperature region. (¢) The magnetoresistance of SmBg taken at 2K. A negative magneto-
resistance is obvious here. (d) LEED pattern of the cleaved SmBg (001) surface. Bright spots in square lattice reflect the pristine 1 x 1 surface, with a lattice
constant of 4.13 A. (e) Bulk and surface projected Brillouin zone of SmBg and the high symmetry points.
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Figure 2 | Valence band structure of SmBg. (a,b) Left panel: large energy
scale photoemission intensity plot along the T-X and X-M directions,
respectively. Right panel: integrated EDCs to highlight the positions of the
flat 4f bands as marked by the arrows. Dashed lines in panels a and b
indicate the Sm 5d band that crosses Ef at high temperatures. Data were
taken at 7 K with 21 and 27 eV photons, respectively, at Stanford
Synchrotron Radiation Lightsource.

Dispersive in-gap states around I" and X. To search for the in-
gap states in SmB,, the photoemission intensity at Eg is collected
over the surface projected Brillouin zone (Fig. 3a). Data were
taken at 8K, well into the KI phase. Indeed, four large oval-
shaped Fermi surfaces are clearly observed around X, whose total
area covers about 32.7% of the projected two-dimensional Bril-
louin zone, together with some spectral weight around I'. In the
second Brillouin zone, the Fermi surface contour around X is
weak while the spectral weight around T is much enhanced
probably because of the matrix element effects of the photo-
emission process. The nature of these states can be further
revealed in their dispersions. In Fig. 3b, we show the photo-
emission intensity plot over a larger energy scale along cut #1
across X. The aforementioned 5d-like band is marked as J, and
the band between the two flat 4f bands is referred to as 5. More
details of the near-Eg states and the hybridization gap are further
illustrated in Fig. 3c. Here the hybridization gap is manifested by
the suppressed spectral weight between Ep and the ®Hs,, 4f band
at —18meV (referred to as ¢). However, there is an in-gap
dispersive band centred at X (referred to as o), which gives the
large oval-shaped Fermi surface as shown in Fig. 3a. The dis-
persion of « is clearly visible in the momentum distribution
curves (MDCs) in Fig. 3d as well, with Fermi crossings at

+0.29 A~ 1. The band becomes obscure when it crosses ¢ and
disappears below — 30 meV. The photoemission intensity along a
cut across I is shown in Fig. 3e, where the weak feature located at
T exhibits an electron-like band dispersion as further illustrated
by their MDCs in Fig. 3f. This is more readily visible in the
second Brillouin zone as shown in Fig. 3g,h. This band (referred
to as y) gives the tiny central electron pocket with a Fermi
momentum of ~0.09 A~ ! in Fig. 3a. Its area is just about 1.1% of
the projected two-dimensional Brillouin zone. The bright spot on
band ¢ at T could be attributed to its crossing with 7, and the
crossing of the two y branches is estimated to occur at
23 + 3 meV. Furthermore, an oval-shaped Fermi surface o can be
observed around T in the 2nd Brillouin zone, which shows almost
the same size as the a-Fermi surface around X, although it
appears weaker in the 1st Brillouin zone. Its twofold symmetry
and size indicate that it is most likely to be the shadow Fermi
surface from the umklapp scattering of the o-Fermi surface
around X owing to the existence of a 1 x 2 surface reconstruction
in this sample as reported in ref. 10 before. However, the
superstructure spot of such a reconstruction is missing in the
LEED pattern of our samples (Fig. 1d). Probably, it is too weak
for the sensitivity of our LEED apparatus.

k. dependence of the electronic structure. Since the bulk SmBg is
an insulator based on the transport data and calculations, the in-
gap states o and y should be some metallic surface states. To
further illustrate this, we varied photon energies to reveal the k,
dependence of the electronic structure. The photoemission
intensity distribution across X taken with various photon energies
are presented in Fig. 4a. The photon energies we used cover a full
k, period in the extended Brillouin zone (Fig. 4e). The intensity
distributions do not show any noticeable k, dependence. In the
corresponding MDC’s shown in Fig. 4b, we tracked the dispersion
of the o band taken with 25eV photons and overlaid it on the
data taken with other photon energies, which clearly show that
the dispersions and Fermi crossings of o are k, independent. This
behaviour indicates the surface origin of the o pockets. However,
in addition, one could observe a shoulder feature that does show
some photon energy dependence, which thus might be con-
tributed by a bulk state. Furthermore, Fig. 4c shows the photo-
emission intensity distributions taken with various photon
energies over a large energy scale across X. Since k,, k, and k, are
equivalent in a cubic compound, the bulk 5d bands are expected
to have similar fast dispersions along k. as those in k, and k,
directions. However, at the first sight, the 5d-like fast dispersive
bands together with others do not show strong k, dependence, for
one can notice that the envelope of the photoemission intensity in
Fig. 4c appears to be independent of the photon energies.
Nevertheless, the bright interior of the intensity envelope for 29
and 31eV data is a typical consequence of the projection of
intensities from different k, due to the poor k, resolution of
ARPES?, As is further illustrated by the broad MDCs taken at
— 500 meV around X in Fig. 4d, the finite k, resolution of ARPES
spectral weight smears out the intensity distribution for the 5d
band with a strong k, dispersion. Combining these observations,
we could conclude that the o band probably contains both surface
and bulk contributions, while the f and 6 bands are most
probably originated from the bulk 54 band.

CD of the electronic structure. To study whether the surface
states are topologically non-trivial or not, the chirality of their
spin (S) and OAM shall be examined. This is another remarkable
hallmark of the topological surface state: both the spin and OAM
are interlocked and rotate with the electron momentum (k) and,
their sum, the total angular momentum J, is a good quantum
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Figure 3 | Dispersive in-gap states around I and X. (a) Photoemission intensity map at the Fermi energy for SmBg taken with 25 eV photons at Hiroshima
Synchrotron Radiation Center. The intensity was integrated over a window of (Ef —5meV, Er+ 5meV). The left panel is a sketch of the projected
two-dimensional Brillouin zone. (b) Photoemission intensity plot over a large energy scale along cut #1 taken with 21eV photons at Stanford synchrotron
Radiation Lightsource. (¢,d) The photoemission intensity plot and momentum distribution curves (MDCs) along cut #1 in the projected two-dimensional
Brillouin zone as indicated in panel a, respectively. (e,f) The photoemission intensity plot and MDCs along cut #2, respectively. (g h) The photo-
emission intensity plot and MDCs along cut #3, respectively. The dashed lines in panels b-h indicate the dispersions of various bands, ignoring band
warping at crossings due to hybridization. The photon energies and temperatures for measurements are labelled in individual panels. The o and y Fermi
surfaces cover about 32.7 and 1.1% of projected two-dimensional Brillouin zone, respectively. The Fermi velocities of o and y are ~0.24 and ~0.22eV A,
respectively; the linear extrapolations of the « and y band dispersions cross at 65+ 4 and 23 £ 3meV below E, respectively.

number. Spin-resolved ARPES requires long acquisition time
because of its low count rate and, at this stage, it is not feasible for
the weak surface state signal discussed above. Alternatively,
instead of examining the chirality of the spin, one could examine
the chirality of the OAM with the so-called CD of ARPES,
namely, the difference of photoemission intensities taken with
right circularly polarized (RCP) light and left circularly polarized
(LCP) light. For Bi,Se;, it has been shown that photoemission CD
signal is proportional to the inner product between OAM and
light propagation vector?”. This technique has been demonstrated
to be a powerful tool to investigate the OAM texture of the
surface states in TIs?>2°,

Figures 5a and b show two Fermi surface maps taken with
25eV RCP light and LCP light, respectively. Comparing the two
data sets, we can clearly see the difference between the two
intensity maps taken with different circular polarizations. The
intensity of the upper electron pocket on the positive k, side is
higher than that in the lower electron pocket on the negative k,
side for the RCP data, while the LCP data exhibit an opposite
behaviour. The electron pocket at the right side also shows the
switching of high intensity regions between the positive k, side

and negative k, side with different circularly polarized light.
However, the electron pocket at the left side does not show strong
CD, which is probably because of the asymmetric matrix element
effects. Since the incident light is at 50° angle from k, in the k,-k,
plane, the emission of the photoelectrons on the left and right
Fermi surface sheets are asymmetric with respect to the light
propagation direction. The CD can be more clearly represented by
the normalized difference (RCP — LCP)/(RCP + LCP) in Fig. 5c.
Figure 5d-f shows the similar results for another SmBg _ , sample
measured with 35eV photons. More specifically, Fig. 5g plots the
CD values in Fig. 5¢f along the right o-Fermi pocket, which could
be fitted by individual sinusoidal functions. The amplitude of CD
is thus found to be photon energy dependent.

As for the y band at T, its weak intensity makes the CD effects
not so obvious. However, for the data taken at 25eV, Fig. 5h
shows that there apparently exists certain intensity inversion
between the RCP and LCP data in the MDCs across I along the
k, axis. We can see that higher intensities appear on the negative
k, side for the RCP data but on the positive k, side for the LCP
data. Therefore, both o and y bands show similar CD that is
antisymmetric with respect to the k, =0 axis.
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Figure 4 | Photon energy dependence of the in-gap state around X. (a) Photon energy dependence of the photoemission intensity measured along cut
#4 shown in Fig. 2a. The o and f§ band dispersions are indicated by the dashed lines. The bright regions correspond to the location where the 4f and 5d
bands hybridize, which are particularly strong at some photon energies due to matrix element effects. Data were taken at 1K at BESSY II. (b) The
corresponding MDC plots of panel a. The red dashed lines are dispersions tracked from the MDC peak in the 25-eV data, and they are overlaid on data
taken at other photon energies, indicating the lack of photon energy dependence. The blue circles refer to the shoulders in the MDCs that might be
contributed by the bulk band. (¢) The photoemission intensity measured along cut #1 in Fig. 2a for various photon energies. Data were taken at 7K at
Stanford Synchrotron Radiation Lightsource. (d) MDCs at — 500 meV for data in panel ¢. (e) The sampled momentum cuts for various photon energies
calculated with the inner potential 14 eV following ref. 10, indicating that the photon range that we used cover an extended Brillouin zone in k.

Many CD behaviours observed here resemble those of the non-
trivial surface state found in Bi,Se; before?>2, which indicates
that both « and y bands are likely to be topologically non-trivial.
However, we notice that the CD behaviour of the « band is much
more complicated than that of Bi,Se;. For example, the CD for
the left o pocket is much weaker than the others, and the upper
and lower o pockets exhibit different CD behaviours from that of
the right o pocket. Particularly, the CD for both upper and lower
o pockets does not change sign across the Brillouin zone
boundary in Fig. 5¢,f. In addition to certain final-state effect?’,
the complicated CD might in part be due to the coexistence of
bulk and surface components in the o pocket. For example, if the
bulk 5d state and the surface state on the o pocket have different
CD and their photoemission intensities vary differently with the
emission angle and photon energy, one may expect asymmetric
CD on left and right o pockets, and the photon energy-dependent
CD amplitude shown in Fig. 5g. To fully understand these CD-
ARPES data, such as the different functional forms of CD in the
upper and right pockets, detailed density functional theory
calculations of the OAM texture are required for future further
studies, especially when there might be out-of-plane OAM
component. Nevertheless, the pattern in our CD-ARPES data
does suggest a non-trivial OAM texture (thus, also spin texture
through spin-orbit coupling) for the « and y bands, which is a

necessary manifestation in photoemission if they are topologically
non-trivial.

Temperature dependence of the electronic structure. If & and y
are topological surface states of a topological KI, they should
vanish when the hybridization gap closes at high temperatures.
Figure 6a presents temperature-dependent ARPES intensity
measured across X. o stays almost unchanged at T< 80K, but its
band velocity starts to increase above 80 K. Eventually, it appears
that o and f merge into one highly dispersive band at 150K,
which fits the large-scale band dispersion shown in Fig. 2b.
Therefore, o, f and ¢ could be the broken sections of the 5d band
induced by the 4f-5d hybridization. However, one also sees that
o goes straight through ¢ (Fig. 3c,d), which suggests that the
o-Fermi surface probably contains contributions both from the
not-fully gapped bulk 5d band and from the topological surface
state, although the latter disappears before ending at a Dirac
point. This is also consistent with the conclusion that we draw
from the photon energy dependence data.

The temperature evolution of the hybridization can be further
demonstrated by the integrated EDCs of the images in Fig. 6a.
After some processing described in the caption of Fig. 6, the
resulting EDCs are presented in Fig. 6b. As temperature increases,
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Figure 5 | CD of the surface states at X and T. (a,b) Fermi surface maps of SmBy, taken with right circularly polarized (RCP) and left circularly polarized
(LCP) light, respectively. The intensity was integrated over a window of (—5meV, +5meV). The data were taken at 8 K with 25 eV photons at Hiroshima
Synchrotron Radiation Center (HiSOR). (¢) The differential map of the RCP and LCP photoemission intensities in panels a and b that are normalized

to their sum intensity. (d-f) The same as in panels a-¢, but for another SmBg¢ _ , sample with a slight boron deficiency. The intensity was integrated over a
window of (—10meV, +10meV) and the data were taken at 27 K with 35eV photons at Swiss Light Source. Note the y band is not so visible here,
probably because of its negligible matrix element at this photon energy. (8) The CD values taken along the right pocket in panel ¢ (red dots) and in panel f
(blue dots), where the polar angle Q is defined within panel ¢ with respect to X. The dashed curves are sine function fits of the experimental data. (h) Top:
the two MDCs along k, taken at £r and k, =0 with RCP and LCP light, respectively, where the CD of the y band are indicated by the arrows. Bottom:
analogous to the top except that the data are integrated over a k, window of (—0.08 A=7,0.08 A=) to cover the y pocket. The data were taken at 8 K with
25eV photons at HiSOR.
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the peak near —20meV (derived from ¢) is gradually
suppressed, and the dip near Ep (a measure of the hybridization
strength) is gradually filled. This indicates that the 4f states
become localized and completely lose coherence at Tx150K.
Consequently, they are decoupled with the 54 bands and the
hybridization gisappearszs’”. Similarly, in the photoemission
intensity near I plotted in Fig. 6c, the y band also vanishes with
the hybridization gap at 150 K, which can be further visualized by
the MDCs in Fig. 6d, and the integrated intensity in Fig. 6e as
well. The thermal broadening effects from 12 to 80K are not
obvious in Fig. 6d; thus, the disappearance of the intensity at
150K should be intrinsic. Therefore, the temperature
dependencies of the surface states are consistent with the
behaviours expected for a TKI.

Discussion

Since the (001) surface Brillouin zone contains one I and two X
points on the zone boundary, we have two o bands enclosing two
surface X points but only one y band around T. Regardless of
whether or not o is a topologically trivial surface state, there will
be totally an odd number of branches of surface states, which
indicates that the whole system is topologically non-trivial. In
fact, the basic electronic structure of these surface states
qualitatively agrees with those topological surface states predicted
in refs 16,17 remarkably well, although there are some
complications in the CD that are still to be understood. In
contrast, we note that unlike the case of weakly correlated
systems, where theoretical calculations work quantitatively well
for describing TIs!%!>, there are some quantitative differences
between our data and the calculations of SmBg, For example, the
Fermi crossings of o and y are different from the calculations,
and the observed o Fermi surface has five to six times area of
the calculated ones. The discrepancies might be partially because
the chemical potentials used in theories are different from that
in the real surface, and/or the actual cleaved surface is different
from the ideal surface used in the calculations. Furthermore, these
discrepancies also demonstrate that correlation might affect the
topological surface states, since different calculations could vary
somewhat depending on how the correlations were treated!®17,
Finally, it is also intriguing to note that the Fermi momenta of the
two surface states on the (101) surface are 0.0383 and
0.0955A ~ 1, respectively as found in a recent quantum
oscillation measurements of SmBg (ref. 30), which are rather
different from our measurements of the (001) surface (0.09 A —!
for the small pocket near T and 0.29 A ~ ! along the short axis of
the large oval Fermi surface).

In summary, we present a direct observation of the in-gap
surface states in SmBs. The CD, and photon energy and
temperature dependences of these in-gap states were system-
atically studied, which exhibit characteristic behaviours of a
topological surface state for a KI, and thus support that SmBg is a
possible TKI. Our findings lay the foundation for understanding
the anomalous transport properties of SmB¢ and further
exploration of the interplay between strong correlations and
topological effects in TKI’s in general.

Note added. After finishing this manuscript, we note that there
are other three pieces of independent ARPES work on SmBg
(refs 31-33). Two of them report similar results**2, except that
our temperature dependence data agree with those reported in
ref. 31, while ref. 32 suggests the surface states vanish at a much
lower temperature of 30 K. The size of the o pocket measured here
is similar to that reported in ref. 31 but much smaller than that
reported in ref. 32. These discrepancies may be caused by different
samples and requires further investigation. On the basis of data

taken at 38K, ref. 33 claims that the in-gap states around X must
be bulk states. This partially agrees with our findings. However,
the detailed data here taken at lower temperatures do indicate that
the o band contains both surface and bulk components.

Methods

Sample synthesis. High-quality single crystals of SmBg were grown either with
the arc-melting technique or the Al-flux method. The arc melting technique was
conducted by establishing a temperature gradient in the slow cooling process. First,
the metal Sm were cut into small pieces and mixed with the boron powder in the
ratio of Sm:B = 1:6. The mixture was pressed into a pellet with the diameter of 1 cm
and thickness of about 0.5 cm. Then the pellet was heated up in the water-cooled
clean oven for arc melting. Welding was repeated for five times to ensure the
sample uniformity. In the Al-flux method, a chunk of Sm (99.9%) together with the
powders of Boron (99.99%) and Al (99.99%) were mixed with a ratio of 1:6:400.
Then the mixture was loaded into an alumina crucible. The entire mixture was
heated to 1,773 K and then maintained at 1,773 K for about 2 days before slowly
cooling it down to 873 K at 5Kh~ L. During all the heating progress, the mixture
was kept in the circumstance with flowing Argon gas. The samples with Al flux
were soaked in dense NaOH solution, and then washed with dilute HNO; solution.
Shiny crystals in the sizes of millimetre or sub-millimetre were obtained.

ARPES measurement. The samples were cleaved along the (001) plane and
measured under ultra-high vacuum of 3 x 10~ torr. The in-house ARPES
measurements were performed with SPECS UVLS discharge lamp (21.2 eV He-Io
light). The synchrotron ARPES experiments were performed at the Beamline 5-4 of
Stanford Synchrotron Radiation Lightsource and the one-cubed ARPES station of
BESSY II. The CD experiments were performed at Beamline 9 A of Hiroshima
Synchrotron Radiation Center and the Surface and Interface Spectroscopy (SIS)
beamline of Swiss Light Source. All data were taken with Scienta electron analysers,
the overall energy resolution was better than 7 meV and the angular resolution was
0.3°.
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Anomalous correlation effects and unique phase
diagram of electron-doped FeSe revealed by
photoemission spectroscopy

C.H.P. Wen'!, H.C. Xu!, C. Chen!, Z.C. Huang1, X. Lou, Y.J. PU', Q. Song1, B.P. Xie!, Mahmoud Abdel-Hafiez23,
D.A. Chareev?, AN. Vasiliev®, R. Peng! & D.L. Feng!

FeSe layer-based superconductors exhibit exotic and distinctive properties. The undoped FeSe
shows nematicity and superconductivity, while the heavily electron-doped K,Fe,_,Se, and
single-layer FeSe/SrTiOs possess high superconducting transition temperatures that pose
theoretical challenges. However, a comprehensive study on the doping dependence of an
FeSe layer-based superconductor is still lacking due to the lack of a clean means of doping
control. Through angle-resolved photoemission spectroscopy studies on K-dosed thick FeSe
films and FeSeq 9350.07 bulk crystals, here we reveal the internal connections between these
two types of FeSe-based superconductors, and obtain superconductivity below ~46K in an
FeSe layer under electron doping without interfacial effects. Moreover, we discover an exotic
phase diagram of FeSe with electron doping, including a nematic phase, a superconducting
dome, a correlation-driven insulating phase and a metallic phase. Such an anomalous phase
diagram unveils the remarkable complexity, and highlights the importance of correlations in
FeSe layer-based superconductors.
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arrier doping is a critical parameter that governs the

electronic correlations and ground states in high-tem-

perature superconductors. Extending a superconducting
system to an unexplored doping regime often deepens our
understanding of its mechanism. One example is the insights
brought by the discovery of heavily electron-doped FeSe layer-
based superconductors!™. Compared with undoped FeSe, the
enhanced superconductivity in heavily electron-doped FeSe
superconductors without any hole Fermi surface®™!! challenges
the prevailing pairing picture based on the nesting between
electron and hole Fermi surfaces. Moreover, unlike the moderate
correlation strength in most iron pnictides, it is reported that the
heavily electron-doped FeSe is strongly correlated and near a
Mott insulating phase!?!3, suggesting that the underlying physics
may be unified with the cuprate superconductors. To bridge the
knowledge gap between these systems, it is crucial to figure out
how the superconductivity and correlation behaviour evolve with
doping by constructing an FeSe layer-based system with clean
and systematic doping control.

Systematic control of the electron doping in a pure iron
selenide superconductor is still lacking. Although heavy electron
doping has been achieved in intercalated FeSe crystals such as
AFe, _,Se; (A=K, Rb, Cs and TVK)"? and (Li, gFe,,)OHFeSe
(ref. 3), the doping levels are discrete and fixed. Moreover,
microscopic phase separation in A,Fe,_,Se, (refs 12,14-20)
complicates studies of the intrinsic superconductivity. In
(Lig gFep,)OHFeSe, the polar surface prevents the observation
of intrinsic bulk electronic structure in surface sensitive angle-
resolved photoemission spectroscopy (ARPES) measurements!!.
In single-layer FeSe films on SrTiO; or BaTiO;, heavy electron
doping is induced by charge transfer from the oxygen-deficient
substrate®, which is difficult to control reliably. It has been
reported that post annealing in vacuum can vary the doping in
single-layer FeSe films on SrTiO; substrates”?'; however, this
approach could also vary the stoichiometry and morphology of
the FeSe films”-*1?2, and also fails to induce superconductivity in
the second FeSe layer??. Moreover, interfacial effects have been
suggested to be crucial for the enhanced superconductivity>?3,
which further complicates the issue. Recently, by controlling the
doping via K dosing, a superconducting dome has been observed
in FeSe films of 3-uc (unit cell) thickness?*, However, no
superconductivity was found in 20-uc FeSe films down to 13K
at any doping®, so the enhanced superconductivity in 3-uc
FeSe/SrTiO; was attributed to certain interfacial effect®*.

Here we report systematic ARPES studies on the electron-
doping-induced effects in both thick FeSe films up to 50 uc and
FeSep.935¢.07 bulk crystals via K dosing. With increased doping,
the nematic order is suppressed, while the superconductivity is
enhanced from a low superconducting transition temperature
(T.) FeSe system with both electron and hole Fermi surfaces to a
high T. (up to 46 K) heavily electron-doped FeSe system with
electron Fermi surfaces only. Remarkably, the correlation
strength of the system is enhanced with increased doping,
opposite to what usually happens in iron pnictides, such as
NaFe; _,Co,As and LiFe; ,Co,As (ref. 25). Consequently,
there is a superconductor-to-insulator transition driven
by the correlations. Finally, a metallic phase appears in the far
overdoped regime. Our results provide the most comprehensive
phase diagram of FeSe with electron doping in a clean system,
demonstrating that it is exotic and distinct from those of
other Fe-based superconductors. In addition to extending the
phase diagram of electron-doped FeSe into two unexplored
phases, our findings offer a foundation for the global
understanding of the interplay among nematic order,
superconductivity and electron correlations in the FeSe layer-
based superconductors.

2

Results

Electron doping and enhanced superconductivity. Figure 1
shows the band structures of a 30-uc thick FeSe film before and
after K dosing. Before K dosing, the band structure of the 30-uc
FeSe film is consistent with those in })revious reports on thick
FeSe films®2® and bulk FeSe crystals’’ =3, The Fermi surfaces
consist of hole pockets at I' (Fig. 1a), contributed by the two
hole-like bands crossing Er around I' (Fig. 1b,d). Around M,
there is dumbbell-shaped spectral weight (Fig. 1a) contributed by
the complex band structure, which is due to the splitting of bands
with d, and d,; orbital characters (Fig. 1c,e)®20, a hallmark of the
orbital ordering or nematicity. After K dosing, which introduces
electrons to FeSe, a circular electron pocket appears around M
(Fig. 1f). The photoemission spectra show the superposition of
two sets of band structures. One set of bands follow the band
structure of undoped FeSe and show weaker spectral weight, as
indicated by dashed curves in Fig. 1ij. Considering the finite
detection depth of our ARPES measurement®, these bands are
attributed to the interior FeSe layers that are undoped. The other
set of bands with the prominent photoemission spectral weight
comes from the topmost layer that is heavily electron doped.
Around T, the two hole-like bands shift to higher binding
energies and become flatter (solid curves in Fig. 1g,). A simple
electron-like band appears around M (solid curves in Fig. 1h,j),
indicating that the nematic order is suppressed®. Considering that
this electronic structure is similar to that in other heavily
electron-doped iron chalcogenides, the electronic states near
Fermi energy in K-dosed FeSe should as well be contributed by
electrons with d,;, d,, and d,, orbitals®!. There is no band
structure corresponding to an intermediate doping level, so we
conclude that the electron doping induced by K dosing is
confined to the topmost single-unit-cell layer of FeSe. Given the
quasi-two-dimentional nature of such a single-unit-cell thick
layer of FeSe, its band structure should barely disperse along the
k, direction. Therefore, the Fermi surface volume measured at
this photon energy reflects the electron doping in the FeSe
layer on the basis of Luttinger volume. The estimated carrier
concentration is 0.098 electrons per Fe (x=0.098 +0.005).
Intriguingly, the symmetrized energy distribution curves in
Fig. 1k exhibit back bending after passing the Fermi
momentum (k) without crossing the Fermi energy. The sharp
coherence peaks and back-bending behaviour are hallmarks of
Bogoliubov quasiparticles, which implies superconductivity in the
K-dosed FeSe. The superconducting gap size is about 10 meV at
31K, suggesting that the T. in this layer is significantly enhanced
from the bulk T, of 8K (ref. 32). The weak features from the
undoped interior layers remain gapless around M (Fig. 1k),
indicating that the superconductivity only exists in the doped
topmost layer, without extending via proximity effect into the
layers beneath. Our results are in contrast to the absence of
superconductivity in 35-uc Fey 9,CogogSe thick films®. Compared
with Fep9,Cog0sSe, the noticeably sharper lineshape of the
momentum distribution curves (Supplementary Fig. 1) and the
enhanced superconductivity in K-dosed FeSe suggest much
weaker impurity scattering in FeSe doped by off-FeSe-plane K
atoms than the in-FeSe-plane Co ions?>33. The lower T. in
Co-doped FeSe suggests the strong pair breaking effect of Co in
heavily electron-doped FeSe.

Absence of interfacial effect. Figure 2 compares the super-
conducting gaps of K-dosed FeSe films with various thicknesses
and that of K-dosed FeSe 935,97 bulk crystals (T. = 9.7 K without
K dosing®*). At an electron doping level around x = 0.09, back-
bending dispersions and superconducting gaps are observed for
all the K-dosed FeSe films with thicknesses varying from 4 uc to
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Figure 1 | Electronic structures before and after K dosing for a 30 uc FeSe film on SrTiOs. (a) Photoemission intensity map at the Fermi energy (Eg) for a
30 uc FeSe film. The intensity was integrated over an energy window of (Er — 10 meV, Er +10 meV). The red curves indicate the momentum locations of the
cuts #1 and #2. (b,d) Photoemission intensity along cut #1in a and the corresponding second derivative, respectively. (c,e) The same as b,d but along cut
#2 in a. (f) Photoemission intensity map over an energy window of (Er — 10 meV, Er 4+ 10 meV) for the 30 uc FeSe film with electron doping x = 0.098 after
K dosing. The red curves indicate the momentum locations of the cuts #K1 and #K2. (g,i) Photoemission intensity along cut #K1 in f and the corresponding
second derivative, respectively. (h,j) The same as g,i but along cut #K2 in f. (k) Symmetrized energy distribution curves along the momenta indicated by

the arrows in h. The data in h,j and k were taken at 31K, the others at 70K.

50uc (Fig. 2a-e). Moreover, for K-dosed FeSeg93So0; bulk
crystals with no FeSe/oxide interface, a superconducting gap is
also observed at 31 K (Fig. 2f). The gap size A is about 10 meV at
31K for all the films and bulk FeSe; ¢3S0, (Fig. 2g). Comparing
the temperature dependence of the gap size in the 30-uc and the
10-uc FeSe films as an example, the gaps are both 6 meV in size at
42K (Fig. 2h), and close around 46 K (Fig. 2i,j). The temperature
dependences of the gap sizes are summarized in Fig. 2k, in which
all samples can be well fit by the same Bardeen-Cooper—
Schrieffer formula with a T, around 46 K. Therefore, for thick
films or bulk material, the enhanced superconductivity here is
intrinsic to the electron-doped FeSe, and is not dependent on the
thickness or the FeSe/SrTiO; interface, which is distinct from the
previous report on K-dosed FeSe (ref. 24).

Doping dependence. The evolution of the electronic structure
with electron doping is further studied through ARPES on FeSe
with systematically controlled K dosing. Figure 3a shows the
spectra around I' as a function of doping. For all the spectra at all
doping levels, dispersions from the undoped interior FeSe layers
are always visible, and do not depend on the doping at the
surface. As the electron doping level x of the surface FeSe layer is
increased from 0.033 to 0.127, the two hole-like bands gradually
shift to higher binding energies (Fig. 3a,b). Simultaneously, these
two bands become flat for x from 0.054 to 0.127, then become
incoherent for x=0.137 and 0.158, and finally disappear for
x~0.189 (Fig. 3a), indicating increasing correlation strength with
higher electron doping. As shown in Fig. 3b, the two quasiparticle
peaks at I" devolve into incoherent spectral weight (pink shadow
in Fig. 3b) when x=0.137 and 0.158, and totally disappear
once x reaches 0.189. On further doping to x ~0.228, there is an
electron-like band around the zone center (Fig. 3a), with
well-defined quasiparticle peaks and no gap at 31K (Fig. 3b,

Supplementary Fig. 2). The electron-like band gradually sinks to
higher binding energies as x increases from 0.218 to 0.232, and
disperses distinctly from the quantum well states of potassium
(Fig. 3a, Supplementary Fig. 3). A recent scanning tunnelling
spectroscopy study has shown an unoccupied electron band in
single-layer FeSe/SrTiOs3 (ref. 35). The electron band observed in
FeSe with x ~0.228 could have the same origin, which is a
partially occupied band of FeSe due to the heavy electron doping.
These results suggest a metallic phase in the overdoped regime.
The well-defined quasiparticle dispersion for x ~0.228 suggests
that the impurity scattering of K dosing is negligible, and the
behaviour of the incoherent and diminishing spectral weight from
x=0.137 to x ~0.189 is intrinsic.

Around M, two electron-like bands are observed for the
K-dosed FeSe with x = 0.033 (Fig. 3c), which are illustrated by the
solid curves in Fig. 3d. Compared with the undoped band
structure in Fig. le, the upper band shifts downwards and the
lower band remains at a fixed binding energy. Since the energy
separation between them reflects the strength of the nematic
order?®, the decreased energy separation with increasing doping
indicates the weakening of nematicity. As the doping further
increases, the two electron bands become degenerate at the
Fermi energy for x=0.087 and remarkably becomes flatter as x
increases from 0.087 to 0.158, indicating enhanced correlations
for bands around M, consistent with the behaviour of the bands
around I'. Remarkably, for x ~0.189, the bands from the topmost
layer becomes incoherent and the corresponding spectral weight
is depleted at the Fermi energy. The depletion of spectral weight
at the Fermi energy for the K-dosed bands around both I' and M
indicates that FeSe becomes insulating in this regime. On further
electron doping to x ~0.228, K-dosed FeSe shows dispersive
bands below the Fermi energy. The band around M might be due
to some folding and hybridization effects if certain charge or spin
order exists in the insulating regime and persists to the metallic
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Figure 2 | Superconducting gaps in K-dosed FeSe films with varied thicknesses and that of K-dosed FeSeq 93S¢.07 bulk crystals. (a-f) Symmetrized
photoemission spectra of K-dosed FeSe films with thickness of 4 uc, 10 uc, 30 uc, 40 uc, 50 uc and K-dosed bulk FeSeq 350,07, respectively. The data for
10 uc were taken at 42K, the others at 31K. (g) Symmetrized energy distribution curves (EDCs) at the Fermi momenta for the FeSe films with different
thicknesses and FeSeg 935007 bulk crystal at 31K after K dosing. (h) The symmetrized EDCs at the Fermi momenta for FeSe films with thicknesses of 10 uc
and 30 uc at 42K after K dosing. (i,j) Temperature dependences of the symmetrized EDCs at k¢ for thicknesses of 10 uc and 30 uc, respectively.

(k) Superconducting gap sizes as a function of temperatures from the data in i,j. The solid curve is the result of a Bardeen-Cooper-Schrieffer formula fit.
The doping levels are 0.094 + 0.005, 0.097 + 0.005, 0.098 £ 0.005, 0.087 £ 0.005, 0.105+ 0.005 and 0.115 + 0.005 electrons per Fe for a-f
respectively. Temperature error bars are due to measurement uncertainties. The error bars of the superconducting gaps are due to the s.d. of the fitting with
a typical superconducting-state spectral function.
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Figure 3 | Evolution of electronic structure and superconducting gap as a function of electron doping induced by K dosing. (a) Evolution of
photoemission spectra along cut #K1 in the inset as a function of increasing electron doping. The inset shows the Brillouin zone and the red curves indicate
the momentum location of the cuts #K1 and #K2. (b) Energy distribution curves (EDCs) at I with different dopings. Triangles mark the band tops for the
two parabolic bands after K dosing. For x =0.137 and x = 0.158, only diffuse spectral weight can be observed as indicated by the pink shadow. For x ~0.189,
the spectral weight could not be resolved. At x~0.228, there is a well-defined peak near the Fermi energy, which is the band bottom of the electron-like
band. (¢) Doping-dependent evolution of photoemission spectra along cut #K2. (d) Doping-dependent evolution of the dispersions around M extracted
from ¢. The solid curves indicate the electron-like bands of the doped surface layer, which are determined by parabolic fits to the dispersions in ¢. The
dashed curves indicate the dispersions from undoped interior layers. (e) Symmetrized EDCs showing the evolution of the superconducting gap as a
function of doping. The momenta of spectra are indicated by the arrows in ¢ with corresponding colours. The data in this figure were taken at 31K, except
those for x=0.033 and x =0.054, which were taken at 25K. The doping levels are calculated based on the Luttinger volume, with an uncertainty of

1 0.005 electrons per Fe for x<0.158 and + 0.01 electrons per Fe for x> 0.158.

regime, which is a speculation and deserves further investigation. in Fig. 3a,), and they have been reproduced in another six
We emphasize that the data shown here were taken on four samples. The band dispersions evolve in the same manner,
different samples with thicknesses of 3, 40, 45 and 50 uc (noted regardless of film thickness.
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The symmetrized energy distribution curves in Fig. 3e
give the doping dependence of the superconducting gap. The
superconducting gap is observed at 25K for the doping
level 0.054, indicating a coexistance regime in which the
superconductivity is enhanced while the nematicity is not fully
suppressed. On the basis of empirical fitting of the super-
conducting gap?®, the gap size increases to ~9.7 meV at 31K for
films with x=0.087, and is slightly enhanced to 11.3 meV from
x=0.087 to x=0.127, and then decreases to 7.7meV at
x=0.137, indicating an optimal doping around 0.127. The T.
increment for x<0.12 in K-dosed FeSe is consistent with that in
single-layer FeSe/SrTiO; (ref. 7). The gap closes for x=0.158,
suggesting that T falls below 31 K. The sample with x ~0.228 is
not superconducting at 31 K (Supplementary Fig. 2).

Correlation effects and phase diagram. Figure 4a summarizes
the effective mass of the electron band around M obtained from
parabolic fits. The band mass increases monotonically in the
doping range x=0.087-0.158 for K-dosed FeSe, while those of
Rb,Fe, _,Se; and K,Fe, _,Se; at the electron doping level of 0.2
(ref. 37) follow the same trend, suggesting enhanced correlation
strength with increasing electron doping.

Figure 4b shows the phase diagram of K-dosed FeSe as a
function of doping. Because of experimental constraints, the
superconducting gaps of the undoped and underdoped FeSe
could not be determined, when the T, is <25K. However, it is
known that the superconductivity coexists with nematic order in
undoped FeSe crystal at low temperatures’’?>30. Our results
extend the coexistence regime to x~ 0.054, where T, even reaches
>25K. By summarizing the superconducting gap size at 31K,
and the T. determined by the gap-closing temperature
(Supplementary Fig. 4), we obtain a superconducting dome
with enhanced superconductivity near the nematic phase. The
maximum T, is ~46 K, which is significantly enhanced compared
with that in undoped FeSe. More intriguingly, an insulating phase
eventually emerges, following a continuous increase of the
effective mass with doping, suggesting that the insulating phase
is driven by strong correlations. Further enhancement of the
electron doping tunes the insulating state into a metallic phase
with the Fermi crossings only around I', which has not previously
been explored.

Discussion

The phase diagram of the K-dosed FeSe has some of the essential
ingredients of the canonical phase diagram of the iron-based
superconductors. For example, the superconductivity is enhanced
when the nematic order is suppressed, suggesting that the
competition between nematicity and superconductivity likelgr
plays an important role on the enhanced superconductivity>®.
The superconductivity is suppressed at higher dopings. Besides
these essential ingredients, however, from an electronic structure
perspective, the phase diagram is rather exotic and exhibits the
following unique features.

First, superconductivity with a maximum T, of 46 K is achieved
in K-dosed FeSe for an optimal doping x~0.12. The T, in
K-dosed FeSe is higher than the optimal T, of 8K in FeSe bulk
crystals at ambient pressure’’, that of 20K in FeSe
nanoparticles®®, and that of 37K in FeSe bulk crystals under
high external pressure?’. Indeed, it approaches the highest T, in
all heavily electron-doped FeSe-based bulk crystals, which is 48 K
in A,Fe,_,Se; under high pressure‘“. The high T, in optimally
K-dosed FeSe provides insight in understanding the origin of the
high T. in single-layer FeSe/SrTiO;, considering that they are
both a single-unit-cell layer of FeSe having an electron doping
x~0.12 (refs 6,7). On the basis of the pairing temperature
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Figure 4 | Phase diagram of FeSe as a function of electron doping.
(a) Effective mass of the electron band at M as a function of doping; m, is
the mass of free electrons. The data points of K-dosed FeSe were obtained
by the parabolic fits, and the error bars of the effective mass are due to the
s.d. of the fitting process. The data points of Rb,Fe, _,Se; and K Fe, _,Se;
were from ref. 37. (b) Phase diagram of electron-doped FeSe, and the
summary of the nematic band splitting, superconducting gap size and the T.
as a function of doping. The nematic band splitting was determined by the
energy difference between band bottoms at M, while the undoped value is
from ref. 6. For dopings without a superconducting gap at 31K, the values of
T. were set at the T. of bulk FeSe, 8 K. Otherwise, the values of T. were
determined by the superconducting gap-closing temperature. The gap sizes
at 31K were obtained through empirical fitting of the symmetrized energy
distribution curves to a typical superconducting-state spectral function, and
their error bars are due to the s.d. of the fitting process. The uncertainty in
the electron doping is + 0.005 electrons per Fe for x<0.158 and is + 0.01
electrons per Fe at higher dopings. Temperature error bars are due to
measurement uncertainties. The energy error bars of the band splitting are
due to the finite width of the spectra. Color gradients illustrate the
uncertainty in the domain boundaries. (¢) Different Fermi surface
topologies of undoped FeSe and heavily electron-doped FeSe.
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measured by ARPES, the electron doping alone in an FeSe layer
can enhance the T, to 46 K, which is lower than the T. of 65K in
single-layer FeSe/SrTiO; determined in the same way5’.
Moreover, if considering the 109K T. found in the recent
in situ transport measurements on single-layer FeSe/SrTiO,
(ref. 42), the interfacial effects beyond carrier doping could
enhance T, by >60K.

Second, in the overdoped regime, most cuprates and iron-
based superconductors become more Fermi liquid like as the
correlation strength decreases?®. Remarkably, in K-dosed FeSe,
the correlation strength is enhanced with increasing electron
doping, which is qualitatively different from the behaviour in iron
arsenides. Such an enhancement of electron correlation strength
with increased doping is quite anomalous, considering that the
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correlation strength usually decrease when doped away from 3d°
for Fe-based superconductors**~#>, For example, the bandwidths
of NaFe,; _,Co,As and LiFe,_,Co,As increase with electron
doping®. Besides, iron-based superconductors are generally
considered to be moderately correlated materials with a metallic
parent phase. However, FeSe layer-based superconductors are
evidently in the vicinity of insulating phases. For example,
non-stoichiometric FeSe with the chemical formula Fe,Se; and
V/5x4/5 Fe vacancy order has been suggested to be a Mott
insulator*®, and while (LiFe)OHFeSe can be tuned into an
1nsulat1ng phase by enhancing the electron doping through liquid
gating?’. Here we have observed a superconductor-to-insulator
transition in heavily electron-doped FeSe by K dosing. More
importantly, the evolution to the insulating phase in K-dosed
FeSe is characterized by the increasing effective mass and
diminishing spectral weight of the coherent bands. Similar
behaviour is observed through the metal-to-insulator transition
of NiS,Se, _ , (ref. 48), which is considered to be a prototypical
bandwidth-controlled Mott transition®. In the Brinkman-Rice
picture, the quasiparticles become heavier until eventually their
effective masses diverge in the insulating phase. Recently, such an
enhancement of effective mass accompanied by a transition to an
insulating phase has been observed in Rb,Fe,_,Se, under
chemical pressure®’, which has the similar electron doping as
the insulating phase in K-dosed FeSe (Fig. 4). Although a larger
mass is observed before entering the insulating state for
Rb,Fe, _,Se, than that for K-dosed FeSe, these electron-doped
iron chalcogenides with x~ 0.2 probably share a similar
correlation-driven superconductor-to-insulator transition route.
We can speculate that there is likely certain magnetic and/or
charge order in this insulating phase, which will need further
investigation. Before entering the insulating phase, electron
correlation is strengthened with higher K dosing, thus the spin
susceptibility should be enhanced. Therefore, one possibility is
that the spin susceptibility may diverge on approaching the
insulating phase from lower dopings, and eventually an
antiferromagnetic order may ultimately set in the insulating
phase.

Third, an insulator to metal transition occurs on the far
overdoped side. In this metallic phase, the Fermi surface consists
of only a small electron pocket around I', while the bands near M
sink below the Fermi energy. This Fermi surface topology is
distinct from those of all other heavily electron-doped Fe-based
superconductors, which consist of electron pockets near M.
Although superconductivity is not observed at 31K for this
metallic phase, it remains to be explored at lower temperatures or
at higher dopings.

Finally, this unique phase diagram connects two types of
Fe-based superconductors with different Fermi surface topologies
and different pairing symmetries. The Fermi surface of undoped
FeSe consists of hole pockets at I" and electron pockets around M
(refs 6,27-30), while the superconducting paring symmetry is
most likely s+ type with sign reversal between the hole and
electron pockets (Fig. 4c), as evidenced by previous experi-
ments’. On the other hand, the Fermi surface of electron-doped
FeSe consists of only electron pockets, and the superconducting
pairing symmetry is proposed to be different from the usual
s+ type’ ™8, and has been suggested to be plain s-wave pairing
without o 20 sign change for FeSe/SrTiO; from recent STM
studies®”

To summarize, we have obtained enhanced superconductivity
in thick FeSe films and FeSe( 935007 bulk crystals by K dosing,
indicating that the T, can reach ~46K in a single-unit-cell layer
FeSe by electron doping without any interfacial effect. K-dosed
FeSe serves as a clean FeSe layer-based superconductor with well-
controlled electron doping and weak impurity scattering. The

6

different T, in K-dosed FeSe and Co-doped FeSe suggests strong
pair breaking of Co in heavily electron-doped FeSe. More
importantly, we discover a systematic evolution of electronic
correlations, and establish the extraordinary phase diagram of
FeSe upon electron doping. A correlation-driven insulating phase
and a metallic phase are uncovered at high doping levels.
Our findings offer FeSe films as a prototypical system for
understanding the interplay between different phases, such
as the evolution between different pairing symmetries, the
superconductor-to-insulator transition, and the coexistence of
nematic order and superconductivity.

Methods

Growth of FeSe films and single crystals. The thick FeSe films were grown on
TiO,-terminated Nb:SrTiO; (001) substrates. FeSe films were co-deposited with the
Se flux twenty times greater than the Fe flux, while the substrates were kept at
370 °C, and then post annealed at 410 °C in vacuum for 2.5h and directly
transferred into the ARPES chamber. The single crystals of FeSeg 93007
(T.=9.7K) were grown using the flux method34°,

ARPES measurements. ARPES data were taken under ultrahigh vacuum of

1.5 x 10 ~ ' mbar, with a discharge lamp (21.2 eV He-Ix light) and a Scienta R4000
electron analyzer. The energy resolution is 7meV and the angular resolution is
0.3°. The sample growth/cleaving, K deposition and ARPES measurements were all
conducted in situ.

K-dosing experiments. Electron doping is induced by depositing K atoms with a
commercial SAES alkali dispenser; the sample temperature was kept between
30-50 K when depositing K atoms. This low temperature reduces the mobility of
the deposited atoms, and thus the K atoms simply transfer electrons to FeSe
without affecting the stoichiometry of the FeSe surface. The doping levels <0.158
were determined by ARPES based on the Luttinger volume of Fermi surfaces.
Correlating the estimated electron doping from the Luttinger volume with the K
coverage calculated from deposition time and the flux of K measured by quartz
crystal microbalance, we obtain a relationship between the two parameters, which
we modelled by exponential function. The function was used to estimate the
doping levels of K-dosed FeSe with x> 0.158. The uncertainty in the electron
doping for x<0.158 is *0.005 electrons per Fe, which is estimated by the
combination of the momentum resolution of ARPES measurements and the
uncertainty in determining the size of the electron pockets. The uncertainty

in the electron doping for x>0.158 is estimated as +0.01 electrons per Fe,

from the combination of momentum resolution, the experimental uncertainty in
determining the K coverage, and the uncertainty in the extrapolation required. We
found doping levels >0.24 hard to achieve by K dosing.
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