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Influence of k, broadening on ARPES spectra of the (110) and (001) surfaces of SrVO; films
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To examine the effect of k| broadening on angle-resolved photoemission spectroscopy (ARPES) spectra, in situ
ARPES using the variable polarization of synchrotron light has been performed for the (110) and (001) surfaces of
SrVOs films. Using the polarization dependence for the band structures of the V 3d 1,, states, we have separately
observed the d.,-derived states and the d,,/d., ones for the (110) surface. It is found that ARPES images for the
d,/d., states are considerably broader than those for the d,, states. Meanwhile, such a broadening is not observed
in the identical d,. /d.-derived band dispersion along the crystallographically equivalent direction on the (001)
surface, indicating that the broadening of the ARPES image originates from the absence or presence of mirror
symmetry in the respective states with respect to the ARPES-measurement planes. The observed spectroscopic
behavior is well reproduced by the simulation where the k, broadening in the photoelectron emission process is

taken into account. These results indicate that the consideration of the mirror symmetry of the band structures
with respect to the ARPES-measurement plane is important for analyzing the ARPES-spectral line shape in the
case that the k| -broadening effect is dominant in ARPES spectra.
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I. INTRODUCTION

The “k; broadening” is a fundamental phenomenon in
the photoelectron emission process from a solid: Owing to
the short escape depth of photoelectrons (Az), significant
broadening of the momentum perpendicular to the surface
(Aky) occurs due to the uncertainty principle (Az Ak ~ 1)
[1-3]. As aresult of k; broadening, the line shape of an angle-
resolved photoemission spectroscopy (ARPES) spectrum from
the corresponding k point, which is determined by the function
of photon energy (hv) and emission angle (9) normal to
the surface [4], is strongly influenced by whether or not the
point with zero group velocity (v,) along the k; direction
(vg =0E/0k; = 0) exists in the vicinity of the measured
k point. This is because the density of states (DOS) is
considerably larger at this van Hove singularity (vHS) point.

The effect of k; broadening becomes prominent for ARPES
spectra measured at surface-sensitive photon energies. In
the case of the ARPES using vacuum ultraviolet (VUV)
light, the value of Ak; (Az) is typically in the range

of 0.25-1 A~ (1-4 A) [5,6]. Therefore, the k, broadening
considerably affects the line shape of the VUV-ARPES spectra
for three-dimensional (3D) materials [2,7-10]. In particular, it
is expected that the k| -broadening effect strongly depends on
the existence of mirror symmetry in the observed states with
respect to the ARPES-measured high-symmetry line (plane)
because the VHS point always exists on the high-symmetry
line (plane) in this case. Thus, it is crucial to investigate
how the ARPES spectra change depending on the presence
or absence of VHS at the measurement line (plane). However,
irrespective of its importance to ARPES analysis, there are
few investigations for identifying the influence of the k;
broadening on ARPES spectra of 3D materials [2,11,12].
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In this study, we have employed the (110) and (001)
surfaces of SrVO3; (SVO) films for the investigation. SVO is a
typical Fermi-liquid metal with the simple 3d' configuration,
and its electronic structures can be essentially considered to
consist of three orthogonal #,, orbitals of V 3d states [13,14].
The band structures of V 3d states located near the Fermi
level (EF) is well described by the renormalization scheme of
the tight-binding (TB) calculations [15,16]. According to the
band-structure calculation, the Fermi-surface (FS) sheets of
bulk SVO with cubic symmetry (Fig. 1) are essentially formed
from three intersecting cylinders containing the V-3d d,,, d,.,
and d, states [14,16—-18]. Each state has a two-dimensional
(2D) character in the respective xy (110), yz (011), and zx
(101) planes. By considering the existence of mirror symmetry
with respect to the ARPES-measured plane (yellow hatched
plate in Fig. 1), it is expected for the (110) surface that the
dyy-derived state has a large DOS at the I' M RX measured
plane, whereas d,./d., states do not, owing to the absence of
vHS apart from the I" point. In contrast, for the (001) surface,
all three orbital derived states have VHS at the 'M X plane
where ARPES are measured. Therefore, the two surfaces are
good examples for investigating the influence of k; broadening
on the ARPES spectra and its mirror-symmetry dependence.

Wang et al. recently performed an ARPES study on the
metallic Ti 3d 1,, states appearing at the (110) surface of doped
SrTiO; (STO) and reported significantly different behaviors
between d,,-derived states and d,/d., states [19]. Although
it is difficult to directly compare these data on (110) with
other previously reported ARPES results on the STO (001)
surface owing to the differences in the experimental conditions,
the observed behavior of dy/d., states at the (110) surfaces
[19,20] seems to be quite different from the (001) case [21-30].
Thus, the systematic studies of the influence of k; broadening
on the ARPES spectra is also important for understating the
behavior of the two-dimensional electron-gas (2DEG) states
appearing at the surfaces of STO [20,31] and KTaO3 [32-34]
as well as at the interface of LaAlO3/SrTiO; [35,36].

©2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.94.125148

T. MITSUHASHI et al.

(@)

(©) (d)
N YN
Z N SN
N & N .
™, N ™ N
[001] [010]
[110] [100]

FIG. 1. Schematic of the FSs of SrVOj; at (a) the (110) surface and
(b) the (001) surface. Cylindrical FSs of the d,, (blue), d,. (green),
and d,, (red) orbitals cross each other at the I' point. The yellow
plates in (a) and (b) represent the I'M R X and I' M X planes where the
ARPES spectra are measured (ARPES-measured planes). The orange
arrow indicates the crystallographically equivalent I'-M direction. (c)
LEED pattern obtained at the (110) surface of the SrVOs; films. The
sharp 1 x 1 spots with surface-reconstruction-derived 1 x 6 spots
are clearly observed. (d) LEED pattern obtained at the (001) surface.
The sharp 1 x 1 spots are also observed in addition to the surface-
reconstruction-derived ¢(2 x 2) spots.

In this paper, we report the results of in sifu polarization-
dependent ARPES measurements of the SVO films grown
on the (110)- and (001)-oriented STO substrates, along
with a detailed ARPES-spectra simulation considering the
k) -broadening effect. On the (110) surface of SVO, the
ARPES images for the d, . /d., states are considerably broader
than those for the d,, states. In contrast, such broadening was
not observed in the d,; /d,-derived band dispersion along the
crystallographically equivalent direction on the (001) surface,
indicating that the broadening of the ARPES image originates
from the absence or presence of mirror symmetry in the
corresponding states with respect to the ARPES-measured
planes. The spectroscopic behavior is well reproduced by the
ARPES-spectra simulation where the k; broadening in the
photoelectron emission process is accordingly incorporated.
These results indicate that the consideration of the mirror
symmetry of band structures with respect to the ARPES-
measured plane is important for analyzing the ARPES-spectral
line shape in the case that the k -broadening effect is dominant
in ARPES spectra.

II. EXPERIMENTAL

Experiments were carried out using a photoemission
spectroscopy system combined with a laser molecular-beam
epitaxy chamber [37], which was installed at the beamline
BL-2A MUSASHI of Photon Factory, KEK. SVO films with
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a thickness of 100 monolayers were grown onto (110)-
and (001)-oriented 0.05 wt % Nb-doped STO substrates
by pulsed laser deposition. During deposition, the substrate
temperature was kept at 750°C for SVO (110) films and
900 °C for (001) ones under an ultrahigh vacuum of 10~ Torr.
During the growth, the intensity of the specular spot in the
reflection high-energy electron-diffraction (RHEED) pattern
was monitored to determine the surface morphology and the
film growth rate. The epitaxial growth of the SVO thin films
on the STO substrates for both the orientations was confirmed
by the observation of clear RHEED oscillations due to the
layer-by-layer growth mode. After cooling to below 100 °C,
the films were moved into the photoemission chamber under
an ultrahigh vacuum of 10~'° Torr. The in-vacuum transfer
was necessary to maintain the highest-quality surface.

The ARPES experiments were conducted in situ at 20 K
using two orthogonally linear polarizations from the incident
light with hv = 36-94 eV in the VUV region while using
linear-horizontal (LH) incident light with hv = 440-560 eV
in the soft-x-ray (SX) region, see the Supplemental Material
[38]. The energy resolutions were set to be approximately 15—
20 meV for VUV-ARPES measurements and 200-250 meV
for SX ones, while angular resolutions were set to be about
0.2°. Ef of the samples was referred to that of a gold foil that
was in electrical contact with the sample. Detailed ARPES-
measurement conditions are described elsewhere [16], see
the Supplemental Material [38]. The surface structure and
cleanness of the vacuum-transferred SVO films were checked
by low-energy electron-diffraction (LEED) and core-level
photoemission measurements. As shown in Figs. 1(c) and 1(d),
the sharp 1 x 1 spots with surface reconstruction-derived spots
were observed for both the (110) and (001) surfaces of SVO
films, confirming their well-ordered surfaces. No detectable
C s peak was observed in the core-level photoemission
spectra. These results indicate that no cleaning procedure was
needed for the in situ ARPES measurements. The surface
morphology of the measured SVO thin films was analyzed
by ex situ atomic force microscopy in the air, and atomically
flat step-and-terrace structures were observed. The crystal
structure was characterized by four-circle x-ray diffraction,
confirming the coherent growth of SVO films onto Nb:STO
substrates for both the orientations.

III. RESULTS AND DISCUSSION

A. In situ polarization-dependent ARPES spectra

Figure 2 shows the result of out-of-plane FS mapping for
the SVO (110) film obtained from in situ normal-emission
ARPES measurements for the I' M X emission plane (the blue
hatched area) in the Brillouin zone (BZ) shown in Figs. 2(a)
and 2(b). Figures 2(c) and 2(d) show the FS mappings, which
are measured by varying the photon energies from 36 to 94 eV,
taken with the LH and linear-vertical (LV) polarizations of
incident light, respectively, see the Supplemental Material
[38]. Significant polarization dependence is clearly observed.
By taking the present experimental geometry into account,
ARPES intensities of dyy- (dy./d..-) derived bands become
dominant in the LH (LV) mode, whereas those of the
dy./d,.- (dyy-) derived states are considerably suppressed
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FIG. 2. Out-of-plane FSs of SrVO; (110) films determined from
the normal-emission ARPES measurements. (a) BZ of the SVO (110)
surface. Normal-emission ARPES measurements were performed for
the ' M X emission plane (hatched by blue). (b) FSs calculated from
the TB calculation for the ARPES emission (the I'M X) plane. The
blue circle FS centered at the I" point originates from the d,, states,
while the parallel green and red lines originate from the d,, and
d,, ones. (c) Out-of-plane FS mapping taken at the photon energies
from 36 to 94 eV using LH light. The FS calculated for the d.,
states is superimposed. The yellow thick line is the trajectory of the
measured k point of the ARPES measurement at 66 eV calculated
using Eq. (2) with the inner potential of 20 eV. (d) Out-of-plane FS
mapping using LV where the FSs calculated for the d,. and d., states
are superimposed. (¢) FS mapping taken at the bulk-sensitive photon
energies from 440 to 560 eV with LH light, together with the results
of the TB calculation for the d,, states. It should be noted that ARPES
intensities of d,,- (d,,/d.-) derived bands become dominant in the
LH (LV) mode, owing to the dipole selection rules for these light
polarizations and measurement geometries used [38].

owing to the dipole selection rules [39]. In other words, the
polarization-dependent ARPES enables the determination of
the FSs of d,, states and d, /d., states separately. In compari-
son with the results of TB calculation [14], the overall shape of
the FS seems to be in good agreement between the experiments
and the calculations for d,,/d..-derived states. However, as
shown in Fig. 2(c), there are significant differences between the
observation and the calculation for d,, states: The FS shape of
d,, states around the I"-M high-symmetry line is considerably
elongated along the k, direction, whereas such an effect is
hardly seen in dy./d..-derived states. Such elongation has
also been reported in previous ARPES results on 3D materials
[40-43]. By considering the mirror symmetry of each state
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with respect to the measured I'-M high-symmetry line [see
Figs. 1(a) and 1(b)], itis suggested that the observed elongation
may originate from the k, broadening, see the Supplemental
Material [38]. Indeed, the elongation behavior along the k
direction is considerably suppressed in the FS mapping in the
same region of the BZ obtained by SX photons (440-560 eV)
as shown in Fig. 2(e), reflecting the relatively longer escape
depth of the photoelectron in this energy region (5-11 A) than
that in the VUV region (14 A) [6].

To elucidate the influence of k; broadening on the ARPES
spectra, we have performed polarization-dependent ARPES
measurements along the I'-M direction on the (110) surface
[Fig. 1(a)] as well as the in-plane FS mappings of the
ARPES-measured I' M RX plane shown in Figs. 3(a) and 3(b)
(ky-ky planes with k; = nm/a, where a is the lattice constant
of SVO; n = 2 in the present case). The results are shown in
Figs. 3(c)-3(h), together with corresponding TB calculations
in the renormalization scheme with a renormalization factor
of Z = 0.5. It should be noted that we set the color-scale level
in Figs. 3(e) and 3(f) so that the apparent width of momentum
distribution curves (MDCs) in the color-scale image is almost
equal to the half width at half maximum of the MDC of the
corresponding band. There are significant differences in the
FS mappings and ARPES images taken with LH and LV
polarizations: Owing to the dipole selection rules for these
light polarizations and measurement geometries used, see the
Supplemental Material [38] and Ref. [39], only the d,,-derived
states are best observed along the I'-M direction with the
LH polarization, whereas the d,./d.,-derived states are best
observed with LV. This assignment is further confirmed by the
comparison with the TB calculations.

Regarding the width of the MDC in the parabolic band
dispersion in Figs. 3(e) and 3(f), we immediately notice that
the MDC width of the observed d, . /d., bands is much broader
than that of the d,, band. The width of the MDC for the
dy./d., bands is evaluated to be 0.527/a, while that for the
dyy band is 0.137/a. In general, the inverse lifetime (h/7)
and Fermi velocity (vg) of electrons and the angular resolution
in the spectrometer are mainly contributed to the width of
the MDC. In the present case: (i) The inverse lifetime, which
mainly reflects the self-energy of an electron in the SVO,
is expected to have almost the same values for each t,,
orbital, (i) the difference in the Fermi velocity of the d,,
and d,./d., bands along the I'-M direction is estimated to be
2.3 x 105 and 3.3 x 10° m/s, respectively, which does not
drive the observed significant broadening (the ratio of the
MDC widths is ~4), and (iii) the angular resolution and other
experimental conditions are exactly the same in the LH and LV.
Therefore, it is likely that the broadening originates from the
differences in the k| -broadening effect between the d,,- and
the d,./d..-derived states. In other words, the spectral behavior
probably originates from the presence (absence) of stationary
points at the ARPES-measured plane for the d., (d,;/d.x)
states at the (110) surface of SVO, reflecting the presence
(absence) of the mirror symmetry in the corresponding states
with respect to the ARPES-measured plane.

In order to address the issue in more detail, we have per-
formed ARPES measurements along the crystallographically
equivalent I'-M direction at the (001) surface of the SVO film
[Fig. 1(b)] under the same experimental conditions except
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FIG. 3. In-plane FSs and band structures of SrVO; (110) films.
(a) BZ of the SVO (110) surface where the ARPES measurements
were performed for the 'M RX plane (hatched by yellow). (b) FSs
calculated from the TB calculation for the ARPES-measured (the
I'MRX) plane. The blue parallel-line FS originates from the d,,
states, while the two degenerated ellipses are centered at the I" point
from the d,. and d,, ones. (c), (d) In-plane FS mappings taken at the
photon energy of 66 eV that corresponds to the I'M RX plane using
(c) LH and (d) LV light. The d,,- and d,./d.-derived FSs obtained
from the TB calculation are superimposed as solid blue lines and
dotted green/red lines, respectively, for (c) and as dotted blue lines
and solid green/red lines, respectively, for (d). The FS determined by
ARPES is in good agreement with the result of the TB calculation.
(e), (f) ARPES images along the I'-M high-symmetry line taken at
66 eV with LH and LV light, respectively. Owing to the selection
rule for the present experimental setup, the dy, band is dominant in
(e), whereas the d,, and d., bands are dominant in (f). (g), (h) Plots
of peak positions determined from the ARPES data in (e) and (f) in
comparison with the corresponding results of the TB calculation in
the mass renormalization scheme for each 3d 1,, orbital. The best fit
for the experimental results is obtained with the mass renormalization
factor of 0.5.
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FIG. 4. ARPES images along the I'-M line of SrVO; (110)
and (001) surfaces. (a) Comparison of ARPES images taken along
the crystallographically equivalent I'-M direction between the SVO
(110) surface (upper panel) and the (001) surface (lower panel). The
positional relationships between the ARPES-measurement direction
and the surface orientation of the SVO film are illustrated in Figs. 1(a)
and 1(b). Owing to the selection rule for the present experimental
setup, only the d,,;/d., bands are best observed in LV along the
['-M direction at the (110) surface, whereas both the d,./d.. bands
and the d,, band are observed along the I'-M direction at the (001)
surface. The observed ARPES images for the d,./d., bands at the
(110) surface are much broader than those at the (001) surface. (b)
MDC at Ef along the I'-M line at the (110) surface (upper panel)
and the (001) surface (lower panel). The MDCs have been fitted to
a linear combination of a Lorentzian function(s) [a hatched peak(s)]
with a smooth background (dashed line).

for the crystal orientation. The results are shown in Fig. 4
in comparison with those along the I'-M direction at the
(110) surface [the same ARPES image data as in Fig. 3(f)].
It should be noted that both the d,,- and d,,/d.,-derived
bands are equally observed at the (001) surface in the present
experimental geometry. In comparison with the (110) surface,
it is evident that the d,./d;, states in ARPES images taken
at the (001) surface are observed as sharp structures and
their MDC widths are comparable with those of the d,,
states. The slight difference in the MDC width at Er between
dy./d., (0.097 /a) and d,, (0.067r /a) is well explained by the
difference in the Fermi velocities [3.3 x 10° m/s for dy./d;x
and 2.3 x 10° m/s for dyy]. The broadening of the ARPES
images at the (110) surface is highlighted at the MDC at EF as
shown in the right panel of Fig. 4. The width of the MDC in the
dy./d,. states observed at the (110) surface is 5.8 times that
at the (001) surface. These results strongly suggest that the k|
broadening considerably affects the ARPES line shape and the
effect strongly depends on the existence of mirror symmetry in
the observed states with respect to the ARPES-measured plane,
namely, the existence of a stationary point in the vicinity of
the ARPES-measurement line (plane). Indeed, the width of
the MDC at Er in the d,, state at the (110) surface, which
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has the mirror symmetry with the ARPES-measured plane, is
comparable to that at the (001) surface.

B. Simulation of ARPES spectra by treating the k, broadening

In order to analyze the k, -broadening effect on ARPES
spectra, we have simulated the ARPES spectra as follows. The
theoretical ARPES spectrum DARPES(E) is described by the
one-dimensional DOS along k; weighted by the Lorentzian
function representing the k; broadening,

© 1 Ak
DARPES(F |y o / dk,
ER0 | G ok, 0, k0 ek ak2r

ey
where E(k) is the energy-band dispersion, k is the in-plane
momentum, Ak, is the width of k; broadening, and kj’_
is the corresponding measured k point [3]. In the ARPES
measurement, k{ and k| are determined as functions of polar
angle 6 and photon energy hv,

2mE
ki =y mh = sin(9),

0 2m
ki = F[EK cos?(0) + Vol, 2
Ex =hv—Ep— ¢,

where m is the electron mass, A is the reduced Planck constant,
E is the kinetic energy of the emitted photoelectrons, Vj is
the inner potential, Ep is the binding energy of the electrons
in a solid, and ¢ is the work function of a solid [44]. For the
simulation, we have employed the results of TB calculations
with the renormalization factor of Z = 0.5, at which the best
fits to the experimental band are obtained as shown in Fig. 3.

The value of Ak is estimated to be 0.5 A~ from the equation
of Tanuma et al. [6]. For simplicity, the value of ki is fixed
to be 0 so as to trace the ARPES-measurement planes [the
I'M RX plane for the (110) surface and the ' M X plane for
the (001) surface] in the present simulation. The variation of
ki with changing 6 hardly affects the simulation results in the
present case as long as the variation is within Ak, although
the k% traces on an elliptical arc obtained from Eq. (2) as a
function of hv and 6 in the ARPES measurement. To mimic
the present ARPES images, we calculated the series of ARPES
spectra along k; (the I'-M direction) using Eq. (1), see the
Supplemental Material [38]. First, we defined a rectangle mesh
on the 'M X and I'M RX emission planes with 141 k’s and
1001 & ’s and calculated the band energy at each k| point along
the k, direction for (110) and (001) surfaces, respectively.
Then, we obtained the band dispersions along k, at each k.
We determined the group-velocity v, by taking the derivative
of the band dispersion and calculated the DARPES(E) at each k;
by integrating the 1/|v,| weighted by the Lorentzian function
along k; using Eq. (1). Thus, we obtained 141 theoretical
ARPES spectra for both the (110) and (001) surfaces by con-
voluting the DARPES(E) with a Gaussian with a 30-meV width
representative of the experimental energy resolution. Finally,
the theoretical-ARPES-derived band structures obtained from
the 'MX and M RX emission planes are mapped out as
shown in Figs. 5(a) and 5(b), which correspond to the ARPES
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FIG. 5. Simulation results of ARPES spectra along the I'-M
line at (a) the (110) surface and (b) the (001) surface. (c) MDCs
at Er simulated for the (110) and (001) surfaces. The simulation
successfully reproduces the key aspects of the ARPES results shown
in Fig. 4.

images taken along the I"-M direction at the (110) and (001)
surfaces, respectively.

Compared to the theoretical ARPES images in Fig. 5 with
the corresponding ARPES images in Fig. 4, the characteristics
of the observed ARPES images are well reproduced by the
simulation: The ARPES images for the d,/d;, bands at the
(110) surface are significantly broader than those at the (001)
surface as a result of k; broadening. In order to discuss the
k -broadening effect quantitatively, a comparison of the width
of the simulated MDCs at Er between the (110) and (001)
surfaces is shown in Fig. 5(c). The widths of the simulated
MDC at Eg are evaluated to be 0.507/a and 0.037/a for
the (110) and (001) surfaces, respectively. The width of
simulated MDC at Ef is in excellent agreement with the
experimental one (0.52 7 /a) for the (110) surface, although
the simulation result for the (001) surface underestimates
the width. This underestimation may originate from the fact
that the contributions from the finite angular (momentum)
resolution and the impurity scattering in the experiment are
not incorporated in the present simulations [45].

The difference in the MDC widths between “the same
dy./d., bands” is explained as follows. For the (001) surface,
the dy/d.. band should have stationary points along the k|
direction at the I'-M high-symmetry line (also at the whole
ARPES-measured ' M X plane) as a result of the mirror sym-
metry. Thus, the ARPES spectra mainly reflect the information
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on the electronic structures at the high-symmetry line (plane)
irrespective of the significant k, -broadening effect because
the DOS is predominately higher on the high-symmetry
lines (planes) owing to the existence of VHS at the whole
ARPES-measured I' M X plane, see the Supplemental Material
[38]. In contrast, for the (110) surface, these bands do not have
the vHS at the I'- M high-symmetry line (the ARPES-measured
I'MRX plane), except at the I point. Thus, around the I
point, ARPES spectra mainly reflect the information of the
stationary points as long as the trajectory of the stationary
points is within the “k, -broadening window” of k(j_ + Ak, .
However, away from the I' point, the ARPES spectra are
described by the integration of 1/|v,| (v, # 0) along k|
weighted by the k; broadening [Eq. (1)]. In other words, since
the ARPES spectra represent the averaged information within
the k, -broadening window, the energy distribution curves
(EDCs) in the ARPES images are significantly broadened as
a result of the k; broadening. The broadening in the EDC
(the line shape of the ARPES spectra) causes the simultaneous
broadening in the MDC width (Ak) in the ARPES images, see
the Supplemental Material [38]. In fact, as the Ak approaches
0 in the simulation, the difference in the MDC peak width
between (001) and (110) becomes negligible. In contrast, for
the case of the opposite limit (Ak, — oo) [46], DARPES(E)
reflects the band structure along the high-symmetry lines with
mirror symmetry. These results indicate that the consideration
of the mirror symmetry of the band structures with respect to
the ARPES-measurement plane is important for analyzing the
ARPES-spectral line shape in the case that the k| -broadening
effect is dominant in the ARPES spectra. It should be noted
that similar sharp structures are obtained for the d, states at
the (110) surface as in the case of the (001) surface since the
d, band has mirror symmetry with respect to the measurement
plane at both surfaces, see the Supplemental Material [38].

The present experimental and simulation results provide
important implications for analyzing ARPES spectra of 3D
materials. In many cases, the band structures along high-
symmetry lines (on the high-symmetry planes) in the BZ
are likely to appear as prominent well-resolved structures
in the ARPES spectra of 3D materials. Consequently, it is
conventionally assumed that the band structure (Fermi surface)
along the high-symmetry line (on the high-symmetry plane)
is obtained even though the trajectory of the measured k
point deviates from the high-symmetry line (plane) [1,2,11].
However, the present studies have demonstrated that this
common interpretation of ARPES spectra on 3D materials is
valid as long as the electronic structure has mirror symmetry
with respect to the ARPES-measured high-symmetry line
(plane), namely, the vHS point always exists on the measured
high-symmetry line (plane). Furthermore, a stationary point
(line) midway between the high-symmetry lines (planes) also
appears as a distinct structure in the ARPES spectra since the v,
along the k, direction is also zero on the point (line) [2,7-10],
see the Supplemental Material [38]. Thus, for analyzing the
ARPES data of 3D materials, it is indispensable to pay special
attention to the relationship between the vHS point and the
measured & -broadening window of k?_ + Ak

Finally, we briefly discuss the discrepancies between the
experimental results and the simulations. As can be seen in
Fig. 5, at first glance, the simulation qualitatively describes
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the different broadening behaviors depending on the crystal
surface, especially for the MDC width at Er. However, a
closer look at the result of the (110) surface reveals that
there are considerable differences between the experimental
and simulation results around the bottom of the conduction
band. In the simulation, an almost flat band exists around
the binding energy of 0.4-0.5 eV of which the spectral
intensity steeply weakens from the I' to the M point; this
is hardly seen in the experiments [see Fig. 4(a)]. The flat
band in the simulation originates from the stationary point
of the dy./d;. band running along the [100] and/or [010]
direction(s) owing to the long tail of the Lorentzian function
representing the k| -broadening effects, see the Supplemental
Material [38]. Indeed, the flat band disappears at the utmost
limit of Ak, = 0 in the simulations, whereas it becomes a
prominent structure in the case of Ak; — oo. The reason
why the flat band predicted from the simulation is not
observed in the present ARPES experiment is unclear at the
moment. The simulation incorporating the lifetime broadening
of photoelectrons and/or angular resolution in the apparatus
does not explain the absence of the flat band. Meanwhile,
a weak but distinct Umklapp band reflecting the surface BZ
of the (110) orientation is observed in the ARPES images
shown in Fig. 3. These results suggest one possible explanation
that certain interference between the surface states and the
emitted electrons may affect the ARPES-spectral function
[47]. For a quantitative description of the ARPES spectra for
3D materials, a more realistic treatment of the k, -broadening
effect as well as further investigations of the relationship
between the k; broadening and the mirror symmetry (the
trajectory of the v, = 0 point) are required. In particular, it
is interesting to investigate how the observed k& -broadening
effect in SVO changes with reducing the film thickness
(dimensionality from 3D to 2D), which may provide useful
information for settling the controversial interpretation of the
2DEG states at the STO (110) and (111) surfaces [19,20,31].

IV. CONCLUSION

We have performed in sitru ARPES studies using the variable
polarization of synchrotron light for the (110) and (001)
surfaces of SrVO; films in order to examine the effect of
k), broadening on ARPES spectra as well as to investigate
the electronic structure of SrVOj; films. Using the polarization
dependence for the band structures of V 3d 1, states, we have
separately observed the dy,- and d,./d..-derived states for
the (110) surface owing to the dipole selection rule in the
present experimental geometry. It is found that the ARPES
images for the d,./d,, states are considerably broader than
those for the d, states at the (110) surface. In contrast, such
a broadening is not observed in the d,./d;.-derived band
dispersion along the crystallographically equivalent direction
of the (001) surface, indicating that the broadening of the
ARPES image originates from the change in the symmetry and
the resultant deviation of the trajectory of the stationary points
from the high-symmetry line (the ARPES-measured line). The
simulation treating the k; broadening in the photoelectron
emission process successfully reproduces the key aspect of
our ARPES data. These results indicate that the consideration
of the mirror symmetry of band structures with respect to
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the ARPES-measured plane is important for analyzing the
ARPES-spectral line shape in the case that the &k -broadening
effect is dominant in the ARPES spectra.
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