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We use angle-resolved photoemission spectroscopy with a 7-eV laser, which is capable of ultrahigh energy and
momentum resolutions, and investigate bosonic mode couplings in the surface bands of Sr2RuO4. Significantly,
our measurements reveal pronounced kink structures at very low binding energies (∼8 and ∼15 meV), which
have a strong variation in the renormalization strength among multiple bands derived from the Ru 4d orbitals.
Neutron scattering has observed phonon modes with the lowest energy scale around 15 meV, which thus could
be the main source for the ∼15-meV kink. In contrast, the significant coupling at the lower energy (∼8 meV)
is attributed to magnetic excitations, which are reported to be peaked in density of states around 10 meV. The
∼8-meV kink is found to be strongest in the two-dimensional 4dxy-derived band, implying its mechanism to be
the electron coupling to ferromagnetic spin fluctuations.

DOI: 10.1103/PhysRevB.99.081108

In strongly correlated electron systems, the band struc-
tures are significantly renormalized by many-body effects
due not only to electron-electron interaction, but also to the
coupling of electrons with bosonic modes such as phonons
and magnons [1–5]. The mode couplings are particularly
interested in the study of superconductors, since these could
be the essential excitations to form electron pairs in the
superconducting state. An electron-boson coupling generates
a bending structure (so-called “kink”) in the band dispersion
of materials, thus many efforts have been given to search for
low energy kinks close to the Fermi energy (EF ) and identify
the bosons potentially mediating the superconductivity [6].

The ruthenate oxide Sr2RuO4 has a perovskite layered
structure with the superconducting transition at ∼1.5 K [7].
Since its discovery, this compound has gotten much atten-
tion due to the expectation of unconventional spin-triplet
p-wave superconductivity [8,9]. Ferromagnetic (FM) spin
fluctuations were originally proposed to be responsible for
the formation of electron pairing [10–13]. The incommen-
surate peaks observed by neutron scattering, however, sug-
gest that antiferromagnetic (AFM) correlations should not
be neglected for the superconducting mechanism [14–18].
On the other hand, the angle-resolved photoemission spec-
troscopy (ARPES) study claims the significance of phonon
couplings: the kink structure has been observed at ∼30–40,
∼50–60, and ∼70–80 meV for the bulk band [19–21], which
are obviously larger than the energy scale of the reported
magnetic excitations (<10 meV) [14–16], and rather agree
to the energy scales for some of the optical phonons [22,23].
Therefore, it has been even suggested that the spin-triplet p-
wave superconductivity of Sr2RuO4 is phonon mediated [20].
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Sr2RuO4 has a unique crystal layer on the surface with
RuO6 octahedrons slightly rotated by ∼8◦ [24], differing from
the bulk crystal with no such structural distortion. This is
attributed to the freezing of the zone-boundary soft phonon
into a static lattice distortion at the surface [22,24,25]. Cal-
culations further predict that the consequent surface could
be ferromagnetic [24], whereas the band reconstruction due
to the magnetic ordering has not been observed by ARPES
[26]. Nonetheless, the ferromagnetic fluctuation could be
hidden and wait for high-resolution measurements to unveil
its coupling to electrons. Investigation of the surface band
is, moreover, important in light of the topological aspect of
this compound: the edge state predicted for the topological
superconductor [27–33] has been detected [34]. Intriguingly,
the tunneling spectroscopy has revealed that the surface layer
is superconducting [35]. Since the novel edge state should stay
on the boundary between the surface and bulk, identifying the
low-lying excitations related to the surface superconductivity
would be crucial to understand the topological nature for the
real material.

Recently, scanning tunneling spectroscopy (STS) has ex-
tracted the fine features of band structure close to EF for
the bulk and surface state from the quasiparticle interference
(QPI) pattern, exhibiting the mode coupling around ∼10,
∼40, and ∼70 meV [36]. The determination of band struc-
tures with this technique is, however, limited to the one-
dimensional-like (1D-like) band derived from the dxz/yz or-
bitals, since the QPI requires a good nesting of Fermi surface.
To draw the full picture of mode couplings in Sr2RuO4,
ARPES would be the most powerful probe: It allows one
to directly determine all the multiple bands including the
4dxy-derived γ band, which is viewed as the active source for
superconducting instability [12,13].

In this Rapid Communication, we reveal the significant
electron-mode couplings in the topmost layer of Sr2RuO4.
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FIG. 1. (a) ARPES intensities at EF : The strong intensities (black
color) correspond to kF points. (b) The main Fermi surface deter-
mined from the ARPES mapping in (a). (c) The main Fermi surface
and that folded across the reduced zone boundary (diagonal lines)
generated due to the rotation of RuO6 octahedrons on the crystal
surface. The arrow indicates the momentum cut for Fig. 2(a).

We clearly observe kink structures in band dispersions at
very low binding energies (∼15 and ∼8 meV). We find that
the strength of the kinks is strongly orbital dependent and
anisotropic around the Fermi surface. The lowest energy of
optical phonons and the cut-off energy of acoustic phonons
have been estimated to be ∼15 meV by neutron-scattering
experiments [22,23]. Therefore, the kink structure observed
at the lower energy (∼8 meV) is attributed to the magnetic
excitations, which are reported to be peaked in density of
states at around 10 meV [16]. The renormalization strength
across ∼8 meV is estimated to be more than twice higher in
the two-dimensional 4dxy band than in the one-dimensional
4dxz/yz-bands, suggesting that the related bosonic mode is
ferromagnetic rather than antiferromagnetic.

Single crystals of Sr2RuO4 were grown by the floating-
zone technique. ARPES measurements were performed for
the (001) cleaving surface with a ScientaOmicron R4000
hemispherical analyzer with an ultraviolet 7-eV laser (hν =
6.994 eV) at the Institute for Solid State Physics, the Univer-
sity of Tokyo [37]. The sample temperature and the energy
resolution were set to be 5 K and 1.3 meV, respectively. The
samples were cleaved in situ and kept under a vacuum better
than 3 × 10−11 torr during the experiments.

We first demonstrate that the ARPES data measured by a
7-eV laser ARPES selectively observe the electronic structure
for the topmost layer of Sr2RuO4 crystal, which is recon-
structed by the RuO6 rotation [38]. Figure 1(a) plots the
ARPES intensities at the Fermi energy (EF ); the strong inten-
sities (black color) correspond to the kF points. In Fig. 1(b),
the Fermi surfaces (FSs) of the main bands are determined
from the peak positions of spectra. The α and β FSs derived
from the dxz/yz orbitals, and the γ FS from the dxy orbital are
plotted with green, blue, and red filled circles, respectively.
Differently from the γ FS for the bulk state with an elec-
tronlike shape centered at (0,0), our data exhibit a holelike
γ FS centered at the zone corner (π, π ), which is a hallmark
for the surface state [26,39,40]. This variation of FS topology
from bulk to surface is caused by a relative energy shift of
the saddle point at (π ,0) from above to below EF due to the
crystal distortion [38,41]. The RuO6 rotation of crystal on the
surface enlarges the unit cell by

√
2 × √

2, which reduces
the size of the Brillouin zone (dashed black lines in Fig. 1)
[24,25]. We confirm that the complex FSs mixed by the main
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FIG. 2. (a) ARPES dispersion for the α band measured along
the momentum cut indicated by an arrow in Fig. 1(c). (b) Band
dispersion determined from the peak positions of MDCs extracted
from the image in (a). Magnified dispersion of (b), demonstrating
kink structures at ∼30 meV (c1), ∼50 meV (c2), and ∼80 meV (c3),
which are pointed to by arrows. The energy windows for these panels
are marked in (b) with dashed rectangles. Each solid black line is fit
to the data at binding energies higher than the kink energy.

FSs and those reflected across the reduced zones [Fig. 1(c)]
well reproduce the ARPES data [Fig. 1(a)].

In passing, we emphasize that our data exhibit only the
signature of the topmost RuO6 layer, and free from that of the
second layer, which causes additional band splitting [40,42]:
While the γ FS in the second layer of crystal was found to
have an electronlike shape similar to that of the underlying
bulk system, we observe only the holelike γ FS, indicating
that the 7-eV laser ARPES is selective of the topmost-layer
state due to a matrix element effect [38].

Here we show that all the mode couplings reported so
far for Sr2RuO4 through ARPES study are observed in our
data measured by laser ARPES. Now we focus on the α

band, which is free from the complex overlapping of multiple
bands due to the band folding, thus easily determined up
to high binding energies. Figure 2(a) presents the ARPES
dispersion measured along the momentum cut indicated by
an arrow in Fig. 1(b). In Fig. 2(b), we determine the band
dispersion from the peak positions of momentum distribution
curves (MDCs) extracted from the ARPES image of Fig. 2(a)
for each different binding energy up to 100 meV. We find
kink structures at several energies along the band dispersion,
signifying the strong coupling of quasiparticles with multiple
collective modes. To estimate the kink energies, we zoom the
dispersion in Figs. 2(c1)–2(c3) within three different energy
windows [red, green, and blue dashed squares indicated in
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FIG. 3. (a) ARPES dispersions (1-α, 2-α, and 3-α) for the α band
obtained along three-momentum cuts indicated by arrows in (b). (b)
Fermi surface determined by ARPES with measured momentum cuts
for (a). (c1) The band dispersions determined from MDC peaks over
a narrow energy window around the kink energy of ∼15 meV. (c2)
The similar data to (c1), but plotted around the kink energy of ∼8
meV. The solid black lines in (c1) and (c2) are fit to the data at
binding energies higher than the kink energies. (d) The momentum
width of MDCs (�k) for different energies. In the inset, a typical
MDC at EF is extracted from the image of (a). The data is fit to the
Lorenz function (a green curve).

Fig. 2(b), respectively]; we have identified significant varia-
tions in group velocity across ∼30, ∼50, and ∼80 meV. The
electron-phonon couplings at these three energies have been
reported before for the bulk state measured by the synchrotron
ARPES [19,20], indicating that the phonon excitations are
common for the surface and the bulk.

The laser ARPES has excellent energy and momentum res-
olutions, thus it has the capability of unveiling kink structures
closer to the Fermi level [37]. In Fig. 3, we demonstrate that
the α-band dispersions [Fig. 3(a)] exhibit significant kinks at
two low binding energies of ∼15 [Fig. 3(c1)] and ∼8 meV
[Fig. 3(c2)]. The spectra of the α band are not contaminated
from the intensities of the other bands, thus the MDCs ex-
tracted from the ARPES image have a clean symmetric shape
[the inset of Fig. 3(d)], which can be fit well to the Lorentzian
function (a green curve). This situation enables one to extract
not only the peak positions but also the intrinsic spectral
widths (�ks), which are plotted in Fig. 3(d) for different bind-
ing energies. We find the remarkable sharpening of spectra
(or decreasing of �k) below ∼15 meV, which corresponds to
the kink energy (εkink) [see Fig. 3(c1)]. The same effect for
the other coupling at εkink =∼8 meV is not clearly visible
in the �k(ε) plots, while a kinklike anomaly is seen at this
energy. Note that the peak positions of MDCs [ε(k)’s] are

more accurate to reveal anomalies in the band dispersion,
thus we have used these, rather than �k(ε)’s, to identify the
energies of mode couplings, following the previous ARPES
reports [3,20].

We have also examined the band renormalization effect in
the other bands (the γ and β bands) in the vicinity of EF . In
order to properly determine the band dispersions, we focus
on the momentum space [black lines in Fig. 4(b)] where the
spectral intensities for folded bands are rather weak, thus have
little influence on the analysis of MDC fitting. The ARPES
images obtained are exhibited in Figs. 4(a1)–4(a11), in which
the dispersions for β and γ bands are both captured. In
Figs. 4(c1) and 4(c2) and Figs. 4(d1) and 4(d2), we determine
the β and γ dispersions, respectively, which are marked by
arrows (1-β to 6-β and 6-γ to 11-γ ) in Figs. 4(a1)–4(a11).
Significantly, the kink structures are identified again at two
low energies (∼15 and ∼8 meV), which are the same as those
for the α band. To confirm that the kink behavior especially of
the γ band is not just an artifact coming from the inherent
band shape, we superimpose the density functional theory
(DFT) band in Figs. 4(a6)–4(a9), which can be viewed as the
bare band with no many-body effect; it shows a linear disper-
sion without any indication of bending, strongly contrasting
to the ARPES data.

Whereas the kink structures at the two energy scales (∼15
and ∼8 meV) are commonly observed for all the multiple
bands, the renormalization strength (λ) is found to be strongly
orbital dependent and anisotropic around each Fermi surface.
In Figs. 4(e1) and 4(e2), we estimate the value of λ from the
velocity change (v1/v0 = λ + 1) across the coupling energy:
here v0 and v1 are the slopes of band dispersion above and
below the kink energy, respectively. The obtained values for
all three bands are compared in Figs. 4(e1) and 4(e2). We
find that the renormalization effect is more pronounced at ∼15
than at ∼8 meV for all the directions observed. Interestingly,
the magnitude of λ for the ∼15-meV kink is comparable be-
tween the β and γ bands, likely because the FSs for these two
bands are adjacent in momentum space, giving rise to mutual
interactions. This circumstance causes similarly anisotropic
λ’s in these bands, in contrast to the isotropic λ’s in the α

band, which is well isolated in the momentum space.
A promising mechanism on the ∼15-meV kink is the

electron-phonon coupling [22,23,43]. Note that the kink
structure is expected to appear around the energies of opti-
cal phonons and/or the cut-off energy of acoustic phonons
strongly coupled to the electrons of matter [44]. Importantly,
the phonon dispersion of Sr2RuO4 determined by neutron
scattering signifies that the lowest magnitude of such energies
is ∼15 meV; these phonon modes have been observed along
almost every direction, in agreement with our ARPES results
[22,23]. In addition, this situation indicates that the kink
structure in bands at lower binding energies than ∼15 meV
require different kinds of excitations other than phonons.

The band renormalization at ∼8 meV becomes weakest in
the β band among the three bands [Fig. 4(e2)], contrasting
to that at ∼15 meV with the largest λ in the same band
[Fig. 4(e1)]. This clear distinction in the orbital dependence
implies that the mode couplings at these two energies have
different origins. Neutron-scattering experiments suggest that
the bosons with energies lower than ∼10 meV in Sr2RuO4
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FIG. 4. (a1)–(a11) ARPES dispersions for the β and γ bands obtained along the momentum cuts indicated in (b). The red lines in (a6)–(a9)
indicate the DFT dispersions for the γ band [38]. (b) Fermi surface determined by ARPES with measured momentum cuts. (c1),(c2) The
dispersions of the β band determined by MDC peaks over a narrow energy window around the kink energy of ∼15 and ∼8 meV, respectively.
The corresponding bands and kF points are marked by white arrows (1-β to 6-β) in (a1)–(a6) and white circles in (b), respectively. (d1),(d2)
The same data as (c1) and (c2), but for the γ band [marked as 6-γ to 11-γ in (a6)–(a11)]. The solid black lines in (c1),(c2) and (d1),(d2) are
fit to the data at binding energies higher than the kink energies. (e1),(e2) The strength of band renormalization, λ, estimated from the velocity
change (v1/v0 = λ + 1) across the kink energy of ∼15 and ∼8 meV, respectively.

could be magnetic excitations; while the 
3 phonon mode
seems to also have such low energies, the structural rotation
of the RuO6 octahedron is attributed to the softening of this
mode, thus the strong coupling of surface state to it is less
likely [22–24].

Incommensurate antiferromagnetic fluctuation is detected
at low energies (<10 meV), which agrees to the lowest energy
(∼8 meV) of kink structure we observed [14–16]. While this
excitation expects a good nesting of Fermi surface, and it is
favorable for the α and β FS with 1D-like character, our data
exhibit even stronger kink structure in the γ band with a two-
dimensional character, which is thus incompatible with this
scenario.

The FM fluctuation could be an alternative, dominant
mechanism for the mode coupling at ∼8 meV. First-principle
calculations suggest that a bulk soft-phonon mode freezes into
a static lattice distortion associated with an in-plane rotation
of the RuO6 octahedron, and it establishes a ferromagnetic
ground state on the surface [24]. The ARPES data of the
surface state, however, does not show an indication of the
long-range FM ordering [26]. Instead, the relevant excitations

(or FM fluctuation) could be enhanced, and coupled to the
quasiparticles, generating the significant kink structure as we
observed: the γ band, which is mostly responsible for FM
fluctuation due to high density of states near EF , is effectively
narrowed by the RuO6 rotation [41], further increasing the
FM instability through the Stoner-type mechanism as demon-
strated by local-density approximation calculations [45].

In conclusion, we used 7-eV laser ARPES with ultrahigh
energy and momentum resolutions, and investigated electron-
boson couplings close to the Fermi energy in the topmost
layer of Sr2RuO4. We have not only detected all the mode
couplings reported before through the ARPES studies, but
also revealed kink structures at much lower binding energies,
which are strongly orbital dependent and anisotropic around
the Femi surface. The coupling at ∼8 meV is found to be
strongest in the 4dxy-derived γ band, implying its mechanism
to be the ferromagnetic excitations. Since the crystal distortion
on the crystal surface (i.e., the RuO6 rotation) can increase
the FM instability, the mode coupling we observed might be
more pronounced than that realized in the bulk band, thus we
cannot simply conclude that FM fluctuation is essential for the
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superconductivity in this compound. However, our results
leave the FM fluctuation as a promising candidate for the
pairing mechanism against the previous assertion of phonon-
mediated superconductivity by ARPES studies, which cap-
tured kink structures only at higher energy scales correspond-
ing to the phonon modes.
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