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Takeshi Kondo®,!:2- Masayuki Ochi

,3* Shuntaro Akebi,’ Yuyang Dong,1 Haruka Taniguchi,i6

Yoshiteru Maeno,®” and Shik Shin!-®
VISSP, The University of Tokyo, Kashiwa, Chiba 277-8581, Japan
*Trans-scale Quantum Science Institute, The University of Tokyo, Tokyo 113-0033, Japan
3Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
4Forefront Research Center, Osaka University, Toyonaka, Osaka 560-0043, Japan
3Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan
Department of Physics, Kyoto University, Kyoto 606-8502, Japan
"Toyota Riken - Kyoto University Research Center (TRiKUC), Kyoto 606-8501, Japan
8Office of University Professor, The University of Tokyo, Chiba 277-8581, Japan

® (Received 5 June 2023; revised 2 April 2024; accepted 7 May 2024; published 6 June 2024)

The electronic structure of the topmost layer in Sr,RuQ; in the close vicinity of the Fermi level is investigated
by angle-resolved photoemission spectroscopy with a 7-eV laser. We find that the spin-orbit coupling (SOC)
predicted as 100 meV by the density functional theory calculations is enormously enhanced in a real material
up to 250 meV, even more than that of bulk state (200 meV), by the electron-correlation effect increased by
the octahedral rotation in the crystal structure. This causes the formation of highly orbital-mixing small Fermi
pockets and reasonably explains why the orbital-selective Mott transition is not realized in perovskite oxides
with crystal distortion. Interestingly, Hund’s metal feature allows the quasiparticle generation only near EF,

restricting the spectral gap opening derived by band hybridization within an extremely small binding energy
(< 10 meV). Furthermore, it causes coherent-incoherent crossover, making the Fermi pockets disappear at
elevated temperatures. The anomalous Fermi pockets are characterized by the dichotomy of the orbital-isolating
Hund’s coupling and the orbital-mixing SOC, which is key to understanding the nature of Sr,RuOj,.
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The effect of spin-orbit coupling (SOC) on the electronic
properties of matter is one of the central topics in modern
condensed matter physics. In particular, much attention has
been recently given to the SOC effect of strongly correlated
systems [ 1-26]. Transition metal perovskite oxides provide an
excellent platform to study the cooperative effects of electron
correlation and SOC on the band structure [9-26]. Theory
predicts that the electron correlation enhances SOC, increas-
ing the energy splitting of the bands derived by multi d
orbitals [9,11]. In contrast, the band narrowing due to the
correlation effect reduces the band splitting, canceling the
effect by the enhanced SOC. As a result, the SOC-induced
band splitting may become comparable in energy with that
obtained by correlation-free density functional theory (DFT)
calculations. The validity of this argument has been confirmed
for the bulk state of Sr,RuQ,4 by angle resolved photoemission
spectroscopy (ARPES) measurements [12].

Another intriguing and common aspect of perovskite ox-
ides is the octahedral rotation in the crystals [27-35]. This
could stimulate orbital mixing by band folding and enhances
the correlation effect by reducing hopping integral. For ex-
ample, the diverse electronic properties of Ca,_,Sr,RuOy4
(4d system) are controlled by Ca substitution that induces a
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rotation as well as the tilt of RuOg-octahedra [31]. In this
system, the orbital-selective Mott transition (OSMT) has been
theoretically proposed [36]; however, it has not been real-
ized in experiments, calling the OSMT scenario into question
[37-41]. In SrpIrO4 (5d system), the IrOg-rotation naturally
occurs [30], and a Fermi arc similar to that of underdoped
cuprates was observed in the electron-doped surface [42,43].
The analogy to cuprates (3d system) is, however, still debated
since the intrinsic structure could be Fermi pockets derived
from the IrOg rotation and/or the antiferromagnetic order
rather than the Fermi arc [44—49]. As apparent from these,
uncovering how the octahedral rotation modifies the electron
correlation and SOC effects on the band structure is crucial for
establishing the physics of multiorbital correlated systems.
Sr,RuOy4 has a unique surface layer of RuOg-octahedrons
rotated by ~8° [27,33,34,49], which contrasts the underlying
bulk with no such distortion. The surface does not have the tilt
of octahedra nor magnetic order, so it allows one to investigate
the effect only of the octahedral rotation on the band struc-
ture. In particular, the availability of comparing the surface
state with the underlying bulk system without the octahedral
rotation is quite advantageous for precisely pinning down the
rotation effect. The ARPES signals of the Sr,RuQO, surface
are usually contaminated by the bulk signals, which prevents
a detailed examination of the surface bands. This difficulty
can, however, be solved by using low-energy photons in
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ARPES, which observe only the topmost layer of the Sr,RuQO4
crystals [50].

The Sr,RuQOy4 surface is further known to be in Hund’s
metal state, where Hund’s coupling J plays a crucial role in
the strong correlation [6,50-56]. Hund’s coupling effectively
isolates the orbital character of each band, in stark contrast
to SOC, which facilitates orbital mixing. Hence, observa-
tion of the Sr,RuO, surface by a low-energy laser ARPES
enables one to unveil electronic properties intricated by the
mutual relation among strong electron correlation, spin-orbit
coupling, octahedral rotation, and Hund’s coupling. These are
rather general in multi-orbital correlated systems, thus quite
important, yet have not been revealed to date.

In this letter, we use high energy and momentum resolu-
tions laser-ARPES (hv = 7eV) and investigate the electronic
states in close vicinity of the Fermi level on the recon-
structed Sr,RuQy4 surface. We unveil the anomalous nature of
Fermi pockets originating from the strong correlation effects
tied with the dichotomic features of Hund’s coupling and
spin-orbit coupling that tend to separate and mix orbitals,
respectively.

Single crystals of Sr,RuO4 were grown by the floating-
zone technique [57]. ARPES measurements were performed
for the (001) cleaving surface with a Scienta R4000 analyzer
equipped with a 7 eV laser at The Institute for Solid State
Physics, The University of Tokyo. The energy resolution was
~2 meV, and the lowest measured temperature was 5 K.
Details of band calculations are described in Supplemental
Material [58].

The Fermi surface (FS) of the Sr,RuQ4 surface is com-
plexed by the folding back of bands about the zone boundaries
reduced by the RuOg rotation [33,34] [dashed black lines in
Fig. 1(al)]. In Fig. 1(al), the schematic FSs for « and 8
bands derived from the d,.,,, orbitals, for y band from the d,,
orbital, and also for their folded bands («’, 8/, and y’ bands)
are illustrated (gray, blue, and red curves, respectively). The
main y-FS before the band folding is hole-type-centered at
(7, ), which differs from the electron-type centered at (0, 0)
in the bulk state. This variation of FS topology is caused by
a relative energy shift of the saddle point at (;7,0) due to the
structural distortion on the surface [35].

Figures 1(b1)-1(b5) show the ARPES dispersions along
green momentum cuts 1 to 5 in Fig. 1(al) close to the
Fermi energy (Eg). The y’ and S bands (or, the y and g’
bands) mutually cross at k. [see inset of Fig. 3(b)], and
the crossing energy (E.;ss) marked by magenta arrows shifts
with different momentum cuts. We find that these bands in-
dependently disperse with no clear hybridization when E ;o
is far from Ep [Fig. 1(bl)]. As E s gets closer to Ep,
the ' and B bands as well as the ¥ and B’ bands each
hybridize to open a gap [59,60], generating two parabolic
bands [dotted curves in Figs. 1(b2) and 1(b3)]. The parabolas
become smaller and eventually disappear into the unoccu-
pied side [Fig. 1(b4)], leaving spectral tails on the occupied
side.

We reveal here that a gap opens at Er over a wide momen-
tum region, yielding small Fermi pockets. Figures 1(el)-1(e7)
plot the ARPES dispersions along red momentum cuts in
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FIG. 1. Fermi pockets. (al) Schematic FSs of Sr,RuQO,4. The
main FS (solid curves) are folded (dotted curves) about the BZ
(dashed lines) reduced by octahedral rotation. (a2) FS mapping for
Fermi pockets and determined FSs. o-FS was determined from the
previous data [50]. (b1)—(b5) ARPES dispersions along green mo-
mentum cut 1 to 5 in (al). (cl), (c2) EDCs at ks marked by red and
blue circles in (al), or white dotted lines in (el)—(e7) and (f1)-(f7),
respectively. Peak shifts due to a hybridization gap of 4 to 5 meV
are indicated by dashed lines. (d) EDCs along the orange arrow
in (e4) divided by the Fermi function at the measured temperature
(20 K). (el)—(e7), (f1)—(f7) ARPES dispersions along red and blue
momentum cut 1 to 7 in (al), respectively. The data other than
(d) were taken at 5 K. (g) Schematic for (e4)—(e7) showing band
crossing between y- and B’-bands. A hybridization gap opens only
when Eo is less than ~10 meV in the binding energy.
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Fig. 1(al) accessing up to the zone edge. When E.;qs (marked
by magenta arrows) gets close to Ep, a hybridization gap
opens [Fig. 1(e6)]. The gap position gradually shifts up toward
Er [Fig. 1(e5)] as momentum approaches the zone edge. Once
reaching Er [Fig. 1(e4)], the gap stays there up to the zone
edge [Fig. 1(el)]. This behavior is schematically illustrated
in Fig. 1(g). Note here that in the ARPES data, the spectral
intensity of the folded B8 band (the B’ band) is weak. In the
reduced BZ, the momentum region marked by blue arrows in
Fig. 1(al) is equivalent to that marked by red arrows. Indeed, a
similar gap behavior is observed [Figs. 1(f1)-1(f7)], while the
spectral intensity of the folded y band (the y’ band) is weak
in this case.

The gap opening at Ef is better demonstrated in Fig. 1(cl)
and Fig. 1(c2) by extracting energy distribution curves (EDCs)
at kps [circles in Fig. 1(al)]. The momentum area with a
gap opening is wide, and consequently, two small pockets are
formed around (7 /2, 7 /2) [Fig. 1(a2)]. To reveal the band
dispersion slightly above Ey, we raise the sample temperature
to 20 K, and plot in Fig. 1(d) the Fermi-Dirac distribution
function (FD) divided EDCs obtained along the orange arrow
in Fig. 1(e4). The band gap between the parabolic conduction
and valence bands (A arpgs) is estimated as ~10 meV [59,60].
The gap magnitude is almost constant at different momenta as
long as Eoss 18 close to Ep (Supplemental Fig. S2 [58]).

To better understand the Fermi pockets and hybridization
gap, we perform the DFT calculations for Sr,RuQO,4 under the
RuOg¢ rotation of ~8°. The Fermi surfaces (FSs) obtained
with and without SOC are shown in Figs. 2(al) and 2(a2),
respectively, together with ARPES results (red lines and cir-
cles). Here, the SOC strength (4) is estimated to be 100 meV
by DFT calculations (Appr). The Fermi pockets are obtained
only when SOC is included. Note that a hybridization gap
opens at the momenta of intersection between the two Fermi
pockets, but it is very small. Importantly, we find that the
Fermi pockets of DFT are profoundly mismatched with those
of ARPES: the overlapped area of the two pockets is much
smaller in the data. By increasing A [Figs. 2(a3)-2(a6)], the
mismatch is mitigated, and eventually, a good matching with
ARPES results is obtained at A of 250 meV. The mismatch
gets pronounced again with increasing A further by exhibiting
the overlapped area to be too small.

According to theory [9,11], the SOC strength is effectively
enhanced by electron correlations: A — Appr + AA. Here,
A is the correlation-enhanced value. Our results [Fig. 2(a5)]
determines AA = 150meV for the reconstructed surface state.
Interestingly, the AX is about 1.5 times higher than that in
the bulk state (100 meV [12]), indicating that the surface state
of Sr,RuQy is more strongly correlated than the underlying
bulk state, most likely due to the octahedral rotation. This is,
indeed, reflected in the difference of the band renormalization
factor (m*/mcac = Veale/Vr = 1/Z) between the two states.
Here, m™ (vr) and mgac (vearc) are masses (velocities) obtained
by experiments and correlation-free calculations, respectively,
and Z is quasiparticle residue. It is reported that 1/Z = 5.9,
4.2, and 8.6 for «, B, and y bands, respectively, for the surface
states [50], which are much larger than those (3.0, 3.5, and
5.5, respectively [61]) for the bulk state. 1/Z of d..,, and d,,
(/Zy)y. =1/\/2yZg and 1/Z,, = 1/Z,) are each 4.98 and
8.6 for the surface state and each 3.24 and 5.5 for the bulk
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FIG. 2. Band calculations with enhanced SOC reproducing
ARPES data. (al)—(a6) Comparison of FSs by ARPES (red dots) and
calculations (black curves) with different SOC strengths (1). (b) FS
colored by red (d,,) and blue (d../,.) representing dominant orbital.
The color gets white when the mixing ratio is high. (¢c) The mixing
rate is represented by a gray scale. Black corresponds to a 100%
mixing, at which FS is evenly contributed by d,, and d,;,,, orbitals.
(d) Band dispersions along the green dashed arrow in (b) calculated
for several different A. (e) Calculated hybridization gap (Au.) plot-
ted against A. As an example, Ay for A = 300 meV is represented
by the dimension arrow in (d). The right axis indicates A, renor-
malized by Zyocket = 1/ZgZ,; 11 meV is obtained at A = 250 meV.
(f) The mixing rate plotted against the Fermi angle ¢ defined in
the inset.

state. Therefore, the bands derived by d,./,, and d,, are both
~1.5 times more largely renormalized in the surface state than
in the bulk state. Notably, this is consistent with the ratio of the
correlation-enhanced value of AL between these two states.
The effective SOC enhanced by strong electron correla-
tions increases the orbital mixings. In Fig. 2(b), the calculated
orbital weight of d,, and d,; . is represented by red and blue
colors, respectively, for the FSs. Without SOC, no orbital mix-
ing occurs, and each FS sheet is fully dominated by the d,, or
dy/y; component. Pronounced mixing occurs with SOC, and it
is more prompted with increasing A. This trend is represented
in Fig. 2(b) with a more whitish color for the larger mixing
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ratio of dy, and d,; .. For easy understanding, we illustrate
the mixing ratio by a grayscale in Fig. 2(c), defining 100
% (black) when the wave function of d,, and d..,. is fully
mixed; reversely, it is 0 % (white) when only one of the
two orbitals (d,, and d,;/,;) contributes. Plotting the mixing
ratio around the pocket [Fig. 2(f)] clarifies the orbital selective
nature seen at A = Apgr (100 meV) to be significantly reduced
with increasing A. At A = 250 meV we obtained, the mixing
ratio becomes more than 50 % all around the Fermi pockets,
lifting the orbital selectivity.

The hybridization gap should also have a direct relation
with SOC. In Fig. 2(d), we plot the calculated band dis-
persions along momenta going through the crossing point
between B’ —FS and y —FS [a green dotted arrow in
Fig. 2(b)] for different As. As summarized in Fig. 2(e), the hy-
bridization gap (A,) opens with a finite SOC, monotonically
increasing against A. The Ay at A = 250 meV is 66 meV,
which is much larger than the experimental value (Aagrpgs
= 10 £ 0.5 meV). Note, however, that the experimental hy-
bridization gap is renormalized by strong correlations [9].
The renormalization factor for the Fermi pockets (1/Z,ocket =
1//ZgZ,) is estimated to be 6.0. Thus, the renormalized
hybridization gap to be compared with the experimental value
is obtained as ZpocketAcale = 11 meV, which well agrees
with Aagrpgs. Interestingly, this agreement is reached with
physically different two effects of the electron correlation:
band renormalization and SOC enhancement, which is in-
duced by diagonal and off-diagonal orbital components of the
self-energy, respectively.

To examine the hybridization gap further, we plot in
Fig. 3(b) the EDCs extracted at kcoss points (defined in the
inset) marked by color circles in Fig. 3(a). We find that a
definable spectral gap disappears below ~ — 10 meV. This
indicates that band hybridization is not well defined away
from Er most likely because the quasiparticle picture col-
lapses. In Figs. 3(c2) and 3(d2), we examine the quasiparticle
properties by plotting EDCs at several k points marked by
white arrows in Figs. 3(c1) and 3(d1) obtained along purple
and orange dashed arrows in Fig. 3(a), respectively. Indeed,
the quasiparticle peaks disappear when the bands go off Ep
and get incoherent. Intriguingly, the energy window where the
quasiparticles survive is extremely small with only ~20 meV
about Ef. It is a much smaller energy scale than for the bulk
state of Sr,RuO4 (~40 meV [47]) and strongly correlated
3d-orbital systems as cuprates (~70 meV).

The coherent-incoherent crossover with temperature is also
an intrinsic property of Hund’s metal. In Fig. 4(al), we plot
the FD-divided ARPES dispersions at 20 K for several mo-
mentum cuts [black arrows in Fig. 3(a)]. Similar data sets are
also taken at higher temperatures 40 K, 60 K, and 80 K in
Figs. 4(a2), 4(a3), and 4(a4), respectively. The disconnected
hybridization gap gets unclear with increasing temperature,
and eventually disappears around 80 K, having the band a con-
tinuous dispersion of broad spectra [Fig. 4(a4)]. More detail is
examined in Fig. 4(b) by plotting the temperature dependence
of EDCs at ko for the momentum cut ¢ [described on
panel (al)]. With increasing temperature, two peaks indicative
of a band gap are significantly suppressed and broadened,
and the spectral line shape eventually becomes a broad one-
peak structure with the spectral gap closed around 80 K.
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FIG. 3. Collapse of hybridization gap with binding energy. (a) FS
on the SrpRuOy surface. The main (&, B, and y) and folded (¢, B’
and y') parts of FS are each represented by solid and dashed curves.
(b) EDCs at k055 at which y- and 8’-band cross, as depicted in the
inset. The energy window of 10 meV is hatched by gray. The spectral
dip due to hybridization gap is marked by a bar. (c1), (c2) ARPES
dispersion along the purple arrow in (a) mainly capturing y band and
EDCs extracted at ks marked by white arrows in (c1), respectively.
The energy window of 20 meV is hatched by red. (d1), (d2) Similar
data to (c1), (c2), but along the yellow arrow in (a) mainly capturing
B band.

This indicates that band hybridization cannot be well-defined
quantum mechanically anymore due to the collapsing of the
quasiparticle picture above ~80 K. With further increasing
temperatures, the spectra become completely incoherent with
an almost flat shape. We confirmed that this behavior is not
due to the aging of the sample surface (see Supplemental
Fig. S1 [58]). We also note that the rotation angle of RuOg
does not change with temperature [33,34,60]. According to
theory, the coherent-incoherent crossover is not reproduced
only with the on-site Coulomb interaction U (Mott physics)
but requires Hund’s coupling J (Hund physics) [6,56]. Hence,
the dramatic variations in the hybridized spectra we observe
should reflect a specific feature of Hund’s metal state.

In conclusion, we revealed anomalous features of Fermi
pockets on the Sr,RuQO, surface. The Fermi pockets were
found to be significantly deformed by correlation-enhanced
SOC. The enhancement of SOC is much larger than that
of the bulk state, causing high mixing of d,, and d,;/,, or-
bitals. This would be the reason that the orbital-selective
Mott transition (OSMT) is hard to be realized in the per-
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FIG. 4. Collapse of hybridization gap by coherent-incoherent
crossover at elevated temperature. (al)-(a4) ARPES dispersions
along several momentum cuts indicated by arrows in Fig. 3(a). Each
image is divided by the measurement temperature: 20K (al), 40 K
(a2), 60 K (a3), and 80 K (a4). (b) EDCs at ks [see the inset of
Fig. 3(b)]. The spectral peaks are marked by black bars.

ovskite oxides with octahedral rotation. In particular, although
Ca,_,Sr,RuO4 (0.2 < x <0.5) is the most debated OSMT
candidate [36-39,62-66], experiments reveal that their bands

(o, B, and y bands) are all metallic with no gap [40,41],
thus being negative on this proposal. Ca;_,Sr,RuOy4 has the
rotational angle even greater (~12°) than that of the Sr,RuQO4
surface (~8°) and it is also affected by the octahedral tilt [31],
which should further enhance the effective SOC. Our results,
therefore, reasonably explain why OSMT is not realized; that
is, the effective SOC is so much enhanced by crystal distortion
(rotation and tilt) that the orbital selectivity is lifted in these
systems.

Here, we point out that the previous dynamical mean-
field theory calculations reproduced experimental results of
SrpRu0Qy4 in which band renormalization is greatly enhanced
in the surface band compared to the bulk band, only by includ-
ing the effect of octahedral rotation on hopping integrals [50].
This indicates that Hund’s coupling J is comparable between
the bulk and the surface, supporting our argument that the
enhanced SOC due to crystal distortion precludes OSMT by
outweighing the effect of J that causes orbital isolation, in a
system such as Ca,_,Sr,RuOj.

We also found a hybridization gap to be enlarged by
the correlation-enhanced SOC. Moreover, Hund’s metal fea-
tures restrict the well-defined band hybridization to energies
extremely close to Er and eliminate the hybridization gap
during the coherent-incoherent crossover at elevated temper-
atures. These anomalies of the Fermi pockets are featured
by dichotomic properties of orbital-isolating Hund’s coupling
and orbital-mixing SOC which are both related with intrigu-
ing strong correlation effects. These notions apply not only
to the Sr,RuQ, surface but, more generally, to many other
perovskite oxides which are commonly accompanied by octa-
hedral rotation.
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