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Spin-orbit coupling induced Van Hove
singularity in proximity to a Lifshitz
transition in Sr4Ru3O10
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Peter Wahl 1,8

VanHove singularities (VHss) in the vicinity of the Fermi energy often play a dramatic role in the physics
of strongly correlated electron materials. The divergence of the density of states generated by VHss
can trigger the emergence of phases such as superconductivity, ferromagnetism, metamagnetism,
and density wave orders. A detailed understanding of the electronic structure of these VHss is
therefore essential for an accurate description of such instabilities. Here, we study the low-energy
electronic structure of the trilayer strontium ruthenate Sr4Ru3O10, identifying a rich hierarchy of VHss
using angle-resolved photoemission spectroscopy and millikelvin scanning tunneling microscopy.
Comparison of k-resolved electron spectroscopy and quasiparticle interference allows us to
determine the structure of the VHss and demonstrate the crucial role of spin-orbit coupling in shaping
them. We use this to develop a minimal model from which we identify a mechanism for driving a field-
induced Lifshitz transition in ferromagnetic metals.

Van Hove singularities (VHss) in the density of states appear due to sta-
tionary points,∇ E(k) = 0, in the quasiparticle dispersion relation E(k)1.
They are a direct consequence of the periodicity of the crystal lattice,
appearing naturally at high symmetry points in the Brillouin zone (BZ), but
also away from these points due to higher-order hopping terms and band
hybridizations. The consequences of VHss for the properties of a material
are intricately linked to the abrupt change or divergence in density of states
associated with it. In two-dimensional systems, band minima or maxima
lead to a step change in the density of states while saddle points result in
logarithmic or higher order divergences dependent on their symmetry and
parameters of theband structure2. Tuning suchadensity of states divergence
through the Fermi energyEF can be expected to drive electronic instabilities,

concomitant with the resulting Lifshitz transition where the topology of the
Fermi surface changes. Indeed, many properties of strongly correlated
electron materials have been associated with VHss and accompanying
Lifshitz transitions, including, e.g., metamagnetic transitions in heavy fer-
mion systems3–5, the pseudogap phase6–8 and high-Tc superconductivity

9 in
cuprates, the interplay between superconducting andMott insulating states
in twisted bilayer graphene10–13 and charge density wave formation and
superconductivity in kagome materials14,15.

There is thus a need to identify model systems through which to
develop a coherent understanding of the role of VHss in shaping the col-
lective states of quantum materials. A particularly promising system is the
Ruddlesden-Popper series of strontium ruthenates Srn+1Run O3n+1, which
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are known to exhibit multiple VHss close to the Fermi energy16,17.While the
n→∞ member, SrRuO3, is a ferromagnet18, the first two members with
n = 1 and n = 2 are nonmagnetic. Sr2RuO4 (n = 1) hosts unconventional
superconductivity which can be markedly enhanced by uniaxial pressure19,
concomitant with a VHs being driven through the Fermi level20. Sr3Ru2O7

(n = 2) is on the verge of magnetism, exhibiting strong ferromagnetic
fluctuations close to criticality and a metamagnetic transition in applied
magnetic field21. Unusual scaling relations in its thermodynamic properties
have, in turn, been linked to the presence of higher-order VHss near the
Fermi level17. The n = 3member, Sr4Ru3O10, is the first member in which a
bulk ferromagnetic ground state is realized22. Its crystal structure consists of
trilayers of SrRuO3 stacked along the c-axis, connected by the apical oxygen
of the RuO6 octahedra (Fig. 1a). These RuO6 octahedra are furthermore
rotated around the c-axis, leading to an orthorhombic unit cell.

Sr4Ru3O10 undergoes a ferromagnetic transition with a Curie tem-
peratureTC = 105 K (Fig. 1b, Supplementary Fig. 1), with themagnetization
aligned parallel to the c-axis22. At T* = 50 K, a secondary peak in the mag-
netic susceptibility is observed which is associated with a metamagnetic
transition triggered by in-plane magnetic field22,23, and accompanied by an
increase in the volume of the unit cell24,25. For magnetic fields applied in the
ab-plane, T* decreases, reaching 0 K at ~2.5 T26. A link between the meta-
magnetic properties and VHss in proximity of the Fermi energy has been
postulated27, however direct experimental evidence for this is so far
lacking28–30.

Here, in a combined study of Sr4Ru3O10 by angle-resolved photo-
emission spectroscopy (ARPES) and scanning tunneling microscopy and
spectroscopy (STM/STS), we provide a comprehensive picture of the low-
energy electronic structure, identifying multiple VHss in the vicinity of the
Fermi level. Relating the spectral function measured by ARPES and qua-
siparticle interference (QPI) reveals that theVHs closest to the Fermi energy
emerges due to a combined influence of octahedral rotations and spin-orbit

coupling. Our results suggest a mechanism for themetamagnetic transition
where the magnetization direction in conjunction with spin-orbit coupling
drives a field-induced Lifshitz transition.

Results
Surface electronic structure
Due to the layered structure of the strontium ruthenates, cleavage results in
atomically clean and flat SrO-terminated surfaces29,31–35. Figure 1c shows
such a SrO surface of Sr4Ru3O10. We find large terraces with only a few
defects. Two types of defects centred in the hollow site between Sr atoms can
be seen in Fig. 1c: defects with a C4 symmetry that we associate with sub-
stitutional Ru site defects, and cross-like defects with C2 symmetry. The
substitutional Ru site defects occur with two different chiralities due to the
octahedral rotations. The cross-like defects can be attributed to CO2 com-
plexes resulting from the chemisorption of CO molecules at the surface36.
Both types of defects act as scattering centers, giving a strong signal for QPI
whichwediscuss below. Fromtopographieswith lateral sizes larger than100
nm, we determine a density of surface defects of ~0.78%. The inset of Fig. 1c
shows a magnified view, where the square atomic lattice centred on the Sr
atoms is visible. Density functional theory (DFT) calculations suggest that
the oxygenoctahedra in the surface layer exhibit a larger octahedral rotation
angle compared to the bulk, close to 11∘ (Supplementary Fig. 2), although
not resulting in additional periodicities. Consistent with the calculations, we
do not see any evidence for a surface reconstruction.

An overview of the electronic structure, as obtained by ARPES, is
shown in Fig. 1d. The data indicates a complex multi-band fermiology in
this compound, consistent with other reports28,30. Strong matrix element
variations are found throughout the tetragonal Brillouin zone. Large nearly
square-shaped electron pockets are visible around the Brillouin zone center,
whose corners reach approximately to the orthorhombic Brillouin zone
boundary along the (0, 0)− (π, π) direction (Γ−X) (Supplementary Fig. 3).
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Fig. 1 | Crystal structure, magnetic phase diagram, surface morphology and
electronic structure of Sr4Ru3O10. a Crystal structure of Sr4Ru3O10 in the
orthorhombic unit cell22. b Phase diagram of Sr4Ru3O10 for a magnetic field applied
along the c-axis (left) and in the a-b plane (right), based on our magnetization
measurements in Supplementary Fig. 1 and refs. 24,26. The dotted line indicates the
paramagnetic (PM) to ferromagnetic (FM) transition with TC ≈ 100 K at 0 T. There
is an increase in magnetic susceptibility at T* = 50 K (red star), identified as a
metamagnetic transition. T* increases for magnetic fields up to 1 T parallel to the c-
axis. For a magnetic field applied in the a-b plane, T* decreases, reaching 0 K
at ~ 2.5 T, enclosing ametamagnetic phase (MM) separated from the FMphase by a
mixed phase region (Mix). c Typical topography of the surface of Sr4Ru3O10,
showing point defects with two distinct chiralities (Vset =− 5 mV, Iset = 91 pA,

T = 75 mK, scale bar: 5 nm). The inset shows a close-up over 4 × 4 unit cells with the
atomic lattice superimposed (Vset = 10 mV, Iset = 500 pA). The dashed square
indicates the orthorhombic unit cell, and the solid square the tetragonal unit cell.
Crystallographic notation throughout this work refers to the tetragonal unit cell.
d Fermi surface map for Sr4Ru3O10 determined by angle-resolved photoemission
(T = 20 K, hν = 67 eV, linear-vertical polarization), integrated within EF ± 20 meV.
Corresponding E vs. k, dispersions measured along the Γ−M and Γ− X high-
symmetry directions, providing an overview of the underlying electronic band
structure, measured under the same experimental conditions as the Fermi surface.
Schematics of the tetragonal (solid square) and orthorhombic (dashed square)
Brillouin zones are shown in the top right corner.
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These are in good qualitative agreement with calculations of the expected
spin-minority Fermi surfaces29,37. Around the corners of the tetragonal
Brillouin zone, we observe a complex set of additional intertwined Fermi
pockets. These have small matrix elements close to the tetragonal Brillouin
zone center, although replicas of these states are also visible close to the
Brillouin zone center at selected photon energies (see, e.g., Supplementary
Fig. 4).

To investigate the electronic structure from which this complex fer-
miology derives in detail, we show in Fig. 2a dispersionsmeasured along the
high-symmetry Γ−M−X− Γ path of the tetragonal Brillouin zone.
Consistent with the large number of Fermi pockets, we find a complex
multi-band electronic structure. Sharp quasiparticles are visible
within ≈ 30meVof theFermi level, but the spectral features quickly broaden
with increasing binding energy, and the measured states show kink-like
features around this energy scale,with a reduction inquasiparticle velocity at
the Fermi level. A similar phenomenology has been observed in the single-
layer compound38, where the associated deviations in linearity of the real
part of the self-energy calculated by dynamicalmean-field theory have been
attributed to a crossover fromaFermi liquid to amore incoherent regime. In
this respect, we note that Sr4Ru3O10 is known to host a Fermi liquid ground
state, with aT2 temperature dependence of its resistivitywhich persists up to
comparable energy scales as in Sr2RuO4

39.

Low-energy electronic structure and hybridization gaps
Beyond this conceptual similarity, however, we note that there are
significantly more low-energy states within ~50 meV of the Fermi
level in Sr4Ru3O10 than in Sr2RuO4. Notably, at an energy scale of E
−EF ≈−20−30 meV, we find several rather flat band features that
contribute a high density of states near the Fermi level (Fig. 2a). The
state at Γ at a binding energy of ~25 meV has previously been
observed, and assigned as part of the spin-majority states from spin-

resolved photoemission30. In addition, our measurements reveal a
rich hierarchy of VHss around the M point at the Brillouin zone face,
shown in more detail in Fig. 2b, c.

At E− EF = ~−20meV at the M-point, the top of a hole band and
bottomof aweakly-dispersing electron band intersect (Fig. 2b). This reflects
the folding of two VHss onto each other due to the octahedral rotations in
this structure, which render the Γ−M and M−X directions equivalent
within the orthorhombic Brillouin zone. Interestingly, a clear hybridization
gap develops along the electron-like part of its dispersion, located at a
momentum of kx ∼ ± 0:3 π

a. This is particularly evident when measured
using linear-vertical polarization (Fig. 2c).

These features are also evident in k-integrated measurements of the
ARPES intensity of Fig. 2c, plotted in Fig. 2d. Two peaks are resolved, one at
~20meV below the Fermi level and one which is peaked at ~5meV below
EF, being cut off by the Fermi function. They correspond to the high-
intensity hybridized/gapped states seen in Fig. 2c either side ofM, with very
similar EDCs found if integrating over a smaller momentum range close to
these band features.We show the k-integrated intensity andhigh-resolution
tunneling spectra measured at 75mK in Fig. 2d, for a comparison of the
effectivedensity of states probedbyboth techniques.The two-peak structure
evident in the ARPES measurements is also visible in STM, with finite
density of states close to the Fermi level and a second broad hump visible in
the STM at a binding energy of around 20meV. However, the higher
resolution of the tunneling spectrum reveals that the lower binding energy
feature (the single peak observed inARPESclose to the Fermi level) is in fact
composedofmultiple contributions, with awell-defined two-peak structure
observed in STM within a bias voltage range of −5 to 0mV, shown in
the inset.

The gap seen in ARPES (Fig. 2c) can be conceptually understood as
emerging from the crossing of two bands, which hybridize to form a gap as
illustrated in Fig. 3a. Through ARPES and QPI we show how this results in

Fig. 2 | Low-energy electronic structure of Sr4Ru3O10. aDispersions measured by
ARPES along Γ−M− X− Γ [T = 20 K, hν = 27 eV (Γ−M, X− Γ) and hν = 32 eV
(M− X); the data are shown as the sum of measurements performed using linear
horizontal (LH) and linear vertical (LV) polarized light – see Supplementary Fig. 4
for the raw data]. The integrated intensity is shown on the right-hand side. A rich
low-energy electronic structure with multiple VHss can be seen within 50 meV of
the Fermi energy at the Γ and M points. High-resolution measurements in the
vicinity of the Fermi energymeasured alongM−X for LH, (b), and LV, (c) polarized
light (hν = 32 eV). For LH polarization, the VHs at the M point is clearly visible,
whereas LV polarization more clearly highlights hybridization gaps betweenM and
X. d Comparison of the k-integrated intensity of the spectral function along M−X
shown in (c) to a tunneling spectrum, g(V), obtained at 0 T and T = 75 mK. Two

broad peaks in the integrated intensity obtained from ARPES are observed at ~ 5
meV and ~20 meV below the Fermi level. The enhanced energy resolution of
tunneling spectroscopy reveals that the lower binding energy peak is composed of
multiple peaks in the bias voltage range of −5 to 0 mV (see inset) (Vset = 40mV,
Iset = 500 pA, VL = 0.4 mV; Inset: Vset = 10 mV, Iset = 500 pA, VL = 0.2 mV). ARPES
dispersionsmeasured along the, (e)M-X and, (f) orthogonal direction in the vicinity
of the identifiedVHs, as extracted from our Fermi surfacemapping data as shown in
Supplementary Fig. 5. A characteristic saddle point character of the dispersions is
evident, with electron- and hole-like bands along the M-X and orthogonal direc-
tions, respectively. The insets in the top right show the relevant k-space paths for the
ARPES measurements in (a, e, f).
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the formation of twonewVHss in the band structure, one at the top and one
at the bottom edge of the hybridization gap (orange lines). The uppermost
Van Hove singularity is extremely close to the Fermi energy and should
therefore be the most relevant VHs for the metamagnetic properties of
Sr4Ru3O10. This VHs does not exist at a high-symmetry point within the
Brillouin zone, instead being found at approximately 0; 0:62 π

a

� �
and

symmetry-equivalent points (Supplementary Fig. 5a). While the band dis-
perses upwards along theM-Xhigh-symmetry direction shown in Fig. 2c, e,
we show in Fig. 2f and Supplementary Fig. 5 that there is a hole-like dis-
persion in the orthogonal direction, classifying this as a saddle point in the
electronic structure. To further study this on the relevant low energy scales
close toEF,weperformQPImeasurementswithin ± 5mVaround theFermi
level. Figure 3b shows the Fourier transform ~gðV ; qÞ of a g(V, r)map in zero
magneticfieldmeasured just below the Fermi level atV =− 1.4 mV. Several
characteristic scattering vectors are observed that are consistent with pre-
vious work29. Specifically, the three rings centered at q = 0 with q ~ 1/2 can
be related to bands of minority-spin character29,37. We extract the positions
of two of these rings, red and green circles, corresponding to intra-band
scattering, while the middle ring corresponds to inter-band scattering
between the two.Converting these scattering vectors (indicated by arrows in
Fig. 3b) into k-space (Fig. 3e), we find excellent agreement with the large
electron Fermi surfaces observed in our ARPES measurements. We also
identify two additional sharp scattering vectors in Fig. 3b, whose positions
are shown by blue and orange circles. When transforming their positions
into k-space, we find that they match the tips of the leaves of the clover-
shaped Fermi pocket centered at X. The scattering vectors in k-space cor-
responding to theQPIpatterns identified inFig. 3bare shownas arrowswith
the corresponding colors in Fig. 3e, and yield Fermi contours which are
again in excellent agreement with our ARPES measurements.

Building on this agreement, we now turn to identifying signatures of the
near-EFVHsevident in theARPESmeasurements. SignaturesofVHss inQPI
are expected to appear as distinct scattering patterns near q = 0 and close to

theatomicpeaks40. Indeed,weobserve a setofQPI features close to theatomic
peaks at (0, 1) and (1, 0) (yellow arcs in Fig. 3b). Close-ups around the atomic
peak at (1, 0) (Fig. 3c, d) reveal a change in the orientation of the dominant
scattering pattern between EVHs+ 1.2mV, Fig. 3c, and EVHs− 1.2mV,
Fig. 3d. Line cuts along the [1, 0] (redarrow)and [0, 1] (bluearrow)directions
(Fig. 3f, g) exhibit a hole-like dispersion along [1, 0] with a maximum
at− 0.8mV, and an electron-like dispersion with a minimum at the same
energy along [0, 1]. The change in signof the curvature between the [1, 0] and
[0, 1] directions allows us to identify EVHs with a saddle point VHs, entirely
consistentwith ourARPESdata. In agreementwith this picture, the spatially-
averaged spectrum 〈g(V, r)〉r (Fig. 3h) shows a peak at EVHs, the same energy
at which the dispersions collapse onto the atomic peak. When applying an
out-of-planemagnetic field of 13.5 T, we find that the observed dispersion of
the VHs moves to lower energies (Fig. 3i–k) by≈ 1meV, behavior that is
indicative of the states being of spin-majority character.

To connect the observation of the hybridization gap close to the Fermi
level by ARPES with the saddle-point VHs identified in QPI, we develop a
minimal model. The two-dimensional nature of the electronic structure,
where the dispersion in the kzdirection is practically negligible,means that it
is in principle sufficient to consider a single trilayer of Sr4Ru3O10. Such a
layer would still require 36 bands to fully describe its electronic structure.
However, the similarity of the electronic structure to Sr2RuO4 and the
extreme surface sensitivity of QPI allow us to consider only the top-most
RuO2 layer, enabling a description of the surface electronic structure in
terms of a ferromagnetic monolayer of Sr2RuO4. We start with a model for
the band structure of Sr2RuO4with 11

∘ octahedral rotation, as guided by our
DFT calculations. We introduce ferromagnetism along the c-axis and
include spin-orbit coupling (SOC),matching the relevant parameters to the
band structure obtained from ARPES and STM. This captures key features
of the electronic structure close to EF, within ± 50meV, in particular
reproducing the saddle point VHs at M, and yielding a hybridization gap
that opens away from the M point when SOC is included (Fig. 3a). The

Fig. 3 | Detailed structure of the Van Hove singularity closest to the Fermi level.
a Illustration of two bands crossing (black lines) that form a gap due to spin-orbit
coupling (yellow). The top and bottom edges of the gap form VHss. b Fourier
transformation ~gðq;VÞ (symmetrized, see also Supplementary Fig. 6) of a g(r,V)
map at V =− 1.4 mV and μ0H = 0 T. Left half shows the experimental data, right
half the QPI obtained from a cLDOS calculation (see methods for details). The
colored circles are peak positions extracted from fits to theQPI patterns at−0.2 mV.
The arrows indicate the corresponding scattering vectors. c, d show close-ups
around the (1,0) atomic peak, indicated by the black box in (b), at 1.2 mV above and
below EVHs, respectively. e ARPES Fermi surface (left, hν = 32 eV, centred at the
X-point of the tetragonal Brillouin zone (Γ10 of the orthorhombic zone), T = 20 K,
integrated over EF ± 5 meV) with comparison to a minimal model of the electronic
structure (right). The ARPES data is shown as the sum of Fermi surface maps
measured with LH and LV polarized light (Supplementary Fig. 7). The light blue

lines on the right panel correspond to a replica of the minimal model shifted by
40 meV to account for the multilayer nature of the material, as discussed for Fig. 4.
The symbols are the points extracted from the QPI measurements, shown in (b),
highlighting excellent agreement between the two techniques. The arrows are the
scattering vectors corresponding to theQPI symbols of the same color and as shown
in (b. f, g), Line cuts through ~gðq;VÞ across the (1, 0) atomic peak, left half
experimental data, right half cLDOS calculation. fCut along the [1, 0] direction (red
arrow in c) and, (g), along the [0, 1] direction (blue arrow in c). h Spatially-averaged
spectrum 〈g(V, r)〉r, with the energy of EVHs indicated (Vset = 10 mV, Iset = 450 pA,
VL = 0.6 mV, T = 75 mK). i–k show the same cuts as (f, g) and average spectrum as
(h), but measured in a magnetic field of μ0H = 13.5 T. The same saddle point VHs
can be seen as in zero field, however, shifted down by about 1 meV, confirming a
dominant spin-majority character.
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Fermi surface obtained from the model is consistent with QPI and with
many of the pockets observed by ARPES (dark solid lines in Fig. 3e). These
features are also captured in DFT calculations of bulk ferromagnetic
Sr4Ru3O10

37, which display qualitative similarities with our broad-scale
measured dispersions in ARPES (Fig. 2). However, the location of the VHss
depends sensitively on details of the DFT calculation, where exchange
splitting is typically overestimated30, and disentangling the correct low-
energy electronic structure from such calculations is challenging in this
complex, multi-band system. Our minimal model instead provides a sim-
plified description of the relevant physics.

For comparison with experimental data, we calculate the QPI patterns
using the continuum LDOS (cLDOS) method41,42 (see methods). The cal-
culations reveal distinct QPI patterns for the SOC-induced VHs, showing
excellent agreement with the experimental data. The calculated QPImap is
shown in the right half of Fig. 3b, f, g, where we clearly observe features
related to the VHs that is situated just below the Fermi energy.While we do
not expect themodel to yield perfect agreement with experiment, given that
it neglects several bands and, e.g., details of theproperties of the scatterer and
contributions from other layers, the agreement of the features due to the
VHs around the atomic peaks (Fig. 3f, g) is excellent and most experi-
mentally observed scattering vectors are captured (Fig. 3b). Taken together,
our spectroscopic measurements and model calculations thus allow us to
identify that the VHs in the immediate vicinity of the Fermi energy arises as
a result of a spin-orbit coupling induced gap in the band structure, rather
than one of the VHss at the zone face of the underpinning non-relativistic
band structure. A similar spin-orbit coupling induced gap is found in the
surface layer of Sr2RuO4

43,44, where octahedral rotations, similar to those in
the bulk of Sr4Ru3O10, arise as a consequence of a surface reconstruction

45.
While the QPI data is very well described by a model of the band

structure accounting only for a single layer of Sr2RuO4, such a minimal
model (dark blue lines in Figs. 3e and 4a) only captures approximately half
of the features seen inARPES.This difference canbe ascribed to thedifferent
probing depths of the two methods: while STM is almost only sensitive to
the electronic states in the top-most layer,ARPES canprobe electronic states
arising within the first few layers, and thus can be expected to be sensitive to

the trilayer-split electronic states expected for the multi-layer structure of
Sr4Ru3O10. In fact, we find a generally good agreement with both the
extracted dispersions (Fig. 4a) and our measured Fermi surfaces (Fig. 3e) if
we take two copies of our minimal model, one as fit to the QPI data (dark
blue lines), and another shifted by 40meV (light blue lines) to account for
the different octahedral rotation and splitting due to interlayer hopping.
This reproduces the hole-like stateswith the smallest kF around theM-point
associated with another saddle-point VHs located above EF here, and also
well reproduces the flat bands observed near Γ.

Discussion
From the ARPES and QPI data and comparison with the minimal tight-
binding model for the band structure, we have shown that—from a hier-
archy of VHss that are formed in the low-energy electronic structure of
Sr4Ru3O10—themost relevant is a saddle pointVHs. This is created by spin-
orbit coupling, resulting in the hybridization of a light spin-minority band
with a heavy spin-majority band (Supplementary Fig. 8), and generating a
VHs which lies below and extremely close to the Fermi energy. Given its
proximity to EF, this is a prime candidate for driving the metamagnetic
behavior of Sr4Ru3O10.

How a VHs influences macroscopic properties, however, depends on
the form of the density of states divergence associated with the VHs, which
in turn is known to depend sensitively on the details of the band dispersion
and its symmetry2,17,46. A full understanding of the origin of the VHs allows
determining its impact on the density of states and potentially thermo-
dynamic properties. From our study of the low-energy electronic structure
byARPES andQPI, we can deduce that theVHs closest to the Fermi energy
is a saddle point VHs with two-fold symmetry originating from a hybridi-
zation gap induced by the interplay of spin-orbit coupling and the octahe-
dral rotations. This is different from the case of Sr3Ru2O7, where it has been
suggested that theVHs at the zone corner acquires fourfold symmetry and is
of higher order due to the Brillouin zone folding17: here the VHs remains
unaffected by the folding.

Our detailed understanding of the VHs here furthermore allows us to
explore the effect of an applied magnetic field on the electronic structure

Fig. 4 | Comprehensive picture of electronic
structure and spin-orbit-coupling-driven Lifshitz
transition. a Comparison of the minimal model for
the low-energy electronic structure with spin-orbit
coupling to the electronic structure extracted from
ARPES and QPI, showing excellent overall agreement
(dark lines—model as fit to the QPI data; light lines -
additional bands arising due to themultilayer nature of
thematerial; coloredpoints—dispersionextracted from
ARPES (using the photon energies and polarizations
indicated in the legend, see also Supplementary Fig. 10)
and from QPI (Supplementary Fig. 11).
bMagnetizationM of bulk Sr4Ru3O10 as a function of
the in-plane component μ0H∣∣ of a field μ0H applied at
an angle of 81. 6∘ from the c-axis (data reproduced from
Fig. 2 of ref. 47). Round symbols show the magnetiza-
tion during the up-sweep starting from a zero-field
cooled state, and square symbols when ramping the
field down again. The metamagnetic transition can be
seen at an in-plane field of about 2.8 T. The angle of the
magnetization with respect to the c-axis is encoded in
the color and illustrated in the inset in the lower left
corner. c Band structure of the minimal model for
magnetization along the [001]-axis (θ = 0∘) and with
increasing angle θ towards the in-plane [110]-direction
(θ = 90∘). The axes are relative to the tetragonal unit cell
as in Fig. 1c. The inset shows a close-up around the
VHs, showing inmore detail the curves for angles from
θ = 0∘ to θ = 25∘.
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using our minimal model. For an out-of-plane magnetic field, because the
VHs is due to hybridization between a spin-majority and a spin-minority
band, its energy shift withmagneticfield does not behave simply asmight be
expected for a Zeeman-like behavior, but is dominated by how the crossing
point between the twobands changes in thefield. This can result in apparent
g-factors which acquire any value between zero and infinity even in the
absence of correlation effects, depending on the relative slope of the two
bands which hybridize. Here, due to the heavier nature of the spin-majority
band, the VHs moves away from the Fermi energy with magnetic field, as
seen experimentally in Fig. 3i–k.

The situation is different for an in-plane magnetic field, where a rich
phase diagram is known to result (Fig. 1b). We can model this by con-
sidering the effect of the magnetization rotating away from the c-axis. We
extract themagnetizationdirection frommeasurements performed in afield
at an angle of 81.6∘ from the c-axis (Fig. 4b, data reproduced from ref. 47). In
zero magnetic field, the magnetization is along the c-axis, whereas an in-
plane magnetic field tilts the magnetization from out-of-plane towards the
in-plane direction by an angle θ. Themetamagnetic transition in Sr4Ru3O10,
detected in themagnetization, occurswhen themagnetizationM exhibits an
angle of ~20∘ with respect to the c-axis, as indicated by the red color in
Fig. 4b.

We introduce themagnetizationdirectionM0 into ourminimalmodel,
resulting in the Hamiltonian48,49

H ¼ H0 þ
X

i

IM0Si þ
X

i

λLiSi; ð1Þ

whereH0 is the nonmagnetic tight-binding model, I the exchange splitting,
M0 a vector of unit length pointing in themagnetization direction and λ the
spin-orbit coupling constant. Figure 4c shows the resulting change of the
band structurebetweenout-of-plane (θ = 0∘) and in-plane (θ = 90∘) direction
of themagnetization.With increasing angle θ, theVHsat the topof the spin-
orbit coupling induced gap is pushed across the Fermi energy. This change
in energy is a direct consequence of the spin-orbit coupling term, λL⋅S, and
the orbital character of the dxz/dyzVHs at theM point. With rotation of the
magnetization direction towards the in-plane direction, the VHs gets
pushed towards the Fermi energy and as a result the upper edge of the
hybridization gap crosses EF. For M∥[001], SOC results in hybridization
between the minority spin VHs of dxy character above EF and the majority-
spin dxz/yz VHs, pushing the latter down. When the magnetization rotates
towards the [110]-direction, this hybridization is reduced until it vanishes,
while SOC now results in hybridization between the two dxz/yz VHss of
opposite spin character at the M-point, pushing the upper one towards the
Fermi energy (see Supplementary Fig. 9). The spin-orbit coupling induced
gap shifts with the dxz/dyz VHs as the magnetization is rotated. For the
parameters of the tight-binding model determined by fitting the QPI
dispersions, the VHs already traverses the Fermi energy for θ ~ 15∘ between
the magnetization and the c-axis. Such a scenario is also consistent with
specific heat data, which show a peak in the temperature dependence that
moves towards lower temperatures with increasing in-plane field50,
suggesting a VHs approaching the Fermi energy. The resulting Lifshitz
transition and accompanying divergence of the density of states might
provide the trigger for the metamagnetic phase transition observed in the
magnetization and thermodynamic quantities. The tight binding model
developed here can serve as a starting point formore sophisticatedmethods
to describe themetamagnetic transition that captures electronic correlation
effects.We expect that a similarmechanism is relevant for the field-induced
Lifshitz transition observed in the surface layer of Sr3Ru2O7

35.
FromARPES and QPImeasurements, we have detectedmultiple VHss

in the low-energy electronic structure of Sr4Ru3O10. The combination of the
two techniques enables us to map out the nature, symmetry, and spin
character of theVHs that is closest to theFermi energy.Ourdata suggests that
Sr4Ru3O10 is on the verge of a Lifshitz transition, similar to what has been
proposed for Sr3Ru2O7,howeverhere the transition isnot triggeredbyout-of-
plane fields due to the dominant spin-majority character of the VHs. Our

results highlight the role of spin-orbit coupling-induced hybridization gaps
and VHss for the metamagnetic properties of Sr4Ru3O10. An important role
of VHss was previously proposed from magnetization measurements27,
however lacking spectroscopic evidence. We expect that our results, with
further studies of the in-plane field-dependence of the VHss identified here,
will enable a fullmicroscopicunderstandingofmetamagnetism inSr4Ru3O10.

Methods
Single crystal growth
Single crystals of Sr4Ru3O10were grownby thefloating-zonemethodwithRu
self-flux as described in ref. 51. The feed rods were prepared by a standard
solid-state reaction subjecting mixed SrCO3 (99.99%) and RuO2 (99.9%
purity) to repeated thermal cycles. An amount of excess RuO2 was added to
the starting powders to compensate the evaporation of Ru from the melting
zoneduring the growth.Toassess the samplequality, x-raydiffraction, energy
and wavelength dispersive spectroscopy as well as electron backscattered
diffraction were performed. The samples for the experiments were shaped in
small rectangular pieces with average size of 1 × 1 × 0.3mm3. The sample
used in this work was from the same batch as the samples used in ref. 29.

Angle-resolved photoemission
ARPES measurements were performed at the Bloch beamline of the MAX
IV synchrotron. Measurements were performed with photon energies
ranging from 21 eV to 67 eV using both linear horizontal and linear vertical
polarized light. The probing spot size at Bloch is ~10 × 15 μm2 allowing for
sample regions of greatest uniformity and quality to be probed. Samples
were mounted on a six-axis manipulator and cooled to 20K. Samples were
cleaved in-situ at base temperature, and measured using a Scienta DA30
electron analyzerwith a vertical analyzer slit. The angular resolutionwas 0.2∘

with an energy resolution of ≈8meV.

Scanning tunneling microscopy
Scanning tunneling microscopy measurements were performed using a
home-built microscope operating in a dilution refrigerator at temperatures
below 100mK52. All measurements shown in this manuscript have been
acquired atT = 75mKunless stated otherwise. The bias voltage is applied to
the sample, with the tip at virtual ground. The differential conductance has
beenmeasured using a lock-in technique, applying amodulation to the bias
voltage and detecting the dI/dV signal in the current (fL = 397Hz). The
amplitude of the lock-in modulation VL used for the measurements is
provided in the figure captions. Samples were cleaved in-situ at low tem-
peratures anddirectly inserted into the STMhead.Details of data processing
of QPI data are shown in Supplementary Notes 6 and 11.

DFT calculations and minimal model
For the minimal model reproducing our quasiparticle interference data, we
use a tight-binding model derived from a Density Functional Theory cal-
culation of a monolayer of Sr2RuO4, with 15Å of vacuum. This model
consists of twoRuatomsperunit cell andhas an11∘ rigidoctahedral rotation
between them, similar to the model presented in ref. 40. The DFT calcu-
lations were performed using Quantum Espresso53 on an 8 × 8 × 1 k-grid
with a wavefunction cutoff of 90 Ry and a charge density cutoff of 720 Ry.
We used the Perdew–Burke–Ernzerhof exchange correlation functional.
The tight-binding model was generated by projecting the Ru 4dxz, 4dyz and
4dxy weight from the DFT calculation onto an orthonormal basis using a
modified version ofWannier9054 to preserve the relative sign of the localized
wave functions. The disentanglement was performed within a window of
[−2.5,0.6] eV relative to the Fermi level, including a frozen window of
[−1.45,0.33] eV. For the minimal model, the DFT-derived tight-binding
model is first symmetrized, we then introduce an exchange splitting of
0.44 eV for the dxz/dyz bands and 0.89 eV for the dxy band. We add a local
spin-orbit coupling termwith λ = 200meV. Because in correlatedmaterials
DFT does not always capture the relative sizes of Fermi surface pockets
correctly (as, for example, for the δ-pocket in the surface of Sr2RuO4

55), the
chemical potential is adjusted by 120meV for the dxz/dyz bands and by
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102meV for the dxy band. Finally, all bandswere renormalized by a factor of
4 to match the experimental dispersion.

Continuum LDOS calculations
Wemodel theQPIusing the continuumGreen’s functionmethod40–42. From
the tight-binding model introduced in the DFT calculations methods sec-
tion, we calculate the momentum space lattice Green’s function of the
unperturbed host,

G0;σðk;ωÞ ¼
X

n

ξynσ ðkÞξnσðkÞ
ω� EnσðkÞ þ iη

; ð2Þ

where k,ω define the momentum and energy, ξnσ(k) and Enσ(k) are the
eigenvectors and eigenvalues of the tight-binding model with band index n
and spin σ, and η is an energy broadening parameter. We then Fourier
transform G0,σ(k,ω) to obtain the unperturbed real space lattice Green’s
function,G0,σ(R,ω), and follow the usual T-matrix formalism to obtain the
Green’s function of the system including an impurity from

GσðR;R0;ωÞ ¼ G0;σ ðR� R0;ωÞ þ G0;σ ðR;ωÞTσðωÞG0;σ ð�R0;ωÞ; ð3Þ

where the Tσ-matrix

Tσ ¼
Vσ

1� VσG0;σð0;ωÞ ð4Þ

describes the scattering at the impurity.Here,we consider a point-like defect
with equal scattering strength in the spin-up and spin-down channel, such
that Vσ ¼ V01.

To realistically model the QPI such that we can compare with
experiment, we use the continuum Green’s function approach40–42, which
defines the Green’s function in terms of the continuous spatial variable r as

Gσðr; r0;ωÞ ¼
X

R;R0 ;μ;ν

Gμ;ν
σ ðR;R0;ωÞwR;μðrÞwR0;νðr0Þ; ð5Þ

where wR,ν(r) are the Wannier functions connecting the continuum and
lattice space. The quasiparticle interference is then obtained from

ρσ ðr;ωÞ ¼ � 1
π
ImGσ ðr; r;ωÞ: ð6Þ

For the calculations shown here, the tight-binding model and the Wannier
functions are obtained from DFT calculations discussed in the methods
section above. We performed the Fourier transform of the lattice Greens
function over a 2048 × 2048 k-grid,with an energy broadening of η= 50 μeV.
An impurity potential ofV = 0.5 eVwas used and the real space local density
of states in Eq. (6) was simulated for 128 × 128 unit cells with the impurity in
the center, and with 4 pixels per unit cell. QPI calculations were done using
the St Andrews calcqpi code29,49. The resulting ρ(r,ω) map was Fourier
transformed to simulate the QPI map, ~ρðq;ωÞ. In the experimental data, the
QPImaps contain contributions from the scattering from defects on the two
Ru sites with opposite octahedral rotations. To account for this in the
calculations, we average over maps calculated with the defect positioned in
either site to obtain maps as shown in Fig. 3.

Data availability
Underpinning data will be made available at ref. 56.

Received: 15 November 2023; Accepted: 29 March 2024;

References
1. Van Hove, L. The occurrence of singularities in the elastic frequency

distribution of a crystal. Phys. Rev. 89, 1189–1193 (1953).

2. Chandrasekaran, A., Shtyk, A., Betouras, J. J. & Chamon, C.
Catastrophe theory classification of Fermi surface topological
transitions in two dimensions. Phys. Rev. Res. 2, 013355 (2020).

3. Daou, R., Bergemann, C. & Julian, S. R. Continuous evolution of the
Fermi surface of CeRu2Si2 across the metamagnetic transition. Phys.
Rev. Lett. 96, 026401 (2006).

4. Hackl, A. & Vojta,M. Zeeman-driven Lifshitz transition: amodel for the
experimentally observed Fermi-surface reconstruction in YbRh2Si2.
Phys. Rev. Lett. 106, 137002 (2011).

5. McCollam, A., Fu, M. & Julian, S. R. Lifshitz transition underlying the
metamagnetic transition of UPt3. J. Condens. Matter Phys. 33,
075804 (2020).

6. Storey, J., Tallon, J. &Williams,G.Saddle-point vanHovesingularity and
the phase diagram of high-Tc cuprates. Phys. Rev. B 76, 174522 (2007).

7. Doiron-Leyraud, N. et al. Pseudogap phase of cuprate
superconductors confined by Fermi surface topology.Nat. Commun.
8, 2044 (2017).

8. Wu, W. et al. Pseudogap and Fermi-surface topology in the two-
dimensional Hubbard model. Phys. Rev. X 8, 021048 (2018).

9. Markiewicz, R. S. A survey of the Van Hove scenario for high-Tc
superconductivity with special emphasis on pseudogaps and striped
phases. J. Phys. Chem. Solids 58, 1179–1310 (1997).

10. Li, G. et al. Observation of Van Hove singularities in twisted graphene
layers. Nat. Phys. 6, 109–113 (2009).

11. Kerelsky, A. et al. Maximized electron interactions at the magic angle
in twisted bilayer graphene. Nature 572, 95–100 (2019).

12. Jiang, Y. et al. Chargeorder andbroken rotational symmetry inmagic-
angle twisted bilayer graphene. Nature 573, 91–95 (2019).

13. Xie, Y. et al. Spectroscopic signatures of many-body correlations in
magic-angle twisted bilayer graphene. Nature 572, 101–105 (2019).

14. Wu, X. et al. Nature of Unconventional Pairing in the Kagome
Superconductors AV3Sb5 (A= K, Rb, Cs). Phys. Rev. Lett. 127,
177001 (2021).

15. Kang,M. et al. Twofold vanHove singularity andorigin of chargeorder
in topological kagome superconductor CsV3Sb5. Nat. Phys. 18,
301–308 (2022).

16. Binz, B. & Sigrist, M. Metamagnetism of itinerant electrons in multi-
layer ruthenates. Europhys. Lett. 65, 816 (2004).

17. Efremov, D. V. et al. Multicritical Fermi surface topological transitions.
Phys. Rev. Lett. 123, 207202 (2019).

18. Callaghan, A., Moeller, C. W. & Ward, R. Magnetic interactions in
ternary ruthenium oxides. Inorg. Chem. 5, 1572–1576 (1966).

19. Steppke, A. et al. Strong peak in Tc of Sr2RuO4 under uniaxial
pressure. Science 355, eaaf9398 (2017).

20. Sunko, V. et al. Direct observation of a uniaxial stress-driven Lifshitz
transition in Sr2RuO4. npj Quantum Mater. 4, 46 (2019).

21. Grigera, S. et al. Magnetic field-tuned quantum criticality in the
metallic ruthenate Sr3Ru2O7. Science 294, 329–332 (2001).

22. Crawford, M. K. et al. Structure and magnetism of single crystal
Sr4Ru3O10: a ferromagnetic triple-layer ruthenate. Phys. Rev. B 65,
214412 (2002).

23. Cao, G. et al. Competing ground states in triple-layered Sr4Ru3O10:
Verging on itinerant ferromagnetism with critical fluctuations. Phys.
Rev. B 68, 174409 (2003).

24. Schottenhamel, W. et al. Dilatometric study of the metamagnetic and
ferromagnetic phases in the triple-layered Sr4Ru3O10 system. Phys.
Rev. B 94, 155154 (2016).

25. Capogna, L. et al. Layer-dependent antiferromagnetism in the
Sr4Ru3O10 ruthenate at the metamagnetic-like transition. J. Magn.
Magn. Mater. 493, 165698 (2020).

26. Gupta, R., Kim, M., Barath, H., Cooper, S. L. & Cao, G. Field- and
pressure-induced phases in Sr4Ru3O10: a Spectroscopic
Investigation. Phys. Rev. Lett. 96, 067004 (2006).

27. Carleschi, E. et al. Double metamagnetic transition in Sr4Ru3O10.
Phys. Rev. B 90, 205120 (2014).

https://doi.org/10.1038/s41535-024-00645-3 Article

npj Quantum Materials |            (2024) 9:35 7



28. Ngabonziza, P. et al. Fermi surface and kink structures in Sr4Ru3O10

revealed by synchrotron-based ARPES. Sci. Rep. 10, 21062 (2020).
29. Benedičič, I. et al. Interplay of ferromagnetism and spin-orbit coupling

in Sr4Ru3O10. Phys. Rev. B 106, L241107 (2022).
30. Ngabonziza, P. et al. Spin-resolved electronic structure of

ferromagnetic triple-layered ruthenate Sr4Ru3O10 (2023).
ArXiv:2305.07222 [cond-mat].

31. Iwaya, K. et al. Local tunneling spectroscopy across a metamagnetic
critical point in the bilayer ruthenate Sr3Ru2O7. Phys. Rev. Lett. 99,
057208 (2007).

32. Pennec, Y. et al. Cleaving-temperature dependence of layered-oxide
surfaces. Phys. Rev. Lett. 101, 216103 (2008).

33. Lee, J. et al. Heavy d-electron quasiparticle interference and real-
space electronic structure of Sr3Ru2O7.Nat. Phys. 5, 800–804 (2009).

34. Marques, C. A. et al. Magnetic-field tunable intertwined checkerboard
charge order and nematicity in the surface layer of Sr2RuO4. Adv.
Mater. 33, 2100593 (2021).

35. Marques, C. A. et al. Atomic-scale imaging of emergent order at a
magneticfield-inducedLifshitz transition.Sci.Adv.8, eabo7757 (2022).

36. Stöger,B. et al. Highchemical activityof aperovskite surface: reaction
of CO with Sr3Ru2O7. Phys. Rev. Lett. 113, 116101 (2014).

37. Gebreyesus, G. et al. Electronic structure andmagnetismof the triple-
layered ruthenate Sr4Ru3O10. Phys. Rev. B 105, 165119 (2022).

38. Tamai, A. et al. High-resolution photoemission on Sr2RuO4 reveals
correlation-enhanced effective spin-orbit coupling and dominantly
local self-energies. Phys. Rev. X 9, 021048 (2019).

39. Zhou, M. et al. Electronic and magnetic properties of triple-layered
ruthenateSr4Ru3O10 single crystals grownby a floating-zonemethod.
Mater. Res. Bull. 40, 942–950 (2005).

40. Kreisel, A. et al. Quasi-particle interference of the vanHove singularity
in Sr2RuO4. npj Quantum Mater. 6, 100 (2021).

41. Choubey, P., Berlijn, T., Kreisel, A., Cao, C. & Hirschfeld, P. J.
Visualization of atomic-scale phenomena in superconductors:
application to FeSe. Phys. Rev. B 90, 134520 (2014).

42. Kreisel, A. et al. Interpretation of scanning tunneling quasiparticle
interference and impurity states in cuprates. Phys. Rev. Lett. 114,
217002 (2015).

43. Chandrasekharan, A. et al. Engineering higher order Van Hove
singularities in two dimensions: the example of the surface layer of
Sr2RuO4 (2023). ArXiv:2310.15331 [cond-mat].

44. Morales, E. A. et al. Hierarchy of Lifshitz transitions in the surface
electronic structure of Sr2RuO4 under uniaxial compression. Phys.
Rev. Lett. 130, 096401 (2023).

45. Matzdorf, R. et al. Ferromagnetism stabilized by lattice distortion at
the surface of the p-Wave superconductor Sr2RuO4. Science 289,
746–748 (2000).

46. Yuan, N. F., Isobe, H. & Fu, L. Magic of high-order van Hove
singularity. Nat. Commun. 10, 1–7 (2019).

47. Weickert, F. et al. Missing magnetism in Sr4Ru3O10: indication for
antisymmetric exchange interaction. Sci. Rep. 7, 3867 (2017).

48. Barreteau, C., Spanjaard, D. & Desjonquères, M.-C. An efficient
magnetic tight-binding method for transition metals and alloys.
Comp. Rendus Phys. 17, 406–429 (2016).

49. Naritsuka, M. et al. Compass-like manipulation of electronic
nematicity in Sr3Ru2O7. Proc. Natl Acad. Sci. USA 120,
e2308972120 (2023).

50. Cao,G., Chikara, S., Brill, J.W. &Schlottmann, P. Anomalous itinerant
magnetism in single-crystal Sr4Ru3O10: a thermodynamic and
transport investigation. Phys. Rev. B 75, 024429 (2007).

51. Fittipaldi, R., Sisti, D., Vecchione, A. & Pace, S. Crystal growth of a
lamellar Sr3Ru2O7−Sr4Ru3O10 eutectic system.Cryst. Growth Des. 7,
2495–2499 (2007).

52. Singh, U. R., Enayat, M., White, S. C. & Wahl, P. Construction and
performance of a dilution-refrigerator based spectroscopic-imaging
scanning tunnelingmicroscope.Rev. Sci. Instrum. 84, 013708 (2013).

53. Giannozzi, P. et al. Advanced capabilities for materials modelling with
Quantum ESPRESSO. J. Condens. Matter Phys. 29, 465901 (2017).

54. Pizzi, G. et al. Wannier90 as a community code: new features and
applications. J. Condens. Matter Phys. 32, 165902 (2020).

55. Veenstra, C. N. et al. Determining the surface-to-bulk progression in
the normal-state electronic structure of Sr2RuO4 by angle-resolved
photoemission and density functional theory. Phys. Rev. Lett. 110,
097004 (2013).

56. Data set for ‘Spin-orbit coupling induced Van Hove singularity in
proximity to a Lifshitz transition in Sr4Ru3O10’. https://doi.org/10.
17630/019af023-52bf-467f-b3af-a8016b5e5770 (2023).University of
St Andrews Research Portal.

Acknowledgements
C.A.M., M.N., P.A.E.M., P.D.C.K. and P.W. gratefully acknowledge funding
from the Engineering and Physical Sciences Research Council through EP/
R031924/1, EP/S005005/1 and EP/T02108X/1, G.R.S. and P.D.C.K. from the
EuropeanResearchCouncil (through theQUESTDOproject, 714193), I.B. and
S.B. through the InternationalMaxPlanckResearchSchool for Chemistry and
Physics of QuantumMaterials, and LCR from a fellowship from the Royal
Commissionof theExhibition of 1851. R.F., R.A.,M.L., andA.V. thank theEU’s
Horizon 2020 research and innovation program under Grant Agreement No.
964398 (SUPERGATE). MH and JC thank the Swiss National Science
Foundation forsupport.WegratefullyacknowledgeMAXIVLaboratory for time
on the Bloch beamline under Proposal Nos. 20210763 and 20210783, which
contributed to the results presented here. This work used computational
resourcesof theCirrusUKNational Tier-2HPCServiceatEPCC fundedby the
University of Edinburgh and EPSRC (EP/P020267/1) and of the High-
PerformanceComputing cluster Kennedy of theUniversity of St Andrews.We
also gratefully acknowledge Diamond Light Source (Proposal No. SI28412)
and the Swiss Light Source (Proposal No. 20181951) where some preliminary
data was obtained, and we thank Matthew D. Watson for assistance.

Author contributions
C.A.M.andW.O.performedSTMmeasurementsandanalyzedtheSTMdata,
with additional supporting measurements by I.B. and M.N. P.A.E.M., B.E.,
G.R.S., S.B., E.A.M., and P.D.C.K. performed the ARPES measurements,
which were analyzed by P.A.E.M. C.P., and M.L. maintained the Bloch
beamline andprovidedexperimental support. D.H.,M.H. and J.C. performed
preliminary measurements. P.A.E.M. prepared the ARPES-related figures.
I.B. performed and analyzed the magnetization measurements. I.B. and
L.C.R. performed the DFT calculations, L.C.R. led DFTmodeling, performed
DFT relaxations for the surface and projected the tight-binding model.
C.A.M., W.O., and P.W. carried out continuum LDOS calculations. C.A.M.
prepared the STM-related figures. R.F., R.A., M.L., V.G., and A.V. grew and
characterized the samples. C.A.M., P.A.E.M., P.D.C.K., and P.W. wrote the
manuscript. P.W. and P.D.C.K. initiated and supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains

supplementary material available at
https://doi.org/10.1038/s41535-024-00645-3.

Correspondence and requests for materials should be addressed to
Carolina A. Marques or Phil D. C. King.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41535-024-00645-3 Article

npj Quantum Materials |            (2024) 9:35 8

https://doi.org/10.17630/019af023-52bf-467f-b3af-a8016b5e5770
https://doi.org/10.17630/019af023-52bf-467f-b3af-a8016b5e5770
https://doi.org/10.17630/019af023-52bf-467f-b3af-a8016b5e5770
https://doi.org/10.1038/s41535-024-00645-3
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s41535-024-00645-3 Article

npj Quantum Materials |            (2024) 9:35 9

http://creativecommons.org/licenses/by/4.0/

	Spin-orbit coupling induced Van Hove singularity in proximity to a Lifshitz transition in Sr4Ru3O10
	Results
	Surface electronic structure
	Low-energy electronic structure and hybridization�gaps

	Discussion
	Methods
	Single crystal�growth
	Angle-resolved photoemission
	Scanning tunneling microscopy
	DFT calculations and minimal�model
	Continuum LDOS calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




