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1. Introduction

The physical properties of strongly cor-
related electron materials often vary dra-
matically with comparatively modest 
external stimuli,[1] evidenced, for example, 
by magnetic-field driven metamagnetic 
transitions,[2,3] doping-induced metal-to-
insulator transitions[4] and superconduc-
tivity[5] as well as a surprising sensitivity to 
uniaxial strain.[6] The changes in physical 
properties are usually accompanied by 
tiny structural distortions often reflecting, 
or even inducing, the lower symmetry of 
the new electronic states. This sensitivity 
of physical properties is exemplified in 
the perovskite ruthenates. The members 
of the Ruddlesden–Popper series of stron-
tium ruthenate, Srn+1RunO3n+1, exhibit 
an exceptional variety of ground states 
ranging from superconductivity for n  = 
1[7] via materials with a rich metamag-
netic phase diagram for n  = 2[8] and 3[9]  
to bulk ferromagnetism for n  →  ∞.[10] 
This wide variety of properties is inti-
mately linked to small structural distor-

tions of the RuO6 cage. Already in the superconductor Sr2RuO4, 
with n = 1, a soft phonon mode associated with the octahedral 
rotation is observed.[11] Isoelectronic substitution of Sr by Ca 
results in a rich phase diagram with metallic and ferromagnetic 
phases until an antiferromagnetically ordered Mott insulator 
is reached, where the dominant change to the material is a 
small rotation and tilting of the RuO6 cage.[1,4] Understanding 
the impact of that rotation on the electronic structure therefore 
provides a key to controlling electronic and physical properties 
of perovskite ruthenates. A prerequisite to link physical proper-
ties to details of the octahedral rotation is an understanding of 
the low-energy electronic structure. We here establish the sur-
face layer of Sr2RuO4 as a clean and well-controlled 2D model 
system where this can be achieved and explored.

The bulk material of Sr2RuO4 has a tetragonal unit cell 
with undistorted RuO6 octahedra[12,13] aligned with the high-
symmetry directions of the crystal (left panel Figure  1a). It is 
a superconductor with a transition temperature Tc  ≈ 1.5K,[7] 
and is known to exhibit strong electron correlations, evidenced 
by effective masses of the bands between 6 and 17me in the 
normal state.[14] Its bulk Fermi surface has been established by 
quantum oscillations[15] and confirmed by angle-resolved photo-
emission spectroscopy (ARPES).[14,16,17]

In strongly correlated electron materials, the electronic, spin, and charge 
degrees of freedom are closely intertwined. This often leads to the stabi-
lization of emergent orders that are highly sensitive to external physical 
stimuli promising opportunities for technological applications. In perovskite 
ruthenates, this sensitivity manifests in dramatic changes of the physical 
properties with subtle structural details of the RuO6 octahedra, stabilizing 
enigmatic correlated ground states, from a hotly debated superconducting 
state via electronic nematicity and metamagnetic quantum criticality to 
ferromagnetism. Here, it is demonstrated that the rotation of the RuO6 
octahedra in the surface layer of Sr2RuO4 generates new emergent orders 
not observed in the bulk material. Through atomic-scale spectroscopic char-
acterization of the low-energy electronic states, four van Hove singulari-
ties are identified in the vicinity of the Fermi energy. The singularities can 
be directly linked to intertwined nematic and checkerboard charge order. 
Tuning of one of these van Hove singularities by magnetic field is demon-
strated, suggesting that the surface layer undergoes a Lifshitz transition at 
a magnetic field of ≈32T. The results establish the surface layer of Sr2RuO4 
as an exciting 2D correlated electron system and highlight the opportunities 
for engineering the low-energy electronic states in these systems.
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In Figure 1b, we show its Fermi surface: The dxy band (yellow 
line) has a van Hove singularity (vHs) at the M-point of the 
Brillouin zone (BZ) at about 14 meV above EF (Figure  1c).[19] 
Upon cleaving, the exposed surface layer exhibits a 6° rotation 
of the RuO6 octahedra[20] (Figure 1d). In bulk Sr2RuO4, a similar 
octahedral rotation occurs on substitution of Sr by Ca quickly 
suppressing superconductivity.[4] Early STM studies[21,22] sug-
gest that the rotation also suppresses superconductivity in the 
surface layer. The rotation further leads to orbital-dependent 
renormalizations close to the Fermi energy.[23,24] This rotation 
doubles the size of the unit cell and leads to a reconstruction of 
the Fermi surface (Figure  1d), and a shift of the vHs below EF 
(Figure  1e).[17] The vHs leads to a peak in the density of states 
(DOS). In Figure  1c,e) we show schematically the DOS of the 
unreconstructed (solid line) and reconstructed (dashed line) elec-
tronic structure in comparison. The energy of the vHs is seen to 
be highly sensitive to structural details of the RuO6 octahedra. 
Due to the small interlayer coupling in Sr2RuO4, the surface 
reconstruction provides an opportunity to establish the influence 
of small structural distortions on the electronic structure in a 
very clean and chemically homogeneous 2D system, and hints 
at what the leading instabilities of the bulk material are. We here 
demonstrate that the reconstructed surface of Sr2RuO4 by itself 

constitutes a strongly correlated system with its own unique  
electronic properties: checkerboard charge order, nematicity and 
four van Hove singularities (vHss) within a few millielectronvolts 
of the Fermi energy. We can link these phenomena through a 
phenomenological tight-binding model based on the bulk elec-
tronic structure and incorporating these emergent orders which 
yields a density of states in excellent qualitative agreement with 
tunnelling spectra. We demonstrate magnetic-field tuning of one 
of the vHss, and extrapolate from our measurements that the 
surface layer undergoes a Lifshitz transition at 32T.

2. Results

2.1. Checkerboard Charge Order

Figure  2a shows a topographic image of Sr2RuO4 at a bias 
voltage V = 5 mV, recorded at a temperature of 76 mK, showing 
a SrO-terminated surface[25,26] with atomic resolution and dem-
onstrating a low concentration of point defects (less than 0.1%).  
We find defects at the Ru site with two distinct orientations 
due to the octahedral rotation in the surface layer. The Fourier 
transformation of the topography (upper inset in Figure  2a), 
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Figure 1. Electronic structure of Sr2RuO4 with and without octahedral rotation. a) Structural model of the bulk of Sr2RuO4 (black: Ru, red: O, purple: Sr 
atoms). Right: top view, with the unit cell of lateral size a indicated by a blue square. The octahedra have the same orientation at each lattice site, with 
an angle of θ = 0°. b) Fermi surface of Sr2RuO4 with θ = 0°[18] (yellow line: dxy band, black lines: dxz/dyz bands). c) Electronic structure of bulk Sr2RuO4. 
The dxy band exhibits a van Hove singularity (vHs) at the M point above EF, which results in a peak in the density of states (DOS, right). d) Structural 
model of the surface of Sr2RuO4 with θ = 6°. The rotation is more apparent in the top view shown on the right and leads to a doubling of the unit cell. 
The unit cell with θ = 0° is shown as a blue square for comparison. e) Fermi surface with θ = 6° (yellow dashed line: dxy band; see Section S4, Sup-
porting Information for details). The surface Brillouin zone is indicated by dotted red lines. f) Electronic structure corresponding to (e). The vHs at the 
M-point is pushed below EF with the octahedral rotation. The DOS is shown on the right, where the peak occurs below EF.
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shows the presence of quasi-particle interference (QPI),  
consistent with previous reports,[27] as well as Bragg peaks at 
(0, 2π) and (2π, 0) due to the Sr lattice, and peaks with a low 
intensity at (π, π) corresponding to the periodicity of the sur-
face reconstruction. When recording topographic STM images 
at bias voltages of −5 mV, Figure  2b, the appearance changes 
significantly. The image contrast is now dominated by the 
presence of a strong modulation of the charge density (lower 
inset in Figure  2b) which corresponds to a large increase in 
the intensity of the (π, π) peaks in the Fourier transformation. 
This modulation has been observed previously at the surface 
of Sr2RuO4,[25] as well as at that of Sr3Ru2O7.[28] However, the 
octahedral rotation due to the surface reconstruction cannot 
explain the charge modulation: adjacent Sr and Ru sites are in 
an equivalent structural environment that can be transformed 

into each other through a symmetry operation—a mirror opera-
tion for Ru and a 90° rotation for Sr. Detailed studies of the 
surface structure by low-energy electron diffraction (LEED) do 
not reveal any additional reconstruction of the surface layer 
apart from the octahedral rotation,[29] leaving the origin of the 
checkerboard charge order as an open question. We note that 
the checkerboard charge order is most prominent for small 
bias voltages, suggesting an electronic origin (see Section S2, 
Supporting Information). A typical differential conductance  
spectrum g(V) in the range ±95 mV is presented in Figure 2c. 
Here, kink- and gap-like features are observed at ±40 meV and 
±5 meV, respectively. The latter is associated with a reduction 
of the differential conductance by almost 30% in relation to the 
value at 95 mV. The general shape of the spectrum, as well as 
the absence of a superconducting gap, is in agreement with 
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Figure 2. Checkerboard charge order. a) Topography taken at V = +5 mV, showing the Sr square lattice (Iset = 50 pA). Lower inset: enlarged topography. 
Upper inset: Fourier transformation with Bragg peaks at (0, 2π) (black circle) and (2π, 0). Peaks at (π, π) (red circle) and (−π, π) coincide with the 
periodicity of the surface reconstruction (reciprocal lattice vectors in units of 1/a). b) Topography at V = −5 mV, showing a clear checkerboard (Iset = 
50pA), shown in more detail in the lower inset. Upper inset: Fourier transformation showing increase of intensity at (π, π). c) Tunneling spectrum g(V) 
measured at T = 76 mK (Vset = 100 mV, Iset = 265.2 pA, VL = 1.75 mV). d) High resolution g(V) spectrum around EF with a gap and four peaks indicated by 
yellow arrows (Vset = 8 mV, Iset = 500.2 pA, VL = 155 μV, T = 56 mK). e) Top: Topography with a model indicating the positions of the Sr atoms. Bottom: 
Real-space g(r,V) maps at V = −3.5 mV and V = +3.5 mV recorded simultaneously with the topography. At −3.5 mV, a strong checkerboard charge order 
is observed which has opposite phase at +3.5 mV (T = 59 mK, Vset = 7.0 mV, Iset = 250 pA, VL = 495 μV). f) Energy dependence of the phase-referenced 
Fourier transformation  (q, )g VR  at π π=q ( , )ckb  obtained from maps taken at T = 2 K and 59 mK. Two peaks at −3.5 mV and +3.5 mV with opposite phase 
and a width of ≈1 mV can be seen (see Section S3, Supporting Information for details). Vertical dotted lines indicate the position of the four peaks 
observed in the average (r, )g V  spectrum at 59 mK. Insert: Fourier transformation (q, )g V  for the T = 2 K map, qckb is indicated by a red circle.
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previous reports.[21,22,27] However, from high-resolution spectra 
acquired at temperatures below 100 mK, we find that this gap-
like feature actually exhibits four well defined peaks in the 
differential conductance within ±5 meV of the Fermi energy 
(Figure  2d).

The additional modulation of the charge density leads to 
pronounced signatures in spectroscopic maps: while topo-
graphic images obtained at positive bias voltage show pre-
dominantly the Sr lattice (top panel in Figure 2e), differential 
conductance maps exhibit a clear checkerboard charge mod-
ulation superimposed to this lattice at bias voltages close to 
EF (second and third panel in Figure  2e). The checkerboard 
exhibits a contrast inversion across the Fermi energy. We plot 
in Figure  2f the energy dependence of the intensity of the 
checkerboard analyzed through a phase-referenced Fourier 
transformation (PR-FT, see Section S3C, Supporting Informa-
tion), which provides information about the amplitude and 
phase of the modulation. The amplitude of the checkerboard 
exhibits a pronounced maximum at −3.5 mV with a width of 
only about 1mV and a weaker maximum at +3.5 mV of sim-
ilar width but with opposite phase. Both maxima occur at the 
same energy as the energy of the inner-most peaks in the tun-
neling spectrum (yellow dotted lines in Figure 2f). The phase 
change is consistent with what one would expect for a charge 
density wave.[30]

2.2. Nematicity

The Sr-centred checkerboard charge order and nematicity are 
intimately linked in the surface layer through the octahedral 
rotation. The octahedral rotation itself preserves C4 symmetry 
and does not give rise to an additional charge modulation or 
nematicity. However, the occurrence of a Sr-centred checker-
board, as we observe experimentally, and nematicity are equiv-
alent: due to the checkerboard charge order centred at the Sr 
sites and the octahedral rotation, the oxygen atoms in the Ru 
plane become inequivalent between the horizontal, [10], and ver-
tical, [01], directions. As shown in Figure 3a, the rotation means 
that the oxygen atoms connecting Ru atoms in the [01] (vertical) 
direction (colored in red) are closer to Sr atoms with a decreased 
charge density (shown dark), whereas oxygen atoms in the [10] 
(horizontal) direction (shown orange) are closer to Sr atoms 
with increased charge density. This leads to different hopping 
amplitudes across those oxygen atoms, indicated in Figure  3a 
by the yellow and red dashed lines, resulting in nematicity of 
the electronic states and a reduction from C4 symmetry to C2 
symmetry (Figure  3a). The converse holds true as well, nema-
ticity on the oxygen sites (indicated by different coloured oxygen 
atoms in Figure  3a) results in their inequivalence and hence 
checkerboard charge order on the Sr sites – highlighting the 
equivalence of the two orders. Therefore, while the octahedral 
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Figure 3. Nematicity and the equivalence of checkerboard charge order with C4 symmetry breaking. a) Model of the surface atomic structure with 
the checkerboard charge order on the Sr atoms (purple and light blue circles). The charge order on the Sr lattice combined with the octahedral rota-
tions leads to a broken C4 symmetry, due to which oxygen atoms along the [10] and [01] directions are in an inequivalent environment. This results in 
inequivalent hopping amplitudes along the horizontal (yellow) and vertical (red) dashed lines. The color of the oxygen atoms represents whether they 
are closer to a light blue Sr atom (yellow) or a purple Sr atom (red). b,c) Nematicity in the atomic scale charge modulations (T = 1.8 K, Vset = 7.8 mV, 
Iset = 500 pA, VL = 370 μV). d–i) Real-space images showing directional quasi-particle interference near defects on a longer length scale, the defects are 
marked by black crosses (T = 56 mK, Vset = 6.4 mV, Iset = 225 pA, VL = 398 μV).
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rotation itself gives rise to neither nematicity nor checkerboard 
charge order, the two become intimately related through the 
octahedral rotation—so if one occurs, the other will too. This 
emergent nematicity is confirmed experimentally through uni-
directional modulations with atomic periodicity (Figure  3b,c) 
and anisotropy of the low- qq  quasi-particle interference 
(Figure 3d–i). The atomic scale symmetry breaking reveals that  
for changes in the bias voltage V by about 1 mV the atomic-scale 
unidirectional periodicity changes direction between the high-
symmetry directions [10] and [01] implying a small characteristic 
energy scale of the nematicity. This is also confirmed in the 
intensity of the atomic peaks (Figure  S5, Supporting Informa-
tion). The symmetry breaking of long-wavelength quasi-particle 
interference is shown in a real-space map around four defects 
in Figure 3d–i (defects marked by black crosses) and reveals a 
change from predominant quasiparticle scattering along [10] to 
scattering along [01] and back as a function of energy.

We note that neither nematicity nor checkerboard charge 
order are captured by the surface structure determined by I(V)-
LEED.[29] Nor does I(V)-LEED or our STM data provide any evi-
dence for an orthorhombicity of the surface layer which could 
give rise to a lowered symmetry.

2.3. Tight-Binding Model for Surface Electronic Structure

To understand the microscopic consequences nematicity and 
the observed charge modulation have on the electronic struc-
ture of the surface layer, we have developed a minimal tight-
binding model for the band structure at the surface of Sr2RuO4. 
This model was generated by taking a tight-binding model of 
the bulk of Sr2RuO4,[18] and then altering the position of the 
dxy vHs such that it is shifted toward the Fermi level (see Sec-
tion S4, Supporting Information for details). We then include 
the emergent orders at a phenomenological level. The surface 
reconstruction and the checkerboard charge order (Figure  2) 
are accounted for by including a weak intraband hybridization 
(Δhyb). The nematicity and inequivalence of the [10] and [01] lat-
tice directions (Figure 3) are included through a nematic order 
parameter Δnem = δnem(cos(kx) − cos(ky)), which we apply only to 
the dxy orbital. A similar order parameter has previously been 
introduced to describe nematicity in Sr3Ru2O7.[31] The full Ham-
iltonian is then

H
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where H ( )Ru kk  is the Hamiltonian for the ruthenium 4d t2g 
bands in the unreconstructed Brillouin zone,[18] and π π= ( , )QQ  
accounts for the doubling of the unit cell (for details see  
Section S4, Supporting Information). The inclusion of the 
emergent orders leads to the formation of four vHss around 
the M point, shown in Figure 4a which shows the band struc-
ture obtained from Equation  (1). We follow the notation by  
van Hove[32] to label the four vHss: nematicity results in two 
saddle points, 1  and 2 , on the high symmetry axis at the M 
point, whereas hybridization leads to a partial gap with a band 

maximum  and an additional saddle point around EF. The 
resulting complex low-energy electronic structure around the M 
point is shown in a 3D representation in Figure 4b. The partial 
drop in the g(V) spectrum around EF, observed in Figure  2d, 
is naturally explained by the hybridization of the Ru dxy-bands 
caused by the doubling of the unit cell. The four singulari-
ties lead to maxima in the density of states (see Figure  4c) in 
excellent agreement with the structure of the low-energy g(V)  
spectrum. Differences, such as the magnitude of the drop, are 
likely a consequence of tunneling matrix element effects, which 
are neglected in the calculation.

2.4. Magnetic-Field Tuning of the Electronic Structure

The presence of multiple vHss in the immediate vicinity of 
the Fermi energy offers the opportunity to drive the material 
through a Lifshitz transition using magnetic field and Zeeman 
splitting of the bands. We investigate the influence of an applied 
magnetic field, focusing on the behaviour of the most prominent 
vHs, , at −3.4 mV. Figure 4d shows tunneling spectra recorded 
in magnetic fields from 0 T to 13.4 T, applied perpendicular to 
the surface, at T = 76 mK. The spectra reveal a clear splitting of 
the vHs with increasing magnetic field. In Figure 4e, the field-
dependence of the energy of the vHs reveals a linear behavior 
as expected for a Zeeman-like splitting. We find the slope to be 
+0.10 mV T−1 for the peak moving toward the Fermi energy and 
−0.07 mV T−1 for the one moving away. The difference in slope 
can be attributed to an overall chemical potential shift of the dxy 
band of 17 μV T−1. We find a g-factor of g* ≈ 3 (with the splitting 
ΔE  = g*μBBz). This value is consistent with the known Wilson 
ratio W  = g*/g  = 1.5 of bulk Sr2RuO4,[33,34] a surprisingly good 
agreement given that the Wilson ratio contains contributions 
from the whole Fermi surface, whereas we determine g* only for 
one band. From our experimental data, we can extrapolate that 
the vHs will cross the Fermi energy at a magnetic field of about 
32 T. At this field, the surface layer is expected to undergo a Lif-
shitz transition. As the energy of the vHs is associated with the 
checkerboard charge order, once it is split in a magnetic field, the 
charge order becomes spin-polarized. We show in Figure 4f that 
indeed also the energy at which the checkerboard charge order 
appears most prominently shifts with the change in the energy 
of the vHs, demonstrating that the two are intimately linked. 
Our measurements demonstrate that the electronic structure of 
the reconstructed surface layer of Sr2RuO4 has all the ingredi-
ents for a field-tuned Lifshitz transition: 1) a vHs close to the 
Fermi energy, 2) the energy of the vHs can be tuned by magnetic 
field toward the Fermi energy, and 3) a Lifshitz transition of the 
electronic structure within reach of available magnetic fields.

3. Discussion

Our measurements show how the low-energy electronic 
structure of a 2D layer of Sr2RuO4 is impacted by octahedral 
rotations and stabilizes new emergent phases close to a mag-
netic-field induced Lifshitz transition. We provide a compre-
hensive description of the surface electronic structure through 
a phenomenological tight-binding model that incorporates the 

Adv. Mater. 2021, 2100593
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two orders we detect, nematicity and checkerboard charge order 
and reproduces all features we observe in our data. It captures 
the pronounced gap-like feature seen in tunneling spectra. The 
quick changes in the appearance of the nematicity in spec-
troscopic maps within a narrow energy interval are naturally 
explained by the vHss in the kx- and ky-directions becoming 
inequivalent. While checkerboard charge order and nematicity 
are intimately intertwined, it is not clear which of the two domi-
nates, if either does. Possible mechanisms include 1) nema-
ticity driven by electronic correlations, 2) charge order driven 
by nesting or a lattice distortion, 3) a cooperative effect of both, 
and 4) an antiferromagnetic order or fluctuations which stabi-
lize the checkerboard order and nematicity. For the first three 
scenarios, one would expect a significant structural distortion 
accompanying these, as is seen for charge density waves or 
nematicity in other systems. A structural distortion in the sur-
face layer of Sr2RuO4 beyond the octahedral rotation has not 
been reported.[29] In a scenario where magnetic order or fluctu-
ations drive nematicity and charge order, one would still expect 

a structural distortion, though much smaller. Recently, evidence 
for nematicity in thin films of Sr2RuO4 has been reported, sug-
gesting that it may not be limited to the surface layer.[35]

A comparison with Sr3Ru2O7 reveals intriguing parallels: 
Sr3Ru2O7 exhibits a similar (albeit larger) octahedral rotation, 
and the energy of the vHs as detected by ARPES is found at 
≈4 meV below EF,[36] close to the energy at which we find the 
dominant vHs in the surface layer of Sr2RuO4. Due to stronger 
correlations and a g-factor of g* ≈ 14.6 in Sr3Ru2O7,[37] the vHs 
can be tuned to the Fermi energy at 8T, whereas in the sur-
face layer of Sr2RuO4, we find a g-factor that is almost 4 times 
smaller. Consequently, the vHs is expected to reach the Fermi 
energy only at 32T. It remains to be seen whether the parallels 
go any further when the surface layer in Sr2RuO4 undergoes 
the Lifshitz transition. There are also important differences, 
though, including that the system we report here is strictly 
2D which puts the criticality of the Lifshitz transition into a 
different universality class than what is expected for the bulk 
of Sr3Ru2O7. Tunneling spectra recorded on Sr3Ru2O7 do not 
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Figure 4. Tight-binding model and magnetic-field tuning of van Hove singularities. a,b) Band structure around M from the tight-binding model 
including an intraband hybridization potential and nematic order parameter. b) 3D band dispersion around M within 20 meV of EF. Blue shaded regions 
indicate the locations of the vHs (labelled 1 , 2 , 3 , and  in (a)). Red lines: path shown in (a), the plane corresponds to EF. c) Upper panel: Density 
of states from the model, with four vHss. Bottom: tunneling spectrum of Figure 2d with gap-like structure and four distinct peaks associated with the 
vHss. d) Tunneling spectra (T = 76 mK) in magnetic fields (B||c) from 0T to 13.4T (Vset = 5 mV, Iset = 225 pA, VL = 100 μV). e) Peak position of  as a 
function of field extracted from fits (see Section S5, Supporting Information) revealing splitting and linear magnetic field dependence with g* ≈ 3 (error 
bars: 95% confidence intervals). f) Top: energy dependence of the Fourier peak at in the PR-FT at B = 0T, 6.5T and 12T (see Section S3C, Supporting 
Information for details). Bottom: spatially averaged differential conductance spectra g(V). The vertical dashed lines area guide to the eye, showing  
correspondence of features in g(V) and the PR-FT. (Spectra are normalized and vertically shifted for clarity, the short dashed gray lines indicate g(V) = 
1). (T = 76 mK, Vset = 5.6 mV, Iset = 225.2 pA, VL = 300 μV map at 6.5T; T = 500 mK, Vset = 5.6 mV, Iset = 200.5 pA, VL = 280 μV for map at 12 T).
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reveal a clear shift of a peak as a function of magnetic field,[28] 
possibly because quantum fluctuations play a much larger 
role and already have influence on the line shape of the vHs 
in the density of states. Previous studies of the reconstructed 
surface have not been able to detect signatures of supercon-
ductivity,[21,22] except a recent study[38] where a gap-like struc-
ture in the vicinity of the Fermi energy has been attributed 
to superconductivity. Tunneling spectra showing clear signa-
tures of superconductivity with a temperature and/or mag-
netic field dependence consistent with bulk Sr2RuO4

[39–41] were 
either obtained from surfaces that were exposed to air leading 
effectively to a dirty surface much like in ARPES experiments 
probing the bulk electronic structure or on a different surface 
reconstruction than the one studied here. We do not observe 
any evidence for superconductivity even in tunneling spectra 
acquired at temperatures well below 100 mK. We have ensured 
that the spectroscopic resolution of our instrument is sufficient 
to detect superconducting gaps of materials with a similar tran-
sition temperature and gap sizes on the order of 200 μeV.[42,43] 
This indicates that the emergent electronic order suppresses 
superconductivity in the surface layer. This suppression may 
imply that the density of states of the dxy band around EF, which 
becomes gapped out at the surface, and the fluctuations associ-
ated with the reconstruction play a crucial factor in supercon-
ducting pairing. This scenario naturally results in a competition 
of nematicity and the charge density modulations with super-
conductivity, reminiscent to what is found in other strongly cor-
related electron systems.[5,44] Understanding the leading insta-
bility in this highly debated material therefore undoubtedly will 
have to account for this susceptibility toward density wave for-
mation as observed in other unconventional superconductors.

4. Conclusions

We show that the surface layer of Sr2RuO4 provides a 2D model 
system to study the intricate structure–property relationships of a 
strongly correlated electron system. We demonstrate the equiva-
lence of checkerboard charge order and nematicity in this system, 
and find that the reconstructed electronic structure leads to four 
vHss within 5 meV of the Fermi energy. Magnetic-field tuning 
of one of these vHs implies that the surface layer can be used 
as a well-controlled test system to study magnetic-field induced 
Lifshitz transitions, enabling detailed comparison with micro-
scopic theories. Because the emergent surface phase is strictly 
2D, limited to the surface layer, all relevant information about 
the electronic states is accessible spectroscopically. Magnetic-field 
tuned Lifshitz transitions have been proposed to be at the heart 
of the quantum critical behavior in a range of heavy fermion and 
strongly correlated electron materials,[45–47] yet the ability to spec-
troscopically trace the electronic structure across a field-tuned 
quantum phase transition has remained elusive. Given the sen-
sitivity of the energy of the vHs in Sr2RuO4 to uniaxial strain,[6] 
we expect that the magnetic field at which the Lifshitz transi-
tion is extrapolated to occur here can be reduced substantially by 
combining uniaxial strain with magnetic field. This creates the 
opportunity to spectroscopically verify the role of quantum fluc-
tuations across a magnetic field-tuned Lifshitz transition through 
a detailed study of the line shape of the vHs as it is tuned across 

the Fermi energy. The sensitivity of the electronic structure of 
ruthenates to tiny structural modifications found here shows 
opportunities for tailoring correlated electronic phases in 2D and 
exploring their physics for novel electronic devices.
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