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ABSTRACT Sr2RuO4 has long been the focus of intense research interest because 

of conjectures that it is a correlated topological superconductor. It is the momentum 

space (k-space) structure of the superconducting energy gap Δ ( ) on each band i 

that encodes its unknown superconducting order-parameter. But, because the 

energy scales are so low, it has never been possible to directly measure the Δ ( ) of 

Sr2RuO4. Here we implement Bogoliubov quasiparticle interference (BQPI) imaging, 

a technique capable of high-precision measurement of multiband Δ ( ). At T=90 mK 

we visualize a set of Bogoliubov scattering interference wavevectors q : = 1 − 5 

consistent with eight gap nodes/minima, that are all closely aligned to the (±1, ±1) 

crystal-lattice directions on both the α- and β-bands. Taking these observations in 

combination with other very recent advances in directional thermal conductivity (E. 

Hassinger et al. Phys. Rev. X 7, 011032 (2017)), temperature dependent Knight shift 

(A. Pustogow et al. Nature 574, 72 (2019)), time-reversal symmetry conservation (S. 

Kashiwaya et al.  arXiv:1907.030939) and theory (A.T. Romer et al. 

arxiv:1905.04782; H. S. Roising et al. Phys. Rev. Research 1,  033108 (2019)), the 

BQPI signature of Sr2RuO4 appears most consistent with Δ ( ) having   

(  ) symmetry. 
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 Determining the structure and symmetry of the superconducting energy gaps 

Δ ( ) for Sr2RuO4 has been a longstanding objective1-4, but one upon which radically 

new perspectives have emerged recently. The linearity with temperature of 

electronic specific heat capacity at lowest temperatures5, the temperature 

dependence of London penetration depth6, the attenuation rate of ultrasound7 and 

field-oriented specific heat measurements8 have long implied the existence of nodes 

(or profound minima) somewhere in Δ ( ). But recent thermal conductivity 

measurements further indicate that these nodes/minima are oriented parallel to the 

crystal c-axis9. Moreover, in-plane 17O nuclear magnetic resonance reveals a very 

substantial drop of the Knight shift10 below Tc. And no cusp occurs in the 

superconducting critical temperature under uniaxial strain11,12. Finally, current-field 

inversion experiments using Josephson tunnel junctions indicate that time reversal 

symmetry (TRS) is preserved13. This phenomenology is in sharp contradistinction to 

the Sr2RuO4 ancien regime, under which 17O Knight shift14 and spin-polarized 

neutron scattering15 reported no diminution in spin susceptibility below Tc, and 

where muon spin rotation16 and Kerr effect17 indicated TRS breaking.  Therefore, an 

extensive reassessment of the theory of Sr2RuO4 superconductivity has quickly 

materialized18,19.  

 

 Although the crystal is isostructural with the d-wave high temperature 

superconductor La2CuO4 (Fig. 1A), for Sr2RuO4 the Fermi surface (FS) consists of 

three sheets20,21, (Fig. 1b). Hybridization between the two quasi-one-dimensional 

(1D) bands that originate from the Ru  and  orbitals, leads to the electron-like 

β-band surrounding the -point (red) and hole-like -band surrounding the X point 

(blue); similarly, the Ru  orbitals generate the electron-like, quasi-two-

dimensional (2D) γ-band surrounding the -point (green). Correctly representing 

the electron-electron interactions is then a complex challenge. On-site and inter-site 

Coulomb interactions are pervasive, Hund’s coupling between the Ru -orbitals 

generates orbital selective phenomena rendering the γ-band band significantly 

more correlated than the -bands22,23, and spin-orbit coupling plays a significant 
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role throughout22,22. Contemporary theories18,19,24,25 consider various combinations 

of these interactions to achieve their predictions for Δ ( ). By diagonalizing the 

Hamiltonian for each model, and then quantifying the eigenvalues of the linearized 

superconducting energy-gap equation associated with each irreducible 

representation of the D4h point group, the symmetry of the predominant Δ ( ) is 

determined18,19,24,25. Weak-coupling analyses24,25 of Hamiltonians parameterized by 

the ration =J/U (U and J are the on-site Coulomb and Hund’s interaction energies) 

find that the preferred order parameters exhibit  (chiral − wave) symmetry 

with  ( ) symmetry as a subdominant solution24; and  (chiral − wave) 

or  (helical − wave) symmetry but with  ( ) symmetry also as a 

subdominant solution25. More recent theories parameterized by both =J/U and 

spin-orbit coupling, find that the order parameters filling large (but different) 

portions of the  phase space  exhibit  ( ) symmetry and  (helical −

wave) symmetry18,19. These studies also show that the field-in-plane Knight shift 

does not discriminate strongly between Δ ( )  having  (even − parity) or 

 (odd − parity) order parameters18,19. Obviously, what could discriminate 

between all these different order parameter symmetries is the fully detailed 

structure of Δ ( ), as shown e.g. in Figure 2 of Ref.  18 or Figure S3 of Ref.  19. 

 

 However, although critical to testing advanced theories18,19,24,25 for 

superconductivity in Sr2RuO4, the k-space structure of Δ ( ); Δ ( );  Δ ( ) has 

never been measured directly. Basically, this is because the maximum magnitude of 

any of these gaps26,27 is |Δ| ≤ 350  so that temperature ≲ 100  and energy 

resolution with ≲ 100  are required to spectroscopically detect strongly 

anisotropic k-space gap structures and/or their gap minima. Thus, techniques 

capable of band-resolved, high resolution superconducting Δ( )  determination, and 

specifically of distinguishing the orientation of any gap minima on different bands, 

are required. Bogoliubov quasiparticle interference imaging28-34 has been 

proposed35,36,37 to achieve these objectives for Sr2RuO4, as it has the proven 

capability of measuring extremely anisotropic29-34, multiband31,32,34 superconducting 
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energy gaps with energy resolution32,34 ≲ 75 . Intuitively, this is possible 

because, when a highly anisotropic Δ   opens on a given band, Bogoliubov 

quasiparticles | ( )⟩ exist in the energy range Δ <E<Δ . Within this range, 

interference of impurity-scattered quasiparticles produces characteristic real space 

(r-space) modulations in the density of electronic states28,35,36,37 ( , ). The 

Bogoliubov quasiparticle dispersion ( ) then exhibits closed constant-energy-

contours (CEC) surrounding Fermi surface k-points where minima in Δ   occur. 

These k-space locations can be determined because ( , ) modulations occur at 

the set of wavevectors ( ) connecting them. These ( )  are identified from 

maxima in ( , ), the power spectral density Fourier transform of ( , ).  

 

 For Sr2RuO4, BQPI signatures of different types of gap structures, for example 

Δ ( ); Δ ( ), may be anticipated by using a pedagogical Hamiltonian ( ) =

∑ ψ ( ) ( )ψ( ) where  

  ( ) =

⎝

⎜
⎛

ϵ ( ) Δ ( ) 0 0
Δ∗ ( ) −ϵ 0 0

0 0 ϵ ( ) Δ ( )
0 0 Δ∗ ( ) −ϵ ( )⎠

⎟
⎞

   (1) 

and ϵ ( ), ϵ ( ) are the band dispersion for the α:-bands35,36,37. The unperturbed 

Green’s function is ( , ϵ) = (ϵ + δ) − ( )  where I is identity matrix and δ 

is the energy width broadening parameter. Both interband and intraband scattering 

could be considered using a T-matrix for all scattering processes as: 

  (ω) = ⊗ ( + σ ) − ∫ ( , ω)  (2) 

But interband scattering between the and  bands has not been the subject of 

any theoretical analysis for Sr2RuO4 (Refs 35,36,37) hence we do not consider it 

here. The Fourier transform of δ ( , ) modulations caused by scattering 

interference of Bogoliubons can be predicted from Eqns. 1 and 2 as: 

  δ ( , ) = − ∫ ( + , ω) ( ) ( , ω)    (3) 
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(SI Section I). For example, Fig. 1c represents BQPI for an anisotropic energy gap 

Δ ( ) on the -band, while Fig. 1d represents a BQPI model with anisotropic energy 

gaps Δ ( ); Δ ( ) on the α:-bands. The experimental challenge is to visualize 

Bogoliubov scattering interference in Sr2RuO4 and, through comparison with 

δ ( , ) predictions35,36,37, to determine Δ ( ) . 

 

 To do so, we insert high quality, single crystals of Sr2RuO4 (Tc = 1.45K) into a 

dilution-refrigerator-based spectroscopic imaging scanning tunneling microscope 

(SI-STM), and cleave them in cryogenic ultra-high vacuum at ≲ 1.8 . This 

typically reveals an atomically flat SrO cleave surface (Fig. 1a) although sometimes 

the RuO2 termination layer occurs27. At the SrO termination surfaces used 

throughout these studies (e.g. Fig. 1a), the tip-sample differential tunneling 

conductance ( , ) ≡ / ( , = ) is imaged to visualize scattering 

interference induced modulations ( , ) ∝ ( , ). In the normal state, ( , ) 

measurements in the range −20 < < 20  reveal g( , ) ∝ δ ( , ) (Fig. 

2a) with predominant scattering wavevectors ( ) shown as red and blue arrows. 

Quantitative comparison to the known FS ( = 0) wavevectors21, reveals that 

these arise from intraband scattering in both the β-band and the α-band (Fig. 1b) (SI 

Section II). As in previous QPI studies of normal-state Sr2RuO4, the γ-band is 

virtually undetectable, probably because the dxy character leads to small 

wavefunction overlap for tunneling into the STM tip27. In any case, the -bands are 

directly identifiable from their normal state scattering interference wavevectors, 

throughout all the BQPI studies reported below. 

 

 To measure Δ ( ),  we cool each sample to T=90 mK (SI section III) and 

typically measure ( , ) ∝ ( , ) on a 128x128 grid in a 20nm field of view. 

Typical junction formation parameters for these ( , ) measurements are =

40 ; = 1 , and | | = 0, 100 , 200 , 300 , 400  spanning the 

maximum superconducting energy gap (SI Section III). The actual electron 

temperature is manifestly well below ~100eV/3.5kB or ~300mK because these 
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BQPI images are distinct when the DC bias is changed in energy steps of 100 . A 

representative point spectrum from such a map is shown in Fig. 2c, showing the 

typical26,27 energy gap maximum Δ ≈ 350 . Figure 2d shows a typical 

measured ( , = 100 ) deep within this superconducting gap. It is highly 

distinct from the ( , ) measured near EF in the normal state (e.g. Fig. 2a) or at 

≫ 350  in the superconducting state (Fig. 4e), with many robust new q-space 

features. Differences in signal intensity between ( , = 400 )  measured in the 

normal and superconducting states occur due to the greatly reduced bias 

modulation amplitude required for the latter.  Most importantly, the distinct 

( , ) at | | = 0, 100 , 200 , 300  at T=90mK hold the key to 

understanding the energy gap structure of Sr2RuO4 using Bogoliubov scattering 

interference35,36,37. At the most elementary level, Fig. 2d reveals spectroscopically 

that, consistent with a wide variety of other techniques5,7,8,9, a strong Bogoliubov 

quasiparticle density of states exists deep within the superconducting gap of this 

material.  

 

 To aid with interpretation of these ( , ) data, we explore a pedagogical 

model for Δ( ) having gap zeros along (±1, ±1) on -bands (Fig. 3a). In Fig. 3a the 

hypothetical gap magnitudes |Δ ( )|, |Δ ( )| are indicated by the thickness of the 

curves overlaid on the FS. Figure 3b identifies the consequent k-space regions 

where, because of minima in Δ ( ) and Δ ( ), significant quasiparticle density of 

states is expected as → 0. The key BQPI wavevectors ; = 1,2. .5 (Fig. 3b) then 

connect these k-space locations as shown. Figure 3c shows typical evaluations of 

( , ) from Eqn. 3 for this model, with the key BQPI wavevectors overlaid. Here 

, ,   (Fig. 3b) occur due to the gap minima/nodes on the -band, while ,  

(Fig. 3b) occur due to gap minima/nodes on the -band. Observation of BQPI 

intensity in ( , ) data at these specific wavevectors ; = 1,2. .5 would give 

direct evidence for a superconducting energy gap structure (Fig. 3a) with gap 

minima/nodes along the (±1, ±1) on the  -bands of Sr2RuO4.  
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 Figures 4a-h contain the key experimental results of this study: the measured 

( , ) at multiple energies within the superconducting gap of Sr2RuO4, at T=90 mK. 

The ( , = 1 ) in Fig. 4a is shown for comparison. Predictions from Eqn. 3 for 

( , ) with the gap model in Fig. 3a are shown at corresponding energies to the 

measured ( , ), in Figures 4e-h. The simultaneously measured ( , = 1 ) 

exhibits direct signatures of α:β-band scattering interference, as identified from our 

normal state studies (SI Section II).  Since the electron tunneling manifestly occurs 

to the -bands and simultaneously exhibits a single-particle spectrum showing 

gap maximum Δ ≈ 350  (Fig. 2c), we conclude that this superconducting gap 

is hosted by the α:β-bands27. And, because Δ ≈ 350  is a consistent gap 

maximum for the bulk superconducting critical temperature T =1.45K (because 

2Δ kT⁄ ≈ 4), this indicates that Δ ( ); Δ ( ) are principal energy gaps of 

Sr2RuO4.  

 

 Then, when Bogoliubov scattering interference is visualized at subgap 

energies |E| < Δ , a new and distinctive ( , ) pattern emerges. It exhibits clear 

maxima at specific q-vectors (Fig. 4b,c,d) that evolve but do not disappear as → 0. 

Theories of Sr2RuO4 BQPI demonstrate how these q-vectors encode the direction of 

the gap minima in Δ ( ); Δ ( ), and also predict a very weak dispersion of the sub-

gap ( , ) with energy35,36,37.  The observed pattern of ( , = 100 ) maxima 

in Fig. 4d is quite representative, and conforms to predicted ( , = 100 ) of 

the energy gap model in Fig 3.  Specifically, in Fig. 5a the predicted BQPI 

wavevectors , , ,   and  from the -band model with nodes/minima 

along (±1, ±1) (circles), are compared to the locations of five distinct local maxima 

in ( , = 100 ) in Fig. 5b and found to be in good agreement. The immediate 

implication is that eight nodes/minima occur in Δ ( ); Δ ( ) at the locations where 

the -bands cross the (0,0) → (±1, ±1) /  symmetry axes. Because the measured 

( , ) are distinct for = 0, 100 , 200 , 300  (Fig. 4), the energy 

resolution  is demonstrably <  100 , while from the measurement 

parameters we estimate that ≲  75 . This means that if minima (as opposed 
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to nodes) occur in Δ ( ) and Δ ( ), they exist below the energy scale |E|=75 eV. 

Moreover, analysis of the ( , = 0) data shown in Fig. 5c indicates that all eight 

gap minima/nodes have an angular displacement about (0,0) in k-space, within 

approximately ±0.05 rad from the (0,0) → (±1, ±1) /  lines (SI Section IV). No 

features expected of Δ ( ) (SI Section II) are detected. As to the signature in ( , 0)  

of the predicted minima on  Δ ( ) in an odd-parity state (see Figure 2 of Ref.  18, 

Figure S3 of Ref.  19, Figure 5 of Ref. 27), these are expected to appear as ( , 0)  

maxima at wavevectors at least ±0.1 rad away from the (0,0) → (±1, ±1) /  

lines18,19,24,27; or if the energy resolution is insufficient to resolve them, they should 

exhibit as a broad arc connecting these ( , 0)  maxima. As discussed in SI Section V, 

neither of these signatures has been detected within the available signal to noise 

ratio. Moreover, in the same models18,19,24,27 the minimum which occurs on Δ ( )  is 

typically shallow, whereas the measured minimum on Δ ( )  is deep reaching to 

within 75 eV of zero (Fig. 5c). Therefore, a gap structure for both Δ ( ) and Δ ( ) 

as shown in Fig. 5d, appears most consistent with our present data. 

 

 In this project, we provide the first momentum-resolved spectroscopic 

measurements of the superconducting gap structure in Sr2RuO4. They reveal eight 

nodes or deep minima in Δ ( ) and Δ ( ) which occur in close proximity to where 

the : − bands cross the (0,0) → (±1, ±1) /  lines. In light of recent thermal 

conductivity9, Knight shift10, current-field reversal13 experiments, and advanced 

theory18,19,24,25, several key implications emerge from this observation. If time-

reversal symmetry were actually broken14,15,16,17 by Δ ( ) of Sr2RuO4 but the order-

parameter has even parity10, then +  (Ref. 18) or +  (Ref. 38)  

states would be plausible. Based on our BQPI data along with 

thermodynamic/transport studies6,7,8,9, +  appears inconsistent because of 

its circumferential nodes in the kx:ky plane, but +  (Ref. 18) might be 

consistent. However, for such order parameters the transition temperature should 

split under a crystal-symmetry-breaking field, but that effect is reportedly absent in 

multiple relevant studies11,12,39,40,41,42. On the other hand, if time-reversal symmetry 



9 
 

is preserved13, the BQPI data (Figs 3,4) are most consistent with a helical odd-parity 

 order-parameter18,19,24 with  symmetry, or an even-parity   order-

parameter18,19,24 with  symmetry.  In terms of the detailed k-space structure of 

Δ ( ) these two cases are distinct. The former exhibits minima but not nodes on the 

: − bands, their k-space locations are not constrained by crystal symmetry, and 

the minima on different bands are not necessarily co-aligned in k-space18,19. The 

latter exhibits true nodes on both the − and − bands, whose k-space locations 

are constrained precisely by crystal symmetry to lie along the (±1, ±1) directions. 

Our BQPI data (Fig. 4) implies that the four energy-gap minima/nodes of both  

Δ ( ) and Δ ( ) exist below the energy scale |E|=75eV, and that they occur within 

an angular distance from the (0,0) → (±1, ±1)π/a k-space lines of approximately 

±0.05 rad. Overall, therefore, these observations appear most consistent with a 

 order-parameter symmetry for Sr2RuO4.   

 

Acknowledgements: We are grateful to B.M. Andersen, P. Coleman, C. Hicks, B. 

Ramshaw, S.A. Kivelson, and S.H. Simon for very helpful discussions and 

communications. Y.M. acknowledges support from the JSPS KAKENHI Nos. 

JP15H05851, JP15K21717, and from the JSPS Core-to-Core Program. V.M.  

acknowledges funding from the US Department of Energy, Office of Basic Energy 

Sciences, under Award Number DE-SC0014335. R.S. and A.K. acknowledge support 

from the US Department of Energy, Office of Basic Energy Sciences, under contract 

number DEAC02-98CH10886. J.C.S.D and S.D.E. acknowledge support from the 

Gordon and Betty Moore Foundation’s EPiQS Initiative through Grant GBMF4544. 

J.C.S.D. acknowledges support from Science Foundation Ireland under Award SFI 

17/RP/5445, and from the European Research Council (ERC) under Award DLV-

788932. 

 

  



10 
 

References

 
1     A.P. Mackenzie and Y.Maeno, The superconductivity of Sr2RuO4 and the physics of 
 spin-triplet pairing, Rev. Mod. Phys. 75, 657 (2003) 
2  Y. Maeno, S. Kittaka, T. Nomura, S. Yonezawa and K. Ishida, Evaluation of Spin-

Triplet Superconductivity in Sr2RuO4, Journ. Phys. Soc. Japan 81, 011009 (2012) 
3  C. Kallin and J. Berlinsky, Chiral superconductors, Rep. Prog. Phys. 79, 054502 

(2016) 
4  A.P. Mackenzie, T. Scaffidi, C.W. Hicks and Y. Maeno, Even odder after twenty-three 

years: the superconducting order parameter puzzle of Sr2RuO4, npj Qunatum 
Materials 2, 40 (2017) 

5  S. Nishizaki, Y. Maeno and Z. Mao, Changes in the Superconducting State of Sr2RuO4 
under Magnetic Fields Probed by Specific Heat, J. Phys. Soc. Japan 69, 572-578 
(2000). 

6  I. Bonalde et al., Temperature Dependence of the Penetration Depth in Sr2RuO4: 
Evidence for Nodes in the Gap Function, Phys. Rev. Lett. 85, 4775 (2000) 

7  C. Lupien et al., Ultrasound Attenuation in Sr2RuO4: An Angle-Resolved Study of the 
Superconducting Gap Function, Phys. Rev. Lett. 86, 5986 (2001) 

8  K. Deguchi, Z. Q. Mao, H. Yaguchi and Y. Maeno, Gap Structure of the Spin-Triplet 
 Superconductor Sr2RuO4 Determined from the Field-Orientation Dependence of the 
 Specific Heat, Phys. Rev. Lett. 92, 047002 (2004). 
9  E. Hassinger et al., Vertical Line Nodes in the Superconducting Gap Structure of 

Sr2RuO4, Phys. Rev. X 7, 011032 (2017) 
10  A. Pustogow et al., Pronounced drop of 17O NMR Knight shift in superconducting 
 state of Sr2RuO4,  Nature 574, 72-75  (2019)  
11  C.W. Hicks et al., Strong Increase of Tc of Sr2RuO4 Under Both Tensile and 

Compressive Strain, Science 344, 283 (2014) 
12  A. Steppke et al., Strong peak in Tc of Sr2RuO4 under uniaxial pressure, Science 355, 

148 (2017) 
13  S. Kashiwaya et al., Time-Reversal Invariant Superconductivity of Sr2RuO4 Revealed 

by Josephson Effects,  arxiv:1907.03939 (2019) 
14  K. Ishida et al., Spin-triplet superconductivity in Sr2RuO4 identified by 17O Knight 

shift, Nature 396, 658 (1998) 
15  J.A. Duffy et al., Polarized-Neutron Scattering Study of the Cooper-Pair Moment in 

Sr2RuO4, Phys. Rev. Lett. 85, 5412 (2000) 
16    G.M. Luke et al., Time-reversal symmetry-breaking superconductivity in Sr2RuO4, 

Nature 394, 558-561 (1998) 
17   J. Xia et al., High Resolution Polar Kerr Effect Measurements of Sr2RuO4: Evidence 

for Broken Time-Reversal Symmetry in the Superconducting State, Phys. Rev. Lett. 
97, 167002 (2006)  



11 
 

 
18  A. T. Romer, D. D. Scherer, I. Eremin, P. J. Hirschfeld and B. M. Anderson, Knight Shift 

and Leading Superconducting Instability From Spin Fluctuations in Sr2RuO4, 
arxiv:1905.04782  (2019) 

19  H. S. Roising, T. Scaffidi, F. Flicker, G.F. Lange and S. H. Simon, Superconducting order 
of Sr2RuO4 from a three-dimensional microscopic model, Phys. Rev. Research 1,  
033108 (2019) 

20    A.P. Mackenzie et al., Quantum Oscillations in the Layered Perovskite 
Superconductor Sr2RuO4, Phys. Rev. Lett, 76, 3786 (1996) 

21  A. Damascelli et al., Fermi Surface, Surface States, and Surface Reconstruction in 
Sr2RuO4, Phys. Rev. Lett. 85, 5194 (2000). 

22     M.W. Haverkort, I. S. Elfimov, L. H. Tjeng, G. A. Sawatzky, and A. Damascelli, Phys. 
Rev. Lett. 101, 026406 (2008). 

23  M. Kim et al., Spin-Orbit Coupling and Electronic Correlations in Sr2RuO4, Phys. Rev. 
Lett. 120, 126401 (2017) 

24  S. Raghu, A. Kapitulnik, and S. A. Kivelson, Phys. Rev. Lett. 105, 136401 (2010). 
25  T. Scaffidi, J. C. Romers, and S. H. Simon, Pairing symmetry and dominant band in 

Sr2RuO4, Phys. Rev. B 89, 220510(R) (2014)  
26  M. D. Upward et al., Direct observation of the superconducting gap of Sr2RuO4, Phys. 

Rev. B 65, 220512 (2002) 
27  I. A. Firmo et al., Evidence from tunneling spectroscopy for a quasi-one-dimensional 

origin of superconductivity in Sr2RuO4, Phys. Rev. B, 88, 134521 (2013) 
28  Q-H. Wang and D-H. Lee, Quasiparticle scattering interference in high-temperature 

superconductors, Phys. Rev. B 67 020511 (2003) 
29  J.E. Hoffman et al., Imaging Quasiparticle Interference in Bi2Sr2CaCu2O8+δ, 

Science  297, 1148 (2002) 
30  T. Hanaguri et al., Quasiparticle interference and superconducting gap in 

Ca2−xNaxCuO2Cl2 ,Nat. Phys. 3, 865-871 (2007) 
31  M.P. Allan et al., Anisotropic Energy Gaps of Iron-Based Superconductivity from 

Intraband Quasiparticle Interference in LiFeAs, Science 336, 563 (2012) 
32  M. P. Allan et al., Imaging Cooper pairing of heavy fermions in CeCoIn5, Nat. Phys. 9, 

468-473 (2013) 
33  K. Fujita et al., Simultaneous Transitions in Cuprate Momentum-Space Topology and 

Electronic Symmetry Breaking, Science 344, 612 (2014) 
34  P.O. Sprau et al., Discovery of orbital-selective Cooper pairing in FeSe, Science 357, 

75 (2017) 
35   Yi Gao et al, Probing active/passive bands by quasiparticle interference in Sr2RuO4, 

Phys. Rev. B, 88, 094514 (2013) 



12 
 

 
36  A. Akbari and P. Thalmeier, Multiorbital and hybridization effects in the 

quasiparticle interference of the triplet superconductor Sr2RuO4, Phys. Rev. B 88, 
134519 (2013) 

37  P. Thalmeier and A. Akbari, Quasiparticle scattering image in hidden order phases 
and chiral superconductors, J. of Magnetism and Magnetic Mat. 400, 23-26 (2016) 

38  Igor Žutić and Igor Mazin, Phase-Sensitive Tests of the Pairing State Symmetry in 
 Sr2RuO4, Phys. Rev. Lett. 95, 217004 (2005) 
39  H. Taniguchi et al., Higher-Tc Superconducting Phase in Sr2RuO4 Induced by In-
 Plane Uniaxial Pressure, Journ. Phys. Soc. Jpn 84, 014707 (2015) 
40  H. Yaghuchi, T.  Akima, Z. Mao, Y. Maeno and T. Ishiguro Detailed study of the ac 
 susceptibility of Sr2RuO4 in oriented magnetic fields, Phys. Rev. B 66, 214514 (2002) 
41  Z.Q. Mao et al., In-Plane Anisotropy of Upper Critical Field inSr2RuO4, Phys. Rev. Lett. 
 84, 991–994 (2000) 
42  Y.S. Li et al., High precision heat capacity measurements on Sr2RuO4 under uniaxial 

pressure, arXiv 1906.07597 (18 June 2019) 



13 
 

Figure Captions 

Figure 1 Electronic structure of superconducting Sr2RuO4  

a. Topographic image of surface of Sr2RuO4 recorded at Vs = 100mV and Is = 100pA 

showing SrO plane and defects which are Sr vacancies. All experiments reported 

in this paper are carried out under equivalent topographic conditions. 

b. Model Fermi surface of Sr2RuO4 showing  (blue),  (red) and  (green) bands. 

c. Pedagogical model of a superconducting energy gap on -band with gap minima 

along (±1,0); (0, ±1). 

d. Pedagogical model of superconducting energy gaps on -bands with gap 

minima along (±1, ±1). 

 

Figure 2 Visualizing QPI from  bands and in the superconducting state 

a. Measured ( , ) at T=2.1 K and E=20meV in normal state. Arrows show the 

features resulting from quasiparticle scattering from  (blue) and  (red) band. 

b. Fermi surface showing  bands in red and blue respectively. Major scattering 

vectors as detected in experiments are overlaid. 

c. Spatially averaged superconducting tunneling spectrum showing the full energy 

gap Δ ≈ 350 μ  measured at T=90mK. 

d. Measured ( , ) at T=90mK and = 100μ , deep within the superconducting 

energy-gap revealing the highly distinct Bogoliubov quasiparticle interference 

pattern of Sr2RuO4. 

 

Figure 3 Pedagogical Bogoliubov Scattering Interference Model  

a. Gap magnitude on the Fermi surface for  band with gap minima along 

(±1, ±1). 

b. Regions of significant quasiparticle density → 0 for -bands when gapped as 

shown in a. Major scattering vectors are labeled as ; = 1,2,3,4,5 

c. Calculated ( , ) pattern from Eqn. 3 for  band from the model in a at =

100μ . Key scattering wavevectors are indicated by ; = 1,2,3,4,5. 
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Figure 4 Imaging Bogoliubov Scattering Interference of Sr2RuO4  

a. to d. Measured ( , ) images at T=90mK in superconducting state of Sr2RuO4 at 

E = 1meV, 300eV, 200eV and 100eV.   Red crosses denote Bragg peaks. 

Typically, the features at lowest |q| in experimental ( , ) represent long 

range disorder/drift in the real space rather than any specific low |q|  

scattering interference. Moreover, the overall signal intensity here is weak 

because: (a) the density of impurity atoms necessary to avoid suppression of Tc 

is very low and, (b) the low bias voltages and modulations required to visualize 

BQPI at these extremely low energy scales and with high energy resolution 

result in greatly increased averaging times per dI/dV spectrum. 

e. to h. Predicted ( , ) for -bands with minima along (±1, ±1) at E = 1meV, 

300eV, 200eV and 100eV. Red crosses denote RuO2 Bragg peaks. 

 

Figure 5 Predominant Δ ( ), Δ ( )  with Gap Minima/Nodes along (± , ± ) 

a. Predicted ( , ) for Δ ( ), Δ ( )  at E = 100eV with red (blue) circles 

denoting the features arising from scattering arising from -bands. 

b. Measured ( , ) pattern at E = 100eV with circles at similar locations as a. 

c. Measured ( , ) pattern at E = 100eV with circles at similar locations as a. 

The angular width of maxima at ; = 3,4 in this image indicate that minima in 

Δ ( ), Δ ( )  occur at less than approximately 0.05 radian from the (0,0) →

(±1, ±1)π/a k-space lines. 

d. Superconducting energy-gap Δ ( ) structure of Sr2RuO4 consistent with the 

( , ) data presented in Figs 4,5.   
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METHODS  

Momentum Resolved Superconducting Energy Gaps 

of Sr2RuO4 from Quasiparticle Interference Imaging 
Rahul Sharma, Stephen D. Edkins, Zhenyu Wang, Andrey Kostin, Chanchal Sow, Yoshiteru 

Maeno, Andrew P. Mackenzie, J.C. Séamus Davis and Vidya Madhavan 

 

I) Simulations of Bogoliubov Quasiparticle Interference for Sr2RuO4 

 In this section, we describe the multi-band Bogoliubov quasiparticle interference 

(BQPI) simulation techniques used to create pedagogical multiband Δ (k) models for 

discussion in the context of Sr2RuO4. Previous researchers have considered the quasi-1D 

α: β bands and the quasi -2D γ bands separately1,2,3,4,5,6 and we follow that in our treatment 

here. We start with a tight binding model. 

= − − 2 ( ) − 2 cos [S1a] 

= − − 2 − 2 cos( ) [S1b] 

= −2 sin( ) sin [S1c] 

=
1
2

+ − − + 4 [S1c] 

= + + − + 4 [S1d]

 

= − − 2 cos( ) + cos − 4 cos( ) cos [ 1 ]    

 

where we used parameters in units of t  (  , , ,  , , ) =  (1.0,0.1,0.1,0.55,0.2,0.7) 

and we take = 100  as used in Ref. 7. For clarity, we have treated -bands and -

band in two separate analyses. The Hamiltonian is given as ( ) = ∑ ψ ( ) ( )ψ( ).  

 For band model, we choose a basis ψ ( ) = , ,↑, , ,↑, , ,↓, , ,↓  which 

leads to the form 
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: ( ) =

⎝

⎜
⎛

ϵ ( ) 0 Δ ( ) 0
Δ∗ ( ) 0 −ϵ ( ) 0

0 ϵ ( ) 0 Δ ( )
0 Δ∗ ( ) 0 −ϵ ( )⎠

⎟
⎞

[ 2 ] 

For -band, we only have a single band which leads to 

( ) =
ϵ ( ) Δ ( )
Δ ( ) ϵ ( ) [ 2 ] 

We used Δ : = Δ ( ) −  to simulate a gap with minima along (±1, ±1) 

directions and Δ = Δ ( ) +  to simulate minima along (1,0); (0, ±1). This 

choice of directions of nodes is to compare with the existing models in the literature1,2,3,4,5,6. 

The nodes on the :  ands are proposed along  (±1, ±1) due to the observed 

incommensurate antiferromagnet fluctuations at (0.6π, 0.6π, 0)8. 

The unperturbed Green’s function is given as  ( , ϵ) = (ϵ + δ) − ( ) .  

 One may consider both intraband and interband scattering for  bands and write 

down the T-matrix for the  model as: 

: ( ) = σ ⊗ ( + σ ) −
2π

( , ω) [ 3 ] 

Where σ  denote the Pauli matrices. We take ( , ) = (1.0,1.0) in units of t. The T-

matrix for  model is given as: 

(ω) = ( σ ) −
2π

( , ω) [ 3 ] 

The scattering problem for a single impurity at the origin can be solved in first order Born 

approximation9,10 to calculate the change in density of states as: 

δ ( , ) = −
2π

( + , ω) (ω) ( , ω)   [ 4] 

 

 The resolution of the momentum-space grid used is critical in the numerical 

evaluation of δ ( , ). One needs to achieve δ ≪ π /  to be able to accurately capture 

the contribution of constant contours of energy (CCE) resulting from in-gap Bogoliubov 

quasiparticle states. For our calculations, we used a grid of 8000x8000 pixels for ∈

(π/ , −π/ ). We apply repeated zone scheme to our δ ( , ) image (Fig. S1a) to create a 
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bigger reciprocal space which results in q-space of ∈ (−2π/ , 2π/ ) (Fig. S1b). We then 

apply a structure factor ( ) = 2 1 + ( /2) 1 + /2  which reflects fourfold 

rotationally symmetric electronic structure11, whose high-q features cannot be detected by 

a finite size tip (Fig. S1c). Finally, we repeatedly apply 4x4 pixel averaging to reduce the 

resulting 16000x16000 pixels image to produce the final image (Fig. S1d).  

 

Fig. S2a-d and S2e-h show images generated using this scheme for -band and  

bands respectively, in superconducting state of Sr2RuO4. The clear differences in the shape 

of ( , ) can be observed. The ( , ) for the -band in Fig. S2 a-d has shape arising 

from the scattering within the underlying normal state quasi-circular -band which is in 

clear contrast to ( , ) for  bands in Fig. S2e-h arising from scattering within the 

quasi-square shaped  bands. The different shape and size of -band and  bands lead 

to strong scattering intensity at very different locations in q-space as can be seen from an 

overlay of the strong scattering features , = 1. .5 in the ( , ) from  bands in Fig. 

S2h onto ( , ) from -band in Fig. S2d. There is no observed strong intensity feature at 

any of , ,  and  in Fig. S2d, meaning that the -band BQPI is not detected by our 

measurements. Nevertheless, the ( , ) we simulate are in good agreement with 

previous theoretical calculations in Ref.1 Although in Ref. 1, all three bands were 

considered simultaneously, the features from  bands as shown in Fig. 5 of Ref. 1 are 

quite consistent with our simulations in Fig. S2 f-h. 

 

II) Preferential tunneling to the - and -bands of Sr2RuO4 
 In this section, we describe our analysis of quasiparticle interference data recorded 

at T=2.1K in a 256x256 grid of pixels from E=-20meV to E=+20meV with junction setup at 

V=20meV and I=40pA.  The integrated density of states at a given height of tip at setup bias 

and current, leads to the so called "setup effect"12,13 which strongly affects the QPI. To 

overcome the setup effect, we perform a per-pixel division of the measured ( , =

) map at each E by the current map I(r,E=eVs) measured at setup voltage Vs. The 

resulting setup corrected image shows vivid QPI as shown in Fig. S3a. We take Fourier 
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transform of these images to discover the scattering wavevectors. Fig. S3b shows such a 

representative layer at E=20meV. We identify the scattering wavevectors here which we 

used in our analysis as intraband scattering in -band (shown in red) and interband 

scattering in -band (shown in blue). The other q-peak denoted with an orange arrow is 

the interband beta scattering. The rest of the features in Fig. S3b either do not disperse or 

do not appear at all energies hence are not considered in the analysis. The arrows showing 

these experimentally observed wavevectors are placed on the Fermi surface in Fig. S3c. 

This enables us to extract k-vectors from q-vectors using following relations: 

= −
2

[S5 ] 

=
2

[S5 ] 

 

We extract the q-points for these wavevectors as shown in Fig. S2c at each energy layer, get 

the k-values using eq. S5 and fit a tight binding model as described   

  To compare our results with other experiments, in Fig. S2d we overlay the (kx,ky) 

points extracted from the E=0 layer in our normal-state QPI experiments on the ARPES 

Fermi surface14, showing a match to the  and -bands within the error bars; any 

contributions from the surface states15 due to termination of these bands does not alter this 

identification. Moreover, in the table below, we compare our results with quantum 

oscillation experiments16. For such comparison, it should be kept in mind that our analysis 

uses q-vectors which are observed with maximum intensity along [1,0] direction, while 

quantum oscillation provides quantities averaged over the whole Fermi Surface.    

 

Quantity Our Experiment Mackenzie et al.16 

,    = 0 (1/A) 0.30 ± 0.02 0.30 ± 0.0006 

,    = 0 (1/A) 0.55 ± 0.02 0.621 ± 0.008 

 

Table S1. Comparison of averaged  over whole FS calculated using tight binding fit to 

experimental data and averaged  measured in quantum oscillations experiments. 
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 In combination, these observations show that during our studies in which the 

Sr2RuO4 crystal was terminated by the SrO layer only (Fig. 1a), tunneling occurs 

preferentially to the a- and bands, and that these can be distinguished from each other in 

experimental data. We note that the extended features as seen in Fig. S3b are very different 

from the features deep within superconducting gap as shown in Fig. S5, where sharp spots 

are seen. 

 

III) Imaging Bogoliubov Quasiparticle Interference 

 To study the Bogoliubov quasiparticle interference (BQPI) in superconducting state, 

we use our SI-STM at T=90mK to record ( , ) = ( , = )/  at each pixel  for 

multiple energies  to generate a real space map of LDOS ( , ). The mixing chamber of 

dilution fridge is thermalized with the STM head using a custom built thermal short 

(electrically isolating) which has proved reliable for previous heavy-fermion17 and SJTM18 

studies. The Cernox thermometer is mounted on the sample stage itself, within about 2 mm 

of close the sample stud. These careful thermalization and thermometry steps ensure that 

the sample crystal is indeed measured at 90mK.  

 We operate in standard constant current mode and at each pixel , we adjust the 

height with a feedback loop to reach a constant current ,  at a setup voltage . 

Then we turn the feedback off and measure dI/dV spectrum using standard Lock-In 

techniques by applying a small bias modulation. Figure S4a shows the topography recorded 

simultaneously while recording the real space LDOS map ( , ) for each pixel. Two 

impurity atoms in our field of view are circle are highlighted by dashed red circles. Due to 

interplay of tip height and integration of density of states up to setup voltage, the well-

documented setup effect12 is unavoidable. In weakly dispersing system, like Sr2RuO4 close 

to Fermi surface, the setup voltage and current affects the BQPI patterns very significantly.  

There are multiple schemes to counter this setup effect19. We employ a setup-correction 

and divide our ( , ) data by the ,  to reveal Bogoliubov quasiparticle 

interference.. Figure S4b shows these setup-corrected ( , ) images using an absolute 

intensity scale, showing how the signal diminishes inside the energy gap. Figure S4c shows 



25 
 

measured ( , )/ ,  using a scale self-normalized for each image, making clearer 

the spatial variation of tunnel conductance at every energy.  

 Fig. S5 presents the Fourier transform of the setup corrected ( , ) images. We 

present both unsymmetrized and symmetrized images on a linear colorscale here without 

cutting off any intensity. The colorscale used for Fig. S5 is shown in Fig. S6b while Fig. S6a 

shows the colorscale used in all the other BQPI figures in SI and main text. Fig. S5c and S5g 

contain circles to guide the eye for the features  ∶  = 1,2, . .5 as defined in the main text. 

From Fig. S5a-d, it can be seen that the features  ∶  = 1,2, . .5 really do exist in the data. 

and are not resulting from symmetrization or tweaking intensity. Symmetrization and 

intensity cutoff for contrast adjustment is performed to enhance the clarity of already 

existing peaks in the BQPI data to produce Fig. 4a-d in the main text. 

 

IV) Angular distance of gap minima/nodes from ( , ) → (± , ± ) Lines 

The width of ( , ) features can be analyzed to put an upper limit on how far the 

deduced minima/nodes are from the k-space symmetry lines along (0,0) → (±1, ±1) / . 

In Fig. S7a we indicate the scattering along (±1, ±1) which we observe in our experiment 

as features  and . As can be seen, if there are minima/nodes on the Fermi surface, the 

scattering would be subtended by angle 2θ about the X-point. This angle can be estimated 

from the width  of the feature and the length of the scattering vector  as shown for  in 

Fig. S7a. In Fig. S7b we show the measured ( , 0) features  and , and in Fig. S7c (S7d) 

the zoomed versions of ( ). The angle subtended about the X-point is then determined 

by 2  =  ( / ), where  is the width of the feature as shown in Fig. S7c and S7d and 

 is the distance from the center of the q-space to the central pixel in the feature. As shown 

in Fig. S7c and S7d we find that 2 = 0.18 rad and 2 = 0.22 rad. Therefore, when 

considering angles about the lines (0,0) → (±1, ±1) /  but measured from the -point, 

these same minima/nodes on  bands subtend a maximum angle 2  of approximately 

0.1 radians. Thus, all eight gap minima/nodes have a maximum angular displacement  

measured about (0,0), of within approximately ±0.05 rad away from the (0,0) →

(±1, ±1) /  lines  
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V) Energy gap minima elsewhere in k-space. 
  In this section, we compare all features in our ( , ) data deep within the SC gap 

( = 100μ ) to the complete simulation for the energy-gaps  Δ ( ) and Δ ( ) shown in 

main-text Fig. 5d. In Fig. S8a we show an overlay of ( , 100 ) data on the simulation 

( , 100 ) for the energy-gaps as shown in Fig. 5c. The low-q area 0 < | , | < /2   

is not considered because (as typical in SISTM studies) these regions are dominated by long 

range disorder/scan-drift. Comparison (for the region  /2 < | , | < 3 /2 ) of the 

features in ( , 100 ) and in ( , 100 ) in the format shown in Fig. S8a yields very 

good visual agreement. This indicates that the structure of Δ ( ) and Δ ( ) shown in Fig. 

5d of the main text is sufficient to explain virtually all the observed features of the in-gap 

( , ) data, and no other deep gap minima elsewhere in k-space are required.  
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SI Figure Captions 

Fig. S1 Modeling the BQPI of Sr2RuO4 

a. Image calculated using Eqn. S4 for the pedagogical model as described in SI 

section I at E=100 eV. 

b. Image generated after applying repeated zone scheme to a. 

c. Image after applying a structure factor as described in SI section I. 

d. Final image generated by repeatedly applying 4 pixel averaging to get 125x125 

pixel image (as in the ( , )  measurements)  from 16000x16000 pixel image  

Fig. S2 BQPI simulations for  and  bands 

a.-d. Predicted ( , ) images generated as described in SI section I for -band 

for E = 1meV, 300eV, 200eV and 100eV. Red crosses denote Bragg peaks. 

e-h. Predicted ( , ) images generated as described in SI section I for -

bands for E = 1meV, 300eV, 200eV and 100eV. Red crosses denote Bragg 

peaks. 

Fig. S3 Analysis of Normal State of Sr2RuO4 

a. Vivid QPI oscillations as seen in setup corrected g(r,E=20meV) image at 

recorded at T=2.1K as described in SI section II. 

b. Fourier Transform of image in a. Arrows indicate the major scattering features. 

Red (Blue) arrow indicates intra (inter) beta (alpha) band scattering as shown in 

c. Orange arrow indicates inter-beta band scattering. 

c. Fermi Surface of Sr2RuO4 with major scattering vectors as identified in b. 

overlaid. 

d. The ,  points for beta (pink) and alpha (cyan) bands calculated using eq. 

S5 from the q-vectors identified from E=0 layer overlaid on ARPES Fermi 

Surface14. 
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Fig. S4 Real Space Bogoliubov Quasiparticle Interference 
a. The  topograph recorded at T=90mK simultaneously with the ( , ) =

/ ( , ) measurements. Red dashed circles denote the impurity atoms. 

b. The setup corrected ( , ) images. Spectroscopic setup conditions were 

I=40pA and V=1mV.  

c. The images presented in b. with a self-normalized color scale for each image 

 

Fig. S5 Real Space Bogoliubov Quasiparticle Interference 
a.-d. Unsymmetrized Fourier transform of setup corrected ( , ) with linear 

colorscale and no intensity cutoff. 

e.-h. Symmetrized Fourier transform of setup corrected ( , ) from a.-d. wiith 

linear colorscale and no intensity cutoff. 

 

Fig. S6 Colorscale for BQPI figures 
a. Colorscale employed for the BQPI figures presented in this manuscript except 

S5. 

b. Colorscale employed for BQPI figures in S5. 

 

Fig. S7 Angular Distance of  Gap Minima/Nodes from (0,0) →  (± , ± ) Lines 

a. Schematic of scattering in k-space which leads to scattering features  and  in 

BQPI. 

b. Experimental g(q,E) measured at 0 eV showing  and . 

c. Zoomed view of  showing w and d which were used to determine θ. 

d. Zoomed view of   showing w and d which were used to determine θ. 

Fig. S8 Detailed Comparison of experimental BQPI pattern and Simulation 

a. Overlay of the experimental g(q,E) measured at 100 eV and the simulation with 

a  order parameter. 
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