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1. Theoretical Model of (𝝅,𝝅) Orbital Order.  

Our minimal 2D square-lattice model Hamiltonian ℋ0(𝐤) includes only electronic 

states of dxz/dyz-orbitals on each lattice point. The assumed band structure is similar to 

the one used in Ref. 1 . We enlarge the unit cell to a two-ion basis allowing for the 

incorporation of a staggered, nematic orbital order (() orbital order) preserving the 

translational and global rotational symmetries as it can be seen in Fig. 1a. Defining the 

two-ion(sublattice), two-orbital basis as  

𝒄𝐤,𝜎 = (𝑐𝐴,𝑥𝑧,𝜎(𝐤), 𝑐𝐴,𝑦𝑧,𝜎(𝐤), 𝑐𝐵,𝑥𝑧,𝜎(𝐤), 𝑐𝐵,𝑦𝑧,𝜎(𝐤))
𝑇

, where 𝑐ν,μ(𝐤) annihilates an electron 

in orbital 𝑑μ on sublattice ν with momentum 𝒌 and spin 𝜎, we can write  

ℋ0(𝐤) =

(

 

𝜖3(𝐤) − 𝜇 𝜖4(𝐤) 𝜖1(𝐤) + 𝜖2(𝐤) 0

𝜖4(𝐤) 𝜖3(𝐤) − 𝜇 0 𝜖1(𝐤) − 𝜖2(𝐤)

𝜖1
∗(𝐤) + 𝜖2

∗(𝐤) 0 𝜖3(𝐤) − 𝜇 𝜖4(𝐤)

0 𝜖1
∗(𝐤) − 𝜖2

∗(𝐤) 𝜖4(𝐤) 𝜖3(𝐤) − 𝜇 )

 (S1) 

with 

𝜖1(𝐤) = −
1

2
(𝑡1 + 𝑡2)(1 + 𝑒

𝑖𝑘𝑥 + 𝑒−𝑖𝑘𝑦 + 𝑒𝑖(𝑘𝑥−𝑘𝑦)) (S2) 

𝜖2(𝐤) = −
1

2
(𝑡1 − 𝑡2)(1 − 𝑒

𝑖𝑘𝑥 − 𝑒−𝑖𝑘𝑦 + 𝑒𝑖(𝑘𝑥−𝑘𝑦)) (S3) 

𝜖3(𝐤) = −2𝑡3 (𝑐𝑜𝑠(𝑘𝑥) + 𝑐𝑜𝑠(𝑘𝑦)) (S4) 

𝜖4(𝐤) = −2𝑡4 (𝑐𝑜𝑠(𝑘𝑥) − 𝑐𝑜𝑠(𝑘𝑦)) (S5) 

We adopt the hopping parameters {𝑡1, 𝑡2, 𝑡3, 𝑡4} = {−1.0, 1.3, −0.85,−0.85} from Ref. 1 

and set the chemical potential μ = 2.25|𝑡1| in all computations. In this basis, the () 

orbital order can formally be written as 

ℋ𝑜𝑜(𝒌)  = Δ𝑜𝑜 𝒄𝐤,𝜎
†  s3σ3 𝒄𝐤,𝜎 (S6) 

 

where 𝑠𝑖  and σ𝑖  ( i = 1,2,3 ) are the Pauli matrices in sublattice and orbital space, 

respectively, and Δ𝑜𝑜 = 0.25|𝑡1| is the orbital order parameter. Note that because of the 

𝑠3 in (S6), exchanging the sign of Δ𝑜𝑜 amounts to interchanging the sublattices. 



To include superconductivity of 𝑑𝑥2−𝑦2 -symmetry in a multi-orbital setting, we 

follow the work performed by Graser et al. in Ref. 1, where the real space pairings arising 

from spin-fluctuations in the basis of the two relevant orbitals are computed. In the 

single-ion unit cell picture, the largest pairing amplitudes are the two nearest-neighbor 

(NN) bonds along the y-axis (x-axis) for the 𝑑xz-orbital (𝑑yz-orbital) as well as all four 

NNN bonds in both orbitals. Interorbital pairings are negligible. Rewriting these six 

pairing terms of each orbital channel in momentum space and setting these identical on 

the sublattices yields 

Δd(𝐤) = −Δ1 ((𝑒
𝑖𝑘𝑥 + 𝑒−𝑖𝑘𝑦)𝑐𝐴,𝑥𝑧,↑

† (𝐤)𝑐𝐵,𝑥𝑧,↓
† (−𝐤) + (𝑒−𝑖𝑘𝑥 + 𝑒𝑖𝑘𝑦)𝑐𝐵,𝑥𝑧,↑

† (𝐤)𝑐𝐴,𝑥𝑧,↓
† (−𝐤)

− (1 + 𝑒𝑖(𝑘𝑥−𝑘𝑦))𝑐𝐴,𝑦𝑧,↑
† (𝐤)𝑐𝐵,𝑦𝑧,↓

† (−𝐤)

− (1 + 𝑒−𝑖(𝑘𝑥−𝑘𝑦))𝑐𝐵,𝑦𝑧,↑
† (𝐤)𝑐𝐴,𝑦𝑧,↓

† (−𝐤))

− 2Δ2 (𝑐𝑜𝑠(𝑘𝑥)

+ 𝑐𝑜𝑠(𝑘𝑦)) ∑ (𝑐ν,𝑥𝑧,↑
† (𝐤)𝑐ν,𝑥𝑧,↓

† (−𝐤) − 𝑐ν,𝑦𝑧,↑
† (𝐤)𝑐ν,𝑦𝑧,↓

† (−𝐤))

ν=𝐴,𝐵

 

(S7) 

where  {Δ1 , Δ2} = {0.025, 0.02}   is the pairing amplitude between first and second 

neighbors, respectively, and the spin-singlet structure is implicit. In this model, Δoo~3Δd, 

is estimated from the experimental fact that orbital order on the surface of CeCoIn5 exists 

even at 6 K while the superconducting temperature of CeCoIn5 is 2.3K. We also calculate 

the anisotropy for Δoo  =  0.1 |𝑡1| ~Δd (Fig. S8). The results are qualitatively identical to 

the results shown in Fig. S4 for Δoo  =  0.25 |𝑡1|. 

Defining the Nambu spinor as  

𝜓𝐤 = (𝒄𝐤,↑, 𝒄
†
−𝐤,↓)

= (𝑐𝐴,𝑥𝑧,↑(𝐤), 𝑐𝐴,𝑦𝑧,↑(𝐤), 𝑐𝐵,𝑥𝑧,↑(𝒌), 𝑐𝐵,𝑦𝑧,↑(𝐤), 𝑐𝐴,𝑥𝑧,↓
† (−𝐤), 𝑐𝐴,𝑦𝑧,↓

† (−𝐤), 𝑐𝐵,𝑥𝑧,↓
† (−𝐤), 𝑐𝐵,𝑦𝑧,↓

† (−𝐤))
𝑇

 

(S8) 

and neglecting the spin degree of freedom, we can write the full Hamiltonian as 

 

𝐻 =∑𝜓𝐤
† (
ℋ0(𝐤) +ℋ𝑜𝑜(𝐤) Δd(𝐤)

Δd
†(𝐤) − ℋ0

∗(−𝐤) − ℋ𝑜𝑜
∗ (−𝐤)

)𝜓𝐤
𝐤

(S9) 

This minimal model Hamiltonian only includes the key ingredients of the orbital order, 

Co dxz/dyz orbits.  



In this work, we only consider the simplest model Hamiltonian including 

staggered orbital order and it is not identical to the real Fermi surface of CeCoIn5. We do 

not discuss a more complete model including both Ce and In atoms and the 

superconductivity originating from Ce atoms, since such issues are both beyond the scope 

of our current work and not relevant to its conclusions. Nevertheless, as shown in Fig. S7, 

the overall pattern of the real part of BQPI is still present in a good agreement between 

the calculation and the experiment except some inconsistencies in the exact period of the 

Friedel oscillations. This implies that our model indeed captures the key ingredients of 

symmetry-breaking QPI induced by the orbital order. 

2. Quasiparticle Interference Simulation of Two Sublattice Scatterings  

The local density of states (LDOS) is computed using a T-matrix approximation as 

𝑁(𝐑, 𝛾, 𝐸) = −
1

𝜋
Im(𝐺𝑅(𝟎, 𝐸) + 𝐺𝑅(𝐑, 𝐸)𝑇(𝟎, 𝐸)𝐺𝑅(−𝐑, 𝐸))

𝛾𝛾
(S10) 

where 𝑹 is the real-space position of the two-ion unit cell, 𝛾 ∈  { 𝜈 =  𝐴, 𝐵 ;  𝜇 =  𝑥𝑧, 𝑦𝑧 }, 

the T-matrix is given by 𝑇(𝟎, E) = [1 − 𝐻imp(𝟎)𝐺
𝐑(𝟎, E)]

−1
𝐻imp(𝟎) with  

𝐻imp(𝟎) = 𝑉imp ψ𝟎
† τ3

1

2
(𝑠0 ± 𝑠3)σ0 ψ𝟎 = 𝑉𝑖𝑚𝑝∑𝜓𝐤

†

𝐤,𝐤′

 τ3
1

2
(𝑠0 ± 𝑠3)σ0 𝜓𝐤′ (S11) 

where τ𝑖  ( i = 1,2,3 ) are the Pauli matrices in Nambu space,  𝑠0  and σ0  are identity 

matrices in sublattice and orbital space, respectively, and the sign refers to the impurity 

position at sublattice 𝒂 (+)  or 𝒃 (−) , and 𝐺𝑅(𝐑, E) = 𝒢0(𝐑, 𝑖ω𝑛 → E+ 𝑖η) =

∑ 𝑒𝑖𝒌𝐑𝒢0(𝐤, 𝑖ω𝑛)𝐤 . We set 𝑉imp = 10|𝑡1|  and η =  0.001|𝑡1|  in all simulations. The 

sublattice site resolved local density of state (LDOS), 𝑁(�̃�, 𝑬), is uniquely mapped from 

the set {𝐑, ν}. 

To improve the direct comparison to experiment we implement two modifications 

to the calculated LDOS. First, we take into account that the tunnelling process to the STM 

tip is in the exponential limit, i.e. the STM tip is several Å above the surface and the 

tunnelling conductance is proportional to the local density of states at that position. For 

our model, we use extended, atomic-like orbitals to calculate the local density of states2,3  

𝑁(𝐫, 𝐸) =∑𝑁(�̃�, 𝜇, 𝐸)|𝑤�̃�,𝜇(𝐫)|
2

�̃�,𝜇

(S12) 

where 𝑤�̃�,xz(yz)(𝐫) =
𝑥𝑧(𝑦𝑧)

𝑟
𝑒−α𝑟  are hydrogen-like 𝑑𝑥𝑧(𝑦𝑧)  orbitals and 𝜇 =  𝑥𝑧, 𝑦𝑧 . Note 

that we perform the �̃�-summation over a 5x5 grid and this approximation neglects off-



diagonal and non-local contributions of the lattice Green function which are expected to 

be small2. The vector 𝐫 = (𝐱, 𝐲, 𝐳) is defined on this 5x5 grid for each atomic site and we 

use the parameters {z, α} = {1.05𝑎0, 1/𝑎0} . Second, to account for the finite energy 

resolution in experimental data, we introduce a Gaussian energy convolution 

𝑁(𝒓, 𝐸) =∑𝑁(𝒓, 𝐸′)𝑓(𝐸 − 𝐸′, 𝜎)

𝐸′

(S13) 

with 𝑓(𝐸 − 𝐸′, σ) =
1

σ√2π
𝑒
−
1

2
(
𝐸′−𝐸

σ
)
2

. σ =   Δ/12 corresponds to the experimental energy 

resolution  ~100meV. Fig. S1 gives the direct comparison between calculated LDOS 𝑁(𝐸) 

and measured density of state 𝑔(𝐸) far from the impurities and at the impurity/defect 

site to reveal that our choice of model parameters allows to describe the spectral 

properties of the impurities in the experiment. In Fig. S2 we present the anisotropy in 

real space (see main text) as calculated in the superconducting state showing that the 

anisotropy at zero energy (E=0) is much larger than at a finite energy above the 

superconducting gap. In contrast, Fig. S3 shows the corresponding result as obtained 

without superconducting order (normal state) where the anisotropy is very small for 

both E = 0 and at finite energy. As a consequence, the orbital order would be difficult to 

detect in this local probe. The same conclusions can be read off from Fig. S4 where the 

anisotropy is plotted as function of energy with and without superconducting order.  

We point out that the authors of Ref. [4] report a similar symmetry-breaking QPI 

caused by the nematicity in the FeSeTe system. Their observation is distinct from our result 

in two aspects. First, the global QPI analysis they perform discovers  the order that breaks 

overall crystal lattice symmetry but should not yield anti-ferro-orbital order which 

perserves the global C4 symmetry as in CeCoIn5. Second, the nematicity they discover is 

only observed in the non-superconductive state at high energy beyond the coherence peak. 

This is also distinct from our present picture where the anisotropy from orbital order is 

significantly enhanced within the superconductive quasiparticles below the 

superconducting gap. 

 
3. Multi-atom Technique 

The multi-atom technique5 is overlapping and averaging the same type of defects 

to suppress the random noise and highlight the common features of the defects. we first 

identify the coordinates 𝐑𝒊 of the centers of the defects from the topography. The defects 



are chosen in the topography by eye selecting only those of the same type as in Fig. 3 and 

4, since they are well allocated at sublattice site a/b. Then, the selected defects at 

sublattice a/b are distinguished by the surrounding scattering pattern in 𝑔(𝐪, 𝐸 = 0) 

map.  

Here we choose one defect as example. The chosen defects are marked by a red 

circle in Fig. 5a,e (topography) and 5b,f (𝑔(𝐪, 𝐸 = 0)). The exact coordinate 𝐑𝒊 = (𝑥𝑖, 𝑦𝑖) 

for the center of the defect is figured out by calculating the center of mass of with intensity 

as the weights in the subsidence region around the impurity as seen in the topography. 

The shift operation is done in the q-space on Fourier transformed map 𝑇(𝐪)  and 

𝑔(𝐪, 𝐸) by 

𝑇𝑖
𝑆(𝐪) = 𝑒𝑖𝐪⋅𝐑𝐢𝑇(𝐪) (S14)

𝑔𝑖
𝑆(𝐪, 𝐸) = 𝑒𝑖𝐪⋅𝐑𝐢𝑔(𝐪, 𝐸) (S15)

 

This step executes a shift with periodic boundary conditions. After the inverse Fourier 

transformation, the shifted data are shown in Fig. S6b,f. The defect is shifted to the center 

of the map. Finally, we overlap and average the shifted 𝑔𝑖
𝑆(𝐫, 𝐸) of all defects and get MA-

averaged image 𝑔𝑀𝐴(𝐫, 𝐸). 

𝑇𝑀𝐴(𝐫) =
∑ 𝑇𝑖

𝑆(𝐫)𝑵
𝒊=𝟏

𝑁
(S16)

𝑔𝑀𝐴(𝐫, 𝐸) =∑𝑔𝑖
𝑆(𝐫, 𝐸)

𝑵

𝒊=𝟏

/𝑁 (S17)

 

𝑇𝑀𝐴(𝐫) and 𝑔𝑀𝐴(𝐫, 𝐸) at sublattice a(b) are shown in Fig. S6c,g(d,h). 

 

4. Identification of Termination Surface 

As reported by Ref. [6], three different cleaved surfaces can be found in CeCoIn5: 

Co surface, CeIn surface and In2 surface. We first rule out the In2 surface because this 

surface is reconstructed. Both Co surface and CeIn surface show the same lattice constant 

~4.6Å. Here, we identify our measured surface as Co surface by two observations. 

First, Fig. S8 shows the measured scanning tunneling spectrum on our sample 

surface. The spectrum presents a dip at ~5meV corresponding to the heavy-fermion 

hybridization gap. This spectrum is exactly the same as the spectrum measured on Co 

surface in Ref. [7], except that our energy resolution is better. However, the spectrum of 

the CeIn surface in Ref. [7] displays that the density of states at -30meV is larger than that 

at 30meV, different from what we observed. 



Second, since the orbital order breaks the equivalence of Co sites in sublattice a 

and b, two degenerate states should appear on the surface. At the interface of these two 

degenerate states, domain boundaries should form. Ref. [7] reports that the domain 

boundaries only appear on Co surface, implying that the orbital order occurs only on Co 

surface. We also observe many domain boundaries on our measured surface (Fig. S9), 

indicating our cleaved surface is Co-terminated.  

Furthermore, Fig. S10 shows two nearby domains with several defects close to the 

domain boundary.  In the 𝑔(𝐫, 𝐸 = 0) map (Fig. S10c) in the same field of view in Fig. S10a, 

we choose the same type of defects as in Figs. 3 and 5 (of the main text), which apparently 

break the local C4 symmetry in the superconducting state at E=0, two in the left domain 

(domain 1) and one in the right domain (domain 2). According to their local anisotropy, 

we can distinguish at which sublattice sites these defects are located, and extract the 

sublattice a/b site order in each domain (red and blue dot in Fig. S10d). On the other hand, 

in Fig. S10b, the arrangement of Co atoms near the domain boundary can be directly 

visualized after we adjusted the colormap limits. Finally, in Fig. S10d, we draw a 

schematic diagram of sublattice a/b orders near the domain boundary, combining both 

the arrangement of the atoms shown in Fig. S10b and the sublattice a/b site order in each 

domain extracted by Fig.S10c. It clearly shows that the sublattice a/b site order in the 

two domains are opposite. This confirms that the domain boundary indeed forms at the 

interface of two degenerate orbital order states.  

  



 

 
Figure S1. Simulated and measured spectra on the surface of CeCoIn5 

a,b  Homogeneous spectra showing the V-shape signature of a 𝑑𝑥2−𝑦2 superconducting 

gap obtained from the simulation of our model with Vimp = 0.0 (a) and measurement (b) 

at a site far from any impurities.  

c,d  Simulated (c) and measured (d) spectra obtained at the impurity site positioned at 

either sublattice a or b.  



  
Figure S2. Local anisotropy obtained from the theoretical model 

a,b The local anisotropy 𝐴(𝐫,  𝐸) with the impurity atom at sublattice a (a) and sublattice 

b (b) at the energy well above the superconducting gap 𝐸 > |Δ|. The local anisotropy 

𝐴(𝐫,  𝐸) is no more than 2%.  

c,d The local anisotropy 𝐴(𝐫,  𝐸) with the impurity atom at sublattice a (c) and sublattice 

b (d) at the energy well below the superconducting gap 𝐸 < |Δ|. Identical to Fig. 2c,f. The 

local anisotropy 𝐴(𝐫,  𝐸) approaches 20%. 

  



  
Figure S3. Local anisotropy obtained from the theoretical model in the normal 

state.  

a,b The local anisotropy 𝐴(𝐫,  𝐸) in the normal state with the impurity atom at sublattice 

a (a) and sublattice b (b) at 𝐸 > |Δ| . Simulations computed by setting {Δ1 , Δ2} =

{0.0,  0.0}.  

c,d The local anisotropy 𝐴(𝐫,  𝐸) in the normal state with the impurity atom at sublattice 

a (c) and sublattice b (d) at 𝐸 = 0. Simulations computed by setting {Δ1 , Δ2} = {0.0,  0.0}. 

The local anisotropy 𝐴(𝐫,  𝐸) is less than 2% at both energies, similar to the simulation of 

the superconducting state at 𝐸 > |Δ| (Fig. S2 a,b).  



  
Figure S4. Local anisotropy as a function of energy along high symmetry directions 

(1,0) and (0,1) with the parameters described in section 1.  

a,b   Local anisotropy 𝐴(𝐫,  𝐸) at two sites away from the impurity along (1,0) (red curve) 

and (0,1) (black curve) with the impurity positioned at sublattice a (a) and sublattice b 

(b). Green (blue) curve is the local anisotropy 𝐴(𝐫,  𝐸) of the model in the normal state 

along (1,0) ((0,1)) obtained by setting {Δ1 , Δ2} = {0.0,  0.0}. Black dashed lines indicate 

the energy of superconducting gap Δ. 

  



 

Figure S5. Local anisotropy around the same defect in superconducting state and 

in normal state 

a,b,c   Local anisotropy 𝐴(𝐫,  𝐸) around the defect at sublattice a at E=-0.55 meV(a), 

E=0(b) and E=0.55meV(c)  at T=280mK well below the superconducting temperature 

𝑇𝑐 = 2.3𝐾. 



d,e,f    Local anisotropy 𝐴(𝐫,  𝐸) around the same defect in a,b,c at E=-0.5 meV(a), E=0(b) 

and E=0.5meV(c)  at T=4.2K well above the superconducting temperature 𝑇𝑐 = 2.3𝐾. 

 

 

  



 



Figure S6. Multi Atom Analysis of Experimental Data in large FOV 

a,e   CeCoIn5 topography (a) and 𝑔(𝐫, 𝐸 = 0)(e) with a defect (shown by red circle) not at 

the center of the FOV. 

b,f   Inverse Fourier transform after applying shift theorem (Eqn. S14,S15) to the Fourier 

transform of a(b) and e(f) with the defect position marked by the red circle. The defect is 

shifted to the center of the FOV with periodic boundary conditions. 

c,g   The MA-averaged topography (c) and 𝑔(𝐫, 𝐸 = 0)(g) of the defects at sublattice a 

d,h  The MA-averaged topography (d) and 𝑔(𝐫, 𝐸 = 0)(h) of the defects at sublattice b 

 

  



 
Figure S7. Fourier transformed BQPI N(q,E) at 𝑬 = 𝟎  

a   Fourier transformation of the theoretical BQPI pattern 𝑁(𝐪, 𝐸) with the impurity atom 

at sublattice a at 𝐸 = 0. The r-space center of the transformation is set at the impurity 

site.  

b   Real parts of Fourier transformed MA-averaged differential conductance map 

𝑅𝑒(𝑔′(𝐪, 𝐸)) at 𝐸~0 around the defects at sublattice a. Identical to Fig. 5e included here 

for comparison. 

 

 

  



 
Figure S8. Local anisotropy as a function of energy along high symmetry directions 

(1,0) and (0,1) with 𝚫𝒐𝒐 = 𝟎. 𝟏|𝒕𝟏| 

a,b   Local anisotropy 𝐴(𝐫,  𝐸) at two sites away from the impurity along (1,0) (red curve) 

and (0,1) (black curve) with the impurity positioned at sublattice a (a) and sublattice b 

(b). Green (blue) curve is the local anisotropy 𝐴(𝐫,  𝐸) of the model in the normal state 

along (1,0) ((0,1)) obtained by setting {Δ1 , Δ2} = {0.0,  0.0}. Black dashed lines indicate 

the energy of superconducting gap Δ. 

 

  



 
Figure S9. Determining cleaved surface 

a   Typical measured tunneling spectrum on cleaved surface.  

b,c,d   CeCoIn5 topography with domain boundaries (marked by red arrows). 

  



 

Figure S10. Orbital order domains near the domain boundary 

a   CeCoIn5 topography with two domains near a domain boundary. 

b  The same topography in a with adjusted colormap limit to show the atom sites.  

c  CeCoIn5 𝑔(𝐫, 𝐸 = 0) in the same field of view in a. 

d The schematic diagram of the arrangement of atoms with orbital order marked by red 

dots (a site) and blue dots (b site), according to b,c. The atoms at the domain boundary 

are marked by gray dots. The hollow circles show the position of the defects, 

corresponding to the defects marked in a,b,c by blue (a site)  or red circles (b site).  
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