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CeBi is predicted to be a tunable Weyl semimetal, in which the existence, energy, and momentum
of Weyl points can be controlled by applying a magnetic field to change its spin ordering phase. In
the fully-polarized phase with sufficient band spitting, two sets of Weyl points are predicted along
the magnetic field axis. Here we use scanning tunneling microscopy and spectroscopy to directly
measure the band splitting and surface states. By comparing quasiparticle interference maps of
CeBi at B = 0 T and B = 9 T, we discover that the outer Bi 6p band is split by ∼ 200 meV on the
(001) surface in the fully-polarized phase, which is sufficient to overcome the hybridization gap and
give rise to the predicted Weyl state. Additionally, we observe three sets of surface states whose
consistency with our slab calculation in fully-polarized CeBi further supports our full theoretical
picture of a Weyl state. Our findings confirm the possibility of driving CeBi between different
topological phases with a magnetic field.

I. INTRODUCTION

1 [Intro to magnetic Weyl semimetal] A Weyl
semimetal arises when a bulk Dirac cone is split into two
Weyl cones of opposite chirality by breaking either in-
version or time-reversal symmetry (TRS) [1]. The bulk
Weyl nodes are connected by surface Fermi arcs that
give rise to extraordinary properties including the chiral
anomaly [2], negative magnetoresistance [2, 3], anoma-
lous Hall effect [4, 5], and anomalous Nernst effect [6, 7].
Those properties, together with the high electron mobil-
ity, make Weyl semimetals promising for applications in
spintronics and ultra fast optoelectronics [8, 9]. Mag-
netism offers an extra knob to tune the presence and
separation of the Weyl nodes, and the resulting elec-
tronic properties [10]. Magnetic Weyl semimetals have
been realized in antiferromagnetic GdPtBi [4] and Mn3Sn
[11] as well as ferromagnetic Co3Sn2S2 [12, 13] and
Co2MnGa [14]. The possibility of manipulating the Weyl
nodes with external magnetic field in Weyl semimetals
have been tested by many transport studies [6, 11, 15–
17]. Recent angle-resolved photoemission spectroscopy
(ARPES) studies [18, 19] have shown that temperature
can be used to induce a topological phase transition in
Co3Sn2S2 between its paramagnetic phase with no Weyl
node and ferromagnetic phase with two pairs of Weyl
nodes, which makes it a temperature tuned magnetic
Weyl semimetal. However, there still lacks spectroscopic
studies on the magnetic field control of a tunable mag-
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netic Weyl semimetal.

2 [Intro to CeBi] CeBi possesses the two key ingre-
dients of a tunable magnetic Weyl semimetal: nontriv-
ial band topology and a rich magnetic phase diagram
that enables tuning between different topological states.
First, nontrivial Z2 band topology arises when the Ce 5d
and Bi 6p bands are inverted by strong spin-orbit cou-
pling. This band inversion has been predicted by density
functional theory (DFT) [20] and verified by ARPES [21–
24]. Second, the rich magnetic phase diagram of CeBi,
shown in Fig. 1(a), has been cataloged by magnetiza-
tion, transport, and thermal measurements [25–27]. As
an applied magnetic field tunes CeBi from the antifer-
romagnetic (++−−) to ferrimagnetic (+++−) to fully
polarized (++++) states, the inverted Ce 5d and Bi 6p
bands are predicted by DFT to split and cross again,
giving rise to several evolving Weyl nodes [28, 29]. In
the intermediate (+++−) phase of CeBi, band splitting
of ∼ 100 meV was verified by quasiparticles interference
(QPI) imaging [29], supporting the existence of multiple
Weyl nodes, however band folding complicates their visu-
alization. The high-field (++++) state offers a simpler
structure with four predicted Weyl nodes whose separa-
tion may be determined by the band splitting, and tuned
by externally applied magnetic field. However, the band
structure and splitting in the high-field (++++) state of
CeBi has not been experimentally explored.

3 [Here we show 200 meV splitting...] Here we use
scanning tunneling microscopy (STM) and quasiparticle
interference (QPI) imaging to quantify the band struc-
ture and splitting in the fully-polarized phase of CeBi.
Our DFT calculation shows that in the (++++) state,
when the combined band splitting of the outer Bi 6p band
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FIG. 1. (a) Magnetic phase diagram of bulk CeBi measured
by magneto-transport [27]. (b-d) Crystal structures of (b)
fully polarized (++++) CeBi in the (001) orientation, and
(++−−) phase in the (c) (001) and (d) (010) orientations.
(e-g) STM topographies of CeBi correspond to the magnetic
states and orientations of (b-d). Setup conditions: (e) Sample
bias Vs = 200 mV, current setpoint Is = 2 nA with an external
magnetic field Bz = 9 T; (f) Vs = 400 mV, Is = 200 pA, B = 0
T; (g) Vs = 400 mV, Is = 200 pA, B = 0 T.

and Ce 5d band along the kz direction is larger than the
hybridization gap size of 50 meV, there will be two pairs
of Weyl nodes. We performed QPI measurements in the
(++−−) phase at 0 T and in the (++++) state at 9
T along the z direction, discovering that the inner to
outer Bi 6p scattering vector splits ∼ 150 meV and the
outer Bi 6p band splits ∼ 200 meV at 9 T along the kx
direction. This large band splitting suggests that both
the inner Bi 6p and outer Bi 6p bands are split by the
internal magnetism and the splitting of the outer Bi 6p
band along the kz should be large enough to overcome
the hybridization gap. In addition, we observe three sets
of trivial surface states in the QPI taken in the (++++)
state, matching the prediction from our surface slab cal-
culation. Our discovery supports that Weyl nodes exist
in the fully polarized CeBi.

II. METHODS

A. DFT

The bulk band structure of CeBi was calculated using
the generalized-gradient approximation (GGA) as imple-
mented in the all-electron code WIEN2K [30], with the
augmented-plane-wave + local-orbitals (APW+lo) basis
set. In the paramagnetic phase we treated the Ce 4f
orbitals as core electrons. The Hubbard Coulomb inter-
action on Ce 4f electrons was incorporated to ensure a
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FIG. 2. (a) DFT computation of band structure along high
symmetry points in the PM phase of CeBi. The outer Bi 6p
band inverts with the Ce 5d band along the Γ−X directions,
which sets the nontrivial band topology in the PM phase. (b)
Zoomed in plot of the band structure around the band cross-
ing in the PM phase shows a hybridization gap of ∼ 50 meV
along the Γ−X direction. (c) The Brillouin zone (BZ) of the
CeBi rock-salt structure is a truncated octahedron with six
square faces and eight hexagonal faces. The surface-projected
BZ is square, with bulk Γ and Z points projected onto Γ, two
orthogonally-oriented bulk X points projected onto M, and
the hexagonal-face-centered L point projected onto X. In
the fully-polarized phase of CeBi, achieved by applying an
external magnetic field along the z direction, four predicted
Weyl nodes are shown as green and pink points, representing
sinks and sources of Berry curvature, respectively. (d-e) DFT
computation of band structure in the fully-polarized phase of
CeBi, along (d) kz and (e) kx directions, with all the Ce mo-
ments aligned along the z direction. Along the kz direction,
two pairs of Weyl nodes are created by the splitting of the
outer Bi 6p and Ce 5d bands. In contrast, along the kx direc-
tion the band splitting is smaller and there are no predicted
Weyl nodes. Note that the apparent band crossings in (e)
are not Weyl crossings, as indicated by our Berry curvature
calculations in Fig. 6.

fully localized Ce 4f state, which also gives a total mag-
netic moment of 2µB/Ce, consistent with earlier studies
on cerium monopnictides [27, 31, 32]. The surface elec-
tronic structure was calculated using both the direct di-
agonalization and the iterative Green’s function method
[28, 33].

B. Experiment

Single crystals of CeBi were grown by the self-flux
method [27]. Samples were cleaved in cryogenic ultra



3

5 nm 5 nm
dI/dV [pS] Span: 120 pS Span: 1872 pS 

dI/dV [a.u.] low high

x

y

x

y

inner p to inner p
inner p to outer p

(a) B = 0 T (b)

�

Bz = 9 T

(c) (d)

��

250 mV 250 mV

FIG. 3. (a) dI/dV map at sample bias −250 mV in the
(++−−) phase shows the real space QPI patterns as ripples
around the impurity. Setpoints: Vs = −250 mV, Is = 900
pA, bias modulation Vrms = 8.5 mV. (b) dI/dV map at −250
mV in the (++++) state. Setpoints: Vs = 200 mV, Is = 2
nA, Vrms = 7.1 mV. (c) Fourier transform (FT) of the dI/dV
map in (a) contains the scattering vector information in the
QPI. The inset shows the DFT computed constant energy
band contours of CeBi on the kz = 0 plane in the PM phase,
with double head arrows representing possible scattering vec-
tors between the two hole-like Bi 6p bands. (d) FT of the
dI/dV map in (b) shows the QPI scattering vectors in the
(++++) state. By comparing FT patterns with the DFT
computed constant energy band contours and band disper-
sions measured by ARPES, we identify the intra-band scat-
tering vector of the inner p (yellow) and the inner to outer
p scattering vector (orange) in our QPI results. A Gaussian
mask with width of 0.4 nm has been applied to the impuri-
ties in (a) and (b) to reduce the effect of the impurity form
factor in the FT. The FT patterns in (c) and (d) have been 4-
fold symmetrized to enhance the signal to noise. The colored
dash lines overlaid in (c) and (d) are schematic drawings to
highlight the identity and location of each scattering vector.

high vacuum and immediately inserted into STM head.
All STM measurements were performed at T = 4.6 K.
QPI imaging was performed in the (x, y) and (x, z) planes
of the antiferromagnetic (++−−) phase at B = 0 T, and
in the (x, y) plane of the fully-polarized (++++) state
with B = 9 T applied along the z direction.

III. DFT RESULTS

4 [DFT shows there is a band inversion between
the Bi 6p and Ce 5d bands in the PM phase.

In the (++++) state, band splitting creates two
pairs of Weyl nodes along the kz direction]

In the PM phase, our DFT calculation shows that the
band inversion between the Ce 5d and Bi 6p bands along
the Γ − X direction sets the nontrivial band topology of
CeBi [Fig. 2(b)]. At the band crossing point, the hy-
bridization between the two bands opens a gap of ∼ 50
meV [Fig. 2(c)] and thus there is no Weyl node in the PM
phase. This gap has been confirmed by ARPES results in
the same phase [22, 24]. In the (++++) state, all the Ce
moments are set along the z direction. The Ce 5d and Bi
6p bands are predicted to split by ∼ 100 meV along the
kz direction around the band crossing point [Fig. 2(e)].
Our DFT shows there are two band crossing points that
are not gapped out by the hybridization due to the op-
posite eigenvalues of the symmetry operator σxyT , where
σxy is the mirror operator of the xy plane and T is the
time reversal operator [34, 35]. Berry curvature calcula-
tion further confirms that these are indeed Weyl nodes
[Fig. 6(c)].
5 [In the (++++) state, a large band splitting
(∆p > 50 meV) is required for the Weyl nodes to
exist]

When the external magnetic field is set along the z di-
rection, the band splitting size is larger along the kz di-
rection compared to perpendicular directions, as shown
in Fig. 2(e-f). According to our DFT calculation, when
the combined splitting of the outer Bi 6p band and Ce 5d
band is larger than the hybridization gap of 50 meV, the
symmetry protected band crossings form Weyl nodes. If
the combined band splitting is too small, the hybridiza-
tion of the bands with the same σxyT eigenvalues would
prevent the two bands that form Weyl nodes from touch-
ing each other. Therefore, it is important to quantify
the band splitting experimentally to determine the band
topology of CeBi in the (++++) state.

IV. QPI RESULTS

6 [Introduction to QPI]
To study the band structure of CeBi, we took dI/dV

maps at different sample bias around natural defects,
which measures the local density of states map at dif-
ferent enrgy [Fig. 3(a-b)]. QPI standing waves appear as
ripples around impurities in the dI/dV maps, which is
the result of electron waves being scattered by the im-
purity potential. The Fourier transform (FT) of those
dI/dV maps contains the scattering vector (momentum
transfer) information of the QPI [Fig. 3(c-d)], which re-
flects the original band structure of the material.
7 [Extract Bi 6p scattering vectors by comparing
QPI and DFT constant energy band contours]

To identify the scattering vectors in our dI/dV maps,
we compare the FT of the real space maps with the
DFT computed constant energy band contours. Here we
are using the DFT calculated band structure in the PM
phase to compare with our QPI results measured in the
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(++−−) phase because we did not observe any signs of
band folding in both the FT patterns of QPI [Fig. 3(c)]
and QPI dispersion [Fig. 4(a-b)]. We attribute the scat-
tering vector marked by the yellow dash line in Fig. 3(c)
to the intra-cone scattering of the inner p band (qii), as
that is the only band with a circular shape in DFT cal-
culated contours. There are two possible origins for the
scattering vector marked by the orange dash line: the in-
ner p to outer p scattering (qio) or the intra-cone scatter-
ing of the outer p band (qoo). By comparing the energy
dispersion of the orange scattering vector with the band
dispersion reported by previous ARPES study [23] along
the same direction [Fig. 7(a)], we conclude that it is the
qio scattering vector.

8 [Transition paragraph]

With the scattering vectors identified, we are able to
compare the band structure in the (++−−) and (++++)
states to search for evidences of magnetism induced band
splitting. Comparing Fig. 3(c-d), we notice that both the
qii and qio scattering vectors are splitting, which offers
the opportunity to quantify the band splitting size by
tracking the energy dispersion of those scattering vectors.

9 [QPI result of band splitting]

To quantify the magnetism induced band splitting in
the (++++) state, we measured the energy dispersion
of QPI scattering vectors by taking linecuts at different
energy along the Γ − M and Γ − X directions of the FT
patterns in Fig. 4(a-d). Along the Γ − M direction, the
single qio scattering vector in 0 T QPI [Fig. 4(a)] splits
into two scattering vectors in 9 T QPI (qio1 and qio2 in
Fig. 4(c)), with a splitting size estimated to be ∼ 150
meV. A similar splitting in the qii scattering vector ∼
100 meV is observed along the same direction. From the
splitting sizes of qii and qio, we can further derive that
the splitting of the outer p band is ∼ 200 meV along
the Γ − M direction, as shown in Fig. 7(b). According
to our DFT calculation [Fig. 2(e-f)], the splitting of the
outer p band is larger along the kz direction compared
to the kx direction when the external magnetic field is
applied along the z direction. Therefore, the lower bound
of the outer Bi 6p band splitting is 200 meV along the kz
direction, which leads to the conclusion that the splitting
of the outer Bi 6p band is larger than the hybridization
gap of 50 meV in the (++++) state.

10 [Surface states in the (++++) state of CeBi:
SS1 and SS2 agree with DFT, but SS3 doesn’t.]

In addition to the band splitting in the bulk state scat-
tering vectors, we have also observed three surface state
scattering vectors in the (++++) state. The circular
surface states SS1 and SS2 at −300 mV in Fig. 5(b)
match the intra-cone scattering of the surface states SS1
and SS2 in the DFT computed surface projected spec-
tral functions in Fig. 5(c), respectively. Notice that the
SS2 centered at M point in Fig. 5(c) is transfered to the
Γ point in Fig. 5(b) as QPI measures the momentum
transfer in the scattering process instead of the absolute
momentum. Furthermore, the hole-like dispersion of the
SS1 and SS2 are marked by the green dash lines along the

Γ−M [Fig. 4(c)] and Γ−X [Fig. 4(d)] directions, showing
qualitative agreement with what ARPES studies have re-
ported in the (++−−) and paramagnetic phases [22–24].

The surface state SS3 at −200 mV in Fig. 5(a) has
three main features: first, it has an arc-like shape around
−200 meV; second, it has a hole-like dispersion, which
means its momentum transfer q becomes smaller at
higher energy; third, its pocket size becomes smaller at
higher energy. Although the overall shape of the sur-
face state SS3 measured by QPI in Fig. 5(a) matches the
intra-cone scattering of the SS3 computed by DFT in Fig.
5(c), the DFT computed SS3 displays an electron-like dis-
persion, which is opposite to that of the QPI measured
SS3. If we consider the inter-cone scattering of the SS3
in Fig. 5(c) to be the origin of the QPI measured SS3, the
hole-like dispersion can be explained. However, neither
the shape of the scattering pattern nor the energy de-
pendence of the pocket size will agree between QPI and
DFT. Therefore, the arc-like SS3 observed in QPI cannot
be explained by any bands predicted by our DFT.

The agreement between our observed surface states
scattering vectors in QPI and calculated surface state
spectral functions for SS1 and SS2 verifies our theoret-
ical prediction about the surface states in the (++++)
state, and further supports that Weyl nodes and Fermi
arcs exist in the fully polarized CeBi as predicted in this
and previous work [28].
11 [Discussion 1: CeBi should be a tunable Weyl
semimetal]

The absence of band splitting in the (++−−) phase
and the large band splitting in the (++++) state show
that the intrinsic magnetism is playing an important role
in band splitting, and it is possible to control the band
topology of CeBi with the external magnetic field. With
9 T external magnetic field, the Zeeman splitting of the
Ce 5d and Bi 6p bands is estimated to be ∼ 1 meV if we
take the experimental value of gCe = 2, which is much
smaller than our observed band splitting. This means
that the internal magnetism is the key factor in creating a
large band splitting in CeBi. Our measurements support
that CeBi is a tunable magnetic Weyl semimetal as it
is possible to tune the Weyl properties by driving the
material between the (++−−) and (++++)phases.

V. CONCLUSION

In conclusion, our QPI measurements of CeBi in the
(++−−) and (++++) states support the theoretical pre-
diction that CeBi hosts Weyl nodes in the (++++) state
and CeBi is a tunable magnetic Weyl semimetal. We
discover large band splitting in both the inner Bi 6p and
outer 6p bands, which suggests that there are Weyl nodes
in the (++++) state of CeBi. The absence of band split-
ting in the (++−−) phase further suggests that CeBi is
a tunable magnetic Weyl semimetal and it is possible to
tune the band topology of CeBi between different mag-
netic phases. The observation of surface states in the
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FIG. 4. (a-b) Dispersions of QPI scattering vectors along
(a) Γ−M and (b) Γ−X directions in the (++−−) phase (4.6
K, 0 T, Vs = −100 mV with the current set point adapted
for each bias to maintain Is = 800 pA, Vrms = 7.1 mV). The
dash lines plotted on top of the data are schematic drawing
indicating the identity and location of scattering vectors. (c-
d) Similar dispersions in the (++++) state (4.6 K, 9 T along
the z direction, Vs = 200 mV, Is = 2 nA, Vrms = 7.1 mV) are
shown along (c) Γ−M and (d) Γ−X directions. The inner p
to outer p scattering vectors (qio1 and qio2) show a splitting
∼ 150 meV along both directions. The inner p scattering
vectors (qii1 and qii2) show a splitting ∼ 100 meV only along
the Γ − M direction. All the linecuts in this figure are taken
from 4-fold symmetrized FT patterns to enhance signal to
noise ratio. The QPI dispersion plots in (c) and (d) have
been normalized at each q-value for better visualization.

(++++) state verifies our surface slab calculation in the
same phase. Our results call for future studies on how
the separation of Weyl nodes and Weyl properties change
between different magnetic phases of CeBi.

Appendix A: Berry curvature calculation

In the (++++) state, the DFT computed band struc-
ture along the kz and kx directions [Fig. 6(a-b)] both
display band crossing features. To determine whether
these band crossings are Weyl nodes, we further calcu-
lated the Berry curvature vector field. Fig. 6(c) shows
the Berry curvature vector field on the Γ − X − Z plane
in the first Brillouin for the black bands in Fig 6(a-b),
with all the Ce moments set along the z direction. Two
divergences in the vector field are identified along the
−Z − Γ − Z line at the band crossing points, with one
node identified as a sink (green) and the other as a source
(pink) of topological charge, which confirms that the two
band crossings along the kz direction [Fig. 6(a)] are in-
deed Weyl nodes. In contrary, there is no such sink or
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FIG. 5. (a-b) FT of the dI/dV maps at (a) −200 mV
and (b) −300 mV show the signatures of surface states. The
map was set up at Vs =200 mV, with the current setpoint
Is = 2 nA and bias modulation Vrms = 7.1 mV. During the
dI/dV map, the sample was kept at 4.6 K with a 9 T external
magnetic field along the z direction. (c) Surface projected
spectral functions calculated in the (++++) state show three
sets of surface states, with two centered at the M point (SS2
and SS3) and one centered at the Γ point (SS1). In this
calculation, the magnetic moments of Ce atoms are aligned
along the z direction. The white dash lines enclose the first
surface Brillouin zone. The surface states SS1 and SS2 agree
between (a-b) QPI and (c) DFT calculation. However, the
SS3 in (a) QPI does not match neither the intra-cone nor
the inter-cone scattering of SS3 predicted by DFT in (c). A
Gaussian mask with width of 0.4 nm has been applied at the
impurity center in the real space map of (a) and (b) to reduce
the effect of the impurity center in the Fourier transform. The
FT patterns in (a) and (b) has been 4-fold symmetrized to
enhance the signal to noise contrast.

source behavior along the Γ−X direction, meaning that
the band crossings along the kx direction [Fig. 6(b)] are
not Weyl nodes. From the Berry curvature calculation,
we can conclude that there are two pairs of Weyl nodes
along the kz direction and no Weyl node along the kx
direction when the Ce moments are aligned along the z
direction.

Appendix B: Compare QPI with DFT and ARPES

To determine the origins of the scattering vectors in
our QPI, in Fig. 7(a), we plot the energy dispersion of
QPI from Fig. 4(a) as cross marks on top of the band
dispersion measured by ARPES [23] in the same mag-
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(b), there is no sink or source behavior along the Γ − X di-
rection, meaning that the band crossing points in (b) are not
Weyl nodes. This figure is adapted from [28].

netic phase. Here we use the relation between momen-
tum transfer q and absolute momentum k that q = 2k
to convert the QPI energy dispersion to the same unit as
the ARPES measured band dispersion. We notice that
there is a reasonably good agreement for the yellow scat-
tering vector in QPI and the inner p bands measured
by ARPES. For the orange scattering vector, it does not
match any bands in the ARPES. Instead, it is in the mid-
dle of the inner p and outer p bands, which means that
its dispersion agrees with the inner to outer p scatter-
ing vector. Therefore, the yellow and orange scattering
vectors in Fig. 4(a) originate from the intra-cone scat-
tering of inner p band and inner to outer p scattering,
respectively.

In Fig. 7(b-c), we discuss about how scattering vectors
change with band splitting. Each scattering vector in
the (++−−) phase should become four scattering vectors
(qio1 to qio4) in the (++++) state with band splitting.
Among those four scattering vectors, qio3 and qio4 vectors
require flipping of electron spins in the scattering process
and thus have suppressed intensity compared to the qio1

and qio2 vectors. In our experiment, we observe that
each scattering vector in the (++−−) phase splits into
two scattering vectors in the (++++) state, which can be
attributed to the two spin non-flipping scattering vectors.

In addition, it can be seen that the splitting energy of
the inner to outer p scattering vector qio in the (++++)
state equals the averaged splitting energy of the inner p
scattering vector qii and the outer p scattering vector qoo

in the same state.
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FIG. 7. Comparison between QPI and ARPES (a)
Comparison of band dispersion measured by ARPES [23] on
the (001) surface in the (++−−) phase and QPI in the same
phase. The ARPES result (background) was measured at 6
K, 0 T. The colored cross marks on top of ARPES results
indicate band dispersion measured by QPI, replicated from
the dash lines in Fig. 4(a). (b-c) Relation between k space
(absolute momentum) and q space (momentum transfer) in
QPI measurements. (b) Band structure in the (++++) state
extracted from QPI dispersion. The inner Bi 6p band is ob-
tained from the yellow dash lines in Fig. 4(c) with the relation
qii = 2ki. The outer Bi 6p band is obtained by back-tracking
the yellow and orange dash lines in Fig. 4(c) with the rela-
tion qio = ko − ki, as the orange double head vectors are the
inter-band scattering vectors between the inner and outer Bi
6p bands. The solid orange double arrow vectors (qio1 and
qio2) represent spin non-flipping scattering vectors between
the inner and outer Bi 6p bands, while dash orange double
arrow vectors (qio3 and qio4) represent spin-flipping scatter-
ing vectors. The solid yellow double arrow vectors (qii1 and
qii2) represent spin non-flipping intra-cone scattering vectors
of the inner Bi 6p band. (c) Schematic drawing of the QPI
scattering vectors in the momentum transfer space (q space),
with the yellow and orange lines replicated from Fig. 4(c).
The double arrow vectors here are replicated from (b). In the
q space, all the pockets are centered at the Γ point as the
scattering vector indicates the relative difference between the
momentum of the final state and initial state.

Appendix C: Data consistency check

To eliminate the effect of the high intensity impurity
centers, we apply Gaussian masks on the impurities. We
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Map Bias (mV)
Setpoint

(nA)

Modulation

(mV)
B (T) Figures

1 −100 0.8 7.1 0

3 (a), (c)

4 (a-b)

8 (a1-a2)

9 (b1-b6)

2 −250 0.9 8.5 0 9 (a1-a6)

3 200 2 7.1 9

3 (b), (d)

4 (c-d)

8 (a3-a4)

10 (a1-b6)

4 −200 4 7.1 9 10 (c1-d6)

5 200 2 7.1 9 5 (a-b)

TABLE I. Setup parameters for all the dI/dV maps used in
this work.

multiply G(r) = 1 − exp(−(r − r0)2/w2) at the center
of impurities, where r0 is the location of the impurity
center and w is the width of the Gaussian mask [36]. In
Fig. 8, we show the effect of the Gaussian mask on the
FT pattern of QPI. Comparing Fig. 8(b1-b2) and (b3-
b4), the Gaussian masks do not change the positions of
QPI scattering vector. Instead, it reveals fine structures
in QPI better by suppressing the large intensity induced
by impurity center.

In Fig. 9, to show that the qii and qio scattering vec-
tors in the (++−−) phase [Fig. 4(a-b)] originate from
the band structure instead of impurity form factor, we
have cropped around multiple impurities in different ar-
eas to show that those two scattering vectors also present
around other impurities. This can be seen from the band
dispersion comparison between Fig. 9(a3 and b3). Al-
though the intensity of scattering vectors changes across
different impurities, the wavevectors of the yellow and
orange scattering channels appear similar in all the three
dispersion plots.

Similarly, in Fig. 10, to verify that the QPI measured
splitting features in the (++++) state are induced by
the band splitting, we show that similar splitting fea-
tures occur in the QPI dispersion and FT patterns in
several areas with different impurities, which rules out
the possibility of impurity form factor. Although the
splitting feature occurs in all of the four areas, there are
energy shifts between the same scattering vectors across
areas Fig. 10(a1)-(d1). This is probably because those
four areas contain different types of impurities, which
can slightly change the band position around them due
to the local doping effect.

dI/dV low high

dI/dV low high

5 nm 5 nm

–250 mV

No mask No maskGaussian mask Gaussian mask

Map-1 Map-1 Map-3 Map-3

(a1) 0 T (a2) 0 T (a3) 9 T (a4) 9 T

(b1) –250 mV(b2) –250 mV(b3) –250 mV(b4)

5 nm5 nm

FIG. 8. The effect of Gaussian mask (a1-a2) Real space
dI/dV map at −250 mV and 0 T (a1) with and (a2) without
Gaussian mask of 0.4 nm wide. (a3-a4) Real space dI/dV
map at −250 mV and 9 T (a3) with and (a4) without Gaus-
sian mask of 0.4 nm wide. (b1-b4) FT of the real space
dI/dV maps in (a1-a4). The data in (b2) has been 2-fold
symmetrized and data in (b4) has been 4-fold symmetrized
to enhance the signal to noise ratio. Setup conditions for the
maps are summarized in Table I.
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0 T(a1)
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FIG. 9. Data consistency check for the (++−−) phase (with Gaussian mask) (a1) Real space dI/dV map at −250
mV. (a2-a3) QPI dispersions along the (a2) Γ − M and (a3) Γ − X directions. The qii (yellow dash line) and qio (orange dash
line) scattering vectors in Fig. 4(a-b) are plotted on top of the QPI dispersions in (a2) and (a3), respectively. (a4-a6) FT of
the real space dI/dV maps at (a4) −250 mV, (a5) −300 mV, and (a6) −350 mV. Similar analysis has been done in (b1-b6) a
different area. The colored dash lines are identical for all the Γ−M (a2 and b2) and Γ−X (a3 and b3) directions. The colored
half contours are identical for (a4) and (b4), which are replicated from Fig. 3(c). To remove the low frequency noise induced
by the high intensity impurity centers, we have applied Gaussian masks with a width of 0.4 nm (red circle in (a1) and (b1)) in
the real space maps. Drift induced by the piezoelectric relaxation and temperature change has been removed in the real space
maps. All the FT patterns from map-1 in this figure have been 2-fold symmetrized to enhance the signal to noise ratio. All
the FT patterns from map-2 have been 4-fold symmetrized. Setup conditions for the maps are summarized in Table I.
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FIG. 10. Data consistency check for the (++++) state (with Gaussian mask) (a1) Real space dI/dV map at −250
mV is taken in the (++++) state with 9 T out-of-plane external magnetic field applied. (a2-a3) QPI dispersions along the (a2)
Γ − M and (a3) Γ − X directions. The qii1 and qii2 (yellow dash lines), qio1 and qio2 (orange dash lines) scattering vectors in
Fig. 4(c-d) are plotted on top of the QPI dispersions in (a2) and (a3), respectively. (a4-a6) FT patterns of QPI at (a4) −250
mV, (a5) −300 mV, and (a6) −350 mV. Similar analysis has been done in (b1-b6), (c1-c6), and (d1-d6) for three different
areas. The colored dash lines are identical for all the Γ − M (a2, b2, c2, d2) and Γ − X (a3, b3, c3, d3) directions. The colored
half contours are identical for (a4), (b4), (c4) and (d4), which are replicated from Fig. 3(d). To remove the low frequency noise
induced by the high intensity impurity centers, we have applied Gaussian masks with a width of 0.4 nm (red circle in (a1),
(b1), (c1) and (d1) in the real space maps. Drift induced by piezo relaxation and temperature change has been removed in the
real space map. All the FT patterns in this figure have been 4-fold symmetrized to enhance the signal to noise ratio. Setup
conditions for the maps are summarized in Table I.
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