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The most essential characteristic of any fluid is the veloc-
ity field, and this is particularly true for macroscopic quan-
tum fluids1. Although rapid advances2–7 have occurred in 
quantum fluid velocity field imaging8, the velocity field of 
a charged superfluid—a superconductor—has never been 
visualized. Here we use superconducting-tip scanning tun-
nelling microscopy9–11 to image the electron-pair density and 
velocity fields of the flowing electron-pair fluid in supercon-
ducting NbSe2. Imaging of the velocity fields surrounding a 
quantized vortex12,13 finds electronic fluid flow with speeds 
reaching 10,000 km h–1. Together with independent imag-
ing of the electron-pair density via Josephson tunnelling, 
we visualize the supercurrent density, which peaks above 
3 × 107 A cm–2. The spatial patterns in electronic fluid flow 
and magneto-hydrodynamics reveal hexagonal structures 
coaligned to the crystal lattice and quasiparticle bound 
states14, as long anticipated15–18. These techniques pave the 
way for electronic fluid flow visualization studies of other 
charged quantum fluids.

Visualization of quantum fluid dynamics is now at the research 
frontier. Molecular tagging velocimetry2–5 allows visualization of the 
velocity field v(r) in superfluid 4He for studies of obstacle quantum 
turbulence2, quantized vortex dynamics3 and thermal-counterflow 
quantum turbulence4. In superfluid 3He, effects of the Galilean 
energy-boosted quasiparticle spectrum of the moving superfluid 
are used to study quantized vortex rings and superfluid turbulence6. 
In atomic-vapour superfluids such as 23Na, the phonon Doppler 
shift allows superflow v(r) to be imaged7, while the circulation 
quanta in turbulent superflow are visualized using Bragg scatter-
ing8. However, although the hydrodynamics of electron fluids have 
recently become of intense interest19–23, direct atomic-scale visual-
ization of electron fluid flow remains elusive.

An electron-pair fluid in a macroscopic quantum state with 
the many-body wavefunction ψ (r) =

√

nS(r)eiθ(r) is nominally a 
superconductor1. Here nS(r) is the number density of condensed 
electron pairs with charge –2e at location r, ρS(r) ≡ −2enS(r) is the 
electron-pair density and θ(r) is the macroscopic quantum phase. 
If θ(r) varies spatially, this implies that the superfluid is moving 
relative to the host crystal with superfluid velocity vS(r) such that 
ℏ∇θ(r) = 2mvS(r) − 2eA(r), where ℏ is the reduced Planck constant; 
2m is the effective mass of an electron-pair and A(r) is the vector 
potential of magnetic fields B(r) due to supercurrent density jS(r), 
where jS(r) ≡ ρS(r)vS(r). The quantum fields ψ(r) and ρS(r) and asso-
ciated electronic fluid flow fields vS(r) and jS(r) are characteristics of 
the two-particle condensate and not of the Bogoliubov quasiparticle 
excited states1. And, while such quasiparticles have been visualized 
in a wide variety of single-electron tunnelling experiments, few 
visualizations of ρS(r) have been achieved9–11 and none whatsoever 
of vS(r) or jS(r) have been achieved at the atomic scale.

The magneto-hydrodynamics of superconductive flow has an 
intricate phenomenology. First, there is the Meissner effect wherein 
an external magnetic field B is completely excluded from the super-
conductive bulk except for a layer with a thickness of the London 
penetration depth1 λ or within topological defects of the order 
parameter. Second, the electron-pair density ρS(r) is itself influenced 
by the superfluid velocity vS(r), in the simplest case as ρS(vS) ≈ ρS(0)
(1 – vS

2/v0
2) for samples of thickness t < ξ, where ξ is the coherence 

length and v0 = ħ/2mξ. Finally, in the reference frame, which is sta-
tionary with respect to the superfluid, each Bogoliubov quasiparticle 
state |k〉 exhibits the standard energy spectrum Ek = ±

√

ε2k +∆2
S  

(Fig. 1a, red). Here εk is the normal-state band structure refer-
enced to the Fermi energy and ΔS is the electron-pairing order 
parameter. But in the laboratory or crystal frame where the 
superfluid has velocity vS(r) ≠ 0, each quasiparticle |k〉 receives a 
Galilean energy boost6,24–26, yielding a new quasiparticle spectrum 
E′

k = ±

√

ε2k +∆2
S + h̄k · vS (r) (Fig. 1a, blue). Thus, in principle, 

the flow field of an electronic fluid could be visualized by imaging

vS(r) · nkF = (E′

kF(r)− EkF(r))/h̄kF ≡ δEkF (r) /h̄kF (1)

where nkF is the unit vector of the Fermi wavevector kF, and δEkF is 
the change of energy at kF. Therefore, the electronic fluid flow speed 
can be determined as

vS = max(δEkF)/h̄kF ≡ δEkF /h̄kF (2)

for simple circular Fermi surfaces.
In practice, however, use of equation (2) presents a number of 

technical barriers. These include requirements to achieve imaging 
of the electron-pair density ρS(r) and microelectronvolt-resolution 
imaging of δEkF (r). Millikelvin scanning tunnelling micros-
copy (STM) using superconductor–insulator–superconduc-
tor (SIS) junctions has recently emerged as a key approach. In 
the Josephson tunnelling of electron pairs between a supercon-
ducting tip and sample9–11,27,28, the Josephson critical current is 
IJ ∝ √ρTρS/RN as T → 0, where T is temperature, ρT is the con-
stant electron-pair density in the scan tip, and RN is the normal-state 
resistance of the Josephson junction. Therefore, scanned Josephson 
tunnelling microscopy (SJTM) imaging of IJ

2(r)RN
2(r) ∝ ρS(r) should 

allow atomic-scale visualization of the electron-pair density9–11. 
Most SJTM systems operate at temperatures kBT > EJ  =Φ0IJ/2π (kB is 
the Boltzmann constant; EJ is the Josephson energy; Φ0 is the mag-
netic flux quantum) such that electron-pair tunnelling exhibits a 
phase-diffusive steady-state current29 IP (VJ) =

1
2 I

2
JZVJ/

(

V2
J + V2

C
)

 
(Fig. 1b). VJ is the phase-diffusive voltage across the junction; Z is its 
high-frequency impedance; and VC = 2eZkBT/ħ. Thus the zero-bias 
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differential conductance is g(0) ≡ (dIP/dVJ)|V=0 ∝ IJ
2 (Fig. 1b) so 

that9–11

ρS(r) ∝ g(r, 0)R2
N (r) (3)

(Supplementary Note 1). For quasiparticle tunnelling between 
the same tip and sample, the quasiparticle current as T → 0 is

IQ (V) ∝
eV
∫
0
NT (ϵ − eV)NS(ϵ)dϵ (4)

where NT and NS are the quasiparticle density-of-states of the tip and 
sample, respectively, ε is energy and V is sample voltage. This yields 
an SIS tunnelling spectrum

g (V) ≡ dIQ
dV ∝

d
dV

eV
∫
0
NT (ϵ − eV)NS(ϵ)dϵ (5)

Here NT,S(ε) can be determined from the quasiparticle Green’s 
function

G (k, ϵ,∆T,S) ≡ (ϵ + iδ + εk)/
(

(ϵ + iδ)2 − ε2k −∆
2
T,S
)

(6)

with scattering rate δ/ħ. Thus

NT,S (ϵ) = −

∫

dk 2
π
ℑ (G (k, ϵ,∆T,S)) (7)

where ℑ denotes taking the imaginary part, and the tip and sam-
ple have superconducting energy gaps ΔT and ΔS, respectively. The 
SIS spectrum g(V), being the convolution of two superconducting 
coherence peaks diverging at V = ±ΔT/e and V = ±ΔS/e, is then an 
extremely sharply peaked function at V = ±(ΔT + ΔS)/e (bottom 
spectrum in Fig. 1c), and is dominated by states at k = kF (Fig. 1a). 
However, an electron-pair fluid flowing through the sample with 
velocity vS modifies NS(ε) due to the Galilean energy boost of 
δEk = ℏk ⋅ vS. In this case30

NS (ϵ, δEkF ,∆S) = −

∫

dk 2
π
ℑ (G (k, ϵ − δEk,∆S)) (8)

so that g (V,∆S, δEkF) becomes a quite complex function around 
V = ±(ΔT + ΔS)/e. Figure 1c shows simulated g (V,∆S, δEkF) spectra 
derived from equation (5) for a fixed ΔT = 1 meV and ΔS = 1.2 meV 
and for a variety of superfluid velocities 0 < vS < 1,600 m s–1. It is the 
ultra-high-energy-resolution SIS tunnelling (Supplementary Fig. 
1) that allows the Galilean energy boosts δEkF to become manifest 
as splitting of the sharp maxima in g(V,ΔS,δEkF) at V = ±(ΔT + ΔS)/e 
(arrows in Fig. 1c). Note that Fig. 1c is pedagogical, designed to 
illustrate the isolated effects of Galilean energy boosts by keeping ΔS 
constant in all spectra, and that equation (8) yields far more complex 
g(V, ΔS, δEkF) spectra for real materials and variable ΔS. Nonetheless, 
due to the different roles played by ΔS(r) and δEkF in equation (8), 
SIS imaging of g(r,V) with sufficient spatial and energy resolution 
near V = ±(ΔT + ΔS)/e should allow visualization of both ΔS(r) and 
vS(r) (Supplementary Note 2). The overall challenge has been to 
achieve g(r,0) and δEkF(r) imaging adequate to yield simultaneous, 
two-dimensional visualization of ρS(r), vS(r) and thus jS(r).

To explore these challenges, we use 2H-NbSe2, whose super-
conductive critical temperature is TC ≈ 7.2 K and anisotropic 
energy gap is ΔS(k) ≈ Δ0(0.8 + 0.2cos(6arctan(ky/kx))), where Δ0 
is a parameter, and kx and ky are wavevectors along two normal 
directions (Supplementary Note 3). This material has a hexagonal 
layered structure with Se–Se separation d (Supplementary Fig. 2) 
and a coexisting charge density wave state with in-plane wave-
vectors Qi ≈

{

(1, 0) ;
(

1/2,
√
3/2

)

;
(

−1/2,
√
3/2

)}

2π/3a0 where 
a0 =

√
3d/2. Figure 2a shows the topographic image of the NbSe2 

surface with a magnetic field B = 50 mT applied to generate a very 
low density of quantized vortices.

A rapidly flowing electron-pair fluid surrounds each vortex 
core12,13 within which quasiparticle states become bound14,17. But 
the iconic Abrikosov model12 cannot predict the effects on this 
flow field of crystal fields, or of multiple electronic bands and 
their anisotropic superconducting energy gaps. Thus, the quan-
tum magneto-hydrodynamic phenomenology of a superconduc-
tive vortex has long been studied using the Eilenberger equations 
for the Green’s functions15, or the Bogoliubov-de Gennes equa-
tions16–18. For NbSe2 specifically, self-consistent solutions of the 
Bogoliubov-de-Gennes equations predict that the electron-pair 
field, fluid velocity and current density outside the core should all 
be hexagonal and, moreover, aligned to both the crystal axes and 
the symmetry axes of quasiparticle bound states17,18. But it has never 
been possible to explore any of these predictions because no tech-
niques whatsoever existed for electronic fluid flow visualization.

To visualize electron-pair fluid flow around quantum vortices, 
we prepare Nb STM tips by field emission on a Nb target, estab-
lishing atomic resolution; typically ΔT ≈ 1 meV, a value that is 
unperturbed under small magnetic fields (Supplementary Fig. 3). 
Then, in the same field of view (FOV) as Fig. 2a, the vortex core 
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Fig. 1 | Model of quasiparticle and electron-pair tunnelling. a, Schematic 
spectrum Ek and density of states NS(E) of bogoliubov quasiparticles with 
electronic fluid velocity vS = 0 (red) and vS ≠ 0 (blue) such that δEkF = 0.4ΔS. 
b, Phase-diffusive Josephson electron-pair spectrum dIP/dVJ (blue) and 
IP(VJ) (red). The maximum Josephson current is Im at voltage VJ = VC. The 
zero-bias conductance is g(0). Inset: schematic showing the tunnelling 
of electron-pairs between the tip and sample. c, A series of simulated 
spectra g(V,ΔS = 1 meV,δEkF) ≡ dIQ/dV in the SIS configuration schematic of 
bogoliubov quasiparticle tunnelling for electronic fluid flow with different 
speeds vS = δEkF/ℏkF. A comparison between these pedagogical spectra 
and experimental data should not yield any specific conclusions about 
vS in NbSe2, given this simplified pedagogical presentation. Instead, the 
fitting of experimental spectra with realistic modelling of NbSe2 is required 
(Supplementary Notes 3 and 4).
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is revealed by visualizing the quasiparticle bound states14 that van-
ish exponentially with decay constant ξ for r > ξ, by measuring 
g(r,ΔT/e) at T = 290 mK (Fig. 2b). Subsequently we set the origin 
of coordinates r = (0,0) at the symmetry point of the vortex core. 
Next, a complete set of SIS quasiparticle spectra g(r,V) spanning the 
range −3 mV < V < 3 mV is measured in the same FOV of Fig. 2a,b 
at constant RN(r) = 1 MΩ and T = 290 mK (Supplementary Note 2). 
Figure 2c shows the typical SIS spectrum g(r → ∞,V) with sharp 
convoluted coherence peaks at V = ±(ΔT + Δ0)/e, along with that of 
g(r → 0,V) showing the convolved spectrum of the Nb-tip coher-
ence peaks at V = ±(ΔT)/e. Simultaneously, we use SJTM to measure 
the electron-pair tunnelling g(r,0) peak, with the results shown in 
Fig. 2d. The electron-pair tunnelling spectrum as V → 0 is shown in 
Supplementary Figs. 4 and 5. Finally, it is by combining these tech-
niques that the magneto-hydrodynamics of the electron-pair fluid 
surrounding the vortex core becomes manifest.

Figure 2e (top panel) shows the measured evolution of these SIS 
spectra along a radial trajectory 0 < r < 152 nm. Here, the colour 
code represents the intensity of g(r,V), the vertical axis is radius r 
and the horizontal axis is V. Next, we determine the superconduct-
ing order parameter ΔS(r) and the Galilean energy boost δEkF by 
fitting these measured g(r,V) at each r, to the model g(V,ΔS,δEkF) 
spectra derived from equations (5) and (8). The best fit is identified 
by finding the least-valued, normalized, root-mean-square deviation 
(σN; Supplementary Note 4). Figure 2e (bottom panel) then shows 
the evolution of the best-fit g(V,ΔS,δEkF) along the same radial tra-
jectory 0 < r < 152 nm. The correspondence of experimental g(r,V) 
(top panel) and fitted g(V,ΔS,δEkF) (bottom panel) is excellent. This 
is exemplified directly in Fig. 2f (Supplementary Fig. 7) using exam-
ples of experimental g(r,V) and their best-fit g(V,ΔS,δEkF) at the radii 
indicated by the coloured dashed lines in Fig. 2e. The quality of all 
the fits in Fig. 2e is quantified by their high coefficients of determi-
nation R2 (Supplementary Figs. 8). Next, the best-fit g(V,ΔS,δEkF) at 
each r yields Δ0(r) and δEkF(r), as shown in Fig. 2g,h, respectively. 
The radial dependence of electron-pair density ρS (r) is then evalu-
ated from an azimuthal average of ρS(r) ∝ g(r,0) (Fig. 3a), while the 

radial dependence of ∆2
0 (r) is determined from an azimuthal aver-

age of Δ0(r) (Fig. 3a), where the bars denote azimuthal average. By 
fitting ρS (r) /ρS (∞) to tanh2

(√
3/8 r

ξ

)

 (Supplementary Note 5), 
we obtain an in-plane coherence length ξ = 11 nm, as expected. 
Then, with superconducting coherence length ξ ≡ ℏ2kF/πmΔ0 and 
Δ0 = 1.24 meV, the Fermi wavevector is kF = 5.7 × 108 m−1. Finally, the 
image of electron-pair fluid velocity is attained as vS(r) ≡ δEkF(r)/
ℏkF. From this, the radial dependence of superfluid speed vS(r) and 
Galilean energy boost δEkF(r) from azimuthal averages of vS(r) and 
δEkF(r) is shown in Fig. 3b, for 30 nm ≤ r ≤ 140 nm (beyond the range 
of influence of quasiparticle states bound in the core; Supplementary 
Note 4 and Supplementary Fig. 9). Measurements of vS(r) from dif-
ferent vortices under different magnetic fields and using different 
SJTM tips yield repeatable results that are quantitatively indistin-
guishable from those presented here (Supplementary Fig. 10).

a bTP(r,–20 mV)

Off VC
On VC

20 nmLow

High

2 nm

20 nm

g(r,ΔT/e)

3.7 µS

0

g

d

20 nm

20 nm

Δ0(r)

g(r,0)

1.3 meV

0

78 nS

0

–100
–50

0
50

100
150

–150

r (
nm

)
r (

nm
)

c

f
Experimental

B

0

1

2

3

dI
Q
/d

V 
(µ

S)

4

–3 –2 –1 1
V (mV)

0 32

5
ΔT/e (Δ0 + ΔT)/e

e

4.8 0
dIQ/dV (µS)

dIQ/dV (µS) dI
Q
/d

V 
(µ

S)
dI

Q
/d

V 
(µ

S)
dI

Q
/d

V 
(µ

S)

h

20 nm

1.3 meV

0

δEkF
(r) 

–2 –1 0 1 2
V (mV)

3–3
–2 –1 0 1 2

V (mV)
3–3

–2 –1 0 1 2
V (mV)

3–3

–100
–50

0
50

100
150

–150

Fitting

4.80

0

4

2

0

4

2

0

4

2

r = 133.7 nm
R2 = 0.985

r = 58.0 nm
R2 = 0.972

r = 10.6 nm
R2 = 0.935

Exp.
Sim.

Fig. 2 | Quasiparticle tunnelling and electron-pair tunnelling experiments. 
Images and spectroscopy of a single vortex, all acquired in the same FOV at 
T = 290 mK and with B = 50 mT applied perpendicular to the surface. Due 
to SIS tunnelling spectroscopy, an energy resolution of ~20 μeV is achieved 
throughout these studies. a, Measured topography TP(r,−20 mV) of 
studied FOV with inset showing atomically resolved topography under the 
same tip condition. The white spots are point defects intrinsic to NbSe2. b, 
Measured g(r,ΔT/e) revealing the quasiparticle bound states at the vortex 
core (VC). c, Measured quasiparticle dIQ/dV spectra at  r → 0 (green) 
and  r > 100 nm (black). d, Measured g(r,0) of electron-pair tunnelling. e, 
Measured g(r,V) = dIQ/dV(r,V) spectra for each radius r (top panel). The 
theoretical g(V,ΔS,δEk) spectra that best fit the measured g(r,V) at each 
radius r (bottom panel). both panels contain the azimuthally averaged 
results. Multiple Andreev reflections are ruled out as the origins of any of 
these spectra features (Supplementary Note 4 and Supplementary Fig. 6). 
f, examples of fitted g(V,ΔS,δEk) spectra at different radii indicated by the 
coloured dashed lines in e with coefficients of determination (R2) indicated. 
The fitting quality only significantly decreases for r ≤ ξ close to the vortex 
core (Supplementary Figs. 8 and 9). Sim., simulation; exp., experiment. g, 
Fitted Δ0(r) from the measured g(r,V) spectra. h, Fitted δEkF (r) from the 
measured g(r,V) spectra. The SIS tunnelling scheme makes it possible to 
image the Galilean energy boost spatially because of its greatly enhanced 
energy resolution11 compared to single-electron (non-superconducting-tip) 
tunnelling at the same temperature. The anomaly near the vortex core 
is due to a small region of inferior fitting to the experimental spectra. To 
suppress noise, a Gaussian blur by 1.5 pixels is applied to the raw data to 
generate b, d, g and h. The full data acquisition time for the experiment 
reported here is around 40 hours.
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Quantitative analysis begins with a comparison between Δ2
0(r) 

from fitting SIS g(r,V) spectra, and the independently determined 
ρS (r) from SJTM electron-pair tunnelling, finding them in good 
agreement (Fig. 3a). Because in theory ρS(r) ∝ Δ0

2(r), this observa-
tion gives strong confidence in the fitting procedures of the mea-
sured SIS g(V) spectra. Next, because of the nearly constant ρS(r) in 
the range of 30 nm ≤ r ≤ 140 nm, we fit v̄S (r) ∝ K1

( r
λ
)

, where K1(x) 
is a first-order modified Bessel function of the second kind (Fig. 
3b and Supplementary Note 6). This yields an in-plane penetration 
depth of λ = 160 nm and thus anisotropy parameter κ⊥ = λ/ξ = 14.5, 
in agreement with previous reports (Supplementary Note 3). Using 
the London penetration depth λ =

√

m/2μ0nS(∞)e2 , where μ0 is 

the vacuum permeability, we estimate that nS(∞) ≈ 5.5× 1026 m−3 
yielding ρS(r) = −2enS(∞)g(r,0)/g(r ≫ ξ,0). The radial dependence 
of current density jS (r) as determined from the azimuthal aver-
age of jS(r) = ρS(r)vS(r) is then shown in Fig. 3c. As r → 0, jS (r) is 
estimated as ρS (r)v̄S (r) by using the extrapolated vS(r) (Fig. 3b). 
Because in general ∇θ(r) = (A(r) − mvS(r)/e)(−2π/Φ0), the quantum 
phase winding around the vortex core at radius r is

Θ(r) ≡
∣

∣

∣

∣

∮

∇θ (r) · dl
∣

∣

∣

∣

=
2π

Φ0

(
∫∫

B · ds−
∮

mvS (r)
e · dl

)

(9)

where s and l denote areas and paths. The topological constraint 
Θ = 2π then generates fluxoid quantization

Φ ≡

∫∫

B · ds−
∮

mvS (r)
e · dl = Φ0. (10)

From our measured vS(r) and ρS (r), these two contributing 
terms yield

Φv (r) ≡ −

∮

mv̄S (r)
e · dl (11A)

Φj (r) ≡
∫∫

B · ds = 2π
r
∫
0
r0dr0

∞

∫
r0

μ0v̄S
(

r′
)

ρ̄S
(

r′
)

dr′ (11B)

where equation (11B) is derived using Ampere’s Law with azi-
muthal symmetry. The measured Φv(r) and Φj(r) are shown in  
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(

tanh
(√

3/8r/ξ
))2

, as shown, results in ξ = 11 nm. b, Azimuthal 

average of measured vortical electronic fluid speed v̄S(r) in the range of 
30 nm < r < 140 nm. Fitting vS̄(r) with v̄S (r) ≈ K1

(
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λ

)

 results in λ = 160 nm.  
c, Azimuthal average of measured vortical current density jS(r). In the range 
of 30 nm < r < 140 nm, jS(r) = ρS(r)vS(r) using measured ρS(r) in a and vS(r). 
For r < 30 nm and r > 140 nm, j̄S(r) = ρ̄S (r) v̄S (r) using measured ρS(r) and 
extrapolated vS(r) from fitting in b. d, Measured Φv(r), Φj(r) and fluxoid Φ(r). 
When summed, Φ(r) = Φv(r) + Φj(r) ≈ (0.85 ± 0.1)Φ0. The small deviation 
from Φ0 is likely to be due to vortex core bound states (Supplementary Note 
4) and modelling j(r) as if around an infinitely long azimuthally symmetric 
vortex line, while using measured data from the crystal surface where such 
a line terminates.

b

3 (× 102 GA m–2)

3 (× 102 GA m–2)

03,500 (m s–1)0

2 nm

vS(r)

20 nm

a

dc

03,500 (m s–1)0

20 nm

jS(r)

vS(r) jS(r)

Fig. 4 | Visualizing electronic fluid flow. a, Directly measured vS(r) without 
extrapolation with overlaid contour lines from 400 to 1,400 m s–1 (or 1,440 to 
5,040 km h–1) with 200 m s–1 intervals. The white arrow indicates the lattice 
direction based on the atomic topography image (inset) taken within the 
FOV (same as Fig. 2a inset). b, Directly measured jS(r) without extrapolation 
with overlaid contour lines from 90 to 210 GA m–2 with 30 GA m–2 intervals. 
The FOVs in a and b are 70% of that in Fig. 2a to highlight the vortex. To 
suppress noise, a Gaussian blur by 1.5 pixels is applied to the raw data to 
generate a and b. c, Side view of vS(r) in a three-dimensional presentation. d, 
Side view of jS(r) in a three-dimensional presentation.
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Fig. 3d as blue and red circles, respectively. As anticipated, they 
evolve in opposite directions such that their sum results in the vir-
tually radius-independent value Φ(r) = (0.85 ± 0.1)Φ0 (white cir-
cles in Fig. 3d). Together with the high SIS spectra fitting quality 
(R2 = 0.96, σN ≈ 5%; Supplementary Figs. 8 and 9), the close matching  
of Δ2

0(r) with ρ̄S (r) (Fig. 3a) and the agreement between mesured 
ξ, λ and κ⊥ values and the literature values (Supplementary Note 
3), these observations demonstrate the validity and internal con-
sistency in the techniques used to visualize and quantify ΔS(r), 
ρS(r),vS(r) and jS(r).

Directly imaged flow configurations vS(r) and jS(r) for the 
quantum vortex of NbSe2 are shown in Fig. 4a,b, respectively 
(three-dimensional representations are shown in Fig. 4c,d).  
While measured electron-pair fluid speeds diverge to 
vS(r) > 2,800 m s–1 (>10,000 km h–1) as r  → 0, jS(r) initially rises 
but is driven to zero by falling ρS(r) so that peak values reach 
approximately 3 × 107 A cm–2. Evaluation of the fluxoid from 
measured vS(r) and jS(r) yields a value slightly less than Φ0, per-
haps because of deviations of the magnetic field direction away 
from the z axis due to the surface termination of jS(r). More 
importantly, the electron-pair fluid velocity field vS(r) exhib-
its a distinct hexagonal symmetry aligned to the crystal axis 
(Fig. 4a), and this phenomenon is more pronounced in jS(r)  
(Fig. 4b and Supplementary Fig. 11). Moreover, the image of fitted 
ΔS(r) shows the hexagonal symmetry (Fig. 2g and Supplementary 
Fig. 12). Hence, surrounding each NbSe2 vortex core, the imag-
ing reveals an electron-pair potential, a velocity field for the 
electron-pair fluid flow and a pattern of current density, all of 
which are hexagonal. They are all coaligned to both the crystal axes 
and the quasiparticle bound states (Fig. 2b and Supplementary 
Fig. 12), as long anticipated15–18.

Overall, by introducing techniques for simultaneous imag-
ing of the vS(r), ρS(r) and thus jS(r) of a flowing electronic fluid, 
we visualize the atomic-scale magneto-hydrodynamics surround-
ing a superconductive quantized vortex core (Fig. 4), finding it in 
excellent agreement with long-standing theories. Such visualization 
capabilities make possible novel research prospects including visu-
alizing flowing electronic fluids surrounding vortices in topological 
and cuprate superconductors, in the surface currents generated by 
the superconductive Meissner effect, in chiral edge currents of topo-
logical superconductors and in the viscosity-influenced currents of 
ultra-metals (Supplementary Note 7). More generally, because visu-
alization is a powerful and flexible tool for scientific research in gen-
eral, the capability to visualize flowing electronic fluids that we have 
introduced here has wide potential.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41563-021-01077-1.
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Methods
A custom-built SJTM instrument with a base temperature of ~290 mK is used 
to measure high-quality NbSe2 single crystals (HQ Graphene). SPECS Nanonis 
electronics are used for data acquisition protocols. Crystals are cleaved in situ in 
cryogenic ultra-high vacuum at ~4.2 K and immediately inserted into the STM 
head. To create the superconductive vortices, a magnetic field of 50 mT (unless 
otherwise noted) is applied normal to the crystal surface. The superconducting Nb 
tips are prepared by field emission of a fine Nb wire on a Nb target. Topographic 
images, TP(r,V), are acquired in constant-current mode under a sample bias of V. 
Differential tunnelling conductance images are acquired using a lock-in amplifier 
(Stanford Research SR830) with a bias modulation of 50 μV. Detailed theoretical 
analysis and modelling procedures are given in Supplementary Notes 1–7.

Data availability
All data are available in the main text, in the Supplementary Information and on 
Zenodo31. Additional information is available from the corresponding author upon 
reasonable request.
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The data analysis computer codes used in this study are available from the 
corresponding author upon reasonable request.
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