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emergence of two specific states obtained by the following linear
combination of φL,n=1 and φL,n=2:

φ′L;n¼1 ¼ cos
θ
2

! "
φL;n¼1 þ sin

θ
2

! "
φL;n¼2 ð5Þ

φ′L;n¼2 ¼ sin
θ
2

! "
φL;n¼1 % cos

θ
2

! "
φL;n¼2 ð6Þ

with θ & π
2 ´ 0:37. The single-electron wavefunctions φ′L;n¼1 and

φ′L;n¼2, plotted in blue dashed lines in Fig. 6c, have a very strong

overlap with φðeÞ
1 and φðeÞ

2 (0.99 and 0.96). As pðeÞ1 ¼ 1 and
pðeÞ2 ¼ 0:69, it means that with probability 0.69 the two electron
state described by the Slater determinant formed from φ′L;1 and
φ′L;2 is generated. This state is equivalent to the expected Slater
determinant formed from φL,1 and φL,2. However, with
probability pðeÞ2 ¼ 0:24 a different two electron state is generated
corresponding to the Slater determinant formed from φ′L;1 and

φðeÞ
3 .
The connection between φðeÞ

3 and a theoretically predicted
wavefunction is less clear. jφðeÞ

3 ðωÞj2 resembles |φL,n=3(ω)|2, the
energy distribution of the n= 3 Lorentzian wavefunction (blue
dashed lines in Fig. 6c). However the time distributions are

different, which is reflected by the relatively small overlap of 0.86
between the two states.

As for the q=−e case, we can check using numerical
computations that the generation of a statistical mixture between
two different Slater determinants is caused by the finite
temperature. The simulations presented in Supplementary Note 3
confirm that the probability to generate the Slater determinant
formed from φL,1 and φL,2 decreases from 1 at zero temperature to
0.79 at Tel= 50 mK, while the probability to generate the Slater
determinant formed from φ′L;1 and φðeÞ

3 increases from 0 at zero
temperature to 0.18 at Tel= 50 mK in reasonable agreement with
our observations.

Discussion
We have demonstrated a quantum tomography protocol for
arbitrary electrical currents. Without any a priori knowledge on
the electronic state, this protocol extracts all the electron and hole
wavefunctions and their emission probabilities.

Our protocol is the tool of choice for characterizing single- to
few-electron sources by extracting all the Ne single-electron
wavefunctions generated at each period. We have analyzed in this
work the Ne= 1 and Ne= 2 Lorentzian voltage pulses and have
extracted the wavefunctions of each generated electronic
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Fig. 6 Electron wavefunction generated by a Lorentzian pulse, q=−2e. aMeasured ΔWS,n(ω) (n= 0 to n= 4) for the two-electron Lorentzian pulse at f=
4 GHz, τ= 42 ps, and Tel= 50mK. Error bars are defined as standard error of the mean. b WS(t, ω), the dashed line represents the voltage pulse V(t)= h/
e2I(t), where I(t) is obtained by integrating WS(t, ω) on energy ω. c Wigner representation of φðeÞ

1 ðtÞ (left) and φðeÞ
2 ðtÞ (middle) and φðeÞ

3 ðtÞ (right). The
panels in the margins represent the time jφðeÞ

i ðtÞj2 and energy jφðeÞ
i ðωÞj2 distributions obtained by integration of W

φðeÞ
i
ðt;ωÞ over ω and t. jφðeÞ

1 ðωÞj2 is
represented in log scale. The red dashed line represent the theoretical predictions for the n= 1 to n= 3 wavefunctions of periodic trains of Lorentzian
pulses φL,n. The blue dashed lines represent the theoretical predictions for φ′L,n obtained from linear combinations of the φL,n
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• From Ampère to electrical circuits 

• Quantum physics within electricity 

• Towards quantum coherent electronics 

• Presentation of the PCP 2025 cycle
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• From Ampère to Maxwell 

• Classical circuit theory 

• A story of fields, charges and currents 

• How does energy flow ?
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c2
�!
rot(B) =

j

"0
+

@E

@t

<latexit sha1_base64="ddVjJ0jOVp1BETwb3d297ZAAF/E="></latexit>

div(B) = 0

<latexit sha1_base64="SdkYEh8ANRWMTNtVdn7621bJHsU="></latexit>

div(E) =
ω

ε0

<latexit sha1_base64="MpKMHJc6FOmNBlJwU4Upc4R//Jo="></latexit>

→↑
rot(E) = →ωB

ωt

<latexit sha1_base64="mkHfvEk58lqr1qQMEDP9Wp4rUrA="></latexit>

f = ωE+ j →B
<latexit sha1_base64="PLJW9NwzefvT+Td8a0mj3mSwK4g="></latexit>

L =
ω0
2

(
E2 → c2B2

)
+ Lmat + j ·A→ εV

<latexit sha1_base64="ZEpUTiGFn0vTyTc2wnJQSI8lW+E="></latexit>

E = →↑V → ωA

ωt
<latexit sha1_base64="SrKQZpbsF8uW751Ajq6pMhXk7qo="></latexit>

B =
→↑
rot(A)

Electromagnetic waves
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Everyday life electricity

Voltages, currents & components  
but no fields

Optics

Fields, optical sources & detectors  
but no voltages, no currents, no circuit 
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J. R. Carson, Electromagnetic theory and the foundation of electrical circuit theory,  
The Bell Technical Journal 6, 1-27 (1927)

G. Kirchhoff,  Annalen des Physik und Chemie 54, 497-514 (1845)

<latexit sha1_base64="FXvUBY7ul0LoXRHhIb8BCF53/lo="></latexit>∮

C
E · dl = →d!B(”)

dt

<latexit sha1_base64="Rux4dVK3toxzz7JjzC/HiKxddWI="></latexit> ∑

b/ b→ω!

Vb = 0

Original form: dc case

Extensions: ac case but « low frequency », with induction

Cycle PCP2025: Ampère

<latexit sha1_base64="Vu0pIUKwArW9J1HR5WPuPJHP69A="></latexit> ∑

b/ωb=(ε,i)

Ib = 0
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Discrete representation of electrical circuits

<latexit sha1_base64="v51jRsQyhADgLs013qHjFbZ3dmo="></latexit>

V
<latexit sha1_base64="usVn7Jt4V00PMHDbO/r3kwQU1UU="></latexit>

i

Microstrip line Lumped elements

Also applicable at low frequencies to continuous circuits
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Discrete representation of electrical circuits

<latexit sha1_base64="v51jRsQyhADgLs013qHjFbZ3dmo="></latexit>

V
<latexit sha1_base64="usVn7Jt4V00PMHDbO/r3kwQU1UU="></latexit>

i

Microstrip line Lumped elements

Also applicable at low frequencies to continuous circuits

High frequency ?
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<latexit sha1_base64="spKoW8oUv5nMcuGNkOO41mWt4sA="></latexit>

Ztot =
n∑

j=1

Zj

<latexit sha1_base64="njCn2f5s+GpWOYmFMXji7AuN2Lk="></latexit>

Z→1
tot =

n∑

j=1

Z→1
j

Composition of impedances and admittances

Teleggen’s theorem

<latexit sha1_base64="qAJz/ywjuIDkhOU9hbcwq7WbB0U="></latexit>∑

b

Ib Vb = 0

Follows from Kirchhoff laws 

Valid for any circuit (even with 
active and non linear elements)

B.D.H. Tellegen, Phillips Research Reports 7, 259 (1952)
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O. Brune,  Synthesis of passive networks, PhD thesis MIT (1929)

<latexit sha1_base64="VozmHx2jqGQ9d3B2hClujbjhsWU="></latexit>

→(Z(s)) > 0 for ↑(s) < 0

↑(Z(s)) = 0 for →(s) = 0

Impedance of a passive dipole element

R. M. Forster, The Bell Technical Journal 3, 259-267 (1924)

Forster 1st form Forster 2nd form

G. Cauer, PhD thesis (1926)

Continuous fraction expansionPartial fraction expansion

Cauer 1st form

R. P. Feynman et al, Lectures on Physics, chap. 22, sec. 22-4, 22-6 & 22-7. 

G. Cauer
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<latexit sha1_base64="I6tv+5BVEbz7nElxvzeFDMv7XJo="></latexit>

Li,j =
µ0

4ω

∮

Ci,Cj

dri drj
|ri → rj |

Mutual inductance matrix <latexit sha1_base64="sX7eg11Z0S9ka2GYmAJHR5USyqg="></latexit>

! = L · I
<latexit sha1_base64="gT1fvHCqRIlOJ/0tdAhu1lL9yC0="></latexit>

tL = L

<latexit sha1_base64="E77Q65SGmCcq5ZT/E1ApLeDN7jg="></latexit>

i →= j
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<latexit sha1_base64="I6tv+5BVEbz7nElxvzeFDMv7XJo="></latexit>

Li,j =
µ0

4ω

∮

Ci,Cj

dri drj
|ri → rj |

Mutual inductance matrix <latexit sha1_base64="sX7eg11Z0S9ka2GYmAJHR5USyqg="></latexit>

! = L · I
<latexit sha1_base64="gT1fvHCqRIlOJ/0tdAhu1lL9yC0="></latexit>

tL = L

<latexit sha1_base64="E77Q65SGmCcq5ZT/E1ApLeDN7jg="></latexit>

i →= j

<latexit sha1_base64="AjdX9P6QHOoBBUOKInDInctZMvw="></latexit>

tC = C
<latexit sha1_base64="J6cQ0+Z4JOfQfUtIDGyO/2QK2e8="></latexit>

C · 1 = 0
<latexit sha1_base64="+yySqL7N1Cm8VM6DY+5eHR7wWnY="></latexit>

t1 ·C = 0

<latexit sha1_base64="/0o2hh8PPcW5+2FQ1RqWgERf0MA="></latexit>

Q = C ·UMutual capacitance matrix

Gauge invariance

Total neutralityTotal mutual influence

Cycle PCP2025: Ampère



ED Ly
o

nLinear electrical circuits: response coefficients

13

<latexit sha1_base64="I6tv+5BVEbz7nElxvzeFDMv7XJo="></latexit>
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4ω
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Mutual inductance matrix <latexit sha1_base64="sX7eg11Z0S9ka2GYmAJHR5USyqg="></latexit>

! = L · I
<latexit sha1_base64="gT1fvHCqRIlOJ/0tdAhu1lL9yC0="></latexit>

tL = L

<latexit sha1_base64="E77Q65SGmCcq5ZT/E1ApLeDN7jg="></latexit>

i →= j

<latexit sha1_base64="AjdX9P6QHOoBBUOKInDInctZMvw="></latexit>

tC = C
<latexit sha1_base64="J6cQ0+Z4JOfQfUtIDGyO/2QK2e8="></latexit>

C · 1 = 0
<latexit sha1_base64="+yySqL7N1Cm8VM6DY+5eHR7wWnY="></latexit>

t1 ·C = 0

<latexit sha1_base64="/0o2hh8PPcW5+2FQ1RqWgERf0MA="></latexit>

Q = C ·UMutual capacitance matrix

Gauge invariance

Total neutralityTotal mutual influence

Computational methods: numerics (COMSOL) 
Yu. Ya. Iossel, E.S. Kochanov, and M.G. Strunskly,  

The calculation of electrical capacitance (1969) 
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C · 1 = 0
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Computational methods: numerics (COMSOL) 
Yu. Ya. Iossel, E.S. Kochanov, and M.G. Strunskly,  

The calculation of electrical capacitance (1969) 

Empirical law:      is material specific (not of geometric / electrostatic origin)<latexit sha1_base64="ZDqzVsoJzplBB2nGV691BffK5DU="></latexit>ω

Resistance <latexit sha1_base64="vKexZ77Imqfj+aJ1k9icqDTE3Ps="></latexit>

j = ωE
<latexit sha1_base64="DireFp1qL/kEugeJh7vnxVF1EwM="></latexit>

I = GV(Local form) For a wire: with
<latexit sha1_base64="5pztWruvdyllRlzlRffRYiGJ4CI="></latexit>

G =
ωS

L

Cycle PCP2025: Ampère



ED Ly
o

n

How electricity flows: a story of charges, currents and fields

14

G. Kirchhoff, On the deduction of Ohm’s laws in connexion with the theory of electrostatics 
Philosophical Magazine  37, 463-468 (1850)

Je suis sur que vous ne savez pas exactement comment marche 
l’électricité. Et je ne parle même pas de choses compliquées comme 
comme du courant alternatif ou des transistors. Non un truc 
simple: une pile, une ampoule. Qu’est ce qui se passe vraiment au 
niveau physique dans les fils électriques ?

D. Louapre, ScienceEtonnante (3/11/2024)

Cycle PCP2025: Ampère
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Chabay c18.tex 10/11/2014 7: 50 Page 731

18.5 Surface Charge Distributions ���

2UE45IO/ What can we conclude about the gradient of surface
charge across the thin resistor in Figure 18.33, compared to the
gradient of surface charge on the thick connecting wires 

Thin  

Resistor

Figure 18.33 A circuit with a thin section
acting as a resistor.

Two steps in reasoning are needed to answer this question. First, since the drift
speed must be larger in the thin resistor, we deduce that the electric field inside
the resistormust be larger than that inside the thickwires, since v= V&. Second,
we infer that there must be a larger surface charge gradient across the resistor,
in order to produce a larger electric field.

We can see both of these features in Figures 18.34 and 18.35. In Figure
18.34 the thick wires (6 mm × 6 mm) have little charge gradient�the amount
of charge per m2 varies very little on these wires. This small charge gradient is
associated with a small electric field inside these wires. In contrast, the charge
on the thin wire (2 mm× 2 mm) varies rapidly from positive to negative across
the wire. This large gradient is associated with a large electric field inside the
resistor.

Capacitor

Very small

gradient of 

positive charge

Very small

gradient of 

negative

charge

Large gradient

of charge

Figure 18.34 Computed surface charge
on a circuit similar to that in Figure 18.33.
Positive charge is red and negative
charge is blue.

In the graph shown in Figure 18.35 we can see that there is an extra pile-up
of surface charge at the entrance and exit of the thin resistor and a large
gradient along the resistor (pink shading), both of which contribute to a large
electric field in the resistor. In contrast, the surface charge gradient on the left
and right vertical wires is nearly zero (green shading), contributing to a small
electric field inside these wires.

Left vertical

Right vertical

Resistor

Left bottom

Right bottom

Top

left

Top

right

Figure 18.35 Surface charge density (C/m2) on the circuit of Figure 18.34. The
gradient of surface charge on the thick wires is very small (green shading), but the
gradient of charge on the surface of the thin wire is large (pink shading).

In Figure 18.34 we again see complex charge patterns near Kunctions: there
is wrong-sign charge density at each end of the resistor, due to polarization by
the adKacent larger, strongly charged thick wires, which apply an electric field
with large vertical components on the ends of the thin section.

Figure 18.36 shows a schematic version of the surface charge distribution
shown in Figure 18.34. Gradients can be inferred by comparing the amount and
sign of charge at neighboring locations. The large change in amount and sign
of charge across the resistor indicates a large surface charge gradient.

Figure 18.36 A schematic version of the
surface charge distribution shown in
Figure 18.34. The charge gradient across
the thin resistor is large� the gradient on
the thick wires is small.

"NPVOU PG 4VSGBDF $IBSHF

Despite the large number of electrons moving around in a circuit, you will find
that the wires in one of your circuits will not repel a hanging charged tape.
Try it� (The tape is of course attracted to neutral matter, which masks the tiny
repulsion due to surface charges.) The large number of electrons moving inside
the wires is balanced by an equally large number of positively-charged atomic
cores, so the net charge inside the wire is zero and cannot repel charges by
electric interaction. (The current does of course produce magnetic effects.)

The surface charges and the electric field theymake are essential to driving
and guiding the current through the interiors of the wires, but the amount
of charge present on the wires in a circuit powered by two 1.5 V batteries is

<latexit sha1_base64="yqjCpTTPSC3omUvvthVY1UdNLz4="></latexit>

R =
ωL

S
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electric field inside these wires.
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Figure 18.35 Surface charge density (C/m2) on the circuit of Figure 18.34. The
gradient of surface charge on the thick wires is very small (green shading), but the
gradient of charge on the surface of the thin wire is large (pink shading).

In Figure 18.34 we again see complex charge patterns near Kunctions: there
is wrong-sign charge density at each end of the resistor, due to polarization by
the adKacent larger, strongly charged thick wires, which apply an electric field
with large vertical components on the ends of the thin section.

Figure 18.36 shows a schematic version of the surface charge distribution
shown in Figure 18.34. Gradients can be inferred by comparing the amount and
sign of charge at neighboring locations. The large change in amount and sign
of charge across the resistor indicates a large surface charge gradient.

Figure 18.36 A schematic version of the
surface charge distribution shown in
Figure 18.34. The charge gradient across
the thin resistor is large� the gradient on
the thick wires is small.
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Despite the large number of electrons moving around in a circuit, you will find
that the wires in one of your circuits will not repel a hanging charged tape.
Try it� (The tape is of course attracted to neutral matter, which masks the tiny
repulsion due to surface charges.) The large number of electrons moving inside
the wires is balanced by an equally large number of positively-charged atomic
cores, so the net charge inside the wire is zero and cannot repel charges by
electric interaction. (The current does of course produce magnetic effects.)

The surface charges and the electric field theymake are essential to driving
and guiding the current through the interiors of the wires, but the amount
of charge present on the wires in a circuit powered by two 1.5 V batteries is
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18.5 Surface Charge Distributions ���

2UE45IO/ What can we conclude about the gradient of surface
charge across the thin resistor in Figure 18.33, compared to the
gradient of surface charge on the thick connecting wires 

Thin  

Resistor

Figure 18.33 A circuit with a thin section
acting as a resistor.

Two steps in reasoning are needed to answer this question. First, since the drift
speed must be larger in the thin resistor, we deduce that the electric field inside
the resistormust be larger than that inside the thickwires, since v= V&. Second,
we infer that there must be a larger surface charge gradient across the resistor,
in order to produce a larger electric field.

We can see both of these features in Figures 18.34 and 18.35. In Figure
18.34 the thick wires (6 mm × 6 mm) have little charge gradient�the amount
of charge per m2 varies very little on these wires. This small charge gradient is
associated with a small electric field inside these wires. In contrast, the charge
on the thin wire (2 mm× 2 mm) varies rapidly from positive to negative across
the wire. This large gradient is associated with a large electric field inside the
resistor.
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Figure 18.34 Computed surface charge
on a circuit similar to that in Figure 18.33.
Positive charge is red and negative
charge is blue.

In the graph shown in Figure 18.35 we can see that there is an extra pile-up
of surface charge at the entrance and exit of the thin resistor and a large
gradient along the resistor (pink shading), both of which contribute to a large
electric field in the resistor. In contrast, the surface charge gradient on the left
and right vertical wires is nearly zero (green shading), contributing to a small
electric field inside these wires.
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Figure 18.35 Surface charge density (C/m2) on the circuit of Figure 18.34. The
gradient of surface charge on the thick wires is very small (green shading), but the
gradient of charge on the surface of the thin wire is large (pink shading).

In Figure 18.34 we again see complex charge patterns near Kunctions: there
is wrong-sign charge density at each end of the resistor, due to polarization by
the adKacent larger, strongly charged thick wires, which apply an electric field
with large vertical components on the ends of the thin section.

Figure 18.36 shows a schematic version of the surface charge distribution
shown in Figure 18.34. Gradients can be inferred by comparing the amount and
sign of charge at neighboring locations. The large change in amount and sign
of charge across the resistor indicates a large surface charge gradient.

Figure 18.36 A schematic version of the
surface charge distribution shown in
Figure 18.34. The charge gradient across
the thin resistor is large� the gradient on
the thick wires is small.
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Despite the large number of electrons moving around in a circuit, you will find
that the wires in one of your circuits will not repel a hanging charged tape.
Try it� (The tape is of course attracted to neutral matter, which masks the tiny
repulsion due to surface charges.) The large number of electrons moving inside
the wires is balanced by an equally large number of positively-charged atomic
cores, so the net charge inside the wire is zero and cannot repel charges by
electric interaction. (The current does of course produce magnetic effects.)

The surface charges and the electric field theymake are essential to driving
and guiding the current through the interiors of the wires, but the amount
of charge present on the wires in a circuit powered by two 1.5 V batteries is
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18.5 Surface Charge Distributions ���

2UE45IO/ What can we conclude about the gradient of surface
charge across the thin resistor in Figure 18.33, compared to the
gradient of surface charge on the thick connecting wires 

Thin  

Resistor

Figure 18.33 A circuit with a thin section
acting as a resistor.

Two steps in reasoning are needed to answer this question. First, since the drift
speed must be larger in the thin resistor, we deduce that the electric field inside
the resistormust be larger than that inside the thickwires, since v= V&. Second,
we infer that there must be a larger surface charge gradient across the resistor,
in order to produce a larger electric field.

We can see both of these features in Figures 18.34 and 18.35. In Figure
18.34 the thick wires (6 mm × 6 mm) have little charge gradient�the amount
of charge per m2 varies very little on these wires. This small charge gradient is
associated with a small electric field inside these wires. In contrast, the charge
on the thin wire (2 mm× 2 mm) varies rapidly from positive to negative across
the wire. This large gradient is associated with a large electric field inside the
resistor.
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Figure 18.34 Computed surface charge
on a circuit similar to that in Figure 18.33.
Positive charge is red and negative
charge is blue.

In the graph shown in Figure 18.35 we can see that there is an extra pile-up
of surface charge at the entrance and exit of the thin resistor and a large
gradient along the resistor (pink shading), both of which contribute to a large
electric field in the resistor. In contrast, the surface charge gradient on the left
and right vertical wires is nearly zero (green shading), contributing to a small
electric field inside these wires.
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Figure 18.35 Surface charge density (C/m2) on the circuit of Figure 18.34. The
gradient of surface charge on the thick wires is very small (green shading), but the
gradient of charge on the surface of the thin wire is large (pink shading).

In Figure 18.34 we again see complex charge patterns near Kunctions: there
is wrong-sign charge density at each end of the resistor, due to polarization by
the adKacent larger, strongly charged thick wires, which apply an electric field
with large vertical components on the ends of the thin section.

Figure 18.36 shows a schematic version of the surface charge distribution
shown in Figure 18.34. Gradients can be inferred by comparing the amount and
sign of charge at neighboring locations. The large change in amount and sign
of charge across the resistor indicates a large surface charge gradient.

Figure 18.36 A schematic version of the
surface charge distribution shown in
Figure 18.34. The charge gradient across
the thin resistor is large� the gradient on
the thick wires is small.
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Despite the large number of electrons moving around in a circuit, you will find
that the wires in one of your circuits will not repel a hanging charged tape.
Try it� (The tape is of course attracted to neutral matter, which masks the tiny
repulsion due to surface charges.) The large number of electrons moving inside
the wires is balanced by an equally large number of positively-charged atomic
cores, so the net charge inside the wire is zero and cannot repel charges by
electric interaction. (The current does of course produce magnetic effects.)

The surface charges and the electric field theymake are essential to driving
and guiding the current through the interiors of the wires, but the amount
of charge present on the wires in a circuit powered by two 1.5 V batteries is
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2UE45IO/ What can we conclude about the gradient of surface
charge across the thin resistor in Figure 18.33, compared to the
gradient of surface charge on the thick connecting wires 

Thin  

Resistor

Figure 18.33 A circuit with a thin section
acting as a resistor.

Two steps in reasoning are needed to answer this question. First, since the drift
speed must be larger in the thin resistor, we deduce that the electric field inside
the resistormust be larger than that inside the thickwires, since v= V&. Second,
we infer that there must be a larger surface charge gradient across the resistor,
in order to produce a larger electric field.

We can see both of these features in Figures 18.34 and 18.35. In Figure
18.34 the thick wires (6 mm × 6 mm) have little charge gradient�the amount
of charge per m2 varies very little on these wires. This small charge gradient is
associated with a small electric field inside these wires. In contrast, the charge
on the thin wire (2 mm× 2 mm) varies rapidly from positive to negative across
the wire. This large gradient is associated with a large electric field inside the
resistor.
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Figure 18.34 Computed surface charge
on a circuit similar to that in Figure 18.33.
Positive charge is red and negative
charge is blue.

In the graph shown in Figure 18.35 we can see that there is an extra pile-up
of surface charge at the entrance and exit of the thin resistor and a large
gradient along the resistor (pink shading), both of which contribute to a large
electric field in the resistor. In contrast, the surface charge gradient on the left
and right vertical wires is nearly zero (green shading), contributing to a small
electric field inside these wires.
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Figure 18.35 Surface charge density (C/m2) on the circuit of Figure 18.34. The
gradient of surface charge on the thick wires is very small (green shading), but the
gradient of charge on the surface of the thin wire is large (pink shading).

In Figure 18.34 we again see complex charge patterns near Kunctions: there
is wrong-sign charge density at each end of the resistor, due to polarization by
the adKacent larger, strongly charged thick wires, which apply an electric field
with large vertical components on the ends of the thin section.

Figure 18.36 shows a schematic version of the surface charge distribution
shown in Figure 18.34. Gradients can be inferred by comparing the amount and
sign of charge at neighboring locations. The large change in amount and sign
of charge across the resistor indicates a large surface charge gradient.

Figure 18.36 A schematic version of the
surface charge distribution shown in
Figure 18.34. The charge gradient across
the thin resistor is large� the gradient on
the thick wires is small.

"NPVOU PG 4VSGBDF $IBSHF

Despite the large number of electrons moving around in a circuit, you will find
that the wires in one of your circuits will not repel a hanging charged tape.
Try it� (The tape is of course attracted to neutral matter, which masks the tiny
repulsion due to surface charges.) The large number of electrons moving inside
the wires is balanced by an equally large number of positively-charged atomic
cores, so the net charge inside the wire is zero and cannot repel charges by
electric interaction. (The current does of course produce magnetic effects.)

The surface charges and the electric field theymake are essential to driving
and guiding the current through the interiors of the wires, but the amount
of charge present on the wires in a circuit powered by two 1.5 V batteries is
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18.5 Surface Charge Distributions ���

2UE45IO/ What can we conclude about the gradient of surface
charge across the thin resistor in Figure 18.33, compared to the
gradient of surface charge on the thick connecting wires 

Thin  

Resistor

Figure 18.33 A circuit with a thin section
acting as a resistor.

Two steps in reasoning are needed to answer this question. First, since the drift
speed must be larger in the thin resistor, we deduce that the electric field inside
the resistormust be larger than that inside the thickwires, since v= V&. Second,
we infer that there must be a larger surface charge gradient across the resistor,
in order to produce a larger electric field.

We can see both of these features in Figures 18.34 and 18.35. In Figure
18.34 the thick wires (6 mm × 6 mm) have little charge gradient�the amount
of charge per m2 varies very little on these wires. This small charge gradient is
associated with a small electric field inside these wires. In contrast, the charge
on the thin wire (2 mm× 2 mm) varies rapidly from positive to negative across
the wire. This large gradient is associated with a large electric field inside the
resistor.
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Figure 18.34 Computed surface charge
on a circuit similar to that in Figure 18.33.
Positive charge is red and negative
charge is blue.

In the graph shown in Figure 18.35 we can see that there is an extra pile-up
of surface charge at the entrance and exit of the thin resistor and a large
gradient along the resistor (pink shading), both of which contribute to a large
electric field in the resistor. In contrast, the surface charge gradient on the left
and right vertical wires is nearly zero (green shading), contributing to a small
electric field inside these wires.
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Figure 18.35 Surface charge density (C/m2) on the circuit of Figure 18.34. The
gradient of surface charge on the thick wires is very small (green shading), but the
gradient of charge on the surface of the thin wire is large (pink shading).

In Figure 18.34 we again see complex charge patterns near Kunctions: there
is wrong-sign charge density at each end of the resistor, due to polarization by
the adKacent larger, strongly charged thick wires, which apply an electric field
with large vertical components on the ends of the thin section.

Figure 18.36 shows a schematic version of the surface charge distribution
shown in Figure 18.34. Gradients can be inferred by comparing the amount and
sign of charge at neighboring locations. The large change in amount and sign
of charge across the resistor indicates a large surface charge gradient.

Figure 18.36 A schematic version of the
surface charge distribution shown in
Figure 18.34. The charge gradient across
the thin resistor is large� the gradient on
the thick wires is small.
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Despite the large number of electrons moving around in a circuit, you will find
that the wires in one of your circuits will not repel a hanging charged tape.
Try it� (The tape is of course attracted to neutral matter, which masks the tiny
repulsion due to surface charges.) The large number of electrons moving inside
the wires is balanced by an equally large number of positively-charged atomic
cores, so the net charge inside the wire is zero and cannot repel charges by
electric interaction. (The current does of course produce magnetic effects.)

The surface charges and the electric field theymake are essential to driving
and guiding the current through the interiors of the wires, but the amount
of charge present on the wires in a circuit powered by two 1.5 V batteries is
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2UE45IO/ What can we conclude about the gradient of surface
charge across the thin resistor in Figure 18.33, compared to the
gradient of surface charge on the thick connecting wires 

Thin  

Resistor

Figure 18.33 A circuit with a thin section
acting as a resistor.

Two steps in reasoning are needed to answer this question. First, since the drift
speed must be larger in the thin resistor, we deduce that the electric field inside
the resistormust be larger than that inside the thickwires, since v= V&. Second,
we infer that there must be a larger surface charge gradient across the resistor,
in order to produce a larger electric field.

We can see both of these features in Figures 18.34 and 18.35. In Figure
18.34 the thick wires (6 mm × 6 mm) have little charge gradient�the amount
of charge per m2 varies very little on these wires. This small charge gradient is
associated with a small electric field inside these wires. In contrast, the charge
on the thin wire (2 mm× 2 mm) varies rapidly from positive to negative across
the wire. This large gradient is associated with a large electric field inside the
resistor.
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Figure 18.34 Computed surface charge
on a circuit similar to that in Figure 18.33.
Positive charge is red and negative
charge is blue.

In the graph shown in Figure 18.35 we can see that there is an extra pile-up
of surface charge at the entrance and exit of the thin resistor and a large
gradient along the resistor (pink shading), both of which contribute to a large
electric field in the resistor. In contrast, the surface charge gradient on the left
and right vertical wires is nearly zero (green shading), contributing to a small
electric field inside these wires.
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Figure 18.35 Surface charge density (C/m2) on the circuit of Figure 18.34. The
gradient of surface charge on the thick wires is very small (green shading), but the
gradient of charge on the surface of the thin wire is large (pink shading).

In Figure 18.34 we again see complex charge patterns near Kunctions: there
is wrong-sign charge density at each end of the resistor, due to polarization by
the adKacent larger, strongly charged thick wires, which apply an electric field
with large vertical components on the ends of the thin section.

Figure 18.36 shows a schematic version of the surface charge distribution
shown in Figure 18.34. Gradients can be inferred by comparing the amount and
sign of charge at neighboring locations. The large change in amount and sign
of charge across the resistor indicates a large surface charge gradient.

Figure 18.36 A schematic version of the
surface charge distribution shown in
Figure 18.34. The charge gradient across
the thin resistor is large� the gradient on
the thick wires is small.

"NPVOU PG 4VSGBDF $IBSHF

Despite the large number of electrons moving around in a circuit, you will find
that the wires in one of your circuits will not repel a hanging charged tape.
Try it� (The tape is of course attracted to neutral matter, which masks the tiny
repulsion due to surface charges.) The large number of electrons moving inside
the wires is balanced by an equally large number of positively-charged atomic
cores, so the net charge inside the wire is zero and cannot repel charges by
electric interaction. (The current does of course produce magnetic effects.)

The surface charges and the electric field theymake are essential to driving
and guiding the current through the interiors of the wires, but the amount
of charge present on the wires in a circuit powered by two 1.5 V batteries is
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2UE45IO/ What can we conclude about the gradient of surface
charge across the thin resistor in Figure 18.33, compared to the
gradient of surface charge on the thick connecting wires 

Thin  

Resistor

Figure 18.33 A circuit with a thin section
acting as a resistor.

Two steps in reasoning are needed to answer this question. First, since the drift
speed must be larger in the thin resistor, we deduce that the electric field inside
the resistormust be larger than that inside the thickwires, since v= V&. Second,
we infer that there must be a larger surface charge gradient across the resistor,
in order to produce a larger electric field.

We can see both of these features in Figures 18.34 and 18.35. In Figure
18.34 the thick wires (6 mm × 6 mm) have little charge gradient�the amount
of charge per m2 varies very little on these wires. This small charge gradient is
associated with a small electric field inside these wires. In contrast, the charge
on the thin wire (2 mm× 2 mm) varies rapidly from positive to negative across
the wire. This large gradient is associated with a large electric field inside the
resistor.
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Figure 18.34 Computed surface charge
on a circuit similar to that in Figure 18.33.
Positive charge is red and negative
charge is blue.

In the graph shown in Figure 18.35 we can see that there is an extra pile-up
of surface charge at the entrance and exit of the thin resistor and a large
gradient along the resistor (pink shading), both of which contribute to a large
electric field in the resistor. In contrast, the surface charge gradient on the left
and right vertical wires is nearly zero (green shading), contributing to a small
electric field inside these wires.
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Figure 18.35 Surface charge density (C/m2) on the circuit of Figure 18.34. The
gradient of surface charge on the thick wires is very small (green shading), but the
gradient of charge on the surface of the thin wire is large (pink shading).

In Figure 18.34 we again see complex charge patterns near Kunctions: there
is wrong-sign charge density at each end of the resistor, due to polarization by
the adKacent larger, strongly charged thick wires, which apply an electric field
with large vertical components on the ends of the thin section.

Figure 18.36 shows a schematic version of the surface charge distribution
shown in Figure 18.34. Gradients can be inferred by comparing the amount and
sign of charge at neighboring locations. The large change in amount and sign
of charge across the resistor indicates a large surface charge gradient.

Figure 18.36 A schematic version of the
surface charge distribution shown in
Figure 18.34. The charge gradient across
the thin resistor is large� the gradient on
the thick wires is small.
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Despite the large number of electrons moving around in a circuit, you will find
that the wires in one of your circuits will not repel a hanging charged tape.
Try it� (The tape is of course attracted to neutral matter, which masks the tiny
repulsion due to surface charges.) The large number of electrons moving inside
the wires is balanced by an equally large number of positively-charged atomic
cores, so the net charge inside the wire is zero and cannot repel charges by
electric interaction. (The current does of course produce magnetic effects.)

The surface charges and the electric field theymake are essential to driving
and guiding the current through the interiors of the wires, but the amount
of charge present on the wires in a circuit powered by two 1.5 V batteries is
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O. Jefimenko, Am. J. Phys. 30, 19 (1962)

A. K. Torres Assis and J. Akashi Hernandes, The electric force of a current (2007)
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Energy conservation equation
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R.P. Feynman et al, Lectures on Physics, chap. 27 (1965)
It is simple to understand that a steady current in a wire
implies a surface charge on the wire surface, guiding and
pushing electrons. Sommerfeld5 solved the problem of an
infinitely long straight wire with a stationary current, with a
return path through a coaxial cylinder surrounding the wire.
The solution shows an electric field within and along the
wire, E! , and a two-component field "axial E! and radial En)
between the wire and the cylinder. This field configuration
implies a jump of En on the wire surface, indicating a source,
the surface charge.6 Jefimenko7 experimentally confirmed
and visualized the surface charges of current-carrying con-
ducting wires that produce an electric field. This result for a
charged wire was surprising because most instructors pre-
sume that current carrying wires are electrically neutral "lo-
cally#, or at least do not mention this fact. Model calculations
of the surface charge for an infinite wire and for conductors
of other geometries carrying direct current as well as RC
circuits have been done.8
In physics education, the issue of the surface charge was

first raised by Härtel.9 A qualitative consideration of the sur-
face charge was given by Chabay and Sherwood in their
innovative text.10 They emphasized the necessity of present-
ing microscopic models in physics instruction. However, the
dissemination of the surface charge approach in learning ma-
terials is slow. Reference 10 remains in conceptual disso-
nance with most teaching materials in current use, which do
not go beyond the Drude model of electrical current, and
keep silent "or are mistaken# about the conceptual questions
regarding microscopic processes in electrical circuits. We
speculate that the reason is that unlike the Drude model and
Kirchhoff’s laws, the model of surface charge does not pro-
vide simple quantitative problems to facilitate assessment.

IV. ROTATION OF E

We will discuss the energy transfer in a simple closed
circuit and provide a qualitative account. We first address the
behavior of an electric field along the circuit.
We consider the distribution of the surface charge in a

simple circuit comprised of a homogeneous wire "$!const#
of uniform cross section. The gradient in the density of the
surface charge provides the axial electric field within the
wire that guides the movement of the conduction electrons
"see Fig. 2#.11 The steady electric current in the resistive wire
clearly implies an electric field of constant magnitude E"

inside the wire and collinear with it. This field is due to the
distribution of surface charge established during the transient
process. "The density gradient of the surface charge is con-
stant for the simple case considered by Sommerfeld of an
infinite and homogeneous axial wire.#
As shown in Fig. 2, the vector E has two components next

to the wire and outside of it: En perpendicular and outward

"or inward# to the wire, and E! along the wire, matching the
sense of the current I "the direction of the current density j#.
The normal component changes along the circuit in magni-
tude "reflecting the gradient of the surface charge# and in
direction "reflecting the sense of the surface charge#, while
the tangential component remains the same magnitude within
the wire and just next to it, because of the boundary condi-
tions satisfied by the electric field.12
Although the direction of the electric field within the bat-

tery is clear "from plus to minus charge#, there is a subtle
point regarding the direction of the current there. The battery
maintains a charge separation causing an electrostatic field
between the terminals that resists this process. In fact, charge
separation provides the efficient current13 within the battery
which closes the current loop in the entire circuit.
The Sommerfeld solution yields an electric field E that is

perpendicular to the wire (E!!0) outside of it for an ideal
conductor "$→0#. The lack of a tangential field "no gradient
of the surface charge on the wires14# is a reasonable result
due to the inertial motion of electrons in the absence of
resistance.15 After adding a resistor to such a circuit, the
surface charge will cause the electric field E to remain per-
pendicular to the ideal wires and gradually turn along the
resistor "see Fig. 3#.
In summary, E is directed from the positive to the negative

terminal within the battery as well as inside the wires and the
resistor. It is perpendicular to the wire surface outside the
ideal wires connecting the battery to the resistor, and con-

Fig. 1. The Poynting vector near a wire carrying a current "from Fig. 27-5 in
Ref. 4#.

Fig. 2. The rotation of the electric field E (En ,E!) outside and along the
closed dc circuit. Inside the wire the electrical field is collinear with the wire
(E!). The case of a homogeneous wire and an ideal source with no internal
resistance is considered.

Fig. 3. The electric field E along and outside the closed dc circuit. The case
of ideal wires, homogeneous resistor R, and ideal source with no internal
resistance is considered.
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R.P. Feynman et al, Lectures on Physics, chap. 27 (1965)
It is simple to understand that a steady current in a wire
implies a surface charge on the wire surface, guiding and
pushing electrons. Sommerfeld5 solved the problem of an
infinitely long straight wire with a stationary current, with a
return path through a coaxial cylinder surrounding the wire.
The solution shows an electric field within and along the
wire, E! , and a two-component field "axial E! and radial En)
between the wire and the cylinder. This field configuration
implies a jump of En on the wire surface, indicating a source,
the surface charge.6 Jefimenko7 experimentally confirmed
and visualized the surface charges of current-carrying con-
ducting wires that produce an electric field. This result for a
charged wire was surprising because most instructors pre-
sume that current carrying wires are electrically neutral "lo-
cally#, or at least do not mention this fact. Model calculations
of the surface charge for an infinite wire and for conductors
of other geometries carrying direct current as well as RC
circuits have been done.8
In physics education, the issue of the surface charge was

first raised by Härtel.9 A qualitative consideration of the sur-
face charge was given by Chabay and Sherwood in their
innovative text.10 They emphasized the necessity of present-
ing microscopic models in physics instruction. However, the
dissemination of the surface charge approach in learning ma-
terials is slow. Reference 10 remains in conceptual disso-
nance with most teaching materials in current use, which do
not go beyond the Drude model of electrical current, and
keep silent "or are mistaken# about the conceptual questions
regarding microscopic processes in electrical circuits. We
speculate that the reason is that unlike the Drude model and
Kirchhoff’s laws, the model of surface charge does not pro-
vide simple quantitative problems to facilitate assessment.

IV. ROTATION OF E

We will discuss the energy transfer in a simple closed
circuit and provide a qualitative account. We first address the
behavior of an electric field along the circuit.
We consider the distribution of the surface charge in a

simple circuit comprised of a homogeneous wire "$!const#
of uniform cross section. The gradient in the density of the
surface charge provides the axial electric field within the
wire that guides the movement of the conduction electrons
"see Fig. 2#.11 The steady electric current in the resistive wire
clearly implies an electric field of constant magnitude E"

inside the wire and collinear with it. This field is due to the
distribution of surface charge established during the transient
process. "The density gradient of the surface charge is con-
stant for the simple case considered by Sommerfeld of an
infinite and homogeneous axial wire.#
As shown in Fig. 2, the vector E has two components next

to the wire and outside of it: En perpendicular and outward

"or inward# to the wire, and E! along the wire, matching the
sense of the current I "the direction of the current density j#.
The normal component changes along the circuit in magni-
tude "reflecting the gradient of the surface charge# and in
direction "reflecting the sense of the surface charge#, while
the tangential component remains the same magnitude within
the wire and just next to it, because of the boundary condi-
tions satisfied by the electric field.12
Although the direction of the electric field within the bat-

tery is clear "from plus to minus charge#, there is a subtle
point regarding the direction of the current there. The battery
maintains a charge separation causing an electrostatic field
between the terminals that resists this process. In fact, charge
separation provides the efficient current13 within the battery
which closes the current loop in the entire circuit.
The Sommerfeld solution yields an electric field E that is

perpendicular to the wire (E!!0) outside of it for an ideal
conductor "$→0#. The lack of a tangential field "no gradient
of the surface charge on the wires14# is a reasonable result
due to the inertial motion of electrons in the absence of
resistance.15 After adding a resistor to such a circuit, the
surface charge will cause the electric field E to remain per-
pendicular to the ideal wires and gradually turn along the
resistor "see Fig. 3#.
In summary, E is directed from the positive to the negative

terminal within the battery as well as inside the wires and the
resistor. It is perpendicular to the wire surface outside the
ideal wires connecting the battery to the resistor, and con-

Fig. 1. The Poynting vector near a wire carrying a current "from Fig. 27-5 in
Ref. 4#.

Fig. 2. The rotation of the electric field E (En ,E!) outside and along the
closed dc circuit. Inside the wire the electrical field is collinear with the wire
(E!). The case of a homogeneous wire and an ideal source with no internal
resistance is considered.

Fig. 3. The electric field E along and outside the closed dc circuit. The case
of ideal wires, homogeneous resistor R, and ideal source with no internal
resistance is considered.
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Question: what about an electrical circuit ?

tinuously flips and changes in magnitude outside of the re-
sistor !and real wires". Thus the E-vector reverses !by 180°"
along the outer part of the circuit. This knowledge about E,
as well as that of the current direction, enables us to deter-
mine the energy flux in the closed circuit.

V. THE POYNTING VECTOR IN THE CLOSED
CIRCUIT

We now apply the Poynting vector, S!(1/#0) (EÃB), to
describe the flow of the electrical energy.16 The nature of the
electric field in a simple circuit was described in Sec. IV, and
the direction of the current yields the direction of the mag-
netic field. The magnetic field due to a linear current is fa-
miliar: force lines of concentric circles. Figure 4 shows E
and B at different points along the circuit. The vector product
shows the direction of the Poynting vector S. In Fig. 4 we
show only the Poynting vector inside the loop and vectors E
and B outside of it; E and S are axially symmetric !and B
antisymmetric" to each local part of the circuit.
In the battery, the Poynting vector is outward, indicating

the direction of energy flow. !Note the sensitivity of this
result to the sense of the current through the battery." In the
vicinity of the conducting wires and next to the positive ter-
minal of the battery, S is parallel to the wire. Perhaps sur-
prisingly, S is directed from the battery on both sides of the
battery. Along the resistor R, the change of direction of E
outside the resistor causes S to change as well, gradually
turning from parallel to perpendicular to the resistor axis
!and entering it", at its middle point !zero surface charge".
Figure 4 demonstrates the rotation of the Poynting vector

representing the energy flux from the generator, along the
wires, eventually arriving at the resistor and delivering en-
ergy to it. The result is that electromagnetic energy flux is
always directed from the source to the resistor and never
returns !the resistor is heated".
This model also allows a simple evaluation of the energy

flow rate. For an infinitely long wire, the magnetic field B
equals #0I/2$r0 on the surface of the cylindrical resistor
with radius r0 . By using Ohm’s law, E!RI/L , with L the
length of the cylindrical resistor R, we obtain the flux of the
Poynting vector through the surface A of the resistor:

S!
1

#0
!
A
%E"B&dA!

1
#0

EBA!I2R . !1"

This familiar result for the rate of transformation of the elec-
tromagnetic energy into heating in Ohmic resistor is covered
earlier in a typical undergraduate course.
Although the model is qualitative, it allows an approxi-

mate evaluation of the decrease of the energy flux away from
the wire. Because both the electric and magnetic fields de-
crease close to the current carrying wire as 1/r , the Poynting
vector decreases there as 1/r2.

VI. SUMMARY AND IMPLICATIONS FOR
TEACHING

We have seen that even in the simplest dc circuit, the
Poynting vector allows the visualization of the electromag-
netic energy flux on its way from a source to a resistor. The
significant aspects of this approach, which combines formal
and causal explanations, include the following

!1" The Poynting vector conceptualizes and thus quantifies
the transport of energy by the electromagnetic field. The
Poynting vector is usually considered in undergraduate
university physics courses17 as a way of representing the
energy flux of the electromagnetic wave. We have shown
that it also can be useful for representing the energy flux
in a closed dc circuit.

!2" The surface charge model is essential for students’ un-
derstanding of energy transfer in the dc circuit. Past at-
tempts to apply the Poynting vector for this purpose
failed because of the neglect of the surface charge.

!3" Electromagnetic energy does not flow in the wires, as it
might be intuitively assumed, but next to them. It enters
into the resistors in the circuit at the rate of I2R .

!4" Energy flow goes from both terminals of the dc battery
to the load and never returns to the battery. Ironically,
this understanding might look as if it supports the naı̈ve
‘‘clashing currents model,’’ a well-known misconception
regarding the electric current in dc circuits.18

The following questions and tasks could be suggested to
students: !1" Why should we expect the existence of the sur-
face charge on a dc carrying wire without solving Maxwell
equations? !2" Does the surface charge on the wires of the dc
circuit violate the electroneutrality of the circuit? !3" How is
the electric energy transferred in the dc circuit? !4" What is
the role of energy dissipation in the dc circuit? !5" Why
should we prefer the idea of electric energy transport next to
the wires and not within them? !6" What is the physical
reason that the electric field of the surface charge must be
perpendicular to the wires in the case of zero resistivity
wires? !7" Obtain the Poynting vector at the dc battery and
explain the direction of the electric and magnetic fields in it.
!8" Compare the energy dissipation rate in the resistor ac-
cording to Ohm’s law with the rate of flux of Poynting vector
entering the resistor.

a"Electronic mail: igal@vms.huji.ac.il
1Aristotle, Physics !Peripatetic P. Grinnvel, IA, 1980", Vol. II, Chap. 3.
2We address instruction at the level of D. Halliday, R. Resnick, and J.
Walker, Fundamentals of Physics !Wiley, New York, 2001". Most text-
books ignore the issue of energy transfer in dc electrical circuits.
3D. Halliday and R. Resnick, Fundamentals of Physics !Wiley, New York,
1988", p. 651.
4R. Feynman, R. Leighton, and M. Sands, Feynman Lectures on Physics
!Addison–Wesley, Reading, MA, 1964", Vol. 2, pp. 27–28.
5A. Sommerfeld, Electrodynamics !Academic, New York, 1952", pp. 125–
130.

Fig. 4. The electric and magnetic fields, E and B, and Poynting vector S
along the closed dc circuit. The case of ideal wires, homogeneous resistor R,
and ideal source with no internal resistance is considered.
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It is simple to understand that a steady current in a wire
implies a surface charge on the wire surface, guiding and
pushing electrons. Sommerfeld5 solved the problem of an
infinitely long straight wire with a stationary current, with a
return path through a coaxial cylinder surrounding the wire.
The solution shows an electric field within and along the
wire, E! , and a two-component field "axial E! and radial En)
between the wire and the cylinder. This field configuration
implies a jump of En on the wire surface, indicating a source,
the surface charge.6 Jefimenko7 experimentally confirmed
and visualized the surface charges of current-carrying con-
ducting wires that produce an electric field. This result for a
charged wire was surprising because most instructors pre-
sume that current carrying wires are electrically neutral "lo-
cally#, or at least do not mention this fact. Model calculations
of the surface charge for an infinite wire and for conductors
of other geometries carrying direct current as well as RC
circuits have been done.8
In physics education, the issue of the surface charge was

first raised by Härtel.9 A qualitative consideration of the sur-
face charge was given by Chabay and Sherwood in their
innovative text.10 They emphasized the necessity of present-
ing microscopic models in physics instruction. However, the
dissemination of the surface charge approach in learning ma-
terials is slow. Reference 10 remains in conceptual disso-
nance with most teaching materials in current use, which do
not go beyond the Drude model of electrical current, and
keep silent "or are mistaken# about the conceptual questions
regarding microscopic processes in electrical circuits. We
speculate that the reason is that unlike the Drude model and
Kirchhoff’s laws, the model of surface charge does not pro-
vide simple quantitative problems to facilitate assessment.

IV. ROTATION OF E

We will discuss the energy transfer in a simple closed
circuit and provide a qualitative account. We first address the
behavior of an electric field along the circuit.
We consider the distribution of the surface charge in a

simple circuit comprised of a homogeneous wire "$!const#
of uniform cross section. The gradient in the density of the
surface charge provides the axial electric field within the
wire that guides the movement of the conduction electrons
"see Fig. 2#.11 The steady electric current in the resistive wire
clearly implies an electric field of constant magnitude E"

inside the wire and collinear with it. This field is due to the
distribution of surface charge established during the transient
process. "The density gradient of the surface charge is con-
stant for the simple case considered by Sommerfeld of an
infinite and homogeneous axial wire.#
As shown in Fig. 2, the vector E has two components next

to the wire and outside of it: En perpendicular and outward

"or inward# to the wire, and E! along the wire, matching the
sense of the current I "the direction of the current density j#.
The normal component changes along the circuit in magni-
tude "reflecting the gradient of the surface charge# and in
direction "reflecting the sense of the surface charge#, while
the tangential component remains the same magnitude within
the wire and just next to it, because of the boundary condi-
tions satisfied by the electric field.12
Although the direction of the electric field within the bat-

tery is clear "from plus to minus charge#, there is a subtle
point regarding the direction of the current there. The battery
maintains a charge separation causing an electrostatic field
between the terminals that resists this process. In fact, charge
separation provides the efficient current13 within the battery
which closes the current loop in the entire circuit.
The Sommerfeld solution yields an electric field E that is

perpendicular to the wire (E!!0) outside of it for an ideal
conductor "$→0#. The lack of a tangential field "no gradient
of the surface charge on the wires14# is a reasonable result
due to the inertial motion of electrons in the absence of
resistance.15 After adding a resistor to such a circuit, the
surface charge will cause the electric field E to remain per-
pendicular to the ideal wires and gradually turn along the
resistor "see Fig. 3#.
In summary, E is directed from the positive to the negative

terminal within the battery as well as inside the wires and the
resistor. It is perpendicular to the wire surface outside the
ideal wires connecting the battery to the resistor, and con-

Fig. 1. The Poynting vector near a wire carrying a current "from Fig. 27-5 in
Ref. 4#.

Fig. 2. The rotation of the electric field E (En ,E!) outside and along the
closed dc circuit. Inside the wire the electrical field is collinear with the wire
(E!). The case of a homogeneous wire and an ideal source with no internal
resistance is considered.

Fig. 3. The electric field E along and outside the closed dc circuit. The case
of ideal wires, homogeneous resistor R, and ideal source with no internal
resistance is considered.
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1 s or 3 ns ?
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Electrical circuits and EM waves

Experimental results !

10 m10 m

1 m
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Electrical circuits and EM waves

Experimental results !

4 mA

50 ns

70 ns
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Electrical circuits and EM waves
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Electrical circuits and EM waves

Electric field simulation

Outgoing wave at the speed of light

Transient regime: the propagating electric field 
can induce current in the resistor ! 

Cycle PCP2025: Ampère



ED Ly
o

n

22

Electrical circuits and EM waves

Poynting vector simulation

Close to stationary regime:  
the energy flows is located around the wires !

Electric field simulation

Outgoing wave at the speed of light

Transient regime: the propagating electric field 
can induce current in the resistor ! 

Cycle PCP2025: Ampère



ED Ly
o

n

Key messages on classical macroscopic circuits

23Cycle PCP2025: Ampère



ED Ly
o

n

Key messages on classical macroscopic circuits

23

Electrical circuits exhibit surface charges that: 
• Maintain the potential around the circuit 
• Generate the electrical field outside the conductors 
• Ensure the confinement of the electrical current within the conductors
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Electrical circuits exhibit surface charges that: 
• Maintain the potential around the circuit 
• Generate the electrical field outside the conductors 
• Ensure the confinement of the electrical current within the conductors
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• From Ampère to electrical circuits 

• Quantum physics within electricity 

• Towards quantum coherent electronics 

• Presentation of the PCP 2025 cycle
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• Quantum electrons in solids 

• Quantum capacitances and inductances
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K

C. Kittel, Quantum theory of solids, chap 9.

Ideal crystal: macroscopic Slater determinant of delocalized electrons 
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Crystal defects (elastic collisions) Dynamical degrees of freedom (inelastic collisions)

Phonons

1 nm

Cycle PCP2025: Ampère

Others: TLS, magnetic impurities, etc

Electron / electron interactions !

See H. Pothier’s talk (19/03/2025)
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Relevant length scales L

le
l�
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inelastic scattering length

Coherent transport is defined by: L . l�
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Ballistic transport
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Diffusive transport
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Cycle PCP2025: Ampèretinuously flips and changes in magnitude outside of the re-
sistor !and real wires". Thus the E-vector reverses !by 180°"
along the outer part of the circuit. This knowledge about E,
as well as that of the current direction, enables us to deter-
mine the energy flux in the closed circuit.

V. THE POYNTING VECTOR IN THE CLOSED
CIRCUIT

We now apply the Poynting vector, S!(1/#0) (EÃB), to
describe the flow of the electrical energy.16 The nature of the
electric field in a simple circuit was described in Sec. IV, and
the direction of the current yields the direction of the mag-
netic field. The magnetic field due to a linear current is fa-
miliar: force lines of concentric circles. Figure 4 shows E
and B at different points along the circuit. The vector product
shows the direction of the Poynting vector S. In Fig. 4 we
show only the Poynting vector inside the loop and vectors E
and B outside of it; E and S are axially symmetric !and B
antisymmetric" to each local part of the circuit.
In the battery, the Poynting vector is outward, indicating

the direction of energy flow. !Note the sensitivity of this
result to the sense of the current through the battery." In the
vicinity of the conducting wires and next to the positive ter-
minal of the battery, S is parallel to the wire. Perhaps sur-
prisingly, S is directed from the battery on both sides of the
battery. Along the resistor R, the change of direction of E
outside the resistor causes S to change as well, gradually
turning from parallel to perpendicular to the resistor axis
!and entering it", at its middle point !zero surface charge".
Figure 4 demonstrates the rotation of the Poynting vector

representing the energy flux from the generator, along the
wires, eventually arriving at the resistor and delivering en-
ergy to it. The result is that electromagnetic energy flux is
always directed from the source to the resistor and never
returns !the resistor is heated".
This model also allows a simple evaluation of the energy

flow rate. For an infinitely long wire, the magnetic field B
equals #0I/2$r0 on the surface of the cylindrical resistor
with radius r0 . By using Ohm’s law, E!RI/L , with L the
length of the cylindrical resistor R, we obtain the flux of the
Poynting vector through the surface A of the resistor:

S!
1

#0
!
A
%E"B&dA!

1
#0

EBA!I2R . !1"

This familiar result for the rate of transformation of the elec-
tromagnetic energy into heating in Ohmic resistor is covered
earlier in a typical undergraduate course.
Although the model is qualitative, it allows an approxi-

mate evaluation of the decrease of the energy flux away from
the wire. Because both the electric and magnetic fields de-
crease close to the current carrying wire as 1/r , the Poynting
vector decreases there as 1/r2.

VI. SUMMARY AND IMPLICATIONS FOR
TEACHING

We have seen that even in the simplest dc circuit, the
Poynting vector allows the visualization of the electromag-
netic energy flux on its way from a source to a resistor. The
significant aspects of this approach, which combines formal
and causal explanations, include the following

!1" The Poynting vector conceptualizes and thus quantifies
the transport of energy by the electromagnetic field. The
Poynting vector is usually considered in undergraduate
university physics courses17 as a way of representing the
energy flux of the electromagnetic wave. We have shown
that it also can be useful for representing the energy flux
in a closed dc circuit.

!2" The surface charge model is essential for students’ un-
derstanding of energy transfer in the dc circuit. Past at-
tempts to apply the Poynting vector for this purpose
failed because of the neglect of the surface charge.

!3" Electromagnetic energy does not flow in the wires, as it
might be intuitively assumed, but next to them. It enters
into the resistors in the circuit at the rate of I2R .

!4" Energy flow goes from both terminals of the dc battery
to the load and never returns to the battery. Ironically,
this understanding might look as if it supports the naı̈ve
‘‘clashing currents model,’’ a well-known misconception
regarding the electric current in dc circuits.18

The following questions and tasks could be suggested to
students: !1" Why should we expect the existence of the sur-
face charge on a dc carrying wire without solving Maxwell
equations? !2" Does the surface charge on the wires of the dc
circuit violate the electroneutrality of the circuit? !3" How is
the electric energy transferred in the dc circuit? !4" What is
the role of energy dissipation in the dc circuit? !5" Why
should we prefer the idea of electric energy transport next to
the wires and not within them? !6" What is the physical
reason that the electric field of the surface charge must be
perpendicular to the wires in the case of zero resistivity
wires? !7" Obtain the Poynting vector at the dc battery and
explain the direction of the electric and magnetic fields in it.
!8" Compare the energy dissipation rate in the resistor ac-
cording to Ohm’s law with the rate of flux of Poynting vector
entering the resistor.

a"Electronic mail: igal@vms.huji.ac.il
1Aristotle, Physics !Peripatetic P. Grinnvel, IA, 1980", Vol. II, Chap. 3.
2We address instruction at the level of D. Halliday, R. Resnick, and J.
Walker, Fundamentals of Physics !Wiley, New York, 2001". Most text-
books ignore the issue of energy transfer in dc electrical circuits.
3D. Halliday and R. Resnick, Fundamentals of Physics !Wiley, New York,
1988", p. 651.
4R. Feynman, R. Leighton, and M. Sands, Feynman Lectures on Physics
!Addison–Wesley, Reading, MA, 1964", Vol. 2, pp. 27–28.
5A. Sommerfeld, Electrodynamics !Academic, New York, 1952", pp. 125–
130.

Fig. 4. The electric and magnetic fields, E and B, and Poynting vector S
along the closed dc circuit. The case of ideal wires, homogeneous resistor R,
and ideal source with no internal resistance is considered.
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We now apply the Poynting vector, S!(1/#0) (EÃB), to
describe the flow of the electrical energy.16 The nature of the
electric field in a simple circuit was described in Sec. IV, and
the direction of the current yields the direction of the mag-
netic field. The magnetic field due to a linear current is fa-
miliar: force lines of concentric circles. Figure 4 shows E
and B at different points along the circuit. The vector product
shows the direction of the Poynting vector S. In Fig. 4 we
show only the Poynting vector inside the loop and vectors E
and B outside of it; E and S are axially symmetric !and B
antisymmetric" to each local part of the circuit.
In the battery, the Poynting vector is outward, indicating

the direction of energy flow. !Note the sensitivity of this
result to the sense of the current through the battery." In the
vicinity of the conducting wires and next to the positive ter-
minal of the battery, S is parallel to the wire. Perhaps sur-
prisingly, S is directed from the battery on both sides of the
battery. Along the resistor R, the change of direction of E
outside the resistor causes S to change as well, gradually
turning from parallel to perpendicular to the resistor axis
!and entering it", at its middle point !zero surface charge".
Figure 4 demonstrates the rotation of the Poynting vector

representing the energy flux from the generator, along the
wires, eventually arriving at the resistor and delivering en-
ergy to it. The result is that electromagnetic energy flux is
always directed from the source to the resistor and never
returns !the resistor is heated".
This model also allows a simple evaluation of the energy

flow rate. For an infinitely long wire, the magnetic field B
equals #0I/2$r0 on the surface of the cylindrical resistor
with radius r0 . By using Ohm’s law, E!RI/L , with L the
length of the cylindrical resistor R, we obtain the flux of the
Poynting vector through the surface A of the resistor:

S!
1

#0
!
A
%E"B&dA!

1
#0

EBA!I2R . !1"

This familiar result for the rate of transformation of the elec-
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earlier in a typical undergraduate course.
Although the model is qualitative, it allows an approxi-

mate evaluation of the decrease of the energy flux away from
the wire. Because both the electric and magnetic fields de-
crease close to the current carrying wire as 1/r , the Poynting
vector decreases there as 1/r2.

VI. SUMMARY AND IMPLICATIONS FOR
TEACHING

We have seen that even in the simplest dc circuit, the
Poynting vector allows the visualization of the electromag-
netic energy flux on its way from a source to a resistor. The
significant aspects of this approach, which combines formal
and causal explanations, include the following

!1" The Poynting vector conceptualizes and thus quantifies
the transport of energy by the electromagnetic field. The
Poynting vector is usually considered in undergraduate
university physics courses17 as a way of representing the
energy flux of the electromagnetic wave. We have shown
that it also can be useful for representing the energy flux
in a closed dc circuit.

!2" The surface charge model is essential for students’ un-
derstanding of energy transfer in the dc circuit. Past at-
tempts to apply the Poynting vector for this purpose
failed because of the neglect of the surface charge.

!3" Electromagnetic energy does not flow in the wires, as it
might be intuitively assumed, but next to them. It enters
into the resistors in the circuit at the rate of I2R .

!4" Energy flow goes from both terminals of the dc battery
to the load and never returns to the battery. Ironically,
this understanding might look as if it supports the naı̈ve
‘‘clashing currents model,’’ a well-known misconception
regarding the electric current in dc circuits.18

The following questions and tasks could be suggested to
students: !1" Why should we expect the existence of the sur-
face charge on a dc carrying wire without solving Maxwell
equations? !2" Does the surface charge on the wires of the dc
circuit violate the electroneutrality of the circuit? !3" How is
the electric energy transferred in the dc circuit? !4" What is
the role of energy dissipation in the dc circuit? !5" Why
should we prefer the idea of electric energy transport next to
the wires and not within them? !6" What is the physical
reason that the electric field of the surface charge must be
perpendicular to the wires in the case of zero resistivity
wires? !7" Obtain the Poynting vector at the dc battery and
explain the direction of the electric and magnetic fields in it.
!8" Compare the energy dissipation rate in the resistor ac-
cording to Ohm’s law with the rate of flux of Poynting vector
entering the resistor.
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Fig. 4. The electric and magnetic fields, E and B, and Poynting vector S
along the closed dc circuit. The case of ideal wires, homogeneous resistor R,
and ideal source with no internal resistance is considered.
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sistor !and real wires". Thus the E-vector reverses !by 180°"
along the outer part of the circuit. This knowledge about E,
as well as that of the current direction, enables us to deter-
mine the energy flux in the closed circuit.

V. THE POYNTING VECTOR IN THE CLOSED
CIRCUIT

We now apply the Poynting vector, S!(1/#0) (EÃB), to
describe the flow of the electrical energy.16 The nature of the
electric field in a simple circuit was described in Sec. IV, and
the direction of the current yields the direction of the mag-
netic field. The magnetic field due to a linear current is fa-
miliar: force lines of concentric circles. Figure 4 shows E
and B at different points along the circuit. The vector product
shows the direction of the Poynting vector S. In Fig. 4 we
show only the Poynting vector inside the loop and vectors E
and B outside of it; E and S are axially symmetric !and B
antisymmetric" to each local part of the circuit.
In the battery, the Poynting vector is outward, indicating

the direction of energy flow. !Note the sensitivity of this
result to the sense of the current through the battery." In the
vicinity of the conducting wires and next to the positive ter-
minal of the battery, S is parallel to the wire. Perhaps sur-
prisingly, S is directed from the battery on both sides of the
battery. Along the resistor R, the change of direction of E
outside the resistor causes S to change as well, gradually
turning from parallel to perpendicular to the resistor axis
!and entering it", at its middle point !zero surface charge".
Figure 4 demonstrates the rotation of the Poynting vector

representing the energy flux from the generator, along the
wires, eventually arriving at the resistor and delivering en-
ergy to it. The result is that electromagnetic energy flux is
always directed from the source to the resistor and never
returns !the resistor is heated".
This model also allows a simple evaluation of the energy

flow rate. For an infinitely long wire, the magnetic field B
equals #0I/2$r0 on the surface of the cylindrical resistor
with radius r0 . By using Ohm’s law, E!RI/L , with L the
length of the cylindrical resistor R, we obtain the flux of the
Poynting vector through the surface A of the resistor:

S!
1

#0
!
A
%E"B&dA!

1
#0

EBA!I2R . !1"

This familiar result for the rate of transformation of the elec-
tromagnetic energy into heating in Ohmic resistor is covered
earlier in a typical undergraduate course.
Although the model is qualitative, it allows an approxi-

mate evaluation of the decrease of the energy flux away from
the wire. Because both the electric and magnetic fields de-
crease close to the current carrying wire as 1/r , the Poynting
vector decreases there as 1/r2.

VI. SUMMARY AND IMPLICATIONS FOR
TEACHING

We have seen that even in the simplest dc circuit, the
Poynting vector allows the visualization of the electromag-
netic energy flux on its way from a source to a resistor. The
significant aspects of this approach, which combines formal
and causal explanations, include the following

!1" The Poynting vector conceptualizes and thus quantifies
the transport of energy by the electromagnetic field. The
Poynting vector is usually considered in undergraduate
university physics courses17 as a way of representing the
energy flux of the electromagnetic wave. We have shown
that it also can be useful for representing the energy flux
in a closed dc circuit.

!2" The surface charge model is essential for students’ un-
derstanding of energy transfer in the dc circuit. Past at-
tempts to apply the Poynting vector for this purpose
failed because of the neglect of the surface charge.

!3" Electromagnetic energy does not flow in the wires, as it
might be intuitively assumed, but next to them. It enters
into the resistors in the circuit at the rate of I2R .

!4" Energy flow goes from both terminals of the dc battery
to the load and never returns to the battery. Ironically,
this understanding might look as if it supports the naı̈ve
‘‘clashing currents model,’’ a well-known misconception
regarding the electric current in dc circuits.18

The following questions and tasks could be suggested to
students: !1" Why should we expect the existence of the sur-
face charge on a dc carrying wire without solving Maxwell
equations? !2" Does the surface charge on the wires of the dc
circuit violate the electroneutrality of the circuit? !3" How is
the electric energy transferred in the dc circuit? !4" What is
the role of energy dissipation in the dc circuit? !5" Why
should we prefer the idea of electric energy transport next to
the wires and not within them? !6" What is the physical
reason that the electric field of the surface charge must be
perpendicular to the wires in the case of zero resistivity
wires? !7" Obtain the Poynting vector at the dc battery and
explain the direction of the electric and magnetic fields in it.
!8" Compare the energy dissipation rate in the resistor ac-
cording to Ohm’s law with the rate of flux of Poynting vector
entering the resistor.

a"Electronic mail: igal@vms.huji.ac.il
1Aristotle, Physics !Peripatetic P. Grinnvel, IA, 1980", Vol. II, Chap. 3.
2We address instruction at the level of D. Halliday, R. Resnick, and J.
Walker, Fundamentals of Physics !Wiley, New York, 2001". Most text-
books ignore the issue of energy transfer in dc electrical circuits.
3D. Halliday and R. Resnick, Fundamentals of Physics !Wiley, New York,
1988", p. 651.
4R. Feynman, R. Leighton, and M. Sands, Feynman Lectures on Physics
!Addison–Wesley, Reading, MA, 1964", Vol. 2, pp. 27–28.
5A. Sommerfeld, Electrodynamics !Academic, New York, 1952", pp. 125–
130.

Fig. 4. The electric and magnetic fields, E and B, and Poynting vector S
along the closed dc circuit. The case of ideal wires, homogeneous resistor R,
and ideal source with no internal resistance is considered.
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Role of quantum effects ?

Simpler conductors: 
« small », low dimensional

Usual conductors: 
« big », 3D
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n ! 1011 cm−2

µ ! 106 cm2/VS

Transport in the Quantum Hall regime

Semi-classical approach

Drift of cyclotron orbitals

Quantum approach

Edge states
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Beamlike motion

B

A
u
N

iG
e

Filling factor nsh/eB = 2  :

B ~ 4 Tesla for nS = 2 10 11 cm-2

Drift velocity VD=E / B ~ 104  - 105 ms-1

2DEG
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vF ! 105 − 106 m s−1

Edge channels: 1D chiral wires

M. Büttiker, Phys. Rev. B. 88, 9375 (1988)

Insulating 2D bulk. Conducting edge channels! 
Chiral relativistic fermions
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Quantum Hall bar:  
a very special wire

Two directions but  
no backscattering!
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a very special wire

Two directions but  
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A. Delgard et al, Phys. Rev. B 104, L121301 (2021)
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Electrical circuits exhibit surface charges that: 
• Maintain the potential around the circuit 
• Generate the electrical field outside the conductors 
• Ensure the confinement of the electrical current within the conductors
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Electrical circuits exhibit surface charges that: 
• Maintain the potential around the circuit 
• Generate the electrical field outside the conductors 
• Ensure the confinement of the electrical current within the conductors

Energy is not necessarily carried by the EM field

Sometimes, dissipation takes place in the contacts !

Capacitance and inductances are renormalized because 
the electrical current is carried by Fermions !!!

Coulomb interaction effects can be strong !

Cycle PCP2025: Ampère
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• From Ampère to electrical circuits 

• Quantum physics within electricity 

• Towards quantum coherent electronics 

• Presentation of the PCP 2025 cycle
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• Quantum transport 

• AC transport and Coulomb interactions 

• Quantum electrical currents and photons

Cycle PCP2025: Ampère
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How electricity flows in « quantum » conductors ?
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Electronic coherence ?

Simpler conductors: 
« small », but not yet quantum

Quantum conductors: 
electronic interferences ?
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le ⌧ L . l�
Diffusive transport

Deviations to classical diffusion:  
weak localization, etc
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le ⌧ L . l�
Diffusive transport

Deviations to classical diffusion:  
weak localization, etc

Ballistic transport

L . le and l�

Conductors as electronic waveguides  
and scatterers
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L.P. Lévy et al, Phys. Rev. Lett. 64, 2074 (1990)Experiments 700 isolated rings
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D. Mailly et al, Phys. Rev. Lett. 70, 2020 (1993)single ring
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L.P. Lévy et al, Phys. Rev. Lett. 64, 2074 (1990)Experiments 700 isolated rings

W. Rabaud et al, Phys. Rev. Lett. 86, 3124 (2001) connected rings
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Macroscopic molecular currents à la Ampère!
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R.A. Webb et al, Phys. Rev. Lett. 54, 2696 (1985)

Conductances do not add in parallel !
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R.A. Webb et al, Phys. Rev. Lett. 54, 2696 (1985)

Conductances do not add in parallel !

Classical contributions

Quantum corrections: 
Weak for  

1 tour

-1 tour

Older experience: 

D. Yu. and Yu. V. Sharvin, JETP Lett. 34 (1981)
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"0
+

@E

@t

Gauge invariance and charge conservation require Coulomb interactions

current conservation

M. Büttiker, J. Phys.: Cond. Matt. 5, 9361 (1993) 
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AC quantum transport and Coulomb interactions
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Classical self-consistant potential for electronic scattering 

AC quantum transport and Coulomb interactions
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Ij(ω) = Ij(ω; [S, Vj ])

A Prêtre et al, Phys. Rev. B 54, 8130 (1996)
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Classical self-consistant potential for electronic scattering 

AC quantum transport and Coulomb interactions
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A Prêtre et al, Phys. Rev. B 54, 8130 (1996)

T. Christen and M. Büttiker, Europhys. Lett. 35, 523 (1996)
Non-linear dc response
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J. Gabelli et al, Science 313, 499 (2006)

GHz frequency measurement of the impedance
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Theory: M. Büttiker et al, Phys. Lett. A 180, 364 (1993)
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Büttikerian paradigm: conductors as electronic scatterers and waveguides

Self consistent approach
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Büttikerian paradigm: conductors as electronic scatterers and waveguides

Self consistent approach

Question: what hides beyond this « classical scatterer » picture ?
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Excitations of the electronic fluid in a metal
Static charges: role in dc transport.

Low energy plasmons (surface charge density 
waves): role in ac transport and transient regimes. 
Hybridize with the EM field. Coulomb couplings 
in mesoscopic systems.

Bulk plasmons: optical frequencies (too high for 
nano electronics)

Quasi-particles: only feel a Coulomb screened 
interactions (electron scattering approach)

Ph. Joyez, Introduction to quantum circuits (Univ. Denis Diderot, Master DQ)
Cycle PCP2025: Ampère
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Dynamical Coulomb blockade

See F. Pierre’s talk (9/4/2025)
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Z(ω) Can be used to generate quantum microwave radiation

A. Peugeot et al, Phys. Rev. X 11, 031008 (2021)
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Coherent nano-electronics:  
many electrons sources

known remarkable electron source :

• voltage biased contact :
continuous generation of electrons entangled 

in a giant Slater determinant at eV/h pace !

But : no time control

• single electron pumps :
controlled injection of single charge

but : sequential electron injection 

(incoherent: not a Slater determinant)

• recent single electron gun:
perfect source for flying qubit realisation

coherent single electron source

opens new field of quantum experiments

But: difficult to operate for n-electrons 

eV

h
=τ

1e 1e 1e 1e ...

V(t)

C

0

V(t)

µ
C/e2

Vg

−
e

available single electron source

G. Fève et al, Science 2007

ac sourcedc source

Many overlapping electrons!
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Many overlapping electrons!
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Electron quantum optics: 
single or few electrons sources

G. Fève et al, Science  316, 1169 (2007)

Landau excitation source:
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electron source

Well separated electronic excitations

E. Bocquillon et al, Ann. Phys. (Berlin) 526, 1-30 (2014)
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Figure 3 | energy distribution of electron–hole excitations: shot-noise
spectroscopy. a, Electrons with energy e enter the QPC barrier in a
superposition of states with energy e1 lhn with probability Pl. Electrons and
holes are partitioned, generating a current noise proportional to their number.
~f (e) is the energy distribution for unit-charge sinusoidal pulses. It is symmetric
with respect to the energy EF1 eVd.c.. b, Same as a but for unit-charge
Lorentzian pulses. ~f (e) is asymmetrical because no holes are created, which is a
hallmark of levitons. c, Shot-noise spectroscopy for 24-GHz sine waves with
different amplitudes Va.c. (units, a~eVa:c:=hn). The reduced excess noise,
DN (dots), versus d.c. voltage in units of q5 eVd.c./hn is plotted and compared
with theory (solid lines). The QPC transmission is D5 0.25. The left-hand

diagram represents the distribution function. The noise derivative is
proportional to ~f (e)for q, 0 (that is, ewEFzeVd:c:) and to {(1{~f (e))
forq. 0 (see text). The symmetricnoise curve reflects the symmetricdistribution
~f (e). For q.a, the noise slowly linearly decreases as the hole excitations spread
deep in energy below EF. d, Same as c but for sharp,W/T5 0.09, 6-GHz
Lorentzian pulses with various amplitudes a (D5 0.19). As expected, DN is
strongly asymmetric. For q. a1 kBTe/hn, in an energy domainbeyond thermal
excitations, the noise rapidly exponentially vanishes, signalling the absence of
hole excitations. When q equals a, the reduced noise DN(q~a) displayed in
c and d equals the excess particle DNeh(q) displayed in Fig. 2d for Lorentzian
and sinusoidal pulses. The error bars are s.e.m. (n< 100,000 acquisitions).
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Figure 4 | Leviton wavefunction in the time
domain. a, b, Principle of the Hong–Ou–Mandel
experiment: time-shifted Lorentzian voltage pulses
V(t) and V(t1 t) applied to the left- and
right-hand contacts generate trains of
indistinguishable electrons that enter the two
inputs of the QPC beam splitter. Their interference
controls the statistics of the charge leaving the
QPC. For single-charge levitons,
SHOM
I ~2S0I (1{ y(x) j y(x{vFth ij j2) (ref. 31).
c, Hong–Ou–Mandel noise versus time delay for a
4.8-GHz Lorentzian with W/T5 0.18. The
shot-noise scale on the left has been reversed to
match the g2(t) scale on the right. The excellent
agreement with theory (solid line) shows that the
leviton wavefunction has the expected time
dependence. The,100% Hong–Ou–Mandel dip
reveals the high symmetry of the right- and
left-hand voltage pulses, which therefore provide
indistinguishable electrons. The error bars are
s.e.m. (n< 100,000 acquisitions).

RESEARCH LETTER
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Leviton source:

J. Dubois et al, Nature 502, 659 (2013)

See G. Fève’s talk (16/04/2025)
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Single electron excitations are generically quantum plasmonic states !
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Quantum electrons, currents and photons
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Key message on fully quantum electrical circuits

54Cycle PCP2025: Ampère

Fully quantum electricity is QED on a chip !
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Outline
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• From Ampère to electrical circuits 

• Quantum physics within electricity 

• Towards quantum coherent electronics 

• Presentation of the PCP 2025 cycle

Cycle PCP2025: Ampère
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Hughes Pothier (CEA Saclay/SPEC)

La supra-conductivité, de sa découverte aux circuits quantiques

19 mars 2025 (16h30, Amphi Dirac)

2 avril 2025 (16h30, Amphi Ampère)Lucian Prejbeanu (CEA Grenoble/Spintec)

Innovations spintroniques pour un numérique frugal et agile
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Frédéric Pierre (C2N Palaiseau)

Circuits quantiques composites: des nouvelles lois du transport à la simulation quantique

9 avril 2025 (16h30, Amphi Ampère)

Gwendal Fève (LPENS Paris)

L’optique quantique électronique: de l’électron unique aux anyons

16 avril 2025 (16h30, Amphi Ampère)



ED Ly
o

nDepuis Ampère jusqu’à l’électronique quantique

58

Anne Lhuillier (Lund University)

Mouvement des électrons dans les atomes à l’échelle attoseconde

30 avril 2025 (16h30, Amphi Ampère)
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Merci de votre attention…
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