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Biermann battery effect in laser-excited metals
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Interaction of femtosecond optical pulses with solids is accompanied by inhomogeneous electron heating
and interband transitions. In the general case it should lead to the excitation of bulk eddy currents due to the
misalignment between the gradients of free electrons’ pressure and density, similarly to the Biermann battery
effect. We consider typical conditions for laser ablation of metals and show that these currents significantly heat
electrons and provide convective heat transfer on subpicosecond timescales. Estimated heating depth reaches
several hundred nanometers, which coincides with the ablation depth of metals at optical fluences of several
J/cm2.
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The excitation of vortex flows by nonparallel gradients of
medium pressure and density is a fundamental phenomenon
in fluid dynamics. The cross product of these two gradients
is a source of fluid vorticity in the hydrodynamic equa-
tions. In geophysics, the corresponding value is usually called
baroclinity, and it is responsible for many important effects
concerning energy and mass transport in the ocean and atmo-
sphere, including the formation of cyclones, mesoscale ocean
eddies, and a variety of instabilities.

In plasma physics, an effect of a similar nature is known
as the Biermann battery [1]. In most cases it is considered as
a mechanism of magnetic field generation in the context of
astrophysical problems, in line with Biermann’s original idea
(see, for example, recent papers [2–4]). The Biermann effect
can also play a key role in laser-induced plasma expansion
[5–8], where it leads to generation of strong magnetic fields
and thus significantly affects dynamics of the medium. Typ-
ically, such effects are considered on pico- and nanosecond
timescales and for macroscopic plasma expansion distances,
when the ions or the crystal lattice already started to move
being heated due to collisions with electrons.

However, the prerequisites for the Biermann effect man-
ifestation arise even in purely electronic subsystems of
laser-irradiated solids before any heat exchange with the crys-
tal lattice, and so before the start of melting or vaporization
processes. The main condition is the existence of different
nonuniform spatial distributions of temperature and density of
free electrons inside the laser spot (see the schematic picture
in Fig. 1). Below we focus on widely studied metals and
alloys, where this condition should be fulfilled at least at the
subpicosecond timescale.

For example, it was established experimentally that fem-
tosecond laser irradiation of gold leads to electron heating
up to the temperature of 5 eV and more than twice the in-
crease of free electron density at incident optical fluences
of 3 J/cm2 [9]. The measured dependencies of electronic
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temperature and density on pump intensity are significantly
different: while the temperature increases roughly linearly,
free electron density remains almost constant at low intensi-
ties and then experiences significant increase. It means that
their spatial distributions over the irradiated spot are indeed
different, and so the temperature and density gradients are
misaligned.

The theoretical study of the Biermann effect given in this
Letter is motivated by repeatedly confirmed experimental data
on femtosecond laser ablation of metals, which still have no
generally accepted explanation. First of all, it is the growth
of the ablation depth per single laser shot up to ∼0.5–1 mi-
crometer at optical fluences of about 5–10 J/cm2 [10,11].
The problem is that the electronic thermal conductivity can
provide heat transfer from the initially heated skin layer
(10–20 nm) only to a depth of about 100 nm in a few picosec-
onds. By this moment thermal energy is mostly transferred to
the crystal lattice and material destruction starts. Moreover, if
we take into account a multiple increase of electron collision
frequency due to heating [9,12], the estimated maximal depth
of heat diffusion occurs to be even smaller.

To resolve this contradiction, the models of femtosecond
ablation were proposed which take into account material melt-
ing by a shock wave [13–15]. The shock wave is supposed
to be excited in the overheated layer and then transfer energy
deep into the sample, destroying the crystal lattice. This mech-
anism allows us to overcome the limitation of diffusive energy
transport, however, the underlying molecular dynamics mod-
eling is highly dependent on the mechanisms of electronic
thermal conductivity included at the stage of problem for-
mulation [16]. Thus, the energy transport models still remain
debatable in the theory of laser ablation.

In this Letter we consider an alternative (or addi-
tional) mechanism of the medium heating. We develop a
self-consistent theory of eddy currents and magnetic field
excitation inside the metal after the femtosecond laser ir-
radiation, by analogy with the Biermann battery effect. We
consider the very initial (subpicosecond) stage of the medium
dynamics, when the crystal lattice remains relatively cold
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FIG. 1. Schematic picture of eddy currents excitation after laser
irradiation of metal. Red and yellow colors show the areas of in-
creased free electron density and thermal energy, respectively. White
lines show free electron velocities.

and only the motion of electrons can be taken into account.
Surprisingly, this time period turned out to be sufficient for
noticeable increase of electronic temperature caused by the
eddy currents.

Further, the introduction of at least two-dimensional (2D)
spatial distributions of electronic pressure and density is
essentially important, because reducing to 1D geometry ob-
viously eliminates any effects related to vortex motion. For
example, a detailed theoretical analysis of the electronic
pressure and accompanying electric field influence on fem-
tosecond ablation was carried out in [17]. However, in the
paper [17], as in many others, the possibility of eddy current
excitation was excluded, since the one-dimensional geometry
of the problem was chosen.

Now let us consider free electron gas near the flat metal
surface, which was inhomogeneously heated by an ultrashort
laser pulse. Below we denote free electron density as n(x, z)
and describe degenerate electron gas in terms of the average
kinetic (thermal) energy of electron ε(x, z), which is related
to electronic temperature T as ε = 3

5εF + π2

4
T 2

εF
, where εF

is the Fermi energy. We chose 2D geometry for clarity, as-
suming that the system is homogeneous along the y axis;
see Fig. 1. However, the resulting Eqs. (10)–(13) describing
the excitation of magnetic fields and currents are still valid
for 3D distributions. In the ideal gas approximation [18], the
electronic pressure p can be written as

p = 2
3 nε. (1)

We use the hydrodynamic model of free electrons and
describe their collective motion by the Euler equation, taking
into account the pressure gradient ∇p and the self-consisting
electric field E:

∂v
∂t

= −νv − ∇p

nm
− eE

m
, (2)

where v is the electron gas velocity, ∇ is the nabla differential
operator, ν is the effective collision frequency, and e and m
are the elementary charge and the electron mass, respectively.
Note that applicability of the hydrodynamic approach mainly
depends on the electron collision frequency, i.e., metal purity
and temperature. Because of fast overheating of electrons,
preceding melting and ablation, the scattering rate increases
strongly [9,12] and the mean free path decreases down to a
few nanometers, which is one order smaller than the optical
skin-layer depth, so that the Euler equation can be used instead

of the kinetic Boltzmann equation even for highly conductive
metals.

The magnetic field action is neglected in Eq. (2) since we
limit ourselves to laser fluences of several J/cm2, when the
expected velocities of electrons are comparable to the Fermi
velocity, and so are three orders lower than the speed of light.
Note that this does not cancel generation of the magnetic field
by bulk electric currents. At last, the nonlinear term (v∇)v
is neglected in Eq. (2) in comparison with the electron gas
pressure; see the velocity estimations below.

Evolution of the electromagnetic field inside the metal is
described by Maxwell’s equations:

rot H = 1

c

∂E
∂t

+ 4π

c
j (3)

rot E = −1

c

∂H
∂t

, (4)

where H is the magnetic field, j = −nev is the electronic
current, and c is the speed of light.

Here we focus on relatively low-frequency processes of
current and electromagnetic field propagation inside the metal
with the characteristic timescales from several femtoseconds
to several picoseconds. Thus, the time derivative in Eq. (2)
can be neglected in comparison with the collision frequency,
which increases up to (2–3) × 1015 s−1 even at moderate
pumping fluences. So, from Eq. (2) we find

v ≈ − ∇p

νnm
− eE

νm
(5)

and

j ≈ e∇p

νm
+ e2nE

νm
. (6)

Substitution of Eq. (6) into Eq. (3) gives

c · rot H = ∂E
∂t

+ 4πe∇p

νm
+ ω2

pE

ν
, (7)

where ω2
p = 4πne2

m is the squared plasma frequency of elec-
trons. In this equation the term ∂E

∂t is several orders less

than
ω2

p

ν
E since the expected timescales of E variation is

at least several femtoseconds, while
ω2

p

ν
is of the order of

1017–1018 s−1 in typical metals. Neglecting ∂E
∂t in Eq. (7), we

find the following relation:

rot H ∼= 4π

c
j = 4πe∇p

νmc
+ ω2

pE

νc
. (8)

Expressing electric field E from Eq. (8) and substituting it
into Eq. (4), we obtain

−1

c

∂H
∂t

= [∇n, ∇p]

en2
+ rot

( c

4π

νm

ne2
rot H

)
, (9)

where square brackets [∇n, ∇p] denote the cross product of
two gradients. Let us introduce the magnetic diffusion coeffi-
cient DH = νc2/ω2

p and take into account the equation of state
(1):

∂H
∂t

= −rot(DH rot H) − 2c

3en
[∇n, ∇ε]. (10)

This is the equation of diffusion type describing magnetic
field excitation and propagation inside the metal. As it was
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expected, the source of magnetic field is proportional to the
cross product [∇n, ∇ε], which is directed along the y axis in
the chosen geometry, so that the magnetic field has only the y
component.

In the case of small perturbations, when n = n0 + δn,
ν = ν0 + δν and δν � ν0, δn � n0, we have DH

∼= const, so
that Eq. (10) transforms into the classical diffusion equation,
which allows us to get a general idea of the magnetic field
propagation inside the metal:

∂H
∂t

= DH � H − 2c

3en0
[∇n, ∇ε]. (11)

Next, calculating the curl of Eq. (10) and taking into ac-
count Eq. (8), we find an equation similar to Eq. (10) for the
bulk current evolution:

∂j
∂t

= −rot {rot(DH j)} − rot

{
c2

6πen
[∇n, ∇ε]

}
, (12)

which is also transformed into the diffusion equation in the
case of small perturbations (when δn � n0 and DH

∼= const):

∂j
∂t

= DH � j − c2

6πen0
rot[∇n, ∇ε]. (13)

Here we should note that under the chosen assumptions the
electronic current j has only an eddy component, and hence
zero divergence:

div j = ∂ jx
∂x

+ ∂ jz
∂z

= 0, (14)

which directly follows from Eq. (8). It is important that the
source of vortex electron motion like rot[∇n, ∇ε] cannot be
shielded by charge separation fields, in contrast to potential
sources like the pressure gradient in a homogeneous medium.
On the other hand, because of zero divergence, electric cur-
rents describing by Eqs. (12) or (13) do not perturb free
electron density. However, eddy currents can exist on the
background of quasistatic charge separation fields, discussed,
for example in the papers [17,19].

Under realistic experimental conditions the characteristic
longitudinal scale of the all perturbations lz is much larger
than the transversal scale lx, since lz is equal to the laser spot
radius, which is at least several microns, and lx is of the order
of optical skin layer, which is 10–20 nm. From the inequality
lz � lx and div j ∼= 0 it follows that the z component of the
electronic current is much larger than the x component. Thus,
from Eqs. (10) and (12) we find

∂Hy

∂t
∼= ∂

∂x

(
DH

∂Hy

∂x

)
− 2c

3en
[∇n, ∇ε]y, (15)

∂ jz
∂t

∼= ∂2(DH jz )

∂x2
− ∂

∂x

{
c2

6πen
[∇n, ∇ε]y

}
. (16)

Also, at the impenetrable boundary the normal current is
zero, so jx = 0 and ∂Hy

∂z = 0 along the entire surface according
to Eq. (8). Because at z = ±∞ the magnetic field is zero, we
obtain Hy ≡ 0 along the entire metal surface, so that the mag-
netic field is localized inside the metal and the electromagnetic
energy flux outside the medium is negligible under the chosen
assumptions.

For further estimations we mostly use the parameters of
overheated gold obtained experimentally in [9,12], and also

take into account the results of first-principles calculations of
electronic properties of iron [20] and widespread alloys like
stainless steel [20], CuNi, and AuCu [21] in nonequilibrium
states (which corresponds to the ablation conditions discussed
in the Letter). According to these papers, the listed metals and
alloys behave similarly, demonstrating 1.5–2.5 times increase
of free electron density after heating up to the temperature of
3–5 eV and negligible growth of electron density at tempera-
tures below ∼1 eV.

More specifically, experimental data for gold [9] show that
at rather moderate incident laser fluence of 3 J/cm2 the result-
ing electronic temperature is ∼5 eV (which gives the increase
of kinetic energy of Fermi particles δε ∼= 2.3 eV), the concen-
tration of free electrons grows from 6 × 1022 cm−3 to 15 ×
1022 cm−3 (so δn = 9 × 1022 cm−3 = 1.5n0) and the colli-
sion rate increases from 0.13 × 1015 s−1 to 4.2 × 1015 s−1. In
more recent experiments on ultrafast THz excitation of gold
[12] an approximately twice smaller increase of the electronic
collision rate was measured, which was mostly attributed to
the difference in the irradiated samples’ thickness. However,
the growth of free electron density was estimated similarly to
[9] in the available temperature range up to 1.5 eV.

The thermal diffusivity of electron gas in metals D =
v2

F /3ν should sufficiently decrease after heating due to the
collision rate increase. For the parameters of excited gold
given above, D decreases to 2–4 cm2/s (being of about
50 cm2/s at room temperature outside the overheated zone),
so that the characteristic time of heat diffusion from the over-
heated optical skin layer lsk = 12–15 nm can be estimated
as τD = l2

sk/D ∼ 0.5–1 ps. At the same time, the value of
magnetic diffusivity DH is about 5 × 103 cm2/s inside the
overheated region and one order smaller outside (at room
temperature). Thus, the magnetic diffusion is a much faster
process than the heat diffusion. Also, the characteristic time
of free electron density relaxation is not less than 1 ps. Conse-
quently, the source term ∼ [∇n, ∇ε]y in Eqs. (15) and (16)
can be considered as almost constant at timescales smaller
than 1 ps, while the magnetic diffusion occurs to be the dom-
inant mechanism of energy transport.

The action of the Birman battery lasts as long as there
are significant temperature and density gradients that decrease
by electronic heat diffusion, heat exchange with the crystal
lattice, and recombination. For many metals these processes
have comparable timescales of the order of several picosec-
onds. During the time τD magnetic diffusion spreads magnetic
field and eddy currents to the depth of lMD = √

DHτD (about
several hundred nanometers), which determines the character-
istic heating depth. The longitudinal size of the heated area
along the z axis lz is roughly determined by the laser spot
size, or, more precisely, by the distance from the laser spot
center to the point where the gradients ∇n and ∇ε are most
different [for example, where one of n(z) or ε(z) experiences
much sharper decrease than another one].

Let us estimate the generated magnetic field and the elec-
tron velocities under the conditions listed above. We calculate
these values at the moment of τD = 1 ps after the laser pulse
action, assuming that the magnetic diffusion spreads magnetic
field and electric current to the depth of lMD = √

DHτD
∼=

300 nm. Estimating the cross product [∇n, ∇ε]y as δε
lz

δn
lsk

,
we consider the laser beam with the diameter d = 5 µm and
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peak fluence of 3 J/cm2 and take into account experimental
data for gold from [9], showing that in this case the electron
thermal energy ε has a significantly sharper profile near the
beam center than the electron density n. From Eq. (15) we
obtain

∣∣Hy

∣∣ ∼= 2cτD

3en

δn

lsk

δε

lz

lsk

lMD
≈ 2 × 105 G. (17)

The value of current and directed electron velocity inside
the metal can be estimated from (8):

|vz| =
∣∣∣∣ jz
n0e

∣∣∣∣ ≈ 1

n0e

с

4π

∂Hy

∂x
≈ 6 × 105 cm/s. (18)

The presence of current leads to electron heating due to
scattering processes. In the general case the absorbed power
per unit volume is equal to the scalar product of electric field
and bulk current: P = jE. Out of the overheated region the
electronic pressure gradient is negligibly small, so that the
electronic current can be described by the Drude model, which
formally follows from Eq. (6) with ∇p = 0:

jz = e2n0E
νm

. (19)

Calculating the thermal energy per one electron during the
time τD as �ε = PτD/n, we find

�ε = ντDm

e2n2
0

j2
z = ντDmv2

z . (20)

This relation has clear physical meaning: During the time
τD an average electron experiences ντD collisions, increasing
the thermal energy by mv2

z each time. For the parameters
discussed above we obtain �ε ∼= 0.1 eV, and this energy is
supposed to be transferred almost completely to the crystal
lattice in several picoseconds, during the local heat exchange
with electrons, so that the expected temperature increase is
of the order of 1000 K, which is sufficient to melt gold, and
higher temperatures can be reached within the next 2–3 ps.
Note that this ultrafast heating is roughly isochorical, and after
that material expansion and shock wave generation take place
[22,23]. The additional heating by eddy currents estimated
above should significantly modify the initial conditions and
further dynamics of these processes.

The experimentally measured ablation rate of gold at the
fluence of 3 J/cm2 is about 350 nm/shot [10], which seems to
be in good agreement with the model of electrons heating by
eddy currents. Detailed estimations for other metals are com-
plicated by the lack of experimental data on ν(T ) behavior in
the nonequilibrium state, however, we can expect comparable
efficiency of Biermann battery at least for several metals and
alloys studied in [20,21], since similar growth of free electron
density and temperature was predicted for them.

The above calculations were performed for fairly moderate
conditions, while in many ablation experiments the optical
fluence reaches tens of J/cm2. This should cause not only
the increase of eddy current magnitude, but also the growth
of effective electronic collision frequency and magnetic diffu-
sivity, hence the deeper heating is expected along with higher
temperature increase. In this case, of course, the dynamics of
the magnetic field and eddy currents cannot be accurately de-

scribed by approximate Eqs. (12) and (14) since the diffusion
coefficient DH is strongly inhomogeneous, but Eqs. (17) and
(18) should be still valid for the order of magnitude estima-
tions.

Besides the direct electron heating, considered electron
motion causes convective heat transport with the heat flux
equal to ∇εv. But under the conditions described above, the
displacement of electrons along the metal surface �z during
several picoseconds is only of about 10 nm, and even much
smaller in the normal direction. So, the effect of convection
seems to be negligible.

However, in real experiments the laser pulse absorption
profile does not necessarily follow the spatial distribution of
optical intensity of the incident pulse. First, local field en-
hancement on surface roughness can lead to multiple increase
of heating and interband transitions’ rate at nanometer scales.
Second, in laser-solid interaction at damaging conditions the
well-known effect of LIPSS (laser-induced periodic surface
structures) formation takes place, which is caused by the in-
terference of surface plasmon-polaritons at optical frequency
[24]. LIPSS on metals have the spatial period close to the
incident wavelength, and they are regularly observed on the
periphery of ablation craters. This indicates that the actual
absorption profile has a spatial modulation on the optical
wavelength scale.

According to the developed theory, subwavelength mod-
ulation of free electrons’ temperature and density should
enhance the effect of local heat convection. In this case con-
vective transport can be several times faster than electronic
thermal conductivity. This significantly changes spatiotem-
poral dynamics of heat transport picture at subpicosecond
timescales. Quantitative study of heat dynamics with account
of this effect demands detailed numerical modeling which is
beyond the scope of this Letter.

The ultrafast Biermann battery effect can also play a role in
the case of solid targets (including structured ones) irradiation
by much more intense laser pulses [25,26], especially since
under such conditions the electron density and temperature
distributions are strongly inhomogeneous. However, the de-
veloped theory cannot be directly applied to this case, because
it does not take into account the ion’s motion and kinetic
effects beyond the hydrodynamic model.

To sum up, we have considered the role of Biermann
battery effect in femtosecond laser ablation of metals. The
diffusion-type equation has been derived for the magnetic
field and eddy current propagation inside the medium, and
it has been shown that magnetic diffusion is much faster
than classical electronic thermal conductivity. Basing on the
available data for several metals and alloys [9,12,20,21] in the
fluence range up to several J/cm2, it has been predicted that
eddy currents excited inside the metal are sufficiently strong
to heat the material at least up to the melting temperature.
The convective heat transfer provided by these currents has
also been estimated and found to be important on subwave-
length spatial scales. Thus, the Biermann effect seems to be an
important factor changing free electron dynamics at the very
initial stage of laser pulse interaction with metals.
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