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We show how a Dzyaloshinskii-Moriya interaction can be generated in an ultrathin metal film
from a femtosecond pulse in electric field. This interaction does not require structural inversion-
symmetry breaking, and its amplitude can be tuned depending on the amplitude of the field. We
perform first-principles calculations to estimate the strength of the field-induced magnetoelectric
coupling for ferromagnetic Fe, Co, and Ni, and antiferromagnetic Mn, as well as FePt alloys. Last,
using atomistic simulations, we demonstrate how an isolated antiferromagnetic skyrmion can be
coherently nucleated from the collinear background by an ultrashort pulse in electric field on a
hundred-femtosecond timescale.

The electric-field driven manipulation of magnetism is
an important step towards designing fast and energy-
efficient spintronics devices [1]. The interplay between
a static external electric field and the magnetization
is usually called the magnetoelectic (ME) effect [2].
It allows the manipulation of the magnetocrystalline
anisotropy [3] or that of the Dzyaloshinskii-Moryia in-
teraction (DMI) [4–6] with minimal energy consumption,
but Coulomb screening limits this effect to a few mono-
layers [7].

The situation for a time-dependent external electric
field is quite different. In the terahertz (THz) spectral re-
gion, the skin depth can, for instance, be as large as a few
tens of nanometers [8]. Moreover, it is nowadays possi-
ble to produce powerful ultrashort sub-cycle THz pulses,
leading to electric field amplitudes above 1010 V/m [9].
Under such conditions, an intense electric field can pene-
trate inside the material, which may break the inversion
symmetry and induce a DMI, resulting in the presence
of chiral magnetic states such as skyrmions.

Within the search for novel spintronics devices,
skyrmion-based designs appear very promising, e.g., as
racetrack memories and logic gates [10, 11], for reser-
voir computing [12], or as reshufflers for probabilistic
computing [13]. Magnetic skyrmions [14, 15] are two-
dimensional, non-collinear solitonic spin textures with
a nontrivial topology. In ultrathin films and multi-
layers, small skyrmions are stabilized by an interfa-
cial form of the DMI, which arises under a combina-
tion of strong spin-orbit coupling (SOC) and inversion-
symmetry breaking at the surface or interface [16–18].

In particular, antiferromagnetic (AFM) skyrmions
have been recently observed in a synthetic antiferromag-
net [19] and possess attractive properties for applications,
i.e., fast internal modes in the THz range, vanishing dipo-
lar fields, and immunity to the skyrmion Hall effect [20].

As many antiferromagnets are insulating, electrical con-
trol of the magnetization in these materials is even more
compelling.

The electric-field driven switching of individual
skyrmions has been reported with the tip of a scan-
ning tunneling microscope (STM), with a critical field
of 1 − 6 × 109 V/m [21]. Recently, the optical trapping
of skyrmions was demonstrated through micromagnet-
ics simulations in spin-driven chiral multiferroics, where
the coupling of an external electric field to the ferroelec-
tric polarization due to the large intrinsic ME effect cre-
ates a DMI-like term, which allows the manipulation of
skyrmions [22]. The same effect was exploited to co-
herently switch the polarity and chirality in a magnetic
vortex by applying ultrashort electric field pulses [23].

In this Letter, we show that coherent magnetization
dynamics can be induced by a magnetoelectric interac-
tion created by an ultrashort pulse in electric field. This
mechanism originates from the spin-orbit coupling be-
tween the electric field and the spins of the delocalized
electrons, and reduces to a Rashba SOC. By describing
the sample as an ensemble of localized atomic spins em-
bedded in a two-dimensional electron gas (2DEG), and
using the RKKY model of indirect exchange, we express
the magnetoelectric coupling as a DMI-like term. Based
on this model, we then show from density functional the-
ory (DFT) calculations that an external electric field is
sufficient to create a significant DMI without the need for
a structural breaking of the inversion symmetry. Last,
we explore the creation of antiferromagnetic skyrmions
in metallic thin films, and demonstrate through atom-
istic simulations that coherent nucleation is possible at
the hundred-femtosecond timescale, i.e., an order of mag-
nitude faster than thermally-driven skyrmion nucleation
processes [24–26].

In the following, we present a simple model to show
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that the interaction of an external, time-dependent elec-
tric field with a magnetic thin metal film leads to the
creation of a magnetoelectric effect. A very simplified
description of the electronic properties of the material
sample is based on the distinction between itinerant mag-
netism carried by the conduction electrons, and localized
magnetism carried by the fixed ions. The s electrons
are assumed to be at the origin of itinerant magnetism,
whereas the p−d electrons are localized around their nu-
clei to form ionic spins that are responsible for localized
magnetism. We assume that the delocalized electrons
can be modeled by a 2DEG (ultrathin film geometry),
and the interaction with an electric field is described by
a semi-relativistic expansion of the Dirac-Maxwell mean-
field model [27]. As detailed in the Supplemental Ma-
terial (SM) [28], and in Ref. 27, at the lowest order in
powers of 1/c, the SOC interaction Hamiltonian of a con-
duction electron with an electric field reads,

HSOC =
e~

4m2c2
σ · (Eext + Eint) ∧ p, (1)

where m is the effective electron mass, p is the momen-
tum of the electron, c is the speed of light in vacuum, σ
is the vector of the Pauli matrices, Eext the external elec-
tric field, and Eint is the internal electric field solution to
the Poisson equation. Thus, the many-electron problem
reduces to a one-electron problem, in which the electron
experiences SOC with the electric field within the mate-
rial. In the limit of a weak external electromagnetic field–
used to demonstrate the linearity of the magnetoelectric
effect at low field, the internal field Eint is proportional
to the external field Eext, therefore Eint + Eext ∝ Eext.
The spin-orbit Hamiltonian HSOC may be rewritten as a
Rashba SOC proportional to (k ∧Eext) · σ, where k is
the electron wave vector. The effect of the Rashba SOC
on a 2DEG has been studied in Refs. 29 and 30. For
a pair of atomic spins Si and Sj, the field-induced DMI
reads

DE
ij = αME (Eext × r̂ij) , (2)

where r̂ij is the unit displacement vector between i and
j, αME = e~

4m2c2F(kF, rij) is the antisymmetric magneto-
electric coupling, in which kF is the Fermi wave vector,
and F is defined in the SM [28]. In particular, for an
external electric field applied along z, the DMI vector
has the same symmetry as that of interfacial DMI. Let
us stress that in the absence of an electric field, DE

ij = 0.
Next, we perform density functional theory calcula-

tions in order to estimate the strength of the DMI cre-
ated by an external electric field. To this extent, we
apply the full-potential linearized augmented planewave
(FLAPW) method, as implemented in the FLEUR code
[31]. We consider model systems in the form of 3d transi-
tion metal unsupported monolayers (UMLs), in which the
d -band is progressively filled from Mn to Fe, Co, and Ni,
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FIG. 1. Charge density and potential in an Fe unsupported
monolayer (UML) along the z-direction perpendicular to the
film. (a) Charge density for spin up (↑) and spin down (↓)
without applying an external electric field. z0 denotes the
position of the atomic center whereas the y position lies in
the middle of the unit cell. (b) Potential difference for both
spins under an electric field of Eext = +6.66×108V.m−1 with
charged sheets at positions ±6 Å. (c) Difference of charge
density after applying the electric field.

as well as unsupported trilayers of Fe/Pt/Fe, Pt/Fe/Pt,
and Pt/Mn/Pt. We use the lattice parameters and crys-
tal structures of bulk Mn, Fe, Co, Ni, and L10 PtFe or
PtMn binary alloys [32]. A static electric field is applied
perpendicular to the film plane, which allows us to cir-
cumvent the calculation of the long-range Coulomb-type
interaction present in bulk systems. This drastic approx-
imation thus only holds at ultrafast timescales, at which
the mobility of the electrons is mainly influenced by their
effective mass, rather than by scattering events.

The calculations can be understood based on the ex-
ample of a Fe UML, as shown in Fig. 1. In the absence
of an external electric field (Fig. 1(a)), the system is cen-
trosymmetric, so the charge density for both spin up
(↑, orange line) and spin down (↓, dashed black line)
as a function of the vertical distance from the center of
an atom is symmetric, and no internal field is created
(Eint = 0). In that case, there is no DMI. This behavior
holds for all centrosymmetric, unsupported monolayers.

We then look at the effect of an external electric field,
which can be applied by adding two oppositely charged
sheets below and above the film (see [28] for more de-
tails). Here, positive fields are related to a positively
charged sheet below, and a negatively charged sheet
above the film. The potential difference created by an
applied field of 6.66 × 108 V.m−1 is shown in Fig. 1(b),
for which the charged sheets are placed at ±6 Å from the
film surface. The sheets create a linear potential along z,
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FIG. 2. DFT-calculated values of the magnetoelectric cou-
pling, αME. Positive (negative) values correspond to increas-
ing strength of clockwise- (counterclockwise-) preferring DMI
with the applied electric field.

which vanishes in the film region due to Coulomb screen-
ing. The effect of the latter is visible in the difference in
the charge density compared to the zero-field scenario, as
shown in Fig. 1(c). In the presence of the external field,
the mirror symmetry of the charge density is broken, and
the charges recombine depending on their spin channels.
The charge density differences exhibit two peaks: A pos-
itive one for z < 0, and a negative one for z > 0, which
respectively translates an accumulation or a depletion of
charges in the film. This charge imbalance creates an
internal electric field Eint, which can act as a spin-orbit
coupling contribution.

To confirm this hypothesis, we calculate the SOC con-
tribution in the presence of such an internal electric field.
To do so, we perform self-consistent spin-spiral calcula-
tions [33], where SOC is added to first order in perturba-
tion theory [34]. The strength of the field-induced SOC,
which we interpret as a DMI term DE

eff, is then deter-
mined in the limit of q → 0 in the vicinity of the magnetic
ground-state, as a function of the external electric field.
As expected, the DMI depends linearly on the electric
field [28], which allows the extraction of the linear ME
coefficient, αME. Figure 2 shows the value of αME for
different d-band fillings of the 3d transition-metal mono-
layers. For Mn and Fe, the DMI favors a right-rotating
spin spiral, and αME goes from 4 × 10−15 eV.m.V−1 for
Mn, to 2× 10−15 eV.m.V−1 for Fe. As the d-band filling
increases, i.e., for Co and Ni, the DMI changes sign, and
αME reaches −4× 10−15 eV.m.V−1 for Ni.

To increase the value of αME, we associate 5d elements
to the 3d ultrathin films. In bulk, these combinations
could be achieved by exploring binary alloys such as FePt,
CoPt or MnPt. In this case, αME can reach values up to
−17 × 10−15 eV.m.V−1 for Pt/Fe/Pt. This corresponds
to a DMI of 0.17 meV/magnetic atom for an electric field
amplitude of 1010 V/m, which, as we show in the follow-
ing, is sufficient to nucleate isolated skyrmions at the
hundred-fs timescale.

Finally, we perform atomistic simulations to demon-

strate how this new mechanism can be used to nucleate
an AFM skyrmion coherently, by applying a femtosecond
pulse in electric field perpendicular to the film surface.
We give the effective Heisenberg Hamiltonian,

H = −Jeff

∑
ij

m̂i · m̂j −K
∑

i

m2
z,i

−
∑

ij

(
Dinterf

eff + αMEEz,i

)
(ẑ× r̂ij) · (m̂i × m̂j) ,

(3)

where exchange interactions are restricted to first near-
est neighbors, Jeff < 0 is the effective AFM Heisen-
berg exchange coupling, K is the perpendicular mag-
netic anisotropy constant, Dinterf

eff is the effective inter-
facial DMI coupling at zero electric field, and Ez,i is the
perpendicular electric field at site i such that DE

eff,i =
αMEEz,i. We furthermore define reduced parameters as
d = Dinterf

eff /|Jeff |, k = K/|Jeff |, and dE = αMEEz/|Jeff |.
Simulations are performed at zero temperature by solv-
ing the Laudau-Lifshitz-Gilbert equation [35]. Further
details are given in the SM [28]. The magnetization is
initialized in the AFM state with a single in-plane mo-
ment in the center, such that an electric field exerts a
nonzero torque on the magnetic moments. At t = 0,
the electric field is applied to the entire supercell, with
a time dependence taken as a Heaviside step function.
The total topological charge Q of the vector of the AFM
order, L = (M1 −M2)/2, where M1,2 correspond to
the AFM sublattices, is computed using a discretized de-
scription [36, 37] and used to track the skyrmion nucle-
ation [28].

The nucleation mechanism is illustrated in Fig. 3 for
Jeff = −11 meV. We show the time evolution of the to-
tal topological charge of the system, Q (left), and of the
energy E − Esk in units of |Jeff | per atom (right), where
Esk is the energy of the partially relaxed skyrmion at
t = 1000 fs. The blue shaded area indicates the du-
ration of the electric field, which is 100 fs in this case.
The spin maps correspond to snapshots of the magne-
tization around the center of the supercell at different
times. When the field is switched on (t = 0), the mean
energy decreases slowly at first, as noncollinearity begins
to appear. The topological charge nucleation is accom-
panied by a rapid drop in the total energy (snapshot 2,
88 fs). This behavior stems from the fact that the field-
induced DMI momentarily changes the ground state of
the system, from the collinear to the spin spiral (SS)
state. The collinear state is easily destabilized, e.g., by a
misaligned spin, and the system relaxes by creating chi-
rality. If the electric field is applied for too long or the
amplitude is large, elongated skyrmion stripes and tar-
get skyrmions [38, 39] may nucleate instead. Snapshot 3
corresponds to the skyrmion state at the time when the
field is turned off (100 fs). This results in a discontinuous
jump in energy, at which point the collinear ground state
is restored. With our choice of parameters, the skyrmion
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FIG. 3. AFM skyrmion creation under a pulse in electric
field. The graph shows the time evolution of the topological
charge (left, dotted line) and of energy per atom (right, solid
line). The blue shaded area indicates the duration of the
electric field pulse. The spin maps show snapshots of the
magnetization around the center of the supercell at different
times of the simulation. The parameters of the simulations
are k = 0.5, d = 0.44, dE = 1.13 with Jeff = −11 meV.

is metastable, and relaxes to its equilibrium size (snap-
shot 4). We note that we used the minimum value of dE
that enables nucleation, and that, for a larger value, the
nucleation process is typically even faster.

A similar procedure is repeated over a wide range of
values of (d, k) for which the collinear state is the ground
state, and increasing amplitudes of the electric field. To
reduce the field amplitude, we set Jeff = −1 meV, which
can occur in strongly frustrated systems for a quasi-
flat energy dispersion of spin spirals close to q = 0
Bohr−1 [40]. The electric field is applied for 500 fs,
which corresponds to the nucleation timescale in this
case. When the pulse is turned off, a skyrmion has
nucleated if Q = 1. We obtain the phase diagram in
Fig. 4. The area found between the red and white dotted
lines corresponds to the region where isolated skyrmions
are metastable, in the sense that they are separated
from the collinear ground state by a finite energy bar-
rier [41–43]. The minimum field-induced DMI for nu-
cleation is found to respectively increase and decrease
linearly with increasing k and d, in accordance with the
fact that skyrmions lower the DM energy but increase
the anisotropy. We find the smallest threshold value of
dE = 1.22 at the largest DMI of d = 0.45, at which
the collinear ground state is retained only when k ≥ 0.5.
The largest value of dE = 1.67 is found at maximum
anisotropy (k = 0.5) and zero DMI. By using the pre-
viously obtained value of αME for AFM Pt/Mn/Pt, we
obtain electric fields of E = 7− 8× 1010 V/m. We note
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FIG. 4. Minimum DMI induced by an electric field required
for the nucleation of an AFM skyrmion on the collinear
ground state. The colorscale indicates the minimum value
of the field-induced DMI required for skyrmion nucleation
as a function of anisotropy and effective interfacial DMI, for
Jeff = −1 meV and a damping of λ = 0.3.

that since this value depends on |Jeff |, a larger exchange
leads to larger field amplitudes. In the SM, we show
how a similar mechanism leads to the nucleation of FM
skyrmions, and of AFM skyrmions at a nonmagnetic de-
fect [28]. For the latter, the minimum electric field is
reduced by 60%.

Experimentally, electric fields can be generated via an
STM tip [21], a laser [9], or by voltage gating [44]. While
typical experimental values of electric fields are around
109 V/m [45], it has been shown that THz sources can
indeed reach magnitudes of 1010 V/m [9], although, in
this case, a large in-plane magnetic field would also be
induced.

In order to further lower the field amplitude, the layer
stacking could in principle be improved to enhance the
SOC [46–49] and thus the induced DMI. In the context of
electric-field driven skyrmion switching with an STM tip,
it was speculated that a positive electric field causes out-
wards relaxation of the magnetic atoms and decreases
the exchange, thus favouring magnetic skyrmions over
the collinear state [21]. One could thus, for instance, use
a first pulse in electric field tuned to resonance with a
phonon mode to modify the magnetic interactions [50],
and subsequent pulses would then serve to write and
delete skyrmions in the ultrafast regime at low field am-
plitudes. Last, structural defects have been shown to be
preferred nucleation sites for skyrmions [51, 52], because
defects tend to considerably lower the energy barrier for
nucleation [53–56]. Nucleation may further be aided by
thermal fluctuations.

In summary, we have shown that, at ultrashort
timescales, an external electric field can induce an in-
ternal electric field in metals, which breaks the inversion
symmetry and creates a DMI.

On the one hand, this mechanism allows a coherent nu-
cleation of skyrmions even in the absence of an intrinsic
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DMI. Skyrmions in the upper, metastable region of Fig. 4
may be long-lived, with a lifetime at finite temperature
given by the Arrhenius law [54, 57, 58]. Below this region,
skyrmions will collapse back to the collinear state in a few
hundred of femtoseconds (see [28]). One could, for in-
stance, use these short-lived skyrmions to coherently nu-
cleate skyrmions in another layer where interfacial DMI
exists, through interlayer coupling. We furthermore note
that skyrmions will also be stabilized by frustrated ex-
change [59–66], and dipole interactions [38, 67–69].

On the other hand, this mechanism could also be
used to nucleate exotic topological defects such as anti-
skyrmions, high-order skyrmions, target skyrmions, etc,
in a controlled manner, by modifying the properties of
the electric field. Controlled deleting of skyrmions may
also be achieved by applying an oppositely polarized elec-
tric field to cancel out the DMI.

These results provide a new handle for the coherent
electric manipulation of the magnetization, and the po-
tential for the optical control of noncollinear magnetic
states.

We thank Melanie Dupé, Giovanni Manfredi and
Joo-Von Kim for useful discussions. This work used
the ARCHER UK National Supercomputing Service
(http://www.archer.ac.uk) and was supported by the
University of Strasbourg Institute for Advanced Study
(USIAS) via a Fellowship, within the French national
program “Investment for the Future” (IdEx-Unistra),
and the European Unions Horizon 2020 research and in-
novation program under grant agreement No. 964931
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Mentink, B. Dupé, G. S. D. Beach, and S. Eisebitt, Ob-
servation of fluctuation-mediated picosecond nucleation
of a topological phase, Nature Materials 20, 30 (2021).

[27] Y. Hinschberger, G. Manfredi, and P.-A. Hervieux, Co-
herent spin-light-induced mechanisms in the semirela-
tivistic limit of the self-consistent Dirac-Maxwell equa-
tions, Phys. Rev. A 93, 042117 (2016).

[28] See Supplemental Material at [URL] for additional in-
formations on the analytical model of the field-induced
DMI [70–75], details on the DFT calculations, and on
the atomistic simulations [76], and additional simulations
for 1) the nucleation of an AFM skyrmion in the pres-
ence of a defect [77], 2) the nucleation of a ferromagnetic
skyrmion, 3) the lifetime of skyrmions at zero DMI.

[29] H. Imamura, P. Bruno, and Y. Utsumi, Twisted exchange
interaction between localized spins embedded in a one-
or two-dimensional electron gas with Rashba spin-orbit
coupling, Phys. Rev. B 69, 121303(R) (2004).

[30] J. Bouaziz, M. dos Santos Dias, A. Ziane, M. Benakki,
S. Blgel, and S. Lounis, Chiral magnetism of magnetic
adatoms generated by Rashba electrons, New Journal of
Physics 19, 023010 (2017).

[31] www.flapw.de (2020).
[32] A. Alsaad, A. A. Ahmad, and T. S. Obeidat, Structural,

electronic and magnetic properties of the ordered binary
FePt, MnPt, and CrPt3 alloys, Heliyon 6, e03545 (2020).

[33] L. M. Sandratskii, Symmetry analysis of electronic states
for crystals with spiral magnetic order. i. general prop-
erties, Journal of Physics: Condensed Matter 3, 8565
(1991).

[34] M. Heide, G. Bihlmayer, and S. Blgel, Describing

dzyaloshinskiimoriya spirals from first principles, Phys-
ica B: Condensed Matter 404, 2678 (2009).

[35] W. F. Brown, Thermal fluctuations of a single-domain
particle, Physical Review 130, 1677 (1963).
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