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Magnetoelectric coupling allows the magnetic state of a material to be changed by an applied electric field. To date, this
phenomenon has mainly been observed in insulating materials such as complex multiferroic oxides. Bulk metallic systems
do not exhibit magnetoelectric coupling, because applied electric fields are screened by conduction electrons. We
demonstrate strong magnetoelectric coupling at the surface of thin iron films using the electric field from a scanning
tunnelling microscope, and are able to write, store and read information to areas with sides of a few nanometres. Our
work demonstrates that high-density, non-volatile information storage is possible in metals.

M
agnetoelectric coupling (MEC) has the potential to influ-
ence the magnetic state of matter through the application
of an electric field, and is mediated by subtle crystal struc-

ture changes induced by the electric field affecting the magnetic
properties. Two realizations of MEC in insulators exist. In the
first, single-phase multiferroics combine both electric and magnetic
dipole moments in the same phase, but only display low ordering
temperatures1–3. In the second, ferroelectric and ferromagnetic
phases can be brought into close contact so that electric and mag-
netic dipoles couple via the interface, driven by elastic4,5 or elec-
tronic6,7 effects. In both approaches, the electric polarization (the
position of the ions in the ferroelectric material with respect to
one another) can be switched by an applied electric field. In
metals, the electric field cannot penetrate deeply, prohibiting MEC
in the bulk because the field is screened by a free electron charge
near the surface8. This screening surface charge extends into the
vacuum, forming a surface barrier, which is reflected in the work
function. In the vicinity of the surface, however, the interaction of
the surface barrier with an external electric field causes substantial
displacements of free electrons9. Similarly to the electrons, the
cores of the surface atoms are also displaced, but in the opposite
direction, as has been observed for non-magnetic palladium10.
In magnetic systems these structural relaxations can in turn influ-
ence the magnetic order. This suggests the possibility of finding
MEC at the surfaces of magnetic metals. A scanning tunnelling
microscope (STM) is an ideal tool with which to investigate this,
as it can image surface structures and it is possible to use the electric
field underneath the STM tip to induce magnetic phase transitions.

Computational design of magnetoelectric coupling
As a model system for surface MEC in metals, we used two atomic
layers of Fe grown on Cu(111). Bulk Fe is known to have a structural
instability between the face-centred cubic (fcc) and body-centred
cube (bcc) phases, as well as a strong variation of the magnetic
order following slight changes in the unit cell volume11. The
phase transformation is caused by a diffusionless deformation of
the lattice, termed the martensitic phase transition12,13. In this
phase transition, the atomic volume of Fe is reduced when going
from the bcc to the fcc phase, causing a change in the magnetic
ground state. This behaviour is enhanced at the Fe surface and in

ultrathin Fe layers, which offers the opportunity to trigger structural
and magnetic transitions by means of an external electric field
interacting with the surface charge. Our calculations, performed
for two atomic layers of Fe on Cu(111), predict that the crystal
structure and therefore the magnetic order can be controlled by
an electric field, allowing magnetic information to be written.
Experimentally, the electric field was provided by an STM in the
tunnelling regime. In response to the field, the Fe islands could be
switched locally on the nanometre scale between the antiferromag-
netic fcc and the ferromagnetic bcc configurations. These properties
allow ultrathin Fe films to comprise a simple model system by
using the interactions between magnetism, induced surface charge
and elasticity.

First-principles calculations for the atomic relaxations of the
bilayer Fe/Cu(111) surface under an applied electric field were
performed with the Vienna Ab Initio Simulation Package
(VASP)14 using density functional theory. An applied electric field
of 1 × 109 V m21 was used. The results of the simulations of
field-induced vertical relaxations are presented in Fig. 1, showing
the normalized total charge density distribution in the vicinity of
the surface under the influence of positive (Fig. 1a) or negative
(Fig. 1b) electrodes. As expected, the positively charged electrode
repels the atoms towards the bulk, with a substantial reduction in
the interlayer distances (Fig. 1a); however, the electron density at
the surface is increased. With the negatively charged electrode
(Fig. 1b), the iron atoms are attracted by the electrode and the elec-
tron density at the surface is reduced. Based on a total energy analy-
sis we predict that Fe layers are layerwise antiferromagnetic in
Fig. 1a and ferromagnetic in Fig. 1b. These findings are related to
the remarkable magnetic phase properties of iron. In Fig. 1a, the
interatomic distances are reduced which favours antiferromagnetic
order, whereas in Fig. 1b, they are expanded, favouring ferromag-
netic order in the system11.

Because the electric field is perpendicular to the surface, the
induced movements of the electrons and ion cores occur in the ver-
tical direction. Vertical displacement is, however, not the only type
of rearrangement that can take place in this system within a marten-
sitic phase transition. According to a recent STM experiment, fcc
and bcc phases coexist in Fe islands on the Cu(111) surface15.
We therefore investigated possible fcc-to-bcc martensitic transitions
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Figure 1 | Simulations of surface relaxations under the influence of an electric field in Fe/Cu(111). a,b, Normalized electronic charge density in fcc bilayers

Fe and two underlying Cu layers under positive (a) and negative (b) electric fields. The electric field is modelled by a plate capacitor placed 4 Å above the

surface. The electron charge is attracted (repelled) by the positively (negatively) charged electrode, causing the ions to move away from (towards) the

surface. The Fe layers were found to be layerwise antiferromagnetic (AFM) in a and ferromagnetic (FM) in b. c,d, Relative total energy per unit cell as a

function of the lateral displacement d of the top Fe layer due to the martensitic phase transition (red for antiferromagnetic and blue for ferromagnetic states).

When a positive electric field is applied, the iron atoms adopt fcc stacking, and the layer magnetizations align in an antiparallel arrangement (c). When the

applied field is negative, bcc stacking of magnetic layers aligned in parallel is energetically preferred (d). The ball model illustrates the movement of the top

Fe atoms from their threefold hollow site position of fcc (111) stacking (blue) to the bcc (110) bridge position (orange). Grey and red balls represent Cu and

bottom Fe atoms, respectively. Lattice directions in the fcc (111) plane and respective unit cells are indicated.
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Figure 2 | Crystallographic and electronic structure of Fe islands. a, Topographic STM image showing two crystallographic phases in a bilayer Fe island on

Cu(111) (image size, 19 nm × 19 nm). The coexisting phases can be distinguished by a difference in height. b, Atomically resolved image showing the fcc

configuration on the left and the bcc configuration on the right. The top-layer atoms on the left follow the hexagonal fcc (111) structure of the Cu substrate

(red grid). The atomic directions on the right (green line) show a slight misalignment of 58 with the fcc directions (red line) and a shift d indicating a bcc

(110) stacking (image size 3.7 nm× 3.7 nm). c, Identification of the two phases as ferromagnetic bcc and antiferromagnetic fcc by their LDOS: typical

normalized differential conductance spectrum (continuous lines) on the island rim (orange) and in the island centre (blue), compared to the calculated spin-

averaged LDOS of 2 ML Fe/Cu(111) in the ferromagnetic bcc and antiferromagnetic fcc configurations (dashed lines).
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by also varying the lateral displacement of the Fe atoms in the
presence of the electric field. The layers were relaxed along the
vertical direction as a function of the lateral displacement, resulting
in the total energy of the layers for ferromagnetic and antiferromagnetic
configurations. Our simulations demonstrate that, under a positive
field, the ferromagnetic bcc stacking is unstable and fcc stacking with
layerwise antiferromagnetic order of the two Fe layers is energetically
most favourable (Fig. 1c). Additionally, there is an energy barrier
of 20 meV at a displacement of 0.25 Å for the transformation to the
fcc state. In the case of a negative applied electric field (Fig. 1d), the
expanded fcc stacking is ferromagnetically ordered and unstable,
and can transform to the energetically favoured ferromagnetic
bcc structure (for more details on the energy landscape, see
Supplementary Information).

Structure and magnetism in iron islands
To confirm these predictions experimentally, we performed STM
measurements at 4.3 K in ultrahigh vacuum on Fe layers deposited
by molecular beam epitaxy at 300 K onto clean Cu(111) surfaces.
Fe/Cu(111) is known to nucleate in two atomic-layer high triangu-
lar islands15, as illustrated in the STM image in Fig. 2a. The triangu-
lar islands, however, display an inhomogeneous structure. Two
different coexisting phases of Fe can be distinguished as different
apparent heights (Fig. 2a). Recently, Biedermann and colleagues
showed in atomically resolved STM studies that the islands consist
of fcc Fe in the centre, and the rim has a bcc structure15. In atom-
ically resolved STM images (Fig. 2b), we identified the same crystal-
lographic phases. In the centre, the atoms show a perfect hexagonal
order with the lattice directions and distances of the fcc Cu substrate
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Figure 3 | Controlled switching with electric fields. a–c, Switching of antiferromagnetic fcc (blue) and ferromagnetic bcc (orange) areas with electric field

pulses. Three STM scans of an island corner were recorded at subcritical electric fields. By applying a positive field pulse after the acquisition of scan a, the

bcc region is expanded in b and reduced again by a negative field pulse in c. Image sizes in a–c, 6 nm × 6 nm. Positions of the pulses are marked in red.

d, Applied gap voltage (black line) and height (coloured line) recorded as function of time at a fixed tip position. It can be seen that the switching process is

deterministic and reproducible. e,f, Small Fe islands can be completely switched from an antiferromagnetic fcc (e) to a ferromagnetic bcc (f) structure. Image

size in e and f, 11 nm × 9 nm (horizontal× vertical).
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(red grid). At the rims, however, two directions of the bcc structure
(green) deviate by small angles from the fcc substrate direction (red),
and the third is aligned with the fcc lattice (red) but with a small
shift to the bridge positions of the bottom Fe layer (d). In agreement
with the work by Biedermann and colleagues15, this indicates a
Kurdjumov–Sachs orientation of the bcc structure.

To verify the predicted magnetic configuration of the two phases,
we performed spin-polarized STM and scanning tunnelling spec-
troscopy (STS) measurements on the centre and rim of the
islands. The spin-polarized STM experiments on the bcc and fcc
regions showed no lateral magnetic superstructures within the
phases, excluding rowwise antiferromagnetic, triple-q or 1208 Néel
spin structures in both fcc and bcc phases. To distinguish the
remaining ferromagnetic and layerwise antiferromagnetic configur-
ations, STS experiments were performed. The measured differential
conductance dI/dU normalized by the tunnelling matrix element T
is to first order proportional to the local density of states (LDOS)
according to an extended Tersoff–Hamann approach16,17 (for
details see Methods). These experimental spectra were used as elec-
tronic fingerprints to identify the magnetic state by comparison with
the LDOS of different magnetic phases of fcc and bcc Fe layers cal-
culated by a first-principles Green function method especially
designed for layered semi-infinite systems18. The LDOS in the
STM geometry was calculated at a tip height of �4 Å above the
surface layer, mirroring the STM experiment.

The experimental spectrum of the island rim matches well with
the theoretical LDOS of a ferromagnetic bcc structure (Fig. 2c), and
the spectrum of the island centre agrees well with the LDOS of a
layerwise antiferromagnetic fcc Fe. The LDOS of other magnetic
configurations did not match the experimental observations at all
(see Supplementary Information). In particular, the peak close to
the Fermi energy in the fcc spectrum can only be explained by an
antiferromagnetic order. Its position depends strongly on the inter-
layer distance of Fe. The best agreement between experimental and
theoretical data is obtained at an interlayer distance between the two
Fe layers of 2.00 Å for fcc Fe and 2.12 Å for bcc Fe (Fig. 2c). This
height difference is also found in the STM images (cf. Fig. 2a).
The STS measurements, in combination with atomically resolved
images, have confirmed the fcc/bcc structures and revealed the
magnetic order of the two coexisting phases. Thus, in the following
we identify them by their apparent height in the topographic STM

image (blue for antiferromagnetic fcc and orange for ferromagnetic
bcc). The clear distinction of the two states offers the opportunity to
read out the magnetic state.

Switching the magnetic order by local electric fields
Following the theoretical predictions, we applied electric field pulses
in the tunnelling junction with the tip positioned close to the
domain boundary between the fcc and bcc areas. An enlarged
view of an Fe island is shown in Fig. 3a, with fcc and bcc areas
recorded at low electric fields. A field pulse of þ5.5 × 109 V m21

and of 50 ms duration was applied with the STM, leading to
an expansion of the bcc area laterally by about 1 nm (Fig. 3b).
This configuration was stable at 4.3 K until a second pulse of
25.5 × 109 V m21 was applied, switching the area back to an fcc
structure (Fig. 3c). This phase transition is mainly observed near the
fcc–bcc domain boundary. However, islands smaller than 10 nm
could be completely switched from a dominantly antiferromagnetic
fcc (Fig. 3e) to a fully ferromagnetic bcc structure (Fig. 3f). We exper-
imentally ruled out that the switching was driven by adsorption-
induced effects such as structural modifications because of hydrogen
contamination (see Supplementary Information), and have confirmed
using STS that when the crystal structure is switched, the electronic
structure also switches accordingly. This experimentally verified the
capability to induce a crystallographic and magnetic transition.
Furthermore, the stability of both phases at a low electric field con-
firms the above predicted barrier between fcc and bcc configurations.
This switching process is deterministic and reproducible, as can be
seen in Fig. 3d. By applying alternating field pulses (black line), the
magnetic phase could be switched back and forth (coloured line).
Switching could be achieved by pulses as short as 60 ms, the time
limit of our STM set-up (see Supplementary Information). These
experiments illustrate that, with an STM, information can be
written, stored and read out on the nanometre scale.

In the calculations only electric fields were applied. In our exper-
iments, however, tunnelling currents were also present, and an
overlap of the wavefunctions of tip and sample is significant. To
verify MEC as the switching mechanism we carried out a systematic
study of the phase transition. The basic experiment comprised scan-
ning along a single line across the domain boundary many times,
varying the tunnelling parameters. First, the gap voltage U was
decreased line by line from 20.10 V to 20.25 V with the tunnelling
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current I kept constant. Figure 4a shows the arrangement of fcc and
bcc as function of the gap voltage plotted in the y direction. It was
found that at a critical value of the gap voltage Uc (0.16 V in Fig. 4a),
a transition from fcc to bcc occurs, shifting the domain boundary to
the left. This gives us a value of Uc for a chosen I. Determination of
the critical voltage was then repeated at different tip sample dis-
tances d, scanning exactly the same line on the sample. This was
achieved by varying the tunnelling current. Finally, we obtained a
set of points describing the relation between critical voltage Uc
and distance d. As the distance was a priori unknown, it was deter-
mined from the experimental current distance relation (for details
see Supplementary Information). The electric field in the STM junc-
tion was given by the gap voltage over d. Figure 4b plots the critical
voltage Uc against distance d. In other words, this figure provides the
phase diagram. Above the critical voltage the bcc phase is preferred
and below it, the fcc phase is favoured. In the interval from 3 to 6 Å a
linear distance dependence of the critical voltage was found; in par-
ticular, a freely fitted straight line passes through the origin. Thus,
the boundary in the phase diagram corresponds to a constant elec-
tric field, in agreement with a magnetic phase transition by means of
MEC, verifying the theoretical predictions. A series of experiments
with different tips and Fe islands revealed critical electric fields in
the range between 3 × 108 and 9 × 108 V m21, in good agreement
with calculations. These fields are close to those used in recent
experiments on MEC19.

To test further for mechanisms not related to MEC, the exper-
imental data were compared with relations resulting from different
scenarios (Fig. 4b). The transition could be directly caused by the
current, for example, due to spin torque20, spin accumulation21 or
electromigration. This would lead to a switching that only
depends on the tunnelling current (I¼ const., green line). This,
however, disagrees with the observed dependence. Similarly, mech-
anisms that relate to the energy of the tunnelling electrons (such as
inelastic excitation of specific lattice vibrations or electronic exci-
tations; Uc¼ const., yellow line) or local heating (population of a
continuum of excited vibronic or electronic states, P¼ I . Uc¼
const., red line) do not fit the experimental data. Mechanical
forces between the tip and the sample due to the overlap of their
wavefunctions22 (d¼ const., blue line) also fail to explain the data.
Indeed, this excludes these other switching mechanisms.

Conclusions
Because the studied phase transition in Fe is of first order (activated)
and is reversible, it confirms a prototype for writing, storing and
reading information on the nanometre scale. The dream of storing
information magnetically and switching it electrically is thus not
restricted to the class of insulating materials, but has been proven
to be valid at metallic surfaces as well. The observed effect is not a
peculiarity of Fe, because the underlying structural and magnetic
phase transition occurs in a whole variety of transition metals.

Methods
Relaxations with an applied electric field. To simulate atomic relaxations in
Fe/Cu(111), the Vienna Ab initio Simulation Package (VASP)14,23,24 was used within
the generalized gradient approximation (GGA-PBE) approximation25 for exchange
and correlation effects. Electron–ion interactions were described by the projector-
augmented wave (PAW) pseudopotential26, and the electronic wavefunctions were
represented by plane waves with a cutoff energy of 600 eV. To model the (111)
surface of Cu, we constructed a 7 ML (monolayer) thick (�1.5-nm) supercell, with a
vacuum spacer of 2 nm. The in-plane fcc lattice parameter was set to the
experimental value of 2.5561 Å. The two top Cu monolayers and two Fe adlayers in
this asymmetric slab were relaxed. For ionic relaxations the 12 × 12 × 4 k-point
Monkhorst–Pack27 mesh was used. Ionic relaxation was performed within the spin-
polarized mode, starting from the ferromagnetic or, alternatively, from the
antiferromagnetic configuration in the Fe layers, until the forces were less than 7 ×
1023 eV/Å. To calculate the electronic charge density as well as the local magnetic
moments, we used the tetrahedron method with a k-mesh of 32 × 32 × 16 points for
each completely relaxed atomic configuration. To imitate the presence of an external
electric field in our numerical simulations we used a plate capacitor placed in

vacuum at a distance �4–5 Å above the surface28. The plates of the capacitor were
separated by a vacuum spacer to avoid interaction and charge transfer between them.
Thus, one plate of the capacitor placed above the Fe adlayers simulates either a
negatively or positively charged tip. The strength of the electric field was chosen to be
109 V m21. Non-equilibrium effects were not taken into account in the model.

Simulations of STM spectra. To simulate scanning tunnelling spectra we used the
Tersoff–Hamann treatment for the tunnelling current16. In this approximation, the
tunnelling current is proportional to the LDOS of the surface at the tip position. In
the present work the LDOS was calculated from first principles using a Green
function multiple-scattering approach29 within density functional theory in the local
spin density approximation (LSDA). The method was specially designed for layered
systems by treating adequately semi-infinite boundary conditions30. The LDOS for
the Fe/Cu(111) system was calculated from non-spherical potentials determined
self-consistently for bulk, surface and vacuum regions.

Experimental set-up. The STM tips were chemically etched from a tungsten wire
and cleaned in a vacuum chamber by melting the end of the tip. The Cu(111)
substrate was prepared by sputtering with 3 keV Arþ ions followed by annealing to
450 8C to obtain a clean and flat surface. About 0.2 ML of pure Fe were deposited by
molecular beam epitaxy at a substrate temperature of 300 K. Both this preparation
and our studies in the STM were carried out in ultrahigh vacuum ( p , 1 ×
10210 mbar). The differential conductance dI/dU was obtained with a lock-in
technique using a sinusoidal modulation of 5 mV and a frequency of 16.4 kHz.
When ramping the voltage, the feedback loop was open. As the experimental dI/dU
spectra not only depend on the LDOS but also on the tunnelling probability T, they
cannot be compared directly with a calculated LDOS. We therefore normalized our
spectra using the tunnelling probability T: LDOS/ dI/dU . 1/T. As shown by
Ukraintsev17 this allows a deconvolution of density of states and tunnelling
probability within a WKB (Wentzel Kramers Brillouin) approach. The applied gap
voltage is defined as the potential of the tip with respect to the sample.
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