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a b s t r a c t

We predict a coexistence of magnetic and electric orders on clean Si(0 0 1) surfaces by first-principles cal-
culations. Upon hole-carrier doping, the Si surfaces can be ferromagnetic, with polarized spins concen-
trated in an atom-thick space near the surface, due to an exchange splitting of localized s-like surface
states on surface Si dimers. The surface magnetization can be controlled by reorienting the electric polar-
ization of Si dimers, manifested as a transition from the magnetic antiferroelectric ground state to ferro-
electric p(2 � 1) reconstruction that can be driven by an in-plane external electric field. The coupling
between magnetic and electric orders can be further enhanced by strain silicon technology, rendering
the Si surfaces as the first metal-free material displaying a multiferroic behavior.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Silicon reigns over current semiconductor technology due to its
desirable band gap, earth abundance, and high carrier mobility.
The roadmap of semiconductor technology has been strictly fol-
lowing the development of Si-based logic devices [1,2]. Yet, as
the dimension of device scales down to several nanometers, how
the Moore’s Law continues has been of major and ongoing inter-
ests. One of promising solutions is to integrate logic operation
and information storage within an individual device. Such integra-
tion necessitates the introduction of spin-polarization in non-
magnetic silicon and will be particularly efficient if the spins could
be controlled by electric means. A number of experiments have
demonstrated electric injection of polarized spins into silicon from
a ferromagnetic metal spaced by a tunnel barrier [3–5], but the low
spin-polarization and short spin lifetime limit the applications.
Alternatively, considerable research efforts have been devoted to
direct creation of intrinsic magnetism in silicon. One way is to
introduce magnetic metals into silicon [6,7], which can induce high
spin-polarization but tend to form clusters or secondary phases
that impair the formation of magnetic order evenly distributed in
the materials. Another way is to magnetize silicon itself by creating
spin-polarized dangling bond states on H-terminated Si(111) sur-
faces [8] and clean Si(111) surfaces via metastable reconstruction
Elsevier B.V. and Science China Pr
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[9] or chemisorption of graphene nanoribbons [10]. However, the
as-induced magnetism not only is difficult for control but also
requires sophisticated methods for realizing a specific network of
dangling bonds that remain elusive. Fundamental questions thus
arise, is it possible to create magnetism in a natural Si structure?
If so, how can it be electrically controlled?

As a prototype of semiconductor surfaces, Si(001) surface has
attracted great interest [11–15]. This surface is featured by its
reconstruction via dimerization of the topmost atoms, which
diminishes the dangling bonds to enhance the surface’s stability
[16–18]. Each Si dimer is buckled, consisting of a sp2-like bonded
‘‘down” atom closer to the plane of its three neighbors underneath
and a sp3-like bonded ‘‘up” atom further away from the plane
(Fig. 1a) and is electrically polarized due to charge transfer from
the ‘‘down” to the ‘‘up” atom. The ‘‘up” atom contains an s-like sur-
face state that is highly localized on the top of valence bands
(Fig. 1b), in contrast to other dispersive surface and bulk states.
Here, we employ such unique localized surface state, which can
be triggered to be spin-polarized by doping hole carriers and con-
sequently create substantial, uniform magnetism on the Si(001)
surface, as demonstrated by first-principles calculations. Remark-
ably, the surface magnetization exhibits a nontrivial coupling with
the electric polarization of Si dimers, thereby enabling a control of
magnetism by an external electric field. These results extend the
desired magnetoelectric (ME) effect into widely used Si nanostruc-
tures and will inspire the discovery of magnetoelectricity in other
semiconductors based on charge carrier doping.
ess. All rights reserved.
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Fig. 1. (Color online) Structural and electronic features of a Si(001) reconstructed surface. (a) Top and side views of the surface. The dashed rectangle marks the surface’s
primitive cell. (b) Density of states of the surface, with contribution from the d- and u-Si atoms highlighted in blue (dark grey) and red (grey), respectively. The left insets are
isosurface plots (0.02 e/Å3) of charge densities corresponding to the valence band maximum (red or grey) and conduction band minimum (blue or dark grey), respectively.
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2. Methods

Calculations were performed using ultrasoft pseudopotentials
for the core region and spin-polarized density functional theory
based on the generalized gradient approximation (GGA) of PBE
functional [19], as implemented in the Vienna ab-initio simulation
package (VASP) code [20,21]. We set a kinetic energy cutoff of
530 eV for the plane-wave expansion. The Si(001) surfaces were
simulated using slab model, comprised of four Si double-layers
and one layer of H atoms passivating the bottom Si atoms. A vac-
uum region of 15 Å was set to isolate neighboring periodic images
and the Brillouin-zone was densely sampled. The atomic positions,
except for the bottom Si atoms and the joint H atoms, were relaxed
using conjugate-gradient method until the force on each atom was
less than 0.01 eV/Å. The carrier doping was simulated by adjusting
the charge-neutrality level with a jellium model. In experiments,
the carrier doping could be realized using a field effect method that
tunes the doping level continuously and the limit of doping level
can be greatly enhanced by recently developed liquid gating tech-
nology [22]. We chose the p(2 � 2) structure as a reference phase
to evaluate spontaneous electric polarization of the p(2 � 1) struc-
ture with modern Berry phase method. The external electric field E
was modeled with a sawtooth potential applied across the dimer
rows (Fig. S1 online).
3. Results and discussion

The buckled dimers on the Si surface tend to form parallel rows
for minimizing the surface stress, and they alternate in the buck-
ling direction along the rows. Across the dimer rows, the surface
reconstructs in two ways: the buckling occurs in phase across
the rows, denoted as p(2 � 2) (Fig. 1a), and the buckling phase
shifts between adjacent rows, denoted as c(4 � 2) (Fig. S2 online).
The c(4 � 2) structure is more stable by 2.6 meV/dimer than the p
(2 � 2) one, but they share nearly the same electronic structure,
thus holding similar magnetic responses to carrier doping. We pri-
marily focus on the p(2 � 2) structure with lattice constants
a = 7.85 Å and b = 7.69 Å and discuss the c(4 � 2) structure later.
For ease of discussion, we use notation u- and d-Si to describe
the ‘‘up” and ‘‘down” Si atoms in a dimer, respectively. The buck-
ling can also occur in phase both along and across the dimer rows,
forming a structure referred to as p(2 � 1) that is distinctly less
stable than the p(2 � 2) one but possesses an intrinsic in-plane
electric polarization, as discussed later.

On the Si(001) surface, the d-Si adopts a sp2-like back bond
while the u-Si possesses a more sp3-like back bond, due to electron
transfer from the d-Si to the u-Si. As a result, the surface state from
the d-Si has a p-like distribution and is located at the conduction
band minimum (CBM), whereas that from the u-Si is s-like and
appears at the valence band maximum (VBM), as illustrated in
Fig. 1b and insets. A band gap of 0.24 eV separates the p- and s-
like surface bands and the surface is inherently nonmagnetic. How-
ever, the s-like surface state is highly localized with a sharp quasi-
1D van Hove singularity near the VBM, suggesting a possibility of
magnetic instability upon shifting the Fermi level downward by
applying, for example, a gate voltage.

The Si(001) surface does becomemagnetic when the Fermi level
cuts the s-like surface state under the hole-carrier doping. As
shown by the bottom inset in Fig. 2a, the ground-state spin density
of the surface at a doping level q = +6.62 � 1013 cm�2 is dominated
by the u-Si atoms and has a little contribution from the d-Si atoms.
The spin density decays rapidly toward the bulk lattice, rendering
the system as a two-dimensional (2D) spin electron layer overlaid
on a three-dimensional (3D) semiconducting host. The total mag-
netic moment reaches 0.29 lB/nm2 (lB is the Bohr magneton), to
which each u-Si atom contributes 0.043 lB. Test calculations using
HSE06 functional give an even higher magnetic moment of 0.66 lB/
nm2 at the same doping level. In contrast, doping electrons to the
surface results in a nonmagnetic ground state regardless of the
doping level, as expected from the dispersive CBM derived from
d-Si atoms. The hole-induced magnetism is found absent on dia-
mond and Ge(001) surfaces, suggesting that the exchange interac-
tion of surface states required for spin-splitting is uniquely strong
for silicon. The magnetism is also found applicable to chemical
doping sources, such as halogen and boron doping.

The magnetic moment per unit surface area, M, increases
almost linearly with the doping level, from 0.05 lB/nm2 at
+3.31 � 1013 cm�2 to 0.76 lB/nm2 at + 13.2 � 1013 cm�2, as shown
by the black line in Fig. 2a. The magnetic moment reaches a max-
imum of 1.4 lB/nm2 at q = +23.2 � 1013 cm�2, beyond which the Si
surface undergoes significant structural distortion that reduces the



Fig. 2. (Color online) Magnetism of the Si(001) surface. (a) Magnetic moment as a function of carrier density q at different biaxial strains e. The insets are isosurface plots
(0.0027 e/Å3) of spin density distributions at q = +6.62 � 1013 cm�2 with e = 0 and 2%. (b) Exchange energy as a function of q at different e. The solid and dashed lines strand for
the spin coupling along and across the dimer rows, respectively.
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magnetism abruptly thereafter (not shown). The distortion is man-
ifested as the decline of u-Si to the same height of the d-Si and
therefore eliminates the localized surface states necessary for the
magnetism. At this point, the magnetic moment induced by each
carrier reaches 0.61 lB, along with spin-polarization energy up to
23.4 meV per unit cell. On the other side, there is a critical doping
level of +3.31 � 1013 cm�2, below which the Si(001) surface stays
nonmagnetic. This is because the s-like surface state partly over-
laps with the dispersive bulk states near the VBM so that the
Stoner criteria [23] required for the magnetic instability cannot
be satisfied at small q.

Motivated by strain Si technology, we biaxially stretch the sur-
face so that the s-like surface state is lifted with respect to the bulk
bands due to their different deformation potentials [15]. Then, the
hole carriers entirely populate the localized surface state to get
fully spin-polarized. Indeed, the Si surface under a tensile strain
e = 1% is instantly magnetic as soon as hole carriers are introduced
(Fig. 2a). In particular, we observe an evident proportionality
between M and q, expressed as M = 0.06q when q � 6.62 � 1013

cm�2. At higher q, M falls off from the proportionality once the
bulk-derived states are involved in carrier populating. An applied
2% tensile strain can sustain the proportionality to a higher level
of q = +9.9 � 1013 cm�2 (Fig. 2a). Note that M increases with the
strain in the nonlinear region.

We then examine the spin coupling strength by considering
three magnetic orderings: (1) ferromagnetic ordering (FM), antifer-
romagnetic ordering with the spin direction alternated along the
dimer row but occurred in phase across the rows (AFM1), and anti-
ferromagnetic ordering with the spin direction aligned along the
dimer row but flipped across the rows (AFM2) (Fig. S3 online). With
no strain, the FM structure is energetically preferred below q =
+1.32 � 1014 cm�2, above which the AFM2 structure becomes the
ground state (Fig. 2b). The energy difference DEFM�AFM1 decreases
with increasing q and reaches –5.0 meV at q = +16.5 � 1014 cm�2

whereas DEFM�AFM1 decreases first and then increases when q >
+13.2 � 1014 cm�2, yet its absolute value is less than 1.3 meV
(Fig. 2b). Applied tensile strain increases |DEFM�AFM1 |, which reaches
�7.16 meV at e = 1% and q = +16.5 � 1014 cm�2. In contrast,
|DEFM�AFM2 | is no larger than 3.3 meV within the studied range of
strain. These results suggest that the FM coupling along dimer
rows is much stronger than that across the rows. Thus, the dimer
rows behave more like an array of FM chains settled on a Si
substrate.

Employing Monte Carlo simulation at a mean field level (Fig. S4
online), we estimate the Curie temperature TC for the magnetic sur-
face, which is 15 K at q = +8.27 � 1013 cm�2 and rises to 94 K at
e = 1.5% and q = +1.65 � 1014 cm�2. The latter is comparable to TC
in other metal-free magnetic systems, e.g., pristine Si(111)-
ffiffiffi

3
p

sur-
face [9] and hole-doped 2D GaSe [24].

Aside from the magnetism, the Si(001) surface can deliver
intriguing electric orders due to the buckled dimers. As discussed
above, each dimer carries an electric dipole pointing from the u-
Si to the d-Si. Ferroelectric behavior will emerge on the Si surface
as long as the electric polarization of the dimer is switchable. Since
the electrically polarized dimers are free to flip its buckling direc-
tion, the switch of polarization can be driven by an in-plane elec-
tric field, Eext, applied transversely to dimer rows. The field-
induced alignment of dimer buckling will transform the Si surface
from the antiferroelectric p(2 � 2) structure to a ferroelectric p
(2 � 1) one with a collective in-plane polarization.

Indeed, the relative energy, DE22-21, between the p(2 � 2) and p
(2 � 1) structures depends on Eext and q. Without an applied elec-
tric field, the charge-neutral p(2 � 2) structure is more stable than
the p(2 � 1) one by 75 meV/dimer (Fig. 3a). An applied electric field
can help stabilize the p(2 � 1) structure, which stays at the ground
state when Eext = 0.55 V/Å. The ferroelectric switch can be further
facilitated by doping hole carriers and applying tensile strain. For
Eext = 0.55 V/Å, DE22-21 increases to 5.8 meV/dimer at q =
+4.96 � 1013 cm�2 and further to 9.6 meV/dimer at an additional
e = 2%. Since the relative stability between the two structures is
dominated by the electrostatic interaction among the dimers, we
analytically express DE22-21 by treating the surface as a 2D lattice
of dipoles and summarizing their electrostatic energy based on
tight-binding approximation (Fig. S5 online). By fitting to DFT
results, we obtain

DE22-21 ¼ �0:15þ 0:28Eext þ 0:011q� 0:01Eextq: ð1Þ
Eq. (1) is then used to plot a phase diagram for the Si(001) sur-

face. The contours for DE22-21 in the entire Eext–q parameter space
shows that the field-induced transition from the nonpolar p(2 � 2)
to the polar p(2 � 1) structure can be well aided by the hole carrier
doping and that the coercive field decreases with increasing q
(Fig. 3b), down to 0.24 V/Å at q = +8.27 � 1013 cm�2. In addition
to the relative stability, the kinetic barrier for the transition can
be evidently reduced by the doping and electric field. The barrier
for the p(2 � 2)-to-p(2 � 1) transition is 0.24 eV in the pristine
case, decreases to 0.15 eV at Eext = 0.55 V/Å, and further down to
0.09 eV at Eext = 0.55 V/Å and q = +4.96 � 1013 cm�2 (Fig. 3a).

Using the Berry phase method, the electric polarization of
charge-neutral p(2 � 1) structure is calculated to be 3.66 � 10–
10 C/m at charge neutrality, higher than the reported values for
other 2D materials with ferroelectric order, e.g., SnSe [25], Te
[26], P2O3 [27] and Bi [28]. Since the Berry phase method cannot
be applied to a system with metallic bands, we calculate the dipole



Fig. 3. (Color online) Ferroelectric switch of the Si(001) surface. (a) Calculated energy along the minimum energy paths between the p(2 � 2) and p(2 � 1) reconstructions at
pristine state (left), with Eext = 0.55 V/Å (middle), with q = +4.96 � 1013 cm�2 and Eext = 0.55 V/Å (right). Insets illustrate the electric dipoles on Si dimers and their ferroelectric
switch by external electric fields. (b) Phase diagram of the surface reconstruction based on the energy difference between the p(2 � 2) and p(2 � 1) structures as a function of
q and Eext. Possible coexistence of magnetic and electric orders is also given. (c) Dipole moment per dimer on the p(2 � 2) and p(2 � 1) structures as well as the magnetic
moment difference between the p(2 � 2) and p(2 � 1) structures as functions of hole carrier density.
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moment of each dimer, lD, for the hole-doped Si surfaces, as
shown in Fig. 3c. The results show that lD decreases with increas-
ing q and still can be 0.64 D even at q = +9.93 � 1013 cm�2. The
existence of electric polarization on the hole-doped surface is unu-
sual and attributed to an inefficient screening of the highly local-
ized surface bands. Indeed, the dimers on the p(2 � 1) structure
Fig. 4. (Color online) Electronic properties of the p(2 � 2) reconstructed Si(001) at q = 6.6
light grey) to 2% (blue or dark grey); Left is for the spin-up and right for the spin-down ch
the spin-up and spin-down channels, respectively.
are persistently buckled at various doping levels, along with a
charge asymmetry between two atoms. Thus, the electric dipoles
of dimers remain electrically controllable even when the system
is doped by hole carriers, as shown in Fig. 3a. Note that electric
dipoles have also been reported in boron-deficient MgB6 that pos-
sesses a finite density of states at the Fermi level [29].
2 � 1013 cm�2. (a) Spin-polarized band structure under different e from 0% (cyan or
annel. (b) Fermi surfaces at e = 0 (left) and 2% (right). Dotted and solid lines stand for
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The coexistence of electric polarization and ferromagnetism on
the hole-doped Si(001) surface raises an intriguing question as to
whether the two orders can couple with each other to induce a
ME effect. We thus examine the change of magnetism induced
by the ferroelectric switch. The ferroelectric p(2 � 1) structure turn
out to be nonmagnetic in the studied range of carrier doping,
attributed to its delocalized s-like surface state near the VBM.
The variation of magnetic moment, DM, is 0.42 lB/nm2 at
q = 8.27 � 1013 cm�2, with a coercive field of Eext

cor = 0.16 V/Å. The
ME coefficient estimated by aS = l0DM/Eextcor reaches 1.5 � 10–
13 G cm2/V, an order of magnitude higher than those of FM metal
films [30] and comparable to those in graphene nanoribbons under
a bias voltage [14]. This ME coefficient can be further enhanced by
the applied elastic strain. For example, at e = 2%, Eextcor is reduced to
0.1 V/Å while DM rises to 0.83 lB/nm2, resulting in a larger aS of
4.75 � 10–13 G cm2/V. The Si(001) surface thus appears to be a
peculiar system displaying strong mechan-electro-magnetic cou-
pling. In contrast to reported ME systems [30–39], the ME coupling
of the Si(0 0 1) stems from a change in electronic localization
induced by ferroelectric displacement. This mechanism ends up a
nonlinear ME effect on the surface. We obtain similar results for
the ferroelectric switch between the c(4 � 2) and p(2 � 1) struc-
tures, as the c(4 � 2) structure has essentially the same electric
order to the p(2 � 2) structure.

The ME Si surface exhibits two compelling electronic features.
First, as the surface bands are isolated from the bulk states by
the tensile strain, a half-metallic nature appears on the hole-
doped Si surface: the conductive bands are only from the spin-
down channel (Fig. 4a). The spin transport will benefit from rela-
tively dispersive conductive bands and a sizable band gap of
65 meV (e = 2%) in the spin-up channel. Second, the surface exhi-
bits two hole pockets, one is in the K-J path and the other in the
C-J’ path. The first pocket carries holes only in the spin-down
channel while the second does in both spin channels. At e = 2%,
the two pockets are in the spin-down channel, along with an evo-
lution of their shapes from a ring to a quasi-rectangle (Fig. 4b). The
change in the topology of Fermi surface may cause a nesting insta-
bility at certain doping levels.

These electronic features indicate that transistor devices made
of the ME Si surface allow the process of logic information with
low energy consumption and excellent compatibility with tradi-
tional technologies. Selectively passivating Si dimers with H atoms
can turn the system into a magnetoelectric-semiconducting
‘‘hetero-structure”. The atomically smooth interface in such a
heterostructure will facilitate spin injection into the semiconduct-
ing regions and lead to new devices, e.g., spin diodes. An additional
advantage of the spin injection will lie at the control by ferroelec-
tric switch. Further thinning the magnetic region to a single dimer
row would allow for the fundamental study of ME behavior in 1D
space.
4. Conclusion

In conclusion, our first-principles calculations have presented
an unexpected coexistence of ferromagnetic and electric orders
on hole-doped Si(001) surfaces. The ferromagnetism stems from
strongly localized s-like surface states on the sp3-bonded surface
Si atoms near the valence band top while the electric order is
attributed to switchable electric polarization of Si dimers. Nota-
bly, the ferromagnetism and electric polarization are strongly
coupled to render the surface as the first Si material enabling
an electric control of its surface magnetization. Moreover, the
ME coupling can be further regulated by an applied elastic strain
and selective chemical passivation to allow for new spintronic
applications.
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