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The quasi-one-dimensional, chiral crystal structure of Selenium has fascinating implications: we report
simultaneous magnetic and ferroelectric order in single crystalline Se microtubes below <40 K. This is
accompanied by a structural transition involving a partial fragmentation of the infinite chains without
losing overall crystalline order. Raman spectral data indicate a coupling of magnons with phonons and
electric field, while the dielectric constant shows a strong dependence onmagnetic field. Our first-principles
theoretical analysis reveals that this unexpected multiferroic behavior originates from Selenium being a
weak topological insulator. It thus exhibits stable electronic states at its surface, and magnetism emerges
from their spin polarization. Consequently, the broken two-fold rotational symmetry permits switchable
polarization along its helical axis.We explain the observedmagnetoelectric couplings using a Landau theory
based on the coupling of phonons with spin and electric field. Our work opens up a new class of topological
surface-multiferroics with chiral bulk structure.

M
ultiferroic materials in which ferromagnetism and ferroelectricity not only coexist but are intrinsically
coupled are of great technological interest and have been a subject of intense research1–3. Biferroic
behavior has so far been seen in either low-symmetry, complex oxides4 or composite multiphase

materials5–7.Themutually exclusive nature of ferromagnetism and ferroelectricity is ascribed to symmetry restric-
tions as well as conflicting chemical requirements8. A possible solution is offered by systems in which different
ions or functional groups are responsible for different types of ferroic order. In such ‘Type-I’ multiferroics,
magnetism and ferroelectricity originate independently fromdifferent sublattices (e.g.,BiFeO3

9,10) and necessarily
exhibit a weak coupling. In ‘Type-II’ multiferroics, on the other hand, ferroelectricity is induced by certain types of
non-collinear (e.g., cycloidal) spin order that breaks inversion symmetry. Such systems (that include certain rare
earth manganites11,12) show an intrinsic coupling between the ferroelectric and magnetic order parameters13,14.

Very recently, a particularly interesting connection has been suggested between multiferroic systems and
topological insulators15,16. The geometric part of the orbital magnetoelectric coupling in 3-dimensional topo-
logical insulators has been shown to be analogous to polarization or the geometric phase of 1-D topological
insulators. While the former relates to Chern-Simons 3-form, the latter corresponds to Chern-Simons 1-form,
and hence these properties are quantized in topological insulators. These novel ideas are yet to be demonstrated
experimentally through identification of topological insulators exhibiting magneto-electric coupling. It is rela-
tively simpler to think of a 3-D insulator with quasi-1-D structure of special symmetry that would exhibit a
quantized polarization, and hence a surface charge. A possible spontaneous magnetic ordering of this surface
charge can potentially give rise to interesting types of magnetoelectric coupling under certain symmetry condi-
tions, and is shown here to manifest in one of the simplest materials, elemental selenium.

Even though the earliest known elemental semiconductor and photoconductor, Se17, has an unusual, quasi-
one-D, chiral structure, it has attracted little attention as a potential multiferroic. The crystal structure of trigonal
Se (space group P3121) consists of parallel, helical atomic chains with three atoms per unit cell. The atomswithin a
helix are covalently bonded, and the weakly coupled helical chains are arranged on a hexagonal lattice. With a
4 s2p4 configuration, Se was so far believed to be an insulator with no magnetic ordering18,19. We have, however,
found evidence for both magnetic and ferroelectric order in Se microtubes below<40 K. Both our experimental
and theoretical studies suggest that the magnetic ordering occurs mainly at the crystal surface. Further, though
bulk Se is insulating, our electronic structure calculations showmetallic behavior at its surface, which is shown to
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originate from a nontrivial topology of electronic states of bulk Se.
This explains why the phenomenon was missed earlier in bulk Se,
while we succeeded in capturing it in samples of reduced dimension-
ality. The complex, chiral structure and consequent non-trivial elec-
tronic topology of Selenium are ultimately responsible for the
unprecedented observation of multiferroic order in an elementary
system. This obviously suggests that other materials with similar
structure should also be investigated for multiferroic behavior.

Results
Observation of magnetization and electrical polarization in Se.
Our studies involved perfect single crystals of Se in the form of
hexagonally-faceted, hollow microtubes: <5 mm long and 50–
300 mm in diameter (Fig. 1(a)), grown by vapor transport with an
amorphous Se pellet (99.999%) as precursor. The X-ray diffraction
pattern matched perfectly with trigonal Se (Fig. 1(b)), while

transmission electron microscopy showed excellent crystalline
order (Fig. 1(c)) and no surface contamination. Energy dispersive
X-ray analysis indicated 100% Se and X-ray fluorescence analysis
showed about 1% Sulfur, but no other impurities down to a detec-
tion limit of 10–100 ppm.
Magnetic hysteresis measurements were performed in the 2–100 K

range on a bunch of <10 microtubes with field parallel to the long
axis of the rods. At 2 K, the samples showed complete saturation of
magnetization, with the M-H curve indicating either antiferromag-
netic or weak (canted) ferromagnetic behavior (Fig. 2(a)). The sat-
uration of magnetization gradually disappears with increasing
temperature. The temperature dependence of the saturation magnet-
ization (Fig. 2(b)) indicates a transition temperature near 40 K, also
supported by Raman data. Ferroelectric hysteresis measurements
were carried out with the sample dipped in liquid N2 and liquid
He, to negate the effect of heating caused by the large applied voltage.
At 4.2 K, the data clearly indicate polarization saturation and hence
ferroelectric order (Fig. 2(c)). At 77 K, the sample exhibited large area
loops expected from a lossy dielectric. An expanded view of the 4 K
data (Fig. 2(c), inset) supports the ferroelectric nature of the ordering.
The increase in the dielectric loss at higher temperature (well above
TC) occurs because Selenium is a semiconductor. At low tempera-
tures (in the ferroelectric phase), it is basically insulating. As the
temperature rises, charge carriers are increasingly available in the
conduction band, as reflected in the observed lossy hysteresis loop
at 77 K. Capacitance measurements at different frequencies with
voltage applied parallel to the rods show a prominent peak at <
40 K (Fig. 2(d)), which indicates the ferroelectric ordering temper-
ature. Up to 80 kHz, these data remain essentially unchanged, as
dielectric dispersion effects are expected only at higher frequencies.
Further confirmation is provided by pyroelectric measurements per-
formed by first cooling the Se microtubes in an electric field applied
along the c-axis, followed by a measurement of the temperature
dependence of the absolute charge. We observed a clear, reversible
pyroelectric signal below < 50 K (Supplementary Information: Fig.
S1). Both the ferroelectric loop and the pyroelectric signal are some-
what asymmetric with respect to the polarity of the applied field. This
indicates a history dependence which is discussed later.

Observation of spin-charge-lattice (phonon) coupling. Crucial in-
sights pertaining to the spin-charge-lattice coupling – central to the
nature of the multiferroic behaviour – are provided by Raman
spectroscopy. At 300 K, we observed a single intense mode at
232 cm21 (Fig. 3, bottom), which has been identified as the E
phonon in trigonal Se20. However, at 4 K, we also observed intense
modes in the 400–750 cm21 region. The extended nature of these
modes and the multiple features associated with them indicate that
they arise from higher order, non-phononic elementary excitations –
which we believe to be magnons. These modes are resonantly
enhanced at 647.1 nm and barely observable at other wavelengths
(Supplementary Information: Fig. S2).We could confirm themagno-
nic origin of these modes by simply applying an external magnetic
field: even a relatively small field (<0.1 kOe) severely distorted these
modes, while the phononmode was not affected. The shaded regions
in Fig. 3 show the imaginary part of the Raman response function:
x0(v) , I(v)/[1 1 n(v)] at different temperatures (I(v) 5 Raman
scattering intensity, v 5 Stokes shift and the Bose factor, n(v) 5
1/[exp(hv/kT) 2 1]). The area under the magnon spectrum shows
rapid extinction in the 30–50 K range (Fig. 4(a)), though weak
magnetic fluctuations probably persist until 100 K, consistent with
the temperature dependence of the magnetization (Fig. 2(b)). This
supports our assignment of these high frequency spectral features to
higher order magnon modes. It is important to reiterate at this point
that all our data indicate that – within experimental uncertainty - the
magnetic and ferroelectric transition temperatures are practically
coincident (40610 K).

Figure 1 | (a) Scanning electron micrograph of a typical, faceted, hollow
microtube of Se, (b) X-ray diffraction pattern and (c) high resolution
lattice image (TEM) showing perfect single crystalline order.
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The possibility of magnetoelectric coupling was probed by apply-
ing a dc electric field normal to the Se microrods, using a specially
fabricated holder. Fig. 4(b) shows that the magnon frequencies are
strongly affected by the applied field, while the phonon frequency
remains almost constant (Supplementary Information: Fig. S3).
Further, the magnon frequency shift changes sign with the electric
field direction. This important observation (along with the magnetic
field dependence of the dielectric response) is an unambiguous mani-
festation of the coupling between the charge and spin order para-
meters. Magnetoelectric coupling in the system is conclusively proven
by the magnetic field dependence of the dielectric response: the peak
in the dielectric response disappears in an applied magnetic field of
2 T (Fig. 4(c)). The Raman data provides another significant input:
the phonon mode intensity falls sharply in the vicinity of the mag-
netic transition temperature, though it does not vanish (Fig. 4(a)).
This indicates a strong spin-phonon coupling in the system.
The relatively low value of the saturation magnetization of the Se

microtubes (MS <10
23

mB/atom at 2 K) indicates a surface origin
(note that 0.1–0.01% of the Se atoms reside on the tube surface). This
is corroborated by our observation that for two samples with differ-
ent average tube diameters, MS scales roughly with the specific sur-
face area (Fig. 2(b)).

First-principles theory of electronic structure and topology of Se.
We now discuss the possible origin of the surface moments in the Se

microstructures. Our first-principles calculations based on density
functional theory (DFT) with generalized gradient approximation
(GGA) to exchange correlation energy estimate the structural
parameters: a 5 4.47Å and c 5 5.04Å, within 3% of their reported
values21. We find an indirect band gap of 1.1 eV, which is
underestimated with respect to the experimental value22 by <41%
(a known limitation of the DFT method). For bulk Se, our
calculations with local spin or magnetic moments on Se sites
initialized with ferromagnetic (FM) and antiferromagnetic (AFM)
ordering resulted in a state with vanishing magnetic moments,
confirming our earlier prediction19 that bulk Se is non-magnetic.
We next investigated the possible presence of magnetic moments

in 2–8 atom, helical chains of Se, initialized with different types of
magnetic order along the chains. For all except the 3-atom chains, the
self-consistent electronic ground state clearly exhibits an ordering of
magnetic moments, with the moments confined to the ends of the
chains (Supplementary Information: Fig. S4). For odd-atom chains,
the initial AFM state de-evolved into a FM state, while even-atom
chains exhibit stable ordering of both AFM and FM types, with very
similar energies. This supports our contention that the observed
magnetism originates from the surface or boundary. In this connec-
tion, the appearance of a weak Raman line at <250 cm21 (Fig. 3) at
low temperatures is significant. It indicates the nucleation of the a-
monoclinic structure23 as a minority phase within the (majority)
trigonal structure. Evidence for the partial nucleation of this

Figure 2 | (a) Magnetic hysteresis curves for a bunch of parallel Se microrods at three temperatures spanning the magnetic ordering temperature.

(b) Temperature dependence of the saturation magnetization, MS, (measured at 5 T) for two samples of Se microtubes with average outer diameters of

80 mm and 250 mm. Clearly, MS increases with the specific surface area of the sample. (c) Ferroelectric hysteresis curve for Se microrods at 4 K

(solid dots), clearly indicating polarization saturation. An expanded view near the origin is shown on right. Similar data recorded at 77 K represents

behavior typical of a lossy dielectric. The frequency of the applied ac field was 10 kHz. Note that Se exhibits a negative temperature coefficient of

resistance. (d) Temperature dependence of the capacitance (dielectric response) recorded at three different signal frequencies (20, 40 and 80 kHz) and at

zero magnetic field.

www.nature.com/scientificreports
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a-monoclinic phase at low temperatures is also seen in temperature-
dependent XRDmeasurements. We propose that these small, second
phase nuclei merely act as somewhat extended point defects and
cause the fragmentation of the infinite helical chains of trigonal Se
into shorter fragments, without an overall loss of crystal symmetry.
To simulate the (0001) surface, we studied slabs consisting of 10

and 11 atomic planes separated from its periodic images by a
vacuum of 1 nm along c-direction and initialized with AFM and
FM ordering of spins at its surface. The non-magnetic state of the
slab exhibits a metallic electronic structure (Fig. 5(a)), and the bands
crossing the Fermi energy are localized at the surfaces. As Se is quasi-
one-dimensional, we expect this electronic structure to be unstable
possibly with respect to magnetic ordering. Keeping in mind that
magnetism in graphene nano-ribbons arising from its edge states is
stabilized by on-site correlation24, we simulated the Se slab by includ-
ing on-site correlation with Hubbard U 5 1 eV to 5 eV, and initial
states with AFM and FM ordering. For all the Hubbard U values,
magnetic moments and the nature of electronic structure (with band
gap increasing with U) of the selenium slab remain qualitatively the
same (see Supplementary Information: Fig. S5). In contrast to bulk
Se, the self-consistent solution exhibits nonzero (,0.5 mB/atom)
local magnetic moments on the surface atoms even after structural
relaxation. The relaxed structures with AFM and FM configurations
are energetically the same, implying only a weak interaction between
the moments at the opposite slab-surfaces. A band gap opens up in
the electronic structure upon magnetic ordering at the Se slab sur-
faces (Fig. 5(b) and (c)), and the visualization of the spin-density iso-
surfaces (Figs. 5(d) and (e)) clearly shows that the surface states are
responsible for the magnetic character of the slabs. An increase in the
on-site correlation energy U results in further stabilization of the
surface spins and their ordering.
The robustness of the surface states of the Se slab and their resemb-

lance to the localized states at the end of single helical chains of Se

prompt us to trace their origin to the electronic topology25 of bulk Se.
As Se has a quasi-one-dimensional structure, we note that the rel-
evant topological invariant is essentially the Berry phase of occupied
electronic states, which is essentially the polarization26. Symmetry
considerations predict zero polarization in the ab plane as well as
along the c-axis of bulk Se. Berry-phase calculations confirm the
former expectation but predict a half-integer quantum polarization,
Pz5 e/A along z-axis (e5 electronic charge,A5 unit cell area). This
does not violate symmetry principles, since polarization – as a Berry
phase – can be estimated only within an integer quantum polariza-
tion. Thus, P and2P (obtained by applying inversion symmetry or a

Figure 3 | Raman scattering response function from Se microrods at
seven temperatures spanning the magnetic ordering temperature. The

room temperature spectrum is at the bottom. The shaded regions in the

4 K–35 K spectra represent the magnon contribution.

Figure 4 | (a) A plot of the temperature dependence of the (normalized)

area under the respective spectral response functions shows that the

magnon mode response drops sharply near the magnetic transition

temperature (30–50 K), while the phonon mode is partially damped.

(b) Shift in the magnon mode frequencies (M1 and M2) with applied dc

electric field, recorded at 4 K. The phonon frequency shows very little field

dependence. (c) Temperature dependence of the capacitance (dielectric

response) in zero magnetic field (red dots, upper curve) and in an applied

magnetic field of 2 T (open circles, lower curve) confirms magnetoelectric

coupling.

www.nature.com/scientificreports
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two-fold rotation along an axis in the ab-plane in case of Se) may
differ by an integer quantum; hence a half-integer quantum polar-
ization is allowed by symmetry even in centrosymmetric systems27.
We believe bulk Se is the only system known so far to exhibit a half-
integer quantum electronic polarization (i.e. the electronic structure
of bulk Se has an overall Berry phase of p) and its total (ionic 1

electronic) polarization remains invariant upon any shift in origin.
This would naturally support electronic charge at the surfaces and
consequently the magnetism. Ordering of spins at the surface breaks
the two-fold symmetry of Se (see Figure 5) and gives rise to a switch-
able polarization. This necessarily implies that the ferroelectric and
magnetic ordering temperatures are identical, in conformity with our
experimental observations. Such magnetically induced polarization,
though small, inherently involves a strong magnetoelectric coup-
ling28. We point out that Se is aweak topological insulator (TI), being
a 2-D array of 1-D insulators with nontrivial topological invariant.
This is reflected in an even number of band crossings at the Fermi
energy (Fig. 5) in the electronic structure of the non-magnetic state.
As a result, its surface states are not as robust against disorder as
those of a strong 3-D TI. Finally, as the topological invariant of bulk
Se is linked to its structure and forced by its symmetry, it can be
considered a crystalline TI29.

Origin of the magnetoelectric effect: spin-charge-phonon coup-
ling. To understand the unusual Raman spectra observed by us, we
now present an analysis of the phonons and their coupling with spin
and electric field. Our theoretical estimates of the phonon
frequencies of bulk Se (217 cm21 for the E mode and 89 cm21 for
an IR-active A2mode) are in reasonable agreement with observations
(232 cm21 and 82 cm21, respectively). TheHellman-Feynman forces
on Se atoms in the non-magnetic state with atomic structure
obtained by minimizing energy of the ferromagnetic state give the
lowest order spin-phonon coupling. Projecting these onto the
phonon eigenvectors, we establish that the Raman-active E mode
at 217 cm21 exhibits the largest spin-phonon coupling and the
lower energy E mode at 128 cm21 shows noticeable coupling with
spin. This spin-phonon coupling is responsible for the concurrent
anomalies in magnon and phonon modes seen in the Raman spectra
near the magnetic ordering temperature. A weak structural distor-
tion (implied by the appearance of a low intensity Raman A1mode at
low temperatures, see Fig. 3) at the magnetic/ferroelectric transition
can be also ascribed to the spin-phonon coupling. Though the three
Se atoms in the trigonal crystal cell are symmetry equivalent and
homopolar, an external electric field does couple to its lattice
(phonons) due its non-trivial symmetry (see Table I). The tensorial
character of the coupling of electric field with the atomic
displacements (Born dynamical charges) permits a nonzero charge
Z for Se atoms positioned on the x-axis, with the electric field also
along x-axis, e.g., (Z)xx 5 0.70.
Having established the coupling of phonons with spin and electric

field based on experimental and first-principles theoretical evidence,
we express free energy of Se surface as a function of spin (S), phonon
coordinate (u) and electric field (E), using a Landau-like theory:
F~ 1

2
Ku2{ZEu{LSuzJS2, where K 5 mv

2 is the phonon spring
constant, Z is the dynamical charge, L is the spin-phonon coupling
and J, the exchange coupling. Minimizing energy with respect to u,

we obtain the effective free energy: Feff~{
Z2

2K
E2
z J{

L2

2K

� �

S2{
ZL

K
ES, where the three terms are, respectively, the phonon contri-

bution to the dielectric constant, the phonon-renormalized exchange
coupling and the phonon-mediated linear magnetoelectric coupling.
We note that magnon frequency is determined by the effective
exchange coupling.
Since this linear theory does not explain the electric field depend-

ence of magnon frequency (a third order effect), we consider the
third order coupling of a phonon with the electric field: H 5 au2E,

Figure 5 | Electronic structure of Se (0001) slab with 10 atomic planes in

(a) a non-magnetic configuration with metallic nature due to surface

states, (b) ferromagnetic configuration, and (c) antiferromagnetic

configuration obtained with U5 5 eV, exhibiting a bandgap. Iso-surfaces

of spin-density in (d) antiferromagnetic configuration and (e)

ferromagnetic configuration, revealing the magnetic moments localized at

the surface.
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with a~{
LZ

2Lu
. We determine a by distorting the structure with the

atomic displacements (u) by<1% of the lattice constant and estim-
ating the Born dynamical charges of phonons using DFT linear
response. Interestingly, lower energy modes exhibit the strongest
third order coupling with electric field, while a of the Raman-active
E mode is relatively much weaker (see Table I), which explains the
observed independence of the Emode on electric field. The exchange
coupling, renormalized by lower energy modes, can be shown to

change with electric field as:
L2

2K
1{2

aE

K

� �

. In this model, the

observed dependence of magnon frequency on electric field origi-
nates from the third order phonon--electric field and linear spin-
phonon couplings. Similarly, dielectric constant varies linearly with
magnetic field and the magneto-capacitance is proportional to:

ZLa

�

2J K{
L2

2J

� �2
" #

:

Discussion
We have established the existence of ferromagnetic order in Se
microrods below<40 K from bulk magnetization andmagnon scat-
tering data. Ferroelectric order in a similar temperature range is
indicated by a peak in the dielectric response near TC, reversible
spontaneous polarization (evidenced by pyroelectric response on
field reversal), and ferroelectric hysteresis, with a clear tendency
towards saturation.We point out that the possible existence of piezo-
electricity with fairly high electromechanical coupling had already
been suggested some time back30. Magnetoelectric coupling is clearly
indicated by our data on the magnetic field dependence of the dielec-
tric response and the electrical field dependence of themagnonmode
frequencies.
While the possibility of magnetoelectric coupling at the surface of

magnetic metals has recently been pointed out31, the emergence of
multiferroic behavior in a non-magnetic, elemental semiconductor is
certainly quite astonishing. Indeed, ferroelectricity and magnetism
are neither expected, nor observed in bulk Se. Our work suggests that
the chiral arrangement of Se atoms leads to a coupling between the
lattice and electric field, while the spin-polarized surface arises from
its unique electronic structure with non-trivial topology, reflected in

a Berry phase of p. This highly unusual coupling of its lattice with
the electric field, surface spins or magnetic excitations allows ele-
mental Se to acquire multiferroic properties, observable only in
low-dimensional samples. The surface origin of the phenomenon
necessarily implies that the volume-normalized polarization and
magnetization do not appear very large. Interestingly, the multifer-
roic transition appears to be associated with the nucleation of a small
fraction of the a-monoclinic phase (in which the Se atoms are
arranged in 8-member rings, rather than long chains), that increases
with decreasing temperature below TC. We suggest that dispersed
nuclei of this minority phase effectively break up the infinite 1-D
chains of the majority trigonal phase into shorter lengths, thus max-
imizing their number, but not affecting the overall crystalline order.
This model also explains the history dependence, e.g., in the pyro-
electric data, since cooling the sample below TC would each time
produce a different realization of the geometric arrangement of the
short chains. Significantly, our work uncovers a new route to multi-
ferroic behavior that is not strongly restricted by symmetry, and
indicates that similar magneto-electric surface properties could well
emerge in other semiconductors with low-symmetry chiral space
group. At the same time, our observations provide strong experi-
mental support to the recent theoretical investigations that propose
electronic topology as a novel origin of magnetoelectric coupling.

Methods
Magnetic measurements were made in a Quantum Design SQUID magnetometer.
Raman spectra were recorded in the backscattering geometry with incident polar-
ization parallel to the micro-rod axis, using a Jobin-Yvon T-64000 triple grating
spectrometer with a Kr laser 647.1 nm excitation. Dielectric (capacitance) measure-
ments were carried out in a He cryostat (uniformly illuminated through an optical
window) by placing the Se microtubes on a 10 mm 3 8 mm Sapphire substrate.
Ferroelectric hysteresis measurements were made by sandwiching the microtubes
between two 6 mm diameter copper plates specially customized for low temperature
measurements. In both cases, contacts were made with low temperature Silver paste.
First-principles calculations were based on density functional theory (DFT) as
implemented in the Quantum ESPRESSO32 package with spin-density dependent
generalised gradient approximation (GGA) to exchange-correlation function
(Perdew, Burke and Ernzerhof33) and ultrasoft pseudopotentials27 to represent the
interaction between ionic cores and valence electrons. Spin polarized calculations
were performed using the GGA 1 U method34 with U 5 1 eV to 5 eV. Electric
polarization was determined using the Berry’s phase approach35. Occupation num-
bers were smeared using a Fermi-Dirac scheme with a broadening of 0.005 Ry. For
GGA calculations, Kohn-Sham wavefunctions were represented with a plane wave
basis with an energy cutoff of 50 Ry and kinetic energy cutoff for charge density of
400 Ry. Integration over the Brillouin zone was carried out using the Monkhorst-
Pack scheme with regular 53 53 5 and 63 63 1 meshes of k-points for bulk and
slab calculations, respectively. Some of the subtle results (e.g., Berry phase polariza-
tion) were reproduced with LDA36, and HGH pseudopotentials37 and energy cutoff of
70 Ry using ABINIT package38,39.
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