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ABSTRACT: We report on the enhanced optical properties of chiral
magnetic nanohelices with critical dimensions comparable to the
ferromagnetic domain size. They are shown to be ferromagnetic at
room temperature, have defined chirality, and exhibit large optical activity
in the visible as verified by electron microscopy, superconducting
quantum interference device (SQUID) magnetometry, natural circular
dichroism (NCD), and magnetic circular dichroism (MCD) measure-
ments. The structures exhibit magneto-chiral dichroism (MChD), which
directly demonstrates coupling between their structural chirality and
magnetism. A chiral nickel (Ni) film consisting of an array of nanohelices
∼100 nm in length exhibits an MChD anisotropy factor gMChD ≈ 10−4 T−1

at room temperature in a saturation field of ∼0.2 T, permitting polarization-independent control of the film’s absorption
properties through magnetic field modulation. This is also the first report of MChD in a material with structural chirality on the
order of the wavelength of light, and therefore the Ni nanohelix array is a metamaterial with magnetochiral properties that can be
tailored through a dynamic deposition process.
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As the critical dimensions of a magnet approach the
ferromagnetic domain size, structural morphology be-

comes increasingly important in relation to its magnetic
properties, as magnetic domain formation is suppressed.1 For
ferromagnetic nanoparticles of <100 nm, or nanomagnets, the
domain size and the electron transport scattering length can
both be of the same length scale as the size of the particles
themselves. Such nanoscale magnetic materials are interesting
due to possible applications as high-density data storage media
or for the study of more fundamental properties such as
magnetic vortex formation.2,3

Nanoscale materials are particularly compelling because
multiple properties can arise from the same morphological
confinement. For example, nickel (Ni) is ferromagnetic and Ni
nanoparticles can also support surface plasmon resonances;4−6

therefore, a geometric constraint in nanoscale Ni not only limits
the formation of multiple ferromagnetic domains but can also
lead to localized surface plasmon resonance (LSPR). Since the
properties of a nanomagnet are highly geometry dependent,
structural asymmetries can be expected to induce correspond-
ing asymmetries in its properties as well.
Herein, we report experiments that reveal the direct coupling

of magnetic and optical properties of chiral Ni nanomagnets.
To the best of our knowledge, the structures in this article are
the smallest magnetic nanohelices that have been realized to
date. They interact strongly with visible light, and we show that
the optical response can be modulated with an external

magnetic field. In particular, the coupling of the nanoparticle
chirality to the field, i.e., the simultaneous absence of parity and
time reversal symmetry, leads to a higher order optical response
termed magnetochiral dichroism (MChD),7 which manifests
itself as a magnetic-field-tunable, polarization-independent
absorption effect.

■ MAGNETOCHIRAL DICHROISM
When a nanomaterial is chiral and on the order of the
wavelength of visible light, it will interact differently with the
two circular polarization (CP) states of light, which are
themselves chiral.8−18 In particular, isotropic chiral media
exhibit natural circular dichroism (NCD), absorbing one CP
state more than the other, which causes an impinging beam of
linearly polarized light to become elliptically polarized.
Similarly, any medium in the presence of a magnetic field
(parallel to the direction of light propagation) will also show
differential absorption proportional to the field strength, i.e.,
magnetic circular dichroism (MCD). The former is mediated
by the imaginary component of the product of an electric-
dipolar−magnetic-dipolar transition moment, whereas the latter
is a function of a product of two electric-dipolar and one
magnetic-dipolar transition moments. Whereas NCD is
dependent upon the chirality of the medium, MCD (and
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Faraday rotation in general) is not. These effects can be
summarized by expanding the generalized dielectric function ϵ
in the presence of a magnetic field for left (LH) and right (RH)
handed media in terms of the wavevector k and external
magnetic field B,19
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in which +/− indicate LCP and RCP, respectively, α describes
the (B = 0) natural optical activity tensor and NCD, and β is
the electric-electric−magnetic-dipolar tensor that underlies the
Faraday effect and MCD. The cross-term, γ, characterizes the
additional effect of a magnetic field in the presence of a chiral
medium, and it depends on the chiral sense and the relative
orientation of k and B, but not on the polarization of the light.
It manifests itself in absorption as magnetochiral dichroism,
which has been previously observed in chiral crystals and
molecules.7,20−22 The tensors α and γ are nonzero only if the
medium is chiral and change sign with the handedness of the
enantiomorph. Because MChD is a cross-term, it is expected to
be strong in systems that show substantial NCD and MCD.23

In ferromagnetic, plasmonic nanohelices both NCD and MCD
should be enhanced, thus giving large values for MChD.
The schematic for the measurement of the effect is shown in

Figure 1. The sample is placed in an alternating magnetic field
generated by a solenoid. The sample is arranged so that the
wavevector is perpendicular to the sample surface and therefore
parallel to the helix and optical axes. Depolarized visible light,
with wavelengths selected by a monochromator, passes through
the sample while the external magnetic field is either parallel or
antiparallel to the propagation direction of the light field. The
magnitude of the absorbance of unpolarized light is a function
of the field strength and the magnetic field direction and
changes sign with the handedness of the nanohelices (the
enantiomorphs).

■ FABRICATION
We have recently shown that glancing angle deposition
(GLAD)24−26 in conjunction with micelle nanolithography
and substrate cooling may be used to grow helix structures with
feature sizes less than 20 nm and overall dimensions that are a
fraction of the wavelength of visible light.27,28 We note that
GLAD has also recently been used to construct nanoscale
cobalt29 and iron helices30 of larger dimensions. Here, we grow
∼100 nm, two-turn Ni nanohelices on seeded glass substrates
patterned by block copolymer micelle lithography (BCML),31

where the optical resonances can be easily tailored by altering
the deposition process, as we have recently shown.32 The seeds
upon which the helices grow are hexagonally arranged gold
nanoparticles of 15 nm diameter at a mean 75 nm separation.
The deposition was performed at room temperature using
electron-beam evaporation at a pressure ∼5 × 10−6 mbar, with
a fixed tilt angle α = 85°. From the electron microscopy images,
we conclude from a qualitative standpoint that the structures
have adequate fidelity when fabricated at room temperature,
but we expect lower temperatures to improve structure by
suppressing diffusion. The azimuthal rotation angle of the
substrate holder was controlled in real time based on the
thickness reading of a quartz crystal monitor, which measured a
deposition rate of ∼4 × 10−2 nm/s.
The resulting arrays of Ni nanohelices are shown in the inset

transmission electron microscopy (TEM) images of Figure 1
and the high-angle annular dark field scanning transmission
electron microscopy (HAADF STEM) images of Figure 2
(both off wafer). The image in Figure 2 shows the elemental
makeup of the structure: the majority is Ni, as expected, while
the Au seed and the Ti adhesion layer can be resolved as well.
The rotation sense of the substrate during deposition fixes the
sample chirality, and the two enantiomeric forms, i.e., LH and
RH, can be seen in the Figure 3 inset showing cross-section
scanning electron microscopy images (SEM) on the wafer,
respectively. The total height is ∼100 nm, with two turns giving
a helix pitch of ∼50 nm. A continuous (unstructured) Ni thin

Figure 1. Schematic of the experimental setup to measure magnetochiral dichroism. An alternating current in the coil produces an alternating
magnetic field that is either parallel or antiparallel with the monochromatic incident beam. The transmitted light is phase sensitively detected at the
frequency of the magnetic field, and the difference in absorbance of unpolarized light is recorded on a computer (not shown). Inset: (a) Group of Ni
nanohelices imaged on a TEM grid after they have been removed from the surface; (b) zoomed-in TEM image of the nanohelix shown in the box of
(a).
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film of the same thickness was grown under perpendicular
incidence (α = 0°) as an achiral control sample.

■ MAGNETIC PROPERTIES
We expect that a nanohelix that retains its magnetism will give a
stronger MCD response than a paramagnetic one, and here we
show that the helix arrays are indeed ferromagnetic. The
magnetic properties are characterized using superconducting
quantum interference device (SQUID) magnetometry at room
temperature. A static magnetic field is applied, and the
magnetization is measured along the normal and in-plane
directions (not shown here), i.e., parallel and perpendicular to
the helix axis. Figure 3 shows the magnetization measurements
along the axes, and the curve shows ferromagnetic hysteresis.
We observe for both LH and RH films a saturation field of 0.2
T, a saturation magnetization of 5 × 10−2 emu mm−3, and a
coercive field of 140 G. The dimensions of an individual Ni
structure are on the same order as the superparamagnetic
domain size, which leads to long, but finite, Neél relaxation
times. Measurements of the remnant magnetization relaxation
time, τ ≈ 1.5 × 103 s, suggest that the structures have a mean
magnetic domain size of 18 nm according to the Neél−

Arrhenius model.33 This agrees well with the measured helical
wire diameter of ∼20 nm. In contrast to recent reports on
cobalt helices,29 we do not observe effects due to the magnetic
coupling between individual particles.

■ OPTICAL MEASUREMENTS AND RESULTS
Since MChD can be considered a cross-effect between natural
circular dichroism and magnetic circular dichroism, we first
measure the NCD and MCD spectra. In general, circular
dichroism (CD) is defined as the differential absorption
between left and right circularly polarized light: CD = A− − A+
where A− and A+ are the absorbances for LCP and RCP,
respectively. We measure in the absence of a magnetic field the
natural circular dichroism of the chiral film, NCD = CD(B = 0),
and then the purely magnetic contribution to magnetic circular
dichroism, MCD = CD(B) − NCD. The combination effect of
natural and magnetic optical activity is determined by
measuring the magnetochiral dichroism, MChD = A(k ↑↑ B)
− A(k ↑↓ B), where A = (A− + A+)/2 is the absorbance of
unpolarized light and k ↑↑ B and k ↑↓ B, refer to parallel and
antiparallel arrangements of the B and k vectors, respectively.
We also compute the respective anisotropy factors for all three
effects, which normalize the measurements to the total
absorbance, defined as
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We examine three samples: LH (left-handed) and RH (right-
handed) nanohelices as well as achiral control films of Ni with
the same nominal thickness (i.e., 100 nm). The total
absorbance of each sample, A(B = 0), necessary for calculating
the g factors was measured in transmission for unpolarized light
using a Cary 4000 UV−vis spectrometer, and the NCD
measurements were carried out on a JASCO 810C
spectropolarimeter. Figure 4 shows the NCD spectra of the
LH and RH samples in the visible region where the plasmonic
resonance of Ni leads to an enhanced signal showing a large
CD. Expressed in the conventional units of ellipticity, tan θ =
(ER − EL)/(ER + EL), where ER and EL are the magnitudes of
the electric field for RCP and LCP, respectively. The 100 nm

Figure 2. High-angle annular dark field scanning transmission electron
microscopy (HAADF STEM) image (top left) of a typical nickel
nanohelix and the corresponding false-color elemental maps obtained
by STEM-EDX spectral mapping, confirming all the intended
elemental constituents within the nanostructure. Scale bar = 20 nm.

Figure 3. Magnetization curve measured parallel to the axis of the left-
handed nanohelices measured with a SQUID magnetometer. The
bottom-right inset shows the wide field magnetization curve with
saturation at ∼0.2 T. The top-left inset shows cross-section SEM
images of the two-turn, ∼50 nm pitch Ni nanohelices of type LH on
top and RH on bottom. Scale bar = 100 nm.

Figure 4. Natural circular dichroism spectra recorded under normal
incidence on structured LH (red, top) and RH (black, bottom) two-
turn Ni nanohelices. An unstructured plain Ni film is shown as a
control and shows no NCD, as expected.
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film has an ellipticity of ∼1.3° at 550 nm. As expected, the two
enantiomers give spectra of opposite sign, and the unstructured
Ni film exhibits no NCD (see Figure 4).
MCD measurements were performed by recording spectra

on an AVIV 42 MCD spectrometer coupled to an Oxford
Instruments Spectromag SM4000-10, which provides magnetic
fields from −10 T to +10 T. The temperature of each sample
was held at 300 K. Figure 5a shows the MCD measurements in
the presence of a static magnetic field B = ±0.3 T. Since MCD
does not distinguish between the handedness of the samples,
the LH and RH helices give the same MCD spectra, as
expected. Although structural differences can account for small
spectral differences for MCD in Figure 5(a), it is unclear why
the spectra for the LH sample are asymmetric for the two
measurements at B = −0.3 T and B = +0.3 T, whereas the
unstructured thin film and the RH sample are symmetric. The
anisotropy factor gMCD measured for a single wavelength, λ =
500 nm, is shown as a function of magnetic field strength in
Figure 5b. The graph shows that the value of the magnetic field
at which the MCD saturates (|B| = 0.2 T) agrees well with that
found in the magnetization measurements in Figure 3.
The MChD measurement setup is schematically shown in

Figure 1. Light from the spectrometer was depolarized with an
optical fiber (not shown) and guided to the sample. A custom
coil pair generated magnetic fields of up to 0.2 T at 10 Hz. A
second fiber-optic bundle collected the light and directed it to a
photomultiplier tube (PMT) whose output was phase-
sensitively recorded by a lock-in amplifier locked to the coil
excitation frequency. The transmission of the unpolarized light
through the sample was measured as a function of the applied
magnetic field amplitude at wavelengths between 300 and 800
nm.
The results of the measurements are given in Figure 6,

showing the anisotropy factor due to MChD. No detailed
theory exists to model magneto-chiral anisotropy on metallic
helices at optical frequencies, and existing models for low
frequencies on metallic helices34 or for free electrons on a
helix35 cannot account for the experimentally observed spectra.
Yet to first-order, the dissymmetry factor for MChD is related
to the dissymmetry factors for NCD and MCD by gMChD ≈
1/2gNCDgMCD,

19 which is shown also in Figure 6 by the solid
dots (for a magnetic field of 0.16 T). As has been observed
previously,20 the observed line shape differs from the shape

predicted by the product, which suggests that pure MChD is
the dominant contribution rather than cascaded effects. In the
linear regime, we observe a slope of gMChD = (6.8 ± 0.3) × 10−4

T−1 at 380 nm for the RH helices and gMChD = (7.3 ± 0.7) ×
10−4 T−1 at 460 nm for the LH helices.

■ CONCLUSIONS
In summary, we have fabricated and characterized chiral Ni
nanomagnets with critical dimensions that are comparable to
the ferromagnetic domain size, that combine strong optical
activity and ferromagnetism. We have verified that the
structures are indeed ferromagnetic with SQUID magneto-
metry and have shown that the combination of structural
chirality and magnetism gives rise to an optical response
resulting from the mixing of magneto-chiral and chiroptical
effects. In particular we have measured magnetochiral
dichroism and shown that this effect is enhanced due to the
combined ferromagnetism and structural chirality of the
material. Further enhancement seems possible by incorporating
more strongly ferromagnetic materials, like iron, cobalt, or
samarium cobalt.

Figure 5. (a) MCD of unstructured plain film (blue) and LH (red) and RH (black) Ni nanohelices at −0.3 T (squares), 0.0 T (triangles), and +0.3
T (circles), respectively. (b) Magnetic field dependence of the MCD asymmetry factor (gMCD) at 500 nm. Saturation of the MCD occurs for all the
samples at B > 0.2 T.

Figure 6. Magnetochiral dichroism of LH (red symbols and lines on
the bottom for short wavelengths) and RH (black symbols and lines
on top) nanohelix arrays at magnetic field strengths of 0.08 and 0.16 T.
The scattered circles correspond to the first-order approximation of
MChD based upon NCD and MCD measurements at 0.16 T.
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It is interesting to note that the chiral nanomagnets, due to
their symmetry, should also possess a magneto-electric
response. In magneto-electric media a magnetic field can
influence the electric properties and vice versa, which in
principle could allow for novel electronic functions, as seen in a
gyrator.36,37 Future work will focus on identifying the inverse
magnetochiral anisotropy effect38 and magnetochiral birefrin-
gence and further exploiting control over the nanomagnets’
shape asymmetry to dictate their magnetization anisotropy.
Combining nanoplasmonics with magnetism opens new
possibilities in the control of plasmonic phenomena and
devices.39−42
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Bonetti, S.; Bonanni, V.; Åkerman, J.; Nogueś, J.; Vavassori, P.
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99−136.
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