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ABSTRACT: Research on the chiral magneto-optical properties of inorganic nanomaterials has enabled
novel applications in advanced optical and electronic devices. However, the corresponding chiral
magneto-optical responses have only been studied under strong magnetic fields of >1 T, which limits the
wider application of these novel materials. In this paper, we report on the enhanced chiral magneto-
optical activity of supra-assembled Fe;O, magnetite nanoparticles in the visible range at weak magnetic
fields of 1.5 mT. The spherical supra-assembled particles with a diameter of ~90 nm prepared by
solvothermal synthesis had single-crystal-like structures, which resulted from the oriented attachment of
nanograins. They exhibited superparamagnetic behavior even with a relatively large supraparticle
diameter that exceeded the size limit for superparamagnetism. This can be attributed to the small size of
nanograins with a diameter of ~12 nm that constitute the suprastructured particles. Magnetic circular
dichroism (MCD) measurements at magnetic fields of 1.5 mT showed distinct chiral magneto-optical t t t
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activity from charge transfer transitions of magnetite in the visible range. For the supraparticles with Wavelength
lower crystallinity, the MCD peaks in the 250—550 nm range assigned as the ligand-to-metal charge
transfer (LMCT) and the inter-sublattice charge transfer (ISCT) show increased intensities in comparison to those with higher
crystallinity samples. On the contrary, the higher crystallinity sample shows higher MCD intensities near 600—700 nm for the
intervalence charge transfer (IVCT) transition. The differences in MCD responses can be attributed to the crystallinity determined
by the reaction time, lattice distortion near grain boundaries of the constituent nanocrystals, and dipolar interactions in the supra-
assembled structures.
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B INTRODUCTION symmetries in magnetized materials,’* which are the main
magneto-optical effects together with Faraday and Kerr
effects.'>'® Such preferential absorption under a magnetic
field can be measured by magnetic circular dichroism (MCD)
spectroscopy, which is highly suitable for determining the
degeneracy of electronic energy levels and spin and oxidation
states on molecular scales.'” ™" However, studies on the MCD
response in nanoscale materials are still in the initial stages.
Recently, Wu et al. demonstrated a 12-fold enhancement in the
chiroptical response in Au@Fe;O, core—satellite nanostruc-
tures in the presence of the magnetic field”® Yeom et al.
showed that superparamagnetic Co;O, nanoparticles with
chiral distortions in the crystal lattice exhibit intense chiro-
magneto-optical activity in the visible region, originating from
the strong contribution of the magnetic transition dipole
moment to the polarization rotation.”’ Lee and co-workers
fabricated magnetoplasmonic graphene nanocomposites and

The assembly of inorganic nanoparticles into well-defined
suprastructures is an important and state-of-the-art approach
for the fabrication of advanced functional materials.”” The
specific multiparticle interactions in different suprastructures,
manifested as collective properties, often result in unique and
interesting optical phenomena compared to those observed in
their individual nanoparticle counterparts. A few examples are
plasmonic hybridization modes such as dark mode and fano
resonances in assembled plasmonic molecules,” quantum
coupling in assembled colloidal quantum dots,”® and collective
chiral optical activity of the ensembles of chiral assembled
inorganic nanostructures.”” In addition, the supra-nanostruc-
tures assembled by metal and metal-oxide materials can exhibit
chiral magneto-optical properties, and owing to their potential
applications in advanced optoelectronic devices”” and nano-
medicine,'”"" they have been attracting increased attention.
However, the chiral magneto-optical responses related to these
assembled structures have not yet been fully understood. Received: September 3, 2021
The chiral magneto-optical activity indicates light—matter Accepted:  October 28, 2021
interaction with the preferential absorption of circularly Published: November 8, 2021
polarized light (CPL) under an applied magnetic field parallel
to the direction of light propagation.'”"> This phenomenon
arises from the absence of time-reversal and space-inversion
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Figure 1. Electron microscopy analysis of (a—d) Fe;O, supra-assembled particles with a reaction time of 2 h (SP1) and (e—h) Fe;O, supra-
assembled particles with a reaction time of 16 h (SP2). Transmission electron microscopy (TEM) images of (a, c) SP1 and (e, g) SP2. The insets at
the bottom left corner of panels (a) and (e) show scanning electron microscopy (SEM) images of SP1 and SP2. (b, f) Selected-area diffraction
(SAED) patterns for each sample. The insets show TEM images of the supraparticles used for the SAED analysis. (c, g) High-resolution TEM
(HRTEM) images with selected regions indicated by red dotted boxes for fast Fourier transform (FFT) analysis. (d, h) FFT patterns from the
selected areas. The inverse patterns of the (400) planes from Areas 1 and 2 are shown selectively in the right panel of (d) for convenient
comparison of crystallographic orientations. (h) FFT patterns of Areas 3 and 4 from the (220) planes.

studied the magnetic and electron spin-derived magneto-
optical activity using MCD.”” Very recently, the same group
demonstrated that the application of the helical magnetic field
on Ag@Fe;0, core—shell nanoparticles induces self-assembly
to create optically active helical suprastructures in real time.*
Han et al. reported that distinctly different MCD responses
were registered by transverse and longitudinal surface plasmon
resonances of gold nanorods, with the chiral magneto-optical
response controlled by the geometry of the nanostructures.”*
However, the chiral magneto-optical activity of the nanostruc-
tures in the previous reports has only been observed under
strong magnetic fields in the order of >1 T, and the number of
studies at lower magnetic fields is limited, presumably due to
the weak responses.

In this paper, we report on the chiral magneto-optical
responses of supra-assembled magnetite (Fe;O,) nanoparticles
(SPs) in the visible range under weak applied fields of 1.5 mT.
SPs, prepared by a single-step solvothermal synthesis method,
had spherical shapes of the ensemble of small nanograins with
oriented attachment, mimicking the structures of biominerals.
SPs, even with a relatively large diameter of ~90 nm, exhibited
superparamagnetic behavior. We additionally controlled the
reaction times for SPs to impart different degrees of
crystallinity in the supra-assembled structures. The resultant
MCD spectra show distinct responses for each charge transfer
that are attributed to crystallinity determined by the reaction
time, lattice distortion near grain boundaries of the constituent
nanocrystals, and dipolar interactions in the supra-assembled
structures.

B RESULTS AND DISCUSSION

SPs were prepared by a solvothermal method” with minor
modifications in the synthesis protocol and the reaction times

were adjusted as 2 h (denoted as SP1) and 16 h (denoted as
SP2) (for details of the synthesis, see the Experimental
Methods section and scheme of Figure S1). The transmission
electron microscopy (TEM) images in Figure la,e reveal that
both samples have spheroidal shape, where each supraparticle
is composed of densely packed smaller individual nanocrystals.
As shown in the scanning electron microscopy (SEM) images
in the insets at the lower corners in Figure 1a,e, most SPs have
a similar size with large-scale uniformity (see additional images
in Figure S2). The diameters of SP1 and SP2 are 93(2) and
92(4) nm, respectively, calculated from histogram analysis by
fitting with log-normal distribution functions (Figure $2).>*’
The selected-area electron diffraction (SAED) pattern
obtained for SP1 exhibited a dot-like pattern with small
streaks on the individual dots (Figure 1b), which is a typical
fingerprint for a single-crystal-like arrangement of the nano-
crystal domains in the SP.”**’ The spots in the diffraction
pattern were assigned to the (222), (422), and (620) lattice
fringes of a cubic inverse spinel structure of magnetite.”’ On
the other hand, the SAED pattern for SP2 (Figure 1f) shows
higher reflection of the lattice fringes with more or less
ellipsoidal-shaped dot patterns. This indicates that SP2 with a
longer reaction time has higher degree of the aligned
nanocrystals that is more close to the single-crystal structure
than SP1. This is coincident with the observation of apparently
larger nanocrystal domains comprising SP2 (Figure le) than
those in SP1 (Figure 1a).

Figure 1c shows a high-resolution TEM (HRTEM) image of
the edge of SP1, and the results of the fast Fourier transform
(FFT) analysis for the red dotted boxes in the HRTEM image
are shown in Figure 1d. Areas 1 and 2 in Figure lc were
arbitrarily chosen to compare the orientation of the crystal
lattices at different locations in SP1. Among the lattice planes
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Figure 2. X-ray diffraction (XRD) spectra for (a) SP1 and (d) SP2. The peaks are indexed to pure magnetite (JCPDS No. 85-1436). Fe 2p X-ray
photoelectron spectra (XPS) of (b) SP1 and (e) SP2, including the deconvoluted spectra and summarized fitting results. Room-temperature
magnetization curves for (c) SP1 and (f) SP2. To show the saturations, the full magnetization range is provided in the insets.
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Figure 3. Chiral magneto-optical properties of SP1 and SP2 under an applied magnetic field of 1.5 mT. (a) Magnetic circular dichroism (MCD),
(b) g-factor, (c, d) deconvolution of MCD spectra, and (e, f) ultraviolet—visible (UV—vis) absorbance spectra.

indexed in the FFT pattern shown in Figure 1d, the (400) angle between the orientated lattice planes was measured to be
lattice planes were inversely transformed, as shown in the right only about 1.9°. In the same analysis for SP2, the (220) lattice
panel of Figure 1d for convenient comparison of the planes from Areas 3 and 4 show less degree of orientation
crystallographic orientation between Areas 1 and 2. The angle about 1.0° (Figure 1gh). These alignments among the
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nanocrystal domains are in agreement with the result of the
single-crystal-like SAED patterns, which confirms that SP2s are
formed in greater alignment of orientations than SPls.”!
Different from the aqueous media-based synthesis methods, for
the solvothermal methods with ethylene glycol, it was reported
that the nucleation, growth, and assembly of the smaller
individual nanocrystals occurred at a kinetically slower rate
owing to the availability of very few surface hydroxyls as well as
due to the high viscosity of ethylene glycol.”"** Longer
reaction time could further promote their rotation sufficiently
to locate low-energy interfaces and share common crystallo-
graphic orientation in the supra-assembled structures (sche-
matic illustration in Figure S1).%

Powder X-ray diffraction (XRD) measurements were
conducted. Both the SPs show distinct reflections of fec
magnetite (JCPDS No. 85-1436) indexed with (220), (311),
(400), (422), (511), (440), and (533) peaks (Figure 2a,d).
The mean crystal sizes obtained using the Scherrer equation®*
were 11.8 and 122 nm for the SP1 and SP2 samples,
respectively. These sizes are significantly smaller than the
overall size of the individual SPs, ~90 nm, which further
support the oriented attachment of the smaller nanocrystal
domains to form SPs.

X-ray photoelectron spectra (XPS) of the SP samples consist
of a doublet of Fe 2p,,, and Fe 2p, /, peaks. The best fits were
obtained using deconvolution for elements corresponding to
Fe?* (octahedral), Fe** (octahedral), and Fe®* (tetrahedral).
The satellite peaks were in good a§reement with previous
reports for magnetite (Figure 2b,e).*>”® The fitting parameters
obtained after deconvolution, including the peak positions, full
width at half-maximum (FWHM) values, and peak areas are
listed in Tables S1 and S2. The 2p;,,/2p,/, peak area ratios
were calculated as 2.1 and 2.0 for SP1 and SP2, respectively,
and which were similar to their anticipated value of 2 for
magnetite.”” The Fe**/Fe’" ratios calculated from the Fe 2p;),
peak were determined to be 0.73 and 0.68 for SP1 and SP2,
respectively. The reported values for the Fe**/Fe® ratio from
various types of magnetite varied from 0.45 to 0.77 (theoretical
number 0.5).°°"** Reduction from high vacuum conditions in
the XPS measurement was referred for the higher ratio case.*®

The field-dependent magnetization measurements in a wide
range of magnetic flelds from —15 to 15 kOe revealed that
both SPs exhibit superparamagnetic behavior (insets in Figure
26,£).>”*° The saturation magnetization (M) values were 62
and 70 emu/g for SP1 and SP2, respectively. The difference in
the saturation magnetization value from bulk magnetite can be
attributed to the existence of spin disorder, which is due to the
defects in the coordination environment at the surfaces and
interfaces of the nanocrystal domains for SPs.*' The lower
degree of crystallinity with more interfaces for SP1 can be
attributed to the lower M values compared to those for SP1.
For the scanning region from —500 to 500 Oe shown in Figure
2¢,f, SP1 exhibited a smaller magnitude of hysteresis compared
to that of SP2, which supports previous observations for
smaller sizes of nanocrystal domains for SP1.

We studied the chiral magneto-optical activity of SPs by
MCD measurements under weak fields of 1.5 mT (Figure 3).
MCD shows absorption difference of left-handed and right-
handed CPLs under magnetic fields. It is utilized to examine
spin-split valence electronic structures.'”””** The magnetic
field can induce polarized electronic states for optical transition
of magnetite, which show preferential absorptions of CPLs.
Without application of the magnetic field, SP samples showed

traces of CD signals at the region of 500—700 nm (Figure S3).
However, CD signals disappeared with vigorous agitations
(Figure S4), indicating that these CD signals originated from
anisotropic interferences by partial adsorption or precipitation
of the samples.”” To interpret the contribution of the
corresponding charge transfer transitions for spectral changes
in the MCD spectra, both the MCD and absorbance spectra
were deconvoluted usin§ a seven-band description with
Gaussian distributions.">*” The dotted lines shown in Figure
3¢,d indicate the positions of the major charge transfer
deconvoluted peaks in the MCD spectra and the UV-—vis
absorbance data shown in Figure 3e,£* For the fitting of each
sample data, the same positions of deconvoluted peaks are
utilized for both the MCD and UV—vis absorbance, while
widths and amplitudes are adjusted for best-fitting results.
Additional information on the deconvolution and peak
assignments are shown in Table S3. Optical transitions are
assigned based on the previous study.”” B indicates Fe** and
Fe** at the octahedral sites and A indicates Fe’" at the
tetrahedral sites. By applying the magnetic field, the MCD
spectra of both the SPs exhibited distinct shapes with multiple
peaks in modulation, while mirrored shapes of MCD spectra
were observed upon changing the direction of the magnetic
field from N—S to S—N. This indicates that the application of
an external magnetic field induces preferential spin polarization
with respect to the direction of the applied field in SPs'>** and
manifests itself as spin-dependent chiral magneto-optical
activity. N—S magnetic configurations were only utilized for
the interpretation of the deconvoluted MCD spectra, and
positive and negative deconvoluted peaks are assigned to
optical transitions for spin majority (1) and minority (),
respectively.*

Specifically, the MCD spectra and g-factors of SP1 show
stronger chiral magneto-optical properties in the range of 250—
500 nm than those of SP2, as shown in Figure 3a,b. For the
SP1 sample (Figure 3c,e), three deconvoluted peaks at 222.5,
287.0, and 345.0 nm were assigned to the ligand-to-metal
charge transfer (LMCT) transitions of O(2p) | — B(tzg) l.
The positive strong peak at 462.1 nm with additional weak
positive peaks at 410.0 and 519.9 nm can be attributed to the
inter-sublattice charge transfer (ISCT) transitions of B(eg) )
- A(eg;tzg) 1. On the other hand, the SP2 sample shows
stronger MCD responses and similar g-factor values in the
600—800 nm region in comparison to the SP1 sample, which
can be mainly attributed to the intervalence charge transfer
(IVCT) transition, B(tzg) | - B(eg) |. For the same IVCT
transition, the UV—vis absorbance peak area for the SP2
sample shows a greater peak area of 40.2% than that for the
SP1 sample, 26.7% (Figure 3e,f and Table S3).

Stronger MCD intensity in IVCT transitions for SP2, in
comparison with other transitions, can be attributed to
increased crystallinity from prolonged reactions, lattice
distortion near nanograin boundaries, and dipolar couplings
of the constituent nanocrystals in the supra-assembled
structure. When magnetite crystals start to grow from Fe®*
ions, the additional UV—vis absorbances at the higher
wavelength region gradually appear by the formation of
reaction intermediates of Fe(OH); and Fe(OH),.*** Similar
results were obtained from the reactants and the initial stage of
reactions (Figures S4 and SS). Since SP2 was synthesized with
a longer reaction time of 16 h, it contains higher degree of
crystallinity and lower proportion of the disordered coordinat-
ing environment at the surfaces and interfaces. This may
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enable the direct electron hopping transfer between Fe** and
Fe®" at the octahedral sites of the IVCT transition that is easier
than the case for SP1 with lower crystallinity.*® Additionally,
we can still observe ellipsoidal-shaped dots in the SAED
patterns of Figure 1f. This indicates that some degree of
crystallographic mismatch exists at the grain boundaries of the
constituent nanocrystals, deviating from the single crystal. This
is also consistent with XRD results that the crystal size of SP2
is still much smaller than the size of the supraparticle (Figure
2d). Such strained conditions may lead to lattice distortion in
the vicinity of the boundaries, and it can contribute to the
relaxation of Laporte selection for optical transitions of
octahedral complexes.“’47 Furthermore, MCD signals for the
suprastructures were greater than the magnetite nanoparticles
synthesized by the coprecipitation method (Figure $6).** This
can be attributed to dipolar coupling between the magnetic
moments of the individual constituent nanocrystals, which can
actively respond even under a small magnetic field of 1.5 mT
due to their superparamagnetic properties.

B CONCLUSIONS

In conclusion, we presented the chiral magneto-optical activity
of magnetite supraparticles prepared by a modified solvother-
mal method with different reaction times. The supra-assembled
magnetite particles exhibited chiral magneto-optical activity
even under weak applied fields of 1.5 mT. The distinct peaks
obtained were attributed to IVCT, ISCT, and LMCT
transitions of magnetite. SP1 with a shorter reaction time
and lower crystallinity shows greater chiral magneto-optical
responses in the visible range of 250—500 nm, attributed to
LMCT and ISCT than SP2 with a longer reaction time and
higher crystallinity. On the other hand, higher MCD intensities
from IVCT were observed at the higher wavelength region
>600 nm for SP2 than those of SP1. Differences in the MCD
responses are attributed to the degree of crystallization,
existence of lattice distortion, and dipolar coupling from the
supra-assembled structures with superparamagnetic properties.
This work can contribute to a deeper understanding of the
magneto-optical activities of magnetic nanomaterials for
advanced optical and electronic applications.

B EXPERIMENTAL METHODS

Materials. FeCl;-6H,0, FeSO,-7H,0, ethylene glycol, Tween 20,
sodium acetate, and ammonia solution (30%) were obtained from
Sigma-Aldrich and used as received. All chemicals used in our
synthetic methods were of analytical-grade purity. Before use, all
glassware and Teflon products were thoroughly cleaned with aqua
regia.

Synthesis of Magnetite Supraparticles (SPs). The synthesis of
SPs was carried out according to the procedure reported by Magbool
et al. with minor modifications.”® FeCl;-6H,0 (135.15 mg, 0.5 mmol)
was dissolved in 4 mL of ethylene glycol in a 15-mL-capacity screw-
top tube, followed by the addition of CH;COONa (360 mg, 4.39
mmol), 10 uL of Tween 20, and 200 uL of ultrapure water. The
obtained yellow reaction mixture was stirred at room temperature for
30 min at a stirring rate of 400 rpm. At this point, the screw-top tube
was sealed and transferred into an oil bath preheated to 200 °C. The
reaction mixture was simultaneously heated (at 200 °C), stirred (at
375 rpm) for 2 or 16 h, and then naturally cooled to room
temperature. After the stirring was stopped, the obtained black
precipitate was attached to the magnetic bead with a clear, transparent
supernatant. This magnetic precipitate was washed five times with
ethanol using a magnet and dried in a hot air oven at 55 °C for 6 h.

Synthesis of Magnetite Nanoparticles (NPs). The synthesis of
NPs was carried out using the coprecipitation method.™® First, 2

54305

mmol of FeCl;-6H,0 and 1 mmol of FeSO,-7H,0 (each compound
was dissolved in 15 mL of ultrapure water) were mixed in a SO mL
round-bottom flask for 30 min at room temperature with a stirring
rate of 500 rpm. Subsequently, this metal ion solution was transferred
into an oil bath preheated to 90 °C and heated at this temperature for
10 min at a stirring rate of 500 rpm. Then, 5 mL of aqueous ammonia
solution (30%) was added drop-wise to the hot metal ion solution
using a syringe. The obtained black colloidal solution was stirred (at
500 rpm) at 90 °C for 1 h and subsequently allowed to cool to room
temperature naturally. The obtained black product was washed five
times with ethanol using a magnet and dried in an oven at 55 °C for 6
h.

Characterization. Powder X-ray diffraction (XRD) patterns were
obtained using a diffractometer (X'Pert Pro, Malvern Panalytical B.V.,
The Netherlands) equipped with Cu Ka (4 = 1.54 A) incident X-rays
as the irradiation source, and the diffraction data were collected in a
20 range of 10—80°. For each sample, the mean crystal domain size
was obtained using the Scherrer equation for the major diffraction
peak (311). X-ray photoelectron spectra (XPS) were recorded on an
X-ray photoelectron spectrometer system (K-Alpha, Thermo Fisher
Scientific Inc.) with binding energies obtained with reference to the C
1s peak (284.8 eV) of adventitious carbon. The morphology of the
samples was analyzed using a field-emission scanning electron
microscope (FESEM, S-4800, Hitachi High-Tech Corporation,
Japan) operated at an acceleration voltage of S kV. Approximately
20 uL of colloidal suspension of the samples in ethanol
(concentration 0.0S mg/mL) was drop-casted on a freshly cleaned
silicon wafer held under ambient conditions for 30 min and then dried
in an oven at 50 °C for 12 h. This silicon wafer containing the sample
was attached to a conductive carbon tape and coated with platinum by
sputter coating for 30 s before visualization by SEM. The internal
structure of the samples was analyzed by transmission electron
microscopy (TEM, JEM-2100F, JEOL Ltd., Japan) operated at an
acceleration voltage of 200 kV. For the sample preparation, 10 uL of
colloidal suspensions of the samples in ethanol (concentration 0.0S
mg/mL) were drop-casted on a carbon-coated copper grid and held
for 30 min at room temperature to evaporate the solvent. The
magnetic properties of the samples were obtained using a vibrating
sample magnetometer (VSM, Lake Shore Cryotronics, Inc.) using
preweighed amounts of dry powder samples enclosed in gelatin
capsules. The saturation magnetization curves were obtained using a
maximum applied magnetic field of £15 kOe at 298 K.

Magnetic Circular Dichroism (MCD) Measurements. All
MCD experiments were performed on dilute colloids (0.1 mg/mL)
in ethylene glycol using quartz cuvettes with a path length of 1 cm,
under ambient conditions. For each sample, the ultraviolet—visible
(UV—vis) and MCD spectra were recorded using a spectrometer (J-
1500 CD, JASCO, Inc.) in the wavelength range of 200—800 nm. We
controlled the weak applied magnetic fields (1.5 mT) using a
neodymium magnet. The g-factor was calculated from the collected
UV—vis and MCD values.
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