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Chirality—the property of an object wherein it is distinguish-
able from its mirror image—is of widespread interest in
chemistry and biology'©. Regioselective magnetization of one-
dimensional semiconductors enables anisotropic magnetism at
room temperature, as well as the manipulation of spin polar-
ization—the properties essential for spintronics and quantum
computing technology’. To enable oriented magneto-optical
functionalities, the growth of magnetic units has to be achieved
at targeted locations on a parent nanorod. However, this chal-
lenge is yet to be addressed in the case of materials with a large
lattice mismatch. Here, we report the regioselective magneti-
zation of nanorods independent of lattice mismatch via buffer
intermediate catalytic layers that modify interfacial energetics
and promote regioselective growth of otherwise incompatible
materials. Using this strategy, we combine materials with dis-
tinct lattices, chemical compositions and magnetic properties,
that is, a magnetic component (Fe;0,) and a series of semicon-
ducting nanorods absorbing across the ultraviolet and visible
spectrum at specific locations. The resulting heteronanorods
exhibit optical activity as induced by the location-specific
magnetic field. The regioselective magnetization strategy pre-
sented here enables a path to designing optically active nano-
materials for chirality and spintronics.

Optical chirality is often pursued in nanomaterials and can be
tuned via electric (¢) and magnetic () dipoles®. To date, the chemical
construction of chiral nanomaterials has been achieved through the
introduction of chiral molecules and geometrically helical structures®
to provide modulation of y, but this limits structural stability and
electrical conductivity (Supplementary Table 1). Designing magneto-
optical nanomaterials that exhibit a local magnetic field to modulate
the relationship between y and m and achieve chirality'’ shows prom-
ise, but remains an area for further work and demonstration.

One-dimensional chalcogenide nanohybrids with programmed
components''-* are compelling candidates for chiral applications
owing to their potential high circular dichroism (CD) intensity, thanks
to the combination effects of size, shape and constituent elements’.
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To induce a local, oriented magnetic field in one-dimensional
chalcogenide materials requires the regioselective incorporation
of magnetic domains, such as Fe,O, (a prototypical ferrimagnetic
material showing high stability, abundance and ease of prepara-
tion)'*-*%, at specific locations on one-dimensional supports; how-
ever, this has been challenging due to the large lattice and chemical
mismatch between one-dimensional chalcogenide semiconductors
and magnetites"".

In initial trials, when using ZnS nanorods (typical ultraviolet-
absorbing one-dimensional chalcogenide) as seeds, we found that
Fe,O, self-nucleated rather than going through heteroepitaxy on
ZnS (Supplementary Fig. 1). The poor wettability of Fe,O, nanocrys-
tals on semiconducting sulfide nanorod substrates can be ascribed
to their low crystalline compatibilities (Supplementary Table 2).

We sought, therefore, to control the wettability between mag-
netites and a series of semiconducting sulfide nanorods (that is,
ZnC, S, where 0<x<1) in a way that would ultimately enable
their regioselective integration.

Wettability, a major factor affecting the heterogeneous growth
between the seed and overgrown material®’, can be quantified by
the contact angle & (see Supplementary Note 1 for calculation). We
summarize in Fig. 1a—c the contact angles between different mate-
rials, to describe how to build up controlled wettability and regi-
oselective epitaxy. For example, when x approaches 1, the contact
angle between the Fe,O, nanocrystal and the Zn,Cd, ,S nanorod
is too large to realize the heteroepitaxy (Fig. 1a). Large values of
the contact angle correspond to relatively small energy barriers
between heterogeneous nucleation and homogeneous nucleation,
resulting in poor wettability. The intermediate crystalline mismatch
(Supplementary Table 2) between Zn,Cd, .S and Au enables het-
erogeneous growth (Supplementary Fig. 2) with multiple nucleation
sites, consistent with the cases where the contact angles fall within
the range 30°-150° (Fig. 1b). The crystalline mismatch of Au-Fe,O,
(<39%, Supplementary Table 2) is negligible, signifying that contact
angles in these systems are low enough to obtain good wettability
and thus lead to the core-shell structures (Fig. 1c).

'Division of Nanomaterials & Chemistry, Hefei National Laboratory for Physical Sciences at Microscale, CAS Center for Excellence in Nanoscience,
Institute of Biomimetic Materials & Chemistry, Department of Chemistry, University of Science and Technology of China, Hefei, China. 2Department of
Electrical and Computer Engineering, University of Toronto, Toronto, Ontario, Canada. 3CAS Key Laboratory of Nanosystem and Hierarchical Fabrication,
CAS Center for Excellence in Nanoscience, National Center for Nanoscience and Technology, Beijing, China. “College of Physics and Optoelectronic
Engineering, Shenzhen University, Guangdong, China. *Engineering and Materials Science Experiment Center, University of Science and Technology of
China, Hefei, China. ®School of Biological and Medical Engineering, School of Chemistry and Chemical Engineering, Hefei University of Technology, Hefei,
China. 'Department of Pharmaceutical Sciences, Leslie Dan Faculty of Pharmacy, University of Toronto, Toronto, Ontario, Canada. 3CAS Key Laboratory
of Microscale Magnetic Resonance and Department of Modern Physics, University of Science and Technology of China, Hefei, China. °Department

of Chemistry, University of Toronto, Toronto, Ontario, Canada. *These authors contributed equally: Tao-Tao Zhuang, Yi Li, Xiaoging Gao.

*e-mail: shyu@ustc.edu.cn; zytang@nanoctr.cn; ted.sargent@utoronto.ca

NATURE NANOTECHNOLOGY | www.nature.com/naturenanctechnology


mailto:shyu@ustc.edu.cn
mailto:zytang@nanoctr.cn
mailto:ted.sargent@utoronto.ca
http://orcid.org/0000-0003-4820-2210
http://orcid.org/0000-0003-2422-6234
http://orcid.org/0000-0002-8412-809X
http://orcid.org/0000-0003-3360-5359
http://orcid.org/0000-0003-3732-1011
http://orcid.org/0000-0003-0610-0064
http://orcid.org/0000-0003-0396-6495
http://www.nature.com/naturenanotechnology

LETTERS NATURE NANOTECHNOLOGY
180 Wettabiity - d | InNCd@Ag @S0 Au@PFe@O®@ 0 =x<1 |
a Self-nucleation
, O Zncd, S Zn Cd,_S-Ag,S/Au@Fe,0,
2ol Fo0, s D
- e
b Heterodimer No
= apex
% | Epitaxial growth
8 ’ ! of Fe,0,
g e First v
§ - modification Ag,S AgAus
% [ Core—shell @3)} _______ > E@
O Au BT | T
Fe,0, Zn,Cd, S-Ag,S Zn,Cd, S-AgAus
o]

\%wcnnmon

Fig. 1| Regioselective magnetization of one-dimensional nanorods. a-¢, Heterogeneous nucleation and growth as a function of the contact angle #
between two different domains. Self-nucleation between a Zn,Cd,_,S (for example, x=1, shown in Supplementary Fig. 1) nanorod and an Fe;0, nanocrystal
occurs when there is a large 8 (>150°) corresponding to poor wetting (a); Zn,Cd,_,S-Au heterodimers arise when the contact angle # is between 150° and
30° (b); the formation of core-shell nanostructure (Au@Fe;0,) occurs with a small contact angle (<30°, good wettability) (¢). d, Schematic illustration

of the growth process to anchor a magnetic component at an apex of a one-dimensional nanorod, that is, a quaternary Zn,Cd,_,S-Ag.S/Au@Fe O,
heteronanorod. Step 1: selectively modifying one apex of the Zn,Cd, S nanorod to become binary Zn,Cd,_,S-Ag.S; step 2: preparing Zn,Cd,_,S-AgAuS
heteronanorod from binary Zn,Cd,_,S-Ag,S by selectively integrating Au atoms into the Ag,S apex; step 3: preparing a quaternary Zn,Cd,_,S-Ag,5/Au@
Fe,O, heteronanorod in the shape of a hammer from a Zn,Cd,_,S-AgAuS heteronanorod by epitaxially growing the Fe;O, nanodomain on the Au shell.

A nanorod has three positional options that can support the
heterogeneous nucleation and growth of the second nanocrys-
tal, including apex-I, side-II and apex-III (Supplementary Fig. 3).
Tuning the surface activity among these three positions offers a
strategy to realize heterogeneous nucleation and growth at a single
location. We took the view that the targeted growth of an Fe,O,
nanodomain at one apex of a Zn,Cd,_,S nanorod could be directed
by sequentially introducing intermediate catalytic materials
that modify the interfacial energy locally, and thus favour site-selec-
tive nucleation.

We therefore developed a double-buffer-layer engineering strat-

to achieve the site-specific nucleation of magnetite (Fe,O,)
through the buffering layers of Ag,S and Au. The Ag,S tip, which
catalyses the growth of Zn ,Cd,_,S nanorods, triggers the site-selec-
tive integration of Au into the tip as a result of the lower reaction
energy. The Au tip further dictates regioselective growth of the
magnetic domain at one apex of each nanorod.

We first tuned bare Zn,Cd,_,S to possess a small Ag,S apex at one
end of the parent, one-dimensional semiconductor substrate (Fig. 1d,
step 1), providing a high reaction activity site (the Ag,S apex) among
the three positions of a nanorod, for further integration of Au.

With the initial reactive site formed, we then sought to selec-
tively integrate Au with the Ag,S apex; Au would further function
as an adhesion layer, facilitating the growth of an Fe,O, nanocrys-
tal’>*. We deposited Au into Ag,S at low temperature (0°C), lead-
ing to the sequential modification of the Ag,S apex to form AgAuS
(Fig. 1d, step 2).

Using the as-prepared Zn,Cd, ,S-AgAuS nanorod as the seed,
we further grew an Fe,O, domain epitaxially at one apex (Fig. 1d,
step 3), leading to the final one-dimensional Zn Cd, ,S-Ag,S/Au@
Fe,O, quaternary heteronanorods.

Specifically, to illustrate this concept, we then synthesized
Ag,S-tipped sulfide nanorods (Fig. 2a and Supplementary Fig.
4) including ZnS-Ag,S (Fig. 2b(i)), Zn,,Cd,,S-Ag,S (Fig. 2b(ii)),
Zn,;Cd,;S-Ag,S (Fig. 2b(iii)), Zn,,Cd,,;S-Ag,S (Fig. 2b(iv)) and

CdS-Ag,S (Fig. 2b(v)) by a colloidal catalyst-assisted growth method
(details in Methods). We tuned Ag,S to AgAuS (Supplementary
Fig. 5) and thereafter obtained Zn,Cd,_,S-Ag,S/Au@Fe,0O, (Fig. 2c,d)
by a double-buffer-layer (Ag,S/Au) growth strategy. Taking ZnS-
Ag,S/Au@Fe;0, as an example, we optimized the reaction tempera-
ture, reductant and molar ratio of solvents (Supplementary Fig. 6 and
Supplementary Note 2) to realize the nucleation and growth of an
Fe,O, domain at only one apex of the ZnS nanorod (Supplementary
Fig. 7). The yield of this selective growth is high: almost all hetero-
nanorods observed had Fe,O, domains at one end of the structure,
as assessed using transmission electron microscopy (TEM).

We tuned the absorption of these nanorods across the ultraviolet
and visible regime by controlling the Zn/Cd ratio (Fig. 2e.f). The
quaternary compounds fabricated herein show a broadened exci-
tonic absorption (Fig. 2f), a consequence of the integration of Au
and Fe,O, domains. Powder X-ray diffraction patterns support the
coexistence of these components (Fig. 2g). The peaks that belong to
Fe,0, are well indexed with the face-centred cubic phase (JCPDS
72-2303, cyan standard lines in Fig. 2g). The presence of Au peaks
reflects the initial AgAuS apex transformed to Ag,S/Au with a thin
Au shell during the heating process (Supplementary Figs. 8 and 9).
The lattice strain between Ag,S and Fe,O, caused Au to be extracted
from AgAuS to form an intermediate Au layer (Supplementary
Fig. 10), thus relaxing the strain.

Taking ZnS-Ag,S/Au@Fe,0, as an example, we further examined
the structure and formation mechanism of the synthesized quater-
nary heteronanorods. High resolution high-angle annular dark-field
scanning transmission electron microscopy (HR-HAADF-STEM)
analysis (Fig. 3a and Supplementary Fig. 11) provides informa-
tion about the detailed crystal planes and heteroepitaxial direc-
tion. Driven by the initial ZnS-Ag,S configuration, both Au and the
ensuing Fe,O, grow along the [111]_,, crystal direction (Fig. 3b,c)
owing to the good lattice match between Au(111) and Fe,0,(111)
(Fig. 3d and Supplementary Table 2). We performed energy disper-
sive X-ray spectroscopy (EDS) mapping analysis and found that Zn
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Fig. 2 | Structural characterization of Zn,Cd,_,S-Ag,5/Au@Fe;0, heteronanorods. a, Model of Zn,Cd,_,5-Ag,S. b, TEM images of Zn,Cd,_,5-Ag,5
nanorods. ZnS-Ag,S (x=1) (b(i)); ZngsCdy,S-Ag,S (x=0.9) (b(ii)); ZnysCd,sS-Ag,S (x=0.5) (b(iii)); Zny;Cdy,S-Ag,S (x=0.3) (b(iv)); CdS-Ag,S (x=0)
(b(w)). ¢, Model of Zn,Cd,_,S-Ag,5/Au@Fe,0,. d, TEM images of Zn,Cd,_,S-Ag,S/Au@Fe,0, nanorods. ZnS-Ag,S/Au@Fe;0, (x=1) (d(i)); Zn,,Cd,,S-
Ag,S/Au@Fe;0, (x=0.9) (d(ii)); Zn,.Cd,S-Ag,S/Au@Fe,0, (x=0.5) (d(iii)); Zn,,Cd,,5-Ag,5/Au@Fe,0, (x=0.3) (d(iv)); CdS-Ag,S/Au@Fe,0, (x=0)
(d(v)). e, Optical absorption spectra of binary Zn,Cd,_,S-Ag,S with various Zn/Cd ratios, covering the absorption range from ultraviolet to visible light.

f, Optical absorption spectra of quaternary Zn,Cd,_,S-Ag,S/Au@Fe;0,, showing the broadened excitonic absorption compared with the corresponding
binary seeds. g, X-ray diffraction patterns, verifying the components in these quaternary heteronanorods. Standard JCPDS cards: 65-0309 for ZnS (red),

65-3414 for CdS (green), 04-0784 for Au (blue) and 72-2303 for Fe;0, (cyan).
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Fig. 3 | Growth of quaternary heteronanorods. a, HR-HAADF-STEM images of ZnS-Ag,S/Au@Fe;0, show the planes of each component, demonstrating
the epitaxial growth direction along the [111] axis. Inset: cropped HR-HAADF-STEM image with adjusted brightness and contrast, highlighting the d
spacing of the Au(111) planes. b, Pseudocolor image of a, showing the contrast differences for different components. ¢, 3D model of the quaternary
heteronanorod and corresponding 2D projected model from top view. d, Atomic models of the Au(111) plane and Fe;0,(111) plane. e, EDS elemental
mapping images of ZnS-Ag,5/Au@Fe;0,, revealing the distribution of these four units in the nanorod. f, HRTEM image of a Zn,,Cd,,S-Ag,5/Au@Fe,O,
heteronanorod apex. g, FFT image from the white dashed square in f. h, Superimposed colour-coded inversed FFT image from g with masked spots.
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Fig. 4 | Optical absorption spectroscopy. a, The evolution of the absorption peak with component integration during the growth of quaternary
ZnS-Ag,S/Au@Fe,0, heteronanorods. b, Jacobian transformation of the optical absorption from a, showing the plasmonic absorption features.
¢,d, Pseudocolour plot of the transient absorption spectrum (¢) and transient signals at 531nm and 641nm (d) for ZnS-Ag,S/Au. e,f, Pseudocolour
plot of the transient absorption spectrum (e) and transient signals at 531nm (f) for ZnS-Ag,S/Au@Fe;0,. OD, optical density.

and S enrich in the stem, whereas Au, Ag and S are present in the
apex and Fe and O are found to distribute in the epitaxial region
(Fig. 3e and Supplementary Fig. 12). X-ray photoelectron spec-
troscopy analysis (Supplementary Fig. 13) further confirmed the
presence of each component (ZnS, Ag,S, Au and Fe,0,). We also
utilized fast Fourier transforms (FFTs) of TEM images to examine
another sample (Zn,,Cd,,S-Ag,S/Au@Fe,0,), and again found a
lattice-matched epitaxial relationship between Au and Fe,O, in het-
eronanorods (Fig. 3f~h and Supplementary Fig. 14).

The compositional and structural transformations are further
reflected in the optical properties of the material (Fig. 4a,b). The
absorption spectrum for the ternary ZnS-Ag,S/Au structure (purple
curve) exhibits plasmonic absorption at 2.34eV (Fig. 4b), attrib-
uted to the Au nanocrystals, which were segregated from AgAuS
and went through ripening on heating. This Au surface plasmon

resonance band red shifts to 2.01 eV (Fig. 4b), broadens and decays
in intensity after the growth of the Fe,O, component. We ascribe
these changes to the increased local dielectric constant around Au
domains with the encapsulation of Fe,O, shells and charge transfer
from Au to Fe,O,, thus leading to a deficient electron population in
Au: the scarce population of electrons in the Au component causes
the plasmonic absorption to shift to longer wavelength.

We then used transient absorption spectroscopy to inves-
tigate the electron dynamics of the nanorod heterostructures.
We observed a negative absorption feature at 531 nm and a wide
photon-induced absorption at 641nm in ZnS-Ag,S/Au samples
(Fig. 4c). The negative feature (Fig. 4d) is attributed to the plasmon
band bleach, with an average lifetime of 3 ps (ref. **). However, for the
ZnS-Ag,S/Au@Fe,0,, the plasmon band bleach disappeared within
an initial 100 ps (Fig. 4e,f), suggesting that the Fe,O, component

NATURE NANOTECHNOLOGY | www.nature.com/naturenanctechnology


http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY LETTERS

a Magnet

y

A\ M
I-\

J_m
{

/
Chirality

u
m
|

| y 4

Achirality

G LCP C RCP

aa000

Zn,Cd, ,S-Ag,S/Au@Fe,0, —

b

40_+X=1

Moment (emu g')

—-20 0 20 40

o

gactor (x1073)

f

[=)

[&]

=

E

o

&=

x

8

8 —10-
&

—20 T T T

T
400 500
Wavelength (nm)

T
300 600 700

Fig. 5 | Local magnetic field induces optical activity in colloidal hybrid nanostructures. a, Materials show the achirality when the electric dipole moment
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obtained from CD. e, Schematic of MCD set-up with magnetic field in parallel with the excitation light. f, Anisotropic g-factor spectra of colloidal

heteronanorods obtained from MCD at 1.6 T. B, magnetic field.

has electronic interactions with the Au intermediate shell. The
modified plasmon band, together with the modified dynamics of
plasmonic hot electrons, supports the catalytic function of Au in the
Fe,O, growth and the existence of interfacial interactions between
these two epitaxial materials.

We further analysed the structures of these quaternary hetero-
nanorods in detail to verify the morphology and composition dis-
tributions (Supplementary Figs. 15-19 and Supplementary Table 3).

We demonstrated that the regioselective magnetization of these
colloidal nanorods gives rise to chiroptical activity. The equation for
chiroptical activity is written as:**

R =1Im(u-m) (1)
where R is rotational strength (the intensity of chirality), u is the
electric transition dipole moment for the transition from final state
to the initial one and m is the magnetic transition dipole moment
for the reverse transition.
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Electronic transitions in achiral materials take the form shown in
Fig. 5a (left panel) with the u perpendicular to m. When one applies
a local magnetic field, the Lorentz force of charges will deflect the
direction of u with little change of the transition energy (Fig. 5a,
right panel). Hence, due to the local magnetic field, the dot product
in equation (1) will no longer be zero, corresponding to the genera-
tion of chiroptical activity.

The site-specific Fe,0, nanoparticle at the apex of the nanorod
introduces a local magnetic field in the semiconductor nanorod and
ligands around it, and magnetizes the nanorod from diamagnetism
to superparamagnetism (Fig. 5b and Supplementary Fig. 20). Thus,
the new hybrid materials exhibit optical activity owing to the angle
deflection between u and m induced by the magnetic field. Under
excitation with left-handed circularly polarized (LCP) and right-
handed circularly polarized (RCP) light, the chiroptical activity in
heteronanorods causes different degrees of absorption of LCP and
RCP light due to spin-dependent transition selection rules (Fig. 5c).
We observed anisotropic g-factor spectra arising from CD in these
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quaternary materials, while we observed no optical activity without
Fe,0, (Fig. 5d and Supplementary Figs. 21 and 22). The nanocom-
pounds of Zn,,Cd,,S-Ag,S/Au@Fe,0, exhibit higher optical activ-
ity compared with Zn,Cd,_,S-Ag,S/Au@Fe,0, heteronanorods of
other Zn/Cd ratios.

The influence of the local magnetic field is further confirmed by
the magnetic circular dichroism (MCD) (Fig. 5e). Without Fe,O,
nanoparticles, the semiconductor nanorods exhibit diamagnetism,
with the MCD increasing linearly with the magnetic field intensity
(Supplementary Fig. 23). Once we introduce Fe,O,, these hybrids
were magnetized, with their MCD independent of the applied mag-
netic field intensity (Supplementary Fig. 24). Figure 5f shows the
anisotropic g-factor spectra of Zn,Cd, ,S-Ag,S/Au@Fe,O, at 1.6T.
The heteronanorods show the highest value when x is 0.9, a finding
that we ascribe to the fact that this stoichiometry endows Zn/Cd
semiconductor nanorods with the highest electric dipole moment'‘.
The regioselective magnetification strategy here offers opportuni-
ties for chiral catalysis, circularly polarized photoluminescence and
spintronics (Supplementary Note 3).

We further carried out magnetothermal and photothermal tests
on the heteronanorods. The materials exhibit two-mode thermal
responses (Supplementary Fig. 25) when magnetic field and photo-
irradiation are applied.

In summary, we report a double-buffer-layer engineering strat-
egy—sequential two-step modifications of the nanorod apex with
buffer layers (Ag,S and Au)—to achieve regioselective nucleation
of magnetic nanodomains (Fe,O,) at one end of semiconducting
nanorods. These findings indicate an approach to catalytic growth
that facilitates the desired nucleation site on one-dimensional
nanorods. We demonstrate magnetically induced optical activity
and magnetic-optical-plasmonic functions in these heteronanorods.
We further anchored the magnetic oxide domain in another semi-
conductor system, selenide (Supplementary Fig. 26), highlighting
the wider application of this method. This work provides avenues
for the design and realization of heteronanostructures exhibiting
controlled regioselective configurations with physical/chemical
properties distinct from non-selective structures.
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Methods

Materials. The reagents AuCl,, potassium hydroxide (KOH), hexane (97%), toluene
(99.5%), chloroform (CHCL;), methanol (99.5%), ethanol (99.7%), 1-dodecanethiol
(97%) and oleic acid (OA, 85%) were purchased from Sigma-Aldrich. 1-Hexadecanol,
oleylamine (OAm, 80-90%), octadecene, mercaptopropionic acid and ferric
acetylacetonate (Fe(acac),) were purchased from Aladdin Chemicals. All chemicals
were used as received without further purification. HAuCl, solution was prepared
by dissolving 1g of AuCl, in 20 ml of toluene and 20 m] of OAm, forming a light
yellow solution.

Catalysed growth of Ag,S-tipped Zn,Cd,_,S nanorods. The Zn,Cd,_,S nanorods
were synthesized via a catalyst-assisted method according to the previous

report, with some modifications™. Typically, metal-diethyldithiocarbamate
(dedc) precursors of Zn(dedc), and Cd(dedc), were mixed with Ag(dedc),
1-dodecanethiol and OA in a flask. The reaction was heated to 210°C within

20 min and maintained for 5min. OA (10ml) was then injected into the hot
solution. The solution temperature dropped down and quickly recovered to 210°C.
The reaction was kept at 210 °C for the growth of nanorods, and this was followed
by precipitation with ethanol. The products were centrifuged and then washed
twice with hexane and ethanol for further use. The detailed synthetic parameters
for different nanorods are provided in Supplementary Table 4.

Integration of Au into the Ag,S apex of Zn,Cd,__S nanorods. Typically, 20 mg of
Zn,Cd,_,S nanorods were well dispersed in 20 ml of toluene and kept at 0°C, then
200 pl of HAuCl, solution was added to the above solution. The reaction was kept
for 2h, followed by precipitation with ethanol. The products were centrifuged and
then washed twice with hexane and ethanol for further use.

Synthesis of Zn,Cd,_,S-Ag,5/Au@Fe,0, heteronanorods. The Zn,Cd,_S-Ag,S/
Au@Fe,0, heteronanorods were synthesized via an epitaxial growth process.
Typically, 10mg of Zn,Cd,_,S-AgAuS nanorods were well dispersed in a solution
of 5ml of octadecene, 1 ml of OA and 1.2 ml of OAm. 1-Hexadecanol (300 mg) and
24 mg of Fe(acac), were added into the solution and degassed at 100°C for 30 min
to remove air and water. The reaction was then switched to an Ar atmosphere

and heated to 300°C at a ramp rate of 3°Cmin™". The reaction was kept at 300°C
for 1h for the nucleation and growth of Fe,O, nanodomains. The products were
centrifuged and then washed twice with hexane and ethanol for further use.

Phase transfer of hydrophobic nanocrystals to aqueous solution. The
hydrophobic nanocrystals were transferred from hydrophobic to hydrophilic media
via a ligand exchange in two-phase solution according to previous reports'-"2,
Mercaptopropionic acid (200 pl) was added into 15 ml of chloroform with 10 mg

of sample. The turbid solution was stirred for 3 h, followed by centrifugation. The
precipitate was washed with acetone and further dried in a vacuum chamber. The
products were centrifuged and then washed twice with ethanol for magnetothermal
and photothermal tests.

Characterization. The X-ray diffraction patterns were measured on a Philips
X'Pert Pro Super X-ray diffractometer equipped with graphite-monochromatized
Cu Ku radiation (wavelength A= 1.5406 A). X-ray photoelectron spectra were
determined on an X-ray photoelectron spectrometer (ESCALab MKII) with an
excitation source of Mg Ku radiation (1,253.6 eV). The binding energies were
referred to the C 1s peak (284.8 V) from adventitious carbon. Nanocrystals
dispersed in hexane were drop-casted on carbon-supported Cu grids for TEM
and high-resolution TEM (HRTEM) observations, which were performed on
Hitachi H-7700 and JEQL-2100F microscopes with an acceleration voltage of
100kV and 200kV, respectively. EDS mapping and HAADF-STEM were carried
out using JEOL Arm-200F and Talos F200X electron microscopes operated

at 200 kV. Ultraviolet-visible absorption spectra were collected on a UV-2600
spectrophotometer (Shimadzu) at room temperature with nanocrystals dispersed
in toluene. The magnetic properties were acquired using a superconducting
quantum interference device (SQID, MPMS XL5). The magnetic hyperthermia
response was tested on a high-frequency (315 kHz) heating machine (Shuangping).
Inductively coupled plasma-mass spectrometry (ICP-MS) was carried out on
PlasmaQuad 3 to analyse the Zn, Cd and Fe content in each sample.

Transient absorption measurements. The 1,030-nm fundamental (5kHz) was
produced by a Yb:KGW regenerative amplifier (Pharos, Light Conversion). A
portion of this beam was sent through an optical parametric amplifier (Orpheus,
Light Conversion) to generate the 3.4-eV photoexcitation pulse (pulse duration
~250fs). Both the photoexcitation and fundamental were sent into an optical bench
(Helios, Ultrafast). The fundamental, after passing through a delay stage, was
focused into a sapphire crystal, generating the probe as a white light continuum.
The frequency of the photoexcitation pulse was reduced to 2.5kHz using a
chopper. Both beams were then focused onto the sample, which was housed in a
1-mm cuvette. The probe was then detected by a CCD (Helios, Ultrafast).
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CD and MCD tests. CD spectra were recorded by a Jasco J-1500
spectropolarimeter in solution. A 3-ml portion of each sample was infused
into a 1% 1cm?® quartz cell and measured at a scan speed of 200 nm min~"' with
a bandwidth of 4nm. MCD spectra were also detected by the Jasco J-1500
spectropolarimeter in solution with a magnetic field of 04T, 0.7 T, 1.0T, 1.3T
and 1.6 T, respectively. Here, a 1.5-ml portion of each sample was infused into
a 0.5 1 cm?® quartz cell and measured at the scan speed of 200 nm min~" with a
bandwidth of 4nm.

Calculation of anisotropic g-factor from CD and ultraviolet—visible absorption
spectra. CD involving LCP and RCP light is an important means to characterize
the optically active materials. When circularly polarized light passes through an
absorbing optically active medium, the absorbed extent between LCP and RCP
light differs (&, # £5). The CD is the difference Ae = g — &g (ref. ©). Here, the
vertical coordinate of the CD spectrum is ellipticity & (mdeg), which is

0=33x10*xAex Cx] (2)

where C is the solute concentration and [ is the path length. As for chiral
nanocrystals, anisotropic g-factor is a key parameter to determine the optical
activity due to its ready availability by comparing the CD spectrum with the
absorption spectrum. The equation is as follows:*

B 9
T 33x10%xA

3

where A is the value in the absorption spectrum at the same concentration used to
measure the CD spectrum. Obviously, the g-factor is independent of nanocrystal
concentration in solution.
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