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Superparamagnetism Found in Diluted Magnetic Semiconductor Nanowires: Mn-Doped

Diluted magnetic semiconductor (DMS) nanowires (NWs), Mn-doped CdSe, were successfully prepared in
a gold-catalyzed vapor-transport deposition process. It was demonstrated for the first time that upon
incorporation of Mn of very limited concentrations, the CdSe NWs exhibited enhanced ferromagnetism at 7
< 40 K and turned superparamagnetic at relatively high temperatures. This finding would extend the application
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range of DMS NWs into the biolabeling and bioimaging fields.
Introduction

One-dimensional (1D) semiconductor nanomaterials have
drawn much research attention in the past decade because of
their unique anisotropic characteristics in thermal, optical, and
electrical properties, from which promising applications in
fluorescence, optoelectronics, lasing, and sensing can be de-
rived.! Recently, a tremendous amount of research effort has
been undertaken to incorporate paramagnetic ions into 1D
semiconductor nanostructures for possible applications in spin-
tronics and quantum interference information processing.? These
nanostructures belong to the family of diluted magnetic semi-
conductors (DMSs), in which the sp—d exchange interactions
between the host semiconductor and the paramagnetic dopant
result in unique magnetic and optomagnetic properties.? Pres-
ently, 1D nanostructures of Mn-doped II—VI and MI-V
semiconductors, such as ZnO,* ZnS,> ZnSe,® CdS,” GaN,? and
GaP,” have been synthesized and investigated for their induced
ferromagnetism at elevated temperatures, a property critical to
applications in spintronics. In this article, we reported a
successful synthesis of single-crystalline Mn-doped CdSe
nanowires (NWs) in a gold-catalyzed vapor-transport deposition
process. These NWs exhibited not only the induced ferromag-
netism but also the induced superparamagnetism, reported for
the first time for DMS NWs. The superparamagnetism was
induced with incorporation of only a very limited amount of
Mn (<2%) in the CdSe NWs and was characteristic of relatively
high transition temperatures. Superparamagnetic nanocrystals
have been proven to be a very promising candidate for specific
contrast agents in magnetic resonance and optical imaging, as
they are not subject to strong magnetic interactions in disper-
sions.!® The present finding extends the application range of
DMS NWs into the biolabeling and bioimaging areas.

Experimental Methods

Chemicals. All chemicals used were analytic grade reagents
and used without further purification. Special attention should
be paid when dealing with the hazardous CdSe source.
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Vapor-Transport Deposition for Preparation of Mn-
Doped CdSe NWs. Mn-doped CdSe NWs were grown in a
three-zone hot-wall reactor under a reduced pressure. Amor-
phous fused silica sputtered with a thin layer of gold was
used as the substrate. The source material, CdSe and MnCl,
powders, of appropriate amounts was contained in the quartz
boats, which were separately placed at locations of temper-
atures 725 and 300 °C, respectively, to generate necessary
vapors within the reactor. The vapors of CdSe and Mn
condensed to crystallize on the fused silica substrate to form
NWs at the deposition temperature of 350 °C. All depositions
were run for 6 h with a carrier nitrogen gas flow rate of 100
sccm and a system pressure of 400 Torr. A postannealing
treatment at 500 °C for 12 h in nitrogen atmosphere was
then carried out for the as-deposited samples. The Mn
incorporation level was controlled by the amount of MnCl,
used in the deposition. The Mn concentrations of 0.4, 0.9,
and 1.3 atom % were achieved with an amount of starting
MnCl, of 0.1, 0.15, and 0.3 g, respectively.

Characterizations. The morphology and dimensions of the
products were examined with a field-emission scanning electron
microscope (FESEM, Hitachi S-4700). The crystallographic
structure of the samples was investigated with X-ray diffraction
(XRD, MAC Science MXP18), and a high-resolution TEM
(HRTEM, JEOL JEM-3000) operated at 300 kV. The compo-
sitional information was obtained with an energy dispersive
spectrometer (EDS), an accessory of the HRTEM (JEM-3000),
and X-ray photoelectron spectroscope (XPS, VG Scientific,
Microlab 350). Magnetization measurements of the samples
were carried out at low temperatures by using a superconducting
quantum interference device magnetometer (SQUID, Quantum
Design, MPMSS5). The externally applied magnetic field was
perpendicular to the substrate plane. The magnetic signals arising
from the substrate that supported the sample were deducted from
the magnetization data reported. Magnetizations instead of
specific magnetizations (magnetizations normalized with the
sample mass) were reported since the amounts of NWs were
too small to be accurately determined. This situation, however,
did not affect the magnetic parameters that we collected and
discussed in this work.
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Figure 1. TEM images of CdSe NWs doped with Mn of (a) 0.4, (b) 0.9, and (c) 1.3 atom %. Their corresponding HRTEM and ED images were
shown in panels d, e, and f, respectively. (g) SEM image of CdSe NWs doped with 1.3 atom % Mn.

Results and Discussion

Figure 1 shows the transmission electron microscope (TEM)
images of the CdSe NWs, around 40 nm in diameter, doped
with different amounts of Mn. The atomic concentrations of
Mn in these NWs, as determined from the corresponding TEM-
energy dispersive spectrometry (TEM-EDS), were 0.4, 0.9, and
1.3 atom % for samples a, b, and c, respectively. Figure 1g, a
representative scanning electron microscope (SEM) image of
the sample, shows the abundance and up to several micrometer
lengths of the NWs. The clear lattice fringes present in panels
d, e, and f of Figure 1 show the single-crystalline nature of the
as-prepared NWs, which were further verified with the dot
patterns of the corresponding electron diffraction (ED) images
shown in the insets of Figure 1. The interlayer spacing of around
0.68 nm indicates a reasonable shrinkage in the d spacing of
the (0001) lattice planes of the hexagonal CdSe crystal when
Cd was partially replaced with Mn, which is of a smaller atomic
size. The resolution of the HRTEM images, Figure 1d—f,
however, was not enough to quantitatively differentiate the
spacing difference resulting from the corresponding doping
levels, while a qualitative trend can be concluded. Furthermore,
the Mn-doped CdSe NWs grew along the c-axis, [0001], of the
hexagonal crystalloid. The relatively large theoretical binding

energy of Mn with the (0001) facet, as compared to those with
other facets, of the hexagonal CdSe crystals!' may favor the
incorporation of Mn through the growth of the c-plane.

The XRD patterns of the as-synthesized undoped CdSe and
Mn-doped CdSe NWs confirmed the hexagonal wurtzite phase
of the products without formation of other impurity phases such
as Cd or Mn oxides (Figure 2). The inset of Figure 2 displays
the magnified (100), (002), and (101) diffraction peaks, showing
the peak-shifting to higher 26 regions with increasing Mn
incorporation. The substitution of Cd atoms with smaller Mn
atoms resulted in a reduction in the lattice constants and thus a
peak shift to the higher 26 region, consistent with the d spacing
shrinkage observed in the HRTEM images. The amounts of peak
shift can be further used to estimate the concentration of Mn
through a linear relationship established based on previous data
collected by Karande et al. from Mn-doped CdSe thin films.!?
The concentrations of Mn thus found for samples a, b, and ¢
were 0.4, 0.8, and 1.4 atom %, respectively, in reasonably good
agreement with those from the TEM-EDS measurements,
implying a homogeneous distribution of Mn within the CdSe
NWs. It may be argued that the XRD peak shifts may also result
from core—shell nanostructures or even segregated MnSe phases
for the present case, instead of the homogeneous distribution
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Figure 2. XRD pattern of undoped and Mn-doped CdSe NWs,
compared with that of a reference wurtzite CdSe (JCPDS no. 08-0459).
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Figure 3. XPS spectra of CdSe NWs doped with 1.3 atom % Mn: (a)

survey scan and (b) fine scan at the vicinity of 653 eV. Peak

deconvolution in panel b revealed the presence of Cd 3pi», Mn 2p ),

and Mn 2p;3,, peaks.

of Mn. From the HRTEM images, there were observed no
core—shell structures and segregated phases, and thus these two
possibilities can be ruled out. As a result, the concentration of
the incorporated Mn and the resulting changes in lattice
constants of the NWs obeyed the Vegard law.'3

The chemical states of the as-synthesized products were
analyzed with the X-ray photoelectron spectroscope (XPS) to
investigate the binding state of the incorporated Mn. A survey
scan taken on one of the doped samples (1.3 atom %) was shown
in Figure 3a. As expected, there were present the Cd, Se, and
Mn signals of correct binding energies. The peak of Cd 3pip
was found to overlap with that of Mn 2p;,, since both of them
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Figure 4. (a) Magnetization versus temperature curves conducted at
a magnetic field of 100 Oe for Mn-doped CdSe NWs. The inset shows
the blocking temperatures (7) of the samples of three different Mn
doping levels. (b) Susceptibility () versus 1/T plot for Mn-doped CdSe
NWs conducted at a magnetic field of 100 Oe with the temperature
ranging from the corresponding block temperatures to 300 K.

possessed binding energies of around 653 eV.%15 A finely
scanned spectrum taken at the vicinity of 653 eV was shown in
Figure 3b to further investigate the binding states of Mn. In
Figure 3b, the peak deconvolution confirmed the merging of
Cd 3py, and Mn 2py; peaks at the binding energy of 653.8 eV.
Note that the Cd 3p;, peak predominated over the Mn 2p;»
one due to the limited amount of Mn incorporation. Furthermore,
the Mn 2ps» and Mn 2p;,» peaks observed at the binding
energies of 641.5 and 653.8 eV, respectively, revealed the
presence of Mn—Se bonds in the doped NWs.!> This result,
together with those of HRTEM, TEM-EDS, and XRD analyses,
confirmed the successful doping of Mn in the CdSe NWs
forming the Mn—Se bridging domain instead of Mn—Mn
clusters.

The magnetic property of the products was analyzed with a
superconducting quantum interference device (SQUID) mag-
netometer. Figure 4a depicts the temperature-dependent mag-
netization data for the Mn-doped CdSe NWs measured with an
applied field of 100 Oe. The data collected at the zero-field-
cooled (ZFC) and field-cooled (FC) conditions exhibited a basic
feature of superparamagnetism: a broad ZFC peak and its
divergence from the FC curve below a critical temperature. The
temperature at which the ZFC curve reaches its maximum is
termed the blocking temperature, Tp.'® At T < Tg, the
divergence in the ZFC and FC curves is characteristic of
the ferromagnetism, while at 7 > T, the complete overlap of
the two curves implies a paramagnetic-like behavior. In addition,
a linear relationship between the susceptibility and the reciprocal
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Figure 5. (a) Magnetization curves of Mn-doped CdSe NWs measured

at 5 K. (b) The corresponding magnified curves in the vicinity of the
origin.

of temperature was observed (Figure 4b), in agreement with
the Curie law. This paramagnetic-like phenomenon was shown
to be superparamagetism as discussed later. It should be noted
that the 7 found here increased with increasing Mn concentra-
tion and were larger than that of the Mn-doped CdSe quantum
dots.!'” As compared with quantum dot or thin film samples,
the larger T observed in the present NW architecture implies
larger magnetic anisotropy, and enhanced magnetic anisotropy
has been commonly observed in 1D nanostructures because of
the shape anisotropy.!® Note that the ferromagnetism of doped
NWs came from the Mn atoms possessing magnetic dipoles
that are aligned in the same direction within the magnetic
domains. The increase of Mn concentration led to the increasing
coupling extent of the aligned dipoles within the magnetic
domains. An enhanced resistance to thermal agitations was then
achieved, leading to an increase of 7 with increasing Mn
concentrations.

To further elucidate the nature of the magnetism observed in
our samples, we performed SQUID measurements at different
temperature regimes. Figure 5a shows the magnetization (M)
versus magnetic field (H) plot recorded at 5 K, a temperature
lower than the T3 of the three doped samples. All of the M—H
curves exhibited hysteresis, which is characteristic of ferro-
magnetism. Figure 5b displays the magnified M—H curve in
the vicinity of the origin, revealing the coercive fields of the
samples. The coercivities of the samples increased with increas-
ing Mn concentration (Hc = 960, 1179, 1331 Oe, for Mn =
0.4, 0.9, 1.3 atom %, respectively). As compared to the Mn-
doped CdSe quantum dots,!” enhanced coercive fields were
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Figure 6. (a) Magnetization curves of Mn-doped CdSe NWs measured
at 50, 75, and 100K. (b) The corresponding magnetization versus
magnetic field/temperature plots.

obtained for our NW samples, consistent with the relevant
comparison of 7y and demonstrating again the enhanced
magnetic anisotropy commonly found in 1D nanostructures.!®

The M—H curves of these doped NW samples recorded at T
=50, 75, and 100 K, temperatures above their 7, were shown
in Figure 6a. Expectedly, the hysteresis phenomenon disap-
peared, suggesting superparamagnetism at temperatures higher
than T3. In fact, if one plots M versus H/T for the three samples,
an excellent curve superimposition results as shown in Figure
6b, again indicating superparamagnetism.!® It may be argued
that the superparamagnetism found in the current work may
arise from the possible formation of segregated MnSe phases
or Mn/Au alloy at the tips of the CdSe NWs, instead of the
incorporated Mn atoms. Note that MnSe exhibits antiferromag-
netism at low temperatures,'® and there has been observed no
segregated MnSe phases in the NWs. As a result, the possibility
that segregated MnSe phases contributed to the superparamag-
netism can be ruled out. In addition, no detectable Mn was found
at the Au tips of the CdSe NWs, and thus excluded the existence
of the Mn/Au alloy. As a final note, no significant magnetization
was found for the undoped CdSe NWs. As shown in Figure 7,
the magnetization intensity was three orders of magnitude
smaller than that of the doped CdSe NWs, confirming that the
magnetism of the doped NWs came from the incorporated Mn.

Conclusions

In summary, DMS NWs of Mn-doped CdSe were successfully
prepared in a gold-catalyzed vapor-transport deposition process.
It was demonstrated for the first time that upon incorporation
of Mn of a very limited amount, CdSe NWs exhibited enhanced
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Figure 7. Magnetization curve of undoped CdSe NWs.

ferromagnetism at 7 < 40 K and turned superparamagnetic at
relatively high temperatures. This finding would extend the
application range of DMS NWs into the biolabeling and
bioimaging fields.
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