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The generation and manipulation of electron spins in magnetic
semiconductor nanostructures is a central theme of the emerging
field of spintronics.1 Spin valves and spin-based light-emitting
diodes have been demonstrated using diluted magnetic semiconduc-
tor (DMS)2 nanostructures grown by molecular beam epitaxy.1,3

The novel functionalities of these spintronics devices derive from
carrier-dopant magnetic exchange interactions in the DMSs. In
this communication, we report the preparation of colloidal DMS
nanocrystals possessing additional quantum-confined conduction
band (CB) electrons and describe the use of electron paramagnetic
resonance (EPR) spectroscopy to probe the coupling between these
electrons and the magnetic dopants. Although charged4-6 and
magnetically doped7 colloidal semiconductor nanocrystals have been
reported separately, colloidal nanocrystals that have been both
charged and magnetically doped as described herein have not. This
new motif presents unexplored opportunities for investigation of
carrier-dopant interactions in DMS nanostructures important to
many magneto-electronic phenomena, including carrier-mediated
ferromagnetism, magnetic polaron nucleation, and proposed spin-
based quantum information processing schemes.

Alkyl-capped ZnO and TM2+-doped ZnO (TM2+ ) Co2+, Mn2+)
nanocrystals suspended in toluene were prepared and characterized
as described previously.8,9 These colloids were reduced photo-
chemically by ultraviolet (UV) laser irradiation in the presence of
EtOH, a hole quencher4 (see Supporting Information for experi-
mental details). Figure 1a,b shows 298 K electronic absorption
spectra of 2.6% Co2+:ZnO nanocrystals suspended in toluene in
their as-prepared and reduced forms. With reduction, the first
excitonic peak in the UV was bleached, and an intense near-infrared
(NIR) band appeared, as reported previously for pure ZnO colloids.5

The UV bleaching has been attributed to partial filling of the CB
and the new NIR intensity to dipole-allowed intra-CB transitions.5,6

Together, these spectral changes are the signature of CB electrons
(e-

CB).10

Figure 1c,e shows 298 K electronic absorption spectra of
concentrated suspensions of 4.2% Co2+:ZnO and 0.8% Mn2+:ZnO
colloids in toluene in their as-prepared and reduced forms. The sub-
bandgap absorption spectra of the as-prepared DMS nanocrystals
have been described previously.8,9 With photoreduction, both
suspensions exhibited the signature UV bleaching and NIR absorp-
tion (e.g., Figure 1a,b). For Co2+:ZnO, the difference spectrum
(reduced- as-prepared, Figure 1d) shows no other features.
Notably, there was no detectable change in the4A2 f 4T1(P) or
4T1(F) intensities centered at 16 500 and 7200 cm-1, respectively
(∆Abs < 0.8%), demonstrating that Co+ is not formed at ap-
preciable concentrations under these conditions (Co+ cation mole
fraction< 0.03%). Because the as-prepared Co2+:ZnO nanocrystals
are already blue from the4A2 f 4T1(P) ligand field absorption,
they do not color significantly upon reduction.

For Mn2+:ZnO, bleaching was also observed at∼24 000 cm-1

upon photoreduction (Figure 1e,f). Absorption and magnetic circular
dichroism spectroscopies have previously identified the 24 000 cm-1

band as a donor-type photoionization transition involving promotion
of a Mn2+ electron into the CB.9 Bleaching of this Mn2+ f CB

transition is consistent with CB filling and may also reflect
suppression of its intensity-stealing mechanism, which involves
configuration interaction with the nearby excitonic levels.11 The
spectral changes in Figure 1e result in coloration of the Mn2+:ZnO
nanocrystals from yellow/brown (as-prepared) to emerald green
(reduced). In all cases, the reduced nanocrystals were stable
indefinitely (kdecay< 0.01/week at 298 K) when kept anaerobic but
returned rapidly to their original forms upon exposure to air (gray
dots in Figure 1), consistent with facile reoxidation.

EPR spectroscopy was also used to study the reduced nano-
crystals. Figure 2a shows 298 K EPR spectra of as-prepared and
reduced colloidal ZnO nanocrystals. The as-prepared ZnO nano-
crystals showed no EPR signal. A newg ) 1.96 signal was detected
after photoreduction (Figure 2a) similar to that reported for shallow
donors in nanocrystalline ZnO.12,13The deviation of this resonance
from g ) 2.00 indicates that it does not derive from deep donors,
such as surface traps, and previous investigations12 of shallow donor
EPR signals have demonstrated thatg ) 1.96 is in fact predicted
for e-

CB from K‚P treatment of the ZnO band structure, confirming
the band character of the photogenerated electron in Figure 2a. A
more detailed description of this EPR spectrum for ZnO nano-

Figure 1. The 298 K absorption (a, c, e) and difference absorption (b, d,
f) spectra of 4.5( 0.2 nm diameter nanocrystals: as-prepared (red line),
photoreduced (blue line), and reoxidized (gray dotted line): (a, b) 2.6%
Co2+:ZnO, dilute; (c, d) 4.2% Co2+:ZnO, concentrated; (e, f) 0.8% Mn2+:
ZnO, concentrated.
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crystals is beyond the scope of the present communication and will
be presented elsewhere.

Figure 2b shows 298 K EPR spectra of as-prepared and reduced
Co2+:ZnO nanocrystals at various Co2+ cation percent mole
fractions (x). At 298 K, as-prepared Co2+:ZnO shows no EPR signal
due to rapid Co2+ spin-lattice relaxation,14 making this system
amenable to observation of e-

CB upon photoreduction. For small
x, ag ) 1.96 EPR signal was detected after photoreduction (Figure
2b) identical to the one observed in Figure 2a. With increasingx,
this EPR signal weakened substantially, despite clear evidence of
nanocrystal reduction from absorption spectroscopy (e.g., Figure
1a-d). A plot of EPR intensity versusx (Figure 2c) for a series of
nanocrystals reduced under identical conditions reveals that the EPR
intensity correlates quantitatively with the fraction of undoped ZnO
nanocrystals calculated from Poisson statistics.7 A single Co2+ ion
thus completely suppresses the e-

CB EPR signal under these
conditions, likely by lifetime broadening due to Co2+-e-

CB

coupling.

Figure 2d shows EPR spectra of as-prepared and reduced 0.2%
Mn2+:ZnO nanocrystals. In contrast with Co2+, Mn2+ in ZnO relaxes
slowly14 and shows a strong EPR signal at 298 K with extensive
hyperfine structure described by the axial spin Hamiltonian
parametersgiso ) 1.999,Aiso ) -74.0× 10-4 cm-1, andD ) -2.36
× 10-2 cm-1.9 This structure broadened substantially upon reduc-
tion, a change that was quantitatively reversed by exposure to air
(dotted line in Figure 2d). Importantly, the spectrum of reduced
Mn2+:ZnO nanocrystals is not the simple sum of Mn2+ and e-CB

spectra, indicating substantial Mn2+-e-
CB interaction. To estimate

the effective (mean-field) Mn2+-e-
CB exchange energy, the line

broadening of Figure 2d was analyzed. Assuming the Mn2+ line
broadening (∆Γ) arises solely from exchange splitting of each Mn2+

hyperfine peak by interaction with theS) 1/2 e-
CB, a mean Mn2+

level splitting of 40 G (0.23µeV or 1.9× 10-3 cm-1) is estimated.
The total exchange energy experienced by e-

CB is the sum over all
Mn2+-e-

CB interactions. For 8.0 nm diameter 0.2% Mn2+:ZnO
nanocrystals, the mean Mn2+ occupancy is〈n〉 ) 22.5, so∆E(e-

CB)

≈ 4.3 × 10-2 cm-1. This result can be related to the mean-field
exchange parameterN0R typically used to describe TM2+-e-

CB

coupling in bulk DMSs2 via eq 1, where|<Sz>| ) 0.004 is the
Mn2+ spin expectation value under the experimental conditions of
298 K and∼0.33 T used for Figure 2d. Solving eq 1 yields|N0R|
≈ 0.66 eV, a value comparable to those reported2 for bulk Mn2+:
ZnSe (+0.26 eV), Mn2+:ZnTe (+0.18 eV), and Mn2+:CdSe (+0.26
eV), as well as that used to model magneto-transport in Mn2+:
ZnO films (+0.19 eV).15 Although reasonable in magnitude, this
experimental estimate neglects Mn2+ relaxation broadening16 and
makes no attempt to account for nonstatistical dopant distributions,7,8

carrier-mediated Mn2+-Mn2+ exchange coupling,15 or nanocrystal
overcharging,6 all of which should be important variables. Future
experiments will seek to address these variables in order to refine
the estimate ofN0R. Nevertheless, the data in Figure 2 clearly
demonstrate both the existence of TM2+-e-

CB exchange interactions
in charged DMS nanocrystals and the possibility to study these
interactions spectroscopically.

In summary, CB electrons have been successfully introduced into
colloidal diluted magnetic semiconductor nanocrystals, and mani-
festations of TM2+-e-

CB interactions have been observed by EPR
spectroscopy. This new motif of colloidal charged magnetic
semiconductor nanocrystals presents attractive new opportunities
for studying and potentially manipulating spins in quantum-confined
nanostructures prepared by direct chemical methods. Extension of
this research to other DMSs and nanocrystal dimensionalities is
expected to reveal interesting new phenomena relevant to future
spin-based information processing applications.
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Figure 2. The 298 K EPR spectra of as-prepared (red line), reduced (blue
line), and reoxidized (gray dotted line) colloidal nanocrystals: (a)∼4.1
nm diameter ZnO nanocrystals; (b)∼4.3 nm diameterx % Co2+:ZnO
nanocrystals after photoreduction; (c) EPR intensity from part (b) plotted
versusx. Curves show statistical probabilities calculated for 0-4 dopants/
particle; (d)∼8.0 nm diameter 0.2% Mn2+:ZnO nanocrystals, with inset
showing the reduced ZnO EPR spectrum from part (a) on the samex axis.
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