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Dynamic magnetic properties of spins from Mn ions doped in semiconductor nanocrystals
(Cd, _,Mn,Se) have been studied using an electron paramagnetic resonance method based on two
different crystalline sizes and a series of Mn concentrations. By decreasing the size of the quantum
dots, the electron spin-nuclear spin interactions are reduced due to enhanced magnetic interactions
between Mn ions. A linewidth analysis was also carried out, showing longer spin relaxation times
and supporting the enhancement of spin coherence. We suggest that the enhancement of Mn—Mn
interactions results from the quantized electrons which have longer coherence length in quantum
dots. Quantum size effects may benefit to control and manipulation of spins in a semiconductor
nanocrystalline system in which the magnetic ions are incorporate@0@3 American Institute of
Physics. [DOI: 10.1063/1.1619564

Materials of semiconductors in the states of clustersresonance will be required for quantum computihdf we
nanocrystalgNCs), and quantum dots have been fabricatedhave a great interest to examine if it is possible to enhance
through either chemical synthetic route or physical deposispin coherence and magnetic interactions by changing the
tion methods:2 Such materials may create an avenue to consize of the NCs. We therefore prepared; CdMn,Se nano-
trol the physical properties for its applications. Recently, acrystalline samples in two different sizes with a series varia-
field has emerged to control and to manipulate spins for aption of Mn concentration, and employed electron paramag-
plications ranging from semiconductor spin electronicsnetic resonance(EPR to study the dynamic magnetic
(spintronic$ devices to quantum computérin this territory, ~ properties of the electron spins from the doped Mn ions in
carrier spin, spin in introduced magnetic atoms, and nucleaNCs.
spin of constituent atoms have been demonstrated to have A high-temperature organic solution approdcfiwhich
functions by injecting, transporting, and controlling their has been applied to prepare Mn-doped PbSe NCs in our pre-
spin state4.In addition to the importance of applications in Vious work;* was employed to prepare the CgMn,Se
spintronics, Mn doped CdSe, which plays an important roldNCs.  In-a  typical experiment, 2 mg of
in optoelectronics as a typical example of diluted magnetidin2(-SeMe)(CO)g** and 0.7 ml of 1 M Se-trioctyl-

semiconductoréDMS), shows spin-glass, antiferromagnetic, phosphine solution were premixed with additional 3 ml of
and ferromagnetic behaviotg. trioctylphosphine in a glove box. The mixed solution was

Quantum confinement effects providing a way to tuner@pidly injected into 20 g of trioctylphosphine oxid80%)
optical properties in semiconductor NCs have been exten¥ith 0.5 mi d 1 M cadmiuntll) acetate in oleic acid at
sively studied in literature. At the same time, the effects of310 °C under a flow of argon on an Schlenk line. The hot
quantum confinement on the exchange interactions in carridpiXture was vigorously agitated at 260 °C for 1 min—1 h to
spins and in spins from introduced magnetic i6eg., Mr2* produce different average-sized crystals. The crystalline

ions) in DMS systems were also investigatetiAwschalom growth was subsequently term_inated by cooling it t_o room
et al® have reported that changes of magnetic behavior ijemperature once the dispersion reaches the desired size.

CdMnTe thin films as a function of the layer thickness Varia_Monodlspersed CGd..Mn,Se NCs in different sizes were fi-

tion were observed. They suggested that quantum confin n_ally separa_\tt_ed frorzl the multldlspers_e mlxtur_e by a size se
. . ective precipitatiort* The samples with two different crys-
ment effects should affect the Mn—Mn interactidttse d—d . . . e
. . talline sizes, 5 and 8 nm according to our transmission
exchanggeas well. Thesp—d exchange interactions between

4 . . _electron microscopyTEM) observation carried out on a
t_he doped C&" and CdS sen_nconductor in the nanocrystal_ JEOL 2010, were chosen for the further characterization. In
line state were also studied recently by nuclear spi

Fe how the size d q fth "hoth samples, the size distributi¢h) was less than 7%. In
resonance. However, now the size dependence ot the quany, e 1o remove all the physically adsorbed Mn ions at the
tum confinement effect affects magnetic interactions in elec

. ) surface of NCs, we performed a surface ligand-exchange
tron spins from doped magnetic atoms has not yet been wellg oyment by immersing samples into pyridih@efore all

understood. Since long spin lifetime and sharp electron spitye characterizations. A Bruker EPR EMS spectrometer in
the X band(9.86 GH2 was used for EPR measurements at
dElectronic mail:jfangl@uno.edu room temperature. The EPR instrument was calibrated by
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FIG. 1. TEM images of Cd ,Mn,Se nanocrystals with sizes &) 5 and
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FIG. 2. EPR spectra recorded at 9.86 GHz and at room temperature for
Cd,_,Mn,Se nanocrystals with sizes of 5 and 8 nm. Hyperfine structures
can be observed for all samples with Mn concentration lower than 1.5 at. %.

skin depth of CdSe semiconductors is in the range of
submillimetert®’ which is much greater than the size of our
NCs, and the NCs are randomly oriented with its lattice di-
rection, we observed only the mainly symmetrical line shape
from the electron spin—spin (142—1/2) interactions
(Lorentzian distribution The EPR spectra are grouped based
on the size of NCs, and exhibit a systematic result with an
increase of Mn dopants inside the NCs. In addition to the
main line shape, we have also observed hyperfine splitting

(b) 8 nm. Dark gray and light gray spheres indicate the same concentratiowhich displays Six sharp lines between 3200 and 3800 G

but different rotation of lattice direction among nanocrystals. Insets: high

resolution TEM images showing nanocrystalline structure.

using a DPPH magnetic field marker with thefactor value
of 2.0036+ 0.0003. The EPR samples for CdMn,Se NCs

were prepared either using dry powders or toluene suspet},

sion, both of which give consistent results.
The size and structure of €d,Mn,Se DMS NCs were

characterized by TEMsee Fig. 1. The NCs appear spherical

in shape and crystalline in lattice structysze the insets in
Fig. 1) even after the substitution of &t cations by mag-

netic Mre* ions. From the TEM analysis, the sizes of these

NCs are calculated to be 5 and 8 nm in Fig&) land 1b),

The six-line pattern is from the°Mn nucleus (=5/2) and
corresponds to the transition dfmg==*1 and Am,=0,
wheremg andm, are electron spin and nuclear spin quantum
numbers, respectively. Thg factors obtained from the EPR
measurements are 2.0089.0010 and 2.01280.0005 for

he sizes of 5 and 8 nm, respectively. We noted that for the
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respectively. We found that the crystalline size does not vary __.
with the Mn concentration. The random orientation of lattice
directions among NCs in Fig. 1 can be observed obviously
through the contrast of different gray scale in NCs since a
change of lattice direction results in different scattering in-
tensity of the electron beam.

Figure 2 shows normalized EPR spectra. The spectra
were fitted with a Lorentzian function and then normalized
by itself assuming the same peak to peak intensity. The
Mn?* electron spin HamiltonianH, in the CdSe NCs is
given by®

H=g ugH-S+AI-S,
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(1) Magnetic Field (Gauss)

; ; ; P FIG. 3. Electron spin-nuclear spin interactions after normalization and a
Where’u“B is the Bohr magnetort is applled magnetic field, subtraction of spin-spin interactions from EPR spectra fog_ClIn,Se

S is electron spin angular momentutnjs nuclear spin an-  panocrystals with a size of 8 nm. Even the lowest signals of hyperfine

gular momentum, and is the hyperfine constant. Since the structures for the GgyMn, o-Se nanocrystals can be clearly observed.
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- (a) tion in NCs of two sizes by fitting the EPR spectra. The
2 380 ' ' 7 fitting range excludes the field between 3200 and 3800 G in
8 360} 1 order to reduce the effects coming from hyperfine interac-
=340! i tions. The linewidth analysis displays a broadening effect
5 with increasing Mn concentration. The broadening effect is
3 320 o due to dipolar broadeni d exch i -
= _ ) dipolar broadening and exchange narrowing as re
2 300 ° ) ported in the literature. In addition, we have observed the
3280 : : 1‘2 6 narrowing effects when the size of the NCs was decreased.
04 0.8 ) ” ) The narrowing effects correspond to longer dephasing time
Mn-Concentration (at %) (T,). As a result, the quantum size effects enhance the phase
coherence of the electron spins from doped ions in the NCs.
(b) In Fig. 4(b), we demonstrated the Mn—Mn interaction versus
an averaged Mn—Mn separation. The Mn—Mn interaction
was obtained from inverse intensities of hyperfine structures
and the averaged Mn—Mn separation was estimated from the
Mn concentration in NCs. The size-effect-enhanced Mn—Mn
| P interactions can be observed clearly.
. ‘ ‘ = In summary, from EPR results we have observed that the
14 16 18 20 22 24 26 size-effect-enhanced dynamic magnetic interactions in elec-
tron spins from the Mfi* ions, which were doped in the
CdSe NCs. The Mn—Mn interaction is enhanced and the
FIG. 4. (8 A linewidth analysis of EPR spectra for the two sizéfled transverse relaxation timer¢) is increased due to quantum
spheres and squares representing the sizes of 5 and 8 nm, respgctively confinement effects. The quantized electrons enhance spin
nanocrystals with a serious variation of Mn concentration. For the samghase coherence and Mn—Mn interactions in the nanocrys-

concentration of Mn ions, the linewidth is broader in large-size nanocrystals . |: ; ;
than that in small-size oneth) The Mn—Mn interactions estimated from the talline quantum dots. Electron SpIns from doped magnetic

inverse of peak to peak intensities of hyperfine splittings from Fig. 3. TheionS in NCs_may provide long Spin.”fetime and may benefit
Mn—Mn interaction in small-size nanocrystals is enhanced. the application in quantum computing.

Mn-Mn Interaction

Averaged Mn-Mn Separation (A)
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