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ABSTRACT

The defining attribute of a diluted magnetic semiconductor (DMS) is the existence of dopant —carrier magnetic exchange interactions. In this
letter, we report the first direct observation of such exchange interactions in colloidal doped CdSe nanocrystals. Doped CdSe quantum dots

were synthesized by thermal decomposition of (Me  4N),[Cd4(SePh)yq] in the presence of TMCI , (TM2+ = MnZ* or Co2") in hexadecylamine and
were characterized by several analytical and spectroscopic techniques. Using magnetic circular dichroism spectroscopy, successful doping

and the existence of giant excitonic Zeeman splittings in both Mn 2t and Co?%™-doped wurtzite CdSe quantum dots are demonstrated
unambiguously.

Diluted magnetic semiconductor (DMS)anostructures are  (TM?") impurity ions such as M. The evidence supporting
the basic working components of many existing and proposedthese claims has included: (i) insensitivity of some observ-
devices in the emerging field of semiconductor spin-based able (e.g., magnetic susceptibility, electron paramagnetic
electronics, or spintronics:* Prototype spin valves and spin-  resonance (EPR) spectrum) to pyridine surface ligand
based light-emitting diodes have been demonstrated that us@xchange, (ii) Vegard’s law behavior in the X-ray diffraction
DMS nanostructures grown by molecular beam epitaxy as (XRD), and (jii) observation of resolved six-line hyperfine
their key functional components? The novel functionalities  structure in MA* EPR spectra. Unfortunately, the very small
of these devices all derive from carrielopant magnetic  dopant concentrations and very large surface-to-volume ratios
exchange interactions within the DMSs (the so-calleeldp  of the nanoparticles often described in the literature (e.g.,
exchange interaction$)These exchange interactions allow 1—10 dopants/4 nm diameter nanocrystal) make false posi-
the manipulation of carrier spins through magnetization of tives a major concer# For each of the above criteria, for
the magnetic impurities. example, counterexamples have been encountered: (i) py-
A central theme of the field of nanotechnology is the use ridine can be exceedingly slow in removing ¥Mons with
of bottom-up approaches for the preparation of device two or more bonds to a nanocrystal surfatéi) core/shell
structures analogous to those grown by molecular beamnanostructures can show shifts in XRD lines similar to those
epitaxy or related vacuum deposition techniques. Various expected from Vegard's law for alloy&2526and (iii) Mn2*
functional devices, including field-effect transistors, light- iy various chalcogenide impurity phases can show EPR
emitting diodes, and sensors, have been made by self-hyperfine splittings similar to those expected for Mrin
assembly of colloidal nanocrystalline componetitsRe- doped I-VI chalcogenide nanocrystals. Because of the
cently, focus has shifted toward doping of colloidal nymerous scenarios that may lead to false positives, claims

semiconductor nanocrystals by direct chemical methods o hanocrystal doping must be substantiated by extraordinar-
because of the vast untapped potential to control their ily strong evidence in favor of that conclusion.
physical properties through the judicious introduction of

impurities!12CdSe is arguably the most thoroughly inves-
tigated of the binary semiconductors made by colloidal
chemistry methods, but doping of this lattice has been
notoriously problematié3~*> Several groups have claimed
successful doping of CdSe nanocrystals by direct chemica
methods;?141622 mostly with magnetic transition metal

The defining feature of a true DMS is the existence of
sp—d exchange coupling between the dopants and semicon-
ductor band electrorisTo date, physical properties deriving
from sp—d exchange have not been demonstrated for any
IcoIIoidaI doped CdSe nanocrystals. An experiment sensitive
to the existence of spd exchange coupling in colloidal
TM?2*:CdSe nanocrystals would therefore provide a powerful

* To whom correspondence should be addressed. E-mail: gamelin@ a\_/enue for tgsting claims Of successful doping and, in contrast
chem.washington.edu. with the various methods listed above, would also allow the

10.1021/nl0702362 CCC: $37.00  © 2007 American Chemical Society
Published on Web 03/23/2007



functionally relevant physical properties of the doped nano-
crystals to be evaluated.

In this letter, we report the first direct observation of-gp
exchange interactions in colloidal TWdoped CdSe quan-
tum dots (QDs). Magnetic circular dichroism (MCD) spec-
troscopy is used as a direct probe of—sp exchange
interactions in DMS nanocrystals, revealing giant excitonic
Zeeman splittings through differential absorption of left)
and right ¢™) circularly polarized light. MCD spectra of
colloidal DMS QDs demonstrate successful doping of both
Mn?t and Cé' into 2-5 nm diameter wurtzite CdSe
nanocrystals and confirm the existence of giant excitonic
Zeeman splittings in these doped QDs. The results presented
here show that these TWtdoped CdSe nanocrystals are
promising materials for studying spin effects in semiconduc-
tor nanostructures.

Doped CdSe nanocrystals were prepared by a variation
of the cluster method advocated by the Strouse gtéup. 8' I o c:I Q
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Briefly, the cluster precursor (MM),[Cds(SePhy,] was 2
synthesized by adapting literature methidds use benzene- 2 40
selenol in place of benzenethiol. The selenol-terminated 260 [Degrees]

inorganic cluster was prepared under inerg)(sonditions Figure 1. TEM images of (a,b) 2.1% CG6:CdSe and (c) 1.0%

by addition of Cd(NQ),*4H,0 (17 mmol) in methanol (15 yp2+.cqse nanocrystals. (d) X-ray diffraction datadof 4.6 nm
mL) to an equimolar solution of triethylamine and benzene- ~0.1% Mr?+:CdSe nanocrystals. The vertical bars show the

selenol (45 mmol) in methanol (15 mL) at room temperature. diffraction peak positions of bulk wurtzite CdSe.
A solution of tetramethylammonium chloride (19 mmol) in

methanol (10 mL) was added, and the mixture was allowed toluene was repeated three times to remove excess reagents.
to crystallize at 0C under N. The crystalline product was  syrface-bound dopants were removed by sonicating the
ﬁltered, washed repeatedly with methan0|, and dried under Suspended QDS in the presence of triocty|_phosphine oxide
vacuum. (TOPO), followed by precipitation, centrifugation, and
To our knowledge, neither (MHM),[Cdsi(SePh)q nor resuspension in toluene. Surface cleaning of'@adSe
related selenol-capped clusters have been used previouslyanocrystals was monitored by UV/vis absorption spectro-
to prepare doped CdSe nanocrystals, although a relatedscopy as described in previous repéfst 33
cluster has been reported to yield undoped CdSe nanocrystals Figure 1 presents representative TEM images of (a,b) 2.1%
when heated under conditions similar to otfrdn our Cc?™:CdSe, (c) 1.0% M#:CdSe, and (d) powder XRD data
experience, however, the use of benzeneselenol in place ofor ~0.1% Mr?*:CdSe QDs. The nanocrystals appear ap-
benzenethiol appears to be essential for achieving theproximately spherical and exhibit XRD peak positions
correct TM:CdSe product. As will be described in  matching those of wurtzite CdSe. A Scheffanalysis of
detail elsewheré attempts to synthesize € and  the 110 peak yields an average diameter of ca. 4.6 nm,
Mn?*-doped CdSe using a similar thiol-terminated cluster consistent with the diameter (4.58 nm) estimated from
(MesN)4[CdioSe(SPh)¢] resulted in crystal lattice segre- established relationshifgbetween CdSe band gap energies
gation. and nanocrystal diameters. In general, nanocrystals ranging
TM2:CdSe QDs were synthesized from the from 2.5-5.0 nm in diameter and with 2% TM?"
(MesN)2[Cds(SePhyg clusters by techniques adapted from incorporation can be prepared by this method through
literature involving (MeN)4[Cd;0cSe(SPh)g.%° To synthe- appropriate control of the synthetic conditions.
size TM™:CdSe QDs, a solution of-80.3 mmol of TMC} Electronic absorption spectroscopy provides evidence for
in 11.8 g of hexadecylamine was degassed under vacuum asuccessful C8 incorporation into the CdSe QDs. Figure 2
130°C for 1.5 h. The reaction vessel was placed undgr N presents 300 K electronic absorption spectra of colloidal
and the temperature reduced<4®0 °C, at which point 0.1 1.5% Cd@":CdSe QDs suspended in toluene. Both the
mmol of (MeN),[Cd4(SePh)] and 0.27 mmol of Se powder  *A,(F) — “T4(P) ligand-field transition £13 500 cm?, or
were introduced. The temperature was increased toe°€C30 1.67 eV) of tetrahedral cobalt and the well-defined excitonic
and maintained for 1.5 h. The temperature was then slowly transition (18 700 cn1?, or 2.32 eV) of thed = 2.76 nm
increased to 218C and kept constant until the desired QD CdSe nanocrystals are observed. Thig'Gibsorption band
size was achieved. After growth, the solution was rapidly agrees well with that of bulk Co:CdSe3® with the exception
cooled to <100 °C, and the particles were isolated by that the*T,(P) band in bulk C&":CdSe is partially occluded
addition of a mixture of toluene and methanol, followed by by the onset of the CdSe band edge, whereas in ti#é: Co
centrifugation and resuspension in toluene. The process ofCdSe QDs, théT,(P) band is clearly resolved because the
precipitation with methanol followed by resuspension in CdSe band edge absorption has shifted to higher energy due
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Figure 2. Absorption spectra at 300 K of colloiddl= 2.76 nm
1.5% Caé":CdSe QDs suspended in toluene. The dashed line shows
the absorption spectrum of bulk &oCdSe in the!A,(F) — 4T-

(P) ligand-field region (adapted from ref 36).

IS

to quantum confinement. The molar absorptiviggdf+
200 Mt cm™) is consistent with four-coordinate €oin
other II=VI nanocrystalg*3337 Previously, ligand-field
electronic absorption spectroscopy was used to monitor
changes in C& speciation during nanocrystal doping,
allowing distinction between surface and substitutionat"Co

in Co*":ZnO*13% and C3T:CdS2* for example. As in these

cases, C8 ions bound to the surfaces of CdSe nanocrystals
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Figure 3. Experimental (top) and simulated (bottom) 300 K X-band
EPR spectra of colloidad = 4.58 nm ~0.1% Mr?":CdSe
nanocrystals suspended in toluene. The sample is the same as used
for Figure 1d. The simulation was performed using eqid, E
2.0041+ 0.0005,Ag0 = —62.2+ 0.1 x 104cm%, D = —82 x

104 cm™L, 7% D-strain).

neous broadening. The resulting simulation is shown in

show broadened absorption bands shifted to higher energiessigure 3. Theg and A parameters deduced from the

than those of substitutional €oin CdSe (see Supporting
Information), reflecting inhomogeneous speciation and the
greater effective ligand-field strengths of the surface-capping
ligands than the lattice Seanions. After surface cleaning,
there is no evidence from the ligand-field spectroscopy of
any remaining surface bound €oin these Cé&":CdSe
nanocrystalg?

Mn?*:CdSe QDs were prepared in the same manner.
Because MA™ has no spin-allowed ligand-field transitions,
only the transitions of CdSe were observed in the absorption

simulation @iso = 2.0041+ 0.0005,As, = (—62.2+ 0.1)

x 104 cm™1) agree well with those reported for bulk Ktn
CdSe @iso = 2.0041+ 0.0005,As0 = (—62.2+ 0.1) x 1074
cm1).38 This prior analysis of the bulk Mi:CdSe EPR
spectrum used a spin Hamiltonion that included additional
cubic field and fourth-order spirorbit perturbations not
included in eq 1. As a result, the two simulations yield
different values for the second-order spiorbit coupling
parameteD: D = —82 x 104 cm* from eq 1, compared
to D = (+15.24 0.5) x 104 cmtin ref 38. The powder

spectrum. EPR spectroscopy was therefore chosen as a morgpRr spectrum of Figure 3 is reproduced well using the

suitable technique for characterizing Mrspeciation. Figure

3 plots the 300 K X-band EPR spectrum of colloidd).1%
Mn?t:CdSe QDs{ = 4.58 nm) suspended in toluene. The
experimental spectrum shows the characteristic six-line
hyperfine splitting pattern of M (**Mn, | = 5/2) with
sufficient resolution to identify several smaller features
between the six principal lines.

H = qugH-S+ AS| + D[Sﬁ - %S(SJF 1)] 1)

The experimental EPR spectrum was simulated by using
the axial spin Hamiltonian of eq 1, which includes the
Zeeman splitting, electremuclear hyperfine coupling, and
axial zero-field splitting terms, respectively. Théactor and
hyperfine @) values were approximated as isotropic because
their spectral anisotropy would be poorly resolved in the
powder EPR spectrum of Mh:CdSe. The fine structure
could not be reproduced without inclusion of an axial zero-
field splitting, consistent with M# substitution for Cé' at
the axially distorted cation site of wurtzite Cdde-strain
on the order of 7% was included to account for inhomoge-
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simpler Hamiltonian of eq 1, but the resultibgvalue must

be viewed as an effective phenomenological number and
should not be overinterpreted. Because inclusion of additional
higher-order terms would result in overparameterization, it
is not warranted by the data. Bagly, andAis, are unaffected

by this approximation. We note that the hyperfine coupling
constant A, Obtained in Figure 3 is significantly smaller
than that determined previously for Kthin colloidal wurtzite
Mn2*:ZnO nanocrystals using the same spin Hamiltonigg (
=1.999,Aso=—74.0x 10%cm ™}, D= —-2.36x 107?),%
suggesting greater delocalization of unpaired spin density
away from the MA" nuclei (i.e., greater Mii-anion cova-
lency) in the Mi3":CdSe QDs. Overall, the EPR analysis
corroborates the conclusion reached forrC6dSe nano-
crystals above, namely that this synthetic method results in
successful TM" doping of wurtzite CdSe nanocrystals.

As described above, the data in Figures3Iprovide strong
evidence for nanocrystal doping but do not provide a direct
demonstration of spd exchange interactions in these
guantum dots. To probe for sl exchange coupling, MCD
spectroscopy was used to measure the excitonic Zeeman
splittings of the nanocrystals with and without ¥Mlopants.
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Figure 4. (a) Zeeman splittings of wurtzite CdSe valend® and I'y) and conduction I(5) one-electron levels in the presence of a
magnetic field H > 0) and their dependence on transition metal dopant concentrajiam TM2":CdSe. The splitting energies are given

by I Ip, I, @and Ik, 11y, 1l See text for details. (b) Multielectron state diagram illustrating the band-edge transitions probed by MCD
spectroscopy, where~ ando* correspond to the absorption of left and right circularly polarized light, respectively.

Adopting the formalism used to describe the analogous bulk Exchange coupling between the exciton and magnetic
DMSs} the Zeeman splittings of the one-electron semicon- dopants introduces a new contribution to the excitonic
ductor valencel(; andTy) and conductionI(5) levels at the Zeeman splitting energy. This contribution depends on the
I" point for both undoped and doped CdSe are summarizedstrengths of the TKf-carrier exchange interactiorso

in Figure 4a. The corresponding multielectron state diagrams(s—d, or potential exchange) andy8 (p—d, or kinetic
that describe the observed MCD spectroscopy at the bandexchange), and on the effective concentration ofThns
edge are shown in Figure 4b. (¥). In the limit of zero applied field, the random spin

At zero field H = 0), the valence band of hexagonal CdSe ©rientations of an ensemble of PMions lead to net
is split into I, and T levels separated by the crystal-field Ccancellation of the exchange term and consequeXteman
splitting energyDo ~ 195 cnt (~24 meV)! Application = 0. In the I|_m|t of one TM* ion, the (_axchange sfpll'thg
of a magnetic field#l > 0) splits the valence and conduction occurs even in th.e absence of an applied magnetic field but
(I'%) one-electron levels according to their intringicand IS az\iera_ged out in an ensemble measureﬁief'_ft.A_s the .
Onn values (Figure 4b). Within this Zeeman-split manifold, TM®" spins are ghgned by an ext_ernal magnetic field, their
there are four optical transitions allowed by the selection exchange energies add constructively, and a dopant-depend-
rules for absorption of circularly polarized lighty = +1) ent contribution t(AEzeema."'S observedAEZeemanls therefore
and four that are forbidden in circular polarization. The dependent upon the. spin expectation \(alue for tthTM
Zeeman splitting energies of the valence and conduction dopants along the_z dlreptlon of the app_lled magnetic field,
levels shown in Figure 4a ares + gusH, Iy = 3gusH, [&(note thz_ﬂ@lDls deflped as a negative quantityThe _
and | = guusH. The effective excitonic Zeeman splitting Zeeman splitting energies of the valence and conduction

energy for an undoped CdSe QD, defined here as the energ)lfﬁ\éenl_s Ifahf‘”l” ln 'Eé?[l;\lre 43 ffr t?gmtj()pidl Ciﬁg I?,D—S are
differenceAEzeeman= |—3/2,~1/20~ |3/2,1/Z]0n Figure 4b - Mk = 1o = XIBMNoat, llp = BN = o, -

) . _ ! (LIBXBMNo3 — I, and the effective excitonic Zeeman
(where the notation describes the parg,e;,lconfigura- L : . ) .
tion), is thus given by eq 2, and the effective LArgiactor splitting energy in the TMI":CdSe DMS QDs is described

- :
is defined aur = AEseanefitsH. Because the values of by eq 3. In both MA":CdSe and C&:CdSe bulk DMSs,

> <01 i
wurtz_ite CdSe are anisotropic, those_ mea_sured for a frozenmfintgnas?gl\éfemgﬁ Zgﬁttsir%dotfe :?elgsgtirghgioﬁpi?ﬁ?gse
SO|l.'ItI0r.‘| of Cng nangcryst'als'are orlentatlon—averaged.Theenough’ should cause an inversion of the M@Rerm
excitonic MCD S|gn§\I is derivative shape_d due to the overlap polarity at the band edge (Figure 4b).
of equal and opposite bands separated in energyH¥eman
(i.e., anA-term MCD signdl®. From eq 2,AEzeeman Of
diamagnetic CdSe is expected to be linearly proportional to
the applied magnetic field strength. Following the sign
convention of Piepho and Schdfza positiveges; of the first
transition would yield a positivé\-term signal, whereas a
negativeges would yield a negativéd-term signal.

AEZeeman: (3ghh - ge):uBH + XESZENO(O* - ﬂ) 3

Figure 5 show 6 K absorption and variable-field {®
T) MCD spectra of TOPO-capped (d)= 3.19 nm CdSe,
(b) d = 2.64 nm 1.0% M#A":CdSe, and (cpd = 2.76 nm
1.5% Ca@*":CdSe nanocrystals. The MCD features of the
undoped CdSe QDs (Figure 5a) centered at ca. 20 006 cm
AEzeeman™ (39 — JlugH (2) (2.48 eV) are similar to those reported previou$I§f As
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@ Mn™~ :CdSe collected &6 K for the samples from Figure 5. Undoped Cd®e (
2 exciton), 1.0% MA":CdSe @, exciton), 1.5% C®&:CdSe (7,
exciton;O, “T(P) ligand-field). The dashed curves show the spin-

0.01— T T T T T only saturation magnetization calculated from eq 4 using appropriate
0.031 bulk parameters (Mi: g=2.0041,S=5/2; Cd": g=2.3,S=
0.02- 3/2)3846The solid curves show the results expected from inclusion

’ of the first term in eq 3. The dashed straight line is a linear fit of

< 0.017 the CdSe data.
2 0.00 excitonic MCD feature of the 1.5% GaCdSe QDs is more
-0.014 intense and inverted in polarity relative to undoped CdSe.
In addition to excitonic intensity, the MCD spectra of the
0.02_, L Co*":CdSe QDs show a second feature~t3 500 cm?
. 1.04€C that is readily identified as the spiorbit split *Ax(F) —
§ “T4(P) ligand-field transition of tetrahedral €o(see Figure
2).

0.0 A salient feature of the TERf-doped CdSe QD MCD
0.03- intensities is their saturation magnetization in variable-field
0.02 measurements (Figure 6). In contrast to the intensities of the

aal undoped CdSe QDs, the excitonic MCD intensities oPMn

% 0019 and Cé*-doped CdSe QDs saturate, following the ground-
< 0 00 i state saturation magnetization of these idBs=(5/2 andS
0.01- = 3/2, respectively). The dashed curves in Figure 6 show

' the relative magnetizations & = 5/2 andS = 3/2 ions

-0.024 . : . . : calculated from eq 4 using the isotrogjovalues measured

24 22 20 1'8 16 14 12 for bulk Mn?*- and Cé*-doped CdSe (2.0041 (Figure 3)
Energy [10°cm’’] and g = 2.3/6 respectively), whereM is the volume
magnetizationlNo is the number of unit cells per unit volume,
Figurte 5. fE|e”Ctl_fgnliC abso;ptlign and Vzriablg gz'g%e m MCDt | X is the cation mole fraction of paramagnetic iong,is the
spectra of colloidal (a§l = 3.19 nm, undope e nanocrystals i ; i~ fi
(t?) d=2.64 nm, 1.0(%¢M?—1+:Cd3e ﬁanocr?/stals, and @)= 2%6 '+ Bohr magnetonT S the temperature is magnetic field,
nm, 1.5% C&":CdSe nanocrystals collected at 6 K. andk is Boltzmann’s constant. The zero-field splittings of
the Mr?* and Cé" ground states have been neglected

d ibed iousiP the first tw ited states i doped because, in both cased) 2s sufficiently smaller thakT at
escribed previousl§, the first two excited states in undoped ¢y — ) 0082 cmi* for Mn2+:CdSe (Figure 3) and 0.5

CdSe hay@eﬁ values with o.pposite ;igns, givipg rise totwo 1oy CoP+CdSe").

overlappingA-term MCD signals with opposite polarities.

Thg IgadmgA—term derlvf':mve in Figure 5a is posnllve, M = —Ngxaug 5,0

indicating ger > O for this excited state. Variable-field

measurements of the CdSe QDs show no saturation butonly 1 Qug

a linear dependence of the MCD intensity on field (Figure 2 NoxguB[(ZS—i- 1 COtI_((ZS+ 1)( 2kT )) B

6). . gugH
The 1.0% MiA™:CdSe QDs also show a derivative-shaped co 2kT

MCD feature at ca. 19 500 crh (Figure 5b), but with

significantly more intensity (ca. 30 times) and an inverted  For Mr?*:CdSe, the excitonic MCD saturation magnetiza-

polarity relative to the undoped CdSe QDs. Similarly, the tion data in Figure 5 follow the anticipate8§ = 5/2

(4)
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Table 1. Comparison of Excitonic Zeeman Splitting Energies in Undoped and" IDbped CdSe Quantum Dots

AE7¢eman(saturation)
TM2+/QD AE7ceman exptl predicted® exptl vs Seft

sample (av) B6K,5T) (meV) (meV) (meV) predicted (%) (6 K)

1.0% Mn?*:CdSe 1.7 -94 -11.5 —24.3 47 —-52.5
(d = 2.64 nm)

1.5% Co?*:CdSe 2.9 -10.2 -13.3 -30.4 44 —49.7
(d =2.76 nm)

CdSe 0 +0.31 -- +1.1
(d =3.19 nm)

aCalculated from bulkNo(o—p) valued#° using egs 3 and 4 anfi= 6 K.

magnetization very well. Similarly, for C6:CdSe, the
excitonic and ligand-field MCD intensities both follow the
sameS = 3/2 magnetization. The observation of ™M
saturation magnetization for the excitonic MCD intensities
unequivocally demonstrates exciteiM?" exchange cou-
pling in both Mr#*:CdSe and C8:CdSe QDs. The inverted
polarities of the first MCD signal relative to undoped CdSe
further indicate that the spd exchange contribution domi-
nates eq 3 for both Mri:CdSe and C8:CdSe QDs. In fact,
description of the data in Figure 5 using eq 4 is only

The magnitudes of the excitonic Zeeman splittings in these
doped QDs agree reasonably well with those of the corre-
sponding bulk materials. For comparisafEzeematSatura-
tion) was estimated from the bulk valuesNif{o.—f) (+1.37
eV for Mn?":CdSe,+2.149 eV for Cé":CdSe)'*? account-
ing for antiferromagnetic TR —TM2" nearest-neighbor
interactions, and the results are included in Table 1. The
DMS nanocrystal and bullAEzeemanValues are both very
large relative to that of the undoped CdSe nanocrystals. The
apparent reduction dEzeemanin the nanocrystals compared

approximate because it neglects the first term in eq 3, butto bulk would be consistent with the recent recognition that

this intrinsic term is small relative to the sp term (vide
infra) and is therefore usually neglected. Explicit inclusion
of the intrinsic splitting term yields the solid curves in Figure
5.

When AEzeemanis small relative to the CdSe crystal-field
splitting, Do, the experimental excitonic Zeeman splitting

dopants are generally excluded from the critical nuclei of
semiconductor nanocrystéig®and are only incorporated into
the nanocrystal lattices during the subsequent growth
stageg!143337.50The exclusion of magnetic dopants from
the central cores of DMS QDs, where exciton probability
densities are greatest, reduces dopamciton overlap and

energy can be estimated from the absorption and MCD consequently diminishes\Ezeemasd’ Some reduction in

spectra using eq 8;*” where o refers to the Gaussian
bandwidth andAA/A is the maximum excitonic MCD

AEzeemanhas also been predicted to result from the wavevec-
tor dependence of the sl exchange interaction parameters

intensity at the leading edge divided by the absorbance at;p, quantum confined DMS¥. Although the model sum-
the same energy. The negative sign results from the definition 1, 5rized in Figure 4 describes the major experimental

of AEzeemanprovided above.

®)

Application of eq 5 to the CdSe QD data in Figure 5a
yields AEzeeman= 1+0.31 meV andjes = +1.1 at 6 K and 5
T, in good agreement with previous experimental and
theoretical result$>*8which both gavege; ~ +1.4 ford =
3 nm CdSe nanocrystals. Similarly, application of eq 5 to
the TM?":CdSe QD data in Figure 5 yield$Ezeeman= —9.4
meV for the 1.0% M#A":CdSe QDs and-10.2 meV for the
1.5% Ca@*:CdSe QDs, both at 6 K and 5 T. This analysis is
summarized in Table 1, which also includes &K effective
Landeg factors for the doped CdSe QDs, calculated from
the experimental data @g# = AEzeemaditsH in the small-

observations in Figures-% well, it does neglect the
important influences of crystallite shape anisotropy on
electron-hole exchange interactiorgyalues, and zero-field
splittings, and is hindered by inhomogeneous broadening of
the optical transition$352 These limitations could be rem-
edied considerably by single-particle measurements. The
demonstration here of strong-sg exchange interactions
provides incentive to pursue such measurements on these
colloidal TM?*-doped CdSe QDs in order to shed more light
on their attractive physical properties.

In summary, MCD spectroscopy has been used to dem-
onstrate strong spd exchange interactions in colloidal K
and Cd'-doped CdSe nanocrystals. TMdoped CdSe
nanocrystals were synthesized using an inorganic cluster
method, and the results of dopant-specific spectroscopic

field limit. These values are temperature dependent, scalingexperiments (ligand-field electronic absorption and EPR

with [§0as 1T. AEzeemafSaturation) values are also included

spectroscopies) were shown to be consistent with successful

in Table 1. The data in Table 1 demonstrate that these dopedsubstitutional doping of the wurtzite nanocrystals. The?TM
CdSe QDs show excitonic Zeeman splittings that are much saturation magnetization and invertéeterm polarities of
greater than the ones observed in the undoped CdSe QDsthe doped CdSe nanocrystal excitonic MCD intensities

with inverted splittings and saturation magnetization that
reflects magnetization of the TWlimpurities. These are the
signatures of spd exchange in a true DMS.
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provide unambiguous evidence of successful nanocrystal
doping. MCD spectroscopy was used to evaluate the
magnitudes of the excitonic Zeeman splittings, yieldgag
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~ 50 at 6 K for both 1.0% M#:CdSe and 1.5% Co:CdSe

QD.S’. or ~50 times greater than the excitonic Zeeman (19) Meulenberg, R. W.; Van Buuren, T.; Hanif, K. M.; Willey, T. M,;

splittings of undoped CdSe nanocrystals under the same =  strouse, G. F.; Terminello, L. Nano Lett.2004 4, 2277-2285.

conditions. These results demonstrate that the colloidal (20) Magana, D.; Perera, S. C.; Harter, A. G.; Dalal, N. S.; Strouse, G. F.
P J. Am. Chem. So@006 128 2931-2939.

™ qued Cqse DMS n?nocr){Stals pre'pared here ,are (21) Jian, W. B.; Fang, J.; Ji, T.; He,Appl. Phys. Lett2003 83, 3377

attractive materials for studying spin effects in free-standing 3379.

quantum-confined semiconductor nanostructures relevant to (22) Guo, B. C;; Pang, Q.; Yang, C. L.; Ge, W. K;; Yang, S. H.; Wang,

[ ; ; ; J. N. AIP Conf. Proc.2005 772, 605-606.
Spin based information processing. (23) Norberg, N. S.; Gamelin, D. R. Appl. Phys2005 99, 08M104.

. (24) Radovanovic, P. V.; Gamelin, D. B. Am. Chem. So@001, 123
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