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Giant Zeeman splitting in nucleation-controlled
doped CdSe:Mn?* quantum nanoribbons

Jung Ho Yu'*, Xinyu Liu?*, Kyoung Eun Kweon3, Jin Joo'!, Jiwon Park*, Kyung-Tae Ko,

Dong Won Lee', Shaoping Shen?, Kritsanu Tivakornsasithorn?, Jae Sung Son’, Jae-Hoon Park?>,
Young-Woon Kim#, Gyeong S. Hwang3, Margaret Dobrowolska?, Jacek K. Furdyna®*

and Taeghwan Hyeon'*

Doping of semiconductor nanocrystals by transition-metal ions has attracted tremendous attention owing to their nanoscale
spintronic applications. Such doping is, however, difficult to achieve in low-dimensional strongly quantum confined
nanostructures by conventional growth procedures. Here we demonstrate that the incorporation of manganese ions up to
10% into CdSe quantum nanoribbons can be readily achieved by a nucleation-controlled doping process. The cation-exchange
reaction of (CdSe),; clusters with Mn?* ions governs the Mn?+ incorporation during the nucleation stage. This highly efficient
Mn?+* doping of the CdSe quantum nanoribbons results in giant exciton Zeeman splitting with an effective g-factor of ~600,
the largest value seen so far in diluted magnetic semiconductor nanocrystals. Furthermore, the sign of the s-d exchange is
inverted to negative owing to the exceptionally strong quantum confinement in our nanoribbons. The nucleation-controlled
doping strategy demonstrated here thus opens the possibility of doping various strongly quantum confined nanocrystals for

diverse applications.

a material, is the primary means of tuning the electronic,
optical and magnetic properties of bulk semiconductors.
With the recent emergence of nanoscience and nanotechnology,
doping of semiconductor nanocrystals has also attracted a great
deal of attention'™. Low-dimensional nanocrystalline materials in
the quantum confinement regime (quantum wires or quantum
ribbons) are increasingly attracting wide interest owing to their
unique properties, arising both from their low dimensionality
and their characteristic quantum confinement effects, which hold
promise for advanced nanodevice applications®”. The development
of new nanoscale doping strategies is naturally critical for the
various applications of these low-dimensional quantum structures.
Manganese ion (Mn*")-doped nanocrystals provide excellent
model systems for studying the doping process because of their
unique magnetic and optical properties, which can be characterized
by means of various spectroscopic techniques'. Furthermore,
from the viewpoint of their applications, doping of non-magnetic
semiconductors by transition-metal ions such as Mn*" leads
to the formation of diluted magnetic semiconductors (DMSs),
which have exotic magnetic and magneto-optical properties,
such as the giant Zeeman splitting of electronic states and
carrier-induced ferromagnetism, arising from the sp—d exchange
interaction between the transition-metal ions and the electronic
states of the host semiconductor®'2, This interaction—and thus
also the resulting properties that follow—are expected to increase
with quantum confinement'®>. Consequently, the development
of the methodology of synthesis of DMS nanostructures in the

D oping, that is, intentional incorporation of impurities into

quantum confinement regime constitutes a giant step towards
investigating new spin-based effects, and ultimately for fabricating
spintronic devices!*!,

Bottom-up colloidal chemical approaches for nanocrystal syn-
thesis offer many advantages over top-down physical methods,
including the ease of control of the nanostructure sizes and shapes
at low temperature, and homogeneous doping without impurity
cluster formation'®'®. Although much progress has been made
in the size- and shape-controlling synthesis of semiconductor
nanocrystals'®??, doping semiconductor nanostructures by col-
loidal chemical routes is still quite challenging®=°. For example,
the Mn?* ion is very hard to dope into CdSe nanocrystals despite
its bulk solubility in the CdSe matrix of nearly 50% (ref. 31).
It was reported that nanoscale doping processes are dominated
by the surface-adsorption kinetics of impurity ions during the
actual growth of the nanostructure, not during its nucleation
process®. This is because the so-called magic-sized clusters pro-
duced at the nucleation stage are too stable to be doped®. Fur-
thermore, when the dimensions of the structure are reduced to
the strong quantum confinement regime, the impurity ions have
an extremely low probability of being adsorbed on the growing
nanocrystals, because most of the volume in this limit consists
of the magic-sized clusters'?. Furthermore, the anisotropic crystal
morphology of many low-dimensional nanostructured materials
makes doping even more difficult'*?. Consequently, successful
doping of one-dimensional or two-dimensional semiconductor
nanocrystals****—especially in the strong quantum confinement
regime—has rarely been reported.
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Figure 1| Synthesis and characterization of CdSe:Mn2* quantum nanoribbons. a, Schematics of CdSe:Mn2* quantum nanoribbon aggregates. b-d, TEM
images of CdSe:Mn2* quantum nanoribbon aggregates, taken along the thickness direction of [1700]. The low-magnification (b) and the
high-magnification (¢) TEM images taken along the thickness direction, that is, along [1700], show that the CdSe:Mn?t quantum nanoribbons are stacked
into bundles owing to a strong van der Waals force between successive ribbons. The HRTEM image (d) shows that the nanoribbons have a uniform
thickness of 1.4 nm, with the growth direction along [000T] of the wurtzite crystal structure. e-g, Low-magnification (e) and high-magnification (f) TEM
images and a HRTEM image (g) of a single CdSe:Mn?* quantum nanoribbon, taken along the width direction of [1120]. The HRTEM image (g) and the
corresponding selected-area electron diffraction pattern (inset) show that the width direction corresponds to the plane of the wurtzite structure (see
Supplementary Fig. S1). h-1I, Characterization of CdSe lattice-incorporated MnZ* jons. The absorption (blue), photoluminescence (red) (h), and the EPR
spectrum (i) show that Mn?t ions are incorporated into the CdSe quantum nanoribbon lattice. The XAS spectrum (j) shows that the Mn ions have the
oxidation state of (+2) in tetrahedral coordination. Fourier transformed EXAFS, x (R), (black circles) at Mn K-edge (k) and at Se K-edge (I) of CdSe:Mn2*t
quantum ribbons were fitted with theoretical model calculations (red squares) in the CdSe wurtzite crystal structures.

Here, we demonstrate, however, that when doping can be carried
out at the nucleation stage of the nanostructure, this strategy
can be very effective for doping even at scales corresponding
to strong quantum confinement. Specifically, we show that the
cation-exchange reaction of (CdSe); clusters with Mn?* ions at
the nucleation stage, and the subsequent use of those clusters as
the building blocks for the desired nanostructure architectures,
enable successful doping of Mn*" ions into strongly quantum
confining (in our case the 1.4 nm thick) wurtzite-CdSe quantum
ribbons, with Mn*" concentrations as high as 10%. This highly
efficient Mn** doping of the CdSe quantum ribbons allowed
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us to observe a giant Zeeman splitting of excitons (as high as
54.6meV) and an effective g-factor of ~600, the largest value
obtained so far in any DMS nanostructure. Furthermore, owing
to the highly uniform thickness (1.4 nm) in the entire CdSe:Mn>*
nanoribbon series spanning Mn concentrations varying from 0.7
to 9.4%, we were able to obtain the Zeeman splitting energy
as a function of Mn concentration under the same quantum
confinement conditions. Our results indicate that the sign of the s—d
exchange parameter « in these nanoribbons is inverted to negative
owing to the very strong quantum confinement in these II-VI DMS
quantum structures. This inversion of the sign of « is consistent
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both with recently published experimental results and proposed
theoretical models®*—%.

The synthesis of the Mn?"-doped nanoribbons discussed
here was carried out by adapting the method for the CdSe
nanoribbon synthesis described earlier”. The Lewis acid-base
reaction of cadmium chloride and manganese(1r) chloride with
octylammonium selenocarbamate was carried out in octylamine at
the low temperature of 70 °C. Transmission electron microscopy
(TEM) images show that the synthesized CdSe:Mn*" quantum
ribbons have a highly anisotropic morphology with a highly
uniform thickness of 1.4nm, which corresponds to the magic-
sized molecular cluster of (CdSe)s, (ref. 40), with ribbon widths
ranging from 10 to 60nm, and lengths of a few micrometres
(Fig. 1b—g). The high-resolution TEM (HRTEM) image shows that
the nanoribbon growth occurred in the [0001] direction of the
wurtzite structure of CdSe (Fig. 1d). Furthermore, the HRTEM
images and the corresponding selected-area electron-diffraction
images show that the direction normal to the width of the
CdSe:Mn?** nanoribbons is the [1120] direction of the wurtzite
structure (Fig. 1g, Supplementary Fig. S1).

The electronic absorption spectrum of CdSe:Mn** nanorib-
bons shows the 15,-1S. optical transition at 450 nm (2.74eV),
blueshifted by nearly 1eV from the bulk bandgap of 1.7 eV, that
is, showing the effect of strong quantum confinement arising from
the extremely small thickness (1.4 nm) of the nanoribbons. Whereas
the photoluminescence spectrum of undoped CdSe nanoribbons
shows only the blue band-edge emission from the CdSe host*, the
photoluminescence spectrum of the CdSe:Mn** quantum ribbons
shows a suppression of the band-edge emission at 450 nm, and
the appearance of a strong emission at 590 nm owing to the
pseudo-tetrahedral (*T, to ®A,) transition of the Mn?* ions intro-
duced into the CdSe nanoribbons (Fig. 1h). The missing emission
from CdSe:Mn®* ribbons might be attributed to the very fast
relaxation of the excitons to the Mn excitation in the nanoribbons.
The photoluminescence excitation (PLE) spectrum of the 590 nm
emission observed in the CdSe:Mn?' quantum ribbons is the
same as the optical absorption spectrum, revealing that the energy
transfer proceeds from the CdSe quantum ribbon host to the Mn**
ions incorporated in the CdSe lattice (Supplementary Fig. S2).
Furthermore, the hyperfine splitting constant obtained from the
six-line electron paramagnetic resonance (EPR) spectrum of 1%-
doped CdSe:Mn?* quantum nanoribbons is 61.62 x 10™* cm™!,
characteristic of tetrahedrally coordinated Mn*" within the CdSe
lattice™, confirming that Mn?* ions are successfully doped into
the 1.4-nm-thick CdSe quantum nanoribbons (Fig. 1i). The X-ray
absorption spectrum (XAS) further supports the conclusion that
all of the Mn ions are tetrahedrally coordinated with an oxidation
sate of (42), confirming the photoluminescence and EPR data
(Fig. 1j). Furthermore, the Mn K-edge and Se K-edge extended
X-ray absorption fine structure (EXAFS) spectra show that the
effective radii (R.¢) of Mn and Se agree well with the theoretically
modelled R for wurtzite CdSe (Fig. 1k,1), which distinguishes
them from the effective radii of Mn and Se in Mn clusters or
in o-MnSe clusters (Supplementary Fig. S3), demonstrating that
no impurity clusters were formed during the reaction condition.
These results are remarkable not only because the Mn?* ions
were successfully doped into the ultrathin CdSe quantum nanorib-
bon host—a notoriously difficult process, as discussed above—
but also because shape control of the doped nanocrystals was
successfully achieved in the strong quantum-confinement regime
by this synthesis process. Furthermore, the elemental analysis
based on inductively coupled plasma atomic emission spectroscopy
(ICP-AES) reveals that a Mn*" doping concentration as high
as 10% was achieved, which corresponds well with the initial
MnCl, concentration under the reaction condition (Table 1, Sup-
plementary Fig. S4).
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Table 1| Comparison of initial molar concentrations of MnCl,
with molar concentrations of Mn?* in the CdSe:Mn?*
quantum ribbons, as determined by ICP-AES after washing
ten times with pyridine.

Doped Mn?* concentration
confirmed by ICP-AES (mol%)

MnCl; initial molar concentration
relative to CdCI; (mol%)

2.7 21(£0.D)

4 2.5(£0.4)
54 41(£0.5)
6.6 5.8 (£0.5)
8 6.9 (£0.3)
10 8.6 (£0.2)
12 8.8 (£0.3)
14 9.4 (£0.5)
16 9.9 (£0.3)
18 9.9 (£0.4)
20 9.9 (£0.2)

The synthesis was carried out using an intermediate binding
amine surfactant*!, which is important for the efficient surface
adsorption of the dopant atoms during the growth stage®.
However, the growth-controlled doping mechanism alone cannot
explain the successful very high Mn?" doping of CdSe nanoribbons
achieved by the procedure just described, because in previous
growth-controlled nanoscale doping methods, less than 10% of the
initial precursor concentration has generally been doped into the
nanostructures. Furthermore, as the dimensions of the nanocrystals
reach the size regime comparable to that of the magic-sized cluster,
the impurity atoms are readily expelled rather than being admitted
(doped) into the nanocrystals, which is known to result from the
characteristic thermodynamic stability of the magic-sized clusters.
In the case of CdSe, (CdSe)s, clusters are known to be the most
abundant and stable nuclei, with a binding energy exceeding 5 eV
(ref. 40). One should note here that the thickness of the CdSe:Mn?*
quantum ribbons (1.4 nm) is very similar to the size of the magic-
sized (CdSe)s4 clusters.

To understand the formation mechanism of the highly doped
CdSe quantum nanoribbons, we measured the optical absorption
and photoluminescence of a series of aliquots drawn from
the solution during the reaction (Fig.2). The absorption and
photoluminescence spectra taken immediately after the reaction of
the metal chlorides with selenocarbamate at ~20°C correspond
to those of the (CdSe)s, clusters (Fig. 2a), the main absorption
peak at 410nm corresponding to the 1S.-1S;, transition of the
(CdSe)s, clusters. The photoluminescence spectrum shows a band-
edge emission at 450 nm, which is similar to that of the clusters,
and a broad emission at around 520nm, revealing that Mn?"
has not been doped into the thermodynamically stable (CdSe)s,
clusters. As the reaction temperature is raised to ~40 °C, another
absorption feature appears at 350 nm, corresponding to (CdSe),;
clusters®**°, and simultaneously the 410 nm peak is seen to decrease
(Fig. 2b,c). In the photoluminescence spectrum, the dominant
emission appears at 580 nm, which results from the presence
of Mn*" ions doped into the CdSe matrix, and the peak at
520nm is significantly reduced. Moreover, the PLE spectrum
of the 580nm emission reveals that the photoluminescence is
associated with the wavelength of 350 nm, and not of 415nm
(Fig. 2d). These absorption, photoluminescence and PLE spectra
clearly demonstrate that Mn?* ions are successfully doped into
the (CdSe)s; clusters, not into the (CdSe)s, clusters. When the
reaction temperature is further increased to ~60 °C, the absorbance
at 410 nm completely disappears, and only the 350 nm absorbance
remains (Fig. 2c), whereas only the 580nm emission remains

49

© 2010 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nmat2572
http://www.nature.com/naturematerials

ARTICLES

NATURE MATERIALS po1:10.1038/NMAT2572

Increasing temperature

N
>
20°C 40°C 60 °C
a b c

~ 2+
3 (Case) = 3 o 3 (CdSe),5 Mn o
s s s 8 8 =
© @ ) @ 3 @
Q 3 (] 3 c 3
< @. < n, © u,
8 < 8 < RSl <
o ~ S ~ <] ~

300 400 500 600 300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)
d e f
—PLE

~ — Absorbance ~ + (CdSe);3 + Mn2* e
;i 3 + (CdSe)s, \:;
> Q
= S 5
5 & 2
2 € 2
= i 3

<

300 350 400 450 500 150 200 250 300 300 350 400 450 500

Wavelength (nm)

Decay time (us)

Wavelength (nm)

Figure 2 | Spectroscopic investigation of the process of formation and Mn?* doping of CdSe quantum ribbons. a-d, Optical absorption,
photoluminescence and PLE spectra of magic-sized clusters formed at the nucleation stage: spectra of (CdSe)s4 clusters formed at the instant of
selenocarbamate injection (a); spectra of (CdSe)s4 and (CdSe) 3 clusters formed during the heating-up period of the reaction (b); spectra of (CdSe)3
clusters reacting with MnZt ions (c); absorbance and PLE spectra of 580 nm emission at 40 °C, revealing that (CdSe)13 clusters are responsible for the
580 nm emission (d). e, Time-resolved 580 nm luminescence decays of the reacting mixtures at different stages of reaction. f, Absorbance of reacting

CdSe:Mn?* mixture during the ageing process at 70 °C.

in the photoluminescence spectrum. Furthermore, time-resolved
photoluminescence measurements carried out on this system reveal
that the luminescence of (CdSe)s, clusters (Fig. 2a) has a lifetime
of ~10us, whereas the luminescence of (CdSe);; clusters at the
wavelength of 580 nm (Fig. 2¢) has a much longer lifetime of 274 us,
attributed to the well-known phosphorescence characteristic of
the *T; to °A, transition of Mn?* ions doped inside 1-1v
semiconductor nanocrystals (Fig. 2¢)*.

In addition, we separately synthesized pure (CdSe);; clusters and
(CdSe)s, clusters; and we separately reacted a part of these precursor
clusters with MnCl,—octylamine complex (see Supplementary
Fig. S5). The pure (CdSe);s clusters show a completely different
photoluminescence spectrum from the (CdSe);; clusters reacted
with MnCl,. Whereas the photoluminescence spectrum of the pure
(CdSe),; clusters occurs in the ultraviolet wavelength range with
a maximum at 390 nm, the MnCl,-reacted (CdSe),s clusters show
a clear pseudo-tetrahedral (*T, to °A,) transition characteristic of
Mn?* ions around 580 nm. In stark contrast, there is no significant
difference in the photoluminescence spectrum between the pure
(CdSe)s4 clusters and the MnCl,-reacted (CdSe)s, clusters. These
experimental results further support our view that the Mn?>" ions
are doped directly into the (CdSe);; clusters, rather than being
incorporated by surface adsorption as the nanoribbons are growing.

Thus, the above experimental results suggest that there occurs
a cation-exchange reaction of the (CdSe);; clusters with Mn?*
ions, whereas this reaction does not occur in the case of the
more thermodynamically stable (CdSe);4 clusters. As the reaction
mixture is further aged at 70 °C, new absorption peaks appear at
420 and 450 nm, which are the characteristic of quantum-well-
structured CdSe quantum ribbons, and the 350 nm absorption
gradually diminishes and finally disappears (Fig. 2f). These results
suggest that the Mn?>"-exchanged (CdSe),; clusters act as building
blocks in the formation of the 1.4-nm-thick CdSe:Mn*" quantum
nanoribbons. Furthermore, we speculate that the extremely high
doping concentration of 10% of Mn*" in the 1.4-nm-thick CdSe
nanoribbons results from the substitutional replacement of one or
two of the Cd** cations in the (CdSe),; clusters by a Mn?* cation.
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To gain a better understanding of the doping of Mn** ions into
the CdSe clusters, first-principle quantum mechanical calculations
were carried out (Fig. 3), as follows. For the cation-exchange
reaction between Cd’" and Mn’*, we examined three and two
distinct sites in the magic-sized clusters (CdSe);; and (CdSe)s,,
respectively; that is, two-fold (indicated as A), three-fold (B) and
four-fold (C1 and C2 with slightly different distortions) sites in
the former (Fig. 3a), and three-fold (A) and four-fold (B) sites in
the latter (Fig. 3b). Taking MnCl, and CdCl, as reference species
(that is, (CdSe),, +MnCl, — Cd,_;MnSe, + CdCl,), the Cd—Mn
exchange tends to be practically thermoneutral (AH = 0.04eV
endothermic) at site C1 in (CdSe);;s. However, the other sites
under consideration are predicted to yield sizable endothermicities;
that is, 0.27eV and 0.15€eV at sites A and B in (CdSe)s,, and
0.17eV and 0.23eV at sites A and B in (CdSe);;, respectively.
Our calculations thus demonstrate the relative ease (from a
thermodynamics viewpoint) of Mn incorporation into (CdSe);s,
as compared with (CdSe)s,. We also looked at the incorporation
of an extra Mn?* into Cd;,MnSe;; clusters. The second Cd—Mn
exchange turns out to be exothermic by 0.08 eV and 0.02 eV when
the second Mn?" is placed at sites C2 and A, respectively, with
antiferromagnetic coupling to the first Mn?* at site Cl, but it
becomes noticeably endothermic for ferromagnetic coupling (see
Supplementary Fig. S6). The calculation results suggest that more
than one Mn** can be incorporated into the (CdSe),; cluster with
preference for antiferromagnetic ordering.

Furthermore, as shown in Fig. 3¢, the calculated partial densities
of states (PDOS) projected on the 4p state of Se atoms and the 5s
and 4d states of Cd atoms in the (CdSe),5 cluster show a noticeable
shift towards a higher binding energy on Mn incorporation.
This suggests that small CdSe clusters can be stabilized by Mn
doping. Thus, the computational results are consistent with the
experimental observations discussed earlier. This result implies
that by controlling the magic-sized cluster synthesis during the
nucleation stage, we can control doping at the nucleation stage as
well as at the growth stage. The procedure used for the synthesis of
CdSe:Mn** quantum nanoribbons can be readily extended to the
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Figure 3 | Theoretical investigation of Mn?* doping of CdSe clusters. a,b, Optimized atomic configurations for (CdSe)s3 (a) and (CdSe)ss (b). The white
and yellow spheres represent Cd and Se atoms, respectively. Distinctive Cd sites considered for Cd-Mn exchange are indicated: two-fold (A), three-fold (B)
and four-fold (C1and C2 with slightly different distortions) in (CdSe);3, and three-fold (A) and four-fold (B) in (CdSe)34. ¢, PDOS for the spin-up (1) and
spin-down ({) electrons of the Cd and Se atoms. The thick solid lines, thin solid lines and dashed lines represent Se 4p, Cd 4d and Cd 5s states,

respectively. The dotted line at E =0 eV indicates the Fermi-level position.

synthesis of other doped II-VI nanoribbons. As an example, we have
now also succeeded in synthesizing Mn?*-doped CdS nanoribbons
(Supplementary Fig. S7).

Finally, we studied magnetic circular dichroism (MCD) to
investigate the sp—d exchange interaction of Mn’' ions with
electronic states of the host in CdSe:Mn?* nanoribbons in the
presence of strong quantum confinement. A strong MCD signal
was found at about 2.9eV (435nm), which corresponds to the
1S,-1S. interband transition of the optical absorption spectrum.
The observation of a large MCD associated with this transition
indicates the presence of a giant Zeeman splitting of CdSe excitons
owing to the sp—d exchange between the band electrons of the CdSe
nanoribbon and the incorporated Mn?" ions (Fig. 4a). On the other
hand, in this study no MCD was explicitly observed on undoped
CdSe nanoribbons in the same magnetic-field regime, even though
zero-dimensional CdSe nanocrystals are known to show a small
MCD near the exciton transition*. The analysis of the MCD data
obtained on our Mn-doped CdSe nanoribbons yields a maximum
Zeeman splitting of 54.6 meV in the saturation field, and an effective
g-factor (g.) of ~600 in the small-field limit (Fig. 4b,d). These
values of Zeeman splitting and g.¢ are the largest seen so far in any
DMS nanocrystal system?**>46,

The highly uniform size of the nanoribbons with different Mn
concentrations in our nanoribbon series allowed us to study the
exciton Zeeman splitting as a function of Mn concentration under
the same degree of quantum confinement (Supplementary Fig. S8
and Fig. 4c)—a degree of control that is difficult to achieve in
DMS quantum wells with ultranarrow thicknesses. From the slope
of the Zeeman splitting versus effective Mn concentration (see
Supplementary Fig. S9), we obtain the sp—d exchange parameter
No(a—B)=0.50£0.10 eV (Supplementary Fig. S9), yielding the s—d
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exchange constant (Npw) as —0.28 £0.10eV (see Supplementary
Information). The calculated value of Ny is quite surprising,
because its sign is opposite to that found in all -Mn-vi DMSs,
where Nya is positive®. Previous reports have shown that the
s—d exchange interaction in DMS quantum wells is reduced
by kinetic exchange between the conduction band electrons
and the magnetic ions, leading to the prediction that its sign
could be inverted under very strong quantum confinement**,
Recently, it has been reported that g could be tunable by the
wavefunction engineering of core-shell ZnSe—CdSe nanocrystals,
and they suggested that the tunability of the g.; was partly due
to the sign inversion of the s—d exchange interaction originating
from quantum confinement*®. However, the sign inversion of the
s—d exchange constant has not been unambiguously confirmed in
earlier experiments, most probably because the degree of quantum
confinement was insufficient in the DMS-based nanostructures
fabricated so far. The dimension of the nanoribbons used in this
study allows the electron in the system to experience a very strong
confinement (the 1S absorption edge blueshifts by nearly 1eV
with respect to bulk CdSe), and at the same time to ‘see’ a large
number of Mn?" ions (which suggests that applying the mean
field approximation is probably justified in this case). Under these
circumstances, we expect that the model*®, which considers the
kinetic exchange between the conduction band electrons and the
magnetic ions, can be applied to our nanoribbon system. On
the basis of this model, we suggest that the sign reversal of s—d
exchange arises from the strong quantum confinement. However,
even though these conclusions seem convincing to us, several
questions definitely need to be addressed. First, the sign inversion
of Ny is predicted on the basis of recent experiments in 11-vI
DMS quantum wells***7#8, as well as by theory®®. However, the
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applicability of such a prediction in the CdSe:Mn nanoribbon
system still needs to be carefully investigated. Second, our results
are based on the assumption of an isotropic g-factor in the
nanoribbon system. However, considering the anisotropic shape of
the nanoribbon, we expect that Noow may experience a much larger
change along the strongly quantum confined direction. Third,
it has already been reported that for DMS quantum wells one
should expect a strong enhancement of magnetic properties in the
vicinity of the interface?®. Consequently, the calculated value of
Noya should strongly depend on the number of Mn clusters on
the surface of the nanoribbons. Although the numerical simulation
(see Supplementary Information) cannot be expected to rigorously
account for the statistics of possible Mn clusters at the surface, the
EPR data (Fig. 1i) suggest that the number of Mn clusters on the
surface of the nanoribbons seems to be insignificant.

We note parenthetically that the MCD spectra described here
were reproducible for several months in a given sample. This attests
to the robustness and stability of these nanoribbons, indicating
that we can safely ignore the possibility of a self-purification
process in this system™®, despite the very narrow thicknesses of
the nanoribbons. Thus, because low-dimensional DMS structures
can act as spin-transport channels, the controlled assembly of such
free-standing robust CdSe:Mn*" quantum ribbons seems to hold
promise for new spintronic applications.

Methods

Synthesis of Mn”>*-doped CdSe quantum ribbons. The CdSe:Mn*" quantum
nanoribbons were synthesized from the reaction of CdCl, and MnCl, octylammo-
nium selenocarbamate in octylamine. The octylamine solution of CdCl, and MnCl,
was prepared by heating 10 ml of octylamine containing 1.5 mmol (0.275 g) of CdCl,
and 0.0075 mmol (0.0094 g) of MnCl, at 120 °C for 2 h. At this stage, octylamine and
CdCl, reacted to form a mixture of CdCl,(octylamine), and MnCl, (octylamine),
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complexes. Octylammonium selenocarbamate was prepared by bubbling CO gas
into 5 ml of octylamine containing Se powder (0.355 g, 4.5 mmol), with vigorous
stirring for 2 h at room temperature. During this process, the solution colour was
gradually changed from black to red brown, finally becoming turbid white. The
as-prepared octylammonium selenocarbamate in octylamine was injected into the
cadmium-octylamine complex solution at room temperature, instantly generating
a transparent light-yellow solution. This solution was slowly heated to 70 °C and
kept at this temperature for the desired time. For characterization of the CdSe:Mn?**
quantum nanoribbons, aliquots were taken from the reaction mixture during the
synthesis of the quantum ribbons. As the quantum nanoribbons were generated,
the initially transparent yellow solution changed to turbid yellow. The quantum
nanoribbons were then precipitated out by adding excess ethanol containing
trioctylphosphine, which was required to remove the un-reacted selenocarbamate.

Magneto-optical spectroscopy. MCD measurements were carried out in a
variable-temperature optical cryostat equipped with a 6 T superconducting
magnet with magnetic field applied parallel to the direction of light propagation,
that is, perpendicular to the surface of the sapphire substrate on which the
CdSe:Mn*" nanoribbons are pasted. The MCD measurements were carried out
in the transmission mode, using a polarization modulation technique by means
of a photoelastic modulator. The transmitted light was detected by a photodiode
and lock-in amplifiers.
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