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ABSTRACT We present an experimental study of the magneto-
optical activity of multiple excited excitonic states of manganese-
doped CdSe quantum dots chemically prepared by the diffusion
doping method. Giant excitonic Zeeman splittings of each of these
excited states can be extracted for a series of quantum dot sizes and

are found to depend on the radial quantum number of the hole

envelope function involved in each transition. As seven out of eight
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transitions involve the same electron energy state, 1S, the dominant hole character of each excitonic transition can be identified, making use of the fact

that the g-factor of the pure heavy-hole component has a different sign compared to pure light hole or split-off components. Because the magnetic

exchange interactions are sensitive to hole state mixing, the giant Zeeman splittings reported here provide clear experimental evidence of quantum-size-

induced mixing among valence-band states in nanocrystals.
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he three-dimensional confinement

of quantum dots is expected to cause

significant valence-band mixing,' ™
resulting in a large number of excitonic
transitions of mixed hole character. This
scenario is in distinct contrast to that of, for
example, two-dimensional systems, which
show no such mixing. Valence-band mixing
has been suggested to affect important
physical properties of quantum dots, such
as piezoelectric fields,® phonon modes of
excited states,” polarization degree® spin
dephasing,’ spin-selective tunneling,'® and
magneto-optical response,' all of which are
relevant to the potential technological utility
of this class of materials. To date, however,
there has been no experimental demonstra-
tion of valence-band mixing in the upper
excited states of quantum dots.

Unique access to the important size-
dependent perturbation of valence-band
mixing can be achieved by exploring the
excitonic Zeeman splittings of higher ex-
cited states in magnetically doped quantum
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dots. Doping semiconductors with para-
magnetic transition-metal ions introduces
strong dopant-carrier sp—d magnetic ex-
change coupling that leads to the so-called
“giant” excitonic Zeeman effect.'>"'® Mag-
netic exchange interactions can enhance
excitonic Zeeman splittings by roughly 2
orders of magnitude, offering a strong mag-
neto-optical response that is sensitive to the
excitonic wave function. In general, the
giant Zeeman splitting (AE,_g) of an exciton
in a cubic semiconductor is proportional
to No(a + n x f3), with a weighting factor
n depending on the valence subband in-
volved in the exciton transition. Here, N is
the cation density, and a and 3 are mean-
field exchange parameters. For the heavy
hole (hh) n = —1, whereas n = +1/3 for the
light hole (Ih) and n = +2/3 for the split-off
(s0) hole."® The sign and amplitude of AEg, 4
thus depend on the specific valence sub-
band involved. The most commonly inves-
tigated excitonic state is related to the
band-edge transition and involves a heavy
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hole (hh-X). Some work has described the giant
Zeeman splittings of Ih-X transitions in epilayers,'®2°
multiquantum wells,>"?? and colloidal nanoribbons.?®
Even in highly quantum confined two-dimensional
structures such as these, the description of AE, 4
introduced above remains valid, because to a first
approximation their quantum confinement does not
induce valence-band mixing. Previous magneto-opti-
cal studies of diluted magnetic semiconductor (DMS)
quantum dots have been restricted to just the lowest
excitonic state,'”>*~%” which is not noticeably affected
by valence-band mixing, except for the case of a
strongly anisotropic shape.?®

Here we report magneto-optical measurements of
the giant Zeeman splittings of multiple upper excited
states in magnetically doped quantum dots. Specifi-
cally, we analyze the magneto-optical responses of
a large number of excitonic transitions in colloidal
Mn?"-doped CdSe quantum dots of different sizes
using magnetic circular dichroism (MCD) spectroscopy.
By focusing on the Zeeman splittings of upper exci-
tonic states, the measurements described here provide
an experimental test of the assumption of pure hole
character that is usually invoked for analyzing the giant
Zeeman effect in bulk materials and two-dimensional
systems. Our results show that this assumption is valid
only for particular excited states in quantum dots, i.e.,
those that are not affected by valence-band mixing,
offering new insights into the fundamental electronic
structures of semiconductor quantum dots.

The measurements described here were performed
on colloidal CdSe nanocrystals doped with Mn*" ions
via the recently reported diffusion-doping method.?
This method has the advantage that the seed nano-
crystals can be grown independently with very narrow
size distributions, prior to doping. Here, we show that
the nanocrystals prepared by this method display
exceptionally well resolved upper excited states in
their absorption and MCD spectra, providing the
unique opportunity to evaluate the properties of these
upper excited states in detail.

RESULTS AND DISCUSSION

For the results reported here, we prepared samples
of nanocrystals with different diameters and different
Mn?" concentrations. Sample 1 has a diameter of
59 nm and contains 2.5% (cation mole percent)
Mn?". Samples 2 and 3 are 5.4 and 4.8 nm in diameter,
containing 0.4% and 1% (cation mole percent) Mn?+,
respectively. The samples are predominantly in the
cubic crystallographic phase (~100% cubic in the case
of sample 1 and ~65% and ~85% cubic for samples
2 and 3, respectively), as determined by X-ray diffrac-
tion measurements (see Supporting Information).
Thin films of these nanocrystals were prepared by
drop casting the nanocrystal dispersions onto quartz
substrates. Magnetic circular dichroism measurements
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Figure 1. Solid lines: Absorption of samples 1 (green), 2
(red), and 3 (blue). Dotted lines represent the absorption
data, where the background stemming from light scattering
is subtracted. Inset: Comparison between the calculations/
experiments of Norris et al.> and the energetic positions of
the different excitonic peaks of samples 1 to 3 (full circles).
This comparison allows assignment of the transitions
labeled by a to i according to the notation introduced in
the text. Assignment: (a) 153/1Se, (b) 253/51S,, (€) 1S1,21S.,
(d) 1P5/21P,, (€) 254/21Se, () 1Ps/215./1PY 215, () 351,215,
(h) 1S54/21De/251/2256/151/225¢/253/21De/1D5/31De/4P3/51P,,
(i) 453/225¢/151/22Se/1P*°151S,.

were performed using a self-made setup measuring
the differential absorption of right and left circularly
polarized light of a sample placed in an external
magnetic field in the Faraday geometry. With this
setup, we are able to measure both the absorption
and the MCD spectrum simultaneously.

The solid lines in Figure 1 represent the measured
absorption spectra of samples 1, 2, and 3 (green, red,
and blue, respectively). The excellent size distribution
achieved via diffusion doping allows the observation
of multiple excitonic transitions despite the spectral
broadening that accompanies doping.?® Due to nano-
crystal agglomeration in the thin films, the measured
absorption is a superposition of the real absorption and
light scattering. Comparing the absorbance of a thin
film sample with and without an integrating sphere, we
determined that at higher energies the light scattering
accounts for about 20% of the total absorbance.
To correct for this, we subtracted the scattering
(proportional to 1/4%) from the raw data, yielding the
dotted lines in Figure 1. All three samples exhibit at
least six excitonic transitions, which were assigned
according to the notation of Norris and Bawendi?
Note that a precise determination of the energy
position of each absorption peak is achieved by ana-
lyzing the positions of the minima of the second
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derivative of the absorption spectra (see Supporting
Information).

Using the effective mass model, Norris et al?
predicted the energy positions of multiple excitonic
transitions in CdSe quantum dots with different sizes.
In this context, each charge carrier is described using
spherical harmonics and Bessel functions due to the
three-dimensional confinement. The notation n.L. of
the electron envelope function contains its angular
momentum L. and the radial quantum number ne. In
contrast to the electrons, the valence-band holes are
affected by mixing between subbands (heavy hole,
light hole, and split-off hole: hh, Ih, and so), and the
hole characters of the excited states are not clearly
defined as in the case of bulk materials or quantum
wells. The hole states nplr of the quantum dots
are described by the quantum number F (total hole
angular momentum), which is a sum of the angular
momentum L, and J (total unit cell angular
momentum). An exception from the valence-band
mixing occurs in the case of the P-like hole states,
allowing the occurrence of pure light hole (1P;,,) or
split-off hole (1P,,,°°) states.

The inset of Figure 1 plots the energetic positions
of the excitonic features observed in the absorption
spectra of our samples, in comparison to the calcula-
tions/experiments of Norris and coauthors.® A very
good agreement is seen, allowing assignment of
each excitonic transition. These assignments are sum-
marized in the caption of Figure 1. Not all excitonic
transitions exhibit the same oscillator strength; for
example, transitions ¢, f, and h exhibit lower oscillator
strengths than the other ones. Because of the nano-
crystal size distribution, not all excitonic features are
well resolved in every sample. For example, feature ¢
does not appear in the absorption spectrum of sample
1 and e/f and g/h are not distinguishable. Because the
oscillator strength of h is expected to be lower than
that for g, we assume that the observed feature mainly
originates from transition g in this case. In the case of
sample 2, the excitonic features are more clearly
separated and all transitions from a to g can be
assigned. The last excitonic peak of sample 2 is
between the expected energies for h and i; that is,
the transitions are not distinguishable. An even stron-
ger quantum confinement enables the clear assign-
ment of all peaks from a to h for sample 3.

Figure 2 plots the MCD spectra of the same three
samples, each measured at several magnetic fields.
Several pronounced magneto-optical features are
observed in the spectral range of the assigned absorp-
tion peaks. The total MCD signal in any spectrum is a
superposition of multiple MCD features, and it is there-
fore necessary to separate the contributions of each
transition in order to extract Zeeman splittings from
such data. The first step in the data analysis is a fit of
the absorption peaks, which is shown in the bottom of

FAINBLAT ET AL.

Sample 1
T=42K

Sample 2
T=2K

MCD [arb. u.]

Sample 3
T=42K

18 21 24 27 30 33
Energy [eV]

Figure 2. MCD spectra of samples 1 (green), 2 (red), and 3
(blue) for different magnetic fields. The magneto-optical
activity of several excitonic transitions can be seen clearly.
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Figure 3. Bottom: Absorption without background of
sample 2 (dotted line) and fitted Gaussian peaks of multiple
excitonic transitions from a to h/i (solid lines). Top: Integral
of the measured MCD spectrum for determination of the
sign of the Zeeman splitting of each excitonic transition.
Inset: Comparison between the experimental data (dotted
line) and the simulated MCD spectrum.

Figure 3 for sample 2. To a good approximation, a given
MCD feature is describable as the first derivative of
the corresponding absorption peak.>® Moreover, the
line shape of the MCD feature reflects the sign of the
excited-state Zeeman splitting; for a negative (positive)
Zeeman splitting, we expect a positive (negative) MCD
peak followed by a negative (positive) one with in-
creasing energy. Note, these signs depend on the
convention used to define the MCD signal. In our case,
if the effective g-factor of the excitonic state is positive
(negative), the Zeeman splitting is negative (positive),
consistent with the convention used previously.**’
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Figure 4. Zeeman splittings extracted from the MCD signal
of sample 2 for multiple excitonic transitions. The transi-
tions with low oscillator strength are represented by dashed
lines. As expected, the band-edge excitonic transition (a)
exhibits the largest splitting. Two transitions (f and h/i)
exhibit a positive Zeeman splitting, which indicates domi-
nant |h or so character of the involved hole states. The
amplitude of the Zeeman splitting of the transitions b, c, d,
and g lie between the two limiting cases, as evidence of
valence-band mixing.

These properties allow the signs of the Zeeman split-
tings to be determined from the MCD data: if the
integrated MCD signal (fE:j:MCD(E) dE) yields a max-
imum (minimum) at the energy of the absorption peak,
the Zeeman splitting is negative (positive). Combining
the determined sign of the Zeeman splitting of the nth
excited state and the derivative of the corresponding
absorption peak, the total MCD spectrum can be
simulated using eq 1 with the amplitudes of the Zee-
man splittings as the only fitting parameters.

d{[Abs(E)1,}

dE M

MCDwi(E) = ) AE,
n=a

The MCD signal obtained from this fitting procedure
is shown with the experimental data in the inset of
Figure 3. The simulated MCD spectrum is in good
agreement with the measured data, allowing extrac-
tion of the magnetic-field-dependent Zeeman splitting
of each individual excitonic transition.

Figure 4 plots the Zeeman splittings of the different
excited states versus magnetic field determined for
sample 2. The excitonic transitions with an expected
lower oscillator strength are plotted using dashed
lines. The error bars for the nth transition were esti-
mated based on the deviation between the simulated
and the measured MCD data by the variation of AE,
as a single-fit parameter (see equation above). On the
basis of the amplitudes and the signs of the Zeeman
splittings, we can separate the different excited states
into three groups: the band-edge excitonic transition a,
the transitions f and h/i with a positive Zeeman split-
ting, and several transitions (b, ¢, d, and g) showing
a negative Zeeman splitting. The band-edge excitonic
transition 153/,1S. (a) is dominantly heavy-hole-like?
and therefore exhibits the largest negative Zeeman
splitting. In contrast, there are two transitions exhibit-
ing a positive sign (f and h/i) in the Zeeman splitting.

FAINBLAT ET AL.

More interesting, two of these excitons show no valence-
band mixing, containing pure light hole (f contains
1P'1/21Se) or split-off hole character (i contains
1P*°,,21Se), both expected to exhibit an opposite sign
compared to their heavy hole counterparts. Hence, we
can conclude that the light hole or split-off hole char-
acter plays an important role in the magneto-optical
responses of states f and h/i, respectively.

The Zeeman splittings of the other excitonic transi-
tions (b, ¢, d, and g) are comparable in magnitude to
one another and between the two limiting cases. It is
thus obvious that impure hole states are involved, and
valence-band mixing must play a central role. Interest-
ingly, the Zeeman splittings of the transitions with
the same total hole angular momentum F and same
angular momentum L, decrease with increasing radial
quantum number ny,, which is to first order related
to the quantization energy. We therefore attribute
this trend to an increased mixing of the valence-
band states; compare a (1S3/,1Se) and b (255/,1S,) or
€ (15721Se) or g (351/21Se).

It is instructive to compare the results of some
selected excitonic transitions for different samples. In
Figure 5, Zeeman splittings of all well-resolved transi-
tions are plotted for all three samples. To simplify
the comparison and exclude the influence of different
dopant concentrations, the values of AE,, 4 for each
transition have been normalized by the absolute value
of transition a at the magnetic field of 1.7 T for that
sample.

Although the MCD measurements of the different
samples were performed at slightly different tempera-
tures (2 K vs 4.2 K, compare the curvatures of the
Zeeman data for both samples), transition a exhibits
the largest Zeeman splitting in all cases, as expected
due to the dominant heavy hole character. Transitions
b, d, e, and g are representative of the second group,
exhibiting strongly mixed hole character. Interestingly,
the normalized amplitudes of the Zeeman splittings of
these transitions decrease with increasing quantum
confinement (compare samples 1 to 3). The Zeeman
splitting related to transition f is positive for samples 2
and 3, in accordance with theoretical expectations for
the pure light-hole-like transition 1P';,51S. In the case
of sample 1, transitions e and f are superimposed, and f
cannot be resolved because of its lower oscillator
strength. It is difficult to draw a clear conclusion about
transitions h and i, since they are not distinguishable
for all samples. Only in the case of sample 1 is transi-
tion i spectrally well resolved, exhibiting a negative
Zeeman splitting, while for samples 2 and 3 we observe
a superposition of both h and i, with an overall positive
Zeeman splitting. According to theory, one might
expect the Zeeman splitting of transition i to be
positive due to the split-off character of the involved
1P*°,,51S, state. Nevertheless, i contains two further
transitions affected by the valence-band mixing, which
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Figure 5. Experimental values of the Zeeman splittings (dotted lines) for samples 1, 2, and 3, normalized by the absolute value
of the respective transition a at 1.7 T. For comparison, the theoretical curves expected for purely heavy-hole, light-hole, and
split-off excitonic transitions are plotted (black solid lines) normalized at the magnetic field of 1.7 T. The error bars of all
transitions lie within the same range as shown in Figure 4 and were intentionally omitted here for better clarity.

may explain the deviation between this theoretical
expectation and the experimental data. The fact that
in both samples 2 and 3 the superposition of h and i
exhibits an apparent positive Zeeman splitting allows
the conclusion that h is probably dominated by light
hole and/or split-off character.

In the next step, we compare the experimental data
with the theoretical expectation of excitonic transitions
exhibiting pure hole character, which is proportional to
the Brillouin function Bs:>

gupSB
AE < ABs| ————
s (kB(T T To))

Here, g represents the dopant g-factor (2.004 for Mn**
in CdSe), ug the Bohr magneton, S the total dopant
spin (in the case of Mn?", S = 5/2), B the magnetic field,
kg the Boltzmann constant, and T the sample tempera-
ture. Ty is related to an effective sample temperature
due to antiferromagnetic coupling between dopants.
The prefactor A depends on the character of the
hole involved, with Ay, = No(ot—p3) for the heavy hole
exciton, A, = No(a + 3/3) for the light hole exciton, and
Aso = Nolow + 2f3/3) for the split-off hole,'® for cubic
crystal lattices. In this quantum dot size range, the
bulk parameters (Noat = +0.23 eV and Ny = —1.27 eV
in the case of bulk Cd;_,Mn,Se>3) can be used for the
exchange constants.>*

For quantum dots in the studied size range, the
band-edge excitonic transition is mostly heavy-hole-
like.? The fact that transitions b, d, e, and g lie between
the theoretical curves for hh-X and Ih-X/so-X is evi-
dence of the increasing valence-band mixing. As seen
in Figure 5, the experimental data of f and h/i are in
qualitative agreement with the theoretical expecta-
tion for excitonic transitions with dominant lh-X and
so-X character, respectively. Note that a quantitative
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agreement cannot be expected here because, on one
hand, even the exciton ground state might not be of
pure heavy hole character as assumed for the theore-
tical curves, and in addition, the h/i transition might
involve P-like electron (4Ps,,1P,) or D-like electron or
hole states (1S:/,1De/2S3/,1De/1D5/,1D,). Neverthe-
less, this experimental result suggests such addi-
tional effects are relatively small. Overall, our data
clearly show how the different valence-band hole
character (hh, Ih, so) of the different excitonic states
in DMS quantum dots yields different magneto-
optical responses, and the data further provide a
clear illustration of deviations from the idealized be-
havior of these upper-excited-state Zeeman splittings
due to quantum-confinement-induced valence-band
mixing.

CONCLUSIONS

In summary, the magneto-optical responses of
multiple excitonic states have been measured and
analyzed in a series of colloidal DMS quantum dots.
From the Zeeman splitting data, three characteristic
groups of optical transitions can be separated: (i) the
heavy hole dominated band-edge excitonic transition,
(ii) two transitions exhibiting a positive Zeeman split-
ting, and (iii) transitions with a Zeeman splitting be-
tween these two limiting cases. Comparing the experi-
mental data with theoretical predictions, we were able
to identify the dominant hole character (heavy, light,
and split-off) of each excited state. Analysis of these
data yields clear evidence of pronounced confine-
ment-induced valence-band mixing in upper excitonic
states of colloidal CdSe quantum dots, and the impact
of this mixing on the magnitudes and even signs
of upper-excited-state excitonic Zeeman splittings in
doped quantum dots is described. This work provides
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new insights into the electronic structures and physical
properties of semiconductor nanocrystals. These
insights are rooted in fundamental principles, and as

METHODS

Determination of the Crystal Structure. XRD data were collected
using a Bruker D8 Discover spectrometer at the University of
Washington NanoTech User Facility.

Magnetic Circular Dichroism. Our MCD setup consists of an
excitation source, a modulator for polarization of the excitation
light, and a photomultiplier for the detection. The wavelength-
tunable light source is based on a 75 W xenon lamp and a
monochromator (LOT Oriel, 1200 grooves/mm grating blazed at
500 nm). The modulation between right and left circularly
polarized light at a frequency of 50 kHz is realized using a
combination of a linear polarizer and a photoelastic modulator.
The sample is placed in a helium cryostat in the presence of a
variable magnetic field (Faraday geometry). Due to interaction
of the energy levels and the applied magnetic field, the sample
will absorb right (o) or left (o7) circularly polarized light
differently, originating an MCD signal, which is proportional
to Abs(o") — Abs(o”), where Abs represents the absorption
of the sample. A photomultiplier (model R928, Hamamatsu)
detects the transmitted light, whose dc (ac) component is read
out using an HP 34401A multimeter (lock-in amplifier Signal
Recovery 7225 DSP).
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