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Size-Dependent Spintronic Properties of Dilute Magnetic Semiconductor Nanocrystals
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The electronic structure and magnetic properties of Mn-doped Ge, GaAs, and ZnSe nanocrystals are
investigated using real space ab initio pseudopotentials constructed within the local spin-density
approximation. The ferromagnetic and half-metallicity trends found in the bulk are preserved in the
nanocrystals. However, the Mn-related impurity states become much deeper in energy with decreasing
nanocrystalline size, causing the ferromagnetic stabilization to be dominated by double exchange via
localized holes rather than by a Zener-like mechanism.
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Two exciting developments in semiconductor science
and technology are the advent of dilute magnetic semi-
conductors (DMSs) and of semiconductor nanocrystals
(NCs). DMSs are semiconductors to which a magnetic
impurity has been intentionally introduced. They have
attracted considerable attention because they exhibit
unique magnetic, magneto-optical, and magneto-electrical
effects. They also hold the promise of using electron spin,
in addition to charge, for creating a new class of “‘spin-
tronic” semiconductor devices [1]. Semiconductor nano-
particles have been studied intensively because of their
unusual electronic and optical properties, which may differ
fundamentally from those of the corresponding bulk ma-
terial. Of particular appeal is that the properties of NCs can
be radically altered, while maintaining their chemical com-
position, simply by changing their size and/or shape [2].

It is important to understand the role of dimensionality
in shaping the spin-polarized electronic structure of nano-
crystalline DMS [1,3] because quantum confinement may
result in intriguing magnetic properties. Furthermore,
magnetic dots have been suggested for use in quantum
computation [4] and spin communication between semi-
conducting nanoparticles has been demonstrated [5].
Despite this importance, no systematic study of the elec-
tronic structure of Mn-containing nanocrystalline DMS
from first principles has been undertaken. We are aware
of only one paper where size effects, on a particular DMS
(Mn,Ga,; _,As), have been examined theoretically [6].

We present calculations for the electronic structure and
magnetic properties of Mn-containing Ge, GaAs, and ZnSe
nanoparticles. All three are well-known semiconductors,
which are prototypical of group IV, III-V, and II-VI semi-
conductors. The elements comprising these semiconduc-
tors are found in the same row of the periodic table and
these semiconductors have the same (zinc blende/dia-
mond) crystalline structure, making an identification of
chemical trends easier. Mn-based bulk DMS have been
successfully synthesized in all three cases [7-9] and a
successful synthesis of high-quality Mn-containing ZnSe
NCs has been reported [10].
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NCs were constructed by taking spherical fragments of
the corresponding bulk material. We passivated the Ge sur-
face using hydrogens, whereas the surfaces of GaAs and
ZnSe were passivated using fictitious, hydrogenlike atoms
with fractional charge [11]. Because magnetic circular di-
chroism experiments have suggested that each NC con-
tains, on average, one Mn atom [10], we chose to study the
effects of placing one or two Mn atoms inside the crystal. A
fourfold coordinated Mn atom was placed in the center of
the Ge NC. In GaAs and ZnSe, the Mn atom was substitu-
ted on a cation site in the center of the NC. We considered
four Mn-doped NCs: XoMnY g, X;sMnY,9, X4oMnY,;, and
XesMnYgs, where X = Ge, Ga, or Zn and Y = Ge, As, or
Se, respectively. The passivation atoms are implicit. These
cases correspond to effective Mn concentrations of 5%,
2.63%, 1.22%, and 0.77%, respectively. We additionally
examined Mn-Mn interactions by considering two Mn
atoms that were placed such that they were bridged by an
anion atom. For the Ge NC, we examined a nearest-
neighbor Mn dimer.

We determined the electronic structure of these systems
using pseudopotentials constructed within the local spin-
density approximation of density functional theory [12].
The Kohn-Sham equations were solved on a real space grid
using a higher-order finite difference method [13]. A grid
spacing of 0.4 a.u. and a separation of at least 5 a.u.
between the outermost passivating atoms and a spherical
boundary were used throughout.

Figure 1 shows the total valence charge density
(p1 + p)) and spin-density (p; — p;) contour plots for the
82-atom NC containing one Mn atom. In all cases, the
charge density maps show Mn bonding with its nearest
neighbors, indicating hybridization between Mn d and
anion s-p states. The spin-density maps indicate a
strongly localized magnetic moment at the Mn site. For
the Ge and GaAs NCs, the spin polarization of the
atoms nearest to the Mn atom has an opposite sign to
that of Mn. The spin-density distribution along the
Mn-As or Mn-Ge bond shows a p character. Its oppo-
site spin sign is a signature of antiferromagnetic (AFM)
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FIG. 1 (color). Total valence charge density (a), (c), (e) and
spin density (b), (d), (f) for passivated Geg;Mn, GasyMnAsy,,
and ZnyMnSe,; nanocrystals, respectively.

coupling between the Mn atom and surrounding charge
carriers.

Figure 2 shows the spin-polarized energy levels for the
82-atom systems. In all cases, the gap states are derived
from Mn 3d states and reflect the splitting of the 3d states
by the T, crystal field to an e doublet and a ¢, triplet. As
expected for T; symmetry [14], the e levels have a lower
energy than the 7, levels in both spin channels. An analysis
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FIG. 2 (color). Spin-polarized electronic structure for passi-
vated (a) Geg;Mn, (b) GayyMnAsy,, and (c¢) Zny,yMnSe,; nano-
crystals. The e and ¢, levels are doubly and triply degenerate,
respectively. The Fermi level is located at the majority spin #,
levels in all cases. Filled and empty circles denote electrons and
holes, respectively. The majority levels are shown in red.

of the corresponding wave functions shows that the valence
band edge is comprised mainly of anion p states. The ma-
jority spin e levels are fully occupied, hybridized with an-
ion p states, and located right below (~ 0.05 eV) the va-
lence band edge in all three materials. The majority ¢, lev-
els are characterized by a certain amount of hybridization
with the four neighboring p orbitals and the corresponding
charge density is highly localized on the MnY, complex.

Previous calculations have shown that bulk Ge:Mn
[15,16] and GaAs:Mn [17,18] are half-metallic, but bulk
ZnSe:Mn is semiconducting [19]. The origins of this be-
havior are apparent here. Figure 2 shows that the e and t,
minority spin levels are empty, so that the minority spin
retains its semiconducting nature even with the Mn impu-
rity in all three cases. However, the highest occupied
molecular orbitals ¢, level of the majority spin is partially
occupied for Ge:Mn and GaAs:Mn, but it is fully occupied
for ZnSe:Mn. This configuration is in agreement with a
“half-metallic’’ nature of majority spin electrons for Ge
and GaAs and a semiconducting nature for ZnSe.

The introduction of the Mn impurity does not change the
number of minority spin occupied states. Therefore, the in-
troduction of the five Mn d electrons results in a net mag-
netic moment of 3up, 41, and Sup for Ge, GaAs, and
ZnSe, respectively. This is in agreement with the magnetic
moment of 5u g for the free Mn atom being modified by the
doubly ionized acceptor, singly ionized acceptor, and iso-
electronic nature of Mn in Ge, GaAs, and ZnSe, respec-
tively. A similar picture applies to the corresponding bulk
DMS [20]. The loss of two p electrons when Mn replaces a
Ge atom but only one when it replaces a Ga atom imme-
diately explains why the spin polarization is more pro-
nounced in Ge than in GaAs in the spin-density maps of
Fig. 1.

In principle, the partially occupied degenerate ¢, levels
of the Ge:Mn and GaAs:Mn should display a Jahn-Teller
effect. We have not studied this effect here. However,
studies of bulk GaAs:Mn [21] and Ge:Mn [22] suggest
that it is negligibly small.

Our analysis for these NCs indicates that the qualitative
level splitting and magnetic moment picture is similar to
that of the bulk. This is due to the short-range interaction of
Mn with its neighbors. However, there remain significant
differences between the electronic structure of the bulk and
of the NCs, due to quantum size effects, i.e., the increase of
the semiconductor gap with decreasing NC size [2]. The
differences are summarized in Fig. 3. We show in this
figure the evolution of the ‘“host gap™ [i.e., the highest
occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) separation of states not derived
from the Mn d orbitals], the “HOMO (host)”] -tT2 separa-
tion, and the th—el (or 4T-6A,) separation as a function of
the NC diameter. All three energy separations exhibit a
quantum size effect; however, this effect is very pro-
nounced for the first, less pronounced for the second, and
very small for the third. This is because the Mn-related
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FIG. 3 (color online). Energy separation of host HOMO and
LUMO (squares), host HOMOT—tI2 (circles), and th—el (dia-
monds) as a function of nanocrystalline diameter for
(a) Ge:Mn, (b) GaAs:Mn, and (c) ZnSe:Mn.

orbitals are more localized than those of the host. The more
delocalized the levels are the greater the effect of confine-
ment. The host gap only involves delocalized levels and
exhibits large energy shifts; the HOMO(host) | —th gap
involves one delocalized orbital and exhibits moderate
energy shifts; and the tg—el involves two localized orbitals
and exhibits small energy shifts.

We have chosen the th-el as representative of transitions
between localized orbitals because in ZnSe:Mn the tran-
sition from the e! levels to the th levels has been studied
experimentally using photoluminescence. Its size depen-
dence has been found to be weak [10]. Figure 3 shows that
the th-el energy separation changes from 2.25 to 1.81 eV as
the NC size increases from 20 to 130 atoms. This range is
close to the bulk value of 1.6 eV [19]. The experimental
photoluminescence energy is higher (~2.1 eV [10]) than
our calculated values—a well-known consequence of us-
ing the Kohn-Sham eigenvalues to predict excited state
properties [23] that should not change the qualitative size
trends.

The strong localization of the Mn impurity levels in the
MnY, complex implies that the choice of the Mn position
within the NC should not affect its electronic structure, as
long as the Mn is not close to the surface. Our calculations
for the 130-atom ZnSe:Mn case show an impurity level
shift of less than 0.05 eV for different Mn positions.

The significantly different quantum size effects experi-
enced by localized and delocalized orbitals have profound
implications for the resulting electronic structure. In all

cases shown in Fig. 3, the minority e and ¢, levels are well
within the host gap. In contrast, the same levels in the
corresponding bulk systems are well within the conduction
band [16,18]. The delocalized empty levels are pushed up
in energy far more rapidly with decreasing size, eventually
crossing the localized Mn-related levels.

A greater effect is found when examining the filled
(““valence band”) states of the NC. In bulk GaAs, the
valence band is well-known to exhibit a significant spin-
splitting upon introduction of Mn [17]. No such splitting is
found here, even for the 20-atom NC, where the Mn
concentration is ~5%, which is comparable to bulk Mn
concentrations. The significant bulk-splitting in GaAs:Mn
has been attributed to the fact that Mn is a shallow acceptor
[24] and can strongly interact with the valence band [25].
For the 130-atom NC, the Mn ¢, states are ~0.6 eV above
the “host HOMO”, because the delocalized occupied or-
bitals are pushed down in energy more rapidly then the Mn
states with decreasing size [6]. This makes the Mn a deep
acceptor, weakening the interaction and preventing spin-
splitting of the occupied states. Only in the Ge:Mn NC do
we see spin-splitting of the occupied states, consistent with
the stronger Mn-host spin interaction shown in Fig. 1.

We introduced two Mn atoms into each 82-atom NC and
considered the case where both Mn atoms are placed on
adjacent cation sites, bridged through an anion (or in Ge,
through a Ge atom). We compared the total energy differ-
ences between the ferromagnetic (FM, parallel spins) and
antiferromagnetic (AFM, antiparallel spins) configura-
tions. We found the FM structure to be more stable by
0.42 and 0.38 eV for Ge and GaAs, respectively, but less
stable by 0.14 eV for ZnSe. This is in agreement with bulk
results, where the stable phase of Ge:Mn and GaAs:Mn is
predicted to be the FM one, whereas in ZnSe:Mn the stable
phase is the AFM one. Also in agreement with bulk studies
[26] is the fact that if both Mn atoms are nearest neighbors
(i.e., they form a dimer) in Ge:Mn, the AFM phase is
always more stable.

In the bulk, ferromagnetism in GaAs:Mn is ascribed to a
Zener-like picture of mediation by free holes [27].
Ferromagnetism in Ge:Mn has been explained either
within a similar Zener-like picture [26] or within a
Rudderman-Kittel-Kasuya-Yosida (RKKY) picture of in-
teraction with free carriers [15]. However, Fig. 2 clearly
shows the absence of either free holes in the valence band
or a metal-like presence of free carriers, which precludes
either mechanism in the present case (the electronic struc-
ture diagram of the FM NC containing two Mn atoms is
qualitatively similar). We conclude that the FM interaction
in nanocrystalline Ge:Mn and GaAs:Mn is different from
that of the bulk. As noted above, the “host’ valence band
shifts downward rapidly compared to the Mn d states with
decreasing NC size. Below some critical radius, the ma-
jority spin Mn d states appear above the top of the valence
band [6]. For the size range studied here, the Mn d states
form deep acceptors. Deep Mn impurities are known to
stabilize FM interaction via a double exchange mechanism
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involving localized holes, as suggested previously for
(Ga,Mn)N [28]. This makes the Mn-Mn interaction essen-
tially a short-range one, consistent with the short-range
spin polarization observed in Fig. 1. When we considered
two Mn atoms separated by more than one bridging As
atom, we found that: (a) such a structure was less stable
than the one with a single bridging atom, and (b) the energy
differences between the FM and AFM phases decreased
rapidly with increasing Mn-Mn separation. This suggests
a size-dependent ferromagnetic coupling mechanism,
caused by a size-dependent transition from shallow accep-
tors to deep acceptors.

The lack of ferromagnetism in the ZnSe:Mn NCs is also
consistent with the above explanation. In ZnSe:Mn, the #,
states are fully occupied and there are no holes to which to
couple. In bulk ZnSe:Mn, extrinsic acceptor codoping can
be used to generate holes that can mediate the Mn-Mn spin
interaction [29,30]. To test the applicability of this idea to
ZnSe:Mn NCs, we replaced the bridging Se atom with a
N atom in the 82-atom NC. This replacement caused the
FM configuration to become lower in total energy versus
the AFM configuration by 0.20 eV.

In conclusion, we studied the effect of quantum confine-
ment on Mn-containing Ge, GaAs, and ZnSe dilute mag-
netic semiconductors, by considering the size dependence
of their electronic and magnetic properties using first prin-
ciples calculations. The FM and half-metallicity trends
found in the bulk are preserved in the NCs. However, since
the Mn states are localized, they are less affected by
quantum confinement than are the delocalized host states.
As a consequence, in NCs the Mn-related impurity states
become much deeper in the gap with decreasing size. This
causes the FM stabilization to be dominated by double
exchange via localized holes, rather than by free holes or
by an RKKY mechanism.
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