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We studied the effect of quantum confinement in Mn-doped InAs nanocrystals using theoretical methods. We
observe that the stability of the impurities decreases with the size of the nanocrystals, making doping more
difficult in small nanoparticles. Substitutional impurities are always more stable than interstitial ones, indepen-
dent of the size of the nanocrystal. There is also a decrease in the energy difference between the high and low
spin configurations, indicating that the critical temperature should decrease with the size of the nanoparticles,
in agreement with experimental observations and in detriment to the development of functional spintronic
devices with doped nanocrystals. Codoping with acceptors or saturating the nanocrystals with molecules that
insert partially empty levels in the energy gap should be an efficient way to increase TC.
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I. INTRODUCTION

With the advanced miniaturization of devices and the ad-
vent of nanotechnology, it is becoming important to under-
stand the properties of materials in the nanometer scale.1,2

Semiconductor nanocrystals are a class of materials that have
already been highly studied. The observation and manipula-
tion of these nanostructures can be done with great precision,
although there are still many challenges to be overcome. Ab
initio calculations can provide a good way to probe the prop-
erties of nanomaterials in a fast and efficient manner, giving
directions for possible experiments and also explaining re-
sults that are not accessible through experiment. There are a
few different ways to grow semiconductor nanocrystals. The
most common are molecular-beam epitaxy �MBE�, wet
chemistry methods, and lithographic techniques. The growth
through colloidal solutions is probably the cheapest method
and the more suitable for mass production, although there are
issues on how to functionalize the produced nanocrystals.
Most of the current applications of these materials are related
to luminescent properties that are very interesting and impor-
tant although limited. It would be very important if one could
use these materials to a wider array of applications such as
energy, electronics, and computing.

An efficient way to functionalize semiconductors is
through doping. This makes us believe that doping should
also be an efficient way to functionalize semiconductor
nanocrystals. Doping in nanocrystals through transition met-
als has already been achieved, showing intriguing behaviors.
These diluted magnetic nanosemiconductors are also ex-
pected to be good candidates for spintronic applications. In
order to achieve this, a good understanding of the properties
of these materials is mandatory.3–7 Although many authors
claim to have successfully doped semiconductor nanocrys-
tals, there are still a lot of discussions on whether the impu-
rities are really incorporated into the nanocrystal or not.8 In
this paper, we will focus on �In1−xMnx�As nanocrystals.
These nanocrystals are easily grown by colloidal
techniques9,10 and also by epitaxial ways such as MBE,11–14

providing a broad literature for comparison between the the-
oretical results obtained here and the experimental observa-
tions.

Although doping can be done in several different nano-
particles, there are some points that are still not understood
in this kind of materials. For instance, ferromagnetism is
usually not observed in small colloidal InAs nanocrystals10

but is present in bulk InAs:Mn.15 Ferromagnetism in other
types of doped nanoparticles has already been observed.16 It
is also not clear if the impurities are inside the nanocrystal, at
the surface of the nanocrystal, and if they are at substitu-
tional or interstitial positions. In this work we present a sys-
tematic study of Mn-doped InAs nanoparticles, using an ab
initio approach, based on density-functional theory. In par-
ticular, we look for the behavior of the structural, electronic,
and magnetic properties of �In1−xMnx�As nanocrystals as
their size changes. From an electronic point of view, we can
clearly observe an increased localization of the impurity lev-
els as the size of the nanocrystal decreases, decreasing the
interaction range between the impurities and consequently
decreasing TC.

II. CALCULATION PROCEDURE

The calculations performed in this paper were done using
total-energy ab initio methods based on spin-polarized
density-functional theory within the generalized gradient ap-
proximation �GGA�.17 We used projector augmented wave
�PAW� potentials18 and a plane-wave expansion up to 440 eV
as implemented in the VASP code.19 Careful comparisons be-
tween PAW and pseudopotential methods show that both
give very similar results for this kind of systems.20 For bulk
calculations we used a supercell with 64 In and As atoms
with a �2�2�2� Monkhorst-Pack Brillouin-zone sampling.
The calculated bulk lattice parameter is a=6.149 Å. For the
InAs nanoparticles we used three supercells with different
diameters. In all calculations the positions of all atoms in the
supercell were allowed to relax until all the forces were
smaller than 0.025 eV /Å. We have used a 12.0 Å vacuum
space between the nanocrystal and its image to prevent spu-
rious interactions. For the case of interstitial impurities, we
used nanocrystals with different structures than for the sub-
stitutional impurities. For the interstitial case, the center of
the nanocrystal is located at the tetrahedral interstitial site,
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whereas for the substitutional case the center is at the In site.
This was done to save computer time and use better the
symmetry of the nanocrystals.21

Our nanocrystals are obtained by cutting a spherical re-
gion of the bulk material. The three different sizes of nano-
crystals were enough to give us in-depth information about
the structural, electronic, and magnetic properties of the im-
purities in small nanocrystals. It is also possible to observe
the chemical trends for the pure and doped nanocrystals as
their size changes. Figure 1 shows the relaxed structure for
the nanocrystals centered in an In atom. All our nanocrystals
have one impurity each. The first nanocrystal has 247 atoms
�In79As68H100�, 2.0 nm of diameter, and manganese concen-
tration of 1.26%. The second has 163 atoms �In43As44H76�,
1.7 nm of diameter, and impurity concentration of 2.32%,
and the last one has 71 atoms �In16As19H36�, a diameter of
1.3 nm, and Mn concentration of 6.25%.

III. RESULTS AND DISCUSSION

In order to analyze the electronic properties of these nano-
crystals, we have saturated their surface with hydrogen at-
oms. The objective of the hydrogen atoms is to keep a local
environment similar to an ideal tetrahedral structure. In real
colloidal nanocrystals, the surface is usually passivated with
organic molecules, such as trioctylphosphine oxide or bu-
tane. Theoretically, it is very difficult to simulate the surface
of the nanocrystal as it really is, since the solutions are usu-
ally composed of large and complex molecules. With the
hydrogen saturation, we can understand the effects of quan-
tum confinement on the nanocrystal and of its internal struc-
ture, but there are problems in describing events occurring at
the surface. In order to study the properties of the surface/
interface of the nanocrystal, one should go to more sophisti-
cated approaches.9,22,23

As the objective of the hydrogen atoms is just to passivate
the surface of the nanocrystals, we also make use of hypo-
thetical hydrogen atoms, with fractional charge. This is due
to the fact that, depending on the atom that is saturated,
either In or As, one has different complementary charges to

satisfy the electron counting rule. The hydrogen atoms
bonded to an In atom have valence charge of 1.25e and the
hydrogen atoms bonded to As atoms have valence charge of
0.75e.

After relaxing all the atoms, we observe that the In-As
bond distances are very similar to the bulk material. In the
center of the nanocrystals the distances are usually larger
than at the surface by �1%. There is no clear trend for the
bond lengths as a function of the nanocrystal size.

The effect of quantum confinement in semiconductors is
very well known. The energy gap of the material increases as
confinement increases or, in the case of nanocrystals, as the
size of the nanocrystal decreases. The change in the energy
gap is usually proportional to the localization of the highest
occupied molecular orbital �HOMO� and lowest unoccupied
molecular orbital �LUMO�. As the LUMO is more delocal-
ized, it moves upward faster than the HOMO moves down-
ward. Our calculated values for the energy gap of the iso-
lated nanocrystals are shown in Table I.24 In Fig. 2 it is also
possible to observe the absolute change in the HOMO and
LUMO for different nanocrystal sizes with respect to a deep
valence level. In this figure it becomes clear the faster shift in
energy of the LUMO.

The insertion of transition metals in bulk semiconductors
leads to the inclusion of deep d levels either in the valence
band or in the band gap of the semiconductor. If holes are
inserted at the same time, such as in the case of Mn in InAs,
the interaction between the impurities will be ferromagnetic
�FM�. This can be easily understood through the band cou-
pling model, as described in Ref. 25. The search for high-
temperature diluted magnetic semiconductors is a major
challenge nowadays, and magnetic nanocrystals are potential
candidates for this task.

In Mn-doped InAs, the d levels are inserted inside the
valence band of the host. These levels hybridize with the
host p levels with same symmetry, at the top of the valence
band.25,26 Figure 2 shows the projected density of states
�PDOS� for the Mn d levels in different nanocrystals and for
different positions of the impurities in the nanocrystals. The
upper panels are for the majority-spin channels and the lower
panels for minority spin. The eigenvalues were aligned
through the lowest valence eigenvalue. Although the nano-
crystals have different sizes and the atoms are in different
positions, we can clearly observe that the impurity d levels
are pinned in all of them,27 except for the interstitial impurity
�Fig. 2�f��, which has a different nature than the others. The
alignment occurs for the crystal-field split levels inside the
valence band and also for the dangling-bond hybrid levels
near the Fermi energy. In the spin-up channel, there are d

TABLE I. InAs nanoparticle energy gap as a function of nano-
particle diameter.

Diameter
�nm�

Energy gap
�eV�

1.3 2.83

1.7 1.97

2.0 1.56

FIG. 1. �Color online� Relaxed nanocrystal structures represent-
ing diameters equal to �a� 2.0, �b� 1.7, and �c� 1.3 nm. The large
spheres in cyan represent the In atoms, the medium spheres in red
identify the As atoms, and the small spheres in gray are the hydro-
gen atoms. In a grayscale printing the cyan color appears as light
gray representing the In atoms and the red one as dark gray for the
As atoms.
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levels at around −2.6 eV that are present in all nanocrystals;
this also occurs in the spin-down channel, where it is pos-
sible to observe the d levels at �1.5 eV. This confirms that
deep levels are pinned energetically in semiconductor nano-
crystals independent of their size,27 in a similar way as deep
transition-metal levels are pinned in different bulk
semiconductors.28

Figure 3 shows the variation of the formation energy of an
impurity inside the nanocrystals as their size changes. The
formation energies for the substitutional �Ef

S� and interstitial
�Ef

I� impurities were given by29

Ef
S = �Edef + �In� − ENC − �Mn, �1�

Ef
I = Edef − ENC − �Mn, �2�

where Edef is the total energy of the supercell with the Mn
atom at a substitutional or interstitial site. ENC is the total
energy of the nanocrystal without the Mn impurity. �In and
�Mn are the In and Mn chemical potentials, respectively, in

the In-rich regime. Although there are several possible posi-
tions for the impurities in the nanocrystal, we have focused
on two different configurations: the In-substitutional site and
a tetrahedral interstitial site where the Mn atom is first neigh-
bor to four As atoms. Energetically, we observe that the im-
purities are more stable in the In-substitutional site indepen-
dent of the size of the nanocrystal. The formation energy for
the impurity in the interstitial site is 1.11 eV higher than the
substitutional one for bulk InAs. Details about the procedure
for calculating formation energies can be found elsewhere.30

When the impurity is confined, the formation energy of both
substitutional and interstitial sites increases as the size of the
nanocrystal decreases. This is shown in Fig. 3, proving that
doping of small nanocrystals should be very difficult.31 The
formation energy for the interstitial site increases faster than
for the substitutional one. The comparison between intersti-
tial and substitutional impurities in Fig. 3 is through absolute
energies, showing that it is very unlikely that interstitial Mn
impurities will occur in these materials.

Using the medium-size nanocrystal �diameter=1.7 nm�
as a model, we investigate some positions for the substitu-
tional Mn atom away from the nanoparticle center. We
looked for these configurations because experimental resutls
show that doping the center of a nanocrystal is very
difficult.8,9 We have not observed a clear trend between the
stability of the impurity and its position inside the nanocrys-
tal. The energy difference between the center of the nanopar-
ticle and its first neighbor is 13 meV. Consequently, there is
a very small tendency for the impurity to go to the surface of
the nanocrystal. The difficulty in doping the center of the
nanocrystal is probably related to the increased difficulty in
doping the nanocrystal during the initial stages of its growth.
The electronic structure for all the substitutional sites is very
similar, as can be seen comparing Fig. 2�b� with Figs. 2�d�
and 2�e�.

Experimentally, from a magnetic perspective, it has been
observed that Mn-doped InAs nanocrystals are not
ferromagnetic.10 This is a puzzling result, since this system
has all the ingredients necessary to become a ferromagnetic

FIG. 2. �Color online� Projected density of states �PDOS� for the
Mn d levels in different sizes of nanocrystals when the impurity is
at and around the center of the nanocrystal. The nanoparticle diam-
eters are equal to 2.0, 1.7, and 1.3 nm for �a�, �b�, and �c�, respec-
tively. The PDOSs for the substitutional impurity away from the
center are shown in �d� and �e�, while the interstitial case is shown
in �f�. The dashed line in the left �right� is the HOMO �LUMO� for
the pure nanocrystal in its respective diameter. The majority spins
are plotted in blue �black� and minority one in green �gray� for a
color printing �grayscale printing�.

FIG. 3. �Color online� Mn formation energy, for both substitu-
tional and interstitial impurities, as a function of the diameter of the
nanocrystals. The reference was taken as the formation energy of
the substitutional Mn in bulk InAs.
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semiconductor: impurity d levels and the presence of holes.
Up to now, this result has not been well explained. One op-
tion would be that the impurities might be located at inter-
stitial sites, as occurs in many bulk samples. This should not
be the case here since we observed that the formation energy
of interstitial impurities increases very fast as the nanopar-
ticle size decreases. Consequently the ratio between the
population of interstitial and substitutional impurities should
decrease with nanoparticle size. To clarify this point, we
studied the interaction between two Mn atoms inside the
nanocrystal in order to find its more stable configuration.

When two Mn atoms are inserted, we can set two different
configurations for their local moment: parallel or antiparallel.
When the magnetic moments of the two impurities are par-
allel to each other, we have a high spin configuration �com-
pare to FM�, and when they are antiparallel, we simulate a
low spin configuration �compare to antiferromagnetic
�AFM��. The energetically more stable configuration will tell
us if this material should be ferromagnetic or not. In a first-
order approximation, the value of the energy difference be-
tween these two configurations can give us hints about the
Curie temperature of this material: the larger the energy dif-
ference, the larger the TC. More accurate approaches exist in
order to find the TC of a diluted magnetic semiconductor, but
this is not our objective here.

In Table II we show the energy difference between the
AFM and FM configurations for different nanoparticle diam-
eters. The two Mn atoms were initially set to be first neigh-
bors in the In lattice with one impurity at the center of the
nanocrystal. We can clearly observe that this energy differ-
ence increases with the size of the nanocrystal, indicating
that TC of this material should decrease for small particles.
For bulk InAs we found �EAFM-FM=272 meV, whereas for
the small nanocrystal �EAFM-FM=83 meV. This result can
be understood by the increased localization of the Mn d lev-
els in the gap as the size of the nanocrystals decreases,7 as
shown in Fig. 2. As there is a large component of the Mn d
levels in the band gap, ferromagnetic interactions should be
mediated by double exchange, as predicted by the band cou-
pling model.25 The deeper the hole level is in the gap, the
more localized it will be and TC will also be lower since the
overlap between these levels is smaller. In order to achieve
the percolation threshold in this case, one should have a
larger concentration of impurities. This result is in agreement
with the lack of ferromagnetism observed in experiments and
can give us a clear reason for it.

For the medium-size nanocrystal �d=1.7 Å�, we also
studied the interaction between two Mn atoms at different
sites, away from the center of the nanocrystal. When the
Mn-Mn distance is 8.44 Å, the AFM-FM energy difference
is �EAFM-FM=58 meV, while for a larger Mn-Mn distance
�12.11 Å� the energy difference is almost zero, showing that
there is basically no interaction between the Mn atoms.
When both impurities are near to the surface, �EAFM-FM

=48 meV. This energy difference is smaller than the one
calculated for the Mn-Mn interaction when one of the Mn
atoms is at the center of the nanoparticle, indicating that
surface effects may contribute to decrease the ferromagnetic
interaction of the dopants. These results are similar to those
found in other transition-metal doped nanostructures.30

A very efficient approach that is used to tune the proper-
ties of diluted magnetic semiconductors is the inclusion of
donors or acceptors to change the Fermi energy of the mate-
rial and increase TC.7,32 In order to observe this effect in
doped nanocrystals, we inserted a hole into the 87-atom
nanocrystal by removing one electron from it. Ideally, this is
equivalent to insert an acceptor into the nanocrystal. Nano-
materials have more degrees of freedom to insert holes into
it: while in bulk this is done by doping with an element that
has fewer electrons than the host, in nanocrystals it also may
happen by functionalizing the surface of the nanocrystal. If
one adsorbs a molecule that inserts empty levels into the
energy gap of the nanocrystal, it will have the same effect as
an acceptor impurity.

In our ideal calculations, the inclusion of a hole leads to
an increase in the stability of the FM phase. The energy
difference between the FM and AFM configurations in-
creased from 85 to 182 meV. This is a very large increase
and could lead to the successful observation of ferromag-
netism in this kind of diluted magnetic nanosemiconductor.

IV. CONCLUSION

In summary, we have clearly demonstrated that the ex-
change interaction between magnetic impurities in semicon-
ductor nanocrystals is weaker than in bulk. This should de-
crease the Curie temperature of this material, making it not
suitable for spintronic applications. This weaker interaction
occurs due to the increased localization of the hole levels in
the band gap of the material. We show that deep levels are
pinned energetically independent of nanocrystal size in nano-
structures, also making doping of these nanocrystals more
difficult. Hole doping of these nanocrystals should increase
its TC and maybe lead to the observation of room-
temperature ferromagnetism.
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TABLE II. Variation of the total-energy difference between the
low and high spin configurations for different nanocrystal sizes for
Mn substitutional in In sites.

Diameter
�nm�

�EAFM-FM

�meV�

Bulk 272

2.0 123

1.7 85

1.3 83
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