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By envelope-function approximation, we computed the effect of confinement in spherical P-doped Si nano-
crystals in a uniform electric field without adjustable parameters. Based on nanocrystal size, we can distinguish
several regimes. For a radius R that is larger than Rt �Rt�21 nm� the ground state is ionized at a critical
electric field, Ecr, by tunneling from a 1s-like state, localized at the impurity, to a 2p-like state, localized to the
well that is formed by the electric field and the potential barrier that is generated by the embedding matrix at
the nanocrystal surface. For smaller nanocrystals, for which Rsp�R�Rt �Rsp�7 nm�, there is a range of
electric fields in which the ground state is formed by the hybridization of the impurity states and surface-well
states. Further, within this hybridization range, there is a value of the electric field at which the ground 1s-like
state and the excited 2p0 state have the same hyperfine coupling. Based on these findings, we envisage a
quantum computing scheme in which qubits shuttling relies on excited states when an electric field is applied.
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I. INTRODUCTION

Crystalline silicon, doped with P impurities, is one of the
most commonly used materials in electronics and in the past
several decades, it has been the focus of many studies.1

P-doped crystalline silicon has recently attracted renewed in-
terest due to the development of novel technological appli-
cations, such as the terahertz laser,2 and the quantum
computer.3,4 If the latter application is built successfully, it
will revolutionize information science technology. In fact, a
computer that obeys the laws of quantum mechanics prom-
ises to exceed the capabilities of the classical computer, par-
ticularly with regard to factorization problems that have im-
portant implications for cryptography. In 1998, Kane
proposed a model in which quantum bits �qubits, for short�
are stored in the nuclear spin of P atoms in crystalline
silicon.3 The qubit interaction between two P atoms is medi-
ated by the electron in shallow states of P whose wave func-
tion, for the P atom in Si, extends for several nanometers.
The coupling between the nuclear spin and the electron spin
of the shallow state is determined primarily by contact hy-
perfine interaction, which is proportional to the square modu-
lus of the electron wave function at the nuclear site. Qubit
operations may be performed by manipulating the shallow
electron wave function with an electric field, therefore tuning
the hyperfine interaction �single qubit operation� or the ex-
change interaction �qubit-qubit coupling� between shallow
electron states of different P atoms. In this context, the Stark
effect is of paramount importance because it describes the
dependence of the energy level on a uniform electric field.
Several theoretical studies have addressed the Stark effect in
bulk silicon that is doped with shallow donors5–10 and some
recent papers have considered the Stark effect for donors in
the presence of an interface.11–15

In the same year of Kane’s proposal, Loss and Di Vin-
cenzo proposed a different scheme in which the qubit is
stored in the spin of the electron that is confined in a quan-
tum dot.4 Here, we consider a system that combines aspects
of both proposals, studying P-doped silicon nanocrystals

�NCs�. This system can be simulated ab initio for small NCs
�e.g., see Ref. 16, which reports first-principles simulations
of Si dots that are up to 3 nm in radius�. Computations of
quantum-confinement effects over a large range of crystals
sizes—i.e., on the order of 10 nm—are beyond the present
computational capabilities of first-principles simulations.
Therefore, less time-consuming techniques are necessary. In
this study, we used a method that is based on the envelope-
function approximation to compute the Stark effect in Si-
NCs whose radii range from 5 to 30 nm. This method has
recently been developed to simulate, without adjustable pa-
rameters, shallow electron levels of P impurities in bulk
silicon10 and Si nanostructures.17,18 The theoretical results
are consistent with experimental data that have been ob-
tained at zero electric field.

Examination of the Stark effect in P-doped Si-NC as a
function of NC radius �R� revealed that for R larger than
Rt�21 nm, the donor is ionized at the critical field by tun-
neling from a state in which the electron is confined in the
potential well, which is formed primarily by the coulomb
potential of the donor, to a state in which the electron is
confined at the surface of the NC in the potential well that is
formed by the electric field. This mechanism is similar to the
one that is predicted in bulk Si:P �Ref. 10� in which the
donor is ionized at the critical field by tunneling.

For 7 nm�R�21 nm, we observed a range of electric
fields in which the ground state is a “hybrid” of an s-like
state that is partially localized at the impurity and a p-like
state that localizes partially in the well at the surface of the
NC. Notably, within this hybridization range, there is an
electric field value at which “both” the ground and one �or
more� excited states can have similar �or, in some cases,
identical� hyperfine couplings �HFCs�, theoretically allowing
the use of excited states to transfer quantum information in
quantum computation schemes that store qubits in nuclear
and electronic spin.

Hybrid states are also observed near the P-doped
silicon/SiO2 interface. In fact, in the presence of an electric
field, the ground state is a hybrid of states that are localized
at the impurity and a state that is confined in a well that is
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formed by the electric field and the barrier at the interface
�see Refs. 19 and 20 and references therein�.

This paper is organized as follows. In Sec. II, we intro-
duce the approximation that is used and give a brief account
of the computational technique. In Sec. III, we present our
data on the Stark effect in Si-NCs. In Sec. IV, we discuss the
physical behaviors of various-sized NC. In Sec. V, we dis-
cuss the confinement effect on HFC and propose a scheme to
shuttle the qubit from an NC to an adjacent one.

II. PHYSICAL APPROXIMATIONS

We consider a single impurity atom per NC, a condition
that can be realized experimentally.21,22 In this case, the
Hamiltonian of a substitutional impurity in the presence of a
uniform electric field, E, reads

H0 + Vimp − �e�E · r + vmatr�r� , �1�

where Vimp is the donor impurity potential and includes all of
the effects that are caused by the presence of the guest atom
in the crystals, H0 is the periodic Hamiltonian of the host
crystal, and vmatr is the potential barrier at the NC surface
due to the matrix that embeds the NC. We consider spherical
NCs �Ref. 23� that simulate the shape that is observed ex-
perimentally in P-doped Si-NC in an SiO2 matrix �see, e.g.,
Refs. 22 and 24�. In this case, we can conveniently approxi-
mate the potential barrier at the surface of the NC with a
spherical well,

vmatr�r� = �0; if r � R

V0; if r � R ,
� �2�

where R is the radius of the NC. In our simulation, we chose
V0=3.2 eV for the value of the barrier height �i.e. of the
confinement potential�, which corresponds to the experimen-
tal value of the conduction-band offset of the Si /SiO2
interface.25 In our calculations the P atom is placed at the
center of the NC. According to the first-principles simulation
of Ref. 16, the assumption of P at the center corresponds to
the minimum-energy configuration of the P atom in Si-NCs
for which R�1 nm 26 �for R�1 nm, the energetically fa-
vored configuration places the P atom at the surface of the
NC�.

When nonthermodynamic processes are employed to syn-
thesize an experimental sample, the donor can also occupy
nonequilibrium positions and the donor can be detected in
noncenter sites. Nevertheless, we expect that our results, ob-
tained under the assumption of a central P, can also describe
the behaviors of the energy levels as a function of the electric
field for noncentered donor, at least qualitatively, provided
that the distance of the donor from the center is small com-
pared with the radius of the NC. In fact, with the same
method used in the present work, we reproduced the depen-
dence of the HFC on the radius of P-doped Si-NCs,21 within
experimental error and without adjustable parameters,17 un-
der the assumption of a P that was centered in the Si-NC.

The shallow electron wave function was computed within
the envelope-function approximation,27 according to the
scheme in Ref. 10. This technique takes into account the

anisotropy of the effective mass, the valley-orbit interaction,
and the contribution to the central-cell correction due to the
core state of P—the so-called core correction. The envelope
function was expanded on a Gaussian basis set. The basis
that was used in the present calculation �approximately 1800
Gaussian basis set� is the same used in Refs. 17 and 18 to
compute the shallow state of Si-NC at zero electric field. The
interested reader can refer to these papers for further techni-
cal details.

III. STARK EFFECT IN Si-NC

First, we studied the effect of confinement on energy lev-
els and the HFC as a function of electric field. In Figs. 1–4,
we show our results for the Stark effect due to a uniform
electric field that is oriented along the �001� direction for an
NC of R=20, 15, 10, and 5 nm, respectively �the same re-
sults can be obtained with an electric field that is applied
along the �010� and �100� directions, equivalent by symme-
try�. Hereafter, the zero of the energy �vertical scale in the
figures� corresponds to the bottom of the conduction band.
For a given value of an electric field E, the energy levels are
computed with respect to the corresponding conduction-band
minima at E because the difference in energy levels with
respect to the conduction-band minima is the quantity of
interest. Negative-energy levels correspond to discrete states
that are bound to the donor. Positive-energy levels are super-
imposed onto the conduction band and correspond to states
that are delocalized within the entire NC.

In the top panel of each figure, we show the lower energy
levels of the shallow electron as a function of the electric
field and in the bottom panel are the corresponding HFC
parameters �contact interaction only�, which are proportional
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FIG. 1. �Color online� Top panel: the lowest energy levels �solid
lines� of a Si:P nanocrystal with a 20 nm radius. Bottom panel: the
square modulus of the corresponding wave functions computed at
the impurity site and normalized to the value of the bulk system at
zero field. A �black� solid line denotes the ground state, a �red� thick
solid line denotes the lower energy level of the 2p manifold, and
dashed �black� lines denote the other energy levels.
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to the squared modulus of the electronic wave function at the
nuclear site of the P atom. The latter quantities are of para-
mount importance in any quantum information processing
scheme that is based on donor electron or nuclear spin in
silicon.

The effect of confinement can be gleaned immediately
from the figures. In general, the value of the HFC of the
ground state at zero field increases as the NC radius de-
creases. This effect becomes appreciable for NCs with R
�8 nm and corresponds to an increase in ground-state en-
ergy due to confinement. At zero field and for R�3 nm, the
HFC becomes larger than twice the bulk value.17 By consid-
ering the values of the HFC as a function of the electric field,
we observe that, as the radius of the NC declines, the HFC of
the ground state decreases more smoothly and becomes neg-
ligible at higher electric field values than for larger radii
NCs. This trend, common to all of the NCs that we investi-

gated, can be attributed to modification of the energy levels
due to confinement.

To introduce the notation, we briefly review the physics of
bulk Si:P. Bulk silicon has six conduction-band minima
�“valleys”�; an electron that lies in a valley can be scattered
into a different valley by the potential that is generated by
the P impurity. This effect is called valley-orbit coupling.1 If
the valley-orbit coupling is neglected or if the host semicon-
ductor has only one conduction-band minimum, the electron
that is bound to an impurity shows shallow hydrogenic en-
ergy levels,1 labeled according to conventional notation:
1s ,2s ,2p ,3s , . . . For a P impurity in Si, the valley-orbit in-
teraction couples the six 1s hydrogenlike states1 �one for
each the six valleys�, forming the 1s manifold.9 In bulk Si at
zero field, the 1s manifold has the following energy levels in
order of increasing energy �labeled according to symmetry�:
a singlet �A1=−45.5 meV, the ground state�, a triplet �T2
=−33.8 meV�, and a doublet �E=−32.6 meV�. The experi-
mental energy levels of Si:P bulk have been reproduced
by the approach that was used in the present work �A1
=−41.7 meV, T2=−32.3 meV, and E=−30.1 meV�.10 In
fact, the differences between the theoretical and experimental
data for the energies of the 1s manifold were �4 meV or
less. This value also provides an estimation of the numerical
accuracy of our calculation �see Ref. 17 for a discussion of
the effect of confinement in NC at zero field�. The degen-
eracy of the E states and, partially, of the T2 states is re-
moved by the effect of the electric field, as shown in the top
panels of Figs. 1–4 in which the five distinct energy levels
�one doubly degenerate� of the 1s manifold and their modi-
fication under the effect of the electric field are patent, at
least for smaller NCs among the ones that are shown �solid
and dashed black lines below the solid red �gray in black and
white� thick line�.

We begin by discussing the case of NC for which R
=20 nm. In Fig. 1, from zero to 3–4 MV/m, the energies of
the 1s manifold as a function of the electric field are modi-
fied by merely several percentage points. At variance, the
energies of the 2p manifold in general show a more pro-
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FIG. 2. �Color online� The same as Fig. 1 but for a nanocrystal
with a 15 nm radius.
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FIG. 3. �Color online� The same as Fig. 1 but for a nanocrystal
with a 10 nm radius.
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FIG. 4. �Color online� The same as Fig. 1 but for a nanocrystal
with a 5 nm radius.
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nounced dependence on the electric field. In fact, when a
field of 3–4 MV/m is applied, some energy levels of the 2p
manifold �and, in particular, the ones that originate from the
2p0 levels� show energies that are comparable with those of
the 1s manifold. This phenomenon is similar to that pre-
dicted in the bulk at a considerably lower electric field, 2.5
MV/m,10 and disappears progressively as the NC radius be-
comes smaller.

Because, according to Fig. 1, the primary change in the
HFC as a function of the electric field appears to be related to
the coupling of the 1s and 2p manifolds, we considered the
difference between the energy of the excited states and the
ground state. A plot of this difference as a function of electric
field is shown in Fig. 5 for NCs of different sizes �the zero of
the vertical axis corresponds to the ground state�. The solid
red line denotes the lower energy level of the 2p manifold.

In the top-left panel of Fig. 5 �for NCs that have 20 nm
radius�, we see that with electric field values between 3 and
4.5 MV/m, the anticrossing of the 1s and 2p manifolds is
significant. In this range of electric fields, the energies of the
higher states of the 1s manifold and the lower state of the 2p
manifold �namely, the 2p0-like state� are close, resulting in
significant anticrossing among the states of the two mani-
folds. This anticrossing is reduced at R=15 nm, and it is
very small at R=10 nm, at which the minimum difference in
energy between the two manifolds �at 10.6 MV/m� is ap-
proximately 20 meV. At variance, due to confinement, with
R=5 nm the two manifolds are completely decoupled. At
Rsp�7 nm, we can fix the smaller radius for which the two
manifolds show anticrossing. This radius corresponds to the
NC size at which the lower energy level of the 2p manifold

has, at zero field, an energy that is comparable with the bot-
tom of the conduction band of Si �Ref. 17� �for an NC that
has a smaller radius, the energy of the 2p manifold is larger�.

The decoupling of the two manifolds can be understood
easily as an effect of the confinement. If the electron is ex-
cited from the ground state into one of the 2p-manifold
states, its average distance from the P atom exceeds that of
an electron in the 1s-manifold orbits. When the NC size be-
comes comparable with the radius of the electronic orbital of
a given state, the energy of that state is increased by the
confinement.17 Because the electronic orbitals of 2p states
have higher energies than electronic orbitals of 1s states, the
rise in energy due to the confinement is greater for the
former and the difference in energy between the two mani-
folds increases as the NC radius declines. That the two mani-
folds are coupled for R�Rsp, at least partially, has important
implications for the possibility that a hybrid state forms be-
tween the 1s-like state and a 2p-like state, as shown in the
next section.

IV. CONFINEMENT EFFECT ON CRITICAL AND
HYBRIDIZATION FIELDS

A. Definition of impurity well and surface well

If one applies an electric field of adequate magnitude
within the potential barrier delimiting the NC, the sum of the
impurity potential plus the electric field potential forms a
double well: one well is determined primarily by the impu-
rity potential and is centered at the P site, and the other well
is determined chiefly by the electric field and the barrier at
the interface between the NC and the embedding matrix. In
Fig. 6 �three-dimensional plot�, we sketch, as an example,
the potential energy on the �100� plane that passes through
the impurity, corresponding to the critical field for NCs with
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FIG. 5. �Color online� Difference between the energy of the
excited states and the energy of the ground state for nanocrystals
with R=20 nm �top-left panel�, R=15 nm �top-right panel�, R
=10 nm �bottom-left panel�, and R=5 nm �bottom-right panel�.
The zero on the vertical axis denotes the ground state, a �red� thick
solid line denotes the lower energy level of the 2p manifold, and
dashed �black� lines denote the other energy levels.

FIG. 6. �Color online� Lower surface: potential at the critical
field of a P-doped Si nanocrystal with a 25 nm radius. The P atom
is located at �0,0� of the horizontal plane. Upper surface: the elec-
tron density of the corresponding ground state. In the figure, the
barrier height is reduced to 0.2 meV to improve readability.
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R=25 nm. In Fig. 7 �two-dimensional plot�, we show the
potential energy along the �001� direction at Ecr for NCs of
different sizes. In these figures, one can distinguish the two
wells that are formed by the potential within the NC radius:
the “impurity well” that is centered at P and generated by
Vimp and the electric field, and the well �with an approxi-
mately triangular section in Fig. 7� that is formed by the
electric field and the potential barrier at the interface between
the NC and the embedding matrix. The latter well is placed
near the NC surface along the direction of the electric field,
and hereafter, we refer to it as the “surface well.” Between
these wells there is an energy barrier with height Vb which
depends on the electric field and lies at a distance db from the
P atom along the field direction.28

In Fig. 8, we show the computed values of Vb and db as a
function of the electric field �note that these values are the
same as for bulk Si:P�. For a given value of the electric field,
if R�db there is no formation of the surface well.

B. Critical and hybridization fields

In this section, we introduce the critical and hybridization
fields for subsequent discussion of the physical properties of
NCs. Similar to Ref. 10, we define the critical field Ecr as the
electric field that corresponds to the minimum-energy differ-
ence between the lower energy level that originates from the
2p manifold at zero field �red �gray in black and white� solid
line in the figures� and the ground state �black solid line�.
Similar definitions are also adopted for the case of a donor
near an interface.13 Note that, in Ref. 13 the relevant anti-
crossing to determine Ecr is the one that involves the lower
eigenstate, while in the present work �and in Ref. 10� Ecr

corresponds to the minimum difference between the lower
energy level that originates from the 2p manifold at zero
field and the ground state that originates from the 1s mani-
fold at zero field.

In bulk Si:P, for fields that are lower than Ecr, the ground
state corresponds to the 1s singlet �A1� state and the lower
state of the 2p manifolds corresponds to the 2p0-like state.10

At Ecr, the two states show anticrossing and for a field that is
larger than Ecr, the ground state becomes 2p like.

The critical field Ecr is related to the difference between
the energy of the ground state and Vb. To provide evidence of
this assertion, in Fig. 8 we show the ground-state energy of
P-doped Si-NCs with different radii. For large NCs �see the
data for R=25 nm in the figure�, the energy of the ground
state, Eg�E�, is always lower than Vb and the critical field Ecr
corresponds to the electric field at which the difference be-
tween Vb and the ground-state energy is at its minimum. As
the radius of the NC decreases, the difference between Vb
and Eg�Ecr� shrinks.

We call Rt the radius of the NC at which Eg�Ecr�=Vb. For
NCs with R�Rt, there is a range of the electric fields at
which Eg�E��Vb. We define the minimum and maximum
hybridization fields �for reasons that will be clarified in Sec.
IV E� Emin and Emax as the values of the electric field at
which the energy of the ground state is equal to Vb. At R
=Rt, we have Emin=Emax=Ecr; in general, for R�Rt we have
Emin�Ecr�Emax. The reader should note in Fig. 8 that for
R=5, 10, 15, and 20 nm, there is a range of electric fields for
which the energy of the ground state is higher than Vb. For
R=10, 15, and 20 nm, db�Emin��R. For NCs of this size,
Emin corresponds to a transition of the ground state from a
state that is bound to the impurity to a hybrid state that
comprises the impurity and the surface-well state. This phe-
nomenon holds true for NCs that have a radius that is greater
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FIG. 7. �Color online� For nanocrystals of R=25 nm �top-left
panel�, R=20 nm �top-right panel�, R=15 nm �bottom-left panel�,
and R=10 nm �bottom-right panel�, the potential corresponding to
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than Rdot	db�Emin��6.5 nm. For R�Rdot, if an electric
field whose magnitude is equal to Emin is applied, there is no
formation of a surface well and the ground state is confined
in a one-well potential. The dependence of Ecr, Emax, and Emin
as a function of NC radius is shown in Fig. 9.

C. Confined regimes

In this section we discuss how different physical regimes,
due to confinement, are related to the NC radius. The effect
of the anticrossing of the 1s and 2p manifolds, corresponding
to Ecr, has important consequences on the energy and, in
particular, the wave function of the ground state. To study
this aspect, we consider the envelope functions of the shal-
low states rather than the whole wave functions. In fact, in
real space the envelope functions vary smoothly at a length
scale that is comparable with the Si lattice parameter. At
variance, the wave function on the same length scale shows
many oscillations around the value of the envelope function.
The wavelength of these oscillations is on the order of a
fraction of a nanometer and it is due to the intervalley inter-
ference �this situation, for the bulk case, is well illustrated in
Fig. 2 of Ref. 10 in which the envelope function and the
wave function are plotted along the direction of the electric
field�. In the present work, we are interested in determining
the probability of finding a shallow electron in different re-
gions �surface/center� of the NC; i.e., we are interested in the
change in the modulus of the wave function on the scale of
the NC radius, which is on the order of nanometers. For this
reason, we find it convenient to plot only the envelope func-
tion as a function of the position vector, instead of consider-
ing the whole wave function.

In Fig. 7, we show the square modulus of the ground-state
envelope function �red line�, computed at the critical field

Ecr�R�, for NCs of different sizes. In the same figure, we
show the potential, which is the sum of the screened Cou-
lomb potential and the potential that corresponds to the elec-
tric field Ecr.

D. Tunneling regime

For an NC whose radius is larger than Rt �according to our
results, Rt�21 nm�, we are in the tunneling regime: at the
critical field, the electron in the ground state, confined
around the P atom by the potential barrier that is generated
by the impurity, can move via the tunnel effect to the surface
well. In fact, as shown in the top-left panel of Fig. 7, for R
=25 nm, the energy of the ground state, Eg�E�, remains
lower than the minimum of the energy barrier around the P
atom, Vb, similar to what occurs for the P impurity in bulk
Si.10 For NCs whose size corresponds to the tunneling re-
gime, at Ecr there are two well-resolved peaks in the enve-
lope function. One peak is sharp and centered at the impurity
site �the origin of the horizontal axis�, formed primarily by
1s states; the other peak is smooth and centered in the well
that is generated by the uniform electric field and the barrier
at the interface between the NC and the embedding matrix
�in the bulk case, there is no surface well but there is a
free-electron region�.

E. s-p hybridization regime

For NCs that are smaller than Rt and larger than Rsp

Rdot, the energy of the ground state that corresponds to Ecr
is higher than the energy of the impurity barrier, and the
ground state forms a hybrid state between the 1s states that
are localized around the P and the 2p states that are localized
in the surface well. With regard to the squared modulus of
the envelope function for NC with R=20 nm, we observe
that the peak at P and the small peak at the surface well are
only partially resolved but for R=15 nm, the envelope func-
tion forms an “elbow,” corresponding to the surface well. At
R=10 nm, there is only a structure that is formed by one
asymmetric peak with a “hump” on the right side due to the
presence of the barrier well.

The ground state is formed by the hybridization of the 1s
impurity states and the 2p surface-well states, when its en-
ergy is higher than the potential barrier, Vb, which depends
on the electric field and NC radius and which separates the
impurity from the surface well. Thus, �Emin,Emax� defines the
range in which the s-p hybrid states are formed. For E
�Emin, the energy of the ground state is lower than the po-
tential barrier and the 1s-like state is confined around the
impurity; in contrast, for E�Emax, the energy of the ground
state is also lower than the potential barrier but the state is 2p
like and confined in the surface well.

The values of Emin and Emax, corresponding to NCs of
different sizes, are shown in Fig. 9 for values of the electric
field that corresponds to the s-p regime. We note from the
figure that although Emin is nearly constant in the range that
is considered, Emax depends strongly on the NC size and the
hybridization range increases considerably as the NC radius
declines. Within the sp-hybrid range, for fields that are lower
than Ecr, the wave function has predominantly an impurity
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well component and for higher fields it has a surface-well
component.

F. Dot regime

For NC radii that are smaller than Rsp the 1s and 2p
manifolds are well separated in energy and there is no anti-
crossing. As shown in Fig. 4, for R=5 nm, at high electric
fields ��40 MV /m� the ground state becomes nearly doubly
degenerate and the remaining four states of the 1s manifold
have similar energies �at 60 MV/m the difference in the en-
ergies of the four higher states of the 1s manifold is less than
2 meV�. At R=Rss�4 nm, the effect of confinement also
becomes significant for the excited states of the 1s manifold.
The energy separation of the ground state �A1� and the ex-
cited states �E ,T2� increases. At zero field, due to confine-
ment, the excited 1s states have energies that are comparable
with the bottom of the conduction band of Si for an NC that
has a radius Rss ��4 nm �Ref. 17��. When R�Rss, for low
electric fields the electron in the ground state is still bound to
the donor; for R�Rss the electron’s energy is higher than the
bottom of the conduction band. This situation is similar to
that of an electron confined in a quantum dot. Because we
expect to approach the limit of validity for the approximation
that we have used in this study for R�2–3 nm we do not
discuss the latter regime further.

In summary, we can distinguish four cases according to
the NC size: �I� the tunnel regime for R�Rt�21 nm in
which the ionization of the donor is made possible by a
tunnel effect at a critical electric field; �II� the hybrid s-p
regime for Rsp�R�Rt, where Rsp�7 nm revealing a range
of electric fields in which the ground state is a hybrid of 1s
states that are localized at the impurity and 2p states that are
localized at the NC surface well; �III� mixed 1s-manifold
states for Rss�R�Rsp, with Rss�4 nm, in which the
ground state is a hybrid of states of the 1s manifold; �IV� the
“pure” dot states, for R�Rss, the physics of which is ex-
pected to be similar to the Stark effect of an electron in a
quantum dot.

V. EFFECT OF CONFINEMENT ON HYPERFINE
COUPLING

Finally, we discuss the effect of confinement on HFC pa-
rameters as a function of electric field. In general �see Figs.
1–4�, for a given NC radius, as the electric field increases,
the HFC of the ground state decreases and the HFC of some
excited state becomes significant. In particular, to set a ref-
erence, we consider the HFC that corresponds to the 2p0-like
level �similar considerations can also be made for other ex-
cited states�. For NCs that have a radius greater than Rsp, we
find a value of the electric field Eex at which the ground state
and excited 2p0-like state have the same HFC value. For R
�Rt, Eex essentially corresponds to the critical field �it can be
used as an alternative definition of Ecr�. For R�Rt, we have
Emin�Eex�Ecr. At Eex, the ground state and the excited
states correspond to hybridization states that are formed by
the impurity state and the surface-well state.

As an example, we consider an NC with R=8 nm. For
E�12.6 MV /m, the HFC of the ground state is approxi-

mately one half of the bulk value at zero field. Notably, at
this electric field value, the ground state has an HFC value
that is similar to the HFC of the 2p0 state and to the HFC of
one excited state of the 1s manifold—namely, one of the two
levels that originated from the E states at zero field.

The explanation of this effect is illustrated in Fig. 10, in
which, for NCs with R=8 nm, the square modulus of the
envelope function is plotted along the �001� direction for
three values of the uniform electric field. In the figure, we
choose the vertical scale to visualize the magnitude and sym-
metry with respect to the P atom of an excited state of 2p
manifolds and the ground state �1s manifold�. The magnitude
of the envelope function at P �not visible in the figure� is
shown in the bottom panels of Fig. 11. At zero field, the
envelope function of the ground state is symmetrical and
peaks around the position of the P atom �corresponding to
zero on the horizontal axis�, and the envelope functions of a
state of the 2p manifold vanish in correspondence to the
node of the p-like wave function at the P nuclear site. Yet,
due to the confinement in the NC, the electronic orbits of the
2p manifold are closer to the P impurities than the corre-
sponding bulk ones. As discussed, the confinement effect is
more effective for the 2p rather than the 1s manifold. As
shown in Fig. 10, for R=8 nm, the envelope function of the
state of the 2p manifold has a peak at zero field that is only
3–4 nm from the P atom. When a uniform electric field is
applied, the envelope functions lose their symmetry around
the P atom, and due to the combination of the confinement
and the electric field, the peak of the 2p—like state �at the
left of the P atom in the figure� is pushed toward P while the
node of the envelope �or wave� function shifts to the right by
a similar amount. Consequently, by increasing the electric
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FIG. 10. �Color online� Top panels: the square modulus of the
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field, the peak of the 2p0—like level nears the P site and the
HFC of this level increases. At approximately E
�12.6 MV /m, its value is comparable with the HFC of the
ground state. Because the confinement is less effective for
the 1s manifold, the peak of the ground state is pushed away
from the P site at a larger electric field. As a consequence,
within the hybridization range, one can identify a value of
electric field at which the ground state and one excited state
have equal and non-negligible HFCs �further, for R=8 nm,
there is an other excited state that has an HFC that is similar
to that of the ground state�. This effect raises the possibility
of using excited states of shallow levels of P-doped Si-NCs
for quantum computation, as envisaged below.

Schemes of quantum computing that involve excited
states have been proposed.29,30 Our results show that in the
hybridization range, there is at least one value of the electric
field at which it is possible to excite the electron from the
ground state to a higher energy level, conserving the same
HFC of the ground state. In principle, this step would allow
one to transfer the quantum information to an excited state
that has the same HFC of the ground state. We consider the
2p0 state �but one of the excited states of the 1s manifold
also shows a similar effect� for possible application in a
novel scheme of quantum computing because the 2p0 excited
state is long lived,2 compared with other excited electron
levels of the P impurity in bulk Si �in the following discus-
sion, we implicitly assume that the lifetime of the 2p0 is not
drastically reduced by confinement or by electric fields of
magnitude Eex�.

We briefly outline a possible scheme for a transfer qubit.
We consider two Si-NCs that have an equal radius, the first is
doped with a P atom at the center, and the second can contain
a P atom or not �the following qualitative discussion is not
significantly affected by the presence of a P atom in the

second dot�. In the first NC, the qubit is encoded in the P
nuclear spin, which is coupled to the spin of the shallow
electron through the HFC.

First, the electric field is adiabatically switched on in the
direction that is perpendicular to the line that passes through
the centers of the two NCs. When the value of Eex is reached,
the electron is excited �photoexcited, for example� from the
1s ground state to the 2p0 state, conserving the same cou-
pling with the nuclear spin, because, at Eex, the HFC of the
ground and 2p0 states are the same. Second, if the electric
field is adiabatically switched off in a time that is shorter
than the lifetime of the 2p0 state, the electron will remain in
the excited state, conserving the spin orientation. In this way,
at zero field the electron �with the original spin orientation�
is in the 2p0 exited state, which, for this NC size, has an
energy that is equal to �or larger than� the bottom of the
conduction band. As a result, at zero field the electron spin,
in the 2p0 excited state, is decoupled from the nuclear spin
�conserving the same spin orientation�. Third, because an
electron in an NC can be transferred to the adjacent NC by
tunneling through the oxide when the NC distance is less
than 2 nm,24 the qubit that is stored to the electron spin can
be transferred to the second NC.

We expect that excited states �and, in particular, the ones
whose energies are higher than the bottom of the conduction
band of Si-NC� have higher probabilities of tunneling into
the second NC than the ground state �bound to the impurity�.
Therefore, we can reasonably assume that for an appropriate
choice of distance between two NCs, only the electron in the
excited state has a significant probability of tunneling
through the oxide. This scheme can be used to adiabatically
decouple nuclear and electron spin and transfer the qubit that
is stored in the electron spin from one NC to the adjacent
one. Our proposal constitutes an alternative to the use of the
oxide barrier film, which is typically assumed3,19 in the
implementation of Kane-type schemes for quantum
computing.

VI. SUMMARY

In summary, we have computed the effect of confinement
in P-doped Si-NCs in the presence of a uniform electric field.
We can distinguish four cases according to NC size: �I� tun-
nel regime, for R�Rt�21 nm, in which the ionization of
the donor is made possible by tunnel effect at a critical elec-
tric field; �II� hybrid s-p regime for Rsp�R�Rt, with Rsp
�7 nm—in this regime, there is a range of electric fields in
which the ground state is a hybrid of 1s states that are local-
ized at the impurity and a 2p state that is localized at the
surface well at the interface; �III� mixed 1s-manifold states
for Rss�R�Rsp, with Rss�4 nm, at which the ground state
is a hybrid of states of the 1s manifold; and �IV� pure dot
states, for R�Rss, the physics of which is expected to be
similar to the Stark effect of electrons in a quantum dot. A
scheme for transferring qubits from one NC to an adjacent
one using excited states has been proposed and discussed.
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