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The spin-singlet ground states of a D~ ion in bulk Si and Si/SiO, quantum wells have been investigated in
the presence of a magnetic field, using a diffusion quantum Monte Carlo method. By neglecting the central-cell
correction, the negative donor state can be assigned by the valley indexes of two trapped electrons. In the bulk
Si, the ground-state energies of negative donors of both the intervalley and intravalley configurations split into
two levels in a magnetic field along the z axis and the lowest-energy state becomes the intervalley configuration
of the two electrons in the valleys with their longitudinal axes perpendicular to the magnetic field. The
magnetic field increases the binding energy of a negative donor and the strongest enhancement is attained for
the intravalley configuration of the two electrons in the valley with the longitudinal axis parallel to the
magnetic field. In the quantum well with the interface within the x-y plane, the quantum confinement effect
changes the lowest-energy state of a negative donor from the intervalley configuration in the bulk to the
intravalley configuration for which the binding energy is increased most strongly by the magnetic field per-
pendicular to the well interface. The central-cell correction on the binding energy of a D~ ion in a quantum well

is also discussed.

DOI: 10.1103/PhysRevB.79.035206

I. INTRODUCTION

A neutral donor in the bulk semiconductors can bound
weakly the second electron and this negative donor is called
a D™ ion. With respect to the D~ state, a lot of theoretical
studies have been performed by various methods, variational
method,'® diffusion quantum Monte Carlo (DQMC)
method,* and full configuration-interaction approach;’ but
they have been applicable only to the single valley semicon-
ductors with an isotropic effective mass. When the effective
mass is isotropic, the magnetic-field dependence of the nega-
tive donor state has also been studied extensively.*~” In the
presence of the magnetic field, it has been shown that there
exist an infinite number of bound states for a D~ ion,® while
only one bound state exists in the absence of a magnetic
field. Hujaj and Schmelcher’ studied the lowest bound states
of the hydrogen negative ions in the broad magnetic field
regime. The global ground state is the spin-singlet state with
the magnetic quantum number of m=0 in the weak field, but
it is replaced by the spin-triplet state with m=1 because of
the spin Zeeman effect. However, the binding energy of the
spin-triplet state is much smaller than that of the spin-singlet
state. For the D~ ion in the bulk GaAs, the calculated field-
dependent ground-state energy* for the spin-singlet state is in
excellent agreement with the magneto-optical experiment.” It
is shown that the spin-singlet state is the ground state for a
magnetic field less than 80 T due to the low value of the g
factor in GaAs.! For a negative donor ion in a
GaAs/Gag75Al»5As quantum well, a strong increase in the
binding energy over that of the bulk is found and the calcu-
lated field-dependent ground-state energy*!? of the spin-
singlet state is in good agreement with the high-field
magneto-optical data.!!

On the other hand, silicon is multivalley semiconductor
and the minima of the conduction band are located in the
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vicinity of six equivalent X points in the Brillouin zone. The
effective mass parallel or perpendicular to the longitudinal
axis in each valley becomes different and the multivalley
semiconductors have anisotropic effective masses, contrary
to the case of GaAs. The consideration to the anisotropy of
the effective mass is essential to interpret the isolated donor
states in Si. Faulkner'? showed the anisotropic variational
wave function for the donor state could give good results in
the absence of the magnetic field. Mu et al.'? extended the
Faulkner’s variational method to treat the donor state in the
presence of the magnetic field. Kennedy and Kobe'* pro-
posed the gauge-invariant complex variational wave function
for a shallow donor state in high magnetic fields.

As for an isolated D~ ion in Si, extensive experimental
studies were performed by Taniguchi and Narita!> and it was
pointed out that preparation of samples having very low im-
purity concentration and as small compensation as possible
was very important. The concentration dependence of the D~
state spectra indicates the transition from a shallow isolated
D~ state to a deeper bound state of an electron trapped by
more than one neutral donor. The binding energies of the D~
states in Si are determined to be 1.73, 2.05, and 1.75 meV for
P, As, and Li impurities, respectively, in the stress free case.'®
Norton!” obtained a similar value of 1.7 meV for both P and
As impurities from the photoconductivity spectra at a low
temperature. As for an interstitial Li impurity, the D~ binding
energy decreases linearly initially from 1.75 meV but sud-
denly changes to a constant value of 1.55 meV as the [100]
stress increases. This transition was explained to be the
change in the D~ ground state induced by the uniaxial
stress.'® The observed 1.75 and 1.55 meV were assigned to
the D~ binding energies ¢; of the intervalley and ¢; of the
intravalley configurations, respectively. Narita et al.'® also
studied the magnetic-field dependence of a negative donor
state in Si. In the presence of the magnetic field along the
[111] direction, the binding energies of the D~ state increase
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to about 3.32 and 2.95 meV at 6 T from 2.05 and 1.75 meV
at zero field, for As- and Li-doped Si, respectively.

Very recently, meanwhile, a dopant has been expected as
the functional part of a device instead of just providing
charges. The electronic states of single dopants in gated sili-
con nanostructures have been studied through the transport
spectroscopy, and the neutral D° and negatively charged D~
states are observed by resonant tunneling between source and
drain.' Furthermore, there has been a great deal of activity
to develop a silicon-based quantum computer architecture
such as direct exchange interaction”® between electron spins
in a donor, charge qubits*! composed of two donors, and
spin-to-charge transduction in donor-spin readout,?? follow-
ing the proposal by Kane.”? In the entire spin-to-charge
transduction process, measuring the state of the nuclear-spin
qubit is turned into a spin-dependent electron charge-transfer
event such as D°D°— D*D~ for a two-donor system.

In our previous paper,”* we studied the multivalley effect
on negative donors in multivalley semiconductors using a
diffusion DQMC method under the condition that the
central-cell correction for a donor ion can be neglected. We
succeeded in producing well the experimental results for Si
and Ge, in which the intravalley or the intervalley configu-
ration is well controlled. For Si, we obtained €;j
=1.82 meV and €;,=1.57 meV in good agreement with 1.75
and 1.55 meV for an interstitial Li impurity.'® In the present
paper, our purpose is to study the negative donors in both the
bulk Si and Si/SiO, quantum wells in the presence of a
magnetic field. We clarify both effects of the anisotropy of
the effective mass and the multivalley structure, using the
DQMC method. The binding energy of a negative donor is
very small and hence the correlation effect between two
trapped electrons is essentially important. To treat the corre-
lation effect accurately, we used the DQMC method with the
importance sampling.?

II. CALCULATION METHOD

If the central-cell correction of a donor is neglected, each
electron of a negative donor in Si belongs to a specific valley
among the six equivalent valleys. Therefore, electron con-
figuration of a D~ ion is assigned by their valley indexes.?
We call the configuration as (i,i) intravalley when the two
trapped electrons belong to the same valley (i) and as (i, )
intervalley when the two electrons belong to different valleys
(i) and (j). In the effective-mass approximation, the Hamil-
tonian for a D™ ion with the (1,1)-intravalley configuration in
the presence of a magnetic field parallel to the z axis is given
by (see Fig. 1)

1
H(ry,ry) =H(r\) + H(r)) + —,

I
(& & 1 (& 1
Hl(r”):_5<a_xﬁ+a_yﬁ>_2_M,(£ﬁ)__,,+§(xz+y2)
+ 2L+ V). (1)

Here, r|, is the distance between two trapped electrons,
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FIG. 1. The schematic figure of a Si/SiO, quantum well in the
magnetic field along the z direction and the equal energy surfaces in
the vicinity of the conduction-band minimum of the bulk Si.

H,(r,) is the single-electron Hamiltonian for a neutral donor
D and L, represents the z component of the angular-
momentum operator. 7y is defined as y=fhw,/Ha*, using the
cyclotron frequency w.=eB/m;. V(z) is the square-well po-
tential of a quantum well. We assumed a Si/SiO, quantum
well in the z direction and a donor was located at the center
of the well. As for the well depth, we adopted 3.1 eV of the
band offset between Si and SiO,. M, in Eq. (1) is the ratio of
the longitudinal effective mass m; to the transverse effective
mass m, defined as M,=m; /m;. Similarly, the single-electron
Hamiltonian for an electron in the valley (3) can be written
as

In the above single-electron Hamiltonians (1) and (2), both
differences of the effective masses and the dielectric con-
stants between Si and SiO, were not considered. In Egs. (1)
and (2), the energy and the length are measured in the effec-
tive atomic units of Ha*=m/e*/(4€®h?) and aj
=eh*/(mm]e?), respectively. For Si, Ha*=35.4 meV, a,
=3.36 nm, and M,=4.81.2" As for the strength of the mag-
netic field B, y=0.172 at B=10 T.
The binding energy of a D~ ion is calculated as

EY =Epo+ Egee— Ep- (3)

where Epo, Ef.., and Ep- are the ground-state energies of a
neutral donor DY, the free electron, and a negative donor D7,
respectively.

We used a DQMC method with an importance sampling?
to calculate the ground-state energies Epo and Ep-. In
DQMC method, a diffusion constant in each direction is in-
versely proportional to the corresponding effective mass of
each electron. Hence, DQMC method can incorporate easily
both the anisotropy effect of the effective mass and the mul-
tivalley structure into the computer program code.

We adopted the following simple trial functions for the D°
state which traps an electron in the valley (1), in the impor-
tance sampling,
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In Eq. (1), L, commutes with the Hamiltonian H; and the
eigenstate can be assigned by the magnetic quantum number
m. The trial function of Eq. (4) has the magnetic quantum
number of m=0. With respect to the trial function for the D°
state which traps an electron in the valley (3), on the other
hand, the magnetic quantum number m cannot be taken as
the good quantum number. For the free-electron state in the

DPyX

valley (3), the operator L;=7—p,y commutes with the
Hamiltonian and the elgenvalue m' becomes the good quan-
tum number. However, Lz’ does not commute with the Cou-
lomb attractive interaction, i.e., LZ’ does not commute with
the Hamiltonian of Eq. (2) as well as L,. The attractive Cou-
lomb interaction mixes the states with different values of m’
and the resultant wave function of the donor ground state
becomes a complex function in a magnetic field,'>!* instead
of a real function at zero magnetic field. To treat the complex
wave function in the DQMC method, we must use a fixed
phase approximation.?® In this paper, we assumed the follow-
ing real trial function for the DY state trapping an electron in
the valley (3) in the importance sampling:

2 y 2)
—+—+—. (5)
VR

Assumption of the real trial function is equivalent to the
neglect of the fifth term proportional to L. in the Hamil-
tonian of Eq. (2) and hence the calculated energy gives the
upper bound for the true ground-state energy.

We assumed the spin-singlet ground state for the D~ state,
since the spin-singlet state has the largest binding energy.> As
for the trial function for the D~ state, we adopted the direct
product form of the donor wave function for each electron.
a;, b;, and ¢; in Egs. (4) and (5) are the variational parameters
related to the extension of the wave function in each direc-
tion. The values of parameters are determined by optimiza-
tion with a variational Monte Carlo (VMC) simulation.

Ypo= exp(‘

III. NUMERICAL RESULTS
A. Bulk

At first, we show in Figs. 2(a) and 2(b) both the ground-
state energies and the binding energies of a neutral donor in
the bulk Si as a function of the magnetic field applied paral-
lel to the z direction. In calculation of the binding energy, the
valley index of an electron was assumed to be conserved in
the transition. The ground-state energies of the free electron
in a magnetic field are given by the lowest Landau levels y/2
and y/ (Z\rM ) for the electron in the valleys (1) and (2),
respectively. The ground-state energy of a neutral donor
splits in the magnetic field similarly to the free electron and
the electron in the valley (2) takes a lower energy than that in
the valley (1). As for the binding energy, the electron in the
valley (1) has a larger value because of its much higher low-
est Landau level. Indeed, the increase in the binding energy
is well approximated by y/2 or 7/2\'M in the low field of
v<0.2 for the electron in the valley (1) or (2), respectively.
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FIG. 2. (a) Ground-state energies Eg(D°) of a neutral donor
with those calculated by the gauge-invariant variational method
(Ref. 14) (three lines) and (b) the binding energies Eyz(DY) as a
function of the magnetic-field strength vy, with those for an isotropic
effective mass of M,=1. Two solid lines in (b) represent the rela-
tions of X+¢ and e respectively, where ¢ is Ez(D°) at y=0.

In Fig. 2, the calculated result for the isotropic effective mass
of M,=1 is also plotted for comparison. In Fig. 2(a), the
ground-state energies of a neutral donor calculated by the
gauge-invariant variational method proposed by Kennedy
and Kobe'* are also drawn by three lines. Our DQMC
method can give the exact ground-state energies of a neutral
donor in a magnetic field for both cases of M,=1 and the
valley (1) electron configuration. For the valley (2) electron
configuration, however, we can calculate the exact ground-
state energy only at zero field and give the upper bound with
decreasing accuracy as the magnetic-field strength increases.
On the contrary, the variational wave function proposed by
Kennedy and Kobe'* gives good results in high fields. Our
results in Fig. 2(a) always take lower energies than those
obtained by the gauge-invariant variational method. This
means that our calculation gives better results also for the
valley (2) configuration than the gauge-invariant variational
method in the studied magnetic-field range.

Next, we show in Figs. 3(a) and 3(b) both the energy
levels of the ground states of a negative donor in the bulk Si
and their binding energies as a function of the magnetic field
applied parallel to the z direction. In calculation of the bind-
ing energy, we assumed that the valley indexes of the two
electrons are conserved in the transition. As for the one-
electron excited state in the intervalley configuration, we
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FIG. 3. (a) Ground-state energies E5(D~) of a negative donor
and (b) the binding energies Ez(D™) as a function of the magnetic-
field strength v, with those for an isotropic effective mass of M,
=1. The solid line represents the relation of %+c, where ¢ is Ez(D”)
at y=0 for the (1,1)-intravalley configuration.

adopted the lower-energy configuration. In the magnetic
field, there exist four kinds of electron configurations for the
negative donor. The energy levels for both the intravalley
and the intervalley configurations split into two levels by the
magnetic field. The lowest (highest)-energy state of the nega-
tive donor is the (2,3)-intervalley [(1,1)-intravalley] configu-
ration in the magnetic field. As for the binding energy of a
negative donor ion, the magnetic field increases the binding
energies. The magnetic-field effect is the largest for the (1,1)-
intravalley configuration and the binding energy increases as
v/2 at low fields as shown in Fig. 3(b). The (2,3)-intervalley
configuration has not so large magnetic-field effect and the
binding energy increases as y/(2VM,) at low fields. In Fig. 3,
the result for M,=1 is also plotted for comparison. As for the
ground-state energy of a negative donor for the isotropic ef-
fective mass, it must be larger than those in the bulk Si in
which the longitudinal kinetic energy is suppressed, as seen
in Fig. 3(a). The calculated D~ binding energy for the case of
the isotropic effective mass agrees well with the results by
Pang and Louie.* The magnetic-field-induced increase in the
D~-binding energy is much more remarkable than the
DO-binding energy.

B. Quantum well

At first, we study the well-width dependence of both a
neutral donor and a negative donor in the absence of a mag-
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FIG. 4. (a) Ground-state energies E5(D°) of a neutral donor in
the Si/SiO, quantum well and (b) the binding energies Eg(D°) as a
function of the well width, with the lowest free-electron levels for
both the valley (1) electron (thick broken line) and the valley (2)
electron (thick solid line). Here, E(D®) and E»z(D°) in the bulk are
indicated by thin solid lines.

netic field. We show in Figs. 4(a) and 4(b) both the energy
levels of the ground states of a neutral donor in a quantum
well and their binding energies as a function of the well
width. In Fig. 4(a), the lowest energy of the free-electron
state in the quantum well is also plotted. For the free-electron
state in the valley (2) electron, the quantum confinement ef-
fect is already prominent at the well width of 30 nm. The
ground-state energy of a neutral donor is affected by the
quantum confinement effect for the well width less than
about 15 nm and is increased compared to the bulk value.
For the neutral donor in the well, the valley (1) electron takes
the lower energy than the valley (2) electron similarly to the
free electron; but their energy difference is much smaller
than that of the free electron. With respect to the binding
energy of a neutral donor in the well, it is strongly increased
as the well width decreases. The enlargement can be seen
already at the well width of 30 nm for the valley (2) electron.

Second, we show in Figs. 5(a) and 5(b) both the energy
levels of the ground states of a negative donor in a quantum
well and their binding energies as a function of the well
width for the four kinds of electron configurations. The quan-
tum confinement effect on a negative donor appears for the
well width less than about 20 nm. In such a narrow quantum
well, the electron configuration of the ground state of a nega-
tive donor changes to the (1,1)-intravalley configuration
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FIG. 5. (a) Ground-state energies E5(D™) of a negative donor in
the Si/SiO, quantum well and (b) the binding energies Ez(D™) as a
function of the well width, with their bulk values [¢;;: solid line and
€;;: broken line. The two bulk values for E;(D~) cannot be discrimi-
nated in this energy scale.]

from the intervalley configuration in the bulk. The binding
energy of the D~ ion increases as the well width decreases
except one for the (1,2)-intervalley configuration. The behav-
ior for the (1,2)-intervalley configuration means that a neu-
tral donor which traps the valley (2) electron binds the valley
(1) free electron more loosely as the well width decreases.
This is induced by the enhanced repulsive Coulomb interac-
tion between two trapped electrons in a negative donor in a
narrower quantum well.

Third, we study the magnetic-field dependence of the
ground states of a neutral donor and a negative donor in
quantum wells with widths of 7.5, 10, and 15 nm. For these
well widths, the quantum confinement effect affects strongly
on their binding energies. We show in Figs. 6(a) and 6(b)
both the ground-state energies and the binding energies of a
neutral donor in the quantum well for the valley (1) electron
with their bulk values, as a function of the magnetic field
applied parallel to the z direction. The enlargement of the
binding energy of the neutral-donor ground state by both the
well-confinement effect and the magnetic field can be seen in
Fig. 6(b). It should be mentioned that the ground-state en-
ergy of a neutral donor E5(D°) increases in proportion to ¥
caused by the diamagnetic effect, but the binding energy
Ex(D°) increases as y/2 in the weak field caused by the
ascent of the lowest Landau level.
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FIG. 6. (a) Ground-state energy Eg(D°) of a neutral donor for
the (1)-valley configuration in the Si/SiO, quantum well and (b) the
binding energy E»(D°), as a function of the magnetic-field strength
v, with those in the bulk Si. The solid line represents the relation of
Z+c, where ¢ is E5(D) at y=0 for the well with d=7.5 nm.

Finally, we show in Figs. 7(a) and 7(b) both the ground-
state energies and the binding energies of a negative donor
with the (1,1)-intravalley configuration in the quantum well,
as a function of the magnetic field applied parallel to the z
direction. The strong increase in the binding energy of the
negative donor ground state by both the well-confinement
effect and the magnetic field can be seen in Fig. 7(b). It is
remarked that the ground-state energy of a D™ ion Eg(D")
increases in proportion to y? caused by the diamagnetic ef-
fect, but the binding energy Egz(D") increases as y/2 caused
by the ascent of the lowest Landau level in the weak field of
¥<0.2.

IV. DISCUSSION AND CONCLUSION

The magnetic field increases both binding energies of a
neutral donor and a negative donor. This is caused by the
increase in the contribution of an attractive donor-ion poten-
tial resulting from suppression of the transverse extension of
their electron orbits. In high fields of y>1, the transverse
extension is reduced to the cyclotron radius / of [=ay/Vy. In
Fig. 8, we plot the ratio R of the binding energy of a negative
donor with the (1,1)-intravalley configuration to the binding
energy of a neutral donor with the (1)-valley configuration,
as a function of the magnetic-field strength y for both the
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FIG. 7. (a) Ground-state energy E;(D™) of a negative donor for
the (1,1)-intravalley configuration in the Si/SiO, quantum well and
(b) the binding energy Eg(D™), as a function of the magnetic-field
strength vy, with those in the bulk Si. The solid line represents the
relation of -;‘+c, where ¢ is Ez(D™) at y=0 for the well with d
=7.5 nm.

bulk Si and the Si/SiO, quantum well along the z direction.
It can be seen that the ratio R initially increases linearly with
increasing y and approaches to a constant value much larger
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FIG. 8. The ratio of the D™-binding energy Eg(D") of the (1,1)-
intravalley configuration to the D°-binding energy Ez(D°) of the
(1)-valley configuration in the Si/SiO, quantum well as a function
of the magnetic-field strength 7y, with those in the bulk Si. Two
limiting values of 0.3 and 0.2 for two- and three-dimensional elec-
tron gas with an isotropic effective mass are indicated by two arrow
heads.
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FIG. 9. The single-electron probability density P(p,z) of a neu-
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and y=3. Here, p is the transverse direction and z is the longitudinal
direction parallel to the well direction.

than 0.055 in the bulk in the absence of a magnetic field.
This ratio R is insensitive to the anisotropy of the effective
mass in the range of 1 =M, <10 in the absence of the mag-
netic field in the bulk Si; although either value of Egz(D~) or
Eg(D") is increased with increasing the longitudinal effective
mass, as mentioned in our previous paper.?* The value of R
in the bulk with an isotropic effective mass is obtained as
0.21, 0.20, and 0.20 at y=10, 100, and 1000 from a full
configuration-interaction approach.’ These values are a little
smaller than the calculated asymptotic value in the bulk Si in
Fig. 8. The value R in the two-dimensional electron system
with an isotropic effective mass, on the other hand, can be
obtained as 0.30 at y=10, 100, and 1000 from a finite-
difference solution.? This value is a little larger than the
calculated asymptotic value at the well width of 7.5 nm in
Fig. 8. Calculated asymptotic values of R are just located
between these two limiting values of 0.2 and 0.3 for the
three- and two-dimensional electrons with an isotropic effec-
tive mass. The increase of R means that the electron-electron
Coulomb interaction energy in a D~ ion is reduced relatively
to Ez(D°). This is caused by the increase in the electron
correlation effect on two electrons in a negative donor and it
is enhanced as the effective dimension is lowered. Indeed,
the ratio R is increased as the well width decreases by ap-
proaching to the two-dimensional system and is also in-
creased with increasing 7y by approaching to the quasi-one-
dimension in high fields.

Next, we discuss the effect of the magnetic field on the
probability density of electrons. In Fig. 9, we present the
single-electron probability densities of both a neutral donor
for the (1)-valley configuration and a D~ ion for the (1,1)-
intravalley configuration in the bulk Si and in the quantum
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well with a width of 5 nm. The magnetic field shrinks mainly
the transverse extension of the probability density by the
diamagnetic effect but the longitudinal extension is also re-
duced. This is caused by relative increase in the contribution
of the attractive potential of a donor ion. The effect is more
enhanced for a D™ ion than for a neutral donor and the effect
is suppressed in the quantum well compared to in the bulk.
This is attributed to the enhancement of the diamagnetic ef-
fect on the state with a larger transverse extension. In the
quantum well, the well-confining potential reduces also the
transverse extension of the probability density in addition to
the reduction in the longitudinal extension, as seen in Fig. 9.

Now, we discuss the central-cell correction on the poten-
tial of a donor ion in the effective-mass approximation. The
central-cell correction is the short-range attractive interaction
and the states assigned to each valley are mixed. The ground
state of a neutral donor can be expressed as a linear combi-
nation of each valley state according to the symmetry. For a
substitutional impurity, such as P and As in the bulk Si, the
ground state of a neutral donor can be obtained as a linear
combination of each valley state with an equal weight in the
bulk and the energy is lowered by 6A. from the value ob-
tained in the effective-mass approximation.'® The ground
state of a D~ ion consists of two electrons with A;
symmetry'826-30 and it can be written as the linear combina-
tion of the intravalley and the intervalley configurations. If
the central-cell correction for the D~ ion and the D° ground
states are assumed to be the same, the D~ binding energy can
be simply approximated as’*3!

Ep =[e;+(g-Deylg. (6)

Here, g is related to the valley degeneracy and g takes three
for the bulk Si. On the other hand for an interstitial Li im-
purity in the bulk Si, the ground state of a neutral donor has
T, symmetry and the effect of the central-cell correction is
diminished for the binding energy.!® The D~ ground state
consists of two electrons with 7, symmetry and its binding
energy can be reduced to that of the intervalley configuration
el‘j in the bulk.ls

Here, we consider the central-cell correction for both a
neutral donor and a D~ ion in a narrow quantum well along
the [001]-direction, where the valley degeneracy is two. If
we assume the short-range potential of the central-cell cor-
rection as a delta function V.(r)=V,4&(r), the expectation
value is proportional to the probability density at the origin.
The single-electron probability densities of the envelope
functions W o(r) and W,-(r|,r,) at the origin of both a neu-
tral donor and a D~ ion at the center in a quantum well with
a width of 5 nm can be evaluated from Fig. 9 and are sum-
marized in Table 1. The value of V,, can be estimated from
the observed valley-orbit splitting of a neutral donor in the
bulk of A,=2.2 and 3.8 meV, respectively, for P and As.'3
Hence, we can evaluate the expectation values of the central-
cell correction V,.(r) on a neutral donor and a D~ ion in a
quantum well, respectively, by using the following wave
functions:

1
Dpolr) = WDO(r)E[ul(r) +ui(r)]
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TABLE I. The single-electron probability density of the enve-
lope functions at the origin of a neutral donor D° for the (1)-valley
configuration and a D~ ion for the (1,1)-intravalley configuration at
y=0 and y=3 in the bulk Si and in the Si quantum well with a
width of 5 nm. The unit of the probability density is (aj)~>.

Bulk Well

=0 =3 =0 v=3
DO 1.2 23 1.7 2.7
D~ 0.66 1.6 1.1 2.1

1
Dp-(ry,ry) =Vp-(r1.rp) X 5[”1("1) +uy(ry) [u(ry)

+ui(ry)]. )

Here, u,(r) and uj(r) are the Bloch functions at the bottom of

the valleys (1) and (1) in Fig. 1. The calculated expectation
values of the central-cell correction on both the ground-state
energies and the binding energy of a D~ ion are summarized
in Table II. It is seen that the binding energy of a D~ ion
becomes deeper by the central-cell correction from the value
calculated in the effective-mass approximation. In the pres-
ence of the magnetic field along the [001] direction, the mag-
nitudes of the central-cell correction for P and As are in-
creased by constriction of the probability density of the
envelope functions. For Li, on the other hand, the central-cell
correction to the D~ binding energy vanishes. In the bulk Si
in the presence of the magnetic field or in a quantum well
with an intermediate width, the symmetry is lowered incom-
pletely and we must determine the coefficient of each valley
state for a neutral donor and that of each valley configuration
for a D™ ion, similarly to the calculation in the stress-applied
case.'®30 This is reserved for future work.

TABLE II. The central-cell corrections on the ground-state en-
ergies of a neutral donor for the(1)-valley configuration and of a D~
ion for the (1,1)-intravalley configuration and the resultant central-
cell correction on the binding energy of a D™ ion, AEg(D™), at y
=0 and y=3 in the Si quantum well with a width of 5 nm. The
magnitude of the central-cell correction potential V,, for P and As
and the binding energies calculated in the effective-mass approxi-
mation are also written.

Effective-mass

P As approx.
Vo -1.83 meV(ay)?® -3.17 meV(ay)?
y=0
DO —-6.2 meV -10.8 meV 37.5 meV
D~ -7.7 meV -13.3 meV 4.6 meV
AEgR(D7) 1.5 meV 2.5 meV
y=3
DO -10.0 meV -17.2 meV 69.0 meV
D~ -15.3 meV -26.5 meV 19.8 meV
AER(D7) 5.3 meV 9.3 meV
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Finally, we mention comparison with the experimental re-
sults on the binding energy of a D~ ion. The calculated val-

ues of €;=1.82 meV and EY =1.74 meV of Eq. (6) agree
well with the observed values'® of 1.75 meV for Li and 1.73
meV for P in the bulk Si in the absence of the magnetic field,
as mentioned in our previous paper.”* This implies that the
assumption of cancellation of the central-cell correction for
the D~ binding energy is appropriate for P in the bulk Si,
although it does not hold for As with the binding energy of
2.05 meV. As for the magnetic-field dependence of a D~
binding energy, a substitutional As and an interstitial Li were
investigated in the bulk Si.'® In the experiment, the magnetic
field was applied parallel to the [111] direction up to 6 T of
v=0.103. In these weak fields, the magnetic-field-induced
increase in the binding energy of a negative donor is mainly
determined by the ascent of the lowest Landau level deter-
mined by the cyclotron mass m*, m%:%g+%. Here, 60 is
the angle between the longitudinal axis of each valley and
the magnetic field and cos #=1/+3 irrespective of the valley
index. Then, the lowest Landau level is estimated as 1.25
meV at 6 T. The observed increase in the D~ binding energy
at 6 T is about 1.27 and 1.2 meV for As and Li, respectively.
These energies agree well with 1.25 meV of the ascent of the
lowest Landau level. The little discrepancy may be attributed
to the diamagnetic effect or the central-cell correction.

In summary, we investigated the spin-singlet ground state
of a negative donor in the bulk Si and in Si/SiO, quantum
wells in the presence of a magnetic field. We used a diffusion
quantum Monte Carlo simulation with the importance sam-
pling. By neglecting the central-cell correction, the negative
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donor state can be assigned by the valley indexes of two
trapped electrons. In the bulk Si, the ground-state energies of
negative donors of both the intervalley and the intravalley
configurations split into two levels in a magnetic field along
the z axis and the lowest-energy state becomes the interval-
ley configuration of the two electrons in the valleys with
their longitudinal axes perpendicular to the magnetic field.
The magnetic field increases the binding energy of a negative
donor and the strongest enhancement is attained for the in-
travalley configuration of the two electrons in the valley with
the longitudinal axis parallel to the magnetic field. In the
quantum well with the interface within the x-y plane, the
quantum confinement effect changes the lowest-energy state
of a negative donor from the intervalley configuration in the
bulk to the intravalley configuration of the two electrons in
the valley with the longitudinal axis along the z axis and its
binding energy can be remarkably increased by the magnetic
field perpendicular to the well interface.

A negative donor in Si/SiO, quantum wells has a much
deeper binding energy compared to the bulk Si and it is
promising for realizing a spin-dependent electron charge-
transfer event D°D®— D*D~ in donor-spin readout proposed
by Kane.??
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