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High-resolution Fourier spectroscopy combined with perturbation techniques such as Zeeman spec-
troscopy and uniaxial stress have been used to study the electronic structure of the interstitial magnesi-
um double donor in silicon. In tetrahedral interstitial positions, the two charge states Mg’ and Mg*
have binding energies of 107.51 and 256.68 meV, respectively. Their electronic structure can be de-
scribed as a solid-state analog of the helium atom in its neutral and singly positively charged states, re-
spectively. Interesting deviations in the binding energies of the excited states from those calculated
within the effective-mass approximation (EMA) were found which have not been observed previously, to
the best of our knowledge, for any similar system. These deviations are explained by a perturbation in
the central-cell region that does not only affect the localized 1s( 4, ) ground state but also the delocalized
shallow-donor-like excited states. We focus especially on these deviations from EMA and the split np
states of Mg ™ and find that the local potential has a radius comparable with that for the central cell.

I. INTRODUCTION

In silicon, the group-II element magnesium gives rise
to several different centers with energy levels in the band
gap.' "% Atomic magnesium has a [Ne]3s? configuration,
and the electronic behavior can tentatively be inferred by
simple bonding arguments. Mg is thus expected to act as
a double acceptor on a substitutional site, since two extra
electrons are needed to complete the covalent bonds with
the Si neighbors. On the interstitial site no bonding takes
place, and a double-donor center is accordingly expected.
Experimental evidence for both types of centers has been
reported.' "¢ Excitation spectra of the neutral and singly
positively charged versions of the double donor have been
observed which enable a clear identification of the inter-
stitial center.’ The identification of the double-acceptor
center is less certain, although both experimental® and
theoretical” results have given strong evidence for its ex-
istence. In this work we focus our attention exclusively
on the electronic structure of the interstitial Mg double-
donor center.

Magnesium on the interstitial lattice site can exist in
three different charge states: the neutral state Mg® and
the singly positive and doubly positive charged states,
Mg* and Mg?", respectively. The ionization energies of
the neutral and singly ionized states deduced from ab-
sorption spectroscopy' ~* are 107.5 and 256.7 meV, re-
spectively.

In silicon, several double-donor systems have been
studied extensively, and their energy-level structure is
well understood. Examples of such systems are the single
substitutional chalcogens S, Se, and Te,® 1% and, to some
extent, also the Mg donor. In the case of the chalcogen
double donors, two potentials with different spatial exten-
sions have been assumed to be responsible for the bound
states in the band gap. The first one is the central-cell po-
tential, which is only effective in the central-cell region,
and which almost exclusively determines the properties
of the ground state. The second one is the Coulomb po-
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tential, which determines the excited states. The wave
functions of the excited states are delocalized. Hence in a
first approximation, the excited states are generally only
slightly perturbed by the central-cell potential, and this is
particularly the case for the L > 1 states, having a node at
the origin. The excited states are therefore expected to
be well described within the effective-mass approximation
(EMA), which also has been verified experimentally.
When neutral, these double-donor systems form the
solid-state analog of the helium atom, and one would ex-
pect that interaction between the two bound electrons
will give rise to a heliumlike energy spectrum. However,
it is important to note that the excitation spectra are due
to optical excitation of one of the electrons in the ground
state to the manifold of excited states. The final states in
the transitions are thus characterized by two electrons
with wave functions which are considerably different in
their spatial extensions. Therefore, many-particle effects
are generally small and have hitherto only been experi-
mentally detected’ when the excited electron occupies
one of the s states, which are the only states that have
wave functions which are nonzero at the origin. The ob-
served spectra are almost identical to that for a single
donor, which implies an almost perfect screening by the
inner electron remaining in the one-particle ground state.
The EMA also correctly accounts for the energy-level
structure of the singly ionized double donors, and in this
case the binding energies for various excited states are in-
creased by a factor of 4 (Z =2) compared to those for a
single donor.

The silicon conduction-band minima have cylindrical
symmetry and, compared to the spherical symmetric hy-
drogen problem, only m; and parity remain good quan-
tum numbers. The EMA states are labeled ns, np,,
np.,..., where n is the principal quantum number and
states with the same |m | are degenerate as, e.g., the np
states. Silicon has six equivalent conduction-band mini-
ma, which has the effect that all EMA states are at least
sixfold degenerate. This degeneracy is partly lifted by the
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valley-orbit and central-cell interactions and, e.g., in
tetrahedral (T,;) symmetry all ns states are split into
ns(A,), ns(E), and ns(T,), which are onefold, twofold,
and threefold degenerate, respectively. In the case of the
chalcogens, the 1s( A4,) state is the ground state, whereas
the 1s(E) and 1s(T,) states are found close to the 1s
EMA energy. In these cases, the 1s( 4 ,) state shows lit-
tle or no resemblance to the EMA 1s state and the nota-
tion only serves as a symmetry label. Electric-dipole
transitions between the states in the 1s manifold are
EMA forbidden. However, this selection rule is relaxed
when the EMA fails to describe the ground state, and the
symmetry-allowed transition 1s(A,)-1s(T,) becomes
visible in an excitation spectrum. Such EMA-forbidden
transitions have been observed for, e.g., the chalcogens
for which the 1s( 4 ,)-1s(T,) transition give rise to one of
the strongest absorption lines.®!® Uniaxial-stress spec-
troscopy on the Mg donor? has shown that the ground
state is 1s(A;), and in this case the 1s(E) and 1s(T,)
states are expected to be found close to their EMA ener-
gies. No 1s(A4,)-1s(T,) line has so far been observed for
Mg® or Mg*t. This observation forms an interesting
difference between a typical chalcogen spectrum and that
for Mg.

Yet another interesting feature, so far only reported for
Mg™ in silicon,? is the splitting of the 2p, line into two
components. In this paper we show that the effect is
caused by a perturbation with an effective radius compa-
rable to that of the central cell. It is believed that this
perturbation also accounts for the marked increase of the
binding energy of all p states. By considering that the s
states are considerably more localized in the central-cell
region compared to the p states, an even larger energy
shift from the EMA values may therefore be inferred for
the s states.

For a better understanding of these interesting proper-
ties, a comprehensive study of the Mg double donor has
been performed, and the results presented here are dis-
cussed in detail. The investigations have been carried out
by means of absorption spectroscopy. Perturbation tech-
niques, i.e., uniaxial stress and magnetic field (Zeeman
spectroscopy), have been employed in order to gain fur-
ther information about the electrical properties of the
Mg® and Mg™ centers.

II. EXPERIMENTAL DETAILS

Mg was incorporated into the Si samples by diffusion
using the sandwich technique.’? Two different float-zone
silicon substrates were used: p-type boron and n-type
phosphorus doped with resistivities of 14 and 40 Qcm,
respectively. The silicon substrates were polished,
cleaned, and boiled in HNOj; at 120°C for 10-25 min and
then etched in HF for approximately 2 min. Magnesium
was thereafter evaporated on both sides of the samples.
In order to prevent the Mg from escaping into the am-
bient during diffusion, the Mg layers on the samples had
to be covered by slices from high-purity epitaxial silicon
wafers. The epitaxial wafers underwent the same clean-
ing procedure as the silicon samples, and Mg was eva-
porated onto the epitaxial side of the slices before they
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were clamped to the Si samples with quartz clams. The
silicon sample, sandwiched between two slices of epitaxial
wafers, were put in a quartz ampoule in a 200-mbar ar-
gon atmosphere, and the diffusion was carried out at a
temperature of 1250°C from 11 to 24 h. The samples
were then quenched to room temperature in diffusion
pump oil. After quenching, the silicon wafers and the
evaporated Mg were removed from the samples by pol-
ishing. For the stress experiments, p-type samples were
used and cut into bars 2X2X8 mm?® in the (100),
(110), and (111) directions. In the Zeeman experi-
ments both n- and p-type samples were used. The n-type
samgles had a somewhat different geometry, 4X2X8
mm®.

The spectra were recorded with a BOMEM DA.03
Fourier-transform infrared spectrometer, and for all
transmission measurements a helium-cooled Ge:Cu pho-
toconductive detector was used. Stress measurements
were performed with the samples mounted in a stress rig.
Uniaxial stress was applied via a pushrod, and pressur-
ized air onto the sample contained in a Leybold helium
flow cryostat. The stress spectra were recorded at 10 K.
Zeeman experiments were carried out with an Oxford su-
perconducting spectromagnet with a split-coil magnet
used in the Voigt configuration. The sample was kept in
a helium bath, and the temperature was held below the A
point by pumping above the helium surface. The max-
imum field used was 6.1 T.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Zero-field data

The excitation spectra due to bound-to-bound transi-
tions for both the Mg® and Mg™ centers have been stud-
ied by high-resolution transmission spectroscopy. Figure

T T T T T
iM

3| >Me
g 5p, 5p,
B R | R |
El 2n 2n3plp 2p, 2p,3p|4p,
3 I T 11T 1 | —
=) E; E,
3 '
= ! | T
] ii
2l Mg° X
S g Mg
=

1 1 L 1 1

800 850 900 950 1000

Wave numbers (cm-1)

FIG. 1. The transmittance spectrum of Mg-doped silicon in
the energy range 750—1050 cm~!. Two series of transitions to
shallow-donor-like states are observed. The labeling of the lines
is according to the EMA. The series at low energy are identified
as excitation of the neutral charge state of Mg. The origin of
the series at higher energy is believed to be magnesium related
and the arrows indicate unidentified lines (see text for details).
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1 shows the absorption spectrum of magnesium-doped n-
type silicon in the energy range 750-1050 cm ™! (93-130
meV). We readily identify two typical shallow-donor
spectra for a neutral center by noting their close similari-
ty with, e.g., that of phosphorus, regarding both the rela-
tive intensity and the energy spacings of the lines. A
comparison with previous results reported by Ho and
Ramdas? lead us to attribute the one at lower energy to
MgP. The lines have been labeled in accordance with the
final state of the excited electron. The line spectrum at
somewhat higher energies is labeled Xy, and is believed
to be related to Mg though its constituents remain un-
known.

In Table I the excitation energies for Mg® are listed
and compared to those reported in Ref. 2. Agreement be-
tween the results in this work and those reported in Ref.
2 is excellent; only minor differences (less than 0.03 meV)
are observed. When calculating the ground-state binding
energy, the theoretical binding energy of one of the p
states is added to the corresponding observed transition
energy. The 3p, state is often chosen since it gives rise
to an intense line; by considering its small probability to
be found in the central-cell region, its binding energy is
expected to be very close to the EMA value. However,
we use the 4p . state for reasons which will become clear
when discussing the Mg ™ spectrum. In this way we ob-
tain a binding energy equal to 107.51 meV, in agreement
with the previous reported’ value of 107.50 meV. The
listed EMA energies in Table I are taken from Ref. 10.
The EMA predicts a ground-state binding energy of
31.27 meV,'® which is about a factor of 3 smaller com-
pared to the value obtained here. Taking the many-
particle effects into account, Ho and Ramdas’ employed
the analogy between Mg’ and atomic helium, and es-
timated a binding energy of 56.24 meV for the Mg’
ground state. This value is about half the experimental
one and to explain this deviation additional effects have
to be considered which, e.g., are caused by the central-
cell potential.

The Mg° center should resemble a heliumlike center.

TABLE 1. The experimental excitation energies E.,, (in
meV) for Mg? are listed and labeled according to the final state
of the excited electron; see Fig. 1. They are compared to those
obtained by Ho and Ramdas (Ref. 2) labeled E'®. Epy, is the
EMA-predicted binding energies of the shallow donor states
(Ref. 10). Ejp is the experimental binding energy calculated by
using the 4p+ EMA energy as reference; see text for details.
The last column shows the deviations 6 of the experimental en-
ergies from those predicted by the EMA.

Mgo Eexpt E'9 Eema Eg 5
2po 95.81 95.80 11.492 11.70 +0.20
2p+ 101.12 101.12 6.402 6.39 —0.01
3po 101.97 101.95 5.485 5.54 +0.06
4p, 104.17 104.17 3.309 3.34 +0.03
3py 104.38 104.38 3.120 3.13 +0.01
4p + 105.32 105.33 2.187 2.19 +0
S5p+ 106.08 106.05 1.449 143 —0.02

Binding energy (Si:Mg°)=107.51 meV
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The ground state has the configuration 1s( 4,)* and a to-
tal spin of S =0. Two series of excited states may thus be
obtained, one series with S =0 and one with § =1. Spin
is a good quantum number as long as the spin-orbit (so)
interaction is too weak to mix the two series of excited
states. The so interaction is expected to be weak for
lighter elements, such as Mg. The electric-dipole opera-
tor cannot flip the spin, and we have to conclude that the
Mg spectrum is due to excitation from the S =0 ground
state to the S =0 series of excited states. Disregarding
the 2p,, states, the binding energy of the excited states for
Mg° and X Mg are in excellent agreement with the EMA
values for a single donor. In the case of Mg’, the perfect
agreement between the observed energy spacings and the
EMA energies shows that the inner electron almost per-
fectly screens one charge from the nominal nuclear
charge of two. The conclusions that could be drawn
from these observations are the following: First, the
remaining electron in the ground state is considerably
more localized than predicted by the EMA. Second, the
overlap between the two electrons is small and, hence, the
exchange splitting between the S =0 and 1 series is negli-
gible. It should be pointed out that if, e.g., the excited
electron resides in a ns(A4;) state (n > 1), a substantial
splitting between the two series may occur. However,
only excitations to p-like states have hitherto been ob-
served. The observed binding energy for the 2p, state is
increased by about 0.2 meV compared to the EMA value.
Although a small energy difference, it is rather large com-
pared to energy deviations observed for the 2p, state of
the single substitutional chalcogen double donors, which
presumably have considerably stronger central-cell po-
tentials as shown by their larger binding energies. The
origin of the increased binding energy of the 2p, state
will be discussed further below in conjunction with our
findings for the Mg ™ center.

The relative intensities of the Mg® lines and that for,
e.g., the shallow-donor phosphorus is very similar. This
observation indicates that the electric-dipole matrix ele-
ments are similar, which at first glance would imply that
the 1s(A4,) wave function is EMA-like. However, this
would not be in line with our findings above. An obvious
solution to this apparent disagreement is found by con-
sidering the large spatial extension and the node at the
origin of the excited p-like states. The size of the optical
matrix elements is not determined by the overlap in the
central-cell region between the two electron states, but by
the overlap much further out from the origin. It is there-
fore reasonable to assume that the 1s(4,) wave function
has a localized part more or less exclusively determined
by the central-cell potential, and a delocalized part simi-
lar to the 1s EMA state. The ground-state energy would
then be determined by the localized part, whereas the op-
tical matrix elements are determined by the delocalized
1s EMA-like part.

The X, lines are observed in most of our magnesium-
diffused samples, although with different intensity rela-
tive to the Mg® lines. We therefore tentatively assign
these lines as due to a Mg-related donor center. The ob-
served transition energies are listed in Table II together
with calculated and theoretical binding energies. Follow-
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TABLE II. The experimental excitation energies (in meV) for
the unidentified, magnesium related Xy, defect. The binding
energies are calculated, following the same procedure as for
Mg°, and compared to Epyr from Ref. 10. The deviations &
from theory are given in the last column.

XMg Ecxpt EEMA EB )
2po 113.00 11.492 11.69 +0.20
2p+ 118.30 6.402 6.38 —0.02
3po 119.15 5.485 5.53 +0.05
4p, 121.36 3.309 3.32 +0.01
3p+ 121.55 3.120 3.13 +0.01
4py 122.49 2.187 2.19 +0
5p+ 123.23 1.449 1.45 +0

Binding energy (Si:Xy,)=124.69 meV

ing the same procedure as for Mg®, we obtain a binding
energy of 124.69 meV for this center. Furthermore, a
similar trend for the deviation 3 is found for the X, and
Mg°® centers regarding both magnitude and sign. This
gives further support to our assumption of X, being Mg
related. For a detailed identification of X Mg further ex-
perimental information is needed. Diffusion experiments
on samples with different background doping prior to
diffusion were carried out, but no conclusive information
could be obtained.

Two weak lines are found close to the 2p line of Xy,
and are marked by arrows in Fig. 1. The relative intensi-
ty and the energy spacing between these two lines suggest
that they are part of an additional set of donor lines. The
spectral line at 892.9 cm ! is then due to transitions to a
2p. donor state, and the line at 918.3 cm ™! to transitions
to a 3p, state. Thus the 2p line should coincide with the
4p, line of Mg®. These weak lines show the same relative
intensity compared to the Mg® and X mg lines at 1.9 K
and at about 10 K, which rules out the possibility of a
split ground state. The lines were too weak to be studied
in detail under magnetic field, but for very low fields they
show a splitting similar to that for the corresponding Mg°
and Xy, lines, which gives further support to our assign-
ment.

Figure 2 shows the high-resolution absorption spec-
trum of Mg" in the energy range 1650-2050 cm™'
(=~205-255 meV). This spectrum shows similar relative
intensity ratios among the lines as the Mg® spectrum,
whereas the energy spacings are about four times larger
than for Mg®, as expected for a singly ionized donor. The
lines are labeled according to the EMA. The binding en-
ergies are calculated using 4p, as a reference state, and
are listed in Table III together with the results of Ho and
Ramdas? and the EMA (Ref. 10) (Z =2). A binding en-
ergy of 256.68 meV was deduced, which is about 0.2 meV
larger than the value of 256.47 meV reported in Ref. 2.
However, they used the 3p, line as a reference state,
which causes the difference in the ground-state binding
energy. In Ref. 2, four additional lines were reported
which the authors could not attribute to any of the
shallow-donor states. We also observe these lines (indi-
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FIG. 2. The transmittance spectrum of Mg™ in the energy
range 1650-2050 cm™!. The identification of the lines are ac-
cording to the labeling scheme of the EMA. The energy spac-
ings between the states are four times larger than those for Mg®,
as is expected for a singly ionized donor. Four unidentified lines
A, B, C, and D are observed (see text for further details).

cated by 4, B, C, and D) in Fig. 2. The two lowest, 4
and B, at 1925.8 and 1933.2 cm ™!, respectively, remain
unidentified while the weak line C at 1945.9 cm ™! is ten-
tatively assigned to the 3d. or 3d states. The fourth
line D is rather strong, and observed at 2007.2 cm ™!, just
above the 4p, line. This line remains unidentified, al-
though it is found close to the expected position of the
4f, EMA line. The origin of this line will be further an-
alyzed when discussing the stress and Zeeman data.

TABLE III. Experimental excitation energies E.,,, (in meV)
for Mg*. They are compared to those obtained by Ho and
Ramdas (Ref. 2) labeled E‘“. Egy, are the EMA-predicted
binding energies of the shallow donor states (Ref. 10). Ejp is the
experimental binding energy calculated by using the 4p. EMA
energy as reference; see text for details. The last column shows
the deviations 8 of the experimental energies from those pre-
dicted by the EMA. The split np states are labeled a and b,
where np% is the low-energy component and np’ the high-
energy component.

Mg+ Eexpt E(a) EEMA EB )
2po 208.66 208.63 45.968 48.02 +2.05
2p% 230.25 230.22 25.608 26.43 +0.82
2p4 230.48 230.42 25.608 26.20 +0.59
3po 23391 233.87 21.940 22.77 +0.83
4p, 243.05 243.00 13.236 13.63 +0.39
3pd 243.98 243.99 12.480 12.70 +0.22
3ph 244.06 243.99 12.480 12.62 +0.14
4p 4 247.93 247.92 8.748 8.75 +0
Sp+ 250.87 5.810 5.80 —0.01

Binding energy (Si:Mg*)=256.68 meV
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B. Influence of the local potential

All experimental data show that the Mg* center has
T, symmetry, and the splitting of the 2p, line could
therefore not be caused by a low-symmetry central-cell
potential. The splitting was already observed in Ref. 2,
and suggested to be due to a chemical splitting of the ex-
cited state, i.e., a central-cell correction. In T, symme-
try, a p, state transforms as 27, +2T,. One usually
takes for granted that the valley-orbit and central-cell in-
teractions are too weak to lift this twelvefold accidental
orbital degeneracy sufficiently to be experimentally ob-
served in, e.g., excitation spectroscopy. However, this is
obviously not the case for Mg ™. Transitions from the
Is(A,) ground state are symmetry allowed only to final
states with 7, symmetry, and the two lines were attribut-
ed in Ref. 2 to a splitting of the 27T, states into two
separate T, components. A closer inspection reveals that
the 3p, line is also split into two components, although
with a considerably smaller splitting compared to that for
the 2p, line. For this reason it is not advisable to use the
3p . state as a reference state when calculating the bind-
ing energies, and therefore we choose the 4p, line. In
Fig. 3, the splittings of the 2p, and 3p. lines are present-
ed, giving AE(2p.)=19 cm™ ' and AE(3p,)=0.6
cm L
To gain further insight into the cause of this splitting,
we first discuss a common procedure applied to the
chemical splitting of s states. The central-cell potential is
approximated by a Dirac delta function A468(r), where 4
is the strength. This seems feasible by considering its
small extension compared to the spread in the wave func-
tion. It is easily shown that a general scaling rule may be
obtained which states that the influence of the local po-
tential on the s states (e.g., the splitting between the states
in an ns manifold) scales as the probability to find the
electron at the origin. For hydrogenic wave functions,

A2p,=1.9 cm™! A3p,= 0.6 cm™!

Transmittance (arbitrary units)

1 ! 1 1
1855 1860 /1/ 1965 1970
Wave numbers (cm™!)

FIG. 3. An enlargement of the 2p, and 3p4 lines in the
Mg ™ spectra. The lines split due to valley-orbit and central-cell
interactions. The split components are labeled a and b in Table
III.

THILDERKVIST, KLEVERMAN, AND GRIMMEISS 49

the scaling rule takes the form 1/n° which has proven to
be valid for, e.g., the valley-orbit splitting of the chal-
cogen s states.!® Unfortunately, this procedure is not
directly applicable for the p states, since their wave func-
tions have vanishing amplitudes at the origin. However,
it is still believed that the experimentally observed split-
ting is indeed due to a localized perturbation.

In the case of the p states of Mg+, we have to consid-
er a somewhat different approach. It is assumed that the
local potential has a considerable constant strength
within a sphere of radius R and is zero for values larger
than R,. First we employ hydrogenic wave functions
(Z =2) and calculate the probability of finding the elec-
tron inside a sphere with radius R as a function of R,,.
In Fig. 4 the probability ratios are plotted for some lower
s and p states as a function of R in units of the Bohr ra-
dius a,. The experimental value for AE(2p,)/AE(3p,)
is 1.86/0.64=2.91, which is close to the calculated value
of 729/256~=2.85 for R,=0. However, this ratio is a
slowly varying function of R, and close to the experimen-
tal value up to approximately 1.5a,, which makes it
difficult to estimate R,. Nevertheless, the good agree-
ment between the splitting and the probability ratios for
R, less than about 1.5a, indicates that our simple mod-
el seems to be applicable and can be used to estimate the
splitting of the 4p, line. We find that the ratio
AE(3p)/AE(4p) is 8192/3645~2.25 for R,=0, and is
approximately constant up to about la,. Thus the 4p,
line should split by approximately 0.25 cm ™!, which, un-
fortunately, is too small to be resolved.

Encouraged with our qualitative findings above, we try
to apply the same procedure to estimate both the
strength and the effective radius in greater detail. We as-
sume that the splitting of the p states has the same ori-
gin as the shift of the Mg™' ground state from the EMA
value of about 125 meV to the observed energy of 256
meV. A perturbation treatment is affected by interfer-
ence effects of the true wave functions expressed as sym-

10[ iR T 1
AN (O :
f P(2s) i rep) |
8~ | PG3p)

Probability ratios

R, (ap)

FIG. 4. The probability ratios for some lower s and p states,
plotted as a function of R,. Hydrogenical wave functions
(Z =2) were used in order to estimate the probability of finding
the electron inside a sphere with radius R as a function of R,.
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metrized sums over the six valleys. Nevertheless, we con-
tinue our procedure in a one-valley approximation, and
assume that the effective strength of the potential is iden-
tical both when considering the splitting of the p states
and the energy shift of the ground state. In this way R,
is estimated to be about 1.1a,, and the constant strength
to be about 300 meV. The central-cell radius is taken to
be the nearest-neighbor distance (dyy ) which is about 2.4
A, and a(Z =2) is about 7 A. Hence R is about 3dyy,
which is too large to be physically reasonable. The
screened potential employed in the EMA calculations
fails to describe the true potential close to the impurity
site due to two major facts. First, the dielectric constant
must approach the value of one at the origin, while in the
EMA it has been assumed to be constant and equal to the
static dielectric constant. Second, the core states of Mg ™
have been disregarded. In a strict treatment a pseudopo-
tential approach would have been more appropriate, in
addition to the k-dependent Coulomb potential. Both
these corrections would contribute to a more localized
perturbation than the constant one considered above and,
hence, the effective radius would decrease.

All Mg™ p states are considerably shifted toward lower
energies compared to their corresponding EMA energies.
The deviations & for the p states of Mg® and Mg ™ are list-
ed in Tables I and III, respectively. We observe that the
shifts are larger for np, states than for np. states, thus
suggesting that the np, states are more influenced by the
local potential. This difference may be understood by
noting that an increase in binding energy also corre-
sponds to an increase in the localization in real space. In
order to obtain an increased localization, the wave func-
tion must include Bloch waves not only from the
conduction-band minimum but also from somewhat
higher states. Two competing effects therefore have to be
considered: the binding energy gained by the localization
and its decrease by the inclusion of higher conduction-
band states. The p, envelope function is directed along
the prolate-shaped conduction-band valley, whereas a p .
state is directed perpendicular to the valley. In order to
increase their localization, a p, state must therefore in-
crease the inclusion of conduction-band states along the
valley, whereas a p. state must include states perpendic-
ular to the axis. The curvature of the valley is smaller in
the direction of the valley compared to that in perpendic-
ular directions. We may thus conclude that the cost in
energy when including higher states in the wave function
is considerably higher for p. states than for p, states.
The net increase in binding energy observed experimen-
tally thus originates from two competing effects, and is
accordingly larger for the np, states than for the np.
states.

By comparing the deviations from the EMA for Mg+
and Mg’ we observe that the energy shifts for Mg°® are
approximately ten times smaller than for Mg*. For Mg’
the shifts are so small that only the 2p, and 3p, shifts are
experimentally verified. The experimental ratio of the en-
ergy shifts 8(2p,)/8(3p,) for Mg™* equals 2.48, and for
Mg® 2.62, suggesting that similar local potentials affect
Mg® and Mg™. These ratios are somewhat lower than
the theoretical value of 2.85, due to the fact that the
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theoretical calculation is based on hydrogen p functions.
In order to compare these results with experiment, we
can calculate the average experimental shift of all the np
functions, i.e., 8(np),,.=[8(npy)+8(np%)+8(np%)1/3,
where a and b label the low- and high-energy components
of the split np state, respectively. This procedure can
only be carried out with some accuracy for the Mg™ 2p
and 3p states since their deviations are large enough.
From this we obtain an experimental value of
8(2p),0e/8(3p) e =2.93, in fair agreement with our
theoretical calculation.

The substitutional double donors Se and S in silicon
have much larger binding energies (Se’: 307 meV; Se™:
593 meV; S°: 318 meV; and S™: 614 meV) (Ref. 10) than
Mg; i.e., a large influence of the local potential on the
ground state 1s( A4 ;), but no major deviations for the ex-
cited p states, nor any splitting of p_, states have been ob-
served. For Mg™ we observe an influence on all states,
which according to our analysis above could be traced to
an extended local potential.

It is interesting to speculate whether the local poten-
tial, which causes the shifts and splittings of the Mg lines,
originates from the fact that Mg occupies an interstitial
site of the lattice. It is well known that the behavior of
the Coulomb potential close to the impurity site is con-
siderably different for an interstitial defect compared to a
substitutional impurity.!! However, this discussion is
beyond the scope of this paper.

C. Uniaxial stress

Uniaxial stress measurements have been performed on
the Mg™' charge state. The uniaxial stress behavior of
EMA donor states in silicon was treated within the
deformation-potential approximation (DPA), briefly out-
lined in the following. The overlap between p states be-
longing to different valleys is assumed to be small, and
their response to uniaxial stress is therefore treated
within the one-valley approximation, implying that all p
states shift as their corresponding valley. The energy
shifts relative to the common center of gravity shift 3E
are then given by

FH[OOI], SE(x,y)z_AF ’
SEP=2AF,

F|[110]: BE(x’y)=%AF, .
SF(Z)=—AF,

F|[111]): S8E>»?=0,

where A is given by =,(s{;-5,)/3. E, is the deforma-
tion potential for pure shear, and s,; and s, are stiffness
coefficients. F is the magnitude of the uniaxial stress,
defined to be negative when compressive. =, is deter-
mined if A and the stiffness coefficients are known. We
have used the 4.2-K values'? s,,=7.617X10"'? and
s1,=—2.127X 1072 m?/N in our calculations.

Figure 5 shows the Mg* stress data obtained from ab-
sorption measurements. All p states are observed to fol-
low their corresponding valley as expected. In Fig. 5(a),
the stress results are presented for F||{111), and all lines
shift in energy by the same amount, without any splitting.
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FIG. 5. The stress splitting of Mg™ with uniaxial stress in the [111], [001], and [110] directions. Open circles are experimental
data (the crosses indicate unidentified lines) and the dashed lines are a least squares fit, used to calculate =, .

This confirms the T; position for the Mg center. Figure
5(b) shows the results for F|[{001) for which the total
splitting of a p state is [3AF|. By linear regression an
average value of 0.235 cm™!/MPa for A was deduced
which gives £, =9.0x0.2 eV. This value is somewhat
larger than that of 8.7 eV previously reported? for Mg°.

In Fig. 5(c), stress data for F||{110) are presented. A
transition to an np, state is only possible when the elec-
trical field has a component along the np, valley axis.
Since the photon wave vector k is parallel to the z axis in
these measurements, no high-energy component of np,
could be observed (i.e., no transitions to z valleys). All
np. states split by [3AF /2| which results in a value of
0.225 cm™!/MPa for A, and 8.59 eV for Z,,.

It would have been interesting to study the interaction
between the two T, components of 2p, at low stress
fields, but this was not possible due to the small zero-field
splitting. Unfortunately, the lowest stress available al-
ready gave rise to a stress splitting much larger than the
zero-field splitting. Thus the two T, states had already
mixed and quantized along the axis defined by the stress.
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FIG. 6. An enlargement of the stress splitting of the 2p 4 and
3p, lines of Mg™. The stress is applied parallel to the [001]
direction.

In Fig. 6, an enlargement of the stress splitting for the
2p . components is presented for low stress values. For
higher stress all lines broaden due to inhomogeneous
stress, and the two components can no longer be
resolved.

Polarization measurements are presented in Fig. 7 for
F||{001) and F=—68 MPa. When the electrical vector
is parallel to the z axis, i.e., E||F, only transitions to the z
valleys of the np, states are possible. For np. states,
transitions to x and y valleys are allowed, i.e., the high-
energy component. For ELF, transitions to x and y val-
leys are allowed for np, and to all valleys for np . states;
see the inset in Fig. 7. All this implies that the experi-
mental data behave exactly according to theory.
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FIG. 7. Mg" spectra experimentally obtained with a stress of
68 MPa parallel to [001], measured with polarized light. The
inset shows the allowed transitions with the electrical field
parallel and perpendicular to the stress field.
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The unidentified line at 2007.1 cm ™! is clearly ob-
served for all three stress directions as seen in Fig. 5,
marked as crosses. We observe that it does not follow the
Mg* p states under stress for F||{001) and FJ|[{110),
and therefore conclude that it is not a part of the Mg*
excitation spectra.

D. Zeeman

The Zeeman effect for the excitation spectra of the Mg®
and Mg* donors has hitherto only been studied to a
minor extent. In Fig. 8 the Zeeman spectrum of Mg° for
B||{001), (110), and (111) is presented. The p. lines
split into several components, whereas the p, lines show
only a small shift (except for B||{001), where a small
split is clearly observed). The linear Zeeman operator
can be written as Hz=e/(2m,)[Vy(L.B,+L,B,)
+L,B,] (Ref. 13), where y is equal to m,/m,, and m,
and m,; are the transverse and longitudinal effective elec-
tron masses, respectively. Here a coordinate transforma-
tion x'=x, y’'=y, and z'=z/V v has been introduced
which transforms the kinetic-energy term of the effective
mass Hamiltonian into a spherically symmetric term, in-
volving the transverse mass m,. Simultaneously, this
transformation implies that in the transformed coordi-
nate system the electron moves in an effective magnetic
field (V;Bx,\/yBy,\/'sz ), where B,, B,, and B, are the
components of the field in the original coordinate system,
corresponding to the experimentally applied field. The
quantization axis z is chosen to be parallel to the longitu-
dinal axis of the particular valley under consideration.
The linear Zeeman effect is identically zero for the p,
states (m; =0), and since L,. and L, have the selection
rule Am; ==1, only L,. has to be considered for the p
states. Hence a p. state only splits when the magnetic
field has a component along the z axis of the valley. We
could therefore easily qualitatively understand the split-
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ting patterns shown in Fig. 8. When B||[001], only the
D+ states of the zand —z valleys split (shown as full lines)
whereas for the perpendicular valleys (dashed lines) no
splitting occurs. The splitting is determined by
efiB /m,cos(8), where 0 is the angle between the magnet-
ic field and the longitudinal axis of the valley. In the case
of B||[110], the p states of the x, —x, y, and —y valleys

split by e#B/(V'2m,) (dashed lines), whereas the p.
states of the z and —z valleys (full lines) do not split.
When B||[111] all valleys experience the same angle to
the B field, and all p . states split identically.

The L,. and L, angular-momentum operators could be
disregarded when discussing the splitting of the p states.
However, they are of importance when considering those
cases where a p, or p _ state comes sufficiently close to a
Do state in which they may cause an avoided crossing
behavior. A prominent avoided crossing is seen for the
2p, and 3p, lines in Figs. 8(b) and 8(c), which will be dis-
cussed below in more detail.

A good qualitative understanding could in principle be
obtained from the linear Zeeman effect. However, as is
readily observed in Fig. 8, the lines show rather pro-
nounced quadratic shifts due to the quadratic Zeeman
effect. We have recently studied the quadratic Zeeman
effect of shallow donors in Si within the framework of the
EMA and the finite-eclement method (FEM).> In that
work, two different approaches were applied. In the first
approach, a limited number of zero-field wave functions
were numerically calculated, and the Zeeman Hamiltoni-
an was treated as a perturbation in this basis. The results
were shown to describe the lowest shallow-donor states
with high accuracy, i.e., the 2p,, 3p,, and 2p, states.
They are therefore used when fitting the data in Fig. 8.
The results are presented as full (z and —z valleys) and
dashed (x, —x, y, and —y valleys) lines, and the agree-
ment is good especially for B||[001] and [110]. A small
additional splitting is observed for B||[111] which is due
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FIG. 8. Zeeman splitting of the 2p,, 2p+, and 3p, states of Mg® with the magnetic field parallel to [001], [110], and [111]. Experi-
mental data are shown as circles, triangles, and crosses. Dashed lines describe the calculated behavior of states at x, —x, y, and —y
valleys, while full lines describe those at zand —z valleys according to Ref. 13.
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pared to the calculated behavior explained in detail in the text. Dashed lines describe the behavior of states at x,

leys, while full lines describe those at z and —z valleys.

to a slight misalignment of the sample from the intended
[111] direction for the field. The second approach in Ref.
13, involving magnetic-field-dependent wave functions,
had to be applied in order to describe higher excited
states such as 4p, and 3p,. Comparisons with experi-
mental data for both Si:Mg° and Si:X Mg are carried out in
that work, and the reader is referred to Ref. 13 for fur-
ther information.

The Zeeman results for the 2p., 3p,, 4p,, and 3p.
states of Mg™ are presented in Fig. 9 for B||[001], [110],
and [111]. The full and dashed lines were calculated by
using the results from the FEM calculation (using zero-
field wave functions) and since Z =2 all matrix elements
describing the quadratic shifts are reduced by a factor of
4 compared to a neutral donor. It is readily seen in Fig. 9
that the quadratic shifts for Mg ™ are indeed considerably
smaller compared to that for Mg®. However, they in-
crease in importance for the higher states, as is seen in
Fig. 10, where the Zeeman splitting of the 3p. and 4p,
lines is presented for B||[001]. Included in this figure, for
comparison, are the splitting when quadratic terms in the
Zeeman Hamiltonian has been disregarded (shown as
dotted lines). Furthermore, since the energy differences
between different Mg™ states have increased by a factor
of 4 compared to Mg®, the interaction between nearby
states has been reduced by about a factor of 16. In this
picture the zero-field splitting of the 2p, line could not
be accounted for.

A closer inspection of the Zeeman results for the in-
teresting 2p . line of Mg™ is facilitated in Fig. 11 for
BJ|[001], [110], and [111]. As mentioned above, in T,
symmetry, a p; state transforms according to 27, +2T,.
It is clearly observed that the two lines are due to excita-
tion to the two T, states which are valley sums of the p ;
states belonging to the six equivalent valleys. We attri-
bute to valley u(u==x, £y, or £z relative to a right-

Magnetic Field (T)

3 4 5 6 0 1 2 3 4 5 6 7

Magnetic Field (T)

[110], and [111]. Experimental data are com-
—Xx, y,and —y val-

handed Cartesian coordinate system) two p-like states
p* and p}‘” (see Fig. 12). According to the EMA, p/*
equals P;(r)-u, (r)exp(ik, r), where P;(r) is the envelope
function and u,,(r)exp(ik, 1) is the Bloch wave of the
u'th valley located at k As an example, in the x valley
there are two orthogonal states denoted p(") and p/*

where y and z refer to the same coordlnate system
defining the valleys, and not to any local coordinate sys-
tem for the x wvalley. Furthermore, we define
p~#'=—Rp/*, where R is the operator corresponding
to a 180° rotation around an axis perpendicular to p and
i. The valley sums for the T and T, states are found by
inspection of their properties under the symmetry opera-
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FIG. 10. An enlargement of the Zeeman splitting of the 4p,
and 3p, states of Mg* for B||[001]. The dotted lines are the
calculated behavior disregarding the quadratic terms in the Zee-
man Hamiltonian. Dashed and full lines describe the behavior
of states at +x and *y valleys and *z valleys, respectively,
when quadratic Zeeman effects are included.
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sult of a calculation described in detail in the text.

tions of T;. We denote the states as T4, T%, T4, and T3,
and they are given by

=4+ P +p,7))

@)
Te=1{(p? +p. ) p? +p, 7},

where the plus and minus signs give the T, and T, states,
respectively. The partner states are found by cyclic per-
mutations of the indices. A Taylor expansion reveals
their behavior close to the origin. The T4 states are p like
and, e.g., TS, ~x, whereas the T states are d like and,
e.g., T3, ~yz. The zero-field positions for the two T,
states are of course determined by the energy positions of
the two lines in the 2p, doublet. However, no informa-
tion about the zero-field energies of the two invisible T,
states could be extracted from the zero-field spectrum.

The orbital g values g, for these four states could easily
be calculated, and they were found to be equal to 1 for T'§
and T states, and —3 for T3 and T? states. Further-
more, the Zeeman interaction may mix the 79 with the

¢ states, and the T with the T states. This means that
when the energy positions of the two T, states are far
from those for the T, states only half of the normally
detected Zeeman splitting for a p, line would be ob-
served. However, when their zero-field splittings are con-
siderably smaller than the Zeeman energy, the mixing
will result in a g; equal to 1. The results for the Mg™
2p. line show that the splitting is indeed characterized
by g;=1, and no avoided crossing behavior is observed.
This is only possible when the zero-field energies of the
two invisible T’ states are sufficiently close to the two T,
states.

The initial state in the transitions is the 1s( 4,) state.
The relative intensities of the two 2p, T, lines could be
estimated by assuming, in a first approximation, that the
EMA is applicable to describe both the ground state and
the excited 2p, states. In this approximation the only
transitions allowed are the intravalley transitions. A

symmetry-allowed electrical-dipole matrix element is
(T4, |x|1s(A4,)) which is proportional to {2p, |x|1s) in
terms of one-valley states and is certainly EMA allowed.
The T3 line is therefore expected to be strong. In the
case of the transitions to the T% state, a typical
symmetry-allowed matrix element is {75 |x|1s(A4,))
which is proportional to the EMA-forbidden matrix ele-
ment {2p,|x|1s ). We therefore conclude that to the ex-
tent that the EMA is applicable, only the T line should
be visible. However, it should be noted that any linear
combination of the T§ and T? states that leads to correct
symmetry is possible. The linear combinations for the
2p+ Mg* state are impossible to find from group-
theoretical arguments solely. However, since two lines
are observed, their relative intensity ratio enables the
linear combinations to be found. We define new T, states
by

T3V =cos(0)T%, +sin(6)TS, , (3)
T2 = —sin(8) T4, +cos(6)TS, ,

and correspondingly for the T'; states. The less intense

N
):US
~<

(-X)
z (%) p(x)
5 LB x

BY
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FIG. 12. The six equivalent conduction-band valleys of sil-
icon and the attributed p states. For clarity, only some of the
states are labeled.
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2p, component at lower energy is attributed to transi-
tions to T‘zl), and we find from the relative intensity ratio
that 6= 148.5° or 180°+48.5°.

The shift from its EMA energy and the splitting of the
2p, state are due to a totally symmetric (T;) potential
V(r). On the other hand, the rigid shift of the 12 ac-
cidentally degenerate states may be accounted for in the
one-valley EMA approximation by a parameter I" defined
by T=(p|V(r)[p/*’). The splitting, on the other
hand, has to be treated beyond this approximation, and
an intervalley coupling must be assumed. Five different
matrix elements describe this splitting, and the particu-
lar form of V(r) determines their relative importance.
Since we have no a priori information on ¥V (r), a detailed
analysis is difficult at this stage.

In Fig. 11 the full lines result from a fitting procedure
where the full Zeeman Hamiltonian has been solved. The
quadratic Zeeman effect was included in the fit by only
considering the first-order effect. Best intensity and po-
larization fits were obtained by assuming that the 7'{ and
T® states are mixed as for the T, states but with
6=180-45°.

IV. CONCLUSIONS

A comprehensive experimental investigation of the two
charge states of the interstitial magnesium double donor
in silicon has been carried out by means of high-
resolution Fourier-transform spectroscopy. Perturbation
spectroscopy techniques such as uniaxial stress and mag-
netic field were used in order to gain information about
the electronic structure. We find binding energies of
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107.51 and 256.68 meV for Mg® and Mg ™, respectively,
and confirm that the double-donor system can be approx-
imately described as a solid-state analog of the helium
atom. We observe deviations in the binding energies of
the excited states, from those calculated within the EMA,
especially for Mg™, which to our knowledge have not
been observed previously for any double-donor system in
silicon. These deviations, together with the fact that the
np. states are split, have been explained by a perturba-
tion in the central-cell region, which cannot be described
by the screened potential used in the effective-mass ap-
proximation. We find that the potential must have con-
siderable strength within an effective radius comparable
with the size of the central cell in order to affect the p
states, for which the probability to find the electron close
to the origin is very small. Uniaxial stress results for
Mg* verified the donor character of the excited states
and our labeling of the ground state. Zeeman spectrosco-
py on the Mg® and Mg states gave valuable information
about the quadratic Zeeman effect, and was found to
agree with our calculations. For Mg™, we studied in par-
ticular the behavior of the split 2p .. state under magnetic
field in order to find the combination of valley sums
which build up the two visible T, components of the
state.
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