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Magnesium (Mg) atoms in interstitial positions of a silicon host lattice form double donor centers. The binding
energy of the neutral Mg0 state corresponds to midinfrared wavelengths. Due to its interstitial character, the outer
orbitals of Mg atoms can form specific bonds with different trace elements in the silicon crystal. These occur as
single and double donors that become detectable by infrared spectroscopy when the concentration of either Mg
or the dopant coupled to it is sufficiently large. Infrared absorption spectroscopy at high magnetic fields allows
us to observe the Zeeman effect of several shallow Mg-related donor complexes and neutral Mg donors, very
similar to those observed for hydrogenlike centers. The quadratic Zeeman effect indicates a hydrogenlike center
structure of the excited states and spatial localization of complexes with a single excess electron in its outer shell,
which are formed by Mg with an impurity atom. In contrast, Mg complexes formed by bonds with two electrons
are closer to substitutional double donors in silicon.

DOI: 10.1103/PhysRevB.102.115205

I. INTRODUCTION

Shallow impurities in semiconductors determine their elec-
trical and optical properties, whose investigation awakens
whenever new dopants or a new semiconductor quality
become available. A recent technological breakthrough in
silicon (Si) doping with magnesium (Mg) by a diffusion
technique [1,2] provided high quality, research grade Si:Mg
crystals and enabled a series of important scientific results
[3–5] apparently characteristic for many interstitial impurities
(Xi ), forming centers alternative to those expected to be on
their substitutional site (Xs).

In contrast to so called hydrogenlike (H-like) shallow im-
purities (group-V), with a single electron in the outermost
shell of the atom, which therefore do not form covalent bonds
to the host lattice atoms, magnesium (Mg, group-IIA) atoms
in silicon (Si) have been shown to behave like double donor
centers with a binding energy, EMg, in the neutral Mg0 state
of 107.53 meV [6]. The double donors in silicon, such as
the substitutional donors from group VI, are characterized by
two electrons in the outermost shell, with wave functions very
different in their spatial extension [7,8]. The inner electron
screens the extra ionic charge in such a way that the outer
electron is in the reduced potential of the ionic nucleus [8].
From this point of view, the outer electron occurs to be in a
Coulomb potential of very similar strength to those of single-
electron, group-V hydrogenlike donors. As a result, infrared
(IR) absorption spectra of neutral Mg0 are very similar to
those of silicon doped by group-V atoms (single donors) [6].

Optical transitions from the even-parity 1s ground state into
the excited odd-parity p- and f -type states [9] of Mg-doped
Si, which are allowed in the electric dipole approximation,
have a structure similar to those of H-like donors in silicon [8].
Singly ionized Mg+ centers and different (Mg, X) complexes
reveal similar properties of their absorption spectra [10–12]. A
valence electron in the outermost shell of Mg has a relatively
small binding energy and tends to form bonds with impurity
elements present in the Si crystal. Donor-type electrically
active complexes of Mg are formed with both substitutional
(Xs) and interstitial (Xi) dopants. Until now, the exact structure
of such complexes is not known.

The energy spacing of experimentally observed 1s → p-
type impurity transitions has been used for determination of
the binding energy of neutral Mg centers and its complexes.
These have been compared with the values obtained on the
basis of the effective-mass approximation (EMA) [13]. Their
binding energy is usually calculated in the same way as for
the Mg0 donor assuming EMA-like excited states, taking into
account the energy spacing between specific donor transi-
tions and their relative intensities (Fig. 1). This leads to the
conclusion that Mg-related centers have EMA-like excited
states and with binding energies ranging between 43 and
117 meV.

This approach, however, could be misleading in the case
of centers with weakly expressed features when the number
of observed lines is limited by the low concentration of the
dopant or if strong interferences with other absorption occur,
e.g., when overlapping with lattice absorption bands. Correc-
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FIG. 1. Typical IR absorption spectra of Si:Mg samples in the
range of magnesium-related donor intracenter transitions. Note the
identic structure (depicted with insets) of impurity transitions related
to single (Mg, X) donors (binding energy is below 50 meV) and Mg-
related double donors (binding energy is above 90 meV).

tions for the binding energies of a few Mg-related complexes
have been made recently using highly doped Si:Mg crystals
[3]. Zeeman spectroscopy of impurity transitions provides
important complementary information on the structure of the
excited states. The Zeeman behavior of impurity transitions
under an external magnetic field can prove the H-like struc-
ture [14]. At fields below 32 kGs (B < 3.2 T) the linear
Zeeman effect (LZE) has been reported for Mg0 center in
B || [111] geometry [15]. Additionally, the spatial localiza-
tion of H-like impurity center (the radius orthogonal to B,
taken at zero field B = 0, ρ0) can be determined from mea-
surements of the quadratic Zeeman effect using the second
derivative of the eigenenergy of the particular state E(B) given
by [16]

E (B) = E0 + mμBB + (eμB/4h̄)ρ2
0 B2, (1)

d2E (B)
/

dB2
∣∣
B→0 = (eμB/2h̄)ρ2

0 , (2)

where μB = 0.2978 meV/T [16] is the effective Bohr mag-
neton for H-like donors in Si, e is the elementary charge, h̄ is
the reduced Plank constant, and m is the magnetic quantum
number.

Donor complexes formed in overcompensated Si doped
with substitutional shallow-acceptor, group III atoms, p − Si :
As have revealed a class of shallow donors (Mgi, As) with
binding energies between 47 and 60 meV [4] and line inten-
sities with corresponding interstate energy intervals similar to
those of H-like centers in n-Si.

While the (Mgi
2+, As

1−) paired donors are evident from
the charge state point of view, more complex pairings using
apparently more than one outer shell electron are not well
understood. Here we will briefly summarize the most impor-
tant complexes following their known elemental abundances
rather than their assumed electronic configuration, which re-
mains uncertain to some extent.

A double donor complex ascribed to a (Mg, O) center
with a binding energy E(Mg,O) of 124.66 meV [8] is the
most frequent one in regular Si:Mg crystals and practically
unavoidable due to the large natural abundance of oxygen

in Si. Even in Si grown by the float-zone (FZ) technique,
the oxygen concentration typically exceeds 1015cm−3 [17].
Since oxygen on an interstitial site dominates in high-quality,
defect/vacancy-free Si crystals [18], the (Mgi, Oi) center is the
most probable one in our samples. (Mg, O) center impurity
transitions are detectable in IR absorption spectra of samples
with either significant oxygen or significant Mg abundance.
Neutral Mg0 centers have a tendency to bind to oxygen on
a rather long time scale (in the case of high original oxygen
content in the Si crystal). This has been proven by IR spectra
measured repeatedly during one year for samples kept at room
temperature laboratory conditions. A (Mg, O) center shows
oscillator strength and corresponding interstate energy inter-
vals [11] similar to those of H-like centers in n-Si [9].

At moderate Mg concentrations another specific donor cen-
ter becomes detectable in IR spectra, which has been recently
assigned to a Mg complex Mgi∗ paired with a different atom
[3]. The isoelectronic Mg pairing to a substitutional Mgs (Mgi,
Mgs) has been proposed to explain the Si:Mg photolumi-
nescence spectral features [19], but has not been confirmed
in this configuration after annealing the crystal [20]. The
main feature making Mgi∗ different from multiple double
chalcogen donors S2 and Se2 observed in Si [21] is the fine
splitting (less than 1 meV) of the ground state derived from
IR absorption spectroscopy [3]. The energy spacing between
high odd-parity states follows, however, those of an H-like
dopant.

Magnetospectroscopy of different Si:Mg samples, reported
in this paper, is used as a method to resolve some of the open
questions related to Si:Mg. We report on the observation of
high order Zeeman effect for specific Mg-related complexes
(Mg, X) in moderately doped (up to Mg0 concentration of
1.56 × 1015cm−3) Si crystals. The results are compared with
those for the neutral atomic Mg0 donor. It is found that some
of the centers have an H-like structure while others do not.
The reasons for this are discussed.

II. EXPERIMENTAL

Concentrations of Mg centers above 1015cm−3 are de-
sirable for potential photonics applications of Si:Mg [5].
However, preparation of samples with such high concentra-
tions is challenging. Our earlier attempts to dope during the
growth of the Si crystal did not provide Mg0 concentrations
above 1014cm−3 [22], because of the high volatility of Mg
at Si crystal processing temperatures. The crystals used in
this study were obtained by high temperature diffusion in a
“sandwich” technique, for more details see Ref. [1]. As initial
material, FZ grown high-purity Si crystals with a resistivity of
≈104 � × cm (sample #138-2), and boron-doped Si wafers
of ≈ 25 �×cm resistivity were (sample #117-1) used, see
Table I. Magnesium of purity 99.9995–99.9999% was used
as initial material for the doping procedure. To provide the
required high homogeneity of doping, both surfaces of the
about 2.5-mm-thick central Si wafer were covered by Mg
layers by deposition in vacuum. This Si wafer was then “sand-
wiched” between two other Si wafers and underwent a heating
in a sealed quartz ampoule. Most of samples were kept at
about Tdiff ∼ 1200◦C for longer than 1 h followed by rapid
cooling of an ampoule with air or nitrogen gas flow at room
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TABLE I. Si:Mg samples and their characteristic Mg-related centers.

Mg center Sample Sample Mg0 X center Binding ρ0(�ρ0) Donor Fig.
type No. thickness mm concentration cm−3 concentration cm−3 energy meV nm type No.

(Mg,Li) 138-2 2.0 1.5e15 NLi ∼ 3.0e14 43.78 2.36 (0.10) H-like 1,5
(Mg,B) 117-1 1.7 7.7e14 NB ∼ 5.2e14 47.48 2.35 (0.21) H-like 1,2,4

NLi ∼ 2.0e13
(Mg, Mg)0 129-1 1.4 1.0e15 NB ∼ 4.7e14 94.41 2.21 (0.20) He-like 6

138-2 2.0 6.6e15 - 1,6
Mg0 117-1 1.7 7.7e14 NB ∼ 5.2e14 107.53 2.13 (0.10) He-like 1

138-2 2.0 1.5e15 1,3
(Mg, O)0 117-1 1.7 7.7e14 NO ∼ 1e16 124.60 2.15 (0.11) He-like 1,7

temperature. The welded auxiliary Si wafers covering a
doped sample were then ground off together with the orig-
inal interface layer. Samples with typical flat areas 10 ×
10 mm2 and thickness between 0.9 and 2.1 mm were cut
from the doped wafers (grown crystals). Finally, the samples
were wedged to 1.5°–2° and the large facets were optically
polished.

Low temperature (∼5 K) IR absorption spectroscopy was
used to characterize the Si:Mg samples. At low temperature
electrons occupy the ground state of their impurity centers
and absorption spectroscopy resolves discrete transitions of
bound electrons from the ground into the excited state of
the center. Only dipole-allowed transitions of electrically
active donor centers were measured. Impurity absorption
spectra (AS) were measured using a Bruker Vertex 80v
Fourier transform IR spectrometer equipped with differ-
ent detectors for the far-infrared (silicon bolometer) and
the midinfrared (photoconductive MCT (Mercury-Cadmium-
Telluride) and pyroelectric DLaTGS (Deuterated L-α Alanine
doped TriGlycine Sulphate) detectors) covering the spectral
range from 1 meV to 1 eV (1 mm to 1 μm wavelength). A
globar was used as an emission source. The typical spectral
resolution was between 0.085 and 0.33cm−1 (photon energy
of 10–40 μeV). The samples were placed on the cold finger
of the Janis ST-100-FTIR Supertran continuous flow cryostat
equipped with diamond optical windows. Most of measure-
ments were carried out at 5 K as determined by a temperature
sensor on the cold finger nearby the sample.

Magneto-optical absorption spectra (MOAS) were taken in
the High Field Magnetic Laboratory (HFML-EMFL) at Rad-
boud University (Nijmegen, The Netherlands) using a Bruker
IFS-113v Fourier transform IR spectrometer coupled to the
33 T Bitter magnet system. The MOAS were taken at fields
up to 32 T with a step of 0.5–2 T. The samples were glued by
FixoGum to the brass aperture inside the cryogenic dipstick
of a helium heat exchange gas cryostat. The temperature was
measured by a sensor located close to the sample holder and
was kept at around 1.5 K. The unpolarized radiation from a
globar light source was brought to the sample by a ∼5-m-long
evacuated beam line. The absorption signal was detected by
a Si bolometer with a 175-μm-thick TPX (Polymethylpen-
tene) window located right behind the sample holder in the
same cryostat. The MOAS experiments were performed in
Faraday geometry: radiation propagates along the magnetic
field and along the [001] Si crystal axis. Because of the long

optical path to the magnet and low IR throughput, the spectral
resolution was reduced to 0.3 − 1 cm−1 (photon energy 37–
124 μeV) in order to increase the signal-to-noise ratio and to
reduce the operation time of the magnet at high fields. A linear
baseline was subtracted from each transmission spectrum. At
each magnetic field 30–50 interferograms were averaged. A
median three points smoothing was used to eliminate occa-
sional sharp noise spikes in spectrum. The high homogeneity
of the magnetic field in the center of a magnet enables res-
olution of most strong impurity absorption lines up to the
largest magnetic fields (Fig. 2) of 32 T. Some reduction of
the intensities with simultaneous broadening of the impurity
lines occurred at B of about 24 T where the stability of field
becomes slightly disturbed by cavitation in the cooling liquid
streams.

III. ABSORPTION SPECTROSCOPY

The low-temperature absorption spectra of the moderately
doped Si:Mg samples show features of Mg-related complexes
both in the far- and in midinfrared wavelength ranges. (Mg, X )
donors with atoms X from the elemental groups I to III have
binding energies lower than those of neutral Mg centers, while

FIG. 2. Typical IR MOAS of Si:Mg in the range of magnesium-
boron (Mg, B) intracenter transitions. The step of the magnetic field
in the waterfall presentation is 1 T. Note the clear nonlinear Zeeman
effect.
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FIG. 3. MOAS (a) and AS (b) spectra of Si:Mg #138-2 sample
in the range of neutral magnesium Mg0 impurity transitions. Colored
points present the peak positions of lines assigned to Mg0 intra-
center transitions, grey circles belong to other Mg-related centers.
The symbols show the states where the Mg0 transitions terminate.
(c) Experimental dependence of transition 1s(A1) → 2p+(B > 0)
energy on magnetic field and LZE as from Eq. (2).

complexes with atoms X from groups larger than Si (IV) occur
at higher photon energies. The strongest lines can be assigned
to ground state-to-np excited state transitions based on their
characteristic relative intensities and energy spacings.

A. Neutral Mg0 donors

The magnetic field dependences of the intense lines
[Fig. 3(a)] show Zeeman splitting, such as triple splitting
for threefold degenerate triplet np± states, and together with
energy spacing and relative line intensity data, confirms unam-
biguously the type of the excited state where these transitions
terminates. The excited Mg0 states with the main quantum
number up to n = 5 (only the low-energy component 5p− of
the strongest transition in the 2p± state) were resolved in the
MOAS spectra. Quadratic contributions to the Zeeman effect
are clearly visible at B above 3 T. Following the approach
developed in Ref. [16], we have used the similarity of the wave
functions and eigenenergies of the odd-parity high excited
states of a H-like donor (D) to determine the radii relative to
the known donor radius of the phosphorus donor in Si, using
the B dependences of the corresponding impurity transitions,
e.g., 1s(A1) → 2p±:

hv(P):1s→2p±(B) − hv(D):1s→2p±(B)

= (E(P):2p±(B) − E(P):1s(B)) − (E(D):2p±(B) − E(D):1s(B)),
(3)

where hν is the transition photon energy. Since all H-like
donors in Si have a similar structure of the odd-parity high
excited states, it is common to calculate the binding energy
relative to a particular state, commonly the 3p± state [8],
assigning its energy to the effective mass theoretical (EMT)
value of 3.12 meV [9]. Doing so, it has been shown that most
of all other odd-parity, highly excited states of H-like impuri-
ties are identical with an accuracy of better than one percent.

For such centers the relation E(P):2p±(B) ∼= E(D):2p± (B) (B)
holds, as it has been shown for group-V donors in Si [16]. For
such centers (D), the relative B dependences give straightaway
the relative center radius, from Eqs. (1)–(3):

ρ0(P)
2 − ρ0(D)

2 = (2h̄)(eμB)d2E (B)/dB2(hv(D):1s→2p±(B)

− hv(P):1s→2p±(B))|B→0, (4)

using the value of the radius of phosphorus as ρ0(P) = 2.24 nm
[16].

Neutral Mg0 (He-like double donor) transitions are known
to show a structure very similar to those of group-V H-like
donors (Fig. 3). The quadratic Zeeman effect (QZE) is clearly
observed at fields with B > 3T. Assuming the validity of the
formalism (4) for this specific case we obtain the ground state
radius as ρMg0=2.13 ± 0.10nm.

B. Mg-related complexes

The transitions related to Mg complexes become detectable
with increasing Mg content in the samples and with increasing
concentration of particular species. For instance, in samples
with the largest Mg0 concentrations (NMg0 > 1.5e15 cm−3),
some acceptor AS related pairing is detectable even for resid-
ual acceptor abundances, and for moderate acceptor content
NA in originally p-type Si:AS, (Mg, Mg) centers are clearly
seen in the AS at any NMg0 > NA.

1. Mg, B complexes

The Si:Mg:B samples with net Mg0 concentration NMg0 −
NB > 1e15 cm−3 with the original acceptor boron NB ∼
(2 − 5)e14 cm−3 show clear sets of transitions in the far-
infrared part of AS with the strongest lines having relative
intensities and energy spacings similar to the EMA donors
in Si [8]. The magnetic field behavior of the intense lines
confirms the type of excited states, where these transitions
terminate, for most of np0, np± excited states [Fig. 4(a)].

The binding energy of the (Mg, B) center in Si is
E (Mg,B) = 47.48 meV [4]. In Fig. 4(c) we plot the energy dif-
ference of the transitions 1s(A1) → 2p+(m = +1, B > 0)
and 1s(A1) → 2p−(m = −1, B < 0) of the (Mg, B) donor
relative to the same transitions of the phosphorus donor in
Si, �E→2p± (B) = (E (Mg,B) (B) − E (P) (B)) assuming (Mg,
B) centers to be H-like. The small negative second derivative
of this �E→2p± (B) [Fig. 4(c)] indicates the validity of this
assumption with a slightly larger transverse radius of the (Mg,
B) center ρ(Mg,B) = 2.35 ± 0.21 nm, very similar to those of
H-like donors in Si with similar binding energy [14]. Note
that the radii of these centers relate as ρMg0 < ρ(Mg,B), while
binding energies E (Mg0) > E (Mg,B) > E (B) [4,8].

2. Mg, Li complexes

Another set of transitions, which behaves similarly to a
H-like donor with a binding energy of 43.87 ± 0.02 meV,
could be identified in the AS and MOAS spectra [Figs. 5(a)
and 5(b)] of the n-Si:Mg samples with both Li and Mg0

concentrations exceeding 1014cm−3. The concentration of Li,
which occurs as an interstitial donor in Si, has been estimated
using the integrated absorption values of the corresponding
AS and optical cross section of Li low-energy intracenter
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FIG. 4. MOAS (a) and AS at B = 0T (b) spectra of
Si:Mg:B sample #117-1 in the energy range to the (Mg, B)
donor transitions. Other notations are the same as in Fig. 3.
(c) Dependence of the energy difference �E→2p± (B) =
(E (Mg,B) (B) − E (P) (B)) of the 1s(A1) → 2p+(m = +1, B > 0)
and 1s(A1) → 2p−(m = −1, B < 0) transitions on the magnetic
field for a (Mg, B) donor relative to a phosphorus donor (Si:P).

transitions, derived from the AS spectra as in Ref. [8]. It was
not observed in the MOAS of the n-Si:Mg:B samples pre-
doped either with B or with other compensating acceptors [4].
We assign this Mg-related center to a (Mg, Li) donor center.
The ground state radius of the (Mg, Li) center, calculated as
described above [cf. Fig. 5(c)], yields a value of ρ(Mg,Li) =
2.36 ± 0.10nm, which again is very similar to those of H-like
donors in Si with similar binding energy [16]. Note that the
radii of these interstitial centers relate as ρMg0 < ρ(Mg,Li) <

FIG. 5. MOAS (a) and AS (b) of Si:Mg #138-2 sample in the
range of transitions of magnesium complex assigned preliminary
to a (Mg,Li) donor. Other notations are the same as in Fig. 3.
(c) Dependence of energy difference �E→2p±(B) = (E (Mg,Li) (B) −
E (P)(B)) of 1s(A1) → 2p+(m = +1, B > 0) and 1s(A1) →
2p−(m = −1, B < 0) transitions for a (Mg,Li) donor relative to
a phosphorus center, on magnetic field.

FIG. 6. (a) MOAS spectra of Si:Mg #117-1 (solid circles) and
Si:Mg #129-1 (open circles) samples in the range of transitions of
diatomic magnesium (Mg,Mg) donor. Notations (i,ii) indicate the
transitions from thermally populated split-off-ground state. Triangles
(a) shows the positions of the (Mg,Mg) transitions taken from high
resolution AS spectra [3]. Stars mark the transitions which cannot
be assigned to the QZE of the EMT donor. Solid grey lines are
field dependences of similar transitions of Mg0 center, the energy
scale is shifted by the value of binding energy difference, energy
scale for the Mg0 center shown on the top axis of the plot (a).
Other notations are the same as in Fig. 3. (b) AS spectra of Si:Mg
#138-2 sample. (c) Dependence of energy difference �E→2p± (B) =
(E (Mg,Mg) (B) − E (Mg0)(B)) of 1s(A1) → 2p+(m = +1, B > 0)
and 1s(A1) → 2p−(m = −1, B < 0) transitions for a (Mg, Mg)
donor relative to a Mg0 center, on magnetic field.

ρ(Li),ρ(Li) = 3.31 ± 0.05nm [23], while the binding energies
relate as E (Mg0) > E (Mg,Li) > E (Li), E (Li) = 33.999 meV [8].

3. Mg, Mg donors

A series of transitions related to the (Mg, Mg) donor shows
a very specific magnetic field dependence. As it was shown
in Ref. [3], this center has a different symmetry than other
known shallow donors in Si (Td group), having large central
cell corrections separating the ground singlet state from its
doublet and triplet 1s components. A relatively small split-
ting of the (Mg, Mg) ground state, less than 1 meV, results
in significant thermal population of the split off states even
at low lattice temperature (as observed at 2 K [3]), and as
a consequence, in a multiple line structure of the impurity
transitions. Also the high excited states exhibit fine split-
ting, which is, however, not resolved in our experiments.
The well spaced (Mg, Mg) lines (energy difference of 0.72
and 0.83 meV) show clear features in the Zeeman spectra
[Fig. 6(a)]. The intensities of absorption lines originating from
the ground state and the split-off ground state have oppo-
site evolvement: It grows with the B field for the split-off
states (high degeneracy) while it decays for the singlet ground
state.
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Comparison of the E (Mg,Mg) (B) QZE dependences with
those for phosphorus (group-V, single electron, H-like donor)

and similarly with a Mg0 center (group-IIa, double, He-like
donor) gives large positive values, e.g., to Mg0 [Fig. 6(c)]:

(2h̄)/(eμB)d2E (B)
/

dB((E(Mg,Mg):2±(B) − E(Mg,Mg):1s(B)) − (E(D):2p±(B) − E(D):1s(B))|B→0

= (
ρ0(Mg,Mg):2p±2 − ρ0(Mg,Mg):1s

2
) − (

ρ0(D):2p±2 − ρ0(D):1s
2
) = 9.79 nm2(D ≡ Mg0) and 8.801nm2(D ≡ P).

The assumption in the frame of the EMT that the field
dependences of the (Mg, Mg) donor transition in the 2p± state
are equal to the same odd-parity state of a shallow donor (D),
E(Mg,Mg):2p±(B) = E(D):2p±(B), would lead to ρ0(Mg,Mg)

2 < 0.
Obviously, the EMT formalism for H-like donors [Eq. (3)]
is not applicable anymore and cannot be used for calculation
of the state localization using the QZE. This is despite the
fact that the binding energies of high excited state are al-
most equal (E2p±(Mg,Mg) ∼= E2p±(Mg0) ∼= E2p±(P) ∼= 6.388 ±
0.019meV) and the relative level spacings still fit well (∼3%)
to those of the EMA donors. Using the radii relation of the
H-like phosphorus donor, ρ0 (P): 2p±2 − ρ0 (P):1s

2 [16], one can
roughly estimate the relation for a (Mg, Mg) center such
as ρ0 (Mg,Mg): 2p±2 − ρ0 (Mg,Mg):1s

2 = 167 ± 1 nm2. This
is only valid for the slightly extended localization of the
excited state of the center since the radius of the ground
state does not influence so much in their difference relation
(Fig. 7).

The transitions that presumably involve overlap of (Mg,
Mg) pairs with the lattice three-phonon band are hardly re-
solved in the Zeeman spectra and are not shown in Fig. 6(a). A
few distinct lines resolved at higher field, cannot be associated
with the (Mg, Mg) donor transitions at zero field.

FIG. 7. (a) MOAS and (b) AS of the Si:Mg #117-1 sample
in the spectral range of (Mg, O) donor transitions. Other nota-
tions are the same as in Fig. 3. (c) Dependence of the energy
difference �E→2p± (B) = (E (Mg,O) (B) − E (Mg0)(B)) of 1s(A1) →
2p+(m = +1, B > 0) and 1s(A1) → 2p−(m = −1, B < 0)
transitions for a (Mg,O) donor relative to the Mg0 center on the
magnetic field.

4. Mg, O complexes

Impurity transitions of the (Mg, O) center are shown in
Fig. 7. This center is very likely formed by coupling of Mg
to Si-O-Si bonds of interstitial O, having two bonds replacing
a Si = Si covalent bond [24]. Mg-O coupling was found to be
very favorable and sometimes these centers become detectable
after Mg diffusion in high purity FZ grown Si. In such a
sample no characteristic O lines were detected by IR absorp-
tion spectroscopy. The QZE has mostly expressed asymmetry
for different magnetic quantum numbers [Fig. 7(c)]. We as-
sume that this is due to large contributions from the higher
order Zeeman effect. We made separate estimations of the
transverse radius for m = ±1. The center ground state radius
derived from the QZE as described above [Fig. 7(c)] us-
ing the ρMg0 gives values for ρ(Mg,O)m=+1 = 2.50 ± 0.11nm,
ρ(Mg,O)m=−1 = 2.18 ± 0.10nm. We assume that overestima-
tion could infer from the above-mentioned Zeeman effect
feature, and chose the smaller value to present the (Mg, O)
localization in the plot in Fig. 8. Both of these radii are
larger than those for the Mg0 center, while the local vibration
mode energy of oxygen in Si, the binding energies of (Mg,O)
and Mg0 center relate as E (O) > E (Mg,O) > E (Mg0), E (Mg,O) =
124.6 meV, E (Mg,O) = 124.6meV [8].

Specific features of the double donors: asymmetry of (Mg,
O) on mj, and specific evolution/exchange of ground state in
the observed transitions of (Mg, Mg) may relate to occurrence
of non-negligible contributions of high order Zeeman effect
( n > 2 in the ∼ B n field energy perturbations ), including
next, the third-order Zeeman effect whose contributions in

FIG. 8. State radii derived from the QZE spectra for differ-
ent Mg-related complexes in comparison with a phosphorus H-like
donor. The smaller of the (Mg,O) ground state radii is shown. The
solid lines are approximates for single and double donors.
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eigenenergies are odd in angular momentum projection. In
this case evolution of impurity lines would follow the particu-
lar efficiency (expressed in factors for the Bn field, n- Zeeman
effect order) of the Zeeman splitting, which is different, for
instance for 2p3/2 and 2p1/2 orbitals [25] expressed in the 2p±
states of donors.

5. Other Mg, X complexes

There were a few more (Mg, X) shallow donors observed
in the AS and MOAS. They all show a similar QZE behavior
as group-V donors in Si. However, the weak line intensities in
MOAS make an accurate estimate of the center’s ground state
radii difficult.

The ground state radii for different centers are summarized
in Fig. 8. One can see that centers consisting of interstitial Mg
and atoms providing a single electron to be paired with Mgi,
behave similar as the hydrogenlike phosphorus (group-V)
center in Si. Pairing of Mg with atoms providing two electrons
form centers with larger spatial localization of a donor state.

IV. SUMMARY

To summarize, the magneto-optical study of intracenter
transitions of Mg-related complexes in Si provides important
information on the structure of the state and localization of

this dopant. This can be used to distinguish between H-like
and He-like, single and double donor centers. Calculations of
the Mg-complex’ ground state radii were made on the basis of
the magnetic field dependences in the range of the quadratic
Zeeman effect. Shallow impurity (Mg, X) centers, using a
single outer/excess electron of atom X, either interstitial or
substitutional, for forming the bond to interstitial Mgi, behave
similar to that of H-like donors. Pairing with another Mg
atom (Mg, Mg) or O atom (Mg, O), forms complexes with
a spatial localization more similar to those of He-like Mg
double donor centers, and therefore, shares apparently two
valence electrons. Our results provide valuable insight for
understanding the bonding structure of Mg-related and similar
interstitial impurity centers in cubic semiconductors.
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