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ABSTRACT 
 

A successful observation and analysis of the Zeeman effect on the near 1.54 µm 
photoluminescence spectrum in Er-doped crystalline MBE-grown silicon are reported. A clearly 
resolved splitting of 5 major spectral components was observed in magnetic fields up to 5.5 T. 
Based on the analysis of the data the symmetry of the dominant optically active center was 
conclusively established as orthorhombic I (C2v), with g||≈18.4 and g⊥≈ 0 in the ground state. The 
fact that g⊥≈ 0 explains why EPR detection of Er-related optically active centers in silicon may 
be difficult. Preferential generation of a single type of an optically active Er-related center in 
MBE growth confirmed in this study is essential for photonic applications of Si:Er. 

 

INTRODUCTION 
 

The trivalent erbium ion gives rise to the characteristic emission near 1.54 µm, due to the 
4I13/2→4I15/2 transition, which is practically independent of the host material. Since this particular 
wavelength coincides with the absorption minimum of silica glass fibres used for 
telecommunication networks, erbium doping of semiconductors has attracted considerable 
attention, in particular, the technologically important Si:Er system. As a result of a continued 
research effort Si:Er-based devices, such as optical amplifiers and light emitting diodes have been 
successfully developed (for an up-to-date review see, e.g. [1]). Despite that, many of the more 
fundamental aspects of the Si:Er system, such as the microscopic structure of the optically active 
Er centers in silicon or the relevant energy transfer mechanisms [2], remain controversial.  

In Er implanted silicon numerous attempts have been made to identify the location, site 
symmetry and nearest neighbors of the Er impurity. In EXAFS experiments [3,4] either silicide 
like or oxide like surrounding of the Er impurity was observed, depending on the oxygen content 
and thermal annealing conditions. In channeling experiments, on the other hand, Er at the 
tetrahedral interstial lattice site was found to be the dominant center [5], in agreement with 
theoretical predictions [6]. In EPR several low symmetry Er-O complexes were identified, none 
of them related to the centers dominant in photoluminescence (PL) [7]. Apparently, the 
concentration of optically active centers in Er-implanted Si is too low to be detected otherwise 
than optically. Microscopic information on the Er-related emitting centers would be best obtained 
in a magneto-optical study. However, due to the great multiplicity of centers formed in crystalline 
silicon by Er implantation [8], with often overlapping PL spectra no observation of the Zeeman 
effect in PL has been so far possible.  

The situation is different in Er doped silicon grown by sublimation MBE, where a 
preferential formation of a single type of center, labeled Er-1, has been observed [9]. The 
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extremely narrow linewidth (<10 µeV) made a successful observation of the Zeeman effect on 
the Er3+ related photoluminescence possible [10]. 

 

EXPERIMENTAL DETAILS 
 

The sample was grown by sublimation molecular beam epitaxy on (100) Si substrate and 
consisted of 400 interchanged Si and Si:Er layers of 1.7 nm and 2.3 nm thickness, respectively, 
stacked along the <100> growth direction. 

The experiments were performed at liquid helium temperature using the 514.5 nm  Ar-ion 
laser line  for excitation. The sample was placed in a split-coil superconducting magnet with 
optical access. The photoluminescence was dispersed through a high-resolution 1.5 m  f/12 
monochromator (Jobin Yvon THR-1500) equipped with a 600 grooves/mm grating blazed at 
1.5 µm, and detected with a liquid-nitrogen cooled Ge detector (Edinburgh Instruments). For 
polarization measurements a quarter-lambda plate and a linear polarization filter were used. The 
experimental configuration permitted observation of the luminescence along and perpendicular to 
the field direction. 

 

RESULTS AND DISCUSSION 
 

The photoluminescence (PL) measurements of the Si/Si:Er superlattice reveal an intense 
spectrum , shown in Fig. 1, consisting of only a few narrow lines (the width of the most intense 
line is less than 0.1 cm-1). This spectrum was assigned to a single type of center, labeled Er-1, of 
noncubic symmetry [9].  
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Figure 1. Photoluminescence spectrum of the multilayer Si/Si:Er structure  measured at 4.2. The 
numbers mark the emission lines for which the Zeeman effect was investigated. 
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In a crystalline environment of lower than cubic symmetry the excited 4I13/2 and ground  4I15/2 
states of Er3+ split into 7 and 8 Kramers doublets, respectively. At low temperatures only 
transitions from the lowest 4I13/2 doublet will be observed, resulting in  8 PL lines, each 
corresponding to transitions between effective spin doublets. In an external magnetic field the 
degeneracy of the doublets will be lifted due to the Zeeman effect and the PL lines  will split into 
components in a pattern reflecting the site symmetry of the Er3+ center. The Hamiltonian 
describing the Zeeman splitting is given by: 
 
  H= SB ⋅⋅ gBµ          (1) 
where µB is the Bohr magneton, g the effective g-tensor, and S=1/2 is the effective spin. In 
general, every PL line will split into four components, with ∆hν =±1/2|g'-g|µBB for ∆MS= 0 
transitions and ∆hν =±1/2|g'+g|µBB for ∆MS= ±1 transitions, where g' and g are the effective g 
values of the upper and lower doublets, respectively. However, the magnetic dipole allowed 
∆MS= ±1 transitions have low probability and for the Er ion usually only transitions without spin 
flip are observed.  

This is also the case for the Er center investigated in this study. None of the emission 
components appearing upon application of magnetic field was found to possess a measurable 
degree of circular polarization, which means that only splitting with the effective g-value of |g'-g| 
occur. Though g' and g may be quite large, their difference will be small (unless one of the g-
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Figure 2. Magnetic field induced splitting of the main PL line (labeled 1 in Fig.1) at 4.2 K for B 
oriented along the [100], [111], and near [110] crystallographic axes. The "error bars" give the 
full width at half maximum of the Zeeman split components. 
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factors is negative) and rather high magnetic fields have to be applied in order to observe a well 
resolved splitting. In consequence, the magnitude of the Zeeman splitting becomes comparable to 
the crystal field splitting and mixing between the individual sublevels in the J=15/2 and J=13/2 
manifolds is expected. In the particular case of the dominant PL line (labeled 1 in Fig.1), only 
transitions from lower lying level of the excited state doublet to the lower lying level of the 
ground state doublet will be unaffected for an arbitrary direction of the magnetic field, since these 
are not disturbed by the proximity of other Er-related levels. In contrast, other Zeeman 
components will show higher order contributions in B. The former transitions are easily 
identified since their intensity is higher due to partial thermalization. 

Figure 2 shows the Zeeman effect for the PL line labeled 1. In magnetic fields of up 
to 5.25 T, the splitting into three components for B||[100], four components for B||[111], and 
seven components for B near[110] can be observed. Note that the position of the central 
component is nearly independent of B for all three field orientations. In fact, the small splitting 
resolved at high fields for the [111] and [110] directions, as well as the linewidth broadening 
observed for B||[100] are almost entirely due to second order effects and depend quadratically on 
B. For this Zeeman component the effective g factors of the upper and lower states must be 
almost equal. It can be also seen that the more intense lines, related to transitions from the lower 
Zeeman level of the excited state doublet occur at higher energies, which thus gives us the 
additional information that for those lines |g'| < |g|. 

Keeping the magnetic field fixed at 5.25 T and rotating its direction, we observe a 
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Figure 3. Angular dependence of the Zeeman splitting of the main PL line (labeled "1" in Fig. 1) 
at 5.25 T for the magnetic field rotated in the (011) (a) and (100) (b) crystallographic planes. 
Solid lines correspond to simulations with the g-values given in the text, without taking into 
account second order corrections. 
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pronounced angular dependence of the line positions indicative of a center with lower than cubic 
site symmetry. Figure 3 shows the positions of PL lines for the magnetic field rotated in the (011) 
and (100) planes. As can be seen, the center has four nonequivalent orientations for an arbitrary 
direction of B in both planes. Although the angular dependence is complicated by anticrossings 
among the sublevels, it can be clearly concluded that the center possesses orthorhombic I (C2v) 
site symmetry.  

The data presented in Fig. 3(b) show, moreover, that the superlattice stacking direction has 
no measurable influence upon the symmetry of the Er-related optically active center. In this 
angular dependence the magnetic field direction was rotated from the <100> growth direction, 
perpendicular to the sample surface, to an equivalent <100> direction within the plane of the 
sample. As can be seen, the observed pattern is fully symmetric. 

For a C2v symmetry center, two of the main tensor axes are oriented along two perpendicular 
<011> directions, in group theory taken as x and y axes, while the z axis is the <100> oriented 
intersection of the planes perpendicular to x and y. In this paper we choose the spin quantization 
axis, z, along the tensor principal axis with the greatest g value, which in this case is one of the 
<110> directions. The principal values of the effective g tensor geff =|g'-g| can be determined from 
the Zeeman splitting shown in Fig. 2. We obtain: ∆gz=|gz-gz'|=3.29±0.03, ∆gx≅∆gy≅0, and 
gx'≅gy'≅gx≅gy≅0, within the experimental error. As can be seen from the solid lines in Fig. 3, 
simulation with the Hamiltonian (1) gives a satisfactory agreement with the experimental data, 
despite neglecting second order effects.  

For obvious reasons the individual z components of the g tensors of the upper and lower 
doublets cannot be determined based on the results of the experiments discussed so far. However, 
gz' can be estimated from the intensity ratio of the low and high energy components, which at 
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Figure 4. (a) Magnetic field induced splitting of the main PL line at 5.25 T and temperatures 
indicated in the figure for B|| [011] . (b) The intensity ratio I2/I1 fitted assuming thermalization 
within the upper doublet. 
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temperatures high enough to ensure Boltzmann distribution reflects the actual Zeeman splitting of 
the excited state. The PL spectra for the magnetic field oriented along the [001] direction at 5.25 
T and three different temperatures are shown in Fig. 4. As can be seen, the intensity ratio of the 
PL components labeled I2 and I1 allows us to estimate gz' as 15.1±0.8. This gives us the gz value 
for the ground state doublet of 18.4±0.81. Note that the two components related to ∆gy (the 
central lines in Fig. 4) have equal intensities independent of the temperature, consistent with 
gy'≅0. 

We are dealing with a particular situation where g⊥ is close to zero for both the ground and 
the excited state doublets. The fact that g⊥≅0 implies a low probability of spin transitions within 
the ground state and explains why the Er-related optically active center in crystalline silicon has 
not been detected using magnetic resonance. The g tensor for the ground state doublet (g||≅18.4 
and g⊥≅0) results in a trace of 18.4. In the presence of small distortions to tetrahedral symmetry 
the average gav factor would relate to the isotropic cubic gc factor in the following 
way: ( )⊥+== g2ggg ||3

1
cav  [11]. Here gav=6.13±0.5, which is similar to the values found for Er 

in different host materials [7,12,13]. In Td symmetry the g factors of Γ6 and Γ7 doublets are +6.8 
and -6.0, respectively [11]. It seems, therefore, that in the present case the ground state is more 
likely to have a Γ6 character which, together with the PL line pattern remarkably resembling that 
of the tetrahedral interstitial PL center observed in Er-implanted silicon [7,8], would imply 
interstitial location. However, the C2v distortion is too strong to be considered as a small 
perturbation, which makes the above approach invalid. Still, in recent total energy calculations 
the Td interstitial site with C2v distortion was considered as the most stable configuration of the 
Er3+ ion in crystalline silicon [14]. 
 

CONCLUSIONS 
 

We have provided direct microscopic information on the structure of a prominent center 
responsible for optical activity of Er in crystalline silicon. From a clear Zeeman effect observed 
on the main line of the Er-1 PL spectrum, the lower than cubic symmetry of the emitting center is 
confirmed and conclusively identified as orthorhombic I (C2v) with g tensor of the ground state 
g||≅18.4 and g⊥≅0. We note that the preferential formation of one type of Er-related optically 
active center, as confirmed by the success of the reported Zeeman effect study, is a necessary 
prerequisite for development of efficient photonic devices based on Si:Er. 
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