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A successful observation and analysis of the Zeeman effect on the � � 1:54 �m photoluminescence
band in Er-doped crystalline MBE-grown silicon are presented. The symmetry of the dominant opti-
cally active centers is conclusively established as orthorhombic I�C2v� with gk � 18:39 and g? � 0. In
this way the long standing puzzle as regards the paramagnetism of optically active Er-related centers in
silicon is settled. Preferential generation of a single type of an optically active Er-related center
confirmed in this study is essential for photonic applications of Si:Er.

DOI: 10.1103/PhysRevLett.90.066401 PACS numbers: 71.70.Ej, 61.72.Tt, 78.66.Db
Having in mind that only a small percentage (1 to 10%) of Si:Er layers of a few nanometers thickness stacked along
Rare earth doping of semiconductors is known to result
in the formation of luminescent centers suitable for ap-
plications in optoelectronic devices [1,2]. Among the
various rare earth elements, Er has attracted particular
attention because the 4I13=2 ! 4I15=2 transition involving
nonbonding 4f shell electrons of the Er3� ion (4f11)
occurs at the technologically important wavelength of
1:54 �m, matching the absorption minimum of silica-
based optical fibers. The Si:Er system is of special interest
in view of the success and versatility of silicon technol-
ogy. Also, Si:Er light emitting structures are attractive in
association with potential applications for optical inter-
connects in future photonic chip technology. As a result
of a continuing research effort Si:Er-based light emitting
diodes have now been successfully developed—for an up-
to-date review, see, e.g., [3]. A further increase of emis-
sion efficiency and thermal stability by materials engi-
neering is, however, obstructed by the apparent lack of
understanding of more fundamental aspects related to the
optical activity of Er3� ions in Si. In contrast to previ-
ously mentioned impressive developments toward practi-
cal devices, the Si:Er system remains poorly understood
and even controversial as regards the microstructure of
the optically active Er-related centers and the relevant
energy transfer mechanisms [4]. This situation is all the
more unfortunate, when bearing in mind the prominent
position of Si:Er with respect to applications.

The microscopic structure of Er dopants in Si has been
investigated using extended x-ray-adsorption fine struc-
ture, and the presence of oxygen in the immediate sur-
rounding of the optically active Er atom was concluded
[5]. The formation of an Er-related cubic center has
been found in channeling experiments [6], which identi-
fied an isolated Er atom at a tetrahedral interstitial site as
the dominant center generated in crystalline silicon by
Er implantation. The findings are in accordance with
theoretical calculations for isolated Er in Si [7]. Unfor-
tunately, these techniques cannot directly distinguish
between optically active and nonactive Er-related centers.
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Er dopants in silicon exhibit optical activity [2,8],
there exists a large probability that above-mentioned
studies concern the nonactive species and therefore are
not relevant for the issues related to light emission from
Si:Er. Also electron paramagnetic resonance (EPR), the
experimental technique for the identification of the mi-
crostructure of defects, failed to detect the optically
active Er-related centers in crystalline silicon [9]. Micro-
scopic information on centers responsible for Er-related
1:5 �m emission in Si was revealed by high-resolution
photoluminescence (PL) study which identified more
than 100 emission lines related to several Er-induced
centers [8].

Microscopic aspects of the Er-related emitting center
would best be provided by the magneto-optical study of
the main features of the emission spectrum. However, due
to the inhomogeneous character of PL bands, application
of magnetic field results in broadening and thus subse-
quent vanishing of the emission lines. Consequently, in
spite of repeated claims [10], no successful observation of
Zeeman effect in PL has been reported for Si:Er until
now. The situation is dramatically different for Si:Er
material grown recently by the sublimation MBE tech-
nique. In this case, the PL spectrum (depicted in Fig. 1)
contains only a few lines of a very small width �E<
10 �eV. Based on crystal field analysis, there were as-
signed for a single type of center, labeled Er-1, of non-
cubic symmetry [11]. Taking advantage of the small
linewidth of the Er-1 spectrum a successful observation
of Zeeman effect in PL was possible. In this Letter we
present results of the magneto-optical investigation of the
main PL band (� ’ 1:54 �m) of the Er-1 spectrum, in-
dicated with an arrow in Fig. 1. We note that also the
(broad) PL spectra observed in Er-implanted samples
usually have maxima located at this wavelength [3,8].
Consequently, our findings are important for understand-
ing of the optical activity of Si:Er in general.

The inset to Fig. 1 shows a cartoon of the structure used
in the current study. It comprises 400 interchanged Si and
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FIG. 2. Magnetic field induced splitting of the main PL line
at T � 4:2 K for (a) Bjjh011i and (b) Bjjh100i. In the inset, the
linewidth of the I2 component is shown as a function of
magnetic field.
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FIG. 1. Photoluminescence spectra of the multilayer Si=Si:Er
structure used in the current study (see inset), as measured at
T � 4:2 K. The arrow marks the most intense emission line for
which the Zeeman effect was subsequently investigated.
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the h100i growth direction. Magneto-optical experiments
were performed at 4.2 K using a cw Ar�-ion laser oper-
ating at 514.5 nm for excitation. The sample was placed
in a split-coil superconducting magnet with optical ac-
cess. The emerging luminescence was dispersed by a
high-resolution 1.5 m f=12 monochromator (Jobin Yvon
THR-1500 equipped with a 600 grooves=mm grating
blazed at 1:5 �m), and detected with a liquid-nitrogen
cooled Ge detector (Edinburgh Instruments). For polari-
zation measurements a quarter-lambda plate and a linear
polarization filter were used.

In the tetrahedral environment the 4I13=2 first excited
state of the 4f11 shell of the Er3� ion splits into a series of
2�6 � �7 � 2�8 sublevels and the ground 4I15=2 state
splits into the sequence �6 � �7 � 3�8 [12]. Conse-
quently, at low temperatures five PL lines are expected.
A lower symmetry crystal field splits the remaining
quartets into doublets. In this case eight spectral compo-
nents will appear, with each PL line corresponding to a
transition between effective spin doublets. Application of
a magnetic field splits the doublets further due to the
Zeeman effect, in a pattern reflecting the symmetry of
the Er3�-related optically active center. The Hamiltonian
describing the Zeeman splitting is given by

H��BB�g�S; (1)

with S � 1=2, �B being the Bohr magneton, and the
effective g tensor exhibiting the symmetry of the center.
In general, every PL line corresponding to a transition
between two doublets will split into four components,
with �E � 1=2�jG� gj��B for �MS � 0 transitions
and �E � 1=2�jG� gj��B for �MS � 1 transitions,
where G and g are the effective g tensors of the upper and
lower doublets, respectively. The magnetic dipole allowed
�MS � 1 transitions to have a very low probability and
for the rare earths usually only electric dipole allowed
transitions with �MS � 0 are observed. In the present
study none of the emission components appearing upon
066401-2
application of magnetic field was circularly polarized,
which means that only the �MS � 0 transitions are ob-
served. Figure 2 shows the Zeeman effect for the PL line
indicated with an arrow in Fig. 1. In magnetic fields of up
to 5.25 T, the splitting into three components for Bjjh100i
and seven components for Bjjh100i can be concluded.

Keeping the magnetic field fixed at 5.25 T and rotating
its direction in the (011) and (100) planes, we observe a
pronounced angular dependence of the line positions.
This tells us that the symmetry of the optically active
center is lower than cubic. Figure 3(a) shows the positions
of PL bands for the magnetic field rotated in the (011)
plane. As can be concluded, the center has four non-
equivalent orientations for an arbitrary direction of B.
The position of one them is nearly constant for all field
orientations — for this line the effective g factors of the
upper and lower states must be almost equal. Although
the angular dependence is complicated by anticrossings
among the sublevels, it can be clearly concluded that the
center possesses orthorhombic I�C2v� symmetry. For this
symmetry type, two of the main tensor axes are oriented
along the nonequivalent h011i directions, taken as x and
y, while the z axis is the h100i oriented intersection of the
planes perpendicular to x and y. In this Letter, we adopt a
066401-2



FIG. 3. Angular dependence of the Zeeman effect of the
main PL line (marked with an arrow in Fig. 1) at B � 5:25 T
for (a) the (011) and (b) the (100) crystallographic planes. Solid
lines correspond to simulations — see text for the further
explanation.
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description where the spin quantization z axis is chosen
along the tensor axis with the greatest g value, in this
case one of the h011i directions.

It is important to check whether the particular form of
the sample, a h100i-grown stack, has no influence on the
local symmetry of the Er-related center responsible for
the observed emission. Figure 3(b) illustrates the posi-
tions of PL bands split by the magnetic field rotated in the
(100) plane, from the h100i direction perpendicular to the
sample surface (the growth direction), through the h011i,
and again to the h100i, but now within the plane of the
sample. As can be seen, the observed pattern is fully
symmetric within the 90� rotation. We conclude that the
layer stacking procedure and the thin-layer form of the
sample do not affect the symmetry of the Er-related
optically active center, thus making the results of the
present study relevant for the Si:Er system in general.

A closer inspection of the angular dependencies in
Fig. 3 reveals that the splitting towards higher and lower
emission energies is not symmetric. This is due to the fact
that at high magnetic fields the magnitude of the Zeeman
splitting becomes comparable with the crystal field effect
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and therefore mixing between individual sublevels in the
J � 15=2 and J � 13=2 manifolds appears. In the par-
ticular case of the investigated PL line, only transitions
from lower lying level of the excited state doublet to the
lower lying level of the ground state doublet will be
unaffected, since these are not disturbed by the presence
of other Er-related levels. In contrast, other lines will
show higher order contributions in B, complicating the
pattern. The transitions occurring from the lower level of
the Zeeman split lowest doublet of the excited state are
easily identified since their intensity is higher due to par-
tial thermalization. As can be seen from Fig. 2, more in-
tense lines occur at higher energies, which thus give us the
additional information that jGj< jgj.

The values of the effective g tensor geff � jg�Gj can
be determined from the Zeeman splitting shown in Fig. 2.
For Bjjh011i —Fig. 2(a) — we get �gz � jgz �Gzj �
3:29 0:03. This value is determined quite accurately
since for B oriented along the z tensor axis there are no
anticrossing effects. For the components related to �gy
[I4 and I5 lines in Fig. 2(a)], the relative intensity of line
I4 does not change with magnetic field and the peak
position stays constant, whereas the lower one (I5) shifts
towards lower energy as B2. The �gy value estimated
from the linear part of the splitting is less than 0.05.
For the central branch [I2 in Fig. 2(a)], we obtain geff �
1:75 0:05. This value is much less accurate as we
are in fact dealing with two superposed branches, as
can be seen by the growth of the linewidth with increas-
ing B, especially for the lower-energy component for
which second order effects are considerable. The lowest
accuracy is obtained with Bjjh100i [Fig. 2(b)]: the central
line broadens strongly with B but does not split. The inset
to Fig. 2(b) shows that the dependence of the linewidth on
magnetic field for the central line is not linear with B.
When rotating magnetic field out of the main direction
h100i, this feature splits into four lines, of which two do
not change with magnetic field, i.e., �gx � 0. We there-
fore conclude that the angular dependence shown in Fig. 3
can be described with the following effective g tensor
�g � jg�Gj � �0 0:02;0:05 0:02;3:29 0:03�. As
can be seen from the solid lines in Fig. 3, simulation
with the Hamiltonian (1) gives in this case good agree-
ment with the experimental data.

Unfortunately, one cannot use angular dependencies
depicted in Fig. 3 to determine the individual g tensors
of the upper and lower doublets g and G. Assuming full
thermalization, these can be estimated from the tempera-
ture dependence of the intensity ratio of the high and the
low energy components at high field. We note that the
components I1 for Bjjh100i and Bjjh011i increase in in-
tensity with magnetic field, while components I3 and I8
for Bjjh100i and Bjjh011i, respectively, decrease due to
thermalization within the upper doublet. The intensity
ratio of these components follows a Boltzmann’s distri-
bution, with the activation energy equal to the splitting
066401-3



FIG. 4. Magnetic field induced splitting of the main PL line
for B � 5:25 T, Bjjh011i at temperatures of T � 39, 44, and
73 K. The inset shows the intensity ratio I8=I1 fitted assuming
thermalization within the upper doublet.
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within the upper doublet. The PL spectra for B � 5:25 T
and Bjjh011i at T � 39, 44, and 73 K are illustrated in
Fig. 4. As shown in the inset to the figure, the temperature
dependence of individual PL components allows an esti-
mate of jGzj � 15:1 0:8 to be made (this is done for a
higher temperature range T � 40 K, in order to assure
full thermalization [13]). The intensity ratio of two com-
ponents related to �gy � 0:05�I4; I5� is not changing with
temperature indicating jGyj � 0. For components corre-
sponding to �gx � 0 at Bjjh100i, the central line does not
split with magnetic field. We notice that the line remains
fully symmetric upon increasing temperature, so that also
jGxj � 0. Therefore both jGxj and jGyj are very small:
i.e., the jG?j value for the excited state is close to zero.
Hence, we are dealing with a particular situation where
jg?j is close to zero for both the ground and the excited
state doublets. This gives us the g tensor for the ground
state doublet gjj � 18:39 0:81 and g? � 0, and results
in trace of Tr�g� � 18:4 1:5. The fact that g? � 0
implies a low probability of spin transitions within the
ground state. This result provides an explanation as to why
the Er3�-related optically active centers in crystalline
silicon have not been detected using magnetic resonance.
The situation is similar to that treated by Watkins et al.
[14] for Au dopant in Si. (When g? � 0, there are no
magnetic field dependent off-diagonal terms and no
�m � 1 transitions can be induced by microwave field.)

If only small axial distortions are present, the average
gav factor can be related to the isotropic cubic gc factor
[15] gav � gc �

1
3 �gjj � 2g?�. In the present case the

average gav value as defined by is 6:13 0:5, similar as
found for Er in different host materials [9,16,15]. For
isotropic centers the g tensors of �6 and �7 are 6.8 and
6.0, respectively [16,15]. Therefore in the present case the
ground state is likely to be of a �6 character, which is in
066401-4
agreement with the previous interpretation of experimen-
tal data [8,9]. The observed orthorhombic I symmetry is
likely to arise from a distortion of a tetrahedrally coor-
dinated Er3� ion. This was also recently considered in
total energy calculations for the most stable configuration
of Er3� ion in the crystalline silicon host [17].

In summary, we have provided the most direct micro-
scopic 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 identi-
fied as orthorhombic I (C2v) with g tensor of the ground
state gjj � 18:39 0:81, g? � 0. On the basis of these
findings, the paramagnetism of the Er3�-related center
emitting at � ’ 1:5 �m is unambiguously established,
and our understanding of the important and notoriously
difficult Si:Er system has been significantly advanced.

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 neces-
sary prerequisite for development of efficient photonic
devices based on Si:Er.
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