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A zero-phonon component of the 1.5 �m emission band of Er3+ in the nano-glass-ceramics
32�SiO2�9�AlO1.5�31.5�CdF2�18.5�PbF2�5.5�ZnF2� :3.5�ErF3� mol %, shifts to higher energy and
splits into Zeeman doublet in external magnetic field. These effects make it possible to flatten the
amplification band of the Er3+-doped amplifier. The blue photoluminescence shift can be ascribed to
quantum confinement effect on the 1.5 �m emission band of Er3+ in nano-glass-ceramics, where
most of the Er3+ dopants are located in the PbF2 nanocrystals of about 8 nm in diameter. © 2008
American Institute of Physics. �DOI: 10.1063/1.2916823�

The 1.5 �m emission band of the Er3+ dopant corre-
sponding to the 4I13/2→ 4I15/2 transition is a key element of
the Er3+-doped optical amplifier and other waveguide and
bulk optically integrated devices, which operate near the
wavelength of 1.5 �m of the telecommunications window,
while the large spectral width and flatness of this band
are of primary importance, e.g. Ref. 1–3. A highly flat and
broad 1.5 �m emission band has been reported in
Er3+-doped nano-glass-ceramics �NGC� 32�SiO2�9�AlO1.5�
�31.5�CdF2�18.5�PbF2�5.5�ZnF2� :3.5�ErF3� mol %.2,3 In
this NGC, up to 90% of Er3+ ions are incorporated into
PbF2-based nanocrystals resulting in a substantial flattening
of the 4I13/2→ 4I15/2 emission band of Er3+.2,3

We are aware only of a few papers about the effect of an
external magnetic field on this band, e.g., in Er3+-doped crys-
talline Si, where this effect was used to study symmetry of
the Er3+ sites.4,5 Meanwhile, a Zeeman splitting of the Stark
components of the 1.5 �m emission band may provide new
options to control the flatness and width of the amplification
band of the Er3+-doped amplifier. Magnetic confinement of
electron orbitals of Er3+ can also induce the shift of the Stark
levels and thereby change the shape of the 1.5 �m photolu-
minescence �PL� band of Er3+, as shown in this work. There-
fore, we have studied the effects of an external magnetic
field on the shape and position of the 1.5 �m PL band in
Er3+-doped NGC at different temperatures and applying ex-
ternal pulsed magnetic field up to 50 T.

The preparation of Er3+-doped NGC by means of heat
treatment or laser irradiation has been described in Refs. 2
and 6. The nanocrystalline phase consists of spherical
PbF2-based stoichiometric nanocrystals Er10Pb25F65 of about
8�1 nm in diameter, as found from energy dispersive spec-
troscopy in a transmission electron microscope.2,7 The
samples have the thickness of 0.3 mm and surface area 3
�3 mm2. The magnetic field was applied perpendicular to
the sample surface area, the Zeeman effect was observed
parallel to the applied field. The PL spectra have been mea-
sured by using an infrared charge coupled device camera
which provides the options to measure the spectrum in a

constant �up to 11 T� and pulsed �up to 50 T� fields.
Figure 1 shows the room temperature �a� and 13 K �b�

PL spectra of Er3+-doped NGC �thick line� and its precursor
glass �thin line�. Five Stark components are clearly seen in
low temperature PL spectrum in Fig. 1�b�, while other Stark
components are very weak. The spin-orbit ground state 4I15/2
thus splits into five main Stark levels, indicating the presence
of a high symmetry “pseudo cubic” site of the Er3+ dopants
in NGC because the total Stark split of the 4I15/2 in the low
symmetry crystalline field should have resulted in eight Stark
levels for this state. The irreducible representations for
pseudo cubic symmetry are �6+�7+3�8.8 Analysis of the PL
Stark components in this emission, and also in its reciprocal
absorption spectrum, reveals a Stark-split energy level dia-
gram for the 4I13/2 and 4I15/2 states in NGC, as shown in inset
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FIG. 1. �Color online� Room temperature �a� and 13 K �b� emission spectra
of Er3+-doped NGC �thick line, black online� and precursor glass �thin line,
red online�. Insert in �b� is a Stark-split energy level diagram for the ground
4I15/2 and excited 4I13/2 states of Er3+ in NGC.
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of Fig. 1�b�.3 The lowest Stark levels for both the 4I13/2 and
4I15/2 states are simple Kramers doublets8 permitting only the
simplest doublet splitting of these Stark levels in external
magnetic field. The arrows at about 1542 nm in Figs. 1�a�
and 1�b� indicate the 0-0 transition between lowest Stark
levels of the 4I13/2 and 4I15/2 states in NGC �postsigned in
inset in Fig. 1�b��. Since this transition does not involve
emission or absorption of phonon, it may be called “pure
electronic” or zero-phonon transition. All other transitions at
shorter wavelengths in NGC in Figs. 1�a� and 1�b� are due to
emission from the thermally populated Stark levels of the
4I13/2 state,3 since their intensities greatly decreased in low
temperature spectra at 13 K �Fig. 1�a�, zero field, thick line�
and even more at 5 K �Fig. 3�a�, zero field, thin line�. Figure
1�a� shows that the normalized emission from the thermally
populated Stark levels in NGC is stronger than in the precur-
sor glass; the reason for that is discussed further on.

Figure 2 shows an effect of a strong magnetic field on
emission spectrum of NGC at 190 K; the highest tempera-
ture currently available in our setup in strong magnetic field
configuration. A flattening and broadening of emission band
of the Er3+ in magnetic field are clearly seen in Fig. 2, which
potentially can be important for applications in optical
amplifiers.1–3 The origin of these effects can be understood
from the PL changes in magnetic field at low temperatures,
as illustrated in Fig. 3.

Figure 3 presents the photoluminescence data taken, at
5 K, in constant 11 T magnetic field and in zero field. It is
seen in Fig. 3�a� �thick line�, the 0-0 zero-phonon line in
NGC shows the Zeeman splitting of about 8 cm−1; the value
agrees with the Zeeman splitting in Er3+-doped Si.5 In addi-
tion, these two Zeeman components of the 0-0 line in NGC
show a blueshift of 3 and 0.5 nm, respectively, in magnetic
field of 11 T �Fig. 3�a�, thick line�. This blueshift can be
related, as discussed further, to the magnetic confinement.

It is difficult to interpret the effect of magnetic field on
other Stark lines in NGC because they are substantially
weaker and broader than the 0-0 line at 5 K and overlap with
each other.

Contrary to NGC, the zero-phonon line in precursor
glass consists of two well resolved components at 1535 and
1545 nm, already in zero magnetic field �Fig. 3�b��. A spec-
tral deconvolution of this complex zero-phonon line has
shown that, e.g., in an external magnetic field of 11 T �Fig.
3�b��, the 1535 nm component shows a minor blueshift of
0.5 nm while the 1545 nm component is invariant with the
magnetic filed.

We start the discussion of the data by recalling that the
1.5 �m transition 4I13/2→ 4I15/2 of the Er3+ is a parity forbid-
den and screened f-f transition, which acquires its intensity
due to admixture of wave functions of higher lying states of
opposite parity, such as g, d, and s states.1

The optical gap in nanocrystals, which are
PbF2-based,2,3,7 nears to Eg=5.9 eV �Ref. 9� and it is
in all probability smaller than in the surrounding
SiO2–Al2O3–CdF2 based glass network10 because it is
smaller than for each of the SiO2 �Eg=8.9 eV �Ref. 11��,
Al2O3 �Eg=6.24 eV �Ref. 12�� and CdF2 �Eg=7.6 eV �Ref.
13�� components of the glass network. Therefore, the upper-
lying g, s or d states of Er3+ may experience quantum con-
finement as they are located above 50 000 cm−1, i.e., above
6 eV �so called charge transfer bands of lanthanides �Ref.
14��, and may fall in the quantum well of PbF2 crystal sepa-
rated by a barrier from the surrounding glass network. Due to
an essential admixture of g, s, and d states to f states of Er3+,
some degree of the quantum confinement can be transferred
onto f states of Er3+.

The quantum confinement of f electrons in NGC is con-
firmed by magnetic field dependence of the blueshift of the
0-0 zero-phonon line of the 4I13/2→ 4I15/2 transition, see inset
in Fig. 3�a�. This dependence is parabolic at lower fields and
changes to linear at higher magnetic fields with a crossover
at about 10.6 T. The linear dependence at high fields is typi-
cal for magnetic confinement �compression� of electron wave
functions in a variety of materials, while a crossover from
the linear to parabolic dependence at lower fields is typical
for semiconductor quantum dots, where the crossover corre-
sponds to the compression of the electron wave functions to
the size of the magnetic length comparable to the diameter of
the quantum dot.15,16 At the fields lower than the crossover, a
spatial confinement of electrons overcomes the magnetic
confinement. The characteristic size aB of the confined elec-

FIG. 2. �Color online� Normalized emission spectra of Er3+-doped NGC in
zero field �thin line, red online� and 50 T pulsed magnetic field �thick line,
black online� at 190 K.

FIG. 3. �Color online� Low temperature emission spectra of NGC �a� and
precursor glass �b� in zero field �thin lines, red online� and 11 T �thick lines,
black online� constant magnetic field. Inset in �a� is a magnetic field depen-
dence of the blueshift dE of the barycenter of zero-phonon line 0-0
�1542 nm at B=0�. The arrow in inset indicates a crossover from parabolic
to linear dependence.
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tronic wave function can be obtained from the crossover
magnetic field BC �marked by arrow in insert of Fig. 3�a��
using the equation15,16

BC =
2�

aB
2e

. �1�

We found aB to be equal to 11 nm, which is comparable to
the diameter of the nanocrystals hosting the Er3+ dopants.
This proves the presence of the spatial confinement of elec-
tronic wave functions of Er3+ dopants in NGC.

Phonon quantum confinement in Er3+-doped nanocrys-
tals in NGC may also be possible because the optical phonon
spectrum in these nanocrystals �phonons are mostly at 150
and 240 cm−1� substantially differs from phonon spectrum in
the surrounding SiO2–Al2O3–CdF2 based glass network
�phonons are mostly at 900 cm−1�.10 This may result in quan-
tum confinement of phonons17 and strengthening of the
electron-phonon interaction with the 150 and 240 cm−1

phonons in Er3+-doped nanocrystals, thus accounting for a
stronger emission from higher Stark levels of Er3+ dopant in
NGC compared to precursor glass, Fig. 1�a�. Actually, the
higher Stark levels in the emitting level 4I13/2 are at energies
of 50–200 cm−1 above the lowest Stark level in NGC �inset
in Fig. 1�b�� providing good resonance especially with
150 cm−1 phonon vibrations.

Disappearance of the Zeeman splitting is evidenced in
the precursor glass �Fig. 3�b��. Despite the site multiplicity,
one of the Er3+ sites in precursor glass may be reminiscent of
the Er3+ site in NGC, because it nucleates the growth of
nanocrystalline phase in NGC.2 This minor Er3+ site in pre-
cursor glass can contribute to a minor blueshift of the
1535 nm component of the 0-0 line of precursor glass in
magnetic field �Fig. 3�b��.

The blueshift and Zeeman splitting of Stark levels of the
ground state 4I15/2 observed at low temperature �Fig. 3�a��,
results in broadening and flattening of the 1.5 �m emission
band of the Er3+ in magnetic field at higher temperatures
�Fig. 2�. Certainly, the blueshift and Zeeman splitting of
Stark levels can be also expected for the excited state 4I13/2;
this adds to broadening and flattening of the 1.5 �m emis-
sion band of Er3+ in magnetic field at high temperatures. This
has a potential for tuning flattening and broadening of the
amplification band of the Er3+ amplifier by applying an ex-
ternal magnetic field.

In conclusion, we report on a Zeeman effect and blue PL
shift which have been detected in the 1.5 �m emission band
�4I13/2→ 4I15/2 transition� of the Er3+-doped NGCs. The mag-
netic field dependence of this blueshift changes from para-

bolic to linear with a crossover at about 10 T indicating a
quantum confinement of wave functions of f electrons mixed
with wave functions of upper states of Er3+. The size of
confined wave function has been calculated from the cross-
over in the field dependence and it equals to the diameter of
nanoparticles hosting Er3+. A phonon confinement may also
be possible affecting the electron-phonon interaction and
population of Stark levels in these nanocrystals resulting in
flattening emission spectrum of Er3+-doped NGC compared
to its precursor glass.
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