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We present results of EPR and near-infrared Auorescence-line-narrowing experiments performed on
Cr-doped forsterite. The optical measurements permit identification of the signals in the complex EPR
spectrum due to the near-infrared lasing center. The site symmetry of the lasing center is shown to be
c,, with the mirror plane being in the crystallographic ab plane. The magnetic z axes of the two mag-
netically inequivalent sites are in the mirror plane at an angle of + 43 to the b axis. In addition, the
relative energies of the ground-state triplet have also been measured and can be written in terms of
spin Hamiltonian energy parameters: D +2.20 and F. —0.149 cm

Since the demonstration of near-infrared (NIR) laser
action in the title compound, considerable effort has been
employed to elucidate the nature of the luminescent
center. ' Forsterite contains three different sites that
can be occupied by cation impurities. One octahedral site
has inversion symmetry (c;) and two sites, one octahedral
and one tetrahedral, have mirror plane symmetry (c,, ).
Previous EPR studies have identified non-Kramers Cr cat-
ions occupying octahedral sites. However, the NIR
center is thought to be located in the tetrahedral site.
Due to the complex nature of the host, complementary ex-
perimental techniques are required to obtain a clear un-
derstanding of the NIR center. EPR spectroscopy is an
important tool for probing the ground-state structure and
site symmetry of paramagnetic defects in crystals. How-
ever, the technique has the drawback that when several
sites of the same symmetry are present, it is sometimes
difficult to assign observed signals to a specific site.
Fluorescence line narrowing (FLN) is an optical tech-
nique which permits the resolution of closely spaced ener-

gy levels normally obscured by inhomogeneous broaden-
ing. In addition, FLN measurements made in the pres-
ence of a magnetic field permit the field dependence of
these levels to be measured.

By combining these two techniques, the EPR signal due
to the NIR active center in Cr-doped forsterite can be
unambiguously assigned. From our results we conclude
that the optical center is located at a site with mirror-
plane point symmetry. In addition, the round-state
structure is compatible with the model of Cr ions in dis-
torted tetrahedral sites where the Aq is the lowest level.
However, the hyperfine structure corresponding to the
coupling of the magnetic electron with the 9% abundant

Cr isotope was not observed in the EPR signal corre-
sponding to the NIR center, presumably because the split-

ting is smaller than the linewidth.
Two crystals were used in this investigation. Crystal A

was provided by B. Denker (Soviet Academy of Sciences)
and crystal 8 was grown by Mitsui of Japan. Both crys-
tals were grown in oxidizing atmosphere and showed the
absorption bands associated with the lasing center. The
concentration of the NIR active center is higher in crystal
B.

The EPR experiments were performed using a Bruker
ESR200D Spectrometer with a TE~e2 cavity operating at
x band (9.45 GHz) with a 100-kHz magnetic-field modu-
lation. For measurements made at low temperatures, be-
tween 4 and 30 K, we employed an Oxford Instruments
model ESR 900 cryostat. For the temperature-dependent
measurements, power levels as low as 10 nW were used to
avoid saturation.

The FLN measurements employed a Raman shifter to
achieve coherent radiation with a 0.5-cm linewidth in
the region of 1.09-1.1 pm. R66 dye laser output was
shifted by 8310 cm ' using the second-order Stokes shift
of H2 gas at 550 psi. The dye laser and first-order Stokes
shift were removed from the beam by a Schott RG-1000
filter. The magnetic field was supplied by a Varian elec-
tromagnet capable of 3.0 T between the pole faces. All
optical measurements were made with a polished and
oriented crystal cut from boule A. The emission was
dispersed by a 1.8-m Jarrell Ash 78-400 monochrometer
capable of 0.01 cm ' resolution. The light was detected
with a Varian VPM-157A photomultiplier. The electron-
ic signal was measured with a Stanford Research Boxcar
integrator and stored in a microcomputer. To achieve the
high resolution necessary for these measurements the slits
of the spectrometer were opened to 40 pm. For all mea-
surements the pump beam polarization was parallel to the
b axis.
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We have found in both crystals A and 8, three distinct
EPR signals consistent with non-Kramers ions. Two of
the signals clearly show the hyperfine structure corre-
sponding to the Cr isotope and have been discussed pre-
viously in terms of being either Cr + or Cr + in octahe-
dral sites. Signal intensity permitting a thorough study
of the third EPR signal due to a non-Kramers ion was ob-
tained only in sample 8. Apparently, the intensity of this
EPR signal grows with increasing concentration of the
NIR center. This third signal is broader than the other
two with a linewidth of the order 30 G. No hyperfine
structure was observed for this center. Assuming the
ground state is a spin triplet, the observed transitions are
between the spin states S, = ~ 1. These transitions are al-
lowed due to transverse components in the oscillating
magnetic field.

The rotational diagram of the third EPR signal, shown
in Fig. 1, corresponds to rotating the magnetic field in the
ab and bc planes. We note that the signal intensities are
much lower for rotations in the ab plane than in the bc
plane. The rotational diagram in the bc plane shows the
magnetic z axis of the site is in the ab plane. The observa-
tion of two resonances in the rotational diagram in ab
plane is a result of there being two magnetically in-
equivalent sites. The figure shows the magnetic axes are
pointing approximately ~ 45 from the b axes. The re-
moval of the degeneracy with rotations in the bc plane is
due to slight misalignment of the field with the plane.

The zero field FLN spectra obtained by resonantly
pumping into levels 1 and 2 of the excited state triplet are
labeled i and ii, respectively, in Fig. 2. The pump laser
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FIG. 1. The rotational diagrams in the ab and bc planes for
Cr:forsterite. The open circles are the data and the solid curves
are the fits generated by Eq. (l).
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FIG. 2. The resonant FLN data obtained by pumping into
the lowest NIR excited state (i) and the middle NIR excited
state (ii). The inset shows the transitions involved in producing
the spectrum for process ii. The slope of the excited states
reflects the inhomogeneous broadening in the crystal.

energy is set equal to 0. Also labeled in the graph are the
energy splittings between the ground-state levels: 2.05
and 2.35+ 0.02 cm '. The transitions responsible for the
signal measured in ii are shown in the inset. For process i,
the nonresonant peak is three orders of magnitude weaker
than the resonant signal and reAects the weak absorption
from level 1 to the excited state. A nonresonant peak at
higher energy, similar to that in process ii is not observed
due to thermal depopulation of level 3 at 1.5 K. In process
ii the resonant and nonresonant peaks have intensities of
the same order because transitions to both levels 1 and 2
are strong. Also, the measurements were made at a
slightly higher temperature, thereby permitting the peak
at higher energy to be observed. The linewidth of the non-
resonant signal indicates that the resolution is limited by
the pump laser.

The magnetic field dependence of the FLN signal mea-
sured with the laser in resonance with level 1 of the excit-
ed state (process i) is shown in Fig. 3. The application of
a magnetic field increases the separation of the resonant
and nonresonant lines. In addition, at higher fields a com-
plex set of peaks separate from the resonant signal due to
field-induced transitions involving ground-state level b
From these measurements, the field dependence of the en-
ergy splitting between the levels a and c of the ground-
state triplet can be determined. Si'milar measurements
made in resonance with level 2 of the excited state allow
the determination of the field dependence of the energy
splitting between levels a and b of the ground state. The
structure that appears in the spectra corresponding to
transitions involving level b of the ground state is due to
the center occupying magnetically incquivalent sites in the
lattice. The field dependence of the ground-state level
splittings are plotted in Fig. 4 along with theoretical fits.
The theoretical curves show the energies for three
different orientations of the applied field relative to the
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FIG. 3. The resonant FLN signal for process i when a mag-
netic field is applied along the b axis. The sample temperature is
—l.7 K.
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FIG. 4. The relative energies of the three ground-state ener-
gies in the applied magnetic field. The solid curves are generat-
ed using Eq. (1) for various angles between the magnetic z axis
and the applied field. Note the splitting between levels a and c is
insensitive to the angle.

site magnetic axis: 38', 43, and 48 .
We have successfully fit the experimental evolution of

the EPR lines with the magnetic field orientation to the
following spin Hamiltonian:

'P =gpaB S+D[Ss, —
3 S(S+ I )]+E(S„—S~~) .

The following relations between the magnetic x, y, and z
axes and the crystalline a, b, and c axes were chosen: x
coincides with c and z is rotated ~ 43 from b in the ab
plane. The other parameters used to generate the solid
curves in Fig. 1 have the following values: effective spin
S=1, g=1.93, a=2.2 cm ', and E= —0.149 cm

The choice of a positive value of D is discussed below.
The fitted curves for rotation in the bc plane include the
eAects of slight misorientation of the applied field and
plane.

The temperature dependence of the EPR signal intensi-
ty for the NIR center lines has also been measured. The
signal intensity is proportional to the population diAerence
between the (m, ~

= I levels. The temperature effects will
be different depending on whether the doublet is at higher
or lower energy than the third level in the ground state.
Therefore, these measurements determine the sign of the
splitting parameter D and permit its magnitude to be ap-
proximated. The results show that D is positive and of
magnitude 2.2 ~ 0.3 cm

The resonant FLN experiments can be explained in
terms of selection rules in absorption and emission. The
only transition strongly allowed to level 1 of the excited
state is from level e in the ground state. Therefore, the
nonresonant emission is very weak. This signal is due to
weak resonant absorption from level a followed by the al-
lowed emission to level c. Hence, FLN measurements res-
onant with the lowest excited state allow the splittings be-
tween levels a and c to be measured. Similarly, when the
laser is resonant with the excited state level 2, the energy
splitting between levels a and b can be measured. In the
case of the level 2 the transition strengths to levels a and b
are of the same order; therefore, the resonant and non-
resonant signal intensities are similar. The energy param-
eters D and E are determined from FLN measurements to
be 2.20 ~ 0.02 and 0.15+0.02 cm ', respectively.

The field dependence of the energy levels has been
modeled theoretically using the spin Hamiltonian de-
scribed previously. The field mixes the levels so that the
transitions to all levels in the ground state are somewhat
allowed. Therefore the new lines that appear in process i

in an applied field are due to absorption from level b and
emission to level c. The new peaks are a measure of the
energy difference E(c)—E(b) which will be shown to be
sensitive to orientation of the magnetic field. The energy-
level splittings were calculated for various orientations of
the applied field to the magnetic axis of the center. As
seen in Fig. 4, the position of the middle level is the only
one sensitive to the rotation angle. By plotting the relative
energies between levels at several angles, the orientation
of the magnetic sites in the applied field can be deter-
mined. The graph in Fig. 4 indicates that the applied field
was misaligned with the magnetic axis 38 in one site and
48 in the other site. The simulations suggest that a mag-
netic field applied along the b axis would be at a 43 angle
to the magnetic axis of both sites. This is consistent with
the EPR results further substantiating the correlation be-
tween the measurements. It is this orientation dependence
that explains the structural lines that appear in Fig. 3 at
higher fields.

The experimental results show that the EPR signal and
the optical spectra are associated with the same defect.
The ground state of this center consists of three levels cor-
responding to a system with an eAective spin 5=1. The
(m, ~

=1 levels are split by 2X (0.149 cm ') and centered
at energy 2.20 cm ' above the m, =0 level. The orienta-
tion of the magnetic axes referred to the crystalline axes
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as well as the zero field splittings have been proven to be
the same for both measurements.

This structure for the ground state is compatible with
the proposed model for the center by Petricevic, Gayen,
and Alfano consisting of a Cr + ion substituting for Si"+
ions at tetrahedral sites. The Az ground-state level
would be expected to have small splittings because the
spin-orbit interaction is a second-order efect. However,
the observation of the hyperfine interaction in the EPR
signal is required to clearly identify the defect as a Cr ion.
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