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ABSTRACT

Single crystal, <0001> oriented, sapphire samples were implanted with 150 keV Cr ions
and characterized by Rutherford backscattering spectrometry (RBS) and
photoluminescence (PL) measurements. The lifetime of the R lines around 694 nm was
studied as function of Cr concentration. The implanted samples were covered with a
range of transparent liquids. The decay rate of the Cr ions shows a clear dependence on
the refractive index of the liquid. This effect is understood by a calculation of the optical
density of states. By comparing the measured with calculated decay rates a radiative
decay rate of 157 s™* is found (QE=50 %).



INTRODUCTION

Spontaneous emission of atoms can be influenced by placing the atoms close to a
dielectric interface within wavelength scale, as was first pointed out by Purcell [1]. We
have studied the relative simple case of a planar interface between two dielectrics where
Cr ions were incorporated close to the interface of a Al;O; sample. The observed changes
in spontaneous emission rate can be calculated by Fermi’s Golden Rule using vacuum
field fluctuations. These field fluctuations can be calculated for simple geometries and be
described using a classical local density of states (LDOS) [2-5]. Experimentally the
change in spontaneous emission rate was studied for example for atoms close to dielectric
interfaces and mirrors [5-7], for atoms in the proximity of a glass substrate [8] and for
recombination of electron-hole pairs in a slab bounded by two dielectrics [9]. Once
characterized these samples can be used as probes of the LDOS in photonic crystals and
absorbing systems.

Ion implantation is a simple technique to introduce Cr ions in the near surface of
Al;Os. In the past much work has been done on the implantation of Cr ions to study
surface hardening of ALOj; [10-12]. However these ion-implanted samples were never
characterized by luminescence measurements. Luminescence of Cr ions close to a
dielectric interface was studied in thin film ruby lasers formed by epitaxial growth that
were used as stress sensors [13,14]. In this case no attention was paid to luminescent
lifetimes. _

The optical properties of transition metal ions in solids have been studied for
many years. Because these transition metals occur in the outer lying 3d electronic levels
of the ion, a strong coupling between these levels and the local crystal field of the
surrounding atoms in the solid exists. Especially Cr** ions in ALOs; (ruby) have been
studied intensively since the introduction of the ruby laser [15,16]. The energy levels are
well understood in terms of ligand field theory [17-20]. The characteristic R lines in the
red end of the visible spectrum (692.9 and 694.3 nm) occur due to a transition from the
first excited °E state to the *A, ground state. Because of the importance of this transition
in ruby lasers there is a large amount of published work on R line luminescence. One of
the quantities that has received much attention in literature is the fluorescent lifetime of
the R lines and its temperature dependence. The lifetime was found to drop from 4 ms at
77 K to 3 ms at 300 K [21-24]. Besides as a laser, ruby has an application as high-
pressure sensors. Here the pressure-induced frequency shift of the R lines, caused by a
change in the local crystal field, is used for pressure determination [25-28].

The aim of this paper is to determine the radiative lifetime and quantum
efficiency of the R line luminescence for ion implanted samples. This was done by
comparing calculations of the local density of states (LDOS) with measured lifetimes of
samples brought in contact with liquids with different refractive indices.




EXPERIMENTAL

I mm thick <0001> oriented Al,O; single crystals with low Cr content (<1 ppb),
were implanted at room temperature with 150 keV Cr* ions. The current on the sample
during implantation was kept below 0.1 pA/cm? The samples were rotated 7° with
respect to the incoming Cr ion beam to avoid channeling in the [0001] crystal direction.
After annealing, the samples were annealed for two hours at 1450°C. One sample
implanted with 3.0 x10"° Cr/cm? received a 1200°C anneal before the 1450°C anneal to
study the annealing behavior of the samples.

Rutherford backscattering spectrometry (RBS) in combination with ion
channeling was used to study the crystal structure before and after annealing as well as
the chromium depth distributions. A 2.0 MeV *He* beam was used at a scattering angle
of 165°. The implanted doses were 0.6, 1.6, 2.5, 3.0 and 4.0x10!* Cr/cm?, corresponding
to peak concentrations of 0.04, 0.11, 0.18, 0.21 and 0.28 at% (assuming a density of
1.17x10% atoms/cm’ for ALO3). |

Photoluminescence (PL) measurements were performed at room temperature,
using the 457.9 nm line of an Ar-ion laser as a pump source. Typical pump powers of 15
mW in a 0.3 mm diameter spot were used. The luminescence signal was detected using a
48-cm monochromator and a thermo-electrically cooled GaAs photomultiplier tube. The
spectral resolution was 0.16 nm. The pump beam was chopped at 13 Hz using an
acousto-optic modulator and the signal was collected using a lock-in amplifier. Decay
traces were recorded with a spectral resolution of 0.40 nm and a time resolution of 400 ns
using the GaAs photomultiplier tube in combination with a multichannel photon counting
System.




RESULTS AND DISCUSSION

Fig. 1 shows RBS channeling measurements of Al,O; samples implanted with
3.0x10" Cr/cm® before and after annealing. The dotted line shows a channeling spectrum
of the as implanted state. The channeling spectrum after annealing at 1200°C for one
hour is shown by the dashed line. Annealing at 1450°C for one hour resulted in a good
channeling spectrum (solid line), which is compared with the random spectrum of the
sample annealed at the same temperature (dots). The yield of the random and channeling
spectra at energies above 1.22 MeV was multiplied by a factor 50 for the sample
annealed at 1450°C.

Comparing the random spectrum with the channeling spectrum of the as-
implanted sample shows that the implantation causes a disordered region, but has not
completely amorphised the Al,Os. The near surface region is relatively damage free. The
depth at which the damage is at a maximum in the Al sublattice is about 100 nm.
Although clear channeling is observed in the Al sublattice, no channeling is observed in
the O sublattice. This means that the O sublattice, contrary to the Al sublattice, has been
amorphized by the ion implantation as has been observed before [10-12]. Figure 1 shows
that annealing at 1200°C for one hour removes part of the damage made by the
implantation (in both the Al and O sublattices). After subsequent annealing at 1450°C the
yield is almost as that of an unimplanted sample (not shown), indicating good crystal
quality.

The random spectrum shows the implanted Cr distribution in the Al,Os The Cr
depth distribution could be fitted using a gaussian profile, peaking at 70 nm and with a
full width at half-maximum (FWHM) of 115 nm. Because Cr is known to begin diffusing
at a temperature of about 1600°C [10,11], we assume that the Cr distribution is the same
for all the samples after annealing up to 1450°C. The small peak at the high energy side
of the Cr peak is possibly due to a small amount of Fe (surface energy 1.51 MeV) at the
surface or coimplanted with Cr.

The Cr section of the spectra in fig. 1 show that after annealing at 1450°C the
minimum yield of the Cr ions almost vanishes (except at the sides of the Cr profile),
indicating that the Cr ions are substitutional. Our results indicate that at least 95 % of the
Cr ions are substitutional in agreement with literature. [10,11] To summarize the RBS
results the first two columns of table 1 gives the minimum yield of the Al sublattice and
of the integrated Cr distribution.

Figure 2 shows PL spectra at room temperature of Al,O; implanted with 3.0x10"°
Cr/cm® measured after implantation and after annealing at 1200°C and 1450°C. All
spectra show two distinct peaks at energies of 14,403 and 14,432 cm™ (corresponding to
wavelengths at 694.3 and 692.9 nm respectively); often identified as the R lines. The
lines can be very well fitted with Lorentzian line shapes [29]. For the sample that was
annealed at 1200°C the FWHM is 15.2 cm™ for the low energy peak (R, line) and 11.4
cm’' for the high energy peak (R, line). After annealing at 1450°C, the FWHM reduces to
12.7 and 9.72 cm’’ (corresponding to 0.61 and 0.47 nim).

The R, and R, lines at 692.9 and 694.3 nm are characteristic for Cr’* jons that are
substitutional in the Al sublattice. The 457.9 nm line of the pump source is absorbed in
the *T and *T broad bands {21]. Subsequently, rapid non-radiative relaxation to the first

4




excited state ’E occurs, followed by a radiative transition to the ground state 4A2
[15,16,21). The broadening of the R lines is caused by the Cr-lattice interaction. The
FWHM measured in fig. 2 is somewhat larger than that measured for bulk Al,O;:Cr. A
possible explanation for this could be that the Al,O; lattice contains residual damage
from the ion implantation that was not annealed completely [11].

From fig. 2 it is clear that the PL intensity increases with increasing anneal
temperature. Although hard to identify in the figure the as-implanted sample shows two
clear R lines, superimposed on a broad background. This is consistent with channeling
measurements [11], that show evidence for a small Cr substitutional fraction after
implantation. Annealing at 1200°C enhances the intensity by a factor 12; subsequent
annealing at 1450°C yields a factor 45 higher intensity than the as-implanted sample. The
increase in intensity could be explained by an increase in concentration of substitutional
Cr and an increase in luminescence quantum efficiency. To study the last parameter,
luminescence lifetime measurements were performed at 694.3 nm. The lifetimes are 2.02,
2777 and 3.30 ms for the as-implanted and 1200°C / 1450°C annealed samples
respectively. The measured lifetime increase of a factor 1.6 implies that the factor 45
intensity increase is due to an increase in the concentration of substitutional Cr after
annealing,

Due to additional non-radiative processes the measured lifetime will be shorter
than the radiative lifetime. It is known that ion implantation introduces defects and lattice
strain in the crystal [11] that might not be completely removed by thermal annealing,
leading to line broadening and non-radiative decay channels. This line broadening is
observed in Fig. 1 and was discussed above. The total decay rate can be written as the
sum of radiative and non radiative decay:

W=W+W, (1

Besides the R lines the emission spectrum shows broad bands and some small
other lines. Figure 3 shows the PL spectrum for a sample implanted with 3.0x10%
Cr/icm?, corresponding to 3.9 wt% Cr,05. The sample was annealed one hour at 1200°C
and one hour at 1450°C. The spectrum is normalized to the peak intensity of the R; line.
The spectrum shows broad bands and some small lines at the low energy side of the R
lines. The radiative lifetime 1, (=1/W,) of the R lines is found by integrating over all
possible transitions. These also include processes that involve the creation or destruction
of one or more phonons (phonon assisted decay) and transitions that are in thermal
equilibrium with the R lines. Because the R, and R; lines are also in thermal equilibrium
with each other they are expected to have the same lifetime as was indeed confirmed by
temperature dependent measurements. The broad bands (vibronic sidebands) at the low
energy side of the R lines are the result of phonon assisted decay and the small lines
around 14,300 cm™ are caused by the interaction between Cr ions (second and fourth
nearest neighbors) [23,30]. The relative intensity of the N; line at 704.1 nm (second
nearest neighbors) to the intensity of the R lines and vibronic sidebands is about 1 %, in
agreement with measurements done in literature [23].

In order to study the luminescence quantum efficiency of the Cr ion PL decay
measurements were performed in air and in case a liquid is brought in contact with the
sample. The liquid is put between the implanted side of the sample and a microscope




glass. The measurements were done at A = 694 nm for a Al,04 sample implanted with
3.0x10'% Cr/cm? annealed at 1450 °C. Two decay traces are shown in Fig. 3, that are both
single exponential. The one measured in air gives a lifetime of 3.34 ms. The curve
measured for n = 1.57 (2-methoxy-4 propenylphenol) shows a lifetime of 3.18 ms.

Fig. 4 shows the result of decay measurements that were performed for different
refractive indices. Decay traces were measured in air and for n = 1.57 for samples
implanted with 0.6, 1.6, 2.5, 3.0 and 4.0x10" Cr/cm® that were annealed at 1450 °C.
Furthermore the traces were measured for n = 1.33 (water) for all these samples. Decay
traces for the samples implanted with 3.0x10"° Cr/cm?® were also measured for n = 1.45
and 1.52. The measured data have error bars of 3 s, Fig. 4 shows that the dependence of
the decay rate on refractive index is linear and that the decay rate increases for increasin g
concentration,

A description of the fluid experiments in terms of a LDOS makes it possible to
extract from the measured data the luminescence quantum efficiency. The spontancous
emission rate can be calculated using Fermi’s Golden Rule [4,5]. Using the field operator
consisting of creation and annihilation operators the i-th cartesian component of the
spontaneous emission rate is given by [5):

W, (R)

_ o
~ he(R)

Dgy 1s the dipole matrix element of the atomic transition between an excited energy state b
and the ground state a of the atom. The energy states b and a are separated by energye+ .
pi is the i-th cartesian component of a local density of states (LDOS). pi can be calculated
classically by solving the classical Maxwell equation for a system with a dielectric
interface between AL, Os; and a dielectric with refractive index n. It is also possible to find
an expression for the spontaneous emission rate in terms of zero-point field fluctuations
for the system [3,4]. The total emission rate Wy is expressed in terms of a local density
of states (LDOS) fj 7, that is normalized to 1 for bulk Al,O; with refractive index 1.76:

*. pi(@.R) @
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Fig. 5 shows calculations of f) 75 as a function of the distance from the dielectric
interface z. The dashed line is the result of a calculation (based on field fluctuations [4D
for a system of an infinite half space of Al,O3 and an infinite half space of air (n=1.00).
The solid line shows the calculation for Al,O; in contact with a medium with a refractive
index of 1.57. The position of the peak of the Cr distribution is indicated by the arrow.
Fig. 5 shows that the radiative decay rate is suppressed towards the interface and
increases for increasing refractive index. This last observation is supported by the data
from Fig. 4.

In order to calculate the effect of the variation in LDOS on the Cr decay rate, the
curves in Fig. 5 were integrated over the Cr depth distribution as determined by RBS (see
Fig. 1). Such calculations were done for refractive indices of 1.0, 1.15, 1.3, 1.45 and 1.76.
The result of this calculations is shown by the dotted line in fig. 4 for the case Wy, = (.
Note that this LDOS calculation only yields the relation variation of W, with n. In the
calculation the bulk value of W, was taken 320 s in order to have a clear overview of the
situation in one figure.




The relation variation of the decay rate with n of Fig. 4 shows that the radiative
decay rate is the same for all concentrations. The solid lines are fits to the data assuming
similar radiative rates for all concentrations, but different non-radiative rates. Since the
LDOS f, as function of refractive index is known and the total decay rate has been
measured, it is possible to determine the radiative and non-radiative decay rate from
equation (5) for the different samples. The result is 157 + 10 s for the radiative decay
rate in bulk sapphire. The quantum efficiencies are 52, 51, 49, 49 and 47 % for the
samples implanted with 0.6, 1.6, 2.5, 3.0 and 4.0x10" Cr/cm? respectively.

Fig. 6 shows the PL decay rate as a function of Cr peak concentration, after
annealing at 1450°C. The decay rate increases linearly with Cr concentration. The
extrapolated PL decay rate for zero Cr concentration is 276 s, corresponding to a
lifetime of 3.15 ms in bulk sapphire. This value is much smaller than our experimental
radiative lifetime of 6.4 ms. One possible explanation is non-radiative decay that is
independent of Cr concentration. Another possibility is that for concentrations lower than
we have measured the decay rate does not depend linearly on Cr concentration any more.
This could be caused by a decreasing non-radiative decay rate for decreasing Cr
concentration. Furthermore our experimental radiative lifetime is also larger than the
value of 4 ms found by others [21,22]. This could be due to a local environment of the Cr
in our samples that is different from the local environment of Cr in bulk sapphire. This
observation is supported by the line broadening from Fig. 2.




Conclusion

This work shows it is possible to optically dope sapphire with Cr by ion
implantation and afterwards thermal annealing. Implanted samples were characterized by
RBS and PL measurements that show that after annealing at 1450°C more than 95 % of
the Cr ions are substitutional. Lifetimes around 694 nm were measured as a function of
refractive index of transparent liquids covering the sample. The lifetime clearly decreased
with increasing refractive index. Emission rates were also calculated using field
fluctuations and compared to the measured rates. This comparison resulted in values for
the radiative lifetime and quantum efficiency.

The theory of field fluctuations gives a clear understanding of the dependency of
the lifetime on refractive index for transparent liquids. We hope that this understanding
will give us more insight in the situation of absorbing or strongly scattering media, where
theory is less well developed.
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xAl( %) xCl'( %) IPL(694 3 nm) TPL(694-3 m’n)
as-implanted 53 50 0.02 2.02
1200°C 13 70 0.26 277
1450°C 4 3 1.00 3.30

TABLE 1: Minimum yield in RBS channeling for the Al sub-lattice and the integrated Cr
depth distribution, measured after different anneal treatments. The normalized PL
intensities and lifetimes measured at 694.3 nm are also shown.

10




20 T T ' !
.. random O
TAs
16 " . [
Way
A
o
2 12t . -
: . Al .
@ H as-implanted, . T
B PR e x50 . cr
® sl : CTN WA, L
E * :
: . T
pd : ] .

0.6 0.8 1.0 1.2 1.4 1.6
Energy {MeV)

FIGURE 1: RBS spectra of Cr-implanted (3.0){1015 Cr/cmz) AlyO3. Channeling spectra
are shown for the as-implanted sample and samples annealed at 1200°C and 1450°C. A
random spectrum after 1450°C annealing is also shown. The Cr section in the spectrum is
enlarged by a factor 50 and is only shown for the random and channeled spectrum of the
sample annealed at 1450°C.
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FIGURE 2: Room temperature PL spectra of Al;O; implanted with 3.0x10" Cr/cm®. Data
are shown for the as-implanted sample, after annealing for one hour at 1200°C and after
an additional anneal for one hour at 1450°C. The peak wavelengths are 694.3 nm and
692.9 nm respectively. The peak FWHM is 12.7 and 9.72 cm™’ respectively, Apump=457.9
nm, power=15 mW.
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FIGURE 3: PL spectrum of Al,Os; implanted with 3.0x10"° Cr/fcm? (annealed for one
hour at 1200°C and for one hour at 1450°C). The lines around 14,400 cm’ are the R lines
with at their low energy side the vibronic side bands around 14,200 cm™ and 14,000 cm™!
(these are two broad bands). The small lines around 14,200 cm™ are caused by closely
coupled pairs (second- and fourth nearest neighbor pairs) and are called the N lines.
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FIGURE 4: Decay traces for a Al,05 sample implanted with 3.0x10"> Cr/cm? (annealed
two hours at 1430°C). The curve with the longest lifetime (3.34 ms) was measured in air.
The curve with the smallest lifetime (3.18 ms) was measured with a liquid with refractive
index 1.57 brought in contact with the sample. The decay traces are nicely single
exponential over at least three orders of magnitude.
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FIGURE 5: Measured decay rates at 694 nm (R lines) as a function of refractive index of
covering liquids. Decay rates measured in air are also shown. Data are shown for Cr peak
concentrations of 0.04, 0.11, 0.18, 0.21 and 0.28 at%, and all samples were annealed at
1450 C. A calculation of the dependence of the purely radiative rate on refractive index is
shown by the dotted line. The drawn lines are fits to the data assuming similar radiative
rate for all concentrations, but different non-radiative rates. The result for the radiative
decay rate is 157.5 = 10 % (QE=50%). The dotted line is the calculated LDOS f; 7
(normalized to 1.0 for bulk Al;O3). The LDOS is integrated over the Cr depth distribution
that was obtained by the RBS measurement.
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FIGURE 6: Local optical density of states (LDOS) f, 76 calculated around the interface
between AlO; and a liquid with refractive index n. The LDOS is normalized to the value
in bulk sapphire. The solid line shows the result of the calculation for n=1.57 and the
dotted line that for n=1.00. The position of the peak of the Cr distribution is indicated by

the arrow.
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FIGURE 7: PL decay rate as a function of Cr peak concentration, after annealing at
1450°C. The solid line is a linear fit through the data. The extrapolated PL decay rate for
zero Cr concentration is 276 s
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Luminescence quantum efficiency in absorbing or strongly scattering systers

By comparing calculations of a local optical density of states (DOS) with
measured lifetimes in transparent systerns Al,O; samples implanted with Cr* ions were
characterized. These samples can be used as probes of the DOS in photonic crystals or
absorbing systems, where theory is less well developed.

Lifetime measurements for strongly scattering systems

All lifetime measurements for strongly scattering systems were done with a Al,O;
sample implanted with 3.0x10"° Crfcm? that was annealed at 1450°C. As a first try
measurements were done with a solution of ZnS spheres with a diameter of 1 um. The
solution of ZnS spheres was put between the sample and a microscope glass and now and
then a new drop of solution was added because the ethanol evaporated very quickly. The
lifetime reduced from 3.32 ms in air to 3.17 ms for the solution of spheres. Fig. 5 shows
the decay rate as a function of refractive index for transparent liquids. Ethanol has a
refractive index of 1.36, which corresponds to a lifetime of 3.24 ms.

The lifetime was measured after the ethanol of a solution of ZnS spheres
(diameter 1 pum) had evaporated. Now the lifetime reduced from 3.34 ms in air to 3.31 ms
for the ZnS spheres. After twice repeating this evaporation procedure the lifetime reduced
to 3.28 ms.

Lifetimes were also measured for SiO, colloids with a diameter of 1245 nm
deposited on the sample. Colloids were taken from a sedimented ethanol suspension to
have a high concentration. After evaporation of the ethanol the sample, that was put
under an angle, was clearly covered with a layer of colloids that seemed to have a
crystalline structure (for certain directions Bragg reflections could be seen). To see if
there were crystalline regions the sample was looked at with an optical microscope with
magnification of 100. Fig. 8 shows a part of the sample (56.4 x 43.4 um?®) that shows
relatively much crystalline regions. The lifetime was measured for four different
positions of the spot on the sample of the pump beam. A reduction of the lifetime of 3.34
ms in air to 3.28 (average of the four measurements) ms for the colloids could be seen.
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Lifetime measurements for absorbing systems

As a first absorbing system we used a solution of the laser dye HITCI (molecular
weight 536.5) in methanol (methanol has a refractive index of 1.33). HITCI shows strong
absorbance for wavelengths from 600 to 800 nm. HITCI was solved to a concentration of
0.0186 MI" (the maximum solubility of HITCI was indeed given by about 10 gI'!). The
sample we used was implanted with 0.6x10"° Cr/cm” and annealed at 1450°C. To do
lifetime measurements the sample was glued on a cuvet with a small hole in it (because
HITCI is known to be toxic). The lifetime reduced from 3.54 ms in air to 3.48 ms in
methanol. Bringing the solution of HITCI in methanol in the cuvet gave a lifetime of 3.47
ms.

To raise the concentration of laser dye on the sample a layer of HITCI solved in
PMMA (poly methyl meta aerylaat) was spin coated on the sample (0.6x10" Cr/cm?;
annealed at 1450°C). The sample was spin coated at 2000 rpm for 30 s and after that
heated for one hour at 200°C. These spin coat conditions are known to give a layer on the
sample of a thickness of about 500 nm. The spin coated sample looked a little green but
was almost transparent. Decay measurements gave a lifetime of 3.58 ms in air and a
lifetime of 3.45 ms for the spin coated sample.

To further investigate the lifetime for absorbing systems a sample of silicon that
was brought as close as possible to a ALO; sample implanted with 3.0x10" Cr/em? and
annealed at 1450°C. A microscope picture showed that the distance between the two
samples was about 50 um. The lifetime showed a reduction of 3.28 ms in air to 3.25 ms
for the silicon.

As a last absorbing system a solution of Fe;Q, spheres with a diameter of 10 nm
in decaline (decahydronaftaleen) was taken of a concentration of about 500 gl‘]. The
solution was put between a microscope glass and the sample (3.0x10"° Cr/cm?; annealed
at 1450°C). The refractive index of Fe;Q, is 2.4:the refractive index of the solvent
decaline 1.58, corresponding to a lifetime of 3.05 ms). The lifetime for the case that the
solution of the colloids was brought in contact with the sample was 3.05 ms.
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FIGURE 8: A part of the sample (56.4x43.4 um?) where there are relatively much
crystalline regions.
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LUMINESCENCE AND RADIATIVE LIFETIME OF CR>* IONS IN AL,O;

Luminescence of Cr'* ions takes place due to electronic transitions of the 39
electrons. Because these electrons are not shielded, the sapphire crystal splits up the
energy levels of a Cr** ion in vacuum. In ALOs doped with Cr™* ions (ruby) the
chromium jon has a well-defined position in the crystal, leading to well defined energy
levels, given in Fig. 9. The Cr** ions are excited in the broad *T; band, using the 457.9
nm line of an Ar ion laser. Then there is a quick decay between the T, band and the 2E
state. The decay from the split °E state to the A, ground causes the characteristic R-lines
in the luminescence spectrum at a wavelength of about 694 nm. The decay rate of an it
excited energy level to the ground state by emission of a photon is defined by Wg(R-
line). The emission of the photon from an i™ excited energy level by the creation or
destruction of one or more phonons the decay rate gives rise to vibronic sidebands with a
rate W'g(vib). These vibronic sidebands give relatively broad luminescence. The total
decay rate from radiative processes W'y is given by the sum of the decay rates from the
sharp line (no-phonon line) and vibronic sidebands. Additional non-radiative decay is
given by Wiyg.

The fluorescence intensity of an excited energy state i as function of frequency
and temperature is given by:

I'v,T)=CN'c.(v,T)W; (1)

N'is the number of atoms in the i® energy level, C is a constant, G'(v,T) is the emission
CrOSs section. .

Looking at the ratio nf' (defined as the radiative efficiency) of the intensity
integrated over the no-phonon line to the total integrated intensity, we obtain the relation:

[avitw, Ty [avoiw.T)

no—phonon ro— phonon

Jine _line _ We(no— phonon - line) _ '
_[dvI‘(v,T) Idvoj(v,T) W,

toral toral
spectrum Spectruit

2

Here the following relation is used [21]:

i : (a}i#i)z i do
W, (R~ line) = Wexp{h(u —a),.)/kﬂidg j oL@~ )

where W, is the refractive index of the bulk crystal; the emission cross section is
integrated over the i line.

By relation (2) it follows we have to multiply (3) by (n') to obtain the emission rate due
to all radiative processes. After summation over i and k and integration over solid angle
€2, the following relation for the lifetime due to all radiative processes is obtained:

W= dnce™ T3, v e " [T + 2 Cgay @
i i L

i
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The absorption cross section and radiative efficiency are given by a perpendicular and
parallel part.

We cannot use (4), because we cannot distinguish experimentally between the vibronic
sidebands of the R-lines and the emission of the excited levels other than the E state and
their phonon-assisted emission. From the definition of the radiative efficiency, the
vibronic sideband of the R-line includes all the other no-phonon lines and their phonon-
assisted emission. This part of the sum in (4) is therefore included in the term of the R-
lines and we have finally:

5
W= 1671'6‘[.&,2{Zvl?e_mcmrj.[%(zl—)+%(ﬁ)]dV/Ze_2m”kT}
i=1,2 R 1 Ny i=l

When the absorption cross sections for the R lines in ruby are determined, it is not
difficult to calculate the radiative lifetime. The calculated lifetimes can be compared with
the measured lifetimes; the difference between calculation and measurement is probably
caused by non-radiative decay. In our experiment the intensity of the excited Cr™* ions
was measured, so this makes the calculation more complex. It is possible to relate the
lifetime to an intensity spectrum, by using the relation between the absorption cross
section and the intensity, given by (1). Equation (4) for the radiative lifetime can now be
expressed in terms of the intensity spectrum. Solving the rate equations for a simple three
level system we find the value for N (N is the number of particles in both the R; and R,
energy levels): N=C/W. W is the total decay rate and C is a constant. Equation (1) for
i=1,2 (R; and R>) gives:

Colv, W]

It v,T)=—2 7~ R
v.1) W™ +1)

2 2

PPw.T)= Co, (v.T)W,

W +1)
C is a constant and A is the energy difference between the E levels. Equation (5) in terms
of intensity becomes:

vle—zmv.!ﬂ" III(VUT)(eMMkT +1) dv,
W C16mcpu? R n
= ;
5
~2xhcv, (kT 2 AlET
Ye Rpe— \/ [LeaDE T 1D
i= R n

Using the measured intensity spectra for different temperatures, the lifetime due
to all radiative processes can be calculated. The only parameter that is unknown is the
constant C. Fortunately, we know the radiative lifetime for room temperature from the
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fluid experiment. From this value the constant C can be determined. Table 2 gives the
values of the integrated intensities and radiative efficiencies for the measured spectra.

Temperature [K] Integrated intensity | Integrated intensity | Ratio of the
R; line [107] R; line [107] integrated R, and R,
lines to the total
integrated intensity
60 1.10 0.31 0.48
100 1.04 0.37 0.57
140 1.18 0.48 0.61
180 1.35 0.62 0.63
220 1.79 0.82 0.67
260 2.34 1.05 0.69
300 2.91 1.29 0.70

Table 2 Integrated intensities of the R; and R, lines and the ratio of the integrated R;
and R; intensity to the total integrated intensity

The calculations are simplified by dividing both the dominator and numerator of equation
(7) by e ™" KT This gives:

W= (1.56X107)/167cu?

27the 2rhe 2mhe 2mhe
1+BXP[F(VI --vz)]+exp[W(v1 —Vv,)[+expl T v, —v,;)]+expl T v, —-vs]
[0 +1) [P, Ty +1)
: 3 2rhe ,
v, ; dv, +v, exp[—ﬁ(vl —v, )& - dv,

Fig. 10 shows the decay rates, calculated from equation (8), for temperatures
ranging from 60 to 300 K. Calculations done by others are also shown [21]. Besides
calculated decay rates Fig. 10 shows measured decay rates for samples implanted with
0.6 and 3.0x10" Cr/em’.
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FIGURE 9: Energy levels of ruby
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FIGURE 10: Decay rates measured for samples implanted with 0.6 and 3.0x10" Cr/ecm?
(circles and triangles respectively) and calculated decay rates according to formula (8)
(stars) and by [21] (crosses).
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