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We present a spectroscopic overview of Cr**-doped Y;Al;0,, (YAG), a new laser material for the
near-infrared region (NIR). It is found that only 2% of the Cr ions are tetrahedrally coordinated Cr**.
However, the optical spectra are dominated by this ion. The missing inversion symmetry for the
tetrahedral site causes higher cross sections than are common for octahedrally coordinated ions. The ex-
perimental data include a survey of the absorption and emission features. Lifetime measurements, as
well as piezospectroscopic experiments yield additional spectroscopic information. Our data suggest an
energy-level assignment that is different from the one previously used to describe the spectrum. Instead
of ascribing the strong NIR absorption band, centered at around 1000 nm, to the 3B,(}4,)=3E(’T,)
transition, we assign it to the >B,(*4,)=34,(3T,) transition. This assignment is able to describe the
polarization-dependent spectra, the piezospectroscopic results, and the results from earlier polarization-
dependent saturation experiments. An analysis of the luminescence decay rate yields quantum
efficiencies of around 49% at 10 K and 15% at room temperature, resulting in a peak emission cross sec-
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tion of 3.5X 107" cm?.

I. INTRODUCTION

Since the successful demonstration of Cr-doped
Forsterite (Mg,SiO,) (Refs. 1 and 2) and Cr-doped YAG
(Refs. 3-6) as near-infrared (NIR) tunable lasers there
has been considerable interest in the spectroscopic prop-
erties of these materials. Under normal growing condi-
tions Cr enters these materials as Cr®* in octahedral
sites. Because of the oxidizing growth condition and/or
co-doping with charge compensators it is believed that, in
the above-mentioned samples, tetrahedrally coordinated
Cr** is responsible for the NIR emission. Meanwhile a
lot of other materials, doped with Mn>* and Fe®* which
are isoelectronic with Cr**, have been investigated. The
spectroscopy of these d? systems is fairly well under-
stood.””® All samples that have been studied so far are
high-field systems, i.e., the first excited state is a spin
singlet while the ground state is a spin triplet. The NIR
emission is characterized by sharp emission peaks with
lifetimes of a few hundreds of us. The relatively long life-
times are expected for such spin-flip transitions.

The spectroscopic features of the Cr-doped systems
differ from the Mn- and Fe-doped systems. The emission
from the Cr ion is spectrally broader and has lifetimes in
the range of a few tens of us.!°~!* These features make it
more likely that the Cr ion is a low-field system where the
first excited state is a spin triplet as is the ground state.
A transition between these two states would therefore be
spin allowed and should show a shorter lifetime com-
pared to the high-field case. For the low-field case the
first excited state should be the 3T, state. For Cr-doped
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Forsterite it has been shown that the lowest orbital com-
ponent of the first excited state is a spin triplet.'* This
fact supports the assignment of the first excited state as
the 3T, state.

Most of the Cr-doped materials belong to a noncubic
space group, with the Cr ion in a characteristic site sym-
metry and with a certain orientation with regard to the
crystallographic axes. This fact makes it easy to take
polarization-dependent spectra and assign energy levels
with respect to group theory.

For Cr-doped YAG the spectroscopic investigation is
not as simple. The problems arise from the following
facts: YAG belongs to the garnet family with a cubic
space group. The spectroscopic properties are therefore,
in general, isotropic. Furthermore, YAG has to be co-
doped with Ca?" or Mg?*t as a charge compensator to
get tetravalent Cr. Charge compensating ions in other
materials have been shown to affect the optical spectra. '’
YAG also offers a large variety of site symmetries. Y>*
ions are dodecahedrally coordinated, 40% of the AI**
ions are octahedrally coordinated, and the other 60% are
tetrahedrally coordinated.!® We can therefore expect to
find Cr in different site symmetries as well as in multiple-
valence states.

A further difference between Cr**-doped YAG and
other Cr**-doped materials is the relative difference be-
tween the visible and the NIR absorption strength. Most
of the Cr**-doped systems show a visible absorption that
is about an order of magnitude stronger than the NIR ab-
sorption.!!'!3 The strong visible absorption has been as-
signed to a transition into the T, and the NIR absorp-
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tion has been assigned to a transition into the 3T,. In
Cr:YAG the visible and NIR absorption strength are of
the same order of magnitude.

Saturation experiments, described in Ref. 17, have been
explained by assuming that the transition into the strong
NIR absorption band is polarized along one axis. This is
in contrast to the earlier interpretation'® of this absorp-
tion band to be due to the *B,;(*4,)==3E(’T,) transi-
tion, since this one would be allowed in two polarizations.
Attempts to fit the saturation data with this symmetry
were not successful and lead us to a more detailed investi-
gation, resulting in a new assignment of the energy levels
in Cr**:YAG. The results from Ref. 17 together with
the here presented data suggest that the strong NIR ab-
sorption in Cr:YAG is due to a transition into the lower
symmetry component of the >T,;, making the relative
strength of the absorption bands in Cr:YAG comparable
to other Cr-doped systems.

After presenting some experimental details we give an
overview of the basic spectroscopic features in absorp-
tion, emission, and excitation. We then discuss the life-
time of the NIR emission and fit its temperature depen-
dence to a model that yields information about radiative-
nonradiative ratios and therefore quantum efficiencies.
After that, we present results regarding the polarization
of some of the observed transitions and introduce a mod-
el that can explain our data.

II. EXPERIMENT

The samples of Cr-doped YAG were either co-doped
with Ca or Mg (0.2% Cr and 0.1% Ca/Mg molar). Shes-
takov and Gapontsev of the Russian Academy of Sci-
ences and Kokta of Union Carbide supplied us with the
samples. The Russian samples were grown along one of
the crystallographic axes and the one from Union Car-
bide along the [111] axis. The samples were cut perpen-
dicular to their respective growth direction. The spectra
of all the samples are identical, no further distinction is
therefore made.

The absorption spectra were taken using a tungsten
lamp as a light source, an Aries FF500 monochromator
to analyze the spectra, and a InGaAs diode to detect the
spectra in the NIR, or a Varian VMP 159A photomulti-
plier to detect the spectra in the visible region. The refer-
ence spectrum was taken while the sample was removed
from the pathway of the light.

The excitation sources for the fluorescence and excita-
tion spectra were a Q-switched Nd:YAG laser, a dye-
laser pumped by the Q-switched, frequency-doubled
Nd:YAG laser, a color center laser pumped by the Q-
switched Nd:YAG laser, and the Raman shifted output
of the dye laser, respectively. The spectra are corrected
for excitation intensity variations and detector response.
The fluorescence was dispersed by the Aries FF500
monochromator and detected using the InGaAs diode.
The same setup has been used to measure the emission
lifetimes. For the variation of temperature, a helium
closed-cycle refrigerator has been used. For the uniaxial
stress experiments a stress device was mounted on the
head of the refrigerator. The stress device was accessible
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through one of the refrigerator windows, so that the
amount of pressure could be externally changed.

III. RESULTS AND DISCUSSION

A. Absorption and emission features

Even though the majority of the chromium is octahe-
drally coordinated Cr*, the optical spectra of Cr,
Ca:YAG is dominated by tetrahedrally coordinated
Cr**. This behavior is due to the lack of inversion sym-
metry for the tetrahedral site, which allows the mixing of
p-wave functions to the d orbitals resulting in an in-
creased oscillator strength. However, one has to keep in
mind that all these transitions are parity forbidden in the
free ion because they are 3d? innerconfigurational transi-
tions. This selection rule is weakened by the influence of
perturbations like the crystal field, which causes an in-
crease in oscillator strength. The transitions do not sud-
denly become allowed but instead the probability for the
transitions increases with the perturbation. If one transi-
tion is already more allowed than another one, the same
perturbation would increase the probability for both tran-
sitions. However, the one that was already more allowed
without the perturbation is expected to be still more al-
lowed under the influence of the perturbation.

The ground-state absorption cross section, o,, of the
Cr,Ca:YAG sample was determined from saturation ex-
periments which are discussed in more detail in Ref. 17.
These measurements yielded a cross section of
0,=5.7X107'8 cm? at A=1064 nm, which is 2—3 orders
of magnitude larger than the typical absorption cross sec-
tion of Cr’" in garnets.!® There is likely an order of mag-
nitude more Cr** present in these crystals, but this is not
evident from the absorption spectrum. One of the
Cr,Ca:YAG crystals (supplied by Kokta) has been used to
calculate the percentage of chromium that is incorporat-
ed as tetrahedrally coordinated Cr**. The ground-state
absorption coefficient of this crystal was @=2.6 cm ™! at
a wavelength A=1064 nm. Using the above-mentioned
absorption cross section, the number of Cr** ions per cu-
bic centimeter was calculated to be N=4.6X10'" cm 3.
This gives a Cr*" concentration of ¢ =0.004%. With a
total Cr concentration of 0.2 mol% (N=2.3X10"
cm™?) one finds that only 2% of the chromium is
tetrahedrally coordinated Cr**.

The 10-K absorption spectrum of the title compound is
shown in Fig. 1. The spectrum shows a broad absorption
band in the NIR centered at about 1000 nm and an ab-
sorption band in the visible wavelength region between
600 and 700 nm which shows a double structure. The
NIR absorption band shows two major peaks at the low-
energy side separated by some 300 cm ™ !. All of these
bands have been shown to belong to the NIR emission
center.!? A higher sensitivity scan in the NIR shows that
the absorption actually extends down to 1280 nm. In this
region some fine structure can be observed, enlarged in
the inset of Fig. 1. Two small peaks, visible at about 1280
nm, have been identified as zero-phonon lines.!> The two
peaks are caused by an excited-state splitting and are in-
terpreted as being due to the *B,(®4,)=13B,(’T,) tran-
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FIG. 1. 10-K absorption spectrum of Cr**:YAG. The ab-
sorption band between 600 and 700 nm has been assigned to the
3B, =3E(T,) transition and the band centered at about 1000
nm has been assigned to the 3B, =3 4,(3T) transition. The in-
set shows an enlargement of the lowest-energy absorption. The
two peaks at around 1280 and 1275 nm are zero-phonon lines of
the metastable emitting state. These peaks can also be seen in
emission and are the result of a 30-cm ™! excited-state splitting.

sition which is only allowed as a magnetic dipole transi-
tion. The double peak at about 1235 nm is interpreted as
a 258-cm™! enabling mode that makes the transition
partly electric dipole allowed.

So far the interpretation has been that the strong NIR
absorption centered at around 1000 nm is due to the
3B,(34,)=3E(°T,) transition and the 600-700-nm
band due to the °3B,(’4,)=1>T, transition of
tetrahedrally coordinated Cr*", respectively. In this
work we present a different assignment. Both the strong
visible and the strong NIR absorption band are assigned
to transitions into the components of the 37, parent
state, i.e., the bands are due to the *B,(*4,)=—3E(’T,)
and the °B,(®*4,)=—34,(3T,) transition, respectively.
The crystal-field splitting must then be some 5000 cm ™!
which is of the same order of magnitude as in Mn®* sam-
ples.?’ This assignment is the only possibility to explain
the polarization behavior of these transitions. Also, the
relative strength of the absorption bands would be com-
parable to other Cr** systems.

Figure 2 shows the NIR emission at 10 K. The emis-
sion starts at 1280 nm (7812 cm™') with the zero-
phonon line and shows a maximum peak at 1330 nm
(7518 cm ') which is interpreted as a 294-cm ! enabling
mode that makes the otherwise magnetic dipole transi-
tion electric dipole allowed. The vibronic sideband ex-
tends down to about 1670 nm (6000 cm~!). The energy
difference between the zero-phonon line and the peak at
1330 nm is about the same as the energy difference be-
tween the two major peaks in absorption at 1077 nm
(9285 cm™!) and 1114 nm (8977 cm™!). It was therefore
first believed that the peaks in absorption and emission
were mirror images and it was expected to find the elec-
tronic origin somewhere in the middle at about 1190
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FIG. 2. 10-K emission spectrum of Cr**:YAG. The spec-
trum is corrected for the line shape, so that it could be used to
determine the Huang-Rhys parameter. The actual zero-phonon
line at 1280 nm (7812 cm™!) shows only one peak because the
second state is not populated. The peak at 1330 nm (7518
cm™!) is interpreted as an enabling mode which makes the tran-
sition electric dipole allowed.

nm.'® Later it was found that the peak at 1280 nm is the
actual zero-phonon line.'> We show later that the peak
at about 1405 nm (7117 cm™!), in Fig. 2, is the one-
phonon sideband built on the enabling mode at 1330 nm.
The emission spectrum in Fig. 2 is corrected regarding
the line shape.?! We used this spectrum to determine the
intensity ratio between the zero-phonon line (here a false
origin) and the total intensity to calculate the Huang-
Rhys parameter S.2> From the ratio we get $=0.9. We
use this value later to fit the lifetime data. The peak at
around 7350 cm ™!, in Fig. 2, could be another phonon of
about 161 cm™! which has been observed in Raman ex-
periments.?

B. Lifetime

The luminescence lifetime of Cr:YAG has been mea-
sured at various temperatures and wavelengths using
1064-nm light for excitation. The decays are single ex-
ponential and independent of wavelength.

The observed lifetimes at 10 and 300 K are 30.6 and
3.5 us, respectively. The lifetime decreases right from
low temperatures on, i.e., there is no “flat region.” This
fact indicates that there is already a nonradiative contri-
bution to the decay rate at low temperatures, resulting in
a quantum efficiency that is less than 100%. The
temperature-dependent integrated emission intensity fol-
lows the lifetime curve for low temperatures. For higher
temperatures the emission intensity deviates from the
lifetime data, suggesting that the radiative decay rate is
temperature dependent. For certain excitation wave-
lengths, it is possible to excite optical centers that emit
light at different wavelengths and that have different life-
times.*

The temperature dependence of the decay rate (inverse
lifetime) and the temperature dependence of the radiative
rate (product of integrated intensity and inverse lifetime)
are shown in Fig. 3. The latter curve is used to determine
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FIG. 3. Temperature-dependent luminescence decay rate
(solid circles) of Cr*":YAG. The missing “flat region” at low
temperatures indicates that nonradiative contributions play an
important role for the decay even at lowest temperatures. The
straight line is a fit using the parameters mentioned in the text.
The open circles show the radiative decay. The straight line is a
fit using Eq. (3).

the energy of the enabling mode that induces the radia-
tive decay. Both the radiative and the nonradiative rate
increase with temperature.

The measured temperature-dependent decay rate
W, (T) (inverse luminescence lifetime, 74 1) was fitted us-
ing the following equation:

W, (T)=W,T)+W,(T), (1)

where W,(T) and W (T) are the temperature-dependent
radiative and the temperature-dependent nonradiative de-
cay rates, respectively. Because this model contains six
fit parameters, as many of these parameters as possible
have to be determined from other experiments. As men-
tioned earlier, the emission spectrum was used to deter-
mine the Huang-Rhys parameter, S, and the initial value
of the accepting mode, %o The integrated area of

J

accept*

/2
n+1|°

W (T)=W, (0)-e *SpiS P -

where W (0) is the nonradiative contribution at T=0
K, $=0.9 is the above-mentioned Huang-Rhys parame-
ter, p is the number of phonons involved in the emission,
n = [exp(#iw,ecep/kT)—1]7" is the Bose-Einstein occu-
pancy factor for the accepting modes #iw,qcep, and I, is
the modified Bessel function. The energy of the accepting
mode, located around 7100 cm ! in the spectrum in Fig.
2, is determined to be approximately 400 cm™!. The fit
of the decay rate was started with the fixed values of
$=0.9 and #iw,=167 cm™ . W,(0)=L us=11765
s™!, W,.(0)=W,(0)—W,(0), and iy ey =400 cm ™!
have been used as initial values for the remaining fit pa-
rameters. The least-squares fit for the data is shown in
Fig. 6 and the full set of parameters is listed in Table I.
Using these data the quantum efficiency, 7, is calculat-
ed to be 49% at 10 K and 15% at 300 K, which is much
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the lowest absorption band can be used to calculate the
radiative lifetime, and the radiative rate W,(0) can then
be expressed by?*
8
W,(0)= 1 _ 87 &1

n? [ ovydv, (2)
o A} & f

where A, is the wavelength of the transition, g, and g,
are the degeneracies of the ground and excited states, n is
the index of refraction, and o(v) is the absorption cross
section as a function of frequency. The absorption cross
section at 1064 nm was measured as described in Ref. 17,
and used to calculate the cross section for the whole NIR
absorption. Using Eq. (2) the radiative lifetime is calcu-
lated to be around 85130 us. This value (or better its in-
verse) is used as the initial parameter for W,(0) in the
modeling of the lifetime data. The temperature depen-
dence of the integrated intensity of the NIR emission,
shown in Fig. 3, was measured to determine phonon-
induced contributions to the radiative rate. Any
temperature-dependent radiative contribution to the life-
time will be also indirectly observed by changes of the os-
cillator strength.

The temperature dependence of the radiative decay
rate can be expressed as

ﬁwenab

W.(T)= W, (0)-coth TT_

) (3)

where W,(0)=1, ! is the radiative decay rate at T=0 K,
fiwnap, 18 @ weighted average of enabling modes, and & is
the Boltzmann constant. The average energy for the
weighted enabling mode from three measurements of the
temperature-dependent integrated emission intensity has
been determined to be i,y = 167144 cm ™.

Because of the small Huang-Rhys parameter, the weak
electron-phonon coupling limit is assumed to be valid.
The nonradiative decay can therefore be described
through multiphonon emission. The expression for the
nonradiative decay rate can be written as®®

1,{28[n(n+1)]'?}, (4)

r

lower than the typical quantum efficiency of laser materi-
als like Ti:sapphire (60%) (Ref. 27) or other Cr**-doped
garnets (Cr:GSGG, 91%).2

The room-temperature value of 15% has been used to
calculate the emission cross section using McCumber’s

TABLE 1. Radiative and nonradiative parameters for
Cr*":YAG.
Huang-Rhys parameter S 0.9
Radiative rate at 7=0 K W,(0) 16030 s~!
Radiative lifetime at 7=0 K 7,.(0) 62.4 us
Nonradiative rate at 7=0 K W, (0) 16650 s

Number of phonons P 19
Enabling mode FADenab 167 cm ™!

Accepting mode Fiaccept 400.7 cm ™!
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where A;=1350 nm is the emission center wavelength,
AA=250 nm is the FWHM of the emission, n =1.82 is
the index of refraction, c is speed of light, and 7,(300 K)
= 23.7 us is the radiative lifetime at room temperature.
This equation then yields an emission cross section
O em=3.5X1071" cm? which is of the same order of mag-
nitude as the emission cross section of Ti’" in sapphire.
The room-temperature emission cross section of Cr:YAG
extends from around 1200 nm to around 1600 nm with
the maximum located at 1350 nm.

C. Polarization-dependent emission

Even though YAG is an overall cubic system, the actu-
al site symmetry of the optical center is less than cubic,
i.e., we have the case of anisotropic centers in an overall
isotropic crystal. So far the site symmetry for Cr*t has
been chosen to be D,;.*° This symmetry can be con-
sidered as an elongated cube. The distortion axis (z axis)
of this tetrahedral site coincides with a crystallographic
axis. We therefore have three classes of sites oriented
along the crystallographic axes. By using polarized light
it is possible to selectively excite these classes of ions.
The result of this excitation is a highly polarized emis-
sion.

Figure 4 shows the 10-K emission spectrum when ex-
cited with 1064-nm light, propagating along one and po-
larized along another crystallographic axis. As one can
see, the total emission intensity is much stronger when
detected parallel to the excitation polarization than when
observed perpendicular to it. However, the intensity of
the 1280-nm zero-phonon line seems to be affected in the
opposite way compared to the sideband intensity.

The same experiments have been performed for excita-
tion into the visible absorption band. In this case the
emission polarization is reversed compared to the 1064
nm excitation. Here the total emission intensity is

parallel

Intensity [arb. units]
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1300 1350 1400 1450
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FIG. 4. 10-K emission spectra of Cr**:YAG. The sample
was excited with 1064-nm light polarized along one of the crys-
tallographic axes. The emission was monitored for light polar-
ized parallel and perpendicular to the excitation light polariza-
tion. One can clearly see the anisotropy of the enabling mode.
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stronger when observed perpendicular to the excitation
polarization.

This effect can be explained if one assumes that the
transition into the 1000 nm absorption band is electric di-
pole allowed in one direction parallel to the excitation
light polarization and that the transition in the visible re-
gion is allowed in two directions perpendicular to the ex-
citation light polarization. This selection rule would
cause the excitation of different classes of ions and could
then explain the different polarization behavior.

D. Piezospectroscopy

1. Absorption

Uniaxial stress experiments have been performed in or-
der to lift the orientational degeneracy in Cr:YAG, i.e.,
the pressure is used to create a distinctive axis in the oth-
erwise cubic crystal. It is then possible to investigate the
optical properties of the Cr** site using light polarized
parallel and perpendicular to the applied pressure. In the
following the direction of applied pressure will be denot-
ed as P. Using the elastic compliance data®' and the sym-
metry for the strain tensor,>? one finds that YAG shows a
contraction in all directions for uniaxial pressure along
one of the crystallographic axes. The contraction parallel
to the pressure is four times as large as the perpendicular
contraction. Since the site symmetry is D,g, in a first ap-
proximation uniaxial pressure along one of the crystallo-
graphic axes does not change the symmetry, but only the
degree of distortion. The main effect of applying uniaxial
pressure is therefore the lifting of the orientational and
not electronic degeneracy. Uniaxial pressure along (111)
leads to a uniform contraction of the YAG crystal.

The investigation of the absorption under uniaxial
pressure has been focused on the NIR absorption band in
the region between 1000 and 1150 nm. No absorption
measurements on the energy level at 1280 nm were possi-
ble since the optical path length in the crystal was too
short to detect any absorption in this region. The main
interest is therefore focused on the two sharp absorption
lines at 1077 nm (line A4) and at 1114 nm (line B). The
effect of uniaxial pressure along different crystallographic
directions on the absorption spectra of Cr:YAG is shown
in Fig. 5. Since the sites are oriented along the crystallo-
graphic axes no splitting due to orientational degeneracy
is expected for pressure along (111). This is confirmed by
the experiments.

When pressure is applied along one of the crystallo-
graphic axes, for example, along (001) in Fig. 5, the orien-
tational degeneracy between the three classes of sites
(A4,B,C) is lifted. Sites oriented parallel to P and sites
oriented perpendicular to P can then be distinguished.
For Cr:YAG these are site C (001), and sites 4 (100) and
B (010), respectively.

Pressure-dependent absorption experiments were thus
performed to get additional support for the assignment of
the NIR absorption to the 3B,(34,)=34,(3T,) transi-
tion. If this absorption band was due to the
3B,(34,)==3E(3T,) transition, it should be allowed for
x and y polarization, while if it was due to the
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FIG. 5. 10-K absorption spectra of Cr:YAG for pressure
along (001) (top), pressure along (111) (middle), and zero pres-
sure (bottom). The applied pressure was around 9 kbar.

3B,(*4,)=3A4,(3T,) transition, it should only be al-
lowed in z polarization. Assuming that the band is due to
the *B,(*4,)=3E(*T,) transition, as proposed by Kiick
et al.,'® one would expect to see the following scenario
using polarized light. With light polarized along (001),
i.e., parallel to P, site A (100) and site B (010) should
show absorption but not site C (001). Since sites 4 and B
are degenerate, i.e., these sites are equally affected by the
pressure, no orientational splitting is expected. Using
light polarized perpendicular to P, i.e., either parallel to
(100) or (010), again the sites oriented perpendicular to
the incident light polarization should show absorption.
These would be site C (001), and either site 4 or B, de-
pending on the incident light polarization. Since the
orientational degeneracy between site C and sites 4 and
B is now lifted, it is expected to see a splitting in the ab-
sorption spectrum, with absorption peaks belonging to
site C and either site 4 or site B.

If the NIR absorption belonged to the
3B,(’4,)=34,(°T,) transition as proposed here, a
different feature would be expected because this transi-
tion is allowed in z polarization only. Using light polar-
ized parallel to the applied stress one expects to see the
absorption from site C which is oriented along (001), but
no absorption from site 4 or B. Using light polarized
perpendicular to P one should see absorption only from
site 4 or B. Since the orientational degeneracy is lifted,
one expects these spectra to be complementary, i.e., only
one set of lines should be seen for each polarization direc-
tion.

The experimental data are in good agreement with the
latter case, as shown in Fig. 6. The bottom trace shows
the 10-K absorption spectrum of Cr:YAG under uniaxial
pressure along a crystallographic axis using unpolarized
light. The middle and the top traces show the same ab-
sorption spectra using polarized light. For the unpolar-
ized light both absorption peaks (line 4 and line B) show
a splitting. Using light polarized either parallel or per-
pendicular to P only one peak can be seen in line 4 and
line B, i.e., the spectra are complementary. These
findings support the above assignment of this absorption
to the 3B,(*4,)=34,(*T) transition.
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FIG. 6. 10-K absorption spectra of Cr:YAG under pressure
(9 kbar). The lower trace shows the unpolarized spectrum. The
splitting is caused by lifting the orientational degeneracy. The
two upper traces show clearly the strong polarization of the or-
thogonally oriented sites.

Lines A and B show the same polarization dependence
(polarized along the z direction) and it is therefore likely
that both belong to the same transition. However, the in-
terpretation of these two lines is not easy. They cannot
be due to a spin-orbit splitting of the > 4, because this in-
teraction would split the >4, into states of I'; and a I's
symmetry and the transition from the ground state into
these states would be allowed in different polarizations.
Another possibility would be to consider line B as an
electronic origin of the 34, and line 4 as a 308-cm ™! vi-
brational mode of even parity.

These lines shift under pressure with the following
rates. For light polarized parallel to P line 4 shifts with
9.2 cm ™ !/kbar to higher energies and line B with 3.8
cm ™ !/kbar to higher energies. For light polarized per-
pendicular to P, line A shifts with 2.6 cm ™ !/kbar and
line B with 1.7 cm™!/kbar both to smaller energies. The
direction of the shift with pressure can easily be under-
stood if one considers the shape of the tetrahedron and
the pressure direction. Site C (001) is initially elongated
along the direction of P. With increasing pressure the
elongation of the tetrahedron decreases, i.e., the tetrahe-
dron becomes more cubic and therefore reduces the orbit-
al splitting of the 3T, state, i.e., the 3E and the 4, states
are moving closer together, with the * 4, state shifting to
higher energies. At the same time, the cubic crystal-field
component increases. Both effects cause a shift to higher
energy. For sites 4 and B, the D,; distortion is in-
creased, i.e., the splitting of the T, state increases, so
that the ® 4, state shifts to lower energies. However, the
resulting shift in this case is smaller because the cubic
component is still shifted to higher energies and compen-
sates for part of the shift to lower energies.

2. Emission

As seen before, application of uniaxial pressure along
the (001) axis leads to a lifting of the orientational degen-
eracy. Since the excitation with 1064-nm light is into a
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FIG. 7. 10-K emission of Cr**:YAG for increasing pressure
(bottom to top). The zero-phonon line at 1280 nm splits into
two components which are due to the sites oriented parallel and
perpendicular to the applied pressure.

vibronic sideband, as shown in Fig. 1, both classes of
ions, those oriented parallel and perpendicular to P, are
excited. Both classes also emit light in their respective
zero-phonon line. The 10-K emission spectrum of
Cr:YAG for excitation with 1064-nm light polarized
parallel to the (001) direction is shown in Fig. 7.

The orientational degeneracy is lifted with increasing
pressure, and emission from both classes of ions appears.
The lower-energy zero-phonon line shifts to smaller ener-
gies while the less intense, high-energy zero-phonon line
shifts to higher energies. Also, with increasing tempera-
ture both zero-phonon lines show a hotband. The
polarization-dependent zero-phonon line emission at 65
K is shown in Fig. 8.

As discussed for the pressure-dependent absorption ex-
periments, for light polarized parallel to P only the
higher-energy peaks are visible. In emission, the higher-

L L T T T

Hotband
perpendicular

parallel

unpolarized

Intensity

1340

1300 1320

1280
Wavelength [nm]

1260

FIG. 8. 65-K emission spectra of Cr**:YAG under pressure
when excited with 1064-nm light polarized parallel to the ap-
plied pressure. The bottom trace shows the unpolarized emis-
sion, the trace in the middle the parallel to the applied pressure
polarized emission, and the top trace the perpendicular to the
applied pressure polarized emission. The hotband of the zero-
phonon line can be seen as a shoulder on the high-energy side.
As shown before, the sideband intensity is much lower when the
observed emission is polarized perpendicular to the excitation
polarization.
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energy peak is stronger when observed perpendicular to
P. This shows that the transition from the emitting state
is polarized perpendicular to z, i.e., along x and/or y.
This observation confirms that the metastable state is
indeed the 3B,. The hotband emission shows the same
polarization dependence as the coldband.

E. Energy-level assignment

As shown in Fig. 9, in an ideal tetrahedral site (T,
symmetry), the lowest free-ion level of the Cr** ion 3F
splits into three components,

F=14,+°T,+°T, ,

with the energy of these levels being A4, <3T, <°T,.
Group theory predicts that, with the >4, level as the
ground state the >4, =>T, transition would be electric
dipole allowed while the *A4,=3T, transition would
only be magnetic dipole allowed in all polarizations and
should therefore be orders of magnitude less intense than
the 34, = 3T transition.

Lowering the symmetry of the site to D,g, i.e., stretch-
ing the tetrahedrons along the crystallographic axes,
changes the ground state and results in an orbital split-
ting of the excited states. In D,; symmetry, the ground
state > 4, becomes *B, the 3T splits into °B, and *E and
the 3T, splits into >4, and 3E. The transitions from the
ground state into the *E levels are electric dipole allowed
in x and y polarizations. However, it is expected that the
transition into the *E (3T, ) state is stronger than that into
the 3E(3T,) state because the transition into the parent
state in a T; symmetry was already electric dipole al-
lowed for the former and only magnetic dipole allowed
for the latter. The 3B, =34,(3T,) transition is electric
dipole allowed in z polarization while the °B, =B, (’T,)
transition is only magnetic dipole allowed (R,). These
energy levels, and the allowed electric and magnetic di-
pole transitions, are shown in Fig. 10. Also shown are
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FIG. 9. Tanabe-Sugano diagram for tetrahedrally coordinat-
ed Cr**:YAG. The vertical line indicates the appropriate
crystal-field strength of Dg /B =1.78 for Cr:YAG.
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FIG. 10. Energy-level diagram for tetrahedrally coordinated
Cr** in T, and D,; symmetry. Electric dipole allowed transi-
tions are marked by straight lines while magnetic dipole transi-
tions are marked by dotted lines.

two additional energy levels, 'E and 'A4,, which result
from the 'D and 'G free-ion states. It is very difficult to
find absorption into these states since the transitions are
forbidden. However, a tentative assignment based on
crystal-field calculations will be given later.

The visible absorption band between 600 and 700 nm is
assigned to the B,(34,)=3E(*T)) transition, and the
strong NIR absorption band centered at around 1000 nm
to the 3B,(*4,)=34,(*T,) transition. The shoulder on
the low-energy side of the visible absorption band might
be due to a lower symmetry (D, component) orbital split-
ting of the 3E(*T,) excited state. The weak NIR absorp-
tion at 1280 nm is due to the 3B,(*4,)="B,(’T,) tran-
sition, while an absorption at 1206 and 1210 nm is tenta-
tively assigned to the B;(3*4,)="E transition. It was
not possible to clearly identify the location of the
3B,(3*4,)=3E(®T,) transition. This absorption might
be hidden under the strong NIR absorption band and
some justification for this is given later. The energy level
assignments made here satisfactorily explain the experi-
mental data.

If the three classes of sites that are oriented along the
crystallographic axes are labeled 4 (100), B (010), and C
(001), then their respective z axes (or elongation axes) are
those parallel to the respective crystallographic axes of
the host, as shown in Fig. 11.

For light (1064 nm) propagating along (100) and polar-
ized parallel to (001), the absorption occurs through ions
at site C. Emission along (010) can be detected for polar-
izations parallel to (001) and (100), parallel and perpen-
dicular to the excitation polarization, respectively. After
relaxation to the lowest excited state (°B,), site-C ions
emit magnetic dipole radiation (electric component per-
pendicular to its z axis) and the zero-phonon line emis-
sion is thus polarized along (010) or (100). In the ideal
case, the zero-phonon line emission should therefore only
be polarized perpendicular to the excitation polarization.
However, the experimental data for the 1064-nm excita-
tion also show a parallel component which is probably

FIG. 11. Orientation of the z axis of the sites 4, B, and C
with respect to the crystallographic axes.

due to transition rules that are not totally strict. Never-
theless, the perpendicular emission polarization is clearly
stronger than the parallel one, see Fig. 4.

Using visible excitation light (600—700 nm) in an iden-
tical geometry, site A and B ions are now excited. The
ions in both sites have a zero-phonon line emission that is
polarized perpendicular to their respective z axes. Site A4
emits light polarized along (010) and (001) and site B
emits light polarized along (100) and (001). In this case
the intensity of parallel polarized light (001) is larger than
the perpendicular one. This is confirmed by the experi-
ments.

The above-mentioned energy level assignment clearly
identifies the main features of the zero-phonon emission
intensities. The sideband intensity however, shows exact-
ly the opposite behavior. Raman experiments have
shown the coupling of e, modes,?® which induce an an-
isotropy, making the transition electric dipole allowed
and thus satisfactorily explains the stronger sideband in-
tensities and the polarization behavior.

Crystal-field calculations based on a scheme developed
by Tanabe and Sugano®* have been performed. A good
description is found in Henderson and Imbusch.? In this
scheme, the variation of energy with the Racah parame-
ter is as displayed in Fig. 9.

Using the approximate matrix elements, the following
crystal-field parameters have been fitted: Dg=915cm™!,
B=515 cm™ !, and C=4.2B, resulting in Dg/B=1.78.
The transition into the excited state SE(*T,) would then
be located at 1018 nm, overlapped by the strong NIR ab-
sorption and the 'E at 1208 nm. The strong visible ab-
sorption band would overlap the excited state ! 4, which
would be located at 592 nm. This shows also that
Cr:YAG is indeed a high-field system as indicated in Fig.
9 by the vertical line. In sum, the above energy assign-
ment describes the experimental data and indicates that
only the strong orbital splitting of the 37, makes
Cr:YAG look like a low-field system.

1IV. CONCLUSION

In this work we presented a detailed analysis of the
static and dynamic spectroscopic properties of
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Cr**:YAG. Cr*" is shown to occupy tetrahedral sites
(D,; symmetry). The first excited state is the 3B, com-
ponent of the T, state. The transition between the
ground state and this first excited state is only allowed as
a magnetic dipole transition. Coupling to a 294-cm ™!
enabling mode makes the transition electric dipole al-
lowed. The 3E component of the 3T2 state is probably
hidden under the strong absorption band centered at
around 1000 nm. We assign this strong absorption band
to the transition into the > 4,(*T ) state because of its po-
larization behavior. This band had earlier been assigned
to the transition into the 3E(3T,) state. Because of its
polarization behavior we assign the absorption band be-
tween 600 and 700 nm to the transition into the *E(*T})
component. The evidence for this assignment comes
from piezospectroscopic and polarization dependent ex-
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periments as well as earlier performed saturation experi-
ments.

The luminescence decay rate has been shown to be due
to radiative and nonradiative contributions. Nonradia-
tive contributions seem to play an important role even at
lowest temperatures. The quantum efficiency 7 at 10 and
300 K has been determined to be 49 and 15 %, respec-
tively.
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