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1. Statement of the Problem Studied 

The subject studied in this project is the vibronic and electronic dynamics of a 

tetravalent chromium (Cr4+) ion, an important laser-active ion for the near-infrared 

spectral region, in various host crystals using Raman and time-resolved laser 

spectroscopy methods. This work is needed to gain a better and more fundamental 

understanding of the electronic bottlenecks and the vibronic nonradiative relaxation 

processes which affect both optical and lasing properties of solid state tunable crystals. 

2. Summary of the Most Important Results: 

We have investigated the nonradiative relaxation processes in Cr +-doped forsterite 

(Cr4+:Mg2Si04) and Cunyite (Cr4+:Ca2Ge04) laser crystals using Raman and time- 

resolved laser spectroscopy methods. The time-resolved resonance Raman measurement 

of dynamics of photoexcited impurity ions during nonradiative relaxation for 

Cr4+:Mg2Si04 laser crystal has been performed, and the decay processes from a local 

mode (impurity associated) to a phonon mode (lattice associated) have been investigated. 

A theoretical model governing the nonradiative energy transfer from a photoexcited 

impurity ion into a host lattice in a Cr4+-doped laser crystal has been studied. The up- 

converted hot luminescence measurement of dynamics of photoexcited ions in 

Cr4+:Ca2Ge04 laser crystal has been performed to investigate the resonance energy 

transfer from a local mode to a phonon mode. 

The important results obtained from this research project have been reported to ARO, 

and published in scientific journals including Physical Review Letters. 

The following summarizes our results: 

2(a) Time-resolved resonance Raman measurement of dynamics of a local mode 

during nonradiative relaxation for forsterite (Cr +:Mg2Si04) 

The energy transfer from a local mode to a phonon mode during the nonradiative 

relaxation   processes   taking   place   in   an   impurity-doped   laser   crystal   was   first 

experimentally studied in Cr4+:Mg2Si04 by investigating the dynamics of the 765 cm" 

Cr4f local mode using time-resolved resonance Raman scattering. 

The sample selected for investigation was 10x8x6 mm oriented Cr :Mg2Si04 

single crystal. Mg2Si04 belongs to the olivine family with lattice constants of a=10.22 A, 

b=5.99 A, and c=4.76 A. Cr4+ substitutes for Si4'' in a tetrahedrally distorted position.2 



Fig.l shows the anti-Stokes resonance Raman spectra for Cr +-doped Mg2Si04 laser 

crystal and Raman Ag spectra for undoped Mg2Si04 host crystal in the 500-900 cm" 

spectral range obtained using our photon counting image acquisition system (PIAS, 

Hamamatsu Model C18150) with a SPEX triplemate spectrograph under the excitation 

wavelength of 598 nm.3 The salient feature is the appearance of 765 cm" Cr local 

mode in the resonance Raman spectrum, which has highest scattering cross-section and is 

selected to investigate the dynamics of the local mode using time-resolved resonance 

Raman spectroscopy. 
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Fig.l Anti-Stokes resonance Raman (continuous line) and Raman (dashed line) Ag 

spectra for Cr4+:Mg2Si04 laser crystal and undoped Mg2Si04 host crystal, respectively, 

obtained under 598 nm excitation, in the 500-900 cm"1 spectral range. The 765 cm"  Cr .4+ 

local mode is boxed. 

In the time-resolved Raman measurement, Cr4+ ions were excited near the zero- 

phonon line of the 3B2 (3T|) state with 500 fs linearly polarized 598 nm pulses, 

corresponding to the maximum anti-Stokes resonance enhancement for the 765 cm" Cr 

local mode. The excitation pulses were obtained from a Rh-6G dye laser synchronously 

pumped by a mode-locked Nd:YAG laser. The dynamics of the local mode was 

investigated using pump-probe setup by time delaying the probe beam of the same 



wavelength as the pump and monitoring the relative changes in the anti-Stokes signal for 

the local mode for different time delays. In addition, the dynamics of the 335 cm" 

daughter phonon mode involved in the most probable decay pathway of the 765 cm" 

local mode was also investigated. 

The measured normalized relative change in the integrated intensity of the 765 cm" 

local mode for different time delays, and the measured dynamics of the 335 cm" 

daughter phonon mode are shown in Fig.2. No information was obtained on the dynamics 

of the 424 cm"1 daughter phonon mode because it is too weak to be resolved in an anti- 

Stokes Raman spectrum. 
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Fig.2  Normalized measured and fitted relative change in the integrated intensity of 

the 765 cm"1 local mode and the 335 cm"1 daughter mode for different time delays. 

The temporal profiles in Fig.2 show that the nonequilibrium 765 cm" local mode 

population builds up during the initial 3-4 ps while the nonequilibrium 335 cm" daughter 

phonon mode population reaches its maximum ~8 ps following photoexcitation. It is 

clear that the 335 cm"1 daughter phonon is created during the decay of the 765 cm" local 

mode, which gives a time-shifted temporal for nonequilibrium daughter phonons. 

This measured dynamics indicates that the nonradiative relaxation proceeds via 

transfer of the nonequilibrium local mode population generated during the transition 

through an electronic bottleneck, to a select number of daughter phonons rather than 

through direct interaction with the phonon continuum (see Fig.3). 



2(b) Investigation of nonradiative relaxation pathway of photoexcited impurity 

ions 

In order to explain the time-resolved Raman experimental data, a dynamics model 

shown in Fig.3 was developed. The 598 nm pump pulse photoexcites Cr + ions near the 

zero-phonon line of the 3B2(
3Ti) state, creating an excited state population r|(t). The lack 

of emission from the 3B2(
3Ti) state suggests that Cr4+ ions relax nonradiatively towards 

the metastable level at 9150 nm, by making a transition to the lower lying *E state. Since 

this transition is spin forbidden, the system requires a longer tunneling time, giving rise to 

an electronic bottleneck. The presence of the 3B2(3Ti)- !E bottleneck was first reported 

using the up-converted hot luminescence technique, and its lifetime was measured to be 

-10 ps.4 As the electronic transition is accompanied by an increase in the occupation 

number for local modes [electronic-vibronic transitions as shown in Fig.3(a)], it is 

expected that the nonequilibrium local mode population rises during the time needed to 

cross the electronic bottleneck. 

Following the transition through the electronic bottleneck, the local mode population 

decays nonradiatively. The energy of the nonequilibrium local mode population can be 

transferred nonradiatively into the lattice by one of the following processes: the local 

mode interacts with the lattice represented by a continuum of phonon modes and 

distributes the excess energy into the reservoir, and/or the local mode interacts with a 

very restricted number of vibrations (daughters) which take over the excess energy and 

display a transient, "time-shifted" (from the driving local mode) nonequilibrium 

population. The most likely energetic-wise daughter decay channels for the investigated 

765 cm"1 local mode is decay into two phonon modes, such that 765 cm" —> 335 cm" + 

424 cm"1. As the nonequilibrium mother local mode population decreases, the 

nonequilibrium daughter phonon mode which are driven by this particular decay route 

increase. The nonequilibrium daughter phonon mode population then decays by 

interactions with the phonon continuum allowing the system to return to thermal 

equilibrium. 

Since there is no phonon mode in resonance with the 765 cm"1 local mode as shown 

in Fig.l, resonance nonradiative processes directly from local mode to resonance phonon 

mode can not occur for the 765 cm"  local mode. 



(a) 

Bottleneck 
region 

<b) 

Bottleneck 
region 

Pbotoexcited /    Locd 
Cr**ioo$    /     »odes 

765 cm-' r 

Phoaon 
»odes 

Tl(0 

KO 

Fig.3 (a) Schematic diagram indicating the increase in the local mode population 

following the crossing of the 3B2 (3Ti) -> 'E electronic bottleneck, and (b) the 

intermolecular nonradiative relaxation pathway for the 765 cm" local mode and 

characteristic decay rates. 

The intermolecular nonradiative decay pathway can be modeled using the scheme 

indicated in Fig.3(b). The equations describing the dynamics of the ion-lattice system can 

be solved exactly for a S-shaped laser pulse. The best fitting shown in Fig.2 generates the 

following key parameters: 3B2 (3T|) -> !E electronic bottleneck transition time 2.8 ± 0.3 

ps, local mode lifetime (due only to an intermolecular anharmornic decay channel) 5.1 ± 

0.5 ps, birth time of daughter phonons 7.9 ± 0.6 ps, and lifetime of daughter phonons 

(due to interaction with the continuum of phonons) 5 ± 0.5 ps. 

2(c) Theoretical study of nonradiative energy transfer from impurity ions into a 

host lattice for Cr4+-doped laser crystals 

We have studied and developed a theoretical model explaining the nonradiative 

energy transfer from a photoexcited impurity ion into a host lattice in a laser crystal.' The 

energy-transfer mechanism consists of electronic energy transfer to local vibrations that 

then dissipate their energy to lattice (phonon) modes of the same energy creating a 

nonequilibrium  phonon  population.  The  model  explains  the  experimental  temporal 
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profiles of nonequilibrium optical phonons probed by time-resolved Raman scattering in 

Cr4+-doped forsterite laser crystal shown in Fig.2. The electronic transition time and 

relaxation lifetimes for phonon and local modes are ~3, 4 and 8 ps, respectively, which 

are in good agreement with our measured values obtained from the time-resolved Raman 

experiment. 

2(d) Up-converted hot luminescence measurements of energy transfer from a 

local mode to a phonon mode in the Cunyite (Cr +:Ca2Ge04) 

The up-converted hot luminescence in highly efficient tunable Cunyite 

(Cr4+:Ca2Ge04) laser crystal was measured and used to investigate the relaxation 

dynamics of photoexcited ions in laser crystals. The resonance energy transfer from a 

local mode of the impurity ions into a phonon mode of the host crystal lattice was found 

to dominate the initial step of energy relaxation of photoexcited impurity ions. 

The laser crystal under investigation is a heavily doped 3x5x7 mm3 Cr :Ca2Ge04 

single crystal grown by a top-seeded solution growth method and containing 0.3 Cr at 

% wt. The Cunyite crystal belongs to the olivine family with lattice constants of a = 11.4 

Ä, b = 6.79 Ä and c = 5.24 Ä. 

Polarized absorption and emission spectra identified the tetrahedrally coordinated 

Cr4+ as the only optically active center7 (while Cr:Mg2Si04 has both Cr3+ and Cr4+ active 

centers). The room temperature absorption spectrum of the sample for E || c axis shows 

an absorption peak at 620 nm corresponding to 3A2 -» 3B2 (
3Ti) dipole allowed transition. 

The near infrared fluorescence spectra of Cr4+:Ca2Ge04 shows that the metastable level 

of Cunyite is located at EML = 1 -043 ev (1189 nm)7 

The up-converted hot luminescence technique utilizes a two-step excitation process. 

In the first step, the pump photons excite the impurity ions to an upper electronic state 

situated above the metastable level (EMi). In the second step, the photoexcited ions relax 

to the bottom of the metastable level, absorb another pump photon (Ephoton), and reach a 

higher excited energy level (EKI.). This process satisfies the energy equation of EEI, = 

Ephoton + EMi, Subsequent to these two-step photoexcitations, radiative and nonradiative 

relaxation occurs and impurity ion local modes are populated. Emission arising from 

radiative transitions from the short-lived local modes to the ground electronic state of 

ions at different step of energy relaxation forms a number of hot luminescence peaks. The 



energy separation between successive peaks in the up-converted hot luminescence spectra 

reveals the initial steps of nonradiative energy transfer from the impurity ion into the 

lattice allowing for identification of the participating phonon modes. 

The measured up-converted hot luminescence spectra obtained under excitation 

wavelengths of 598 nm and 588 nm shows that energy separation between successive 

peaks is 726 ± 25 cm"1. This energy coincides with the energy of the phonon mode of 

Ephonon = 733 cm"1 in resonance with a local mode of the impurity ions obtained by 

Raman measurements.6'8 Our up-converted hot luminescence indicates that the resonant 

energy transfer from the local mode of the excited impurity ions to the resonance phonon 

mode of the host crystal marked by coL -> cop dominates the initial step of the energy 

relaxation of the photoexcited impurity ions. The energy of the photoexcited ions is first 

transferred from a local mode into a resonant phonon mode. The phonon mode then 

undergoes nonradiative decay by interacting with the phonon continuum bath, which 

dissipates the excess energy into the lattice and allows the system to return to thermal 

equilibrium. 

In summary, we have experimentally and theoretically investigated the dynamics of 

local and phonon modes during the electronic-vibronic nonradiative relaxatrion of a 

photoexcited laser impurity ion proving the active participation of local modes in the 

nonradiative relaxation processes. We have shown that the nonequlibrium local mode 

population builds up during the transition through an electronic bottleneck and decays by 

interaction with a restricted number of phonon modes. We have also shown that the 

resonant energy transfer from the local mode of the excited impurity ions to the 

resonance phonon mode of the host crystal dominates the initial step of the energy 

relaxation of the photoexcited impurity ions. 

Nonradiative relaxation processes significantly alters the room temperature operation 

of impurity doped solid state lasers, especially in the near- and mid-IR spectral regions. 

Our work has gained a better understanding of the electronic-vibronic nonradiative 

relaxation processes which is of great importance for lasing properties of solid state 

tunable crystals. We have produced several new Cr4+-doped laser materials as an out 

growth of this program, in particular, Cunyite. 
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