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Dynamics of Local Modes during Nonradiative Relaxation
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The direct participation of local modes in nonradiative processes taking place in impurity-doped laser
crystals is investigated using time resolved resonance Raman scattering. The measured dynamics of the
highest energy Gt local mode in CiMg,SiO, shows that 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, and not directly, to the phonon continuum.
[S0031-9007(96)02106-0]

PACS numbers: 78.47.+p, 63.20.Kr

Understanding the role of local modes in the nonraby C,, [7]). The sample was 40 X 8 X 6 mm’® ori-
diative relaxation is crucial to several physics areas sucknted CiMg,SiO; single crystal. All measurements were
as laser materials, defects in dielectric crystals, and danperformed at room temperature.
age threshold in nonlinear crystals. Room-temperature Cr** ions were excited near the zero-phonon line of the
operation of impurity-doped solid state lasers emitting i’B,(*T,) state [7] with linearly polarized 598 nm exci-
the nearinfrared and midinfrared spectral region is gentation, corresponding to the maximum anti-Stokes reso-
erally affected by nonradiative processes. The first appance enhancement for the highest frequency, highest
proach to the nonradiative relaxation occurred more thascattering cross sectioi65 cm~! Cr** local mode [8].
four decades ago using the Born-Oppenheimer approxbB00 fs, 598 nm excitation pulses were obtained by syn-
mation which was further extended to include interactionshronously pumping a Rh-6G dye laser with a mode-
with a spectrum of phonons [1]. Although several mod-locked Nd:YAG laser (82 MHz repetition rate) whose
els were proposed to describe the nonradiative transitionsutput pulses were compressed by a pulse compressor
in transition-metal-ion systems [2], to date there is no the{before entering the dye laser) 64 ps (at 532 nm). The
ory predicting the salient parameters of an impurity-doped-40 mW excitation pulse measured at the sample site was
system which may affect the energy transfer from an imsplit into pump and probe pulses with intensity ratjd2
purity center into the lattice environment. Studies haveaespectively. The spectral pulse width was5 cm™!.
shown that following photoexcitation, the excess energy alhe probe pulse entered an adjustable time-delay unit
the ionic site is released nonradiatively into the lattice viawhere it was retarded by a variable time with respect
a limited number of distinct phonons [3,4], but no infor- to the pump pulse. The probe pulse was then recombined
mation is available on the involvement of local (impurity with the pump pulse and focused into the sample to an
associated) modes in the nonradiative relaxation, althougbstimated20 wm diameter spot, in a back-scattering ge-
they are expected to play a crucial role in the relaxatiorometry using a microscope objective.
process [5]. Polarized anti-Stokes spectra corresponding to totally

In this Letter, we report on the dynamics of an impurity symmetricA, modes were collected for different time de-
laser ion’s local modes during the nonradiative electroniclays At using a SPEX triple spectrometer with spectral
vibronic relaxation, proving the direct participation of resolution5 cm™! and a PIAS, Hamamatsu C1815 photon
local modes to the energy transfer from the photoexcitedounter. The change in the intensity of t& cm™! Cr**
ion into the lattice. It is shown that the excess energy ofocal mode, indicating the transient presence of nonequi-
the nonequilibrium local modes is transferred to a selectetibrium local mode population following photoexcitation
number of daughter phonons rather than, directly, to thef Cr** ions was monitored. The 609 af26-856 cm ™!
phonon continuum. The characteristic electronic, localphonon modes were selected as reference since they are
and phonon modes relaxation lifetimes are obtained fonot involved in the nonradiative relaxation process [4]. In
the most probable decay route. addition, the dynamics of th&35 cm™! daughter phonon

The material selected for investigation wasmodes involved inthe most probable decay pathway of the
Cr:Mg,Si0y, the first Ct-based laser crystal [6]. 765 cm™! local mode was investigated.

Mg,SiO, belongs to the olivine family and ha3nma Figure 1 displays the measured anti-Stols spec-

Z = 4 (DiY) space group symmetry, with lattice con- tra, in the 500-900 cm™! spectral range, under the
stantsa = 1022 A, b =599 A, andc = 4.76 A. Cr**  above described experimental conditions, at two differ-
substitutes for Si* in a tetrahedrally distorted position ent time delays following photoexcitation: (Ay = 3 ps,
with C, site symmetry (which is sometimes approximatedcontinuous-line profile, and (kAr = 35 ps, dashed-line
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FIG. 1. Time resolved CMgSiO, anti-StokesA, spectra obtained at room temperature under 598 nm excitation wavelength, for
(@) Ar = 3 ps and (b)Ar = 35 ps pump-probe delay time, in th®0—900 cm™! spectral region. The inset shows anit-Stokes
resonance Raman (continuous line) and Raman (dashedAinspectra, for C¥:MgSiO, and MgSiO;, respectively, obtained
under 598 nm excitation wavelength, in the 500—900 nm spectral range.

profile. The increased intensity of thg65 cm™' lo- by making a transition to the lower lyingE state. As
cal mode 3 ps after photoexcitation indicates the tranthe above-mentioned transition is spin forbidden, the
sient presence of nonequilibrium local mode populationsystem requires a longer tunneling tinie™!, giving
The inset in Fig. 1 presents anti-Stokes resonance Ramaise to an electronic bottleneckl (is the transition
(continuous line) and Raman (dashed ling) spectra, rate probability of the system through the electronic
for Cr*":MgSiO, and Mg SiO,, respectively, obtained un- bottleneck). The presence of th8,(3T))-' E bottleneck
der 598 nm excitation, in the 500—-900 nm spectral rangewas first reported using the up-converted hot lumi-
The 765 cm™! Cr** local mode is boxed. The spectral nescence technique, and its lifetime was measured to
pulse width was~5 cm™! for both spectra shown in the
inset.

The normalized relative change in the integrated (over ] o ® (—)— Measured (fitted) dynamics
26 cm™!) intensity of the 765 cm™! local mode, tak- ] ®_ g for the 765 cmt! local mode
ing as reference th€09 cm™! integrated (ove6 cm™!) "
constant phonon mode intensity, for different time de-
lays At is shown in Fig. 2 (filled boxes). The mea-
sured dynamics of th@35 cm™! daughter phonon mode
is also depicted in Fig. 2 (open circles). The temporal
profiles presented in Fig. 2 demonstrate that the nonequi-
librium local mode population builds up during the initial
3—4 ps following photoexcitation, while the nonequi-
librium phonon mode population reaches its maximum
~8 ps following photoexcitation. |

To explain the experimental data and estimate the 0 © 2 20 0 50
characteristic lifetimes of the subsystems involved in the Time delay At (ps)
nonradiative decay process, the following model,

. . . . IG. 2. Normalized measuredl,O) and fitted ( ,
schematically depicted in Fig. 3, was developed. Thé:m“) dynamics for the765 cm ' (local) and 335 cm!

o A
598 nm pump pulse ph(gtoe)S(mtes Crions near the (phonon) modes, respectively. Best fits were obtained using
zero-phonon line of the’B,(*T)) state, creating an the following parameters from the intermolecular relaxation
excited state populatiom(s). The lack of emission pathway: -electronic bottleneck transition tinie! = 2.8 ps,
from the 3B,(°T)) state suggests that Cr ions relax local mode lifetimeg;' = 5.1 ps, and phonon mode lifetime
nonradiatively towards the metastable level at 9150 nmg3,) = 5 ps.

\ oo .o‘.‘ O (-----)— Measured (fitted) dynamics
’ for the 335 cm’! phonon mode

Normalized intensity change (a.u.)
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population decays by interactions with the phonon

continuum allowing the system to return to thermal

Bottleneck equilibrium.

reen It should be mentioned that the inset in Fig. 1 shows
that there are no phonon or local modes in resonance

() ®

Bottleneck

tegion Photoexcited /  Local  pponon 3 e
Cr**fons modes  modes with the 765 cm™! local mode, indicating that resonance
r r oo nonradiative processes cannot occur for this local mode.
) n(t)Hnl(t) Discrete-to-discrete energy decay pathways were first

investigated in liquids [11] where it was shown that

intermolecular resonance processes are possible [12].
The temporal profiles in Fig. 2 show that th&s cm™!

daughter phonon is created during the decay of the

Pump pulse 1(t)
765 cm~! local mode, indicating a discrete-to-discrete
pathway. It should be noted that no information can

be obtained on the dynamics of tH@4 cm™! daughter
phonon mode which is too weak to be resolved in an anti-
FIG. 3. (a) Schematic diagram showing the increase in the>t0keés Raman spectrum. _
local mode population following the crossing of the Group symmetry selection rules show that the inter-
’B,(*T)-'E electronic bottleneck; (b) intermolecular nonra- molecular decay pathway case (a) is allowed but the
diative relaxation pathway for thg65 cm™! local mode and jntramolecular pathway case (b) is not [13]. The rele-
characteristic decay rates. vant modes of vibration for th@65 cm™! decay pathway
have the following symmetries: the 765 afdio cm™!
be I'' <10 ps [9]. It was also shown that the next local [14] and 335 and24 cm~!' phonon modes [15] ap-
lower lying Cr** bottleneck, with an estimated lifetime pear inA, spectra, i.e., are totally symmetric & (A’).
of the order of hundreds of nanoseconds, appears dthe 420 cm™! local mode is nontotally symmetric i@,
~735 nm [bottom of3A,(3T;) state] [10]. As the elec- (A”) [14]. The intermolecular decay pathway [case (a)]
tronic transition is accompanied by an increase in thenvolves three totally symmetric vibrations: 765, 335,
occupation number for local modes [electronic-vibronicand 424 cm™!. As the product of the thred’ wave
transitions, see Fig. 3(a)], it is expected that the nonequifunctions is 34’ X A’ X A’ = A/, i.e., totally symmet-
librium local mode population rises during the timeric, the intermolecular decay pathway is allowed. On
needed to cross the electronic bottlenekck,. the other hand, the intramolecular decay pathway [case
Following the transition through the electronic bottle- (b)] involves two A’ local modes (765 and46 cm™ 1)
neck, the local mode population decays nonradiativelyand one nontotally symmetri¢” local mode(420 cm™!)
The energy of the nonequilibrium local mode population[14]. As the product of these three wave functions is
can be transferred nonradiatively into the lattice by ong3A’ X A’ X A” = A", i.e., nontotally symmetric, the in-
of the following processes: The local mode interactstramolecular decay pathway is forbidden.
with the lattice represented by a continuum of phonon The intermolecular nonradiative decay pathway can be
modes and distributes the excess energy into the reservaitodeled using the scheme depicted in Fig. 3(b). The
(discrete-to-continuum energy transfer), and/or the locatquations describing the dynamics of the ion-lattice sys-
mode interacts with a very restricted number of vibrationdem can be solved exactly for &-shaped laser pulse.
(daughters) which take over the excess energy and displayhe best fit was obtained for the following characteristic
a transient, “time-shifted” (from the driving local mode) parameters, schematically depicted in Fig. 3(b): bottle-
nonequilibrium population (discrete-to-discrete energyneck transition timé’~! = 2.8 = 0.3 ps, local mode life-
transfer). The most likely energetic-wise daughter decagime g; ' = 5.1 + 0.5 ps, phonon mode lifetimgs,' =
channels for the investigatetb5 cm™' local mode are 5 = 0.5 ps. Figure 2 shows the calculated dynamics for
(@) decay into two phonon modes;p + w,p (inter- the765 cm™!local (continuous line) andB5 cm™! daugh-
molecular decay), such that65 cm ! — wp + wyp  ter phonon (dotted line) modes using the above-mentioned
with w;p =335cm™! and wop =424 cm™!; or (b) parameters. All fits were performed using a nonlinear
decay into two local mode® ;. + wy (intramolecu- least-squares fit. More realistic laser pulse shapes do not
lar decay), such that765 cm™ ' — w;. + wy with lead to significant changes in these characteristic relaxa-
wir, = 346 cm™! and wo = 420 cm™!'. The nonequi- tion lifetimes. It should be noted that the lack of informa-
librium local mode population transfers into nonequilib- tion on the dynamics of thé24 cm™! phonon mode does
rium phonon mode population [for both cases (a) andot affect the determination of the characteristic lifetimes,
(b)]. As the nonequilibrium mother local mode popu-asI'~! andg; ' (local mode lifetime) are given by the dy-
lation decreases, the nonequilibrium daughter phononamics of th&/65 cm™! local mode (which was measured),
modes which are driven by this particular decay routeand the daughter phonon lifetimeg>{ and g3,) are
increase. The nonequilibrium daughter phonon modéndependent.
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In conclusion, we have measured the dynamics of lo-[7] W. Jia, H. Liu, S. Jaffe, W. M. Yen, and B. Denker, Phys.
cal and phonon modes during the electronic-vibronic non-  Rev. B43, 5234 (1991).
radiative relaxation of a photoexcited laser impurity ion [8] Dana M. Calistru, W.B. Wang, V. Petricevic, and R.R.
proving the active participation of local modes in the non- __ Alfano, Phys. Rev. B1, 14980 (1995).
radiative relaxation process. We have shown that thel®l ?éGS'de(ngé)Y- Takiguchi, and R.R. Alfano, Opt. Lett.
noneqUIII_b_rlum local mode popu!atlon builds up during 10] S.,G. Demos, V. Petricevic, and R.R. Alfano, Phys. Rev.
the transition through an electronic bottleneck and decayg B 52, 1544 (1995)
by_ interaction with a restricted number of phonon mode 11] R. R. Alfano and S. L. Shapiro, Phys. Rev. Le8, 1655
(discrete-to-discrete energy transfer) rather than through = (1979).
direct interaction with the phonon continuum. This leads[12] A. Laubereau, G. Kehl, and W. Kaiser, Opt. Commu,
to a time-shifted temporal profile for the nonequilibrium 74 (1974).
daughter phonons with respect to the dynamics of th§l3] A certain phonon decay pathway is allowed if the product
nonequilibrium mother local mode (Fig. 2) such that the of the wave functions of the vibrational modes involved

daughters peak atT'~! + gfl ~ 8 ps. The following in this particular route is equal to or contains the totally
vestigation (C‘i‘* in Cr:Mg,SiO; : 3B,(3T))-'E electronic invariant under all the operations of the group) [16]. The

group describing the symmetry of different phonon and
local modes is the site symmetry. On the other hand, the
experimental results are obtained in terms of the symmetry

bottleneck transition tim&.8 = 0.3 ps, local mode life-
time (due only to an intermolecular anharmonic decay

channel)5.1 = 0.5 PS'_birth time of daughter phonons of the unit cell (space group symmetry). The information
7.9 * 0.6 ps, and lifetime of daughter phonons (due to provided by the symmetry of the unit cell can be reduced
interaction with the continuum of phonors)= 0.5 ps. to results describing the site symmetry by making use
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