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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 Cr41 local mode in Cr:Mg2SiO4 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]
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Understanding the role of local modes in the non
diative relaxation is crucial to several physics areas s
as laser materials, defects in dielectric crystals, and d
age threshold in nonlinear crystals. Room-temperat
operation of impurity-doped solid state lasers emitting
the nearinfrared and midinfrared spectral region is g
erally affected by nonradiative processes. The first
proach to the nonradiative relaxation occurred more th
four decades ago using the Born-Oppenheimer appr
mation which was further extended to include interactio
with a spectrum of phonons [1]. Although several mo
els were proposed to describe the nonradiative transiti
in transition-metal-ion systems [2], to date there is no th
ory predicting the salient parameters of an impurity-dop
system which may affect the energy transfer from an i
purity center into the lattice environment. Studies ha
shown that following photoexcitation, the excess energy
the ionic site is released nonradiatively into the lattice v
a limited number of distinct phonons [3,4], but no info
mation is available on the involvement of local (impuri
associated) modes in the nonradiative relaxation, altho
they are expected to play a crucial role in the relaxat
process [5].

In this Letter, we report on the dynamics of an impuri
laser ion’s local modes during the nonradiative electron
vibronic relaxation, proving the direct participation o
local modes to the energy transfer from the photoexci
ion into the lattice. It is shown that the excess energy
the nonequilibrium local modes is transferred to a selec
number of daughter phonons rather than, directly, to
phonon continuum. The characteristic electronic, loc
and phonon modes relaxation lifetimes are obtained
the most probable decay route.

The material selected for investigation wa
Cr:Mg2SiO4, the first Cr41-based laser crystal [6]
Mg2SiO4 belongs to the olivine family and hasPnma,
Z ­ 4 sD16

2hd space group symmetry, with lattice con
stantsa ­ 10.22 Å, b ­ 5.99 Å, andc ­ 4.76 Å. Cr41

substitutes for Si41 in a tetrahedrally distorted position
with Cs site symmetry (which is sometimes approximat
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by C2y [7]). The sample was a10 3 8 3 6 mm3 ori-
ented Cr:Mg2SiO4 single crystal. All measurements we
performed at room temperature.

Cr41 ions were excited near the zero-phonon line of
3B2s3T1d state [7] with linearly polarized 598 nm exc
tation, corresponding to the maximum anti-Stokes re
nance enhancement for the highest frequency, hig
scattering cross section765 cm21 Cr41 local mode [8].
500 fs, 598 nm excitation pulses were obtained by s
chronously pumping a Rh-6G dye laser with a mod
locked Nd:YAG laser (82 MHz repetition rate) whos
output pulses were compressed by a pulse compre
(before entering the dye laser) to,4 ps (at 532 nm). The
,40 mW excitation pulse measured at the sample site
split into pump and probe pulses with intensity ratio 2y1,
respectively. The spectral pulse width was,35 cm21.
The probe pulse entered an adjustable time-delay
where it was retarded by a variable timeDt with respect
to the pump pulse. The probe pulse was then recomb
with the pump pulse and focused into the sample to
estimated20 mm diameter spot, in a back-scattering g
ometry using a microscope objective.

Polarized anti-Stokes spectra corresponding to tot
symmetricAg modes were collected for different time d
lays Dt using a SPEX triple spectrometer with spect
resolution5 cm21 and a PIAS, Hamamatsu C1815 phot
counter. The change in the intensity of the765 cm21 Cr41

local mode, indicating the transient presence of none
librium local mode population following photoexcitatio
of Cr41 ions was monitored. The 609 and826 856 cm21

phonon modes were selected as reference since the
not involved in the nonradiative relaxation process [4].
addition, the dynamics of the335 cm21 daughter phonon
modes involved in the most probable decay pathway of
765 cm21 local mode was investigated.

Figure 1 displays the measured anti-StokesAg spec-
tra, in the 500 900 cm21 spectral range, under th
above described experimental conditions, at two diff
ent time delays following photoexcitation: (a)Dt ­ 3 ps,
continuous-line profile, and (b)Dt ­ 35 ps, dashed-line
© 1997 The American Physical Society
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FIG. 1. Time resolved Cr:MgSiO4 anti-StokesAg spectra obtained at room temperature under 598 nm excitation wavelengt
(a) Dt ­ 3 ps and (b)Dt ­ 35 ps pump-probe delay time, in the500 900 cm21 spectral region. The inset shows anit-Stok
resonance Raman (continuous line) and Raman (dashed line)Ag spectra, for Cr41:MgSiO4 and Mg2SiO4, respectively, obtained
under 598 nm excitation wavelength, in the 500–900 nm spectral range.
a
o
m

-
g
a
e

v

e
-

e
r
q
a
i

th
th
e
h

he

ic

i-
to

ing
n

profile. The increased intensity of the765 cm21 lo-
cal mode 3 ps after photoexcitation indicates the tr
sient presence of nonequilibrium local mode populati
The inset in Fig. 1 presents anti-Stokes resonance Ra
(continuous line) and Raman (dashed line)Ag spectra,
for Cr41:MgSiO4 and Mg2SiO4, respectively, obtained un
der 598 nm excitation, in the 500–900 nm spectral ran
The 765 cm21 Cr41 local mode is boxed. The spectr
pulse width was,5 cm21 for both spectra shown in th
inset.

The normalized relative change in the integrated (o
26 cm21) intensity of the 765 cm21 local mode, tak-
ing as reference the609 cm21 integrated (over26 cm21)
constant phonon mode intensity, for different time d
lays Dt is shown in Fig. 2 (filled boxes). The mea
sured dynamics of the335 cm21 daughter phonon mod
is also depicted in Fig. 2 (open circles). The tempo
profiles presented in Fig. 2 demonstrate that the none
librium local mode population builds up during the initi
3–4 ps following photoexcitation, while the nonequ
librium phonon mode population reaches its maximu
,8 ps following photoexcitation.

To explain the experimental data and estimate
characteristic lifetimes of the subsystems involved in
nonradiative decay process, the following mod
schematically depicted in Fig. 3, was developed. T
598 nm pump pulse photoexcites Cr41 ions near the
zero-phonon line of the3B2s3T1d state, creating an
excited state populationhstd. The lack of emission
from the 3B2s3T1d state suggests that Cr41 ions relax
nonradiatively towards the metastable level at 9150 n
n-
n.
an

e.
l

er

-

al
ui-
l
-
m

e
e
l,
e

m,

by making a transition to the lower lying1E state. As
the above-mentioned transition is spin forbidden, t
system requires a longer tunneling timeG21, giving
rise to an electronic bottleneck (G is the transition
rate probability of the system through the electron
bottleneck). The presence of the3B2s3T1d-1E bottleneck
was first reported using the up-converted hot lum
nescence technique, and its lifetime was measured

FIG. 2. Normalized measuredsj, sd and fitted s ,
· · · · · ·d dynamics for the 765 cm21 (local) and 335 cm21

(phonon) modes, respectively. Best fits were obtained us
the following parameters from the intermolecular relaxatio
pathway: electronic bottleneck transition timeG21 ­ 2.8 ps,
local mode lifetimeg21

1 ­ 5.1 ps, and phonon mode lifetime
g21

30 ­ 5 ps.
375
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FIG. 3. (a) Schematic diagram showing the increase in
local mode population following the crossing of th
3B2s3T1d-1E electronic bottleneck; (b) intermolecular nonra
diative relaxation pathway for the765 cm21 local mode and
characteristic decay rates.

be G21 , 10 ps [9]. It was also shown that the nex
lower lying Cr41 bottleneck, with an estimated lifetim
of the order of hundreds of nanoseconds, appears
,735 nm [bottom of 3A2s3T1d state] [10]. As the elec-
tronic transition is accompanied by an increase in
occupation number for local modes [electronic-vibron
transitions, see Fig. 3(a)], it is expected that the noneq
librium local mode population rises during the tim
needed to cross the electronic bottleneck,G21.

Following the transition through the electronic bottl
neck, the local mode population decays nonradiative
The energy of the nonequilibrium local mode populati
can be transferred nonradiatively into the lattice by o
of the following processes: The local mode interac
with the lattice represented by a continuum of phon
modes and distributes the excess energy into the rese
(discrete-to-continuum energy transfer), and/or the lo
mode interacts with a very restricted number of vibratio
(daughters) which take over the excess energy and dis
a transient, “time-shifted” (from the driving local mode
nonequilibrium population (discrete-to-discrete ener
transfer). The most likely energetic-wise daughter dec
channels for the investigated765 cm21 local mode are
(a) decay into two phonon modesv1P 1 v2P (inter-
molecular decay), such that765 cm21 ! v1P 1 v2P

with v1P ­ 335 cm21 and v2P ­ 424 cm21; or (b)
decay into two local modesv1L 1 v2L (intramolecu-
lar decay), such that765 cm21 ! v1L 1 v2L with
v1L ­ 346 cm21 and v2L ­ 420 cm21. The nonequi-
librium local mode population transfers into nonequili
rium phonon mode population [for both cases (a) a
(b)]. As the nonequilibrium mother local mode pop
lation decreases, the nonequilibrium daughter phon
modes which are driven by this particular decay rou
increase. The nonequilibrium daughter phonon mo
376
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population decays by interactions with the phono
continuum allowing the system to return to therma
equilibrium.

It should be mentioned that the inset in Fig. 1 show
that there are no phonon or local modes in resonan
with the 765 cm21 local mode, indicating that resonanc
nonradiative processes cannot occur for this local mo
Discrete-to-discrete energy decay pathways were fi
investigated in liquids [11] where it was shown tha
intermolecular resonance processes are possible [12].

The temporal profiles in Fig. 2 show that the335 cm21

daughter phonon is created during the decay of t
765 cm21 local mode, indicating a discrete-to-discret
pathway. It should be noted that no information ca
be obtained on the dynamics of the424 cm21 daughter
phonon mode which is too weak to be resolved in an an
Stokes Raman spectrum.

Group symmetry selection rules show that the inte
molecular decay pathway case (a) is allowed but t
intramolecular pathway case (b) is not [13]. The rel
vant modes of vibration for the765 cm21 decay pathway
have the following symmetries: the 765 and346 cm21

local [14] and 335 and424 cm21 phonon modes [15] ap-
pear inAg spectra, i.e., are totally symmetric inCs sA0d.
The 420 cm21 local mode is nontotally symmetric inCs

sA00d [14]. The intermolecular decay pathway [case (a
involves three totally symmetric vibrations: 765, 335
and 424 cm21. As the product of the threeA0 wave
functions is 13A0 3 A0 3 A0 ­ A0, i.e., totally symmet-
ric, the intermolecular decay pathway is allowed. O
the other hand, the intramolecular decay pathway [ca
(b)] involves two A0 local modes (765 and346 cm21)
and one nontotally symmetricA00 local modes420 cm21d
[14]. As the product of these three wave functions
13A0 3 A0 3 A00 ­ A00, i.e., nontotally symmetric, the in-
tramolecular decay pathway is forbidden.

The intermolecular nonradiative decay pathway can
modeled using the scheme depicted in Fig. 3(b). T
equations describing the dynamics of the ion-lattice sy
tem can be solved exactly for ad-shaped laser pulse.
The best fit was obtained for the following characterist
parameters, schematically depicted in Fig. 3(b): bottl
neck transition timeG21 ­ 2.8 6 0.3 ps, local mode life-
time g21

1 ­ 5.1 6 0.5 ps, phonon mode lifetimeg21
30 ­

5 6 0.5 ps. Figure 2 shows the calculated dynamics f
the765 cm21 local (continuous line) and335 cm21 daugh-
ter phonon (dotted line) modes using the above-mention
parameters. All fits were performed using a nonline
least-squares fit. More realistic laser pulse shapes do
lead to significant changes in these characteristic rela
tion lifetimes. It should be noted that the lack of informa
tion on the dynamics of the424 cm21 phonon mode does
not affect the determination of the characteristic lifetime
asG21 andg21

1 (local mode lifetime) are given by the dy-
namics of the765 cm21 local mode (which was measured)
and the daughter phonon lifetimes (g21

20 and g21
30 ) are

independent.
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In conclusion, we have measured the dynamics of
cal and phonon modes during the electronic-vibronic no
radiative relaxation of a photoexcited laser impurity io
proving the active participation of local modes in the non
radiative relaxation process. We have shown that t
nonequilibrium local mode population builds up durin
the transition through an electronic bottleneck and deca
by interaction with a restricted number of phonon mod
(discrete-to-discrete energy transfer) rather than throu
direct interaction with the phonon continuum. This lead
to a time-shifted temporal profile for the nonequilibrium
daughter phonons with respect to the dynamics of t
nonequilibrium mother local mode (Fig. 2) such that th
daughters peak at,G21 1 g21

1 ø 8 ps. The following
key parameters were determined for the system under
vestigation (Cr41 in Cr:Mg2SiO4 : 3B2s3T1d-1E electronic
bottleneck transition time2.8 6 0.3 ps, local mode life-
time (due only to an intermolecular anharmonic deca
channel) 5.1 6 0.5 ps, birth time of daughter phonons
7.9 6 0.6 ps, and lifetime of daughter phonons (due t
interaction with the continuum of phonons)5 6 0.5 ps.
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