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We report the observation of giant quantum coherence effects in the localized modes of ionized hy-
drogen in synthetic fluorite. Infrared free induction decay experiments on the substitutional H™ center
show dramatic modulations at negative delay times due to interference between multiple vibrationa lev-
els. Spectrally resolving the degenerate four wave mixing signal allows unambiguous assignments of the
participating vibrational states. The dependence of the signal intensity upon the delay path between the
exciting free electron laser pulses can be accounted for in terms of the resonant third order polarization
with a common dephasing time for the excited states.

PACS numbers: 78.30.Hv, 41.60.Cr, 42.50.Md, 63.20.Pw

Nonradiative relaxation processes can be extremely
important for the deexcitation of molecular impurities in
crystals, glasses, and liquids. A classic exampleis tetrahe-
drally coordinated VV3* which in many oxide compounds
(e.g., LIAIO, [1]) exhibits radiative quantum efficiencies
down to less than 1%. As such, nonradiative relaxation
represents a serious limitation to the development of room
temperature solid state lasers operating in the near- and
midinfrared regions. Recent studies on isoelectronic Cr**
doped into Mg, SO, crystals have shown the importance
of local modes in mediating nonradiative energy transfer to
the lattice band phonon states[2]. Studies of the relaxation
of SH vibrational stretch modesin amorphous As,S; have
also shown the importance of local modes when account-
ing for the relaxation of diatomic molecules in solids [3].

Despite the central role which localized vibrational
modes are known to play in nonradiative decay processes,
comparatively little is known about their time evolution
during the optical pumping cycle. The earliest studies
involve the use of CO, lasers to perform saturation
measurements for H™ in CaF,. In 1971, Lee and Faust [4]
demonstrated saturation of the H™ local mode absorption,
while the study of Lang et al. [5] measured a 10 K
lifetime of 17 ps and tracked its temperature dependence
up to 110 K. The residua (10 K) lifetime and its
behavior with respect to temperature were attributed to
three-phonon anharmonic decay. At the time of writing,
only one time-resolved study utilizing pulses shorter than
the H™ local mode lifetime [6] has involved the direct
excitation of localized modes, as this has been beyond
experimental capability until the advent of the free elec-
tron laser and more recently, mid-IR optical parametric
amplifiers. Indeed, no coherent investigations have been
performed to the knowledge of the authors. In this Letter
we have applied a new technique, the spectrally resolved
infrared free induction decay (IR FID), to characterize the
coherent dynamics of the H™ substitutional localized vi-
brational mode in CaF,. Together with the time-integrated
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two-pulse IR FID, this technique can be used to detect
and characterize the excited state vibrational populations.
These methods provide a way of transferring population
in a controlled fashion and determining the dephasing
rates of the excited states involved.

Localized vibrational modes are created when a light
defect is introduced to a crystaline lattice if the force
constants between the impurity and its neighbors are simi-
lar to those between pairs of neighboring host lattice ions
[7]. For H™ ions diffused into CaF, crystals, the hydrogen
ions occupy a substitutional position and thus reside in
a center with tetrahedral point group symmetry [8]. To
a very good approximation, the localized modes can be
considered to be vibrations of the hydrogen alone with
the rest of the lattice, composed of much heavier ions,
remaining stationary. The fundamental vibration [I';(v =
0) — I's(v = 1)] of this defect is triply degenerate, has a
frequency of 965.2 cm™!, and a population decay time T
of 45 ps (this value is obtained from Ref. [6] and has been
independently confirmed by the authors at FELIX).

These experiments were performed at the Dutch Free
Electron Laser in Nieuwegein (FELIX) which was tuned
to the fundamental resonance of the substitutional H™
local mode in CaF, single crystals. The output of FELIX
was split into two pulses by an 85% transmitting ZnSe
beam splitter and then both focused onto the sample with
a 12.5 cm off-axis parabolic mirror. In these experiments,
performed in a non-co-linear degenerate four wave mixing
(DFWM) geometry, the first pulse with wave vector k;
creates a coherent polarization in the medium, and the sec-
ond pulse with wave vector k, arrives at the sample after
adelay time 7. If 7 is smaller than the dephasing time of
the polarization, an interference grating is produced from
which k, can be self-diffracted along the phase matched
direction |2k, — k;|. The diffracted energy is then mea
sured as a function of delay 7. The IR-FID technique is
related to the recent vibrational echo [9] experiments first
performed on the CO stretch mode of tungsten hexacarboy!
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in glassy dibutylphalate. However, in the vibrational echo,
the second pulse reverses the phase evolution of the
different frequency components of an inhomogeneously
broadened vibrational line leading to a superradiant burst
(or echo). The IR FID is in fact a vibrational echo
performed on a homogeneously broadened line.

The Fig. 1(a) curve shows the IR-FID signa recorded
for a sample temperature of 10 K. In this measurement,
powers of less than 80 nJ per pulse were used with a
FELIX spectral width of 4 cm~!. The signal observed is
associated with the free induction decay of the I'y(v =
0) — I's(v = 1) transition alone, as the spectral width of
FELIX is not sufficient to exceed the vibrational anhar-
monicity. Figure 1(b) curve shows the vibrational signal
recorded under the same conditions, except that the laser
bandwidth has been broadened to 45 cm™! and the power
increased to over 1.5 wJ per pulse. The transient is strik-
ing in that large modulations are present in the negative
time signal. These modulations arise because the FELIX
linewidth significantly exceeds the anharmonicity of the
system, allowing large numbers of vibrational quanta to
undergo excited state absorption transitions.

Additional information can be extracted from the IR FID
by dispersing the signal into its constituent frequencies in
a monochromator for a given (fixed) delay time and exci-
tation frequency. In this fashion, one may spectrally re-
solve the IR-FID signal. Figure 1(d) shows the spectrally
resolved IR FID for a +4 ps delay between pump and
prabe. Ascan be seen there are three frequencies contribut-
ing to the signal 954 *+ 2, 965 = 2, and 978 + 2 cm™ .
These correspond to the fundamental vibration [T (v =
0) — I's(v = 1)] and two excited state absorption transi-
tions, I's(v = 1) = I'3(vy =2)a 978 cm ! and I's(v =
1) — I's(v = 2) a 954 cm™'. Infact, if one increases the
gain sufficiently even the I's(v = 1) — I'j(v = 2) reso-
nance at 928 = 3 cm~! can be observed in the spectrally
resolved IR FID, and thus all three v = 2 states of the an-
harmonic oscillator are seen to contribute to the coherently
excited vibrational ensemble. Thus the spectrally resolved
IR FID provides a powerful new method of experimen-
tally extracting the vibrational states participating in the
stepwise excitation of an anharmonic ladder system.

To fully and quantitatively understand the origin of
the dramatic beats recorded at negative time delay we

(P3(1) = f [ | f DB E () E (1) THP O [P (10, [Py, [P (15), polll} disdtadty

where E(¢) istheelectric field of the pulses, P, (¢) isthe po-
larization operator in the interaction picture, and py is the
ground state density operator. We have included a single
dephasing rate y in the model which describes the dephas-
ing of any induced polarization. The product of the three
electric fields gives rise to many components propagating
in discrete directions. From these we select only that which
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FIG.1. 10K IR-FID signal for resonantly exciting the
9652 cm™! Ti(v =0)— (v = 1) fundamental vibration.
Employing [curve (a)] a power of 80 nJ per pulse and FELIX
spectral width 4 cm™!, and [curve (b)] a power of 1.5 uJ per
pulse and 45 cm™! FELIX spectral width. (c) The moddl fit to
(b) according to Egs. (2) and (3). (d) Spectraly resolved IR
FID exciting the fundamenta vibration with a fixed positive
time delay of nearly 4 ps. The vibrational states are labeled
by the appropriate irreducible representation (I';) under the
tetrahedral point group (7).

must look for the resonant third order polarization in the
[2k, — k| direction. A calculation of this can be done
using perturbation theory for the density operator [10].
The expectation value of the third order polarization can
be written as

)

propagates in the |2k, — k| direction with its associated
tempora oscillation. Using this, expanding the commu-
tators in Eq. (1), and evaluating the trace with the aid of
the completeness relation, one can select out the resonant
terms. For the energy level scheme, five terms remain as
depictedin Fig. 2. Thesolid arrowsindicate the transitions
induced by the incoming photons, while the dashed arrows
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FIG. 2. Schematic diagram of the lower vibrational states of
the T, center in CaF,:H™ and resonant contributions to the
DFWM signal.
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indicate the oscillating polarization which is reradiated in
the signal direction after the second pulse arrives. Fig-
ure 2(a) involves only the fundamental transition and con-
tributes only at positive time delays. Figures 2(b)—2(e)
involve two of the excited levels of the (v = 2) triplet
and contribute strongly at both negative and positive time
delays. There are severa other terms which contribute
only at precisely zero delay which give rise to the so-called
coherent artifact spike which we can ignore as it gives no
new information regarding the vibrational dynamics.
Asthe FELIX pulses are much shorter than the observed
decays we can approximate their shapes as 6 functions.
This alows us to analytically evaluate the time-integrated

| four wave mixing signa S(r) as
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where A 1, isthe detuning of the optical frequency from the | trally resolved IR FID however, is nearly half that in-

I's(v = 1) — I's(v = 2) transition energy, and similarly
A1y isthe optical detuning of the I's(v = 1) — I'3(v =
2) transition.

The dominant terms for negative time delays are the first
three terms in Eq. (3) which show the exponentia growth
and an oscillation at the difference frequency between two
of the excited statesof the v = 2 triplet. Diagrammatically
this term arises from the interference between diagrams
Figs. 2(c) and 2(e). The incoming k, pulse generates po-
larizations oscillating at w1, and wi which evolve inde-
pendently for time 7 before the emission in |2k, — k|
occurs. The interference of these two polarizations is the
origin of the strong beats at negative time delays. Super-
imposed on these beats is a modulation on a longer time
scale of around 10 ps.

Figure 1(c) shows the model fit to the data of Fig. 1(b)
using the equations derived above [Egs. (2) and (3)]. The
fit was obtained by adjusting the dephasing rate y to fit
the positive delay signal, giving 7, = 8.0 = 0.5 ps. This
value corresponding closely to the linewidth of the spec-

5000

ferred from the absorption line profile (of 16.3 ps) due
to a power broadening of the linewidth. Only at the
very lowest powers used is the IR-FID linewidth com-
parable to that measured using the absorption line pro-
file. The combinations of these 7, measurements are
eminently sensible in the light of the 45 ps lifetime mea-
sured in Ref, [6]. The feature at positive delay [curve (b)
of Fig. 1] is not explained but may be associated with
higher order coherences not included in the present model.
We have extended our model to include the influence of
inhomogeneous broadening and find that although oscil-
lations at positive delays are possible, they never coex-
ist with beats at negative times. The v = 2 excited state
splittings were held constant at the values inferred by
Raman scattering experiments [11]. This fit gives quali-
tative agreement with experiment despite the exclusion of
terms arising from higher order coherences. Thus this
simple model of the third order polarization propagat-
ing in the signal direction can qualitatively account for
the observed IR-FID signals, a fact which bodes well for
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attempts to tackle more complicated, perhaps less well-
characterized systems.

In conclusion, we have demonstrated anharmonic
ladder climbing and isolated the vibrational states partici-
pating via spectrally resolved infrared free induction decay
experiments for CaF,:H™ substitutiona localized modes
of vibration. This anharmonic ladder climbing can be
manipulated by altering the laser parameters such as pulse
length and frequency of excitation. For resonant excitation
of the fundamental vibrational frequency, dramatic oscil-
lations have been observed on the IR-FID transients at
negative time delays because of interference between mul-
tiple coherently excited vibrational states. The observed
coherent transients are quantitatively described in terms of
a simple model of the third order polarization of the H™
oscillators, and a good account is obtained for a four-level
excitation scheme.
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