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An investigation of dephasing rates of some optical phonons in LaF;:Ce3* (2 at. % Ce’*) crystals
by picosecond time-resolved coherent anti-Stokes Raman spectroscopy is presented. At low tem-
perature the lifetime of the 78-cm™! phonon is 380 ps, while those of five other phonons of >200
cm™! energy are in the range 2 <T; <10 ps. The decay of the 78-cm™" phonon is due to anhar-
monic spontaneous emission of two 39-cm ™! optical phonons with a cubic anharmonic matrix ele-
ment (B® %% 5%%)=0.1540.05 cm~!. The decay of the other phonons studied likely occurs by an
analogous process. The matrix elements for these phonons appear to be in the range 0.2—0.6 cm .
The dephasing rate of the 78-cm ™' phonon is followed as a function of temperature to ~ 100 K, and
the rates are well fitted by an energy relaxation model involving emission to 39-cm~! phonons and
absorption of ~40 and ~118-cm ™! thermally excited phonons. The matrix elements for absorption
processes are (0.3+0.1) and (0.5+0.2) cm™!, respectively. The rate of absorption of thermally ex-
cited 78-cm ™! phonons is < 10% of the rate of the other up-conversion processes, and it is suggested
that this is due to a type of symmetry selection rule for phonon-phonon scattering arising from
small distortions away from a bimolecular unit cell to a hexamolecular cell, which creates two dis-

tinct types of phonons.

I. INTRODUCTION

In this paper we discuss picosecond coherent anti-
Stokes Raman spectroscopy (ps CARS) measurements of
optical-phonon dynamics' ~? in LaF;:Ce* crystals. Since
LaF; is often used as a host crystal for studying electronic
energy transitions in a variety of impurity rare-earth
ions,* a knowledge of the phonon dynamics is crucial for
understanding electron-phonon coupling caused by in-
teractions of the 4f impurity electrons with the host-
crystal phonons.” These interactions create phonon side-
bands® and affect the homogeneous linewidth of the elec-
tronic transition.® A knowledge of phonon-phonon in-
teractions is crucial to the understanding of thermal con-
ductivity, and possibly also to the ionic conductivity’ that
has been observed in LaF;. LaF; is also a technologically
important material which is used as a host crystal in
several types of solid-state lasers.* A knowledge of pho-
non dynamics here can add to an understanding of nonra-
diative relaxation that occurs during the pumping of the
laser. Doped LaF; has been used as a phonon spectrome-
ter® utilizing various impurity ions and phonon-generation
and -detection schemes. In these experiments high-wave-
vector acoustic or optical phonons of LaF; are generated
and detected by phonon coupling to electronic transitions
of rare-earth ions. The results obtained by ps CARS ex-
tend the information available for k ~0 optical phonons
of higher energies (>78 cm~!) and allow for a fuller
characterization of phonon dynamics without the compli-
cation of indirect generation and detection.

In the previous studies of the decay of large wave-
vector acoustic phonons in LaF;, acoustic phonons of 23

cm~! energy were studied in LaF;:Pr’* where the Pr3+
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concentration is 0.05 at. %.° It was observed that the life-
time of these phonons was ~200 ns. Sox, Rives, and
Meltzer used stimulated emission of phonons generated by
the relaxation between the Kramers components of Er’+
to study 5- and 7-cm™! phonons in LaFy:Er’* with 0.1
at.% Er’* and obtained spin-lattice relaxation times of
46 and 6.2 us, respectively.'® Will ez al. used a heat-pulse
technique and fluorescence detection to examine lifetimes
of phonons in LaF3:Er** (0.05 at.% Er’*) of energies
from ~13 to ~30 cm™! and observed lifetimes in the
(50—1000)-ns range.!! Above 20 cm~! they observed a
v~ dependence of the lifetime on the phonon frequency.
Very recently, Meltzer, Rives, and Dixon used vibronic
sideband phonon spectroscopy to examine phonons in
LaFy:Er*t, Pr’* (0.5 at. % Pr’*, 0.3 at. % Er’*) of ener-
gies of 41 and 54 cm 1.2 The authors argue on the basis
of a partial dispersion curve'> obtained for LaF; in the
course of that study that the 41- and 54-cm~! phonons
created are primarily optical phonons and that their decay
is dominated by anharmonic emission of two lower-energy
phonons. The decay times obtained for the 41- and 54-
cm~! phonons are ~40 and ~5 ns, respectively.

We have previously used the ps CARS technique to
study optical-phonon relaxation in a variety of molecu-
lar solids including the aromatic hydrocarbon
naphthalene,>!# the amino acid /-alanine,'> and, most re-
cently, a variety of amino acid and peptide crystals.'® In
naphthalene, the intermolecular interactions are all due to
weak van der Waals forces. In the amino acids and pep-
tides the majority of intermolecular interactions are of
this type, but there are also several strong hydrogen bonds
at each molecule. In the ps CARS technique a k~0 op-
tical phonon of frequency Q is coherently excited by two
simultaneous  picosecond pulses of frequencies
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w1 —w,=1. The coherent anti-Stokes emission at Q4+ w1,
stimulated by a delayed w, pulse, is detected as the delay
is varied. The coherent anti-Stokes emission decays due
to phonon dephasing, which is also responsible for the fi-
nite width of the optical line shape. This technique is par-
ticularly suited for studying long-lived phonons (T; > 10
ps) in solids.

In solids at low temperature there are two important
phonon-dephasing mechanisms.**!7 Phonon relaxation
by anharmonic decay into lower-frequency modes results
in homogeneous broadening, giving Lorentzian lines in
the frequency domain and an exponential decay of the ps
CARS signal.!” Phonon scattering from static defects in
the crystal’ causes inhomogeneous broadening which re-
sults in a nonexponential ps CARS decay. '8

The lowest-frequency totally symmetric optical pho-
nons in naphthalene and perdeuteronaphthalene (69 and
64 cm™!, respectively) show no detectable inhomogeneous
broadening at 1.5 K, so the ps CARS decay yields a life-
time of 120 ps.!* The depopulation is apparently caused
by spontaneous emission of two acoustic phonons at half
the optical-phonon frequency.'*!° The rate of such pro-
cesses is proportional to the sum of the squares of the
various cubic anharmonic matrix elements (B coefficients)
for each decay pathway which conserves energy and wave
vector.2%2! A recent lattice-dynamical calculation of
these matrix elements for naphthalene showed them to be
nearly equal (within a factor of ~5) for each decay path-
way of the nine optical phonons, and thus optical-phonon
lifetimes are primarily determined by the two-phonon
density of states.?! This type of calculation can only be
performed on those few crystals for which detailed disper-
sion relations and one-phonon state densities have been
obtained from neutron scattering. In addition, the pro-
cedure involves lengthy computations. Since we want to
study a variety of interesting complex materials, we inves-
tigated a simplified model which assumes the B coeffi-
cients all equal to an average value.'* In this model, the
low-temperature optical-phonon lifetimes and the tem-
perature dependence of the lifetimes are fitted with one
adjustable parameter, the average cubic anharmonicity.
This model is in excellent agreement with the temperature
dependence of the naphthalene phonon lifetime from 1.5
to 200 K. In l-alanine we measured the lifetimes of seven
optical phonons and the temperature dependences.!>!6
These data were also in good agreement with this model.
The average B coefficient was ~3 cm™! in both materi-
als. This value is similar in both types of crystals because
the H bonds in I-alanine do not contribute much to the
anharmonic potential, and the rest of the intermolecular
interactions (of the nonbonded C—C, C—H, and H—H
type) are quite similar, as evidenced by x-ray studies of
bond lengths.?

The LaF; crystal structure has been the subject of some
controversy, which appears to have been resolved. The
unit cell is nearly bimolecular in the Dgh factor group?3(®
but small distortions lower the symmetry to a hexamolec-
ular cell of D%; symmetry. 232425 There are thus two
distinct types of optical phonons in the crystal, 21 which
arise from the bimolecular cell, and 48 which occur solely
as a result of the distortion. We will call these B or H
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phonons, respectively. Since the distortion is slight, the B
phonons show the most intense optical transitions.”* We
observe four of the five Raman-active phonons of this
type. The lowest of these modes, at 78 cm ™!, is long lived
(T, ~400 ps) in LaF3:Ce*+(2 at. %) at low temperature,
whereas the other three decay more rapidly (T'; < 10 ps).
These results are consistent with the energy-relaxation
model for an anharmonic matrix element about an order
of magnitude smaller than naphthalene. The smaller
anharmonicity is the result of strong ionic interactions,
compared to weak nonbonded interactions in naphthalene,
and correlates well with another measure of
anharmonicity—pressure-dependent phonon-frequency
shifts.

At low temperature the 78-cm™! mode decays to two
counterpropagating 39-cm ™! phonons. If the crystal were
bimolecular, only acoustic phonons would exist at 39
cm~!. Since the Debye frequency of LaF; is high,? the
acoustic-phonon density of states is small. Dixon and
Nicklow have shown, on the basis of neutron-diffraction
data, that a Raman-active kK ~0 phonon exists at ~40
cm~!.1® This mode is not observed in the Raman spec-
trum or in our CARS measurement, and it undoubtably is
an H phonon. The dispersion of this mode is small, re-
sulting in a large density of optical states at this frequen-
cy. The 78-cm™! mode decays primarily to these optical
phonons. Thus, in an important sense the lattice distor-
tion controls the 78-cm~! phonon lifetime. The
temperature-dependent line broadening is studied in detail
to ~100 K. The temperature dependence is dominated by
absorption of optical phonons (up conversion) at ~40 and
~118 cm~!. We do not see an appreciable contribution
from the process 78 cm~!+78 cm~!—approximately 160
cm ™!, although there is considerable state density at 160
cm~!. Either the dispersion of the final phonons does not
permit K-vector matching or the phonon-phonon scatter-
ing is governed by a selection rule which arises because
there are two types of phonons, the B and H types.

II. EXPERIMENTAL RESULTS

The LaF; crystals of several mm? dimensions were ob-
tained from Dr. W. Hargreaves of Optovac Inc. One
crystal was cut in pieces in order to study the orientation
dependence of the CARS intensity. Although the intensi-
ties change with orientation, we observed the same pho-
nons and decay rates in each geometry. The detailed ps
CARS results were obtained on ~ 1-mm-thick samples
of LaF5:Ce3*(2 at. %) oriented with the ¢ axis normal to
the crystal faces and in the direction of propagation of the
laser beams. Ce®t was chosen because it has no signifi-
cant absorption at the dye-laser wavelengths
(5550—5650 A).* Some experiments were also performed
on undoped LaF;. The ps CARS apparatus, consisting of
two dye lasers pumped by a high-repetition-rate Nd:YAG
laser (YAG denotes yttrium aluminum garnet), has been
described previously.>® This experiment measures vibra-
tional dephasing in the time domain. The decay of the ps
CARS signal is given by

I(t)< |{q(0)g(t)) |2, (1
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where q(2) is the value of the phonon normal coordi-
nate.'® The ps CARS decay is thus proportional to the
absolute square of the correlation function.

In a crystal at low temperature there is a natural
separation of time scales for phonon dynamics. The only
“fast” process is spontaneous emission of lower-frequency
phonons, and thus the low-temperature homogeneous op-
tical linewidth is due solely to the lifetime.!” Other in-
teractions such as scattering from defects or impurities
are essentially static and give rise to additional inhomo-
geneous broadening (pure phase relaxation). The effects
of these scattering mechanisms are discussed in Ref. 8.
For simplicity we adopt a phenomenological model where
the distribution of scattering rates is random with stan-
dard deviation o,. Then the phonon optical line shape is
described by the Voight profile?’ given by

I(t)<exp(—1t/T)exp(—t2/20%) , 2

where T, is the phonon lifetime. Equation (2) is the
time-domain Voight line shape. When (T,) ™o, >>1, ex-
ponential decays are observed and inhomogeneous
broadening is negligible. In this case the Raman line
shape is Lorentzian with width Av given by?’

5.33

A = .
v (cm™") T, (ps)

(3)

Several Raman-active phonons in LaF; were located by
CARS spectroscopy. Although this technique produces
intense coherent emission, the sensitivity is limited by our
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ability to discriminate against the nonresonant back-
ground scattering at the same frequency. Strong phonon
transitions were observed at 78, 314, 365, and 390 cm™!,
and somewhat weaker phonon transitions were observed
at 203 and 230 cm~!. This is in agreement with the ex-
pectation that the phonon transitions at 203 and 230
cm™!, which exist only due to the small symmetry-
breaking interactions, should have a smaller transition
moment than the modes derived mainly from the bimolec-
ular structure.?’> We could not discern any phonon in the
40-cm~! range above the nonresonant background. Our
inability to observe the 40-cm~! mode would indicate that
it is likely to be a low-intensity mode that is present due
to the slight distortion if the argument advanced by Dixon
and Nicklow'® (that the 40-cm™! mode must be Raman
active if the ir assignments are assumed to be correct) is
valid.

At low temperature all of these phonons (except the 78-
cm~! mode) showed decays identical to the instrumental
response. For these modes, 7y <10 ps and Av>0.5
cm~!. In all samples the 78-cm™! mode decayed much
more slowly. The temperature dependence was studied in
detail. Most of the experiments were performed in a
variable-temperature closed-cycle refrigerator (9—320 K)
with the crystal in thermal contact to a copper block.
One run was performed with a crystal immersed in 1.5-K
superfluid helium and held in a strain-free mounting (a
small aluminum-foil envelope). The decays in this case
were identical to the 9-K refrigerator data, indicating that
strain in the crystal mounting did not affect the crystal in
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FIG. 1. Semilogarithmic plots of ps CARS decays of 78-cm™! optical phonon in LaF;:Ce’+ crystal at different temperatures. The
decays are nearly exponential, with the inhomogeneous linewidth < 10% of the homogeneous linewidth at 9 K. The lifetime at 9 K is
(380+20) ps. The decay labeled NR (nonresonant) is the instrumental response function obtained by tuning one laser ~15 cm™! off

the 78-cm ™! signal.
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FIG. 2. Temperature dependence of the linewidth of the 78-
cm~! optical phonon in LaF; obtained from the ps CARS data.
The data are plotted as the linewidth at temperature 7' minus
the low-temperature linewidth versus 1/7. The temperature
dependence of an undoped LaF; sample is found to be similar.
The solid lines are calculated temperature dependences obtained
using Egs. (6), (8), and (9) for stimulated emission to 39-cm™!
phonons only, and for that process plus up conversion involving
~40- and ~ 118-cm~! thermally excited phonons, with no con-
tribution involving scattering by thermally excited 78-cm~! pho-
nons. The inset shows that the data may be well described by a
sum of two exponentials, one of slope 40 cm~! and one of slope
(128+7) cm~L.

the refrigerator, and that the lowest temperature obtain-
able in the refrigerator (9 K) was sufficient to freeze out
most thermal line broadening. The 78-cm ™! phonon in
our two undoped LaF; samples decayed somewhat faster
than in LaF;:Ce**, which suggests that a concentration
study would be interesting.

In Fig. 1 we show a series of ps CARS decays of the
LaF:;Ce’*(2 at. %) crystal at various temperatures. The
initial rapid transient at ¢ =0 is due to the nonresonant
susceptibility."?> The decays are very nearly exponential
at all temperatures. At 9 K the lifetime is (380+20) ps,
corresponding to a  Lorentzian linewidth  of
(0.0140+0.0007) cm™!. By a computer fit of the data to
Eq. (2), we determined that the inhomogeneous linewidth
at 9 K is less than 102 cm™! despite the 2 at. % doping
level. The decay marked NR (nonresonant) in Fig. 1 is
the measured instrumental response of the laser system
obtained by tuning one laser ~15 cm™! away from 78
cm™!. The trailing edge is exponential with 1/e decay
lifetime of (14+0.5) ps. A decay with Ty > 10 ps would
result in noticeable broadening of this function.

Figure 2 shows the temperature dependence of the
linewidth for the data (solid circles) from Fig. 1. We plot
Av, the linewidth with the 9-K value subtracted, versus
the inverse temperature. Undoped LaF; shows a very
similar temperature dependence to the 2-at. % Ce®™* crys-
tal. From 9 to 90 K the linewidth change is seen to vary
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over a dynamic range of ~3X 102 The calculated curves
are a fit to the energy-relaxation model discussed in the
next section. The data are nonlinear over this temperature
range and indicate that more than one phonon is involved
in the relaxation process. The inset shows that the initial
(low-temperature) slope of the data is 40 cm~!. The resi-
duals (open circles in inset) are linear (r > —0.99) with a
slope of (128+7) cm™!. Thus the temperature dependence
is approximated quite well in this regime by a sum of two
exponentials.

III. DISCUSSION

The lack of substantial inhomogeneous broadening ob-
served for the 78-cm ™! phonon in the LaF;:Ce3*(2 at. %)
indicates that at low temperatures vibrational dephasing is
dominated by energy relaxation through spontaneous
emission of phonons. The defect scattering rate in the 2-
at. % doped crystal is apparently less than 5x10% s~1,
Consequently, only the longer-lived, lower-frequency pho-
nons should be strongly affected by defects. The rate of
energy relaxation can be calculated by expanding the crys-
tal potential energy about the equilibrium position in
powers of the phonon normal coordinates.?”?! The tem-
perature dependence (Fig. 2), which has an initial slope of
~40 cm™!, indicates that only two phonons are emitted
in the decay process. (Multiphonon emission would show
a steeper temperature dependence.!) In this case the
temperature-dependent lifetime T'(T) of a laser-generated
phonon, whose frequency is Q and wave vector k ~ 0, is*!

SPONTANEOUS
EMISSION

EMISSION
/2

—_ — \

Q. k=0 oY

ABSORPTION

FIG. 3. Diagrammatic representation of phonon decay
caused by cubic anharmonic coupling. The double solid lines
represent a laser-generated phonon, single solid lines represent
emitted phonons, and wavy lines represent thermal phonons.
Only one stimulated-emission diagram is shown; in the other di-
agram the emission is stimulated by an w, phonon.
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+\B Q o, o, (nwl‘nwz)S(Q"'wl_wz s (4a)
[

where In this work we wish to investigate the relation between
the one-phonon density of states and the phonon decay
rates. Since we lack a full dispersion-curve analysis for
n,=[exp(fiw/kgT)—1]""! (4b)  LaF; [the published dispersion curves extend to only ~90

is the thermal occupation number of phonons of frequen-
cy o, and the B coefficients are defined in Ref. 21. Equa-
tion (4a) describes three distinct decay processes: spon-
taneous and stimulated emission, which result in down
conversion to lower-frequency phonons @; and w,, and ab-
sorption of @; phonons, which results in up conversion to
an w, phonon. These processes are represented diagram-
matically in Fig. 3. In the diagrams, a double arrow
represents the laser-excited phonon, a wavy arrow a
thermal phonon, and a single arrow an emitted phonon.
Only one of the stimulated-emission diagrams is shown.
The other would be identical except that a thermal w,
phonon causes the relaxation.

|

cm™! (Ref. 13)], we consider only processes which can
connect the k ~0 phonons seen in ir and Raman investi-
gations. In the absence of more detailed direction-
dependent dispersions, the crystal is treated as an isotropic
solid. Then Eq. (4a) is written as a sum over allowed de-
cay processes. It is also necessary to know the two-
phonon density of states. This quantity has been calculat-
ed for crystalline NH; (Ref. 20) and naphthalene (Ref.
21), and a reasonable approximation is the product of two
one-phonon densities of states, i.e.,

m(a)l,wz)zp(a)l)p(wz) . (5)
In this case Eq. (4b) becomes

~ 36 . 0 K -k
(7D a=?2<3 2 o Q_w1> (i, + 11, + Dl )p( R —0)
DC
(3) 6 1—(’ E 2
+3 z(a 0 o w140) o —Teralp@)p@+0), ©)

where DC and UC indicate, respectively, down- and up-conversion processes.

For the 78-cm ™' phonon, [ T1(0)],

counterpropagating acoustic phonons at 39 cm !

acoustic density of states can be calculated in the Debye approximation?’

Thus the low-temperature lifetime of the 78-cm ! mode is

36<B)

[TI(O)]78 cm— —-1= ﬁz

@)

78 39 39

where all frequencies are in cm~!.  Meltzer, Rives, and

Dixon have approximated the density of states at ~39
cm~! and find that the optical modes dominate the
acoustic-mode density at this frequency.'? We estimate
the optical density by noting there are two TO modes with
an approximate bandwidth of 15 cm™! y1eld1ng
(p$B')~0.13 states/cm~!. (The estimate used in Ref. 12 is
identical.) Using Eq. (5) and the isotropic Debye approxi-
mation,?” we find that the two-phonon optical density of
states at 39 cm™! exceeds the acoustic contribution by
~10* Hence we conclude that the 78-cm ™! mode decays
primarily by optical-phonon emission, and we obtain

0 kK —k
<B(3’ 78 39 39> =(0.154+0.05) cm™! . (8)
opt

0 k —§>2 [3%(39)2 2

—1=380 ps. There are two possible down-conversion processes: emission of two
or emission of two counterpropagating 39-cm !

optical phonons. The
(wp=272 cm~! for low-temperature LaF;).2

) . 8 K —Kp |

[

If we had assumed instead that the decay was to acoustic
phonons, the B coefficient would be ~35 cm ™!, which is
unrealistically large, being ~50% of the phonon frequen-
cy. The decay to optical phonons is caused by two effects:
the small symmetry distortion which creates the hex-
amolecular unit cell and the 48 new optical phonons, and
the high Debye frequency of LaF;. The 78-cm~! mode
and ~40-cm~! acoustic and optical phonons are illustrat-
ed schematically in Fig. 4. Although the phonon eigen-
vectors are not known exactly, the 78-cm~! mode is pr1-
marily a La* translation?®® with the two La* ions in
the unit cell moving out of phase. The illustration of the
crystal is analogous to our expenmental geometry: the
crystal ¢ axis is out of plane and the k vector of the
laser-generated 78-cm™! phonon is along the a axis. For
clarity, the F~ ions are omitted and only one component
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(a)

_Bimolecular Unit Cell
[kK1=0 78cmi optical phonon

(b)

_Bimolecular Unit Cell
|'kl=Z= acoustic phonon
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B e

_Hexamolecular Unit Cell
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+
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FIG. 4. Schematic representation of the phonons involved in
the low-temperature decay of the 78-cm™! mode. Only the
La’* ions and a component of motion in the horizontal direc-
tion are shown for clarity. The crystal ¢ axis is out of the page.
(a) The K=~0 78-cm~! phonon is primarily a La3* motion. (b)
An acoustic phonon of | K | =/2a is shown. The actual pho-
non which can be emitted by the 78-cm~! mode has
| K| ~7/10a. Dispersion of acoustic phonons in LaF; is large,
resulting in a small acoustic density of states at 39 cm~!. (c)
The 40-cm~! optical phonon is created from acoustic phonons
by the small symmetry-breaking distortion which creates the
hexamolecular unit cell. This mode has very weak optical ac-
tivity but has a large density of states at 39 cm~!. Consequent-
ly, emission of two counterpropagating optical phonons ac-
counts for most of the lifetime of the 78-cm~! mode.

of La3* motion is shown. Figure 4(a) illustrates the 78-
em~! K~0 mode for a hypothetical bimolecular DS,
crystal. Figure 4(b) illustrates an acoustic phonon in the
bimolecular crystal with K vector parallel to the a axis

and |K|=m/2a. The actual acoustic phonons which
would be emitted by the 78-cm™~! mode have
| EI ~m/10a. The out-of-phase interactions between ad-
jacent unit cells are quite large and thus the phonon has a
large dispersion resulting in a small density of states at
about 40 cm~!. Figure 4(c) illustrates the ~40-cm~! op-
tical phonon in the hexamolecular cell. We have con-
structed what appears to be the lowest-frequency optic
phonon in the hexamolecular cell. For illustrative pur-
poses the outlines of the bimolecular cells are shown as
dashed lines. The mode illustrated has | k | =m/2a, but
we do not know the wavelength of the emitted phonons.
If not for the lattice distortion, this mode would be an op-
tically inactive acoustic phonon; consequently, it is not
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strongly optically active in the LaF; crystal. Since the
dispersion of this mode is much smaller than for acoustic
phonons,!® the out-of-phase interaction between adjacent
hexamolecular unit cells is relatively small, and there is
considerable density of states at 39 cm~ .

The temperature-dependent scattering processes of the
78-cm ™! mode can now be analyzed using the data in Fig.
2. Since the ps CARS decays are exponential up to ~ 100
K, it is likely that the temperature dependence is due to a
decreasing lifetime with temperature, although some con-
tribution from “pure” dephasing cannot be ruled out. Re-
cently, it was shown that the temperature dependence of
naphthalene'* and several amino-acid and peptide crys-
tals'>16 in this range is the result of energy relaxation.
With the use of Egs. (8) and (6) the rate of stimulated
optical-phonon emission can be calculated with no adjust-
able parameters, and this rate is plotted in Fig. 2. This
process, which has a 39-cm ™! activation energy, accounts
for only ~10% of the observed thermal line broadening,
and we conclude that as in organic molecular crystals the
up-conversion process is more efficient than down conver-
sion."!® Since up conversion involves scattering by
| K | 40 phonons, we initially expected that the 78-cm ™"
mode could interact with optical phonons of any symme-
try (as discussed above, acoustic scattering is negligible),
and that as the temperature was increased toward 100 K
we would see scattering by all the low-frequency phonons

FIG. 5. Diagrammatic representation of the up-conversion
processes most likely to affect the 78-cm™! phonon from
10—100 K. Process 2 is observed to be much less efficient than
processes 1 and 3. ’
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weighted appropriately by the thermal occupation num-
bers and density of states. The important up-conversion
processes in this temperature range are shownin Fig. 5.

As is evident from Fig. 2 we see processes 1 and 3 but
no sizable contribution from process 2. (Error analysis
shows the rate of process 2 to be less than 10% of the oth-
er two processes.) The calculated temperature dependence
in Fig. 2 is obtained by fitting Eq. (6) to the data. Two
adjustable parameters were used: the efficiencies of the
processes 1 and 3, defined as the product of the square of
the B coefficient and the density of states. As discussed
above the calculation of the stimulated-emission rate re-
quires no adjustable parameters.

The B coefficients can be determined from these effi-
ciencies if the appropriate values of the density of states
are known. An approximate density of states for LaF;
has been obtained by an analysis of phonon sidebands of
the 3H,—>P, transition of Pr’* in 1 at. % LaF3Pr’*.}
We normalized the values of this density of states by ra-
tioing them to the value obtained at 39 cm~!. The
relevant values of the density of states used in this work
are given in Table I. The uncertainty in these values is es-
timated at 50% and is caused by our initial estimate of
p(39 cm™!) and the effect of a variation of electron-
phonon—coupling coefficients in the evaluation of the ap-
proximate density of states from Ref. 5. The values we
obtain for the B coefficients for up conversion of the 78-
cm™! phonon are

0 kK k

<B‘3> 78 40 128>=(0.3i0.1)cm“, (9a)
0 kK

(B(” 78 78 156><O.08 em™?!, (9b)

- -

(B(” k K )-—(O 5+0.2) cm™! (9c)
78 118 196/ 77— :

TABLE 1. One-phonon density of states for phonons in-
volved in decay processes of optical phonons of LaF;. Estimat-
ed uncertainty is 50%.

© plw)
(cm™?) (states/cm™!)?
39 0.13
53 0.58
57 1.1
68 0.52
78 0.38
118 0.22
140 0.46
150 0.64
156 0.35
173 0.61
196 0.49
225 1.2
240 0.98
246 1.1

2To convert to the units used in Ref. 12 (states/cm™')/cm?, mul-
tiply by 3 10%',
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ps CARS measurements were made on five other
Raman-active phonons in LaF; at low temperature.
These include three of the other four B-type phonons
which are more intense than H-type phonons arising from
the small lattice distortions. The ps CARS experiments
establish that these phonons have T;<10 ps. From
analysis of published Raman spectra and the linewidths,
we infer that T >2 ps.23@»2* Using the density of states®
we predict the most likely decay route of these phonons.
The phonon frequencies and predicted decay routes are
given in Table II. We can use this information and Eq.
(6) to determine bounds on the B coefficients for down
conversion of these phonons, and we find them to lie in
the range 0.2—0.6 cm ™1,

In the calculation of Della Valle et al.?! of the B coeffi-
cients of naphthalene, it was noted that the B coefficients
for the various decay pathways were nearly equal. These
authors suggested the extreme complexity of the calcula-
tion could be avoided by a simplified model where these
coefficients are assumed equal. This simplified model
worked quite well for the organic molecular crystals
naphthalene'* and l-alanine' for a value (B®®)~3 cm~".
If we would apply the same model to LaF; we would
choose an average B coefficient of ~0.3 cm~!, an order
of magnitude smaller than for the molecular crystals.
This value would result in rough agreement with the low-
temperature T'’s of the phonons. However, it would not
be in very good agreement with the detailed temperature
dependence of the 78-cm~! phonon because it would
predict a significant contribution from process 2 in Fig. 5.

The smaller value of {(B‘®) for LaF; (wp =272 cm™!)
compared to naphthalene (wp =90 cm™!) and l-alanine
(wp~120 cm™!') indicates that the lattice of this ionic
crystal is significantly more harmonic than that of organ-
ic molecular crystals. This view is strengthened by com-
parison of available data on other measures of relative
anharmonicity. Data on pressure-dependent phonon-
frequency shifts at ambient temperature are available for
LaF;,%* naphthalene,”® and a-glycine® (which is very
similar to Il-alanine). The proportional frequency shift
Av/v from 0 to 5 kbar of the lowest-frequency Raman-
active phonons are ~1% for LaF;, ~12% for glycine,
and ~23% for naphthalene. The coefficient of thermal
expansion is also much smaller for LaF;.%>3°

The smallest B coefficient we determine is for the pro-
cess 78 cm~!+78 cm~!—156 cm™!, process 2 in Fig. 5,

TABLE II. Predicted anharmonic decay pathways for emis-
sion at T =0 K for phonons in LaF; observed by ps CARS.

Phonon Decay pathway
energy for emission
{cm™1) (cm™Y)

78 39439
203 53+150
230 173457
314 681246
365 1404225
390 1504240
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and it is less than 0.08 cm~!. There appear to be two pos-
sible explanations for the absence of a significant contri-
bution from this process. Although there is a consider-
able density of states at about 156 cm~l it is possible that
K-vector conservation cannot be satisfied. The density of
states at ~ 156 cm~! most likely arises from the 145- or
166-cm~! (k=0 frequencies) phonons. It is possible that
k-vector conservation cannot be satisfied, which would
occur, e.g., if both these phonons had dispersions which
parallel the 78-cm~! mode. The other possibility is that
there is a symmetry selection rule which governs phonon-
phonon interactions in LaF;, and possibly other crystals
such as aragonite’>® which also show small distortions
away from a high-symmetry unit cell. In LaF; we have B
phonons which arise from the D¢, bimolecular cell and H
phonons which are created from high-wave-vector B pho-
nons by the lattice distortion. The eigenvectors of the H
phonons do not belong to the irreducible representations
of the D¢, group, and consequently these phonons carry a
property which the B phonons do not, namely eigenvec-
tors which transform according to the D%, factor group.
This type of analysis has been previously called the
mixed-factor—group model.3! Once it is determined that
the H phonons possess a quantity the B phonons do not,
the selection rules are obvious. The B phonons can decay
by the process B—2H since the emitted H phonons are
exactly out of phase. The up-conversion process
H +B—H is similarly allowed, whereas the process
B +B—H is forbidden since no interaction of two B pho-
nons can create an H phonon. These selection rules are
entirely consistent with our observations. This last rule
makes an additional prediction, that H phonons which
can decay only by emission of B phonons should be
“bottlenecked” and have long lifetimes. We cannot ob-
serve such a bottleneck in LaF; because there are so many
phonons that each H mode has at least one allowed decay
pathway. However, in simpler crystals like aragonite it is
more likely that such a bottleneck can be observed.

IV. SUMMARY

With the use of ps CARS, the vibrational dephasing
rate of several K~0 optical phonons was studied in
LaF;:Ce**(2 at. %). Ce*+-doped LaF; was studied be-
cause all previous work on high-frequency phonon
dynamics in LaF; used doped crystals, and Ce*+t shows no
significant absorption at the wavelength of our lasers.
The 78-cm ™! mode has a nearly exponential ps CARS de-
cay, yielding a lifetime of (380+20) ps at low temperature,
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corresponding to a Lorentzian Raman linewidth of
(0.0140+0.0007) cm~!. The other five phonons studied
decayed with T; <10 ps. Using published Raman data
we can also set a lower bound of T; >2 ps. The 78-cm™!
mode decays into two optical phonons at 39 cm~!. The
cubic anharmonicity for this process is 0.15 cm~'. For
the decay of the other phonons, the anharmonicity is in
the range 0.2—0.6 cm~!. Thus the low-temperature data
are in rough agreement with a simple model which as-
sumes the anharmonic matrix element equal to an average
value of ~0.3 cm~!. However, the detailed temperature
dependence obtained for the 78-cm ™! mode would not be
well fitted by this model because one process, 78
cm~! 4+ 78 cm~!—156 cm™!, has an anomalously small
matrix element. We suggest there may be a selection rule
for LaF; phonon-phonon scattering. This rule arises be-
cause LaF; has a nearly bimolecular unit cell with 21 op-
tical phonons, but small distortions reduce the symmetry
so there is actually a hexamolecular unit cell with 69 opti-
cal phonons.?® If we let B indicate a phonon which would
exist in an ideal bimolecular crystal, and H a phonon
which exists only in the hexamolecular unit cell, these
proposed rules may be summarized as follows:

B—-H+H, H+B—H, B+B-AH.

We have demonstrated that the ps CARS technique is a
powerful probe of high-frequency k~0 optical-phonon
dynamics in low-temperature ionic crystals. The tech-
nique avoids the complication of indirect phonon genera-
tion and detection and the details of coupling surface exci-
tations into the bulk crystal. Because the ps CARS de-
cays are measured in the time domain, the lifetime and
defect scattering contributions to the decay can be easily
separated. It should be a straightforward technical matter
to extend the technique to the subpicosecond regime, thus
allowing detailed studies of the decay of very-high-
frequency (o ~3 THz) optical phonons.
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