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The dephasing time of the 1086-cm ~! mode in calcite has been measured as a function of temper-
ature using a new, innovative single-shot streak-camera technique that measures the phonon de-
phasing rate in real time. Phonon-phonon interaction models have been proposed and tested to ex-
plain the temperature dependence of the experimentally measured dephasing time. It is found that
multiphonon splitting and scattering processes involving at least four phonons substantially contrib-
ute to the dephasing of the 1086-cm ™! mode in calcite.

INTRODUCTION

There has been considerable research devoted to the
understanding of optical-phonon dynamics because of its
importance to future high-speed-transport devices.
Several techniques have been employed which give infor-
mation about the phonon linewidth, phonon frequencies,
dispersion relations, symmetry type, and phonon dephas-
ing times.!® Alfano and Shapiro™® and Laubereau and
co-workers®!® were the first to utilize picosecond laser
pulses to coherently drive and directly measure the de-
phasing time of phonons in several solids and liquids.
Over the years, several groups have performed similar ex-
periments in GaP,!"!'?2 ZnSe,!* diamond,'* and quartz.’®
In all of the investigations the experimental technique re-
lied on the picosecond excite-and-probe method to moni-
tor the temporal evolution of the phonons. The tempera-
ture dependence of some of these dephasing processes
were also investigated and attributed to three-phonon de-
cay processes.

In this paper, a new innovative technique is employed
to measure directly the phonon dephasing time of the
1086-cm ™! mode of calcite in real time as a function of
temperature. The purpose of this work is twofold: to
show that three-phonon anharmonic processes are not
sufficient for describing the phonon dynamics of calcite,
and to show that depopulation dynamics are mainly re-
sponsible for the coherent dephasing of phonons in cal-
cite. The inclusion of four-phonon processes are neces-
sary and have been included to describe the temperature
dependence of the experimentally measured dephasing
time in calcite.

EXPERIMENTAL METHOD

The experimental method for measuring coherent
optical-phonon dephasing rates in real time utilizes
Raman-induced phase-conjugation  spectroscopy'®!’
(RIPS) and streak-camera technology. The laser pulses
were obtained from a Quantel Nd:YAG (yttrium alumi-
num garnet) laser system. In this technique, two
coherent laser pulses of frequency w, and w, are spatially
and temporally coincident at 170° in a 1-cm calcite sam-
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ple. This creates a coherently driven nonlinear polariza-
tion at the difference frequency w;,—w, =, where ( is
the 1086-cm ! phonon frequency. A third probing pulse
at w,, traveling opposite to w,, interrogates the nonlinear
polarization. This probe pulse is scattered from the non-
linear polarization into the phase-conjugate direction,
and is shifted to w,. In practice, a broadband picosecond
continuum pulse ~2 psec in duration!® is used as w,
which coherently drives all the Raman-active phonon
modes that have frequencies which lie within the band-
width of the continuum, ~2500 cm™!. Thus, the com-
plete phase-matched Raman spectra can be obtained
spanning thousands of wave numbers, with a single laser
pulse.!’ _

To measure the dephasing rate of the coherently excit-
ed phonons, the Raman-scattered phase-conjugate signal
is appropriately filtered to select the desired Stokes fre-
quency and is directed into a 2-psec Hamamatsu streak
camera and computer video system. In the limit of a long
probing pulse ~ 30 psec, and a short pumping pulse ~2
psec, the scattered RIPS pulse envelope varies as
exp(—2t/7,), where 7, is the dephasing time of the
coherently driven phonons.!”” This technique was suc-
cessfully tested by measuring the dephasing time of the
656-cm ! mode in CS,, which was measured to be 20
psec, in excellent agreement with previously measured
dephasing times?® and linewidth measurements.?! The
resolution limit of this technique was determined to be
~2 psec by measuring the dephasing time of the 630-
cm ™! mode in LiNbO,,!? which is known to have a sub-
picosecond response, from linewidth measurements.?? In
the current experiment, the 1086-cm ™! mode is spectrally
seclected by inserting a 10-nm bandpass filter in the beam
path of the Raman-scattered pulse, before entering the
streak camera. In order to determine the temperature
dependence of the dephasing time for this mode, the cal-
cite sample was situated in a Janis optical helium Dewar
with a temperature controller and thermocouple system.
The RIPS spectra were simultaneously monitored using a
Jarrell-Ash 1-m spectrometer and optical-multichannel-
analyzer II system. The experiment was carried out by
collecting several single-shot dephasing events and stor-
ing the data for later analysis. The temperatures at
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which the experiment were performed, varied from 5 to
300 K.

EXPERIMENTAL RESULTS

At least 12 single-shot RIPS decay events were record-
ed for each temperature and averaged to eliminate noise
fluctuations in the streak-camera output. Decay times of
the RIPS signals were extracted from the averaged data,
using a least-squares-fit algorithm. A typical RIPS pulse
shape from the calcite sample at 10 K is shown in Fig. 1.
The RIPS pulse envelope has been modeled to fit a single
exponential with a dephasing time of 20 psec, which is
shown by the dotted line.

The experimentally measured dephasing rates 74 U of
the 1086-cm ™! 4 1g mode in calcite are plotted as a func-
tion of temperature in Fig. 2. The salient feature in our
data is a rapid rise in the dephasing rate for high temper-
atures. At low temperatures, less than 50 K, the experi-
mentally measured dephasing time 7, of the phase conju-
gate signal is 20 psec. Above 50 K the decay rate of the
phase-conjugate signal increases, gives a dephasing time
T4 of 9 psec at room temperature.

THEORY

The phonons which are generated in this technique are
coherent with a well-defined wave vector k and frequency
) determined by two interacting laser pulses. The excess
population in the excited mode k greatly exceeds the
thermal equilibrium number, leading to a nonequilibrium
phonon distribution. The phonon distribution function
becomes a sharply peaked function in both momentum
and energy space. The nonequilibrium distribution
thermalizes to a boson distribution by dephasing along k
and depopulation processes, leading to a direct loss of
scattered light in the phase-matched direction.

The relative number of coherently excited phonons to
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FIG. 1. The averaged RIPS pulse shape for the 1086-cm ™!
mode of calcite at 10 K. The dotted curve corresponds to a full
width at half maximum (FWHM) 3.5-psec Gaussian pulse con-
volved with an exponentially decaying impulse response with a
dephasing time 7,=20 psec.
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FIG. 2. Theoretical and experimentally measured dephasing
rates 7, of the 1086-cm ™! mode of calcite plotted vs tempera-
ture. The dotted and dashed curves represent the decay rate for
the three-phonon splitting and scattering processes, respective-
ly. The solid curve represents the best fit for a combination of
both processes. The fitting parameters were 0.528 and 1.77
cm™! for the splitting and scattering processes, respectively.
The vibrational frequencies used in the calculations are given in
the text. The error in the experimentally measured decay times
is 10%.

the thermally excited phonons in a small range Ak can be
easily estimated. The number of phonons generated is
determined by the weaker of the two pumping beams, i.e.,
the continuum pulse. Assuming a 20-(nJ/nm) continuum
pulse at the Stokes wavelength (A=564 nm), a 1-mm?
spot size, a 3-psec pulse duration, a 0.1% conversion
efficiency to the generated phase-conjugate Raman signal,
and a l-cm™! range of Ak, which corresponds to the
linewidth at room temperature, the number of coherent
phonons per cubic centimeter, N ponon, iS ~10°. The
density of excited optical-phonon modes can be obtained
from the equation

N _ Kihonon AKAW W
modes (277_)3 ’
where K pponon ~2Kigser ~2X10%, Ak=1 cm™!, and

W=10"* sr. This leads to a density of excited modes
equal to ~ 100 modes/cm®. For comparison, the approx-
imate total density of modes in the branch is ~ 10?2 The
number of coherent optical phonons per mode which
have been generated is then N nonon/Nmodes ~ 107
phonons/mode. Comparing this to the thermal equilibri-
um number at room temperature gives

1
Nithermal = 7075
ermal ™ hQ/kT_

=5X10"3 phonons/mode , (2)
leading to a thermally excited phonon density N mat
X N nodges ~ 107! phonons/cm?. This shows that the num-
ber of coherent phonons generated by the two interacting
laser pulses greatly exceed the thermal phonon number in
the mode k £Ak, the ratio of these two quantities being
~10'. Calculating a temperature for the coherent popu-
lation using these numbers, yields temperatures on the
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TABLE 1. Direct-product table for the interaction of three phonons.

® A, E, E, A Ay,
A Ay, E, E, Ay, Ay
E, A, Eg, Ay, Ay, Ay, E, E, E,
Ay, E, A Ay,
E, Ag, Az, E, E, E,
Alu Alg A2u
AZg Alg

order of 10'° K. This shows that the coherent optical-
phonon distribution is non-boson-like. Information re-
garding the phonon dynamics in this regime of high exci-
tation can only be obtained with direct time-resolved
measurements.

Previous workers have used three-phonon
anharmonic processes to account for the observed tem-
perature dependence of optical-phonon decay times.
Higher-order multiphonon processes, involving at least
four phonons, are necessary to account for the experi-
mentally observed behavior in calcite. We will show in
the following that the temperature dependence of the
'Alg phonon decay rate can be modeled by using three-
and four-phonon decay and scattering processes. These
results indicate that other dephasing mechanisms, such as
scattering from defects and impurities, do not play a
significant role. As a result, the main dephasing mecha-
nisms are attributed to depopulation.

Below, we incorporate the anharmonic processes which
involves both the cubic and quartic terms of the interac-
tion Hamiltonian. The quartic terms are mandatory and
have been included for two reasons. (1) The Hamiltonian
which results when only the cubic terms in the anhar-
monic interaction are retained leads to a system without
a lowest-energy state, or ground state. This is a physical-

6,12,13,15

ly unrealistic situation. The inclusion of the quartic
terms, however, circumvents this anomaly, and leads to a
system with a ground state.?»?* (2) The third-order pro-
cesses which are governed by the cubic terms are often
restricted by the stringent requirements imposed by the
energy- and momentum-conservation laws. As a result,
such a limited number of three-phonon processes may be
allowed that the quartic terms can be of comparable im-
portance and significantly contribute to the phonon de-
phasing rate.

Calcite belongs to the D;, crystal class. The selection
rules for cubic (three-) and quartic (four-) phonon interac-
tions can be determined using standard group-theory
methods.?’> For three-phonon decay events, the A 1g
mode, being totally symmetric, will decay into two pho-
nons of the same symmetry, i.e., 2E,, 2E,, 24,,, 24,,,
24,4, 2A,,. Tables I and II show all of the allowed
three- and four-phonon processes, which are given by the
products of the irreducible representations of the Dy
group. There are six possible three-phonon decay paths
allowed by symmetry, with another six possible three-
phonon scattering processes, that involve the 4, mode.
In order to determine what processes actually exist, ener-
gy and momentum conservation must be maintained. A
list of the known vibration modes at k =0 and their sym-

TABLE II. Direct-product table for the interaction of four phonons.

® A18 Eg A, Eu Ay, AZg

A,® Ay, Ay,

A, ®F, E,

A1g®A2u A2u

A,®FE, E,

A1g®A1u Alu

A1 ,® A4y, Ay

E,QF, Ay, Ay, Eg E E;,E;, Ay, Ay

Eg®A2u Eu Alu’AZtnEu

Eg®Eu Alu»A2urE EuﬁEurEuvAlurAZu

Eg®A1u Eu Alu»AZu’Eu

E,® A4, E, Ayg, Ay, Eg
A2M®A2u Alg Eg A2u

A,,QFE, E, Ay, Ay, Eg E,
A2u®Alu AZg Eg Alu

A2u®A2g Alu Eu A2g

Eu®Eu Alg:AZg?Eg Eg,EgyEgyAlg)AZg Alu:AZu’Eu Eu’Eu!EurAlu)AZM
E,®4,, E, A, Arg, Eg E, Ay, Ay E,

E,® 4y, E, Ay, Ay Ey E, Ay, Arg, Eg
Alu®A1u Alg Eg AZu Eu Alu
A,,® Ay, A, E, Ay, E, Asg
A5, ® Ay, A, E, 4,, E, A, Ay
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metry and dispersion is given in Table II.

Using the selection rules of Tables I and II and the vi-
brational frequencies listed in Table III show that only
one three-phonon decay path exists:

Aigi086) =Eunsy T Euian » (3a)

and only one three-phonon scattering process exists:

Aig01086 T Eu2n=Ey(1407) - (3b)

The splitting process described by Eq. (3a) will dominate
at low temperatures due to the finite probability of a pho-
non splitting process occurring. The scattering process in
Eq. (3b) has an infinitely long scattering time at low tem-
peratures because of the requirement that a negligible
phonon population exists at low temperatures. Thus, the
scattering process will manifest itself only at high temper-
atures. The values used for the E, mode above differ
slightly from the k =0 values listed in Table II; however,
these values fall within the allowed dispersion for this
mode as displayed in Ref. 2. Conservation of momentum
is easily satisfied because of the small dispersion in the
715- and 1407-cm ™ ! modes.

Four-phonon processes are needed because of the limit-

TABLE III. List of the symmetry type, vibrational frequen-
cies, and range of dispersion for optical phonons in calcite, after
Refs. 2, 3, 7, and 8. The value of the vibrational frequencies are
given in units of wave numbers. The centered number in each
box gives the value of the vibrational frequency at k =0. The
lower numbers give the range of dispersion of the vibrational
frequencies in the Brillouin zone.

Dispersion
Symmetry Vib. freq. range
E, 102 85-130
123 123-150
223 180-223
239
297 290-310
381 320-381
715
1407
1549
E, 157 157-175
287 230-300
1434
A, 92 90-130
136 136-180
303
387
875 870-890
Ay, 210
227
Al 300
Ay, 1086

ed number of three-phonon decay and dephasing path-
ways. As a result, the higher-order phonon interactions
substantially contribute to the phonon dephasing rate.

There are three types of four-phonon processes. The
symmetry rules for the four-phonon processes can be ob-
tained from Table II. The first type allows the coherent
excited-state phonon to decay or split into three phonons
of lower energy. For the A4,, mode, 13 possible decay
paths exist. Of these 13 possibilities, only five conserve
energy. These processes are

Eg it Egient 4100 =41 (4a)
E; 9t Eyisyt Ao =4y » (4b)
EomTE, syt Eyioy=A4yg » (4¢)
E;nntE qont A=A » (4d)
E 15T E, o0t Asgam =4, - (4e)

These processes have a finite probability of occurring, be-
cause they are of the splitting type, and therefore will
dominate at low temperatures.

The second type of four-phonon process involves the
interaction of a coherent excited-state phonon Q, and a
thermally produced phonon ,. This interaction pro-
duces an intermediate state via the direct-product table,
which then decays into two new phonons, (; and Q,, in
accordance with the two-phonon direct-product table.
For the 4,, mode there are 27 possible scattering mecha-
nisms of this type allowed by symmetry considerations.
The most common interaction of this type which satisfies
energy and symmetry considerations is when {;={2; and
Q,=0y, .8,

Aig1086) T A2u92)= A1g(1086) T A2u(92) - (5)

This can be considered as a pure dephasing process. In
this process, the phase of the phonons after the collision
becomes interrupted and randomized with respect to the
phase of the phonons before the collision. The probabili-
ty of a phonon having a particular phase will be uniform-
ly distributed between O and 2, with a value 1/27. Thus
there is no net loss in phonon number in the excited state,
only a phase change in the vibrational oscillations before
and after the collision. The reason for not considering in-
teractions with acoustic phonons with frequencies less
than ~75 cm™! is because of the negligible density of
states for these modes.? Since this process is a scattering
process, it has an infinitely long dephasing rate at 0 K,
and therefore will contribute only at high temperatures.

The third type of four-phonon process corresponds to a
coherent excited-state phonon colliding with two
thermally produced phonons to create a single phonon
with a vibrational frequency equal to the sum of the three
colliding phonons. A typical process of this type which
satisfies energy and symmetry considerations is

A 1g1086) T Eg(160) T Eg(160)=Eg(1406) - (6)

The E, modes at 160 cm ™~ ! were chosen because these are
the two modes of lowest vibrational frequencies that con-
serve energy in this process. These modes are more
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densely populated at lower temperatures than the higher
vibrational modes, and as a result should have the
greatest effect on the dephasing as the temperature is in-
creased. As we can see, there are many four-phonon
pathways. Only a few are needed to fit the data.

The above processes account for the depopulation of
the coherent excited phonon state. The exact reverse of
these processes also occurs, and contributes to additional
dephasing. For example, two thermally produced pho-
nons can collide to produce a phonon in the excited state.
This new phonon will not have the same phase as the
coherent excited state. Thus, the loss of a coherent
excited-state phonon via decay or scattering along with
the simultaneous production of an incoherent excited-
state phonon from the reverse process leaves the net pop-
ulation unchanged but introduces a phonon with a phase
different from the coherent excited state. The overall
effect reduces the coherency of the excited phonon state
and thus can be considered as a dephasing process.

3849

The dephasing time of the coherent phonons can be
calculated from the inverse linewidth arising from multi-
phonon processes. The interaction Hamiltonian for the
anharmonic processes is given by?®

LS et

3 a,b,c

d)”bid] wlululwl+ -, @

where the summation is over all atoms and their corre-
sponding displacements from the equilibrium position.
Transforming to the normal coordinate representation to
eliminate cross-terms in the products of the displace-
ments using

ul=e(la;kj)g(kj) (8)

gives

—ik.-r! s g
kl,jl) (kz,jz)q(k3,j3)e ik r'+kyr +kyr' )

Hanh W 2 <I>abc a k]y]])eb(kz,jz)e (k3,]3)
lal'ljlc"'
1 R— ) ] . '
W > q)gblcdl e (ky,jiley(Ky,jp)e (Ky,js)e (Ky,ja)
* a,b,c,d

N

Xq(ky,j1)g(ky, ju)g(ks, j3)g(ky,jy)e

-i(kl-r’+k2-r"+k3-r"'+k4-r"")_+_

In the above equations, e(/a,kj) is the transformation matrix given by

1

72 %0 o1 T

(10)

and e(k,j) is the polarization vector corresponding to a particular phonon with a wave vector k and mode j. The
q(k, j) terms can be given by the creation and annihilation operators a' and g

# 172
q(k;,j; )= _m(—kn.]z_) [a*(—k,-,j,-)—l‘a(k,-,j,-)] . (11
The anharmonic Hamiltonian is then written as

1

How=3; 3 O e(kyjyelkyjp)e(ks,js)al +a;)a)+a,)a]+as)expl —itk,- r ket k']
W
+or 2 QLI e (ky, jy e(ky, jyJe(Ks, j3)e(Kyjg)ah +ayNa +ay)al+ay)a)+ay)
II’,I",I
Xexp[ —i(kyr'+ky r" +ky o ket )]+ - (12)

The calculation of the linewidth based on standard perturbation methods are often complicated and tedious. It is

more convenient to make this calculation using Green’s-function techniques?’

or by Klemens’ analysis.?®»?° For three-

phonon processes of the type discussed, the linewidth is given by?%27-3%

ik, j;;9Q,7)=
kyja k33

X (147, +73)[8(Q,—
+(ﬁ2_ﬁ3 )[8(Q1+Qz'—03)

mT . . .
18F S S IV(ky, ik iasks,is) 2 Atk +k,+kj)

Q,—Q;)—8(Q,+9,+9,)]

The quartic contribution to the linewidth can be calculated using similar techniques. It is given by
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. T . . . .
F(4)(k1,]1;QI,T)=96F S S S V(KK jaikssiske )2 Atk +k, +k;+ky)

kyjy Ky dz kgody

X (147, + 7y + 7y Ay + 7y, T,

X[8(0,—Q,—Q,—
[y (1+7,+7,)— 737, [[8(Q; +Q,— Qy— Q) —

Q,)—8(Q,+0,+0Q,+0,)]
5(Q,— 0, +0,+Q,)]

[y, — (147, +73)[[8(Q, + Q,+ 0 — Q) —8(Q,— Q,— Q,+ )]},

where n; is the mean occupation number of phonons of
the type k; , j;, and phonon frequency ;. The A(-:-)
allows for phase matching of the phonons, or momentum
conservation. In the above equations the ¥’s are compli-
cated functions which contain the information about the
anharmonic coupling coefficients, phonon polarization
vectors, atomic masses, and normal-mode frequencies.

DISCUSSION

The temperature dependence of the dephasing time due
to three-phonon processes can be obtained from Eq. (13).
The first two terms in Eq. (13) yields

7'¢_31(T)=7/1(ﬁ2+r_13+1) (15)
for the splitting process, and
T (T)=7y,(fi, —H3) (16)

for the scattering process, where n; is the thermal equi-
librium population of the ith phonon vibration n;=
[exp(hQ/kT)—1]" ! and T is the temperature of the lat-
tice.

In Fig. 2 the phonon decay rate of these processes are
plotted versus temperature along with the experimental
data, for comparison. The vibrational frequencies which
were used in Egs. (15) and (16) correspond to those given
in Egs. (3a) and (3b), respectively. From this figure we
see that the three-phonon splitting process is nearly in-
dependent of temperature and can only fit the low-
temperature data by properly adjusting y, while the
three-phonon scattering process highly dependent on
temperature and can only if the high-temperature data.
A combination of these processes is more realistic since it
includes additional depopulation and dephasing mecha-
nisms. This model gives a reasonable fit to the experi-
mental data. This fit was obtained by using a least-
squares algorithm. Large weighting factors were used in
this algorithm at the 5- and 300-K data points. The pa-
rameter y; is adjusted to fit the low-temperature data.
Increasing amounts of y, were added to minimize the er-
ror. The fitting parameters in this case were 0.528 and
1.77 cm™! for the splitting and scattering processes, re-
spectively. The reason for pinning the theoretical curve
at these two points is as follows: At temperatures less
than 40 K, the dephasing rate is constant. A large
weighting factor at 5 K causes the theory to pass through
the low-temperature data points. This minimizes the er-

(14)

ror at low temperatures. The large weighting factor at
300 K is used because this point has been previously mea-
sured by Refs. 1, 6, 19, and 31, and the results obtained
by these investigators are in excellent agreement.

The contribution to the temperature dependence of the
dephasing time arising from the four-phonon splitting
process is given by the first term in Eq. (14). Using the
procedures mentioned above yields

7',;41(T)27/3(1+ﬁ2+ﬁ3+ﬁ4+r_12ﬁ4+r_z3ﬁ4+ﬁ2ﬁ3) ,
(17)

where the n; (i =2,3,4) are the three-phonon states pro-
duced by the decay of the 4,, mode. The decay rate for
these processes is plotted as a function of temperature in
Figs. 3(a)-3(d). These processes all have the same salient
features of a constant decay rate at low temperatures and
a rapidly increasing decay rate going towards higher tem-
peratures. The four-phonon splitting process clearly
shows the same type of temperature dependence observed
in the data. The vibrational frequencies used in Eq. (17)
and displayed in Figs. 3(a)-3(d) correspond to Egs.
(4a)—4(d), respectively. The fitting parameter for these
curves is 0.528 cm 1.

The temperature dependence of the dephasing time for
the four-phonon scattering process described by Eq. (5) is
given by considering the second term of Eq. (14), which
leads to a dephasing rate of

'rq,:l(T)=7/4[ﬁ2(l+r_z3+ﬁ4)—ﬁ3ﬁ4]. (18)

In this equation n, is one of the incoming phonons and
ny and n, are the outgoing phonons. For pure dephas-
ing, Q;=Q; and Q,=Q,. The temperature dependence
for this process is plotted in Fig. 4. The coherent
excited-state phonon and the thermally produced phonon
used in this calculation have vibrational frequencies of
1086 and 92 cm ™!, respectively. The fitting parameter
used for this calculation is 0.217 cm ~!. The plot in Fig. 4
shows that for these phonons this type of four-phonon in-
teraction can model the high-temperature data, but not
the low-temperature data.

The temperature dependence of the dephasing time due
to the third type of four-phonon interaction described by
Eq. (6) is given by

o (T =y s[Ayiiy —Ag(1+ 7, +73)] . (19)

In this equation n, and n; are the population of incoming
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FIG. 3. Theoretical contribution to the four-phonon dephasing rate 7, ! due to splitting. The experimental data are also shown

for comparison. Panels (a)-(d) correspond to Eqgs. 4(a)—-4(d), respectively.

these four interactions.

phonons and n, is the population of the outgoing pho-
non. Plotting the decay rate versus temperature for this
type of four-phonon scattering process in Fig. 4 shows
that this mechanism can account for the high-
temperature regime of the experimental data, but cannot
explain the low-temperature data. The vibrational fre-
quencies of the two thermally produced incoming pho-
nons were 160 cm ! each, with a fitting parameter of 1.5
cm !, From the five types of models proposed, the pro-
cess which most closely resembles the experimental data
is that of four-phonon decay.

The phonon decay dynamics combine all three- and
four-phonon processes discussed above, because the total
dephasing is given by the inverse linewidth in Eqgs. (13)
and (14), which is a sum of all the allowed processes. It is
apparent that a combination of a three-phonon decay
process with any of the other processes discussed will, in
fact, give a qualitative fit to the experimental data. With
this in mind, a combination of the different types of decay
and scattering models were investigated. The combina-
tion of processes which gives the best fit to the experi-
mental data is a combination of a three- and a four-

The fitting parameter ¥ was chosen to be 0.528 cm ™! for
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B 7 o /I
Q o ° I
T's. 5_ ° Q ° ° ,',,J
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3- /,
10° T
5 10 20 50 100 300

TEMPERATURE  (K)

FIG. 4. Experimental results with the theoretical contribu-
tion to the four-phonon dephasing rate 7; ! due to scattering.
The vibrational frequencies and fitting parameters are given in
the text. The dashed and dotted curves represent the pure de-
phasing processes and the second type of four-phonon scatter-
ing discussed in the text, i.e., Egs. (5) and (6), respectively.
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phonon splitting process. In Fig. 5 we show a combina-
tion of the three- and four-phonon decay mechanisms,
which gives an excellent fit to the experimentally mea-
sured dephasing times. This fit was obtained using the
same algorithm as in Fig. 2. The parameters ¥, and y;
were adjusted such that the sum of ¥, and y; determines
the low-temperature regime of the data while simultane-
ously minimizing the error. The vibrational frequencies
which were used in this calculation correspond to Egs.
(3a) and (4a). The fitting parameters which give the best
fit are 0.268 and 0.260 cm™', for the three- and four-
phonon splitting processes, respectively.

A goodness-of-fit parameter can be calculated in the
least-squares sense. The total squared error for the
three-phonon decay and scattering processes (solid curve
in Fig. 2) as compared with the data is 0.04. The total
squared error for the three- and four-phonon decay pro-
cesses (Fig. 5) is 0.032. This represents a 20% reduction
of the error between the data and theoretical models
when the three- and four-phonon decay models are used.

Another important feature of the three- and four-
phonon decay model is that it accurately predicts the de-
phasing time for temperatures beyond the range investi-
gated in our work. Our model predicts a dephasing time
of ~3 psec at 700 K, which is in excellent agreement
with the measured linewidth, ~3.5 cm~'.! Using the
model depicted in Fig. 2, which uses only three-phonon
processes, predicts a dephasing time of ~4 psec at 700 K.

An important feature is obtained from this analysis.
The four-phonon contribution contributes equally, with
respect to the three-phonon contribution. However,
since there are five allowed four-phonon splitting paths
with roughly the same size coupling coefficient with the
same qualitative temperature behavior which occur
simultaneously, the total four-phonon splitting contribu-
tion is divided up among the five pathways. The four-

300

100
TEMPERATURE (K)

5 10 20 50

FIG. 5. The solid curve represents the phonon dephasing
rate 7, ' due to a combination of the three-phonon splitting pro-
cesses and the four-phonon splitting processes. The vibrational
frequencies used for the three- and four-phonon splitting pro-
cesses are given by Egs. (3a) and (4a), respectively. The fitting
parameters are given in the text. The error in the experimental-
ly measured decay times is 10%. This combination gives the
best fit to our experimentally measured decay times.

P.J. DELFYETT, R. DORSINVILLE, AND R. R. ALFANO 39

phonon fitting parameter therefore represents a lumped
anharmonic coefficient. The three-phonon splitting con-
tribution is due to only one path, so its fitting parameter
represents the anharmonic coefficient directly. With this
in mind, the ratio of the quartic anharmonic coefficient to
the cubic coefficient is y;/5y,=0.19, showing that the
quartic terms are significant.

Our work shows the following. (1) Depopulation dy-
namics is mainly responsible for the coherent dephasing
of the 1086-cm ! optical-phonon mode in calcite. At low
temperatures, the dephasing is dominated by splitting
processes, due to the finite dephasing rate at low tempera-
tures, while at high temperatures the scattering processes
become significant. (2) The combination of the three-
phonon splitting process with any other process gives
qualitative agreement with the experimental data. This
implies that the three-phonon splitting process is the
most dominant process. (3) A combination of both three-
and four-phonon splitting processes were found to give
the best fit to the data. This combination of processes in-
volves only splitting processes, which implies that split-
ting contributes more to the dephasing, as compared to
the scattering, for the temperature range investigated. (4)
In addition, the different combinations of three- and
four-phonon processes show that the addition of a four-
phonon splitting mechanism to the three-phonon split-
ting process gives a better account of the system than the
addition of the three-phonon scattering mechanism. This
shows that four-phonon processes are necessary to ex-
plain the experimental data. The total quartic anharmon-
ic coefficient is significant for the dephasing of optical
phonons. This coupling coefficient is as large as the
three-phonon process, and as a result both processes have
similar transition rates and contribute equally to the re-
laxation processes. (5) The model depicted in Fig. 4 accu-
rately predicts the dephasing rate at temperatures higher
than what was investigated in this work.

CONCLUSION

In conclusion, we have measured. the temperature
dependence of the dephasing time of the 1086-cm™!
mode of calcite, in real time, using a single laser pulse.
The temperature dependence of the dephasing time has
been fitted to a theory involving both three- and four-
phonon interactions. We have found that the four-
phonon contribution must be included to explain the tem-
perature dependence of the dephasing time. This mecha-
nism also contributies as much as the three-phonon
terms. As a result, the four-phonon interactions which
arise from the quartic terms in the expression for the
anharmonic Hamiltonian should not be neglected when
the phonon dynamics of the 1086-cm ! mode of calcite is
being considered.
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