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Coherent longitudinal optical (LO} phonons are generated through nonlinear excitation by laser

light. It is observed that the vibronic sideband structure associated with coherent LO phonons, and

that of the acoustic phonons, generated during the dephasing of the LO phonons have an unexpect-

ed dependence on the power of the excitation lasers. The effect is traced to the presence of an
electron-hole plasma which is shown to influence the phonon generation process. Moreover, it is
directly verified that the dephasing of coherent near-zone-center longitudinal optical phonons in

GaP is donunated by anharmonic decay into two half-energy longitudinal acoustic phonons.

I. INTRODUCTION

We report on an investigation of processes involved in
the generation and decay of coherent, near-zone-center,
longitudinal optical (LO) phonons (with frequency coLo
and wave vector q-0}. Nonlinear mixing of picosecond
pulses from dual synchronously pumped dye lasers has
been previously reported to produce coherent LO phonons
in GaP through coherent Raman excitation (CRE).'
Subsequent phonon dephasing was observed, directly in
the time domain, through measurements of the temporal
evolution of the intensity of a time-resolved coherent
anti-Stokes Raman scattering (TRCARS) signal. It was
postulated, in the case of GaP, that at low temperatures,
dephasing procoxh solely through anharmonic decay to
produce longitudinal acoustic (LA) phonons such that

LO(coLo 0)~LA(cot.o/2~q)+ LA(oiLo/2~ —q) .
In the present paper we first demonstrate experimentally
that this is in fact so. Moreover, we observe for the first
time that the formation of coherent LO phonons can be
strongly influenced by a nonlinear polarization associated
with the presence of an electron-hole plasma generated by
an excitation of carriers through two-photon absorption.
These findings add another facet to the evolving picture
of the interaction of optical phonons with various short-
lived electronic excitations in semiconductors.

Unfortunately, the LA phonon produced through the
decay of the coherent LO phonons are not Raman active
and can, accordingly, not be observed by the TRCARS
technique. Instead we determine the frequency distribu-
tion of the LA and LO phonons through vibronic side-
band phonon spectroscopy (VSPS). In this method the
vibronic interaction between the phonons and an impurity
based luminescent state is used to produce phonon side-
bands. In the present work the luminescence is associated
with the decay of bound excitons. Note that with the
solid held at liquid helium temperatures, the only observ-
able contribution to the anti-Stokes vibronic sideband re-
sult from the presence of nonequilibrium phonons.

II. EXPERIMENTAL TECHNIQUES
AND RESULTS

As in the case of coherent Raman excitation with pi-
cosecond duration laser pulses, ' two synchronously

pumped dye laser pulse trains are required to produce
coherent excitation of LO phonons in GaP. However, in
the present case, the strength of the vibronic sideband sig-
nal is orders of magnitude weaker than that of the CARS
signal. Hence, laser excitation with higher-energy pulses
are required. Accordingly, a nitrogen laser was used with
pulses of 5-ns duration, peak power of 400 KW, and with
variable repetition rate of from 1 to 50 Hz. The laser out-
put beam is split to synchronously pump two identical
(Coumarin) dye lasers which were constructed following
the design by Hanna et al. The maximum energy per
pulse of each dye laser is about 50 pJ with a duration of 5
ns and a spectral width of 5+1 cm '. Parallel beams, one
from each dye laser, are focused and overlapped inside the
GaP sample with a 120-mrn focusing lens. The lumines-
cence is collected at 90', analyzed with a 1-m Czerny-
Turner spectrometer and recovered through a fast pho-
tomultiplier and is then preamplified and followed by
Boxcar averaging. In order to observe useful signals it is
necessary to increase the spectrometer slit width to -300
pm, i.e., to a Gaussian instrumental halfwidth of -9
cm

A single crystal of GaP was used with an estimated ni-
trogen impurity concentration of —5.8 X 10' cm
Four sides of the crystal are polished to produce a sample
of 4 mmX4 mmX7 mm in dimension. The sample is
held in vacuum with one face in direct contact with the
cold finger of a liquid-helium cryostate. One dye laser is
operated at a frequency of coi ——18725 cm ', which to-
gether with the other laser operated at co, =18322 cm
makes up the difference frequency coLo ——coi —co, =403
cm ' required for nonlinear excitation of q-0 coherent
LO phonons in Gap. The maximum energy per laser
pulse of -50 pJ results in an initial LO phonon concen-
tration nlo ——5&10' cm, located within the overlap
volume of the two laser beams.

The laser operating at ~I also serves to excite the
luminescence from the bound exciton in GaP (zero pho-
non line at 18688 cm } with which the vibronic side-
bands are associated. The resultant anti-Stokes vibronic
sidebands are shown in Fig. 1. The hatched area covers
the frequency range obscured by the tail of the I laser.
The remainder shows quite clearly an increase in the side-
band intensity at coLo ——403 cm ' and at coLo/2=201. 5
cm '. No other phonon peaks are observed during an ef-
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FIG. l. Anti-Stokes vibronic sideband intensity as a function
of phonon frequency. Spectral resolution is 9 cm
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fective observation time of about 5 ns governed by the
transit time of LA phonons through the cross section of
the laser overlap volume. Thus, to within present experi-
mental conditions, we demonstrate that the dominant de-

cay mode for LO phonons in GaP is indeed as previously
postulated.

The results shown in Fig. 1 were obtained with the sam-
ple at about 4.2 K and the power of the s- and I-lasers be-
lllg, respectively, 75 and 135 MW/cln . Ill Figs. 2(a) aild
2(b) we present the observed dependence of the anti-Stokes
sideband intensity as measured at the LO and the LA
peak frequencies as a function of the power in the s-laser
when the power of the I-laser is fixed at 135 MW/cm .
We observe that the intensities of both the LO and LA
peaks undergo a maximum value at the s-laser-peak
power of approximately 75 MW/cm . The large uncer-
tainties in the intensities shown in Fig. 1 and Fig. 2 stem
from the weakness of the vibronic signal, photomultiplier
noise, and drifts in the signal recovery system which
makes long-time signal averaging difficult. Normal in-
tegration times for each data point was about 5 m.

A final experimental observation was obtained by
measuring a three-wave-mixing signal at the frequency

with ~I ——18725 cm ' and co,'=18S22 cm
The nonlinear response of GaP under these conditions is
similar to those involved in CRE of optical phonons, but
since ~~ —~,' is not equal to a Raman active vibrational
mode, no coherent phonons are produced. The three-
wave-mixing signal was actually used to maximize the
laser spatial overlap at the focal volume inside the crystal.
The dependence of the intensity of the three-wave-mixing
signal was also determined as a function of the intensity
of s-laser with the l-laser again fixed at 135 MW/cm .
The result is shown in Fig. 2(c).

The results indicated in Figs. 2(a) and 2(b) were repeat-
ed for various intensities of the I-laser instead of the s-
laser. The results are qualitatively similar, with increases
in laser power causing a more rapid decrease in the peak
intensities of the vibronic sidebands. Since the I-laser also
pumps the luminescence from the bound exciton, an
analysis of the results is more complicated than that due
to variations in the power of the s-laser alone. We do not,
therefore, pursue this point further.

III. THEORETICAL BASIS

In order to understand the results presented above, it
becomes necessary to examine the process under which
coherent LO phonons are generated. For this purpose we
represent the coherent phonon state by a classical, damped
harmonic oscillator driven by a force related to CRE of
the lattice and to another force related to a concurrent
nonlinear polarization of the lattice ions. Hence

p(ii)+ I"w+coLo~) =1 RElEs— ( I.PNt, ), (1)

In Eq. (1), p is the reduced lattice mass, w the coherent

amplitude, I is an ad hoc damping rate, 1 a unit polariza-
tion vector directed along the LO phonon propagation
di.rection, R the Raman tensor associated with LO pho-
nons, E; the corresponding laser field intensities at the
laser frequency of co;, e' the effective lattice charge, e„
the high-frequency dielectric constant, and PNi the non-
linear polarization.

Note from Eq. (1) that the coherent LO phonon state
can be driven resonantly by both the Raman interaction
(if co& —co, =coLo) and by the nonlinear polarization
PNi (coLo —col —co, ). We refer to the right-hand side of
Eq. (1) as the driving force, FLo. Its evaluation, particu-
larly in the presence of bound and "free" carriers, is rath-
er involved. A synopsis of the derivation appears in Ap-
pendix A. Here we write down only the final forin, which
1S
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FIG. 2. Anti-Stokes vibronic sideband intensity as a function
of s-laser peak power for Ca) the LO peak, the LA peak, and (c)
the 2-beam CARS signal intensity at Ml —m, . Symbols are ex-
perimental points and the solid, dashed, and dotted lines are
theoretical fits to the data. The /-laser peak power is fixed at
135 M%/cm .

(2)

where we have made the simplification X' '=+I &I i
(3) 43)=&»zl ——Xilzi for the elements of the third-order non-
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linear electronic susceptibility, and 8 =8,„'~ and
~X' '( = ~X„'~ ~. It is clear from Eq. (2) that in the event

of high enough values of the laser power, it becomes pos-
sible for the term containing X'3' to lead to a net decrease
in the FLO, which in turn results in a decrease in the pro-
duction of coherent LO phonons.

We first discuss the results obtained for the dependence
of the three-wave-mixing signal at 2coi —co, on the in-
cident laser power [see Fig. 2(c)]. From the general
theoreins of nonlinear mixing, ' the intensity of this signal

I3w(2~l s ) ~
I
PNL(2~i s —)

I

'

if&3~:E p p

Thus with E& fixed, I& should increase linearly with the
s-laser power,

~
E,

~

. However, the results of Fig. 2(c)
clearly show that the increase is more rapid than linear
implying that an additional, power-dependent, contribu-
tion to X' ' exists. Similarly, from Eq. (l),

~
wLo LA ~

~
~
Ei

~ ~
E,

~

and from the fact that the vibronic side-
band intensities, ILO LA, are also proportional to

Ni Q i + ~, one would expect that the sidebands increase
linearly with the power of the s-laser. But, again, the ex-
perimental results for the LO and LA sideband depicted
in Figs. 2(a) and 2(b) imply that this simple argument is
not valid in this case.

IV. ANALYSIS AND DISCUSSION

We propose that the source of the nonlinear power
dependence arises from the presence of an electron-hole
plasma. Under these circumstances both g' ' and 7' '

possess components associated with bound electrons, Xb,
and with free electrons or those associated with the
electron-hole plasma, Xf". Note that Xf ' vanishes because
of time reversal symmetry. Free carriers are generated
most likely, in our experiment, through a two-step process
illustrated in Fig. 3; the first component of which is the
excitation of a bound exciton through absorption of /-

laser light, followed by the absorption of either I- or s-
photons. The two-phonon process at 2', no doubt also
occurs, but must be several orders of magnitude weaker
since no observable recombination or zero phonon exci-
tonic luminescence was observed if only the s-laser was
used. The most likely initial result is the formation of
free carriers in the I » conduction band (and a corre-
sponding hole in the valence band)" which decay through
multistep incoherent LO phonon generation to form,
within a time short compared to our observation time, an
electron-hole plasma at, e.g., the minimum at the X point
of the 1, band. Based on our model of the plasma forma-
tion, we consider the following rate equations:

=(No N —n, —
i, )crab —N (crIIi+cr, I, )—

t*

~e-II

dt
=N (criIi+crgI, ) — =N'(aiII+a, I, ),

&c

(4)

I I I t I I I I

where Xo, N', and n, I, are, respectively, the concentra-
tion of nitrogen impurities, excited bound excitons and
photoexcited electron-hole (e-h) carriers; t' and t, are,
respectively, the lifetime of bound excitons and of e-h
carriers; 00, Oi, and cr, are the cross sections for the exci-
tation of bound excitons, and the excitation of a bound ex-
citon to form a free carrier through a further absorption
of either I- or s-laser light; and II and I, are the photon
fiux of the l- or s-laser light. The last approximation in
Eq. (4) was made since our interest is the solution within a
time of tz ——5 ns (duration of our laser pulse) while the
carrier lifetime t, is about a microsecond.
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FIG. 3. Band structure of GaP from Ref. 11, with the pro-
posed excitation of the bound exciton indicated by vertical ar-
rows. The probable decay of the free car6er via emission of LO
phonons to the minimum at the X3 level is also indicated, as is
the probable location of the electron-hole plasma. Note that the
excitation of the bound exciton does not conserve wave vector.

NORMALIZED 4-LASER INTENSITY

FIG. 4. Change of zero-phonon line intensity as the function
of /-laser. The intensity of the I-laser is normalized to 245
M%'/cm2.
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tr croli
(e + —e )

(r r+—)

—F+
n~ g r+e —r' =1+
No r —r+

(6)

When the time dependence of the laser pulse is simpli-
fied to a 5-ns duration square pulse, the approximate solu-
tions for N' and n, q can be written as

where r =t~croII+t~lt' and r+ t——~(cr&It+o,I, ).
We have measured the change of the zero-phonon line

luminescence intensity ( ac N*) as a function of the I-laser
intensity. The result is shown in Fig. 4. Hy comparing
Eq. (5) under the condition that I, =0 to the experimental
result in Fig. 4, we find the best fit values

trcroIt =0.88+0.03 and trcriIi 0.2——9+0.02 when It 13——5
MW/cm /fuoi and t~/t'=0 14 .is used since t'=35 ns
(Ref. 6) at 4.2 K.

Furthermore, from Eq. (5), a linear decrease of N* is
predicted for increasing I, and fixed II, i.e.,

e
—r e

—6
N'(fixed It,Is)= 6 —r —r —6e —e

rs6 —r

where g =spcroIto, r =trotIto, 6 =g+t, /t', and

r, =tetr, I,. An 11% decrease of N" was observed when

the maximum intensity of s-laser (I, =135 MW/cm %co, )

was applied together with I, . This implies that

8~"1I X~»
IFio cc 1+ I

1 —0.1[1+hz(1+xx)]
e„R

X(1+x)I EiE, , (12)
rx =0.11, (7)

where a =cr, /cri.
By inserting the numerical values for 6 and r into Eq.

(7), one finds x =0.66. Similarly, a linear approximation
of Eq. (6) leads to

n, t, (e +6 —1)r(1+icx)=Nt, (1+vx),No

where NI, ——6.4X10' cm and x =I,/It. This result
indicates that —10' cm of e-h carriers are excited
when x = 1 under our experimental conditions.

The full expression for X' ' under these circumstances is
then

X —Xb +Sf —Xb +Cng„p
(3) (3) (3) (3)

in which C is a material constant which depends mainly
on the band nonparabolicity. ' By substituting Eq. (8)
into the expression for X~

' in Eq. (9), one can express the
power dependence of Xf as

xf' '=x',"h,(1+~&), (10)

in which hz represents an enhancement factor of gf ' with
respect to X'i, '. It follows from Eq. (10) that the depen-
dence of the three-wave-mixing signal on the s-laser inten-
sity can be written as

Ii (2' co, ) (
I

—EI I

~)i
I
X't,

'
I

X[1+h„(1+Icx)]x .

The dashed curve of Fig. 3(c) was obtained as a best fit of
expression (11) to the data points, which yields

hr ——5.4+0.45, such that the enhancement factor due to
e-h carriers equals +8.9+1 when the s-laser power is at
its maximum. %e have previously reported' 37b ' to be
of the order of 10 esu.

Hence, by substituting Eq. (10) into (2),

24 y(3)

0 017 '
'I'"= '

is used.
In evaluating

I
w

I
~

I FLo I, the effective force was
corrected for the presence of the e-h plasma. Even for
the maximum n, .t, ——10' cm, the plasma frequency
co~ ~(n, t,

)' remains small compared to coLo. In this
weak coupling limit, the solution of the relevant coupled
equation of motion' ' for the amplitude of the coherent
phonons in the presence of the plasma leads to

~
I
FLo I /I 1+[cop(1 —coTo/coLo)/I ~i.o] ]

(13)

&Lo 4.4x10" -3X10 ~~1,
PLA Am 1.4~ 10'9

where pzhco has been estimated on the basis of the Debye
model and coiA ——3.8&(10' sec ', hco=c0LA/200 and the

= IFLo I
1+0.45 —+x

K

Note that although cur &&c0Lo, cur /I coLo && 1 and
ct)&(1 —coTolcoLo)/I ~Lo ——1, since I is of the order of 0.2
cm ' at 4.2a. ' Accordingly, the denominator of Eq.
(13) cannot be neglected. In the evaluation of expression
(13), several factors were considered. First, since

I
w

I

can also be found in this way, so can the phonon energy
density, and hence the maximum value of the phonon
number density, N. We find NLo-4. 4X10' cm when
x =0.6. %hen this value is compared to the total density
of states available to the LA phonons, pi Ab, co, into which
coherent LO phonons decay, it can be inferred that the
maximum occupation probability, nLA, is
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LA phonon sound velocity was assumed to be approxi-
mately 106 cm/sec. Since nLA

goal,

phenomena which
have been predicted to occur when ALA & 1, such as pho-
non breakdown' and optic-acoustic-phonon collective

modes' are not expected to be a factor here.
Finally, from Eqs. (12} and (13), we find the LO (or

LA) vibronic sideband intensity ( cc X'
~

w
~

) as the func-
tion of the s-laser (with fixed I-laser power) to be

(1—0 1»)I(i+&~e' ~Xb ~

/Re )(1—0.1)[i+br(i+ax)(1+x)tl x
ILO(LA) ~& (» I

u)
I 1+ t 0.46(1/a+x) )

The solid and dotted lines shown in Figs. 2(a) and 2(b) are
obtained as best fits to this equation.

It is, of course, possible that even higher-order terms in

such as fourth-order terms„may contribute to our results.
Unfortunately, little is currently known of the magnitude
of higher-order susceptibilities.

Finally, we attempt to estimate the lifetime of
LA(coLo/2, +q) phonons from the observed spectral width
of the anti-Stokes vibronic sidebands as shown in Fig. l.
The transform limited spectral width of the
LO(coio, q-0) phonon has been shown to be' approxi-
mately 0.21 cm ' at 5 K, even when the l- and s-laser
spectral width exceeds 6 cm '. Since the LO optical
branch is fiat near q=0, small uncertainties in the I- and
s-laser wave vectors, do not lead to a large spread in coLo.
Subsequently the optical phonons decay into half-energy
acoustic phonons conserving energy and wave vector in
the process. In the absence of energy conservation, one
would assume that the spectral width of the acoustic pho-
nons would exceed that of the optical phonons since
dr0/dq&0 for the acoustic phonons. But energy must
simultaneously be conserved, and since the LO phonon
spectral width is small, we suspect that the observed
acoustic-phonon spectral width should also be small.
Clearly, a full analysis of the decay process including real
dispersion relationships in GaP is required to completely
justify this point. In the absence of such an analysis, we
simply impose it as an assumption, and look for other
possible sources of the observed spectral widths demon-
strated in Fig. 1.

The width of the zero-phonon line associated with the
luminescence from the bound exciton is measured experi-
mentally under high resolution to be 3 cm '. The results
of Fig. 1 were, as noted above, observed with an (Gauss-
ian) instrumental halfwidth of 9 cm '. Convolution of
the transform limited spectral width of the LO phonons
and the instrumental width, accounts for the observed
anti-Stokes linewidth of the LO peak which is determined
to be 12+1 cm ' by fitting a Gaussian profile to the data.
Similarly, we find the halfwidth of the LA anti-Stokes
peak to be 15+1 cm '. Since we have assumed that all
other factors are the same for the LO and LA peaks, we
speculate that the difference of 3+1.4 cm ' reflects the
additional broading of the LA peak due to lifetime effects.
If these crude assumptions are correct, we find the LA
(coLo/2, +q} phonon lifetime to be roughly equal to 2+0.9
ps. If, on the other hand, the source of the observed
broadening of the LA peak arises from other factors, then

we have found only a lower limit to the acoustic phonon
lifetime.

In conclusion, we point out that through the combina-
tion of the techniques of coherent Raman excitation and
vibronic sideband phonon spectroscopy, it has been possi-
ble to verify the earlier postulate that coherent LO
(coLo,q-0) phonons dephase in GaP through decay into
LA (coLo/2, +q) phonons, that nonlinear polarization
must be taken into account and, particularly, that an
electron-hole plasma, when present, can strongly influence
excitation of coherent phonons.

APPENDIX A

From Eq. (1) the force driving the coherent amplitude,
N, is

FLo ——1 REiE, — (1 PNi ) .
E'~

(A 1)

The Raman term in Eq. (Al) can be evaluateds for GaP
taking into account the polarization of the dye lasers and
the symmetry properties of R. One finds

1.RE(E, =0.66REIE,g, (A2)

By substituting the polarization vectors for the I- and
s-lasers, using the properties of X'2)=X' ' =g' ' =g' ' as
the only nonvanishing components of the second-order
nonlinear susceptibility, one finds that

1.PNi (a)Lo) =0.66(2X' ))i)EiE, ,

where the factor of 2 represents the permutation symme-
try between the I- and s-lasers.

The term of next-higher order involves a two-step pro-
cess in which the I- and s-lasers induce a third-order non-
linear polarization at the frequency 2coi —co, which, in
turn, induces a transverse electrical field at the same fre-

in which R is the Raman tensor element, E; the corre-
sponding laser field maximum amplitude and the numeri-
cal value 0.66 and g= —', were obtained by the projection
of the polarization of I and s lasers with respect to the
crystal axes.

Next, since any nonlinear polarization in the crystal at
the mixing frequency coLo can resonantly drive coherent
LO phonons, i.e., affect the value of u), it becomes impor-
tant to consider all possible nonlinear polarization with
frequency coLo induced under the present experimental
conditions. The simplest form is

(A3)
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quency. ' This field interacts again with the laser field Et
resulting in a nonlinear polarization at ~Lo. The per-
tinent stages are

PNi(2a)l co—, )=X' '.EtEiE, ,

which induces

4mX[¹PNi (2coi —co )]
EI(2coi —co& ) =

he

and, finally,

PNL(~Lo=w ~.) =X' 'El(2~i —~.)EE( —~. ) .

Here N is a unit vector normal to k~ ——2k' —k, (the wave
vector of the laser field) and

bility due to bound electrons, 7& ', in GaP. ' The validity
of this assumption in the general case, i.e., when the con-
tribution to X' ' from free electrons or from an electron-
hole plasma, gf ' is also present, has not as yet been ex-
plored. Nevertheless, the same assumption is applied to
Xf ', since we believe that it is enough to obtain at least a
qualitative understanding of the experimental results
presented here.

There is one more contribution to PNL(coLo) due to a
different two-step process. Note that another third-order
polarization,

PNL(2coz —col ) =X:EtEzEz,
induces Er(co, —col ) at a frequency (2', —toi) such that

be=[(c/co) kz kz —e(cu)]= —0.017 (A6) PNL(~ro) =X ~2~'Er( —~s+~r )&s(~s) (A8)

in which c is the speed of light„co =2coi —co„and e(co) is
the dielectric constant at co.

Evaluation of the I component of PNL(coLo) is straight-
forward though tedious. The result is

In a manner similar to that applied to derive Eqs.
(A4)—(A7), we find another contribution to the polariza-
tion such that

1 PNL(coLo) = —0.66X' 'rl Cr 3X' '
~
EI

~
EiE, , (A7) 1 PNL(a)Lo)= —0.66(2X' ')r) Cr3X' '~ E,

~

Eiz, .

where Cx ——8~/0. 017, and the simplification X' '=X»»
=Xii22-Xiq2i has been made. The simplification has
been shown to be appropriate for the third-order suscepti-

I

(A9)

Finally, by substituting the results of (A2), (A7), and
(A9) into (Al) we obtain

see'X"'
~Lo-—0.66rl ~ — [-Cx3X"'(

I
EI I'+

I
~s I' )t)] ~i~s (A10)

In the absence of free carriers, Eq. (A10) becomes

FLO ——0.66' R + g,g E(E, ,
4'

where

XeN= 12Xs I
[1 Cx3Xs '(E—i'+&. )rl] .

(Al 1)

(A12)

H(x) =Cr3Xg"g
~
Et

~

'(1+x)=0.1(i+~),
where x =

~
E,

~
/~ Et

~

. Since the power of the s-laser
can be varied up to a limit of 135 MW/cm, i.e., up to the
fixed value of the /-laser, x&1. Thus H(x) ~0.2g~ 1.
Thus the higher order contributions to X',ff' can be neglect-
ed in the absence of free carriers.

Here, the sign of 8 is changed due to the fact that R and
Xs

' have opposite signs. ' Experimentally we finds that
~
Et

~

=10 esu when the l-laser power is fixed at 135
MW/cm rl- —', and 3X'3'=Sg10 'c esu '2'" The
second term in (A12) can be written as
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