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Coherent phonon generation and the two stimulated Raman tensors
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We show that stimulated Raman scattering by phonons is described by two separate tensors, one of which
accounts for the phonon-induced modulation of the susceptibility, and the other one for the dependence of the
coherent mode amplitude on the light intensity. These tensors have the same real component, associated with
impulsive generation of phonons, but different imaginary parts. If the imaginary term dominates, the mecha-
nism for two-band processes is displacive in nature. Femtosecond pump-probe experiments on antimony, using
laser energies in the range of theE28 gap, support the two-tensor model.
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The Raman effect is historically associated with the sp
taneous scattering of light by optical phonons in solids a
molecular vibrations.1 Discovered accidentally long ago2

stimulated Raman scattering~RS! has become an importan
subfield of nonlinear optics3 as well as a valuable tool fo
vibrational spectroscopy.4 Following recent developments i
femtosecond laser technology, there has been conside
interest in the properties of the coherent vibrational fie
that accompany stimulated RS processes, along with the
ploration of alternative models for generating high-amplitu
phonons.5 While there is widespread agreement that RS
the key generation mechanism in the transparent region
role in opaque materials has remained controversial.6–8 Here
we demonstrate a previously unrecognized feature of RS
can help settle the discussion.9 Specifically, we prove tha
stimulated RS is defined not by one but two distinct tenso
The first one,xkl

R , is the standard Raman susceptibility d
cussed in textbooks3 which gives both the modulation of th
linear susceptibility by the phonon and the cross section
spontaneous RS. The second, new tensorpkl

R characterizes
the electrostrictive force acting on the ions. Consistent w
the common understanding of stimulated Raman proces
the real parts of these tensors are identical and, thus,
become one and the same in the domain of transpare
Relevant to the absorbing region, however, their imagin
components differ appreciably. We have tested these pre
tions by examining the behavior of coherent phonons ge
ated at photon energies in the range of theE28 critical point of
Sb. The experimental results are in very good agreem
with the two-tensor model.

In the semiclassical formulation of stimulated RS, the
teraction between the light and a single nondegenerate m
of the vibrational field is given by the phenomenologic
potentialV52Nvc(klRklEkElQ/2.3 Here N is the number
of cells, vc is the cell volume,Eu(t) is a component of the
electric field at timet,10 Q is the phonon coordinate,Rkl
']xkl /]Q is the Raman tensor, andxkl is the linear suscep
tibility. Let V0 be the phonon frequency corresponding to
wave vector near the center of the Brillouin zone. Within t
harmonic approximation,V leads to coupled phonon-photo
field equations of the form

Pk5(
l

xklEl1Pk
R , Pk

R5(
l

RklQEl , ~1!
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Q̈1V0
2Q5F~ t ![Nvc(

kl
~RklEkEl !/2,

in which a single tensor is used to describe both the phon
induced component of the polarizationP and the electrostric-
tive forceF driving the oscillator. These expressions are r
orously valid only ifRkl does not depend on frequency, b
they can be modified without difficulty to account for dispe
sion. However, they cannot be used in absorbing media
cause the electromagnetic energy density is ill defined in
presence of dissipation.

To obtain results that apply for arbitraryE(t), we treat the
electromagnetic field as classical, and consider the Ha
tonian

Ĥ5
1

2
P̂21

V0
2

2
Q̂21Ĥe2ĴQ̂2D̂•E~ t !, ~2!

whereQ̂ and P̂ are the phonon coordinate and its associa
momentum operator;Ĥe is the Hamiltonian of the electron
subsystem withĤeun&5\vnun&. The electron-phonon and
electron-radiation interaction are given by2ĴQ̂ and
2D̂•E,11 where Ĵ and the dipole-moment operatorD̂ de-
pend only on electron variables.12 From Eq. ~2! we obtain
d2^Q̂&/dt21V0

2^Q̂&5F[^Ĵ& where ^¯& denotes the ex-
pectation value.7,8 Let F(V) be the Fourier transform o
F(t). Then

lim
t→`

^Q̂~ t !&5
2 i

A8pV0

@eiV0tF~2V0!2e2 iV0tF~V0!#.

~3!

It follows that a realF(V) gives^Q̂(t)&}sinV0 t. This case,
applying to below-gap excitation, encompasses that o
driving force of the impulsive type, i.e.,F(t)}d(t). If, in-
stead, F(V) is purely imaginary we have a steplike
displacive-type excitation witĥQ̂(t)&}cosV0t.

5–8

Using the density-matrix formalism, we obtain the fam
iar Raman correction to the polarization,3
©2002 The American Physical Society04-1
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PR~ t ![
^D&R

Nvc

5
1

2p\2Nvc
(
mn

E
2`

1`

dvE
2`

1`

dVe2 i ~v2V!tQ* ~V!

3H JmnD0muDn0•E~v!u
~vm2 igm2v1V!~vn2 ign2v!

1
Jn0D0muDmn•E~v!u

~vm2 igm2v1V!~vn2 ign1V!

1
J0nDnmuDm0•E~v!u

~vm2 igm2v!~vn1 ign2V!J 1c.c., ~4!

whereQ(V) andE(v) are the Fourier transforms of^Q̂(t)&
andE(t), andgn is the decay rate of thenth state. To lowest
order inE, the same procedure gives the driving force:8

F~ t ![^Ĵ&5
1

2p\2 (
mn

E
2`

1`

dvE
2`

1`

dVe2 iVt

3H 1

2

Jmn@Dn0•E~v!#@D0m•E* ~v2V!#

~vm1 igm2v1V!~vn2 ign2v!

1
J0m@Dmn•E~v!#@Dn0•E* ~v2V!#

~vm2 igm2V!~vn2 ign1v2V! J 1c.c. ~5!

Finally, we introduce the tensorsxkl
R andpkl

R by writing Eqs.
~4! and ~5! as

Pk
R~ t !5

1

2p (
l
E

2`

1`E
2`

1`

e2 i ~v2V!txkl
R ~v,v2V!

3El~v!Q* ~V!dv dV ~6!

and

F~ t !5
Nvc

4p (
kl

E
2`

1`E
2`

1`

e2 iVtEl~v!pkl
R ~v,v2V!

3Ek* ~v2V!dv dV, ~7!

From Eqs. ~4!–~7!, we find immediately thatxkl
R[pkl

R

[Rkl(v,v2V) if the decay rates exactly vanish. Hence,
agreement with Eq.~1!, the tensors are identical in transpa
ent materials and, more generally~i.e., even in the presenc
of absorption!, we have Re(xkl

R)[Re(pkl
R) in the limit gn

→0. On the other hand, it is apparent that the imagin
components are not the same because the correspon
poles in Eqs.~4! and ~5! are not in the same half of th
complex plane.

To provide a physical picture of the previous results,
focus on the first terms of Eqs.~4! and ~5! containing two
resonant denominators, and consider the resonant cont
tions of two-band processes. Under the simplifying assum
tion Jmn'J0[const, the Raman tensors can be written
terms of the linear dielectric tensor« i j (v).13 For gn→0 and
also uV/vu!1, we obtain
14430
y
ing

e

u-
p-

xR~v,v1V!'
J0

4p\V
@«~v1V!2«~v!#

'
J0

4p\ Fd Re~«!

dv
1 i

d Im~«!

dv G ~8!

and

pR~v1V,v!'
J0

4p\V
@«~v1V!2«* ~v!#

'
J0

4p\ Fd Re~«!

dv
12i Im~«!/VG , ~9!

where the tensor indices have been omitted for simplicit14

As anticipated, these equations reveal significant differen
between the imaginary components of the two Raman
sors. Assuming that«(v) varies slowly within the width of
the pulses, from Eqs.~9! and ~7! we obtain

F~V!}Fd Re~«!

dv
12i Im «/VG E

2`

1`

eiVtuE~ t !u2dt.

~10!

Consistent with the discussion following Eq.~3!, the real part
of « leads toF(t)}uE(t)u2, whereas the imaginary term
givesF(t)}*2`

t uE(t8)u2dt8 which is displacive in character
Since ud Re(«)/dvu!Im(«)/V0 ~this, not too close to the ab
sorption edge or in the vicinity of a sharp exciton or impur
resonance!, we expect that coherent phonons genera
through two-band scattering will exhibit mainly a displaciv
behavior. The reason why the imaginary component o«
leads to a steplike force is simply the fact that, in the pr
ence of absorption, the phonons couple to real charge-den
fluctuations which live at least for a few phonon periods, a
instantaneously shift the equilibrium position of the ions7,8

The driving force component that is in phase with the lig
pulse reflects coupling to virtual electronic transitions.

For various reasons, theE28 critical point of Sb at;2 eV
is ideally suited to test the two-tensor model.15 Here a feature
of interest is that the measured amplitude of the cohe
phonon oscillations are surprisingly large for a material t
is highly absorbing and does not exhibit very strong spon
neous RS.6 Our two-tensor model solves this problem b
relating the phonon amplitude topR, whose magnitude a
;2 eV is a factor of;60 larger than that ofxR.15 Central to
our choice were the facts that the spontaneous RS cross
tion at E28 is dominated by two-band processes, as descri
by Eqs. ~8! and ~9!, and that the width of the resonanc
is sufficiently large for Eq.~10! to apply.16 It also helps
that the optical parameters of Sb entering Eqs.~8! and ~9!
have very different magnitudes, with valuesd Re(«)/dv
;5–10 eV21, d Im(«)/dv;20– 40 eV21, and 2 Im(«)/V0
;1250– 2500 eV21 ~Ref. 15! that sustain excitations of th
displacive kind.17 Within this framework, we recall that early
ultrafast data on Sb and, in particular, the pioneering w
using a colliding-pulse mode-locked laser resonant withE28 ,
revealed displacive-like oscillations as well as a discrepa
between spontaneous and coherent results for the rela
behavior of the two Raman-active modes.6 This led to the
4-2
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belief that the generation mechanism in Sb~and other
materials6,7! was not stimulated RS, but an alternative mod
nameddisplacive excitationof coherent phonons~DECP!.
However, it was shown later that the ratio between
coherent-phonon amplitudes of the two Sb modes is actu
very close to their RS intensity ratio.8 The notion that DECP
is not a distinct mechanism, but a particular case of stim
lated RS was first proposed in Ref. 8.

The experiments were performed on a single crysta
antimony at room temperature using a cleaved surface
ented perpendicular to the trigonal axis. Sb has two Ram
active phonons of symmetriesA1g ~totally symmetric! and
Eg ~doubly degenerate!.16 In this work, we focus on the
dominant fully symmetric mode at;4.5 THz.6,8 Data were
obtained using a standard pump-probe setup in the reflec
geometry. The pump pulse creates the coherent phonon
associated with theA1g mode which, in turn, leads to
change in reflectivityDR that we measured with the prob
pulse as a function of the pump-probe delay using hete
dyne detection.17 As light source, we used an optical par
metric amplifier ~OPA! pumped by a 200-kHz Ti:sapphir
regenerative amplifier. The OPA produces;50 nJ 140
625-fs pulses. The pulse central energyEC can be tuned
from ;1.8 to 2.3 eV to cover the range of theE28 resonance.
The reflected probe beam was spectrally integrated.
pump and probe beams had average powers of 2 and 0.8
and focal diameter sizes of 100 and 70mm, respectively, and
their polarizations were perpendicular to each other.

A representative set of our results revealing strong re
nant behavior is shown in Fig. 1. In these traces, the pr
beam differential reflectivity is plotted as a function of th
time delay between the pump and probe pulses@at E28 , the
reflectivity is '70% ~Ref. 15!#. Figure 2 shows theEC de-
pendence of the amplitude of the oscillatory componen

FIG. 1. Resonant normalized differential reflectivity for Sb
300 K. The incident pump energy density is 120mJ/cm2. EC is the
central energy of the pulses which are polarized perpendicula
the trigonal axis. The data show coherentA1g phonon oscillations of
frequency V0;4.5 THz and a slowly varying electronic back
ground. The fine structure near zero delay is due to interfere
between overlapping pump and probe beams.
14430
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the signal, which we acquired from a fitting procedure th
separates the phonon from the electronic contribution.17 The
theoretical curve was obtained from the two-band expr
sions neglecting the much weaker real component of Eq.~9!.
Using J0 as an adjustable parameter, we fit the experime
to

DR/R'
1

R

]R

]EC
3Q0J0 , ~11!

where~even pulse!

Q0'
Im~«!NycJ0

4p\V0
2 E

2`

1`

eiV0tuE~ t !u2dt ~12!

is the coherent phonon amplitude at the crystal surfac17

Values of]R/]EC were gained from ellipsometry measur
ments conducted on the same sample.18 Supporting our two-
tensor model, theory and experiment show very good ag
ment. However, we find that there is a shift of;80 meV
between theE28 peak in the resonant profile and the calcu
tion based on the measured«~v!. This behavior is reminis-
cent of resonant RS data where shifts of similar magnitu
have been reported but remain poorly understood.19 From the
fit, we obtain the deformation potential (NM0)1/2J05(4.0
61.5) eV/Å, whereM0 is the Sb atomic mass. It is of in
terest to emphasize the fact that the measurements ofDR
probe a combination of both,xR and pR, since the former

to

ce

FIG. 2. Measured~j! amplitude of theA1g oscillation as a
function of EC . The average incident powers of the pulses are;2
mW ~pump! and ;0.8 mW ~probe!. Error bars primarily reflect
corrections due to the dependence of the amplitude on the p
width; see Eq.~12!. The solid line is a fit to Eq.~11! using dielectric
constants gained from measurements on the same sample. As
cated by the arrow, the theoretical curve was shifted to lower e
gies by ;80 meV. The curve with shaded area atEC'1.95 eV
represents the power spectrum of the pulses. Inset: measured~d!
spontaneous RS cross section~arbitrary units! as a function of laser
energy~Ref. 16! and fit ~solid line! using Eq.~8! and optical data
from Ref. 15.
4-3



pr
ob
ed
e

nt
th

hat

L.
a-
un-
R

RI

T. E. STEVENS, J. KUHL, AND R. MERLIN PHYSICAL REVIEW B65 144304
tensor enters in the expression for]R/]EC and the latter in
that of Q0 . Instead, the spontaneous RS experiments, re
duced for comparison purposes in the inset of Fig. 2, pr
only xR. However, the overall line shape of the stimulat
resonant profile reflects primarily the energy dependenc
xR because Im(«) and, thus,Q0 does not vary much with
EC .15,17 Finally, it is useful to note that the overall resona
enhancement for spontaneous scattering is much weaker
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that observed in our time-domain experiments, a fact t
goes back to the dominance of the term}Im(«) in Eq. ~9!.
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