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We report femtosecond time-resolved pump-probe reliection experiments in semimetals and semi-
conductors that show large-amplitude oscillations with periods characteristic of lattice vibrations.
Only A& modes are detected, although modes with other symmetries are observed with compara-
ble intensity in Raman scattering. We present a theory of the excitation process in this class of
materials, which we refer to as displacive excitation of coherent phonons (DECP). In DECP, after
excitation by a pump pulse, the electronically excited system rapidly comes to quasiequilibrium
in a time short compared to nuclear response times. In materials with Aq vibrational modes, the
quasiequilibrium nuclear A& coordinates are displaced with no change in lattice symmetry, giving
rise to a coherent vibration of A& symmetry about the displaced quasiequilibrium coordinates. One
important prediction of the DECP mechanism is the excitation of only modes with A& symmetry.
Furthermore, the oscillations in the reflectivity R are excited with a cos(uot) dependence, where
t = 0 is the time of arrival of the pump pulse peak, and uo is the vibrational frequency of the A&

mode. These predictions agree well with our observations in Bi, Sb, Te, and Ti203. The fit of the
experimental AR(t)/R(0) data to the theory is excellent.

I. INTRODUCTION

Since the early 1980's, many groups have been study-
ing the response of material systems to optical pulses on
a femtosecond time scale using optical pulse pump-probe
techniques. In a number of these experiments, oscil-
lations due to a Raman excitation process are observed
in the transmission of probe pulses as a function of time
following the exciting pump pulse.

Recently, femtosecond pump-probe techniques
h ave been applied to the study of metals and
superconductors. In pump-probe experiments on a
number of conducting or semiconducting materials, oscil-
lations have been observed in reflectivity (or transmission
through thin samples) with frequencies that correspond
to optical phonon modes of the samples. A number
of mechanisms have been proposed to explain these os-
cillations, including impulsive stimulated Raman scatter-
ing (ISRS), a nonlinear optical susceptibility mechanism,
and the screening of space-charge fields at the surface of
semiconducting samples. While these mechanisms ap-
pear relevant to the observations in many cases, they are
unable to explain the striking results observed in a certain

class of materials. These materials are characterized by
the observation of Raman-active modes only of A~ sym-
metry in pump-probe experiments, even though modes
of comparable strength and different symmetries occur
in spontaneous and resonant Raman scattering. The ma-
terials in which we have made such observations include
Sb, Bi, 1 Te, and Ti2Os. ~s ~7 Other materials in which

only Aq modes have been reported in pump-probe ex-
periments include semiconducting YBaqCus07
InSe, e-GaSe, and GaS ' '

In this paper we propose a mechanism for the exci-
tation of oscillations in reflectivity or transmission in
the class of materials showing only the excitation of A~

modes. For reasons we will explain shortly, we refer
to this phonon generation mechanism as displacive ex-
citation of coherent phonons (DECP). In DECP, only
modes of A~ symmetry are observed. Furthermore, the
oscillation amplitudes in the reflectivity R are very large
(AR/R 10 ~—10 s) as compared to the nonoscillatory
changes in reQectivity typically observed in metals such
as Cu or Au ( 10 —10 ). DECP requires a signif-
ican absorption at the pump frequency in order to dis-
turb the electronic energy distribution in the material;
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ISRS does not require absorption in the material. The
amplitude of oscillations in ER observed in DECP for
the experiments we report here is linearly proportional
to the pump pulse integrated energy for a given beam di-
ameter (see Sec. II). Finally, as we shall see shortly, the
oscillations observed in DECP should vary as cos(~ok),
where uo is the Ai mode angular frequency, and the time
t is measured from the peak of the pump pulse; in ISRS
and other nonlinear, impulsive excitation mechanisms,
nonresonant excitation leads to oscillations which vary
as sin(~ot). Resonant ISRS can lead to a cos(~of) de-
pendence of vibrations, but then all Raman-active
modes should be excited.

Ai modes are "breathing modes" which do not lower
the symmetry of the lattice. Not all lattice structures
have Ai modes of vibration. One way of thinking of a
structure with A~ modes is that it is derived from a "vir-
tual" structure of higher symmetry by nuclear displace-
ments which increase the size of the unit cell. These
displacements, which preserve the symmetry of the ac-
tual structure, are A~ syminetry displacements, which
have a continuum of possible values. The actual equi-
librium value of the Ai displacements is determined by
minimization of the free energy of the system. It there-
fore follows that the equilibrium positions of nuclei within
the unit cell in such structures should be a function of
temperature, but should change by displacements of Ai
symmetry. It is also reasonable to expect that if the elec-
tronic distribution in such a material is disturbed by a
high intensity, short pulse of optical radiation, the equi-
librium nuclear coordinates within a unit cell will change
by a displacement of Ai symmetry. The electronically
excited system will quickly come to quasiequilibrium on
a time scale short compared to the equilibration time for
the nuclear system. It might be expected that a k 0
Aq vibrational mode would then be coherently excited.
It is this mechanism which we propose as the source of
DECP.

On the other hand, a change in quasiequilibrium nu-
clear coordinates of any symmetry other than Ai in an
optical pump-probe experiment is highly unlikely. Such
a change with electronic excitation could only occur if
the material were close to a structural phase transition
of that symmetry in its ground state. Therefore the ob-
servation of DECP for modes of syrrirnetry other than Ai
could only arise in highly unusual circumstances.

It should be noted that the mechanism we have de-
scribed for DECP in metals and other conductors with
Aq Raman-active modes is analogous to that proposed for
the explanation of oscillations observed in experiments
with certain organic molecules. ' In femtosecond op-
tical pump-probe experiments in malachite green, oscil-
lations in transmission were observed when the pump
frequency corresponded to an electronic excitation of
the molecular system. The explanation proposed
was that in the electronic excitation process, transitions
were produced according to the Franck-Condon principle,
leaving the molecules in an excited electronic state and
in an excited vibrational state as well because of a dis-
placed equilibrium A~ coordinate. The coherent phonons
excited by the short pump pulse were then detected by

the molecular absorption modulation of the organic liq-
uid. There is one important difference, however, between
the molecular excitation mechanism and DECP. In the
molecular system, the maximum amplitude of vibration
is determined by the Franck-Condon principle, so that
increasing the pump power increases the number of vi-

brating molecules, but not the vibrational amplitude. In
DECP, the vibrational amplitude increases linearly with
pump power.

The existence of an Ai mode in the material is thus
a necessary condition for DECP, but the observation of
DECP above noise depends on having a strong depen-
dence of the equilibrium nuclear coordinates on electronic
excitation. We will demonstrate that a simple semi-
classical model of DECP leads to results consistent with
our experimental observations.

II. THEORY

In the model that we consider, an exciting optical pulse
of angular frequency ~ is incident at time t = 0 on
the surface of a material with an A~ mode. The ex-
citation produces a change in reflectivity b.R(t) which
eventually relaxes back to zero. Earlier pump-probe ex-
periments on conducting materials produced a AR(t)
which showed no oscillations, and were interpreted as
due to changes in electron temperature AT, produced
by the pump pulse. s 7 s This interpretation led to mea-
surements of electron-phonon coupling strength A which
were consistent with determinations by other types of
experiments.

In the observation of DECP we postulate that the ori-
gin of the oscillations in AR(t) is a change in the quasi-
equilibrium Ai nuclear coordinate Qo(t) (where Qo ——0
defines the state before the pulse arrives at the surface).
The pulse will change the electron temperature at the
Fermi level b T, (f), but may also produce interband tran-
sitions which leave n(t) electrons per unit volume in ex-
cited bands. It should be noted that all the materials
in which we have thus far observed DECP (Bi, Sb, Te,
Ti20s, and preliminary observations in GeTe) are either
semimetals or semiconductors, with energy bands above
the Fermi level that are accessible to the 2-eV-pump
pulse excitation energy used in these experiments. At the
present stage of our study we cannot distinguish whether
n(t) or b,T, (t) is the dominant source of the observed
DECP. However, the assumption that the change in the
quasiequilibrium Ai nuclear coordinate Qo(t) is propor-
tional to either n(t) or AT, (t) leads to a very similar
result for b, R(t) due to DECP. The derivation that fol-
lows is based on n(t) as the source of DECP.

The equation describing the rate of change of n(t) at
the surface of the sample is

n(t) = pP(t) —Pn(t).

The first term on the right-hand side of Eq. (I) is the
rate of generation of carriers in excited bands, which is
assumed to be proportional to the power density, P(t),
the energy in the exciting pulse arriving per unit area per
unit time at the surface and p is a constant of proportion-
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ality to be discussed later. The second term in Eq. (1) is
the rate of transfer of electrons back to the ground state.

The source of excitation of the A» mode is the depen-
dence of the equilibrium Ai coordinate Qp(t) on n(t). We
take this dependence to be linear:

Here, ~0 is the angular frequency of the A» mode and p
represents a damping constant for the mode. We assume
that the change in ~0 with excitation is small, and can
be neglected in 6rst approximation. The general results
can be written in the form

Qp(t) = ~n(t). (2)

The equation governing the time dependence of the A»
coordinate Q(t) is taken as

(3) and

e(t) = pge„eJ g(t —r)e e' dt. (4)

2 OO I

Q(t) =, , "
g(t —r) e ~' —e ~'

I
cos(Qr) ——sin(Qr) I

dr

In Eqs. (4) and (5), P(t) has been written as

P(t) = ~p pg(t) (6)

The averages in Eq. (11) are given by integrals of the
form

where fp„mp is the energy per unit area in the pump
pulse and g(t) is a normalized pulse shape function such
that

g(t)dt = l.

The frequency 0 is given by

H(t) —= H{t')g(t' —t) dt', (12)

since the pump and probe pulse have the same shape.
Here we assume that the perturbation of the system due
to a weak probe can be neglected. The expression for
AT, (t) would be formally similar to Eq. (4) for n(t), so
that all three of the functions averaged in Eq. (11) are of
the form

and

0 = 4)0 —P (8)

H(t) = g(t —r)F(r) dr

If R is the unperturbed reQectivity before the arrival of
the pump pulse, then the fractional change in reflectivity
due to the pump pulse can be written as

Thus H(t) can be written

AR(t) 1 (OR') ( OR l

+
I Q(t) .

OR)
(10)

H(t) =
I

g(t' —r)F(r) « lg(t' —t) «' (14)
-oo 0

Reversing the order of i»integration, and introducing the
variable of integration z = t' —t, Eq. (14) can be written
as

H(t) = G(t —r) F(r) dr,

where the pulse autocorrelation function G(t) is defined

G(t) = f g(t —r)g(r)dr (16)

Thus, if we continue with the assumption that n(t) is
dominant in Eq. (11) and also is the source driving Q(t),
then we may write for n(t) and Q(t) from Eqs. (4) and

(5):
AR(t) 1 (OR) t' OR ')

R R (, On) (,OT r

+
I Q(t)
&OR

G(t —r)e ~' drn(t) = plump (17)

(11)
and

In Eq. (10) the first term on the right-hand side is due to
n(t), the excited band carrier density, defined by Eq. (4);
the second term is due to a change in electron tempera-
ture; and the third term is due to the change in the A»

nuclear coordinates, Eq. (5). Our derivation of Eq. (5) is

based on the assumption that n(t) is the dominant source
driving Q(t), but a very similar formal result is obtained
if Q(t) is driven by the temperature change AT, (t)

Because of the finite width of the probe pulse, what
is observed in a pump-probe experiment is not precisely
the fractional change in reflectivity given by Eq. {10),but
rather an average over the pulse of the form
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Q (t) =
z 2 G(t —r) e ~' —e ~'

~
cos(Qr) ——sin(Qr)

~

drO &@~pump p' .
(~p + P' —2m 0) o ~ 0 (18)

The derivatives of R in Eq. (11) appear because R is a function of the complex dielectric constant, which is in turn
modulated by n, T„andQ. The well-known expression for normal incidence reffectivity R in terms of the dielectric
function at pump and probe frequency u is

(ni —1)~ + n22

(n, +1)'+ n', '

where

C(4J) = ti(41) + lC2(4J) = (Ai + lng)

Using Eqs. (11), (17), and (18) we can write

(19)

(2o)

b, R(t) = A G(t —r)e ~' dr+ B G(t —7) e ~' —e ~'~ cos(Qr) ——sin(Qr)
R p ~p+ P' —2VP o 0

where

1 ORI (&ei) &R5 t'&F21

R (Bci) (Dnp i,Oe2) (c)n)
and

1 BR'i t'c)~il (ORI )8~2)t'
R ~~~ ~ ~~~Q ~+ ~~9

dr, (21)

(22)

For P, y (( 4)p, from the definitions of P and 0, the surviving oscillatory term in Eq. (21) is cos(~pr). For
sufficiently narrow pump and probe pulses, G(/) can be taken as a b function, and Eq. (21) becomes

aR(~), ,', , ( P' .= Ae ~' + B 2 e ~' —e ~'
~

cos(At) ——sin(Qt)
~R ~p2 y Ps —2yP 0 (24)

where 0 is given by Eq. (8) and P' is given by Eq. (9).
From Eq. (24) we note that for a large decay constant

P, the oscillatory term is depressed due to the factor

4)02

~'+ P' —2VP

This is to be expected since a large p means a rapid
return of the quasiequilibrium displacement to zero, sup-

pressing the oscillations. Furthermore, a large value of
P can contribute a sin Qt term if P'/Q is not negligibly
sma11, yielding an oscillation with a phase shifted from
a simple

cosset.

Finally, if the width of the autocorre-

lation function is not narrow compared to the period of
oscillation 1/up, then we must revert to Eq. (21), and the
oscillatory terms will be suppressed, as expected physi-
cally.

Since (Oe/BQ) is related to the strength of the Ra-
man scattering at the frequency of the probe pulse, from
Eq. (23), a condition for the deflection of strong Ai oscil-
lations in 6R is the presence of a strong Raman scatter-
ing cross section at frequency u. However, the excitation
of A~ oscillations by the mechanism we have discussed is
not directly related to the Raman process itself. The fact
that both A and B are proportional to E'~„m~ indicates
that, the strength of the DECP signal as well as the back-

TABLE I. Values of fitting parameters for the DECP model and literature Raman data.

Material

Sb
Bi
Te
Ti203

+2.5 x 10
—4.6 x 10
—6.6 x 10
+2.6 x 10

+2.7 x 10
+3.1 x 10
+1.4 x 10
—5.7 x 10

a
rph

(ps) (ps)
—2.2 x 10 '
—1.3 x 10
+3.2 x 10
—3.7 x 10

1.67
10.3
0.63
0.40

2.90
2.41
1.26
1.59

Pump-probe data
C rel

(THz)

4.5 + 0.1
2.9 + 0.1
3.6 + 0.1
7.0 + 0.1

4
(degrees)

+3 +4
—13+13
+7+9

—20+10

Raman
4ip/2z'

(THz)

4.50b

2.94
3.61'
7.14

data
rph

(ps)

2.1
1.5
1.5
0.2

Values for relaxation time are accurate within 10%. Values of r~h are given for room temperature.
Reference 21.' Reference 22.
Reference 23.
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ground signal is proportional to the integrated energy in
the pump pulse for a fixed beam diameter.

The parameters A and B are themselves of consid-
erable interest. As shown in Table I, which will be dis-
cussed further in Sec. IV, there seems to be no correlation
between the signs of A and B for the four materials we
have studied in detail thus far. In earlier experiments on
metals and superconductors, the sign of A was shown
to depend on the frequency ~, due to the dependence of
Oei/Ob, T, and O&2/OAT, on the pulse frequency. From
Eq. (23), the sign and magnitude of 8 depend on Oui/OQ
and De2/OQ. Spontaneous Raman scattering gives no in-
formation on the signs of these quantities, since the Ra-
man cross section is proportional to ~Oe/OQ~ A.study of
the frequency dependence of 8, should thus yield further
insight into the mechanism of DECP.

It should be noted that the formal result in Eq. (21)
would be essentially the same if only b,T (et) produced
both a direct term proportional to b.T, (t) and an indirect
term proportional to Q(t). In that case, Dci/On and
Oc2/Dn in Eq. (22) would be replaced by Dei/OAT, and
Oe2/M, Te, respectively. Also, z in Eq. (23) would be
defined by a new relation

Qp(t) = ~ AT, (t), (25)

Pinside(~& t):Pinside(0& t)e (27)

The rate of power dissipation per unit volume at the
surface is then

replacing Eq. (2). The parameter P in Eq. (21) would
then be proportional to the electron-phonon coupling
constant A. At any rate, as we discuss below, only a
single exponential decay constant P is needed to obtain a
good fit of Eq. (21) to experiment (although as discussed
in Sec. IV, in some cases difFerent long and short time
values of p are observed experimentally).

A knowledge of ei and e2 at the frequency u allows a
determination of R, OR/Oci, and OR/De2. Also ci and c2
are known for many materials from analysis of refiectivity
experiments. The remaining undetermined parameters in
Eqs. (22) and (23) are OEi/Dn, OC2/OB, Oei/DQ, OE2/OQ,

p, and K. In principle, some information is available on

Oc/OQ, since the Raman scattering intensity is propor-
tional to ~Oc/DQ~ . In practice, however, it is difficult to
measure absolute Raman cross sections.

If the source of Eq. (21) is indeed the excitation of
carriers n(t), then the parameter p appearing in Eqs. (22)
and (23), and defined in Eq. (1), can be examined in more
detail using the following argument If P(t) .is the power
density incident on t;he surface from outside, then the
power density inside the material at the surface is

P;„„d,(0, t) = (1 —R)P(t).

The power density in the electromagnetic field decays as

transitions of electrons per unit volume at the surface is

dn 1 d Pinside

Ch h~ dz

= „&-"(0,t) = „(I-R)P(t)
From the definition of p in Eq. (1), p is given by

(29)

p= f (1 —R), (3o)

where f is the fraction of electrons transferred in the
interband transition that are left in excited bands af-
ter quasiequilibration of the electrons. As a check on
Eq. (28) we note that if P;„„d,(0, t) is written in terms of
the time average of the Poynting vector at the surface,
we obtain

IE,.', (t) I'
Z p

as expected.

III. THERMODYNAMIC RELATIONS

a series in even powers of q. Here np is the number of
unit cells per unit volume. The equilibrium value of q,
obtained by setting OF/Dq = 0 is

( )1/2
Iq q(0)l =—

~ q) I (33)

This result is only reasonable for materials such as Bi or
Sb, where the equilibrium displacement q,q(0) from the
higher symmetry structure is small (see Sec. V).

The free energy can be written for q near q,q(0) as

a 2
2F:——np + 2anp[q —

q (0)] + .
4b

eq

If the motion of the nuclear system in the Aq mode is
characterized by an eA'ective mass per unit cell p, then
the equation of motion for the Ai mode for small dis-
placement is

In the spirit of Landau theory we can relate the pa-
rameter Ir, appearing in Eq. (2) to quantities arising in a
thermodynamic description of quasiequilibrium. We sup-
pose that the (lower symmetry) material under study is

generated from a "virtual" material of higher symmetry
by a displacement of nuclear coordinates q correspond-
ing to an Ai mode of the real, lower symmetry material.
Before the incidence of the pump pulse, the free energy
per unit volume of the system as a function of coordinate

q can be written as an expansion of the form

F = —Qnpq + 6npq + ~ ~ ~
2 4

DPinside

z 0

= P;„„d,(0, t) x 2n2ur/c (28)
pnpq' = — = —4u&o [q

—qeq(0)]
t9q

yielding the characteristic Ai frequency

(35)

Power dissipation is due to electrons absorbing quanta of
energy h~, so that if the main contribution to absorption
is via interband transitions, then the rate of interband

4.i "'
~o =

v)
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For a material like Bi or Sb, knowledge of q«(0), p, and
~p then determines a and b

Next, we assume that the arrival of the pump pulse at
the surface produces a number of carriers per unit volume
n, and the free energy per unit volume as a function of q

can now be written as

F(n) = —anpq + bnpq + (ci + c2q )n+. . . (37)

In Eq. (37) we have modeled the n-dependent term as
consisting of two parts. The first, due to transfer of elec-
trons across a gap to an excited band, is c1A. The second,
due to the modulation of that gap by the displacement

q, is c2q2n. The parameter c2 may be positive or neg-
ative, depending on the material. For quasiequilibrium,
the condition that BF(n)/Bq = 0 now yields the relation

C2 A
Q. —= q..(n) -q..(o) =-—q (o)—a~ nO

—2A n
,q«(0) —.

«z(0)
(42)

It is convenient to write the ratio Qp/q«(0) in the di-

mensionless form

—2 4 mp 1 n

(2z)' mpc' p q~ (0)P ' np
' (43)

Qp = —aq«(0), (44)

where rno is the free electron mass and Ao is the A1
mode frequency in wave numbers. Substituting known
quantities in Eq. (43) we obtain the result

t'a c, n) 1/2

q«(n) =
I

————
I(2b 2b np)

C2 n= q ~(0) —
2, q«(o) —„.

AO

Thus, from the definition of z in Eq. (2) we obtain

Qp qeq(n) qeq(0) cz qeq(0)
n n 2a AO

The only undetermined parameter in Eq. (39) is c2.
For q qez(n), the free energy can be written

(38)

(39)

where

1 1 n
g = 5 4 x 10 E(eV)

&(M ) q, (0)(k ) x Ap (cm- ) nP

(45)

and p is measured in molecular weight (MW) units per
unit cell.

The maximum value of n can be estimated by integrat-
ing Eq. (29) for dn/dh over the pump pulse. The result
1s

nm»x = pCpump& (46)

n 'i
2+2

I
a —cz—

I np[q —q«(n)] + . (40)

c2q, (0) = 4. (41)

Substituting for c2 from Eq. (41) and for a from Eq. (36)
we obtain

Equation (40) predicts a small change in up due to the
excitation of n electrons per unit volume. Even if the
change in uo is so small that it is undetectable within
experimental accuracy, yet the excitation of n electrons
per unit volume could lead to a large observable DECP
because of the sensitivity of the dielectric behavior of the
material to the A1 nuclear displacement.

If AT, rather than n in Eq. (37) is the source of the
change in quasiequilibrium q due to the exciting pulse,
the formal result for z in Eq. (39) is the same.

On the assumption that the excitation of carriers to an
excited band drives Qp, it is possible to obtain a rough
estimate for Qp/q«(0) for Bi and Sb by the following ar-
gument. c2q in Eq. (37) is the extra energy increase due
to the displacement q when one electron is transferred to
an excited band. A measure of c2 can be obtained by
equating the equilibrium value of c2q to a characteris-
tic energy splitting 4 produced in the band structure by
the symmetry-lowering displacement in the crystal (see
discussion in Sec.V). The splitting 4 can be estimated
from the splittings produced at the L point or T point
assuming the excited carriers arise mainly at these points
in the Brillouin zone. We then write

where p is given by Eq. (30), and C&„zis the energy
per square cm in the incoming pump pulse. For a 10-pJ
pulse focused to a 2-pm diameter spot size (see Sec. IV),
we obtain Cz„~~——3.2 x 10s ergs/cm2, so that

n~e„=2.0 x 10 f nz(1 —R) cm (47)

Before applying the result for Qp to specific materials,
it is useful for comparison to obtain an expression for the
mean squared value of the ground-state displacement of
the A1 mode q2, given by the relation

2 x 4aq = -h~o.

Substituting for a from Eq. (36) we obtain

PCJO

1 Gaomo
27K $o P

(49)

where n = ez/(hc) is the fine structure constant and ap-
h /(me2) is the Bohr radius. Substituting the values of
these constants gives the result for qp

= (q2)

qp = 5 67
I

(p(MW)Ap'(cm ')) (5o)

The average harmonic oscillator quantum number l for
the A1 mode associated with the maximum displaced
quasiequilibrium coordinate Qp~~ [for Qp~~ ) q«(0)]
is given by the relation

(I+ ~)h~p ——
2 x 4aQp

Combining Eqs. (48) and (51) we have
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1 Qp „1,q,'q(0)+ gj g g 2~max
Vo 00

(52)

where g is given by Eq. (45) evaluated for n = n
We apply these relations to the case of Bi. For the

A~ mode of Bi, Ao
——96 cm, and the eRective mass

p(MW)/2 = 104.5. With these values we find from
Eq. (50) that qp = 0.056 A. The values of q,q(0) for
Bi (which we define as the decrease in the distance be-
tween paired planes from their simple cubic distances)
is 0.378 L.~4 The number of unit cells (containing 2 Bi
atoms) per unit volume is np ——1.4 x 10z~cm s. The rel-
evant splittings, 6, for Bi are 0.41 eV at the L point,
and 0.68 eV at the T point. Taking the smaller of
these values for 6 we obtain from Eq. (45)

&max
gmax = 1.6

Ao
(53)

IV, EXPERIMENTAL RESULTS

We note that for n „/np 1, g~~„1,and Qp~ „

—q«(0), roughly what might be expected. The value
of n~» can be evaluated from Eq. (47) using nz = 5,
R = 0.7, and we obtain n~~„=3 x 102 f This. gives

g~~, = 0.034f. The value of Qp „

from Eq. (44) is then
Qp ~„—0.013f A. This magnitude of displacement is
less than qp even for f 1, so that from Eq. (52), the
average value of the oscillator quantum number l is much
less than 1.

In spite of the small magnitude of Qp~~„, the effect
produced in DECP is large because the vibrational ex-
citation is coherent, and the dielectric response is sensi-
tive to the coherent vibrational amplitude. A well-known

property of the quantum mechanical harmonic oscilla-
tor of angular frequency uo is the fact that an initial dis-
placed Gaussian wave packet centered at a point zp from
the origin has a probability density which is a similar
Gaussian centered at time t at a point z = zp cos(capt).
Thus, in DECP the initial displacement Qp „ofthe
Gaussian wave function for the I = 0 state leads to a
coherent vibration about the new equilibrium coordinate
of the Aq mode, producing a large modulation of the re-
flectivity R.

The short pulse laser that we used in these experiments
is a dispersion-compensated colliding-pulse mode-locked
(CPM) laser source. 2s Our CPM laser source generates a
train of stable transform-limited pulses at 1.98 eV, mea-
sured to be as short as 55 fs in duration, using a standard
second harmonic generation method for autocorrelation.
The CPM has an average output power of 5 mW and has
a repetition rate of 100 MHz.

Our time-resolved impulsive scattering experiment be-
longs to a class of well-established "pump-probe" type
experiments. In a "pump-probe" experiment, each out-
put pulse from the CPM laser is split into two beams,
yielding a sample excitation pulse (referred to as the
"pump") and a sample measuring pulse (referred to as
the "probe" ). (See Fig. 1.) The pump and probe travel
along two separate beampaths and are focused to the
same spot, on the sample. By varying the relative length
diA'erences between the pump beampath and the probe
beampath (with 0.2-pm resolution), an effective delay r
between the arrival time of the pump and the arrival time
of the probe can be introduced (0.67-fs resolution). The
pump pulse is intense in order to disturb the system from
equilibrium, while the probe pulse is weaker to minimize
the disturbance that it produces. By sweeping the time
delay of the probe, we can systematically scan the en-
tire reflectivity response of the nonequilibrium state as a
function of time after arrival of the pump pulse.

The signature of DECP in our experiments is an oscil-
latory feature in AR with a period corresponding to an
Ay Raman-active mode that is found through reflection
pump-probe measurements. The data shown in Fig. 2
were obtained with a pump-pulse width of 60 fs with

10-pJ-pulse energy focused onto a 2-pm-diameter
spot size. Our pump-probe experiments in Bi, Sb, Te,
and Tiros all show similar features. In Fig. 2 the re-
fiectivity changes AR/R are plotted as a function of
time delay for each material. In each of these pump-
probe scans, oscillations characteristic of the material are
found superimposed on decaying backgrounds. The frac-
tional changes in the power of the reflected probe pulse
(AR/R) associated with the coherent generation of opti-
cal phonons have been typically on the order of 10
for antimony, tellurium, and Ti~03, and 10 for bis-

The samples that were studied in our initial workii i4

were in a variety of forms, including polycrystalline films

(Bi), polycrystalline bulk samples (Bi and Sb), as well as
single crystals (Bi, Sb, and Te).

DECP was observed in all of the Bi and Sb samples, al-
though the best signal-to-noise ratios were achieved with
single crystals. With regard to sample preparation, the
bismuth and antimony single crystals were cleaved along
the trigonal face. No cleaving was necessary with the Te
single crystal because it had a naturally exposed trigo-
nal face with an optical quality surface. Bismuth films of
various thicknesses (800, 1600, 5000 A) were vacuum de-

posited in a single pump-down by selective masking onto
glass slides, using 99.999% pure bismuth metal as the
starting material. The samples of Tiq03 were cut from
high quality single crystals of Tiq03 and polished.

Detector

Probe

FIG. 1. Schematic diagram of the pump-probe technique
used for measurement of the change in re8ectivity associated
with the coherent generation of optical phonons.
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lines which appear in spontaneous Raman scattering and have intensities comparable to those of Aq or Aq~ modes but do not
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muth. These changes in (AR/R) are large relative to
typical femtosecond pump-probe experiments on metalss
and semiconductors.

Fourier transforms of the oscillatory data shown in
Fig. 2 yield a single sharp frequency for each mate-
rial, and the results are presented in the insets to
Fig. 2. In each case the observed frequency is in excel-
lent agreement with the totally symmetric A~ breath-
ing phonon modes previously determined by Raman
spectroscopy (see Table I), except for TiqOs where
the agreement is fair. This observation is consistent with
DECP, which modifies the index of refraction in the illu-
minated volume, thereby modifying the optical reflectiv-
ity, the observable that we measure. In the case of Ti20s
we attribute the small disagreement to the sensitivity of
the Raman frequency to lattice temperature. The spon-
taneous Raman frequency of this mode is known to drop
by as much as 10% as the temperature approaches the
range where a "soft" phase transition with no change in
lattice syrrunetry occurs.

In our analysis of the pump-probe data, we have sep-
arated the total reAectivity response of the sample into
the sum of two contributions, one due to the carriers and
the other due to the phonons. The carrier response may
be modeled at the simplest level as a step decay expo-
nential [e P'u(t)] convolved with the experimental pulse
autocorrelation function G(t). Subtracting this carrier
response from the total response yields the phonon re-
sponse which can be described by a. homogeneous clas-

sical equation of motion for the phonon vibrational am-
plitude, Eq. (3) without the driving term. The solution
to the equation of motion is a damped sinusoid of an ar-
bitrary phase (4). If the phonon excitation mechanism
were ISRS then the phonon response would follow a sine
dependence, which we write, for purposes of compari-
son with the theory of Sec. II, in the form cos(~pt + 4),
with I = s /2. However, if the phonon excitation mecha-
nism were to involve the DECP mechanism, then, as we
have seen in Sec. II, the oscillatory signal would show
a cos(~pt) dependence (4 = 0 provided P/(dp (( 1). In
Fig. 3 we determine the phase of the oscillation in Sb by
extrapolating the oscillation back to zero time delay. To
carry out this extrapolation, the forward trace is taken in
the normal manner. The roles of the pump and probe are
then reversed, and zero time delay is precisely determined
by locating the point of mirror symmetry. ' Because
of the weakness of the probe pulse as a pump, the dashed
trace in Fig. 3 required upscaling to match the strength
of the solid trace. Clearly, because a valley, and not a
midpoint, of the oscillation is coincident with zero time
delay, we conclude that the phonon response closely fol-
lows a cosinusoidal dependence. In a similar way we have
analyzed the pump-probe data for all four materials and
have concluded that in each case the phonon response
follows a cosine dependence, consistent with the DECP
mechanism.

Having established that the DECP oscillations do in-
deed behave as cos ~ot, we obtained the best least squares
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to be suppressed because they approach the bandwidth
limit of the pulse autocorrelation function G(t).

Another requirement for the excitation of an A~ mode
by the present mechanism in an optical pump-probe ex-
periment is that the material studied is at least weakly
absorbing at the optical pulse frequency. This is neces-
sary in order that either an electron temperature change
AT, (t) or an interband electron excitation n(t) occurs.
Such a requirement does not hold for the Raman exci-
tation process, where optical mode excitation has been
observed in organic materials at probe frequencies where
the material is transparent.

A microscopic mechanism for the observation of DECP
in Bi and Sb is suggested by a simple model for the struc-
ture of Bi due to Cohen and Blount (CB).s4 The struc-
ture can be thought of as derived from a simple cubic
by a slight pairing of hexagonal planes along a (ill) cu-
bic axis, plus additional small trigonal distortions which
are assumed to play a less essential role. The bismuth
atom consists of a core and an outer 6s 6p electronic
structure. Because the atomic 6s and 6p levels are well

separated in energy, CB assume that the band structure
of bismuth for a simple cubic lattice would consist of
a Brillouin zone of p bands which could hold six elec-
trons per atom. These bands would be half full. Born 2

has shown, however, that a simple cubic structure for a
monatomic solid is unstable. A small pairing of hexago-
nal planes along a (111) axis would lower the energy of
the system. This would also double the unit cell size and
open a small gap in the bands, lowering additionally the
total band energy of the electrons. At the same time, the
repulsive core potential would eventually increase the en-

ergy, and the pairing displacements would stop when the
free energy was a minimum. The pairing displacements
are, of course, the Aq~ displacements of bismuth. In this
model, on the arrival of the pump pulse, electrons would
be excited into band states higher in energy, which would

presumably reduce the free energy advantage of plane
pairing, thus reducing the quasiequilibrium displacement
of planes and exciting an A~& oscillation. This would

imply a positive value of c~ defined in Eq. (37). This
argument neatly parallels the free energy discussion of
Sec. III.

The basic concepts of the CB model can also be ap-

plied to explain the observation of DECP in an optical
pump-probe experiment in Te. The crystal structure of
Te can be thought of as derived from a hexagonal close-
packed lattice by small distortions which consist, in this
case, of shear displacements of hexagonal planes in such
a way that Te atoms form spirals with axes along the
c axis. This triples the unit cell of Te, producing sub-
bands which can each hold two of the four Te electrons
per atom, with energy gaps between. The final value of
the shear displacement is determined by the competition
between the electronic free energy decrease, and the core
energy increase. Finally, excitation of electrons into ex-

cited bands decreases the free energy advantage of the
shear displacement as discussed in Sec. III, producing a
new displaced quasiequilibrium value of the A~ coordi-
nate, Qo, and thus exciting the A1 optical mode.

The case of Ti20s, which has the corundum structure,
is of special interest, since this material is known to un-

dergo a "soft" phase transition at 450 K, over a temper-
ature interval of 50 K, with no change in crystal symme-
try. The transition is accompanied by a drop in resistivity
of an order of magnitude, and an increase in Ti-Ti pair
distances along the c axis of 1.5% as the temperature
is raised. The transition has been shown to involve a
crossing of bands and thus a redistribution of electrons.
It is therefore not surprising that a large DECP effect
has been observed at room temperature in Ti20s, with
b, R/R changes of 3 x 10 2. The Aqs mode observed
in DECP corresponds to the lowest frequency Ats mode
observed in spontaneous Raman scattering. Interesting
eRects are seen in pump-probe experiments as the tem-
perature is raised through the transition, and a detailed
analysis will be forthcoming.
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