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Coherent phonon generation mechanism in solids
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We investigate the driving force for coherent phonons by employing a nonlinear two-pump/probe technique.
In accordance with the displacive excitation mechanism we demonstrate that the electronic excitation is the
driving force for the coherent phonons in semimetals. This is accomplished by analyzing the relation between
the nonlinearities in the electronic and phononic contributions. On the other hand, no dependence of the
coherent phonon dynamics on the electronic excitation was observed in high temperature superconductors
~HTSC!, although displacive excitation has been invoked for these materials. We discuss the possible impli-
cations of this observation on the microscopic nature of the coherent phonons in the HTSC.
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Advances in the generation and application of femtos
ond laser pulses, with multiterahertz spectral bandwidth, l
to the possibility of the excitation of coherent phonon stat
They are manifested in transient measurementsgo(t) as a
modulation of the optical dielectric function at a frequencyV
corresponding to a lattice phonon. A theoretical descript
of displacive excitation of coherent phonon theory~DECP!
was proposed to explain the generation of coherent phon
in absorbing condensed matter.1 Realization of this displa-
cive mechanism requires a strong dependence of the equ
rium nuclear coordinates on the electronic excitation. T
coupling to the electronic system leads to the excitation
fully symmetric breathing modes of the lattice. In DECP, t
instantaneouselectronic excitation leads to a sudden chan
in the free energy of the lattice, which responds to the n
electronic state by movingdQ toward a new equilibrium
displacement. The inertia of the lattice causes electron
oscillate around the new position in a cos(Vt) fashion with
amplitude proportional todQ, wheret50 corresponds to the
arrival of the excitation pulse. Conversely, purely impulsi
excitation in nonabsorbing materials leads to a strict sin(Vt)
motion indicating oscillations around nonshifted ionic eq
librium positions. DECP was later shown to be a special c
of the more general impulsive stimulated Raman scatte
~ISRS! mechanism.2

In the past, the phase of the phonon oscillation served
the means to identify the generation mechanism. In this w
we attempt to investigate the link between the electronic
citation componentgo~e!(t) and the phononic componen
go~ph!(t) of the measured transientgo(t) in materials where
DECP was identified as the generating mechanism. Spe
cally, in semimetals we are able to ascertain that the e
tronic excitation is the coherent generation force by comp
ing the nonlinearity in the electronic and phononic respo
in semimetals. We employed a nonlinear two-pump/pro
technique. In this technique, two pump pulses are choppe
two different frequenciesf 1 and f 2 . Through various carrier-
carrier interactions and scattering mechanisms, the dyna
of the carriers injected by one pump are influenced by th
injected by the second pump and vice versa. This nonlin
ity in the electronic response,go~e!(t), will result in the de-
tection of an electronic related signal at the sum freque
( f 11 f 2) in the probe beam,gsf~e!(t). ~A variation of this
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technique has been applied in the past to investigate car
carrier interactions through the intrinsic nonlinearities of t
luminescence process.3! Below, we demonstrate that for im
pulsive excitation no phononic sum frequency compon
would be generated. On the other hand, if the electronic d
sity drives the phonons, as in DECP, then a sum freque
phononic componentgsf~ph!(t) of a certain magnitude and
sign, in relation togo~ph!(t), should be detectable. Absence
a phononic sum frequency contribution, despite the prese
of a strong electronic nonlinearity, suggests that coh
ent phonon generation is independent of the electro
excitation.

The coherent phonon field is given by

]2Q

]t2 1V2Q5F~ t !, ~1!

where the driving forceF(t) is a function of the pump pulse
intensity for impulsive excitation or of the pump-generat
electronic distributiongo~e!(t) for displacive excitation. The
measured dielectric modulation is assumed to be prop
tional to the amplitude of the phonon fieldQ. In a purely
impulsive excitation the driving force is given byF(t)
}(]x/]Q)uE(t)u2, where x is the electronic susceptibility
and E is the magnitude of the pump electric field. In th
presence of two pump pulses separated byDt and modulated
at different frequencies~f 1 and f 2! the phonon driving force
is

F~ t !5~]x/]Q!$uE1~ t !u2f 11uE2~ t2Dt!u2f 2%, ~2!

the modulation frequenciesf 1 and f 2 are of the order of 1
KHz. Since Eq.~1! is a linear differential equation, no com
ponent at the sum frequency will be generated. In what
lows we show that in the semimetal alloy Bi0.97Sb0.03, the
injected carrier density is the driving force of the cohere
phonons. This is accomplished by analyzing the relation
tween the electronic and phononic sum frequency signals
pump pulses separated byDt50.5V21 and V21. We also
investigated the coherent phonons in a high temperature
perconductor where DECP was invoked. In the latter,
phononic sum frequency component was detected, des
the presence of a large electronic sum frequency signal.
discuss the possible implication of this observation on
©2001 The American Physical Society01-1
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identification of the phonon driving force and the micr
scopic nature of the phonon oscillations.

The samples used in this investigation are a 300 nm th
c-axis oriented YBa2Cu3O72d ~YBCO! twinned film sput-
tered on an MgO substrate4 and a Bi0.97Sb0.03 ~BiSb! bulk
alloy. The superconducting transition in the YBCO film o
curs atTC587 K, with a transition width of 1.5 K. The ex
periments are performed using a Ti:Sapphire oscillator p
ducing 25 fs pulses at 1.5 eV. The pump beam polarizatio
orthogonal to that of the probe. All measurements are p
formed at a fluence of 100mJ/cm2 corresponding to a pho
toexcited carrier density of 531018cm23. Measurements on
the YBCO were conducted atT540 K,TC , revealing a 120
cm21 Ba mode and a 150 cm21 Cu~2! mode. The BiSb
sample has a dominant phonon oscillation at 2.7 THz w
V215360 fs. Vidal et al. investigated the coherent phono
generation in the Bi12xSbx alloy system as a function ofx.5

With increasingx, this system exhibits a semiconducto
semimetal transition atx50.05 and then a semimeta
semiconductor transition atx50.22. A Stanford Researc
Systems chopper SR540 was used to modulate the
pumps. The chopper blade is divided into two concen
circles with a different number of holes and is therefore
pable of simultaneously modulating the two pump beam
two different frequencies, inner (f in) and outer (f out) fre-
quencies. The ratio off in / f out55/6 is determined by the
number of holes in each circle. The two pump beams
parallel but separated by;1 cm, enabling the modulation
Pu1 and Pu2 atf out and f in , respectively. By assuming tha
go(t) has both a linear and a quadratic dependence on
injected carrier density, it can be shown that the sum
quency component is effectively given by

gsf~ t !5Q~ t2Dt!$go~ t !upu l & pu22@go~ t !upu11go~ t !upu2#%,
~3!

where Q(t) is the unit step function,Dt is the separation
between the two pump pulses, andgo(t)upu1 & pu2 indicate the
response for two pump excitations rather than only one
the other. Clearly,gsf(t) would be zero in a purely linea
system.

Figure 1 shows the transient reflectivity in BiSb for
single pump~Pu1! response atf 1 and the sum frequenc
response atf 11 f 2 for a pump separation ofDt50.5V21

~solid line! andV21 ~dashed line!. The vertical dashed line
represents the position of Pu1, while the arrows represen
position of the Pu2 as a solid arrow for 0.5V21 and dashed
one for theV21 case. As expected, the sum frequency sig
starts after the arrival of the second pulse. Just as the si
pump response, the sum frequency signal consists of an
tronic and a phononic contribution. The negative electro
contribution to the sum frequency signalgsf~e!(t) indicates
that the electronic responsego~e!(t) ~at f 1! increases sublin-
early with the increase of excitations, i.e., saturates. The
frequency signal is a measure of the nonlinearity of
single pump response since this nonlinearity is what cou
the two chopping frequencies. As shown in the figure,
sum frequency signal is;16% that of the single pump re
sponse. We note that in the above we measure the diele
18030
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properties through the reflection transient which itself is
nonlinear function of the dielectric constants. This impli
that, in principle, a sum frequency reflectivity-transient cou
be measured even for a purely linear response for the die
tric properties. However, it can be shown that this functio
nonlinearity is at least an order of magnitude too small
account for the measured nonlinearity. In addition, no m
surable nonlinearity in the detector could account for
measured sum frequency signal. The phase of the phon
sum frequency component forDt50.5V21 is opposite to
thatDt5V21 and is in phase with the phonon oscillations
the single pump response. We show below that these ph
can be accounted for using the DECP theory by assum
that the electronic response is the driving force for the
herent phonons.

In DECP the driving force in Eq.~1! is the excited elec-
tronic density,go~e!(t), and the coherent phonon amplitude
given by

go~ph!~ t !}@12Go~e!~V!cos~Vt !#, ~4!

whereGo~e!(V) is the Fourier component ofgo~e!(t) at V.6

To test whether the electronic density is the driving force
the coherent phonons, the correct phase of the oscillation
the phononic sum frequency component for bothDt
50.5V21 andV21 should come out from Eq.~1! using the
corresponding electronic sum frequency componentgsf~e!(t)
as the driving force. Similar to Eq.~4! the sum frequency
phononic component is given by gsf~ph!(t)}@1
2Gsf~e!(V)cos(Vt)#. In order to determine the oscillatio
phase ofgsf~ph!(t) in relation togo~ph!(t) we need to express
Gsf~e!(V) in terms ofGo~e!(V). The sum frequency electroni
componentgsf~e!(t) in Fig. 1 is roughly a scaled, inverted

FIG. 1. Single pump response and the nonlinear sum freque
response in BiSb forDt50.5V21 ~solid! andDt5V21 ~dashed!.
The vertical dashed line indicates the position of Pu1. The posi
of Pu2 is indicated by the vertical arrows, solid forDt50.5V21,
and dashed forDt5V21.
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and time shifted replica of the linear componentgo~e!(t),
such that gsf~e!(t)uDt}20.16go~e!(t2Dt). Therefore,
Gsf~e!(V) is given by

Gsf~e!~V!uDt}20.16Go~e!~V!exp~2 i2pVDt!. ~5!

This suggests that the phononic sum frequency compo
gsf~ph!(t) for Dt50.5V21 is opposite to that forDt5V21

and is in phase with the linear phonon oscillationgo~ph!(t), in
agreement with the result of Fig. 1. The same result can
reached by solving Eq.~1! with the driving force given by
go~e!(t)uPu11go~e!(t2Dt)uPu2/1and using Eq.~3! to calculate
gsf~ph!(t). The go~e!(t2Dt)uPu2/1 term is the electronic re
sponse due to Pu2 in the presence of Pu1 which is sm
than the electronic response due to Pu2 in the absence o
as a result of the saturating nonlinearity in the electro
response. The ability to directly measuregsf(t) through sum
frequency detection is highly superior to using Eq.~3!. Typi-
cally, the magnitude of the measured sum frequency sign
;10% that ofgo(t)upu1 & pu2 and the inherent uncertainty i
each separately measured term of Eq.~3! is several percent
Therefore, attempting to extractgsf(t) through Eq.~3! would
result in more than 50% error.

Haseet al. used two pump pulses to investigate the op
cal control of coherent phonons in Bi as a function of t
time delay between the two pulses.7 They observed an
anomalous phase dependence around pump-pump se
tions that are expected to result in total destructive pho
interference. The authors conjectured that this phase de
tion arose from a phonon-phonon coupling. In their model
they assumed a linear phonon dependence, i.e., the left-
side of Eq.~3! is always zero. We believe that the phonon
nonlinearity investigated in this work is the origin of th
perceived phase deviation.

Figure 2 shows the transmission transient for a sin
pump and the sum frequency response forDt5220 fs for
YBCO at T540 K. After fitting and subtracting the elec
tronic part, the fast Fourier transforms~FFT! of the remain-

FIG. 2. Single pump and sum frequency response in YBCO
40 K for Dt5220 fs. The inset shows the FFT spectrum. The sin
pump response is scaled~30.144! to the electronic sum frequenc
amplitude.
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ing ~phononic! signals were calculated and plotted in th
inset. The single pump response and its FFT were scale
that of the sum frequency amplitude. The single pump
sponse has strong phononic components for the Cu and
modes. Yet no phononic components in the sum frequenc
observed in the FFT spectrum. Therefore, the electronic s
frequency component does not generate a correspondin
or Ba phononic component. Due to signal to noise levels,
can say this with more certainty for the Cu rather than the
mode. The expected sum frequency Cu phononic compo
is about ;43 the noise level, while the expected B
phononic component is only;1.53 the noise level.

Below the superconducting transition it was shown th
the transient electronic response together with the amplit
of the Ba mode scale with the density of Cooper pairs a
qualitatively exhibits a BCS-like temperature dependenc8

Thus, Kuttet al.proposed that the breakup of Cooper pairs
the driving force below the critical temperature.9 This obser-
vation was used to suggest that lattice deformatio
~phonons! are involved in the pairing mechanism and sup
conductivity in high temperature superconductors~HTSC!.10

DECP comes in naturally since the ionic equilibrium po
tions in the superconducting state should be different fr
that in the normal state depending on the presence or abs
of the pairing energy. The sudden breakup of Cooper p
and disappearance of the pairing energy should cause
lattice to oscillate around a shifted ionic position. DECP w
also invoked by Mazin et al. to explain the enhancemen
the phononic dynamics belowTC corresponding to the en
hancement in the electronic response.11

The absence of a phononic component in the sum
quency signal seems to argue against the DECP being
generation mechanism in superconducting YBCO. On
other hand, this observation could potentially expose the
croscopic nature of the coherent oscillations in HTSC. It
generally assumed that the observed oscillations result f
a single macroscopic phonon fieldQ. A large number of
independent microscopic oscillatorsq each excited by a
single photon from a short pulse can, in principle, induce
same dielectric oscillations. The latter case could be ap
cable to the HTSC and other mixed-valence perovskite12

where the phonon spatial extent is limited by disorder a
more importantly where localized polaronic effects are w
established. In this case, increasing the pump intensity wo
lead to the excitation of more oscillators rather than an
crease in the amplitude of the macroscopic oscillator. I
then more appropriate to talk about localized lattice osci
tions resulting from the liberation of a localized polaron by
single photon. A second photon cannot interact with this
ready excited~liberated! oscillator, therefore no phononi
sum frequency signal could be generated in this case.

In conclusion, we have employed a nonlinear technique
investigate the driving force for coherent phonons in soli
We have furnished the strongest evidence so far for the
plicability of DECP in semimetals. This is accomplished
relating the phononic nonlinearities to those of the injec
electronic distribution. On the other hand, no such relat
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was observed in HTSC although DECP was invoked
these materials. This result either contradicts DECP as
generation mechanism or requires the presence of local
lattice oscillations resulting from the single photon liberati
of a localized polaron in HTSC’s.
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