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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
(HTSO), 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 femtosectechnique has been applied in the past to investigate carrier-
ond laser pulses, with multiterahertz spectral bandwidth, leadarrier interactions through the intrinsic nonlinearities of the
to the possibility of the excitation of coherent phonon statesluminescence proce$sBelow, we demonstrate that for im-
They are manifested in transient measuremenfs) as a  pulsive excitation no phononic sum frequency component
modulation of the optical dielectric function at a frequeity would be generated. On the other hand, if the electronic den-
corresponding to a lattice phonon. A theoretical descriptiorsity drives the phonons, as in DECP, then a sum frequency
of displacive excitation of coherent phonon the¢BECP phononic componentyg,n(t) of a certain magnitude and
was proposed to explain the generation of coherent phonorsign, in relation toy,,n(t), should be detectable. Absence of
in absorbing condensed matteRealization of this displa- a phononic sum frequency contribution, despite the presence
cive mechanism requires a strong dependence of the equiliof a strong electronic nonlinearity, suggests that coher-
rium nuclear coordinates on the electronic excitation. Thissnt phonon generation is independent of the electronic
coupling to the electronic system leads to the excitation ofxcitation.
fully symmetric breathing modes of the lattice. In DECP, the The coherent phonon field is given by
instantaneou®lectronic excitation leads to a sudden change )
in the free energy of the lattice, which responds to the new £+QZQ—F('{) 1)
electronic state by movingQ toward a new equilibrium at? B ’
displacement. The inertia of the lattice causes electrons to - . _
oscillate around the new position in a cQs$) fashion with Where the driving forcé(t) is a function of the pump pulse

amplitude proportional téQ, wheret=0 corresponds to the intensity for' im.pulgive excitation or of _the pur_np-_generated
arrival of the excitation pulse. Conversely, purely impulsiveelec'[ronIC distributionyqe(t) for displacive excitation. The

excitation in nonabsorbing materials leads to a strict(in( Teasl,utre?hdlelectlr_ltc dmodfu{z;nonhls ass}l_JmedI to be plr opor-
motion indicating oscillations around nonshifted ionic equi—.Iona 0 the amplitude of the phonon fie@. In a purely

librium positions. DECP was later shown to be a special Casgnpulswe eXC't";‘“O” the d.r|vmg force IS given bi}_(t_).
of the more general impulsive stimulated Raman scat'ferin°c(‘9)(/‘9.Q)|E(t)| ' V\_/hereX is the electronic _su;cept|b|l|ty
(ISRS mechanisn? nd E is the magnitude of the pump electric field. In the

Jresence of two pump pulses separatec\byand modulated

In the past, the phase of the phonon oscillation served . . L
has bnas P scliaton serv @t different frequencie&f; andf,) the phonon driving force

the means to identify the generation mechanism. In this wor
we attempt to investigate the link between the electronic ex!S

citation componenty,(t) and the phononic component _ 2 -~ 2

Yopn(t) of the measu(r()ed transient(t) in materials where FO=(ox/IQIBEL O 1t [BA(t=AD [T} (D
DECP was identified as the generating mechanism. Specifthe modulation frequenciefs; and f, are of the order of 1
cally, in semimetals we are able to ascertain that the eledKHz. Since Eq.(1) is a linear differential equation, no com-
tronic excitation is the coherent generation force by comparponent at the sum frequency will be generated. In what fol-
ing the nonlinearity in the electronic and phononic responséows we show that in the semimetal alloyBiSh, o5 the

in semimetals. We employed a nonlinear two-pump/probénjected carrier density is the driving force of the coherent
technique. In this technique, two pump pulses are chopped @honons. This is accomplished by analyzing the relation be-
two different frequencie$;, andf,. Through various carrier- tween the electronic and phononic sum frequency signals for
carrier interactions and scattering mechanisms, the dynamigaimp pulses separated Byr=0.5Q "1 and Q1. We also

of the carriers injected by one pump are influenced by thosénvestigated the coherent phonons in a high temperature su-
injected by the second pump and vice versa. This nonlineaperconductor where DECP was invoked. In the latter, no
ity in the electronic responsey,e(t), will result in the de-  phononic sum frequency component was detected, despite
tection of an electronic related signal at the sum frequencyhe presence of a large electronic sum frequency signal. We
(fy+f,) in the probe beamye(t). (A variation of this  discuss the possible implication of this observation on the
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identification of the phonon driving force and the micro-
scopic nature of the phonon oscillations.

The samples used in this investigation are a 300 nm thick 2l
c-axis oriented YBgCu;0,;_ s (YBCO) twinned film sput-
tered on an MgO substrdtand a Bj ¢:Shy o3 (BiSh) bulk
alloy. The superconducting transition in the YBCO film oc- 10

S~

curs atTc=87K, with a transition width of 1.5 K. The ex- %o
periments are performed using a Ti:Sapphire oscillator pro- ©
ducing 25 fs pulses at 1.5 eV. The pump beam polarization is g 0
orthogonal to that of the probe. All measurements are per- <
formed at a fluence of 10QJ/cnt corresponding to a pho-

toexcited carrier density of 810*cm™3. Measurements on

the YBCO were conducted dat=40 K<T., revealing a 120 10
cm ! Ba mode and a 150 cm Cu(2) mode. The BiSh
sample has a dominant phonon oscillation at 2.7 THz with
(0 ~1=360fs. Vidalet al. investigated the coherent phonon
generation in the BL,Sh, alloy system as a function of°
With increasingx, this system exhibits a semiconductor-

sem!met(zjil tran3|t|0n. .a1x=0._06'-'> Zgni tgenfadselemetaL- FIG. 1. Single pump response and the nonlinear sum frequency
semiconductor transition at=0.22. tanfor esearc response in BiSh foA 7=0.50 "1 (solid) andAr=0Q " (dashed

Systems chopper SR540 was used to modulate the Whhe vertical dashed line indicates the position of Pul. The position

pumps. '_I'he chopper blade is divided into _tWO concentricys py2 is indicated by the vertical arrows, solid fr=0.5Q"1,
circles with a different number of holes and is therefore ca-4nq gashed foar=0 1.

pable of simultaneously modulating the two pump beams at
two different frequencies, innerf) and outer {,,) fre-
qguencies. The ratio of,/f,,;=5/6 is determined by the
number of holes in each circle. The two pump beams ar

parallel but separated by-1 cm, enabling the modulation be measured even for a purely linear response for the dielec-
Pul and Pu2 at,, andf;,, respectively. By assuming that _ . ios. H pt yb h pth t this functional
vo(t) has both a linear and a quadratic dependence on thté'c Frope_rtUe_s. toYvev?r, : ca(rjw e? own it ad tls unc I(I)In'?
injected carrier density, it can be shown that the sum fre{;'l 220'32??0); tlrsleam(S:sSurZS r?cr)n(lai:\gar?yaglrrr: dgiti(())rc\) i?é:ne;
quency component is effectively given by surable nonlinearity in the detector could account for the
measured sum frequency signal. The phase of the phononic
Ysi() = O (t=An){yo(V)[pu1& puz— [Vo(Dlpurt Yo(Dlpual}:  sum frequency component faxr=0.5Q 1 is opposite to
) thatA 7= ~! and is in phase with the phonon oscillations in

the single pump response. We show below that these phases
can be accounted for using the DECP theory by assuming
hat the electronic response is the driving force for the co-
erent phonons.

In DECP the driving force in Eq(l) is the excited elec-
tronic density,y,(t), and the coherent phonon amplitude is

given by

-0.5 0.0' 0.5 10 15 20 25 30 35
Time Delay (ps)

properties through the reflection transient which itself is a
onlinear function of the dielectric constants. This implies
at, in principle, a sum frequency reflectivity-transient could

where ©(t) is the unit step functionAr is the separation
between the two pump pulses, anglt)|u1 & puzindicate the
response for two pump excitations rather than only one o
the other. Clearly,y(t) would be zero in a purely linear
system.

Figure 1 shows the transient reflectivity in BiSb for a
single pump(Pul) response af; and the sum frequency
response af;+f, Ior a pump separation of r=0.50 "1
(solid line) and Q) ~* (dashed ling The vertical dashed line o1 —
represents the position of Pul, while the arrows represent the Yopn( D[ Lo ) cos QD). @
position of the Pu2 as a solid arrow for @6 * and dashed
one for theQ) ~* case. As expected, the sum frequency signawhere I, (Q) is the Fourier component ofq(t) at Q.°
starts after the arrival of the second pulse. Just as the singleo test whether the electronic density is the driving force of
pump response, the sum frequency signal consists of an elefe coherent phonons, the correct phase of the oscillations in
tronic and a phononic contribution. The negative electronidghe phononic sum frequency component for batr
contribution to the sum frequency signglye/(t) indicates =0.50"! andQ ! should come out from Eq1) using the
that the electronic response,q(t) (at f;) increases sublin- corresponding electronic sum frequency componggy(t)
early with the increase of excitations, i.e., saturates. The suras the driving force. Similar to Eq4) the sum frequency
frequency signal is a measure of the nonlinearity of thephononic ~ component is given by yggpn(t)<[1
single pump response since this nonlinearity is what couples- I (£2)cos2t)]. In order to determine the oscillation
the two chopping frequencies. As shown in the figure, thephase ofysgpn(t) in relation toy,pn(t) we need to express
sum frequency signal is-16% that of the single pump re- g (€2) in terms ofl" g (£2). The sum frequency electronic
sponse. We note that in the above we measure the dielectrtomponentyg(t) in Fig. 1 is roughly a scaled, inverted,
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““j‘ L ing (phononi¢ signals were calculated and plotted in the
5 Put (x0.144) inset. The single pump response and its FFT were scaled to
P A I SumFrequency (=220 &) | that of the sum frequency amplitude. The single pump re-

sponse has strong phononic components for the Cu and Ba
: modes. Yet no phononic components in the sum frequency is
e P observed in the FFT spectrum. Therefore, the electronic sum

: frequency component does not generate a corresponding Cu
or Ba phononic component. Due to signal to noise levels, we
can say this with more certainty for the Cu rather than the Ba
mode. The expected sum frequency Cu phononic component
is about ~4X the noise level, while the expected Ba
phononic component is onhy1.5X the noise level.
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00| . i Below the superconducting transition it was shown that
| | | | | | 1 | | . . . .
05 00 05 10 15 20 25 30 35 40 45 s0 the transient electronic response together with the amplitude
Time Delay (ps) of the Ba mode scale with the density of Cooper pairs and

qualitatively exhibits a BCS-like temperature dependefice.
hus, Kuttet al. proposed that the breakup of Cooper pairs is
he driving force below the critical temperatut@his obser-
vation was used to suggest that lattice deformations
(phononsg are involved in the pairing mechanism and super-
conductivity in high temperature superconductdtd SC).1°
DECP comes in naturally since the ionic equilibrium posi-
tions in the superconducting state should be different from
that in the normal state depending on the presence or absence
T Q)] 4,5 —0.16 oo (Q)exp —i27QA7).  (5) of the.pairing energy. The sudden breakup of Cooper pairs
and disappearance of the pairing energy should cause the
This suggests that the phononic sum frequency componettttice to oscillate around a shifted ionic position. DECP was
Ysipn (1) for A7=0.50"1 is opposite to that foa7=Q"!  also invoked by Mazin et al. to explain the enhancement of
and is in phase with the linear phonon oscillatigf,(t), in - the phononic dynamics beloW. corresponding to the en-
agreement with the result of Fig. 1. The same result can bhRancement in the electronic resporise.
reached by solving Eq.l) with the driving force given by The absence of a phononic component in the sum fre-
Yoie(D)purt Yo (t—A7)|puzn@nd using Eq(3) to calculate  quency signal seems to argue against the DECP being the
Ysph(1)- The yoe(t—A7)|puzs term is the electronic re- generation mechanism in superconducting YBCO. On the
sponse due to Pu2 in the presence of Pul which is smallefiher hand, this observation could potentially expose the mi-
than the electronic response due to Pu2 in the absence of Pddoscopic nature of the coherent oscillations in HTSC. It is
as a result of the saturating nonlinearity in the electroniGyenerally assumed that the observed oscillations result from
response. The ability to directly measuyg(t) through sum 5 single macroscopic phonon field. A large number of
frequency deteption is highly superior to using E3). Typi- independent microscopic oscillators each excited by a
cally, the magnitude of the measured sum frequency signal I§ingle photon from a short pulse can, in principle, induce the

~ 0, i i I
10% that OfyO(t”P”l&PUZ and the inherent uncertainty in same dielectric oscillations. The latter case could be appli-

_T_ﬁ(é?e?gfear:ttg mﬁast% ree()j(ttrzrr?((t))f ,[??6'3 T}e\éerg)rxnggt' cable to the HTSC and other mixed-valence perovskites
' piing el gn =q where the phonon spatial extent is limited by disorder and

result in more than 50% error. . rantly wh localized pol ic effect I
Haseet al. used two pump pulses to investigate the opti-more importantly where localized pojaronic efiects are we
established. In this case, increasing the pump intensity would

cal control of coherent phonons in Bi as a function of the L - .
time delay between the two puIsésThey observed an lead to the excitation of more oscillators rather than an in-

anomalous phase dependence around pump-pump sepaf&€ase in the amp!itude of the macroscqpic osc?llator. I_t is
tions that are expected to result in total destructive phono#1€n more appropriate to talk about localized lattice oscilla-
interference. The authors conjectured that this phase deviions resulting from the liberation of a localized polaron by a
tion arose from a phonon-phonon coupling. In their modelingsingle photon. A second photon cannot interact with this al-
they assumed a linear phonon dependence, i.e., the left-hafi@ady excited(liberated oscillator, therefore no phononic
side of Eq.(3) is always zero. We believe that the phononic sum frequency signal could be generated in this case.
nonlinearity investigated in this work is the origin of this  In conclusion, we have employed a nonlinear technique to
perceived phase deviation. investigate the driving force for coherent phonons in solids.
Figure 2 shows the transmission transient for a singléMe have furnished the strongest evidence so far for the ap-
pump and the sum frequency response Aar=220fs for  plicability of DECP in semimetals. This is accomplished by
YBCO at T=40K. After fitting and subtracting the elec- relating the phononic nonlinearities to those of the injected
tronic part, the fast Fourier transforn@SFT) of the remain-  electronic distribution. On the other hand, no such relation

FIG. 2. Single pump and sum frequency response in YBCO a
40 K for A7=220fs. The inset shows the FFT spectrum. The singlet
pump response is scaléek0.144 to the electronic sum frequency
amplitude.

and time shifted replica of the linear componepj(t),

such  that yse(t)|a,—0.16yye(t—A7). Therefore,
[s6(£2) is given by
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was observed in HTSC although DECP was invoked for We thank F. Garzon and R. Houlton for providing the
these materials. This result either contradicts DECP as th€BCO film and A. Migliori, T. Darling, and F. Freibert for
generation mechanism or requires the presence of localizgatoviding the BiSb sample. This research was supported by
lattice oscillations resulting from the single photon liberationthe Los Alamos Directed Research and Development Pro-
of a localized polaron in HTSC's. gram by the U.S. Department of Energy.
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