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We have investigated the temperature dependence of the optical reflectivity at femtosecond scale in
YBa,Cu;0;_ superconductors. In both normal and superconducting states, we detect the oscillations associ-
ated with twoA, 4 metal-ion modes and compare the phonon dynamics to those obtained by frequency-domain
(Raman spectroscopy. Apart from the considerable increase of amplitude for low-frequency mode in the
superconducting state, we observe that its initial phase in the time domain is approximidtshifted by the
superconductivity, whereas for the high-frequency mode the initial phase shift is almost two times larger. Even
though similar lattice anomalies are observed in both time and frequency domains, the systematic analysis
shows that the coherent lattice dynamics is different from the ordiftagrmal state dynamics probed by
frequency-domain spectroscopy.

[. INTRODUCTION frequency is substantially enhanced, whereas the spectral
weight of Cu-mode remains essentially unchanged. In this
Raman scattering has been long one of the common teclpaper we concentrate on a detailed comparison of these two
niques for studying the lattice dynamics of high- low-frequency phonons in Y123 studied over a wide tem-
superconductorsQuite interesting aspects of the lattice dy- perature range by both time- and frequency-domain tech-
namics are the anomalies of phonon frequency, linewidthpiques. Preliminary results of the femtosecond pump-probe
and intensity in the superconducting state, which might beneasurements of the Y123 film on MgO substrate have been
important for understanding the nature of higsupercon-  published elsewher¥.
ductivity. The anomalies in frequency and linewidth, lav- Our paper is organized as follows: The next section de-
ished with attention both theoreticallgnd experimentallj?*  scribes the sample characteristics and experimental setups.
have been understood as phonon self-energy effects to i&&ection Il provides basic information on the lattice dynam-
successfully employed for estimating the superconductingcs of Y123 and a brief survey of time- and frequency-
gap in some of the highiz. materials’ Much less attention domain spectroscopies. The main experimental results ob-
has been paid to the intensity anomafie$yhich have not tained in this study are presented in Sec. IV, whereas Sec. V
yet found an adequate explanation. On the other hand, &s devoted to discussion. We intentionally separate the results
ongoing advances in laser technology have led to the generand discussion to open up the way to different interpreta-
tion of laser pulses whose duration is shorter than the time afons. Finally, the conclusions are summarized in Sec. VI.
many motions in solids, the use of such short pulses makes
possible a direct, time-resolved observation of the vibrations Il. EXPERIMENTAL DETAILS
of crystal lattice(phononsg. The phonons, created and moni-
tored by the short laser pulses and referred to as coherent, As samples we usectaxis oriented films of Y123 grown
have been observed in a great variety of solids ranging fronon different substrates (SrTi&nd MgQO, as well as Y123
insulators to superconductost® For highT. superconduct-  single crystals described in detail elsewher&he films
ors, the first observation was reported for nonsuperconducgrown on MgO were 300 and 440 nm thick and showed the
ing YBa,Cu;0,_, (Y123) and then for superconducting superconducting transitions measured resistivelyl at 87
Y123 films in both normal and superconducting states.  and 89 K, respectively. The film on SrTi@vas 540 nm thick
The time-domain study by Kurz and co-workErsevealed with T,=88K. The Y123 untwinned single crystals had
the temperature dependence closely resembling the intensity89 K. All the samples measured by Raman spectroscopy
anomaly observed by Raman scattefifiglust below the exhibited some softening of the 340 chmode (~2-3
superconducting transition, the spectral weight at Ba-modem %) that testified to high quality and a doping close to the
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optimum. In both time- and frequency-domain studies, the FIG. 2. Transient reflectivity change vs time delay obtained with
samples were mounted on the temperature-controlled stagdopped light. The dashed line depicts the laser pulse measured
of an optical cryostat. Excitation and detection of coherenfrom the second harmonic generation in a nonlinear crystal. The
phonons were carried out with a pump-probe setup schematirset shows the induced change at larger delays.
cally shown in Fig. 1. Our measurements used a Ti:sapphire
pulse mode-locked laser operating at 800 nm, which propointed out that the oxygen modes could be significantly
duces 78 MHz train of 25 fs pulses. These pulses were dimixed, that is, each of the modes consists of the displace-
vided into high-intensity pump and low-intensity probe ment of different oxygen ion¥. This mixed nature of the
pulses polarized perpendicular to each other to reduce thaigh-frequency phonons was confirmed both experimentally
scattering of pump into the detector. The average power ofind theoretically®° Although the detailed linear muffin-tin
the pulses was in the ratio 50:1, with the probe power nobrbital calculation¥’ predicted also the strong mixing of Ba
exceeding 1 mW. Both the pump and probe beams were kepind Cu ions for two low-frequenci,, modes, the Raman
close to normal incidence and focused to a spot diameter aixperiments on isotope substituted samples failed to confirm
50 um. By varying the time delay between the pump andsuch mixing?®2*Also it should be mentioned that two of the
probe, we were able to obtain transient reflectivity. We usegbhonons, at 340 and at 120 ch exhibit asymmetric line
two different detection schemes to provide phase-sensitivehape’®?® This asymmetry, observed only for in-plane po-
detection. In the first one, a shaker modulated the pumiarizations, is usually ascribed to a quantum interference be-
beam at 550 Hz, whereas in the second scheme the modulaveen the phonon and electronic continuum which is quite
tion at 2 KHz was achieved by a chopper. The first techniqu&trong in highT, superconductors.
allowed increasing the signal-to-noise ratio for coherent os- The time- and frequency-domain studies provide the same
cillations. The Raman scattering measurements were madgformation as long as energy splittifighonon energyis
using the T64000 Jobin Yvon Raman spectrometer equippecboncerned. In spontaneous Raman we are dealing with ther-
with a nitrogen-cooled charge-coupled-device array detectomal excitations. These excitations scatter light, and their
Raman spectra were recorded in a quasibackscattering cospectrum is reflected in the spectrum of scattered fifjht.a
figuration using radiation of an AfKr™ laser with the spec- pump-probe technique, the ultrashort, intense pulse excites
tral resolution better than 2 cm. the sample causing a change in its properties monitored by
the second, weaker pulé&?® Here we encounter the excita-
tions created by pump pulse. In such pump-probe experi-
ll. LATTICE DYNAMICS OF Y123 ments on a number of solids, the oscillations with frequen-

The crystal structure of Y123 is described by orthorhom-Ci€S that correspond to optical phonofssually Raman
bic Dy, point group. However quite often instead of the active of the samples are observetf A few mechanisms

orthorhombic group, the tetragonBl,, group is employed have been proposed to explain these oscillations. Of these,
for phonon classification, which will be used hereafter. alight and displacive excitation of coherent phonéhereafter
primitive unit cell of the Y123 contains 13 ions, and thus "ECP_and DECP are most frequently cited for opaque

there are 36 optical modes at tiiepoint of the Brillouin media®*°

zone. 1Of these optical modesA4,+ 1B,4+ 5E4 are Raman

activel® The = phonorgs are substantially weaker than the IV. EXPERIMENTAL RESULTS

Aig andB,g, phonons?® The latter phonons appear at 120,

150, 340, 435, 500 ciit for the in-plane polarizations of the Typical pump-probe reflectivity results obtained at room
crystals with doping level close to the optimum. All the temperature are shown in Figs. 2 and 3. The runs performed
phonons are generated byaxis polarized displacements: the in different regions of the samples to check the sample uni-
two low-frequency phonons coming from metal ions, while formity, and the runs for films on different substrate and/or
the other phonons from oxygen ions. The very early theoretef different thickness revealed no significant difference in the
ical analysis of polarization properties of the Raman spectrinduced signal as demonstrated by Fig. 3. The films on
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SrTiO; exhibit a smaller oscillatory signal as compared to .
those on MgO, but the frequencies and dephasing times of Time delay (ps)

oscillations are identical. The sample uniformity was also g 4. The transient reflectivity in the normal and supercon-

confirmed by the Raman study under a microscope. In tim@ycting states. The insets show Fourier transformed signals.
domain, all samples have similar dynamics in the normal

state: The pulse width limited featuretat 0, stemming from i ting th b W timated th d
a temporal overlapping of the pump and probe pulses, folcnuating theé pump beam. vve estimate € pump depen-

lowed a resolvable turn-on and subsequent relaxation back gence from both the amplitude of FT dominated by Cu mode

equilibrium. The pump-induced reflectivity changes at posi—at room temperature, and the amplitude of waveform at a

tive time-delay consist of two contributions—an oscillating fixed titmhet ?ﬁlayah?t rgaxirfnum_lloft fifth C}t/(gh Fig(;”el. 6 |
signal, due to coherent phonons, superimposed on a slowﬁ"ot\gs a .etamp.t' uAelo OtSCI a oryf.[t)a:c thepen S (|jneary
varying background of an electronic origin. For the choppe n the pump Intensity. A least-square it ol theé pump depen-

light the oscillatory part is less pronounced, compare Figs. ?ence IS shown by a dashed line. Interestingly, that .the ex-
and 3. Even though in this study we will be primarily inter- rapolation to zero pump power reveals a thresholdhke na-
ested in the oscillatory part, we would like to mention thatf[ure for the pump dependence. The pump effect is reversible

n the sense that after the pump power is reduced the newly

the sign of reflectivity change is reversed as well as the eled .
tronic relaxation time is modified in superconducting measured signal matches exactly that measured before at the

state?”?3 These two feature can be seen in Fig. 4, where thSame power. The oscillation decay and frequency do not sig-

femtosecond responses obtained for the normal and supé?i—ﬁcan“y depend on pump intensity in the normal state. Fig-
conducting states are shown. The oscillatory signals ap-
proach the zero line shown in the figure from bel@iove
in the normal(superconductingstate, and the electronic re-
laxation time is longer in the superconducting state. The os-
cillations we are interested in are dueAg,-phonon modes.
This is confirmed by the comparison to the Raman spectra of
Y123 crystal shown in Fig. 5. Above the transition tempera-
ture, the amplitude of oscillations in the Fourier transform
(FT) shown in the inset to Fig. 4 is dominated by high-
frequency(Cu) mode. Below the superconducting transition,
the oscillation pattern in time-domain becomes more compli-
cated signaling that the spectrum has been changed. In fact,
the FT spectrum in the superconducting state, shown in the
inset to lower panel of Fig. 4, is dominated by low-frequency
(Ba) mode. This Ba mode is asymmetric in the FT spectrum, I N A
and its line shape resembles that for Raman spectra, see Fig. 100 200 300 400 500 600
5. Additionally, the oscillations in the superconducting state
decay more slowly than in the normal state, and are observ-
able at the time delays exceeding 20 ps. FIG. 5. Polarized Raman spectra of the Y123 crystal at two
The pump dependence of oscillations was studied by atdifferent temperatures.

100

Intensity

Y123 crystal, T =89 K
yy-polarization
ffffff T=100 K
—T=10K

Raman shift (cm™)
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film on MgO at room temperature show$) coherent amplitude
(open circlestogether with least-square fitashed lingand(2) the
linewidth of the Cu-modg(filled squarek obtained from Fourier
transformed spectra vs pump power.

ure 6 illustrates this for the decay time measured from the
linewidth of Cu mode, which is almost independent of pump
power.

As temperature is lowered the oscillation pattern in time
domain changes gradually. We can trace the temperature ef-
fect by analyzing the ratio of Ba and Cu modes derived from
the FT spectra. This ratio is shown in Fig. 7 together with the
intensity ratio for the same modes obtained from Raman
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spectra. Clearly seen is that the drastic change in both, Ra- FIG. 8. The oscillatory signal decomposed for short delay times

man and time-domain, ratios coincides with the transitioninto Ba- and Cu-mode contributions.

temperature. For a comparison purpose, we show in the inset

to Fig. 5 the Raman spectra for two different temperaturesig. 7 by open and closed symbols, respectively. The com-
that illustrate the superconductivity-driven increase for theparison of the time- and frequency-domain data reveals that
low-frequency mode. The temperature dependence of the Raven though overall temperature dependence is similar, the

man ratio obtained for thex andyy polarizations is shown in
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ratios from time- and frequency-domains are quantitatively
different. We intentionally present the Raman ratio for two
different polarizations since the superconductivity-induced
change is polarization dependent in the Raman spéctra.
Therefore we have to consider that in the pump-probe ex-
periments we measure an uncontrolled mixture of the polar-
izations due to twinned nature of the films. However, neither
single e« polarization nor any combination of thexandyy
polarizations is able to reproduce the temperature depen-
dence for the ratio derived from the pump-probe experiment.
The ratio is always smaller for time-domain data, at least in
the normal state. It should be noted, however, that the FT of
oscillatory signal gives the amplitude averaged over time.
The amplitudes at short delay times, as well as their ratio, are
different. This is clearly seen from Fig. 8 where fits to the
oscillatory part, described in detail below, are shown. At
zero time delay the contribution of the two modes is almost
equal at room temperature, whereas the low-frequency mode
apparently dominates in the superconducting state. To obtain
the independent contribution of the modes as a function of
temperature we fit the oscillatory part shown in Fig. 9 for a
few temperatures. The result obtained from such fits, which

FIG. 7. Temperature dependence of the normalized Ba-mod&'ay be important, is that the 120- and 150-crmodes are

intensity derived from Ramaisolid circles, theyy polarization;
open circles, thex polarization and pump-probéclosed triangles

experiments.

approximatelyz/2 shifted in the superconducting state.
To get more insight into the dynamics of coherent
phonons at different temperatures, we fit the time-resolved
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FIG. 10. The frequency and linewidth of two low-frequency
modes obtained in time-prolelosed symbolsand Ramar(open
symbolg measurements.
tionally, through the detailed study of the temperature depen-
dence in time domain we revealed that superconductivity

k affects not only amplitude but also initial phase of the coher-
Time delay (ps) ent vibrations. Never being described by a pure cosine or
FIG. 9. The oscillatory part of reflectivity after the slow decay- sine fu_nctlon(W|th|n our experimental accuragyhe initial
ina b .k ' d has b biracted for three different t : ghase is almost/4 shifted for Cu mode, whereas for the Ba
g backgrouna has been sublracted for tree difierent emperatures e, which exhibits the largest amplitude enhancement, the
(T=280,150,5 K) together with the fits described in the text and ' '

shown by dotted lines. The inset to lower panel shows the oscilla-Shlft is /2, see Fig. 8. The change of initial phase may be

tions and fit at longer delay times.

reflectivity to the sum of two sine functionsR

=A exp(—t/7a)Sin Qat+ @a]+Bexp(—t/mg)sin Qgt+ ¢g]. The
quality of the fits is demonstrated by Fig. 9. Alternatively,
we performed FT of the oscillatory contribution. Before do-
ing the fits or FT, we have removed the relaxational elec-
tronic response. Moreover, to minimize the influence of the
waveform distortion by the removal of the relaxational com-
ponent, we performed the fits starting from time delays un-
affected by the removal. The phonon frequencies and decay
times obtained in the two ways were essentially similar, and
only those obtained in the second way are presented in Fig.
10. As the temperature is decreased the frequency becomes
harder, and the dephasing time increases. Note that for the L
low-frequency mode at temperature higher than 200 K the T=10K
error bars are large because of its low intensity. At tempera-
tures near and below the superconducting transition the error
bars are substantially lower. The temperature dependence ob-
served in Raman experiments for frequency and linewidth is
shown in the same figure. The temperature dependence of FT
spectra is also illustrated by Fig. 11 for a limited set of tem- 1 o 3 4 5 6 7
peratures. The figure shows that below the transition tem-
perature the amplitude for low-frequency mode starts to
grow. As we have mentioned, the amplitude ratio for the two  FIG. 11. Fourier transforms of the traces taken at different tem-
modes is modified as the temperature is reduced, see alperatures. Note that the Ba mode is very weak in the normal but
Fig. 7, and the temperature for this alteration appears to cadominant in the superconducting state. The spectra have been nor-
incide with entering into the superconducting region. Addi-malized to unity for the Cu-mode amplitude.

T=60K

T=150K

T=280K

Frequency (THz)
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trum of the upper panel, whereas the next spectra are repre-
sentative of “slow” lattice dynamics that occur at later
times. We can see that at early time the spectral content is
different from that obtained over longer time. This is prima-
rily caused by the fact that dephasing times are different for
the two modes, thus after some time the mode dephasing
faster ceases contributing to the spectrum. In this context we
would like to point out that a straightforward comparison of
the spectra obtained in time-domain to those obtained by
frequency-domain spectroscopy could be misleading. Indeed,
the relative amplitudes for a multimode spectrum are a func-
tion of time window and depend on a relation between the
time window and the dephasing time of the modes.

V. DISCUSSION

Below we present one possible interpretation of the re-
sults obtained concentrating on the differences for time- and
frequency-domain data. We first address the pump depen-
dence. The fact that coherent amplitude decay is independent
from pump-power indicates that the lifetime for the phonons
created by ultrashort pulse is independent from excitation
level. This is a consequence of coherence since for the co-
herent state the ratio of coherent amplitude to its uncertainty
is independent of the coherent amplitude. This pump inde-
pendence has to be contrasted with Raman data that show a
stronger temperature dependence of the linewidth caused by
anharmonic decalthat is the lifetime of thermal phonons is
a strong function of excitatioftemperaturg. This discrep-
ancy implies that the density fluctuations are somehow modi-
fied for the phonons generated in pump-probe experiments,
and their statistical properties are different from those of
natural thermal excitations.

Despite a great body of investigation on the lattice dy-
namics of high¥, superconductors, experiments aimed at
clarification of the phonon eigenvectors are still rare. This
stems from the fact that though symmetry properties can
readily be deduced from the polarization dependence, to de-
termine the relative weight of different ion displacements for

FIG. 12. The ratio of Ba and Cu amplitudes is shown by openghe phonons of the same symmetry requires usually more
(closed circles as a function of the uppélower) bound of the

Fourier transform. The time-resolved spectra shown in each pan?fequency phonons is well established, however, the case of
illustrate the “fast” and “slow” dynamics.

sophisticated experiments. The mixed nature of high-

low-frequency phonons appears to be more complicated. The
detailed experimental study accompanied with a thorough
theoretical analysis put the limit of Be&Cu) admixture to

somehow related to the change of polarity for electronic reupper(lower) mode at less than 158 .However, the lattice
sponse in the superconducting state?®

In addition to the FT performed over the whole time rangeof the Ba and Cu in the two low-frequency modes, and the
(usually equal to 15 ps we attempted to analyze time- strong mixing was used to interpret the results of the time-

dynamics calculatiort$ predicted the strong mixing50%)

resolved spectra. For this purpose we made FT varying thdomain study in Y1232 Although the coherent phonons in
low (upped bound for the time frame of the oscillatory trace Y123 have been reported in two independent experimental
and analyzed the ratio of Ba and Cu amplitudes. The resultstudies, the mechanism for coherent phonon generation in
obtained from such Fourier transforms in terms of the relaY123 is at present not fully understood in either the normal
tive amplitude are shown in the two panels of Fig. 12. Theor superconducting state. The DECP mechanism suggested
upper panel shows how the spectral content varies when wey Kurz and co-worker$ is supported by the observation of
increase the time window. The front spectrum in the insebnly fully symmetric modes excited on both sides of the
shows the spectrum over the whole time window equal to 1Superconducting transition. Furthermore, it has been shown
ps, and the next spectra are for progressively shorter timghat DECP is capable to explain not only oscillatory part but
window being representative of “fast” dynamics. The low also the sign change of electronic response in the supercon-
panel presents the results for various low bounds of timelucting staté® It should be noted, however, that the intensity
window. The front spectrum is identical to the front spec-of E4 phonons is too low even in Raman experiments and,
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for c-axis oriented films it is not possible to observe e 80 100 120 140 160
phonons. The study by Kurz and co-workers also reported a
strict sinelike oscillatiort? Such initial phase for the oscilla-
tions is difficult to reconcile with DECP mechanism. Indeed,
one of the features that distinguishes DECP from LECP is
the initial phase of oscillations: the first mechanism favoring
cosinelike, whereas the second sinelike oscillatibite,
however, that our study did not confirm such strict sine de-
pendence in either normal or superconducting state. Never-
theless, with all the discrepancies in mind we cannot at the
moment rule out the LECP mechanism, which allows coher-
ent oscillations to be driven by a Raman-like procey¥ge
would like to point out on two features supporting the
Raman-like mechanism. The first one is a striking similarity
of the intensity anomaly for Ba mode, observed by both
time- and frequency-domain studies!?!4The second fea-
ture is the asymmetric line shape for Ba mode, observed in
both spontaneous Ranfdrand time-resolved specttaThis
asymmetry can arise from Fano-type interference between
the phonon and electronic background, and is quite natural
for a Raman-like proces8. However, Raman-like mecha- — —
nism cannot explain why there is a large discrepancy be- 80 100 120 140 160
tween the time-domain amplitudes and Raman intensities for
fully symmetric modes, which is apparent at least in the nor-
mal state’”'* and why the high-frequency modes are not FiG. 13. Low-frequency part of Rama@a) and Fourier trans-
observed. Recall that our pulse width allowed us to see thgyrmed (b) spectra together with Fard orentzian fitting showed
spectrum bounded from above by 600 Crand with similar by a solid line. The Fano parameters for low-frequency mode are
pulse duration the coherent phonon at 480 trhas been  shown in each panel.
detected in metal-doped C&®The intensity of other modes
in the Raman spectrum of Y123 is either larger or compa-
rable to that of the modes observed in time-domain experisimilar temperature dependence was reported for the Cu-
ment. Below we will try to show how the inclusion of a mode intensity in an early Raman stutly.
competition between the modes can, in principle, remove the In the FT spectra, the line shape of low-frequency mode is
first (ratio) disparity and to find a plausible explanation for strongly asymmetric being significantly steeper at high-
the second inconsistenéthe lack of high-frequency modes frequency shifts. The asymmetry is changed as the tempera-
We will start with the consideration of the disparity in ture is lowered, however, it is difficult to trace a detailed
ratio. Consider a thermaktationary state comprising two, temperature dependence since the mode intensity is low at
different in frequency, phonons, and assume that the state tee temperature higher thahn,. To examine the line shape
probed by spontaneous Raman scattering. In the thermahore quantitatively we fitted the mode at low temperature to
state the phase is arbitrary and both modes can oscillate the Fano profile. We also fit the same mode, obtained by
the absence of the other. In contrast, in the coherent staf®aman spectroscopy in the Y123 crystal. The two fits give
with a well-defined phase relation, one of the modes mighsimilar line-shape parameters presented in Fig. 13.
not be able to oscillate in the other's presence. Such mode More information about phonon dynamics can be ob-
competition can arise from the fact that both mode eigenvectained through the comparison of the phonon line shape in
tors share the same ions. Thus, a build-up of one of th&aman and FT spectra. By making such a comparison, we
modes prohibits excitation of the other. It should be notedevealed that besides the already mentioned discrepancy in
that the eigenvectors suggested by Rodrigigzll® are  relative intensity, the linewidth of the phonons excited ther-
compatible with such a picture since the in-phase admixturenally and coherently could be different. The discrepancy in
of Cu to Ba in the low-frequency and the out-phase admixdinewidth for Cu mode was mentioned in the study of Kurz
ture of Ba to Cu in the high-frequency modes make imposand co-workers, however, this was ascribed to Landau damp-
sible their coexistence in coherent state. As a result, in théng which, by these authors’ opinidAwas present for most
normal state the build-up of 150-cthmode almost excludes Raman experiments and absent for time-domain study. The
the excitation of the 120-cnt mode, whereas in the super- Landau damping in higfi superconductors, even being ex-
conducting state the situation is almost reversed. It is plautensively treated theoreticalfy,>**was reported only by one
sible to suggest that only initial conditions, different for the research grou} and not reproduced ever sinteHowever,
normal and superconducting states, determine which modeur results in time domain show that the situation with line
will oscillate. However, at early time the amplitudes for the width seems to be more complicated and can hardly be as-
two modes are almost equal at room temperature, as it isribed to Landau damping only. Indeed, we observe that for
evident from the fit in real time, see Fig. 8. Moreover, in thenormal state the linewidth of high-frequency mode is always
superconducting state, the amplitude of high-frequency modkrger in frequency domain, whereas the situation is reversed
is slightly smaller than in the normal state. Note that thefor low-frequency mode. We note that given the small-

(a) Raman

Intensity

Frequency (cm”)
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L tio. Note that for KTaQ@ and SrTiQ crystals irradiated with
0.00007 femtosecond laser pulses the phonon squeezing has been
reported®
Now we would like to dwell on the observation that only
two of the five Raman active phonons are detected in pump-
probe experiments. This fact speaks strongly against Raman-
like mechanism for the coherent phonon generation in high-
T. superconductors. Our pulse width allows to excite the
whole spectrum of optical phonons in Y123, however, ex-
cept the two discussed above modes we are only confident
that there is a very weak feature at 200 ¢mwhich may be
0.00003 related to Van Hove singularity recently observed by the
Raman in a number of higl; materials®’ One of the pos-
sible reasons for the lack of oxygen phonons can be our
-0.04 +—1——T——T——T—— T 1 0.00002 using the shaker to modulate the pump beam. In such a tech-
25 26 27 28 29 30 nique we integrate over time, and the high-frequency modes
Time delay (ps) can be effectively washed out of the spectrum. However, the
) ) ) _ spectrum was the same even when we decreased the shaker
FIG. 14. Coherent amplitude and its variance for different phaseamplitude to a minimum. The next reason to be addressed is
angles(ti.me delay$ obtained from the pump-probe experiment ex- the pulse duration at the sample siteciyostat The pulse
plained in the text. duration of 25 fs was measured on the sample site in the air,
and the cryostat windows could result in some broadening of

frequency spitting between the modes, if the low-frequencyh€ laser pulse. However, such broadening is hardly expected
mode is Landau damped the high-frequency mode is modf be the main reason for the lack of the high-frequency
probably also within the damping region. The situation formodes. As a matter of fact, the measurements carried out
high-frequency mode with dephasing time being longer tharwithout cryostat still showed no trace of the oxygen-related
time required for damping is interesting and not well under-phonons. Thus, we conclude that the absence of high-
stood. Numerous time-domain studies tacitly assume that thigequency phonons remains unexplained signaling that the
dephasing rate, T}, is a sum of two contributions: a phase- excitation mechanism for coherent phonons in Y123 may not
destroying part Wyn,seand a population-related partTl/. be related to Raman process. Nevertheless, we would like to
This point of view, explicitly stated in a recent reviedv, draw attention to the following feature of Raman spectra that
suggests that TH=1/2(1/T;+ LT nasd- In such a picture, might be responsible for the lack of high-frequency modes.
the dephasing rate cannot be smaller than damping. HowFhe oxygen-related modes are considerably broader than the
ever, the experimental results tell otherwise implying that thenetal-ions phonon¥’ If their decay time is somehow pro-
processes contributing to damping and dephasing can be digortional to the linewidth in frequency domain then the
tinctly different. modes would decay just after a few hundreds of femtotosec-

We would like also to point out that the fact that the two 545 and therefore do not appear in the Fourier transformed
modes are phase-shifted can provide a unique possibility tQpectra.

check as to whether the phonons are squeezed in pump-probe
experiments. Indeed, if one quadrature is squeezed, the other
should be stretched, and with the two phase-shifted modes
we measure different contributions of the two quadratures.
Assuming the same squeezing angle for both modes and tak- ) ) )
ing Raman data at the lowest temperature as a measure of We have experimentally studied the phonon spectra in
zero-point fluctuations, the situation with the linewidth in YB&CusO7_, by time- and frequency-domain spec-
time- and frequency-domain data is suggestive that the higroscopies. The spectra were obtained over a wide tempera-
frequency mode is squeezed, whereas the low-frequendyre range including both normal and superconducting states.
mode is stretched at least in the normal state. To test thk the time-domain spectra we have revealed the asymmetric
hypothesis of squeezing we have investigated in a separali@e shape for low-frequency mode, similar to that observed
series of measurementhictuation propertiesof the state in the frequency-domain spectra. This asymmetry most prob-
created by femtosecond pulse. To do this, we measured 1@bly stems from Fano interference. Temperature affects the
times a part of the oscillatory waveform from 2.5 to 3 ps tocoherent and thermal phonons in a qualitatively similar, but
calculate the amplitude variations at different phase anglequantitatively different way. Namely, the FT amplitude and
(time delay$. The variance of coherent amplitude as a func-Raman intensity for Ba mode increase as the sample goes
tion of phase(delay timeg is shown in Fig. 14. There is a superconducting, however, the relative intensity of the Ba
very weak modulation of the variance suggestive that thend Cu modes remains different for time- and frequency-
coherent amplitude fluctuates more strongly at certain phasgomain measurements through the whole temperature range
angles. However, to claim with certainty the phase-from room down to helium temperatures. Although the fre-
dependent fluctuations, which will be a signature of the phoquencies of coherent and thermal phonons coincide within
non squeezing, definitely requires a better signal-to-noise raxperimental accuracy, their linewidths are different.

0.00006

- 0.00005

Variance (arb.units)

0.00004

Coherent amplitude (arb.units)

VI. CONCLUSION
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