VOLUME 67, NUMBER 27

PHYSICAL REVIEW LETTERS

30 DECEMBER 1991

Femtosecond Spectroscopy of YBa;Cu3;07-;: Electron-Phonon-Interaction Measurement
and Energy-Gap Observation
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The femtosecond dynamics of reflection and transmission spectra of a YBa,Cu3O7—; film have been
studied in the wavelength range 620-680 nm at initial temperatures To both above and below the critical
temperature 7.. A difference has been found to exist between the spectral responses for To < T, and
To> T., which can be attributed to the presence of an energy gap in the spectrum at T < T.. Based on
the experimental data, the electron-phonon-interaction parameter A{w?) has been estimated as

(4+2)x102meV2

PACS numbers: 74.30.Gn, 74.70.Vy, 78.20.Nv, 78.47.+p

Real-time studies of the relaxation of charge carriers in
oxide superconductors can help to obtain unique informa-
tion about the nature of superconductivity in such materi-
als, particularly the role of the electron-phonon interac-
tion. In the works reported in Refs. [1-5], there was in-
vestigation of the femtosecond charge-carrier dynamics in
cuprates using a single wavelength for both pump and
probe pulses. In this work, we have studied the fem-
tosecond dynamics of the difference reflection and
transmission spectra of a YBa;Cu3;07-; film in the spec-
tral range 620-680 nm at initial temperatures 7T above
and below the critical temperature T.. The spectral
dependence of the response has been found to reverse sign
in the vicinity of the Fermi level. The spectra obtained
with delay times between the pump and probe pulses of
less than 1 ps at T < T, differ drastically from those at
To> T., which is believed to be associated with the dy-
namics of destruction of superconductivity upon the heat-
ing of the sample from 7 < 7, by a high-power fem-
tosecond pulse.

Studying the time history of electron-phonon relaxation
throughout the spectral range has allowed us to estimate
the electron-phonon interaction parameter [6,7] A{w?) as
(4£2)x102 meV?2

The sample under study was a 150-nm-thick YBa,Cu;-
O7-; film deposited on a SrTiO; substrate and coated
with a protective MgO layer 5 nm in thickness. The su-
perconducting and protective layers were grown by high-
frequency magnetron sputtering in a single production cy-
cle. The crystallites in the superconducting layer were
around 300 nm across, their ¢ axis being oriented normal
to the substrate surface. The critical temperature 7T, was
equal to 80 K.

The sample was excited with a 150-fs laser pulse at 612
nm. The pump pulse intensity on the sample was some
10" W/cm?2. The excited sample area was probed with a
weak wide-band continuum pulse of the same duration.
The probe pulse that passed through (or reflected from)
the sample was detected with a multichannel optical
analyzer built around two charge-coupled-device arrays..
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In our experiment, we measured the difference spectrum
AA(Q\,7) at various delay times 7 between the pump and
probe pulses.

In Fig. 1, which shows some of the experimental
difference transmission spectra, one can see the drastic
difference between the results for To> 7, and Ty < T..
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FIG. 1. Difference transmission spectra of the sample for

various delay times 7 (fs) of the probe pulse: (a) T9=92 K,
(b) To=70 K. The delay times are presented for an energy of
1.96 eV. The delay of the biue-wing probe continuum (2.02
eV) relative to its red-wing counterpart (1.9 eV) is no more
than 60 fs.
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While transmission in the former case is observed to de-
crease during the pump pulse over the entire spectral
range under study [Fig. 1(a)l, it grows in the region
1.93-2.01 eV in the latter case, there being only a slight
drop in transmission in the range 1.89-1.93 eV [Fig.
1(b)]. With the delay time between the pump and probe
pulses amounting to around a picosecond, a quasiequili-
brium sets in, so that fast (=100 fs) changes in the spec-
tra cease. The only difference in the observation condi-
tions between the spectra of Figs. 1(a) and 1(b) was that
between the initial temperatures of the samples, and so it
is reasonable to suppose that the changes the spectra are
seen to undergo at 7 <1 ps [Fig. 1(b)] contain informa-
tion on the dynamics of destruction of the energy gap as a
result of the sample being heated by the powerful fem-
tosecond laser pulse.

Figure 2 shows the relationship between the optical
density of the difference transmission spectra A4 and the
delay time t for the most typical regions. The zero delay
time was determined from the results of independent ex-
periments with a semiconductor-doped glass filter RG-8.
At Tp=92 K (Fig. 2, curve a), the shape of the curves
remains qualitatively the same throughout the spectral
range of interest: AA is seen to decrease for a charac-
teristic time of the order of 100 fs and then relax during
7 =<1 ps. The difference between the curves for various
regions of the spectrum is that the asymptotic value of
AA is less than zero at Aw <1.96 eV and greater than
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FIG. 2. Difference transmission of the sample as a function
of delay time for various photon energies of the probe pulse, Aw
(eV): Curve a, To=92 K, Aw=1.95 eV; curve b, To=70 K,
ho=1.91 eV; curve ¢, To=70 K, hw=1.98 eV. The curves
are the numerical fits to the experimental data for A{w?) =450
meV?, C.=16 mJ/molK?, and I,=2x10"" W/cm?

zero at hw > 1.96 eV. Similar curves, though relaxing to
AA=0, were observed at To=70 K for hw <193 eV
(Fig. 2, curve b). The curves for ~Aw > 1.93 eV at this
temperature reversed sign (Fig. 2, curve ¢); i.e., A4 was
first observed to increase and then relax to various
asymptotic values, depending on wavelength. The relaxa-
tion of AA in the vicinity of Aw =1.96 eV was nonmono-
tonic: Two to three AA oscillations were observed to
occur on a 300-500-fs scale. More pronounced oscilla-
tions in the transient transmissivity profile were observed
in Ref. [2] only for a nonsuperconducting YBa;Cu3Og+x
sample and were explained by the pulsed generation of
optical phonons. An essential feature of the curves ob-
tained at T < T, is the delay of the response for =200 fs
in the region of 1.93 eV (Fig. 2, curve ¢), compared to
that in the region of 1.91 eV (Fig. 2, curve b) and the
response at To> T, (Fig. 2, curve a). The magnitude of
this delay is roughly 3 times the relative lag of the various
spectral components of the probe pulse, observed to occur
in the experiment as a result of dispersion.

To recover Aey from the difference transmission and

0.15 o7 :
1 -200 §s :
2 0 : N .
< 4 400 ';
N 5 800 /
R o005 - 4
o 6 1000 :
S 7 1400 :
[ = .
-0.05 } 1
~S c
S S loos
' b
NQ o 1 . . . -4
93 1.94 1.96 1.98 >
0.05 1
2
L o0 1
wN
=]
-0.05 =
1.88 1.92 1.96 2 2.04

Energy (eV)

FIG. 3. Difference spectra of the imaginary part of the
dielectric constant ¢ for various delay times t (fs) of the probe
pulse: (a) T9=92 K, (b) To=68 K, (c) the result of subtract-
ing the spectra of Ae; for To=63 K and To=92 K (r =1000
fs).
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reflection spectra, use was made of ellipsometric data on
the equilibrium dielectric constant, ¢, and ¢, of YBa,-
Cu307—; [8]. The difference spectra of Ae; are shown in
Figs. 3(a) and 3(b). As can be seen from the figures, the
spectra for To> T, again differ greatly from those for
To<T. At =700 fs, the spectral dependence of the
response for T9o=92 K becomes alternating: Ae; <O for
ho=<1.99 eV and Ae;=0 for ho=1.99 eV. Subse-
quently, starting from 7 =1 ps, the shape of the spectrum
ceases to change—it remains alternating, with Ae; =0 at
hw=2 eV I[Fig. 3(a)l. An alternating response is
characteristic of the spectral range corresponding to tran-
sitions either into or out of the Fermi level region [9,10]
and is associated with the temperature smearing of the
charge-carrier distribution function in the vicinity of the
Fermi level. The position of the Fermi level in the spec-
tral region Aw=2 eV agrees with the data of Ref. [4].
The decrease of transmission (e rise) for short delay
times over a wide spectral range [Fig. 3(a)] is to all ap-
pearances due to the shift of the Fermi level as a result of
strong heating of the charge carriers. The absence of any
substantial changes in the Ae; spectrum at 7=1 ps
points to the establishment of a quasiequilibrium. By this
moment, the temperature of the sample reaches 500 K,
and the system loses its memory of the initial conditions,
so that the difference of a mere 30 K between the initial
temperatures cannot bring about any significant dissimi-
larities in the spectra of the excited sample. It can there-
fore be argued that the diversities observed in the
difference spectra at t =1 ps [see Figs. 3(a) and 3(b)]

]

dT./dt =[(1 =Ry —T()/LyCoAT )1, (t) — y (T, T )T —T.),
dT/dt =y(To, T ) CAT)/C (T INT, —T) — (1/7es) (T — To) ,

where Ry is the reflectivity of the multilayer system, 7, |

the transmissivity of the superconductor layer, Ly the su-
perconductor layer thickness, I, the pump pulse intensity,
C. and C;, the electronic and lattice heat capacities, and
Tesc the time it takes for phonons to escape into the sub-
strate.

According to Allen [7], the electron-phonon relaxation
rate is described by the expression (A =1, kg =1)

y(te, T) =G/aT M0 (1 — (o120 T.TL) . 3)

According to the calculation results on the band struc-
ture of YBa;Cu307—5 (Refs. [14,15]), the energy interval
from —6 to +2 eV relative to the Fermi level contains a
36-band complex made up of highly hybridized Cu 3d
and O 2p states. Transitions across the forbidden gap in
the electronic band structure start from an energy of
around 3 eV. For this reason, it can be assumed that
practically all of the absorbed pump pulse energy goes to
the heating of the charge carriers. The quantity 7, can
be estimated as = 10 ps. For C,(T), we interpolated the
data reported in Refs. [16,17). The data for C,=yT
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can only result from the differences between the spectra
of the sample in the initial (unexcited) state. This can be
explained by the presence of an energy gap in the vicinity
of the Fermi level for To=63 K and the shift of this level
because of the difference between the T values.

Subtracting the difference spectrum Ae; for T9o=92 K
at =1 ps from that for T¢o=63 K, we obtain a peak
about 30 £ 10 meV wide in the neighborhood of 1.97 eV
[Fig. 3(c)]. Relating the width of this peak to the width
A of the energy gap (in a way similar to that used in the
experiments on photoelectron spectroscopy [11,12]), we
get 2Ao/T. =8 £ 3, which agrees well with the data re-
ported in Ref. [11].

The presence of an energy gap in the initial state can
also explain the lag of the optical response maximum ob-
served to occur for Ty < T, in the vicinity of the Fermi
level. The magnitude of this lag (=200 fs) matches the
time it takes for superconductivity to be destructed (see
also Ref. [5]).

The experimental curves of Fig. 2 were used to esti-
mate the electron-phonon-interaction parameter A{w?) as
follows. The dielectric constant of the sample varies as a
result of the heating of charge carriers and the shifting of
energy bands due to the heating of the lattice and ther-
moelasticity effects. Within the framework of linear
response, this variation (the change of transmission in
our case) can be represented in the form [13] AA
=aAT.(t)+bAT (t), where T, is the charge-carrier
temperature and 7, the lattice temperature. To calculate
the dynamics of AA, the temporal variations of 7, and T,
were determined from the set of equations [7,13]

(1
(2

differ greatly (from 13 to 54 mJ/molK) [14,18], and this
contributes the most to the error in determining A{w?).
According to our calculation results, the maximum tem-
perature of charge carriers reaches some 3000 K. The
maximum temperature of the lattice is around 600 K.
The theoretical functions AA4(¢), calculated with due re-
gard for the Gaussian shape of the pump and probe
pulses, were compared to the experimental curves (see
Fig. 2). Comparison was made for the spectral range
1.92-1.95 eV far from the Fermi level in order to avoid
the possible nonlinear effects associated with the shift of
the level as a result of strong heating of electrons. The
parameters a and b were selected so as to make the calcu-
lated curves approximate the experimental data for the
maximum (7 =100 fs) and asymptotic (z =1 ps) values,
the temporal behavior of the experimental curves being
approximated by means of the parameter A{w?). The
resultant estimate is A{w?)=(4+2)x102 meV2 Using
for {w?) the estimate (w?) =63/2 and taking the Debye
temperature ©p as 350 K [17], we get the following esti-
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mate for the electron-phonon coupling constant: A =0.9
+0.4. Our data fit the results of the femtosecond pump-
probe measurements [7] and the value of A=1 found in
Ref. [19] by the local-density-functional method.
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