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Femtosecond laser spectroscopy is used to study the temporal behavior of the optical spectra
of the films of YBa;CuzO7_s and Cgg on a 100-fs scale. The studies cover initial ternpera-
ture dependence of the optical spectra of superconductors and laser intensity dependence of
the fullerites absorption. The appearance of the superconducting energy gap in the optical
spectra (in the region of photon energies that are substantially higher than the supercon-
ducting energy gap) is investigated. It is shown both experimentally and theoretically that
in the difference spectrum of the e3(w) between the superconducting and normal phases
there 1s a characteristic structure which width is connected with the energy gap. Based on
the experimental data, the electron-phonon interaction parameter A < w? > has been esti-
mated at 450 £ 150 (meV)?. The rise of absorption in fullerites, peaked at zero delay times,
1s shown to be replaced by electronic-vibrational relaxation with times 7 & 1 ps and 7 ~ 1
ps. Relaxation mechanisms corresponding to these times are discussed. Simple theory of the
fullerite photodarkening dependence on the energy density of the femtosecond laser pulse is

presented. The physical effects that appear at high excitation levels are discussed.

I. Introduction

Femtosecond laser spectroscopy enables one to
study in real time various processes taking place in
solids and to observe changes of electronic spectra in the
course of the formation of new phases, and so on (see,
for example, Refs. 1 and 2 and references cited therein).
For example, real-time studies into the relaxation of
charge carriers in oxide superconductors and doped ful-
lerites (M;Cep) offers a unique possibility to directly
determine electron-phonon interaction constants and to
observe the formation or destruction kinetics of the su-
perconducting order parameter. As a result one can
obtain a unique information about the nature of super-
conductivity in such materials, particularly the role of
electron-phonon interaction in them.

Magnitude and symmetry of the superconducting
order parameter in oxide based materials and fullerides
continue to be a topic of active study. Apart from tra-
ditional techniques (such as infrared, tunneling and Ra-
man spectroscopy; see, e.g. Ref [3] ), femtosecond laser

[4-6]

spectroscopy is promising for energy gap determi-

nation.

Another reason for studying the femtosecond dy-
namics of optical spectra of Cgp 1s that it may be a
useful material because of its nonlinear optical prop-
erties; accordingly, the ultimate speed of its nonlinear
optical response is of great practical interest.

In this review we would describe some of our inves-
tigations of the femtosecond dynamics of the difference
optical spectra of an and Cgg films with the help of the
femtosecond laser spectroscopy.

The aims of this studies were the following:

- study of the femtosecond charge carrier dynamics
in HTSC YBaQCU3QO7_5;

- estimation of the electron-phonon interaction pa-
rameter A < w? > and electron-phonon coupling con-
stant A;

- investigation of the appearance of the supercon-
ducting energy gap in the optical spectra (in the region
of interband transitions with fiw >> A);

- study of nonlinear optical properties of solid Cgg
on the femtosecond time scale;

- investigation of the photodarkening dependence on

the energy of the femtosecond laser pulse.
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II. The essentials of femtosecond spectroscopy

Femtosecond optical spectroscopy, along with other
modulation spectroscopy methods is an important
method for studying the critical points in band struc-
ture associated with interband optical absorption in
solids. It has some advantages over others for it also en-
ables scientists to investigate the dynamics of nonequi-
librium charge carrier’s relaxation, and to set apart the
changes of optical properties caused by nonequilibrium
distribution of charge carriers and phonons. Femtosec-
ond optical spectroscopy of metals makes it feasible
to select for a narrow spectral region transitions from
some valence band to the states near the Fermi level
(FL)[7_12] and to observe the dynamics of carriers and
lattice temperatures.

Really an increase of the electron temperature due
to the action of a pump pulse leads to the following
processes:

(1) Fermi level smearing that results in the opening
of states below the FL and to the population of the
states above the FL. This affects all interband tran-
sitions that originate or terminate on states near the
Fermi level and leads to an increase of the contribu-
tions into the dielectric function ez(w) of the interband
transitions to the states below FL and to decrease of the
contributions into ez(w) of the interband transitions to
the states above FL.

(2) Shift of the FL. In good metals this is small
effect, but in poor metals it can be significant.

An increase of the lattice temperature due to trans-
fer of energy from electrons to phonons leads to the
following processes:

(4) Volume thermal expansion causes shifts and
warping in the electron energy bands through changes
in the one-electron potential. Changes in the bands
cause the FL to shift. Thermal expansion also decreases
the plasma frequency.

(5) If the sample is constrained by the substrate,
thermal expansion also causes shear strains. These can
split degenerate energy bands and cause shifting and
warping as well. The latter could affect the FL.

All of these effects contribute to Aes(w) at a par-
ticular photon energy, if the band structure permits.
At time delays shorter than electron-phonon relaxation
time only the contributions of the first two effects are
dominant. As a result of these effects the change of
¢a(w) appears as a characteristic structure with sign re-

versal at wp, corresponding to the transitions to (or
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from) the FL. Thus, the spectral position of the FL can
be found from the condition Aez(wp) = 0[7 — 12].
Once the transitions into the FL region for some
pare of bands are selected, then one can observe a fea-
ture in the difference optical spectrum between the su-
perconducting and normal phases and its width as will

be shown below is connected with the superconducting

energy gap.

III. Experimental techniquels©3

The experimental setup was a standard configura-
tion and consisted of a master generator, an amplifier,
and a measuring block. The master generator (a ring-
type colliding-pulse laser) generated a continuous train
of pulses 90 fs in duration and 100 MHz in repetition
frequency at a wavelength of 615 nm (fiw = 2.02 eV).
The output from the generator was fed to the input
of the 4-stage dye- laser amphfier. The amplifier was
pumped by an excimer laser with 3 Hz in pulse fre-
quency, which determined the pulse repetition rate at
the output of the laser system. The pulses from the
amplifier output were fed to the measuring block of
the experimental setup. The duration of the amplified
laser pulses amounted to 100 fs in the experiments on
fullerites and to 150 fs in the experiments on the super-
conductors.

In the measuring block, laser radiation was divided
into two channels - the exciting channel and the prob-
ing channel. In the exciting channel, the laser pulses
were focused onto the sample to be studied. The ex-
citing beam spot on the sample was 100 pm across.
The excitation density could be varied from approx-
imately 10'° to to 10'*> W/cm? by means of neutral
optical filters and also by changing the beam focusing.
In the probing channel, the laser pulses were first fo-
cused into a cell filled with heavy water in order to
convert them into broadband pulses of the same du-
ration. These pulses were then focused on the sample
inside the excitation spot. The probing beam spot was
50 pm across. The probing pulses that passed through
(or reflected from) the sample were detected by an op-
tical multichannel analyzer built around two charge-
coupled-device (CCD) arrays. Probing was effected in
different ranges around of 2 eV. For example in stud-
ies of fullerites it was in the range 1.8-2.3 eV. Temporal
resolution was attained by varying the optical delay be-
tween the exciting and probing pulses. The minimum

delay variation step came to 35 fs. The maximum delay
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time reached 10 ps. The repetition frequency of the ex-
citing and probing pulses amounted to approximately 1
Hz. Measurements of fullerites were taken at room tem-
perature in air. Throughout the experiment, we have
controlled the optical density of the sample and have

not found any irreversible changes in it.
The samples under study

The sample under study was a 150 nm thick
YBa;CuzgO7_s film deposited on a SrTiOg substrate
and coated with a protective MgO layer 5 nm in thick-
ness. The superconducting and protective layers were
grown by high-frequency magnetron sputtering in a sin-
gle production cycle. The crystallites in the supercon-
ducting layer were around 300 nm across, their c-axis
being oriented normal to the substrate surface. The
critical temperature 7T, was equal to 80 K.

Another sample under study — a Cgp film with a
thikness of approximately 1 pgm on a quartz substrate -
was excited with optical pulses with a duration of some
100 fs and a photon energy of hw, = 2.02 eV much in
excess of the band gap £, ~ 1.7 eV. Measurements were
taken at room temperature in air. Throughout the ex-
periment, we have controlled the optical density of the
sample and have not found any irreversible changes in
it.

IV. Superconductors. Theory and experiment

IV.1. Superconducting energy gap in the optical
spectra. Theory [13-15].

The nature of the superconducting state and the su-
perconducting order parameter in high 7, superconduc-

tors are still matters of controversy. Theoretical model
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studies (see [16-17]) have indicated that the supercon-
ducting gap of high 7T, superconductors might have a
d-wave symmetry, contrary to the s-wave symmetry in
ordinary superconductors. Although some experiments
can be interpreted in the framework of one or other d-

[18—20]

wave superconductor model , a lot of experimen-

tal results(21—22]

are consistent with s-wave symmetry
of the superconducting order parameter. Here we shall

consider mostly the s-wave pairing.

Traditional viewpoint on the optical properties of
superconductors is that in the optical spectra with the
photon energies Aiw > A one cannot see any differencies
between superconducting and normal states. And this
viewpoint is quite write until you don’t investigate the
frequency range, corresponding to the interband tran-
sitions to the states near the Fermi level. Here we shall

conslder such transitions in detail.

Suppose that for some superconducting metal a nar-
row spectral region corresponding to the transitions
from some valence band (v) to the states near the Fermi
level in the conductivity band (¢) was determined. (The
consideration of the transitions from the states near the
Fermi level to an upper conductivity band is quite simi-
lar.) Then for this narrow spectral region the dielectric
function can be written as e(w) = €y + € (w), where
€®(w) accounts for a contribution of the given pair of
bands and ¢; accounts for the nonresonant contribution
of all other transitions. The expression for the linear
response of superconductor in the interband transition
region differs from the known expressions!?®! for intra-
band transitions at frequencies. For the imaginary part
of the dielectric function €5Y(w) one can obtain the fol-

lowing relation

A (o]
(W) = — / dx{[tanh e/2T 4 tanh n/2T]u?6(e + n — w)
w Jo
— [tanhe/2T — tanh n/27]v*6(c — n +w)} (1)
|
where = |[p?/2m.|; ¢ = (x — )2+ A% 9 = of the momentum between corresponding Bloch states

zlglsign(m.) + p + Eg; g = —me/my; v? = [1 +

sign(me)(z — p)/e]/2; v* = [1 = sign(me)(x — p)/€]/2;
A = 4e2|P|Ym.|/m?Q%. Here P is the matrix element

(as we are interested in a narrow region near FL we sup-
pose that P is independent of the momentum p); m,

and m, are the effective masses in the ¢- and v-band,
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respectively; u is the FL; F; is the ¢ —v band gap, A is
the superconducting gap; m is the mass offree electron,;
Q is the elementary cell volume.

To represent the layered structure common to cop-

per oxides we assumed the dispersion laws of va-

A . @
el = g |\ e
x (o0 - lghe@ - &) - [O(-5 - &

X

where @ = w— E, — pusign(m.)(1+g), A? = A%(1—g?),
A=AVT—¢%, wiz = £/p2 + A% — plg|, O(w) is
theta- function (we suggest here that the temperature
does not change the valence band occupation).

The relaxation processes, mainly due to electron-
phonon interaction, for electrons near the Fermi
surface can be taken into account phenomenologi-
cally using the convolution of €§’(w) with the factor
exp(—wz/’yQ)/\/ﬂ'_, the parameter v connected with
the relaxation rate (it corresponds to the substitution

i0 — iy in eq.(3)):

& (w, 7, T) = / A’ exp(—w'2 [12)e5! (w4, T) /77

For illustration, we present our results on Figs.(1-
3) for 1/y = 500 fs, this value corresponding to
YBasCuzgO7_s (see Refs. [8,10]).

To study of the optical properties of the supercon-
ductors with high 7., the transitions between various
bands with the arbitrary effective masses (including
masses with opposite signs) can be used. The femtosec-
ond spectroscopy makes it feasible to select for a narrow
spectral region the transitions from some valence band
to the states near the FL. Therefore, it is of interest to
analyze the expression for Aez(w) for different disper-
sion laws in ¢- and v-bands (i.e., for different signs and
relative values of effective masses m. and m,,, see insets

in Figs(1-3)).
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lence and conduction bands to be two dimensional and
isotropic. We also supposed that they have the ex-
tremum in the same point of a Brillouin zone. The
integrals in Eq. (2) can be readily calculated and we

get

7(1—g7)

5 — g/ o2 — A2
)(1+tanhw lgvw )x

)]+ sign(m.)O(|g| — 1)0(w —w1)] —

&4 lgVo? — A2

27(1— 7 ) s

[O(1 — lgN)[O(wi = @)O(@ — A) = O(@ — w2)O(~@ — A)]] = sign(m.)O(|g| = 1)O(@ — w2)|  (2)
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Figure 1. The imaginary part of the dielectric function, cor-
responding to the interband transitions in the case g = 0.2;
€20 = €2(@ = 0,A = 0,7 = 0). The dashed, solid and solid
with squares lines correspond the superconducting phase
(for A = 30 meV, T' =63 K), to the norrnal phase (for T
= 92 K) and to the difference between them in the case
w/A > 1, respectively. Insets: Diagram of interband tran-
sitions from the heavy effective mass band to the light ef-
fective mass band |g| < 1.

Consider the possible manifestations of interband
transitions for YBasCuzqO7_s superconductors. FL
n YBaQCu3QO7_5

different effective masses (see [24-31]). In the vicinity

crosses a number of bands with

of the S point of two-dimensional Brillouin zone (BZ)
(or the line SR of three dimensional BZ) the following

optical transitions can occur.
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(1) Transitions from the lower bands of heavy car-
riers with m, < 0 (formed by Cu2(3d)O2(p)-O3(p) or-
bitals) to the states of conduction band lying &~ 2 eV
below the top of band (with |m.| < |my]|). These tran-
sitions corresponds to the case —1 < g < 0, see the
inset on Fig. 1.

(2) Transitions from the lower-lying bands to the
states of the band formed by Cul(d)-O1(p)-O4(p) or-
bitals with the top located near the FL. For these tran-
sitions, m., < 0 and |m.| > |m,| (the case |g| > 1, see
the inset on Fig. 2a and 2b).

1.0
a) superconducting ~ ~_~ >0
phase S
° 3
x &
{ 0.6 F
A m,<0
& 1<9<fa
4 L
3 =
| <0
S o2t
3
-
m,<0
difference
G-I
—0.2 1 1 1 Il n 1 L
-2.0 -1.0 0.0 1.0 2.0
Frequency (5/h)
1.0
m>0
| % 7/
& 3
< AT
2
{ 0.6 |-
=~
EN 9>va[ mo
g L
g :
§| Mo
S o2k 5
2
I 17,0
difference Ig,l<g<-1
~0.2 Lo T T T T N TR
-4.0 -2.0 0.0 2.0 4.0

Frequency (&/b)

Figure 2. The imaginary part of the dielectric function,
corresponding to the interband transitions in the cases a)
g = 1.2 and b) ¢ = 2.5; u/A > 1. The dashed, solid and
solid with squares lines correspond to the superconducting
phase (for A = 30 meV, T' = 63 K), to the normal phase
(for T'=92 K) and to the difference between them, respec-
tively. Insets: Diagrams of interband transitions from the
ligh effective mass band to the heavy effective mass band
lg| > 1.

(3) Transitions from the lower bands to the states of
above-mentioned conduction band of the heavy carriers
with negative sign of the effective mass m, < 0 (with
|me| & |my|). This corresponds to the case |g| & 1, see

the inset on Fig. 3.
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Besides, the optical interband transitions with |g| <
1 and with |g| > 1 are also possible near the T' point of
BZ.

The absorption spectrum of the superconducting
phase for the transitions from the heavy effective mass
band to the light effective mass band (see the insets on
Fig. 1.) with different effective mass sign (-1 < g < 1)
may differ from that of the normal phase in a fre-
quency region Aw = Am. So the feature near FL
may be observed (see Fig. 1). Consider the quantity
&A@, T) = ea(w, A, T, y)/ea(@ = 0, A == 0, T = 0).
The difference Aeh(@) = e4(w,T1) — 5(w,T2) with
Ty > Te, To < 1. has a definite symmetry, namely,
the areas relating to the curve at Aea(@ < A) > 0
and to the curve at Aea(@ > A) < 0 are equal. The
curve crosses zero at @ ~ A. With increasing |g| — 1
the width of the characteristic structure near FL 1s de-
creased.

The absorption spectrum of the superconducting
phase for the transitions from the light band to the
heavy band with opposite effective mass sign (¢ > 1,
see the inset on Fig. 2a.) may differ from that of the
norrnal phase in a frequency region Aw = A\/gz——l
(Fig.2a). With increasing ¢, the width of the char-
acteristic structure is increased, its amplitude is re-
duced. The characteristic structure reverses its sign
(see Fig.2b) at ¢ = g., which approximately is defined
by the relation

g. = [(2A(0)/T.)* + 161/[(2A(0)/T2)* = 16]  (3)

The absorption spectrum for the transitions from the
light band to the heavy band with the same effective
mass sign (¢ < —1) can be obtained as a specula refiec-
tion of the Fig. 2, relatively the point @ = 0.

The difference in the absorption spectrum of the su-
perconducting and normal phases in the case of nearly
symmetric bands (see the inset on Fig. 3.) may be
P+ A% —p
which is small when FL is located far from the ex-
tremum point of the band (A/p << 1) — of the or-
der of A%/2. The characteristic structure near the FL

located not far from extremum point of the conduct-

observed in a frequency region Aw =

ing band (A/u & 1) may be observed in the frequency

region ~ A/2. The main contribution to the positive
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part of this structure is connected with the presence of
a lower-lying threshold of the absorption. The last is
determined by the top of the conducting band for tran-
sitions from the light band to the heavy band with the
same sign of dispersion (¢ < —1) (Fig. 3).
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the feature of imaginary part of the dielectric function
corresponding to the transitions to the states near FL.
It was shown also that the transitions between bands
with |g| < 1 are the most favorable for the observation

the superconducting order parameter’s symmetry.

1.2
normal phase 5T
me<0 o
)
<
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Figure 3. The imaginary part of the dielectric function, cor-
responding to transitions at ¢ = 1.1, p/A = 2. The dashed,
solid and solid with squares lines correspond to the super-
conducting phase (A = 30 meV, T' = 63 K), to the normal
phase (T' = 92 K) and to the difference between them, re-
spectively. Inset: The diagram of interband transitions in
the case of nearly symmetric bands.

The dependencies obtained show that the cases
when |m./m,| € 1, A < pand |m./m, = 1, A <pu
are the most favorable for the experimental observation
of differences in optical properties of a material in nor-
mal and superconducting states.

The femtosecond laser spectroscopy can also be used
to investigate the anisotropy of the superconducting

[15]

energy gap. Recently the optical properties of the

model system with anisotropic order parameter
A = Ag(s + dexp(if) cos(2¢))

were analyzed in the same framework as considered
above for the pure s-wave pairing. Here s and d(s >
0,d>0,s+ d = 1) are relative contributions of s-wave
and d-wave pairing interactions and [ is their relative
phase; Ay is the energy constant, depending on the
temperature T.

The analysis carried out in [15] showed that not only
the existence of the superconducting gap anisotropy but
also s-wave and d-wave relative contributions in the su-

perconducting order parameter may be obtained from
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Figure 4. Difference spectra of the imaginary part of the
dielectric constant e for various delays T: a) Ty = 92K,
b) To = 63 K, ¢) the difference between spectra of Ae; for
To = 63 K and 92 K at long time delay (r=1 ps) with taking
into account the Fermi level shift.

IV.2. Energy gap observation(®

To recover Ae¢y from the experimental difference
transmission and reflection spectra, use was made of el-
lipsometric data on the equilibrium dielectric constant,
€1(w) and e3(w) of YBazCugpOr_s [32]. The difference
spectra of Aes are shown in Figs. 4(a) and (b). As
can be seen from the figures, the spectra for 7y > T,
also greatly differ from those for Ty < T.. At 7 > 700
fs, the spectral dependence of the response for Ty =
92 K becomes alternating: Aey < 0 for Aw < 1.99 eV
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and Aes > 0 for fw > 1.99 eV. Subsequently, start-
ing from 7 & 1 ps the shape of the spectrum ceases
to change - it remains alternating, with Aes = 0 at
fw = 2 eV [Fig.d(a)].

nating response is characteristic of the spectral range

As discussed above an alter-

corresponding to transitions either into or out of the

(5=71 The position of the Fermi level

Fermi level region
in the spectral region fiw & 2 eV agrees with the data
of Ref. [9] . The decrease of transmission (ez rise) for
short delay times over a wide spectral range [Fig.4(a)] is
to all appearance due to the shift of the Fermi level as a
result of strong heating of the charge carriers. The ab-
sence of any substantial changes in the Ae; spectrum at
7 > 1 ps points to the establishment of a quasiequilib-
rium. By this moment, the temperature of the sample
reached 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 dissimilarities in the spectra of the ex-
cited sample. It can therefore be argued that the diver-
sities observed in the difference spectra at 7 > 1 ps [see
Figs.4(a) and 4(b)] can only result from the differences
between the spectra of the sample in the initial (unex-
cited) state. This can be explained by the presence of
an energy gap in the vicinity of the Fermi level for Ty
=63 K

Subtracting the difference spectrum Aey for Ty =
92 K at 7 = 1 ps from that for Ty = 63 K, we obtain a
peak around 30 meV wide in the neighborhood of some
2 eV [Fig.4(c)]. Relating the width of this peak to the
width A of the energy gap, we get 2Aq/T, ~ 8, which
agrees with the data reported in Ref. [33].

The presence of an energy gap in the initial state
can also explain the lag of the optical response maxi-
mum observed to occur for Ty < 7. 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 [34]).

IV.3.
density spectra. [8]

Temporal behavior of difference optical

Fig. 5 shows the relationship between the optical

density of the difference transmission spectra of AD
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and the delay time 7 for the most typical regions. The
zero delay time was determined from the results of in-
dependent experiments with a serniconductor- doped
glass filter RG- 8. At Ty = 92 K (Fig. 5, curve a),
the shape of the curves remains qualitatively the same
throughout the spectral range of interest: AD is seen
to decrease for a characteristic time of the order of 100
fs and then relax during < 1 ps. The difference between
the curves for various regions of the spectrum is that
asymptotic value of AD is less than zero at hw < 1.96
eV and greater than zero at Aw > 1.96 eV. Similar
curves, though relaxing to AD = 0, were observed at
Ty = 70 K for fiw < 1.93 eV (Fig. 5, curve b). The
curves for fiw > 1.93 eV at this temperature reversed
sign (Fig.5, curve c); i.e., AD was first observed to
increase and then relax to various asymptotic values,
depending on wavelength. The relaxation of AD in the
vicinity of Aiw = 1.98 eV was nonmonotonic: two to
three AD oscillations were observed to occur on a 300-
500-fs scale. An essential feature of the curves obtained
at Ty < T, is the delay of the response for a2 200 fs in
the region of 1. 98 eV (Fig. 5, curve c), compared to
that in the region of 1.91 ¢V (Fig. 5, curve b) and the
response at Ty > T, (Fig. 5, curve a). The magnitude
of this delay is roughly three times the relative lag of the
various spectral components of probe pulse, observed to

occur in the experirnent as a result of dispersion.

IV.4. The electron-phonon interaction parame-
ter [8]

The experimental curves of Fig. 5 were used to es-
timate the electron-phonon interaction parameter A <
w? > as follows. The dielectric constant of the sample
varies as a result of the heating of electrons and the
shifting of energy bands due to the heating of the lat-
tice and thermoelasticity effects. Within the framework
of linear response, this variation (the change of trans-
mission in our case) can be represented in the form[3%]
AT;. = aAT,(t) + bATL(t), where T.(t) is the elec-
tron temperature and Tr(¢) the lattice temperature.
To calculate the dynamics of AT},., the temporal vari-
ations of T.(¢) and T (t) were determined from the set

of equations(®3,3°]
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oT., 1
Cot = =0T TL) (T = To) 4+ =1 = Reelt) = Tuo0)] - 1, (1)
o7,
CL(TL)a—tL = —g(To,T2) (Te = T2) + gesc (T2, To) - Cr - (T0 — Tp) (4)

where R;.(t) is the reflectivity of the multilayer system,
Tsc(t) the transmissivity of the superconductor layer,
L, the superconductor layer thickness, I,(¢) the pump
pulse intensity, C, and (' are the electronic and lattice

heat capacities, and Tese = 1/¢es5.(Tr, To) is the time it

g(T.,Tr) = nhkp N(Ep)X < w? > [1 +

takes for phonons to escape into the substrate.

According to Allen[*]

, in the high temperature limit
T. > Op the electron-phonon relaxation rate is de-

scribed by the expression

—1
< wt>

12 <w? > k3T.Ty,

A<w’ >= 2/ dw[a?F(w)/w]w”
0

Here a?(w) is the Ehashberg electron- phonon coupling
function, N(Ep) is the electron density of states of both
spins at the Fermi level. According to the calculation
results on the band structure of YBasCuzpO7_5 (Refs.
[24-31]), transitions across the forbidden gap start from
an energy of around 3 eV. For this reason, it can be as-
sumed that practically all of the absorbed pump pulse
energy goes to the heating of the charge carriers. This
is allowed for in Eq.(4). The quantity 7.5, can be es-
timated at > 10 ps. For Cr(Tr), we interpolated the
data reported in Refs. [37-38]. The temperature depen-
dence for C,(T.) can be taken from Ref. [39]. We have
taken it to be C.(T.) = T, with v = 16 mJ/mole*K?
- the value, that corresponds to the density of states at
the Fermi level, calculated in Refs. [24,28,29] and only
slightly differs from the value of ¥ = 18 mJ/mole*K?
measured in Ref. [39] for YBayCuszoO7_5s at high tem-
peratures 7, = 300K. According to our calculation re-
sults, the maximum temperature of the charge carri-

ers reaches some 3000 K The maximum temperature of

the lattice 1s around 600 K The theoretical functions
AT (1), calculated with due regard for the Gaussian
shape of the pump and probe pulses, were compared
to the experimental curves (see Fig. 5). Comparison
was made for the spectral range 1.91-1.95 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 resultant estimate
is A < w? >= 4504 150 (meV)?. Using for < w? > the
estimate < w? >= ©% /2 and taking the Debye temper-
ature Op at 350 K [37], we get the following estimate
for the electron-phonon coupling constant: A = 1+0.3.
Our data fit the results of the femtosecond pump-probe
measurementst*® and the value of &1 found in Refs.
[29,30] by the local density-functional method (see Ta-
ble 1). Nevertheless, obtained in our experiment value
of X is somewhat lower than the value of a2 found by
calculations in Refs. [31,42,43].
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Figure 5. Difference transmission of the sample as a func-
tion of time for various energy of the probe quanta hw. a)
To =92 K, iw = 1.95 eV, b) Top = 70 K, hw = 1.91 eV,
c) To = 70 K, hw = 1.98 eV. The solid curves are the nu-
merical fits to the experimental data for A < w? >= 450
(meV)?, ¥ = 16 mJ/moleK?, and I, = 2 x 10" W/cm?.

V. Fullerites
V.1. Introduction

The optical properties of Cgg in the solid phase were

investigated by various techniques: transmission spec-

[44-48] peflection spectroscopy!*®],

[50,51]

troscopy of thin films
and ellipsometric measurements . Investigation re-
sults have shown that absorption in fullerites starts in
the energy range 1.6-2 eV, which is followed by a series
of sharp peaks at fuv ~ 2.7, 3.5, 4.5, and 5.6 €V.

52-55] of the electronic

The numerical calculationsl
structure of fullerites show a direct forbidden gap (at
the X- point of the Brillouin zone) with E, ~ 1.7 eV,
and also indicate these bands being rather narrow (0.5-
1 eV) arranged in nonoverlapping groups. The latter
circumstance allows the fullerites to be classified by
the representations of their molecular orbitals. Accord-

ing to such a classification, the upper group of valence
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bands forms the h, bands and the lower group of con-
duction bands, the ¢, bands (see Fig. 6).

L c3
4 hg: tZu [ c

19s Ry J v2
_2_

v

Q
g
>
£

§
h
o
£

Figure 6. Energy level and optical transition diagram for
fullerite: (a) splitting of molecular levels in the crystal. The
lines indicate the centers of the groups of bands. The band
symbols are given on the left of the lines. (b) Simplified
energy band structure. One-photon transitions are shown
by the arrows. The thickness of the arrow indicates the

probability of corresponding transition.

The optical dipole transition hy — #, (HOMO —
LUMO transition) is forbidden in the Cgy molecule.
Weak absorption in this region results from the vibronic
(Herzberg-Teller) mixing of states. In the solid phase,
the mixing of states is increased owing to the crystalline
field. The lowermost (fuw ~ 3 eV) allowed dipole tran-
sition is the h, — t;, transition. Then follow the tran-
sitions hy — t1y (fiw ~ 3.5eV), hy — hy (lw ~ 4.4 €V),
and so on. It is precisely these transitions that produce
strong peaks in the absorption spectra.

Studies of the fullerites’ optical properties have
shown that the laser excitation of a sample leads

to an increase of the optical density. Femtosecond

[56—64]

investigations of the dynamics of fullerites’ ab-
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Table 1. Electron-phonon coupling constant A and Hopfield-McMillan parameter A < w? > for YBayCugoOr_;s

A<w?>[meV?] < w?>2[K] A Source
1.3+ 1 W. Weber, L.F. Mattheiss. Phys. Rev. B37(1), 599 (1988)
472 440 0.32 P.B. Allen, W.E. Pickett, H. Krakauer, Phys. Rev.
B37(13), 7482 (1987)
477 247 1.05 J. Yu, S. Massidda, A.J. Freeman, D.D. Koeling.
Phys. Lett. A122, 203 (1987);
S. Massidda, J. Yu, K.T. Park, A.J. Freeman.
Physica C176, 159 (1991)
475430 267 0.9+ 0.2 S.D. Brorson, A. Kazeroonian, D.W. Face, T.K. Cheng, et al.

Sol. State Comm. 74(12), 1305 (1990)
1 O.K. Andersen, A.l. Liechtenstein, O. Rodriguez, I.I. Masin et al.
Physica C185-189, 147 (1991)

450+ 247 1+0.3 S.V. Chekalin, V.M. Farztdinov, V.V. Golovlev,
150 V.S. Letokhov et al. Phys. Rev. Lett. 67, 3860 (1991)
1.7£1.0 LI Mazin, O. Jepsen, O.K. Andersen, S.N. Rashkeev,
Yu.A. Uspensky. Phys.Rev. B45, 5103 (1992)
~2200 1.95 G.L. Zhao, J. Callaway. Phys. Rev. B49(9), 6424 (1994)
2. R. Zeyher. J. Supercond. 7 (3), 537 (1994)

sorption revealed that the time of an increase of the
optical density is pulse-width limited. The photodark-
ening occurs in the spectral region Aiw = 1.6 - 2.4
eV [58,62-64]. This energy region in the ground-state

spectrum[44_51]

corresponds to the h, — t;, transi-
tions (dipole-forbidden for Cgp molecules) from an up-
per group of valence bands to a lower group of conduc-

tion bands (see Fig. 6).

V.2. The spectral and temporal behavior of the
optical density [62-64].

V.2.1. Experimental results

The results obtained from femtosecond laser spec-

troscopy investigationsl62—64]

show that in the spectral
range 1.8-2.3 eV the sample suffered darkening caused
by the exciting pulses. The amount of darkening at a
fixed delay of the probing pulse relative to its exciting
counterpart was found to depend on the probing pulse
energy, reaching its maximum in the neighborhood of
hw ~ 2.25 eV. The position of maximum agrees with
one on the experimental absorption spectrum in Ref.
58.

Typical temporal behavior curves of the optical den-

sity AD are presented in Fig. 7. While studying the

dependence of AD on the exciting pulse intensity, we

found that increasing the intensity caused a propor-
tional increase in the height of the peak at zero delays
(see Fig. 8). The shape of the peak at high intensities
can be described well enough by the autocorrelation
function of the exciting pulse. Such behavior of the
peak at zero delays gives reason to believe that it is
associated with two-photon from the ground and the

excited states.

Approximating the experimental dependences
ADeyp(t) by the theoretical functions ADiheor(t) with
due regard for the contribution to absorption from
two- photon transitions, we obtained the following op-
tical density relaxation rates: v ~ 1.3 £ 0.3 ps™!
(1 ~ 800 £ 200 fs) and yo = 0.03 ps™! (r2 ~ 30
ps). Accurate to within the determination error of 7
we have found 7 to be independent of probing pulse

energy hw and of pumping pulse intensity.

We get also the following estimate of the two-photon
absorption coefficient 3 (at a probing photon energy of
hw =1.88¢eV): f ~2x107% em/W (Imx® ~ 2,10~

esu).

The value obtained for 7 agrees well with the value
of 7 ~ 900 fs obtained in Ref. [60] for an intensity of
around 10** W/em?.
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Figure 7. Time dependence of the optical density variation
AD(t) for intensity T s 1 x 10" W/em?: (a) at a photon
energy of fiw = 2.3 eV; (b) at a photon energy of 1.82 eV.
The inset shows optical density variation spectra at delay
times of 0.5 ps (O) and 4 ps (A). The fitting lines were
drawn to have a peak in the same energy region as in our
separate measurements of the optical density spectra at dif-
ferent positive time delays (not shown in the figure).
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Figure 8. Time dependence of optical density variation
AD(t) at a photon energy of Aiw = 1.88 ¢V for various in-
tensities: (0)] & 10" W/cm?; (A) =T = 2x 10" W/cm?.

V.2.2 Physical causes of photodarkening

Consider the physical causes of increased absorp-

tion in fullerites. The spectral region studied corre-
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sponds to transitions from the upper group of valence
bands to the lower group of conduction bands, ie.; to
the h, — ty, transitions in Fig. 6. The filling of states
in the ¢;, group of bands, under the effect of the ex-
citing pulse, makes possible dipole transitions from the
lower group of conduction bands to higher bands, the
t;u — hy transitions in Fig. 6. Absorption for these
transitions (see Refs. [52-55,65-66]) fall within the Aw
region of 2.2 £ 0.45 eV i.e., within the spectral region
under study. Such an increased absorption should also
be caused by the depletion of states in the h, group of
bands, allowing dipole transitions from the group of va-
lence bands A, + g, to unfilled states in the h, group of
valence bands (see Fig. 3). Absorption for these tran-
sitions falls within the /uww region around 1.4 4+ 0.6 eV
[62- 55,65-66]; i.e., it overlaps with the spectral region
being studied.

Another cause of increased absorption may be the
growth of the dipole moment operator matrix element
for the h, — #;, transitions. This may result from the
increase in the mixing of the ¢y, and t;; states (and h,
and h, states) caused by the excitation of the a,, t,
h, and a number of other odd intramolecular vibrations
upon the absorption of the exciting pulse. This should
increase the absorption coefficient in the 7w region in
the vicinity of 1.9 4+ 0.45 eV.

The increase of absorption as a result of transitions
from the excited state can be distinguished from that
due to the increased vibronic mixing of states by the dif-
ferences in the temporal behavior of absorption in these
two cases. Indeed, in the first case, in the spectral re-
gion under study, the fast rise of absorption caused by
the filling of states in the bands with hot charge carriers
is followed by a slight reduction of absorption occurring
on the scale of the characteristic electronic-vibrational
relaxation time. This results from the arrangement of
the energy bands in the crystal phase of Cgy and is as-
sociated with the fact that as the hot carriers cool off,
they go from states corresponding to higher absorption
coefficients to those characterized by lower absorption
coefficients (for the wavelength range under study). In
the second case, absorption increases as a result of the
excitation of the ay, t;, hy, and some other odd in-
tramolecular vibrations upon the absorption of the ex-

citing pulse. Absorption then rises slowly on account
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of the anharmonic decay of the a, and h, intramolec-
ular vibrations, which are excited in the course of the
energy relaxation of the charge carriers, to the 4y, {9y,
gu, and h, vibrations on the scale of the characteris-
tic phonon-phonon interaction time. The non-totally
symmetric vibrations h, may also lead to the broaden-
ing (splitting) of the ¢;, bands as a result of the Jahn-
Teller effect.

The spectral temporal behavior of optical density
points to the fact that the main contribution to absorp-
tion variation comes from the filing of electronic states
and the depletion of hole states in the t;, and h, bands,
respectively. The temporal dynamics 1s due to the
relaxation of the free charge carriers interacting with
intra- and intermolecular vibrations (phonons). Ini-
tially, both high-frequency intramolecular vibrations,
ag and hy, and low-frequency intermolecular vibrations
(lattice phonons) are excited. The cooling of the carri-
ers will cause the filling of states near the bottom of the
conduction band by electrons and those near the top of
the valence band by holes. When the energy of the
charge carriers proves insufficient to excite intramolec-
ular vibrations, the main relaxation mechanism is the
generation of optical lattice phonons. Accordingly, the
characteristic relaxation time should grow substantially
longer, which was exactly what was observed to occur
in our experiments.

The absorption peak observed at zero delays be-
tween the exciting and probing pulses is apparently due
to two-photon (multiphoton) absorption. This hypoth-
esis is based on the fact that the height of this peak
grows with the increasing intensity, and its shape is de-
scribed well enough by the autocorrelation function of
the exciting pulse.

In accordance with the arrangement of bands in
crystalline Cgq (see Fig. 6), the hy — t;, and hy, — t2y
two-photon transitions are possible in the Aw region
around 2 eV. To our view, the main contribution is from
the h, — t;, transitions. In the excited state (when
states in the h, band get depleted), new channels are
opened up for two- photon transitions: Hy, 4+ g, — 114
via the intermediate state hy.

The study of the optical density dependence on the

[17,58,62,63] that increas-

exciting pulse intensity revealed
ing the intensity caused a proportional increase in the

amount of darkening at low excitation energy levels.
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Recently it was found experimentally in Refs. 58, 62
and 63 that for high excitation energy levels the in-
crease of darkening saturates. Here the question arises:
What is the reason of the darkening saturation? Is it
a process inherent to photodarkening itself or a conse-

quence of some new phenomenon?

V.3. Saturation of the fullerite photodarkening.
Theory [73]

Consider the temporal variation of the optical den-
sity of a Cgp film in the spectral range 1.6 - 2.4 eV
(range of h, — 1y, transitions in the ground state) and
the dependence of this density on the laser energy flu-
ence. The sample is taken to be excited by the optical
pulses with a duration of some 100 fs (or shorter) and a
photon energy of fiw & 2 eV (typical value for the most
of recent pump-probe experiments[56_64]).

To obtain a theory that qualitatively correctly de-
scribes energy fluence dependence of the optical den-
sity we will neglect the effects of inter- and intraband
electron-phonon relaxation of charge carriers. We will
be interested only in time-delays that are substan-
tially shorter than the characteristic interband relax-

ation times.
V.3.1. Description of the model

The complicated energy band structure of fullerite
(see, for example, Refs. [52-55] for its numerical cal-
culations and Refs. [44-51,65-70] for its experimental
investigations by different methods) can be replaced by
the following one: the lower valence band v3 (corre-
sponds to gy, hy, t2y valence bands), the valence band
v2 (corresponds to hy, g, bands), the upper valence
band v1 (corresponds to the h, bands), the lower con-
ductivity band cl (corresponds to t;, bands), the con-
ductivity band c2 (corresponds to the t5, and h, con-
ductivity bands), the upper conductivity band ¢3 (cor-
responds to the h, and g, conductivity bands). The
compatibility between the supposed energy band struc-
ture and that of crystalline Cgp 1s shown in Fig. 6.

The distance between the band
following[®2—3%:65=70L: 3 — 92 =2 eV, 12 — vl = 1.4
eV,vl el =21eV,cl = ¢2=22eV,c2—¢3=1.9
eV. Because of the bands are of width of 0.5 eV [52-55,
65-70], the single-photon transitions with energy fiw ~

centers 1s
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2 eV are possible between each pair of bands. For the
same reason the exact value of the energy gap is of little
consequence for our consideration.

The absorption coefficients dependence on the band
filling are considered in the approximation of a uni-
form distribution of charge carriers over all states in
each band. Only time delays that are shorter than
electron- phonon energy relaxation time are considered;
as a measure of this time a value of ~1 ps, obtained in

62,64,66,67
64,66,67] can be used.

the experiments!

The number of states nig in the band cl is taken
to be equal to the number of states in v1 band (the ra-
tio of their real values is 0.7). An analogous relation is
assumed to hold for bands ¢2 and v2. Their real ratio
here 1s 0.9. The number of states nog in the ¢2 band is
greater than that in the ¢l band: 1§ = nyg/ngp = 0.4 <
1.

According to the discussion in the previous para-
graph the absorption coefficients «,; and cl for the
transitions v2 < vl and ¢l — ¢2 are greater than the
absorption coefficient «q for the transitions vl — cl.
For simplicity the we presumed that a,; = a = a1 >
ap. The same were also supposed for the absorption
coefficients ays and e (for transitions v3 — v2 and
¢2 — c3 respectively): ayo = a2 = aa. Insofar as tran-
sitions v3 — v2 and ¢2 — ¢3 are also dipole-allowed,
the as is of the same order of magnitude as «1. Relying
on the femtosecond experiment datal®l], one can even
suppose that as > aj.

As discussed above the two-photon absorption is
governed by h, — {#;, transitions. These transitions

change the carrier density only in the v2 band. For

o= (e
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the excitation energy fluences under consideration the
filling of states in v2 band by holes, generated as a con-
sequence of such transitions, is of little importance and
its influence was ignored. At the same time the contri-
bution of two-photon transitions to the total absorption

was accounted for.

V.3.2 Energy fluence dependence of the optical
density

The optical density variation of the thin film sam-
ple (Dg < 1) in the pump-probe experiment can be
described by the expression

AD()  Aalt) B

i WA WA RN N0
Do (8] +Oz0 p()a

Dy = ag = Leiim - logro(e) .

where A«(t) is the change of one-photon absorption
coefficient, [ 1s the two-photon absorption coefficient,
I,(t) is pumping pulse intensity in the film of thick-
ness Lfm, and ¢ is a time-delay between pumping and
probing pulses. Consider the variation of charge car-
riers under the influence of laser pulses with inten-
sity I,(t) = E, - f(t), where E, is excitation energy
fluence, and f(¢) is pulse shape function normalized
so that F'(t) = fioo dt'f(t'), F(4+o0) = 1. The spe-
cific pulse shape is of no importance for our purposes
here. It may be described, for example, by the function
F(t) = (1/27,) - cosh™%(t /).

By introduction of the parameter 3, = 3 - hw) -
nio/aZ, the expression for the optical density temporal

variation can be presented in the following form

u) volt) 4 B - No - F(1) (5)

(&7}

Here the values 14 and vy are band filling fractions, Ny = aoE,/(fiwp -n1o) is proportional to the density of photons.

v(t) = i.{[l_ iw] LO4(t) - [1_ i(al‘i‘az)] L s(1) :}

where we have introduced following notations

A (&7}

A = [(2]ar /a0 — n(an + az)/a0)® + dn(an /ag)]?
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Al,Z = %[2 —|— Ozl/Ozo —|— mn- (Oél —|— Ozz)/Oxo :|: A] ; @172(15) = [1 — eXp(—AlyzNoF(t))]
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Figure 9. Time dependence of optical density variations
AD(t) for various energy fluences: (0) Ng = 1; (A) No =
2. Time is in units of 7; B« = 0.04 X 27,. The parameters
used are the following: o/ao = 1.1, 2/ao = 1.2, = 0.5.
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Figure 10. The exciting energy dependence of the difference
optical density AD(¢ = 37,) after pumping pulse passage.
The parameters used are following: ai1/ag = 1.2, n = 0.5.
Energy fluence is in dimensionless units.

The temporal dependencies (5) for different exci-
tation energy levels are depicted in the Fig. 9. The
dependence of AD/Dg on the energy fluence at delays

t > 7, is shown in the Fig. 10. The qualitative view
of these curves is weakly sensitive to the choice of pa-
rameters oy & as, 7, and B; — AD/ Dy increases with
energy fluence at first linearly, and then the slowdown

of the increase 1s observed.

V.3.3. Discussion

As is obvious from the expression (5) and Fig. 9, for
the time-delays ¢t > 7, at low exciting energy fluences
E, (when Ny < 1) the optical density increases almost
linearly as the energy fluence is raised. At high exciting
energy fluences (when Ny ~ 1) the optical density de-
pendence versus intensity becomes weak. Both effects
- quick increase at Ny < 1 and slow one at Ny ~ 1 are
the consequence of the fact that the absorption coeffi-
cient al in the excited state has the higher value than
the absorption coefficient a1 in the ground state.

The derived dependence of the optical density on the
energy fluence agrees well with the experimental find-
ings in Refs. 62 and 63. The slowdown of the increase
of the optical density at zero time delay was observed
in Ref 58. The diminishing of the increase of inverse
self-transmission coefficient at high energy iluences was
observed in Ref 71.

The behavior of the optical density, predicted by our
model differs significantly from that anticipated from
the increase of the oscillator strength of i, — 3, transi-
tions. In former case the saturation of darkening occurs
at high exciting energy fluences Ny ~ 1, while in the
latter case there would be total bleaching at such energy
fluences. Furthermore, the temporal behavior of these
effects is quite different (see preceeding paragraph for
detailed discussion).

The saturation of darkening is attended with charge
carriers redistribution between bands. Initially, at
Ny € 1, the fast increase of the density of electrons
and holes takes place in the bands ¢l and v1 respec-
tively. When Ny 1s further increased the electrons from
deeply lying valence bands are transferred to the up-

per conductivity bands due to multi-step transitions
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- at first the carriers density is increased in bands c2
and v2, then it increases in the bands ¢3 and v3. The
ground state ionization potential of solid Cgp 18 of 7.6
eV [67,69] . Therefore the ionization of Cgy crystal
can occur from the band ¢3 upon the absorption of an-
other photon (with energy fiw ~ 2 eV). The ionization
process is similar to multi-step ionization of molecules,
discussed at length in Ref. 72. Recently the effective
ionization of solid Cggp by femtosecond optical pulses on
the wavelength of 620 nm was found experimentally(™].

As is seen from Fig. 6, the transitions v2 — vl
will be accompanied by a strong heating of charge car-
riers. Therefore, an increase of laser energy density will
lead to a rise of carriers temperature. The higher the
carriers temperature, the easier they emit the highest
frequency intramolecular vibrations and the faster they
lose the energy. This effect may be at least in part the
reason of the decrease of the relaxation time, observed
in Refs. [58-60] when the energy fluence was increased.

As pointed out above, the transfer of electrons from
deeply lying valence bands into the upper conductivity
bands will occur in crystalline Cgy at high excitation
levels. As a result of the carriers redistribution, the
luminescence, taking place on a time scale of recombi-
nation times much longer than the pulse duration, will
be observed in a wide spectral range - from ~0.2 eV to
~ b eV. The luminescence spectrum will feature a pro-
nounced temporal dependence. It will evolve into the
peak around hw ~ FE, in an interband recombination

time.
V1. Conclusions

Femtosecond laser spectroscopy was used to inves-
tigate the temporal behavior of optical spectra of high
temperature superconductor YBasCuzgO7_s and ful-
lerite.

The femtosecond charge carrier dynamics of reflec-
tion and trasmission spectra of an YBayCuzqO7_s film
have been studied in the wavelength range 620 - 680 nm
at the initial temperature both below and above the
critical temperature 7T,. Based on experimental data,
the electron-phonon interaction parameter A < w? >
has been estimated at 450 & 150 (meV)%. We have
shown that the difference optical spectra for a super-

conductor in the range of interband transitions into the
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FL region have a feature which is connected with the
superconducting gap A.

It has been shown that the most favorable situations
for experimental observation of the differences in the
optical spectra between normal and superconducting
phases are the situations when |m./m,| < 1, A < u
and |m./m,| & 1, A < p. Tt is the last case that corre-
sponds to the interband transitions of oxide supercon-
ductor YBasCuszpO7_s we have studied experimentally.

The temporal variation of the optical density of a
Cep film over a wide spectral range - from 1.8 to 2.3
eV, along with its dependence on the exciting pulse in-
tensity in the region of ~ 10** W/cm? has been exper-
imentally studied. The spectral-temporal behavior of
the optical density points to the fact that the main con-
tribution to absorption variations comes from the filling
of electronic states and the depletion of hole states in
the #;, and h, bands, respectively. The temporal dy-
namic is due to the relaxation of the free charge carri-
ers interacting with intra- and intermolecular vibrations
(phonons). The main contribution to the carrier relax-
ation occurring at the first stage with a characteristic
time of 7 & 800 & 200 fs is from the intramolecular
vibrations. The main relaxation mechanism on the sec-
ond stage 1s the generation of optical lattice phonons
with a characteristic time of 7 &~ 30 ps. At an ex-
citing pulse intensity of I ~ 10 W/ecm?, two-photon
transitions start contributing to the total absorption.
The two-photon absorption coefficient value has been
estimated at some 2 x 107 cm/W.

It was shown theoretically that both the increase of
absorption at low excitation energy levels and the sat-
uration of this increase at high excitation energy levels
are the consequence of the same effect - the higher value
of absorption coefficient in the excited state. At high
excitation levels multi-step ionization of Cgy was pre-

dicted.
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