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Degenerate four-photon probing of the Kinetics
of a nonlinear response of high-temperature superconductors

in pump — probe spectroscopy

Yu. V. Bobyrev, V.M. Petnikova, K.V. Rudenko, V.V. Shuvalov

Abstract. It is shown that the spectral—temporal and
temperature ‘anomalies’ of the kinetics of reflection and
transmission coefficients of high-temperatures superconduc-
tors (HTSCs) at high ‘impact’ excitation levels have direct
analogies also in the case when the instant state of samples is
probed by using the self-diffraction of probe pulses made
coincident in time and propagating at an angle to each other.
The possibility of using the transient modification of the
method of degenerate four-photon spectroscopy for the
HTSC diagnostics substantially expands the scope of
experiments that can confirm or refute the correctness of
the model based on the consideration of the contribution of
interband electronic transitions to the response of an excited
HTSC film with the ‘frozen’ energy gap.

Keywords: pump—probe spectroscopy, high-temperature supercon-
ductors, degenerate four-photon probing, nonlinear response kine-
tics.

1. Introduction

Rapid relaxation processes in low- [1—5] and high-temper-
ature [6—22] superconductors (LTSCs and HTSCs) are
usually studied by the pump—probe method. In this case,
the kinetics of the reflection and (or) transmission
coefficients of a sample is studied with increasing the
time delay 7 between the ‘impact’ pump and probe pulses
[6, 8—10]. It was assumed until recently that the scheme of
processes proceeding in this case is simple. In the first stage,
hot carriers are rapidly (ry < 10 fs for the electron energy
E. ~1¢eV [23, 24]) thermalised due to electron—electron
(e—e) scattering and their energy distribution rapidly
returns to the Fermi—Dirac distribution with the electron
temperature 7T,, which differs both from the initial
temperature 7, and the lattice temperature 7, [25]. And
already in the second stage, T, — T, for the time 7, due to
electron—phonon (e—p) scattering. It was established
[2—-4, 7, 18, 26—29] that 743, and 7, in LTSCs and HTSCs
drastically increase near the superconducting transition
point (T, ~ T,). This was also predicted theoretically
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[1, 30—-32] because the formation of the energy gap in
the electronic spectrum imposes restrictions on the phase
space of scattering events. However, it was shown later [22]
that, although these features of the behaviour of 7, in
HTSCs at T,y ~ T, do take place, they are observed only at
high excitation levels and become more distinct with
increasing the pump pulse energy.

The kinetics of the nonlinear response of a HTSC was
interpreted in [33] within the framework of a model based
on the four assumptions: (i) the energy gap in the electronic
spectrum of cuprates cannot be rapidly destroyed even when
T, substantially differs from 7), [34]; (ii) after ‘impact’
excitation the positions of the Fermi levels EeF n for free
electrons (states above the energy gap) and holes (states
below the energy gap) in a HTSC do not coincide, the
difference AEY = EF — Ef drastically increasing with the
pump level; (iii) the distribution of the density of states in a
HTSC leads to a strong decrease in the rate of nonradiative
three-particle recombination of free electrons and holes in
the degeneracy regime; (iv) the nonlinear response of a
HTSC in the pump-—probe spectroscopy is caused by
interband electronic transitions [35]. The authors of paper
[33] showed that the appearance of the energy gap in the
electronic spectrum (at the point T, ~ 7,) for AEF #£0
substantially changes the kinetics EL (¢), T.(7), and T, (1),
which allows one to explain all the ‘anomalies’ of the
nonlinear response of HTSCs observed earlier.

Below, we consider for the model kinetics th(t) and
T, n(?) in the same real band structure (see below) described
in [33] another version of the pump—probe spectroscopy —
the transient modification of the method of degenerate four-
photon spectroscopy (DFPS) [35]. This version uses the self-
diffraction of two short probe pulses made coincident in
time but propagating at an angle to each other for probing
the instant state of a HTSC sample after its ‘impact’
excitation by the pump pulse [33, 36, 37].

2. Electronic part of the nonlinear response

Within the framework of our model [35, 37, 38], the
structure of the electronic part y of the cubic nonlinear
susceptibility (nonlinear response) of a thin HTSC film is
written in the form typical for nonlinear spectroscopy:

1 o< Po(K,. P, +K_P_). (1)

Here, Py, P., and K, are the resonance factors describing
the probabilities of one- and two-photon electronic
transitions and depending on the frequency detuning of



730

Yu. V. Bobyrev, V.M. Petnikova, K.V. Rudenko, V.V. Shuvalov

Abs y (arb. units)

Abs y (arb. units)

1.0

0.8

0.6

0.4

0.2

620 630 640 650

a

Re y (arb. units)

0

—0.2

-0.4

—0.6

—0.8

660

670 J/nm

620 630 640

b

Im y (arb. units)

0.4

0.2

—0.2

—0.4

650 660

670  1/nm

T, =100 K
—30fs
-==0.5ps
=-=- 1.0ps
---- 1.5ps
----- 2.0 ps

1.0

0.8

0.6

0.4

0.2

620

d

Re y (arb. units)

0

-0.2

—-0.4

—0.6

—0.8

-1.0

630 640 650 660 670

i/nm

620 630 640 650 660

[§

Im y (arb. units)

0.4

0.2

670  2/nm

—0.6 ;
620 630 640 650 660 670

C

2/nm

Ty =90 K
=02 ---30fs
--=-0.5ps
/!
-=-- 1.0
—0.4 F 4 ps
‘;‘;,',' === 1.5ps
5 —2.0ps
70.6 1 1 1 1 1 1
620 630 640 650 660 670 /nm

f

Figure 1. Dependences of the modulus Abs y (a, d, g, j) of the real Re y (b, e, h, k) and imaginary Im y (c, f, i, 1) parts of the response of a HTSC film —

light waves from resonances. In the case of coincident
frequencies w of the interacting waves, we obtain

P =P =P;=
_ di ir (ke k" Yni(K)[1 = mis (k)]
- ;JJ[W —Q; 1 (k,k) +iFi,i/(kak/)}2

ok di,i’(kak/)ni(k)[l —nji (k)] ’
K=k =3 || Q) i Gk, g7y REG)

dkdk’, (2)

Y

Here, the subscripts i and i’ numerate the bands involved in
the (i,k) — (i’,k’) transitions with the dipole moments
d; y(k,k'); I'; (k, k") are the rates of intraband (i = i’) and
interband (i # i') relaxation; k is the wave vector of an
electron; n;(k) is the occupation number of the (i, k) state;
Q, ;(k, k') are the resonance transition frequencies; and
integration over k and k' is performed in the first Brillouin
zone. Taking into account the smallness of the photon
momentum, we will assume below that the (i, k) — (i’ k')
transitions are direct (k = k') and will pass in (2) and (3) to
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on the DFPS probe wavelength A for different initial temperatures T} at different instants.

single integration by using the notation d; ;(k, k= d; y1(k)
and F,:’,»/(k,k') =T, (k). We will describe the resonance
frequencies by expressions Q, /(k, k') = Q; (k) = E;(k)—
E;(k), where E;(k) is the electron energy in the (i, k) state
normalised to Planck’s constant.

3. Numerical simulation

As in [35], the electronic part y of a nonlinear response was
simulated by calculating the frequencies @, (k) by the

interpolation of the known data on the band structure of
La,CuQy [39] to the first Brillouin zone taking into account
the symmetry and periodicity requirements. The simulation
of the phase transition with changing 7T, was reduced to the
forced redistribution of the density of electronic states in
the calculated electronic spectrum by making the substitu-
tion E.(k) — Ej + {[E.(k) — EOF]2 + AZ}'/2 for the states
with the energy E.(k) > EJ (free electrons) and E,(k) < Eq
(holes), respectively, where EOF is the unperturbed position
of the Fermi level. The energy gap 4 was assumed a
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Figure 2. Wavelength dependences of the difference Ay(2) of responses of a HTSC film in the presence and absence of the pump pulse for different 7}
at different instants (a—e) and the dependence 7,(7)) of the relaxation time of variations in y induced by a pump pulse at 4 ~ 653 nm (f).

constant depending only on 7, and T, (the ‘frozen’ gap of
the s symmetry in the weak coupling approximation in the
BCS theory [40]):

3.12kpTo(1 — Ty/To)"? for Ty < T,

“4)
0 for Ty > T..

4 —A(TO):{

Here, kg is the Boltzmann constant.

The calculations were performed by using simplifications
similar to those presented in [33]. We assumed that d; ;(k) =
d=const, I'; y(k) =T =5 x 102 57! and are independent
of i, i’, and k. It was also assumed that a ~ 200-nm thick

HTSC film absorbed 30 % of the total energy (4 x 1077 J) of
a 30-fs, 800-nm pump pulse focused into a spot of diameter
150 um. The values of other parameters (7, = 90 K, the
specific heat of the film ¢, = 0.9 J em K7, the rate of the
heat excess relaxation to a substrate, etc.) corresponded to a
YBa,Cu;0,_; film on a strontium titanate substrate. In this
connection the calculation of the relaxation kinetics of the
nonlinear response y(¢) was reduced to a simple substitution
into (2) and (3) of the instant values of the occupation
numbers n;(k,t) and [1 — n;(k, )] of the electron and hole
states [for E.(k) > E, and E.(k) < EOF , respectively] spe-
cified by the Fermi- Dirac distribution fF(Ee_,h;th, T n)
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with the instant values of the thermodynamic parameters
EF(t)— Ef = Ef — EY (1) and T.(1) = T,(¢) that we calcu-
lated [33] for different initial temperatures 7|, (see Fig. 2 in
[33]). Integration in (2) and (3) was performed over all the
electronic bands lying in the range |E, + Ef | < 2.5 eV by
the singularity method [41].

4. Kinetics of the electronic part
of a nonlinear response

Figure 1 illustrates the drastic transformation of the
dependences of the modulus Absy of the real (Rey) and
imaginary (Im y) parts of the electronic nonlinear response
of a HTSC film on the DFPS wavelength 1 in the range
620—-680 nm at different initial temperatures 7 (both
above and below the phase transition point T, = T,)
immediately after the end of the 30-fs pump pulse and at
instants 1= 0.5, 1.0, 1.5, and 2.0 ps. In real experiments,
differential measurements are used most often, i.e., the
responses of the same sample are compared in the presence
(x) or absence (y, for Egh =E;. T,y = T)) of the pump
pulse. Figures 2a—e show the dependences of the difference
Ay = Absy — Absy, of the results of such two measure-
ments on the wavelength / for different T, and several time
delays. It is easy to see that, as in all experiments on
diagnostics of variations in the reflection and (or) trans-
mission coefficients [8, 10, 32], upon DFPS probing there
also exists singularities (Ay = 0) on the wavelength axis,
which separate regions with the opposites signs of Ay
(Figs 2a—e). Note that, because both the real and
imaginary parts of Ay vanish at these points, their existence,
in our opinion, can be caused only by a change of the phase
relations between the two interfering components of y,
which appear due to the frequency degeneracy of the probe
process [35].

The exponential approximation of the decay kinetics of
variations in y induced by the pump pulse in the 653-nm
region of the long-wavelength peak of Ay gives a rather
nontrivial dependence of the relaxation time 7y, on T
(Fig. 2f) with a distinct sharp step (a jump of 7, in the
vicinity of the point 7;, = 86 K, i.e., slightly below the phase
transition temperature 7, ~ 90 K) and the subsequent sharp
decrease in the relaxation rate at low temperatures. The
transformation of 74, with lowering T is completely similar
to that observed experimentally and to the above-discussed
‘anomalies’ of the nonlinear response kinetics [20, 22, 29,
31, 42, 43]. Note that within the framework of our model,
all ‘anomalies’ of the nonlinear response completely vanish
with decreasing the pump pulse energy (i.e., when the
positions of Fermi levels th for free electrons and holes
coincide with its real position Ef).

5. Conclusions

We have shown that the spectral —temporal features of the
kinetics of the nonlinear response of HTSC films, observed
by the pump-probe method in [6-10, 15, 18—22, 29, 31,
32, 43] and interpreted in [33], have at high pump levels
their analogues also in the case when the state of a sample is
probed by using the self-diffraction of probe pulses made
coincident in time and propagating at an angle to each
other. The use of the transient modification of the DFPS
method substantially expands, in our opinion, the scope of
experiments that can confirm or refute the correctness of

the model based on the consideration of the contribution of
interband electronic transitions to the response of the
excited HTSC film with the ‘frozen’ (metastable [33—35])
energy gap. It is important that this could confirm the fact
that all the ‘anomalies’ of this type appear due to a drastic
decrease in the rates of nonradiative recombination of
excess free carriers under the conditions of strong
degeneracy caused by the unusual distribution of the
density of electronic states in a HTSC (compared to the
electronic spectrum of narrow-gap semiconductors).
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