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Abstract

We have used optical-pump far-infrared probe spectroscopy to probe the low energy
electron dynamics of high temperature superconductors and colossal magnetore-
sistance manganites. For the superconductor YBasCusO7, picosecond conductivity
measurements probe the interplay between Cooper-pairs and quasiparticles. In opti-
mally doped films, the recovery time for long-range phase-coherent pairing increases
from ~1.5 ps at 4K to ~3.5 ps near T, consistent with the closing of the super-
conducting gap. For underdoped films, the measured recovery time is temperature
independent (3.5 ps) in accordance with the presence of a pseudogap. Ultrafast pi-
cosecond measurements of optically induced changes in the absolute conductivity
of Lag7Mp3MnOj3 thin films (M = Ca, Sr) from 10K to ~0.9T, reveal a two-
component relaxation. A fast, ~2 ps, conductivity decrease arises from optically
induced modification of the effective phonon temperature. The slower component,
related to spin-lattice relaxation, has a lifetime that increases upon approaching T\
from below in accordance with an increasing spin specific heat. Our results indicate
that for T<<T., the conductivity is determined by incoherent phonons while spin
fluctuations dominate near T..
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1 Introduction

One of the primary goals of contemporary materials physics is to understand
and control phenomena in which the dynamics of electrons are locally influ-
enced by other electrons. This local influence includes Coulomb repulsion and
exchange effects. When these effects become comparable in magnitude to the
electron kinetic energy the results are dramatic and varied. Examples include
superconductivity, and negative magnetoresistance. While a fundamental un-
derstanding of such phenomena is desirable, the stakes are also high from a
technological perspective. Many “correlated electron” materials have potential
applications including magnetic recording and, more generally, in the emerging
field of spin electronics [1].

Ultrafast optical experiments can help elucidate the properties of correlated
electron materials by resolving the dynamics in the time domain with 100-fs
resolution. All-optical pump-probe experiments have displayed sensitivity to
the low energy excitations in solids. However, following optical excitation, it
would be advantageous to directly probe such low energy excitations. This
has been made possible by combining terahertz time domain spectroscopy
with synchronous optical excitation. Terahertz pulses are generated via opti-
cal rectification in ZnTe providing a coherent far-infrared source (containing
Fourier components from 100 GHz to 2.5 THz). Measuring the optically in-
duced changes in transmission of the THz pulses determines the conductivity
dynamics with picosecond resolution. Several groups have been developing
this technique, termed time-resolved THz spectroscopy (TRTS), to study var-
ious systems including photogenerated electrons in liquids such as hexane, or
semiconductors such as GaAs [2,3]. We have utilized this technique to study
high-T, superconductors and “colossal” magnetoresistance manganites [4,5].

2 Y_,Pr,Ba;Cu;0;_s Thin Films

In high-T, materials, optical pump-probe studies (with 1.5 eV photons) have
been successfully employed to probe the superconducting gap and pseudogap
[6]. The recovery of AR/R (R = reflectivity) on a picoseond timescale suggests
that the superconducting pair recovery is rapid (with the rate-limiting step, as
an example, possibly being due to the anharmonic decay of phonons). Recent
experiments (1.5 eV) on single crystal YBCO have suggested an alternative
interpretation of the dynamics - quasiparticle thermalization rather than pair
recombination which is suggested to be much slower [7]. Using TRTS, we have
directly measured the superconducting pair recovery demonstrating that the
recovery following optical excitation does occur on a picosecond timescale (at
least for our films, which do, however, have a substantially higher impurity



concentration than the single crystals in [7]).

Figure 1(a) and (b) show the conductivity as a function of frequency at 60K
and 95K respectively (T. = 89K) for a near optimally doped film. The phe-
nomenological two-fluid model fits the data quite well (shown as a dashed line
in Fig. 1(a)) below T, where the imaginary conductivity is dominated by the
1/w dependence of the superfluid [4,8]. Above T, a standard Drude model fits
the data (dashed line, Fig. 1(b)). Upon optical excitation, there is a decrease in
the imaginary conductivity due to superconducting pair breaking with a cor-
responding increase in the real component (not shown). The induced change
in o, (w) is shown at 60K in figure 1(c). There is a decrease that rapidly
recovers on a ps timescale that is due in large part to superconducting pair
reformation. Figure 1(d) shows the induced change in oy, (w) at 95 K (above
T.) which is due quasiparticle relaxation.

The dynamics can be quantified by fitting the induced change in the imaginary
conductivity as a function of time at a specified frequency. For optimal doping,
the lifetime at 20 K is about 1.5 ps (at 1.0 THz) increasing to 3.0 ps near
T.. Above T,, the lifetime of 0, (w) (which is no longer a measure of the
superconducting recovery time, but rather the initial quasiparticle cooling)
drops to 1.5 ps. In contrast, for Y 7Pry3BasCuzO7 films (T, = 50K) the
lifetime is ~3.5 ps independent of temperature even above T.. This lifetime is
the same as that measured in our undedoped YBayCu3QOg 5 films. These results
suggest that for the optimally doped films, the dynamics are influenced by the
closing of the superconducting gap, and that for the underdoped films, the
pseudogap plays a role in determining the observed dynamics. Importantly, by
directly measuring the dynamics associated with the imaginary conductivity,
we have directly observed that the superconducting state does recover on a
picosecond timescale.

3 Layg;My3MnOj3, M = Ca, Sr Thin Films

Manganese perovskites contain octahedrally coordinated manganese ions hav-
ing a valence, when doped, that fluctuates between 3" and 4. These mixed-
valence oxides are of the form R;_,D,MnO3; where R is a trivalent rare earth
and D is a divalent alkali. The materials have an extremely rich phase dia-
gram including charge-ordering transitions, (anti-)ferromagnetism, and metal-
insulator transitions, as well as a great sensitivity to small external perturba-
tions such as pressure, magnetic field, chemical substitution [9,10]. The lattice
and orbital degrees of freedom are also important in determining the electronic
properties of colossal magnetoresistance manganites (CMR) materials above
and below T.. In the insulating paramagnetic regime, i.e. T > T, charge con-
duction proceeds via thermal activation of adiabatic small polarons [11]. In the



ferromagnetic regime the marginally-metallic conductivity of CMR materials
suggests that overlapping large itinerant polarons are the conducting entities.
We have used TRTS to study CMR materials with a view towards under-
standing the correlation between charge dynamics and orbital and magnetic
structure.

Using TRTS the temporal evolution of the optically induced change in the
absolute conductivity (at 0.7 THz) is plotted in Figs. 2(a) for Lag 7Cag 3 MnO;
(LCMO) and 2(b) for Lag 7Sro3sMnO3 (LSMO) films. Two components char-
acterize the conductivity dynamics: a fast, resolution-limited (<2 ps) response
whose relative magnitude decreases as the temperature is increased and a slow
component whose relative magnitude and time constant increases with increas-
ing temperature. The fast component corresponds to electron-phonon equili-
bration and the slow component to spin-lattice thermalization. The plateau
in the conductivity at longer times corresponds to equilibrium between the
electrons, spins and phonons at a higher temperature than before the arrival
of the pump.

To understand the measured dynamics, we consider a two-temperature model
where the spins and the lattice are coupled subsystems having well defined
temperatures T, and T}, respectively. Below T, the initial highly excited elec-
tronic state has shed its excess energy and thermalized via electron-phonon
interactions during the first two picoseconds following excitation. The evolu-
tion of AT = T, - T,, subsequent to this initial electron-phonon equilibration,
is governed by:

dAT,/dt = —ATyGy/b, (1)

where Gy is the spin lattice coupling constant and b=C,C;/(C+C;) with the
spin and lattice specific heat given by C, and C; respectively. The spin-lattice
relaxation process corresponds to spin reorientation proceeding via the com-
bined effects of spin-orbit coupling and momentum scattering. The spin-lattice
relaxation time can be estimated by 75 = b/Gg &~ C;/Gg. Heat conduction
terms are ignored since they are weak and are relevant only on the nanosecond
timescales.

Figures 3(a) and 3(b) show the measured lifetimes of the spin lattice relax-
ation time 7 as a function of temperature for LCMO and LSMO using the
TRTS data of Figs. 2. The solid lines are fits from numerically solving Eq.
1 using the specific heat data of [12] (LCMO) and [13] (LSMO). These fits
vield a temperature independent value of G of 2.5x10' (5x10'%) W/(m3K)
for LCMO (LSMO). Therefore, the calculated values of 7 in Figure 3 are
proportional to the magnetic specific heat Cy, indicating that 7y exhibits the
same temperature dependence as C,. This behavior of 7, is a reflection of the
interdependence in the manganites of the charge and spin degrees of freedom.



Further analysis of these experiments have allowed us to determine the relative
influence of thermally disordered phonons versus spin disorder in determining
the conductivity. In particular, at low termperatures (T<<T,) thermally dis-
ordered phonons limit the conductivity while closer to T, spin disorder limits
the conductivity [5].

In conclusion, we have used optical-pump far-infrared probe spectroscopy to
study the electron dynamics in high-T, superconductors and CMR materials.
We expect this technique to find application in the study of many other novel
correlated electron materials.
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Fig. 1. (a)-(b) Conductivity at 60K and 95K, respectively for YBay;CuzO7. The
imaginary conductivity is plotted with the real conductivity in the insets. The data
is fit using a two-fluid model which reduces to the Drude model above T, [4,8]. The
thick solid line is the experimental data. The dashed lines are the overall fit to the
data. In (a), the dotted line is the superconducting pair component and the thin
solid line is the quasiparticle component. (¢)-(d) Optically induced changes in the
imaginary conductivity at 60 and 95 K.
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Fig. 2. Optically induced changes in the conductivity at 0.7 THz for LCMO and
LSMO.



T T

(@) Lag/CaggMnOz.... 5vvvi |

(0]
o

(ps)
3

& 40

)}
o

o
0 100 200

‘ (b) Lao_7$r0_3Mr?03 :

......................

(o))
o

I A A A R A A A A A AT A ST AP A AT AN NI ET IRV RRONENY ()

N
o

...........................................

N
o

T L D e DD

Spin-Lattice Relaxation Time

100 200 300

Temperature (K)

o
ol-

Fig. 3. Spin-lattice relaxation times from THz conductivity dynamics. The solid
lines are calculations treating the spins and lattice as coupled subsystems.
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