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In recent years, transient electric field is becoming a means for the generation of hidden states or phase
transitions. In this study, the spatial-temporal distribution of picosecond surface electric fields, associated
with the femtosecond-laser-induced charge emission from Lagg;Sr33:MnO; (LSMO) single-crystal films,
were interrogated by subpicosecond electron pulses and reconstructed by a three-layer theoretical model.
A strong picosecond surface electric field, on the order of 100 kV/m, was generated on LSMO films.
Such self-induced transient electric fields may be a promising means for controlling ultrafast processes in

materials.
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I. INTRODUCTION

In strongly correlated materials, the interplay among elec-
tron, lattice, orbital, and spin degrees of freedom determines
their unique electronic and magnetic properties, including
superconductivity and colossal magnetoresistance effects [1].
As the equilibrium state properties of strongly correlated
materials are extensively studied, particular interest has been
placed on the nonequilibrium dynamics generated by means
of ultrafast optical excitations [2—4]. However, those optical
excitations usually lead to a variety of effects involving more
than one degree of freedom. Previous studies of such ultrafast
dynamics have been mainly focused on the energy relaxation
of electron systems, electron-phonon couplings, and coherent
phonon generations [5].

In the past few years, the strong THz sources, which are
mainly generated by intense laser-matter interaction or free-
electron lasers [6] have provided means for selectively ex-
citing lattice vibrational modes through resonance absorption
[7] and manipulating the spin degree of freedom of these
materials through interaction with the THz electric fields
[8]. Meanwhile, transient polarization modulation, owing to
electric field bias effects of single-cycle THz pulse excitation,
has been observed in thin BaTiO3 ferroelectric films [9]. In
SrTiO; crystals, a hidden state was observed recently [10].
It was also demonstrated that the orbital domains of thin
films such as LagsSr; sMnOy4 can be oriented by means of
the polarized THz electric fields, which are on the order of
hundreds kV/m [11].

The promising role of ultrafast transient electric fields, for
the control of ultrafast events in complex oxide materials,
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suggests that it is important to continuously explore means
for the generation of strong transient electric fields that are
easily accessible for such applications. One potential candi-
date is the surface transient electric field (TEF) associated
with femtosecond-laser-induced charge emissions. However,
due to the lack of ultrafast electromagnetic field probes, the
strength, transient distribution, and evolution of the TEFs
generated during charge emission processes remain an open
question.

In recent years, femtosecond electron pulses are becoming
a powerful means for probing such TEFs and have revealed
that picosecond transient electric fields could be generated
on aluminum [12], silicon [13], and graphite [14] surfaces
illuminated by femtosecond laser pulses with intensities well
below the damage threshold. However, the spatial-temporal
distribution of TEFs on complex oxide materials, excited by
femtosecond laser pulses, has not been investigated. A typical
example is the prototypical material La;_,Sr,MnO;3; (0 <
x < 1), whose photoelectric effect measurements have been
mainly focused on the transport properties of p-n junctions or
heterostructures [15].

To this end, we characterize and reconstruct the spatial-
temporal distribution of surface TEFs, generated by femtosec-
ond laser pulse illumination of Lag¢7S1033MnO3; (LSMO)
single-crystal films at two temperatures(300 and 77 K), using
the combination of subpicosecond electron pulses and a three-
layer model. A strong electric field, on the order of 100 kV/m
and duration time of tens of picoseconds, was generated on the
surface of a semimetal phase LSMO film at room temperature.
This type of picosecond strong electric field may potentially
serve as a means for the ultrafast control of such materials
directly or through magnetoelectric coupling. The method and
analyses presented in this paper may also be employed to
evaluate other strongly correlated materials.
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FIG. 1. Experimental configuration. The 800-nm-laser pulse was
collimated onto the sample in the perpendicular direction. The
centroid of the probe electrons was located at zo = 200 um above
the sample surface. The detector exposure time was 1.5 s at each
delay time. The negative sign of the deflection angle, —Aw, is
defined as the probe electron centroid shifts away from its original
position (o) along the positive direction of Z axis. The excitation
laser beam is depicted by the red cylinder, and the formation of TEFs
is demonstrated by the charges at the cylinder bottom. The purple
line illustrates the trajectory of the probe electron centroid that is
deflected by the TEF.

II. EXPERIMENTAL METHOD

The experimental system used in this study has been de-
scribed previously [12]. Briefly, the 1 kHz, 800 nm, 70 fs,
1 mJ/pulse output from a Ti:sapphire laser was split into
two parts. The first part stimulated the sample, while the
second part was frequency tripled to 267 nm and used to
generate femtosecond electron pulses from a photocathode.
These electron pulses were accelerated to 30 keV by a DC
electric field and focused onto the sample by a magnetic lens.

The delay time between the pump laser pulse and the probe
electron pulse was controlled by a linear translation stage.
The 100-nm-thick Lag ¢7Sr033MnO; single crystal, grown on
SrTiO;3 substrate, was placed on a cold finger that could
be cooled to 77 K by liquid nitrogen, or studied at room
temperature, 300 K.

As illustrated in Fig. 1, the evolution of the transient
electric field, above the sample surface, was extracted from
the deflection angle of the probe electrons at each delay time.
The deflection angle Aw, was determined by Ad, the shift
of the probe electron centroid on the detector, and the dis-
tance between the LSMO sample and detector L, through the
relation: Ao = Ad/L (L =46 cm > Ad). Meanwhile, the
experimentally observed A« was correlated with the transient
electrical field strength at each delay time through

AV, qEx
TV, mV,

qEt
mVo/J1—=VZ2[c2

where AV, is the electron velocity change along the sample’s
normal direction Z; V, is the velocity of the 30 keV probe
electrons; ¢ is the elementary electron charge; E . the averaged
electric field strength sensed by the probe electrons; c is the
speed of light; m and m, are the relativistic and rest mass of
an electron, respectively. ¢ is the time required for the probe
electrons passing through the pump laser beam diameter.
For the 300 and 77 K experiments, the passing time was
determined to be 6 and 4 ps, respectively, according to the
pump beam diameters.

Aa ey

III. RESULTS AND DISCUSSION

The time-dependent deflection angles are shown in Fig. 2,
where the time zero was defined by the first observable change
in Aca. In general, deflections of the probe electrons can be de-
scribed by three consecutive steps: (1) the electron deflection
angle reaches its negative maximum during the first few tens
of picoseconds; (2) the electron deflection angle reaches its
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FIG. 2. Time-dependent evolution of probe electron deflection angles due to the charge emission of the laser-irradiated LSMO sample at
(a) 300 K and (b) 77 K. The deflection data were reconstructed and plotted using a “three-layer”” model, which is introduced in later section of

this paper.
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positive maximum after a few hundred picoseconds; (3) the
deflection angle recovers toward its original position before
time zero, which requires more than 900 ps. Such a long
recovery time is probably due to experimental bias, or the
slow neutralization of the sample. For both temperatures,
the negative and positive maxima, increase as a function of
laser irradiation fluence owing to the increased number of
emitted electrons. At the same time, the characteristic times
needed to reach those maxima deflections decreased as the
TEF become stronger. For the same pump laser fluence, the
deflection angles for LSMO samples at 77 K are smaller than
that at 300 K, mainly owing to the reduced kinetic energy
and number of emitted electrons at lower temperatures. With
larger kinetic energy, the emitted electrons are less likely to
be attracted back to neutralize the surface ions. Therefore, a
larger portion of the initially emitted electrons can eventually
become free electrons that will not fall back to the sample and
the associated surface TEF is stronger, which will contribute
to a larger deflection angle of the probe electrons.

As shown in Fig. 3, the negative deflection angles observed
within the first few tens of picoseconds is due to the fact that,
the emitted electrons from the LSMO sample are initially be-
low the centroid of probe electrons[see Fig. 3(a)]. Therefore,
the probe electrons are deflected away from the sample sur-
face owing to the Coulomb repulsion by those initially emitted
electrons. As the emitted electrons keep moving further away
from the sample and towards to cross the probe electrons, the
probe electron beam bends toward the sample surface owing
to the evolution of the TEF it sensed [see Figs. 3(b) and
3(c)]. Accompanying the initially emitted electrons falling
back partially and the reduced charge density, the transient
electric field decreases, as a function of time, and the electron
deflection angles begin to recover. The characteristic time of
the observed deflection angle change, is mainly determined
by the initial velocity of the emitted electrons that escape
from the LSMO sample, immediately after laser excitation.
As the laser pump fluence increases, the time required to
reach the negative and positive maxima deflections decreases,
indicating a higher emitting velocity that contributes to faster
electric field evolution.

The time-dependent transient electric field originates from
the fast evolution of the electron plasma layer located above
the sample surface. For a detailed description of this com-
plex nonlinear process, large-scale numerical simulations are
required to describe such many-body interactions. However,
it has been shown that the primary features of such fast
evolving plasmas can be extracted by means of analytical
models in combination with the experimentally determined
electric fields [12-14,16]. And, the plasma features, that
are extracted, agree will with the large-scale particle-in-cell
simulations[17]. In order to obtain the general feature of the
electron plasma layer in our study, the deflections of the
probe electrons, shown in Fig. 2, were reconstructed using a
“three-layer” model [12] which classified the charges, that
contribute to the electrical fields, into three categories: (1)

Probe electrons = Aot

Z * Emitted electrons
0 o

@ @ @ @ @ @ @ moving away

LN NN N NN N

Sample
(a)

a Effectively emitted
i electrons

@ @ 0

Falling
@ @ @ @ ?!back electrons
N N N N N N

Sample

A
: Effectively emitted
electrons

©) € €

+Ao

FIG. 3. Schematic representation of the three key stages that the
probe electrons are deflected by the surface TEF. (a) Initially, the
centroid of the probe electrons is deflected away from the sample
surface (the negative deflection angle, Fig. 2); (b) The centroid of
the probe electrons were almost unchanged as the emitted elec-
trons partially falling back onto the sample and partially escaping;
(c) the centroid of the probe electrons moves toward the sample
surface (the positive deflection angle on Fig. 2). The centroid of the
probe electron initially locates at z, position and its trajectory due to
the presence of TEF is marked by a purple line. The electron plasmas
due to the emitted charges are marked in green. The three layers of
charges that contribute to the TEFs are the surface ions, the “fallen
back” electrons, and the effectively emitted electrons.

the positive ions that remained at the sample surface; (2) the
“fallen back” electrons, which initially escaped from the sam-
ple surface but eventually fell back onto it and partially neu-
tralized the positive ions; (3) the effectively emitted electrons
that escaped from the sample and do not fall back. It is worthy
to mention that the term “fallen back” indicates neutralization
due to electric attractions and it is not an effect of gravity. The
contribution of those, different types of charges, to the electric
field at position zy above the sample is described by Eq. (2)
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FIG. 4. (a) Total charges emitted at time zero, (b) the effectively emitted charges and (c) the averaged initial velocity of the emitted
electrons, Vj, at time zero, as a function of pump laser fluence for LSMO single crystal films at 77 K and 300 K.

,)dz | — ! O =
p(z )Z] /(; p(z )[ \/(ZO_Z)2+(D/2+th)2

[12]:
o) 09 1 Zy |:1 /0
:(20,1) = ) el L
2¢€9 7§+ (D/2)? )
+00 220
+ D= +
/z() o t)|: \/(ZO - Z)2 + (D/2 th)Z

In which, op and ¢ are the area charge density of the
initially emitted electrons at time zero and the electrical
permittivity of vacuum, respectively; D is the diameter of the
positive ions at the surface; owing to space charge effect, the
emitted electron plasmas are assumed to expand with velocity
vy, in a direction parallel to the sample surface. The distribu-
tion of electrons along the sample, in a direction normal to
the surface, is described by the distribution function p(z, ) =
(1 —a)pf(z,t) +apf(z,t). The two Gaussian distribution
functions, pZ(z, t) and p” (z, t), whose peak positions change
versus time, are used to describe the charge densities of
the effectively emitted electrons and fallen-back electrons,
respectively. The ratio of the fallen-back electrons to the
initially escaped total charges is designated as o (0 < o < 1).
The combination of Eqs. (1) and (2) provide an excellent re-
construction of the deflection angles, which is depicted as the
modeling lines in Fig. 2. The primary features of the emitted
electrons, obtained through the three-layer model, are (1) the
total charges emitted immediately after laser excitation, (2)
the electrons that are effectively emitted, and (3) the initial
velocity of the emitted charges from the sample surface,which
are shown in Fig. 4.

The initial velocity of the emitted electrons shows that, as
the laser fluence increases, the kinetic energy of the electrons
becomes larger, mainly indicating that thermionic emission is
involved. This is also supported by the results from a log-log
plot of the total emitted electrons, which has a slope of smaller
than 2.0 and indicates multiphoton emission is not evident
[12]. The emitting electron velocities mainly determine the
evolution of the TEFs, namely, the characteristic time that the
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(

probe electrons deflect into their positive and negative max-
ima. For both temperatures, but at different pump fluencies,
the total charges and the effectively emitted charges, deduced
using the three-layer model, indicate that more than 50% of
the charges, initially emitted at time zero, eventually fall back
onto the LSMO crystal where they partially neutralize the sur-
face ions, because of Coulomb repulsions inside the emitted
electron charges and attractions from the positive surface ions.
As shown in Fig. 4, the slope of the 300 K experiments is
larger than that observed for the 77 K experiments. This fact
may be due to the reduced thermionic emission as a result
of the lower temperature. Utilizing the parameters, obtained
by using the three-layer model, to the experimental deflection
data, we reconstructed the spatial-temporal distributions of
the TEFs above the LSMO surface for the 36.6 mJ/cm? laser
excitation fluence and illustrated them in Fig. 5.

As shown in Fig. 5(a), in a few picoseconds after the fs
pump laser pulse strikes the LSMO surface, the TEF strength
may reach 100 kV/m above the surface of the room temper-
ature LSMO crystal. This field strength is on the same order
as the THz fields that were used to manipulate charge-orbital
couplings in lanthanum strontium manganite [11]. In that
study, the orbital domain of a Lag 5Sr; sMnOy thin film was
manipulated by the change of the THz pulse polarization. It
was also concluded that, in such domain alignments, the effect
of peak electric field strength is more important than the total
energy of a THz pulse. Although a strong transient electric
field, on the order of hundreds kV/m, may be generated
on the surface of room-temperature LSMO films, a smaller
transient electric field, on the order of few tens of kV/m, is
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FIG. 5. The spatial-temporal distribution of transient surface electric field strengths that are reconstructed using the three-layer model. The
LSMO temperature is (a) 300 K and (b) 77 K and the excitation laser fluence is 36.6 mJ/cm?.

expected for films at 77 K. However, there are several possible
means by which one can increase the strength of TEFs for
low-temperature LSMO samples. These include adjusting the
doping-levels which increases the electron density [18], or by
exciting the sample with higher laser fluence. It is also worth
mentioning that, due to the space charge effects (Coulomb
repulsion), the electrons that initially escaped from the sample
surface will suppress the subsequent electron emissions at a
later time [19]. At a certain saturation point, the transient
surface electric field strength may not increase as the free
electron density or laser illumination intensity become larger.
In such a circumstance, utilizing a bias voltage or a specially
engineered film may provide a means to further increase the
TEF strength [20].

IV. CONCLUSION

In conclusion, the strength and evolution of transient sur-
face electric fields, generated by femtosecond-laser-induced
charge emission on LSMO films at 300 K and 77 K tempera-
tures, have been studied by the deflection of femtosecond elec-
tron pulses. The experimental data were subjected to a three-
layer theoretical model, which revealed the initial velocities

and the amount of emitted charges during the laser-induced
emission process, and reproduced the evolution of probe
electron deflection angles. The spatial-temporal distributions
of the surface transient electric fields, reconstructed by the
combination of experimental data and the three-layer model,
indicates that more than 100 kV/m transient electric fields
have been generated. The strength of this electric field is on
the same order of magnitude as that used in THz control
of complex oxide materials. This study suggests that the
transient surface electric fields, generated by femtosecond-
laser-induced charge emission, may serve as a potential means
for the ultrafast control of materials such as ferroelectricity or
generating hidden states.
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