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Oxide growth with semiconductorlike accuracy has led to atomically precise thin films and interfaces that
exhibit a plethora of phases and functionalities not found in the oxide bulk material. This has yielded spectacular
discoveries such as the conducting, magnetic, and even superconducting LaAlO;/SrTiO; interfaces separating
two prototypical insulating perovskite materials. All these investigations, however, consider the static state
at the interface, although studies on fast oxide interface dynamics would introduce a powerful degree of freedom
to understanding the nature of the LaAlO;/SrTiO; interface state. Here, we show that the polarization state at
the LaAlO;/SrTiO; interface can be optically enhanced or attenuated within picoseconds. Our observations are
explained by a model based on charge propagation effects in the interfacial vicinity and transient polarization

buildup at the interface.
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L. INTRODUCTION

Interfaces between transition-metal oxides exhibit unique
functionalities [1]. One of the most fascinating examples was
the discovery of a high-mobility two-dimensional electron gas
(2DEG) at the interface between two insulating perovskites,
LaAlO5; and SrTiO; (LAO/STO). [2] The 2DEG formation is
a threshold process: Forn > 4 monolayers of LAO on STO the
interface becomes metallic [3] and even superconducting [4].
At n = 3 an electric field [3] or light [5] controls the phase at
the LAO/STO interface so that a reversible insulator-to-metal
transition (IMT) can occur. This may serve as the basis of
optoelectronics applications [6,7], but with optical control on
the time scale of seconds or longer.

In contrast, studies on fast oxide interface dynamics are
still rare, although such investigations would be invaluable to
understanding the nature of the LAO/STO interface state: Time
dependence allows one to separate and recognize the various
interactions contributing to the interfacial ground state via
the different inherent time scales on which they respond after
optical excitation. For example, transient ultrafast absorption
spectroscopy led to evidence for the strong influence of the
LAO film on self-trapped polaron formation at the LAO/STO
interface [8].

Here, we reveal the mechanisms guiding buildup and
depletion of photoinduced polarity at the LAO/STO interface.
We obtain an optically induced subpicosecond enhancement
or attenuation of interface polarity; both may exceed 50%.
This effect is established by three competing photocarrier
mechanisms: screening, asymmetric drift, and trapping. We
track the LAO/STO carrier dynamics by all-optical time-
resolved pump-probe spectroscopy, using second-harmonic
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generation (SHG) as the probe process which detects the
interfacial inhomogeneity while masking the bulk.

Optical SHG, i.e., doubling the frequency of a light wave,
has emerged as a powerful tool for investigating oxide thin
films, heterostructures, and interfaces [9—13]. Within the elec-
tric dipole approximation SHG is symmetry forbidden in the
bulk of centrosymmetric materials. SHG is therefore ideal for
probing interfaces and surfaces, where this violation occurs
inherently [14].

Previous static SHG experiments provided valuable insight
into the LAO/STO system [9,12,13,15-19]. We probed the
behavior of the STO at the LAO/STO and air/STO interfaces
with SHG photon energies up to 4 eV. After verifying that
there are no contributions from the STO bulk, the LAO, or
the LAO/air interfaces [9,12], we identified two components
of the SHG susceptibility, denominated in the following as
Xloc and Xext, that completely describe the SHG spectroscopic
features observed at the LAO/STO and STO/air interfaces
[9,17]. Comparison of SHG from yxj, and x.x allowed us
to disentangle the particular role of the interfacial Ti*"(3d)
orbitals [9,17,20].

In Sec. IT we provide the details of the macroscopic model
used to describe the SHG experimental data. In Sec. III we
describe how samples are fabricated and our pump-probe SHG
apparatus. In Sec. IV we present the experimental results
obtained with both pump-probe reflectivity and pump-probe
SHG measurements. Section V is devoted to discussing our
results within the framework of a phenomenological model.
Finally, we present our conclusions.

II. SHG THEORY FOR SURFACES AND INTERFACES

In SHG an optical wave with frequency 2w is generated
from an incident wave of frequency w. The actual measured
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quantity is the SHG intensity Isgg, which is proportional to the
square of the reflected SHG optical field: Ispyg o | EsucQw)|?.
The latter is, in turn, proportional to the square of the amplitude
of the incident optical field, Esug(2w) o x E*(w), where y is,
in general, defined as follows [18]:

x(0) = / LX) + xR EP(t.2)]

x L™ Lietepdz, (1)

where the sum on repeated indices is understood, z is the
coordinate along the interface normal, and eX® are the
electric-field unit vectors in vacuum. In Eq. (1), X,~(j2/2 describes
the structural symmetry breaking occurring at any interface,
and Xfﬁ,ﬂ, with [ = z parameterizes the coupling to the electric

field Efm that is generated by the space-charge region at
the LAO/STO or STO/air interface [17]. In the latter case a
space-charge region may be created by charged surface defects.
An optical excitation will drive the space-charge distribution
out of equilibrium, causing EEOI to become time dependent. In
general, )(i(jzlz and Xi(;lzl might also be time dependent because
of the transient redistribution of the electronic populations
by the pump beam, also known as the state-filling effect
[21]. However, our measurements of photoinduced reflectivity,
as discussed in Sec. IV B, indicate that these effects are
negligible if compared to the free-carrier effects accounted for
by Ef()l; hence, we will consider them to be a constant. L is a
diagonal tensor giving the Fresnel transformation matrices that
parametrize the propagation between the different media. The
complete expression for the three nonzero components of this
tensor can be found in Ref. [20]. These factors may vary in time
because of changes in the refractive index. However, based on
the photoinduced reflectivity measurements, we can assume
that the Fresnel factors vary too little to explain the absolute
SHG signal variations or, in any case, they vary approximately
in the same way for all the samples to account for the different
dynamics observed among the samples. For all these reasons
we neglect the Fresnel factors in our analysis.

In Eq. (1) the z integral extends across the entire thickness
of the polar layer where inversion symmetry is broken by the
presence of the interface [9] or by the photoinduced charge
redistribution. We underline here that, unlike the standard
optical techniques, the probing depth of SHG is not a priori
fixed but depends on the spatial extension of the polar asym-
metry at the specific interface under study. Since we measure
the temporal, but not the spatial, dependence of the LAO/STO
interface dynamics, we execute the z integration in Eq. (1) and
resort to space-averaged susceptibilities:

X = xije®) = Xije + Axija(®), (2)
where % = [ x2dz + Vox). and Azijn(t) = AV (xS,
ijk = ) Xijx@2 + 0X;jk, AN Xijk(t) = (I)X,‘jkz~

Note that A ¥;x(¢) is the pump-induced variation of ¥;x; thus,
it is null for ¢ < 0. Here, we have introduced the ground-state
energy depth Vj of the quantum well induced by Ef()l(z,t <
0) at the LAO/STO (STO/air) interface and its light-induced
variation AV (t). By using suitable polarization combinations
of the light all the elements of the X~ tensor can be measured.

As detailed in Ref. [20], only three SHG contributions need
to be distinguished for probing the LAO/STO interface: ..,
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FIG. 1. SHG pump-probe layout and geometry of the input/output
light polarizations. The high-pass filter blocks the fundamental
beam. The latter is removed during the photoinduced reflectivity
measurements.

Xzxx> and Xyx.. The susceptibility xy,, (and thus Xyxz, Ajfxxz)
couples to the transition from the O?~ (2p)-dominated STO
valence band to the lowest STO conduction subbands, mainly
formed by the Ti4+(3dxy) orbitals. In complement, x.., (and
thus {..x, A ¥..x) represents the transition to the Ti** (3d,. yz)
orbitals. The third component, ..., is not considered here
since it cannot be measured directly and couples to the same
transition as y,, anyway. Note that the subbands with a d,,
character are more localized at the interface [22-24], whereas
those with a d,; . character are more extended, so that ..
and thus A ., (henceforth xj,. and A i) and x., and thus
Aj;cx (henceforth xexr and A jext) predominantly probe the
local state at the interface and the extended environment around
it, respectively. We stress here that that “extended” (ext) and
“localized” (loc) states differ only for few atomic layers; that
is, both must be considered interfacial states that cannot be
probed by standard optical techniques.

III. EXPERIMENT
A. Sample fabrication

LAO films of two and six unit cells were deposited by
pulsed-laser deposition on TiO,-terminated STO(001) sub-
strates with unit-cell control of the film thickness by high-
energy electron diffraction. The samples were grown at
~800 °C in 1x 10~* mbar oxygen atmosphere and then cooled
at this pressure to room temperature. All samples with a
LAO thickness above the threshold of four unit cells show
the same qualitative dynamics. Therefore, in this work, we
focus our attention on two representative samples with a LAO
film of two (LS2) or six (LS6) unit cells. LS2 and LS6
represent the LAO/STO samples with initially insulating and
initially conducting interfaces, respectively, exhibiting sheet
conductance at 300 K of < 107° Q! (LS2) and =~ 1074 Q!
(LS6). Our pump beam excites photocarriers at 4.35 eV, i.e.,
above the direct band gap of SrTiOs of about 3.75 eV [25],
but not across the bulk band of LAO, so most of the observed
dynamics resides in STO. We therefore include the air/STO
interface dynamics of a TiO,-terminated STO(001) substrate
in our investigation.

B. SHG and reflectivity pump-probe experiments

The pump-probe layout is shown in Fig. 1. As a light
source we used two phase-locked optical parametric amplifiers
pumped by a single amplified Ti:sapphire laser system (130-fs
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FIG. 2. (a) and (b) Temporal evolution of A ¥ex;/Xext for Ny =
5.65 x 10 cm™. Solid lines are fits (see text for details). Note
the striking difference of the dynamics between insulating (orange
and blue points) and conductive (green points) samples that points
to a complex interplay of different photoinduced mechanisms better
explained in the text.

pulse duration, 1-kHz repetition rate, 1.55 eV nm central
photon energy). The absorption length of the pump beam at
a photon energy of 4.35 eV is 26 nm [26].

The pump beam was focused onto an area of 280 + 14 pum.
Because of the very small pump-pulse energy of 0.1 nJ to
2 uJ, sample heating and deterioration are negligible. To probe
the lowest cross-band-gap electronic states of the STO, the
probe beam was tuned to an SHG photon energy of 3.75 eV. In
order to subtract any long-term background the pump beam is
chopped at 500 Hz, and the difference in the SHG signal of two
consecutive probe pulses is measured. This allows an accurate
determination of the ultrafast response, while any dynamics
exceeding 1 ms cannot be recorded. The data points shown in
Figs. 2 and 3 are given by the difference in the square roots of
the two consecutive probe intensities normalized to the square
root of the SHG intensity at time ¢ < 0.

In Fig. 1 the geometry of the input/output light polarizations
is shown. According to the fourfold rotational symmetry
(4mm) of the interface, we measured the only three inde-
pendent nonvanishing polarization combinations: p in, p out

extended
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FIG. 3. Time dependence of the relative change in the SHG signal
in STO after an optical excitation generating a photocarrier density
of Npp =1.13 x 10% cm™ (data points). The fits reproduce this
measured change (orange line) and its respective contributions from
the charge-propagation (red line) and transient-polarization (blue line)
mechanisms. SHG susceptibilities ¥ probe (c) and (d) the local state
at the interface and (a) and (b) the extended environment around it.

(pp); s in, p out (sp); and d in, s out (ds) [20]. These
polarization combinations provide information on the three
independent nonvanishing x;;x components: x.., Xext> and Xioc-
In particular, the last two relevant terms are obtained directly
from the sp and ds signal, respectively, while the pp signal is
used only for an experimental check.

The same apparatus with slight modifications is used for
measuring the linear reflectivity changes induced by the pump.
In this case the filter used to block the fundamental beam is
removed, and the photomultiplier that detects the SHG signal
is replaced with a photodiode.

IV. RESULTS

A. Pump-probe SHG measurements

Let us first discuss our main experimental results, i.e.,
our pump-probe SHG measurements. Then, in Sec. IV B, we
discuss our photoinduced reflectivity measurements in order
to support some of our theoretical assumptions.

Figure 2(a) and the zoomed-in view in Fig. 2(b) show the
time-dependent change in .y in the LS2 and LS6 samples
and STO at a pump laser intensity of 1 mJ cm~2 (excita-
tion density Np, = 5.65 x 10?° cm™3). The samples show an
initial subpicosecond drop in the SHG signal, followed by
a recovery on the 100-ps time scale and restoration of the
initial state over nanoseconds. With increasing LAO coverage,
A Xext/ Xext €vOlves from positive to negative values. In LS2
and STO the ratio A Xext/Xext becomes positive, implying a
transient enhancement of the polarity of these samples by the
photoexcitation, whereas in LS6 the relation A Xex¢/Xext < 0
indicates a transient attenuation of the polarity. Strikingly, the
SHG susceptibility changes may amount to as much as £30%.

In Sec. V we will discuss in detail these findings within the
framework of a phenomenological model able to capture the
main features of this complex dynamics.
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FIG. 4. Pump-induced changes in reflectivity as a function of
the photocarrier density for the samples: (a) LS6, (b) LS2, and
(c) STO.

B. Photoinduced reflectivity changes

In Fig. 4 we report our time-resolved reflectivity measure-
ments for different values of the pump fluence and for all the
samples. The observed changes are due to transient variations
of the refractive index. A change in the refractive index causes
a variation of the Fresnel factors that enter in Eq. (1) and may
lead to a consequent variation of the SHG signal. A variation of
the reflectivity may also be caused by a transient redistribution
of the electronic populations, also known as the state-filling
effect. The latter may transiently change the Xi(jzlz and Xi(;IZZ
tensors in Eq. (1), thus leading to a transient variation of
the SHG signal as well. In the following, based on the data

reported in Fig. 4, we show that both these effects are negligible
compared to the free-carrier effects that are accounted for by
E™ in Eq. (1).

For what concerns the Fresnel factors the refractive-index
changes observed in the reflectivity measurements are small
either as an absolute value or as relative variations among all
the samples. Let us consider the SHG signal variations reported
in Fig. 2. At this laser fluence the maximum reflectivity change
is about 2% for all samples. By using the refractive indexes
of STO [27] and the reflection Fresnel transformations [28]
this leads to a variation of the refractive index of about 1.1%,
approximately the same for both the fundamental and the
second-harmonic wavelengths. Now, according to Eq. (1) with
i =zand j =k =y, the Fresnel factors L, at 2w and L,
at w enter once and twice, respectively, in the jex signal
shown in Fig. 2. By inserting the variations of the refractive
index in the corresponding Fresnel factors given by Eq. (A4)
of Ref. [9] we find that L., and L,, vary about 2% and
0.9%, respectively. This accounts for a total variation of 3.8%,
which is approximately one order of magnitude less than the
maximum variation observed in LS6 and STO and a factor of 6
less than in the case of LS2. If we repeat this calculation for the
polarization combination data displayed in Fig. 3, we find that
the total variation accounted for by the Fresnel factors is even
less than 1%, while the maximum observed variation of the
SHG signal is about 40%. Furthermore, the comparison among
all the samples at a fixed fluence shows that the differences
between the reflectivity spectra are not larger than 1%, at best.
Again, by using the same calculation as before, this leads
to a relative variation among the samples due to the Fresnel
factors of less than 1%. This allows us to assume that the
Fresnel factors vary too little to explain the absolute SHG
signal variations or, in any case, they vary approximately in the
same way for all the samples to explain the different dynamics
observed among the samples at a fixed laser fluence. For all
these reasons we neglect the Fresnel factors in our analysis.

Similarly, the comparison of the reflectivity spectra between
conductive and insulating samples allows us to neglect any
state-filling effect based on the following argument. The
surface density of mobile charges at the LS6 interface is about
10" cm~2 (we note that this number is a lower limit since it
does not include the injected charges that become localized)
[12]. In order to compare this number with the photocarrier
density induced by our pump we should know the space
extension of the electronic gas at the interface. On the value
of the latter there is not a unanimous consensus. However, we
may safely assume that, at room temperature, it is confined
in a region of the order of 1 nm with a more extended tail of
localized charges [29]. The latter number gives a mobile carrier
density of about 10?°~10%' cm~3, which is comparable to the
photocarrier density photoinduced in STO. This shows that
the LS6 sample is already strongly populated, even in the
absence of the pump. However, the reflectivity changes that
we measure in the STO and LS6 samples are approximately
the same. This excludes possible state-filling effects at the laser
fluences used in our experiments. For these reasons we assume

that xl-(f,z and xfﬁil are constant in time.
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FIG. 5. Dependence of the relative change in the SHG susceptibil-
ity of the charge-propagation and transient-polarization contributions
as defined in Eq. (3) on the density of the optical excitation Npyy.
Symbols represent fits of Eq. (3) to measured data as in Fig. 3. The
amplitudes have been normalized to the corresponding value of  at
time ¢ < 0. Solid lines are fits (see text). Here and in Fig. 6 error bars
indicate statistical errors at 68.3% of the confidence level obtained
through a x? test as described in Ref. [30]. The error bars are missing
when their extension is not larger than symbol size.

V. DISCUSSION

Before proceeding with the discussion, we need to identify
the different types of contributions constituting the dynamics
expressed in Fig. 2. We will focus this discussion on the
simplest system, bare STO as depicted in Fig. 3, from which
we will move on to further investigation of the LAO-covered
samples in Figs. 5 and 6. First of all, we can exclude that pho-
toinduced transfer of the STO from the quantum-paraelectric
to a bulk ferroelectric state causes the transient SHG increase.
On the one hand, laser illumination is known to suppress
rather than promote ferroelectricity [31]. On the other hand, the
isotropy of the bulk would support multidomain formation and
thus cancellation of the net SHG signal. Instead, analysis of the
STO dynamics in Fig. 3 reveals a simple model explaining our
SHG data in a consistent way. Its mechanisms are pictorially
outlined in Fig. 7.

(i) For process 1 we assume that the pump beam creates
an electron-hole plasma that perturbs the interface polarity
of the ground state. The plasma gives rise to two competing
mechanisms, both well established in semiconductors. The first
mechanism is given by the drift of the photocarriers in the
presence of a preexisting equilibrium electric field, here the
interfacial field EP”, in order to screen it [33,34]. We will refer
to this as “screening drift” [Fig. 7(b)]. The second mechanism
originates from the different mobilities of the photoexcited
holes and electrons. The presence of the interface makes the
diffusion anisotropic, thus inducing a net shift of the electron
cloud with respect to the hole cloud. This gives rise to a local
electric field at the interface [Fig. 7(c)]. In semiconductors this
is known as the “photo-Dember effect” [35]. Henceforth, the
parameters referring to electron-hole plasma generation and
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FIG. 6. Dependence of the relaxation constants defined in Eq. (3)
on the density of the optical excitation in the three types of samples.
Solid lines are fits (see text). Dot-dashed lines indicate values of relax-
ation constants that did not reveal a dependence on the photocarrier
density and were therefore replaced with a single fitting parameter
over all the photocarrier density range.

surface
traps

STO Y
E f_+ STO <_Etrvrp
Dember

FIG. 7. Nonequilibrium charge dynamics near the LAO/STO and
air/STO interfaces. (a) Band bending and different extension of
the charge concentration associated, respectively, with the d,,-like
and d,, ,.-like subbands of STO at the interface (as adapted from
Refs. [18,23]). We notice that the medium beyond the dashed line may
be either air, like in bare STO, or a LAO overlayer. (b) Screening drift
as the first process contributing to the charge-propagation mechanism.
(c) Photo-Dember effect as the second process contributing to the
charge-propagation mechanism (as adapted from Ref. [32]). (d)
Interfacial charge trapping as the process contributing to the transient-
polarization mechanism. Note the positive charge of the trapping
center that induces an electric field that adds in phase to the existing
quantum-well field, thus enhancing the interfacial polarity.
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the two aforementioned charge-propagation mechanisms will
be labeled cp.

(i1) For process 2 we assume that the photogenerated carriers
build up a transient polarization once they have reached the
interface [Fig. 7(d)]. Mechanisms that may contribute to this
polarization are interfacial charge trapping, polaron formation,
etc. Henceforth, the parameters referring to the transient-
polarization mechanism will be labeled tp.

By combining cp and tp contributions and assuming an
exponential behavior for their rise (r) and decay (d), the
temporal dynamic of A Xioc/ex: 18 given by the equation

_ _ _ cp _ °p
AXloc/eXt _ AX]Zi/ext(l _ el )e /74
— — P - 3
+AX1lcl)Jc/ext(1 —¢ e )e ' ' (3)

Here, tﬁﬂ‘lp and A )‘(fo%/tsxt denote the four time constants and
the four SHG coupling coefficients, respectively.

Equation (3) yields a total of eight parameters for describing
the SHG data of each type of sample (LS2, LS6, STO). Only
a subset of these parameters needs to be fitted, however,
to describe the photocarrier dynamics. For example, 7, is
resolution limited and thus fixed at 0.1 ps. Furthermore,
different SHG susceptibilities for the same type of process obey
the same time constants [e.g., Ty (AXext) = Ty (AZioc)]. We
remark again that extended and localized states differ only for
a few atomic layers; that is, both must be considered interfacial
states. This makes barely detectable slight temporal differences
between them. With these assumptions we obtain an excellent
agreement between data and fit in Fig. 3.

Henceforth, this fit procedure allows us to disentangle
charge propagation and transient polarization based on their
different dynamics. We therefore resume data analysis on the
LAO-covered samples. We varied the photoinduced carrier
density Npp, repeating the aforementioned fit procedure in
each case. When 7 did not display a clear dependence on Ny,
we replaced it by a single value for all fits by a combined
(global) fitting procedure. The resulting dependence of the
SHG coupling coefficients and the time constants for the three
types of samples are shown in Figs. 5 and 6 as a function of
Npp. In the following, we will discuss how the competition
of the aforementioned photoinduced processes can explain the
rich dynamics displayed in Figs. 5 and 6.

The amplitudes of the charge-propagation and transient-
polarization processes as defined in Eq. (3) are plotted in Fig. 5
as a function of photocarrier density Ny,. The solid lines are
fits obtained using the following function of the photocarrier
density Npp:

AX/% o< Non/(1 + Npn/Nyit), “

where N;ﬁt is a fit parameter describing saturation effects,

whose specific values are reported in Table I. A superposition
of two of these functions with opposite signs is needed to take
into account the zero-crossing behavior as a function of Ny, for
some amplitudes [LS2 in Fig. 5(a) and STO in Figs. 5(a) and
5(d)]. This zero-crossing behavior is due to the competition
between the screening-drift and photo-Dember mechanisms.
In fact, charge propagation is the result of screening drift,
which enters the polarity balance with a negative sign (EE01
is screened), and the photo-Dember effect, which enters the

TABLE I. Values of N;ﬁt obtained through the fitting procedure
explained in the text. Subscripts 1 and 2 correspond to the two fitting
functions with opposite signs needed for taking into account the zero-
crossing behavior as a function of Ny, for some amplitudes [LS2 in
Fig. 5(a) and STO in Figs. 5(a) and 5(d)].

Extended Localized
(10%cm™3) (10%°cm—?)
cp term tp term cp term tp term

sat sat sat sat sat sat sat sat
Sample Nlph N2ph Nlph szh Nlph szh Nlph Nth

LS6 0.38 0.01 2.81 0.23
LS2 0.73 0.76 0.10 1.89 0.13
STO 194 203 027 0.05 526 5.31

polarity balance with a positive sign for electrons more mobile
than holes. In the STO and LS2 systems, the electronic recon-
struction with charge injection and interface conductance does
not occur. Hence, E §°l is small or null, and the photo-Dember-
like diffusion prevails over the screening drift: net polarity
increases. When the electronic interface reconstruction occurs,
either inherently in the LS6 sample or as a photoinduced effect
with increasing photocarrier density, E?Ol is large, and the
screening drift prevails: net polarity decreases. The interplay
of the two contributions explains the behavior yielded by the
dy.,y;-like subbands probed by jex in Fig. 5(a). In contrast,
the d,-like subband, probed by o in Fig. 5(c), shows only
the decrease associated with the screening drift. Note that the
photo-Dember effect describes an anisotropy in the charge
propagation length that will become obvious only when an
extended volume (~ jext) is considered. In contrast, screening
occurs all over the illuminated region and can therefore be
perceived both when probing an extended region (~ Xext)
and when probing a region atomically confined close to the
interface (~ Xioc)-

As mentioned, the transient polarization builds up at the
interface and increases the local electric field EEOI. Thus,
the polarity change expressed by Ajx'P(Npy) is positive in
Figs. 5(b) and 5(d) and saturates with the photocarrier den-
sity. This saturation behavior indicates the participation in
the process of a finite number of pinning centers in which
photocarriers are trapped. We note that in LS6 the contribution
of the extended state to the transient polarization is small but
not null [Fig. 5(b)]. This might be a consequence of a major
confinement of the 2DEG at the LS6 interface compared to
LS2 and STO. Generally, STO surfaces are more defective, and
hence, the trapping centers extend over a larger space region
compared to LS2 and LS6. As a consequence, the extended
states count more in STO and LS2 than in LS6. Interestingly,
this hierarchy is reversed for the contribution from the localized
states [see Fig. 5(d)], thus confirming our interpretation. A
single exception to this understanding is the sign reversal of
A X]fc that occurs with increasing photocarrier density in STO.
We speculate that this might be related to the specific influence
of Frohlich polarons, which are known to form on the STO
surface but to be suppressed at the LAO/STO interface. [36]

Figure 6 scrutinizes the time scales of the charge-
propagation and transient-polarization processes and reveals

035438-6



ULTRAFAST MODIFICATION OF THE POLARITY AT ...

PHYSICAL REVIEW B 97, 035438 (2018)

two main tendencies: (i) The lifetimes of the charge-
propagation contributions in the three types of samples are
very different at low photocarrier density and quite similar at
high photocarrier density. Thus, the difference between the
insulating and the conducting samples reduces with increasing
photocarrier density. A possible explanation for this could be
that the conducting interface state that is inherently present in
the LS6 sample is photoinduced in the STO and LS2 samples.
Then the behavior of the LS2 sample would approach that
of the LS6 sample with increasing Np,, whereas the LS6
sample itself, in which the conducting interface state is already
present at Npp = 0, would reveal minor Ny, dependence. This
is exactly what we observe in Fig. 6, and even though more
evidence may be desirable, it strongly supports the scenario of
a photoinduced conducting interface state.

(i) The buildup time for the transient-polarization
contributions in all types of samples ranges from tens to
hundreds of picoseconds and decreases by an order of
magnitude when the photocarrier density is increased by a
factor 400 and reaches a common value for all the samples.
As explained better in the following, the latter finding is a
direct consequence of Eq. (5). Interestingly, the values of 7P
at low and intermediate values of Ny, are of the same order
of magnitude of the time driving, at those laser fluences,
the polaron formation as found in Ref. [8]. This time is
also the same order of magnitude as that observed for the
formation of a polaronic state in bulk STO [37]. Moreover, at
the lowest fluences, we find that this time is slowed down in
LS6, i.e., in the presence of the LAO overlayer. Although we
observe a smaller slowing-down effect on rrtp, this observation
is consistent with that reported by Yamada er al. [8], who
attribute this effect to the presence of a strong interfacial
electric field at the conductive LAO/STO interfaces, as LS6 is.

All these observations and analogies indicate polarons are
good candidates for explaining the transition polarization state
we observe. However, the lattice deformation accompanying
the polaronic state must break the inversion symmetry to be
visible in SHG. This might occur close to the interface where
the photogenerated polarons may be trapped by defects and
become polar in the presence of the interface. As already
underlined, this trapping mechanism is proved by the saturation
behavior of A3 as a function of Npy. It is further confirmed

by the nonlinear behavior of l'r[p as a function of Np,. We fitted
the dependence of rrtp on Ny, with the relation

p

T
P=—9 4 5
T T 14+ ANy ©)

where the time at null laser fluence rrtg is probably fixed by the
drifting time needed for the polarons to reach the interface, the
term linear in Npy, describes the enhancement of the probability
per unit time of filling a pinning center, and 7y, is related to the
intrinsic polaron formation time and/or to the intrinsic trapping
cross section. Because 7, is an intrinsic time of a process
originating in STO, it is not surprising that 7 becomes the
same for all the samples at the highest fluences, as shown in
Fig. 6(b). The decrease in trlp with Ny, correlates well with

the observed saturation behavior of A ' as a function of Ny

P

. . t . . .
since adecreasein t;" accelerates filling of the pinning centers.

TABLE II. Values of A and r:{‘; obtained through the fitting
procedure explained in the text.

A r:g
Sample (1072 cm?) (ps)
LS6 0.15-0.21 407-453
LS2 0.14-0.20 383-430
STO 0.08-0.12 280-327

The fitting parameters entering Eq. (5) are, in principle,
A, trlg , and 7. Given the limited dynamic range of our
measurements and the large scattering of our data, 7, cannot
be determined precisely. Therefore, we keep it fixed in our fits.
We get consistently good fits by varying 7, in the range of 50 to
0 ps. We note that this time scale is compatible with that re-
ported in Ref. [8]. The corresponding value intervals obtained
for A and 7 are reported in Table . We note that 7 increases
by going from bare STO to LS6.

The polaronic mechanism is further confirmed by the
following argument. In conducting LAO/STO, the free-carrier
mobility at room temperature is about 5 cm? V=!s~!, which
is in stark contrast to our measured drift time on the order of
100 ps [38]. The drift mobility of polarons in STO, however,
was found tobe 0.04cm2 V~!s~! i.e., two orders of magnitude
slower [39]. Assuming an electric field generated by a quantum
well of about 40 mV nm~! thus yields a polaron drift velocity
of about 16 x 10'” nm s~! [40]. With a pump-laser penetration
depth of 26 nm we find a transit time of the polarons toward the
interface of about 160 ps, fully compatible with our measured
values. We note that 160 ps is a lower limit since the electric
field becomes weaker and weaker far from the interface where
the polaron motion has a mainly diffusive character.

Finally, we observe that, with the notable exception of the
localized state in STO at the highest fluences [Fig. 5(d)],
the transient polarization state always increases the existent
interfacial polarity. This means that the electric-field buildup
by the transient polarization state adds in phase to that of the
quantum well. Probably, this is a consequence of the presence
at the interface of oxygen vacancies that are positively charged,
as schematically shown in Fig. 7(d).

VI. CONCLUSIONS

In conclusion, we have shown that photodoping can tran-
siently change the polarity of the LAO/STO interface by more
than 50% within a few picoseconds. The polarity change
is the consequence of competing charge-carrier-dynamical
processes, namely, charge propagation in the form of screening
drift and the photo-Dember effect, on the one hand, and
interfacial transient polarization buildup, on the other hand.
The latter is probably due to the formation of polarons that
drift toward the interface, where they are eventually trapped.

Finally, we note that our LS6 interface is characterized
by the coexistence of both a polar order and a metal-
lic state. Analogous systems, also known as polar met-
als, are deeply investigated nowadays for the possibility
of obtaining “new multifunctional materials with unusual
coexisting properties, such as anisotropic thermoelectric re-
sponses and magnetoelectric multiferroics, paving the way
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for a new generation of devices with the ability to perform
simultaneous electrical, magnetic and optical functions” [41].
In this respect our approach might be extended to this new
generation of materials and related devices in order to control
their properties on an ultrafast time scale with an enormous
potential for applications.
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