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Terahertz carrier dynamics in SrTiO3/LaTiO3 interfacial two-dimensional electron gases
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A two-dimensional electron gas (2DEG) forms at the interface of complex oxides like SrTiO3 (STO)
and LaTiO3 (LTO), despite each material having a low native conductivity, as a band and a Mott insulator,
respectively. The interface 2DEG hosts charge carriers with moderate charge carrier density and mobility that
raised interest as a material system for applications like field-effect transistors or detectors. Of particular interest
is the integration of these oxide systems in silicon technology. To this end we study the carrier dynamics in
a STO/LTO/STO heterostructure epitaxially grown on Si(001) both experimentally and theoretically. Linear
THz spectroscopy was performed to analyze the temperature dependent charge carrier density and mobility,
which was found to be in the range of 1012 cm−2 and 1000 cm2 V−1 s−1, respectively. Pump-probe measurements
revealed a very minor optical nonlinearity caused by hot carriers with a relaxation time of several 10 ps, even at
low temperature. Density functional theory calculations with a Hubbard U term on ultrathin STO-capped LTO
films on STO/Si(001) show an effective mass of 0.64–0.68 me.

DOI: 10.1103/g23p-b4m5

I. INTRODUCTION

Heterostructures of complex transition metal oxides fea-
ture interface phenomena that are distinct from the bulk
ranging from the formation of two-dimensional electron
gases (2DEGs) to superconductivity or magnetism [1–5]. The
2DEGs originate from a discontinuity in the polarity of the
crystal structure at the atomically sharp interfaces [6]. De-
pending on the composition of the oxide heterostructures, the
2DEG can host charge carriers with high mobility and high
carrier density [7]. Electrostatic gating enables control over
the charge carrier density, thus making it a feasible option
for devices like field-effect transistors or detectors [8–11]. As
it was recently shown, the 2DEG in heterostructures of the
band insulator STO and the Mott insulator LTO epitaxially
grown on Si(001) features a high carrier density of about
1012 cm−2, with a mobility in the range of 100 cm2 V−1 s−1

at room temperature, making it particularly interesting for
devices [12].
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While the dc conductivity has been studied extensively for
such structures, there are relatively few studies investigating
the THz conductivity [13,14]. In contrast to dc measurements,
THz spectroscopy allows optical access to the free charge
carriers without the need for electrical contacts [15]. Fur-
thermore, 2DEGs allow the application of a thin film model,
which directly gives access to the complex conductivity as a
function of the frequency. In case the 2DEG is characterized
by a THz conductivity that follows the Drude model, the
carrier density and mobility can be directly derived from the
measured results [15].

Beyond the complex conductivity, pump-probe experi-
ments give insight into the nonequilibrium charge carrier
dynamics, which is of key importance for applications and
the development of devices [16]. For this, the sample is ex-
cited by a strong optical pulse, followed by a much weaker
pulse to probe the pump-induced changes of the transmission
or reflection. Measuring the differential probe intensity as a
function of the time delay between pump and probe pulses
directly allows the observation of the charge carrier relax-
ation. In contrast to pump-probe experiments in the visible
to near-infrared range, where usually interband excitation is
the dominating excitation mechanism, the low photon en-
ergy in the THz range usually does not allow for direct
interband excitation (Ephot ≈ 4 meV @ 1 THz). At the mod-
erate fluence values applied in our experiments, multiphoton,
i.e., field induced interband excitation, is negligible. This is
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corroborated experimentally by the observed sublinear in-
crease of the pump-probe signal. For the multiphoton
interband excitation, a strongly superlinear increase of the
pump-probe signals would be expected. As a result, intraband
excitation, which can often well be described by the Drude
model, leads to a nonequilibrium carrier distribution.

Here we study the nonequilibrium carrier dynamics of the
2DEG at the STO/LTO interface in the vicinity of the Si(001)
substrate. Linear THz time-domain spectroscopy reveals the
carrier density and mobility as a function of the temperature,
while pump-probe experiments performed in the THz spectral
range give insights into the relaxation dynamics of optically
excited charge carriers. For the samples investigated in this
study, we found a charge carrier density on the order of
1012 cm−2 and mobility in the range of 1000 cm2 V−1 s−1, the
THz conductivity is well described by the Drude model. Intra-
band excitation with a fluence of about 200 nJ cm−2 leads to a
rather small pump-induced increase in transmission of about
0.04%. The experimental results are complemented by density
functional theory (DFT) calculations with an on-site Hubbard
term to explore the electronic properties of the 2DEG. Our
results show an effective mass of 0.64–0.68 me, with me being
the electron rest mass. The calculated effective mass is used
as input for simulations of the experimental results via a
two-temperature model, which agrees qualitatively with the
experimental findings.

II. EXPERIMENTAL METHODS AND RESULTS

The samples are grown by molecular beam epitaxy (MBE)
on a low-doped and high resistive Si substrate. The het-
erostructures are comprised of 4.5 unit cells (uc) STO on Si,
2 uc LTO, and capped by 5 uc STO. Details of the sample
growth can be found in Ref. [12], a sketch of the sample is
shown in Fig. 1(a). A second sample of STO on Si, but with-
out the intermediate 2 uc LTO layer, serves as reference for
spectroscopic measurements. This way, we can exclude any
contribution stemming from a 2DEG forming at the STO/Si
interface or the STO/vacuum interface.

To characterize the charge carrier density and mobility as a
function of the temperature, we performed THz time-domain
spectroscopy (THz TDS). The measurements were performed
in a closed-cycle cryostat equipped with z-cut quartz win-
dows, enabling temperature dependent measurements in the
temperature range from 5 K to room temperature.

The experimental transmission as a function of the fre-
quency and the temperature is shown in Fig. 1(b); the
oscillations of the transmission, appearing as ripples along
the temperature axis, are caused by multiple reflections within
the sample. Even though 2DEGs in STO are characterized by
a rather complex interplay of electron-electron and electron-
phonon scattering [17], the THz transmission can be well
described with a simple Drude model. To extract the carrier
density and mobility from the experimental results, we fit a
Drude conductivity in combination with a thin film model to
the experimental results via [18]

t (ω) =
∣
∣
∣
∣
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∣
∣
∣
∣
=

∣
∣
∣
∣

nSi + 1

nSi + 1 + Z0σ (ω)

∣
∣
∣
∣
, (1)

FIG. 1. (a) Sketch of the sample structure. Experimental (b) and
fitted (c) THz field transmission (t) as a function of the frequency (f)
and temperature (θ ).

where t (ω) is the THz field transmission obtained from the
sample and reference spectra Esample(ω) and Ereference(ω), re-
spectively. The refractive index of the substrate is represented
by nSi, Z0 is the free-space impedance, and σ (ω) is the sheet
conductivity of the 2DEG. The latter is derived from the
Drude model via

σ (ω) = ne2τ

m∗(1 − iωτ )
, (2)
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FIG. 2. Extracted (a) charge carrier density (n) and (b) mobility
(μ) as a function of the temperature (θ ).

where m∗ represents the effective mass, τ the momentum
scattering time, n is the sheet carrier density, and e the electric
charge of an electron. The effective mass m∗ is derived from
the DFT simulations as described below. It is obtained by
averaging over the calculated values of effective masses of the
2DEG along �-M and �-X directions [the band structure is
depicted in Fig. 4(c)]. As a result, we get the charge carrier
density and mobility as a function of the temperature via
μ = e·τ

m∗ , as shown in Figs. 2(a) and 2(b), respectively.
The mobility is observed to increase moderately with tem-

perature and reaches significantly above 1000 cm2 V−1 s−1

before decreasing to about 1160 cm2 V−1 s−1 at room tem-
perature. The charge carrier density decreases slightly with
temperature on heating the sample from 5 K to 20 K.
On heating beyond 20 K, charge carrier density increases
with temperature, reaching a value of approximately 7.7 ·
1012 cm−2 at room temperature, which is consistent with ear-
lier findings [12]. The magnitude of the mobility and carrier
density lies between those found for the two-carrier model
(mobility of 10 000 cm2 V−1 s−1 in the silicon and 100
cm2 V−1 s−1 in the oxide layers) used in Ref. [12].

To measure the nonequilibrium carrier dynamics in the
2DEG, we performed pump-probe experiments at the free-
electron laser (FEL) facility FELBE at Helmholtz-Zentrum
Dresden-Rossendorf. To efficiently excite the 2DEG via free-
carrier absorption and avoid heating via phonon absorption
[19], we tuned the FEL to 1.35 THz, corresponding to a pho-
ton energy of about 5.6 meV. The FEL provides a continuous
pulse train with a repetition rate of 13 MHz [20], a small
fraction of about 2% of the FEL power is split off to serve as
probe, the polarization is rotated by 90° after passing a delay
stage. The majority of the FEL power is guided to a parabolic
mirror, focusing both, pump and probe beam, on the sample.
The pump beam is focused to a spot size of 800 × 800 μm²
(FWHM) and blocked behind the sample, the probe beam is
guided through an additional polarizer in order to minimize
scattered pump radiation, before detection with a bolometer.
The sample is mounted in a flow cryostat to maintain a sample
temperature of 10 K. In order to avoid spurious pump-probe
signals stemming from a potential 2DEG at the STO/ Si(001)
interface and/or at the STO/vacuum interface, we performed
measurements on the reference sample, observing no measur-
able change in transmission.

The experiments are performed at four different pump
fluences of 16 nJ cm−2, 53 nJ cm−2, 106 nJ cm−2, and 185
nJ cm−2, the corresponding pump-probe signals are shown in
Fig. 3(a). As can be seen, only a minor pump-induced change
in transmission of about 0.04% is observed at the highest
pump fluence. To measure these very small pump-induced
changes in transmission, we averaged over 40 measurements
at each fluence. After the peak of the pump-probe signal is
reached, the signal decays on a time scale of about 50 ps, indi-
cating a fast cooling of the hot carriers. The lines in Fig. 3(a)
serve as a guide to the eye, indicating standard pump-probe
signals that can be described by an error function for the
rising edge and an exponential decay for the carrier relaxation.
Due to the poor signal-to-noise ratio, the carrier relaxation
time cannot be determined precisely. The maximum of the
pump-probe signal scales with the square root of the pump
fluence, which is represented by a phenomenological fit as a
red solid line in Fig. 3(b).

III. THEORETICAL RESULTS AND DISCUSSION

Density functional theory calculations were performed on
STO/LTO/STO/Si(001) as well as STO/Si(001) using the Vi-
enna ab initio simulation package (VASP) [21–23] which
implements the projector augmented wave (PAW) [24,25]
method and pseudopotentials. The PBE [26] exchange-
correlation functional within the generalized gradient ap-
proximation was used with an on-site Hubbard U term in
the rotationally invariant formulation of Dudarev et al. [27].
Ueff = 5 eV and 8 eV are applied on the Ti 3d and La 4f
states, respectively, consistent with previous work [28,29].
We employed a p(2 × 2) lateral unit cell consisting of four
inequivalent Ti sites per layer in order to allow octahedral tilts
and rotations, as well as an antiferromagnetic G-type ordering
for the bulk LTO phase. The lateral lattice constant is fixed
to the experimental lattice constant of Si (5.43 Å) exposing
the STO and LTO films to −1.70% and −4.04% compressive
strain, respectively. Asymmetric slabs were utilized with a
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FIG. 3. Pump-induced change in transmission (�T/T) as a func-
tion of the delay time (�t) for various pump fluences. The solid lines
serve as guides to the eye. (b) Maximum pump-induced change in
transmission as a function of the applied pump fluence, the red line
represents a phenomenological square root fit.

1ML STO capping layer, followed by 2MLs of LTO and 3MLs
of STO on 9 MLs reconstructed Si(001) substrate, whose
bottom side is passivated by H. A vacuum region of 30 Å is
added to avoid interactions between the slab and its periodic
images. Additionally, we have considered 3ML STO/Si(001)
as a reference system. We model the interface between STO
and Si(001) [30] by a SrO termination at the reconstructed
Si(001) interface, as previously reported by Chen et al. [31].
Overall, the studied systems contain 164 and 104 atoms
for STO/LTO/STO/Si(001) and STO/Si(001), respectively. To
confirm the effective masses for the 2DEG, we performed
additional calculations with 3ML LTO on top of 3ML STO/Si
(001) without STO capping, as well as 3ML of LTO on top of
5ML STO without considering the Si substrate. In the latter
case, the lateral lattice parameters were constrained to the
ones of STO or Si, to disentangle the effect of strain and the
role of the Si substrate. We used an energy cutoff of 500 eV
and sampled the Brillouin zone using a 5 × 5 × 1 �-centered
k mesh. The ionic positions were fully relaxed.

FIG. 4. Spin density of (a) STO/LTO/STO on reconstructed
Si(001) and (b) STO on reconstructed Si(001), integrated between
−0.6 eV and the Fermi energy EF = 0 with isosurface value of
0.0006 e/ Å3). The lower panels show the site-resolved band structure
along the �-M and �-X directions in (c) STO/LTO/STO/Si(001) and
(d) STO/Si(001).

Figures 4(a) and 4(b) display side views of the relaxed sys-
tems. For STO/LTO/STO/Si(001) the spin-density, integrated
from −0.6 eV to EF, displays a significant contribution at
the LTO/STO interface with dxy orbital polarization at the Ti
sites as well as at the topmost Si layers. The band structure
shown in Fig. 4(c) indicates that several conduction bands
cross the Fermi level and thus contribute to the metallicity
of the system and the formation of a 2DEG. The main con-
tribution arises from Ti 3d states at the LTO/STO interface
with some participation of Si at the STO/Si(001) interface
(IF-3). In the presence of a Si substrate, the carriers at the
LTO/STO interface have mainly dxy character, whereas the dxz

and dyz orbitals are lying above the Fermi level. On the other
hand, for LTO/STO(001) without a Si substrate, the carriers
involved in the formation of the 2DEG have an additional dxz,
dyz contribution [32], independent of potential strain in the
layer (cf. Appendix C).

Furthermore, we have calculated the effective mass of the
bands at the LTO/STO interface contributing to the 2DEG
along the �-M and �-X directions from the band structure
depicted in Fig. 4(c). The calculated effective mass along the
�-M direction is 0.64 me while along the �-X direction is
0.68 me. Those bands are stemming from the 3dxy orbitals of
Ti at the LTO/STO interface. In contrast, the reference system
shows only two bands crossing at EF, a hole band contributed
by O at the surface (IF+3), as well as an electron band of Si
at the interface (IF-3) as seen in Fig. 4(d). Our results show
that the 2DEG at the LTO/STO interface has predominantly
Ti dxy character. Note that, due to the high numerical cost, the
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simulated heterostructure has less layers of the constituents
compared to experiment. To ensure that there is no significant
dependence of the effective masses on the layer thickness, we
have performed calculations for two LTO thicknesses with
and without SrTiO3 capping layers and obtain consistently
effective masses in the range 0.63–0.68 me.

To simulate the dynamics of the 2DEG, we perform calcu-
lations based on a two-temperature model via

αeθ
dθ

dt
+ β(θ − θl ) = A(θ )I (t ), (3)

where αe represents the specific heat of the 2DEG, which
can be derived from the effective mass, assuming a parabolic
dispersion relation. The temperature of the 2DEG and the
lattice are represented by θ and θl , respectively. β = 1.4 ·
104 Wm−2K−1 is a fit parameter for the carrier relaxation time,
A(θ ) is the absorption of the 2DEG derived from the thin film
model at the photon frequency applied in the experiment (1.35
THz), and I (t ) describes the temporal evolution of the pump
pulse. The temperature dependent parameters for the absorp-
tion, i.e., the carrier density and mobility, are interpolated
from the THz TDS results shown in Fig. 2. From the tem-
poral evolution of the electron temperature, we calculated the
pump-induced change in transmission via the thin-film model
shown in Fig. 5(a); Fig. 5(b) shows the maximum change in
transmission as a function of the pump fluence. While the
theoretical results qualitatively reproduce the experimental re-
sults including the fluence dependence, the absolute values are
about five times higher than experimentally observed. From
the specific heat mentioned above, we estimate a maximum in-
crease of the electron temperature of about 18 K. We note that
the quantitative deviation between the two-temperature model
and the experimental results is likely related to the fundamen-
tal difference between the pump-probe experiments and the
THz TDS measurements: while the THz TDS measurements
were taken at equilibrium, i.e., both electrons and lattice have
the same temperature, the pump-probe measurements probe a
hot carrier distribution in a cold lattice.

The pump-induced change in transmission is rather small
compared to other 2DEGs based on conventional heterostruc-
tures [33,34]. Based on the results of the thin film model, we
attribute the remarkably small pump-probe signals to the tem-
perature dependence of the Drude conductivity, and thereby
the charge carrier density and mobility, of the oxide-interface
2DEG in our STO/LTO heterostructure. In the interfacial
2DEGs studied here, we see the carrier density initially de-
creases with increasing temperature at first and reaches a
minimum value at 20 K. Only for temperatures above this
minimum value is an increase in carrier density observed [cf.
Fig. 2(a)]. The mobility in the STO/LTO 2DEG increases
until a temperature of about 80 K beyond which it shows a
small drop, indicating weak electron-phonon scattering. The
decrease in mobility below 80 K as well as the initial decrease
of carrier density with temperature point toward the presence
of ionized impurities at the interface. The trends observed in
the carrier density and mobility in the STO/LTO 2DEG are
both resulting in a pump-induced increase in transmission.
To identify the impact of both contributions, we performed
additional calculations keeping one of the parameters fixed
and only varying the second one. With this, we found that the

FIG. 5. (a) Simulated pump-induced change in transmission
(�T/T) derived from a two-temperature model. (b) Simulated max-
imum of the pump-induced change in transmission as a function of
the applied pump fluence.

impact of the carrier mobility and the carrier density are nearly
equal, reaching 0.14% and 0.11% at highest fluence, respec-
tively. Other effects like phonon absorption or the temperature
dependence of the optical properties of the substrate can be
excluded, as the pump-probe measurements on the reference
without LTO layer did not show measurable pump-probe sig-
nals (cf. Appendix B).

IV. SUMMARY

In conclusion, we investigated the physical properties of
the 2DEG formed at the STO/LTO interface via THz TDS
and high intensity THz pump-probe measurements. The ex-
periments are complemented by DFT+U calculations of the
2DEG that find an effective mass of 0.64–0.68 me. The op-
tical properties and the dynamical evolution of the 2DEG
are modeled via a thin-film model and a two-temperature
model, respectively. We found a surprisingly low impact of the
intraband excitation on the sample conductivity, that resulted
in small pump-induced changes of the transmission that were
less than 0.05%.

155307-5



AHANA BHATTACHARYA et al. PHYSICAL REVIEW B 112, 155307 (2025)

FIG. 6. Measured THz field transmission (red open circles) and the according Drude fits (blue solid lines) at 5 K, 80 K, 160 K, and 300 K.
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APPENDIX A: THZ TDS ANALYSIS

For better visibility of the fit to the THz TDS results, we
provide four exemplary 2D plots for the transmission at tem-
peratures of 5 K, 80 K, 160 K, and 300 K, as shown in Fig. 6.
The red circles represent the experimental results, and the blue

FIG. 8. Pump-probe signals of the STO/LTO sample and the ref-
erence without the LTO layer, measured at a fluence of 280 nJ cm−2

at a frequency of 1.5 THz.
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FIG. 9. Orbitally projected DOS of Ti at the interface showing the occupation of t2g states of the system without Si(001) (a) strained to
aSTO, (b) strained to aSi and with (c) Si(001).

line corresponds to the Drude fit at the given temperature. The
Drude conductivity as a function of the carrier density and
mobility is given by Eq. (2), which is implemented into the
thin film model in Eq. (1), which describes the transmission as
a function of the Drude conductivity. With this combination,
we get the transmission as a function of the frequency, the
fit parameters are the carrier density and mobility. All other
parameters (e.g., the effective mass) are fixed to the described
values.

APPENDIX B: THZ PUMP-PROBE EXPERIMENTS

A sketch of the pump-probe setup as described in the main
text is provided in Fig. 7. The first polarizer in the probe beam
is set to 45° with respect to the FEL polarization, the second
one is set to 90° in order to reach cross polarization of the
pump and probe beams. A polarizer in front of the bolometer
blocks the scattered pump radiation to minimize background
signals. The temporal resolution of the setup is determined by
the FEL pulse duration, which is in the range of about 20 ps.

As briefly mentioned in the main text, a reference without
LTO layer was measured to ensure that the observed pump-
probe signals stem from the STO/LTO interface, not from
the STO/Si or STO/vacuum interface. Sample and reference
were mounted next to each other in the same cryostat, both

measured under identical experimental conditions. Figure 8
shows the pump-probe signals of the STO/LTO sample as well
as the reference sample without the LTO layer. Note that these
measurements were done during an earlier measurement cam-
paign at the free electron laser at a slightly higher frequency
of about 1.5 THz, also the fluence of about 280 nJ cm−2 was
higher compared to the pump-probe signals described in the
main text, the sample was identical to the one used in the
measurements described in the main manuscript.

APPENDIX C: ORBITALLY PROJECTED DOS

The corresponding projected density of states is shown in
Fig. 8. In order to assess the influence of the Si substrate and
epitaxial strain, we studied systems consisting of 3ML LTO
and 5ML STO without the Si substrate. We have considered
here two cases with the lateral lattice constant set to the one of
STO or Si. While in all three cases the dominant contribution
to the 2DEG is from the Ti dxy states, for the cases without the
Si substrate there is an additional small contribution from the
dxz and dyz states. These states are shifted to higher energies
in the presence of the Si substrate [cf. Fig. 9(c)]. The effect
is independent of the applied epitaxial strain as shown in
Figs. 9(a) and 9(b).
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