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Optical spectroscopy of the carrier dynamics in LaVO3/SrVO3 superlattices
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We investigated the carrier responses of [(LaVO3)6n(SrVO3)n] (n = 1, 2, and 4) superlattices using spectroscopic
ellipsometry. All the superlattice samples showed an unexpectedly large spectral response in the midinfrared
region, which indicated geometrically confined doping near the LaVO3 and SrVO3 interfaces. The intensity of
the midinfrared absorption systematically decreased as the superlattice periodicity n increased while the ratio
of LaVO3 and SrVO3 layers was kept constant. In addition, we observed that the far-infrared spectral weight of
the n = 1 superlattice was reduced by up to 30% with decreasing temperature, while the spectral weights of the
n = 2 and n = 4 superlattices were almost temperature independent. This behavior was attributed to the carrier
localization effects near the interfaces between LaVO3 and SrVO3.
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I. INTRODUCTION

Heterostructures composed of transition metal oxides
(TMOs) have been investigated intensively in recent years.
Researchers have tried to modify the electronic ground states
by stacking ultrathin layers of different TMOs.1,2 In particular,
many efforts have been made to fabricate artificial superlattice
(SL) samples by stacking two types of TMO ultrathin layers
repetitively. These efforts have sometimes led to the discovery
of novel physical phenomena.3–5 For example, LaTiO3/SrTiO3

superlattices showed charge leakage from LaTiO3 to SrTiO3

layers, which induced metallic charge carriers around the
interface, forming a 2D electron gas.3,4 In another example,
a LaNiO3/LaAlO3 SL showed a metal-insulator transition
(MIT) accompanying antiferromagnetism at low temperatures
when the thickness of the LaNiO3 layer decreased below two
unit cells.5

Among various TMOs, LaVO3 and SrVO3 have been
recognized as important building blocks for SLs with intrigu-
ing physical properties.6–8 Bulk LaVO3 is a Mott insulator
with V3+ (3d2) valence, and the single crystal undergoes
a peculiar anisotropic orbital ordering around 141 K, along
with antiferromagnetic spin ordering at 143 K.9,10 Substitution
of La with Sr induces filling-controlled MIT, diminishing
the anisotropy of the orbital ordering.9,11 Bulk SrVO3 is a
metal with V 3d1 configuration that shows strong electronic
correlation.12 When SrVO3 is fabricated in a thin-film form,
this material undergoes a band-width controlled MIT as the
film thickness decreases below two unit cells, as observed
in the recent photoemission study.13 Combining the peculiar
orbital ordering with the dimensional crossover of the physical
properties, SLs composed of LaVO3 and SrVO3 are among the
most attractive oxide heterostructures to study.

Several intriguing observations have been already reported
for LaVO3/SrVO3 SLs. For example, MIT was observed in
[(LaVO3)6n(SrVO3)n] SLs as the SL periodicity n was in-
creased from one to six.14 Room-temperature ferromagnetism

with an insulating interface was also reported for all the series
of [(LaVO3)n(SrVO3)1] SLs as the number of LaVO3 layers
n was varied between two and six.15 A very recent report
on the [(LaVO3)6(SrVO3)1] SL showed a resistivity downturn
below 140 K. The authors interpreted this phenomenon as
a correlation between the transport properties and a structural
phase transition of the LaVO3 film from orthorhombic to mon-
oclinic at the same temperature.16 Interestingly, a theoretical
study of LaVO3/SrVO3 predicted a double-exchange-driven
ferromagnetic insulating ground state along with an orbital
density wave gap opening.17 Until now, however, studies of
LaVO3/SrVO3 SLs have been mostly limited to dc transport
and magnetic property measurements. To derive more detailed
information on the carrier responses and underlying ground
state, optical spectroscopy is highly desirable.

Optical spectroscopy is a useful tool to investigate
carrier responses and the electronic structure of oxide
heterostructures.5,18 Most surface sensitive spectroscopy tools
use short wavelength light or electrons, whose penetration
depths are usually very small (on the order of 1 nm). It is
therefore quite difficult to probe the bulk properties or obtain
information from the buried interfaces. Optical spectroscopy
uses light from the far-infrared to visible region. Since its
penetration depth is much longer (on the order of 100 nm
to 10 μm), the probing light can penetrate deep into the
sample and interact with electrons located near the buried
interfaces, providing bulk electrodynamic information. Using
spectral weight analysis based on the optical sum rules,
optical spectroscopy can provide quantitative information on
electrodynamics, such as the number of carriers. In addition,
by looking into the spectral features of coherent and incoherent
responses in infrared (IR) spectra, we can obtain insights into
the electronic band structure near the Fermi energy.4,19,20

In this work, we investigated the carrier responses of
LaVO3/SrVO3 SLs using optical spectroscopy. All SL sam-
ples showed unusually large spectral weights of midinfrared
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(mid-IR) absorption compared to optical spectra derived from
an effective medium approximation with simple stacking of
LaVO3 and SrVO3. This suggests that there are carrier-doping
effects near the LaVO3/SrVO3 interfaces. The temperature-
dependent carrier responses for the n = 1 SL showed the
characteristics of incoherent transport, whereas the n = 2 and
n = 4 SLs showed weak localization transport behavior. The
microscopic disorder at the interface and the strong electron
correlations in 3d TMOs can be responsible for the incoherent
transport properties of LaVO3/SrVO3 SLs.

II. EXPERIMENTS

We grew [(LaVO3)6n/(SrVO3)n] (n = 1, 2, and 4) SLs by
depositing the SrVO3 and LaVO3 layers alternatively on a
SrTiO3 (001) single-crystal substrate using the pulsed-laser
deposition technique. We fixed the ratio between LaVO3 and
SrVO3 to investigate the dependence of charge modulation on
the SL periodicities.14 The thicknesses of the SLs were varied
from 60 to 80 nm. Details on the preparation can be found in
the previous paper by Sheets et al.14 To compare the response
of the SLs with that of pure compounds, we also deposited pure
SrVO3 and LaVO3 thin films on a SrTiO3 (001) single-crystal
substrate using the same growth method.

Structural information of the fabricated SLs was obtained
using high-resolution x-ray diffraction (HRXRD, Bruker
D8). The optical properties of LaVO3/SrVO3 SLs were
measured using spectroscopic ellipsometry in a broad spec-
tral range. Temperature-dependent far-IR spectra between
12.5–87.5 meV were measured using a homebuilt far-IR
spectroscopic ellipsometer attached to a Bruker 66 v/s Fourier
transform IR (FT-IR) spectrometer at the U4IR beamline at
the National Synchrotron Light Source, Brookhaven National
Laboratory. Due to the strong soft phonon mode of the
substrate SrTiO3, the spectrum could not be measured below
12.5 meV.5 The mid-IR (0.07–0.87 eV) and IR to near-UV
(0.72–5.6 eV) regions were obtained by GES5E (SOPRA)
and VASE (Woollam) ellipsometers, respectively. The angle
of incidence of the polarized light was 75◦ for the far-IR region,
and 65, 70, and 75◦for the other spectral regions.

We evaluated the complex dielectric function ε̃(ω)[=
ε1(ω) + iε2(ω)] from the spectroscopic ellipsometry data
using the following numerical fitting method. Because the SL
period was much shorter than the wavelength of the light,
the probing light was not sensitive to the detailed structure
within the SLs. Therefore we approximated each SL as a
single medium with an effective dielectric constant.4,5,18 The
relationship between optical conductivity σ1(ω) and complex
dielectric constant ε̃ was also used: ε̃ = ε1 + iε2, σ1(ω) =
ωε2(ω)/4π . The fact that in-plane σ1(ω) of the SLs is much
larger than the out-of-plane counterparts allows us to probe
only the in-plane optical constants of the SLs from the analysis
of the ellipsometry data.4,5 To ensure that the obtained in-plane
optical constants were correct, we independently measured the
reflectance spectra R(ω) using a grating spectrophotometer
(CARY 5G) with near-normal geometry for the spectral range
0.37–6 eV. We found that the measured R(ω) agreed with the
corresponding value calculated from the ellipsometry data,
confirming the validity of our analysis.

III. RESULTS AND DISCUSSION

A. Structural information of the [LaVO3)6n/(SrVO3)n] SLs

Figure 1(a) shows x-ray θ − 2θ scan of the [(LaVO3)6n/

(SrVO3)n] SLs around the (002) reflection of the SrTiO3

substrate (denoted by ∗). The satellite peaks clearly indicate
the doubling of SL periodicity, with increasing SL periodicity
from n = 1 to n = 2 and from n = 2 to n = 4. The
well-defined satellite peaks together with the thickness fringes
indicate the good quality of the SLs. However, it should be
noted that probable microscopic disorders at the interfaces
cannot be recognized easily by x-ray diffraction since this
is a volume-averaged probe. Recent transmission electron
microscopy (TEM) results on similarly deposited samples
showed microscopic atomic steps near the interfaces, although
the overall sublattice period seemed to be still satisfactorily
defined within the SLs.21

Figures 1(b) and 1(c) show schematic diagrams of our
[(LaVO3)6n/(SrVO3)n] SLs for n = 1 and 2, respectively.
Because the SLs were composed of alternate VO2 and
SrO/LaO layers, the number of SrO/LaO layers determined

FIG. 1. (Color online) (a) X-ray θ − 2θ scan of [(LaVO3)6n

(SrVO3)n] (n = 1, 2, and 4) superlattices (from top to bottom) around
the substrate SrTiO3 with (002) reflection denoted by ∗. Schematic
of (b) n = 1 and (c) n = 2 superlattices.
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the unit cell numbers. As displayed in Fig. 1(b), the n = 1 SL
always contains a VO2 layer sandwiched by the different layers
(SrO and LaO). For convenience, we call this an “asymmetric
VO2 layer”.22 For the n = 2 SL, there are two types of VO2

layers [see Fig. 1(c)]. One is asymmetric, while the other is
sandwiched only by SrO layers. This “symmetric VO2 layer”
might have conducting behavior similar to that of the bulk
SrVO3. Note that [(LaVO3)6(SrVO3)1] does not possess any
symmetric VO2 layers. As n increases, the relative ratio of the
symmetric VO2 layers increases.

The V ions in the asymmetric VO2 layer should have a nom-
inal valence of +3.5. Because the solid-solution La0.5Sr0.5VO3

sample is highly conducting,9 the asymmetric VO2 layer
should be highly conducting if the real charge state of the V
ions is the same as that of V+3 ions (see Ref. 5). However, as we
will show later, all of our [(LaVO3)6n/(SrVO3)n] SLs are either
weakly conducting or insulating. Therefore, we can argue that
the charge distribution near the asymmetric VO2 layer can be
extended further into the other VO2 layers. Some researchers
called this “geometrically confined doping.”15,16 However, at
present, the conducting behavior due to the charge distribution
near the asymmetric VO2 layer is not known.6 By investigating
the electrodynamics of the n = 1 SL compared to the n = 2
and n = 4 SLs, we can find the intrinsic transport properties
due to carriers near the asymmetric VO2 layer within the SL.

B. Mid-IR absorption of [LaVO3)6n/(SrVO3)n] SLs

To understand the charge carrier responses and electronic
structure of the SLs, we looked at the optical spectra below
2.0 eV. Figure 2 shows σ1(ω) for the [(LaVO3)6n/(SrVO3)n]
SLs. The σ1(ω) of all the SLs have Drude-like features below
0.25 eV and mid-IR absorption around 1.0 eV. The spectra
show significant variation in the mid-IR absorption depending
on the SL periodicity n, even though the ratio of LaVO3 to
SrVO3 is identical for all samples.

To gain more insight, we calculated the effective dielectric
constants ε̃eff

SL of the SLs by using the two-dimensional
effective-medium approximation (2D EMA).19,22 According
to the 2D EMA, ε̃eff

SL can be written as

ε̃eff
SL = ε̃LaVO3

dLaVO3 + ε̃SrVO3
dSrVO3

dLaVO3 + dSrVO3

,

where ε̃eff
SL and dA are the complex dielectric constant and

thickness of the A layer (A = LaVO3 or SrVO3), respectively.
The 2D EMA simulation results are shown with the dashed
lines in Figs. 2(a)–2(c). Because our SLs have the same ratio
of LaVO3 to SrVO3 layer thicknesses, the 2D EMA simulation
predicts that they should all show the same optical responses.
However, as shown in Fig. 2(a)–2(c), this simple prediction is
not correct.

Although the EMA simulations in Fig. 2 show qualitatively
similar features (a Drude response below 0.25 eV and mid-IR
absorption), there is a significant difference in the spectral
weight between the EMA simulations and our experimental
results. To clarify this, we estimated the spectral weight of
mid-IR absorption (SW0.25−1.5eV) by integrating the optical
conductivity spectra in a frequency region between 0.25 and
1.5 eV [SWx-y≡

∫ y

x
σ1(ω)dω]. The result is displayed in

the inset of Fig. 2(b). The weights are enhanced by about

FIG. 2. (Color online) Optical conductivity spectra of
[(LaVO3)6n(SrVO3)n] superlattices for (a) n = 1, (b) n = 2,
and (c) n = 4 below 2 eV. For comparison, 2D EMA calculation
results obtained from the SrVO3 and LaVO3 single layers are also
shown by the black dashed line in each superlattice. The inset in
(b) shows the spectral weights between 0.25–1.5 eV of our SLs
as a function of n. A large enhancement of the spectral weights
was observed for all superlattices in the midinfrared region. The
enhancements systematically decreased as n increased.

1.4–1.6 times compared to the 2D EMA case, and decreased
systematically with increasing SL period.

We suggest that the large enhancement of mid-IR absorp-
tion can be associated with the contribution from the interfacial
asymmetric VO2 layers. The 2D EMA is known to be exact
when the SL is a stack of two alternating layers with well-
defined dielectric constants.19,22,23 If a [(LaVO3)6n/(SrVO3)n]
SL can be viewed as a simple stack of two well-defined
layers, its optical constant should follow this 2D EMA result.
However, as shown in Fig. 1(b), the VO2 octahedra in the n =
1 SL sample cannot be approximated as a stack of alternating
(VO2)0 and (VO2)−1 layers. In addition, the VO2 octahedra at
the asymmetric layers of all the other SLs cannot be viewed
as those of either LaVO3 or SrVO3. The discrepancy between
the 2D EMA and experimental results suggests that there were
some carrier dynamics changes near the interface.

In the case of LaTiO3/SrTiO3 SLs, to explain the
highly conducting interface, it was argued that electronic
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reconstruction should occur at the interface between the
LaTiO3 and SrTiO3 layer by spill over of carriers from
the Mott-insulating LaTiO3 layer to the band-insulating
SrTiO3 layer.3,24–26 By performing optical spectroscopy on the
LaTiO3/SrTiO3 SLs, Seo et al. demonstrated that electronic
reconstruction actually occurs at the interface between the
LaTiO3 and SrTiO3 layers.4 Similarly, near the asymmetric
VO2 layer, charge leakage from the LaVO3 side might occur.
In fact, a solid solution bulk La1−xSrxVO3 sample with
x = 0.168 shows mid-IR absorption spectra11,27 that are quite
similar to our SL spectra. A previous paper by Sheets et al.
noted that the length scale of total charge distribution from the
dopant charge carriers was longer than the SL periodicity for
the n = 1 SL.14 It can be possible that in our n = 1 SL, the
doped holes in the VO2 layer spread into most SL regions.11,14

Based on this geometrically confined doping picture, we can
explain the spectral weight change of SLs with increasing
n. As the SL periodicity decreases, the relative amount of
the asymmetric VO2 layers increases and the contribution of
the doped VO2 layer to the optical response of SLs should
increase.

C. Temperature-dependent far-IR spectra of
[(LaVO3)6n(SrVO3)n] SLs

Figures 3(a) and 3(b) show temperature-dependent σ1(ω)
spectra of the n = 1 and 4 SLs. In the far-IR region, the
room-temperature spectral features are similar for all the
SLs. The LaVO3 phonon mode is located near 45 meV.
Although all SLs exhibit Drude-like peaks, suggesting free
carrier-like background responses, the far-infrared peaks are
too broad to represent free carriers. In addition, the temperature
dependence of the carrier responses is significantly different.
For the n = 1 SL, the far-IR spectra systematically decrease
with decreasing temperature. For the n = 2 and 4 SLs,
the temperature dependence is weak. As the temperature
decreases, the far-IR spectra of the n = 2 and 4 SLs actually
increase a little in the low-frequency region. All this spectral
behavior indicates that these SLs should be close to the MIT.
For a quantitative analysis, we obtained far-IR spectral weight
by integrating σ1(ω) below 86 meV at each temperature, which
is normalized by the room-temperature spectral weight, and
shown in Fig. 3(c). The spectral weight of the n = 1 SL
decreases by about 30% with decreasing temperature, while
the spectral weight of the n = 2 and 4 SLs increases by about
5–10%.

The Anderson localization picture can be adapted to explain
the temperature-dependent far-IR spectra of our SLs.28–30 In
an ideal periodic crystal with a barely metallic state, the wave
function of the carrier inside the crystal is extended. When we
insert atomic-scale disorders into the crystal, the orbital energy
near the disorder site can be shifted shrinking the spatial extent
of the wave function. In particular, the states originally at the
edge of the energy band would have been strongly affected
and become localized. As the amount of disorder increases,
the metallic sample enters a weakly localized conducting
state, followed by an insulating state. Therefore the Anderson
localization effect should be significant near the MIT, as for
our SLs.

FIG. 3. (Color online) Temperature-dependent far-infrared spec-
tra of (a) [(LaVO3)6(SrVO3)1] and (b) [(LaVO3)24(SrVO3)4].
(c) Temperature-dependent spectral weights normalized to the
room-temperature value. While the [(LaVO3)6(SrVO3)1] superlat-
tice showed a clear decrease of Drude weight with decreasing
temperature, the [(LaVO3)12(SrVO3)2] and [(LaVO3)24(SrVO3)4]
superlattices showed little change. The inset in (a) shows normal-
ized temperature-dependent resistance data of [(LaVO3)6(SrVO3)1]
superlattice with the data estimated by taking the inverse of optical
conductivity value at 20 meV.

Previous TEM studies on [(LaVO3)6n/(SrVO3)n] SLs re-
vealed that there were atomic-scale disorders at the interfaces
between SrVO3 and LaVO3, which could play a role as local-
ization centers.21Such disorder effects should become stronger
as n decreases. As shown in the mid-IR spectra of Fig. 2, more
spectral weight of the carriers is located in the mid-IR region
than in the far-IR region for all [(LaVO3)6n/(SrVO3)n] SL
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samples. Particularly for the n = 1 SL, the spectral weight
of the mid-IR peak is much stronger than that of the Drude
carrier response in the far-IR. Higher density of the atomic
scale disorders as observed from the TEM studies and reduced
thickness of the SrVO3 layers should be much more effective
in localizing the carriers. Therefore, the n = 1 SL should
behave like an insulating sample, i.e., the far-IR spectra will
decrease with decreasing temperature. For the n = 2 and 4
SLs, there are more spectral weights in the far-IR region,
and the atomic-scale disorder should be less effective in
localizing the carriers. The formation of extended wave
functions for the whole symmetric VO2 layers contributes to
the charge dynamics, somewhat overcoming the localization
effect. Therefore, n = 2 and 4 SLs are located in the barely
metallic region, so they show slight temperature dependence
but metallic responses at low temperatures.

In the inset of the Fig. 3(a), we show the nor-
malized temperature-dependent dc resistance data of
[(LaVO3)6(SrVO3)1] SL with the data estimated by taking
the inverse of optical conductivity value at 20 meV. For
a comparison, we present the normalized resistance data
reported in the Refs. 14 and 16. Note that there is a large
variation in the dc transport data and our optical data (shown as
the solid stars) is not consistent with any of the dc transport data
especially at low temperature. Although some dc data show
drastic changes with decreasing temperature, the optical result
varies rather smoothly. Usually, dc measurements are strongly
influenced by small local percolating conducting channels.31,32

Particularly for disordered materials, any local percolating
conducting channel can short circuit the sample and make it
look like a metal.16,31 In contrast, optical spectroscopy probes
the average response of all signals from the sample within
the penetration depth.32 Because the penetration depth of the
probing light is much longer than our SL thicknesses, the
obtained σ1(ω) correctly reveals the optical responses of the
samples. As reported in earlier works on other materials,32,33

the dc resistivity values from the optical measurements should
be more reliable to those from the dc measurements. Therefore,
we claim that our n = 1 SL should be in the insulating state
near the Anderson localization.

We also compare our results with the ferromagnetic
insulating ground state predicted by Jackeli and Khaliullin.17

At the asymmetric VO2 interface in the LaVO3 and SrVO3

layers, they theoretically predicted an intriguing ferromag-
netic insulating ground state using a quarter-filled t2g-orbital
Hubbard model calculation. According to their prediction, the
double exchange interaction between V ions with different
valences (V3+/V4+) in the asymmetric layer drives this
ground state, which is accompanied by a charge or orbital
density wave. As the temperature increases, the ferromagnetic
correlation should be reduced, exhibiting a more metallic
response. Our temperature-dependent far-IR spectra of the
n = 1 SL are qualitatively consistent with this theoretical
prediction. However, we could not observe a clear optical gap
induced by orbital and charge density waves, even at the lowest
temperature of 10 K. One possibility is that the gap is located
below 12.5 meV, which is a spectral region that we could
not measure due to strong phonons in the SrTiO3 substrate.
The other possibility is the modification of the exchange
interaction at the interface due to the disorder, which makes it

difficult to observe the suggested confinement effect. Further
studies are required for a better understanding of this important
issue.

D. Electronic structures of [LaVO3)6n/(SrVO3)n] SLs

Finally, we would like to discuss the interband transitions
of [(LaVO3)6n/(SrVO3)n] SLs in the visible and UV region.
Figure 4 shows the SL σ1(ω) for the whole measured spectral
region. For comparison, the spectra of SrVO3 and LaVO3

are also displayed. Our measured σ1(ω) for the SrVO3 and
LaVO3 presented here are similar to the previously reported
bulk spectra.12,34,35 All the SLs and pure films show large
interband transition peaks above 3 eV. This large peak structure
corresponds to the charge transfer transitions between the
occupied O 2p states and the unoccupied V d states.35 The
charge transfer excitation peaks for SrVO3 and LaVO3 are
located at 3.5 and 5.0 eV, respectively, while those for the
SLs lie between the two energy scales. There is a systematic
variation in the charge transfer transition of the SLs. The charge
transfer transition of the n = 1 SL is clearly separated into two
peaks located at 3.7 and 5.6 eV. Other SLs show multiple but
overlapping transitions inside the 3.5–4.5 eV region. Although
this evolution is intriguing, we do not understand the origin of
this systematic variation at the moment. Further experimental
and theoretical investigations of this high-energy feature are
desirable.

FIG. 4. (Color online) Overall optical conductivity spectra of
(a) SrVO3, (b) LaVO3, and [(LaVO3)6n(SrVO3)n] superlattices for (c)
n = 1, (d) n = 2, and (e) n = 4.
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IV. SUMMARY

We investigated the optical properties of [(LaVO3)6n

(SrVO3)n] (n = 1, 2, and 4) superlattices. All superlattices
showed large mid-infrared absorption due to the geometrically
confined carrier doping near the LaVO3 and SrVO3 layers. The
spectral weight of the mid-infrared absorption systematically
decreased as the superlattice periodicity n increased. The
charge density redistribution near the interface layers was
suggested as the origin of this phenomenon. Moreover, we
observed that the far-infrared spectral weight of the n = 1
superlattice decreased with temperature, while the spectral
weights of the n = 2 and n = 4 superlattices were almost
temperature independent. This result indicated the formation
of an extended state for the n = 2 and 4 superlattices within the
symmetric VO2 layers in SrVO3, while the n = 1 superlattice
showed an incoherent transport.
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