Optical Study of the Free-Carrier Response of LaTiO;/SrTiO; Superlattices
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We used infrared spectroscopic ellipsometry to investigate the electronic properties of LaTiO5/SrTiO;
superlattices (SLs). Our results indicated that, independent of the SL periodicity and individual layer
thickness, the SLs exhibited a Drude metallic response with sheet carrier density per interface =3 X
10 ¢cm™2. This is probably due to the leakage of d electrons at interfaces from the Mott insulator
LaTiO; to the band insulator SrTiO;. We observed a carrier relaxation time =35 fs and mobility

~35 cm? V™!

s~ ! at 10 K, and an unusual temperature dependence of carrier density that was attributed

to the dielectric screening of quantum paraelectric SrTiO;.

Recent advances in the growth of atomic-scale multi-
layers of perovskites have opened up new avenues for
tailoring their electromagnetic properties. For example,
Ohtomo et al. grew superlattices (SLs) consisting of an
LaTiO; (LTO) Mott insulator and an SrTiO5 (STO) band
insulator with atomically abrupt interfaces (IFs) [1]. They
observed an interesting charge modulation involving elec-
tron transfer across the IF from the LTO to the STO layers.
This had a decay length of 1.0 = 0.2 nm, which is about
1 order of magnitude larger than expected for conventional
Thomas-Fermi screening. Subsequent transport measure-
ments have been interpreted in terms of an unusual metallic
state with quasi-two-dimensional properties. This intrigu-
ing experimental observation has stimulated a number of
theoretical investigations [2—5], which confirm that so-
called “electronic reconstruction’ [2] can indeed give
rise to a unique interfacial metallic state.

There is now a great deal of demand for experimental
confirmation and direct investigation of such interfacial
metallic states. Takizawa et al. recently measured photo-
emission spectra of LTO/STO SLs with a topmost STO
layer of variable thickness [6]. They observed a metallic
Fermi edge, indicating the formation of a metallic IF.
However, to date there have been no reports of quantitative
experimental information on the electrodynamic properties
of the itinerant electrons. Here, we present spectroscopic
ellipsometry measurements of the infrared (IR) dielectric
properties for a set of (LTO)a/(STO)10 SLs with a = 1,
2,4, and 5 unit cells of LTO layer and 10 unit cells of STO.
Our IR optical data yield reliable information about the
intrinsic electrodynamic properties of these SLs. First, they
clearly demonstrate that these SLs contain a sizable con-
centration of itinerant charge carriers. Furthermore, they
establish that the sheet carrier density is proportional to the
number of IFs, and its absolute value agrees closely with
the theoretical predictions. Our data also highlight an un-
usually strong temperature (7)) dependence of the carrier
density, which was unexpected for bulk metals, but can be
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explained in terms of the T-dependent dielectric screening
of the STO layer controlling charge transfer across the
LTO/STO IF.

We grew high-quality LTO/STO SLs ~100 nm thick
with atomically flat surfaces and abrupt IFs on single crys-
talline STO (001) substrates. To do this, we used pulsed
laser deposition (PLD) at T = 720 °Cin P, = 107> Torr
with in situ monitoring of the specular spot intensity of
reflection high-energy electron diffraction (RHEED) (see
Ref. [7] for more details on PLD growth). The RHEED
intensity oscillations in Fig. 1(a) confirmed the controlled
growth of alternating LTO and STO layers. Doing this at a
higher oxygen pressure would result in the growth of
unwanted La,Ti,O; phases, as reported previously [8].
After growth, all samples were exposed immediately to a
higher pressure (P, = 1072 Torr) for in situ postanneal-
ing at growth T for 5 min, and then cooled to room 7. No
changes in the RHEED specular spot pattern were ob-
served after postannealing. The atomic force microscope
topographic image in Fig. 1(b) shows that the SLs retained
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FIG. 1 (color online). (a) RHEED intensity oscillation during
the initial growth of the (LTO)2/(STO)10 SL. (b) Atomic
force microscope topographic image (5X 5 um?) of an
(LTO)1/(STO)10 SL 100 nm thick with single unit cell terraces
conserved. (c) X-ray 60-26 scan of (LTO)1/(STO)10. Peaks
marked with (*) are reflected from the STO substrate.
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their single unit cell terrace steps even after deposition of
~250 unit cells of LTO and STO. Figure 1(c) shows x-ray
0-20 diffraction, exhibiting well-defined satellite peaks,
confirming the high IF quality and SL periodicity of LTO
and STO layers. The full-width half-maximum =0.04° in
w scan, which is almost identical to the substrate scan,
confirmed the high crystallinity of the SLs.

We measured the T-dependent IR optical properties of
the SLs using ellipsometry in the range of 80-5000 cm ™!
(10-600 meV). The far-infrared (FIR) measurements for
80-700 cm™! were performed with a homebuilt ellipsome-
ter attached to a Bruker 66v Fourier transform IR (FT-IR)
spectrometer at the IR beam line of the ANKA synchrotron
at FZ Karlsruhe, Germany [9]. For the mid-infrared (MIR)
range of 400-5000 cm™ !, we used a homebuilt ellipsome-
ter in combination with the glow-bar source of a Bruker
113v FT-IR spectrometer. The FIR (MIR) measurement
was performed with an angle of incidence of the linearly
polarized light of 82.5° (80°), i.e., close to the pseudo-
Brewster angle of the SLs. Details about the ellipsometry
technique are given in Refs. [9,10]. Here, we point out only
that the ellipsometry is a self-normalizing technique that
directly measures the complex dielectric function &(w)
[=e;(w) + igy(w)], without the need for Kramers-
Kronig analysis. We also measured the 7-dependent spec-
troscopic response of a bare STO substrate that was treated
thermally under the same growth and annealing conditions
of T and Py, as the SLs. Then we used a uniaxially
anisotropic single-layer model [10] to obtain the in-plane
component [11] of &(w), and the related optical conduc-
tivity &(w) [= 8(w)w/47i = 0)(w) — ig|(w)w/47] of
the SLs. As the thickness of the SLs is well below our IR
wavelength, the entire SL film can be treated as a single
layer according to the effective medium theory. The result-
ing effective dielectric functions thus correspond to the
volume-averaged dielectric functions of the components in
the SL. Our optical technique can provide intrinsic values
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FIG. 2 (color online). (a) Optical conductivity spectra of
(LTO)a/(STO)10 at 10 K (with vertical offsets), containing
the coherent (Drude) and incoherent (Lorentz) contributions.
(b) SL real dielectric constant spectra as a function of photon
wave number at 10 K. The arrow indicates the screened plasma
frequency w,[= ,p/./E«]. (¢) T-dependent o (w) of (LTO)2/
(STO)10.

of the bulk properties of these SLs, which can be compared
with the preexisting results of transport measurements [1].

Figures 2(a) and 2(b) show the low-T spectra of o(w)
and &,(w) for the series of (LTO)a/(STO)10 SLs with
a =1,2,4, and 5. Significantly, all the spectra exhibited a
prominent Drude-like peak at low frequency in o (w) and
a strongly inductive response in &,(w), which provided
unambiguous evidence that these SLs contained sizable
concentrations of itinerant charge carriers. The strongly
conducting response also seemed to damp out IR active
phonons in the spectra. For quantitative analysis we ap-
plied the Drude-Lorentz fitting function:
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This is shown in Fig. 2(a) by the solid and dashed lines.
The parameters of the Drude term are the scattering rate
I'p, and the plasma frequency w7, = 47ne*/m*, where n,
e, and m* are the density, charge, and effective mass of the
itinerant charge carriers, respectively. The parameters of
the Lorentz term that accounts for the broad MIR band are
the oscillator strength S, the width I', and the resonant
frequency wy. A broad MIR band is commonly observed
in conducting oxides and has been interpreted in terms of
either the inelastic interaction of the itinerant carriers, a
second type of carrier in a bound state, or low-lying inter-
band transitions. As LTO is well known to have weak broad
MIR bands, the Lorentz peak with a small value of S can be
reasonably interpreted to be the lowest intersite d-d (i.e.,
U-3J) transition of LTO [12]. An overview of the fitting
parameters for the low-T spectra is given in Table L.

Most importantly, we noted that all the SLs have sur-
prisingly high w ,, and thus high densities of free carriers.
This observation motivated us to follow up on suggestion
of Okamoto and Millis [2] of a quasi-two-dimensional
metallic state that develops in the LTO/STO IFs. We de-
rived the sheet carrier density per IF, ng..c = n Ni, , with the

total SL thickness d and the number of LTO/STO IFs N; of
the SL [13]. Figure 3(a) shows ng,. values within error
bars dependent on the detailed assignment of m* based on
the analysis of our ellipsometric data in the framework of
the extended Drude- model. This directly yields the renor-
malized mass m*/m, = (w,/®)*(gg — &1)/[(gg — &1)* —
&5]. Note that all of our SLs exhibit a very similar value of

TABLE I. Drude-Lorentz fitting parameters for optical spectra
of (LTO)a/(STO)10 SLs measured at 10 K.
Drude Lorentz

a)iD FD W F
a (m™)  (em™h S (cm™) (cm™)
1 6.0X107 128(*3) 75(+11) 920(+95) 1980(+580)
2 6.6 X107 144(*8) 51(*22) 980(*+240) 1530(*+1200)
4 5.1x107 105(x6) 87(+20) 780(*+200) 1630(*1000)
5 6.1X107 122(*2) 126(*8) 750(+65) 1740(*+350)
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FIG. 3 (color online). (a) ng,.e per IF. The solid line indicates
the value of an ideal 0.5 e~ per unit cell area, and the dashed and
dotted lines represent theoretically predicted values reported by
Kancharla [5] and Okamoto [3], respectively. The vertical arrow
shows the range of ng,ee in LaAlO3/SrTiOs_s IF from Ref. [23].
(b) Comparison of SL w,,,, with solid solution [17] and the ideal
doping of [La] = n as a function of La and Sr composition.

Ngpeet = 3 X 10" cm™2 with m* = 1.8m, [14], which
agrees well with theoretical predictions [3,5,15].

Here, we should mention that the Drude term is only a
phenomenological description, and its microscopic origin
is not clear. One possible explanation is in terms of a
chemical intermixing of La and Sr ions across the IFs
because La,Sr;_,TiOz solid solutions are metallic [16].
As indicated by the solid circles in Fig. 3(b), the experi-
mental data of bulk La,Sr;_, TiO; solid solutions reported
by Fujishima et al. [17] show that the w ,, value increases
from x = 0.1 to 0.7, while it decreases above 0.7 due to the
strong electron correlation effect as a function of increas-
ing x. However, our SL data follow a different path
although the value of w, is expected to increase when
going from a = 1 to @ = 5, as shown by the solid squares
in Fig. 3(b). Moreover, the well-defined superstructure
peaks in our x-ray diffraction data and the abrupt IFs
seen on cross-sectional transmission electron microscopy
(not shown) confirm that the extent of La and Sr intermix-
ing is negligible.

As other candidates of extrinsic origin, it is also neces-
sary to consider the possibility of oxygen excess LaTiO; 4
[18] or La vacancy La;_,TiO3 [19] of LTO, and oxygen
deficiency of STO [20]. The former possibility can be
excluded as our data for @, do not exhibit a correspond-
ing change as the relative volume fraction of the LTO
layers is altered by a factor of 5 between a = 1 and 5.
On the other hand, serious consideration should be given to
the latter possibility of oxygen deficiency and thus metallic
SrTiO3_s layers. It is noteworthy that numerous recent
controversial studies and some debate in oxide electronics
circles have centered on the discontinuous IF polarity of
LaAlO;/STO [21] especially regarding the origin of con-
duction due to the oxygen vacancies [22]. As indicated by
the arrow in Fig. 3(a), the range of ng., values of
LaAlO;/SrTiO;_g grown at low oxygen pressure [23] is
so wide that it also overlaps our experimental value of
Ngpeet = 3 X 10 cm™2 as well as with the theoretical
values [3,5] of electronic reconstruction at the LTO/STO

IF. However, according to the recent report by Herranz
et al., LaAlO;/STO films were all insulating or highly
resistive when cooled in a high oxygen pressure environ-
ment from the deposition 7 to room T [24]. We performed
a similar in situ oxygen annealing process to compensate
for possible oxygen vacancies, but our LTO/STO SLs still
exhibited metallic behavior.

Another interesting aspect concerns the strong 7' depen-
dence of n(T). Figure 2(c) shows the T dependence of
o (w) for (LTO)2/(STO)10, which are characteristic of
all SLs. Figure 4(a) shows that n(T) increased significantly
by almost 30% between 300 K and 10 K. The correspond-
ing n(T) in a conventional normal metal is typically of the
order of 1%, even for oxides with strongly correlated
electrons. For the cuprate high-7,. superconductors, for
example, it is smaller than 10% [25]. Even the opposite
T dependence is observed for doped semiconductors where
n(T) decreases as the carriers become trapped at low 7.
Thus, the increase of n(T) at low T also cannot be ex-
plained by the electron-doping effect of oxygen vacancies
of STO. However, we note that the quantum paraelectric
behavior of incipient ferroelectric STO exhibits a signifi-
cant increase in dielectric permittivity (e5'°) as T de-
creases. Therefore, we can explain the increase of n(T)
in the context of electronic reconstruction at an IF. The
charge transfer across the IF of LTO/STO (and thus ng,ce)
should be affected by the dielectric screening of the STO
layer. The larger value of €3 thus gives rise to the larger
screening length of the electronic charges, and this allows
more charges to be transferred across the LTO/STO IF.
(See also the theoretical prediction of the coherent carrier
density as a function of €, by Kancharla [5].)

Figure 4(b) displays the relaxation time of free carriers
7(T)[= T',(T)]. As all of our LTO/STO SLs showed a
significantly reduced I'p, which is at least 1 order of
magnitude smaller than a doped Mott system [26], fairly
high mobility w(10 K) =35 cm?>V~!s™! was obtained
according to the relation u = e7/m* with m* = 1.8m,.
It would be interesting to consider whether signatures of
novel phenomena, such as the quantum Hall effect, may be
observable in the LTO/STO SLs. The measured value of
7= 35X 107" sat 10 K yields w.7 = 0.01-0.02, where
the cyclotron frequency w,. = eB/m* with the magnetic
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FIG. 4 (color online). T dependence of (a) the carrier density,
and (b) the relaxation time and mobility of free carriers for
(LTO)a/(STO)10 SLs.



field B = 20 T and m* = 1.0-2.5m,. From the obtained
carrier density and mobility of our LTO/STO SLs, we
determined that the mean free path of the conducting
electrons is about 10 nm (=25 unit cells long) at 10 K. It
is remarkable that there was a recent observation of the
quantum Hall effect in ZnO-based heterostructures below
1 K [27], in which the coherence length of the electron was
considerably longer than those in other oxides.

In summary, our use of IR spectroscopic ellipsometry
showed that all the LTO/STO SLs exhibited a Drude-like
metallic response regardless of the SL periodicity and the
individual layer thicknesses, even after in sifu postanneal-
ing in oxygen. Our data yielded a nearly constant ng,.. per
IF of ~3 X 10" ¢cm 2 with small I'j, of ~120 cm ™!, and a
sizable mean free path of ~25 unit cells at 10 K. We note
that the unusually strong T dependence of n can be inter-
preted qualitatively as quantum paraelectric behavior of
STO with theoretical prediction of the leakage of d elec-
trons from LTO to STO across the IF. A picture of elec-
tron doping by the oxygen vacancy of STO, which has
been the subject of recent debate on similar systems of
LaAlO;/STO, is insufficient to explain our observations in
LTO/STO SLs. Hence, we note the difference between an
LTO Mott insulator and an LaAlO; band insulator, and
suggest that the strongly correlated d electrons of LTO
should play an important role in electronic reconstruction
and the resultant metallic state at a polar (LTO) and non-
polar (STO) oxide IF.
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