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1.  Introduction

Driven by important developments in oxide thin film depo-
sition techniques, low-dimensional transition-metal oxides 
(TMO) heterostructures have shown many fascinating and 
exotic behaviours at complex oxide interfaces [1–8]. Advances 
in oxide-molecular beam epitaxy (O-MBE) techniques [9–
12], i.e. atomic-scale thickness control, abrupt interfaces and 
the possibility to change the chemical composition over a dis-
tance of a single unit cell, have allowed the growth of epi-
taxial oxide thin films and oxide-based heterostructures with 

performances comparable to those of the best conventional 
semi-conductor systems, opening a path to the fabrication of 
oxide-based quantum well (QW) devices.

An oxide based QW is the simplest system in which 
quantum confinement can be obtained. It consists of three 
layers with the conducting oxide sandwiched between two 
layers of insulating oxide material. Several oxide-based QWs 
have been studied, such as SrTiO3/SrVO3/SrTiO3, GdTiO3/
SrTiO3/GdTiO3 and SmTiO3/SrTiO3/SmTiO3 [13–16]. In 
these systems the carrier concentration of the conducting 
layer was not systematically varied. In view of potential 
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Abstract
SrCuO2/Sr0.9La0.1CuO2/SrCuO2 trilayers were grown by oxide-molecular beam epitaxy. 
The thicknesses of the top and bottom SrCuO2 layers were fixed, while the thickness of the 
infinite-layer electron-doped cuprate Sr0.9La0.1CuO2 central layer was systematically changed. 
Transmission electron microscopy, x-ray reflectivity and x-ray diffraction measurements 
were performed to assess the sample quality and the abruptness of the interfaces. Electrical 
transport measurements as a function of temperature and as a function of central layer 
thickness, confirm that the normal state properties of the trilayers are altered by the 
confinement of the charge carriers in the central layer.
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applications, it is highly desirable to have the possibility to 
vary both the thickness of the QW and the density of charge 
carriers it contains. It is prudent, especially from an exper
imental perspective when depositing QWs using O-MBE, to 
minimize the number of different materials (sources) involved 
in the deposition. As many TMO are Mott insulators with 
small energy band gaps, the question arises whether they can 
effectively be used to obtain charge confinement in QWs. 
Recently, p -type SrMnO3/La0.7Sr0.3MnO3/SrMnO3 (SMO/
LSMO/SMO) QWs have been grown by a shuttered layer-by-
layer O-MBE deposition technique in which the monolayer 
dose times were calibrated by shuttered reflection high energy 
electron diffraction (RHEED) oscillations. The electrical 
transport properties of these films have been characterized as a 
function of temperature and also as a function of the thickness 
of the La0.7Sr0.3MnO3 central layers [17]. The results confirm 
the confinement of charge carriers in the trilayers investigated, 
pointing out that a small gap Mott insulator, such as SrMnO3 
(Eg  =  0.35 eV) [18], can be successfully used in QW struc-
tures as barriers. The availability of both p  and n doped oxide 
QWs grown by the same deposition technique under similar 
deposition conditions, involving a minimum number of mat
erials, is key to obtaining p-n TMO based proximate struc-
tures [19, 20].

Building upon our previous work on the growth and charac-
terization of infinite layer (IL) electron-doped Sr1−xLaxCuO2 
epitaxial thin films by a shuttered layer-by-layer O-MBE 
RHEED calibrated deposition process [7, 17, 21, 22], here we 
study the effects of confinement of the central layer on the 
normal state transport properties of SrCuO2/Sr0.9La0.1CuO2/
SrCuO2 (SCO/SLCO/SCO) electron-doped trilayers as a 
function of thickness of the SLCO central layer. The IL 
tetragonal SCO, with only one Cu–O plane per unit cell and 
without oxygen atoms in the Sr layers, is the simplest undoped 
parent structure in the cuprate family that exhibits high-crit-
ical temperature (TC) superconductivity. Partial substitution of 
La3+ for Sr2+ yields an n-type compound with TC up to about 
40 K [23].

Scanning transmission electron microscopy (STEM) and 
x-ray diffraction (XRD) analysis provided evidence of epi-
taxial growth with atomically abrupt interfaces. Electrical 
transport results in the normal state exhibit a dependence on 
the thickness of the central SLCO layer that is mainly induced 
by the presence of clean interfaces with the confinement 
layers. The results provide new hints in the understanding of 
low dimensional n-doped cuprate systems and in the growth 
of p-n doped oxide based proximate structures involving a 
minimum number of different materials.

2.  Experimental results

(SCO)20/(SLCO)y /(SCO)15 (with y   =  20,15,10,5,4,3, where 
y  is the thickness of the SLCO in unit cells (u.c.) and 20 
and 15 are the thickness of the bottom and top SCO layers 
in u.c., respectively) samples were grown in a Veeco-GEN10 
dual-chamber oxide MBE system using a shuttered layer-
by-layer deposition process performed in purified O3 at 

a background pressure of 3  ×  10−7 Torr. The films were 
deposited on (1 1 0) TbScO3 (TSO) substrates which have an 
orthorhombical distorted perovskite structure (pseudo-cubic 
lattice parameter 0.3958 nm). Both the SLCO and the SCO 
layers (with bulk in-plane lattice parameters 0.3951 nm [24] 
and 0.3927 nm [25], respectively) grown on TSO are sub-
ject to tensile strain. The substrate temperature during film 
growth was 500 °C, as measured by a thermocouple that 
is not in direct contact with the sample. The samples were 
vacuum annealed in situ (typically around 10−8 Torr) at 510 
°C for 30 min immediately after growth and cooled down 
to room temperature. The annealing step and the substrate-
induced tensile strain are crucial for obtaining the IL phase 
without the presence of apical oxygen in the crystal structure  
[22, 23, 26]. The Sr and Cu shutter opening times were cali-
brated by monitoring RHEED oscillations during the growth 
of undoped SCO films, in order to obtain RHEED oscilla-
tions with constant maximum and minimum intensity. The 
RHEED patterns were observed using a glancing electron 
beam incident parallel to one of the in-plane [1 1 0]p  azi-
muths of the substrate (the subscript indicates pseudo-cubic 
indices). After calibrating the shutter time, a SCO film was 
grown to measure the total film thickness using x-ray reflec-
tivity (XRR). Determination of the SCO c-axis lattice spacing 
from XRD in combination with XRR on the same film pro-
vide a check of the actual number of deposited unit cells [22]. 
The equality between the number of shuttering periods and 
that of the actual number of unit cells grown is indicative 
of perfectly alternating complete Sr and CuO2 monolayers. 
Finally, the growth of SLCO was achieved by opening the Sr 
shutter for 90% of the RHEED-calibrated time to deposit a 
full monolayer simultaneously with the La shutter open for 
10% of the time required to deposit a full monolayer deter-
mined by a quartz crystal monitor (QCM). In order to confirm 
the actual La concentration in the grown SLCO film, we per-
formed XRD and XPS analyses. XPS analysis corroberated 
the expected La concentration (0.1) within an experimental 
error of 12%, i.e. the La concentration is 0.100  ±  0.012.

The quality of the heterostructures deposited and the 
smoothness of their interfaces was also assessed by moni-
toring the RHEED pattern during growth. In figure  1(a), 
a typical RHEED pattern from the end of the growth of a 
SCO/SLCO/SCO trilayer sample is shown. It contains extra 
streaks, which disappear during the vacuum annealing step, 
figure 1(b). These extra streaks have been shown to be associ-
ated with a surface reconstruction related to excess oxygen 
[21]. They disappear as oxygen is removed during the vacuum 
annealing process.

Figure 2 shows high-angle annular dark field (HAADF) 
STEM images of a SLCO single layer calibration sample 
grown with the same deposition parameters used for SCO/
SLCO/SCO trialyers. The stark Z-contrast between the heavy 
Tb A-sites in the substrate and the lighter Sr and La in the film, 
confirms the atomically abrupt TSO/SLCO interface, the high 
structural quality of the sample and the fully strained growth 
of the SLCO film, which is this case has a thickness larger 
than about 20 u.c.

J. Phys. D: Appl. Phys. 52 (2019) 135303
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The samples were also structurally characterized by XRR 
and XRD in Bragg–Brentano θ  −  2θ mode using Cu K-α radi-
ation. In the case of the trilayered samples, the XRR meas-
urements give information about the thickness of the central 
layers in the heterostructure and about the interface rough-
ness. We have fitted the trilayer XRR curves using the Rigaku 
GXRR software (Rigaku Corporation, Tokyo, Japan) with the 
layers thickness, density and interface roughness as free fitting 
parameters. For the interface roughness we used a Gaussian 
profile; the standard deviation σ returned by the fitting rou-
tine was close to the unit cell value along the growth direction 
(~0.34 nm) for all the samples. The Levenberg–Marquardt fit-
ting routine with statistical weighting of the logarithm of the 
data was used. As shown in figure 3, the intensity oscillations 
are clearly visible for scattering angles up to θ  =  4.5°, con-
firming the low roughness of the surfaces and interfaces. In 
table 1, we summarize the results of the fitting procedure for 
all of the investigated trilayerd samples.

The difference between the thickness of the top and bottom 
SCO layers was calculated by the fitting procedure and con-
firmed by the XRD measurements (see below).

In agreement with the calibration procedure and the shut-
tered period times used, the XRR measurements confirmed 
the bottom SCO thickness to be 20 u.c. and the top SCO layer 
to be 15 u.c., while the SLCO thickness varied from y   =  20 to 
y   =  3 (c-axisSCO  =  0.343 nm, c-axisSLCO  =  0.340 nm).

In figure  4(a) XRD spectra of the same samples studied 
in figure  3 are shown. As outlined by the vertical dotted 
lines, the 200 diffraction peaks of the trilayers always fall in 
between the 200 peaks of the SCO and SLCO single films 
and progress, as expected, from the former to the latter with 
increasing y . In figure 4(b), the XRD simulation (GlobalFit–
Rigaku Corporation, Tokyo, Japan) of the SLCO single 
layer (bottom curve) and of the trilayer (SCO)20/(SLCO)20/
(SCO)15 (top curve) is shown. The measured spectra result 
from the coherent addition of the contribution of each layer 

Figure 1.  Typical RHEED pattern of an epitaxial trilayer viewed 
along the [1 1 0]p  azimuth at the end of growth (a) and after the 
vacuum annealing step (b). White arrows highlight extra diffraction 
streaks present in all as-grown films that disappear during vacuum 
annealing.

Figure 2.  HAADF STEM images of a SLCO single-layer 
calibration sample grown with the same deposition parameters used 
for the SCO/SLCO/SCO trilayers. It is apparent that the interface 
is atomically abrupt and that the SLCO thin film has high structural 
quality.

Figure 3.  XRR intensity spectra as a function of the incident angle 
θ of SCO and SLCO single layers as well as trilayers with different 
SLCO thickness (y   =  20, 15, 10, 4 and 3). A fit of the reflectivity 
is shown for the sample with y   =  5. The data are offset along the 
y -direction for clarity.
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of the heterostructure that gives rise to the interference pat-
tern between top and bottom SCO layers and to the Laue 
fringes. This addition results in a visible asymmetry of the 
Laue fringes around the sample peaks in figure 4(a), which 
is clearly reproduced in the simulation curve (see arrows in 
figure  4(b)); the fringes around the SLCO single layer are 
more symmetric. Again, as expected, this asymmetry changes 
as the SLCO thickness, y , in the trilayers is lowered or the dif-
ference in the top and bottom SCO layer thickness is reduced.

The electrical transport properties of the trilayers with dif-
ferent y  values were analyzed by performing sheet resistance 
measurements as a function of temperature using a van der 
Pauw four-probe geometry [27]. To make ohmic contacts, the 

samples were scratched on the four corners of the SCO top 
layer, and the four points scratched were covered with pressed 
indium.

Structurally abrupt interfaces, as indicated by the XRR and 
XRD measurements, do not ensure by themselves the confine-
ment of the charge carriers within the SLCO central layer. In 
the case of (SMO)20/(LSMO)15/(SMO)z trilayers with varying 
z values, we have observed [17] that samples with z  >  10 
showed values of metal-to-insulator transition temperature 
close to those expected for bulk LSMO.

SMO is a Mott insulator with an energy gap of 0.35 eV, 
while SCO has an energy gap higher than 1.2 eV [28]. This 
implies that for similar interface roughness and band align-
ment, that SCO should provide even better confinement of the 
charge carriers than SMO for a similar thickness.

Following our previous results [17], we therefore choose 
to deposit all of our SCO/SLCO/SCO trilayers with a topmost 
SCO layer thickness of 15 u.c.

In figure 5, the sheet resistance Rsh versus temperature T 
curves for the trilayers with varying center SLCO thicknesses 
are shown. The resistivity ρ of the SLCO layer has been esti-
mated as:

ρ (T) = RSh · tSLCO,� (1)

where tSLCO is the thickness of the SLCO layer obtained by 
the XRR analysis. Typical errors related to Rsh values obtained 
using the van der Pauw method are around 10%–15% [27], 

Table 1.  XRR fitting results for the trilayered samples investigated.

(SCO)20/
(SLCO)y /
(SCO)15

SCO bottom layer SLCO central layer SCO top layer

(Thick-
ness  ±  0.4) 
(nm)

(Density  
 ±  0.6)  
(g cm−3)

(Rough-
ness  ±  0.1) 
(nm)

(Thick-
ness  ±  0.4) 
(nm)

(Density   
±  0.6)  
(g cm−3)

(Rough-
ness  ±  0.1) 
(nm)

(Thick-
ness  ±  0.4) 
(nm)

(Density   
±  0.6)  
(g cm−3)

(Rough-
ness  ±  0.1) 
(nm)

20/3/15 7.0 5.2 0.4 0.9 5.5 0.4 5.2 5.2 0.4
20/4/15 7.1 5.0 0.4 1.2 5.5 0.4 5.3 5.0 0.4
20/5/15 7.0 5.8 0.4 1.6 5.9 0.4 5.2 5.8 0.4
20/10/15 6.8 5.2 0.4 3.4 5.5 0.4 5.4 5.2 0.4
20/15/15 7.0 5.2 0.4 4.6 5.5 0.4 5.2 5.2 0.4
20/20/15 6.9 5.6 0.5 6.5 5.9 0.3 5.1 5.6 0.5

Figure 4.  (a) XRD spectra of the same samples shown in figure 2; 
(b) simulation of the XRD spectra for the trilayer with SLCO 
y   =  20 (red curve) and SLCO single layer (grey curve).

Figure 5.  Sheet resistance Rsheet versus temperature T curves of 
trilayered samples with different SLCO layer thickness y  in unit 
cells. Tonset

C  and Tmin are highlighted on the y   =  4 curve.

J. Phys. D: Appl. Phys. 52 (2019) 135303
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and this could be the reason why samples with close y  values 
(for example for y   =  4 and y   =  5) show very similar values of 
the room temperature sheet resistance and resistivity: RRT

sh  and 
ρRT, respectively (see table 2).

Similar to the case of SMO/LSMO/SMO p -doped 
trilayers, where we have considered the metal-to-insulator 
transition temperature [17], here we considered the super-
conducting transition temperature TC as an additional check 
for evaluating the quality of the samples and interfaces pro-
duced. The TC in SLCO thin films is generally dependent 
on many parameters (doping, disorder, strain, etc.) and can, 
therefore, be used as an additional parameter for evaluating 
the quality of the samples. The TC of the trilayers shows a 
clear dependence on y . In particular, the TC of the sample 
with y   =  20 is the same as that of the 45 u.c. thick SLCO 
single layer, while for y   <  15, TC starts to decrease until 
it disappears for the sample with y   =  3. For thicknesses 
4  ⩽  y   <  20, an upturn in the Rsh values before the super-
conductive transition is observed, becoming more evident 
with decreasing SLCO thickness. In table 2 we summarize 
the main structural and transport parameters for the trilay-
ered samples investigated. In the table, Tmin is defined as the 
temperature at which the upturn (the local minimum in the 
curves) is observed.

3.  Discussion

As mentioned in the previous section, the growth of SCO/
SLCO/SCO trilayers with structurally abrupt interfaces, as 
confirmed by the STEM, XRR and XRD measurements, does 
not ensure by itself that the charge carriers are confined within 
the central SLCO layer. On the other hand, the observed super-
conducting behavior of the SLCO central layer gives the first 
indication of charge-carrier confinement due to the layering. 
The flat behavior of TC versus y  down to y   =  10 (see figure 6), 
with TC values very close to the one observed in a single 45 
u.c. thick SLCO film, strongly suggests that the charge car-
riers are indeed spatially confined within the SLCO layer. 
If the carriers were spread out in a large part of the trilayer 
thickness the effective doping of the system should strongly 
decrease with decreasing y , reaching values where the super-
conducting behavior is no longer expected. For example, if 
the charge were homogenously spread over the entire trilayer, 

the trilayer with y   =  15 (TC  =  30.5 K) should have an effec-
tive doping smaller than 3% and not exhibit superconductivity 
[29]. The sudden drop in TC observed for y   <  10 could also be 
related to the reduced dimensionality of the system induced 
by the layering. The influence of finite size on the order 
parameter of a second-order phase transition can be proven 
within a Ginzburg–Landau formalism as the one proposed in 
[30], where a surface term is added to the free energy func-
tional compared to the standard approach. Following [30], one 
obtains that the critical temperature decreases with sample 
thickness t according to equation (2)

TC(t) = TC0

ï
1 −
Å

L0

t

ãò
,� (2)

where TC0 represents the bulk critical temperature and L0 is the 
critical thickness below which a superconducting transition is 
no longer present.

While equation  (2) has been shown to give good agree-
ment with experimental data for dirty (disordered) supercon-
ductors, we have found that a better χ2 value is obtained by 
equation (3)

TC(t) = TC0

ñ
1 −
Å

L0

t

ã2ô
,� (3)

which is based on a Ginzburg–Landau approach with conven-
tional boundary conditions, appropriate to the case of a clean 
electronic system.

In the insets to figure  6, we show the behavior and the 
linear fits (red lines) of TC as a function of 1/y  (left) and of 1/y 2 
(right). Even though at a first glance the two fits do not appear 
very different, the comparison of the χ2 values obtained by 
equations  (2) and (3), 2.2 and 0.9 respectively, clearly indi-
cates a better agreement for the case of the 1/y 2 dependence.

Equation (3) is equally applicable to ferromagnetic and 
superconductive phase transitions because both are described 
in terms of a generic order parameter f (z), which is obtained 
from the slab free energy

Table 2.  Properties of the trilayer samples investigated with 
different SLCO layer thickness y .

(y   ±  1) 
(u.c.)

(Tonset
C   ±  2) 

(K)a
(Tmin  ±  0.5) 
(K)

ρRT  
(mΩ cm)  
 ±  30%

RRT
sh  

(kΩ)  ±  15%

20 32 — 0.12 0.19
15 31 61.5 0.34 0.8
10 30 49.0 0.5 1.5
5 23 83.0 0.3 1.8
4 13 128.0 0.2 1.9
3 Insulating — 1.3 14

a Tonset
C  is defined as the intersection of the straight lines describing the slope 

change before and after the superconducting transition.

Figure 6.  Critical onset temperature Tonset
C  as a function of y where 

the blue curve is the best fit to equation (3). The inset shows the 
behavior and the linear fit (red lines) of Tonset

C  as a function of 1/y  
(left) and of 1/y 2 (right). Red dots highlight data from a single-layer 
film consisting entirely of SLCO.
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F[ f (z)] = S
ˆ t/2

−t/2
dz[c(∂zf (z))

2
+ a f (z)2

+ bf (z)4
]

using the extremal condition δF[ f (z)] = 0 of variational cal-
culus. Motivated by the slab geometry (defined by in-plane 
surface S and thickness t), we assume that the order param
eter only depends on the z coordinate because the system 
size is finite along this direction. Translational invariance is 
assumed along the plane perpendicular to the z direction. The 
extremal condition in combination with the usual boundary 
conditions ∂z f (z)z=±t/2 = 0 leads to the differential equa-
tion  for the order parameter ∂2

z f − a
c f = 0, where the non-

linear term proportional to f 3 has been omitted since it is 
negligible (compared to the linear term f ) at the phase trans
ition temperature T*. The solution of the differential equa-
tion  is f = Aeiµz + Be−iµz, with µ =

√
ȧ (TC0 − T∗) /c and 

the temperature T* obeys T∗ < TC0. In deriving this result, we 
assume, as is usual applying the Ginzburg–Landau theory, that 
the coefficients b  >  0 and c  >  0 are temperature independent, 
while a = ȧ (T∗ − TC0) is a temperature-dependent quantity.

By applying the boundary conditions to f (z), we obtain 
a set of two homogeneous equations  for the arbitrary con-
stants A and B. A non-trivial solution is found by insisting 
that the determinant of the coefficient matrix be zero; this 
condition leads to the equation  sin (µt) = 0, which results 
in solutions µt = nπ, with n ∈ N. Since the coefficient µ 
is a function of temperature, the transition temperature of a 
system of finite thickness T∗ = TC(t) is a solution of the equa-
tion µ(T∗)t = nπ, where n is chosen to maximize the critical 
temperature T∗ < TC0. Solving the equation  for T∗ and set-
ting n = 1, we recover equation (3) with L0 = π

√
c/(ȧTC0). 

Therefore, the TC(t) versus t curves strongly depend on the 
boundary conditions imposed by the Ginzburg–Landau treat-
ment of the order parameter f (z) and thus the choice of 
adequate boundary conditions in describing a given physical 
system is a relevant problem. The better agreement that equa-
tion (3) gives to the experimental data in figure 6, suggests that 
disorder is not playing a major role in the sudden decrease of TC 
with t. By fitting the data in figure 6 (blue curve), using equa-
tion (3), with TC0 and L0 as free fitting parameters, we obtain 
TC0 = (32.9 ± 0.6)K  and L′

0 = L0/z′ = (3.0 ± 0.1) u.c., 
where z′  is the u.c. dimension along the z direction. The value 
for TC0 is very close to the observed TC for the single 45 
u.c. thick SLCO film (TC  =  33 K) and the critical thickness 
L′

0 = 3 u.c. agrees well with our observation that the y   =  3 
sample is not superconducting.

The normal-state sheet resistance Rsh of the samples with 
3  <  y   <  20 present an upturn at relatively low temperatures 
with a local minimum temperature Tmin. For all the SCO/SLCO/
SCO samples showing these minima, the Tmin values are in the 
range 50–130 K (see table 2), and it is hard to explain their 
presence in terms of the emergence of quantum phenomena 
due to electronic mean free paths of the same order of magni-
tude as the inelastic dephasing length [31–33]. Our attempts 
to fit the Rsh curves in figure  5 over this temperature range 
(50–130 K), even allowing for a temperature dependence of 

the dephasing inelastic scattering time failed, confirmed the 
inconsistency to the experimental data. We note that the Tmin 
temperatures are close to the typical Néel temperatures meas-
ured in SLCO [29] and to the temperature at which a spin 
density-wave regime sets in for other electron-doped cuprate 
compounds [34]. Recently [7], in situ angle-resolved pho-
toemission spectroscopy measurements on similar SLCO thin 
films, have shown the presence of a strong coupling between 
electrons and antiferromagnetic order at temperatures in the 
range of the observed Tmin.

In figure 5, a sudden transition is observed in the normal 
state properties in going from the sample with y   =  4 to that 
with y   =  3. The sample with y   =  3 does not have a Tmin, does 
not show any metallic behavior (dRsh/dT  <  0) and does not pre-
sent any sign of a superconductive transition. In contrast, the 
sample with y   =  4 has a Tonset

C  around 13 K, exhibits metallic 
behavior at high temperature and displays a Tmin at about 
120 K. Such a sudden transition from ‘metallic’ to ‘insulating’ 
behavior across a change of only one unit cell, is accompanied 
by a change of the Rsh low temperature values from about 2 kΩ 
to more than 30 kΩ. This transition from metallic to insulating 
behavior can be traced back to reaching a critical value of the 
low-temperature sheet resistance [35, 36].

Typically, in a fermionic scenario, where the charge car-
riers are treated as single electrons, a crossover is expected 
when a threshold value of Rsh  =  h/e2  =  25.8 kΩ is reached. 
On the other hand, if a bosonic scenario holds, with charge 
carriers treated as pairs, the cross-over Rsh threshold value is 
Rsh  =  h/4e2  =  6.45 kΩ [35, 36]. In any case, even assuming 
the validity of these models to explain the metal-insulator 
transition observed in our samples, the observed experimental 
data, with the ‘metallic’ y   =  4 sample showing Rsh  <  6.45 kΩ 
and the insulating y   =  3 one having Rsh  >  25.8 kΩ, do not 
allow unambiguous discrimination between these two sce-
narios. Finally, for the trilayers with y   =  3 and 4 we have also 
analyzed the resistivity curves at low-temperatures (below 
40 K).

Tentative fits of our resistivity data using temperature 
dependencies in agreement with different models (variable 
range hopping, semiconducting, Efros–Shklovskii, etc.) have 
always given a worse agreement compared to that obtained in 
terms of the quantum interference effects (QIE) picture. QIE 
and weak localization (WL) effects are expected to play an 
important role in the low temperature conductivity of layered 
metallic systems [37] and have been unambiguously observed 
in several layered compounds by electrical noise spectroscopy 
and by magnetoresitance measurements [33, 38–42].

If one assumes that QIEs are playing an important role in 
the low temperature electrical properties of our system, the 
observed temperature dependence can be traced back to the 
actual dimensionality of the electronic system. In fact, the 
quantum correction term introduced by QIE in the electrical 
conductivity is dependent on the system dimensionality. 
Specifically, a ln(T) QIE term is expected for two-dimen-
sional (2D) systems, while a power law contribution is at 
work for three-dimensional (3D) systems, with a specific T3/2 
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dependence in the case where the electron–phonon interaction 
is the mechanism affecting QIE [31].

In figure  7, the low-temperature conductivity σ  =  1/ρ 
curves for the sample with y   =  4 (figure 7(a)) and y   =  3 
(figure 7(b)) are plotted as a function of ln(T) (bottom) and 
of T3/2 (top). The red curves in the figures are obtained fol-
lowing the best linear behavior as a function of ln(T) and T3/2, 
respectively. As is clear from the figures, see table 3, while the 
σ(T) curve for the y   =  4 sample follows a T3/2 dependence, 
that of the sample with y   =  3 shows better agreement to ln(T) 
behavior. This sudden change from a T3/2 to a ln(T) conduc-
tivity dependence observed in our trilayers going from y   =  4 
to y   =  3, suggests therefore a change in the dimensionality of 
the electronic system induced by the layering. Similar analysis 
performed over the same range of temperatures (T  <  40 K) 
on the samples with 4  ⩽  y   <  20, always yield conductivity 
behaviors better described by a T3/2 dependence.

When investigating the dimensionality of the transport 
properties in the normal state, the important parameter to 
compare to the SLCO thickness of the central layer is the elec-
tronic mean free path. Values of this parameter are generally 
quite difficult to experimentally define. Typical values given 
in the literature, are around 5 nm [43] which are of the same 
order as magnitude of the SLCO central layer thickness inves-
tigated in this work. Finally, we remark that STEM, XRD and 

XRR analysis all confirm the absence of structural disorder 
at the interfaces and that the TC versus y  behavior is better 
described in terms of electronically clean interfaces.

4.  Conclusion

SCO/SLCO/SCO trilayers have been grown by oxide MBE 
using a shuttered RHEED-calibrated layer-by-layer deposition 
process. STEM, XRR and XRD analyses confirm the struc-
tural quality and the abruptness of the interfaces of the depos-
ited samples. The electrical transport properties of the trilayers 
with different SLCO thicknesses have been investigated as 
a function of temperature. The behavior of TC as a function 
of SLCO layer thickness, with its sharp drop for y   <  10, is 
well described in terms of a Ginzburg–Landau approach for 
a clean system with a finite size along growth direction. This 
gives a better agreement to the experimental data than other 
models based on dirty (disordered) systems. The normal state 
sheet resistance Rsh of the samples with 3  <  y   <  20 exhibit an 
upturn at relatively low temperatures with a local minimum 
temperature Tmin in the range 50–130 K close to the typical 
Néel temperatures measured in SLCO. A sharp cross-over 
from metallic to insulating behavior has been observed going 
from the sample with y   =  4 to the one with y   =  3, associated 
with a change in the temperature dependence of the conduc-
tivity curves from a T3/2 to a ln(T) behavior. Such a change can 
be traced back, in a QIE scenario, to a change in the dimen-
sionality of the electronic system going from 3D (y   =  4) to 
2D (y   =  3). These results suggest the presence, in the inves-
tigated electron-doped SCO/SLCO/SCO trilayers, of layering 
induced spatial charge carrier confinement influencing the 
normal state transport properties of the system. These find-
ings, associated to the results of our previous work on p -doped 
trilayers open the door to new developments in the growth of n 
and p  doped oxide-based QWs and quantum devices.
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