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We report a systematic study of the thickness effect on the superconductivity of overdoped La,_,Ce,CuOy4_s
films. As the film thickness decreases, a recurrence of superconductivity is observed in the x = 0.19 film, while
this doping level is commonly expected to show Fermi liquid behavior. The superconducting critical temperatures
exhibit a domelike shape with varying thickness. The magnetic susceptibility measurements suggest that the
presence of superconductivity in thin films should be filamentary. The combined effect of stress and oxygen in
the thickness-gradient films is proposed to comprehend the experimental observations. Our findings provide new
perspectives on superconductivity in other systems, such as the hotly debated nickelate superconductors.
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I. INTRODUCTION

Recently, thin superconducting films that exhibit anoma-
lous properties such as interface superconductivity [1-4] have
attracted intensive attention. Maeda et al. [3] fabricated FeSe
films on a SrTiOs; substrate with a thickness of 7 nm, and
the superconducting transition temperature is ~ 20 K, which
is much higher than that of bulk FeSe. In TiO films, the
thickness- and magnetic-field-tuned superconductor-insulator
transition (SIT) manifest quantum Griffiths singularities in
this system [5]. The thickness effect, sometimes overlooked
but very important, has a close relationship with the super-
conducting critical transition temperature (7;) [6-9], the lower
critical field (H.;) [10], the critical current density (J;) [11,12],
and other superconducting parameters [13].

For cuprates with layered structures, thickness plays an
even more important role in shaping superconducting proper-
ties. In the YBa,Cu3Oy (YBCO) system, previous work using
magnetron sputtering unveiled a simple relation between
T. and film thickness d and found a critical supercon-
ducting thickness of ~1.56 nm [14]. For optimally doped
La;_,Sr,CuQy thin films grown on LaSrAlO;, substrates with
different crystal orientations, superconductivity emerges at
different critical thicknesses [15]. Additionally, as a close
relative to cuprates, the infinite-layer nickelate also dis-
plays a thickness effect. For example, T, of optimally doped
Ndy gSrp,NiO, thin films increases with increasing thick-
ness [16]. Many studies have reported the effect of thickness
on physical properties; However, most of them focused on
the optimally doped compounds with the highest 7.. Over-
doped cuprates, which have more dopants but show weakened
superconductivity, deserve more attention. In particular, we
noticed that Shen er al. [17] found the reentrance of su-
perconductivity in heavily overdoped La,_,Sr,CuO4/LaCuQOy4
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heterostructures, which also intrigued us in the study of the
thickness effect in other overdoped cuprates.

The La,_,Ce,CuO4_s (LCCO) system has the highest
T. ~ 30K in the electron doped cuprate family, and the opti-
mum doping level is x ~ 0.10 [18-21]. Previous research has
indicated that with a decrease in film thickness (<100 nm),
the Hall coefficient of optimally doped x ~ 0.10 LCCO films
shifts towards the negative direction and the c-axis lattice
constant increases [22], which can be attributed to the insuffi-
cient oxygen reduction during annealing. It is well-known that
annealing is essential for the superconductivity in electron-
doped cuprates. However, whether it has the same effect on
overdoped cuprates is still unclear.

In this work, we fabricated a thickness-gradient LCCO
film with the thickness varying from 37.8 to 123.1 nm on
a single substrate and the Ce doping is x = 0.19, which is
outside the superconducting dome. Zero resistivity is observed
in electrical transport measurement, and 7; shows a domelike
shape as a function of thickness with the highest onset of 7.
(T onset) approaching 15 K. The Hall coefficient Ry remains
positive at all measuring temperatures and the Hall carrier
density n = 1/eRy shows a slight increase with increasing
thickness at 2 K. However, the ac magnetic susceptibility
measurements show an extremely weak diamagnetic signal
across the thickness-gradient film, suggesting the presence of
filamentarylike superconductivity [23,24].

II. METHODS

The thickness-gradient La; g;Cep 19CuOy_s film was epi-
taxially grown on a 10x10x0.5 mm? SrTiO3(001) substrate
using laser molecular beam epitaxy (LMBE) with a movable
shadow mask. The shadow mask was continuously moving in
one direction when the target was ablated, resulting in a film
with a linearly varying thickness, as shown in Fig. 1(a). The
growing temperature was set at ~750 °C and the oxygen par-
tial pressure (P(O;)) was 0.12 Torr. The fluence and repetition
frequency of the KrF excimer laser (A = 248 nm) were set to

©2024 American Physical Society


https://orcid.org/0009-0003-6260-6534
https://orcid.org/0000-0002-0078-0233
https://orcid.org/0000-0002-5407-9696
https://orcid.org/0000-0002-6039-0456
https://orcid.org/0000-0002-9639-8273
https://orcid.org/0000-0003-2208-8501
https://ror.org/05cvf7v30
https://ror.org/05qbk4x57
https://ror.org/020vtf184
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.8.094801&domain=pdf&date_stamp=2024-09-09
https://doi.org/10.1103/PhysRevMaterials.8.094801

TU, ZHANG, LIN, ZHU, CHEN, YUAN, AND JIN

PHYSICAL REVIEW MATERIALS 8, 094801 (2024)

(@) Substrate ©

(d)

p0 —————> p10 -
-~ LCCO (006)
Mask ﬁ
3 /A
= \
T =
arget o //\
®) & ///§
1 U.C.— = ﬁ
3 A
B A
100 300 500 700 42 44
Time (s)

26 (°)

T % T [ T ‘ T
ST0E) 6l c=12.375 A
0
— 0
) 0
b 4 0 =i
% 0
o Cb0
S 2¢F @ =l
oOo
R}
o . v \CQIWMQ}D;
T 1 [ R T "
»
120 |- 7 -
)
E 80 |- & .
© ]
40 - w .
| i | | 1 | L
46 48 0 2 4 6 8 10
position (mm)

FIG. 1. (a) Schematic illustration of the x = 0.19 LCCO thickness-gradient film grown by pulsed laser deposition with mask technique.
(b) The RHEED oscillation curve and diffraction pattern. (c) The micro-region 8 /20 scan along the direction of thickness spread, showing the
LCCO (006) and STO (002) Bragg peaks. (d) Upper panels: The position-dependent c-c,, where c is c-axis lattice parameter and ¢y = 12.375 A.
co is averaged by ten collected points in the thickest area. Lower panel: The thickness of film at different positions (from pO to p10, as shown

in Fig. 1(a)).

~27J/cm? and 4 Hz, respectively. Once the deposition process
was finished, the film was in situ annealed for about 30—60
minutes for better crystallization and oxygen reduction.

The structure information of the film was collected by
x-ray diffraction (XRD) using a Rigaku smart lab x-ray
diffractometer (Cu K,; A = 0.154 nm) with microregion func-
tion. Temperature dependence of the electrical resistivity p
was measured by the four-probe method in a commercial
Physical Properties Measurement System (PPMS). The ap-
plied current was fixed at 50 pA in the electrical transport
measurements. Magnetization was characterized in a mag-
netic properties measurement system (MPMS) in ac mode.
The surface profiler was used to determine the film thick-
nesses at different positions.

III. RESULTS

Figure 1(b) displays the time-dependent intensity curve
of reflection high-energy electron diffraction (RHEED); the
evident oscillating feature suggests that the film grows in
a layer-by-layer mode, which can be demonstrated by the
stripelike RHEED pattern shown in the insert [25]. The in-
terval between two adjacent peaks in the oscillating curve
corresponds to a single period of growing one unit cell
[25]. Figure 1(c) shows the microregion 6/26 x-ray diffrac-
tion patterns along the thickness-gradient direction, where
no apparent impurity peak can be seen. For clarity, the plot
is zoomed in between 42 ° and 48° to show the evolution
of two Bragg diffraction peaks, i.e., the (006) peak of the
La; 31Ceq.19CuOy4_; film and the (002) peak of the SrTiO;
substrate, respectively. There is no discernable change in these

two peaks in the whole sample. Based on the microregion
XRD measurements, the position-dependent c-axis lattice pa-
rameters can be calculated by the Bragg diffraction formula.
The upper panel in Fig. 1(d) provides the evolution of c-cg
as a function of position with the corresponding variation of
thickness shown in the lower panel. ¢( is averaged by ten ¢
data in the thickest area.

The film was patterned into micro-bridge arrays perpendic-
ular to the thickness-gradient direction for electrical transport
measurements [26]. Figure 2(a) exhibits the temperature-
dependent resistivity p(T) curves of different regions along
the thickness-gradient direction. With the increase of thick-
ness from 37.8 to 123.1 nm (approximately from 30 to 100
unit cells), 7t onset €xhibits a dome-like behavior. The thick-
ness for the highest T onse¢ is about 50 nm. The lower panel
of Fig. 2(b) gives the evolution of AT, = T; gnset- Tco versus
thickness d. Ty is defined as the intersection of a line tangent
to the steepest part of the resistive transition with the temper-
ature axis. With the increase of d, AT, decreases quickly and
then becomes saturated.

Furthermore, Hall resistivity measurements were carried
out on the thickness-gradient film with the magnetic field
parallel to the ¢ axis for T = 2K, 20 K, and 100 K, as
seen in Figs. 3(a) and 3(c). Figure 3(d) presents the evo-
Iution of the Hall coefficient Ry with varying thickness d
over a wide range of temperatures. Ry is always positive but
decreases with increasing temperature. The carrier concentra-
tion is estimated by the single carrier model n = 1/eRy, and
the thickness dependence of n at 2 K is shown in Fig. 3(e)
by blue dots. n is independent of d for d < 50nm, then
gradually increases between d =~ 50nm and 100 nm and
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FIG. 2. The micro-region transport properties of the x = 0.19
LCCO thickness-gradient film grown at P(O,) = 0.12 Torr. (a)
The temperature-dependent resistivities p(T) with the thickness of
37.8 nm, 40.2 nm, 42.6 nm, 47.3 nm, 54.4 nm, 68.6 nm, 75.7 nm,
90.0 nm, 99.4 nm, 111.3 nm, 116.0 nm, and 123.1 nm. (b) The
thickness d dependence of the onset superconducting temperature
Tc,onset and ATC (ATC = Tc,onset - TCO)
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FIG. 3. Evolution of the Hall signal as a function of thickness on
the x = 0.19 LCCO thickness-gradient film. The Hall resistivity oy,
versus magnetic field uoH for different thicknesses at (a) 2 K, (b)
20 K and (c) 100 K. (d) The three-dimensional Hall coefficient Ry
plot at 9 T as functions of temperature and thickness. (e) The carrier
density n of composition spread film (combifilm, red triangles) [26],
thickness-gradient film grown at 0.12 Torr (blue dots) and 0.15 Torr
(blue squares) at 2 K.
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FIG. 4. The normalized resistivity p versus temperature 7" for
(a) a strip cut from the x = 0.19 thickness-gradient film with the
highest 7. and (c) a Ce content x = 0.15 LCCO film. The ac magnetic
susceptibilities of (b) the thickness-gradient film, the orange circles
correspond to the strip with the highest 7. and (d) a Ce content
x = 0.15LCCO film.

finally saturates. In Fig. 3(e), we also plot n as a function of
Ce content x of LCCO composition-spread film in the range
of x = 0.126 to 0.174 [26] (represented by red triangles) for
comparison. ac magnetic susceptibilities were measured on
both a x = 0.15 LCCO film (d ~ 100nm) and the x = 0.19
LCCO thickness-gradient film. The thickness-gradient film
was cut into five strips with the same size (~2x6 mm?) for
respective measurements. Figure 4(a) shows the normalized
resistivity p versus temperature 7 for the highest T gpeer in
the x = 0.19 LCCO thickness-gradient film. The temperature
dependence of ac magnetic susceptibilities for all strips is
shown in Fig. 4(b), with the middle panel representing the
strip for which p(T) is shown in Fig. 4(a). Figures 4(c) and
4(d) present similar measurements for the x = 0.15 LCCO
film. Both films have quite similar 7. and T onget for the super-
conducting transition, however, their magnetic susceptibilities
are significantly different. The in-plane magnetic susceptibil-
ity for the x = 0.15 LCCO film shows diamagnetism of bulk
superconductivity. This behavior is absent in the x = 0.19
thickness-gradient film, suggestive of filamentary supercon-
ductivity [24].

IV. DISCUSSION

The electron-doped LCCO film at x = 0.19, located out-
side the superconducting dome, is expected to display Fermi
liquid behavior. However, in the thickness-gradient film, it
exhibits superconductivity with the highest T¢ gpser 0f 15 K
at the thickness of ~50 nm. To figure out this intriguing
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phenomenon, the key factors sensitive to thickness need to be
carefully examined.

First of all, lattice mismatch between substrate and film
is an innegligible issue. The in-plane lattice constant a of
STO, 3.905 A, is smaller than that of LCCO, 4.01 A [19,27].
Therefore, the compression stress, which has been reported
to lower the T, of LCCO film compared to the tensile stress
[28], should play a role in the thickness-gradient film. In
Fig. 1(d), ¢ — cg becomes stable when d > 80 nm, so we take
d ~ 80nm as the critical value for the release of stress in the
thickness-gradient film.

Second, the carrier density 7 in the thickness-gradient film
shows a monotonic behavior across the whole film, rather
than a dome-like shape, which indicates that n is not the
key factor for the superconducting dome observed in this
thickness-gradient film. Moreover, 7 in the thickness-gradient
film is larger than that of the LCCO (0.13 < x < 0.174)
composition-spread film based on our previous study [26].
One may expect that a higher 7; around 20 K should be ob-
served in the thickness-gradient film, similar to the LCCO film
with a Ce content x ~ 0.13. However, the maximum 7; of the
thickness-gradient film cannot reach ~20 K, reinforcing the
notion that n is not the decisive factor for superconductivity.

Tang et al. [29] successfully combined ozone annealing
and Angle-Resolved Photoemission Spectroscopy (ARPES)
measurement on LCCO film with x ~ 0.19. They found that
ozone can change the oxygen content 4-§ and shift the electron
doping level, which means that for nominal x = 0.19 LCCO
film, the electron doping level can be tuned into the super-
conducting dome. In the synthesis of superconducting YBCO
[30] and Bi,Sr,_,La,CuOg [31], post annealing, which de-
termines 7;, also involves the oxygen effect. Additionally,
for the PrygglaCe 1,CuQ4_s single crystal, even though 7
increases smoothly as oxygen is gradually removed, the sig-
nal of bulk superconductivity in specific heat and neutron
magnetic resonance can only be detected when 7 is close to
the maximum value [32]. Furthermore, a previous study on
overdoped Pr,_,Ce,CuO4 (PCCO) films found that altering
annealing oxygen pressures can result in behaviors that vary
from nonsuperconducting in underdopedlike states to super-
conducting in overdoped states, the accumulation of oxygen
vacancies in the CuO, plane is suggested to be responsible for
the observed superconductivity [33]. These observations high-
light the complex role of oxygen in cuprates, particularly for
bulk superconductivity. All these factors prompt us to examine
the oxygen effect in the thickness-gradient film, therefore,
the other overdoped x = 0.19 LCCO thickness-gradient film
grown at a higher oxygen partial pressure P(O,) = 0.15
Torr was also investigated. Figure 5 displays the p(T) curves
and the Hall carrier density n is shown in Fig. 3(e) by blue
squares. It is interesting to see that the film grown at 0.15 Torr
shows weaker superconductivity than that at 0.12 Torr. The
highest T onset is lowered by ~5 K and the corresponding
thickness shifts from 50 nm to 80 nm. The Hall carrier density
n at 2 K for the film grown at 0.15 Torr is smaller and roughly
constant across the whole chip.

Taking into account all the factors mentioned above, spec-
ulations about the superconductivity in the x = 0.19 LCCO
thickness-gradient film grown at 0.12 Torr are given as fol-
lows. For this thickness-gradient film, the initial increase of
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FIG. 5. (a) The temperature-dependent resistivities of x = 0.19
LCCO thickness-gradient film grown at oxygen pressure P(O,) =
0.15 Torr, with the thickness of 44.4 nm, 61.6 nm, 68.9 nm, 78.8 nm,
95.9 nm, 108.2 nm, 113.1 nm, 118.0 nm, 120.5 nm, 122.9 nm, and
127.8 nm. (b) The thickness-dependent T ,ns¢ for the thickness-
gradient films deposited under different oxygen pressures, 0.12 Torr
(upper panel) and 0.15 Torr (lower panel), respectively.

T., corresponding to the thickness of less than 50 nm, prob-
ably originates from the competition between compression
stress and oxygen vacancies. References [34—36] indicate that
thinner films are likely to have a higher density of oxygen
vacancies under the same annealing conditions. Consequently,
in our thickness-gradient film, as the thickness decreases, an
increase in oxygen vacancies can be expected, potentially
leading to improved superconductivity, as proposed by ref-
erences [33,37,38]. It’s worth noting that compression stress
may counteract this effect. As a result, 7. decreases when
the thickness is smaller than 50 nm, where the lattice strain
effect dominates. When d =~ 50 nm, these two factors reach a
balance, resulting in the highest T, in agreement with the fact
that AT, levels off once the thickness d exceeds 50 nm. The
initial decrease in AT manifests the interplay between the
oxygen vacancy effect and the stress effect, which diminishes
rapidly with increasing film thickness. When d > 50 nm, both
the stress effect and the oxygen vacancy effect weaken, and
the dominant role of oxygen vacancies results in decreases of
T, and AT remains constant. In Fig. 3(e), n of the thickness-
gradient films and the composition-spread film were plotted
in the same figure to demonstrate the different impacts of
Ce doping and oxygen vacancies. For the thickness-gradient
films with a nominal Ce doping level of x = 0.19, the car-
rier density of the film grown at a higher oxygen pressure
P(0;) = 0.15 Torr is closer to that of the x = 0.19 point of
the composition-spread film. This suggests that the property
of the P(O,) = 0.15 Torr film should be expected to reside
closer to the composition-spread film, which is not supercon-
ducting at x = 0.19. The primary difference between the two
thickness-gradient films is the density of oxygen vacancies in
the CuO; plane. In this case, the vacancies tend to localize
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the additional electrons on the nearby copper site, unlike the
apical oxygen scenario, where the reduction in oxygen content
has a similar effect to cerium doping. As a result, n would have
a complex dependence on the oxygen vacancies. Besides,
our research indicates that the oxygen vacancies discussed
are local, supported by the results of magnetic susceptibility
measurements. Therefore, finding a direct correlation between
carrier density and superconductivity is challenging in this
work, as it is affected by many factors.

In the present work, it is still hard to pin down the cause
of filamentary superconductivity, yet the oxygen effect is cer-
tainly involved. Besides, the phase separation with percolative
superconducting puddles offers a possibility for inhomogene-
ity in cuprates [39—41], which cannot be completely ruled out
here. Since there is no obvious diamagnetism signal in the
susceptibility measurement, further experiments with spatial
resolution are designated to map the superconductivity in
the thinner film, including the scale of inhomogeneities [42].
Focusing on the superconductivity phenomenon, the highest
T:.onset 1n the thickness-gradient film is about 15 K, which is
similar to the T; value of x = 0.15 LCCO films. It appears
difficult to achieve a higher 7. exceeding 15 K, which may be
due to the Fermi surface reconstruction (FSR) phenomenon
that occurs in the LCCO system when x = 0.14 [43]. This is
a plausible outcome, given the different effects of oxygen and
cerium doping on superconductivity [33,44]. An alternative
explanation is that 7; is constrained from further elevation due
to unavoidable stress effects.

V. CONCLUSION

We have fabricated a x = 0.19 thickness-gradient LCCO
film to investigate the thickness effect on overdoped cuprates.

Surprisingly, instead of exhibiting metallic behavior, T; of the
thickness-gradient film exhibits a dome-like behavior with
the increase of thickness. The initial increase in 7; is the
result of the competition between compressive stress, which
tends to decrease Tt, and oxygen vacancies, which increase
T.. However, with a further increase in thickness, the stress
effect disappears, and the reduction in 7. is attributed to the
dominant role of oxygen vacancies. It is important to note
that the oxygen vacancies mentioned here may be local and
the superconductivity observed in the overdoped thickness-
gradient film is filamentary-like, as evidenced by the lack
of signal in Meissner effect measurements. Our research
on the thickness effect in overdoped cuprates provides a
fresh perspective on comprehending superconductivity, not
only in cuprates but also in other layered superconducting
structures.
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