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Strongly correlated manganites have a wide range of fascinating magnetic and electronic properties, one
example being the coexistence of ferromagnetic and insulating properties in lightly-doped bulk. However,
it is difficult to translate bulk properties to films. Here, this problem is overcome by thin film nanoengi-
neering of the test case system, LagoBag1MnOz (LBMO). This was achieved by using vertically aligned
nanocomposite (VAN) thin films of LBMO + CeO, in which CeO, nanocolumns form embedded in a
LBMO matrix. The CeO, columns produce uniform tensile straining of the LBMO. Also light Ce doping of
intrinsic cation vacancies in the LBMO occurs. Together, these factors strongly reduced the double
exchange coupling and metallicity. Hence, while standard plain reference films showed an insulator-to-
metal transition at >200 K, originating from defects and complex structural relaxation, the VAN LBMO
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films exhibited ferromagnetic insulating properties (while maintaining a T. of 188 K). This is the first time
that a combined strain + doping method is used in a VAN system to realise exemplary properties which
cannot be realised in plain films. This work represents an important step in engineering high performance
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Introduction

Ferromagnetic insulating (FMI) behaviour is required for spin
filters and tunneling barriers in tunneling junctions as well
other spintronic and multiferroic devices."> However, at practi-
cal operating temperatures the coexistence of ferromagnetism
and insulating conductivity is very rare in known materials
systems."? Examples of ferromagnetic insulators are SeCuO;
(ferromagnetic Curie temperature, T. ~25 K),' and EuO
(T. ~77 K),®> but their relatively low T.s hinder their appli-
cation. Double perovskites (such as La,CoMnOg, T, ~220 K),
ferrites (such as NiFe,O4, T. >300 K) and garnets (such as

“Department of Materials Science and Metallurgy, University of Cambridge,
Cambridge, CB3 OFS, UK. E-mail: jld35@cam.ac.uk

"Materials Engineering, Purdue University, West Lafayette, IN, 47907, USA
tElectronic supplementary information (ESI) available: XPS valence band
spectra for PF and NC, plan view EDS line profile for the La and Ce elements,
Influence of Ce doping on the transport property, defect equations, structural
information for the two thick films. Detailed structural analysis of the 100 nm
PF using TEM (PDF). See DOI: 10.1039/c9nr08373a

1 Current address: Center for Integrated Nanostructure Physics, Institute of Basic
Science, Sungkyunkwan University, Suwon 16419, Korea.

§ Current address: School of Materials Science and Engineering, Ulsan National
Institute of Science and Technology (UNIST), Ulsan 44919, Republic of Korea.

This journal is © The Royal Society of Chemistry 2020

spintronic and multiferroic thin film devices.

BisFes0y,, T >300 K) are good candidates with high 7.s,°® but
their complex structures, difficult growth conditions and mod-
erate conductivity in thin film form makes them problematic.
On the other hand, lightly doped manganites, La;_,A,MnO;
(A = Ba, Ca and Sr) 0.05 < x < 0.2, are promising materials
because in bulk form they show ferromagnetic insulating
(FMI) behaviour up to 200 K.° Also, they have a perovskite
structure which is structurally compatible with widely available
perovskite substrates of SrTiOz-buffered Si, and other perovs-
kite oxides with wide ranging functionalities for multi-
functional devices.'® However, bulk FMI properties are modi-
fied or vanished and cannot be translated to thin films,"'*™**
and an anomalous metallic behaviour is observed with an
insulator-to-metal (I-M) transition at a wide range of
temperatures depending on the growth and heat treatment
process. Indeed, the lack of ability to translate bulk
properties to thin films is well-known in the broad range
of manganite compositions,"”"> and indeed in many
other functional perovskites (including ferroelectrics and
superconductors).'®"”

A key reason for the thin film anomalies is the strong coup-
ling between the charge, orbital and spin degrees of
freedom,'® making the properties highly tunable by chemical
and physical pressure."”>" Hence, in films, strain and
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non-stoichiometry effects lead to strongly modified
properties.'"'*1%22725 n fact, progress has been made in
metallic (heavier doped) manganites to reduce the so-called
“dead layer” thickness (present in ultrathin films), which is
related to structural or non-stoichiometry effects,”®*” but the
inability to achieve insulating performance in lightly doped
manganites still remains.

Here, we focus on the FMI candidate material of lightly
doped La;_,Ba,MnO; (0 < x < 0.2), which lies in a narrow com-
position region where the physical properties are very sensitive
to structural and compositional perturbations. For example, it
has been reported that a 0.65% in-plane tensile strain enhances
the T, of LagoBa, ;MnO; by almost 100 K.'* A similar case has
been reported in lightly doped La;_,Sr,MnO;."* Compared to
lighted doped La;_,Sr,MnO; and La;_,Ca,MnO3, lightly doped
La;_,Ba,MnO; has a higher T,,”'*?*%* je. T, is ~185 K for x =
0.1, whereas it is <150 K for the same x value in La,_,Sr,MnO;
and La; ,Ca,MnO;. In lightly doped La;_,Ba,MnOj;, as men-
tioned above, even in relatively thick films (>100 nm) where epi-
taxial strain should be relaxed, metallicity exists.'""?

Recently, vertically aligned nanocomposites (VAN) have pro-
vided a new route to tune the physical properties of heteroepi-
taxial oxides. We aim to use the VAN concept®*?' to achieve
FMI property in LBMO thin films. The special properties of
VAN films include:

1. A stiff nanocolumn embedded within a softer matrix can
effectively tune both the out-of-plane (op) and in-plane (ip)
strain states of the matrix phase.

2. While the matrix phase is initially clamped by the sub-
strate ip, after a certain thickness the columns dominate the
strain state of the matrix phase®* both along the ip and op
directions."?** The columns act as “anchors” to maintain a
stable and uniform strain state of the matrix, without inhom-
ogeneity or relaxation, and without thickness limitation.>*

3. Overall, the resulting 3D strain control is totally different
to what is achievable in a plain film (PF).">*

4. The vertical strain state can be easily controlled by chan-
ging growth conditions, phase ratio and film thickness, and
the nanocolumn phase enables a uniform strain to be main-
tained even when the film is very thick.>*>¢

5. Vertical interfacial effects in VAN films are different to
substrate/film effects in plain films. In VAN films, at the VAN
vertical interface there is no evidence of the well-known “dead
layer” effect that is observed in the substrate/film interface of
very thin manganite films which reduces T.. This is because
the growth rate of VAN vertical interfaces is much slower than
horizontal plain film/substrate interfaces. This likely enables
misfit dislocations to form readily instead of other deleterious
Tereducing defects.?”>°

In PFs, on the other hand, strain is controlled only by the
substrate, i.e. by the ip strain from epitaxial constraints, and the
op strain is modified as a consequence of elastic effects. The
strain is not uniform with film thickness and it relaxes gradu-
ally in a variety of ways as the film thickens. Since the formation
energy of point defects is lower than misfit dislocations, and
the octahedra in perovskite oxides have a high freedom of tilt/
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rotation, relaxation can occur by other phases forming, lattice
modulation or by cation/oxygen vacancy generation.****

In this work, we show that when 50 at% CeO, is added to
Lay 9Bay ;MnO; (LBMO), a self-assembled VAN nanocomposite
(NC) film forms comprised of a LBMO matrix and with CeO,
nanocolumns heteroepitaxially embedded in the matrix. The
presence of the CeO, nanocolumns enabled the LBMO to be
strained uniformly under tension. Also, light Ce doping on the
La vacancy sites in the LBMO occured and reduced unwanted
Mn*" in the film. The strain and doping effects together
reduce the double exchange (DE) coupling and enable the
LBMO to retain the FMI properties. This was not the case for
reference PFs which showed metallicity. The FMI properties
achieved in this work have given a higher 7. (188 K) than that
of the Smy 3,4ST0.66MnO; (140 K) achieved in our earlier work."?
Furthermore, the LBMO system is chemically and structurally
simpler than the Sm,Sr;_,MnO; system.

CeO, was chosen as the strain controlling phase for LBMO
as CeO, is stiffer than LBMO (the Young’s modulus Eceo, =
220-240 GPa,"** while the reported E for manganite is
~120-140 GPa (ref. 36, 45 and 46)), and thus in the VAN films
CeO, is predicted to control the strain state of LBMO as
reported in other similar systems.** The addition of CeO, was
also deemed to be beneficial from a doping point of view: Ce
substitution is known to substitute on the A (La) site in La
manganites,”” this being promoted by the known cation
deficiency of the La site.*®

Results and discussion

A series of LBMO PF and LBMO-CeO, NC films were made,
and the thickness varied from 12 to >100 nm. Above ~50 nm,
the film properties did not show further marked changes in
functional performance but instead long time deposition may
cause thermal annealing or strain relaxations. Hence, we
mainly focus on the change in film properties up to ~50 nm.

Fig. 1a shows resistance vs. temperature (R-T) curves for
two LBMO PFs. An I-M transition is present in the PF, and
when the thickness is increased from 21 to 42 nm, the I-M
transition temperature, Ty, remains almost constant at around
220-223 K (with a slight increase of 3 K), as shown by the
arrow. This is consistent with the general trend in manganite
thin films that relaxation occurs above a certain thickness,
which leads to an almost constant Ty (T.).>° The existence of
metallicity in the thicker PF indicates that, apart from the
strain, there is another cause of the metallicity in the PF,
which is likely non-stoichiometry.

The I-M transition (and the corresponding paramagnetic-
ferromagnetic transition discussed later) occurs as a result of
the DE coupling between Mn>" and Mn** mediated by 0.*
The DE coupling in doped manganites is influenced by both
doping and strain.'® Charge-orbital ordering (COO), which is
characteristic of lightly doped manganites,®® occurs at a much
lower temperature Tgoo (here defined at the temperature
where a minimum point is shown in the R-T curve at low

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Thickness dependence of the resistance vs. temperature (R—T) curves of (a) LBMO plain films (PFs) and (b) LBMO-CeO, nanocomposite (NC)
films. The R—T curve for the LBMO bulk is also shown as a comparison. Thickness dependence of the field cooling M—T curves of (c) the LBMO PFs
and (d) the LBMO—-CeO, NC films. M—T curve for the LBMO bulk target is also shown for comparison. The applied field was 200 Oe.

temperatures). This brings about the observed resistance
upturn in the PFs in Fig. 1a. The increase in Tcoo with the
increase in thickness: from 120 K (21 nm) to 155 K (42 nm)
can be correlated to the change in the Jahn-Teller distortion
caused by the change in the strain state.>®

The resistance in Fig. 1 is not converted to resistivity due
to the different nature of conductive paths (and different
cross section areas for current flow) between the PF and NC.
The R-T plot for two NC films and the Lay ¢Bay ;MnO; bulk
target (inset) are shown in Fig. 1b. The LBMO bulk is insu-
lating, as expected. A thickness dependence is found in the
NC films: a lower thickness (<23 nm) favours a more metal-
lic transport property while a larger thickness NC film
(=46 nm) gives insulating behaviour without any metallicity.
The insulating and metallic behaviours are defined based
on the slope of dR/dT, i.e. a negative slope indicates an insu-
lating behaviour and a positive slope a metallic behavior.
Since it is hard to determine the I-M transition temperature
for the 46 nm NC, the T\, is estimated by extrapolating the
inflection point in the R-T curve (the trend is shown by the
arrow).

This journal is © The Royal Society of Chemistry 2020

XPS valence band spectra near the Fermi level for the
42 nm PF and 46 nm NC films were also measured (see Fig. S1
in ESI S1%) to determine the valence-band maximum (VBM)
values by linear extrapolation of the leading edge of the
valence band region to the extended baseline of the spectra.?
As illustrated by the dashed lines of Fig. S1,T the top of the
valence band for the PF is higher than the NC, and there is
higher density of states near Fermi level in the PF than in the
NC, which indicates that the NC is more insulating than PF
and is consistent with the transport measurements.

The temperature dependent magnetization (M-T) data for
the PF and NC are shown in Fig. 1c and d. The applied mag-
netic field was 200 Oe and it was applied parallel to the sub-
strate plane. The T, determined at the temperature where the
dM/dT reaches the maximum, changes in a similar way as Ty
the T, of PF remains almost constant at around 212 K (with a
slight increase of 3 K) while the T, of NC decreases from 201 K
to 188 K when the thickness increases from 23 to 46 nm. The
M-T curve for the Lag oBay;MnO; bulk target is also included
in the inset of Fig. 1d for comparison and a 7. of 182 K is
observed, as expected for bulk of this composition.>

Nanoscale, 2020, 12, 9255-9265 | 9257
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The magnetization vs. magnetic field (M-H) curves for the
42 nm-thick PF, 46 nm-thick NC, and LBMO bulk (target)
measured at 5 K are shown in Fig. S2 in ESI S2.7 Clearly M-H
loops are observed, indicating that both PF and NC show ferro-
magnetism. The saturation magnetization of the NC is 2.75uz/
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Mn, which is somewhat lower than that of the bulk (3.65u5/
Mn) and PF (3.52u/Mn). This is likely due to the Ce doping or
vertical strain discussed later.

Fig. 2a and b show TEM cross-sectional and plan view
images for a 46 nm thick LBMO-CeO, nanocomposite. A clear
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Fig. 2 (a) Bright-field TEM cross-section image of a 46 nm thick LBMO-CeO, nanocomposite. Inset: Selected area electron diffraction (SAED)
index. (b) High resolution high angle annular dark-field plan view STEM image. The inset shows an enlarged planar STEM image of a CeO, pillar. (c)
XRD w—-20 scans for a 46 nm-thick LBMO-CeO, nanocomposite and a 42 nm-thick LBMO plain film. (d) Energy dispersive X-ray spectroscopy (EDS)
plan view element mapping. (e) EDS element spectrum showing a small amount of Ce exists in the LBMO area (up) and La exists in the CeO, area

(bottom).
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phase separation and high-quality epitaxy are observed. The
CeO, nanocolumns (average radius 6-8 nm) are densely dis-
tributed within a continuous LBMO matrix, and the average
spacing between the CeO, nanocolumns is only ~3-6 nm. This
structure is common when a manganite-binary oxide combi-
nation are coherently grown on a perovskite substrate.>® The
high crystalline quality of LBMO (and CeO,) is clear from
Fig. 2b (and the inset), as is the very large density interfaces
with CeO,.

From the selected area electron diffraction (SAED) pattern
in the inset of Fig. 2a, the epitaxy relationship is determined
to be: LBMO (001)//STO (001) and LBMO [100]//STO [100], CeO,
(001)//STO (001) and CeO, [110]/STO [100]. As reported pre-
viously, the ip lattice constant of CeO, can be matched with
STO after a 45° rotation.>®™ It is noticeable that the diffrac-
tion spots of the (002) oriented STO are broadened compared
with that of the STO single crystal, indicative of the close
overlap of the LBMO and STO op diffraction spots because of
the nearly perfect op lattice matching.

Fig. 2c shows the XRD 26-w scans of a 46 nm LBMO-CeO,
NC and a 42 nm LBMO PF grown under the same growth con-
ditions. The thickness fringes of both LBMO and CeO, phases
are shown in the NC indicative of a high quality epitaxy and
smooth surface of both phases on the STO substrate. Apart
from the LBMO (00/) phase, there is also a weak peak at 39.4°
which is likely from the LBMO (111) phase.’® Given the peak
intensity of this phase is so low (<20 cps), the influence to the
physical properties can be ignored. Plan view EDS element
mapping is shown in Fig. 2d. These images further prove the
clear phase separation.

Fig. 2e shows a local EDS spectrum. The La/Ce EDS line
profile is shown in Fig. S3 in the ESI S3.f Ce doping of the
LBMO phase is observed, and the level is estimated to be
5-10% Ce doping on the La site.

Also, La doping of the CeO, phase occurs on an estimated
level of ~10-20%. We note that the op lattice parameter
measured for CeO, in the 46 nm NC film (5.47 A) is larger
than the CeO, bulk value (5.41 A), as determined from Fig. 2c.
La®" (117 pm) has a larger ionic radius than Ce** (101 pm),
and it has been reported that the CeO, lattice parameter is
expanded to ~5.44-5.48 A when the La doping fraction in
Ce0, is 10-20%.°”"® Hence, this agrees with the estimated La
doping fraction in CeO, from EDS (Fig. 2e and Fig. S3t). We
note that the CeO, phase is fully relaxed (data not shown here)
in the ip direction due to the large lattice mismatch with STO
(>1%), and therefore, the ip strain was not considered when
inferring the Ce doping ratio from the op lattice constant. La-
doped CeO, can be regarded as a dilute magnetic oxide but
the magnetization is usually at least two orders of magnitude
lower than in manganites,””®" and hence its contribution to
the overall magnetic signal is insignificant.

It is now important to differentiate the effects of Ce doping
and nanocolumn-induced strain on the electrical and mag-
netic properties. To learn about the Ce doping effect
alone, two reference 100 nm-thick PFs were studied. The

films were deposited using stoichiometric targets of

This journal is © The Royal Society of Chemistry 2020
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Lag g5Ceg.05Bag.1MnO; and LaggCeq1Bag1MnO;. The growth
condition was exactly the same as the nanocomposite and
plain films in Fig. 1. A 100 nm thickness was chosen to elimin-
ate additional epitaxial strain effects from the substrate.

Our result shows that CeO, was observed only in the XRD
scan of the LaggCey:Bay;MnO; film but not present in
Lay g5Ceo.05Bap.1MnO; (data not shown here). Hence, this indi-
cates that the effective Ce doping level in our VAN films is
between 5 and 10%. This is in agreement with the estimated
Ce doping level from the EDS data, which is consistent with
the limited solubility of Ce into the parent LaMnO; phase.®"¢*
On the other hand, the reported solubility of La in CeO, is very
high.”® This explains our observed Ce doping level in LBMO
being lower than the level of La in CeO,.

The R-T curves of the 100 nm PFs (with Ce doping ratio
varying from 0 to 5% and 10%) are shown in Fig. S4a,} and a
110 nm NC is shown in Fig. S4b.f The ~100 nm films show
similar R-T behavior as the ~46 nm films: the metallicity and
Twm (~224 K) is maintained in the PF while the NC remains
insulating.

From Fig. S4a,t it is observed that compared to the LBMO
film with no Ce doping, for Ce doping levels of 5% and 10%,
Tw is reduced by 7 K and 18 K, respectively. T, is also reduced
by a similar amount (data not shown here). Also, the films
become progressively more insulating with Ce doping, i.e. the
resistance increases by an order of magnitude for the 10% Ce
doping ¢f- the undoped PF.

The chemical/structural disorder caused by inhomogeneous
Ce doping in manganites is well-known: it increases the overall
resistance, but the disorder alone cannot well explain the
decrease in Ty/T. that we observe.®*®* We consider Kroger-
Vink® defect equations (ESI S4t) to explain. First, considering
undoped manganite film, cation vacancies exist especially in
the lightly doped region."” This explains the enhanced T, (Ty)
in the PF, i.e. La vacancies in the PF cause an increase in the
Mn**/Mn>*" ratio and hence increase in the Mn**~O-Mn** DE
coupling as compared to bulk. In the Ce-doped films, Ce** (or
Ce"™) substitution of the La vacancy sites reduces the amount
of Mn"", thus suppressing the DE coupling, decreasing both T,
and Ty, and ultimately producing FMI LBMO films. Hence,
the reason that Ce doping increases the resistance and
decreases the Ty (T.) of both the Ce-doped reference PFs in
Fig. S47 and the NC films in Fig. 1c is well understood.

We now consider the vertical strain effect from the nanocol-
umns in the NC films. We observed that the form of R-T
curves of the 100 nm Ce-doped reference PFs are very different
from the 100 nm NC film (Fig. S4f). There is a clear I-M tran-
sition in the former (just as there is in other PFs) but not in
the latter NC. We also note that ferromagnetic 7. of the
100 nm La, gCey 1Ba, ;MnO; (10% Ce doping) reference film is
195 K, which is 14 K higher than the 110 nm NC (7, = 181 K).
These results indicate that Ce doping of the PF reduces the DE
coupling, but does not eliminate it and so the ferromagnetic
insulating properties cannot be achieved by Ce-doping alone.
Hence, vertical strain engineering in the NC films adds a
further structural tuning effect.

Nanoscale, 2020, 12, 9255-9265 | 9259
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To understand the vertical strain effect on the electrical and
magnetic properties of the NC films further, we study how the
strain of the NC films evolves with thickness. The 3D strain
states of the NC and PF were analysed using asymmetric reci-
procal space maps (RSM) around the STO (103) peaks, as well
as symmetric 26-w scans near the STO (003) peaks, as shown
in Fig. 3a-d. Here two thicknesses ~20 nm and ~40 nm were
analysed. The dashed lines in Fig. 3a-d show the trends of the
lattice parameters with film thickness. The XRD data of a
100 nm PF and a 110 nm NC are also shown in Fig. S5 in ESI
S67 to support the analysis.

LBMO PF, around STO (103)

View Article Online

Nanoscale

It is clear from Fig. 3a and c that the PFs contain diffraction
peaks from three phases: two tetragonal phases (A and A’) that
are both ip strained by the STO, as observed by the same Q,
positions in the RSMs of Fig. 3a, although some ip relaxation
is observed in phase A’ at 100 nm thickness (Fig. S5af). The
other phase is a twinning phase, labelled T. A schematic film
structure showing the location of three phases in the PFs is
shown in Fig. 3e. For reasons explained below, we predict that
A lies at substrate surface and is fully strained by it, and A’ lies
above the initial A layer region, while the T phase starts to
appear from a certain thickness (as discussed later). Detailed

LBMO-CeO, NC, around STO (103)

(a) High  (b) High

7.8 738 LBMO (103)
= I 5 3
8 1 H =

B B
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Fig. 3 Asymmetric reciprocal space maps (RSM) around the STO (103) peak for (a) the LBMO plain films (PF) with increasing thickness and (b) the
LBMO-CeO, nanocomposite (NC) films with increasing thickness. Symmetric XRD w—26 scans near the STO (003) peak for (c) the LBMO PF and (d)
the LBMO-CeO, NC films. The blue shadowed area shows the range for the peak positions of reported bulk lattice constants of Lag 9Bag1MnOs. (e)

Illustration of the phase coexistence in the PF. A lighter color corresponds
scale. (f) Illustration of strain tuning in the LBMO-CeO, NC films when
constant.
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to a larger lattice constant. The illustrated thickness regions are not to
thickness is increasing. A lighter color corresponds to a larger lattice
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TEM structural analysis on the 100 nm PF is also provided in
ESI S7.f A boundary of strain variation is found at around
17 nm, as shown in the geometric phase analysis (GPA)
strain mapping in Fig. S7b,7 which indicates the relaxation
from phase A to A'. Besides, diffraction spot splitting is
observed in the SAED patterns in the film part (as shown in
Fig. S7at), which additionally proves the existence of the twin-
ning phase.

Phase A has ip tension to match the STO substrate lattice
parameter (3.905 A), with a corresponding op compression.
Hence, the (003) peak for A is at a higher angle than STO (003)
in the 20-w scan. This phase is likely cation deficient since its
lattice parameter should be <3.905 A, in order to achieve ip
tension. Non-stoichiometry in thin manganites is a well-
known mechanism for strain accommodation.?* Hence, apart
from oxidation-atmosphere-induced cation vacancies as in
bulk samples, strain is an additional driving force for the
cation vacancy formation observed here.

For phase A, the (003) peaks of LBMO are at a lower angle
than STO (003), which would suggest op tension of the A’
phase, at least if it were strained to the STO. This would mean
it had larger lattice parameters than STO, indicating it to be
more stoichiometric than A. It is likely that A’ is stable towards
the upper part of the film and is more stoichiometric because
it doesn’t need to change its stoichiometry so much to accom-
modate the substrate strain. The op lattice parameter of A’
expands rapidly with thickness, and reaches 3.923 A when the
thickness of the PF reaches 100 nm (Fig. S61).

It is noted that a wide lattice parameter (psudocubic) range
for Lay oBay ;MnO; bulk and films has been reported in the lit-
erature, from ~3.88-3.92 A,'"1$°1:66768 and this range is shown
in Fig. 3c and Fig. S5a.} The range is consistent with variations
in cation non-stoichiometry, with a smaller lattice parameter
indicating a greater cation deficiency. The calculated lattice
constants of the PFs range from 3.883 A (A phase) in the
21 nm PF (Fig. 3) to 3.923 A (A’ phase) in the 100 nm PF
(Fig. S5af). This is consistent with the range of lattice para-
meters reported for bulk LBMO, confirming again the suscep-
tibility of LBMO (whether bulk or films) to non-stoichiometry
and structural modulation.

The T phase is characterized by a pair of twinning peaks
(T), which indicates the presence of periodically tilted unit
cells, as indicated in Fig. 3a and Fig. S5a.T Periodic octahedral
tilting of the MnO, octahedra occurs in manganites as an
energy efficient way to accommodate lattice mismatch
strain®’° rather than conventional tetragonal deformation or
stoichiometry change. The T phase is not constrained by the
STO lattice ip, as determined by the Q, peaks for T being at a
different position to the STO peak in the reciprocal space
maps of Fig. 3a. Hence, the T phase is towards the upper
region of the film,”" as we predict A’ to be also.

The fact that the rapidly changing lattice constant of the A’
phase has little influence on the 7. indicates that the T phase
has the most dominant effect on the magnetic and transport
properties of the PFs. The presence of the T phase in all PF
films in the upper region explains the almost constant Ty (7¢)

This journal is © The Royal Society of Chemistry 2020
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with film thickness in the PFs (recall Fig. 1a and c). Extensive
studies have shown that twinning is one mechanism for
partial or total relaxation to the bulk lattice structure® and the
twinning starts to appear above a certain thickness.”"
Therefore, for the PFs studied here, for the same or very
similar levels of relaxation in the T phase, no matter if it is a
partial or total relaxation, the Ty (or T.) will stay almost
constant.

Now we turn to discussing the phases and strain states of
the NC films. From the RSMs and 26-w scans (Fig. 3b and d),
we observe only one homogeneous LBMO phase with a sharp
(103) or (003) X-ray peak, which somewhat overlaps with the
STO (103) or (003) peak. This contrasts to the inhomogeneous
phases observed in the PF.

All the films are ip strained by STO as observed by the same
positions of the centres of the (103) peak Q, values in Fig. 3b.
In the thin NC films (23 nm), similar to the case of phase A in
the PFs, vertical op compression results, as observed by the
shoulder peak on the right hand side of the STO (003) peak,
i.e. at higher 26 in the 23 nm NC in Fig. 3d. The op com-
pression is caused by the epitaxial ip tension induced by the
STO substrate (@ = 3.905 A) on the smaller lattice parameter of
Lago_xCe,Bay ;MnO;. Even though Ce filling of La vacancies
tends to enlarge the LBMO lattice (c = 3.900 A in the 23 nm
NC, as compared to 3.883 A of the A phase in the 21 nm PF),
the lattice is still smaller than the vacancy-free La, oBay;MnO;
bulk (a = 3.92 A), because the Ce”" (n = 3 or 4) has a smaller
ionic radius than La*".>””> With increasing the thickness, i.e.
for the 46 nm film, as observed by the shoulder peak shifting
to the left hand side of the STO (003) peak in Fig. 3(d), the ver-
tical strain state in LBMO is switched from op compression to
op tension. Owing to the vertical clamping of the op lattice
parameters by the CeO, nanocolumns, there is no elastic com-
pensation of strain in the op direction as there is in the phase
A of PFs.

A schematic diagram of the NC film strain state in Fig. 3f
shows the strain tuning of the NC films. We note that for a
>100 nm film thickness, the vertical tension stablizes and satu-
rates (Fig. S5bt) while the ip strain remains the same since it
is controlled by the substrate.

The op lattice parameters of the LBMO phase in the NC
films are extracted by profile fitting of the 20-w scans of
Fig. 3d. The estimated op lattice parameter, ¢, changes from
3.900 A (23 nm) to 3.910 A (46 nm). For the 46 nm film, the op
strain is increased by 0.25% compared to the 23 nm film
where the substrate controls the film strain state. The slight
strain increase is significant for reducing the DE coupling in
lightly doped LBMO, as discussed later.

The strain state in the NC film is very different from the PF
because in the PF a combination of different LBMO phases are
formed for strain relaxation. In the NC film, on the other
hand, vertical epitaxy between the sub-5 nm wide LBMO
regions with the CeO, scaffold locks the strain vertically and
laterally and, very importantly, makes it more uniform. We
also note that the lateral width of the LBMO between the nano-
columns is below the reported minimum size (~20 u.c.) for the
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formation of the twinning domains in manganites,®” and this
therefore precludes their formation.

We now analyse the connection between the strain and
physical properties in the NC films. As discussed above, the
Tcs of the PFs stay at around 212 K, which are higher than the
bulk, owing mainly to non-stoichiometry effects, and we
hypothesise that the T phase lies towards the film surface and
dominates the measured T. (Ty). Here it is not possible to
determine the exact ¢ for the T phase from the 26-e scans,
because the tilting of twin domains prevents accurate measure-
ment of ¢. For the NC films the average LBMO op lattice con-
stant tends to increase with thickness. At the same time, T,
decreases from 201 to 188 K, mirroring the rise in ¢, indicating
that a stretch of the LBMO lattice reduces the DE coupling.
Similarly, a sharp reversible dependence of 7. on c-axis was
shown in previous work via He ion implantation in
La, ,Sry sMnO; thin films.”® Indeed, it is well established that
epitaxial strain in manganites influences the Mn 3d e, electron
orbital occupancy or the Mn-O bond.'*'>?*>7? It is known that
T. in hole doped manganites is determined by DE interactions
which are directly related to the transfer integral between
neighbouring Mn ions through the oxygen bridge.>

In the NC films, ¢ expands with increasing thickness while a
axis remains unchanged, leading to an increase in the c¢/a ratio.
A low c/a ratio (<1) is reported to enhance the electron occu-
pancy of the ip d,._» orbital, which enhances the DE coupling
and induces metallicity in lightly doped LBMO."" A high c/a
ratio, on the other hand, is more favorable to the preferential
occupancy of the dj,._,. orbitals rather than the d,._,. orbitals,
leading to a reduction of the ip DE hopping integral ¢, and to
reduced DE. We recall that a 0.25% op strain increase was
achieved in the 46 nm film compared to the 23 nm film. The
corresponding c/a ratios are 0.999 and 1.001, which explains the
much reduced DE coupling in the 46 nm film.

It is also worth noting that LBMO is fully ip strained by the
STO and hence a tetragonal phase is maintained irrespective
of thickness. If one assumes that the Mn-O bond angle 6 of
the tetragonal phase is unchanged,”® for a constant # with
thickness, the DE hopping integral, ¢, as defined below*’

t o< d*°sinf/2 (1)

will reduce with film thickness because the op bond length, d,
increases. This is also consistent with the reduced DE coupling
in the thicker films.

Previously, independent ¢ and a straining has not been
achieved in lightly doped lanthanum manganites. Also,
uniform straining to induce a single-phase manganite has not
been demonstrated. However, both these factors are critical for
maintaining the FMI properties in thin films. It is clear from
Fig. 3a and c that uniform straining in PFs is not possible
merely via substrate strain engineering as strain relaxation and
multiple phases are formed. As for bulk, mechanical and
chemical pressure engineering of the structures have been
undertaken but both these produce hydrostatic straining.
Neither can be applied to thin films. Also, by those methods ¢
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and a cannot be independently tuned. On the other hand, the
VAN method for straining enables precise tuning of the T. of
LBMO by expanding the ¢ without reducing the a, resulting in
an enhanced c/a ratio, and thus giving a novel way to carefully
tune the DE coupling.

Conclusions

In summary, the problem that ferromagnetic insulating pro-
perties of lightly hole-doped manganite LagoBay;MnO;
(LBMO) cannot be translated from bulk to films has been
addressed in this study. We have shown a way to overcome this
problem via Ce doping of films, giving rise to light Ce doping
of LBMO and creation of a vertically aligned nanocomposite
formed of stiff CeO, nanocolumns. The light Ce doping of the
LBMO ensures filling of intrinsic cation vacancies, so as to
reduce unwanted DE coupling and associated metallicity. The
stiff nanopillars induce a ~0.25% uniform out-of-plane
tension, and prevent strain relaxation of LBMO into different
pseudo-cubic phases. This contrasts to plain LBMO (and other
manganite) films which have the aforementioned problems
and are non-insulating. This is the first time that deliberate
doping from VAN nanopillars has been used. It is also, as far
as known, the first demonstration of the ability to achieve a
single structural phase in manganites, where normally several
pseudo-cubic structures form upon strain relaxation. The work
represents a new way to nanoengineering ferromagnetic insu-
lating properties into manganite films.

Experimental section
Sample preparation

Lag.oBay 1MnO;-CeO, (molar ratio 1:1) nanocomposite films
were grown on single crystalline SrTiO; (001) substrates via a
one-step process using pulsed laser deposition (PLD). A com-
posite PLD target was prepared using a conventional solid-
state sintering: stoichiometric and high-purity La,O3;, Mn,03
and BaO powders were mixed, grounded and sintered at
900 °C for 40 h and then re-ground and pelletized after mixing
with CeO,, followed by an additional sintering at 1100 °C for
9 h. During deposition, the oxygen partial pressure and the
growth temperature were maintained at 0.2 mbar and 720 °C,
respectively. A KrF excimer laser with a 248 nm wavelength was
used. The repetition rate and laser fluency were 1 Hz and 1 ]
em™?, respectively. After deposition, the sample was cooled
down to room temperature under an oxygen pressure of 0.4

atm with a cooling rate of 10 °C min™".

Sample characterization

The structure of the films was characterized with a Panalytical
Empyrean high resolution X-ray diffraction (XRD) system.
Cross-sectional and plain view images of the film were
obtained by high resolution transmission electron microscopy
(HRTEM) FEI TALOS F200X at 200 kV equipped with ultrahigh

This journal is © The Royal Society of Chemistry 2020
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resolution high angle annular dark field detectors and Super-
X™ electron-dispersive X-ray spectroscopy. The samples for the
TEM analysis were obtained through mechanical grinding,
dimpling, and a final ion milling step. Magnetic and transport
property  measurements performed using a
Superconducting Quantum Interference Device (SQUID) mag-
netometer (MPMS, Quantum Design) and a Physical Properties
Measurement System (PPMS, Quantum Design). Platinum elec-
trodes were deposited by DC sputtering for standard four-
probe characterization of the transport properties. X-ray photo-
emission spectroscopy was used to study the valence band of
the films by a monochromatic Al K,; X-ray source (hv = 1486.6
eV) using a SPECS PHOIBOS 150 electron energy analyzer with
a total energy resolution of 500 meV. To prevent charging
effects during the measurements, the samples were grown on
(001) Nb-STO substrates, while all the other samples were
grown on undoped STO substrates.
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