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Abstract: Thickness-driven phase transitions have been widely observed in many correlated transition
metal oxides materials. One of the important topics is the thickness-driven metal to insulator
transition in half-metal La; /3511 ;3MnO3 (LSMO) thin films, which has attracted great attention in the
past few decades. In this article, we review research on the nature of the metal-to-insulator (MIT)
transition in LSMO ultrathin films. We discuss in detail the proposed mechanisms, the progress made
up to date, and the key issues existing in understanding the related MIT. We also discuss MIT in other
correlated oxide materials as a comparison that also has some implications for understanding the
origin of MIT.
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1. Introduction

Thanks to the fast development of advanced thin film epitaxial techniques, such as pulsed
laser deposition (PLD) and molecular beam epitaxy (MBE), artificial low-dimensional materials can
be fabricated with thickness that is controlled precisely down to the atomic scale. This provides
unprecedented opportunities to tailor complex oxides for new functionalities by material architecture
with atomic precision [1-3]. By introducing strain [4,5], interface [6,7], broken symmetry [8,9], and
by reducing dimensionality [10], new matter states or novel functionalities have been realized in
oxide heterostructures, which are fundamentally different from those exhibited by their corresponding
bulk forms. Typical examples include the interface-induced multiferroism [11], the polar metal in
geometrically designed nickelate heterostructures [12] and the polarized vortex in PbTiO3/SrTiO3
superlattices [13], etc. It is widely believed that novel phenomena are driven by tailoring the intimate
coupling between spin, charge, orbital, and lattice. Though the underline physics is still too complicated
to fully understand in transition metal oxide heterostructures, thickness variation becomes a very
common and simple approach to induce emergent physical properties. Particularly crucial is when
the layers enter into the ultrathin region, where the thickness is only several unit cells (u.c.) or a few
nanometers. Many phase transitions, such as the metal-to-insulator transition [14-18], ferromagnetism
to anti/paramagnetism [16-19], ferroelectricity to paraelectricity [20], have been found by reducing the
thickness by even just one unit cell, in different kinds of ultrathin perovskite thin films. Besides the rich
fundamental physics, understanding the mechanism of thickness-driven collective phase transitions is
very important for the next-generation miniature electronic devices.

Among these emergent phenomena, the metal-to-insulator transition (MIT) in manganites
La;_4SryMnOs thin films is a highly focused topic. Laj_,SryMnOj exhibits perovskite structure
with corner-shared MnQOg octahedra forming a 3-dimensional network (see Figure 1a). Depending
on the doping level, La;_,Sr,MnQOj has different crystalline symmetry and rich electronic ground
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states, as shown in Figure 1b [21]. Near both end sides of the phase diagram (x < 0.1 & x > 0.5),
an antiferromagnetic insulating phase is found to be the ground state, while it is a ferromagnetic
metal in between states (0.2 < x < 0.5). The most striking properties of La;_,SryMnO; are above
room temperature (Curie temperature) and near 100% spin polarization in x = 1/3 La, /3511 ,;3MnO3
(LSMO) [22,23], which is also often written as the compound Lag75rg3MnO3;. LSMO is the most
itinerant electron material, with the highest Curie temperature (T¢~369 K) among all of the known
manganites [22]. These unique properties make LSMO an extremely interesting material for
technological applications [24,25]. Efforts to obtain high quality epitaxial LSMO films can be traced
back to the 1990s, by magnetron sputtering deposition and PLD [26-30]. The PLD technique was
the key technique for growing LSMO films, and bulk-like properties in LSMO thin films have been
reproduced by PLD, allowing us to fabricate LSMO-based spintronics devices [27-30]. Excellent
device functionalities have been demonstrated in LSMO spintronics devices [24,25,29,30]. Reducing
the thickness of LSMO is crucial for the miniaturization of the device. However, it becomes very
challenging to obtain high-quality ultrathin LSMO films, since the properties of LSMO are greatly
deteriorated when the thickness is reduced down to a few unit cells [31-41]. The LSMO films undergo
a metal to insulator transition with reducing thickness. Furthermore, the magnetic moment and
Curie temperature were also found to decrease with reducing thickness. This layer, where the bulk
functionality is destroyed, is named a “dead” layer in common jargon. It is also found that the magnetic
dead layer is normally thinner than the electric dead layer [18,32,39], indicating the decoupling between
ferromagnetism and metallicity. The existence of this dead layer provides disordered spins in the
tunnel barrier, and hinders its application for the ultimate miniaturization of spintronics devices.
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Figure 1. (a) Schematic structure model of ABO3; perovskite. (b) Phase diagram of La;_,SrxMnOs.
(Figure is adapted from Ref. [21]). The phases are denoted by capital labels: Insulator (I), Metallic (M);
Jahn-Teller distorted (O’), orthorhombic (O), orbital-ordered orthorhombic (O”), rhombohedral (R),
tetragonal (T), monoclinic (Mc), hexagonal (H); paramagnetic (PM) (green); short-range order (SR),
canted (CA), A-type antiferromagnetic: AFM, ferromagnetic (FM), phase-separated (PS).

It has been speculated that this dead layer exists as well in thick films at interfaces, or at
surfaces [40,42—44]. This picture has been confirmed later by newly developed resonant X-ray
reflectivity (RXR) [40,45] and polarized neutron reflectivity (PNR) [42—44], which are able to spatially
resolve the magnetization profile at sub-nm scales. This interfacial dead layer introduces unnecessary
spin-scattering in the magnetic tunneling junction, and degrades the performance of the devices.
Aiming to functionalize the LSMO for practical spintronics applications, tremendous efforts have been
paid to investigate the mechanism of the dead layer.

Two main questions have to be answered. First, what is the minimum thickness of the dead layer?
Second, what is the mechanism behind it? These two questions are actually related to each other.
The answer to the second question should be able to answer the first question. The answer to the first
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question also provides evidence to the second question. From a technological aspect, we would like
to avoid the dead layer. In the aspect of fundamental research, we would like to obtain more insight
into the intrinsic physics of oxide heterostructures. In this review, we try to cover these two questions
by reviewing the closely related research work in the past. In Section 2, we will introduce epitaxial
growth techniques. Then an overview of the research on the dead layer is given in Section 2. More
detailed research on the origin of the dead layer will be discussed in Section 4. In Section 5, we also
briefly describe the dead layer in other correlated perovskite oxides. A future prospective view is
made at the end of this review (Section 6).

2. Epitaxial Growth of LSMO

The LSMO films have been generally grown by PLD. Another technique of oxide-MBE (O-MBE)
has recently been used as well, for LSMO growth. In this review, we will only introduce the growth of
LSMO by PLD systems. A PLD is normally made of a KrF excimer laser; a rotational multiple-target
assembly; a gas flow nozzle; a substrate heater, and Reflection High-Energy Electron Diffraction
(RHEED) (see Figure 2a). The dynamic growth process can be monitored in real time by RHEED.
In order to fabricate the multilayer, a multi-target holder is usually installed. Through choosing
substrates with the proper lattice mismatch, and using the optimized growth condition, a layer-by-layer
growth can be obtained. Since layer-by-layer growth will generate an intensity oscillation in RHEED
diffraction spots, the thickness of the film can be precisely controlled at the unit cell level. Figure 2b
displays a sketch of an oxide thin film on a substrate, where a further layer only starts to form when
the existing surface is fully covered.
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Figure 2. (a) Schematic drawing of a pulsed laser deposition setup. (b) Unit cell control of the synthesis
of a specific ABOj perovskite film (top layer) on a A’B'O3 pervoskite substrate (bottom layer).

The precise control of thickness is in detail illustrated by an example shown in Figure 3. Here,
the LSMO films were grown on TiO,-terminated SrTiO3 (STO) (001) substrates [39]. Figure 3a,b shows
the surface morphology of an as-treated STO substrate and an as-grown LSMO film, by atomic force
microscopy (AFM), indicating an atomically flat surface. The atomically flat surfaces are also indicated
from the 2D feature of RHEED diffraction pattern for both the STO substrate and the LSMO thin
film (see the inset of Figure 3a,b). The real-time tracking of diffraction spot intensity simultaneously
during the growth is shown in Figure 3c. RHEED intensity oscillation was observed for different
oxygen growth partial pressure. One oscillation corresponds to the growth of one unit cell of LSMO.
The observed slower growth rate in higher oxygen pressure is due to the side scattering of the plume
by background gas, which reduces the amount of arriving species on substrates. The thickness can
be controlled by regulating the laser ablation after a certain amount of oscillation. The atomically
sharp interface between LSMO/STO was characterized by scanning transmission electron microscopy
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(STEM), as shown in Figure 3d. There is no obvious structure defect according to the STEM cross-section
image. To understand the nature of the emergent properties at interface and ultrathin films, including
the nature of thickness-driven MIT, it is essential to have atomic precision in both controlling thin
film growth, and characterizing lattice structure and chemical composition using a technique such as
high-resolution STEM.
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Figure 3. Surface morphology of (a) the SrTiO3 substrate and (b) 10 u.c. Lay /3511 ;3MnO3 (LSMO) thin
film imaged by scanning tunneling microscopy. Inset of (a) and (b) show the corresponding Reflection
High-Energy Electron Diffraction (RHEED) pattern. (c) RHEED intensity monitored during growth at
different oxygen partial pressures. (d) Cross-section of a scanning transmission electron microscopy
(STEM) image of the LSMO/STO (TiO,-terminated SrTiO3). Figure is adapted from Ref. [39].

3. The Dead Layer in LSMO

The bulk LSMO is suggested to be half-metal, but the epitaxial LSMO films are found to gradually
become insulating with reducing thickness. A thickness-driven MIT can be found, where above and
below a critical thickness, the film is metallic and insulating, respectively, as shown by an example
of LSMO films grown on STO substrates (Figure 4a) [39]. The insulating LSMO film is defined as the
electrical dead layer. Although there are a lot of reports of the dead layer thickness from different
groups, the exact thickness of the electric dead layer is not conclusive. The thicknesses of electric dead
layer on different substrates reported by different group are listed in Figure 4b. On the same substrate,
for example, STO, quite different thicknesses of dead layer, e.g., 4.0 nm [33], 3.1 nm [18], 2.7 nm [35],
and 2.3 nm [39], have been reported. The reported thicknesses of the dead layer on the LaAlO3; (LAO)
substrate even has a big gap (5 nm [31] vs 12 nm [34,39]). There must be some extrinsic elements
causing the dead layer. For example, with the presence of oxygen deficiency during growth, due to an
oxidizing background that is not strong enough, gas is found to increase the dead layer thickness [39].
The growth condition, e.g., oxygen partial pressure-dependent Sr-segregation near the top surface is
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also expected to vary the actual dead layer thickness [46—49]. Interdiffusion would also play a role in
deteriorating the properties, and contribute to the origin of the dead layer [44,50].
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Figure 4. (a) Temperature-dependent resistivity of different thickness of LSMO thin films grown on
STO (001) substrate. Figure is adapted from Ref. [39]. (b) Reported thicknesses of the dead layer of
LSMO thin films grown on different substrates. ¢ = (agyp — arsmo)/arLsmo-

Although there is big discrepancy about the dead layer thickness reported from different research
groups, a statistical tendency that dead layer thickness is smaller with smaller strain can be observed if
plotting the dead layer thickness as a function of the lattice mismatches, as shown in Figure 4b. This
fact strongly suggests an important role of lattice strain in inducing the dead layer, and a minimum
dead layer thickness will be expected for a non-strained LSMO films. Unfortunately, ideal freestanding
LSMO films cannot be experimentally synthesized, leaving an open question on what is the intrinsic
dead layer that is driven by solely dimensionality effect.

Since the existence of the dead layer can degrade the device performance, and hinder the
miniaturization of the device, it is an important research goal for material science communities to
remove the dead layer. Though the underlying physics for the dead layer is still not fully understood,
research in the past few decades has already revealed the important role of stoichiometry (oxygen
deficiency, cation off-stoichiometry, Sr-segration, interdiffusion), surface broken symmetry-induced
structure and electronic reconstruction, charge transfer, and strain in affecting the dead layer, laying a
frame for engineering, and eliminating the dead layer. A thinner dead layer is expected when those
factors can be mitigated or eliminated. Hereto, an ultrathin dead layer of 3 u.c. was achieved in
STO-sandwiched LSMO grown on NdGaO3 (NGO) (110) substrate by combining the growth condition
optimization, strain reduction, interface engineering, and surface capping [39]. It was found that the
thickness of the dead layer decreased with increasing oxygen pressure [39]. By using high ozone
partial pressure the as background gas during the growth, oxygen deficiency was minimized. The
NGO substrate had a smaller lattice mismatch (—0.5%) with LSMO. The STO buffer layer inserted
between LSMO and NGO plays a role to reduce octahedra tilting via the octahedral coupling effect [40].
The capping layer alleviates/eliminates surface distortion, and restores the surface magnetization, as a
result further reducing the dead layer thickness. These optimization leads to a record of the thinnest
dead layer of only 3 u.c. (1.2 nm) [39]. As shown in Figure 5, the 4 u.c. LSMO film still exhibits very
good metallic behavior, with resistivity of only 1 mQ)-cm at 2 K. For the 3 u.c. film, we can still observe
a MIT at 80 K, though it quickly reenters into insulating phase at 42 K. The MIT at 80 K should be due to
the existence of paramagnetic to ferromagnetic transition, while the low temperature reentrant insulator
phase should be related to the electron localized effect, due to unavoidable disorder. This fact suggests
that the magnetic dead layer should be no more than 2 u.c. Of other thickness-dependent magnetization
measurements [18,40], layer-resolved magnetization [40,43,44] also suggests that the magnetic dead
layer can be as small as a single unit cell. All of these results indicate that the dimensionality effect
plays a minor role for the formation of the dead layer.
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Figure 5. Temperature dependent resistivity of different thicknesses of STO-sandwiched LSMO layers
grown on NdGaOj (110) substrate. Figure is adapted from Ref. [39].

The magnetic dead layer thickness can be resolved by determining the magnetic profile along
the surface normal direction. The magnetic depth profile can be obtained by RXR or PNR [40,42—45].
Figure 6 shows an example of the magnetic profile obtained by RXR [40]. The chemical profile is
shown as well, for comparison. The 6 u.c. LSMO films showed a magnetic dead layer near the top
surface of the LSMO layers, and suppressed magnetization near the interface (see Figure 6a). With
the STO bulffer layer, the interfacial magnetization was restored (see Figure 6b), which should be due
to the reduced structure distortion [40]. However, the surface dead layer still existed. This suggests
that the surface dead layer should be related to surface broken symmetry. However, the surface dead
layer was absent when the sample was capped with STO, both for the buffered and non-buffered
LSMO films (see Figure 6¢,d). The stoichiometry profiles extracted from RXR for both buffered and
non-buffered LSMO films verified their similarities and their sharp chemical contrasts across interfaces.
RXR also revealed a stoichiometric profile from the interface to the bulk region except the top surface.
The variation of the La/Sr stoichiometry near the top surface is probably important for explaining
the role of the capping layer, since the capped samples have a more stoichiometric surface than the
non-capped samples. The enhanced surface structural distortion, as indicated by DFT calculation (see
Supplementary information in Ref. [40]) and experimentally confirmed by surface X-ray diffraction [51],
should play a strong role in inducing a surface dead layer. The STO capping layer can enhance the
surface magnetism by reducing the surface distortion and minimizing the surface off-stoichiometry.

012 F T T T 7] 012 E T T T T 7]
2P =te—c " gm0, (@ 1z " [—=N——2 s10,/L1SMO, (0]
= R —
£ 0.08 0 ——wn 1 §0.08 —Ti La 7
2 - Magnetization g s V1) s VN etization
2004t {1 €004}
s I £
® 0.00 ~i ®© 0.00 N
1 f— 1 1 1 1\“" — '}Tw I
20 0o 20 40 20 0o 20 40
z[A] z(A)

012 F7 T T T T ] 012 7 T T T T ]
z NG |SMO,/STO, (b) 12~ =N ——%25T0,/LSMO,/STO,(d)
008 1 —1a 185008 —7i —T13 ]
20-04 _—Mn e Magn etization ] é 0.04 _—Mn= - Magn etization ]
=] 2
©0.00 X; - @ 0.00 X Y

-20 0 20 40 60 80 -20 0 20 40 60 80
Z[A] z(A)

Figure 6. Stoichiometry and magnetic profiles for different LSMO films with/without STO
buffer/capping layers. The depth profiles of the Ga, Ti, Mn, Nd, La, Sr, O atomic concentration,
and Mn magnetization were measured at 20 K. Reproduced with permission from Liao et al. [40].
Copyright 2017 John Wiley and Sons.
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4. Mechanism of the MIT

Since the existence of dead layers greatly degrade the performance of LSMO-based devices,
tremendous efforts have been paid to investigate the origin of dead layers, leading to deep insight
into the mechanism of the dead layer, from both experimental and theoretical points of view. A lot
of detailed information on lattice distortion, charge distribution, and stoichiometry provide us many
aspects of the LSMO dead layers. Several models have been proposed. The reconstruction of the
Mn eg orbital [34,35,37,52-54], reduced orbital hybridization (bandwidth) [40,47,51], the change of
Mn valence [46-48,53-56] and structure imperfection (defects, disorder) [39,44,50,57] are the four
main proposed mechanisms in the past, which are summarized in Figure 7. Even for a single
proposed mechanism, e.g., the orbital reconstruction, the origin associated with it can be quite
different. The orbital reconstruction can arise from strain-induced octahedral deformation [34,52],
an interface interaction favoring an out-of-plane orbital [37] or a broken symmetry modified orbital
configuration [35,52]. Valence change can be driven by charge transfer due to polar mismatch [55,56],
or chemical reconstruction due to interdiffusion or Sr-segregation [46—49]. The past research on one
hand shows the complexity and diverse variation in LSMO, and on the other hand, it indicates that the
dead layer is a result of cooperative effects from contributions such as strain, off-stoichiometry, and
charge variation.
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Figure 7. Proposed mechanisms for the origin of the dead layer in LSMO thin films.
4.1. Orbital Reconstruction

In bulk LSMO, the orbital is degenerate, and the double exchange is isotropic, leading to 3D
ferromagnetic (FM) ordering. However, either 3z2-r? or x?-y? orbital ordering will lead to strong
anisotropic transfer integral, and thus C-type AFM or A-type antiferromagnetism (AFM) (see Figure 8),
respectively. For epitaxial LSMO films, a common reason to favor orbital reconstruction is the tetragonal
distortion due to strain imposed by substrates. As shown in Figure 8, compressive strain favors the
elongation of the octahedra, while tensile strain will flatten the octahedra, thus leading to the preference
of 3z2-r? or x?-y? orbital occupancy, respectively [58]. No matter whether it is tensile or compressive
strain, the AFM ground state is stabilized with respect to the FM, therefore driving the system to
be an AFM insulator. This is true for LSMO under large degrees of strain, e.g., on LSMO/LAO
with large compressive strain [34], and LSMO/DyScO3 (LSMO/DSO) with large tensile strain [59,60].
Using polarization-dependent (in-plane ¢ and out-of-plane 7r) X-ray absorption (XAS), Tebano et
al. revealed a 3z2-r2 orbital ordering in LSMO/LAO [34]. On the other side, when LSMO is under
large tensile strain, e.g., LSMO/DSO, the x2-y? orbital is more populated [59]. Accompanying the
large orbital polarization, a very thick dead layer of about 10 nm is observed in LSMO/LAO and
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LSMO/DSO [34,39,59]. The metallic behavior in thick LSMO films on LAO or DSO starts to recover
when the strain relaxes in thick films.

Tensile Strain No-strain Compressive Strain

C-AFM FM A-AFM

Figure 8. Orbital reconstruction and induced antiferromagnetic (AFM) ordering, due to
tetragonal distortion.

When the strain is relatively small and other effects start to play a role, discrepancy arises. This
occurs for the LSMO films grown on NdGaO3 (NGO) and STO substrates, where the lattice mismatch
is —0.5% and 0.6%, respectively. Tebano et al. [34] and Lepetit et al. [37] found that the LSMO film
on (001) SrTiO3 substrate will end up with 3z%-r? orbital ordering at the interface. This counters
to the expectation from the tensile strain imposed on LSMO, which flattens the MnOg octahedra
and should favor x?-y? orbital occupation. The unexpected 3z2-r? orbital reconstruction has been
proposed to be caused by interface or surface effects, which become prominent in ultrathin LSMO films.
First-principle theoretical calculations indicates that the MnO,- and (La,Sr)O-terminated surfaces show
strong tendencies to have 3z%-r? and x?-y? orbital reconstructions, respectively [61]. The missing top
apical oxygen for the MnO, termination surface will provide a repulsive potential, and an elongated
Mn-O bond along the surface normal direction, downshifting the 3z%-r? orbital. Regarding the (La,Sr)O
termination, the 3z%-r? orbital will upward-shift due to strengthened pdo hybridization when the
above MnO; layer is missing. This predicted effect of surface termination on orbital polarization has
been confirmed experimentally by Pesquera et al. [52]. In the case of LSMO interfacing empty 3z2-r2
material, the Mn 3z%-r? orbital has a large overlap with the empty 3z%-r? through bridging the oxygen
at the interface, and it favors delocalization into the empty 3z2-r? orbital. Such a mechanism will
lower the Mn 3z%-r? orbital, and therefore enhance 3z2-1? orbital occupation at the interface. This has
been proposed to explain 3z2-r? orbital reconstruction in ultrathin LSMO on STO, and contributes
to the origin of the dead layer [37,62]. Though several reports show 3z2-r? orbital reconstruction,
linear-dichroism (LD) measurements by Huijben et al. revealed different results that the x?-y? orbital
is preferentially occupied without any orbital reconstruction at the interface [18]. Their results show
very similar LD signals between thick films (e.g., 70 u.c.) and ultrathin films (e.g., 5 u.c.). This fact
indicates that the orbital plays a minor role in inducing the dead layer. The proposed interface that
enhanced 3z%-r? orbital reconstruction would also suggest a larger 3z%-r? orbital population and
reduced magnetism for STO capped LSMO, which do not agree with the experimentally observed
reduced dead layer thickness by STO capping [39]. Since the observed orbital polarization in these
LSMO films is very small, another open question then arises for whether this small orbital polarization
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is significant enough to unbalance the competition between double exchange and superexchange, and
practically cause an AFM ground state.

A systematical investigation of the correlation of orbital polarization with magnetic ordering has
been performed on LSMO films grown on NGO (110) substrates [40], as shown in Figure 9. To quantify
the orbital polarization, the Mn x2-y? and 3z2-r? orbitals were preferentially probed by in-plane (o)
and out-of-plane (7) polarized XAS, respectively, at the Mn L, 3 edge (see Figure 9a). The measured
XAS is shown in the top panel of Figure 9b. For different films, their two spectra I(o) and I(7r) all show
slight differences, indicating a small linear dichroism. The X-ray linear dichroism (XLD) is calculated
as the intensity difference between the signals with different polarization (I(c) — I(7r)). As shown in
the bottom panel of Figure 9b, all films exhibited quite similar XLD characteristics, e.g., 6 u.c. LSMO
(noted as Lg)- and 9 u.c. STO-buffered 6 u.c. LSMO (noted as Lg/Sg) on the one hand; L3y and L3y /Sg
on the other hand. By integrating the spectra in the range 649659 eV (around the Mn L, edge), the
area under the XLD peak (ALD) is obtained and plotted as a function of the Curie temperature (T¢) for
different films (see Figure 9c¢). A positive (or negative) ALD indicates a preferential occupation of the
322-12 (or x?-y?) orbital. The ALDs of all different films are within ~1%, indicating a very small orbital
polarization with slightly preferential occupation of the 3z2-r? orbital. Since the XLDs were taken at
300 K, which were well above the T of LSMO films that were thinner than 30 u.c. (Figure 9c), therefore,
the contribution of magnetization to XLD can be ruled out. A change of orbital polarization is not
accompanied by any change of the Curie temperature. Therefore, one can infer that the small degree
of orbital polarization present plays a minor role in magnetic ordering when the lattice mismatch is
relatively small.
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Figure 9. (a), Sketch of the X-ray absorption measurement of 3z2-r> and x?-y? orbital occupations by 7-
and o-polarized X-rays, respectively. (b), Polarized X-ray absorption (XAS) of the L, 3 edge (top panel)
and the corresponding linear dichroism (bottom panel) of different LSMO films with/without the STO
buffer/capping layer. (c), Integrated linear dichroism from 649-659 eV normalized by the (I + 1) for
LSMO films, ALD = (I — Ix)/(Is + Ix) x 100%. All X-ray linear dichroism (XLDs) were measured
at 300 K. Here, S and L in the sample labels denote STO and LSMO, respectively. Reproduced with
permission from Liao et al. [40]. Copyright 2017 John Wiley and Sons.

It is noteworthy that the 6 u.c. LSMO had a smaller orbital polarization than thicker films. This
indicates a competitive action of compressive strain and octahedral tilt on the tetragonal distortions
of the octahedra. Since the Mn-Mn distances in the (110) plane are locked-in by the NGO substrate,
the tilting of the octahedra will increase the Mn-O bond length in the (110) plane, compensating the
effect from compressive strain which tends to elongate the Mn-O bond in the direction normal to the
interface. This effect subsides with increasing thickness, and hence orbital polarization will increase in
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thicker films. With a STO buffer layer, the octahedral tilt disappears in ultrathin LSMO [63], squeezing
the in-plane Mn-O bond, resulting in an increased occupation of the 3z2-r? orbital in Lg/Sy film as
shown in Figure 9c. The STO capping layer is also found to enhance orbital polarization of both the
non-buffered and buffered 6 u.c. LSMO, indicating a bulk-like electronic structure at the surface layer,
which can be connected to the recovery of surface magnetism, as illustrated by RXR (see Figure 6).

4.2. Valence Change

According to the phase diagram of bulk La;_,SryMnOj (see Figure 1b), the ground state strongly
depends on the Sr doping level. The Laj_,S5ryMnQOj is metallic when the doping is in the range
0.2 <x <0.5. There is a narrow range 0.15 < x < 0.2 where the La;_,Sr,MnOj is a ferromagnetic
insulator, making the doping range (0.15 < x< 0.5) for the ferromagnetic ground state a little larger than
that for the metallic phase. The very explicit consequence of the hole doping by Sr is the increasing
valence from Mn3* to Mn®**. This fact may suggest that another mechanism is responsible for the
origin of the dead layer: a change of Mn valence in LSMO. A change of Mn valence can be caused by
different reasons: (I) polar catastrophe-induced charge transfer or oxygen vacancy formation [38,55,56];
(IT) Sr-segregation [46—49]; (III) interface diffusion [44,49,50].

The polar catastrophe model proposed by Boschker et al. [56] is shown in Figure 10. The LSMO
is a polar material with an alternate stacking of charge planes of (La,Sr)0%%” and MnO, *¢’. No
matter grown on SrO-termination STO or TiO, termination STO, a potential is built in from interface
to surface due to polar discontinuity across LSMO/STO interface (see Figure 10a,b). This built-in
potential results in charge instability and certain amount of electrons have to be transferred from
the surface to the interface, to remove the built-in potential. Such mechanism will electron-dope
the interface, and therefore deteriorate the properties. If this is the case, inserting another polar
material (Lag 33519 ¢7TiO3) at the interface (Figure 10c,d); cancelling this effect should have significant
consequences on the transport properties. Indeed, Boschker et al. have demonstrated enhanced
conductivity and magnetization by such interface charge engineering (see Figure 10e,f). For example,
non-interface-engineered (nlE) 6 u.c. LSMO is insulating, but interface-engineered (IE) 6 u.c. LSMO
is metallic.
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Figure 10. Polar catastrophe model of LSMO film on STO. The termination of the STO substrate
is TiO;, in (a,c), and is SrO in (b,d). The black line and green dotted line indicate the electrostatic
potential profile before and after charge transfer, respectively. Comparison of (e) magnetization and (f)
transport properties between non-interface-engineered (nlE) and interface-engineered (IE) LSMO films.
Reproduced with permission from Boschker et al. [56]. Copyright 2012 John Wiley and Sons.

Microscopic investigation of the polar catastrophe model has been done by using atomic resolved
electron energy loss spectra (EELS) performed in a STEM [55]. The layer-resolved valence state was
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obtained for different doping La; _Sr,MnOs (x = 0-0.5) grown on STO. From the valence profile,
Mundy et al. concluded that the enrichment of electrons in LSMO near the interface, and the extra
electrons at the interface, quantitatively agree with the predicted charge (q = (x/2 — 1/2) e™) that is
needed to cancel the polar catastrophe for insulating La; —,SryMnO3;. However, the transfer charge
dramatically drops when La; _,SryMnQOj is metallic, due to the onset of screening effects. For x = 0.3,
the total transfer charge is around 0.1 e™. This fact suggests the overestimation of the charge transfer
due to polar discontinuity, and its effect on LSMO magnetization and transport properties, since the
extra 0.1 e~ that which varies the Mn valence to 3.23" at upper limit is not large enough to move the
LSMO into antiferromagnetic ground state (see Figure 1b). The spreading of the charge in space would
reduce the change of the Mn valence. Different from EELS, in situ photoemission and low energy
electron diffraction measurements suggest another scenario, where spreading oxygen vacancies are
formed near the top surface, and electrons are distributed near the bottom of the interface, which
induces an opposite field to compensate the polar field [38].

Another source of valence change is Sr segregation. The electrostatic interaction will make the
polar surface unstable. However, it can be stabilized by neutralizing the surface, through Sr-segregation.
Sr-segregation will lead to a neutral SrO layer at the surface, and the formation of Mn**, degrading the
LSMO into the G-type antiferromagnetic insulator region. The Sr-segregation has been confirmed by
angle resolved XPS and surface X-ray diffraction [47-49], and is now revisited by STEM [49].

4.3. Orbital Hybridization

While the orbital reconstruction and valence change are the two focused models explaining the
origin of the dead layer, another mechanism of reduced bandwidth-driven metal-to-insulator transition
in ultrathin LSMO has been proposed recently [40]. The role of bandwidth in determining the electronic
ground state in LSMO has been demonstrated long time ago in bulk LSMO [64]. The relation between
the bandwidth and the bond angle can be described by an empirical formula, w %},9)/2 [65].
Here, d is the Mn-O bond length, and 6 is the Mn-O-Mn bond angle. By isovalent substitution of the A
site with different rare earth elements for obtaining different structure distortions while maintaining
the same charge doping level, Garcia-Munoz et al. demonstrated that the T¢ decreases with a reducing
Mn-O-Mn bond angle [64].

For the LSMO thin film, more and more experiments indicate that the octahedra has different
rotation patterns near the interface and away from the interface, due to interfacial oxygen octahedral
coupling (OOC) [40,63,66,67]. The interfacial OOC rearranges the octahedral tilting, to retain oxygen
octahedral connectivity at the interface between two dissimilar perovskite oxides. X-ray diffraction
of LSMO on STO revealed a gradual evolution of the octahedral tilt pattern from the interface,
to a distant interface region [66]. At the LSMO/STO interface, the tilting disappears, and LSMO
becomes a’a’a’ in Glazer notation [68]. Away from STO, the tilt pattern becomes a*ta~c?, and the
tilt angle gradually relaxes. Thanks to the advanced annular bright field (ABF) technique, oxygen
atoms can be spatially resolved in STEM images, allowing us to visualize the octahedral tilt at the
atomic scale. Using the ABF technique, the change of the octahedpral tilt near the interface has been
confirmed microscopically [40,63,67]. One example of the visualization of the octahedra tilt across the
LSMO/NGO interface is shown in Figure 11. A clearly enhanced octahedral tilt of LSMO is observed at
the LSMO/NGO interface. The profile of the tilt angle {3, as shown in Figure 11b, further illustrates the
large degree of tilting near the interface, and the tilting angle gradually increases when further away
from the interface region. With inserting an STO buffer layer to locally engineer the OOC, the tilt in the
LSMO near the interface then can be dramatically reduced (see Figure 11a,b). A direct link between
the bond angle and the ferromagnetic ordering is shown in Figure 11c. For non-STO-buffered LSMO,
Tc is 150 K, which is promoted to 180 K and 250 K by 1 u.c. and 9 u.c. STO bulffer layers, respectively.
This strongly suggests the impact of octahedral tilting, and therefore the orbital hybridization on the
ferromagnetic ordering.
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Figure 11. (a) Inversed annular bright-field STEM images of (left panel) LSMO/NdGaO; (LSMO/NGO),
(middle panel) LSMO/STO (9 u.c.)/NGO and (right panel) LSMO/STO (1 u.c.)/NGO heterostructures.
The connectivity of oxygen octahedra across the interfaces is indicated. (b) Layer-position dependent
mean octahedral tilt angle (§3), together with their standard deviation in LSMO/NGO heterostructures
with and without a STO buffer layer. The data for non-buffered sample is shifted upward by 6° for
clarity. (c) The temperature-dependent saturated magnetization for buffered and non-STO-buffered
LSMO films. All the LSMO films are 6 u.c. thick. Reproduced with permission from Liao et al [40].
Copyright 2017 John Wiley and Sons. Reproduced with permission from Liao et al. [63]. Copyright
2016 Nature Publishing.

Experimentally, the effect of the octahedral tilt on the strength of p-d hybridization is directly
measured by atomically resolved fine-structure changes at the O-K edge in EELS. Figure 12 shows
layer resolved spectra of the O-K edge spectrum taken from the individual layers across a LSMO film
grown on NGO substrate. The pre-edge peak located near 530 eV arises from the mixture of O-2p
and Mn-3d character [69,70]. Getting closer to the LSMO/NGO interface, the pre-peak intensity is
found to be smaller, suggesting weaker O-2p and Mn-3d hybridization at the interface. This smaller
Mn-O orbital hybridization is consistent with the smaller Mn-O-Mn bond angle near the interface.
The change of the orbital hybridization from the bulk region towards the interface agrees well with the
schematic structure profile shown in Figure 12a.

Intensity (a.u.)

Intensity (a.u.)

ol I L °o 7 |0 ° |9_
528 531 534 537

Energy Loss (V)

Figure 12. (a) Schematic view of the evolution of the overlap of Mn-3d orbital with O-2p orbitals across
the interface in the oxide heterostructure. (b) Detailed O-K edge spectra of individual layers from
atomically-resolved electron energy loss spectra (EELS) mapping for a 30 u.c. LSMO film on NGO
substrate. Reproduced with permission from Liao et al. [40]. Copyright 2017 John Wiley and Sons.
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4.4. Anderson Localization Effect

The electric dead layer is normally thicker than the magnetization dead layer. In other words, we
have a ferromagnetic insulator (FMI) phase in ultrathin LSMO. This is not consistent with the double
exchange mechanism which couples the ferromagnetism to metallicity, as in bulk LSMO. Transport
analysis shows that the anomalous FMI phase is due to the Anderson localization effect [39,57,71].
As shown in Figure 13, the temperature-dependent resistivity indicates that LSMO films on STO
gradually evolve from weak localization to strong localization, with reducing thickness. For metallic
film (t > tc), the resistivity linearly depends on Log [T], as shown in Figure 13a,b. This is a strong
signature of the weak localization where enhanced backscattering needs to be considered with the
presence of impurities [72]. While at critical thickness, the transport does not follow the weak
localization behavior (see Figure 13c); instead, the ultrathin critical film follows the Mott’s variable
range hopping (VRH), p = poexp (To/T)" with exponent a = 1/3, as expected in two dimensions (see
Figure 13d) [73]. For thinner films (t < t.), the films enter into the thermal activation region and the
resistivity can be described by an Arrhenius function (o = pge~E/¥T) (see inset in Figure 13c). The
transition from weak to strong localization is characterized by the Ioffe-Regel (IR) limit of resistivity [72]
above which the system is turned into a strong localization region. For a 2D system, the IR limit is
related to the sheet resistance of Rjg ~ 25 K(). As shown in Figure 13e, we can find metallic films
with weak localization when the resistivity of the LSMO films on STO (001) is below the IR limit,
while above the IR limit, the films are nonmetallic. The characteristic transport properties indicate
that the thickness driven metal-nonmetal transition is associated with a 3D metallic state to a 2D
insulating state-dimensional cross-over transition. The carrier localization likely arises from an intrinsic
A-site cation disorder, or/and residual oxygen vacancies [39,57,74]. Suppressed localization effect and
reduced critical thickness have been realized by minimizing the oxygen vacancies concentration [39,57].
Since a perfect crystal is not realistic, this disorder-induced localization serves as the universal driving
force for the MIT in many ultrathin film oxide materials.
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Figure 13. The resistivity versus Log(T) for (a) 60, (b) 7, and (c¢) 6 u.c. LSMO films on STO
(001). The inset in (c) shows the logarithmic plot of resistivity of a function of 1/T for 5 u.c. film.
(d) Logarithmic plot of resistivity as a function of 1/T'/3 for 6 u.c. LSMO. (e) T dependence of the
sheet resistance for different thicknesses of LSMO films. The red dotted line indicates the Ioffe-Regel
(IR) limit for the onset of strong localization. Figure is adapted from Ref. [39].
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4.5. Structure Imperfection

As mentioned above, extrinsic ingredients, such as oxygen vacancies or loss of cations, which
arises from the non-optimal growth process, can vary the dead layer thickness as well. Regarding
PLD growth, the oxygen partial pressure, laser fluence, and growth temperature can play a role in
affecting the film quality. It is well known that insufficient oxidized environment, e.g., low oxygen
partial pressure will lead to oxygen vacancies formation. Besides, the laser fluence is also found to
influence the film quality. By varying the laser spot size while maintaining the laser power to grow
different LSMO/STO superlattices, Kourkoutis et al. demonstrate that extended defects are formed in
LSMO layers and the interfaces between LSMO/STO become more diffuse as the spot size becomes
smaller [50], as shown in Figure 14. More detailed EELS analysis shows that some of the B-sites are
locally filled by Sr atoms, causing the A-site/B-site cation ratio in LSMO to be excess of one in the
cases that samples were grown at high laser fluence (see Figure 14e—g). These excess Sr atoms form
rock-salt-type layers (see Figure 14h). The off-stoichiometry and local impurity phase deteriorate the
magnetization and transport, leading to suppressed magnetization and insulating behavior in ultrathin
LSMO films.

(a) (b

(A

Figure 14. Annular dark field image of the cross-section of (Lag 7Srg3MnQOs3)5/(SrTiO3)5 superlattices
grown at different laser spot size (a) 10.2, (b) 7.5, (¢) 5 and (d) 1.6 mm?. The laser energy during growth
was fixed at 35 mJ. (e—g) are the elemental mapping of (e) Ti, (f) Mn, and (g) La for LSMO grown at a
laser spot size of 1.6 mm?. (h) Simultaneously recorded annular dark field image. Figures are adapted
from Ref. [50].

4.6. Overview of the Mechanism of MIT in LSMO

Many models have been proposed to explain the origin of thickness-driven MIT in LSMO, Though
the debates still remain, the proposed models and related experiment evidences give us quite different
aspects to look into the underlying physics, and imply the cooperative effects on the dead layer.
The extrinsic defects (oxygen vacancies, dislocations, etc.) induced by growth generally destroy the
long range magnetic order, and thus increases the dead layer thickness. The strain, which is heavily
investigated in the past, is another important effect that will degrade the properties especially for
ultrathin films. However, in the situation of small strain, which can only result in minor orbital
reconstruction, the octahedral rotation pattern near the interface modified by interface octahedral
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coupling emerges to be a key ingredient that determines both the magnetic and transport properties.
In terms of a widely observed dead layer in many metallic oxides, as discussed in next section, the
dimensionality effect is also believed to play a vital role, though the pure dimensionality effect is hard
to obtain in real films, due to the unavoidable interface effect, stain, and broken symmetry. More
experimental and theoretical efforts are still required to eventually figure out the origin of the dead
layer. For examples, some dynamic strategies to control the MIT, such as charge modulation by the
external electric field [75,76], may help us to separately understand the individual effects on MIT, and
pave a new path to understand the physics of MIT in LSMO. Developing a method to fabricate a
freestanding ultrathin LSMO is also highly desired in the future, in order to really gain an insight into
the dimensionality effect [77].

5. MIT in Other Correlated ABO3; Thin Films

Besides LSMO, reduced dimensionality-driven MIT has been broadly observed in many other
correlated metal oxides, such as LNO [14,78,79], SrVOj3 (SVO) [15] and SrRuOj3 (SRO) [16], and SrIrO5
(SIO) [80,81]. The dead layer thicknesses of these oxide materials are also quite similar. All the LNO,
SVO, SRO, LSMO, and SIO share the same dead layer thickness of ~3 u.c. This similarity may also
suggest that the dead layer has a common origin. Similar to the capping effect on LSMO [39,40], the
surface capping has been found to decrease the dead layer thickness of both LNO [78] and SRO [82].
The capping layer plays a role in reducing the surface structure distortion [78]. The MIT in LNO
ultrathin films also exhibit dimensional-crossover from weak localization to strong localization [79].
With reducing dimensionality, the electron has shorter scattering path and the Anderson localization
effect becomes stronger, therefore the Anderson localization effect is amplified in ultrathin films.
This unavoidable effect initiated by inherent disorder will prevent the thin films from exhibiting
metallic behavior. Another possible common reason that is responsible for the dead layer may be
the enlarged electron-electron correlation effect with reduced dimensionality. An Increased electron
correlation tends to localize the electron, and induce a Mott insulator state. Though the true mechanism
is still a question, due to the intrinsic complexity in these correlated materials, due to the delicate
coupling between multiple degrees of freedom of spin, charge, orbital, and lattice, the common
dead layer behavior in different correlated oxides strongly implies an important role of the reduced
dimensionality effect.

6. Future Prospect

In summary, a comprehensive study of the dead layer of LSMO reveals the important role of
intimate coupling between lattice, charge, orbital, and spin, in the transport and magnetism of LSMO.
These couplings are sensitive to off-stoichiometry, orbital reconstruction, change of bandwidth, and Mn
valence, leading to suppressed magnetism and insulating ground state. Besides, the disorder-induced
electronic localization, which is amplified by reduced dimensionality, further prevents the ultrathin
film from exhibiting metallic states, setting up an ultrathin limit of the dead layer. However, some
questions or debates still remain. What is the actual physical consequence of the polar catastrophe due
to the polar nature of LSMO? Is it the formation of oxygen vacancies or pure charge transfer? Can the
observed small orbital polarization really can destroy the ferromagnetic ordering, and is it therefore is
vital to induce the dead layer?

The key to understand the properties of the ultrathin films will be advanced techniques that
can probe materials at the atomic scale. Recently developed techniques such as STEM, PNR, and
RXR, which can provide very local lattice, spin, orbital configuration, and electronic structure, may
eventually reveal the origin of the thickness-driven metal-to-insulator transition and the dead layer.
In this regard, we are optimistic to see more breakthroughs in the near-future to understand the dead
layer by atomically resolving all of the orbital, spin, lattice and charge structures in the films.

The understanding and control of the dead layer are also very attractive for technological
applications, such as transistors, memory devices, and sensors. At the verge of the metal-to-insulator
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transition, external stimulation, e.g., the magnetic field, field gating, elastic strain, or pressure, could
switch the ultrathin layers from metal to insulator, or the other way around. A thin film with critical
thickness can be very susceptible to external stimulations, and it therefore serves as a good material
system for fabricating electronic devices. In this regard, more research on the control of the dead layers
should be required.
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