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ABSTRACT

Many ultrathin films of transition-metal oxides exhibit nonmetallic behavior, in contrast to their
metallic bulk counterpart, thus displaying a metal-insulator transition (MIT) as the film thickness
is reduced. The nature of this MIT has been a long-standing issue in the epitaxial oxide research
community. Here we report a study of the processing dependence of the critical thickness (z.) of
MIT and the origin of the insulating phase in Lay;3Sr;3MnO3 (LSMO) films. A ¢ of 3 unit cells is
achieved by minimizing oxygen vacancies under optimal growth conditions, diminishing the
epitaxial strain with a tunable buffer layer, and suppressing surface strain by film capping. The
electrical transport measurements demonstrate that the nonmetallic behavior in LSMO thin films
is an unavoidable result of localization initiated by inherent disorder but amplified by the

reduction in dimensionality.
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Tailoring complex oxides for new functionality by artificial growth with atomic precision is a
forefront area of research in condensed matter physics [1]. By introducing surface [2], interface
[3], strain [4] and reduced dimensionality [5,6], interesting physical properties emerge, which
can be fundamentally different from those exhibited in their corresponding bulk forms. The
interface between two insulating oxides, such as LaAlOs/SrTiOs, exhibits 2D electron gas [7]
and superconductivity [8]. In contrast, many films of metallic oxides, such as SrtVO;[5], LaNiO3
[9,10], STRuO;[11] and La;.,Sr,MnO; [12-18], become nonmetallic in the ground state below a
critical thickness (), thus referred as “dead” layer behavior. In spite of extensive research, the
nature of such a thickness-driven metal-insulator transition (MIT) remains mysterious. In
addition to an intrinsic driving force for the transition, extrinsic factors, such as film crystallinity
and oxygen stoichiometry, also play vital roles in the transition [10,19]. How to avoid or
minimize extrinsic effects and gain insight into the nature of the transition is the goal of this

work.

La,sSr13MnO; (LSMO) is an attractive material for both fundamental physics concepts and
potential technological application because it is a spin-polarized and the most itinerant electron
material with the highest Curie temperature (7¢~ 369 K) among manganites [20]. However, the
spin-polarized and metallic (referred as half-metal) character disappears as the material is
prepared in the thin film form. The (001) oriented LSMO thin films are found to become
insulating below a critical thickness, which depends on substrates and growth conditions [12-18].
Interface electronic reconstruction [17,21], such as orbital ordering, has been proposed to explain

such a thickness-induced MIT. For example, Tebano et al. [17] and Lepetit et al. [21] showed

that the LSMO films grown on SrTiO; (STO) (001) substrates exhibit d_, . orbital ordering at

the interface, thus resulting in nonmetallic behavior in the ultra-thin films. However, Huijben et

al. revealed that there is no formation of such 6132242 orbital ordering even in ultrathin films

down to 3 u.c. thick [16]. Inconsistent values for the critical thickness (%), such as 4.0 nm [14],



3.0 nm [16] and 2.7 nm [17] on STO (001), have been reported by different groups. Such
inconsistence indicates that there must be some extrinsic effects involving in, such as structure
imperfection [19] and oxygen deficiency [22]. The reported values of #. for doped oxide films
like LSMO are also larger than the critical thickness of several undoped metallic oxide films
such as LaNiOs3, SrVOs; and SrRuO; [5,9-11], suggesting that the chemical inhomogeneity or

A-site disorder in LSMO may enhance carrier localization and result in a larger ¢..

In this letter, we report a systematic study of critical thickness ¢, for the MIT of LSMO by
minimizing oxygen vacancies and engineering strain and interface. The minimum ¢, of 3.u.c. for
the MIT transition is achieved for STO-sandwiched LSMO films by diminishing the
substrate-induced strain and surface effects. Through the analysis of low-temperature (7)
electrical transport property and Density-Function Theory (DFT) calculations, we conclude that
the existence of finite experimental minimum ¢, can be attributed to the localization effect which
is induced probably by oxygen vacancies and/or A-site cation disorder. As film thickness is
reduced, the effect of individual vacancy as a defect enhances. Such unavoidable localization

serves as the universal “driving force” for the MIT in many ultrathin oxide films.

Figure la illustrates the lattice structure of ultrathin LSMO films epitaxially grown on STO (001),
a widely used ABOs; perovskite substrate. The LSMO films were grown by ultrahigh
vacuum-pulsed laser deposition. A KrF excimer laser (A = 248 nm) at a repetition rate of 3 Hz
and a laser flounce of ~ 1 J/em® was used. The TiO,-terminated STO (001) substrates [23] were
used. To obtain an oxygen stoichiometry film, a strongly oxidant background gas (O,+2wt%05)
was utilized. During the growth the substrates were maintained at 700 °C. With this condition,
a universal layer-by-layer growth was achieved for different oxidant gas partial pressure (Po)
ranging from 10 Torr to 180 mTorr. The atomically flat LSMO surface and sharp interface
between LSMO/STO were achieved as characterized in the images with both scanning tunneling
microscopy (STM) and scanning transmission electron microscopy (JOEL 2100F-STEM) shown

in Fig. 1b-c. There is no obvious structure defect in our STEM cross-section image (see Fig. 1c)
3



within the LSMO film and at the interface. The step height as shown in Fig. 1b is ~ 0.39 nm
which equals one unit cell thickness. This indicates that the surface layer is identical. A 2D flat
surface is also indicated by the RHEED pattern in inset of Fig. 1b. The surface topography of all

films was also characterized by the RHEED patterns indicating 2D surfaces.

The oxygen stoichiometry was optimized by investigating the effect of oxygen partial pressure
(Po) on the electrical and magnetic properties, which were measured by Physics Properties
Measurement System (PPMS) and Quantum Design Superconducting Quantum Interference
Device (SQUID), respectively. The resistivity was measured by standard four probe method.
Figure 2a shows the 7-dependence of resistivity (p) of LSMO films grown at Po of 130 mTorr
for different film thickness. For thick films, p(7) exhibits a MIT with increasing temperature,
similar to that in the bulk. However, the transition temperature (7yyr), which is defined by the
peak position at dp/dT curve, decreases dramatically with decreasing film thickness. When the
LSMO film is equal to or less than 6 u.c., the ground state of films becomes insulating rather
than metallic seen in the thick films and bulk. Thus the critical thickness 7, = 6 u.c. is obtained

for the films grown at Po = 130 mTorr.

The critical thickness apparently varies with oxygen partial pressure. Figure 2b summarizes the
thickness-dependence of Tyt of the films grown at different Py (from 1 pTorr to 180 mTorr).

Thus ¢, is defined as the onset of the Tyt for a given Po. Note that . decreases and the saturated

Twur (7, 1517 , which is defined as the saturated value with film thickness) increases with increasing

Po until Po > 80 mTorr, indicating strong dependence on oxygen composition. To identify the

saturated Po for minimizing oxygen deficiency, we plot #. and T, as a function of Po in Fig.

2c¢, respectively. As Po = 80 mTorr which referred as the optimized pressure for the growth, the

minimum value of 7, (6 u.c.) is achieved.

There is a crossover thickness range above . before the film fully develops into bulk-like



properties [24], even grown under the optimized oxygen partial pressure. As shown in Fig. 2d for
the films grown at Po = 130 mTorr, Twr, Curie temperature (7¢) (determined from
magnetization measurements) and the electrical conductivity ¢ (¢ = 1/p) measured at 6 K,
increase with increasing thickness and then saturate around 15 u.c. at the values almost equal to
these of the bulk [24]. The existence of such a crossover thickness range (from 7. = 6 u.c. to ~ 15
u.c.) indicates a gradual evolution of the film toward the bulk. Because of the difference in
chemical composition [25] and lattice structure [26], the physical properties near surface and the
interface cannot be the same as the inside of the film. This will result in a difference in overall
film property from the bulk, especially when film is not thick enough. In contrast to the sharp
onsets of Tyt and electrical conductivity, 7 shows a gradual change across #. As shown in Fig.
2d, the 4 and 5 u.c. LSMO films on STO (001) are nonmetallic but exhibit ferromagnetism with
Tc of 170 K and 265 K, respectively. Such decoupled magnetism and transport behavior in
ultrathin films may be related to the localization effects which are important and will be

discussed later.

After optimizing Po, we are able to further investigate the substrate-induced strain effect on #..
We have grown LSMO films on the substrates with different lattice constants under constant Po
= 130 mTorr. A layer-by-layer growth mode was observed for film growth on these substrates.
Figure 3a presents the dependence of the critical thickness on the lattice mismatch of different
substrates to the bulk of LSMO (arsmo = 3.88 A) under pseudo-cubic perovskite structure. It is

obvious that any substrate-induced strain as quantified by the Ilattice mismatch

(e= Lo ~Cuswo w10 ), either compressive such as from LaAlO; (LAO) (001) or tensile one
aLSMO

from DyScOs; (DSO) (110), results in a significant increase of 7. With the smallest lattice

mismatch € = - 0.5% for the film on NdGaOs; (NGO) (110), ¢ decreases to 5 u.c.. Therefore, it is

expected that the minimum ¢, is achieved for a strain-free film.

The thickness and strain effects on magnetization were investigated in an attempt to determine
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the origin of dead layer. The temperature dependent magnetization for different thickness of
LSMO films on STO is shown in Fig. 3b. It is clear that the ferromagnetism is greatly suppressed
with reducing thickness but still survives in ultrathin films (even below f#.), consistent with
previous report from Huijben et al [16]. Therefore, there is clearly decoupling between
ferromagnetism and transport. 7¢ for 6 uc LSMO/STO is still as high as ~ 280 K. The decoupling
of metallicity with ferromagnetism [16] indicates that the electric dead layer is not magnetic in

origin.

Substrate strain dramatically affects the magnetic property in ultrathin LSMO films. A relative
thick 10 uc LSMO film on LAO shows a significant weaker magnetization than that on STO (see
Fig. 3c). The strongly suppression in magnetization of LSMO/LAO is due to the large
compressive strain induced by LAO substrate, which enhances antiferromagnetism in LSMO by

suppressing the double-exchange interactions [16,17]. A compressed strain, which elongates

MnOg octahedron, promotes the e,-d_ , , occupancy thus favors C-type AFM ordering.

To achieve strain-free or the minimum strain condition on LSMO films, we use strained STO

buffer layer grown on NGO (110) substrate before growing LSMO films. Realizing the sequence

of the lattice constant of these three materials, a,,, <a,,, < @4, , W€ are able to tune a proper

thickness of STO buffer layer so that the surface lattice constant of STO layer relaxes toward

a,g0 from a,., of the substrate. Figure 3d shows the resistivity of 5 u.c. LSMO film grown

on different thickness of the STO buffer layers on NGO (110) substrate. While the 5 u.c. LSMO
film on NGO (110) is insulating, the introduction of STO buffer layer induces an insulator to
metal transition when the buffer layer is thicker than 5 u.c.. The transition temperature Tyt
increases with increasing the buffer layer thickness from 5 to 9 u.c., and then decreases above 9
u.c.. Such non-monotonic variation of Tyyr on LSMO film with STO buffer layer thickness can
be understood by the change of lattice strain (or &). Though there is no data on the lattice

constant in the strained STO buffer layer as a function of thickness, our data implies that the 9
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u.c. STO buffer layer on NGO results in the best lattice match (i.e., close to zero
lattice-mismatch) to LSMO films, thus able to convert the 5 u.c. LSMO film to a metallic ground
state. The optimized Tyt of the 5 u.c. LSMO film on 9 u.c. STO buffer layer reaches ~ 252 K.
Similar to that shown in Fig. 2b, T\t quickly drops to zero when thickness is reduced to 4 u.c.,

indicating #. = 4 u.c. in this case.

Strain leads to the enhancement of nonmetallic behavior of LSMO. The tensile strain causes the

flattering of MnOg octahedron and the e,-electron prefers to occupy dx27y2 orbital [16,17,27,28],

thus driving the system to be in an A-type AFM insulating state. The compressed strain, on the

other hand, elongates MnOg octahedron resulting in d,, , orbital ordering that favors the

C-type AFM insulating phase. Now a question is: what is the origin of the finite ¢, even for a
strain-free LSMO film? In an attempt to answer question we have performed first-principles
calculations to study the electronic structure of single monolayer LSMO on STO substrate by
using density functional theory plus on-site Coulomb interaction (DFT+U) approach. The results
are displayed in Fig. 4. The calculations were carried out using the “Vienna ab initio simulation
package” (VASP) code [29]. We used the projector augmented-wave method [30] and the
Perdew-Burke-Ernzerhof functional [31] with kinetic energy 400 eV. The Hubbard U’s acting on
the Ti and Mn 3d states are Ur; =8.0 eV and Uy, =2.0 eV, respectively. DFT+U calculation
reproduces the ferromagnetic and half-metal properties in bulk LSMO [24,32]. To model the
LSMO/STO interface, we adopt the (3x1) slab model as shown in Fig. 4a with inversion
symmetry along the direction normal to the film surface (i.e. out-of-plane direction). Only atoms
in the film are relaxed along the out-of-plane direction until the force is less than 0.05 eV/A with
the (2x6x1) Monkhorst-pack k-point mesh. We employ the (3x7x1) Monkhorst-pack k-point
mesh and 0.1 eV Gaussian smearing to plot the density of states (DOS) shown in Fig. 4b-c. The
orbital-resolved DOS of single unit cell LSMO on STO from the DFT+U calculation is shown in

Fig. 4b-c, where there is a finite density of states at Er and ferromagnetic ordering in single u.c.



LSMO layer, indicating that ferromagnetic metallic ground state is robust against the pure spatial
confinement (thus no dead layer). Defects such as oxygen vacancies are not considered in the
calculations, which could alter the electronic structure near Ey significantly in the ultrathin film

case and explain the experimental observation.

We have further investigated the effect of surface strain on ¢, by capping the LSMO films with
crystalline STO overlayers. It is found that the STO sandwiched LSMO films exhibit a smaller #.
With 2 u.c. STO capping layer, the values of ¢, for all the LSMO films directly grown on STO,
NGO and NGO substrate with STO buffer layer are reduced by one unit cell. Figure 5a shows
that 4 u.c. LSMO film grown on 9 u.c. STO buffered NGO(110) is insulating in the ground state
without capping, but metallic with 2 u.c. STO capping layer. We have grown different thickness
of LSMO films: [(STO),/(LSMO),/(STO)s/NGO] (n = 2, 3, 4, 5) using both capping and buffer
layers, The films show metallic ground state when the LSMO thickness is larger than 3 u.c. (n >
3), as shown in Fig. 5b, For 3 u.c. LSMO, a cross-over non-metal to metal transition can be
observed at ~ 77 K, following a re-entrance of insulating state during cooling down. When n = 2,
the film exhibits insulating in the whole measureable temperature range. Therefore, a minimum
t. = 3 u.c. is achieved by sandwiching LSMO between two STO layers on NGO substrate. The
STO capping effect on #,, which is independent on substrates, indicates that the surface also plays
an important role in physical properties of films. We note that the critical thickness for both
LSMO/NGO and LSMO/STO (2u.c.)/NGO are identical, i.e., 5 u.c., while they have quite
different interface. Therefore, the nature of substrate and capping layer themselves don’t have
strong impact on the dead layer thickness. The most likely explanation is that the STO capping

layer removes the strain present at a free surface [33].

The results discussed above indicate that #. can be reduced by proper growth procedures and by
removing interface/surface strain, but 7, does not go to zero. Coupling this observation with the
fact the calculations indicate that all films should be metallic, the conclusion must be that either

extrinsic factors in the experiment or many-body factors left out of the theory must be considered.
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In fact, we will illustrate with Fig. 6 that both of these phenomena seem to be important. The
unavoidable presence of oxygen vacancies and cation disorder leads to a dimensional
dependence in the transport properties caused by localization. Figure 6 presents the resistance p
versus log(7) for three different film thicknesses for LSMO grown on STO(001) (Fig. 2a). The
curve for 60 u.c. thickness in Fig. 6a shows a slight deviation from metallic behavior at
temperatures below ~10 K, which is also seen in the bulk [24]. The low temperature linear
behavior of the resistivity as a function of log(7) becomes more pronounced as the film becomes
thinner as shown for 7 u.c. thicknesses in Fig. 6b. This linear behavior is a signature of weak
localization [34, 35]. But as the film becomes thinner the resistivity at low temperature deviates
from linear as shown in Fig. 6¢ for 6 u.c. film. The inset in Fig. 6b shows the dependence of the
slope of p versus log(7) as a function of film thickness showing a dramatic change for the films
near %. This data indicates that what is being observed is the change in the effect of localization
with dimensionality [36]. Apparently the signature of weak localization is present down to ~7 u.c.
thickness, with the 6 u.c. film showing very nonlinear behavior in the p vs. log(7) plot. The
resistivity for 5 u.c. or thinner film displays an exponentially thermally activated behavior as
shown in the inset of Fig. 6¢. The slope of this plot gives the thermal activation energy of ~20

meV.

The film with critical thickness of 6 u.c. LSMO on STO(001) cannot be categorized as either
thermal activated or weak localized system. Instead, its transport behaves like variable-range
hopping (VRH) type [34,37]. The low-T resistivity exhibits linear behavior when plotted as In(p)

173

versus 7~ (Fig. 6d), consistent with the Mott’s quasi-two-dimensional (2D) VRH picture with

p = p,exp(T,/T)*. Here the exponent a = 1/3 corresponds to a quasi-two dimensional system

[37]. This implies that there is nonzero density of states (DOS) at the Fermi energy (Ef) (i.e.,
zero energy gap) and the transport relies on hopping [37]. The trend of low-T resistivity behavior
from 7 to 5 u.c. LSMO films clearly indicates an evolution from weak localization to strong

localization with reducing thickness, eventually ending with insulating dead layer.
9



The transition from weak to strong localization is characterized by loffe-Regel limit of resistivity
[34] above which the system is turned into strong localization region. For a 2D system, the
Ioffe-Regel limit is related to sheet resistance of Rig ~ 25 KQ/[J [9,34]. As shown in Fig. 6e, we
can find metallic films with weak localization (Fig. 6a-b) when the resistivity of the LSMO films
on STO(001) is below Ioffe-Regel limit, while above the Ioffe-Regel limit, the films are
nonmetallic. Similar results are observed for the STO sandwiched LSMO films on NGO (110)
(2u.c STO/LSMO,/9 u.c. STO/NGO) where a gradual weak to strong localization is observed
when decreasing the thickness, as shown in Fig. 7a-b. The loffe-Regel limit separates the
metallic films from insulating films (See Fig. 7a). For metallic films, such as STO sandwiched 4
u.c. film, weak localization is observed at low-7 (Fig. 7b). With reducing thickness, the 3 u.c.
film becomes strongly localized and obeys the 2D VRH transport behavior (Inset panel II in Fig.
7b). Further reducing the thickness below critical thickness, thermal activation is observed in 2
u.c. LSMO (Inset panel I in Fig. 7b). Similar transport behavior is also observed for LSMO films
with thickness near ¢, on different substrates, thus indicating a kind of universal evolution in
transport with film thickness. The question to be answered by theory is, can this be explained by
a dimensionality associated with Anderson localization, or does the physics change as the film
becomes thinner. An understanding of the dimensionality-dependent localization would have a

widespread impact of interface physics.

In summary, the nature of the insulating behavior of LSMO films is systematically investigated.
The epitaxial strain, oxygen vacancy, and the surface effect, are found to enhance the nonmetallic
behavior of LSMO films and increase 7. for metal-insulator transition. By minimizing these
effects, an ultimate minimum #. = 3 u.c. is achieved. However, transport measurement indicates
that dimensionally-dependent localization effects prevent the thin films from exhibiting metallic
behavior. These localization effects are induced by A-site disorder and/or oxygen vacancies
which exist in these materials and amplified by the reduced dimensionality.
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Figure 1. Atomically layer-by-layer growth of LSMO on STO (001): (a) Schematic structure
model of a 3 unit cell LSMO on perovskite substrate. (b) Surface morphology of a 10 u.c. LSMO
thin film on Nb-doped STO imaged by STM (Vi = 2V, I;= 300 pA). Inset shows the profile

along the blue line. (c¢) Cross-section STEM image of the LSMO/STO. The film was grown at Po
= 80 mTorr.
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Figure 2. (a) 7-dependence of resistivity of LSMO films grown on STO(001) at oxygen pressure
Po= 130 mTorr for different thickness. (b) Thickness-dependence of Tyt for the LSMO films
grown at different Po. Tvir is determined by the maximum of the first derivative of resistivity

versus temperature (see inset). (¢c) Po-dependence of the critical thickness (z.) for MIT and the
saturated Tyt (7, A‘j,T) of LSMO films. (d) Thickness-dependence of Curie temperature 7¢ (blue),

Twir (black), and conductivity ¢ at 6 K (red) of the LSMO films grown at Po= 130 mTorr.
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Figure 3. (a) Substrate-induced strain dependence of the critical thickness (z.) for MIT in LSMO
films. (b) 7-dependent magnetization of different thickness of LSMO films on STO(001). (c)
T-dependent magnetization of 10 u.c. LSMO film on LAO and STO substrates. All samples were
field cooled at 1 T from 360 K to 2 K along in-plane [100] before measurement and the
magnetization was measured at 150 Oe on warming. (d) Resistivity for a 5 u.c. LSMO film on
NGO (110) substrate as a function of STO buffer layer thickness (see the inset for a schematic

side view of film arrangement).
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Figure 4. (a) The optimized slab model of a single u.c. thickness of LSMO film on STO(001) for
the DFT+U (Uyn = 2.0 eV and Uy = 8.0 eV) calculations. The calculated orbital- and
spin-resolved densities of states for both (b) e, and (c) #,, orbitals. The single layer LSMO film

with ferromagnetic order is subjected to a tensile strain with in-pane lattice constant of 3.905 A,
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Fig. 5 T-dependence of the resistivity for (a) 4 u.c. LSMO grown on a 9 u.c. STO buffered NGO
(110) substrate with and without 2 u.c. STO capping; and (b) the different thickness of LSMO
films grown on a 9 u.c. STO buffered NGO (110) substrate and capped with 2 u.c. STO capping

layer.
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Figure 6. The resistivity versus log(7) for (a) 60, (b) 7 and (c) 6 u.c. LSMO films on STO (001)
in low temperature range. The inset of panel (b) presents the slope () of resistivity vs. log (7) for
different film thickness and the inset of panel (c) shows the log-plot of resistivity as a function of
I/T for 5 u.c. film, where the thermal activation energy (£,) is extracted. (d) Log-plot of
resistivity as a function of 1/7 3 for 6 uc LSMO/STO(001). (e) T-dependence of sheet resistance
for different thickness of LSMO films grown on STO(001). The red dot line indicates the
Ioffe-Regel (IR)-limit for the onset of strong localization. All the films were grown at Po = 130

mTorr.
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Figure 7. (a) T-dependence of sheet resistance for different thickness of LSMO films grown on 9
u.c. STO buffered NGO with 2 uc STO capping layer at oxygen pressure Po= 130 mTorr. The
red dot line indicates the loffe-Regel (IR)-limit for the onset of strong localization. (b) The
corresponding Log-plot of resistivity as a function of 1/T respectively. The inset (I) shows the
low-T zoom-in plot of (I) log(p) vs. 1/T for 2 u.c., (II) log(p) vs. /T for 3 u.c., and (III) P Vs.
log(7) for 4 u.c. film, respectively. All the films were grown at Po = 130 mTorr.
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