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1 | INTRODUCTION

| Yigian Wang'

| Xuyan Xue' | Guiju Liu' | Huaiwen Yang® |

In this paper the effect of thickness on angular-dependent magnetoresistance
(MR) of Lay;3Sr;3sMnO; (LSMO) thin films grown on SrTiO; is systematically
investigated. In films thinner than 8 nm, we observe an anomalous weak peak in
the MR curves when the magnetic field is parallel to the film surface. In films
thicker than 10 nm, however, the weak peak disappears and a novel MR valley
appears when the magnetic field is perpendicular to the film surface. The weak
peak is thought to be induced by the formation of two-dimensional electron gas
(2DEG) at the interface, which is confirmed by density functional theory calcula-
tions. The disappearance of the peak and appearance of the valley in the films
thicker than 10 nm is associated with the formation of misfit dislocations near the
interface between film and substrate, which are clearly visible in high-resolution
transmission electron microscopy images. Our work could shed significant light

on the influence of film thickness on 2DEG formation.
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insulators, LaAlO5; and SrTiO5; (STO). Recently, the 2DEG
has been found at the interface between Lag;Srg;MnO3

Thin films of the doped perovskite manganites, La; _,Sr,MnOs,
have attracted considerable great attention due to their fascinat-
ing physical properties.'> The transport properties of
La;_,Sr,MnO; films are sensitive to the film thickness and the
lattice strain. For example, it was reported that Lag 7Sty 3MnO3
films switched from metallic to insulating when the film thick-
ness was reduced to 2.3 nm.® In addition, the effect of quantum
interference on the electrical transport properties was observed
in Lag ¢Sty ;MnO; films thinner than 4 nm.’

Ohtomo and Hwang® firstly discovered the conducting
two-dimensional electron gas (2DEG) at the interface of 2

Li and Liu contributed to this work equally.

films and SrTiO; substrate when the film is thinner than
5 nm, whereas it disappears in the 24-nm films.’ It is obvi-
ous that the film thickness has a substantial effect on the
2DEG. However, the critical film thickness for 2DEG dis-
appearance has not yet been reported. As is well known,
the formation of misfit dislocations is closely related to the
film thickness. The lattice misfit at the interface can be
accommodated by elastic deformation when the epitaxial
film is thinner than the critical thickness, while the strain is
relaxed via the formation of misfit dislocations when the
film thickness exceeds a critical value.'® The physical
properties of perovskite manganite films can be strongly
influenced by the formation of misfit dislocations, which
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play an important role in the performance of the films.'''2

Chu et al'® found that misfit dislocations greatly affect the
stability of polarization in ferroelectric perovskites. The
electrical transport in the 2DEG can also be influenced by
the misfit dislocations since the 2DEG is located at the
heterointerface.'* Many investigations on 2DEG have been
reported, both theoretical'>'® and experimental.’**' How-
ever, the reason for the disappearance of the 2DEG in the
case of thick films is not unveiled. In addition, the direct
connection between the misfit dislocations and the proper-
ties of LSMO films is still unclear even though the misfit
dislocations have been extensively studied in the perovskite
manganite films.

In this work we investigate the angular-dependent mag-
netoresistance (MR) of Lay;3Sr;3MnO5/SrTiO; (LSMO/
STO) films with a thickness ranging from 6 to 20 nm.
When the film is thinner than 8 nm, we find an unexpected
weak MR peak with the magnetic field parallel to the film
surface. However, when the film is thicker than 10 nm, this
peak disappears and an anomalous MR valley is observed
with the magnetic field perpendicular to the film surface.
The weak MR peak is assigned to a 2DEG formed at the
LSMO/STO interface resulting from the magnetic recon-
struction, as confirmed by density functional theory calcu-
lations. The appearance of the MR valley in films thicker
than 10 nm is associated with the formation of misfit dislo-
cations near the interface between film and substrate, which
are clearly visible in high-resolution transmission electron
microscopy (HRTEM) images. This work could shed light
on understanding the influence of film thickness on the
2DEG, and more specifically the reason for the disappear-
ance of the 2DEG in thicker films.

2 | EXPERIMENTAL PROCEDURE

La,/3Sr;3MnO5 films with a thickness of 6, 8, 10, 15, and
20 nm were epitaxially grown on (001) STO substrates
(purchased from Hefei Kejing Materials Technology Com-
pany) using pulsed laser deposition (PLD) technique. The
ceramic target was prepared by a solid-state reaction. Dur-
ing the deposition, the substrates were maintained at 750°C
under an oxygen pressure of 50 Pa. The laser wavelength
was 248 nm, the pulse fluency was 1.5 J/cmz, and the
ablation frequency was 1 Hz. After the deposition, all the
films were maintained in an oxygen atmosphere of 30 Pa
for 15 minutes and then naturally cooled down to room
temperature at 30 Pa. The film thickness is determined
from HRTEM images, and the measurement accuracy is
about 0.4 nm.

The angular-dependent magnetotransport (MR) measure-
ments were carried out on the physical property measure-
ment system (PPMS, Quantum Design) equipped with

sample rotation system using Van Der Pauw method. The
MR measurements were performed on the LSMO films
with same thickness grown on different STO substrates to
make sure that the MR results are reproducible. The silver
paste was used as electrical contact in the measurement.
During the measurement, the films were clockwise rotated
in an applied magnetic field (H = 80 kOe) and the rotation
axis was parallel to the sample edge, as shown in Figure 1.
The Dy and 0 denoted the rotational direction and angle of
the film, and the D,; marked the direction of magnetic
field. 8 = 0° and 0 = 90° refer to the magnetic field being
perpendicular and parallel to the interface plane, respec-
tively. Two possible current directions, [100] and [010],
were considered. As no qualitative difference was found
between the 2 in-plane current orientations,’ the [010]
direction was taken in our work.

Specimens for TEM observations were prepared in
cross-sectional orientations ([010] zone axis of the STO
substrate) using conventional techniques of mechanical pol-
ishing and ion thinning. The ion milling was performed
using a Gatan Model 691 precision ion polishing system.
HRTEM examinations were carried out on a JEOL
JEM2100F electron microscope operating at 200 kV. The
film structure was analyzed by X-ray diffraction (Bruker
X-ray diffractometer, A = 1.5406 A). The surface morphol-
ogy of the films was examined by the atomic force micro-
scope (Seiko SPI 3800N) at the ambient conditions.

The density functional theory (DFT) calculations were
implemented in the Cambridge Serial Total Energy Pack-
age (CASTEP), including a Hubbard U term accounting for
the on-site Coulomb interaction. Exchange-correlation inter-
action was described by the local density approximation
(LDA) with the Ceperley-Alder exchange-correlation poten-
tial (CA-PZ) in order to optimize the atomic structures.
account in the

Spin polarization was taken into
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FIGURE 1 The configuration of angular-dependent
magnetotransport measurement [Color figure can be viewed at
wileyonlinelibrary.com]
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calculations. The calculation was performed using ultrasoft
pseudopotential with a 10-eV cut-off energy, and a regular
I'-centered 1 x 1 x 1 k-point mesh in the Brillouin zone.

3 | RESULTS AND DISCUSSION

Figure 2 shows the X-ray diffraction (XRD) patterns of the
LSMO films with different thickness. In Figure 2, the
(002) diffraction peaks of LSMO films and STO substrate
can be clearly seen, indicating that all the films are single
crystalline and epitaxially grown on the STO substrates.
The (002) diffraction peak intensity of LSMO films
increases with the thickness of LSMO films. The surface
roughness of the LSMO films is examined by the atomic
force microscope (AFM) (see Supporting Information). All
the films show a step-featured morphology, indicating that
their surfaces are relatively flat.

Angular magnetoresistance (MR) is a common feature
of ferromagnets due to the anisotropy of spin-dependent
scattering. For the ferromagnetic, it is found that the MR
depends on the angular O between the applied magnetic
field and the electric current. To investigate the effect of
thickness on angular MR, we perform the angular-depen-
dent MR of Lay;Sr;;sMnO3/StTiO3 (LSMO/STO) films
with a thickness ranging from 6 to 20 nm. The thickness
of all the LSMO films is larger than that of the dead layer
(3-5 nm) in LSMO.?? Therefore, the influence of dead lay-
ers on the MR measurement is not considered in our work.

Figure 3 shows the angular MR for LSMO/STO films.
MR is defined as Ry/Ro), where Ry is the resistance at a
magnetic field H and Ry is Ry = o). In the films thinner
than 8 nm, 2 different MR peaks are observed. One is
observed when the magnetic field is perpendicular to the

LSMO (002)

10° STO (002)
6 nm
8 nm
= 10 nm

— 15 nm

T

Intensity ( a. u.)

46.0 46.2 46.4 46.6 46.8 47.0 47.2
20 (degree)
FIGURE 2 XRD patterns of LSMO films with a thickness of 6,

8, 10, 15, and 20 nm. XRD, X-ray diffraction; LSMO,
Lay/3S1;,3MnO; [Color figure can be viewed at wileyonlinelibrary.com]
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film surface, which is called out-of-plane MR peak. The
out-of-plane peak is the standard resistivity maxima occur-
ring for the ferromagnetic manganites.”> The other one
occurs when the magnetic field is parallel to the film sur-
face, which is called in-plane MR peak (pMR). With the
film thickness increasing from 6 to 8 nm, the height of the
pPMR decreases from 0.00479 to 0.00406. When the film
thickness increases to 10 nm, the pMR disappears and an
anomalous MR valley (VMR) is observed with the mag-
netic field perpendicular to the film surface.

Nemes et al® believe that the pMR is produced by the
2DEG forming at the LSMO interface. Through DFT cal-
culations, they revealed that the 2DEG arises from the anti-
ferromagnetic coupling (A-type) between a ferromagnetic
interfacial manganite layer and the rest LSMO. In their
LSMO/STO model used for DFT calculations, La and Sr
cations are arranged in order. As we all know, if La and Sr
cations are arranged in order, it will be reflected as modu-
lated stripes in the HRTEM images.”**> However, in the
HRTEM images of LSMO film as shown in Figure 4, no
modulated stripes are observed. In other words, the Sr and
La cations should be arranged at random in the film. To
reconfirm if A-type coupling still exists at the interface of
the film when the cations are arranged at random, DFT cal-
culations are also performed in our work. In our LSMO/
STO model for the DFT calculations, all the Sr and La
cations are arranged at random and the calculated density
of states (DOS) is shown in Figure 5. The LSMO is half-
metal because its spin-up and spin-down electrons have dif-
ferent nature around the Fermi level. The magnetic
moments of Mn cations from the interface to the film sur-
face are calculated to be —3.4, 3.7, and 4.0 pg, respec-
tively. It is obvious that the spin polarization of Mn is
inverted at the interface. In other words, a manganite layer
exists at the interface antiferromagnetically coupling to the
rest LSMO. Such a manganite layer would be electrically
decoupled as hopping between sites with antiparallel spins
is suppressed in half-metals by virtue of double-exchange
mechanism,?® which leads to the formation of 2DEG at the
interface and finally gives rise to the appearance of pMR.
In our work, the magnetic moments of Mn cations are a lit-
tle higher than those obtained by Nemes et al as the La
and Sr cations are arranged at random in our model.

To explore the influence of different termination layers
on the MR, we also carried out the angular-dependent MR
measurement of the LSMO films on single-crystalline STO
terminated by either SrO or TiO, (see Supporting Informa-
tion). From the MR results, it can be seen that the pMR
still exists. Therefore, it is believed that the termination
layer type of STO substrates does not affect the formation
of the 2DEG.

In addition to the pMR, a novel phenomenon is found
in our work. When the film is thicker than 10 nm, the
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FIGURE 3 Angular MR for LSMO/STO films with a thickness of 6 nm (A), 8 nm (B), 10 nm (C), 15 nm (D), and 20 nm (E) at 2K, 80

kOe. LSMO/STO, La2/3Sr]/3MnO3/SrTiO3

PMR disappears and an anomalous VMR is observed with
the magnetic field perpendicular to the film surface. In this
case, the films are too thick to perform DFT calculations.
Considering that the performance of materials depends on
their microstructure, we carry out extensive HRTEM

examinations of the LSMO/STO interface to clarify the
possible reasons for this phenomenon. The typical cross-
sectional HRTEM images of 6- and 8-nm-thick LSMO/
STO films are shown in the Figures 4 and 6. The interface
between film and substrate is marked by dashed lines. No
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FIGURE 4 Typical cross-sectional HRTEM image of LSMO/
STO with a film thickness of 6 nm. HRTEM, high-resolution
transmission electron microscopy; LSMO/STO, La,/3Sr,3MnO3/
SrTiO;

dislocation can be found near the interface when the film is
thinner than 8 nm. However, as the film thickness increases
to 10 nm, a pure edge dislocation is observed near the
LSMO/STO interface (shown in Figure 7A). To clearly
show this dislocation, a magnified HRTEM image of the
enclosed rectangle in Figure 7A is shown in Figure 7B. In
this image, the extra half atomic plane is clear and the
Burgers vector is determined to be <110>. Figure 7C
shows the one dimensional Fourier-filtered lattice image of
Figure 7B. It is obvious that an extra half plane is verti-
cally inserted. The pure edge dislocation is also observed
in the 20-nm-thick LSMO/STO film (shown in Figure 8).
According to our HRTEM observations, no misfit disloca-
tion is observed in the 6- and 8-nm-thick films, and no
VMR appears. Whereas once the film exceeds 10 nm, the
vMR emerged with the appearance of misfit dislocations.
Thus, we predict that the disappearance of pMR and the
emergence of VMR are associated with the formation of
misfit dislocations. To further verify our prediction, the

— ¢ &

FIGURE 5 LSMO/STO model (left)

for calculation (O atoms are omitted for 0

clarity) and density of states results (right). Interface

The dashed line indicates the position of
the Fermi level. The upper (blue) and lower
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FIGURE 6 Typical cross-sectional HRTEM image of LSMO/
STO with a film thickness of 8 nm. HRTEM, high-resolution
transmission electron microscopy; LSMO/STO,
Lay/3Sr;,3sMnO5/SrTiO;

critical thickness (z.) where a pure edge dislocation existing
in the film can be theoretically calculated using the follow-
ing formula,27

5
tp=-—1—"— |[In| = 1 1
Tl | * )
where b is the Burgers vector (b ~ 2.736), v is the Poisson
ratio (v ~ 0.43), and f is the lattice mismatch. The lattice
mismatch (f) can be calculated using the following
formula,

Ay

f= (“5 — af) x 100% @)

where a, and ay refer to the lattice parameter of the sub-
strate (3.905 A) and film (3.87 A), respectively. f is calcu-
lated to be 0.896%. The f. for the LSMO film is calculated

1 4.0 pg

e

3.7 Ms

DOS (a.u.)

(red) lines represent the majority and STO
N . ) Y o y
minority spin densities, respectively. —
LSMO/STO, LaysSt;sMnO4/SrTiO5 [Color ® 8 4 & g &
figure can be viewed at Energy (EF=0 eV)
Mn Ti

wileyonlinelibrary.com]
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FIGURE 7 A, Cross-sectional
HRTEM image of the LSMO/STO film
with a thickness of 10 nm; B, Burgers
circuit drawn in enlarged HRTEM image of
the region enclosed by a rectangle in (A);
C, Fourier filtered lattice image of (B).
HRTEM, high-resolution transmission
electron microscopy; LSMO/STO, Lay;3Sry/3
MnO3/SrTiO3

FIGURE 8 A, Cross-section HRTEM
image of the LSMO/STO film with a
thickness of 20 nm; B, Burgers circuit
drawn in enlarged HRTEM image of the
region enclosed by a rectangle in (A); C,
Fourier filtered lattice image of (B).
HRTEM, high-resolution transmission
electron microscopy; LSMO/STO, Lay;3Sry/3
MnO3/SrTiO3
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to be 7.27 nm. In other words, the misfit dislocations will
form once the film thicker than 7.27 nm. In the Equa-
tion (1), the kinetics is ignored. So the actual 7. should be
larger than the calculated one and even larger than 8 nm.
Thus, no misfit dislocation is formed in the 6- and 8-nm-
thick LSMO films. The 2DEG forming at the LSMO inter-
face results in the appearance of pMR. However, when the
film thickness exceeds 7.27 nm, the misfit dislocations
begin to generate, which could affect the spin polarization
at the interface and hinder the magnetic reconstruction.
With the increase in the film thickness, the misfit disloca-
tions continue to grow up and the 2DEG gradually disap-
pear. Similar to the previous report,” the pMR peak is not
prominent with increasing film thickness. When the film
thickness increases from 10 to 15 nm, the dominant func-
tion in electronic transport at interface gradually changes
from 2DEG into misfit dislocation. Consequently the pMR
ultimately disappears and the vMR increases. The calcu-
lated critical thickness ¢, is consistent with our experimen-
tal results. Strangely, the vMR becomes indistinct when the
film thickness reaches 20 nm. We deduce that the film will
gradually possess the property of the bulk materials when
it is thick enough. Under this condition, the misfit disloca-
tions have very small impact on the electronic transport at
interface and the vMR would become weak and eventually
disappeared. That is why the vMR can only be observed in
the films that just exceeds the critical thickness.

4 | CONCLUSIONS

In summary, we have investigated the effect of film thickness
on the angular-dependent MR of thin films grown on STO.
When the magnetic field is parallel to the film surface, an
additional weak peak appears in the MR curves of the films
thinner than 8 nm. As revealed by DFT calculations, this
peak signals the formation of 2DEG at the interface which
arises from a magnetic reconstruction. However, this 2DEG
gradually disappears with increasing film thickness. When
the film is thicker than 10 nm, the 2DEG completely disap-
pears and an anomalous VMR simultaneously appears when
the magnetic field is perpendicular to the films surface. Com-
bining HRTEM observations and the calculation of critical
thickness, we demonstrate that the appearance of this valley
is associated with the formation of pure edge dislocations at
the interface.
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