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Effect of Terraces at the Interface on the Structural and Physical Properties of
LagsgSrg.MnOs; Thin Films *
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Zhen-Zhong Yang(##E )1, Hai-Zhong Guo(Zkif )1, Qian Wan(J5%)!, Meng He({iHg)!,
Hui-Bin Lu(& # %), Guo-Zhen Yang(# E )12
! Institute of Physics, Chinese Academy of Sciences, Beijing 100190
2 Collaborative Innovation Center of Quantum Matter, Beijing 100190

(Received 21 March 2016)

Employing atomic force microscopy, transmission electron microscopy and the second harmonic generation tech-
nique, we carefully explore the structural properties of 6-unit-cell-thick Lag.gSro.2MnQOs films grown on SrTiOs
with atomically flat TiO»-terminated terraces on the surface. The results clearly demonstrate that the terraces
on the surface of TiO»-terminated SrTiOs can improve the layer-by-layer epitaxial growth of the manganite films,
which results in uniform film coverage at the beginning of growth and thus reduces the substrate-induced dis-
order at or near the interface. Comparing the magnetic and transport properties of Lag.gSro.2MnQOs films with
the thicknesses varying from 6 unit cells to 80 unit cells grown respectively on as-received SrTiOs and TiO»-
terminated SrTiOs, it is found that these atomically flat terraces on the surface of TiOz-terminated SrTiOs can
greatly enhance the Curie temperature and conductivities of the ultrathin Lag sSro.2MnQOs films with thickness
less than 50 unit cells, while no obvious difference is detected in the magnetic and transport properties of the 80

unit-cell thick films.
PACS: 68.35.Ct, 75.75.—c, 73.63.—b, 68.37.Lp

The perovskite oxide SrTiOs (STO) is a widely
used substrate material for epitaxial growth of func-
tional thin films and nanostructures!? due to the
compatible lattice constants and thermal expansion
coefficients between STO and those oxide materials.!”]
Since STO has a stacked structure with two alterna-
tive kinds of SrO and TiOs perpendicular to the [001]
direction,!**] the as-received STO (001) (A-STO) sub-
strates generally present two types of termination,
namely SrO or TiOs. By chemical etching or other
improved techniques,”%) TiOa-terminated STO (T-
STO) can be obtained with atomically flat and sin-
gle terminated terraces on the surface of T-STO sub-
strate. More interestingly, the surface of T-STO pro-
vides us with an intriguing playground for the appear-
ance of a variety of novel phenomena.l’ "'l A most
famous example is the two-dimensional electron gas
at the interface between LaAlOs (LAO) and T-STO
observed by Ohtomo et alll Therefore, this T-STO
substrate has attracted continuing interest owing to
the technological and scientific importance of the sur-
face.

Meanwhile, the atomically flat terraces on the sur-
face of T-STO also prove to be important for the epi-
taxial growth of high quality manganite films. Recent
research['”l has shown that the metal-insulator tran-
sition (MIT) temperature of Lag7Cap3sMnOs ultra-
thin film is increased by 20K when using T-STO as
opposed to the as-received ones, and that the thick-
ness of the dead layer depends on the smoothness of
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the substrate. However, many related fundamental
issues remain to be uncovered for manganite films
grown on T-STO, such as the atomic structure of
manganite films near the TiOg-terminated terraces,
and whether these atomically flat terraces on the sur-
face of T-STO enhance the magnetic properties and
conductivities of manganite films when the mangan-
ite films become thicker. In this work, we have care-
fully studied the structural properties of the 6-unit-
cell-thick (u.c.) Lag.gSrg.2MnOs (LSMO) film grown
on T-STO. Atomically flat terraces are observed from
the surface topography of the film and the localization
of the interface observed from the transmission elec-
tron microscope (TEM) image shows a unit-cell height
of difference near the TiOo-terminated terrace. In ad-
dition, the second harmonic (SH) measurement reveals
that the surface symmetry of the 6-u.c.-thick film is
consistent with that of the STO substrate. We have
also compared the magnetic and transport properties
of LSMO films with thicknesses varying from 6u.c.
to 80u.c. grown on T-STO and A-STO, respectively.
The result indicates that for the 6-u.c. and 30-u.c.-
thick LSMO films grown on T-STO, both the Curie
temperature 7, and conductivities are much higher
than those grown on A-STO. However, this difference
narrows down and almost disappears when gradually
increasing the thickness of LSMO films from 6 u.c. to
80u.c.

By chemical etching and thermal annealing in oxy-
gen, the high-quality T-STO substrates with atom-
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ically flat and single terminated terraces on the sur-
face are obtained. More details of the treating method
can be found in our early research.l’] Lag gSrgoMO3
films were deposited on (001) cut A-STO and T-STO
substrates by a laser molecular beam epitaxy (Laser-
MBE) system (PASCAL) using a XeCl excimer laser
(wavelength of 308 num, pulse width of 20ns, energy
density of 2.18 J/cm?, repetition of 2Hz). The films
were grown at 930°C and the oxygen partial pressure
was set to 30 Pa. The growth process was monitored
in situ by reflective high-energy electron diffraction
(RHEED) analysis allowing for precise control of the
thickness at the unit cell scale and accurate charac-
terization of the growth dynamics.

The surface morphology of the LSMO films were
recorded by using a commercial atomic force mi-
croscopy (AFM) system (Asylum Research MFP3D).
The atomic structure of the LSMO films was char-
acterized by using an ARM-200CF (JEOL, Tokyo,
Japan) transmission electron microscope (TEM) op-
erated at 200keV and equipped with double spheri-
cal aberration (Cs) correctors. The attainable reso-
lution of the probe defined by the objective pre-field
is 78 pm. In addition, we used the reflected second
harmonic generation (SHG) to probe both the surface
and the interface of the LSMO/STO heterostructures,
and the experimental scheme and detailed descriptions
have been reported in previous research.!'”!
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Fig.1. (a) RHEED oscillations recorded during the

growth of the 6u.c. thick LSMO film grown on T-STO,
and (b) AFM image of the 6 u.c. thick film grown on T-
STO. (¢,d) X-ray diffraction patterns of the 80 u.c. LSMO
film grown on A-STO and on T-STO . The red arrows
point at the diffraction peaks of the LSMO films. The
wavelength of the x-ray is 1.54 A. (e) Synchrotron-based
x-ray diffraction patterns of the 80-u.c.-thick LSMO film
grown on the T-STO. The red arrows point at the diffrac-
tion peaks of the LSMO films. The blue arrows indicate
thickness fringes, showing a coherent interface between the
LSMO film and the substrate, whose distance can be used
to estimate the layer thickness.

The x-ray diffraction (XRD) patterns of all the

LSMO films are obtained by the high resolution
diffractometer (Rigaku, SmartLab, 9kW) equipped
with a Ge (220) x2 monochromator, and the XRD pat-
terns of the 80-u.c.-thick LSMO films grown on A-STO
and T-STO are given in Figs.1(c) and 1(d). Only
diffraction peaks from the substrate and the LSMO
film are observed, confirming that the film is grown
along the c-axis and has a single phase without impu-
rities. We have also obtained the synchrotron-based
XRD (SXRD) patterns of the LSMO films grown on
T-STO by high-resolution Synchrotron x-ray diffrac-
tometry in the BL14B1 beam line of Shanghai Syn-
chrotron Radiation Facility (SSRF), using a 1.24 Ax-
ray with a Huber 5021 six-axis diffractometer. The
SXRD pattern of the 80-u.c.-thick LSMO film grown
on T-STO is shown in Fig. 1(e), and the satellite peaks
located around the main LSMO peaks indicate a per-
fectly coherent interface between the film and the T-
STO substrate.

The magnetization and resistivity measurements
were performed by using a Quantum Design physical
property measurement system (PPMS). The transport
properties were measured in a four-probe configura-
tion in the temperature range of 10-400 K. Platinum
pads were deposited on the films and contacts were
made by attaching platinum wires to the samples by
using silver paste. Magnetic measurements were car-
ried out with the magnetic field applied in plane. Tem-
perature dependence of magnetization for all films was
recorded with a small magnetic field of 200 Oe.

Figure 1(a) shows the RHEED oscillations of the
6-u.c.-thick film grown on T-STO recorded during the
growth process, and the diffraction pattern of the film
(inset of Fig.1(a)) indicates a flat surface. The sur-
face topography of the film is further characterized by
the atomic force microscopy (AFM). As can be seen
in the AFM image of the 6-u.c.-thick film (Fig. 1(b)),
the surface consists of flat steps and terraces with an
averaged width of about 112nm. Therefore, we can
obtain that the miscut angle of the substrate is about
0.06°. The rms roughness is about 300 pm.

—a— On T-STO —e— On A-STO

SH intensity (arb. units)

. . 1 . . 1 . . | . .
0 90 180 270 360
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Fig.2. The comparative SH intensity-dependent mea-
surements on the polarization angle « for the 6-u.c.-thick
LSMO films grown on T-STO and A-STO, respectively.

The surface symmetry of the 6-u.c.-thick LSMO
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film grown on T-STO is investigated by using the opti-
cal reflected second harmonic generation (SHG) tech-
nique. The result is shown in Fig. 2, and the SH inten-
sity of the 6-u.c.-thick film grown on A-STO has also
been recorded for comparison. For the 6-u.c.-thick
film grown on T-STO, the SH intensity dependence
on the polarization angle « indicates that the LSMO
film is with 4mm symmetry, which is consistent with
the surface symmetry of the STO substrate.l'”] This
demonstrates uniform film coverage on the surface of
T-STO. However, for the 6-u.c.-thick film grown on A-
STO, the surface symmetry can be hardly determined
since the SH intensity is rather weak. This means that
the LSMO film grown on A-STO has a rough surface
due to the non-uniform film coverage, and a less sharp
interface compared with that of the film grown on T-
STO. This comparative result illustrates that the ter-
races on the surface of the T-STO substrate can pro-
mote the layer-by-layer epitaxial growth in the initial
growth process.

Fig. 3. (a) HAADF micrograph of the 6-u.c.-thick LSMO
thin film near the step edge taken by an aberration-
corrected STEM. (b) Zoomed image of the rectangular
part in (a) with two blue bars marked with 1 and 2. The
red arrows indicate where the STO/LSMO interface lo-
cates near the step edge. Here (¢) and (d) show intensity
line profiles of the blue bars marked with 1 and 2 in (b).
The different contrasts of La and Sr provide exact chemi-
cal information and localization of the interface indicated
by the red arrows in (c) and (d).

To investigate the atomic structure of the LSMO
film grown on the step-and-terrace surface of the
T-STO substrate, the high-angle annular-dark-field
(HAADF) micrograph of the 6-u.c.-thick film is taken
by using an aberration-corrected STEM (Fig.3(a)).
A row of tightly spaced atoms on the topmost LSMO
layer can be seen in Fig.3(a), with occasional atoms
sticking out from the surface of the film. In the
HAADF micrograph, the brightness is approximately
proportional to Z?2, thus the darker area in Fig.3(a)
corresponds to the STO substrate, and the brighter
one to the LSMO film. The abrupt contrast between
STO and LSMO in Fig. 3(a) shows a well-defined in-
terface marked by the red arrows in Fig.3(a). A
zoomed image of the rectangular part in Fig.3(a) is
presented in Fig.3(b), and the intensity line profiles
of the blue bars marked with 1 and 2 in Fig. 3(b)
is correspondingly presented in Figs.3(c) and 3(d).
The different contrasts of La and Sr provide an ac-
curate localization of the interface indicated by the
red arrows in Figs. 3(a)-3(d). The localization of the

LSMO/T-STO interface marked by the red arrows in
Fig. 3 clearly shows a unit-cell height of difference near
the edge of the TiOs-terminated terrace.
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Fig.4. The temperature dependence of magnetization
(200 Oe, field cooling) of the LSMO films grown on T-
STO (a) and on A-STO (b). (c) The comparative thick-
ness dependence of the Curie temperature 7. for LSMO
films grown on T-STO and A-STO, respectively.

The above results clearly demonstrate that the ter-
races on the surface of T-STO improve the layer-by-
layer epitaxial growth of the ultrathin LSMO films,
which leads to a uniform film coverage at the begin-
ning of growth. Next, to explore the effect of ter-
races at the LSMO/STO interface on the magnetic
properties of LSMO films with various thicknesses,
we have compared the magnetic properties of LSMO
films grown on T-STO and A-STO with the same
thickness. Figures 4(a) and 4(b) show the tempera-
ture dependence of magnetization (200 Oe, field cool-
ing) of LSMO films grown on T-STO and A-STO,
respectively. It can be seen from Fig.4(a) that the
magnetization becomes weaker with decreasing the
temperature below 105K for films grown on T-STO
with thickness larger than 6u.c. film. This phe-
nomenon indicates that the spin of the Mn ions is
slightly canted or some antiferromagnetically coupled
regions appeared in the films below 105 K, which can
be attributed to the cubic-to-tetragonal phase tran-
sition at Tor = 105K in the substrate STO.['*17]
Indeed, recent investigations have reported that the
magnetization of La;_,Sr,MnOg thin films grown on
STO (100) shows distinct changes upon crossing Tcr
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which was triggered by the structural transition occur-
ring in STO.I'">~ %] Moreover, since the doping level of
LSMO films deviates from the optimal doping level
of x = 0.33, the magnetic structure of the LSMO
layer is more sensitive to the tiny structural changes
of the STO substrate.['*] Detailed explanation for this
anomaly in M(T) at 105K can be found in our early
research.['"]

However, no anomaly in M(T) at 105K can be
observed in LSMO films grown on A-STO (Fig. 4(b)).
This is caused by the existence of defects and disorder
at or near the LSMO/A-STO interface which further
distributes throughout the films and thus dominates
the low temperature magnetization of films grown on
A-STO. Therefore, the effect of STO phase transi-
tion at 105K does not play a significant role in the
low-temperature magnetic properties of LSMO films
grown on A-STO.

The thickness-dependent Curie temperature T, of
LSMO films deposited on T-STO and A-STO is shown
in Fig.4(c). Here we define T, as the temperature at
which (dM/dT) reaches the maximum.['”] As can be
seen in Fig.4(c), for films grown on either T-STO or
A-STO, a significant increase in 7, can be detected
when the thickness of the film is increased from 6u.c.
to 30 u.c. For LSMO films grown on T-STO, T of the
30u.c. thick film is increased to 305 K, which is com-
parable to that of the bulk Lag.8Sro.2MnOs,"), and
no obvious changes can be observed in 7, when the
thickness of the film is further increased to 50 or 80 u.c.
Meanwhile T, of the films grown on A-STO shows a
slight increase from 290 to 307 K when the thickness of
the film is increased from 30u.c. to 80 u.c. Moreover,
we can see from Fig. 3(c) that Tt of the 6u.c. thick
film grown on T-STO is about 78 K higher than that
of the 6-u.c.-thick film grown on A-STO, which indi-
cates that the TiOs-terminated terraces on the surface
of T-STO can greatly enhance the magnetic properties
of the ultrathin films. However, the difference in 7
between films of the same thickness grown on T-STO
and A-STO narrows down and disappears when the
thickness is gradually increased to 80 u.c.

The comparative temperature-dependent resistivi-
ties for LSMO films grown on T-STO and A-STO with
various thicknesses are given in Fig.5. An insulator-
metal phase transition is found at 180 K in the 6-u.c.-
thick LSMO film grown on T-STO, while the 6-u.c.-
thick film grown on A-STO is insulating in the whole
temperature range with larger resistivities compared
with that of the film grown on T-STO. This result
indicates that the terraces at the interface can de-
crease the thickness of the dead layer and improve the
conductivities of LSMO films. When the thickness
is increased to 30u.c., both films grown on T-STO
and A-STO display an insulator-metal phase transi-
tion and the difference in resistivities becomes smaller.
When the film thickness is further increased to 50 u.c.
and 80u.c., the difference in resistivities between films

grown on A-STO and that on T-STO gradually dis-
appears.
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Fig.5. (a)-(d) The comparative temperature dependence
of resistivities of the 6 u.c., 30 u.c., 50 u.c. and 80-u.c.-thick
LSMO films grown on T-STO and A-STO, respectively.

The magnetic and electronic measurements both
demonstrate that the TiOs-terminated terraces on the
surface of T-STO substrate can significantly improve
the magnetic and transport properties of the ultrathin
LSMO films, which can be attributed to the following
two aspects. First of all, compared with as-received
STO, the TiOs-terminated STO features a surface
with atomically flat terraces which promote the layer-
by-layer epitaxial growth in the initial growth pro-
cess. This is evidenced by the atomically flat terraces
observed from the surface topography of the 6-u.c.-
thick LSMO film (Fig.1(a)). This layer-by-layer epi-
taxial growth results in a uniform film coverage,”']
thus fewer defects will be induced at or near the in-
terface. Another important reason is that, compared
with A-STO possessing two types of terminations, T-
STO has a single TiOs-terminated surface. When the
LSMO film is deposited on the surface of T-STO, the
MnOs planes grow uniformly on the surface of the
La(Sr)O plane and thus reduces the distortion of oxy-
gen octahedral.l>?] As a result, it enhances the double
exchange interaction in ultrathin LSMO films grown
on T-STO, which improves the magnetic and trans-
port properties.

However, when the LSMO film becomes thicker,
the properties of the film grown on T-STO or A-
STO are less affected by the interface defects and
are enhanced with increasing thickness and become
bulk-like. Then the properties of the LSMO film
remains the same when the thickness is further in-
creased. Therefore, no obvious difference can be seen
in the magnetization and conductivities of the 80-u.c.-
thick LSMO film grown on T-STO and A-STO since
both films display bulk-like properties.

In addition, by studying the surface morphology
of the LSMO films we have found that the film grown
on T-STO gradually deviates from the ideal layer-

076801-4
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by-layer epitaxial growth with increasing the thick-
ness and thus leads to non-uniform film coverage. As
shown in Fig. 6, terraces can be hardly observed from
the surface morphology of the 50-u.c.-thick film grown
on T-STO, and some rather large islands appeared on
the surface of the 80-u.c.-thick film. As a result, dis-
orders such as defects or inhomogeneities are induced
in the films.[*’] However, as can be seen in Fig.4(c),
T, of 50 and 80-u.c.-thick LSMO films has nearly the
same value as that of the 30-u.c.-thick film, which in-
dicates that the properties of the LSMO films with
relatively large thickness are not distinctly affected by
the type of disorder which is induced by non-uniform
film coverage.

(pm) (pm)

—200
—400

—600

—800 [RS8
(pm) (nm)

Fig. 6. (a)-(d) AFM images of LSMO films grown on T-
STO with thicknesses of 6 u.c. (a), 30u.c. (b), 50u.c. (c)
and 80u.c. (d).

In conclusion, our results clearly demonstrate
that the atomically flat terraces on the surface
of TiOs-terminated STO can greatly improve both
the magnetic and transport properties of ultrathin
LSMO films, due to the perfect layer-by-layer epi-
taxial growth in the initial growth process and less
substrate-induced disorder at the LSMO/T-STO in-
terface. However, when the LSMO films become
thicker, the properties of the films are less affected
by the interface defects and gradually become bulk-
like. Therefore, the difference between properties of
the films grown on T-STO and A-STO gradually nar-
rows down and disappears with increasing the thick-
ness. The present work is helpful to understand the

crucial role of atomically flat terraces on the surface of
SrTiOgz in the growth of high quality manganite films,
and similar results can be applied to the growth of
manganite films on other substrates with perovskite
structure.
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