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ABSTRACT: Structural and magnetic properties of the LaCoO;/SrTiO; (LCO/STO)
multilayers (MLs) with a fixed STO layer of 4 nm but varied LCO layer thicknesses have
been systematically studied. The MLs grown on Sry;Lag3Al; 6sTag3505 (LSAT) and SrTiO4
(STO) exhibit the in-plane lattice constant of the substrates, but those on LaAlO; (LAO)
show the in-plane lattice constant between those of the first two kinds of MLs. Compared
with the LCO single layer (SL), the magnetic order of the MLs is significantly enhanced, as
demonstrated by a very slow decrease, which is fast for the SL, of the Curie temperature and
the saturation magnetization as the LCO layer thickness decreases. For example, clear
ferromagnetic order is observed in the ML with the LCO layer of ~1.5 nm, whereas it
vanishes below ~6 nm for the LCO SL. This result is consistent with the observation that the
dark stripes, which are believed to be closely related to the magnetic order, remain clear in
the MLs while they are vague in the corresponding LCO SL. The present work suggests a
novel route to tune the magnetism of perovskite oxide films.
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1. INTRODUCTION

Epitaxial strain in perovskite oxide thin films induced by film—
substrate lattice mismatch can affect many physical proprieties,
such as electronic structure, conductivity, magnetism, and
ferroelectricity.' ~ In particular, unexpected physical phenom-
ena which are absent in bulk counterparts can be induced by
lattice strain in thin films. LaCoO; (LCO) is an interesting
perovskite oxide, for which tensile strains cause a ferromagnetic
(FM) order below ~80 K°~° though bulk LCO is nonmagnetic
at low temperatures.'°~" As well documented, the spin state of
Co®" ions is susceptible to structural deformation because of
the similar energies of crystal-field splitting and Hund’s
coupling, and tensile strain causes a low-spin (LS) to high-
spin (HS) state transition for parts of the Co®" ions. By
adjusting the degree of the tensile strains of the LCO films,
both the Curie temperature (T) and the saturation magnet-
ization (M) can be tuned in a wide range.” On the basis of the
transmission electron microscope (TEM) observation, Lee et
al."* observed lattice modulation (dark stripes) in tensile LCO
films, and believed that they are the origin of magnetism. This
conclusion is consistent with the results of ab initio
calculations."® However, Biskup et al.'® declared that oxygen
vacancy superstructure will be formed in the LCO films, which
is responsible for the FM order. Recently, Lan et al.'’
established a close relation between saturation magnetization
and the density of dark stripes in the La;_,Sr,CoO; films,
suggesting the importance of lattice modulation on FM order
rather than oxygen vacancy. There are also suggestions that
both oxygen vacancy and lattice strain are indispensable for
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magnetism.'® Recently, we found that the combined effects of
Sr-doping and lattice strains can even produce a nonmagnetic
window, due to the suppression of superexchange by Sr-
doping."” Although these opinions on the FM origin are
controversial, lattice strains is no doubt an important factor
affecting the magnetic properties of the LCO.

In general, lattice strain will be different in the LCO films
when film thickness is different, and considerable lattice
relaxation will occur in thick films, leading to a magnetic
degeneration.lg’19 However, large unreleased strain can be
achieved in epitaxial MLs.”’">* In addition to this, interlayer
coupling can also be introduced to the MLs, expandin§ the
space for material exploration.”” > As recently reported,” a d-
orbit reconstruction from the tgg_‘seg state to the 5 state has
been induced by the decrease in dimensionality for the LCO/
LaAlO; (LAO) multilayers grown on NdGaOs.

In this paper, we performed a systematic study on the
structural and magnetic properties of LCO/STO MLs grown
on different substrates, where each LCO layer is sandwiched
between two STO layers to be fully strained. We found that the
magnetic order of the MLs is enhanced considerably compared
with corresponding LCO single layer (SL). For example, the
magnetization vanishes when film thickness is below ~6 nm for
a LCO SL grown on STO, whereas it remains significant down
to the layer thickness of ~1.5 nm for the LCO in MLs. This
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result is consistent with our TEM analysis, according to which
lattice modulation is significant in the MLs while it becomes
vague in thin LCO films.

2. EXPERIMENTAL SECTION

Multilayers comprising alternatively stacked LCO and STO layers
were grown, by the pulsed laser ablation technique from ceramic
targets, on (100)-orientated LAO, Sry;Lag3Aly6sTag3505 (LSAT), and
STO substrates (3 X § X 0.5 mm®). During the deposition, the
substrate temperature was maintained at 750 °C and the oxygen
pressure was fixed to SO Pa. After deposition, the samples were
furnace-cooled to room temperature in an oxygen atmosphere of 100
Pa. The layer thickness of LCO was set to a value between d = 1.4 and
9.8 nm, while the STO layer thickness was fixed to 4 nm. The total
thickness of the multilayer is t = 4(n + 1) + nd in the unit of
nanometer, where n and n + 1 are the numbers of the STO and LCO
layers, respectively. In this work, n has been set to 3, 4, 6, 7, and 9,
corresponding to the LCO layer thickness of d = 9.8, 7, 4.2, 2.8, and
1.4 nm, respectively. Here n and d were chosen so that the total
thickness of the MLs varies around 50 nm. Hereafter, the MLs will be
denoted as LCO(d)/STO.

Surface morphology of the MLs was measured by atomic force
microscope (AFM, SPI 3800N, Seiko). Crystal structure of the films
was analyzed at room temperature by a Bruker diffractometer (D8
Discover, Cu Ka radiation). Lattice images were acquired by a high-
resolution aberration-corrected scanning TEM with double Cg
correctors for the condenser lens and objective lens (STEM, JEM-
ARM200F). Magnetic measurements were conducted by a super-
conducting quantum interference device (VSM-SQUID) magneto-
meter.

3. RESULTS AND DISCUSSION

Figure la is a schematic diagram of the LCO/STO MLs. The
LCO and STO layers are alternatively stacked, with the bottom
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Figure 1. (a) Schematic picture of the stacking order of LCO and
STO in the multilayer films. (b) AFM image for 2n + 1 = 13, d = 4.2
nm on STO. Image size is 1 yum X 1 ym. (c) X-ray diffraction 6—20
scan around the LaCoO; (002) reflection.

and the top layers being LCO. Figure 1b shows the topography
for the typical ML of LCO(d)/STO grown on STO (d = 4.2
nm). Terrace-structured surface morphology, with a step height
of ~4 A, can be clearly seen, indicating a layer-by-layer growth
of the film. Figure lc presents the representative X-ray
diffraction spectra for selected MLs. The clear satellite peaks
around the main (002) peak are a typical feature of the MLs.
The appearance of the satellite peaks with the indices up to 3
reveals the high quality of the MLs. Satellite peaks are also
observed in the MLs on LAO, though the film—substrate lattice
mismatch is large in this case.
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According to the schematic diagram in Figure 2a, the lattice
mismatches between LCO and LAO, LSAT, and STO can be
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Figure 2. (a) Schematic diagram comparing the lattice constants of
LCO and LAO, LSAT, and STO. Reciprocal space map of the (103)
reflection for the LCO/STO films with d = 7 nm on LAO (b), and d =
4.2 nm on LAO (c), LSAT (d), and STO (e).

calculated, and they are —0.73%, 1.05%, and 2.23%,
respectively. This implies that the lattice strain is compressive
for the LCO films above LAO and tensile above LSAT and
STO. To get the information on in-plane lattice constants, the
reciprocal space mapping (RSM) of the (103) reflection is
measured. Figures 2¢, d, and e show the typical results of the
LCO(d)/STO MLs with d = 4.2 nm, grown on LAO, LSAT,
and STO, respectively. As expected, clear satellite peaks are
observed besides the main (103) reflection. Remarkably, the
diffraction peaks of the two MLs on LSAT and STO align
vertically with those of the substrates, indicating exactly the
same in-plane lattice constant for the film with substrates. In
contrast, the reflections of the MLs above LAO display an
obvious misalignment with those of the substrate, right-shifting
along x-axis. Further analysis shows that the in-plane lattice
parameter is ~3.886 A, significantly greater than that of LAO.
Obviously, due to large lattice mismatch, the LCO(d)/STO
ML on LAO takes a lattice constant close to STO instead of
LAO. However, by increasing the LCO layer up to 7 nm, the
multilayer on LAO demonstrates a RSM with graded relaxation,
without satellite peaks (Figure 2b). The average in-plane lattice
constant remains compressive, and the average out-of-plane
lattice constant is close to LAO. This coincides with the
previous XRD spectrum.
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From the RSM of the MLs, the average in-plane (a) and out-
of-plane (c) lattice parameters can be deduced, and are
presented in Figure 3 as functions of the layer thickness of
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Figure 3. Out-of-plane (a) and in-plane (b) lattice parameters as
functions of d, deduced from the RSM.

LCO. ¢ exhibits a monotonic increase with the decrease of the
layer thickness of LCO, approaching the values of 3.90, 3.91,
and 3.93 A as d = 0, for the MLs on STO, LSAT, and LAO,
respectively. All the MLs on LSAT and STO are fully strained,
showing the same in-plane lattice parameters with substrates.
This implies a tensile strain in the LCO layer. However, strain
relaxation takes place for the MLs on LAO when d < 4.2 nm.
Possibly, the large lattice mismatch between STO and LAO
causes an incoherent film growth when the LCO layer is thin
(in this case the film MLs are mainly composed of STO): misfit
dislocations could be formed in the STO layer™ and the strain
is fully relaxed, resulting in an in-plane lattice parameter
considerably larger than that of LAO. However, when d exceeds
7 nm, in-plane lattice constant of the MLs falls abruptly and the
out-of-plane lattice constant rises abnormally. In the meantime,
a diffusive diffraction peak appears in the RSM, and the satellite
peaks disappear (Figure 2b). A possible explanation is that the
in-plane lattice shrinks when LCO is thick, leading to gradient
strain relaxations.

As reported, dark stripes perpendicular to interface will
appear in tensile LCO films, accompanying the occurrence of
FEM order."" ™" To obtain further information about lattice
strains and microscopic structure of the MLs, a STEM analysis
of the MLs has been performed. Figure 4a shows high-angle

annular dark field (HAADF) images of the cross section of the
LCO(7)/STO MLs grown on STO. From these images it is
confirmed that the LCO and STO layers are continuous and
flat. Figure 4b is a close view of the HAADF image near the
middle of the MLs. The bright and dark regions correspond to
LCO and STO, respectively. Dark stripes perpendicular to
interface are observed in the LCO layer, appearing every other
three or four columns. The longest stripes are only 2—3 unit
cells away from the interface, similar to what is observed in
thick LCO SLs. As shown in Figure 4b, dark stripes exhibit a
large in-plane lattice constant. This explains why they prefer to
appear in tensile LCO films. However, for a thin LCO single
film that has the same thickness as the LCO layer in the MLs,
structural modulation is not obvious, and dark stripes are nearly
invisible (Figure 4c). In a thin LCO film grown on STO
structural modulation is depressed since the film is fully
strained. In the MLs, the LCO and STO layers are intercalated
in sequence. In this case, interlayer diffusion and interfacial
roughness are inevitable, as evidenced by the HAADF image
(Figure 4b) and the results of electron energy loss spectroscopy
(EELS) analysis (not shown). As a consequence, the LCO layer
may be not uniformly strained, resulting in dark stripes with
large unit cells even when the LCO layer is thin. We also
observed dark stripes in the MLs on LAO, though these stripes
are parallel to interface (Supporting Information Figure S1).
This is understandable since the compressive strains in this kind
of MLs make the out-of-plane lattice constant expanded.

To reveal the relation between lattice strain and magnetism,
the magnetization of the LCO SL and the MLs was measured.
In Figure 5a we show the magnetization of the LCO/STO films
as a function of temperature (M—T), measured in the field-
cooling mode under an applied field of 0.05 T. The magnetic
field-dependent magnetizations (M—H) measured at 10 K are
shown in Figure 5b. The tensile LCO films are in the FM state
at low temperatures, similar to previous reports.””*'*'> With
the decrease of film thickness, the FM order is weakened.
These are phenomena similar to those observed in manganite
films.”"** Lattice strains and defects at interface/surface depress
the magnetic exchange between magnetic ions. According to
Figure Sc, both the Curie temperature and saturation
magnetization vary slightly as film thickness changes from 50
to 10 nm, but drop rapidly for further decrease in film
thickness. By extrapolating the M,—d relation to M, — 0, a
magnetic dead layer can be deduced, and it is ~5 nm in
thickness for the LCO SLs (inset in Figure Sc). As well
established, in the tensile LCO films, the magnetic interaction is
the superexchange between the HS—LS—HS Co®" ions via
intermediate oxygen anions. In ultrathin LCO films, the dark
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Figure 4. (a) and (b) High-angle annular dark-field (HAADF) image of the LCO/STO multilayers on STO with d = 7 nm. (c) HAADF image of a 7
nm-thick LCO film on STO. Periodical dark stripes perpendicular to interface can be clearly seen in the LCO/STO multilayers but cannot in the

LCO single layer.

DOI: 10.1021/acsami.6b03756
ACS Appl. Mater. Interfaces 2016, 8, 18328—18333


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03756/suppl_file/am6b03756_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b03756

ACS Applied Materials & Interfaces

Research Article

(a) (b)

1.0 T T
T |
Single layer on STO 80 | 0.8
/a o~ —g———— : ~_
QO 03t —— d=5.6nm 05 X 8
~ —— d=6.4nm .
o ] L
Z d=gnm s 8oL Jos 2
c —— d=13.6nm © c
.g 0.2} . d=20nm 0.0 o} 40 5
© ——— d=50nm ' = 1047
N IS S
E H=0.05T 9 20 3
011 ) [ C
§ -0.5 g H0.2 g
O 06 6 7 8 =
d (nm
0.0t : ; 1.0 . ) \ ) (nm) 0.0
50 100 150 -4 -2 0 2 4 10

Temperture (K)

Magnetic field (T)

Thickness (nm)

Figure S. (a) Temperature-dependent magnetization of the LCO single layer film on STO, recorded in the warming process after field cooling the
films to 10 K. The applied field is 0.05 T (b). Isothermal magnetizations of the film, recorded at 10 K. (c) Curie temperature and saturation
magnetization as a function of d, extracted from the M—T and M—H curves in (a) and (b), respectively. Inset plot shows the saturation
magnetization as a function of layer thickness of LCO in the MLs. Arrow indicates the thickness of magnetic dead layer.

stripes are not clear, which means a low content of HS Co®*
ions. As a result, the magnetic exchange is weakened.

In Figure 6a we show the typical magnetization of the MLs as
a function of temperature, also measured in the field-cooling
mode with a field of 0.05 T. Figure 6b shows the magnetic field-
dependent magnetizations measured at 10 K. At first glance,
both the M—T and M—H curves of the MLs are very similar to
those of the LCO SLs: the magnetic order weakens gradually
with the decrease of the LCO layer thickness. However, a
careful analysis reveals the difference between the MLs and the
LCO SLs. As shown in Figures 6¢ and d, either the Curie
temperature or the saturation magnetization is obviously larger
for the former than for the latter when the layer thickness of
LCO is similar. For example, the T can be clearly identified for
the MLs with the LCO layer down to 14 nm, whereas it
disappears below 5.6 nm for the LCO SL (Figure 6e). Also, the
Ms—d curves of the MLs show a left shift compared with those
of the LCO SL, i.e., the FM order persists when the LCO layer
is ultrathin for the MLs (Figure 6f). The difference of the MLs
and LCO SLs has been highlighted by green in Figures 6e and f.
Different from the SLs, the compressive LCO/STO ML grown
on LAO exhibits the typical FM behavior. For d = 9.7 252 nm
film, the saturation magnetization is 0.44 yiz/Co. This value is
much larger than that of the SL on LAO. This change in Ms is
closely related to the variation in lattice constant c.

To trace the effect of the STO interlayer, we also studied the
magnetic behaviors of the MLs with a STO layer of 1 nm but
different LCO layers. In Figure 7 we summarize the saturation
magnetization, deduced from the magnetic field dependence of
the magnetization, for the LCO(d)/STO(4), LCO(d)/STO(1)
MLs, and the LCO SLs. Interestingly, the LCO(d)/STO(1)
MLs display the highest Mg while the LCO SL shows the
lowest M. This means that a STO interlayer of 1 nm is enough
to enhance the FM order in the MLs. A simple analysis shows
that the magnetic dead layer is absent in LCO(d)/STO(1) and
~0.5 nm in the LCO(d)/STO(4), which is much thinner than
that in the LCO SL (~5 nm).

Different from the SLs, the compressive LCO/STO ML
grown on LAO exhibits the typical FM behavior. For d = 9.7
nm film, the saturation moment Ms is 0.44 p5/Co. This value is
much larger than that of the SL on LAO. This changing in Ms
is closely related to the changing in lattice constant c.

There are two possible origins for the enhanced magnetism
in the MLs. The first one is the full lattice strains maintained by
the STO interlayer. According to our experiments, obvious
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Figure 6. (a) Temperature-dependent magnetizations and (b)
isothermal magnetizations of the multilayers and single-layer LCO
films, measured in the field-cooling mode under an applied field of
0.05 T for (a) and at a temperature of 10 K for (b). (c) Comparison of
the M—T relation for the LCO single layer and the LCO/STO
multilayer. Arrows here indicate the determination of the Curie
temperature. (d) Corresponding M—H curves for the above two
samples, measured at the temperature of 10 K. The data in (c) and (d)
show the magnetic enhancement for the ML. Curie temperature (e)
and saturation magnetization (f) as functions of the layer thickness of
LCO (d) in the LCO/STO multilayers, extracted from the M—T and
M—H curves, respectively. The T and M for the LCO single layer are
also presented for comparison.
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Figure 7. Saturation magnetizations as functions of the layer thickness
of LCO in the LCO/STO multilayers with the STO layer thickness of
0, 1, and 4 nm, respectively. Solid lines are guides for the eye. Arrow
marks the dead layer for one set of the MLs.

strain relaxation occurs when layer thickness is above 40 nm for
tensile LCO films. Although the thickness of the MLs studied
here varies from 45.4 to 53.2 nm, the total thickness of the
LCO layer in the MLs ranges from 12.6 to 29.4 nm. This means
that the large lattice strains may not be the main reason for the
enhanced magnetism observed here. The second origin may be
the inlayer coupling that leads to a structural modulation that
supports magnetism. From the HAADF images in Figure 4b for
the MLs and Figure 4c for the LCO SL, we get the conclusion
that dark stripes with large in-plane lattice constants prefer to
appear in the MLs, i.e., the LCO layer is easily modulated when
it is sandwiched by two STO layers. The reason is still not very
clear at present. According to the EELS analysis (not shown),
there is an interface layer (~1 nm thick) where both Co and Ti
are detected. This may have something to do with the structural
modulation in the ultrathin LCO layer of the MLs.
Fascinatingly, this interface layer is absent between the LCO
film and the STO substrate. It has been well established that the
structural modulation will cause a LS to HS transition for the
Co’" ions, resulting in the HS—LS—HS superexchange.

4. CONCLUSION

In summary, the structural and magnetic properties of the
LCO/STO MLs have been systematically studied. It is found
that the insertion of the STO intermediate layer has
significantly enhanced the magnetic order of the LCO layer,
as demonstrated by the increase of the Curie temperature and
the saturation magnetization compared with those of the single
LCO layer. A definite ferromagnetic order can be observed in
the ML with the LCO layer of ~1.4 nm whereas it vanishes
below ~6 nm for the LCO SL. We observed signatures for the
preferred formation of dark stripes, which are believed to be the
origin for the magnetic order, in the MLs than in the SLs. The
present work reveals the importance of interlayer coupling, and
suggests a feasible approach to tune the magnetism in
perovskite oxide films.
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