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ABSTRACT: The study of spatially confined complex oxides is of | [~ = 7 & 7 ]

wide interest, since correlated electrons at interfaces might form exotic |- ""'\;\./LSMO

phases. Here Lay;Sry;MnO;/SrRuO; superlattices with coherently |~ “x .
grown interfaces were studied by structural techniques, magnetization, T i kMo : :

and magnetotransport measurements. Magnetization measurements 'g ‘e
showed that ferromagnetic order in ultrathin Lay,Sry;MnOj; layers is | £ P, PR e
stabilized in the superlattices down to layer thicknesses of at least two |= ion '.,ft-’."' i : : .
unit cells. This stabilization is destroyed, if the ferromagnetic layers are § at oy '8 g
separated by two unit cell thick SrTiO; layers. The resistivity of the * RN
superlattices showed metallic behavior and was dominated by the o _ LSMO* «
conducting SrRuOj; layers, the off-diagonal resistivity showed an i ; 10 49 : : . .
anomalous Hall effect from both SrRuO; and La,;Sr,;MnOj layers. Laper Thicknass 18) % 8 a5

This shows that the La,,Sry3;MnO; layers are not only ferromagnetic

but also highly conducting; probably a conducting hole gas is induced
at the interfaces that stabilizes the ferromagnetic order. This result opens up an alternative route for the fabrication of two-

dimensional systems with long-range ferromagnetic order.
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t is a common observation that the Curie temperature of

ferromagnetic films decreases with decreasing film thickness.
This might be related to general physical concepts such as finite
size scaling,' to material-specific intrinsic properties such as
electronic phase separation,” or to growth characteristics and
microstructure.” In this context ferromagnetic oxide films were
intensely studied in recent years, since these promised to yield
new insights into spatially confined strongly correlated systems.
The strong coupling between electron, spin, orbital, and
phonon degrees of freedom in the colossal magnetoresistance
manganites leads to the formation of insulating antiferromag-
netic states in thin layers of originally metallic ferromagnetic
compounds.”> On a phenomenological basis, this can be either
understood by orbital ordering and the weakening of the
double exchange mechanism in a particular direction in a
strained Manganite lattice®™” or by interfacially driven
electronic phase separation.*’

The metal—insulator transition observed in ultrathin
manganite films with optimal doping depends on the substrate
material,”'>'" probably due to variations in the strain state, but
also on the thin film deposition conditions,”"""'> possibly due
to the growth mode, defect type, and defect density. Although
there is some variability in the critical thickness for entering the
insulating region, this has not been observed to be smaller than
8 unit cells.'” In SrTiO;(STO)/Lay,SrysMnO,(LSMO) super-
lattices (SLs) also a strong suppression of the Curie
temperature (T.) was observed,'”'* but recently a T
stabilization was reported in optimized samples.'® It is well-
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known that LSMO and SrRuO; (SRO) show an antiferro-
magnetic interfacial exchange coupling'®™"® that is related to
the direct Mn—Ru coupling across the interface."”*° In this
work, the implications of the interlayer exchange coupling on
the ferromagnetism of the LSMO layers is explored. It is found
that the Curie temperature of the LSMO layers can be
stabilized near room temperature values down to a layer
thickness of at least 2 unit cells, whereas the T of the SRO
layers shows a typical decrease with decreasing layer thickness.

Since the stabilization of the Curie temperature is related to
the presence of LSMO-SRO interfaces, it might be related to
the presence of an electron gas formed at that interface. It is
known that at the interface between two complex oxides charge
carriers may be confined leading to the emergence of strong
correlation and collective effects. In the system SrTiO;/LaAlO;
it was recently shown that ferromagnetism appears at the
interface, although the forming oxides are not ferromagnetic.21
Furthermore, in this system the coexistence of ferromagnetism
and superconductivity, presumably carried by a two-dimen-
sional (2D), albeit phase-separated, electron gas, was
reported.””>* The mechanism leading to ferromagnetism in
this 2D system>**° has not yet been clarified. Moreover, there
is an ongoing debate whether the SrTiO;/LaAlOj; interface is a
valid model system for the test of fundamental theories, since
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there is extensive experimental evidence for diffusional mixing
and related doping effects at this interface.”® Therefore we
believe that the observation of similar effects at other oxide
interfaces will play a crucial role for a further understanding of
confined correlated electron gases.

Films, bilayers, and superlattices (SLs) were fabricated by
pulsed laser deposition from stoichiometric polycrystalline
targets onto vicinal SrTiO; (001) substrates with uniform
TiO,—termination and a terrace morphology with typically
150—400 nm terrace width. Substrate temperature was 650 °C
and oxygen partial pressure 0.14 mbar. All samples grew in the
step-flow growth mode. For this study, LSMO and SRO single
films, LSMO/SRO SLs and a LSMO/SRO bilayer, LSMO/
SRO SLs with SrTiOj interlayers and a LSMO/STO SL were
selected, see Table 1. Samples are in general denoted by the
individual layer thicknesses expressed in unit cells (u.c.).

Table 1. Samples Measured in This Work with Layer
Thicknesses (in u.c.) and Curie Temperatures”

sample SRO film Tcsro
0/12 [0/12], 145 K
sample LSMO film Tcsmo
38/0 [38/0], 330 K
10/0 [10/0], 296 K
4/0 [4/0],
sample [LSMO/SRO], Tcsro Tc1smo
4/20 [4/20], 142 K 283 K
4/12 [4/12], 140 K 253 K
4/8 [4/8],s 131K 270 K
3/3 [3/3)s 106 K 289 K
2/2 [2/2];s 86 K 282 K
1/1 [1/1], 80 K 291 K
5/13 [5/13], 139 K 269 K
sample [LSMO/STO/SRO/STO], Tcsro Tesmo
5/4/13/4 [5/4/13/4],0 139 K 243 K
4/2/13/2 (4/2/13/2] 123 K 228 K
5/2/8/2 [5/2/8/2], 129 K 217 K
2/2/2/2 (2/2/2/2)s 46 K 139 K
3/38 [3/3/0/0];5 35K

“Subscripts indicate the number of repetitions.

The microstructure of the SLs was investigated by high-angle
annular dark field—scanning transmission electron microscopy
(HAADF-STEM) in a TITAN 80—300 FEI microscope; energy
dispersive X-ray spectroscopy (EDX) as well as electron energy
loss spectroscopy (EELS) were performed with atomic
resolution in order to probe the atomic structure of the
interfaces and to check for chemical interdiffusion. Magnet-
ization measurements were performed in a Quantum Design
MPMS-7 SQUID magnetometer. The resistance and Hall effect
were measured in van-der-Pauw geometry. Longitudinal and
Hall resistivity were calculated using the conducting SRO layer
thickness only, since SRO films were shown to be metallic
down to a thickness of 2 unit cells.”” The Curie temperatures
Tc were determined from magnetization and resistivity
measurements. We have used a stringent criterion, namely
the maxima/minima in the derivatives to determine T.

HAADEF-STEM micrographs of SLs 4/8 and 2/2 are shown
in Figure 1. The interfaces between the LSMO and SRO layers
were coherent, see also refs 19 and 28. There is Mn/Ru
intermixing on the length scale of half a unit cell for the SLs
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Figure 1. (a) HAADF-STEM micrograph of sample SL 4/8 showing
the interfaces between two 4 u.c. thick LSMO layers and the adjacent 8
u.c. thick SRO layers. The colored circles indicate the cations as
determined from the Z-contrast. (b) HAADF-STEM micrograph of
sample SL 2/2 showing a sequence of 2 u.c. thick LSMO and SRO
layers. Note the different sizes of the scale bars.

with layers thinner than 4 u.c.'”*® This is indicated in Figure la
by the colored circles: at the right interface of the LSMO layer
intermixing between Mn and Ru is indicated, and at the left
interface the rare earth sites might be occupied by La or Sr.
Apart from SL 1/1, measurements in various areas showed that
the layer thicknesses were uniform over the sample; SL 1/1
consisted of 1/1, 1/2, and 2/1 areas.

The magnetic moment of selected samples is shown in
Figures 2 and 3a as a function of temperature. The measured
magnetic moment was converted to the equivalent moment per
Mn ion, since this allows for a quick overview of the LSMO
layer contribution. Most samples were not fully saturated in a
magnetic field of 0.1 T, but the application of higher magnetic
fields leads to a broadening of the magnetic transitions, so the
0.1 T data were selected for a compromise. In Figure 2a, the
magnetic moments of the 10 and the 4 u.c. thick film as well as
the LSMO/STO SL are compared. Whereas the 10 u.c. thick
LSMO film is clearly ferromagnetic with a Curie temperature
close to room temperature, the 4 u.c. thick LSMO is not
ferromagnetic, and the ferromagnetism in the LSMO/STO SL
is rather weak with a low T and a small magnetic moment per
Mn ion. This is in agreement with literature data.”''~'* The
critical thickness for the onset of ferromagnetism in thin LSMO
films on STO is therefore larger than 4 u.c. In 5/5 LSMO/STO
SLs, T reaches 220 K only when grown at low O, partial
pressure.”> However, in this case STO interlayers may be
semiconducting due to slight oxygen deficiency.

dx.doi.org/10.1021/n1301963a | Nano Lett. 2012, 12, 4276—4281
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Figure 2. (a) Magnetization of the 10 u.c. and 4 u.c. thick LSMO films
as well as of the LSMO/STO SL 3/3S. (b) Magnetization of LSMO/
SRO SLs. The solid line in (b) is the remanent magnetization of SL 3/
3.
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Figure 3. (a) Magnetization of the LSMO/SRO SL 2/2 in comparison
to the corresponding LSMO/STO/SRO/STO SL 2/2/2/2 as well as
the LSMO/SRO bilayer 5/13. (b) Curie temperatures T of LSMO
and SRO layers as a function of LSMO and SRO layer thickness,
respectively: LSMO (O) and SRO (A) in LSMO/SRO SLs, LSMO (
X ) and SRO (+) in LSMO/STO/SRO/STO SLs.

Figure 2b shows the magnetic moment of the LSMO/SRO
SLs with the smallest layer thicknesses. All these SLs showed
clear ferromagnetic transitions near room temperature, sizable
fractions of the spin-only moment of LSMO of 3.7 yp/Mn, and
the antiferromagnetic interlayer coupling between LSMO and
SRO layers below the T of the SRO layers."” This is a central
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result of this work: in LSMO/SRO SLs the ferromagnetic order
in the LSMO layers is stabilized with T values far above the T
of the SRO layers. Since the transitions of the SRO layers were
broadened for SLs 3/3, 2/2, and 1/1, the T of the SRO layers
of these samples was determined from the sharp jump in the
remanent magnetization. This is illustrated in Figure 2b.
Whereas the magnetic moment of sample 3/3 measured in 0.1
T does not show a clear indication of the ferromagnetic
transition of the SRO layers, the remanent magnetization,
measured on warming after cooling the SL in 0.1 T and setting
the field to zero at S K, shows a sharp jump at the T of the
SRO layers.

The stabilization of the ferromagnetic order in the LSMO/
SRO SLs might be due to various factors such as a RKKY-like
coupling of the LSMO layers across the conducting SRO layers,
the magnetic coupling between Mn and Ru ions at the
interface, charge transfer from SRO to LSMO layers or a
reduction in the density of growth defects in the LSMO layers
due to the modified epitaxy conditions. The first two factors
were directly probed experimentally. Figure 3a shows a
comparison of the magnetic moment of the LSMO/SRO SL
2/2 with the LSMO/SRO bilayer 5/13 and with the LSMO/
STO/SRO/STO SL 2/2/2/2 in which adjacent LSMO and
SRO layers were separated by 2 u.c. thick STO layers. Since the
bilayer also shows the T stabilization of the LSMO layer, a
RKKY mechanism does not seem to play a major role for this
effect. On the other hand, the insertion of STO interlayers does
significantly reduce the magnetic moment and the T,
indicating that either the direct Mn—Ru coupling or a charge
transfer mechanism might indeed play a vital role in the
stabilization of the ferromagnetic order. In general the contact
to a conducting layer does not restore ferromagnetism in
LSMO, see the strong T decrease in LSMO films in contact
with Au.*’ Possible Ru-doping due to intermixing does only
lead to a modest Tc-increase® and cannot explain the
restoration of ferromagnetism in ultrathin LSMO layers.

The Curie temperatures of the LSMO and SRO layers are
shown in Figure 3b as a function of the respective layer
thicknesses. The data fall into two groups. The series of
LSMO/SRO SLs shows a stabilization of the ferromagnetic
order in the LSMO layers down to at least a LSMO layer
thickness of 2 u.c; there is actually a trend for the Curie
temperature to increase for decreasing layer thicknesses below
S u.c. However, there is also a considerable sample-to-sample
variation as is evident from the data points at 4 u.c. On the
other hand, the SRO layer T ’s in this LSMO/SRO series
decrease gradually with decreasing SRO layer thickness as also
found in SRO films”’ and SRO/STO SLs.>' This is the
conventional behavior of the Curie temperature in thin
ferromagnetic films. In the series of LSMO/STO/SRO/STO
SLs, the Curie temperatures of both LSMO and SRO layers
decrease with decreasing layer thickness and rather sharply so
below a thickness of 4 u.c. This is similar to the behavior
commonly observed in LSMO/STO and SRO/STO SLs; with
the maximum slope criterion for T¢ a S u.c. thick LSMO layer
in a LSMO/STO/SRO/STO SL had a T of about 230 K, see
Figure 3b, which is in agreement with the value obtained for
optimized LSMO/STO SLs."> A central finding of the present
work is the bifurcation of the LSMO T curves in Figure 3b
below a layer thickness of 5 u.c. that clearly proves the
stabilization of the ferromagnetic order in the LSMO layers of
the LSMO/SRO SLs.

dx.doi.org/10.1021/n1301963a | Nano Lett. 2012, 12, 4276—4281
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The results presented above have two important implica-
tions. The data clearly show that the undisturbed LSMO/SRO
interface is essential for the T stabilization. It is unlikely that
the T¢ of the LSMO layers is stabilized by the antiferromag-
netic Mn—Ru coupling, since the T of the SRO layers is far
too low. Therefore the ferromagnetism is induced in the LSMO
layers probably by charge transfer from the SRO layers,32 thus
forming a charge carrier gas. Further, in the context of finite size
scaling the results are important, since the LSMO/SRO SLs can
be viewed as a heterogeneous system with two magnetic
components; whereas the SRO layers show conventional finite
size scaling effects, the T of the LSMO layers does not show
finite size scaling down to a thickness of at least 2 u.c. This
corroborates that the mechanism leading to ferromagnetism in
the LSMO layers is exceptional.

In order to highlight the properties of the LSMO layers
further, we have studied the resistivity as shown in Figure 4.
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Figure 4. Zero-field resistivity as a function of temperature. The inset
shows the resistivity of a 4 u.c. thick LSMO single film. Axis units of
the inset are the same as for the main panel.

Apart from the 4 u.c. thick LSMO film all samples showed
metallic behavior. The 4 u.c. thick LSMO film was practically
insulating with a resistivity enhanced by several orders of
magnitude compared to the other samples.*'* Compared to the
single SRO film the resistivity of the SLs is enhanced,
presumably due to the increasing importance of interfacial
scattering. The similarity of the resistivity of the SRO film, the
bilayer 5/13, and the SLs 4/20, 4/12 and 4/8 with the bulk
SRO resistivity”>® indicate that the conduction in these samples
was dominated by the SRO layers.

The contribution of the LSMO layers to the transport
properties can be studied using Hall effect measurements. The
Hall resistivity is expected to follow™* Pyx = RyB+R,M with the
ordinary Ry and anomalous R, Hall constants; M denotes the
magnetization component perpendicular to the layers. The Hall
resistivity of the SRO and LSMO films as well as SLs 2/2 and
2/2/2/2 is shown in Figure S at 10 and 250 K. At 10 K
samples, 0/12 and 2/2/2/2 showed a negative high-field slope,
since electron conduction prevails in SRO. The anomalous Hall
resistivity was either negative or positive, since the SRO layers
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Figure S. Hall resistivity at (a) 10 K and (b) 250 K as a function of
magnetic field. Data for sample 2/2/2/2 were measured at 5 and 150
K

have either orthorhombic (0/12) or tetragonal (2/2/2/ 2)35
symmetry. The LSMO film 38/0 showed only an ordinary Hall
effect at 10 K indicating hole conduction; the anomalous Hall
contribution vanishes in LSMO at low temperatures, see, for
example, ref 36. The large negative anomalous Hall effect and
the holelike high-field slope of SL 2/2 at 10 K were unexpected
and are a central result of the Hall-effect measurements. Figure
5b further shows that at 250 K SL 2/2 had a clear ferromagnetic
contribution from the anomalous Hall effect, although the
conducting SRO layers were already in the paramagnetic
regime and the LSMO layers were expected to be insulating
and antiferromagnetic for this small layer thickness.*'> This
proves that the LSMO layers in the LSMO/SRO SLs are not
only ferromagnetic but also conducting. The ferromagnetic
Hall-effect contribution depended on the direct contact
between LSMO and SRO layers, since it could be switched
off by the insertion of STO interlayers (sample 2/2/2/2).
Despite electron conduction, the Hall effect of the SRO film 0/
12 and the SL 2/2/2/2 is positive in the paramagnetic regime
due to a strong positive contribution from the anomalous Hall
effect.

The unexpected ferromagnetic anomalous Hall effect
contribution is shown for the bilayer 5/13 and the SL 2/2
for various temperatures in Figure 6. The bilayer has a
comparatively thick SRO layer that clearly dominates the Hall
effect at low temperatures. The intricate behavior at 140 K with
magnetization reversal in low magnetic fields is due to the
exchange coupling of the SRO and LSMO layers. At 160 K and
above a clear ferromagnetic Hall effect contribution emerges
that is attributed to the LSMO layer. SL 2/2 had a
ferromagnetic contribution to the Hall effect up to the highest
measured temperature of 250 K. The temperature dependence
of the anomalous Hall effect in samples 3/3, 2/2 and 1/1
strikingly differs from that of LSMO and SRO.

One would be tempted to model the Hall resistivity by
LSMO and SRO layers conducting in parallel. In case of bilayer
5/13 and SLs 4/20, 4/12, and 4/8, this is possible at 200 K and

dx.doi.org/10.1021/n1301963a | Nano Lett. 2012, 12, 4276—4281
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shows the 200 K data after subtraction of the ordinary Hall effect. The
determination of the anomalous Hall effect RyM is indicated.

above, when a resistivity of the LSMO layers is assumed that is
at least five times smaller than the resistivity of the single SRO
film. In the case of SLs 3/3, 2/2, and 1/1, such a modeling is
not possible, since the temperature dependence of the
anomalous Hall component does not agree with that of the
single SRO and LSMO films. This shows that the anomalous
Hall effect contribution measured in the SLs above the Curie
temperature of the SRO layers arises from highly conducting,
ferromagnetic layers. Since the insertion of 2 u.c. thick SrTiO;
interlayers destroyed this conducting state, it is very probably
related to the LSMO-SRO interface.

The Hall effect data were further characterized by
determining the carrier concentration from the high field
slope as well as the saturation anomalous Hall effect RyM from
the high-field data after subtraction of the ordinary Hall
contribution. The carrier concentration per unit cell calculated
within a one-band model is shown in Figure 7a. In agreement
with literature values®**” SRO shows electron and LSMO hole
conduction. With decreasing thickness of the SRO layers the
carrier concentration of the SLs evolves from electron to hole
conduction. This indicates the formation of a hole gas within
the LSMO layers contributing to the overall carrier
concentration. The temperature dependence of the Hall effect
of orthorhombic SRO is known to be rather complex®® and
explains the data for the samples with thicker SRO films.
However, the weak temperature dependence and comparatively
large value of the anomalous Hall contribution of samples 3/3,
2/2 and 1/1 is unexpected. This we interpret as the Hall effect
contribution from the interfacial hole gas that emerges more
and more clearly for thinner layers.

The central observation of this work is the existence of highly
conducting, ferromagnetic regions at the LSMO-SRO interface.
This result might be understood by the fact that the chemical
potential y in a double exchange system varies with the
magnetization M, Su/W o M? where W is the bandwidth of
LSMO.* STO layers were found to be hole-donating, thus
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Figure 7. (a) Carrier concentration per unit cell as a function of
temperature. Positive (negative) values indicate hole (electron)
conduction. (b) Saturation anomalous Hall effect R,M; as a function
of temperature.

driving the near-interface regions of LSMO toward the
overdoped antiferromagnetic state.’” Our findings indicate
that SRO is electron-donating, such that the ferromagnetic
conducting state is stabilized in the LSMO layers. This scenario
would explain both the existence of conducting interfaces as
well as their ferromagnetic order. A RKKY-like coupling of
LSMO layers across SRO layers seems to play a minor role,
since the bilayer 5/13 also shows the formation of a hole gas.
The width of the induced hole gas layer in these samples is
difficult to estimate; however, since this effect is emerging in
the LSMO/SRO SLs, it is likely to be located close to the
interfaces. At the CaRuO,/CaMnOj; interface,"® a similar
electron-leakage effect with a penetration depth of 2 u.c.*!
was found.

In summary, the study of the magnetization and Hall effect of
LSMO/SRO superlattices showed the existence of a
ferromagnetic hole gas located at the LSMO/SRO interface.
This has a conductivity comparable to that of SRO and a large
carrier density characteristic of metals. This hole gas is shunted
by the metallic SRO layers, but can be observed by Hall
resistivity measurements. We believe that our results have
opened up an alternative route for the fabrication of two-
dimensional spintronic devices.
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