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The interfacial enhanced ferromagnetism in maganite/ruthenate system is regarded as a promising path to broaden
the potential of oxide-based electronic device applications. Here, we systematically studied the physical properties of
La;_,Ca,MnO3/SrRuO3 superlattices and compared them with the La; _,Ca,MnOj3 thin films and bulk compounds. The
La;_,Ca,MnO3/SrRuO3 superlattices exhibit significant enhancement of Curie temperature (7¢) beyond the corresponding
thin films and bulks. Based on these results, we constructed an extended phase diagram of La; _,Ca,MnO3 under interfacial
engineering. We considered the interfacial charge transfer and structural proximity effects as the origin of the interface-
induced high 7¢. The structural characterizations revealed a pronounced increase of B—-O-B bond angle, which could be the
main driving force for the high 7¢ in the superlattices. Our work inspires a deeper understanding of the collective effects
of interfacial charge transfer and structural proximity on the physical properties of oxide heterostructures.

Keywords: interfacial engineering, oxygen octahedral coupling, charge transfer, oxide superlattices

PACS: 68.35.Rh, 68.65.Cd, 75.30.Et, 75.25.Dk

1. Introduction

At the ABO;3 perovskite oxide interfaces, the charge,
orbital, spin, and lattice degrees of freedom are strongly
coupled.!! Hence, interfacial engineering holds great poten-
tial for exploiting intriguing physical phenomena and control-
lable functionalities in ABO3 perovskite oxides.”) The inter-
facial structural proximity effect and charge reconstruction are
two essential routes to tune the physical properties of oxide
heterostructures.3] On the one hand, the universally required
connectivity of BOg octahedra enables the coherence of oc-
tahedral distortion (tilting, rotation, and deformation) across
the heterointerface, ¥ leading to the so-called interfacial oxy-
gen octahedral coupling (OOC).>! On the other hand, charge
transfer across the oxide interface can be triggered by po-
lar discontinuity, differences in valence states, or different
electro-negativity.!® Both the interfacial OOC and charge
transfer can lead to pronounced modulations of magnetic and
electrical properties.[6-%°]

The maganite/ruthenate heterostructures have attracted
intensive research attention due to the abundant inter-
facial properties.!!'>12] The ferromagnetic order in ultra-
thin Lagg7Cap33MnO3 layers is found to be stabilized

DOI: 10.1088/1674-1056/ac003e

when interfaced with nonmagnetic CaRu;_,Ti, O3 (CRTO)
and the ferromagnetic SrRuO; (SRO).13-161 How does the
ruthenate/manganite interface affect the phase diagram of
La;_,Ca,MnO3; [LCMO(x)] is still an open question. The
hole-doped La;_,Ca,MnO3; [LCMO(x)] (0 < x < 0.5) is a
typical mixed-valence manganite, which exhibits a com-
plex phase diagram with diverse magnetic and electronic
ground states, such as paramagnetic (PM) insulator, ferromag-
netic insulator (FI), ferromagnetic metal (FM), canted antifer-
romagnet (CAF), charge-ordered antiferromagnet (CO-AF),
etc.!!7181 Tt has been well accepted that the Zener’s double
exchange (DE) interaction between Mn3* and Mn** is es-
sential to dertermine the magnetic order and conductivity of

17.191 Both the chemical valence of Mn ions and the

maganites.
structural distortions of MnOg octahedra can modify the elec-
tron transfer underlying the DE interaction, therefore regulate
the magnetic and electrical properties of maganites.?%?!) Ac-
cordingly, the superlattices (SLs) composed of LCMO(x) and
SRO layers, where the cooperative charge transfer and OOC
are expected, could be a feasible way to extend the phase dia-
gram of LCMO(x).

In this
interfacial-mediated enhancement of ferromagnetism in

work, we systematically investigated the
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LCMO(x) system with various Ca doping levels ranging from
0.005 to 0.429. We compared the physical properties of
35 nm-thick LCMO(x) single-phase films and [LCMO(x)
(2.4 nm)/SRO (1.2 nm)]jo superlattices (SLs), denoted as
LCMO(x)/SRO SLs. The LCMO(x)/SRO SLs exhibit higher
Curie temperature (7¢) than the corresponding LCMO(x) thin
films and bulk compounds in a wide doping range, indicat-
ing a robust enhancement of ferromagnetism by interfacial ef-
fects. We first qualitatively discussed the interfacial charge
transfer at the LCMO(x)/SRO heterointerface and concluded
that it is not the main reason for the enhanced ferromagnetism.
Then we investigated the structural proximity effect in the
LCMO(x)/SRO SLs and found that the octahedral tilt is largely
suppressed in the LCMO(x)/SRO SLs. We suggest that the
enlarged B-O-B bond angles can widen the bandwidth of e,
electrons, therefore enhance the double exchange interaction
and ferromagnetism in ultrathin LCMO(x) layers. Our find-
ings and investigations are likely to extend the magnetic prop-
erties of epitaxial LCMO(x) ultrathin films for spintronic de-
vices.

2. Methods and material

The ceramic targets of LCMO(x) and SRO were prepared
by traditional solid-state reactions, with altering Ca fraction
(x) of 0.005, 0.125, 0.200, 0.250, 0.333, and 0.429. The orig-
inal compounds, i.e., La;O3, CaO, MnO;, RuQO;, and SrCO3
powder were mixed according to the stoichiometry and then
reacted at 1050 °C, 1150 °C, and 1250 °C for 12 hours, respec-
tively. After pressing into ~ 20 mm diameter disk at 30 MPa,
the targets were sintered at 1350 °C for 24 hours.

The proposed samples in this article are epitaxial
LCMO(x) single layers (35 nm) and LCMO(x)/SRO SLs epi-
taxially grown on 001-oriented NdGaO3; (NGO) substrates via
pulsed laser deposition (PLD) method. In the SLs, the thick-
ness of LCMO(x) and SRO layers is fixed to 2.4 nm (~ 6 u.c.)
and 1.2 nm (~ 3 u.c.). The LCMO(x)/SRO bilayers were re-
peatedly grown by 10 times. An additional SRO layer was
deposited on the top of the SL to ensure that every LCMO(x)
layer has the same structural and magnetic boundary condi-
tions. During deposition, the substrate temperature was set to
be 730 °C and the oxygen pressure was kept at 35 Pa. Thick-
ness of each layer in the SLs was fixed by controlling the de-
positing time.

Structural characterizations of the samples were carried
out by x-ray diffraction (XRD) measurements, including w-
20 linear scans and reciprocal space mappings (RSMs). Mag-
netic properties were measured by a vibrating sample mag-
netometer (Quantum Design, VSM). The resistivity measure-
ments were performed with a standard four-probe method
on a physical property measurement system (Quantum De-
sign, PPMS). During the magnetic and resistivity measure-

ments, the magnetic field was applied along the orthorhom-
bic [010] direction, which is the in-plane easy-axis of the
LCMO(x)/SRO SLs.

3. Results and discussion

LCMO(x), SRO, and NGO have the same orthorhombic
Pbnm symmetry but distinct octahedral rotation and tilt angles.
As schematically shown in Fig. 1, the corner-sharing BOg oc-
tahedra in the orthorhombic Phnm structure have a~a~c™ tilt
and rotation pattern. The RuOg and GaOg octahedra are nearly
regular and rigid, while the MnOg octahedra are slightly de-
formed by the Jahn—Teller distortion. Owing to the structural
constraint from the strain effect, the in-plane parameters of
the coherently grown LCMO(x) films and LCMO(x)/SRO SLs
keep consistent with the NGO (001) substrate. Meanwhile, the
tilt and rotation angle of MnOg and RuQg in the epitaxial sam-
ples is supposed to deviate from the bulk due to the interfacial
0OOC, which is essential for the physical properties and will be
studied below.

(b)

(d) NGO

5.503 A

5.560 A 5.433 A

Fig. 1. Schematic of the orthorhombic Pbnm structure of perovskite ox-
ides with a—a™ c™ tilt/rotation pattern. The BOg octahedra are corner-
shared across the heterointerfaces in the SLs. (a) The perspective view
of a unit cell of LCMO(0.333). The octahedra tilt () and rotation (&)
are schematically shown with solid arrows. (b)—(d) The view along the
[001] direction of LCMO, SRO, and NGO, respectively. The lattice
parameters shown in (b) represent the composition of LCMO(0.333).

The epitaxial quality of the samples was checked by XRD
®-20 linear scans. Figure 2 shows the XRD curves measured
from the LCMO(x) single layers [Fig. 2(a)] and LCMO/SRO
SLs [Fig. 2(b)] near NGO (004) reflections. Clear Laue fringes
can be observed for all the scans, indicating the high crys-
tal quality and sharp interfaces of the epitaxial samples. The
positions of (004) diffractions shift to higher angle as Ca dop-
ing level x increases, implying a reduction of lattice constant
¢, which can be attributed to the reduction of averaged A-site
cation radius.
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Fig. 2. XRD linear scans (w—260) near NGO (004) reflections. (a)
XRD curves of 35 nm-thick LCMO(x) single layers. (b) XRD curves of
[LCMO(x) (2.4 nm)/SRO (1.2 nm)];¢ SLs.

After clarifying the structural evolutions, we turn to char-
acterize the magnetic and electrical properties of LCMO(x)
single layers. The temperature-dependent magnetization (M—
T) and resistivity (p—T) are shown in Figs. 3(a) and 3(b),
respectively. The strong PM signal from the NGO substrate
has been subtracted from the M—T curves. According to the
magnetic and conducting behavior of the LCMO(x) films, we
classify them into three sorts. First, pronounced ferromag-
netic transition at 185 K, 218 K, and 254 K can be observed
in LCMO films with x = 0.200, 0.250, and 0.333, respec-
tively. These ferromagnetic transitions are accompanied by
As T
decreases below Tc, the magnetization in these three films

metal-to-insulator transitions (MIT) at the same 7c.

first increases and then saturates, implying that all these films
have a FM ground state, consistent with the corresponding
bulk compounds. Second, the light-doped LCMO film with
x = 0.005 (0.125) shows a clear T¢ at 142 K (139 K), and
a drop of M at 84 K (69 K). The p-T curves exhibit insu-
lating behavior. Therefore, we suggest that the LCMO films
with x = 0.005 and 0.125 show first a FI transition and then a
CO-AF ground state. This behavior is similar to that of bulk
LCMO with x = 0.125.122.231 Note that the LCMO(0.005) film
presents a similar phase transition with LCMO(0.125), instead
of the CAF ground state observed in the LCMO(0.005) bulk.
Previous works have predicted that the CAF state is induced
by the competition between super-exchange (SE) and DE in-
teractions, which is unstable against phase separation into FM
and AFM states in light-doped LCMO.!'7-19241 Thus, we in-
fer that the CAF state of bulk LCMO(0.005) is hindered by
the anisotropic strain imposed from the NGO(001) substrate.
Third, the LCMO film with x = 0.429 shows much weaker
magnetism in the M-T curve and higher resistivity in the p—T
curve. To further study the magnetism of the LCMO(0.429)
film, we measured the M-T curve in both field-cooling and
field-warming processes for the LCMO(0.429) film [Fig. 3(c)].
A modest T at 256 K and large thermal hysteresis observed in

the M—T curves indicate that the LCMO(0.429) film is phase
separated (PS). Namely, antiferromagnetic insulating (AFI)
phase and FM phase coexist and compete with each other at
microscopic scale.””) Combining with the overall magneti-
zation and conductivity, we can conclude that the PS in the
LCMO(0.429) film is AFI-dominated, similar to the heavy-
doped LCMO bulk compounds (x ~ 0.5).126-28] In summary,
the 35 nm-thick LCMO/NGO(001) films with 0.005 < x <
0.429 show a phase diagram similar to the bulk compounds.
However, the LCMO(0.005) and LCMO(0.429) films show
ground states similar to the bulk compositions with higher x.
The anisotropic strain provided by the NGO (001) substrate
could be responsible for such a deviation of ground states.

We next investigate the magnetic and electrical proper-
ties of the LCMO(x)/SRO SLs. As shown in Fig. 3(d), the
M-T curves of LCMO(x)/SRO SLs differ from those of the
bulk compounds. And the corresponding MIT observed in
the p—T [Fig. 3(e)] are smeared due to the highly conduc-
tive SRO 1ayers.[29’30] For the first set (x = 0.200, 0.250, and
0.333), the SLs show clear ferromagnetic transitions. Com-
pared to the bulk counterparts, the T¢ are considerably en-
hanced by 99 K, 74 K, and 42 K, respectively. For the second
set (x = 0.005 and 0.125), the T¢ are significantly enhanced
by 94 K and 121 K, respectively. And the SLs also show clear
drops of M at 192 K for x = 0.005 and 160 K for x = 0.125,
which can be attributed to the aforementioned CO-AF clus-
ter state. Namely, the ferromagnetism of the LCMO layers
in this set (x = 0.005 and 0.125) of SLs is also largely en-
hanced. Meanwhile, the CO-AF cluster state still exists and
emerges at a higher T than that in the LCMO/NGO(001) films.
For the third set (x = 0.429), the M-T curve of the SL is
quite different from that of the LCMO/NGO(001) film. The
SL first shows a moderate 7c of 270 K, followed by a ferro-
magnetic transition with a small M of ~ 0.18 ug/Mn. Further
decreasing T down to 73 K, another ferromagnetic transition
occurs with a rapid increment of M. We measured the M—
H curves at various T to further probe the magnetism in the
LCMO(0.429)/SRO SL. As shown in Fig. 3(f), the SL shows
a quite slim M—H hysteresis loop with small saturated mag-
netization (M) at 240 K (below the T¢) but square-shaped
loops with high M at 50 K and 15 K. We suggest that the
LCMO(0.429) layer in the SL still shows a PS state below
270 K. At 240 K this layer shows CO-AF-dominated PS state,
similar to the LCMO(0.429)/NGO(001) film. And the weak
magnetic signal originates from the FM clusters embedded in
the CO-AF background. Below 73 K, the LCMO/SRO inter-
face effect may facilitate the FM state and destabilize the CO-
AF state, leading to a strong FM signal.3':3?] Note that these
ultrathin SRO layers are non-magnetic in the SLs, which is
due to the dead layer effect. [30-33]
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Fig. 3. Magnetic and electrical properties of 35 nm-thick LCMO(x) single layers and LCMO(x)/SRO SLs. The M-T curves measured from (a) the
single layers with a field of 500 Oe and (d) SLs with a field of 50 Oe applied along [010] axis. The paramagnetic signal from the NGO substrate has
been subtracted. The p—T curves measured from (b) the single layers and (e) SLs. (c) The M-T curve of LCMO(0.429) single layer, measured from
both cooling and warming processes with a field of 50 Oe applied. (f) The M—H loops measured from the LCMO(0.429)/SRO SL.
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Fig. 4. The extended phase diagram together with the original phase di-
agram of LCMO(x). The colored area under the black solid line shows
the phase diagram of bulk LCMO(x). The blue scatters represent the 7¢
of 35 nm-thick LCMO(x) single layers. The red scatters show the T¢ of
LCMO(x)/SRO SLs.

Based on the aforementioned electronic and magnetic
characterizations, we obtained an extended phase diagram
Over the
entire Ca doping range, the ferromagnetism in ultrathin
LCMO(x)/SRO SLs is improved. The corresponding enhance-
ments in 7c become larger in the lower doping level. In

of LCMO(x) by interfacial engineering (Fig. 4).

LCMO(x), the ferromagnetism mainly originates from the DE
interactions between Mn3* and Mn**, which is intimately cor-
related with the e, electron density and single-electron band-
width (W) of the e, band.[3! The carrier density depends on
the doping level of Ca and interfacial charge transfer. The W is
related to the Mn—O-Mn bond angle (®) and the Mn—-O bond
length (d), given by the equation!®3]

Wo<cos®/d3'5. €}

Therefore, the enhanced ferromagnetism in LCMO(x)/SRO
SLs could originate from either the interfacial charge trans-
fer or structural proximity effect, which will be separately dis-
cussed in the following part.

In the SLs, the SRO layers consist of Ru*t cations,
while the LCMO layers consist of mixed Mn3* and Mn**.
Therefore, the interfacial charge transfer is likely to change
the Mn**/Mn** ratio and the strength of the DE effect in
the LCMO(x) layers. Given the universal octahedral connec-
tivity, the direction and magnitude of charge transfer at the
ABO3/AB' O3 heterointerface highly depend on the energy lev-
els of oxygen 2p bands (gp), with respect to their Fermi level
(Er).!%! The amount of transferred charge An is proportional
to the differences in g, (Ag,) of ABO3 and AB'Oj3. The refer-
ence data of &, for bulk SRO, LaMnO3 (LMO), and CaMnOj3
(CMO) is —3.40 eV, —3.57 eV, and —2.30 eV, respectively.®
The value of &, for LCMO(x) can be approximatively calcu-
lated from the linear interpolation

£,(LCMO(x)) = £,(LMO) - (1 —x) + £,(CMO) -x.  (2)

The calculated €, of LCMO(x) varies from —3.56 €V to
—3.03 eV as Ca doping level x increases from 0.005 to
0.429. Theoretically, the LCMO layers with x = 0.005 and
0.125 could dope electrons to SRO, while the SRO layer
can dope electrons to LCMO layers with x = 0.200, 0.250,
0.333, 0.429. Following the charge transfer scenario, only
the electron-doping into LCMO(x) layers can stabilize the DE
effect and improve the 7c. However, we experimentally ob-
served T¢ enhancement in SLs with LCMO (x = 0.005 and
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0.125) layers too. Accordingly, the charge transfer should not
be the only driving force of the enhanced ferromagnetism in
LCMO(x)/SRO SLs.

Now we turn to explore the structural origin of the en-
hanced ferromagnetism. The structural proximity effect is an-
other common origin of interfacial magnetic evolution. The
interfacial OOC can modulate the octahedral tilt and ro-
tation and therefore induce emergent properties in the ox-
ides [schematically shown in Fig. 5(a)].?) RSMs around
NGO (116) and NGO (116) reflections were measured from
the LCMO(x)/SRO SLs. The RSMs results are shown in
Figs. 5(b)-5(g), and the superlattice Bragg peaks (SLBPs) are

(b) 2 =0.005

labelled with red arrows. The asymmetry of the SLBPs po-
sition in (116) and (116) reflections manifests the octahedral
tilting distortion, from which we can derive the tilt angle ()
and the B-O-B bond angle (©).[2!3%] The calculated @ in
the SLs and the corresponding bulk values are summarized in
Fig. 5(h). The LCMO(x)/SRO SLs exhibit much larger ® than
the bulk LCMO(x), implying a clear suppression of octahedral
tilt and rotation due to interfacial OOC. The increased © en-
larges the W of the LCMO(x) layers in the SLs, therefore sta-
bilizing the DE interaction and facilitating the ferromagnetism
in the LCMO(x) layers.

(a) 610
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Fig. 5. (a) Schematics of the octahedral connectivity across the LCMO/SRO/NGO (001) interfaces viewed along the b-axis and a-axis. (b)~(g) RSMs
measured around NGO (116) and NGO (116) reflections from the LCMO(x)/SRO SLs. The SLBP in each figure is marked by the red arrow. (h) The
B-O-B bond angle of the LCMO(x)/SRO SLs derived from RSMs. The Mn—O-Mn bond angles of bulk LCMO(x) are also shown for comparison.

At last, we would like to discuss the T¢ enhancements
in two special cases: the SLs with light doped (x = 0.005,
0.125) and heavy doped (x = 0.429) LCMO. In light doped
LCMO(x), the Mn**—-Mn3* SE interaction dominates over
the Mn3T—Mn** DE interaction, favoring CO or AF states
and destabilizing the FM state.**37] In the LCMO/SRO SLs
with x = 0.005, 0.125, the enhanced B—-O-B bond angle can
not only enhance the DE interaction but also suppress the SE
interaction. As a consequence, the interface-induced 7c en-
hancements for the light-doped cases become much more pro-
nounced than the SLs with higher x. For the SLs with heavy-
doped (x = 0.429) LCMO, on the contrary, the 7¢ enhance-
ment is rather small. And the small M signifies a PS state
with large amount of CO-AF phase. Note that reducing T

always destabilizes the CO-AF phase and facilitates the FM

381 Therefore, we also observed a re-

phase in the PS state.
entry of FM phase at 73 K, which also originates from the

interface-enhanced DE interaction.

4. Conclusion

In summary, we systematically investigated the distinct
magnetic and electrical properties of epitaxial LCMO(x) sin-
gle layers and LCMO(x)/SRO SLs. For all the Ca doping
levels, the Tc in LCMO(x)/SRO SLs are significantly im-
proved from the corresponding bulk and single LCMO layers
with interfacial engineering. Also, we found a pronounced
increase of B-O-B bond angle in the LCMO(x)/SRO SLs,
which should be the main driving force of the enhanced
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ferromagnetism. Accordingly, we constructed an extended

phase diagram of LCMO(x) with interfacial engineering. Our

work paves a way to stabilize the ferromagnetism in ultrathin

LCMO(x) films covering a wide doping range, holding abun-

dant application potentials for oxide-based electronic devices.
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