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We report on the phase diagram of competing magnetic interactions at the nanoscale in engineered
ultrathin trilayer heterostructures of LaTiO3 /SrTiO3 /Y TiO3, in which the interfacial inversion symmetry is
explicitly broken. Combined atomic layer resolved scanning transmission electron microscopy with

electron energy loss spectroscopy and electrical transport have confirmed the formation of a spatially

separated two-dimensional electron liquid and high density two-dimensional localized magnetic moments
at the LaTiO5/SrTiO; and SrTiO;/YTiO; interfaces, respectively. Resonant soft x-ray linear dichroism
spectroscopy has demonstrated the presence of orbital polarization of the conductive LaTiO53/SrTiO; and
localized SrTiO;/YTiOj; electrons. Our results provide a route with prospects for exploring new magnetic

interfaces, designing a tunable two-dimensional d-electron Kondo lattice, and potential spin Hall

applications.
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Magnetic interactions between the localized spins and
conduction electrons are a fundamental component in plenty
intriguing quantum many-body phenomena [I-16], a
remarkable manifestation of which is the Kondo effect in
heavy fermion systems [2,7-10]. Phenomenologically, in
systems with localized spins coupled to conduction elec-
trons, the Kondo interaction [1,9] competes with the
magnetic Rudderman-Kittel-Katsuya-Yosida (RKKY) inter-
action [2] leading to the Doniach phase diagram [17,18] and
Kondo lattice models [2,7,8,10]. In real transition metal
compounds, however, the ground state strongly depends on
the exchange interaction (J), electronic density ratio (n,,/n,.)
of the localized magnetic moments (n,,) to conduction
electrons (n.), and the orbital character of magnetically
active electrons [2,3,10,13,15]. In the strong-coupling
regime with large |J|, the Kondo interaction prevails with
the formation of a Kondo singlet state [1], whereas on the
weak-coupling side (small |J]), depending on the value of
n,,/n. [3,10], the RKKY interaction may give rise to either a
ferromagnetic (FM) or antiferromagnetic (AFM) order
between the localized spins. In particular, in the limiting
case of n,/n,> 1, the localized spins tend to form
ferromagnetic order by polarizing the conduction electrons
via the Zener kinetic exchange mechanism [3,19,20].

In correlated d-electron heterointerfaces, besides the
density ratio n,,/n,., the dimensionality and orbital polari-
zation of the magnetic interactions are all vital components
for the formation of a ground state as exemplified by the
emergent FM at the manganate-cuprates [21,22] and
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manganite-ruthenate interfaces [23-26]. Moreover, it has
been revealed that due to the significantly enhanced
quantum fluctuations in reduced dimensions, under the
scenario of Kondo state destruction [7,27,28] the electron
and spin degrees of freedom start playing a major role to
tune the heavy-fermion metal into a magnetic metal phase
by crossing the quantum critical point. On the other hand,
compared to f-electron heavy fermion compounds, com-
plex oxides with partially filled d shells are believed to be
the most promising candidates for high-temperature quan-
tum materials [7], since the d-electron orbital configuration
intimately defines their magnetic ground states [29,30]. To
emphasize this, consider the splitting of the Ti 7,, band
between d,, and d,_/d,, subbands, which is a prime cause
for the interesting emergent phenomena in the SrTiOs-
based heterostructures [31-38] including the coexistence of
superconductivity and ferromagnetism [20,39-42], the
appearance of interfacial ferromagnetism [12—15,39-46],
and the formation of one-dimensional bands [14]. Since the
density ratio n,,/n., spatial confinement, and d-electron
orbital character are all important for activating novel or
latent quantum states, it raises an important question: what
is an experimental phase diagram for the emerging mag-
netic interactions at the nanoscale?

To address this challenge, we synthesized a class of
asymmetric trilayer superlattices (SLs) [m u.c. LaTiOs/n
u.c. StTiO3/¢ u.c. YTiO3] (hereafter, mL.TO/nSTO/tYTO,
u.c. = unit cells; see Fig. 1). In this system, the interfacial
charge transfer was utilized to create a two-dimensional (2D)
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FIG. 1. (a) Schematic view of 3LTO/6STO/3YTO with two
active heterointerfaces: LTO/STO and YTO/STO. Here i
denotes the ith TiO, atomic plane of the STO layer with n unit
cells. (b) HAADF-STEM image of 3LTO/6STO/3YTO. The
inset is EELS spectra at the La M, 5-edge, the three main peaks of
which demonstrate the atomic sharpness of interfaces.

Fermi liquid interface (LTO/STO) and a spatially separated
interface with localized magnetic moments (YTO/STO).
This charge transfer across the layers was evidenced by
combined scanning transmission electron microscopy
(STEM) with electron energy loss spectroscopy (EELS)
and electrical transport. Resonant soft x-ray linear dichroism
(XLD) measurements were used to probe the orbital polari-
zation of n,, and n, electrons. The results have allowed us to
map out the phase diagram of competing and altered
magnetic interactions at the nanoscale by changing the
distance between the two electronically active interfaces
via the STO layer thickness 7.

Trilayer SLs [3LTO/nSTO/3YTO] x 4 (n = 2, 3, 6) and
reference samples mL.TO/nSTO (m = 3, 20 and n = 2, 3,
6) and 3YTO/nSTO (n =2 and 6) were epitaxially syn-
thesized on TbScO; (110) substrates by pulsed laser
deposition (PLD) with a layer-by-layer mode (see details
for the growth of single layer LTO, STO, and YTO films in
our previous reports) [47,48]. A JEM-ARM200F STEM,
operated at 200 kV and equipped with double aberration
correctors for both probe-forming and imaging lenses, was
used to perform high-angle annular-dark-field (HAADF)
imaging and EELS spectroscopy. The sheet resistances of
the films were measured in van der Pauw geometry by the
Physical Properties Measurement System (PPMS, Quantum
Design). XLD at Ti L, 3 edge with total electron yield (TEY)
mode was carried out at beam line 4.0.2 (using the vector
magnet) of the Advanced Light Source (ALS, Lawrence
Berkeley National Laboratory).

As shown in Fig. 1(a), in the trilayer heterostructure
LTO/STO/YTO there are two inequivalent interfaces
composed of two rare-earth and one alkaline-earth titanate
compounds (LTO, YTO, and STO) with a rich phase
diagram [49]. In the bulk form, the Mott-insulator

LaTi**05; (~0.2 eV gap, Ti 3d') undergoes a G-type
AFM phase transition below 146 K, while the Mott-insulator
YTi** 05 (~1.2 eV gap, Ti 3d") is FM below 30 K [48,49],
and, finally, SrTi** O remains a band insulator (~3.2 eV
gap, Ti 3d°) over the whole temperature range. The 2D
conduction electrons at the LTO/STO interface [47,50],
resulting from the charge transfer from the LTO into STO
layers [red arrow in Fig. 1(a)], serve as the Fermi sea whereas
the “spin” transfer from YTO into STO [blue arrow in
Fig. 1(a)] at the other interface (YTO/STO) produces the 2D
localized magnetic moments and induces spin polarization in
the interface [51]. To assure that the magnetic interactions
can be investigated at the unit cell scale, the interface
roughness was investigated by (HAADF) STEM imaging
with atomic resolution, which gives the structural projection
of the SLs. Taking 3LTO/6STO/3YTO as a representative
example, the geometries and sequences of the trilayer layers
LTO, STO, and YTO in these SLs are clearly seen with
atomically sharp interfaces as displayed in Fig. 1(b) and
Fig. S1 [52].

To check for the presence of the interfacial charge transfer
across the two LTO/STO and STO/YTO interfaces, the
layer-resolved electronic structure of 3LTO/6STO/3YTO
was investigated by atomic scale STEM-EELS line scanning
across the interfaces. As seen in Fig. 2, by scanning atomic
layer-resolved Ti L,3-edge spectra across LTO/STO
and STO/YTO interfaces [along the white-dashed line in
Fig. 2(a)] with high energy (0.4 eV) and spatial (0.8 A)
resolutions, the evolution of the Ti electronic structure
through the interfaces was clearly observed [Fig. 2(b)].
Additionally, atomic layer-dependent line shape and peak
positions of the EELS spectra carry important information
regarding the interfacial charge transfer. Since each curve of
the Ti L, 3-edge spectra is a convolution of both Ti** and
Ti** spectra, the spectral weight of Ti** in each spectral line
of Ti** /(Ti** + Ti**) can track and quantify the process of
interfacial charge transfer. The direct inspection of the EELS
data revealed that in addition to the previously reported
charge transfer from LTO into STO [31,50] there is an
unexpectedly large charge transfer from YTO into STO [see
Fig. 2(c)] which leads to a localized electron layer formation
at the YTO/STO interface [47,51].

Next we investigated the properties of interfacial elec-
trons (arising from the interfacial charge transfer) by
measuring the temperature-dependent electrical transport.
As seen in Fig. 3(a) and Fig. S2 [52], all three samples
3LTO/nSTO/3YTO (n =2, 3, 6) show characteristic
metallic behavior with a weak upturn at lower temperature.
To investigate the conducting properties of the two inter-
faces (LTO/STO and STO/YTO) in the trilayer SLs and
rule out possible contributions from defects and oxygen
vacancies, bilayer YTO/STO and LTO/STO samples were
synthesized and their transport properties were used as
references (see Fig. S2 [52]). In sharp contrast to highly
insulating YTO/STO [47,51], the sheet resistances of all
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FIG. 2. (a) HAADF image of 3LTO/6STO/3YTO. The atomic

positions of the elements La (large yellow dots), Sr (large white
dots), Y (large blue dots), Ti (small green dots) are labeled
schematically. (b) Layer-resolved EELS spectra [scanning along
the dashed white lines in (a)] with the left side of the spectra
aligned to the HAADF image in (a). Reference spectra for Ti**
and Ti*t (acquired on bulklike SrTiO; and LaTiO; films,
respectively) at the bottom were adapted from Ref. [50]. The
colored solid lines are the fitting curves of layer-resolved EELS
spectra to a linear combination of Ti** and Ti** spectra, whereas
the experimental data are marked by small gray dots. (c) Spatial
decay of the Ti** signal across the two heterointerfaces. The Ti3*
spectra weight is estimated from the fitting parameters of solid
curves in (b).

the LTO/STO samples [Fig. S2(a) [52]] show a 2D
electron liquid (2DEL) behavior [50,51,60-62].

With the creation of 2D conduction electrons at
LTO/STO interface, the other ingredient, that needs to be
considered towards the realization of controlled magnetic
interactions between two separately active heterointerfaces,
is the formation of localized spins at the STO/YTO junction.
As highlighted by the normalized sheet resistances in
Fig. S2(d) [52] (cyan shadow area, marked as 7,,) and
Fig. 3(a), the other dominant feature in transport is the
pronounced upturn of the sheet resistances at lower temper-
ature. Previous work on titanate heterojunctions has attrib-
uted such an upturn to the Kondo effect [12,63-66], after
carefully ruling out the contributions from weak localization
[67] and electron-electron interactions [68]. One of the key
features of the Kondo effect that immediately differentiates it
from weak-localization and electron-electron interactions is
the universal scaling behavior [see Fig. S3—-S4 and Eq. (S1)—
(S4) [52]]. As shown in Fig. 3(b), all the trilayer SLs obey
the Kondo scaling behavior which further affirms the
dominant contribution of Kondo screening to the observed
upturn feature. Based on the observation that YTO/STO
interface shows massive charge transfer and yet is highly
insulating, the observed Kondo behavior lends strong
evidence for the formation of interfacial localized magnetic
moments located on the STO side proximal to the
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FIG. 3. (a) Normalized sheet resistances R(7)/R(300K) of

3LTO/nSTO/3YTO. (b) Experimentally and theoretically [red
solid line, numerical renormalization group (NRG)] scaled
Kondo resistances [Rg(T/Tk)/Rkol (see Eq. S4 for details).
Inset, extracted n-dependent Kondo temperature 7' by fitting the
experimental data of mLTO/nSTO and 3LTO/nSTO/3YTO
(see Fig. S3). (c) and (d) XLD [I(c) — I(ab)] of 3LTO/10STO
and 3YTO/2STO interfaces with surface-sensitive TEY mode,
where I(¢) [E||c, E is the polarization vector of the photon] is for
out-of-plane and I(ab) [E||ab] is for in-plane detecting. It is
noted most contributions of the signal are from the top few
layers (STO).

YTO/STO interface of LTO/STO/YTO. The combined
STEM/EELS and electrical transport data thus established
that a 2D conduction electron layer is formed at the
LTO/STO interface whereas a high-density 2D localized
magnetic layer is formed in the vicinity of the STO/YTO
interface (see Fig. 2 and Fig. S5 [52]).

To elucidate the link between magnetism and the d-orbital
occupancy of Ti ions in the STO layer, we carried out XLD
measurements to probe the orbital character of both itinerant
(n,) and localized (n,,) electrons, as shown in Figs. 3(c)-3(d)
and Fig. S6 [52]. Notice, to date the study of orbital
polarization and subband splitting of interfacial Ti 3d band
by XLD were mostly carried out on LaAlO;/SrTiO;
(LAO/STO) [69-73] and very little is known experimen-
tally about orbital physics at the LTO/STO and, in par-
ticular, the YTO/STO interface. As shown in Figs. 3(c)-3(d)
and Fig. S6 [52], the orbital occupancy at both LTO/STO
and YTO/STO heterointerfaces exhibits a similar configu-
ration, where the d,, subband is the lowest occupied state
compared to the energy position of the d,./d,. subband.
This orbital configuration is in good agreement with the
reported orbital physics at the LAO/STO interface [69-73].

To fully understand the magnetic interactions in
LTO/STO/YTO, which strongly depend on J, n,,/n.., and
orbital polarization, the STO layer thickness (7)-dependent

076802-3



PRL 116, 076802 (2016)

PHYSICAL REVIEW LETTERS

week ending
19 FEBRUARY 2016

3YTiOs n SrTiOs 3LaTiOs

localized spins itinerant electrons
“Kondo lattice” 2DEL

N (i) nc(i, dy):

<=

heavy ne(i, dafdy)

>

“spin”transfer

light 2 dy (& o charge transfer
p07 X
88
e -
i=0 n(i) i=n
T T T T T ; T
0.8 _FM (Nagaoka) ‘ |
= 0.6 ; -
£ Kondo
+
= 041 é i
=
0.2 -
FM (RKKv/zener + Hund') AFM Grkky)
0.0 I I I I I I
0.10 0.20 030 0.40 0.50 0.60 0.70

ne(i)

FIG. 4. Top panel, a sketch of the TiO, plane (i)-dependent
electronic density [n.(i) for itinerant electrons and n,,(i) for
localized spins, i < n [see Fig. 1(a)]] and orbital occupancy with
a charge decay away from the interfaces [see also Fig. 2(c) and
Fig. S5 [52]]. Bottom panel, schematic phase diagram adapted
from the theory [3,10]. Near the LTO/STO interface the Kondo
effect is dominant whereas ferromagnetic exchange is favored
near the YTO/STO interface forming 2D d-electron Kondo
latticelike structure. Note, the phase diagram is effective for
both periodic and random localized magnetic moments [3,10].
Here, t is the electron hopping energy.

electronic density distribution and d-orbital occupancy were
investigated. As showninFigs. S3—S5[52], from the combined
EELS and transport data for both LTO/STO and YTO/STO
interfaces, the presence of high density of 2D conduction
electrons (n, ~ 10'*-10" cm™2/interface) and localized
moments (1, ~ 10*~10"5 ¢cm~2/interface) was deduced.
To demonstrate the dependence of magnetic interactions on
n,,/n. and orbital polarization we define the i-dependent
carrier densities n.(i) and n,, (i), where i denotes the ith TiO,
atomic planeinside the STOlayercounted fromthe YTO/STO
interface [Fig. 1(a)]. As seen in Fig. 2(c) and Fig. S5, based on
the evolution of Ti**/(Ti** + Ti*") ratio, both n.(i) and
n,, (i) show rapid decay behavior into the STO layer.

Next, we turn our attention to the orbital character of n..(i)
and n,,(i). Previous extensive work on STO-based hetero-
structures with 2DEL revealed the presence of two kinds of
mobile carriers with distinct orbital dispersion, namely, light
d,, and heavy d,./d,. electrons [13,60,74,75]. For the
LTO/STO interface recent angle-resolved photoemission
spectroscopy (ARPES) results [60] confirmed that light d,
conduction electrons with large carrier density 7, (i, d,,) are
bound to the LTO/STO interface while away and (feeper
into the STO layer the mobile carriers are heavy electrons

with d,./d,, dispersion (see Fig. 4, top panel). On the other
hand, for YTO/STO no experimental ARPES data are
available. First-principles calculations predict that the
YTO/STO interface is ferromagnetic and insulating [51].
A direct comparison of the XLD line shapes taken on Ti L, 3
edge for YTO/STO, LTO/STO, and LAO/STO [69-73]
lends strong support to the notion that the d,, band is indeed
the lowest occupied state of magnetic d electrons at the
YTO/STO interface.

With the observation of n,,(i)/n.(i) and the presence of
orbital polarization, it is interesting to speculate how the
magnetic interactions are modulated by the STO thickness
(n). We start by considering the case of a thick n = 6 STO
layer. With a thicker STO layer, near the LTO/STO
interface n.(d,,) > n,, resulting in the formation of a
Kondo singlet state, as illustrated in Fig. 4 (bottom). On the
other hand, a low concentration of heavy electrons with
d,./d,, character disperses away from the LTO/STO
interface and appears near the magnetic STO/YTO inter-
face; upon reaching the STO/YTO interface the heavy
electrons interact with the localized magnetic moments
with d,, character. The orbital-dependent ferromagnetic
interactions then can proceed through two possible mech-
anisms: (i) based on Hund’s rule, the interaction between
the d,, and d,./d,, electrons results in the FM ground state
[13,15] and (ii) the Zener kinetic exchange, which may win
the competition with the Kondo and RKKY interactions,
again leads to the formation of a localized ferromagnetic
ground state with spin-polarized conduction electrons
[3,10]. Based on this consideration, both Hund’ s rule
and Zener kinetic exchange favor the formation of localized
ferromagnetism and spin-polarized conduction carriers.
At the other limit, when the STO layer is ultrathin (e.g.,
n =?2), n. ~ n,, the conduction carriers lose their distinct
orbital character resulting in the mixed orbital state
d,./d,./d,,. In this case the ground state is the result of
a direct competition between the Kondo screening, RKKY
coupling, and Hund’s energy. Based on this picture, the
control of STO thickness n enables the remarkable ability to
modulate the critical ratio of n,,/n. and orbital polarization
to exert definitive control over the magnetic interactions.

In conclusion, we investigated the magnetic coupling
between the 2D conduction electrons formed at the
LTO/STO interface and the 2D localized magnetic
moments at the STO/YTO interface. Because of the
STO layer thickness dependent electronic density and
orbital polarization of both the conduction electrons
and localized spins, the competing Kondo singlet state
and ferromagnetism are both present at the different TiO,
planes inside the STO layer of LTO/STO/YTO. The
strength of the magnetic interactions and the resulting
magnetic ground state can be very effectively modulated by
the thickness of the STO layer with nanoscale precision.
Our findings provide an emerging magnetic phase diagram
which should open prospects for exploring new magnetic
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interfaces [13,15], designing tunable 2D Kondo lattices
[7,10], and potential spin Hall applications with complex
oxides [11,16,76].
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