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A surge in interest of oxide-based materials is testimony for their potential

utility in a wide array of device applications and offers a fascinating landscape
for tuning the functional properties through a variety of physical and chemical
parameters. In particular, selective electronic/defect doping has been demon-
strated to be vital in tailoring novel functionalities, not existing in the bulk host
oxides. Here, an extraordinary interstitial doping effect is demonstrated centered
around a light element, boron (B). The host matrix is a novel composite system,
made from discrete bulk LaAlO;:LaBO; compounds. The findings show a
spontaneous ordering of the interstitial B cations within the host LaAlO; lattices,
and subsequent spin-polarized charge injection into the neighboring cations.
This leads to a series of remarkable cation-dominated electrical switching and
high-temperature ferromagnetism. Hence, the induced interstitial doping

serves to transform a nonmagnetic insulating bulk oxide into a ferromagnetic

In solid-state oxides, methods such as
chemical doping/alloying,'=3] mechanical
strain,*°! defect engineering,®l and inte-
gration of distinct materials,!'%!! have been
conventionally used to control or modify a
wide range of physical and chemical prop-
erties. These include the modification of
the electronic band structure, conductivity,
ferroelectricity, magnetism, ionic diffusion,
crystal symmetry, and so on. In this regard,
perovskite (ABOj;) oxides and their related
heterosystems have recently received sub-
stantial attention. Extraordinary physical
phenomena have been observed in artifi-
cially designed heterostructures that do
not appear in their respective host oxides;

namely, the coexistence of superconduc-
tivity and ferromagnetism within the
buried interface between two wide-bandgap
insulators, e.g., LaAlO;/SrTiO3,213] and

ionic—electronic conductor. This unique interstitial B doping effect upon its control
is proposed to be as a general route for extracting/modifying multifunctional
propetties in bulk oxides utilized in energy and spin-based applications.
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spontaneous exotic ferromagnetic orderings and spin-orbit inter-
actions in transition metal (TM) oxides and their integrated sys-
tems, e.g., doped manganites, with tunable magnetoresistance
responses.['1420 In the case of strongly correlated systems, the
inclusion of d and f orbitals of TMs, which have strong inter-
actions between charge, spin, orbital, and lattice degrees of
freedom, is traditionally a prerequisite for tailoring the newly
evolved electromagnetic properties. In the field of spin-based
electronics, materials with a highly tunable electromagnetic
response are in intense demand for room-temperature applica-
tions and have been achieved via doping or electrical gating.[2!-2

In contrast to the conventional substitutional doping
approach, light element doping has been rarely employed due
to issues pertaining to large differences in ionic radii between
the dopant and the host oxide elements, coupled with low sta-
bility and tunability.?>2°] As a result, light elements are often
assumed to be interstitially positioned within the host material
lattices, or at defect sites.[*”?8] However, recently the sp-orbital
characteristics of light elements (with atomic numbers lower
than oxygen) have stirred a lot of interest. The evolution of
nontrivial ferromagnetic responses in TM-free light element
systems, such as doped graphites, has been proposed to be cen-
tered around the associated sp-orbital light elements.?%3% Com-
pared to the typical magnetic materials with the strongly local-
ized nature of TM d/f orbitals, strong sp-electron delocalization
and Curie temperatures well above room temperature were
observed in these light element systems. This originally weak
magnetism has been primarily explained as Stoner ferromag-
netism.3132 There is a high magnitude of spin-wave stiffness
of sp-orbitals which fulfills the Stoner criterion; N(Eg)- Lg > 1,
where N(Eg) and L= 1 eV are the density of one-electron state
at the Fermi level (Eg) in the unsplit band of the paramagnetic
ground state and an effective exchange integral, respectively.
For impurity band-associated ferromagnetism in an itinerant
electron system, the Stoner criterion can be satisfied only when
the impurity bandwidth, W,, is sufficiently narrow according
to the relation N(Ef) = n;/W;, where n; is the atomic fraction
of impurity in a system. Despite the recent studies, the origin
of the resultant local magnetic moments and subsequent long-
range ordering are still under deliberation. In addition, other
light elements, such as Li and He, have been employed in die-
lectrics, and ferroic material systems for modifying the degree
of lattice strain, and local electronic states, although their
definitive role is still unclear.334 The light element interstitial
doping approach is practically still in its initial stages, without
a comprehensive understanding of the associated atomic/ionic
and electronic characteristics, and its impact on the properties
of the host materials.

Here, we demonstrate an interstitial light element doping
into bulk oxides to evoke novel multifunctional properties such
as room-temperature electrical switching and ferromagnetism.
Our findings show the evolution of such phenomena upon
the inclusion of a light weight boron (B), which is interstitially
doped into the oxide composite of the LaAlO3(1 — x):LaBOs(x).
Both undoped bulk oxides are inherently nonmagnetic and
insulating with bandgap energies of =5.6 and =5.4-5.9 eV for
bulk LaAlO; (LAO) and LaBO; (LBO), respectively.?>3¢) Hence-
forth, x will be used as the variable to denote the composition
ratio of LBO to LAO in the composites. As a result, the utmost
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ordering of interstitial B cations throughout the composite
system triggers remarkable conductive and ferromagnetic char-
acteristics. The observed unique interstitial B doping effect in
the host oxide matrices contrasts with the conventional substi-
tutional doping mechanisms utilizing a charge imbalance.

Three constituent binary oxides, La,0;, Al,O;, and B,0;,
were mixed to form the LABO composites. The ratios between
LAO and LBO were determined by their stoichiometric rela-
tions (S1). The LABO composites, consisting of rhombohedral
LAO (space group: R-3¢) and orthorhombic LBO (Pnma) crys-
tals, were synthesized as a function of LBO composition, x up
to 10% as shown in Figure 1a,b. A subsequent thermally driven
sintering process led to a thermodynamic equilibrium condi-
tion during the material synthesis. This gives rise to the forma-
tion of thermodynamically stable LABO composites that consist
of phase-separated and independent LAO and LBO phases in
ceramic pellet forms. The large difference in the crystal struc-
ture of rhomborhedral LAO and orthorhombic LBO phases and
the ionic radii of Al and B prevent any relevant substitutional B
doping into the LAO lattice.'!] The resultant LABO composite
pellet samples used in this study are white in color and poly-
crystalline in nature, and no secondary phase formation was
found. The conditions are biased for structural and atomic
incompatibilities and the associated complete phase separation
of LAO and LBO phases in the composite system is observed.
This eventually leads to the positioning of B atoms as intersti-
tials, which modify the inherent properties of the host LAO
system. Such a strategy potentially provides an energetically
favorable landscape for the B cation to diffuse into the neigh-
boring LAO phases and settle within interstitial sites.

To investigate the nature of the B coordination environ-
ments in the LABO(x = 5%), 2D and T; magic angle spinning
(MAS) solid-state nuclear magnetic resonance (NMR) studies
were performed (Figure 1c,d—details in S1 and S2, Supporting
Information). The NMR results for the LABO(x = 5%) com-
posite show two overlapping resonances; the first corresponds
to the LBO and the second originates from the B interstitials.
The horizontal nature of the 2D triple quantum MAS (3QMAS)
resonances suggest that both B environments are highly
ordered without other observable phase distributions. The
longitudinal spin-lattice relaxation (T;) is a first-order time
constant which is defined as when 63% of the net magnetiza-
tion returns back to thermal equilibrium, the rate of this time
constant is governed by the local electronic environment of
the observed nuclei. The relaxation characteristics of the two
resonances observed in the composite have a large variance;
the slow (222 s) relaxing LBO environment has a strong
correspondence with the T; measured for the undoped bulk
LBO (238 s) and the increased relaxation rate (1.2s) of the B
interstitial (B;) environment is distinctive of a nucleus neigh-
boring conduction electrons.l”) Typically, a rapid spin-lattice
(Ty) relaxation, at nuclei neighboring conduction electrons, is
produced by the fluctuating local magnetic fields caused by the
conduction electrons hyperfine coupling to the nuclear site.
Consequently, our solid state NMR results conclude that the B;
environment is locally ordered throughout the system and expe-
riences the presence of conduction electrons, whilst the LBO
phase in the system remains relatively isolated from these con-
duction electrons. Further investigation with atomic resolution
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Figure 1. a) A mixture of rhombohedral LaAlO;(1 — x) and orthorhombic LaBOjs(x) to form LABO(x) composites. The “x”

denotes the percent quantity

of LBO mixed with “1 —x” quantity of LAO to form the LABO (x) ceramic pellets. b) X-ray diffraction patterns of the undoped rhombohedral (R-3¢c) LAO,
orthorhombic (Pnma) LBO, and LABO composites with different LBO compositions, x (up to x=10%). c) The "B 3QMAS (12 kHz) NMR spectrum of
LABO (x = 5%) displays two distinct resonances, which are extracted as 1D projections and represent the bulk LBO (blue) and B; (red) environments
in the system. The projections of these two resonances are employed as the root of simulations of the overlaid 1D "B MAS spectrum. A recycle delay
of 5 s was used to give a bias towards the minor B; environment. d) The saturation recovery "B NMR data for LABO (x = 5%) showing the T relaxation

times of LBO (blue) and B; (red) environments.

scanning transmission electron microscopy and X-ray photo-
emission spectroscopy (Figures S3 and S4, Supporting Infor-
mation) correspondingly indicate distribution and positioning
of the B interstitials within the LAO lattices of the composites.
The subtle-strained LAO lattices in the composites are formed
by ordered B; distributions, which is also verified by the elec-
tron energy loss spectroscopy spectrum and corroborated by
XRD and NMR observations.

To evaluate the electrical characteristics of the LABO
composite pellet samples, two parallel platinum (Pt) electrodes
were fabricated at the surface of the composite pellet samples,
separated by a gap of =80 um (the inset of Figure 2a). An
external electric field of =12.5 kV/cm™ was applied across
the gap through unidirectional hysteretic voltage poling up
to +100 V (0 V — +100 V — 0 V, at a rate of 1 V s7) for the
purpose of electroforming (EF) process. Hereafter, the electro-
formed composite samples will be referred to as EF-LABO.
Highly insulating behaviors were observed in the undoped LAO
and LBO, with no significant change in the electric current across
the gap regardless of the strength of applied external electric
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fields (Figure 2a). The initial electrical state of the LABO com-
posites also showed similar insulating characteristics in the low
voltage regime (20-30 V) without any EF process (Figure S5a,
Supporting Information). However, during the EF process,
highly conductive channels were formed in all the LABO com-
posites at varying set-voltages, with a sudden increase of current
in the electrically poled direction. A clear dependence of the
set-voltages on the composition, x, can be seen; as x increases,
the set voltage required to form the high conducting channels
decreases from 78 V (x = 1.5%) to 37 V (x = 10%). This implies
that the composites with higher x possess higher population of
mobile ionic species that can be readily driven by an external
electric force at room temperature as schematically depicted
in the inset of Figure 2b. As a result, two different conduction
states, namely high resistance state (HRS) and low resistance
state (LRS), were created within the LABO composites by the
EF process (Figure 2b). It is noteworthy that the formation of
such distinct resistance states in this composite system is fun-
damentally different from an anion-mediated mechanism often
reported in metal oxides. For instance, in ABOj;-type perovskite

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Electroforming (EF) process in the undoped LAO, LBO, and LABO(x) composites after a poling sequence, i.e.,, 0V —+100V — 0V, across
a gap of 80 um. The inset shows a schematic depicting the geometry of DC measurements with planar Pt electrodes separated by a gap of 80 pum.
b) Current-voltage (I-V) curves of the LABO (x = 3%) composite before and after the EF process. c) The cyclic switching performance of the low (LRS)
and high resistance states (HRS) of the EF-LABO (x = 3%) composite upon application of a +30 V pulse over a period of 10* repetition. d) LRS/HRS
ratios in the undoped LAO and LBO, and EF-LABO(x) composites. e) The bipolar switching of the LABO (x = 8%) composite by applying hysteric high
voltage sweeps of £100 V in a sequence (1 — 2 — 3 — 4). f) 10-time |-V hysteresis curves of the composite, measured at £150 V at a rate of =12.5 V' s™
after the bipolar switching. The set-and-reset transition of the resistive switching is schematically depicted by a cyclic sequence of field-driven two-
filament growth and gap opening during the operation. g) An electrically poled area at the surface of the LABO(x = 8%) composite measured by
ToF-SIMS. h) 2D elementary mapping of B and Pt ions across the electrode gap. The highlighted dashed area corresponds to the dashed area within
the white solid line square given in (g). The maximum scale ranges of B" and Pt* counts are adjusted for visualization of the B ion distribution across
the Pt electrodes. i) The integrated counts of the detected Pt, B, La, and Al ions for the area (x = 150-350 um, y = 125-225 um).

oxides, formation of differential resistive states is usually  (Figures S5 and S6, Supporting Information). Nevertheless,
attempted by the arrangement of anion defects (drift/diffusion  the creation of the LRS in the composites predominantly arises
of oxygen vacancies) upon overcoming high activation energies  from the interface modification by the rearrangement of the
of =0.5 to =2.8 eV, which require extremely high electric fields = mobile ions across the large insulating gap after the EF process
above few tens MV cm™! or high operation temperature above  as a filamentary conduction. Accordingly, the created conducting
500-700 K or over very confined length scale (few tens or hun-  channels overwhelmingly exhibit a nearly metallic character as
dreds of nanometers).!'1:3] verified by temperature dependent resistance measurements
Furthermore, with very low current flow (few tens of pA)  (Figure S5c, Supporting Information). The conducting states
and a near zero electric field range (<5 V, 0.6 kV cm™) due to  in the composites were persistent despite several identical EF
the 80 um gap distance, we observed that the LRS states, in the  cycles (see Figure S5e, Supporting Information), and last for
EF-LABO composites in the low voltage range of around 10 V,  more than six months without any significant degradation.
partially show Schottky-like rectifying behavior and trap-limited To further examine the retention properties of the conducting
space charge conduction.’?) Such additional interfacial effects  channels in the EF-LABO composites, intermediate reading
on the current flow can be attributed to a large band offset  voltages of £30 V were applied and consecutively switched
with a large work function difference between the Pt electrodes  10° times, as illustrated in Figure 2c. The eventual low and
and LABO composites, and pre-existing charge carrier trap  high resistance states formed in the LABO(x = 3%) composite
centers, which typically originate from the point/planar defects  remain mostly consistent at =80 kQ and 1.5 x 10® kQ,
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respectively. Such persistent states of resistance were formed
in all the composites after the EF process and exhibit excel-
lent endurance performance over the switching cycles with the
HRS/LRS ratios of >10° (Figure 2d and Figure S5b, Supporting
Information). These results reveal the dominant role of a par-
ticular ionic component in the creation of conductive channels
although quantitative evaluation of the effective doping level of
the ions was difficult to determine experimentally.

The observed field-driven ionic motion and the associ-
ated changes in the resistance indeed suggest a memristive
switching characteristic. To confirm this, we performed a
bipolar switching of the LABO(x = 8%) sample, by applying hys-
teric voltage sweeps of £100 V (Figure 2e). In the initial forming
process, two set-voltages and a sudden increase in the current
for both positive and negative polarities were observed. This
apparently indicates a reversible ionic motion under the applied
fields and the formation of an ionic memristor to switch to the
LRS states. Interestingly, the subsequent switching behavior of
the electro-formed composite sample shows a symmetric uni-
polar resistive switching (the set and reset transition) for both
polarities mimicking complementary resistive switching char-
acteristic.*) A mechanism for the set and reset transition can
be proposed using the sequence which involves propagation of
two conducting filaments across the gap (at the intermediate
voltages, +40-80 V), in conjunction with the opening-up of
the conducting gap (towards the formation of one conducting
channel at the high fields, >+80 V), as schematically depicted
in Figure 2e. This affirms that the field-driven mobile species
create two different logic states (0 and 1) corresponding to two
resistance states that can be potentially stored as a nonvolatile
memory for data storage applications. Such unique resistive
switching features of these composites in the microscale can
be practically scaled down to nanodevices, which would offer
obvious advantages for operation such as low power consump-
tion, fast switching time, high endurance, and noiseless and
selectless operation.

To verify the relation between the local elementary distri-
bution and the electrical conduction, elementary 2D mapping
acquired by time-of-flight secondary ion mass spectroscopy
(ToE-SIMS) is presented in Figure 2g—i. Scans were measured
within the electrically poled area in the EF-LABO (x = 8%) com-
posite and the positively charged B ions migrate and accumu-
late with a resultant gradient in the distribution of counts from
the negatively poled area. This directly indicates that the forma-
tion of the conducting channels in the composites is predomi-
nantly associated with the rearrangement of B ions.

Another interesting observation from the LABO compos-
ites is extraordinary ferromagnetic responses. Figure 3a shows
field-dependent magnetization (M versus H) loops measured
at 5 K under external magnetic fields, £50 kOe (for compar-
ison, only the data within the range of +6 kOe are shown),
for the composites as a function of composition, x. In all
the composites, clear ferromagnetic hysteresis loops were
observed, which is completely at odds with the paramagnetic
response of the undoped LAO and LBO shown in the inset of
Figure 3a. The diamagnetic and paramagnetic responses were
cautiously subtracted from the measurements, as illustrated
in Figure S7a (Supporting Information). The saturation (Mj)
and remanence (My) magnetization of the composites steadily
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increases with x, while conversely the coercivity (Hc) decreases
(Figure 3b). Moreover, the magnetization remains independent
of the temperature up to 400 K for all the composites. Paramag-
netic upturns were measured in all the samples at temperatures
below 10 K, which could be attributed with environmental para-
magnetic contamination, e.g., C-based radicals or equipment
accessories in the SQUID magnetometer.®*!l The presence of
external metal impurities, e.g., Fe, Ni, and Co, was also consid-
ered. The measured M of all the composite samples are indeed
much higher (>=1000 times) than typical M, values for impu-
rity level of a few ppm,*Jl but no elementary response and no
quantitative variation for such magnetic impurities were found
from any of the LABO composites with x (see Figure S8c, Sup-
porting Information). Therefore, the increase in the magnetiza-
tion of the LABO composites with x is primarily related to the
enrichment of B ions and the Stoner-like ferromagnetism with
a high Curie temperature.?” In addition, the decreased H¢ of
the composites with x could be associated with a size distribu-
tion effect of the B-induced ferromagnets in the composites.[*’]

To clarify the origin of the abnormal ferromagnetism, the
effect of external electric stimulation on the magnetization
in two different composites (x = 3% and 8%) was examined,
which were initially electro-formed along the vertical direc-
tion (across top- and bottom-Pt electrodes on the samples
with a gap of =500 um for the uniform alignment of B ions —
Figure 3d). The saturation magnetization of the EF-LABO com-
posites substantially increases by =13 and 4 times for the EF-
LABO(x = 3%) and (x = 8%), respectively, higher than that of
the pristine ones (the left panel of Figure 3d). In addition, the
temperature-independent magnetization reveals that the origin
of the ferromagnetism in the EF-LABO composites is funda-
mentally identical with that of the pristine composites (the right
panel of Figure 3d). Hence, the enhanced magnetization of the
EF-LABO composites is due to an increment in the ferromag-
netic ordering of B ions. In the M versus T curves (Figure S7b,
Supporting Information), the induced and extended magnetic
orderings in the EF-composites correspond to the appearance
of an FC/ZFC split with their sufficient anisotropy energies
at low temperatures. In contrast, no splittings were observed
from the as-prepared composite samples in which superpar-
amagnetic-like fine magnetic clusters (few nanometre sizes)
are most probably randomly distributed in the polycrystalline
pellet form as observed in STEM and denoted by arrows in
Figure S4a,b (Supporting Information).[*4

To emphasize the dominant role of the ordered B ions for
the controlled ferromagnetism, the EF-LABO composites were
thermally annealed at 600 °C for 60 min in different ambient
conditions, in O, and in vacuum. This results in a significant
lowering of the Mg by about 75%, regardless of the annealing
conditions. The thermally induced magnetic degradation of
the composites is primarily due to the loss of B ions (=80%),
confirmed by SIMS depth profiling (Figure S8, Supporting
Information). The SIMS results also show an almost same
amount of LBO composition in the composites both before and
after annealing. This reveals that excess B atoms are intersti-
tially distributed and bound within the host matrices and can
be displaced with sufficient thermal energy. Consequently, our
results indicate that the ordered B interstitials are the main
contributor in the evolution of the ferromagnetism of the LABO
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Figure 3. a) 5 K M versus H hysteresis loops of the ferromagnetic LABO(x) composites. The inset shows the M versus H hysteresis loops of the para-
magnetic undoped LAO and LBO. b) Variations in the averaged saturation magnetization (Ms), magnetization remanence (Mg), and coercivity (Hc)
of the composites as a function of x at 5 K. ¢) Temperature-dependent magnetization curves of the LABO(x = 3% and 8%) composites by zero-field
(ZF) and field cooling (FC) processes. In the FC process, an external magnetic field of 50 kOe was applied from RT to 5 K and the M-T curves were
collected in a magnetic field of 2.5 kOe. d) 5 K M versus H hysteresis loops of the LABO(x = 3% and 8%) composites before and after EF process.
The right-hand panel shows the M versus H hysteresis loops of the EF-LABO (x = 3%) composite at different temperatures, 5 K and RT. e) The thermal
annealing effect on magnetization of the EF-LABO (x = 3%) composite with different ambient conditions, O, (OA) and vacuum (VA) as measured at 5 K.

composites and play the key role in manipulating the magnetic
properties of the composites. This also implicitly rules out any
kind of magnetic contribution from the oxygen vacancies in
the composites (see Figures S9 and S11, Supporting Informa-
tion). In all the polycrystalline undoped and composite pellets,
the effect of grain boundaries, native point defects (e.g. oxygen
vacancies), and foreign impurities cannot be completely disre-
garded. However, no significant effect of such defects on vari-
ations of the properties of the undoped pellets was observed.
This clearly suggests a required mutual condition; the coexist-
ence of B interstitials and the host LAO counterparts, which
creates the aforementioned extraordinary properties of the
LABO composites.

To elucidate the B; doping effect on the observed electronic
and magnetic properties of LABO composites, we performed
first principles density functional theory calculations. Ab initio
random structure searching (AIRSS) calculations were con-
ducted to obtain an optimal position for the B; atom within
a LAO supercell (B;LAO SC with B = 0.8 at%)*l—details
are present in S1 and S5 in the Supporting Information. The
spin-polarized and orbital-projected density of states (DOS) of
the optimized B;:LAO SC show that the highest valence band
states are comprised of mainly O p-states, while the states at the

Adv. Mater. 2018, 30, 1802025 1802025

conduction band minimum are dominated by the La d- and
fstates, as illustrated in Figure 4c. Three new sharp peaks
mostly attributed to the partial s-states and p-states of the B;
appear in the bandgap near the Fermi level (Ef) for the B;:LAO
structure (Figure 4d). The integrated DOS indicates that the
first and second peaks near E = —1 eV add exactly one spin-up
electron and one spin-down electron into the system, respec-
tively (Figure S10a, Supporting Information). The third spin-up
electron originates totally from the B p-states and appears mar-
ginally below the Er. More interestingly, the electronic states
of B are hybridized with the nearest neighboring host atoms,
La and O, which give rise to repetition of the induced spin char-
acter. This can be observed as minor peaks within the bandgap
for both La and O (Figure 4f, and Figure S10a in the Supporting
Information). As illustrated in Figure 4a,b, the residual delo-
calized single electron provided by the p-states of the B; in the
LAO SC is partially transferred into the neighboring La (0.23e)
and O (0.12e) atoms, respectively. The total excessive charge
induced by the B; is 0.99e and the local charge density of the
system is p = 1.80 X 1072 e A=3. As a result, the electrons trans-
ferred from the B to the neighboring La and O atoms are spin-
polarized, leading to the magnetization of the system with the
total magnetic moment of 1 pg. This is primarily driven by

(6 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The charge density difference of a relaxed AIRSS-derived LAO supercell (SC) with a B; (=0.8 at%), projected along the a) <21-1>¢ and b)
<121>¢ zone axes. The isosurface value is taken as 8 x 107 eV A, c) The spin charge imbalance from the spin polarization states of the B;:LAO SC
projected along the <121>; zone axis. d) The total and spin-polarized DOS of the B;:LAO SC. The s- and p-projected spin-resolved local density of states
of e) B; and f) La. g) Variations in the total magnetic moments and energy separation of B; p states—energy difference, AE = E (unoccupied p-states of
B; above the Ef) — E (B; occupied p-states of B; near the Ef), as a function of the number of B;, aligned periodically within the x—y—z coordination of the
SCs . In the LAO SCs, the B interstitials were calculated to be aligned, separating B; individuals into each LAO UC along the uni- and planar directions

until the B; atomic concentration, nc = 3.2 at%. 3D alignment of B; in the LAO SCs was made above rc.

alignment of the spin-polarized electrons between the B; and
La cations through the hybridization of the p—d band as shown
in Figure 4c.

Our calculations further show no change in the electronic
and magnetic properties of the B;:LAO system by the pres-
ence of oxygen vacancy nearby the B;, and no magnetiza-
tion of the system caused by a B-pair (a B dimer) within the
LAO SC as shown in Figures S10b and S11 (Supporting Infor-
mation). These results suggest that clustering of B; atoms
needs to be minimized to secure the Stoner-type exchange
interaction between the itinerant electrons (impurity band
spin-split), and subsequent spin polarization with the nearest
neighbors. Hence, a unidirectional/planar array of isolated

Adv. Mater. 2018, 30, 1802025
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B individuals along rhombohedral LAO lattices is the key
feature for tailoring both the magnetization and conduc-
tivity of the LABO composites until a percolation threshold
concentration of B;, nc = 3.2 at% as illustrated in Figure 4g
and Figure S12 (Supporting Information). In conjunction,
depreciated magnetic and electrical responses were meas-
ured in the composite samples, with a largely disordered host
system, and thus the effective interstitial doping level needs to
be driven over a limited range below the percolation threshold
concentration. This is also reflected in the measurements, as
the EF-LABO(x = 8%) exhibits comparatively lower satura-
tion magnetization, when compared to the EF-LABO(x = 3%)
composite (Figure 3d).

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The striking phenomenon observed in this study is that
trivalent B; effectively contributes excessive spin-polarized
electrons primarily to the neighboring same charge-valent
La cations in the LAO lattices. The delicate positioning of B;
in between two La ions could be perceived to be driven by the
electronegativity difference between the two cations (B and La),
which is around Ay. = 0.86, against the typical ionic attrac-
tion between B and O. Namely, a stronger ionization force
between La and O in the host LAO lattices prevents B;—O
bonds, which maintains the position of B interstitials. This
eventually results in the La-Bj—La interactions, giving rise to
spin-polarized charge transfer. The proposed mechanism was
henceforth analyzed using thin films of LBO that were grown
on different nonmagnetic oxide crystals, namely pseudocubic
LaAlO;(001),,, STO(001), and MgO(001). As expected, our
results clearly show that the nonmagnetic oxides turn over
high-temperature ferromagnets due to interdiffused B intersti-
tials (Figure S13, Supporting Information). Consequently, the
following conditions, i.e., a large difference in electronegativi-
ties, hybridization and ordering of interstitial states, and charge
neutrality level in ionic material systems,*®!! can firmly assist
in functional interstitial light element doping.

In summary, we report an intriguing, yet straightforward
approach to engineer functional properties, namely resistive
switching and high-temperature ferromagnetic response, by
interstitial light element doping in a novel composite oxide
system. A large electronegativity difference between the B and
La cations in the host LAO lattices preserves effective inter-
stitial B doping, which is critical for the reconstruction of the
electronic states and magnetization of the composite system
used in this study. The eventual tunability of the induced effects
via the rearrangement of B; by an external stimulus proves the
robustness of the mechanism, and its potential utility in a host
of other bulk oxide dielectric materials, which is validated by the
result of thin film synthesis. The proposed mechanism, there-
fore, has a universal character and can be explored with dif-
ferent combinations of heavy and light element cations in ionic
compound materials systems. The adopted route predominantly
takes impact of the interstitial doping, in contrast to the widely
employed substitutional doping. Our findings offer a pathway to
engineer a new class of bulk oxide materials with light element
interstitial dopants for desirable ionic/electronic and magnetic
characteristics in oxide-based electronic and energy applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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