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(4)NEEHIERIGEFRIL, 200 UM ARRICARRAN Y F (3) ICEGIT S ENHE
BEEICERTDH, COFER. BOF(4)ITRAMSF Q) MBETFTN, ChIZHEND., KRR
FRATOEMBRIL I VELET ) U ESEDEAEANBRREINS, THhE, KA
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B2 KEEENSDFA—FAVFUTORTLDDFEE (K OvoME TR KEE) SR (H)

(2)  S¥RO=> GroEL DI

KFEHEDIYRAZY GroEL I, YT AZYrD14EENLHEHER 145 nm, &S 145
nm [ZFEDKESOAB[HDEL/NVETHY ., REBICER 45 nm (ZEDOABFRDOEALEET
5, MRANTIE ATP ZIRILF—RELT,. EARTICEEIVN\VEERYRAA. ZTD) 7T
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FTEHIENRDIOTND, SOOI BEIETER T LIS, SHITHIGEEDELEE
AT BIET.AE ATP TEEEFNT AL v ROV DEEE L THEHTZADO TGN EEZ
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Output 1 0 0 0
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e
<
UV Light
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Input 2 (ATP) 1 0 0 1
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1 BFREERES . Correlated Electron Optics in Quantum Confined Mott Insulators

2 WiEEHKSL: Harold Y. Hwang
2 A : Naoyuki Nakagawa (FAZEHEARS:H.17.4~H.17.12)
AZEE: Yasushi Hotta (FFZEHART :H.17.4~H.17.6)
AR E: Kei Takahashi (3L #f#:H.18.5~H.19.3)
W #HBIE . Makiko Tanaka (FFZ2HAR :H.16.4~H.19.3)

3 HEDInLY:

A diverse range of physical properties can be found in perovskite oxides closely latticed—-matched
to one another. Our general research interest is to develop these materials as a new
heteroepitaxial family with new physical phenomena and devices, focusing on atomic scale control
and design. When we consider basic artificial structures used in semiconductor devices, such as
heterojunctions and quantum wells, we find two important issues arise when incorporating
perovskites: 1) The atomic composition of the interface. For abrupt perovskite interfaces in the
(001) orientation, there are two different interface terminations which can be grown with often
vastly different electronic properties. 2) Incorporating strongly correlated electrons. A key feature
for poorly screened electrons is that the electronic structure evolves with electron density, quite
different from filling electrons into a rigid single particle band. The aim this project was to develop
the materials ingredients and optical probes for using band bending and quantum confinement with

correlated electrons in perovskite oxide heterostructures.

4 HARAER:

Modulation of oxygen stoichiometry on an atomic scale

The electronic properties of SrTiO; are extremely sensitive to oxygen stroichiometry — the
evolution from a dielectric insulator, to a doped semiconductor, then to a metal and
superconductor all occurs within the first 0.03 % of oxygen vacancies. We have studied the growth
dynamics and electronic properties of SrTiO;_5 homoepitaxial films by pulsed laser deposition. We
find the two dominant factors determining the growth mode are the kinetics of surface
crystallization and oxidation. When matched, persistent two—dimensional layer-by—layer growth
can be obtained for hundreds of unit cells. By tuning these kinetic factors, oxygen vacancies can
be frozen in the film, allowing controlled, systematic doping across a metal-insulator transition. By
varying  the oxygen partial pressure during  growth, we could  fabricate
SrTiO,/SrTiO, 5 superlattices with oxygen doping profiles exhibiting sub—nanometer abruptness.

Using annular—dark—field electron microscopy and core—level spectroscopy, we were for the first
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time able to profile realistic vacancy concentrations on an atomic scale. This opens a pathway to

the microscopic study of individual vacancies and their clustering.

Manipulating Interface States Using Polar Discontinuities

N-type

The electronic structure of perovskite
interfaces can be dramatically tuned at
the atomic level. We examined the (001)
interface between two insulators, La&
SrTiO, (composed of charge neutral
layers) and LaAlO; (composed of
alternatively charged layers). This

‘polar  discontinuity’ creates a

diverging potential, which forces an

electronic reconstruction for n—type

interfaces, and an atomic @ Response @

reconstruction for p—type interfaces. o E v ¢ o E v
2 S m——
. o ¢ 1- INEEE— €Y
The n—type interface forms an artificial fﬁglf_= $§11+_!
high—-mobility metallic state at the ¥ o TG
404 0 0%
0 s 0 TivO#

interface between two insulators.

Although polar discontinuities are a Fig. 1. The two (001) interfaces between LaAlO; and SrTiO,.
unique approach to creating novel The unreconstructed interface has a polar discontinuity,

leading to a potential divergence. This is resolved by an

interface states, it is also valuable to electronic reconstruction in the n—type case (induced Ti®"),

create oxide heterostructures with and an atomic reconstruction in the p—type case (induced

. ) oxygen vacancies).
electrically clean interfaces. Towards
this end, we note that in the (110) orientation, the interface should be free of interface states for
all perovskite combinations. We have found a unique two stage annealing procedure which gives an
atomically flat (110) SrTiO, surface, while maintaining an insulating surface. We have demonstrated

two—dimensional layer—by—layer homoepitaxial and heteroepitaxy growth in this new growth

orientation.

Artificial Structures Incorporating the Mott Insulator LavVO,

A central focus of this project has been to develop LaVO, as a perovskite component in thin film
heteroepitaxial structures. LaVO;, is a prototypical Mott insulator showing a large correlation gap
(>1 eV), with a spin and orbital ordered ground state. The thin film growth phase diagram evolves
between LaV3+O3 and LaV®"0, with varying thermodynamic conditions. Between these phases lies
an extended region of phase coexistence, since LaV#* O, cannot form in bulk. In this regime we

have examined abrupt interfaces between LaV®'0, and LaV®**0,, and we find the vanadium valence
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smoothly varies from V3* to V¥, inducing a nanometer wide region of V# at the interface. This is a
striking example of the strong electronic reconstructions which can occur at transition metal oxide
interfaces. For optimized conditions, atomically flat LaVO,; films can be grown in the
layer-by—layer growth mode, and we have successfully fabricated superlattices of LaVO;/SrTiO,
and LaVO;/LaAlO; down to single unit cell layers. In the latter case, we have examined the
electronic structure of the LaVO,; Mott quantum wells using x—ray photoemission spectroscopy.
We have found that the well can be systematically doped by charge transfer from the polar LaAlO,
surface. Studies of the optical properties of these quantum wells are in progress, and preliminary
results indicate that for ultra—thin wells, the reduced dimensionality increases the bandgap and

reduces the bandwidth of the upper Hubbard band.

Magnetically Tunable Interface Barrier in Manganite/Titanate Heterojunctions

We have studied rectifying Schottky junctions using 10

—s—La, ;S1; . MnO,
. . . . —8—Lay ,S1p ;MnO,
ferromagnetic manganite electrodes. For high T, manganites - @

alo

such as Lay;Sry3Mn0O,, there is little magnetic field

. 0.5
dependence at all temperatures. However, for manganites

near the metal-insulator transition, such as Lag;Sry3;Mn0O,_s,

Squareroot of Photoyield (a.u.)

the junction exhibits a magnetic field tunable depletion layer.

This creates a large positive magnetocapacitance, a direct
Photon Energy (eV)

measure of the field—induced reduction of the effective

depletion width across the junction. Furthermore, the fi?;;?,l::’.:ﬁ:::

reduction of the junction barrier shifts the forward bias ;; L2 " 110 é
characteristics, giving exponentially-enhanced differential E y :'l\ ;::
magnetoresistance, occurring despite the absence of a spin é 2% —F —'-*t:-;:?“—;-@ﬂr—] ® i
filter. These results provide a unique probe of a Mott % “S:/_O |06 %
insulator/band insulator interface. They further suggest the N 10K 3 -
potential for creating new electronic devices incorporating hae LA A S A Lo

the magnetic field sensitivity of these strongly correlated Magec Field (1)

] o ) Fig. 2. The top panel shows the
electron materials. To probe the origin of this effect, we photocurrent vield as a function of
photon energy. The two principle

features observed are the SrTiO,

have developed a probe to use internal photoemission

spectroscopy under magnetic field. This technique can
directly measure the Schottky barrier height by monitoring
the photocurrent across the junction while illuminated by
tunable monochromatic light. We find that the barrier height

can be significantly reduced by magnetic field, consistent

bandgap and the Schottky barrier
height. The bottom panel shows the
evolution of the barrier height with
applied magnetic field. Only the
magnetically active Lay;Sr,,MnO,_5
Jjunction exhibits field dependence.

with the electronic properties. This result, opposite of what would be expected from purely

Zeeman effects, may indicate an interface metal—insulator transition driven by magnetic field.

248



5 HCFHE:

We have studied perovskite oxide thin films, interfaces, and multilayers with the general aim of
developing complex oxide heteroepitaxial structures with new physical properties and device
potential. At LaAlO,;/SrTiO; and LaVO,;/LaVO, interfaces, we have found nanometer scale
interface phases driven by electronic reconstructions. At manganite/titanate rectifying interfaces,
we have found the barrier height can be strongly reduced by applied magnetic field, which we
directly probe using internal photoemission spectroscopy. Having developed atomically precise
structures incorporating the Mott insulator LaVO,; we have begun to probe the electronic
structure of quantum—confined correlated electron states. We are proceeding to probe the linear
and nonlinear optical response of these structures, analogous to semiconductor multiple quantum
wells. In our view, the development of new materials structures and interface phenomena has been
highly successful in this project. However, we have been slow to investigate and develop the
optical probes and properties of our structures, with significant progress occurring only in the last
year of this project. In summary, this should be a promising new direction for manipulating the
many bulk physical properties associated with heterovalent transition metal oxides, applying the
concept of bandgap engineering in perovskite heterostructures. In addition to a number of
scientific accomplishments within this project, we believe this research has seeded several
exciting new research concepts and directions, which we will continue to pursue in future

research.
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