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Research Focus:

In this project, multifunctional nanostructured spintronic and magnetoelectric materials were investigated
by experimental and computational efforts for applications in energy efficient electronic systems that integrate
functionalities and thus have the potential to enable a new generation of faster responding devices and increased
integration densities. The team systematically investigated transition metal (TM)-doped ZnO nanostructures, silicide
nanorods, magnetoelectric oxides, and ferroelectric/ferromagnetic heterostructures.

In what follows, we report the progress made by researchers during the above period in developing and
understanding of 1) Spintronics nanostructures; 2) Resistive switching phenomenon in oxides for memory devices;
3) Magnetoelectric multiferroics; 4) Novel high-k gate oxides for logic devices; 5) Two dimensional (2D) materials;
and 6) Theoretical studies in the above fields.

A brief description of accomplishments

1. Spintronics Nanostructures:
1.1 Synthesis of ZnO thin films with controlled density and composition of structural defects

High quality ZnO thin films with controlled density and composition of structural defects were deposited on c-
sapphire and oxidized silicon substrates by dc pulsed reactive sputtering using 40 W of power and 600 °C substrate
temperature. The X-ray diffraction (XRD) and the photoluminescence (PL) characteristics of ZnO thin films grown
at various oxygen to argon ratios was studied to study point defects in the films and their relation to the magnetic
behavior. We also studied the effect of the oxidation state of Fe species and the influence of the annealing atmosphere
on the structural and functional properties of nanocrystalline ZnO-based powders. The formation of pure and Fe-
doped ZnO nanocrystalline powders were confirmed by XRD, UV-Vis and PL measurements. No isolated impurity
phases were detected. TEM analyses confirmed the formation of nanosize particles in the 10-20 nm range. PL spectra
of bare and Fe-doped ZnO powders evidenced the main emission band in the UV region. The quenching-by-
concentration effect observed was attributed due to the formation of trapping states by the dopant species. Fe**doped
ZnO exhibited weak but noticeable room-temperature ferromagnetism. These results open interesting possibilities for
the use of Fe-doped ZnO in multifunctional systems and devices.

1.2 Synthesis and magnetic characterization of silicide nanowires
Using chlorine precursors and (100) silicon substrates, nanowires of FeSi, CoSi, FexMn;«Si, and CoxMn;Si

were fabricated in a two zone CVD furnace with temperatures and pressures ranging from 800 - 1200 ‘C and 500 -
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760 Torr. It resulted into nanowires with diameters of S00nm — 40nm that had shown magnetic response at different
temperatures, measured using a Vibrating Sample Magnetometer (VSM). Magnetic domain measurements were also
carried out on a single nanowire, using a Magnetic Force Microscope (MFM). Density functional theory was
implemented to understand the origin of the magnetism on the nanowires. The calculations were performed using the
Vienna Ab initio simulation package (VASP). Results show magnetization on the surface atoms of a FeSi (111) slab.

1.3 Thin films of ZnO for multifunctional applications

ZnO thin films were deposited on c-sapphire and oxidized silicon substrates by dc pulsed reactive sputtering
using low power values and 600°C of substrate temperature in order to produce the lowest arrival rate possible and
the highest substrate temperature (Ts > 1/3 Tm) necessary to increase the adatom mobility. Manganese doping was
achieved by rf co-sputtering with a second gun. The average thickness of the samples was 250 nm. XRD shows high
(002) crystal orientation and a shift in the peak position toward smaller angles, possibly as a result of the substitutional
incorporation of the larger Mn ions. EDS and XPS analysis were used to measure the amount of Mn in the films.
A new set of samples was prepared where all contamination sources were reduced 10-fold or eliminated. These
samples, and a new set with increased Zn deposition rate and oxygen content, and decreased substrate temperature,
are scheduled to be characterized with RBS and magnetic measurements, during the summer, to correlate the density
of defects in the sample with the appearance of the ferromagnetic signal.

A systematic study was carried out to determine the effect of composition and annealing atmosphere (air and
N2) on the structural, optical and magnetic properties of pure, doped and co-doped ZnO [Zn(.y(CoV),0]
nanocrystalline powders and films. The XRD pattern of films show enhancement of crystallinity with annealing under
N> atmosphere. Magnetic studies reveal a weak ferromagnetism in all V- and (Co+V)-doped ZnO/Si(100) films,
annealed at 500 °C in air. However, the films annealed under N, atmosphere at same temperature show a large
enhancement of ferromagnetism and coercivity and the (CotV)-doped films show further enhancement of
ferromagnetism than V-doped films. This ferromagnetic behavior may be attributed to the super exchange interaction
through oxygen ions or to the exchange interaction between spins of the band carriers and localized spins of Co and
V; Cobalt ions contribute to the saturation magnetization with 6pg and Vanadium ions with 4/3ug per ion. The PL
spectra of films show weak defect band in the films and this defect-induced ferromagnetism is explained in terms of
the bound magnetic polarons model (BMP) applied to oxide DMS’s

1.4 Magnetic structure and interactions in (Sb, Co) co-doped ZnO thin films

The magnetic behaviour of (Co, Sb) co-doped ZnO thin films grown by pulsed laser deposition was
investigated. The irreversibility (ZFC-FC bifurcation) in low field (H = 100 Oe) magnetization and small hysteresis
below 300 K are similar in samples with or without Sb co-doping. Both the phenomena originated from the presence
of blocked supermoments in the samples. Incorporation of Sb only increases the saturation magnetization and
coercivity. The quantitative increase in moment due to Sb co-doping suggests a transfer of electrons from Co ions to
Sb-related acceptor complexes. This is supported by a decrease in the number of electronic transitions from Co d
electrons to the conduction band seen in optical transmission spectroscopy when Sb is added. The high field
susceptibility data show the existence of supermoments with antiferromagnetic interaction between them. We found
that the value of the effective antiferromagnetic molecular field constant decreases with increasing Co concentration,
revealing that the supermoments are bound magnetic polarons around intrinsic donors, rather than coming from Co
precipitates. True ferromagnetism (overlapping polarons) can emerge either with larger intrinsic donors, or with
acceptors with shallower levels, than those created by Sb co-doping. Our results suggest that Sb-related acceptor
states may be unstable towards accepting electrons from deep d levels of Co ions.

1.5 Dilute magnetic semiconductor (DMS): RE-doped InGaN Nanostructures

Thin films of Er and Yb doped GaN were successfully grown by plasma assisted MBE under different doping
concentrations (4-10%) and thickness (50, 100, and 150 nm) for spintronic and optoelectronic applications. The
GaN:Yb thin films are found to be ferromagnetic at room temperature, but the GaN:Er thin films are ferromagnetic
below 175 K. Furthermore, while the thicker films with higher doping concentration of Er and Yb ions showed good
ferromagnetic properties, they showed weak photoluminescence properties. A prototype magnetic semiconductor
tunnel junction (MTJ), GaYbN/AIN/GaYbN (150nm/2nm/150nm), was fabricated by MBE. The tunnelling
magnetoresistance (TMR) was found to be 7.6% at RT that increased with lowering temperature. High In-content
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InGaN with Yb and Er doping were also successfully grown using MBE. Yb:InGaN thin films show excellent PL
spectra without any defect bands.

It was found that adding RE elements to the ammonia solution during GaN ammonothermal growth process
resulted in a substantial improvement in the optical properties of grown GaN crystals due to the gettering of oxygen
and other impurities. Since the 4f electrons are very localized, the RE elements retain the same chemical activity
irrespective of the host, and have magnetic moment than transition metal, and might attract defects and intrinsic
impurities creating complexes in epitaxial films, similar in nature to the gettering effect. We explored Yb-doped high
indium content InGaN semiconductor. The diffraction (RHEED) patterns recorded during and after the growth
revealed crystalline nature of the nanorods. The nanorods were examined using high resolution electron microscopy
(HRTEM) and atomic force microscopy. The photoluminescence studies of the nanorods showed the visible
emissions. The In composition was calculated from the photoluminescence measurements using Vegard's law and
found to be 38.4% for InGaN and 39.5% for Yb (£ 5%)-doped InGaN with a bowing parameter b= 1.01eV. The Yb-
doped InGaN showed significant enhancement in photoluminescence properties compared to the undoped InGaN.
The Yb-doped InGaN nanorods demonstrated the shifting of the photoluminescence band at room temperature. The
magnetic properties studied using the superconducting quantum interference device (SQUID) shows room
temperature ferromagnetic behaviour.

1.6 Quantum Filter of Spin Polarized State Device

In collaboration with Dr. Igor V. Khmelinsrii (Universidade do Algarve, FCT, DQF, and CIQA, Faro P8005-
139, Portugal), in 2013 we continued studies of Quantum Filter of Spin Polarized State Device (AFSPSD) based on
multy-nanolayer sandwich structured interfaces. Presently we report spin-polarized state transport in Metal —
Dielectric — Iron (MDFe), Metal — Dielectric — Semiconductor (1) (MDS1) and Metal — Dielectric — Semiconductor
(2) (MDS2) three-nanolayer sandwich devices. The exchange-resonance spectra in such devices are quite specific,
differing also from spectra observed in other three-nano-layer devices. The published theoretical model was extended
and used to interpret the available experimental results. A detailed ab initio analysis of the magnetic-field dependence
of the output magnetic moment averaged over the surface of the device was as well performed. The model predicts
the resonance structure of the output signal. Structure of resonance is dependent of different reasons.
Developed by us theory allowed to explain of the observed differences between simulated and observed spectra and
fit experimental spectra with acceptable accuracy. We developed phenomenological and ab initio theoretical
approaches to explain the observed phenomenon. The phenomenological approach gave significantly better fitting of
experimental spectra than ab initio analysis.

A novel method for the measurement of g-factor and spin-lattice relaxation time of spin-polarized states in
nano-layers of different chemical nature was developed. This method is based on usage of spin-polarized state
quantum filter, which was created and tested earlier [V. I. Makarov et al., J] Appl. Phys. 110, 063717 (2011) and V.
I. Makarov et al., J Appl. Phys. 112, 084310 (2012). The spin state parameters were measured in nanolayers of
different materials (Fe, Au, and Si) in function of such experimental parameters as the layer thickness and
temperature. The phenomenological model developed earlier for steady-state conditions was presently extended to
include time dependence and successfully used in the data analysis. Qualitative models were proposed that explain
the observed dependences, forming the basis for future theoretical developments.

1.7 Transition metal doped ZnO thin films

ZnO based dilute magnetic semiconductors (DMS) for the novel magneto electronic devices were screened
with various doping levels. The ZnCuO films showed nearly single crystalline phase (< 3% Cu doping) with
ferromagnetic behavior (Ms ~ 0.76 ps/Cu) that reduced on further increase in Cu doping. Moreover, the 1%Cu doped
ZnO thin film is epitaxial and free from any interfacial reaction with the alumina substrate. The high-T, ferromagnetic
property in Co-doped ZnO (ZCO), mediated by donor impurity band was tested by the controlled introduction of
shallow donors (Al) in the Zng 9.xC0o.10:Alx (x = 0.005 and 0.01) thin films. The saturation magnetization for the 10%
Co-doped ZnO (4emu/cc) at 300 K reduced (~ 0.8 emu/cc) due to Al doping and the resistivity dropped abruptly,
from ~ 10* Q-cm for the ZCO film to 0.033 and 0.02 Qcm for the 0.5% and 1.0% Al doped ZCO samples respectively.
The optical band gap in the Mn-doped (1-10%) ZnO was found to increase (3.27 eV to 3.41 e¢V) due to Mn doping.
Recently, we synthesized Antimony (Sb 3% and 5%) doped p-type ZnO films that exhibited high hole concentration
of 6.25x10" cm™, mobility of 57.44 cm*/Vs, and low resistivity (Q cm 0.017) in the 5% Sb-doped ZnO thin film.
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1.8 Nano-structured fibers and ribbons: The electrospinning technique has been used to fabricate ZnO and ZnO
[Fe, Mn] fibers and ribbons. After a careful study of the synthesis process it was shown that specific variations in
the composition of the precursor solution allows the production of different morphologies ranging from droplets to
fibers and ribbons. In addition, it was possible to add specific amounts of Fe or Mn to the solution to produce specific
doping levels in the ribbons. In a separate set of experiments, it was shown that it is possible to change the
polycrystalline texture of ZnO nanowires deposited by dc sputtering by changing the plasma deposition conditions.
The variation in fiber morphology is obtained by control of the polymer/salt solution used in the electrospinning
process. Different polymer concentrations are correlated to variations in the magnetization properties of the fibers.
ZnFe;04 and CrFe;O4 micro-to-nanometer size fibers, in particular, have been successfully fabricated.

a) ZnO:Fe A complete study has been completed on the solution-parameter conditions required to produce different
morphologies, from droplets to fibers, in the electrospinning technique. The ratio of (poly) ethylene oxide to Fe: Zn
was used to control the formation of ribbon and fiber morphologies.

b) ZnFe,04 spinel was prepared by the electrospinning technique using sol-gel precursors with different polymers.
The electrospun fibers were heated in air at different temperatures to eliminate the solvent and polymer while growing
the desired crystalline material. During the heat treatment, the ferrite crystal is nucleated and thermally driven toward
the growth of the spinel cubic crystals. In this process oxygen is incorporated and the formation of the fiber appears
to be completed at 600° C. The XRD spectra confirmed the zinc ferrite formation in the cubic spinel structure with
an increase in the intensity signal with temperature. The SEM images of ZnFe>O4 show the formation of fibers and
ribbons in a diameter range of 100 to 500 nm.

Magnetic hysteresis loops of ZnFe>O4 samples heat-treated at 300, 400, 500, 600, 700, and 800 ‘C were
measured at room temperature using the vibrating sample magnetometer (VSM) and the typical hysteresis loops as a
function of heat-treatment were observed. The samples show the characteristic hysteresis response of magnetic
materials where the saturation moment increases with temperature. Magnetization, remnance and coercivity increased
with increasing the heat-treatment temperature. The ribbons had a small increase in magnetic response as compared
with fibers, a result that requires further study. The sample heat-treated to 800 ‘C showed a significantly higher
saturation magnetization as compared with the other ones. It is speculated that the increase in magnetic response is a
consequence of the segregation of the Fe,O3 phase with nanocrystallite size.

2. Resistive switching Phenomenon in Oxides for Memory Devices
2.1 Nonpolar resistive switching in amorphous ternary rare-earth LaHoO; thin films

We studied the resistive memory switching in pulsed laser deposited amorphous LaHoO3 (a-LHO) thin films
for non-volatile resistive random access memory (RRAM) applications. Nonpolar resistive switching (RS) was
achieved in Pt/a-LHO/Pt memory cells with all four possible RS modes (i.e., positive unipolar, positive bipolar,
negative unipolar, and negative bipolar) (Fig. 2) having high Ron/Rorr ratios (in the range of ~10%-10°) and non-
overlapping switching voltages (set voltage, Vox ~ £ 3.6-4.2 V and reset voltage, Vorr ~ = 1.3-1.6 V) with a small
variation of about = 5-8%. Temperature dependent current-voltage (I-V) characteristics indicated the metallic
conduction in low resistance states (LRS). We propose that the formation (set) and rupture (reset) of mixed
conducting filaments formed out of oxygen vacancies and metallic Ho atoms could be responsible for the change in
the resistance states of the memory cell. Detailed analysis of -V characteristics further corroborated the formation
of conductive nano-filaments based on metal-like (Ohmic) conduction in LRS. Simmons-Schottky emission was
found to be the dominant charge transport mechanism in the high resistance state.

2.2 Unipolar resistive switching behavior of amorphous YCrQO; films

Amorphous YCrOs; (YCO) films were prepared on Pt/TiO»/SiO»/Si substrate by pulsed laser
deposition in order to investigate resistive switching (RS) phenomenon. The Pt/YCO/Pt device showed
stable unipolar RS with resistance ratio of ~10° between low and high resistance states, excellent endurance
and retention characteristics, as well as, non-overlapping switching voltages with narrow dispersions. Based
on the x-ray photoelectron spectroscopy and temperature dependent switching characteristics, observed RS
was mainly ascribed to the oxygen vacancies. Moreover, current-voltage characteristics of the device in
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low and high resistance states were described by Ohmic and trap controlled space—charge limited
conduction mechanisms, respectively.

2.3 Enhanced resistive switching in graphene oxide films embedded with gold nanoparticles

Forming-free resistive random access memory (ReRAM) devices having low switching voltages are
a prerequisite for their commercial applications. In this study, the forming-free resistive switching
characteristics of graphene oxide (GO) films embedded with gold nanoparticles, having an enhanced on/off
ratio at very low switching voltages, were investigated for non-volatile memories. The GOAu films were
deposited by the electrophoresis method and as-grown films were found to be in the low resistance state;
therefore, no forming voltage was required to activate the devices for switching. The devices having an
enlarged on/off ratio window of ~10°® between two resistance states at low voltages (<1 V) for repetitive dc
voltage sweeps showed excellent properties of endurance and retention. In these films gold nanoparticles
were uniformly dispersed over a large area that provided charge traps, which resulted in improved switching
characteristics. Capacitance was also found to increase by a factor of ~10, when comparing high and low
resistance states in GOAu and pristine GO devices. Charge trapping and de-trapping by Au Nps was the
mechanism responsible for the improved switching characteristics in the films.

2.4 Resistive switching properties of doped BiFeO; thin films:

The variation of Cr-dopant concentration in BFO was found to alter the structural, optical, magnetic and
resistive switching properties to different extents in pulsed laser deposited BiFeOs (BFCO) films. BFCO thin films
showed higher optical band gap, improved magnetization behavior owing to super exchange interaction between
aliovalent Cr and Fe-ions, and lower leakage current with increased Cr-doping concentration. BFCO films with higher
Cr-concentrations were not found to show resistive switching ascribed to the high valance Cr*'-ion induced
annihilation of oxygen vacancies, which exhibit the crucial role of oxygen vacancies towards resistive switching
phenomenon in BFO thin films.

3. Magnetoelectric Multiferroics
3.1 Photovoltaic studies in multiferroic thin films

We studied photovoltaic effect and multiferroic properties of a 0.9(BiFeO3)—0.1(YCrO3) composite thin films
deposited on a Pt/Ti0,/Si0,/Si substrate by sequential ablation of BiFeOs and YCrO; ceramic targets using pulsed
laser deposition. The desired composition of the composite was achieved by controlling the ablation time of respective
targets. The enhanced saturation magnetization compared to prestine polycrystalline films was attributed to the super-
exchange interactions between Fe and Cr-ions. The photovoltaic properties of the composite thin film were studied
under white light illumination in both top—bottom and lateral electrode configurations. Short circuit current densities
(JSC) = 1.48 pAcm 2 and 0.44 pAcm 2, and open circuit voltages (VOC) =0.51 V and 0.32V were observed in top—
bottom and lateral electrode configurations, respectively.

We have studied photovoltaic properties of codoped ferroelectric [BigoLao.1][Feo.97Ti0.02Z10.01]O3 (BLFTZO)
thin films. Polycrystalline BLFTZO films were fabricated on Pt/TiO2/SiO,/Si substrates by pulsed laser deposition
technique. Al-doped ZnO transparent top electrodes complete the ZnO:Al/BLFTZO/Pt metal-ferroelectric-metal
capacitor structures. BLFTZO showed switchable photoresponse in both polarities. The open circuit voltage (VOC)
and short circuit current (JSC) were found to be~0.022V and ~650 1 A/cm?, respectively after positive poling, whereas
significant difference in VOC~0.018V and JSC ~700 1A/cm* was observed after negative poling. The observed
switchable photocurrent and photovoltage responses are explained on the basis of polarization flipping in BLFTZO
due to the applied poling field.

We have also studied switchable photovoltaic and photo-diode characteristics of Pt/(Bio.oSmo.i)(Feo.o7Hfo.03)O3/
LaNiO; (Pt/BSFHO/LNO) heterostructures integrated on Si (100). The directions of photocurrent (JSC)
andrectification are found to be reversibly switchable after applying external poling voltages. In pristine state, metal-
ferroelectric-metal capacitor P/BSFHO/LNO shows JSC ~ 32 pA/cm2 and VOC ~ 0.04 V, which increase to
maximum value of JSC ~ 303 (-206) pA/cm2 and VOC ~ —0.32 (0.26) V after upward (downward) poling at £8 V.
We believe that the Schottky barrier modulation by polarization flipping at Pt/BSFHO interface could be a main



driving force behind switchable photovoltaic and rectifying diode characteristics of
Pt/BSFHO/LNO heterostructures.

3.2 Tunneling electroresistance in multiferroic heterostructures

We have observed room temperature polar switching and tunneling in PbZr¢ 5,Ti04s03 (PZT) ultra-thin films
of thickness 3—7 nm, sandwiched between platinum metal and ferromagnetic Lag ¢7Sr033:MnO3; (LSMO) layers, which
also shows magnetic field dependent tunnel current switching in Pt/PbZr 5o Ti0.4s03/Lao 67S10.33MnOs heterostructures.
The epitaxial nature, surface quality and ferroelectric switching of heterostructured films were examined with the
help of x-ray diffraction patterns, atomic force microscopy, and piezo force microscopy, respectively. The
capacitance versus voltage graphs show butterfly loops above the coercive field (> £3 V) of PZT for small probe area
(~16 um?). The effect of ferroelectric switching was observed in current density versus voltage curves with a large
variation in high-resistance/low-resistance (HRS/LRS) ratio (2:1 to 100:1), however, these effects were more
prominent in the presence of in-plane external magnetic field. The conductance is fitted with Brinkman’s model, and
the parabolic conductance upon bias voltage implies electron tunneling governs the transport.

Self-poled ultra-thin ferroelectric PbZro 52Ti04803 (PZT) (5 and 7 nm) films have been grown by pulsed laser
deposition technique on ferromagnetic Lag7Sr033MnO3 (LSMO) (30 nm) to check the effect of polar capping on
magnetization for ferroelectric tunnel junction devices. PZT/LSMO heterostructures with thick polar PZT (7 nm)
capping show nearly 100% enhancement in magnetization compared with thin polar PZT (5 nm) films, probably due
to excess hole transfer from the ferroelectric to the ferromagnetic layers. Core-level x-ray photoelectron spectroscopy
studies revealed the presence of larger Mn 3s exchange splitting and higher Mn**/Mn*" ion ratio in the LSMO with 7
nm polar capping.

3.3 Sr,FeMoOs Based Tri-layer Structures for Magnetoresistive Applications

Tunnel magnetoresistance in SroFeMoOs based tri-layered structure was studied at room temperature. The
Sr:FeMoOe/SrTi03/SroFeMoOs tri-layered structure was grown by pulse laser deposition on STO buffered Si(100)
substrate. The X-ray diffraction and Micro Raman studies confirm the polycrystalline phase formation of SFMO thin
films without any impurity phases. The single layer SFMO thin film shows the good ferromagnetic behavior with
saturation magnetization of ~1.48 uB/f.u. at room temperature. The high value of tunneling magnetoresistance of
~7% of tri-layer structure at room temperature was attributed to spin dependent tunneling through uniform STO
barrier layer. The room temperature tunneling magnetoresistance in SFMO tri-layer structure open the future prospect
for their possible integration to room temperature spintronic devices.

3.4 Magnetoelectric and magnetodielectric studies in multiferroics

Our research has been focused on investigating magnetoelectric and magnetodielectric couplings in

multiferroic materials listed below:
Rare-earth (Sm, Dy)and transition metal (Co) modified polycrystalline BiFeQ3
Solid solutions of PZT with Pb(Fe;» Nb13)Os (PFN), Pb(Fei» Taiz)Os (PFT), and Pb(Fezs Wi3)Os (PFW)
Pb(Zro.20Ti0.50)0.70Pd0.3003.5s (PZTPd), (Bio.osNdy.os)(Feo.o7Mno.03)O3) (BNFM)
Pb(Fe()ij()j)03/Ni0,65Zna35F€204/Pb(F€0A5Nb0A5)03 (PFN/NZFO/PF]V)

Rare-earth (Sm, Dy) and transition metal (Co) modified polycrystalline BiFeOs; (BFO) thin films were
deposited on Pt/Ti0,/Si0,/Si substrates successfully utilizing pulse laser deposition (PLD) technique. Piezoelectric,
leakage current and temperature dependent dielectric and magnetic behavior were investigated. Typical butterfly-
shaped loops were observed in polycrystalline films with effective piezoelectric constant (ds3) ~ 94 pm/V at 0.6
MV/cm. High dielectric constant ~900 and low dielectric loss ~ 0.25 were observed at room temperature. M—H loop
had shown relatively high saturation magnetization ~35 emu/cm® at a maximum field of H~20 kOe. Enhanced
magnetoelectric coupling response was observed under applied magnetic field compared to polycrystalline pure BFO.
However, the single domain BFO single crystal showed very strong magnetoelectric coupling and ~ 40% change in
magnetopolarization {MP = [Ps (H)-Ps (0)]/Ps(0)}.

A novel single phase-pure PZTP30 magnetoelectric having tetragonal crystal structure with PAmm symmetry
was considered for possible room temperature multi-states tunable logic and nonvolatile memory elements under
external E and M-fields. It possesses high magneto-electric coefficients ~ 0.36 mV/cm.Oe at Hm= 3 kOe in a single-
phase system suggesting a strong coupling between piezo- and magneto-striction at nanoscale. It displays room-
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temperature weak ferromagnetism, strong ferroelectricity, and strong ME coupling. We believe the origin of
magnetism is due to mixed valance states of the Pd**/Pd*" in PZT matrix as confirmed by XPS and XRF studies. A
sharp ferroelectric-paraelectric phase transition is observed near 569 K, well supported by dielectric, Raman, and
thermal studies. The giant room-temperature magneto-electric coupling makes it a future alternative of BiFeO3 with
a strong possibility for real device applications.

We have also studied magnetic properties and conduction mechanisms of Nd and Mn co-doped BiFeO;
(Bi0.9sNdo.05)(Feo.97Mng.03)O3 (BNFM) polycrystalline electroceramics. Magnetic studies have been carried out in two
different temperature regions i.e. 15-300 K and 300-800 K. The substitution of Nd and Mn in the BiFeOs (BFO)
lattice slightly reduces the Néel temperature (TN) by increasing ferromagnetic domain fractions, causes enhancement
in magnetization. A small amount of magnetic frustration is also found in the low temperature regions, below 300 K
at fields of 100 and 200 Oe, and below 200 K at higher field cooled (FC) and zero field cooled (ZFC) samples; this
may be due weak long range ordering and small magnetic moments. High temperature magnetic results imply the
existence of a weak ferromagnetic phase with a ferromagnetic to paramagnetic transition around 630 K (+/- 5 K) and
significant suppression of the spin frustration and canting properties of BFO. The Nd and Mn substitutions also
substantially improved the electrical insulating properties of BFO. The leakage current conduction mechanisms
were analyzed in the insulating ceramic capacitors in the light of conventional models. The leakage current analysis
yields the conduction mechanism of BNFM is consistent with a tunneling behavior and the electronic current may be
predicted by Simmons’ model over a wide temperature range from 80 to 350 K. The observed results not only give
better insight into the conduction mechanisms and spin dynamics of BFO through site engineering, but also can
facilitate for the potential multifunctional and spintronics device applications.

Multiferroic trilayer heterostructures: Multiferroic Magnetoelectrics (MF-ME) have attracted considerable
attention since its rediscoveries as possible candidates for a wide variety of future electronic and memory devices,
although robust magnetoelectric (ME) coupling between electric and magnetic orders at room temperature still
remains difficult to achieve. In continuation to our investigations for achieving robust ME coupling at room
temperature we have studied FE/FM/FE trilayer heterostructure. Here we report the tip induced polarization
switching and ME pI‘OpGI’tiCS of Pb(Feo_sNbo‘5)O3/Nio_6szn0‘35F6204/Pb(Feo‘5Nbo_5)03 (PFN/NZFO/PFN) trilayer
nanoscale heterostructure having dimension 70/20/70 nm, respectively at room temperature. The presence of only
(001) reflection of PFN and NZFO in the XRD patterns and electron diffraction patterns in TEM confirm the epitaxial
growth of multilayer heterostructure. The existence of ferroelectricity and tip induced polarization switching at
nanoscale has been confirmed by band excitation piezo force microscopy (BE-PFM) studies. The distribution of the
ferroelectric loop area in a wide area has been studied, suggesting that spatial variability of ferroelectric switching
behaviour is low, and film growth is of high quality. The ferroelectric and magnetic phase transitions of these
heterostructures have been found at ~575 K and ~650 K, respectively which are well above room temperature. These
nanostructures exhibit low loss tangent, large saturation polarization (Ps ~38uC/cm2) and magnetization (Ms ~48
emu/cm3) with strong ME coupling at room temperature eclucidate the possible potential candidates for
multifunctional and spintronics nanoscale device applications.

3.5 Domain studies by Piezoresponse Force Microscopy (PFM) and SEMPA:

We used Band excitation Piezoresponse Force Microscopy (PFM) and Switching Spectroscopy PFM (SS-PFM)
for understanding surface physics and domain dynamics (switching, domain type, domain growth, retention,
and fatigue) properties of - aforementioned structures. The domain dynamics study results were compared with the
magnetoelectric measurements for better understanding of the ME coupling in multiferroics.

The existence of ferroelectric polarization Switching in Pb(FeosNbos)Os- x NigesZnossFe:Os (x=0-0.4)
composite thin films was confirmed by the band excitation Piezo Force Microscopy (PFM). PFM images showed
clear and reversible out-of-plane phase contrast above + 5 V, which indicates the ferroelectric character of those thin
films. In order to further confirm the existence of ferroelectricity, piezoresponse as a function of tip bias
measurements in read (out of field), write (in field) and (infield- out of field) measurements has been done. All films
showed noticeable piezoresponse.

The local polarization reversal of PFN by an electric field produced by a conductive SPM tip as a function of
the relative humidity and temperature in an SPM chamber has been studied. The decrease of piezoresponse is
observed with increase of relative humidity and temperature. The observed phenomena are attributed to the existence
of a water meniscus in the vicinity of the tip—surface contact. These results are important for a deeper understanding
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of complex investigations of ferroelectric materials and their applications and suggest the necessity for fundamental
studies of electrocapillary phenomena at the tip-surface junction and their interplay with bias-induced materials
responses. The ferroelectric phase transition is also probed by the temperature dependence of piezoresponse studies.
In addition to the temperature dependence of piezoresponse studies the phase transition is also confirmed by
temperature dependent dielectric spectra. The temperature dependent and humidity dependent piezoresponse and
dielectric spectra of all composite thin films unearth many important physics.

We have also investigated the growth of multifunctional perovskite oxide BiFeOs; (BFO) epitaxial thin films
on orthorhombic (100) NdGaOs (NGO) single-crystal substrates. The ferroelectric and ferroelastic properties of BFO
thin films structures were studied using atomic force microscopy techniques. We observed long range ordering of
ferroelectric 109° stripe nanodomains separated by periodic vertical domain walls in as grown BFO films. We found
that B-site doping of Nb-ions changes the nature of the stripe domain walls from 109° to 71° in Nb-doped (110) BFO
film epitaxially grown on NGO. Such strain field driven long-range periodic stripe ferroelectric/ferroelastic domains
are useful for opto-electronic devices and ferroelastic templates for strain coupled artificial magnetoelectric
heterostructures.

3.6 Multiferroic Heterostructures

Artificially synthesized ferroelectric/ferromagnetic heterostructures and superlattices of ferroelectric, Ba,-
S Ti03 (BSTO), T¢~ 310K and CMR manganites (ferromagnetic), La, ,Sr, ;MnO, (LSMO), T¢~ 350K were using
pulsed laser deposition. Our fabricated heterostructures using 20nm thick LSMO/BSTO/LSMO show multiferroic
properties. The heterostructures also have systematically been investigated using several analytical techniques such
as micro-Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic force microscopy, dielectric
spectroscopy, and magneto-electric measurements for better understanding of structure-property relationship. Single-
domain single crystals and thin films of multiferroic BiFeOs; on SrTiO; substrates have systematically been studied
using micro-Raman spectroscopy for better understanding of magnon-phonon coupling and dynamics of phase
transition and phase diagram. A weak magnon-phonon coupling has been observed in BFO thin films at magnetic
phase transition temperature. Thin films show the presence of a non-cubic B- and y-phases at high temperature and
no decomposition was observed up to 10000C thermal cycles. Thin films and polycrystalline samples of PFT have
been investigated using several analytical techniques (SQUID, MFM, THz, magneto-electric measurements).
Polycrystalline samples of PFT show room temperature multiferroic properties, strong magnetodielectric coupling,
and nanoscale ordering.

A composite bilayers and superlattice (nano-capacitor) was fabricated based on ferroelectric
PbZro52Ti0.4803(PZT) and half-metallic oxide Laoe7Sr033MnO3(LSMO) with different staking periodicity. High
remnant polarization (12-54uC/cm?), dielectric constant (400-1700), and well saturated magnetization were observed
depending upon the deposition temperature and staking periodicity of the ferromagnetic layer and applied
frequencies. Zero field cooling (ZFC) measurements showed existence of cusp in magnetization at low temperatures
indicating spin-glass like behavior contrary to PZT/LSMO bilayer structure. Giant frequency-dependent change in
dielectric constant and loss were observed above the ferromagnetic-paramagnetic temperature.

The frequency dependent dielectric anomalies are attributed to the change in metallic and magnetic nature of
LSMO and also the interfacial effect across the bilayer. Magnetic control of ferroelectric interface was also observed
in bilayers. As field H is increased, the hysteresis loop first broadens (becomes lossy) and then disappears at ca.
H=0.34T and ambient temperatures, the process was reversible. The results are interpreted as due to not to
magnetocapacitance but to the sharp negative magneto-resistance in LSMO at low magnetic fields, which causes a
dramatic increase in leakage current through the PZT.

The dielectric, magnetic, electrical, and dynamic magnetoelectric properties of ferroelectric (FE) Pb(Zr,Ti)Os;
(PZT) and ferromagnetic (FM) CoFe>O4 (CFO) thin films multilayers (MLs) with 3, 5, 9 layers were fabricated by
pulsed laser deposition technique and characterize by impedance, dielectric and modulus spectroscopy. We observed
two distinct electrical responses in all the investigated ML films at low temperature (<400 K) and at the elevated

temperature (>400 K). We attributed these contributions to the grain effects (8) at low temperature and grain

boundary (8D) cffects at high temperature. We explained this electrical behavior by Maxwell-Wagner type
contributions arising from the interfacial charge at the interface of the MLs structure. Master modulus spectra indicate
that the magnitude of grain boundaries compare to grains become more prominent with increase in number of layer.
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The frequency dependent conductivity results well fitted with the double power law, o(®)=0(0)+ A" + A,0"

, We observed a slow decrease in the polarization from 300 K to 200 K, complete collapse of polarization at ~ 100
K, and complete recovery of polarization during heating, which was repeatable over hundreds of different
experiments. Remanent magnetization of the layered nanostructure was three times higher at 100 K than at room
temperature. A slow enhancement in remanent (internal) magnetization on lowering the temperature switched the
polarization slowly until it collapsed. The temperature dependent dielectric, polarization and magnetization were
different from the parent layer, indicating some kind of dynamic magneto-electric coupling in the layered
nanostructures.

Dielectric films have attracted much attention for active and passive devices in silicon-based integrated
circuits. Traditionally, dynamic random access memory (DRAM) capacitor and transistor gate uses highly scalable
silicon based dielectrics such as SiO», Si0»/SizN4 and SisNy4 in the planar geometries and lately in 3D structures.
DyScOs films were grown on platinized silicon and Si substrates by pulsed liquid injection MOCVD. Dielectric
constant was around 22 and the capacitance was stable with the voltage, frequency and the temperature variation.
These results suggest that DyScOs films can be considered as high-k material for and DRAM applications and buffer
layer for MFIS devices. A significant amount of power is required for dynamic random access memories (DRAM)
to refresh the capacitors compared to the non-volatile RAM (NVRAM). In fact, flash RAM currently dominates the
market of non-volatile memories, but this memory is not as fast as DRAM and has a finite number of erase-write
cycles. The polarization bistability of ferroelectric material offers the possibility to develop high-density, low power,
faster write speed, maximum write-erase cycles and radiation resistance NVRAM; alternate to both DRAM and Flash.
Hence, a gate-oxide with reasonable band offset (> 1eV) may be the ideal choice as a buffer layer due to the fact that,
the interface between Si and the ferroelectric is the main concern in reliable device applications. Considering these
requirements of buffer layers, high-k DSO gate-oxide seems to be promising for MFIS structures for non-volatile
memory applications. We obtained DSO/p-Si(100) MIS structures with negligible CV hysteresis (< 5 mV) and low
leakage current density (6x10®°A/cm? at —2 V). Multiferroic BFO thin film and high-k DSO insulating buffer were
fabricated on Si and the MFIS diodes were tested for the memory applications. The ferroelectric polarization of BFO
gives rise to a memory window of 1.7 V. The magnitude of the memory window demonstrates that BFO has potential
in FET FeRAM applications. As a lead free ferroelectric, Bis2sNdo 7sTi3012 with Pr ~20.0 uC/em?, E, ~ 62kV/cm, &,
~400 and tand ~ 0.04 were successfully synthesized. MFIS diodes were fabricated by depositing Bis 25sNdo.75Ti3012
ferroelectric film on p-type silicon substrate with an amorphous high-k DyScO; film. The clockwise CV hysteresis
and a memory window of about 0.7V were obtained.

Layered nanostructures (LNs) of the commercial ferroelectric Pb(Zro.s3Ti047)O3 (PZT) and the natural ferroic
relaxor Pb(FeossWo.33)03 (PFW) were also fabricated with periodicity of PZT/PFW/PZT (~ 5/1/5 nm, thickness ~
250 nm) on MgO substrate with high remanent polarization (P;) of about 33 uC/cm? and magnetization of 5.32 emu/cc
as shown in figure 23. Very low leakage current densities were obtained ~ 1077 — 10 A/ecm? over 500 kV/cm. Low
leakage current densities, high ferroelectric polarization, well saturated ferromagnetic hysteresis, and flat dielectric
constant over wide range of temperature make LNs a potential candidate for artificially designed multiferroics

4. Novel High-k gate oxides for Logic Devices
4.1. High-temperature phase transitions in SrHfO;: A Raman scattering study

SrHfO3 (SHO) is probably the leading gate oxide for the Si chip industry. The material is processed at ~400K
and annealed at high temperature ~1600 K. Unfortunately, there are two phase transitions in SrHfO; in this
temperature range, which can affect the quality of the final films processed, especially their channel mobility in SHO-
based n-FET. To clarify these transitions and their impact on SrHfO; processing, we report the temperature
dependence of soft phonon modes by Raman spectroscopy. The 1023K Cmcm-I4mem transition is found to be
displacive (no disorder) and nearly second order. Significant effects are also seen in the orthorhombicorthorhombic
Pnma-Cmcm transition at 670 K.

4.2. Structural phase transition in ternary dielectric SmGdOQO;

High-pressure synchrotron based angle dispersive x-ray diffraction (ADXRD) studies were carried out on
SmGdO; (SGO) up to 25.7 GPa at room temperature. ADXRD results indicated a reversible pressure-induced phase
transition from ambient monoclinic to hexagonal phase at ~8.9 GPa. The observed pressure-volume data were fitted
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with the third order Birch-Murnaghan equation of state yielding zero pressure bulk modulus Bo =132(22) and 177(9)
GPa for monoclinic (B-type) and hexagonal (A-type) phases, respectively. Pressure dependent micro-Raman
spectroscopy further confirmed the monoclinic to hexagonal phase transition at about 5.24 GPa. The mode
Gr€uneisen parameters and pressure coefficients for different Raman modes corresponding to each individual phases
of SGO were calculated using pressure dependent Raman mode analysis.

4.3. Holmium hafnate: An emerging electronic device material

We have studied structural, optical, charge transport, and temperature properties as well as the frequency
dependence of the dielectric constant of Ho,Hf>O7; (HHO) which make this material desirable as an alternative high-
k dielectric for future silicon technology devices. A high dielectric constant of ~20 and very low dielectric loss of
~0.1% are temperature and voltage independent at 100 kHz near ambient conditions. The Pt/HHO/Pt capacitor
exhibits exceptionally low Schottky emissionbased leakage currents. In combination with the large observed bandgap
Eg of 5.6 eV, determined by diffuse reflectance spectroscopy, our results reveal fundamental physics and materials
science of the HHO metal oxide and its potential application as a high-k dielectric for the next generation of
complementary metal-oxide-semiconductor devices.

4.4 Optical and band alignment of amorphous zirconium modified Bi;Zn;3Nb4;30~ thin films on Si
We have investigated optical and band alignment properties of pulsed laser deposited amorphous thin films of
bismuth based monoclinic pyrochlore BizZnys.x3Nbaj3ax3Z1kQ7 (Zr-BZN) where x=0.4 on quartz and silicon

substrates, respectively. The optical parameters, such as complex refractive index (7 — jk ), energy bandgap (Ey),

complex dielectric function (&' — j&"), and complex conductivity (6" — jo" ) and associated dispersion parameters

were estimated from the UV-Visible transmission spectra. The analysis of refractive index dispersion confirmed the
Wemple—Di Domenico single-effective-oscillator model for the direct inter-band transition. The valence band of Zr-
BZN is found to be ~0.1 eV above that of silicon. The numerical values for conduction band offset AEc on silicon
and optical bandgap E, were estimated to be ~2.46 eV and ~3.46 eV, respectively for Zr-BZN samples. We
determined a complete electron band offset dominated type II staggered band lineup of this high-k
dielectric/semiconductor heterostructure, where a straight forward spatial confinement of electrons and holes is
facilitated. These important results can play critical role and provide key insight for the practical applications of Zr-
BZN material, especially in CMOS (complementary metal-oxide-semiconductor) logic and memory devices.

4.5 Advanced high-k gate dielectric amorphous LaGdO; gated metal-oxide-semiconductor devices

Planar metal-insulator-metal (MIM) mono-dielectric layer stacks were fabricated using pulsed laser deposited
thin films of high-k dielectric LaGdOs (LGO). These stacks showed high capacitance density ~ 43.5 fF/um? with sub-
nanometer capacitance equivalent thicknesses of ~ 6.6 A, large breakdown field of ~ 6.4 MV/cm, greater energy
storage density of ~ 40 J/cm?®, smaller voltage coefficient of capacitance (VCC), and lower dependence of it on layer

thickness (e o< 1/d""") and frequency. All these features make LGO a material of interest for next generation MIM

structures for radio frequency (RF), analog/mixed-signal (AMS), and dynamic random access memory (DRAM)
applications.

5. Two Dimensional (2D) Materials
5.1 Cold cathode emission studies on topographically modified MoS; films

Nanostructured materials, such as carbon nanotubes, are excellent cold cathode emitters. Here, we report
comparative field emission (FE) studies on topographically tailored few layer MoS.films consisting of (0001) plane
perpendicular (L) to c-axis (i.e., edge terminated vertically aligned) along with planar few layer and monolayer (1L)
MoS:films. FE measurements exhibited lower turn-on field E (defined as required applied electric field to
emit current density of 10 uA/cm?) ~4.5 V/um and higher current density ~1 mA/cm?, for edge terminated vertically
aligned (ETVA) MoS:films. However, E;, magnitude for planar few layer and 1L MoS:films increased further to 5.7
and 11 V/um, respectively, with one order decrease in emission current density. The observed differences in emission
behavior, particularly for ETVA MoS, is attributed to the high value of geometrical field enhancement factor (p),
found to be ~1064, resulting from the large confinement of localized electric field at edge exposed nano-grains.
Emission behavior of planar few layers and 1L MoS:films are explained under a two step emission mechanism. Our
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studies suggest that with further tailoring the microstructure of ultra thin ETVA MoS.films would result in elegant
FE properties.

5.2 Studies on chemical charge doping related optical properties in monolayer WS,

Thermal stability of quasi particles, 1i.e., exciton and trion, and a strong particle-particle interaction
significantly tune the optical properties of atomically thin two dimensional (2D) metal dichalcogenides. The present
work addresses the effect of inherent defects upon optical properties of chemical vapor depositiongrown 1 L-WS; and
proposes the use of chemical transfer doping as a reversible and simple method for identification of the type of
excess charge in the system. Photoluminescence (PL) studies in pristine 1 L-WS; show that an additional band at
~0.06 eV Dbelow trion (X*) PL band was evolved (at low temperature) which was associated to the
bound exciton with charged/neutral defect. Using 7,7,8,8-Tetracyanoquinodimethane and 2,2-bis1,3-dithiolylidene
as p and n-type dopants, respectively, we determined that the inherent defects/metal vacancies, which could be due
to the presence of Tungsten metal deficiency, contributed in p-type nature of the pristine 1 L-WS,. Doping of 2D
transition metal dichalcogenides materials with organic molecule via the surface charge transfer method is not only
a way to provide a handy way to tailor the electronic and optical properties but also can be used as a tool to determine
the nature of defects in the material.

5.3 Surface Energy Engineering for Tunable Wettability through Controlled Synthesis of MoS,

MoS; is an important member of the transition metal dichalcogenides that is emerging as a potential 2D
atomically thin layered material for low power electronic and optoelectronic applications. However, for MoS, a
critical fundamental question of significant importance is how the surface energy and hence the wettability is altered
at the nanoscale in particular, the role of crystallinity and orientation. This work reports on the synthesis of large area
MoS; thin films on insulating substrates (SiO»/Si and Al203) with different surface morphology via vapor phase
deposition by varying the growth temperatures. The samples were examined using transmission electron microscopy
and Raman spectroscopy. From contact angle measurements, it is possible to correlate the wettability with
crystallinity at the nanoscale. The specific surface energy for few layers MoS; is estimated to be about 46.5 mJ/m,.
Moreover, a layer thickness-dependent wettability study suggests that the lower the thickness is, the higher the contact
angle will be. Our results shed light on the MoS,—water interaction that is important for the development of devices
based on MoS; coated surfaces for microfluidic applications.

6. Theoretical Studies
6.1 STT in MTJs asymmetric barriers

A series of works supported by this grant deals with the investigation of the bias dependence of the charge and
spin current in magnetic tunnel junctions (MTJs) with asymmetric barriers. In particular, we investigated the bias
dependence of the tunneling magnetoresistance (TMR) in MTJs with asymmetrically modified barriers. Based on the
same formalism we also investigated the spin current and the spin transfer torque (STT) in MTJs with asymmetric
barriers. This work had a substantial theoretical component. We derived new expressions for both parallel and
perpendicular components of STT in MTJs entirely in terms of collinear quantities. This is possible assuming that
the barrier is sufficiently thick to prevent multiple scattering. At the same time it is a much more realistic
approximation compared to the infinite barrier approximation used previously. It resulted in excellent agreement
with exact results even in the presence of resonant tunneling. In addition, we showed that the STT can be expressed
in terms of the scattering matrix elements, which gives them a clear physical interpretation. Using this formalism we
showed that modifications of the interfaces can qualitatively change STT behavior. It dramatically changes the slope
of the parallel STT and makes the perpendicular STT a monotonous function of the bias. For that reason we suggested
that interface engineering can be used to control the bias dependence of STT and optimize the performance of STT-
based devices.

6.2 Novel MTJs with active barriers
As a continuation of this line of work we extended our formalism to treat MTJs with active barriers exhibiting
additional degrees of freedom which could be controlled by external stimuli. In particular we considered MTJs with
ferroelectric (FE) barriers. We predicted that the tunneling electroresistance (TER) effect is present at finite bias even
in junctions with inversion symmetry. The effect is highly sensitive to the relative magnetization orientation in the
electrodes. We also demonstrated control of the bias dependence of TMR via switching of the ferroelectric
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polarization of the barrier. Additionally, we predicted electric-field control of the STT in these junctions. We
demonstrated that the bias dependence of the in-plane and out-of-plane components of the STT can be dramatically
modified by the ferroelectric polarization. The magnitude of the STT can be enhanced or suppressed by switching
the polarization direction and in some cases the sign of STT can be toggled.

Furthermore, we considered MTJs with magnetoelectric antiferromagnetic barriers. In these junctions we
predicted a magnetoelectric tunneling electroresistance (ME-TER) effect which is a substantial change of the
resistance of the junction in response to switching of the antiferromagnetic order parameter in the barrier in applied
electric field by means of the magnetoelectric coupling. The effect is explained in terms of the switching of the
orientations of local magnetizations at the barrier interfaces affecting the spin-dependent interface transmission
probabilities. Magnetoelectric multiferroic materials with finite ferroelectric polarization exhibit an enhanced
resistive change due to polarization-induced spin-dependent screening. These results suggest that devices with active
barriers based on single-phase magnetoelectric antiferromagnets represent an alternative nonvolatile memory
concept.

6.3 Bias dependence of tunneling magnetoresistance (TMR) in magnetic tunnel junctions (MTJs) with
asymmetrically modified barriers:

In collaboration with researchers in SPINTEC, Grenoble, France we investigated the bias dependence of
tunneling magnetoresistance (TMR) in magnetic tunnel junctions (MTJs) with asymmetrically modified barriers.
Base on model calculations we interpreted experimental observations of asymmetric bias dependence of TMR and a
reversal of its sign at large bias in Fe/MgO based MTJs with oxidized interfaces. Our model predicts that this behavior
is common to all MTJs with asymmetrically modified barriers. We predict the existence of two distinct TMR regimes:
(i) tunneling regime when the interface is modified with layers of a different insulator and (ii) resonant regime when
thin metallic layers are inserted at the interface. In the tunneling regime negative TMR is due to the high voltage
which overcomes the exchange splitting in the electrodes, while the asymmetric bias dependence of TMR is due to
the interface transmission probabilities. In the resonant regime the alignment of the resonance levels with the Fermi
surfaces of the electrodes can dramatically change the shape of the TMR bias dependence, including inversion of
TMR at zero voltage TMR changing sign with bias.

6.3 Formation and properties of the 2-D electron gas at ZnO/Zn(Mg)O (0001) interfaces

We have studied the formation and properties of the two-dimensional electron gas (2DEG) at ZnO/Zn(Mg)O
(0001) interfaces. The mechanism for the 2DEG formation in this system is the spontaneous polarization discontinuity
at the interface between the two materials. Polarization discontinuity produces bound charges at the interfaces and
correspondingly a confining electric field. The two different interface terminations of ZnO induce bound charges of
opposite sign. Thus both n- and p-type 2DEG can be produced by choosing the appropriate interface termination.
This system is of interest because of the possibility to dope ZnO with transition metals to produce a room-temperature
dilute magnetic semiconductor (DMS). In that case the 2DEG could become spin polarized in addition to displaying
high carrier mobility and strong confinement. Uncompensated bound charges at the interface give rise to an electric
field in the bulk of ZnO which confines free carriers close to the interface leading to the formation of the 2DEG.

6.4 Electric-field-induced magnetization changes in Co/Al,O3 granular multilayers

We collaborated with an experimental group in the National University of Singapore to study the effect of
electric field in the magnetization of Co granules embedded in Al,Os. Two distinct regimes were observed: (a) low-
field regime when the net magnetization of the system changes in a reversible way with the applied electric field and
(b) high-field regime when the magnetization decreases irreversibly. Based on model and first-principles calculations
we concluded that the first is due to charging and discharging of the granules, while the second is associated with O
migration into the granules. The changes in the magnetization of the Co granules are attributed to changes in the
position of the Fermi level relative to the minority and majority bands. A higher electric field (~4mV/nm) decreases
the magnetization of the granules in an irreversible way. The magnetic moment decrease is attributed to oxidation of
Co granules, which is consistent with our first-principles calculations. Our work opens up the possibility to control
the magnetization by electrical fields in magnetic granular systems.

6.5 Exchange resonance in MDM nanolayer systems: Experiment and theory: Exchange resonance spectra of
three sandwich devices containing nanolayers of Cr, Mn, Co, Ni, and Eu were recorded at 77 K. We found that these
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spectra are significantly different from those obtained earlier for Fe-SiO,-Au three-layer nanosandwich device.
Detailed theoretical approach was developed to analyze the recorded spectra, g-factor values, and relaxation
properties of the spin polarized states in the nanolayers. We found that the g-factor values and spin-lattice relaxation
rates may be adequately described by the spin-orbit scattering mechanism. Electric charge density fluctuations may
also contribute to spin-lattice relaxation in nanolayers. Second-order effects in the relaxation mechanism were also
briefly considered.

7.0 Education and Outreach Activities

The education and outreach components of the project were developed and executed under the supervision of
the project co-director, Dr. Manuel Gomez during entire duration of the project. He worked with students to develop
a coherent lesson/educational module to train High school teachers and undergraduates through summer workshops
on the following energy related subjects: the Hydrogen economy and technologies, using a model electric car driven
by a fuel cell that runs on Hydrogen and uses a fuel cell; the efficiency of light sources by comparing LED and
incandescent light sources and developing an experiment that measure the heat losses using a specially designed
calorimeter; discussing and measuring the losses of a motor/generator and transmission line losses using basic
principles of physics; discussing the hydrogen based energy economy and analyzing the technical complexities of
generating, storing and distributing hydrogen. The Lesson/educational modules will be completed in the month of
July of this year and will be tested in a physics course next year, and perfected to be used in a summer workshop for
teachers and undergraduate students next summer.

Dr. Gomez, with the assistance of the educational coordinator also trained DOE Posdoc fellows and graduate
students to serve as explainers and monitor high school students that served in turn as explainers during
demonstrations for NanoDays - two days exhibit that took place in Plaza las Americas, the largest shopping mall in
Puerto Rico and the Caribbean, where demonstrations of key concepts and applications in nanoscience were
developed and offered by trained high school students of different public schools, undergraduate and graduate
students. NanoDays is a national public outreach activity organized by the Nanoscale Informal Science Education
Network (NISE). From UPR-Rio Piedras, researchers and their graduate and undergraduate students participated in
NanoDays for several years. The objective of Nanodays was to disseminate knowledge and understanding of
nanoscience and technology among the general public. The activity was a resounding success with more than 7,400
persons visiting the exhibits each year; the evaluation of the activity was judged as very positive by the visitors, as
has been the case in previous years. Moreover, three laboratories at UPR Rio Piedras, hosted one student each from
US universities, namely UNL Omaha and Nebraska during summer 2011 and 2012.

At UPR-Mayaguez, Graduate and undergraduate students from mechanical engineering and chemical
engineering departments have received hands-on training on the synthesis and characterization of multifunctional
nanomaterials, powders and thin films. In particular, the students learnt how to operate and analize the data obtained
by X-ray diffraction system, Atomic Force Microscopy, UV-Vis spectrophotometer, fluorometer and magnetometry
in a VSM system. Participant students were also trained in the preparation of oral and poster presentations to show
and discuss their experimental results in local, national and international conferences (PRISM, Transdisciplinary
Research Conference, NANOTECH, MRS, ISIF). From January to April 2012, two high school students from the
Vocacional School Pedro Perea Fajardo at Mayaguez, were mentored in the science fair project: “Synthesis of Silver
Nanoparticles Using Vitamin C”. This work was selected to represent Puerto Rico in the area of General Chemistry
in the “National Competition Intel International Science and Engineering Fair. (May 2012, Pistburg, PA). From
January 2013 to present, we have supervised three undergraduate students: two from Chemical Engineering and one
from Chemistry). These students developed skills in the synthesis of metals nanoparticles (Co, Ag, and Pd), as well
as their corresponding characterization using X-ray diffraction, magnetometry, and spectroscopy techniques. They
presented their works in different events in Puerto Rico like XVII Sigma Xi Student Poster Day, (April, 2012,
Mayaguez PR); JTM/PRISM 2012 Meeting (March 2012, Carolina, PR); 5" NEA Science Day (October 2012,
Mayaguez, PR). 36" Senior Technical Meeting (December 2012, Ponce, PR). 6" NEA Science Day (February 2012,
Mayaguez, PR). JTM/PRISM 2013 Meeting (March 2012, Caguas, PR). Researchers at UPR Mayaguez, also
participated in the demonstration activities like Nanodays (March 2013, Mayaguez PR) for general public.

At UPR- Cayey, a workshop on scanning electron microscopy and nanotechnology was organized for 20
students. Mentored a high school student in summer 2013 to learn about the synthesis of ZnO fibers using the
electrospinning technique.
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