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Project Summary: 
 
The discovery and utilization of new semiconducting materials that are ferromagnetic at room 
temperature is required for the realization of spintronics – a potentially very important 
development in electronics and magnetics technology. In spintronics, the spins of electrons, 
holes, ions, and/or atoms are utilized to develop faster, smaller, and less power dissipative ways 
of processing, transmitting, and storing information. Applications range from on-chip integration of 
magnetic storage and electronic processing functions over nanometer length scales to quantum 
computing. In all cases, the essential physics occurs over length scales that are of the order of a 
few to a few tens of lattice spacings in crystalline solids. Over the next year, we propose to 
continue our work in the synthesis and properties of candidate oxide semiconductors that may be 
ferromagnetic at ambient temperature. These include MnxZn1-xO (x < ~0.35) and CoxTi1-xO2 
anatase (x < ~0.08). 
 
The anatase and cobalt-doped anatase phase of TiO2 are grown at PNNL using oxygen plasma 
assisted molecular beam epitaxy (OPA-MBE).  The doped and un-doped TiO2 is grown on two 
different substrates; lanthanum aluminate, LaAlO3 (001) (lattice mismatch –0.26%), and strontium 
titanate SrTiO3/Si(100) (lattice mismatch –3.1% with SrTiO3).  The films are studied ex situ and 
thus must be cleaned.  Surface contaminants were removed by annealing the sample at 530°C, 
first in ~5x10-5 torr O2, then in vacuum; which removes 90% of the contaminating carbon.  No 
sputtering is required. 
 
A key element in predicting the magnetic and catalytic properties of anatase is knowledge of the 
electronic band structure.  We do this by analyzing the samples with various techniques such as 
x-ray photoelectron spectroscopy (XPS), photoelectron spectroscopy (PES), and near-edge x-ray 
absorption fine structure (NEXAFS).  The XPS and PES can be performed at UW, while the XPS, 
PES, and NEXAFS are all done at LBNL’s Advanced Light source (ALS) in Berkeley, CA.  XPS is 
an element specific technique for composition, PES is useful for valence band mapping, and 
NEXAFS can distinguish different crystal structure, the local atomic environment, and empty 
electronic states in the local conduction bands. 
 
From our studies comparing the doped and un-doped TiO2, we have determined that there are no 
added electronic states when doping TiO2 of <~3% Co.  This is in stark contrast to the theoretical 
calculations of Co-doped TiO2. While we have gathered much information from the above 
techniques, there are still more questions to be answered.  In the future, we plan to study these 
films using Photothermal Deflections Spectroscopy (PDS) to determine any states in the optical 
gap.  We will also study the growth and nucleation of anatase and Co doped anatase on LAO and 
Si substrates with scanning probe microscopy.  Both experimental techniques will be carried out 
at UW. 
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Proposal: Non as of yet. 
 
Selected Figures:   
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Figure 1:  This graph shows a comparison of the Ti L-edge for anatase and Co-doped 
anatase(001) films.  The two curves are extremely similar with very minor differences.  The 
differences seen here are attributed to apparatus error and not any electronic changes from Co-
doping.  This graph also indicates no existence of a state in the gap (Eg = 3.2 eV for anatase) 
induced by Co doping as is predicted by some theory. 
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Figure 2a &b:  The image on the left (2a) is the valence band (VB) of 50nm 
Co0.01Ti0.99O2/LAO(001).  The image on the right (2b) is the VB of 12.5nm 
Co0.01Ti0.99O2/12nmTiO2/2nmSTO/Si(100).  The horizontal axis is binding energy, in eV.  Of most 
importance to note here is the lack of a Co-induced state at, or near, the Fermi energy (0ev).    
Figures 1 and 2 show that even though the films are macroscopically ferromagnetic there are no 
electronic states due to the Co doping. 
 


