Cottrell College Science Awards
Catherine Jahncke
St. Lawrence University
Cottrell College Science Awards

Dr. Catherine Jahncke

St. Lawrence University


Size Effects of Barium Titanate Nano-crystals Investigated by 

Near-field Scanning Optical Microscopy

Statement of the Problem and scientific significance of proposed research (State succinctly the problem that is to be addressed.  Clearly outline the importance of the problem, the originality of the approach and the impact it may have on the field if successful.  Give an overview of the broader significance as well as the immediate impact of this research.)

The problem I propose to investigate is the effect of crystal size on the optical and electrical properties of barium titanate nano-crystals using a near-field optical microscope (NSOM).  Barium titanate (BaTiO3) is a material that has potential as a data storage medium that can be read optically and written electrically, since it is both ferroelectric and birefringent.  When used for data storage these ferroelectric materials are called NVFRAMs or nonvolatile ferroelectric random-access memories. The first generation of NVFRAMs is on the market1  They are made of PZT and are read and written electrically.  There are several advantages of using these materials for data storage over current technology.  Their primary advantage is, since they maintain their polarization state after the applied voltage has been removed, they do not require back up memories or batteries.  They can be accessed more quickly and with less power than many memory devices, which need to push electrons through a glass barrier.  Additionally, they have potential for increased miniaturization.2  Besides their potential as a superior data storage medium, ferroelectric ceramics are widely used in the electronics industry in a variety of applications such as multilayered capacitors, transducers and sensors.  We propose to study the size effects in these materials, which is crucial for current trends towards miniaturization to be successful.  

Ferroelectric materials have a low degree of symmetry that gives rise to a spontaneous polarization state.  The polarization state can be changed to an alternate state by applying an electric field (referred to as poling).  Essentially this change involves a transition between a cubic phase and tetragonal phase.  A binary code of “1’s” and “0’s” used to store data can be written as a particular phase of the crystal.  For example, a positive voltage could be applied to a crystal writing a “1” or perhaps a cubic phase, and a negative voltage could be applied to a crystal writing a “0” or tetragonal phase.  These crystals are birefringent which means that they have an optical anisotropy, which is a direct result of the crystal phase.  The tetragonal phase is birefringent, and the cubic phase is not.  In this way the birefringence of the material can be used to optically measure the phase of the crystal.  The birefringence manifests itself by interacting differently with polarized light depending on the relative orientation between the polarization of the light and the polarization state or phase of the crystal.  In this way polarized light can be used to probe the polarization state or crystal phase of the barium titanate crystals and read the “1” or “0” stored there. 

Two ferroelectric ceramic materials of particular interest are PbTiO3 and BaTiO3.  Both of these materials are tetragonal, and therefore ferroelectric, at room temperature and change to cubic phase at higher temperatures.  The phase of these crystals also changes as their size decreases.  Desheng Fu et. al.3 have used Raman Spectroscopy to show that PbTiO3 nanocrystals of size 7nm have an orthorhombic phase (antiferroelectric) at temperatures below 166°C down to room temperature.  In contrast, Akdogan et. al.4 report that PbTiO3 nanocrystals of size ~15 nm are cubic at room temperature.  Akdogan et. al.5 also report critical crystal sizes (the size below which the crystal is not ferroelectric) for each of these materials -- PbTiO3 15 nm and BaTiO3 67 nm.  They further state that, while the spontaneous polarization of these materials decreases with decreasing crystal size, the electrostrictive coefficients increase resulting in a net increase in piezoelectric moduli.  Despite a large body of research, many questions still remain.  At the end of a thorough and well written review of the research on the size effects of BaTiO3 and PbTiO3, Akdogan et. al.6 conclude “…size effect studies should still be considered to be at the early stages of a long journey, despite the fact that there is a wealth of information on the subject covering almost five decades of research.”

The uniqueness of my approach to these materials lies in the tool I intend to use to investigate them.  Most of the work on the size effects of these materials involves examining powders of uniform size using X-ray diffraction, electron diffraction, Raman spectroscopy, and other methods each of which look at large numbers of crystals.  The technique I propose to use, near-field scanning optical microscopy (NSOM), will allow me to study individual crystals.  
The NSOM is a tool that allows one to study optical properties of materials with a resolution that was previously unavailable.  The instrument can resolve spatial features that are more than ten times smaller than what can be seen with a conventional optical microscope. Optical information such as photoluminescence, Raman spectroscopy, polarization, or absorption can all be studied on a size scale as small as 10 nm.  The advent of the NSOM, therefore, opens up a new frontier in basic physics questions. The size scale of interest with regard to the BaTiO3 crystals is 1000 nm to 10 nm.  This is the size scale that the NSOM is best suited to investigate.  (Larger crystals can be studied with conventional microscopy and smaller crystals would be too small to resolve with the NSOM.)  Using the NSOM I will be able to study the birefringence of individual crystals in the presence of a local electric field which will provide information about the basic properties of these nano-crystals which is currently unavailable.

[image: image1..pict]This study will use a near-field optical microscope (NSOM) to probe the BaTiO3 crystals. The NSOM is a scanned probe microscope that uses an optical fiber as a probe to obtain optical information about a surface with higher resolution than what is achievable with a conventional optical microscope.7,8  High resolution optical information about the sample is obtained by placing a small aperture in close proximity (a few nm) to the sample.  The aperture is fabricated from an optical fiber that is sharpened by chemical etching9 and coated with a metal film to create a subwavelength aperture.  Topographical information is obtained simultaneously with the optical signal by exploiting the distance dependent shear force interactions between the sample and the probe.  These forces are sensed using the resonance signal from a quartz tuning fork to which the probe is attached.10   Since the optical fiber is coated with metal to confine the light, it can be used to apply a local electric field to the nanocrystals in order to change their phase.  Because of its ability to simultaneously obtain topography, optical information, and to apply a local electric field to individual crystals, the NSOM is the ideal tool for this study.

The samples we will use will be fabricated by putting a solution of BaTiO3 crystals of varying sizes onto a film of ITO, a transparent conductor, on a quartz slide.  By using the ITO as a substrate, a voltage can be applied between the probe and the ITO so that the polarization state of the crystals can be manipulated.  The metal coated fiber probe has been used previously to apply local electric fields (and tunnel currents).11
The NSOM has been used in a variety of ways to measure optical polarization.12-14  In order to quantitatively measure the magnitude and orientation of the optical anisotropy of the crystal, I plan to use a polarimetry technique combined with the NSOM.  This technique was developed by McDaniel et. al.14 and has several advantages over the traditional method of viewing the sample through crossed polarizers.  Using this technique, the polarization can be quantified in such a way that it is insensitive to changes in sample transmittance and probe imperfections.  The key features of the proposed experiment involve the use of polarization optics, a photoelastic modulator, and several lock-in amplifiers.  A schematic of the experiment can be seen in figure 1.
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I have conducted preliminary research to ensure the proposed study’s feasibility.  Working with Dr. Janos Fendler at Clarkson University, I fabricated several samples of BaTiO3 crystals on ITO/glass substrates.  These were imaged this summer in my lab.  Figure 2a shows a 2 x 2 µm topographic image of these crystals.  The full gray scale in the topographic image 2a corresponds to a height of 30 nm.  Minimal filtering has been applied; the image has been background subtracted and has been contrast enhanced.  Figure 2b is an NSOM image obtained simultaneously with the topographic image.  In this image the incident light is linearly polarized and is collected after it is transmitted through the sample using a 0.55 N.A. aspheric  lens.  An analyzer is placed before the detector and the signal is minimized before the sample is put into place.  The extinction ratio is 20.  This set up is analogous to viewing the sample through crossed polarizers in conventional microscopy. One disadvantage of the technique I used this past summer to generate these data is the difficulty in sorting out the optical contrast that is due to topography from the optical contrast due to the sample birefringence.  The polarimetry method I plan to employ avoids this difficulty.14  Note the brightest feature in figure 2a and the feature below it and to the left.  These two features show opposite contrast in the optical image seen in figure 2b indicating that these two crystals may have different orientations.


To place this project in the context of previous research, I would like to discuss some of the pertinent questions in the field.  There are several competing mechanisms that could explain the decrease in spontaneous polarization with decreasing crystal size leading to a critical crystal size.  These mechanisms include the following: depolarization fields, increase in surface energy, lack of long-range dipolar coupling, excess symmetry breaking defects, and disordering of dipolar order due to thermal agitation.4  Additionally there is the question of whether or not there is a surface layer on the outside of the crystal that is of a different phase from the interior of the crystal.  Electron diffraction was used by Anliker to show a tetragonal surface structure,15 while Takeuchi et. al. examine X-ray diffraction data and conclude there is a cubic surface layer.16  The experiments that I propose to do will shed light on these issues.


The advantage of the technique I will use to study the BaTiO3 is the ability to look at individual crystals.  The initial experiments will involve using the NSOM to map the birefringence of individual crystals whose sizes range from below the critical crystal size, ~50 nm, up to a micron.  By examining the changes in birefringence across an individual crystal (for the larger crystals), I expect to learn about their defects.  For example, a point defect would change the local birefringence.  Additionally if there is a surface layer that has a different phase than the interior of the crystal, the birefringence across the crystal should change indicating whether the surface layer is tetragonal or cubic.  These birefringence experiments will also reveal the spontaneous polarization as a function of crystal size.  To this experiment I will add the ability to apply a local electric field using the metal coating on the probe.  I will image the birefringence of the sample as the electric field is increased.  In this way I will observe how the birefringence changes with increasing electric field.  I will increase the field until I can pole the crystal (change the crystal phase so that it does not revert back to its original phase when the electric field is removed) or arcing occurs.  In any case, the results of this experiment will provide data that can be used to determine the influence of depolarization fields and surface tension.  If these nano-crystals can be poled, then they may be useful for data storage applications.


This project is very feasible.  Work this past summer with an undergraduate student, Stacey Benson, has resulted in the preliminary results shown here.  The polarimetry technique I propose to use has also been demonstrated by McDaniel et. al.14  The bulk of this project involves adding the polarimetry component to the NSOM. The magnitude of the phase shift due to the birefringence of these crystals is large and, therefore, easy to observe.  The birefringence (n) of BaTiO3 reported in the literature varies, but if we use n = 0.073 as reported by Meyerhofer,17 for 532 nm light and a 1000 nm crystal we would expect a maximum phase shift due to the birefringence of approximately 50°.  It is expected that as the crystal size decreases to the critical crystal size, the crystal phase becomes cubic and the birefringence, and phase shift, decreases to zero.  The effect of the electric field on the birefringence will produce data that will provide valuable insight into the mechanisms that are responsible for this reduction of the spontaneous polarization and transition to cubic phase.
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Biography of Applicant

I received my bachelor of science in physics in 1988 from Auburn University where I worked with Dr. Peter Barnes on a variety of projects.  My main project was implementing an automated Hall Effect measurement system.  I attended North Carolina State University for my graduate studies, where I worked with Dr. Michael Paesler and Dr. Hans Hallen.  My initial work with Dr. Paesler involved using Raman spectroscopy to study a variety of materials including silicon, YBCO, and diamond thin films.  I also had the opportunity to work on the development of photon scanning tunneling microscopy (PSTM) and then the development of an NSOM.  My primary contribution was implementing Raman spectroscopy in conjunction with the NSOM.  We reported the first near-field Raman image in 1995.8 I defended my dissertation, entitled “Near Field Optical Spectroscopy,” and received my doctorate in 1996. Since graduation I have been publishing results from my dissertation and pursuing theoretical implications of near-field Raman.  I began teaching at St. Lawrence University in the fall of 1995 and spent my first three summers building a near-field microscope to use in my lab.  In the summer of 1999, since NSOM technology had changed quite a bit while I was assembling the microscope, I investigated a variety of improvements to the technology and incorporated Karrai and Grober’s tuning fork method.4  This past summer, I began to study barium titanate crystals.

Role and extent of student involvement

Undergraduate students will be involved in every phase of the proposed project.  In Phase I we will implement the polarization detection scheme described above.  The student’s responsibilities will be to set up the equipment, to test the polarization detection as well as to study the theoretical basis for quantitatively determining the magnitude of the phase retardance.  In Phase II we will do near-field polarimetry on the barium titanate crystals using the NSOM.  In the process the student will learn how to fabricate the fiber probes used in the NSOM, how to operate a scanned probe microscope, and how to analyze the data using the software program NIH Image.  In Phase III we will “write” to the crystals by applying an electric field using the metal coated fiber probe.  We will image the crystals before and after writing and measure the phase retardation.  In this phase of the project the student will build the circuit for applying the electric field and determine appropriate voltages for writing to the crystals.  As I will work with students each summer and during the academic year, I expect to work with three different students on this project.
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Itemized budget for two years
	Photoelastic modulator
	5,000
	

	Polarizing Optics*
	3,000*
	

	Lock-in Amplifier*
	4,000*
	

	Thickness Monitor*
	2,500*
	

	Expendables (optical fibers, chemicals, circuit components, etc.)
	2,000
	2,000



	
	
	

	II.  Stipends
	
	

	Faculty
	7,500
	7,500

	Student
	3,000
	3,000

	Fica 
	   803
	803

	Room and Board**
	2,100*
	2,100*



	TOTAL
	29,903
	15,403


	
	Year 1
	Year 2
	Cottrell
	SLU

	Equipment and Supplies
	
	
	
	

	Photo-elastic modulator
	5000
	
	5000
	

	polarizing optics
	3000
	
	1500
	1500

	Lock-in Amplifier
	4000
	
	
	4000

	supplies
	2000
	2000
	4000
	

	thickness monitor
	2500
	
	
	2500

	SubTotal
	
	
	10500
	8000

	Stipends
	
	
	
	

	faculty 
	7500
	7500
	15000
	

	student
	3000
	3000
	6000
	

	room and board
	2100
	2100
	
	4200

	Total
	29100
	14600
	31500
	12200

	
	
	
	
	



Internal Support $41,210 as follows:  SLU Summer Fellows Program with Kathleen Kwe Kwe Kivutha, "Characterization of the Feedback System Response of a Near-field Scanning Optical Microscope", Summer 2000, $5,350.[2]  Mellon Foundation Technology for Teaching, "Implementing Video Capture in Physics Courses", Spring 2000, $1,800. [2] and "Automating Data Collection in the Physics Laboratory", Spring 1999 $1,900. [2]  William B. Bradbury, Jr. Faculty Support Award, "Birefringence and Piezoelectricity of Barium Titanate Nano-crystals", 1998, $2,160.[1]  Faculty start-up funds, Fall 1995 $30,000.[2]


External Support:  $28,266 as follows:  NY Science Education Program with Stacey Benson, "NSOM Study of Barium Titanate Crystals", Summer 2000, $4,266. [1] AAC&U Women and Scientific Literacy Program, Co PI, 1996-2000, $24,000.00.[2]
The photoelastic modulator (PEM) and polarization optics will be used to quantify the phase retardance of the crystals.  The sensitivity of this method will allow me to study these crystals as a function of size since I will be able to detect even very small changes in retardance produced by very small crystals.  The experiment will actually require the use of three lock-in amplifiers; we already have two. The thickness monitor will be used in a vacuum evaporator to fabricate the metal coating on the fiber probes.  St. Lawrence University will purchase the lock-in (4,000), the thickness monitor (2,500), and half of the polarization optics (1,500).  Expendables for the proposed project will include optical fibers, materials to fabricate probes, materials to fabricate the crystals, electronic parts to manufacture detectors and other circuitry etc.  St. Lawrence will provide room and board for a student each summer (4,200)




Figure 2 a) is a 2 x 2 µm topographic image and b) is a transmission near field image using linearly polarized light detected through an analyzer at 90°.















