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Ferroicity 
Ferromagnetism 
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<http://gravmag.ou.edu/mag_ro
ck/mag_rock.html> 
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Magnetoelectric 
: Magnetic Susceptibility Tensor 

: Electric Susceptibility Tensor 

W. F. Brown, Jr., R. M. Hornreich and S. Shtrikman.  Phys. Rev. 168, 2 (1968)  574-577. 
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Presentation Notes
Everyone knows what a magnet is.  The permanent magnets we frequently use are ferromagnets.FerromagnetismMagnetic moments of atoms in ferromagnets are aligned to make magnetic domains.Magnetic domains align to an external field and remain when the field is removed.Ferroelectricity-The molecular structure of ferroelectric materials is polarized to form domains of polarization.-External electric field align the internal polarization and the effect remains when the field is removed.Application-This is used in data storage but is limited to two polarization directions of either magnetic or electric polarization forming the binary system.  -Imagine how much more data we could store if we had ferromagnetic and ferroelectric properties in one material.Magnetoelectric-Magnetoelectric materials are both ferroelectric and ferromagnetic and there is coupling between the two ferroics.-As shown in this equation the magnetoelectric susceptibility tensor (alpha) changes with both the magnetic and electric susceptibilities.  -This means that you can apply either an electric field or a magnetic field to these materials and both the magnetic and electric domains will align to that field.Magnetoelectric Effect- lone pair multiferroics (electric displacement and partially filled d-shell for magnetic moment).B= uo(H+M)

http://gravmag.ou.edu/mag_rock/mag_rock.html
http://gravmag.ou.edu/mag_rock/mag_rock.html
http://en.wikipedia.org/wiki/Ferroelectricity
http://en.wikipedia.org/wiki/Ferroelectricity


Perovskite Structure (ABO3) 

<http://en.wikipedia.org/wiki/Perovskite_(structure)> 

A-Site Atoms 

B-Site Atoms 

Oxygen Atoms 
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Presentation Notes
Many magnetoelectric materials have a perovskite structure.  This is a cubic structure with two different sized cations at the A and B sites.  

http://en.wikipedia.org/wiki/Perovskite_(structure)


SrTiO3  (Substrate) 

• Distorted perovskite 
structure. 

• Multiferroic 
(Magnetoelectric). 

BiMnO3 

• Perovskite structure. 

K. Momma and F. Izumi, "VESTA 3 for three-dimensional visualization of 
crystal, volumetric and morphology data," J. Appl. Crystallogr., 44, 1272-1276 
(2011). 

Boukhvalov, D.W.; Solovyev, I.V.  Phys. Rev. Serie 3. B – Cond. Matt. 82, 
(2010)  245101-1. 

Brous, J.; Fankuchen, I.; Banks, E.  Acta Cryst. 6, (1953) 67-70. 
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Presentation Notes
The material we have focused on so far is Bismuth Manganite.  -Distorted perovskite structure and is magnetoelectric.-In order for it to be useful for computers and data storage it is deposited as a thin film on a strontium titinate substrate.  -The films are made by professor biswas in the U of Florida.

http://dx.doi.org/10.1107/S0021889811038970
http://dx.doi.org/10.1107/S0021889811038970
http://dx.doi.org/10.1107/S0021889811038970


Bulk (Powder) BiMnO3 

• 3GPa, 1100K for synthesis. 
• Msat = 3.6 μB/Mn at 5 K 
• Tc = 105 K 
• Ps = 62 μC/cm2 at 87K  

 

A. Moreira dos Santos, S. Parashar, A.R. Raju, Y.S. Zhao, A.K. 
Cheetham, C.N.R. Rao, Solid State Commun. 122, (2002) 
 1–2. 
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Presentation Notes
-These plots by Santos, et al. show the magnetic moment vs. temperature and the magnetic moment vs. an external magnetic field of Bulk Bismuth Manganite.  -This shows that the curie temperature is 105K and that there is a nonzero magnetic moment when there is no external magnetic field.-The electric polarization (not shown here) is 62 microCoulombs/cm^2 and the magnetic saturation is at 3.6 bohr magnetons per manganese atom.However, bulk Bismuth Magnanite requires extreme conditions for synthesis making it impractical for commercial use.



• 3GPa, 1100K for synthesis. 
• Msat = 3.6 μB/Mn at 5 K 
• Tc = 105 K 
• Ps = 62 μC/cm2 at 87K  

 

A. Moreira dos Santos, S. Parashar, A.R. Raju, Y.S. Zhao, A.K. 
Cheetham, C.N.R. Rao. Solid State Commun. 122, 1–2, (2002) 

Film BiMnO3 

• Pulsed Laser Deposition. 
• Msat = 1 μB/Mn at 5 K 
• Tc = reduced / smeared 
• Ps = 16 μC/cm2 at 87K 

 

Bulk (Powder) BiMnO3 
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Presentation Notes
-Film form of bismuth magnanite is simpler to synthesize using pulsed laser deposition in a regular vacuum chamber.-However the magnetic and electric properties are greatly reduced to a magnetic saturation of 1 bohr magneton per manganese atom and 16 microCoulombs per centimeter sqrd.-You can see from these plots of the magnetic moment vs. temperature and magnetic field taken from our sample that the curie temperature is reduced and smeared out and the ferromagnetism is also reduced.  



Hypotheses 
1. Strain from substrate  

• 1 0 0 SrTiO3  plane binds with 1 1 1 BiMnO3 plane 
• Magnetic moment reduced from change in geometric  
 shape. 

2. Unstoichiometric composition 
• Magnetic Properties dependent on stoichiometry (BiMnO3+δ). 

• Magnetic moment is reduced with increased oxygen content. 
• Requires Polarized Neutron Reflectivity to find the magnetic moment as a 

function of depth. 

Alexei A. Belik, Katsuaki Kodama, Naoki Igawa, Shin-ichi Shamoto, Kosuke Kosuda and Eiji Takayama-Muromachi. J. Am. Chem. 
Soc. 132, (2010), 8137-8144. 
 

Why is there a difference between the bulk and the film form of BiMnO3? 

Presenter
Presentation Notes
Why is there a difference between the bulk and the film form of Bismuth Mangenite?1) There is strain from the substrate since the two materials do not have the exact same dimensions which may be causing distortions in the material and changing the magnetic and electric properties.2) The film has unstoichiometric properties.Belik, et al. showed that increase in the oxygen content in bulk bismuth mangenite changes the structure and magnetic properties of the material.This plot of the atomic lattice parameters versus oxygen content show that increasing the amount of oxygen changes the atomic structure quite a bit.This plot of the magnetic moment of vs. external field also shows that an increase of oxygen content in the material reduces the magnetic saturation.So the thin films might be unstoichiometric which would change the magnetic properties.



Attacking the Problem 
• Diffraction 

• Growth orientation 
• Lattice parameters 

• Atomic Force Microscopy 
• Surface roughness 

• Reflectometry 
• Roughness 
• Thickness 
• Density as a function of depth. 

• X-Ray Photoelectron Spectroscopy 
• Atomic composition as a function of depth 

Presenter
Presentation Notes
-To find the solution to this problem we started off with a single film sent to us by Professor Biswas and we used (step through probes)



X-Ray Diffraction 
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Brous, J.; Fankuchen, I.; Banks, E.  Acta Cryst. 6, (1953) 67-70. 

𝑑𝑑ℎ 𝑘𝑘 𝑙𝑙 
𝜆𝜆 = 2 𝑑𝑑ℎ 𝑘𝑘 𝑙𝑙  sin𝜃𝜃 
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Presentation Notes
-When you send light through slits you get a diffraction pattern.  Similarly sending xrays through the atoms in a material will also create a diffraction pattern.  -When the x-rays diffract through specific planes the diffracted rays meet constructively forming a peak, otherwise they meet destructively.  -Here is a SIMULATED powder diffraction pattern from Brous, et al. for all strontium titanate representing every possible orientation of the film.  -As I mentioned, each peak corresponds to a particular lattice plane.  -This plane corresponds to the first peak, this one the second and so on.-The 2 Theta positions of the peaks allow us to calculate the lattice parameters of the material using braggs law.



SrTiO3 X-ray Diffraction (XRD) Data 
1 

0 
0 

2 
0 

0 

3 
0 

0 

4 
0 

0 

Calculated Lattice 
Parameter: 
a = 3.8955 Å  
Literature Value: 
a = 3.898 Å  

a 

𝜆𝜆 = 2 𝑎𝑎 sin𝜃𝜃 
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Presentation Notes
-Here is the diffraction pattern of the Strontium Titinate Film that the Bismuth Manganite is deposited on.-All the peaks correspond to the surface plane and the calculated lattice parameter using braggs law is 3.895 Angstroms



SrTiO3 XRD Data 

1 
0 

0 
2 

0 
0 

3 
0 

0 

4 
0 

0 

BiMnO3 X-ray Diffraction Data 
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Calculated Cubic 
Lattice Parameter: 
a = 3.973 Å 
𝜆𝜆 = 2 𝑑𝑑ℎ 𝑘𝑘 𝑙𝑙  sin𝜃𝜃 
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Presentation Notes
-Here is the Bismuth Mangenite diffraction data.-We expect to see the 1 1 1 lattice plane from the bismuth aligning with the 1 0 0 plane from the substrate. -Notice how there are extra peaks from Bismuth Oxide and extra Bismuth Manganite Orientations.-Two explanations for this	: Unstoichiometry in sample	: Polychrystaline growth on the substrate.



X-Ray Diffraction Mesh Scan 
• {2 1 1} SrTiO3 Plane 
 
 
 

• Rocking Curves: 
 
• aSrTiO3 = 3.898 Å 

(literature) 
• aBiMnO3 = 3.946 Å in plane 

(calculated) 
• Elongated out of plane. 

• Epitaxial Growth. 
 
 

𝜆𝜆 = 2 𝑑𝑑ℎ 𝑘𝑘 𝑙𝑙  sin𝜃𝜃 
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Presentation Notes
-To rule out the polycrystalline grown we took an x-ray diffraction mesh scan which is a series of cocking curves focused on one lattice plane.-The in-plane lattice constant is aligned between the BMO and STO which is represented by the thick black line, while the out of plane lattice constant is elongated for the BMO.-If the BMO was polycrystalline we would see a line of constant intensity instead of a peak.  Since we see a peak we know that the BMO grew epitaxially which means it is crystalline.



Atomic Force Microscopy 

<http://www.nanotech-
now.com/Art_Gallery/antonio-
siber.htm> 

Crevices are calculated to make up 20% of the sample. 
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Presentation Notes
-The next probe we used was the Atomic Force Microscopy which uses a needle moves over the surface of the film mapping the peaks and crevices to get a picture of the film as shown here.  This picture showed us that about 20% of the suface of our sample is made up of crevices.

http://www.nanotech-now.com/Art_Gallery/antonio-siber.htm
http://www.nanotech-now.com/Art_Gallery/antonio-siber.htm
http://www.nanotech-now.com/Art_Gallery/antonio-siber.htm


Refectometry 
Detector 

Q 

𝑄𝑄𝑐𝑐 = 4 𝜋𝜋𝜌𝜌 𝜌𝜌 =
∑ 𝑍𝑍 𝑟𝑟𝑒𝑒𝑛𝑛
𝑖𝑖=1
𝑉𝑉𝑚𝑚

 

𝜌𝜌 =
∑ 𝑏𝑏𝑐𝑐𝑛𝑛
𝑖𝑖=1
𝑉𝑉𝑚𝑚

 

Δ 2𝜋𝜋∆ 

Q 𝑄𝑄 =  
4 𝜋𝜋
𝜆𝜆 sin𝜃𝜃 

“Modern Techniques for Characterizing Magnetic 
Materials.” Ed. By Yimei Zhu.  Kluwer Acad. 
Publishers (2005). 
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Presentation Notes
-Reflectometry was explained previously by Pavan so I will just quickly remind you of the basics.-For a simple film the beam is reflected from the surface creating as shown in this plot of the reflectivity vs. position.  At the critical edge, corresponding to the critical angle of the material, the reflectivity decreases.  -This shows the scattering length density of the material as a function of depth.-For a thin film on top of a substrate the reflected beams create an interference pattern as shown on this plot.  The interference is directly related to the depth of the film.-The scattering length density of the film is shown here and you can see a distinct change in denstity between the film and the subtrate.



SrTiO3 X-ray Reflectometry Data 

Interface: 5.75 Å 
Chsq: 36.4 

Q 
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Presentation Notes
Reflectometry data of the Strontium Titanate substrate. Reflectivity vs. positionThe reflectivity drops at the critical edge.Scattering length density vs. depthThe film is not perfectly smooth so there is a gradual rather then sharp decreased in density.



BiMnO3 X-ray Reflectometry Data 

1 Layer of BiMnO3  
Chsq: 271.5 
Thickness: 376 Å  
Interface: 78.4 Å 

Δ 

Q 

Presenter
Presentation Notes
-Here is the reflectometry data from the Bismuth Manganite sample.  -Reflectivity vs. position	Red = data, Blue = Fit-The interference between the reflected rays creating the wave pattern-To properly fit I increased the number of layers to account for the roughness and possible changes in stoichiometry in the depth of the sample.  -From this fit it is clear that the Bismuth Mangantite cannot be assumed to be a single layer.-Scattering length density vs. depth	Black = expected density, Red = Expected absorbance



BiMnO3 X-ray Reflectometry Data 

2 Layers of BiMnO3  
Chsq: 181.3 
Total thickness: 594.6 Å  
1st Layer thickness: 430 Å  
1st Layer interface: 43.4 Å 
2nd Layer thickness: 164.6 Å 
2nd Layer interface: 42.2 Å 

Δ 

Q 
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-Better-Still not fitting the critical edge correctly.-Scattering length density much less then expected.



BiMnO3 X-ray Reflectometry Data 

3 Layers of BiMnO3  
Chsq: 85.9 
Total thickness: 594.6 Å  
1st Layer thickness: 79.7 Å  
1st Layer interface: 77.5 Å 
2nd Layer thickness: 202.2 Å 
2nd Layer interface: 71.4 Å 
3rd Layer thickness: 180.7 Å 
3rd Layer interface: 32.2 Å 

Δ 

Q 
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-Better fit of critical edge, not a very good fit of interference-Scattering length density still smaller then expected.



BiMnO3 X-ray Reflectometry Data 

4 Layers of BiMnO3  
Chsq: 36.4 
Total thickness: 456.14 Å  
1st Layer thickness: 11.14 Å  
1st Layer interface: 15.04 Å 
2nd Layer thickness: 266.6 Å 
2nd Layer interface: 66.4 Å 
3rd Layer thickness: 102.8 Å 
3rd Layer interface: 61.7 Å 
4th Layer thickness: 75.6 Å 
4th Layer interface: 21.0 Å 

Δ 

Q 
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-This seems to fit quite well.-Scattering length density almost reaches expected value and then decreases at the surface which is consistent with the AFM data showing that 20% of the surface is made up of voids.



BiMnO3 X-ray Reflectometry Data 
5 Layers of BiMnO3  
Chsq: 35.00 
Total thickness: 487.67 Å  
1st Layer thickness: 11.44 Å  
1st Layer interface: 15.15 Å 
2nd Layer thickness: 275.32 Å 
2nd Layer interface: 70.13 Å 
3rd Layer thickness: 101.74 Å 
3rd Layer interface: 36.4 Å 
4th Layer thickness: 70.91 Å 
4th Layer interface: 18.9 Å 
5th Layer thickness: 28.26 Å 
5th Layer interface: 29.76 Å 

Δ 

Q 
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Presentation Notes
-Final fit.-Reflectivity plot looks good.  -We see a decrease in density close to the surface of the substrate. -Density almost reaches my calculated value and then decreases again, which is consistent with voids.



X-Ray Photoelectron Spectroscopy 

𝐾𝐾𝐾𝐾 = ℎ𝜈𝜈 − 𝐵𝐵𝐵𝐵𝐵𝐵𝑑𝑑𝐵𝐵𝐵𝐵𝐵𝐵 𝐾𝐾𝐵𝐵𝐸𝐸𝑟𝑟𝐵𝐵𝐸𝐸 
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We know from studying chemistry and physics in school that the electrons in atoms are in orbitals around the nucleus.  Each atom has a specific binding energies for the orbitals.  If you shoot an X-Ray at the atoms with the binding energy of one of the orbitals, we know from the photoeletric effect that the electron will be shot from the atom creating peaks in the plot on the right.This plot of the binding energy vs. the number of electron counts per second tells us which atoms are found in the sample.



X-Ray Photoelectron Spectroscopy 
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Observed Formula: BixMnOy 
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Presentation Notes
-We slowly etched through the Bismuth Manganite using an ionized argon beam.  -After short periods of etching we took another survey of the material.  This plot (right) on shows a layered view of each survey.-This plot (left) is the formula unit of each material assuming that the unit of Manganese remains 1 as a function of etch time.  You can see that there is an excess of oxygen and bismuth on the surface which could be from the Bismuth Oxide shown in the diffraction data.-The increase in oxygen at the surface of the substrate could either be a surplace of oxygen in the Bismuth Manganite at the surface of the film or it could be additional oxygen from the substrate itself.  



Conclusions 
• Data suggests unstoichiometric composition of BiMnO3. 

• Diffraction: extra peaks show  
• Atomic Force Microscopy: 20% of the surface has voids. 
• Reflectometry: Reduced scattering length density on the surface and at the interface with 

the SrTiO3. 

• Spectroscopy: May have an increase in oxygen content at the substrate.  Large 
concentration of Bismuth and Oxygen at surface. 
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On Going (Over the next 4 weeks): 
• Neutron Reflectometry Data 

• Scattering Length Densities 
• X-Rays (electron density): Bi ~ 83, Mn ~ 25, O ~ 8 (atomic number) 
• Neutrons (nuclear constrast): Bi ~ 8.5, Mn ~ -3.73, O ~ 5.803 (bound coherent scattering lengths) 

• Gives additional information on the chemical formula.   

• Polarized Neutron Reflectometry: 
• Calculate magnetic moment as a function of depth. 
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Presentation Notes
Diffraction: shows extra peaks which points to impurities in the filmATM: voids on surfaceReflectomery: reduced scattering length density on surface, possibly from voidsReduced density at interface with STO, which implies strain.Spectroscopy: increase O oat substrate and increased Bi and O at surface (bismuth oxide)I will remain here until the end of the month because I joined the program a month late to get the neutron data necessary to understand the magnetic properties of the film.I would like to acknowledge:NIST/CHRNS/NSF for funding and allowing me have this internship.Surf Directors:Directors of NCNR: Dan Neumann and Rob DimeoDaniel for mentoring meProfessor Biswas and Daniel Grant for the samples.



Neutron Reflectometry 
• Nuclear and magnetic scattering. 

 
 

Polarized Neutron Reflectometry 
• Separates spin up and spin down. 

 
 

Red- Spin 
up 
Blue – 
Spin down 

Roger Pynn.  Neutron Reflectometry. Indiana U. and Spallation Neutron Source. 
<http://www.che.udel.edu/cns/pdf/Reflectometry.pdf> 
 

http://www.che.udel.edu/cns/pdf/Reflectometry.pdf
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