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Electrical Control of Magnetism Using Multiferroic Materials
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Control magnetism using electric fields

Measure the magnetization 
microscopically 

X-PEEM on Multiferroics, BiFeO3
T. Zhao Seagate
K. Lee Berkeley
M. Barry Berkeley
R. Ramesh Berkeley
Et al.

http://xraysweb.lbl.gov/peem2/webpage/Project/Resources/PEEM-Experiments.pdf


ALS EXPERIMENTAL SYSTEMS GROUP   : : ELECTRICAL CONTROL OF MAGNETISM USING MULTIFERROIC MATERIALS

Fe

Bi

+
2P
v +

3P
v

+
1P
v

+
4P
v

−
2P
v

−
1P
v

−
4P
v

−
3P
v

(001)

Polarization points in one of 8 possible {111} directions.

BiFeO3 (001)

Presenter�
Presentation Notes�
We are interested in bismuth ferrate because it is the only single phase room temperature multiferroic that is known today. Bismuth ferrate is a ferroelectric with large polarization for thin films as demonstrated in this hysterisis curve. It is also a G-type antiferromagnet, meaning the Fe magnetic moments couple ferromagnetically within the pseudocubic 111 planes [show with hands] and antiferromagnetically between adjacent planes. The polarization direction points in one of the 8 111 body diagonals. Density functional theory tells us that the energy is minimized when the magnetization points somewhere in the plane perpendicular to our polarization, but there is not a preferential direction in bulk. �
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Ferromagnetic CoFe2 O4 nano pillars in AFM-FE BiFeO3 Matrix 

AFM

PEEM

Co element contrast

2 μm

H. Zheng et al., Science 2004

Self organized epitaxial growth

Co FM contrast (XMCD)
Demonstrate coupling between FE matrix and FM pilars. 

PFM poling

T. Zhao et al., Appl. Phys. Lett. 90, 123104 (2007)
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Spectromicroscopy on CoFe2 O4
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Poling of ferroelectric BiFeO3 randomizes the magnetization in CoFe2 O4 nano pillars

T. Zhao et al., Appl. Phys. Lett. 90, 123104 (2007)
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BiFeO3 - Ferroelectric antiferromagnet

Magnetic Structure of BiFeO3 Films

Magnetic plane is perpendicular to the 
polarization direction.

TC ~ 1103K

TN ~ 643K
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This sample: 600 nm BiFeO3 / SrRuO3 / SrTiO3
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Domain Structure of BiFeO3

E

(a)

10×8 μm2

EE

PEEMPEEM

PFMPFM

PEEMPEEM

PFMPFM

x-ray linear dichroism 
at Fe L2 edge

• contrast reversal proves 
dichroic origin

• images match PFM 
images of FE structure

• magnetic or charge 
dichroism?

T. Zhao et al., Nature Materials 5, 823 (2006) 
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AFM structure follows FE structure after poling

Deconvolve? magnetic 
and ferroelectric 
contribution.

Magnetic axis?

PFM

PEEM

BEFORE SWITCHING

PFM

PEEM

AFTER SWITCHING



ALS EXPERIMENTAL SYSTEMS GROUP   : : ELECTRICAL CONTROL OF MAGNETISM USING MULTIFERROIC MATERIALS

0 200 400 600 800 1000
0.2

0.4

0.6

0.8

1.0

<M
2 >

TCTN

 XLD #1
 XLD #2
 XLD #3
 XLD #4
 XLD #5
 Bi Displacement
 Fe Displacement
 Polarization
 Out-of-plane

          lattice parameter

 

N
or

m
al

iz
ed

 O
rd

er
 P

ar
am

et
er

Temperature (K)

-0.2

0.0

0.2

0.4

0.6

0.8

Temperature Dependence Shows Contrast Dominated By Magnetism
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Determine Magnetic Structure of BiFeO3
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Six unique low index axes in (111) plane.

linearly polarized Circularly (plane) polarized
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Angle Dependent Contrast
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Out of plane PFM 90°

XMLD Using S-Polarized X-rays

20°20°

110°110°

Two contrast levels which reverse 
upon 90°

 

rotation
Low contrast at intermediate angle

Presenter�
Presentation Notes�
We observe two main colors, or one contrast, at angles other than 45 degrees. There is actually a little bit of a third contrast, which we see clearly if we rotate to 45 degrees. This contrast is due to the fact that our signal is not perfectly linear. At some energies we will observe an out of plane component. We see that this matches up quite well with the out of plane PFM images. The important thing to note in the 45 degree image is that the grid pattern has diminished considerably. It looks like it may be gone completely. It’s hard to align the sample perfectly, so we can’t say for sure. �
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Compare S-, Plane Polarization

Presenter�
Presentation Notes�
When we instead use right circularly polarized light, we see that the bright in linear stays bright. And the dark splits into medium and dark grey. This does not fit with what we were expecting from an easy plane at this angle. 

I actually have a library of angles from which I’ve collected data and everything seems consistent with an easy axis—either 110 or 112 type depending on the cosine or sine squared convention I use for my signal. I’ve actually designed another experiment that will not only tell us which of these axes, but also be able to once again rule out the plane. But, it’s running later today, so I’m afraid you’ll have to wait. 

[So, if it’s not either of the cases we considered before, what is it? The calculations reveal that instead of having a degenerate magnetic plane for each polarization, a particular axis is selected. And the only directions that fit all of the angle dependent PEEM data are the 110 or 112 type, which depends completely on the convention I use. How do I figure out which I have? ]
�
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• X-ray Magnetic Dichroism (XMD) permits us to image ferro-and 
antiferromagnetic materials/oxides at high spatial resolution. 

• BiFeO3 antiferromagnetic domains couple to ferroelectric domains and can be 
switched.

• BiFeO3 (001) and (110) have easy magnetic axes, while BiFeO3 (111) may have 
easy plane.

• Additional complication: charge dichroism originating from 
ferroelectricity may be superimposed on magnetic dichroism => complex 
analysis.

• Axis may dependent on substrate, orientation, cap layer…

Preliminary Conclusions
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