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This dissertation is divided into two parts. In the first, the general

paradigm of scanned probe microscopy is outlined with a focus on atomic

force microscopy and a few of its variations. Magnetic force microscopy is

covered in detail as it forms the basis of the second part of this dissertation.

The core elements and extra features of the instrument are described with

attention paid to the upgrades made by the author. In the second part of

this dissertation, background information on perovskite oxides and the inverse

spinel system, magnetite, is given. Magnetic force microscopy studies were

done on three thin film systems and are detailed. In the first study, ferromag-

netic manganite films were subjected to discontinuous changes in strain due to

structural transitions in their barium titanate substrates. The resulting effect

on the magnetic domains was observed. In the second study, the ferromag-

netism of a tensile-strained LaCoO3 film was studied across temperatures from

4.3 K to 90 K and applied fields up to µ0H=1.1 T. Finally, the properties of

antiphase domains in magnetite films of varying film strain due to transition

metal buffer layers was probed by imaging the magnetic domains which are

pinned to the antiphase boundaries.
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Chapter 1

Introduction

Scanned Probe Microscopy (SPM), also called Scanning Probe Mi-

croscopy or Proximal Probe Microscopy, was introduced to the world through

the Scanning Tunneling Microscope (STM) invented by Binnig and Rohrer

and first demonstrated in 1981. [1] Atomic resolution imaging was achieved

right away. [2] Less than a year later, after a trip to the Swiss mountainside to

write up the results, [1] the pair published their images of the 7×7 reconstruc-

tion of the (111) surface of silicon: a monumental achievement that settled

long-standing debate. [3]

STM is intrinsically limited to conductive samples. Even a momentary

loss of conduction results in permanent, forced blunting of the probe tip. To

enable imaging of the surfaces of insulating samples, Binnig conceived the

Atomic Force Microscope (AFM). Binnig, Gerber, and Quate demonstrated

the first prototype in early 1986. [4] A reproduction of this first prototype

is shown in fig. 1.1. Although early images presented atomic-scale features,

these images were only quasi-atomic. [5] Atomic periodicity was apparent,

but defects were never present. This was a result of tip-sample interactions

occurring at multiple locations. If one location encountered a vacancy, the

other locations encountered atoms, so the vacancy would not appear in the

final image. It was not until 1991 that true atomic resolution was achieved on

cleaved potassium bromide. [6] Silicon (111)-7×7 had to wait until 1995. [7]
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Figure 1.1: Replica of the first AFM housed at Stanford University. c© Alfred
Lee, 2010

In the meantime and since, variations on the AFM theme flourished.

[8][9] Through innovations in operation, tip preparation, or sensor miniatur-

ization, specific interactions have been selectively imaged including electric

fields (electrostatic force microscopy [10]), surface potentials (scanning Kelvin

probe microscopy [11]), magnetic fields (magnetic force microscopy [12], scan-

ning Hall probe microscopy [13], scanning SQUID microscopy [14]), capaci-

tance (scanning capacitance microscopy [15]), piezoelectricity (piezoforce mi-

croscopy [16]), and many more. The number of variations on scanned probe

microscopy and of the environments in and the applications for which they are

implemented grows yearly.
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Chapter 2

Scanned Probe Microscopy

In principle, any sensor that can be miniaturized such that its interac-

tion volume is much smaller than the range of the scanning mechanism can

be incorporated into a scanned probe microscope (SPM). The required com-

ponents are illustrated in the block diagram of fig. 2.1.

It begins with a coarse approach mechanism to bring the sample and

sensor(s) into proximity without crashing (see fig. 2.2). There must be a

sensor that is keenly sensitive to its distance to the sample in a monotonic and

consistent way. A scanning mechanism (most commonly a piezoelectric tube

with the outer electrode cut into quarters [17]) rasters the sample with respect

to the sensor(s) in order to build an image while also adjusting the the sensor-

sample separation as necessary to maintain a feedback parameter. It matters

not whether the sample or the sensor(s) is(are) scanned. The signal from the

sensor(s) is then converted into a voltage signal that is readable by the feedback

electronics that control the motion of the scanning mechanism. Meanwhile,

the computer which sets the feedback and scanning parameters in the feedback

electronics records the incoming signal(s) and generates corresponding images.

In the case of Scanning Tunneling Microscopy (STM), the sensor is a

sharp metallic tip. Given a short gap between the tip and a sample and a

bias across the gap, an electron may tunnel with a probability that is strongly

dependent on the width of the gap. Here, the tunneling current serves as the

3



Figure 2.1: Block diagram of a generic scanned probe microscope.

distance-dependent signal. In Atomic Force Microscopy (AFM), the sensor

consists of a sharp tip at the end of a cantilever. Forces on the system which

deflect the cantilever are concentrated at the apex of the tip. Thus the de-

flection of the cantilever serves as the distance-dependent signal which can be

detected in a number of ways. These two sensors can be combined with other

miniaturized sensors to enable SPM using sensors that are not suitable for

distance feedback.

The subject of this dissertation is magnetic force microscopy (MFM),

a variation of AFM. In the following sections, the physics of AFM and MFM

will be discussed.
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Figure 2.2: Illustration of the distance-dependent sensor in SPM. The front
atom interacts with its local partner in the sample, A, to produce a distance-
sensitive signal such as tunneling current or cantilever deflection. This signal
allows the tip to be scanned along the contour B, producing a trace of the
surface topography.

2.1 Atomic Force Microscopy

As previously mentioned, AFM operates under the principle that a very

sharp tip can engage in a force interaction with a highly localized region of a

sample, and that the force can be measured by detecting deflections of a sup-

porting cantilever with a Hooke’s law response (~F = −k~x). Force sensitivity

is then a function of the deflection detector’s sensitivity.

2.1.1 Deflection Detection Schemes

A number of detection schemes have been proposed and demonstrated.

These include using an STM, [4] setting a capacitor plate parallel to the can-

tilever, [18] using cantilevers with an onboard piezoresistive element whose

resistance changes as the cantilever flexes, [19] using cantilevers with an on-
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board piezoelectric element whose voltage changes as the cantilever flexes, [20]

bouncing a laser beam off the back of the cantilever and monitoring the move-

ment of the laser spot using a quartered photodiode, [21] making the back

of the cantilever a mirror of an optical interferometer, [22] and similarly with

a fiber-optic interferometer. [23] Piezoresistive cantilevers formed the basis of

a previous instrument in our lab. [24] Although convenient within a certain

range of applications, these are uncommon, relatively expensive, and do not

come with metallic electrical access to the tip. The beam-bounce method is

the most commonly adopted method in commercial instruments. The micro-

scope at the heart of this dissertation uses a fiber-optic interferometer which

affords a compact design and access to a wide variety of cantilevers and tips.

[25]

2.1.2 Scanning Modes

A number of scanning modes are possible. The simplest, frequently

called contact mode, is to press the tip slightly into the Pauli repulsive region

of the tip-sample interaction (see fig. 2.3) and drag the tip across the sam-

ple while maintaining constant cantilever deflection. Obvious disadvantages

include abrasion to the tip and sample, especially when encountering abrupt

surface features. Snapping of the tip into contact with the sample (jump-to-

contact) or meniscus forces can complicate matters. It is preferable to use soft

cantilevers to generate a sizable signal with a smaller contact force.

The most common scanning mode for our purposes is called tapping

mode or intermittent contact mode. The cantilever is driven at or near its

resonance frequency with a large amplitude, often >100 nm, then brought

into proximity with the sample. When it becomes close enough that the tip
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passes the attractive range and enters into the Pauli repulsive portion of the

tip-sample interaction (see fig. 2.3), the oscillation amplitude decreases. Thus

the feedback parameter in this mode is the oscillation amplitude which is

maintained smaller than the amplitude while far from the sample surface.

The contact force can be kept rather small by using an appropriately chosen

setpoint amplitude. Since contact is intermittent, this results in much less

abrasion to the tip and sample and is much more forgiving to encounters with

abrupt topographic changes during rastering. However, jump-to-contact or

meniscus forces can still complicate matters, especially for very small contact

forces.

It is also possible to maintain the tip in oscillation within the narrow,

attractive portion of the van der Waals interaction between tip and sample

(see fig. 2.3). The range of this portion is typically <10nm. This is referred to

as non-contact AFM and avoids tip degradation completely. Because of the

precariously narrow range in which the tip-sample distance needs to be main-

tained, this method suffers greatly from jump-to-contact and meniscus forces if

the environmental or sample conditions are not very constant. Thus, stiff can-

tilevers and ultra high vacuum (UHV) environments are commonly employed.

For our purposes (i.e. interest in long-range forces), the benefits of this mode

over tapping mode do not outweigh the additional technical complications.

2.2 Magnetic Force Microscopy

Modifications to a traditional AFM sensor may permit the researcher to

probe specific forces or other phenomena. Magnetic Force Microscopy (MFM)

is a simple example of this. [12] In this variation, a traditional AFM tip is

endowed with a magnetic coating which renders it sensitive to long-range mag-
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Figure 2.3: Relevant portions of the van der Waals interaction between tip
and sample for contact, non-contact, and tapping scanning modes.

netic forces at distances where van der Waals forces become negligible. [26] The

scanning mode then involves one trace of the topography, typically in tapping

mode where vdW forces dominate, followed by a retrace of the topography at

a constant height above the surface where magnetic forces dominate.

2.2.1 Detectable Signals in MFM

During the lift scanline, the potential energy of the tip-sample system

is due entirely to the interaction between the tip’s magnetic moment and the

stray field in which it resides:

U = −
∫
tip

~Mtip(~r) · ~B(~r) d~r (2.1)

It is not usually possible or even necessary to to know ~Mtip(~r) for all

8



~r on the tip. Despite noble efforts to extract quantitative information from

MFM (ref. [27] contains a tremendous list of papers on the subject), there

are far too many unknowns to make this practical or, perhaps, possible. For-

tunately, variations in the contrast of MFM images can provide compelling

enough information without precise calibration. Thus, some seemingly objec-

tionable simplifications become permissible beginning with modeling the tip

as a point dipole oriented perpendicularly to the sample plane [28]:

~m(~r) =

{
mz ẑ if ~r = ~rtip
0 if ~r 6= ~rtip

(2.2)

Recalling that magnetization is the volume density of magnetic mo-

ment, (2.1) reduces to:

U = −
∫
tip

~m(~r)

Vtip
· ~B(~r)d~r = −mzBz(~rtip)

∫
tip

d~r

Vtip
= −mzBz(~rtip) (2.3)

The force as a function of distance from the sample can be expressed

as:

~F (~r) = −~∇U =

(
∂

∂x
x̂+

∂

∂y
ŷ +

∂

∂z
ẑ

)
mz Bz(~r) (2.4)

Finally, if we constrain the motion of the tip to the ẑ direction (this is

another of those over-simplifications) we arrive at the following expression for

the force on the tip as a function of its distance from the sample.

Fz(z) = mz
∂Bz

∂z
(z) (2.5)

Thus the magnetic force experienced by the tip when distant from the

surface is proportional to the gradient of the stray magnetic field in the direc-

tion of the tip motion which we have approximated to be perpendicular to the

sample plane.

9



However, the steady deflection this force would exert on the cantilever is

not the usual signal when performing MFM because of its noisy nature. More

typically, the shift in the cantilever’s phase or resonance frequency is used. The

resonance frequency of a cantilever is given by ωeff =
√
keff/m where keff is

shifted from the cantilever’s natural spring constant, k0 by keff = k0 − ∂Fz

∂z
.

The fractional frequency shift is then:

∆ω

ω0

=

√
k0 − ∂Fz

∂z
−
√
k0

√
k0

=

√
1− 1

k0

∂Fz
∂z
−1 ≈ − 1

2k0

∂Fz
∂z

if 1
k0
∂Fz

∂z
� 1 (2.6)

The condition for the approximation is always met in practice since

the force gradient is always much smaller than the spring constants of our

cantilevers, which are typically 3-5 N/m. Substituting (2.5) into (2.6) gives:

∆ω

ω0

= − 1

2k0

∂

∂z

(
mz

∂Bz

∂z

)
= −mz

2k0

∂2Bz

∂z2
(2.7)

At last we see that the resonance frequency shift that forms a typical

MFM image is proportional to the second derivative of the stray fields perpen-

dicular to the sample plane. In general, these fields decay asymptotically away

from the sample, so we can say that a tip magnetized parallel to the local field

results in a negative frequency shift, and a tip magnetized antiparallel results

in a positive frequency shift.

In instruments unable to measure the resonance frequency shift (an

external phase-locked loop module is often required at extra charge), the phase

of the cantilever response can be tracked. The cantilever is typically driven at

its resonance frequency, ωr = ω0

√
1− 1/2Q2, which is approximately equal to

the undamped, natural frequency, ω0, for even moderate values of the quality

factor, Q. The phase shift, ∆φ, can be related to the previously calculated
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frequency shift by ∆φ = ∂φ
∂ω

∣∣
ω0

∆ω. For a damped harmonic oscillator driven

at ω, the phase lag of oscillation is given by:

φ = tan−1
(

ω0ω

Q(ω2
0 − ω2)

)
(2.8)

This expression has the derivative, evaluated at ω0:

∂φ

∂ω

∣∣∣∣
ω0

=

(
Qω(ω2 + ω2

0)

ω4Q2 + ω2ω2
0(1− 2Q2) + ω4

0Q
2

)∣∣∣∣
ω0

=
2Q

ω0

(2.9)

Substituting this and (2.7) into the formula for the phase shift:

∆φ =
∂φ

∂ω

∣∣∣∣
ω0

∆ω = 2Q
∆ω

ω0

= −mz
Q

k0

∂2Bz

∂z2
(2.10)

This equation is valid for small shifts in the resonance frequency away

from ω0 and may be interpreted analogously to (2.7).

2.2.2 Force Gradient Detection

The question now arises as to how to measure the shift in the can-

tilever’s resonance frequency and thus the force gradient experienced by the

tip. The simplest method, experimentally, is to track the change in the oscil-

lation amplitude since this capability is necessary for the AFM topographical

scanline in the first place. This method is commonly referred to as slope or

AM detection and is illustrated in fig. 2.4. A cantilever is driven at ω off of

its resonance frequency ω0. When it encounters a new force gradient, its reso-

nance frequency shifts to ω′0 which causes the oscillation amplitude at ω to fall

or rise, depending on the direction of the frequency shift. In this manner, the

frequency shift can be obtained from the change in amplitude if the resonance

curve has been profiled.
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Figure 2.4: Illustration of principle behind AM force gradient detection. A
change in resonance frequency results in a change in oscillation amplitude for
a cantilever driven at ω. [29]

The major limitation of this simple technique lies in its subjugation by

the quality factor, Q, of the cantilever. This is demonstrated by simulations

in which an oscillator in its steady state is given a discontinuous change in its

resonant frequency. An oscillator with a large Q takes considerably longer to

settle into its new steady-state. The time constant for the transient response

decay is τ = 2Q/ω′0 where ω′0 is the new resonant frequency. [29] Since a

cantilever’s Q may vary by several orders of magnitude from atmosphere to

vacuum or even by a factor of two across temperatures, [30] this fact must be

considered. In practice, ω′0 ≈ 500,000 s−1 for a typical cantilever while Q ≈

250 in air is typical. This gives τ ≈ 1 ms. In vacuum, Q may rise to ≈ 25,000,

and τ rises to ≈ 100 ms. To limit these spurious transient signals in an image,

one may wish to sit for 5τ or so on each pixel. A scanline of 128 pixels would

require at least 2 minutes for each pass. This is prohibitively slow.
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If one uses the extra necessary electronics (commonly a phase-locked

loop) to measure the shift in resonance frequency directly (FM detection), one

can obviate these slow scan times. The change in resonance frequency is nearly

instantaneous, so the scan rate is limited only by the time necessary for the

electronics to detect this change. Typically, no more than one oscillation is

necessary. The scan rate is then limited by other factors such as the roughness

of the sample and how much it challenges the response of the scanner tube.

2.3 Conductive-AFM

The concept of conductive-AFM (c-AFM) is a very simple one. While

acquiring an image in contact mode, a bias is applied between a metalized

tip and sample. The current will vary as the local conductance varies. By

measuring this current, a conductance map can be acquired simultaneously

with the topographical map.

Figure 2.5: Conductive-AFM schematic. Negative bias is applied to the sample
in order to avoid sample anodization.

The current can depend strongly on the contact force. [31] Also, if there

is a native oxide on the surface, this technique may not be possible without

a method to clean the surface in situ. If there are no requirements to the
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contrary, one should ground the tip and apply a negative bias to the sample.

Too large a positive bias may anodize the sample. In the author’s experience,

a bias >1 V in either direction seems to attract contamination to the tip’s

location on the surface, possibly due to field enhancement at the sharp tip.

2.4 Scanning Kelvin Probe Microscopy

The ability to track local variations in the work function or potential of

a surface is desirable to many researchers. To that end, the Kelvin method of

potentiometry has been adapted to the AFM methodology to yield Scanning

Kelvin Probe Microscopy (SKPM). This approach builds on the vibrating ca-

pacitor (Kelvin method) concept which involves forming a capacitor between

two plates of a conductive material, one typically being a reference plate with

known work function. The contact potential difference between the two plates

is given by Vcpd = (Φ2 − Φ1)/e where Φ1 and Φ2 are the work functions of

the two conductors. The distance between the two plates is oscillated by a

frequency ω which results in a current i(t) = Vcpd ω ∆C cosωt, where ∆C is

the change in capacitance. A bucking voltage supplied to the circuit offsets

Vcpd until the current reduces to zero. At this point Vcpd is equal to the bucking

voltage. [11]

In SKPM, the capacitor is formed between the sample and a conductive

AFM tip. As AFM is a force sensing technique, potential maps must be ob-

tained via information of the tip-sample forces. In this case, the primary force

of interest is the capacitive force, F = −∇U = −∇(1
2
CV 2) = −1

2
V 2dC/dz,

where V is the total potential between the tip and the sample and we assume

uniformity in the x and y directions. The tip is electrically excited either si-

multaneously with topography measurements, or during a separate scanline in
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which the tip is raised a set distance above the topography. The former op-

tion reduces scan time while the latter option decouples forces and adjustable

experimental parameters. In either case, the electric excitation is provided by

a voltage applied to the tip (or sample), Vdc + Vac cosω0t where ω0 is chosen

as the resonance frequency of the cantilever to maximize deflection. V , then,

is equal to Vcpd − Vdc − Vac cosω0t = ∆V − Vac cosω0t, and F is:

F =
dC

dz

(
∆V 2

2
+

1

4
V 2
ac

)
+
dC

dz
∆V Vac cos(ω0t) +

dC

dz

V 2
ac

4
cos(2ω0t) (2.11)

Thus the capacitive force creates a response in the cantilever deflection

x = −F/k with a dc component and two ac components. The ac response at ω0

is simply proportional to ∆V = Vcpd−Vdc. Thus Vdc serves as a bucking voltage

that can be tuned to reduce this component of the response to zero. [32] By

tuning this voltage at each pixel, a spatially resolved work function/potential

map can be drawn.

The discussion so far has been somewhat idealized. There are, of course,

competing forces and other effects to take into consideration. Perhaps most

important are the non-trivial interactions between an extended area of the

sample surface and regions of the probe away from the apex. A rudimentary

model of a probe as a cantilever with a truncated tip cone capped with a

parabolic tip apex shows that only for very short distances (<3 nm for typical

parameters) is the tip apex-sample interaction the primary contribution to

the total force. [32] Beyond this distance, interactions with the tip cone and

cantilever take precedence. One can use a tip that is long, narrow, and slightly

blunt to enhance the apex area while keeping the tip cone and cantilever far

from the sample. The previously cited distance in the model increases from 3

to 12 nm. This distance increases further to 50 nm using the non-optimized

15



model tip by using a force gradient detection scheme which will be discussed

later. [32]

The adsorption of water molecules on the sample surface is another

practical consideration. This surface water layer introduces meniscus forces,

but, more importantly, will shield the surface potential from the tip. The effect

is especially pronounced on highly hydrophilic samples where the potential

contrast can drop completely. If hydrophilic samples need be studied, one can

restore the potential contrast either by thermal annealing or by scanning in

a dry nitrogen environment. [33] Alternatively, one could scan under vacuum,

though this option includes its own difficulties.

Since the feedback signal involved in SKPM is the amplitude of the

cantilever deflection at the resonance frequency, it is effectively an amplitude

modulated technique. In a vacuum environment, Q increases by orders of

magnitude and scanning in an AM mode becomes impractical for reasons

discussed in sec. 2.2.2. An FM mode can be used instead in which the shift in

the cantilever resonance frequency is monitored. For small deviations, the shift

is proportional to the force gradient. Since C is the only distance-dependent

parameter in eq. 2.11, the force gradient is:

dF

dz
=
d2C

dz2

(
∆V 2

2
+

1

4
V 2
ac

)
+
d2C

dz2
∆V Vac cos(ω0t) +

d2C

dz2
V 2
ac

4
cos(2ω0t) (2.12)

Thus a similar technique involving nullification of the signal at the

voltage modulation frequency in the force gradient response rather than the

force can be used. A number of implementations exist. [34][35][36][37]

Turning to an FM detection mode turns out to have quite a few advan-

tages when applied to SKPM, not the least of which being the confinement

of the interaction volume to directly between the tip and the sample. [34] A
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qualitative justification for this effect is as follows: The cantilever and tip cone

contribute forces that are averages over broad surface areas while the tip apex

contributes a more localized force. As the cantilever oscillates, it and the tip

cone are still averaging over generally the same areas. Therefore, they expe-

rience a negligible force gradient. The tip apex, on the other hand, is able to

respond to the local potential gradient which is sharper closer to the sample.

Thus the tip apex-sample interaction is the dominant one in force gradient

detection.

One finds that lateral resolution as well as potential resolution and

accuracy are all greatly enhanced in FM-SKPM. One can accomplish this while

using a smaller modulation voltage and lifting the tip farther from the sample.

[34] Since the interaction region is reduced to the tip, it becomes advantageous

to use sharper tips rather than the long, blunted ones preferable for the AM

mode. This allows for much improved resolution with more affordable and

robust tip geometries. The other claims are demonstrated both in silico and

experimentally. For a potential step of 906 meV (determined by ultraviolet

photoelectron spectroscopy (UPS), separately) scanned with a 15 nm radius

tip, FM-SKPM gives correct values for the potential with 50 nm resolution.

AM-SKPM fails to gives correct values even 400 nm away from the step. [34]

Scanning across the step at different lift heights also shows that FM-

SKPM yields correct values for the potentials in the two regions from up to

30 nm from the sample surface. AM-KPFM yields numbers less than 40%

the true potential and shows an exponential drop-off with distance. FM-

SKPM also retains its accuracy and contrast with modulation voltages down

to 100 mV, which is advantageous for studying semiconducting materials. [34]

As with many other modes of AFM, SKPM has demonstrated increas-
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ing successes over the past few years. Even the AM mode has yielded fruit.

E.g. the variation in work function of various crystallographic faces of cop-

per has been clearly shown. [38] Copper is a face centered cubic metal. As

such, since the plane in the <111> direction has the highest areal density of

atoms, it demonstrates the largest work function. The planes in the <100>

and <110> directions follow in density, and their work functions are corre-

spondingly lower. UPS provides work functions of 4.94, 4.59, and 4.48 eV,

respectively. SKPM images of a polished copper surface with 3 µm grains

show distinct, tractable variations in the local work function that correlate

very well with the grains seen in topography. Regions with work functions

4.90, 4.88, and 4.86 eV correspond to the <111>, <100>, and <110> direc-

tions, respectively, as confirmed by Electron BackScatter Diffraction (EBSD)

analysis of the same region. The work functions are substantially different

from their true values, as is expected for AM mode operation, but still pro-

vide consistent results. EBSD is unable to determine planes of higher indices.

The group reports that repeating the analysis using FM-SKPM is expected to

provide sufficient potential contrast to reliably assign even these higher planes

to regions of the sample. [38]

Results with FM-SKPM have been even more impressive. As early as

1998, atomic scale potential imaging using this technique was claimed. [35] In

this experiment, topography and potential were mapped simultaneously under

UHV conditions. The cantilever was mechanically driven at its resonance

frequency while electrically driven at a lower, reference frequency of 1-2 kHz.

Modulations in the resonance frequency shift at the reference frequency were

observed using a lock-in amplifier. The amplitude of this response was used

to form the potential maps. The samples scanned were submonolayers of Au
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or Ag on Si (111)-7×7. The authors were able to show clear contrast between

regions of different reconstruction or composition. Nanometer sized clusters of

silver atoms located topographically show very slightly lower work functions

than the surrounding silicon. Though it is my opinion that their setup was

insufficient for quantitative potential imaging, the group demonstrates the

great improvements offered by FM-SKPM.

SKPM is emerging as a powerful tool for the mapping of local work

functions and surface potentials on a wide range of samples. It is versatile,

robust, and accurate. A testament to its versatility is the many names this

technique has, such as Kelvin Probe Force Microscopy (KPFM), Scanning

Kelvin Microscopy (SKM), Kelvin Force Microscopy (KFM), Surface Potential

(SP) imaging, etc.
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Chapter 3

Instrumentation

The work detailed herein follows from the efforts of my predecessor,

Tien-Ming Chuang, who built the fine multi-capable AFM reported in ref.

[25]. In this chapter, I describe the experimental details of the critical parts

of this instrument noting changes or upgrades I have made when applicable.

Information not given here can either be found in ref. [25] or in Dr. Chuang’s

dissertation, ref. [39].

Fig. 2.1 outlines the necessary components of an SPM. Namely, a coarse

positioning mechanism, scanner mechanism, sensor, a transducer to read the

sensor as a voltage, feedback electronics, and a control computer. In our instru-

ment, the latter two components take the form of a commercial NanoScopeTM

IIIa controller with an ExtenderTM Module and the accompanying computer

running Windows NT R©. These have been interfaced with the custom parts

that form the rest of the components described in the following sections.

3.1 Coarse Approach

The coarse positioning mechanism in this microscope is based on the

design by Shuheng Pan. [40] The key innovation in his original design involved

clamping a sliding stage with six piezoelectric shear plate actuators (shear

piezos) which are displaced rapidly one at a time then relaxed slowly in concert.
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Each single shear piezo will slip against the static friction of the other five, so

the stage only moves when all six relax together.

Our variation (fig. 3.1) continues the staggered actuation idea, but uses

three metal rods with a piezoelectric stack at each of their bases. Each stack is

“kicked” one at a time then relaxed slowly in concert to move the stage in one

direction, or expanded slowly in concert and relaxed quickly one at a time to

move the stage in the other direction (see fig. 3.2). The use of stacks instead of

shear plates generates more displacement per cycle which becomes important

at low temperatures. Using several layers of shear plates is an alternative, but

adds to the radial size of the microscope compared to using stacks.

Figure 3.1: Schematic illustration of sample stage, scanner, and coarse ap-
proach assembly. Grey: metal, blue: sapphire, white: macor, orange: copper,
green: piezoelectric elements. This color scheme continues in other schematics.
a) Top view b) Side view
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Figure 3.2: Illustration of modified Pan-style coarse approach mechanism.
Voltages are applied to color coded piezo stacks as indicated in the plot on
the left. The direction of motion is switched by reversing the applied voltages.
The third leg of the assembly is omitted for simplicity.

The sawtooth potentials applied to the piezo stacks as illustrated in fig.

3.2 are somewhat idealized. Generating this waveform in three channels with

delays required somewhat cumbersome electronics (see the appendices of [39]

for full circuit diagrams). The only necessary characteristics of the signal are:

1) the fast part is fast, 2) the slow part is slow, and 3) the fast part is delayed

from channel to channel. It is not necessary for the waveform to be linear in

its parts. The first requirement is not even a stringent one if there is enough

static friction competing with the single sliding part. If we accept exponential

curvature as in an RC circuit step-response, then the circuit can be simplified

considerably. A 6-channel circuit was designed by my research advisor which

I then adapted to the 3-channel circuit shown in fig. 3.3.

The key innovation is the use of mechanical relay switches to gener-

ate the delays in the fast part of the signal and no delays in the slow part.
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Figure 3.3: Circuit diagram for 3-channel walker electronics with direction
switch. Output waveforms are indicated.

These devices inherently have a delay in switching to the “on” state as the

internal solenoid works against a spring-loaded switch. Switching off is almost

instantaneous as the spring-loaded switch is released. The circuit is currently

triggered by an external square wave generator, but an internal trigger signal

generated by a 555 timer circuit has been demonstrated by others in the lab.

A single pulse generator would also be beneficial.

To move the stage downwards, the three piezo stacks are sequentially

connected directly to high voltage which charges them immediately. Then

the three are simultaneously connected to ground via an appropriately sized

resistor which discharges them slowly. My main contribution to the design

came in the realization that simply swapping high voltage and ground changes
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the direction of motion. A 2-pole on-on switch manages this, though a latching

relay would allow computer control.

This circuit has manifold advantages. Whereas it took approximately

1.5 months to rebuild the old sawtooth circuit when the original malfunctioned,

it took approximately 1 week to design and replace the old circuit with the

new one at considerably less cost and with considerably less parasitic power

loss through heat. There is plenty of room to spare in the box and on the

breadboard for an internal trigger with a selection of operating frequencies

and a single pulse generator. Implementation of these features is left as an

exercise for future users.

3.2 Tube Scanner

The most common scanning mechanism, and the one employed in our

microscope, is the tube scanner, invented by Binnig and Smith. [17] A met-

alized, radially polarized piezoelectric tube has its outer electrode cut into

quarters as indicated in the schematic illustration in fig. 3.4. That figure also

indicates the application of equal and opposite voltages to opposite electrodes

which results in motion of the free end of the tube perpendicular to its axis.

Given the dimensions of the tube as defined in the figure and the shear piezo-

electric coefficient, d31, of the ceramic, the amount of deflection is given by

[41]:

∆x = 2
√

2d31V L
2/πDt (3.1)

Similarly for ∆y. One can then vary the applied voltages to raster

the sample stage with respect to the tip. By varying the voltages about a

non-zero value, one can also impart a lateral offset to the scanning window.
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Extension and contraction of the tube in the z (axial) direction is accomplished

by applying a voltage, Vz, to the inner electrode resulting in an extension [42]:

∆z = d31VzL/t (3.2)

Figure 3.4: Schematic of a tube scanner given a lateral deflection. Application
of equal and opposite voltages to opposing electrodes as in a) leads to the
bending of the tube as in b). The bending results in motion perpendicular to
the axis of the tube.

One must take care not to apply too great a potential across the tube’s

thickness. An electric field beyond 4,000 V/cm opposite the polarization di-

rection can depole the tube and change the tube’s calibration or render it

practically static.

3.3 AFM Tip

An earlier MFM in our lab [24] used piezoresistive cantilevers as de-

scribed in ref. [19]. These carry a number of advantages. First, the mechanism

to detect the cantilever’s deflection is built right into the cantilever meaning

nothing needs to be in the environment with the cantilever beyond electrical
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connections. This means the AFM head can be made very compact. Second,

nothing more complicated is required to read out the cantilever deflection than

sensitive resistance measurements. Third, the tip can be positioned facing up-

wards towards an upside-down sample which decreases sample contamination

due to dust. This configuration also permitted a viewing window so that the

user could aim the tip at a particular location on the sample.

One of the disadvantages to this kind of tip is that they are very ex-

pensive compared to traditional AFM tips. As a result there is not a variety

of geometries or coatings from which to choose. MFM requires that the tips

are coated with a magnetic material, but one must be careful not to short

the piezoresistive element. This is most often done in our lab with sputter

deposition and appropriate masking.

Aside from avoiding a short, it is desirable to restrict the magnetic

material to the tip in order to further localize the magnetic interaction between

the tip and sample. To this end, we have also taken advantage of the dual beam

scanning electron microscope/focused ion beam (SEM/FIB) system which is

now located in the Larry R. Faulkner Nano Science and Technology Building

on campus. This machine is outfitted with a Zyvex S100 Nanomanipulator.

With this device, a small slice of magnetic material is situated adjacent to the

tip of interest. The FIB is used to carve a hole into the magnetic material,

spraying the tip with ejected atoms.

The result is a high level of concentration of the magnetic material at

the tip and very little wasted material. [43] Two minutes of FIB milling leaves

only a microscopic scar in the source material yet is enough to create an MFM

tip of excellent performance. This permits the use of very expensive materials

or the making of multilayer coatings.
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Use of the nanomanipulator can be obviated either for those without

access to one inside an FIB system, or for those who wish to minimize expen-

sive user time. For this purpose, I constructed a cheap, low-tech jig to align

up to five piezoresistive cantilevers with individual targets under an optical

microscope. The entire jig can then be placed in the FIB chamber and the

targets milled sequentially. [43]

Figure 3.5: Batch processing jig for FIB deposition of materials on tips. Turn-
ing a screw lowers a tip (one shown) into proximity with a target. Up to five
levers can be attached at once. (Inset) Closeup of AFM cantilever approaching
a Co71Cr17Pt12 slice.

The fact that processing like this is necessary for MFM is another dis-

advantage to using piezoresistive cantilevers. These deposition techniques are
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nearly impossible to reproduce precisely, leading to coatings of widely varied

quality and a low yield of usable MFM tips. Equally significant is the impos-

sibility of a metallic pathway to the tip without even more complicated and

expensive fabrication procedures. This prevents a whole class of techniques

including conductive-AFM and Kelvin Probe Force Microscopy.

In light of these disadvantages, the current microscope uses an inter-

ferometric deflection detection scheme which permits the use of regular, cheap

cantilevers that are readily available in myriad geometries, materials, and coat-

ings. Tips are even available with magnetic coatings of varying moment and

coercivity at modest extra cost rendering the former deposition steps unnec-

essary.

3.4 Fiber-Optic Interferometer

The fiber-optic interferometer detection scheme used in the current mi-

croscope is described in ref. [23]. The scheme adds somewhat to the bulk and

complexity of the microscope versus piezoresistive detection and prohibits the

upward-pointing tip configuration and the viewing window that was allowed.

Still, in the new scheme the only part of the detector that needs to be inside

the microscope is the end of the optical fiber which does very little to increase

the necessary size of the microscope body versus the piezoresistive scheme.

Also, the ability to use any sort of tip so long as the cantilever has a flat,

reflective back makes this microscope much more versatile in its potential ap-

plications. Furthermore, the sensitivity of this detector is very nearly constant

across temperatures since the wavelength of the laser light does not change,

the refractive index of the gap remains very nearly equal to one, and the loca-

tion of the laser spot on the cantilever backside does not drift much. Thus we

28



can have confidence in controlling the cantilever oscillation amplitude across

temperatures.

At the heart of the fiber-optic interferometer is a 2×2 directional cou-

pler. Our microscope uses a 10/90 coupler which passes 10% of the incoming

light and redirects 90% of the light to the other channel. Referring to fig. 3.6, a

laser diode projects coherent light at 1310 nm into fiber 1 of the coupler. 90%

of that light is redirected into fiber 4. In our setup the reference photodiode is

not used and this light is simply discarded. 10% of the original light carries on

into fiber 2. The end of this fiber is cleaved such that the face is flat causing

about 4% of the light to reflect. The rest of the light is emitted and directed

to the back face of the cantilever. This face is typically aluminized so the

reflection is very strong. A portion of the reflected light re-enters fiber 2 and

interferes with the light that had reflected at the glass/air interface. Further

reflections occur making this a Fabry-Perot interferometer, though one of low

finesse in practice. Traveling in the opposite direction from before, 10% of the

interference signal continues on through fiber 1 (<1% of the original intensity),

and 90% exits fiber 3 where it is detected by a photodiode. Note that although

most of the source light is wasted through fiber 4, 90% of the valuable signal

light is detected at fiber 2. The concept has also been demonstrated using a

circulator in which the presently unused monitor signal is sacrificed, but nearly

100% of the light entering fiber 1 exits fiber 2, and nearly 100% of the light

entering fiber 2 exits fiber 3.

Fig. 3.7 illustrates the tip and fiber holder assembly which is seated

above the sample plate. Indicated are the BeCu spring which holds the can-

tilever in place while providing electrical access to the tip (provided appropri-

ate tip-side coating), the drive piezo which is responsible for actuating can-
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Figure 3.6: Fiber-optic interferometer diagram. The thickness of the arrows
indicates the relative intensity of the laser light, beginning with the source
laser diode.

tilever oscillation, the fiber piezostack which varies the distance between the

fiber terminus and the cantilever backside, and the steel guide tubes which are

canted to hold the fiber in place.

Considering only the first reflection from the cantilever, the interference

signal is dependent on the relative phases of that and the fiber reflection. The

sensitivity of this detector to cantilever motion is greatest where the slope

of the detector output versus cantilever distance is greatest. This happens

where the phases of the two reflections are in quadrature, and maintaining

the average distance at this setpoint is the function of the fiber piezostack. In

practice, the piezostack is either given a setpoint halfway between the photodi-

ode’s maximum and minimum output across several fringes, or adjusted while

oscillating the cantilever until the signal amplitude is maximized. This cor-
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Figure 3.7: Schematic illustration of tip, fiber holder assembly.

responds to maximum sensitivity. Furthermore, there is a limit to how much

the cantilever can deflect before the response of the interferometer ceases to be

monotonic. Therefore the oscillation amplitude is generally restricted to one

third of the range of the photodiode’s output. This results in a tip oscillation

range of roughly 100 nm depending on the location of the laser spot along the

length of the cantilever.

This signal finally passes through the appropriate signal filters to re-

move unwanted noise at the high and low ends of the spectrum and is then

fed to the controller.

3.5 Extra features

Beyond the basic requirements for an SPM, this microscope boasts

several other capabilities making it ideal for low temperature measurements

of long-range forces.
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3.5.1 Lateral Positioning

The tip, fiber holder assembly is secured to the bottom plate of a lateral

positioner which allows the tip to be positioned with respect to the sample

within a window approximately 3 mm across. In this case, the positioner is

driven by a traditional Pan-style walker. There are six feet which nudge the

top and bottom plates around which are clamped together about a fixed center

plate. Springs make the clamping force adjustable. Each foot consists of two

stacks of four shear piezos that displace in each of two orthogonal directions.

The center is clear to allow clearance of the fiber and wires that connect to

the tip, fiber holder.

Figure 3.8: Schematic illustration of lateral positioner assembly. The tip, fiber
holder assembly of fig. 3.7 is secured to the bottom plate. a) top view, b) side
view.

3.5.2 Sample Plate

The sample plate that sits atop the tube scanner has several features

of its own. The plate itself, as with the tip, can be independently biased or
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grounded. A cernox temperature sensor resides on its underside. The sensor

has been calibrated from room temperature down to liquid helium tempera-

ture. Resistive heating elements sit on opposite sides of the sample plate rim

leading to somewhat uniform heating. Together with the temperature sensor

and a PID controller, this allows the user to maintain the sample’s temper-

ature at a specified value above the surrounding temperature bath. Finally,

four electrical leads are available for in situ sample transport measurements,

application of a potential, or other usage.

3.5.3 Vibration Isolation

Vibration isolation might arguably be considered an essential compo-

nent of any SPM, but it is not fundamentally required for an SPM to function.

It certainly makes operation more efficient leading to reduced acquisition times.

This microscope was built with the intention to probe long-range forces. Thus

rigidity, compactness, and versatility were emphasized, disregarding the ultra-

stable, ultra-clean environments needed to perform atomic resolution imaging.

Vibration isolation includes rubber pads at the base and the top of the stand

where the microscope is suspended, and suspending the microscope body from

fiberglass sheaths instead of straight wire. Vibration at the probe tip is typi-

cally much less than 1 nm at room temperature while disengaged from sample

contact. When immersed in a cryogen, the bubbling increases the noise to

about half a nm which is still negligible compared to the 50 nm tip-sample

distance from which the long-range forces are typically probed.
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3.5.4 Vacuum, Low Temperature Operation

In order to access the low temperatures where interesting phase tran-

sitions often reside, it is necessary to cool the microscope in a cryogenic bath.

Vacuum conditions are necessary to avoid the condensation of gases on the mi-

croscope. The microscope body resides at the bottom of a long stainless steel

tube which forms the outer wall of a vacuum chamber. The bottom of the tube

can be immersed in a cryogen while the top, where the electrical connections

and optical fiber feed-through are situated, remain at room temperature. This

geometry, along with copper baffles and appropriate heat-sinking, minimizes

the conduction of heat down to the microscope. The space can be evacuated

by a turbomolecular pump to high vacuum but is typically filled with a few

hundred mTorr of He for two reasons. First, it serves as a heat exchange

medium to assist the otherwise slow thermal equilibration of the microscope

body with the temperature bath. Second, it dampens the cantilever quality

factor which prevents the huge ring-down times which otherwise result.

Under cryogenic conditions, the responses of the many piezoelectric

actuators are reduced, so calibration at different temperatures must be con-

sidered. Bubbling introduces noise to the scans. Any generation of heat (e.g.

from an electromagnet) exacerbates this. One must also take care that the

tip and sample are far enough away before cooling that thermal contraction

does not cause them to crash. Thermal contraction may also cause weak con-

nections to fail, so all electrical connections should be checked after cooling to

avoid even greater problems.
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3.5.5 External Magnetic Fields

The compactness of the microscope body and its location at the bottom

of a tube were also designed so that the microscope can be placed in a small-

bore external electromagnet. Copper coils were made to generate small fields

in or out of the sample plane in a liquid nitrogen bath. When powering these

coils, the user must be aware that heat generated by powering the coil will

increase the noise experienced by the microscope from the increased bubbling

in the cryogen.

The microscope also fits into the bore of an 8 T NiTi superconducting

magnet at the bottom of a Kadel Engineering dewar as illustrated in fig.

3.9. This system is limited to perpendicular fields. No heat is generated in

persistent mode, though charging and discharging the magnet can generate

quite a bit of heat at higher currents. Liquid helium bubbles generate less

vibrational noise due to the smaller difference in density between the two

phases. Still, due to the need for vacuum-tight seals and the size of the dewar,

there is less room for vibration isolation than in normal operation. One final,

major issue is the paramagnetic steel used in the microscope body. This issue

is discussed in sec. 6.3.

35



Figure 3.9: Schematic illustration of superconducting magnet dewar and mi-
croscope body.
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Chapter 4

Introduction to Perovskite Oxides

Functional oxide materials, especially in thin film form, have enjoyed

intense research interest in recent decades due in part to their novel prop-

erties and their potential in next-generation device applications, but also

to the advent of techniques and infrastructure with which to study them

(e.g. Scanned Probe Microscopy techniques, Atomic Layer Deposition, High-

Resolution Scanning Transmission Electron Microscopy, etc.). [44] In partic-

ular, the discovery of high-Tc superconductivity in cuprates with structures

closely related to the perovskite oxides had a large part to play in the atten-

tion the field has enjoyed. [45] Functional oxides present in a number of crystal

structures including hexagonal, spinel, and inverse spinel structures, but the

most widely studied are the perovskite oxides and their layered variants. Some

of the properties and effects that have been observed in perovskite systems in-

clude superconductivity, [46][47] colossal magnetoresistance, [48] multiferroic-

ity, [49][50] piezoelectricity, [51] catalytic activity, [52] and electrical conduc-

tivity in transparent films. [53] Perovskites are the subject of this chapter.

Functional oxides are noted to have properties that are often highly

sensitive to strain, certain defects, subtle structural details, and chemical in-

homogeneities. [44][45] This sensitivity leads to perovskites with very differ-

ent behavior between bulk and thin film samples. [44] It also implies a band

structure that includes strong exchange contributions, and thus they are often

37



referred to as strongly correlated electron systems. The terms complex metal

oxides and, when appropriate, transition metal oxides are also common.

The cubic ideal perovskite structure consists of an A cation at the cen-

ter of each cell with B cations at each corner and oxygen anions on each edge,

as illustrated in fig. 4.1. Alternatively, one can consider a simple cubic lattice

of corner-sharing BO3 octahedra with A cations in the interstitial spaces. Few

minerals actually present in the ideal perovskite structure. SrTiO3 and high

temperature BaTiO3 are notable examples. More commonly, the relative sizes

of the A and B cations make it energetically preferable for the octahedra to

tilt and/or distort in some fashion to reduce the interstitial space. [54] In the

early days, the distortions were small enough that contemporary instruments

did not have the necessary resolution to discern the ideal perovskites from their

pseudocubic counterparts. [55] Even the mineral perovskite, CaTiO3, is actu-

ally orthorhombic. Nevertheless, considering the tetragonal, orthorhombic,

and other structures as pseudocubic, distorted perovskites provides continuity

in the consideration of this family of materials.

4.1 Multiferroics

Multiferroicity is currently one of the hottest topics in oxide physics.

In multiferroics, two or more ferroic orders among ferromagnetism, ferroelec-

tricity, and ferroelasticity coexist in the ground state. Few examples of single-

phase multiferroics exist for fundamental reasons. For example, conventional

ferromagnetism and ferroelectricity arise from mutually exclusive mechanisms.

[56] Indeed, the fact that most ferromagnets are metals while ferroelectrics

must be insulators intimates the paucity of magnetic ferroelectrics.

According to the Stoner band theory of magnetism, the larger exchange
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Figure 4.1: Ideal perovskite crystal structure. A-site cations are grey, B-site
cations are blue, and oxygen anions are red. The cubic cage encloses one unit
cell.

energy for opposite spin electrons versus parallel ones leads to an ensemble of

electrons with common spin (i.e. a finite magnetic moment) in the absence of

an external magnetic field if there are unpaired spins in partially-filled d-bands.

Meanwhile, ferroelectricity in perovskites typically arises from the hybridiza-

tion of empty B-site cation d-orbitals with one or a few of its neighboring

oxygen 2p orbitals. [49][56] This leads to a displacement of the cation away

from the center of its oxygen octahedron and a persistent electric moment.

The zero-occupation of B-site d-orbital requirement for ferroelectrics is not

fundamentally obvious. It is closer to an empirical observation, and thus is

subject to exceptions. [56]

BiMnO3 maintains simultaneous ferroelectricity and ferromagnetism

below its Curie temperature of 105 K, and BiFeO3 (BFO) maintains simulta-

neous ferroelectricity and (canted) antiferromagnetism at room temperature.

[45] The persistence of the latter material’s multiferroicity at room tempera-
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ture makes it particularly attractive for potential device applications, and so

it has received the lion’s share of attention. In these and other Bi-based mul-

tiferroics, the Bi ion contains a lone electron pair with stereochemical activity,

hybridizing with neighboring O ions. The resulting Bi ion displacement gen-

erates ferroelectricity while the partially-filled d-orbitals of the B-site cations

generate ferromagnetism. [50] However, since the two orders arise from sepa-

rate lattice sites, the magnetoelectric coupling is weak. [49]

YMnO3 has a hexagonal, layered structure: not strictly a perovskite,

but it is closely related. It is simultaneously ferroelectric and antiferromagnetic

below 90 K. [57] In this material, the B-site Mn ions remain very close to the

center of the MnO5 bipyramids. However, the bipyramid plane buckles which

causes the Y ion plane to also buckle. The relative offsets of these ions are

much larger than in the BiBO3 case. Indeed it is evident that the buckling is

due not to chemical effects but to size and electrostatic effects. [56] (Y-O bonds

lengths fit the expected value for fully ionic bond character.) [58] Thus, this

geometrically-induced ferroelectricity is distinct from the former case. There

is evidence that the resulting magnetoelectric coupling is mediated by a giant

magnetoelastic coupling. [59]

Another type of multiferroicity is found in the frustrated spin system,

TbMnO3. This material exhibits sinusoidal antiferromagnetic ordering of the

Mn ion spins below TN ∼41 K. The wavenumber of this ordering is incom-

mensurate until the temperature falls below ∼28 K. At this point the ordering

becomes spiral, and inversion symmetry is broken. [49] Exchange striction re-

sults in ion displacements. In an inversion asymmetric system, this results in

a small net polarization that compares favorably with other multiferroic sys-

tems. [60] Because the polarization results directly from the magnetic ordering,
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the magnetoelectric coupling is expected to be very strong. [50]

Finally, non-centrosymmetric charge-ordered insulators such as inverse-

spinel magnetite, Fe3O4, and hexagonal bilayer LuFe2O4 have been shown to

exhibit simultaneous electric and magnetic order. [49][50] As these are not

perovskites, this is all that will be mentioned here. The magnetic properties

of magnetite will be the subject of later chapters.

4.2 Magnetoelectrics

Magnetoelectricity (ME) is frequently mistakenly referred to as multi-

ferroicity, but whereas the latter is a ground state, ME refers to a coupling

between magnetic and electric orders. Specifically, ME refers to a change in

electric polarization under a magnetic field, while converse coupling refers to a

change in magnetization under an electric field as in HoMnO3. [61] The latter

is less common. [45] Control of this coupling would enable several interesting

applications including magnetically tunable filters and magnetic field sensors.

[45]

One of the more exciting possible applications of ME is spintronic mem-

ory where the magnetic bits are manipulated and read electrically. [56] Current

solid-state magnetic memory (MRAM) is persistent like hard-drive memory

and the bits can be addressed, read, and written nearly as quickly as in DRAM.

However, the technology requires magnetic fields to flip the moments of each

bit. The long-range nature of these fields strongly limits the storage density

(the largest modules store 16 Mb), and the currents required to generate the

fields make for power hungry devices. Thus MRAM currently only finds use

in specialized applications such as in orbiting satellites. ME-based memory

would circumvent these trade offs by electrically switching the magnetic bits.
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Writing bits would involve the application of a localized potential across an

insulator. The bits can be read by an adjacent magnetic tunnel junction or

similar device. Such a memory device would have all of the features and none

of the drawbacks of contemporary MRAM.

Single phase multiferroics offer one avenue to realizing this application.

[50] As mentioned in the previous section, BFO exhibits antiferromagnetic

ordering at room temperature, which by itself is useless for storing bits. But

it may be used to exchange bias an adjacent layer of ferromagnetic material.

Electrically switching the polarization of a layer of BFO has been demonstrated

to reversibly switch the magnetization of an adjacent ferromagnetic layer at

room temperature. [62]

Multiphase heterostructures also hold promise in engineering ME ef-

fects. Layering CaTiO3, BaTiO3, and SrTiO3 in an ABCABC arrangement

has been shown to shift the magnetic ions away from their centrosymmetric

positions. Also, non-strain mediated interfacial ME effects are predicted to

occur in Fe/BaTiO3 superlattices. [50]

4.3 Magnetoelastic Coupling

Related to magnetoelectric coupling is magnetoelastic coupling which

relates magnetic and lattice degrees of freedom in ferromagnetic materials.

This effect has been cleverly utilized to sense magnetic fields with common

multilayer capacitors. The magnetostriction in the nickel electrodes introduces

a magnetically induced strain in the BaTiO3 (BTO) dielectric, which itself is

ferroelectric (and therefore piezoelectric). As a sensor, these capacitors were

demonstrated to produce signals with a sensitivity to fields parallel to the easy

axis of 7.0 × 10−6 V Oe−1 at room temperature. [63]
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This coupling has also been studied in the La1−xBxMnO3 class of ferro-

magnetic manganite films deposited on BTO. [64][65][66][67] BTO undergoes

structural transitions from a high temperature cubic to a tetragonal phase at

∼410 K, to an orthorhombic phase at ∼290 K, and to a rhombohedral phase

at ∼190 K. The discontinuous change in film strain at these transitions results

in discontinuities in the measured magnetization, provided the domains are

not saturated. Depending on the details, this change in magnetization may

be due to a rotation in the film anisotropy or a change in the film’s saturation

magnetization. The former mechanism has been observed for La0.67Sr0.33MnO3

films [64] and the latter for La0.7Ca0.3MnO3 films.

4.4 Strained Films

One of the properties of thin films that is not present in bulk samples is

anisotropic strain. This can be a powerful handle by which to adjust material

properties. Magnetoelastic coupling has already been discussed, and the topic

will arise again in the discussion of antiphase boundary density in chapter 8.

The perovskite LaCoO3 is one system in which strain can lead to drastically

different behavior, namely the presence or absence of ferromagnetic order. [68]

LCO has been long known to exhibit a number of spin state transitions.

[69][70][71][72] Acknowledging that there are many contentious, microscopic

details, one of these transitions is between a low temperature diamagnetic to

an intermediate temperature paramagnetic phase somewhere between 35 and

100 K. [73] Ferromagnetism was first identified in LCO in 2004 by Profes-

sor Goodenough’s group as a surface effect in powdered samples. [74] It was

later demonstrated by Fuchs et al. and confirmed by other groups that the

FM ordering occurs throughout the volume of strained LCO films. [68][75]
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Furthermore, both tensile and compressive strain engender ferromagnetic or-

dering with a Tc that may increase with increasing tensile strain up to about

85 K (refs. [76] and [77] give two conflicting sets of measurements). The origin

of the ferromagnetic order has been attributed to untilting of CoO3 octahe-

dra, relaxing of Jahn-Teller distortions as a result of strain, and tetragonal

distortions which inhibit rhombohedral distortions. [68][73][76][78]

Magnetic Force Microscopy (MFM) has been performed on strained

LCO in order to observe its micromagnetic structure. 60 unit cells (as mon-

itored by RHEED) were grown on SrTiO3 (STO) and LaAlO3 (LAO) (001)

substrates using pulsed laser deposition. The lattice mismatches between bulk

LCO and the substrates are +2.56% for STO and -0.40% for LAO. It is ex-

pected, then, for the STO sample with larger tensile strain to exhibit stronger

ferromagnetic order. A clear magnetic transition is observed in SQUID mag-

netometry data in the STO sample at ∼80 K and µ0H=0.1 T parallel to the

sample surface. No clear transition is evident for the LAO sample, though the

magnetization does rise to measurable values at low temperatures. At 10 K

under an out-of-plane magnetic field of µ0H=2.0 T, the LAO sample shows

magnetic clusters with ill defined borders which were attributed to chemical

inhomogeneities in the sample. The STO sample, on the other hand, shows

clear, long stripe features below Tc. These features were attributed to the

presence of regions with lower or no magnetization associated with structural

defects. They match features and the directions of crosshatch patterns in the

topography. The features persist until above Tc, where a difference in the

magnetic susceptibility leads to faint remainders in those same regions. (Re-

moving the field removed these.) Furthermore, from a zero field cooled state,

the application of a 0.1 T field produced some features in the MFM contrast,
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but the clear stripes did not appear until 2.0 T. Reversing the field reversed

the contrast of the stripes at between 1.0 and 2.0 T. No changes in the stripe

contrast or morphology were observed in fields beyond 2.0 T up to 8.0 T. [79]
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Chapter 5

La0.67Sr0.33MnO3 and La0.7Ca0.3MnO3 on BaTiO3

Thin films of La0.67Sr0.33MnO3 and La0.7Ca0.3MnO3 were grown on

BaTiO3 (001) substrates by Neil D. Mathur’s group at Cambridge Univer-

sity. The films were grown by pulsed laser deposition to thicknesses of 35 and

30 nm, respectively. These samples will heretofore be referred to as the LSMO

and LCMO samples for brevity. The films undergo a second-order ferromag-

netic phase transition below Curie temperatures of 365 K for LSMO and 250 K

for LCMO as determined by Vibrating Sample Magnetometry (VSM).

As mentioned in the previous chapter, BaTiO3 (BTO) undergoes a

structural phase transition from orthorhombic to rhombohedral symmetries

below T0 ∼190 K. The VSM data show a discontinuity in the bulk magne-

tization of both films at T0. This demonstrates magnetoelastic coupling in

these samples which we aimed to observe using MFM. Furthermore, LSMO,

which exhibits a weak magnetoelastic coupling, exhibits a change in its mag-

netic anisotropy but not in its saturation magnetization. LCMO, which ex-

hibits a stronger magnetoelastic coupling, exhibits no change in its magnetic

anisotropy but a finite change in its saturation magnetization. It would be

beneficial, then, to directly observe the domain rotation in LSMO across T0.

Such a change should be evident in autocorrelation images. No domain ro-

tation is expected in LCMO, but ferromagnetic phase separation may play

a role. If phase separation occurs at a large enough length scale, then the
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non-magnetic regions should be discernible from the magnetic ones.

Accessing the temperature range about T0 in our MFM required im-

mersing the evacuated chamber with very little heat exchange He gas into a

liquid nitrogen bath. With a He pressure of only ∼50 mTorr, it was possible

to heat the sample up to at least 219 K while tempering the quality factor of

the cantilever enough for stable operation. A copper coil electromagnet was

situated to apply moderate magnetic fields to the sample perpendicular to the

sample plane.

5.1 MFM Images

Figure 5.1: Topography of (a) La0.67Sr0.33MnO3 and (b) La0.7Ca0.3MnO3 on
BaTiO3. Images have a 12 nm color scale and are (a) 7×7 µm2 and (b)
5×5 µm2 in size.

MFM images were taken at 180 K, comfortably below T0, and at 200 K,

comfortably above T0. The chosen sequence was to scan below, above, below,

and above T0 without any applied field (ZF); then scan below, above, below,

and above T0 with a field of 440 G applied only during scanning (ZFC); then
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with the field left on until the end, cool to below T0, and scan below, above,

below, and above T0 (FC). Representative topographic images are shown in

figure 5.1. No correlation is observed between the topographic and MFM

images. Figures 5.2 and 5.3 show the MFM images of LSMO and LCMO,

respectively, for these series.

Figure 5.2: MFM images of La0.67Sr0.33MnO3 on BaTiO3. Images are 7×7 µm2

with a 5 Hz color scale. Sequence of acquisition is left to right, then top to
bottom. Circles in each row surround common locations as registered using
the corresponding topographic images.

There are occasionally discontinuous changes in the sharpness of certain

MFM images of the LSMO sample. These are accompanied by changes in the

noisiness of the topographic images. This is probably due to changes in the tip

condition and serve to complicate interpretation of the data. Still, some trends
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Figure 5.3: MFM images of La0.7Ca0.3MnO3 on BaTiO3. Sequence of acqui-
sition is left to right, then top to bottom. Images are 5×5 µm2 with a 5 Hz
color scale. Circles in each row surround common locations as registered using
the corresponding topographic images.

are clear. In each quartet, slightly diminished contrast is evident in the 200 K

images, consistent with the bulk magnetometry data. There is also significant

pinning of the domain features. ZF images are distinct from the rest, but the

ZFC and FC series are quite indistinct from one another for LSMO and largely

similar in LCMO. If magnetic phase separation occurs in the LCMO sample,

it is at a finer length scale than our MFM tips can unambiguously resolve.

49



5.2 Autocorrelation Images

Figures 5.4 and 5.5 show the MFM autocorrelation images of each of

the images in figures 5.2 and 5.3, respectively. The purpose of these is to

emphasize any bias to the orientation of the features in the original images.

Figure 5.4: Autocorrelation of La0.67Sr0.33MnO3 on BaTiO3 MFM images from
fig. 5.2.

The autocorrelation images of the LSMO sample show a weak direc-

tionality in the ZF images that does not rotate appreciably across T0 and a

stronger directionality that does not rotate between any of the images in the

ZFC or FC series. No clear asymmetry in the contrast indicates a more subtle

rotation of the domains, either. Thus domain rotation is not observed at this

length scale. Furthermore, the autocorrelation images taken above T0 match
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the preceding images taken below T0, but not the following ones except in the

ZF images which are largely devoid of features to begin with. Thus, magnetic

domains persist in LSMO upon warming through T0, but rearrange to a small

degree upon cooling.

Figure 5.5: Autocorrelation of La0.7Ca0.3MnO3 on BaTiO3 MFM images from
fig. 5.3.

For LCMO, directionality is only occasionally clear in the high temper-

ature images, and very weakly observed in others. There is no clear pattern to

the occurrence, or to the direction of the preferred orientations. The domains

in LCMO appear to be much more fluid. This is noteworthy, given the similar-

ity of the MFM images and the observed domain pinning, but the significance

is yet unclear.
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5.3 Suggestions for Future Work

PhotoElectron Emission Microscopy (PEEM) analysis, nominally sensi-

tive to the in-plane magnetizations, shows features that match the long length-

scale features of the MFM data. But the latter data show short length-scale

undulations that are much weaker or absent in the PEEM data. These may

be a result of the MFM tip’s moment. The MFM images are, indeed rather

noisy in a manner consistent with this suspicion. Low moment tips should be

used for any followup study.

Since the easy axis for these films is in-plane, it would be more interest-

ing to apply in-plane magnetic fields using a split coil magnet. The magnitude

of the fields we can apply in this manner is considerably smaller, but such

a study may help explore the question of domain rotation about T0. Out-

of-plane fields may be pushing domains in this direction and obscuring the

rotations.
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Chapter 6

LaCoO3

This project was introduced by Morgann Berg who took it up as both

her capstone project to fulfill her IGERT requirements and to fulfill her ex-

perimental physics requirement. She assisted Dr. Agham Posadas in growing

films in Professor Alex Demkov’s new oxide Molecular Beam Epitaxy (MBE)

chamber. She also performed Superconducting QUantum Interference Device

(SQUID) magnetometry measurements using Professor John Markert’s instru-

ment with a tutorial from Mark Monti [73] as well as AFM characterization

with Professor Ken Shih’s Nanoscope V AFM. She then resuscitated our lab’s

long-dormant superconducting magnet dewar and succeeded in taking MFM

images with our lab’s purpose-built multimode AFM described in Chapter 3.

MFM scans at liquid nitrogen temperature produced only very faint

contrast in the frequency shift images even though the SQUID data indicate

ferromagnetic character. It was then decided to perform the scans in a liquid

helium environment to access the larger magnetization at the lower tempera-

tures, and to apply large fields using the superconducting magnet to force the

domains out of their easy axis and observe what physics we could. The cost of

LHe and the attendant complications of low temperature experiments made

this a risky and speed-critical endeavor for which my experience was brought

in. It was Morgann’s tenacity and intrepid approach that brought this study to

our lab and got our MFM experiment started. This project belongs to her and
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the Demkov group. But it was my extra years of experience that enabled the

experiment to proceed and led to the preponderance of the MFM data being

acquired on my watch. My experience also lent itself to the subsequent data

analysis. I would not include this chapter if I did not have such a substantial

contribution to this experiment. Further details and future results will appear

in a subsequent publication and in Morgann’s dissertation.

6.1 Film Growth and Characterization

The LaCoO3 (LCO) film for this study was grown on SrTiO3 (STO)

buffered Si (100) using La and Co sources and atomic oxygen from an rf

plasma source to a thickness of 40 nm. The high quality of MBE-grown films

vs. PLD-grown films should mitigate any effects of chemical inhomogeneities

on the magnetic properties of the film. XRD measurements indicate epitaxial

LCO relative to STO with biaxial tensile strain. Cross sectional high-resolution

TEM (HRTEM) illustrates the high quality of the film and interfaces. X-ray

photoelectron spectroscopy (XPS) indicates the absence of free Co metal in

the film. [73] SQUID magnetometry (fig. 6.1) under a field of µ0H=0.034 T

perpendicular to the surface shows a second-order ferromagnetic transition

below a Curie temperature of ∼80 K. SQUID data for an in-plane field of

µ0H=0.100 T gives a Curie temperature of ∼85 K. The field cooled MH loop

taken at 5 K indicates a vanishingly small coercive field. This observation is

not consistent with prior or current MFM studies, and so is possibly due to

experimental error.
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Figure 6.1: SQUID data for LCO on STO buffered Si (100). Magnetization
vs. temperature starting from a ZFC state at µ0H=0.034 T indicates a Tc

of ∼80 K. (Inset) Field-cooled magnetization vs. field indicates a vanishingly
small coercive field at 5 K. (Subinset) Expanded view around small fields.

6.2 MFM Results

Fig. 6.2 shows a subset of the MFM images from the temperature

sweeps starting at the ferromagnetic, zero field cooled state with a field of

0.034 T out of the sample plane. Bias between the tip and sample was ad-

justed to negate any electrostatic signal in the frequency image. The MFM

contrast changes character upon warming to 75 K. Stripe features emerge with

no correspondence to the original domain structure. Evidently, by this tem-

perature the coercive field falls below the applied field. These features largely

vanish by 85 K. The small, faint features still visible may be attributable
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to a difference in susceptibility at that location. [79] Upon field cooling, the

stripe-like features return in the same locations but then break up into smaller

domains by 4.3 K. This is in contrast to the work reported in ref. [79] in which

the stripes persist down to base temperature.

Figure 6.2: Temperature sweep MFM images of LCO on STO buffered Si (100).
Representative topography shown in (a) has a color scale of 18 nm. MFM
images are spatially registered by their corresponding topographic images and
have a color scale of 1 Hz. Acquisition temperatures are (b) 4.3 K, (c) 60 K,
(d) 70 K, (e) 75 K, (f) 80 K, (g) 85 K, (h) 90 K, (i) 85 K, (j) 80 K, (k) 75 K,
(l) 70 K, (m) 60 K, (n) 4.3 K.

The stripes in ref. [79], however, were observed in a much larger field

of 2.0 T. A more similar condition was serendipitously met in our efforts. In

the process of acquiring ZFC, 4.3 K images at increasing field strengths, the

sample was accidentally warmed past Tc under a field of 0.40 T. Prior to the
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accidental heating, a field was applied in the opposite direction up to 0.67 T

with no change in features. The accidental heating set the sample in a FC

state as in the latter half of the temperature sweep shown in fig. 6.2, but

one in which the applied field was much stronger. The effect is shown in fig.

6.3. One sees that the stripes do not break apart at 4.3 K as they do in the

temperature sweeps. Turning off the field diminishes the contrast somewhat,

but the stripes are clearly discernible.

Figure 6.3: Appearance of stripe domains in LCO on STO at 4.3 K. MFM
images have a color scale of 1 Hz. The applied fields during acquisition were
(a) 0.27 T, (b) 0.54 T, and (c) 0 T. Between (a) and (b) (which cover exactly
the same area), the sample was accidentally heated above Tc in a field of
0.40 T. The spots near the center of the image are associated with particles in
the topography following the accidental heating.

Field sweeps were performed in order to observe domain reversal past

the coercive field. Although the SQUID data suggest a vanishingly small

coercive field, no flipping of the contrast was observed until about 0.07 T. The

tip is known to have a coercivity of about 0.03 T at room temperature, so

this was attributed to flipping of the tip moment. The contrast is as strong

as the zero field image at 0.08 T, but diminishes by 1.1 T. This suggests that

the field is approaching, but has not reached a large enough value to flip the

sample, in agreement with the behavior expected from the work in ref. [79].
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Figure 6.4: Field sweep MFM images of LCO on STO. MFM images are
spatially registered by their corresponding topographic images and have a
color scale of 1 Hz. The applied fields during acquisition were (a) 0 T, (b)
0.067 T, (c) 0.084 T, and (d) 1.1 T.

6.3 Suggestions for Future Work

One unforeseen complication arose from the fact that the magnet dewar

had been customized to fit the older MFM in our lab. The MFM used for this

experiment has a strongly paramagnetic body, and the sample stage sits at

a different location relative to the rest of the probe. As a result, the sample

stage was situated a few inches above the center of the magnet, the sample

experienced a smaller field than intended (field values given in this section are

the true values calculated by Morgann), and the microscope body experienced

a considerable field gradient. Between 33.3 A and 40 A in the coil (up to half

of the coil’s maximum rating of 8 T), the microscope experienced some sort

of violence which blunted the tip and then pushed the sample far away. My

belief is one of the MFM body support wires came loose, crashing the tip into

the sample. Then the body stopped against the walls or floor of the chamber,

and the momentum of the sliding sample stage carried it away from the tip.

It is certainly necessary to ensure that the sample plane is at the center

of the magnet. This may also decrease the field gradient experienced by the
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body. Strengthening the suspension is a must, although the field gradient

would in fact be reversed from before. The best solution is to rebuild the

body with a non-magnetic material.

Once these technical considerations are resolved, it will be valuable to

observe the sample under high perpendicular fields in ZFC and FC states in

order to see when the domains will tilt out of the sample plane, where they

go when the field is relaxed, whether the change is reversible, and what the

coercive field is in this direction. The SQUID data should be reacquired due to

the likelihood of experimental error. If the curves are reproducible, they need

to be reconciled with the MFM observations. MH loops at a few temperatures

would be valuable to compare. The same scans should then be performed on

the LaAlO3 substrate sample which has also been grown and characterized to

observe the effects of lattice strain as the lattice matching is much closer for

this substrate.
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Chapter 7

The Verwey Transition

Although Verwey first described his namesake phase transition with

his proposed charge-ordering description in 1939 [80], its true nature is still

contested. It entails simultaneous structural and electronic transitions across

a temperature dubbed the Verwey temperature (TV ). Anomalies in the heat

capacity and magnetic susceptibility are also observed in the neighborhood of

TV . [80] The most widely studied Verwey system, and the system in which

attention originated, is magnetite, Fe3O4.

7.1 Magnetite

Magnetite is interesting to researchers in quite a wide range of fields.

Geologists study the remanent magnetizations in magnetite-rich rock forma-

tions to study the evolution of Earth’s magnetic field over its history, [81]

magnetite nanoparticles have been demonstrated as drug targeting [82] or

water purification agents that can be easily collected and removed from the

system after use, [83] and the half-metallicity of single-crystal magnetite at

room temperature makes it an ideal material for producing spin currents for

spintronic devices. [84] This half-metallicity arises due to the opening of a

semiconducting band gap for spins of one direction and not the other.

TV for magnetite is around 120-125 K and depends on the quality of
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the sample, especially the oxygen stoichiometry. Above TV , magnetite has

a cubic inverse spinel structure consisting of Fe2+ tetrahedra and a mix of

Fe2+/3+ octahedra with 8 formula units per unit cell. Below TV , the resistivity

of magnetite increases immediately by two orders of magnitude, [80] and the

structure distorts into a monoclinic phase with a unit cell twice as large.

7.2 Models

In Verwey’s original model, a charge ordering of the Fe B-site ions

occurs with alternating strips of 3+ and 2+ oxidation states in the [110] and

[1̄10] directions, respectively. Several refinements and competing models of the

Verwey transition have been proposed since Verwey’s seminal paper to try to

include features such as the orbital ordering, [85] the possibility of non-integer

oxidation states, [86] and the band gap which opens below TV for all spins.

[86][87] Some features that have been discovered through these studies are the

importance of local Coulomb interactions, induced Jahn-Teller distortions, and

the complicated interaction between charge, orbital, and lattice orders.

On the other hand, rather than considering the Verwey Transition as

an electronically driven, charge ordering transition, it may be modeled as a

structurally driven, Peierls transition. This approach yields a Peierls temper-

ature that is consistent with the measured Verwey temperature and naturally

predicts a band-gap opening and the unit cell doubling below TV . [88]

7.3 Thin Film Magnetite

Spin device applications for magnetite have been thwarted by the fact

that thin films of the material behave quite differently from bulk samples.
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[89][90] For instance, whereas bulk magnetite saturates at magnetic fields of

∼310 Oe, thin film magnetite fails to saturate even at 70 kOe. [91] Further-

more, the half-metallicity of bulk, single crystal magnetite is no longer present

in thin film samples. In sufficiently thin films, TV is pushed to lower tempera-

tures, even below 90 K. [92] In the thinnest films, the magnetic character has

been alternately described as superparamagnetic [93] or as having an anoma-

lously large moment. [94] These obstacles have been attributed to the presence

of anti-phase boundaries (APBs) in thin films. [95]

7.3.1 Anti-Phase Boundaries

MgO (100) is the most commonly chosen substrate for magnetite thin

films since the mismatch between twice its lattice constant and magnetite’s

lattice constant is only -0.33%. However, during deposition, there is an am-

biguity as nucleation occurs on the surface as to which octant of the inverse

spinel lattice should begin to form. In particular, the oxygen sublattices will

match, but the distribution of Fe ions may differ from one nucleation site to

another. Thus, although the crystallographic orientation of the magnetite will

match the substrate across the film, there will be local variations in the phase

of the periodic arrangement of atoms. Where two regions of different phase

meet is called an anti-phase boundary (APB). One may also consider this a

cross between a grain boundary and a stacking fault.

Much has been learned about the behavior and properties of APBs in

magnetite through the use of many sophisticated techniques. Transmission

electron microscopy using the 220 reflection of magnetite was the first tech-

nique to directly image APBs. [95] This technique helped to establish the role

of APBs in causing the anomalous behavior of thin film samples. [95] Other
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TEM studies showed that the preponderance of the APBs are oriented perpen-

dicular to the sample plane, consistent with the picture of the film nucleation

origin of these defects. [96] Spin Polarized STM has also been used to obtain

atomic resolution images of thin film magnetite to directly observe the APBs.

These studies also showed a (
√

2 ×
√

2)R45◦ surface reconstruction, charge

freezing due to atomic defects, and the formation of Fe2+-Fe2+ and Fe3+-Fe3+

dimers. [97] [98]

The magnetic coupling is antiferromagnetic across certain APBs. For

vertical APBs, this leads to moments directed out of the sample plane, while

shape anisotropy normally requires the moments to be aligned in the plane.

TEM and MFM imaging on common samples shows that the magnetic do-

main density is much less than the APB density which indicates that only a

portion of these are AFM coupled. [96] Off-axis electron holography demon-

strates this more directly. In the sample studied, only 10% of the observed

APBs were AFM coupled with FM coupling occurring elsewhere. This study

also evinces the very complicated nature of the magnetic microstructure of

thin film magnetite. Notably, this study and a Nuclear Resonance Scattering

study show that the spins are oriented predominantly out of the sample plane

at the APBs, but rotate to predominantly in-plane directions within 20 nm.

[99][100]

In order to realize magnetite-based devices, it is highly desirable to

produce films with no APBs. An obvious route is to grow the films on a

substrate that shares its crystal symmetry and has a close lattice constant,

such as the spinel crystal, MgAl2O4. However, this substrate is not immune

to APBs. The lattice mismatch is 3.4% and so some mechanism for strain

relaxation is necessary. Partial dislocations occur which result in APBs. [101]
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Neither is it possible to anneal APBs out of thin film samples as this results

in the formation of α and β phases of Fe2O3 [90] and the diffusion of Mg into

the magnetite layer. [102] Growth at 300 ◦C before annealing did not result in

Mg diffusion. However growth by PLD at 450 ◦C resulted in the accumulation

of Fe clusters in the MgO substrate. [103]

One may reasonably expect that manipulating the film strain would

affect the density of APBs. Magnetite films grown on a Ru buffer layer had

measured saturation magnetizations approaching that of bulk magnetite, but

the Verwey transition was completely indistinct. [104] Thinner films of mag-

netite on Fe or Cr were grown and studied as well. Vibrating Sample Magne-

tometry (VSM) indicated better squareness in magnetic hysteresis loops with

a much more modest saturation field of 10-15 kOe. TEM imaging of the APBs

indicate a somewhat reduced APB density compared to unbuffered samples.

[105] Films grown on SrTiO3 (-7.5% lattice mismatch) instead of MgO (0.3%

lattice mismatch) do indeed exhibit a significantly larger coercive field and

rougher surface morphology. [106] This is consistent with the expectation of

a higher density of APBs. Another study of magnetite on MgO, SrTiO3, and

BaTiO3 substrates demonstrated an increase in coercive field and a decrease

in domain size with increasing lattice mismatch, again consistent with the ex-

pectation of a higher density of APBs. [107] Preparation can also significantly

affect the APB density. MBE-grown films were shown to have a drastically

lower density than in sputter-deposited films. [108]

7.3.2 MFM studies

A number of techniques have been used to image the magnetic domains

in magnetite including off-axis electron holography, [99] Spin-SEM, [109] and
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SEM with Polarization Analysis (SEMPA). [110] MFM remains the most com-

monly reported technique beginning with low temperature measurements of a

bulk magnetite crystal. [111] MFM work on thin films have imaged a variety

of domain patterns at room temperature and demonstrated the large effect of

annealing in air on the magnetic properties of the films. [110][112][113] No for-

mer MFM investigations of thin film magnetite at low temperature are known

to exist.
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Chapter 8

MFM Results on Magnetite

Magnetic Force Microscopy (MFM) was performed on several thin film

magnetite samples provided by Professor Casey Miller’s group in the Depart-

ment of Physics at the University of South Florida. The substrate for all of the

samples is MgO (001). They are distinguished by 30 Å transition metal buffer

layers deposited between the substrate and the magnetite layer. Mo, Cr, Fe, or

Nb buffer layers were grown by dc magnetron sputtering sequentially on four

substrates with a control sample receiving no buffer layer. Without breaking

vacuum, the mask was opened and all five samples were coated simultaneously

with 3000 Å of magnetite grown by reactive sputtering of an Fe target in an

Ar and O2 environment at 300 ◦C on a rotating stage. Finally a capping layer

of 30 Å of Cr was deposited on all samples. Thus the films are highly uniform

between samples and any differences between them can be directly attributed

to the presence of the buffer layers. The quality of these layers was checked

by wide angle x-ray diffraction (XRD) of 300 Å versions of these films. (002)

peaks indicate strong (001) orientation of the films with low mosaic spread.

[114]

XRD of the resulting samples show single crystal magnetite films for all

but the Cr buffered sample. Examination of the MgO (004) and Fe3O4 (008)

peaks show (001) texture in each of the Fe3O4 films except the Cr buffered

sample. In the remaining films, the film strain relative to bulk magnetite is
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measured to be -0.26% for Nb buffered, -0.38% for Mo buffered, and -0.44%

for non-buffered samples and nearly absent for the Fe buffered sample. [114]

Recall that prior work with Fe buffer layers reported decreased APB density.

[105]

Oxygen stoichiometry is confirmed from Superconducting QUantum

Interference Device (SQUID) magnetometry data on the five samples which

show transitions between 119 and 125 K. The total magnetization curves for

the Nb, Mo, and non-buffered samples show a sharp increase above TV . The

curves for the Fe and Nb buffered samples are anomalous in that the film

magnetization is fairly constant aside from a significant bump at TV and a

slow decline above. Fig. 8.1 shows SQUID data for the three samples that

have been studied by MFM.

Figure 8.1: Bulk magnetization of buffered magnetite films. Applied magnetic
field was 100 Oe. Measurement and field direction is (100), in-plane.
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Previous MFM work on single crystal, bulk magnetite was able to show

a difference in the microscopic magnetic ordering above and below TV . Mag-

netic domains were shown to disappear upon warming up to near TV and

reappear upon cooling below. The domains did not return in the same loca-

tions except at a pinning site associated with a topographic feature. [111] For

the present work, we were able to monitor the magnetic structure of three of

the supplied films at a stationary location while warming the samples from

77 K to well above TV .

In the following sections, a subset of the MFM images are presented for

the three samples studied. They were chosen to demonstrate the evolution of

the magnetic domain structure upon warming from well below to well above

TV , then back to the starting temperature. The images represent a state (a)

well below TV , (b) just below TV , (c) during the transition, (d) just above TV ,

(e) well above TV , and finally (f) back to the temperature at (a). Care was

taken to spatially register each image as closely as possible before acquisition

as thermal drift shifted the scanning window. The MFM data are zero-order

planefit corrected which simply centers the data range about zero. Represen-

tative topographic images are shown in fig. 8.2. Detailed discussion of the data

will follow.

8.1 Magnetite on Bare MgO

MFM images of the non-buffered sample (film strain: -0.44%) are shown

in fig. 8.3. A few features are noteworthy. First, there is no correlation between

the topography and the MFM images. Second, there is a clear demarcation

between high and low contrast states. Third, features are identical between

the two states. I.e., the domains have not moved. Fourth, upon cooling back
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Figure 8.2: Topography of magnetite films on BTO. All images are 5×5 µm
in size. Samples (color scales) are: (a) no buffer layer (7.1 nm), (b) Mo buffer
layer (18 nm), (c) Fe buffer layer (3.6 nm)

to the high contrast state, there is very little change between the observed

magnetic features. This indicates strong pinning of the domains, presumably

to APBs. No defects or other candidate pinning sites are present in suffi-

cient density in these films. Finally, the magnetic domains have a random

size distribution with a typical lateral length scale of 300 nm, as estimated

from FFT and autocorrelation. As previously mentioned, not all APBs couple

antiferromagnetically, so this domain density is within expectations.

8.2 Magnetite on a Mo Buffer Layer Over MgO

MFM images of the Mo buffered sample (film strain: -0.38%) are shown

in fig. 8.4. In this sample, the surface is unusually bumpy. MFM features tend

to match the bumps in the topography in location, but with arbitrary sign.

There are certain areas in which the topography and MFM images do not

correspond at all. This is illustrated in fig. 8.5. The demarcation between

states of different contrast is less clear than in the non-buffered sample. The
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Figure 8.3: MFM images of magnetite on bare MgO. Color scale is 30 Hz.
Acquisition temperatures are: (a) 110 K, (b) 114 K, (c) 115 K, (d) 116 K, (e)
120 K, (f) 110 K.

only substantial change in the MFM images upon changing temperature is flips

of certain domains associated with bumps in the topography. In all but one

case, the contrast flips from bright to dark (repulsive to attractive) frequently

between one scanline and the next. This is indicative of a tip-moment induced

origin to these flips. Upon cooling back to the high contrast state, the observed

magnetic features match well the original features at the same temperature,

aside from a few domains that have flipped. The lattice mismatch between

Mo and magnetite is very large, which may be responsible for the granular

texture, despite reading as single crystal in XRD in the (001) direction. It is
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not clear for this sample that the pinning centers are due to APBs rather than

the thickness fluctuations in the film. The magnetic domains have a tighter

size distribution with a typical lateral length scale of 200 nm, as estimated

from FFT and autocorrelation.

Figure 8.4: MFM images of magnetite on an Mo buffer layer. Color scale is
10 Hz. Acquisition temperatures are: (a) 105 K, (b) 115 K, (c) 120 K, (d)
125 K, (e) 135 K, (f) 105 K.

8.3 Magnetite on an Fe Buffer Layer Over MgO

MFM images of the Fe buffered sample (film strain: ∼0) are shown

in fig. 8.6. Again, there is no correlation between the topography and the

MFM images. The demarcation between states of different contrast is less
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Figure 8.5: Correspondence between (a) topography and (b) MFM images
of magnetite on a Mo buffer layer. Arrows and triangles are in the exact
same locations in both images. One can see that many, but not all domains
correspond to bumps, and when they do correspond, the sign is arbitrary.

clear. Above TV , features are no longer identical to the ones at lower temper-

atures, but the change from image to image is slight. However, upon cooling,

the observed magnetic features match well the original features at the same

temperature. Since the film strain is negligible compared to the bulk in this

film, this suggests that the domains are free to rotate in the cubic phase, but

return to the pinning sites in the monoclinic phase. The magnetic domains

have a random size distribution with a typical lateral length scale of 300 nm,

as estimated from FFT and autocorrelation.

8.4 MFM Contrast Compared to Bulk Magnetometry

Plotted in fig. 8.7 are the RMS frequency shifts for the planefit MFM

images as a function of temperature. These give a measure of the contrast in
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Figure 8.6: MFM images of magnetite on an Fe buffer layer. Color scale is
10 Hz. Acquisition temperatures are: (a) 100 K, (b) 114 K, (c) 120 K, (d)
124 K, (e) 142 K, (f) 100 K.

each image, and to some degree the strength of the moments. The upper ends

of the curves were decided when the RMS frequency shift seemed to stabilize

in the MFM images. The lower ends of the curves were chosen based on wide

temperature range scans. In these, images were taken from 77 K to 135 K in

larger, 5-10 K intervals. There was, of course, more drift between images, so

less care was taken to register the images. These data are noisier, but gave an

indication of TV , and are commensurate with the data in fig. 8.7.

It is interesting to compare fig. 8.7 to fig. 8.1. The first point of note

is the opposite trending across TV . For the Mo and non-buffered samples,
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Figure 8.7: RMS of MFM frequency shift vs. temperature.

the MFM contrast decreases above TV while the bulk magnetization increases

sharply. For the Fe buffered sample, the MFM contrast is stable until ∼115 K,

dips to a minimum at 124 K, then slowly rises. Meanwhile, the bulk magne-

tization is stable until ∼115 K, peaks at 124 K, then slowly falls. Thus, aside

from a broadened transition in the Mo buffered sample, the MFM contrast

trends exactly oppositely to the bulk magnetization.

In the non-buffered case, the MFM RMS mirrors the measured domain

rotation very well. It was considered that the low-temperature magnetization

rotation out of the sample plane caused the enhanced MFM contrast. [115]

However, the MFM RMS and domain rotation do not mirror for the other

studied samples. What is necessary to understand is that MFM is sensitive in

the out-of-plane direction which is dominated by the antiferromagnetic (AFM)

coupling across APBs while SQUID is sensitive to the bulk ferrimagnetism of

the film (see fig. 8.8). The contributions to bulk measurements from the AFM

coupled APBs effectively cancels out except when frustration occurs where
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three of these intersect. Thus, as the Verwey transition weakens the film’s

ferrimagnetic ordering (as noted by SQUID), the antiferromagnetic domains

walls broaden and enhance the MFM contrast. It is noteworthy to see how

well these two sets of curves mirror one another.

Figure 8.8: Illustration of spin structure near an APB. MFM is sensitive to
out-of-plane fields which are primarily generated at the AFM coupled APBs.
Since SQUID is sensitive to the total magnetic moment of the film, these spins
cancel, and only the spins away from APBs contribute.

8.5 Discussion

The magnetic domains are characteristically different between films,

but no clear trend is observed between the domain size and the film strain.

Still, the pinning is stronger, in a sense, for the films with more strain. The Fe

buffered sample changes considerably across TV while the Mo buffered sample

experiences only a few domain flips and the non buffered sample experiences

practically no change at all. Also observed is the opposite trending in the

APB antiferromagnetic order and the film ferrimagnetic order across TV . The

turning points of the curves match very well, but the Mo buffered sample

demonstrates a broadened transition in the MFM data. Perhaps the bumpy

surface features lead to varied strain fields (and oxygen stoichiometry) at the
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APBs along with local variations in TV while the bulk of the film is relaxed

and exhibits a sharp transition.

8.6 Suggestions for Future Work

A number of refinements to these experiments can be easily made.

First, it is a simple matter to perform in situ transport measurements with

the aim of correlating resistance data with the MFM data to check that the

Verwey transition is apparent and coincident in both. Below TV , there should

be a sharp increase in the magnetite film resistance. The Cr capping layer

will significantly lower the resistance measurement, but it may still be able to

observe the contribution of the underlying magnetite film.

Second, it may be interesting to apply out-of-plane magnetic fields in

order to tilt domains in a particular, perpendicular direction. The in-plane

fields we have the ability to apply are limited to a few dozen Gauss. With a

copper coil in a LN2 bath, we can apply out-of-plane fields up to 440 G. This

is far from sufficient to saturate the film, but should be able to produce tilting

of the domains observable in the MFM images. It would be interesting, for

instance, to see if it changes the domain rotation behavior in the Fe buffered

sample across TV .

It is highly desirable to directly image the APBs using the same tip

used for MFM. It is possible to do MFM of a scan area, then follow with a

contact-mode conductive AFM (c-AFM) scan of the same area. However, STM

images do not indicate a difference in conductance at the APBs, [110] and at

least one theoretical study suggests the surface of magnetite to be insulating,

even in the bulk metallic phase. [116]
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The unstudied Cr and Nb samples are interesting due to the polycrys-

talline character of the former and the large magnetization of the latter. Of

course, it will be advantageous to study all five samples as well as possibly

new samples (e.g. wedge-shaped films to study thickness effects). If the dif-

fering character of the Verwey transition in the Mo buffered sample’s MFM

and SQUID measurements are due to strain relaxation at the APBs, then an

unbuffered film grown on MgAl2O4 may be a close analogue. As mentioned

in the previous chapter, APBs in this system arise from partial dislocations

which relax the film strain. [101] Thus there may be effects as suggested for

the Mo buffered sample and we may expect to see similar behavior. All of

these studies would be beneficial in gaining a broader picture of the effects of

transition metal buffer layers on this fascinating system.
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