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Nuclear magnetic resonance force microscopy (NMRFM) of a micron
size sample of ammonium sulfate was performed by measuring the cantilever
deflection produced by coupling the magnetic force to a mechanical cantilever
at its resonance frequency. Spin-lattice and spin-spin relaxation measurements

were obtained with our newly developed NMRFM probe.

A system with more advanced positioning, acquisition and analysis has
been fabricated. A new device in which a semi-automatic system performs
nanoposition control, spin manipulation, dynamical measurements, and data
analysis has been demonstrated to be successful. The new system has proven to
be an improvement with respect to other versions of NMRFM probes, thanks to
its versatility for pulse sequence designs, faster data acquisition, and automatic

analysis of the information.
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This thesis presents an explanation of the theoretical details of nuclear
magnetic resonance force microscopy, and experiments are described in which

dynamical measurements of proton spin interactions are obtained.

Finally, relaxation time effects of the observed force signal are consid-
ered in detail. A novel spin manipulation technique which is being imple-
mented for future measurements is described in detail, and magnet configura-
tions for larger magnetic field gradients and consequently larger signal-to-noise

ratio, are also described.
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Chapter 1

Introduction

Magnetic Resonance Force Microscopy (MRFM) is the name given to
the field that couples forces generated by resonantly precessing spins in a
magnetic field gradient with a cantilever at its resonance frequency. This
technique was proposed initially by John Sidles in 1991 [1] as a potential
method for performing three dimensional imaging of biological molecules and
its viability was demonstrated in 1992 by Dan Rugar and John Sidles [2] in
an electron spin resonance signal measurement. In this first attempt, a force
of 107 N was generated with a spatial resolution of 19 ym in one dimension.
That result was still far from the single atomic, three dimensional resolution
necessary for protein structure determination. However, several groups’ efforts
have been developing improvements in the technique, in one, C. L. Degen, M
Poggio, H. J. Mamin, C. T. Rettner, and D. Rugar [3] detected, with three

dimensional resolution, less than 100 nuclear spins in a 4-nm-thick slice.

Even though this resolution is approximately 10® times better than the
best signal obtained by conventional Magnetic Resonance Imaging (MRI), a
100 times improvement from the last best result is still needed to measure

the challenging force signal of 107! N generated by a single proton [4]. In



order to achieve single nuclear spin detection, a substantial improvement in
the generation of larger gradient fields and also in cantilevers with smaller
spring constants, larger quality factors and larger resonance frequencies that

will provide better force sensitivity measurements will be required.

This dissertation first reviews, in Chapter 2, the principles of how mag-
netic moments behave in magnetic fields. Later on we move into spin manip-
ulation techniques and from there introduce the basics of Nuclear Magnetic
Resonance Force Microscopy and how and which useful information can be
obtained using this technique. This thesis will then focus, in Chapter 3, on
describing the theoretical foundations and experimental details involved in
NMRFM. With this background, a thorough explanation of the efforts behind
the fabrication, design, and characterization of a variable temperature probe is
described in Chapter 4. A discussion of the experiment performed and results
obtained will be provided in Chapter 5, including the measurements of the
spin-spin and the spin-lattice relaxation times, (44 £ 2 ps) and (5.6 £ 0.7 s)
respectively, of proton spins in a micron scale ammonium sulfate sample with
a resolution of 11 to 16 um. To finalize this dissertation, a discussion of the
development of this technique that can possibly allow us to achieve atomic

resolution in future work is provided.



Chapter 2

Foundations of Magnetic Resonance

2.1 Introduction

Magnetic resonance is a spectroscopic phenomenon that takes place
when a magnetic system in which its magnetic moments (i precess around an
external magnetic field B is perturbed by an electromagnetic absorption or
emission equal to the difference in energy between two energy levels of the

system [5],[6].

This chapter tries to answer questions about how spins can be manipu-
lated using magnetic fields that vary in tune with the precession frequency of
the magnetic moments, and also discusses the types of information that can

be obtained about the magnetic system using magnetic resonance.

2.2 Spin Precession in a Magnetic Field

The result of the interaction between an external magnetic field E,
which will be assumed to be pointing always along the z axis, B = Byz, and
the magnetic moment /i of a nucleus is the establishment of an energy state

with a Hamiltonian given by [5]:

H=—ji-B (2.1)



Here the magnetic moment is described by i = fyj = ”yhf, where v is
the gyromagnetic ratio, J is the total angular momentum and I is the spin

angular momentum operator in units of A. The product /i - B then gives

where I, is the z-component of the angular momentum operator and its eigen-
values are denoted by m = I, I —1, ..., —I. The final expression of the magnetic

energy is thus described by

E = — ~vhBym. (2.3)

In the case of a magnetic moment with spin 1/2 there are two possible
values of m, +1/2 and —1/2, corresponding to the two energy levels available

in the system. The energy difference between these two states is given by:

Here AFE represents the energy that an electromagnetic field must
match to be absorbed by the magnetic moments and induce a transition from
one state to another. This energy difference is directly proportional to the
gyromagnetic ratio, an intrinsic property of the type of nuclei, and the mag-
netic field, a variable of the system. An example of this energy difference as a

function of the magnetic field is shown in Figure 2.1.

When the magnetic moments ji are placed in a magnetic field go, a
torque, or the rate of change of the angular momentum is induced, causing

the magnetic moments to precess at the Larmor frequency [7]



m=-1/2

m=+1/2

=0

Figure 2.1: Energy levels and energy differences between the two states as a
function of the intensity of the magnetic field By. When By = 0 there is only
one energy level, when By = By; the energy level for spin 1/2 is split in two
and AFE; is the energy necessary to perform a transition between states. A
similar situation happens for AE; for By = B;.



dJ ,
7=y =HX (2.5)

The equation of motion that describes the precession of the magnetic
moments is
i _ o (73) (2.6)
where 7B = wy is the precession frequency. These definitions are valid for a
single magnetic moment, and a more detailed description for the net magne-

tization is discussed below.

2.3 Boltzmann Polarization

When the system is composed of multiple magnetic moments with spin
1/2 in a magnetic field , the ratio between the number of spins in the higher
energy state (N_, spin down) and lower energy state (N, spin up), separated

by a energy difference AF), is described by the Boltzmann distribution [5], [6]:

& — e—AE/k‘BT — G_VEBO/ICBT (27)
N

This equation shows the magnetic polarization dependency on the mag-
netic field and temperature, where kp is the Boltzmann constant and 7' is the
temperature of the system. The net magnetic moment is defined to be the
product of the magnetic moment and the difference between the number of

magnetic moments in the higher and lower energy states,

M. = p(N- = Ny) (2.8)



B,

Figure 2.2: Difference in magnetic moment population due to Boltzmann po-
larization.

Using Equation (2.7) and N = N, + N_, the description of the net

magnetic moment in equilibrium, M, is

1By
My=N h(——= 2.
0 tan (k;BT) (2.9)

Since the external magnetic field was described as B = Byz, the net

equilibrium magnetization only has z-component. For states when the ratio

B
% < 1, tanhz = 2, Equation (2.9) can be expressed as:
B

C
My =M, = xoBo = TBO (2-10)

N 2
where C =

is the Curie constant and yo = C'/T is the magnetic suscep-
B

tibility [6, 8.



2.4 Spin Dynamics and Magnetic Resonance

Equation (2.5) describes the dynamics of a magnetic moment f when
it is submerged in a magnetic field By. The equation of motion of the net
magnetization M can be expressed as

dM - .

which describes how the rate of precession of the magnetization vector is pro-
portional to the field. The angular velocity of the magnetization precessing

around By is called the Larmor frequency and is expressed as:

wo = 7By (2.12)

The application of a rotating rf field B applied perpendicular to By
and at the same rate as the Larmor frequency, provides electromagnetic quanta
(photons) equal in energy to the difference between two energy levels of the
system. Such effect induces magnetic resonance transitions that allow for the

manipulation and control of the dynamics of the magnetic moments.

To control the dynamics of the magnetic moments, a coil can be used

to generate an oscillating field perpendicular to goé of the form
B, = 2B, cos(wrrt)y, (2.13)

that can be understood as the superposition of two circularly rotating magnetic

fields with same frequency but in opposite directions in the x—y plane.

B,,=B_+B, (2.14)



Figure 2.3: Precession of the magnetic moment around the magnetic field
Byz at the Larmor frequency. The magnetic moment experiences a change
in direction of its angular momentum due to the non-alignment between the
magnetic moment and the magnetic field.



where

—

B_ = B1 (COS(WRFt)JAI + sin(prt)g)) (215)

B = By(cos(wrpt)Z — sin(wrpt)i) (2.16)

Of the two components, only the B_ rotates in the same direction as
the precession of magnetic moments. Consequently only the left circularly
polarized radiation, Equation (2.15), will be absorbed by the spins. The effect
of adding B, to the system changes the equation of motion (2.11) with the

substitution of 50 for an effective field B: £

dM - .
% =M x ’}/Beff (217)

Transforming the system from the laboratory frame (z,y, z) to the ro-
tating frame (2,7, 2), B, can be understood as a static vector in the (v)

direction [5,9] and the effective field can be expressed as

Beyy = KBO - ‘ﬂ) 5+ Blyff] . (2.18)
f)/
Here, YRE represents a fictitious magnetic field that alters the value of B.s in
Y
the z component. We will discuss the different techniques to alter or modify the

effective magnetic field and the corresponding behavior of the magnetization

in the next section.

2.5 Spin Manipulation Techniques

To start this section we need to keep in mind some statements [10]:

10



a. As long as the effective magnetic field and the magnetization are not
parallel, a torque will be applied on the magnetization resulting in a change
in the direction of the magnetization perpendicular to the field and the mag-

netization itself.

b. The angular velocity of the precession is proportional to the gyro-

magnetic ratio and to the magnitude of the effective magnetic field.

c. If the effective field and the magnetization are parallel, the mag-
netization will remain aligned with the field and will follow the effective field
orientation if the change in direction is be slow enough to satisfy the adiabatic

condition (section 3.3.1).

d. The effective magnetic field in the rotating frame can be modified

by changing the magnitude of wrp.

Now that these statements have been specified, it can be seen that
the two main methods used to manipulate the orientation of the spins are 1)

sudden (rf pulses) or 2) gradual (adiabatic rapid passage ARP).

2.5.1 RF Pulse Manipulation

If an oscillating magnetic field as described in (2.13) is applied to the
system, matching the Larmor frequency, wrr = wg = 7By, the effective field
described in (2.18) will become éeff = Biy'. Since this effective magnetic
field and the magnetization vector are perpendicular, then, as mentioned in
statement a., a torque vector will force the magnetization to precess in the

x'~z plane with frequency w; = vB;.

11



-—————p

M,/ ot

Figure 2.4: Manipulation of the direction of the magnetization using a RF
pulse at the Larmor frequency.

The reorientation of the magnetization to a desired angle 6 can be con-
trolled by using rf pulses for a specific time length, since 6 = wit = yBit.
The most used rf pulses for spin manipulation are those of time lengths cor-
responding to rotations of g and 7 radians. The pulse lengths corresponding

commonlyto a specific angle can be described by:
t=— (2.19)

where 6 corresponds to the desired angle of orientation of the magnetization

with respect to the positive z axis.

12
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Figure 2.5: The pulse lengths control the final orientation of the magnetization.
The figure on the left represents a 7 /2 pulse of length t = (7/2)/vB; and the
figure on the right represents a 7 pulse of length ¢t = 7/ B;
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2.5.2 Adiabatic Rapid Passage

The effective field, éeff = {(BO — w%) Z+ Blgj’l shows that if the
applied rf field oscillates around the Larmor frequency, then the z component
of the effective field is not cancelled. The orientation of B.f; seen by the spins
is determined by controlling the value of the frequency of B;. The larger the
difference between wrr and wy the smaller the angle € between the z axis and

the Beff.

Keeping the statements b. and c. of section (2.1.4) in mind, it can be
noticed that if B,y is close enough to the initial direction of the magnetization,
that is, if By > w% or By < w%’ then the angle 6 between B.;; and z is
very small and the magnetic moments will align parallel to the new magnetic
field. If the effective field changes in direction, for example, by changing wgp
so that W’yﬂ approaches By slowly enough to satisfy the adiabatic condition
(section 3.3.1), the magnetic moments will follow the direction of B.ss. The
angle of orientation of the spins can be changed using this technique as can be
seen in Figure 2.6 and the effect of m and 7 pulses explained in the previous

section can be replicated.

However, when the rf field is turned on, even when the frequency wrp
is far from resonance, B.ss is not perfectly aligned with the z axis (8 # 0).
The statement a. in section (2.1.4) indicates that there will be a torque on
the magnetization that will make it precess around B.ss. Figure 2.7 shows
the angle 0 as the determining factor in the amplitude of the precession of M

around Beyy.

14



eff max

f——————

Figure 2.6: We can see the range in values of the magnitude of the effective
field: from the maximum value B.yy,,.. when 6 is very small to the minimum
value of the effective field Beyy,,,, = B1 when 0 = 7.

15
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BO - C()RF/y
BO — C()RF/)/

Figure 2.7: Angle of precession of the magnetization around the effective field
for two different initial values of By — w/v for the same By. The larger the
difference By — w/7y, the smaller the precession angle 6 of the magnetization

around Beyy.
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If the adiabatic rapid passage technique is applied, 6, the angle between
the magnetization and effective field, will remain constant while the angle
between B, and the z axis is modified. The precession frequency, w = vB.yy,
will also change as the magnitude of the effective field varies. It is clear from
this point that during this technique, § = 0 (or as small as possible) will be
desired to make any possible effect of the magnetization precessing around the

effective field as small as possible.

2.6 Relaxation Times and Bloch Equations

In earlier sections, the motion of non-interacting spins described by
dM
dt
precession of the magnetization has been described. However, the spins are

= M x B when a magnetic field is applied has been seen and the resulting

not isolated from each other, so as a result they interact with its neighbors

giving rise to mechanisms that contribute to spin relaxations.

2.6.1 Spin-Lattice Relaxation Time

In an equilibrium state between the magnetic moments of a sample and
an external magnetic field ByZ, the magnetization will be M, = My = C %. If
this state is perturbed by an rf field B;¢’ for a time equivalent to a 7/2 pulse,
the magnetization will then point in the 2’ direction. If the field is turned off
and no other perturbation is produced, the moments will release the excess of

energy to the lattice of the sample, relaxing back and aligning parallel to ByZz.

Since this transition is not instantaneous, for most processes, the evo-

17
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Figure 2.8: Magnetic manipulation sequence for observation of the spin-lattice
relaxation. a) Saturated value of the magnetization M, due to the magnetic
field Byz. b) The application of a 7/2 pulse will orient the magnetization in the
Z’ direction. c) Orientation of the magnetization M, = M, in the &’ direction.
d), e), f) Recovery process of the magnetization M, due to the release of excess
of energy to the lattice. g) Final steady state of the magnetization M, = M,.
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lution of M, can be expressed as a function of a time constant 77:
M, = My (1 — e @M. (2.20)

The time constant 77 is called the spin-lattice or longitudinal relaxation time
constant and it is an indicator of the mechanisms used by the spins to release
energy to the lattice. Some major examples of spin-lattice interactions are
modulated magnetic dipole-dipole interactions, magnetic nuclei-electron in-
teractions and nuclear electric quadrupole interactions, and each one of these

mechanisms has a different contribution to the value of the relaxation time

5, 10].

2.6.2 Spin-Lattice Relaxation Time in the Rotating Frame

As in the case of Ty, if an rf field By, is applied for a time /2, the
magnetization will be M, = 0 and M, = M, perpendicular to B;. In the
previous section we turned off the magnetic field and let the magnetization
relax back to the z axis parallel to By. Now, instead, we simultaneously turn
off By and turn on B; with a 90° phase with respect to the original pulse. This

makes Bz’ parallel to the magnetization of the system M,

It was seen that for the spin-lattice relaxation time case, Figure 2.8,
after the 7/2 pulse, the effective field becomes B. it = Byz'. Now in the case of
the spin-lattice relaxation time in the rotating frame, Figure 2.9, the effective
field becomes §€ff = B2/, parallel to the magnetization M,. Because the

magnetic field Bj is still on the difference between energy levels is smaller, in

19



Figure 2.9: Magnetic manipulation sequence for observation of the Spin-
Lattice relaxation in the rotating frame. a) Saturated value of the magne-
tization My due to the magnetic field ByZ. b) Application of a 7/2 pulse to
orient the magnetization in the 2’ direction. c¢) Application of a RF pulse in
the 2" direction parallel to the orientation of the magnetization M, = M,. d),
e) Recovery process of the magnetization to the new energy state by releasing
the excess of energy to the Lattice. f) Final steady state of the magnetization
M, in equilibrium with B;.

20



B B
equilibrium, (M, = C ?1 versus My = C ?0), and relaxation to the smaller

equilibrium value occurs. The exponential time constant, now different from

T, is expressed as a function of a different time constant 77,, such that

M, = My + (My — M) e~ /710 (2.21)

or since B} < By,

M, ~ Mye~®/11) (2.22)

that is, the magnetization decays nearly to zero.

2.6.3 Free Induction Decay (FID) of the Magnetization in the z’-y’
Plane

As mentioned in the spin-lattice relaxation time section, after a /2
pulse the magnetization that is pointing along the 2z’ axis will decay with
time due to the relaxation process and the magnetization will grow in the z
axis. But there is another, usually faster process involved in the decay of the
magnetization in the 2’ — ¢y’ plane. The magnetic field induces the nuclei to
precess, at the Larmor frequency, around it. If there is some magnetic field
inhomogeneity inside the sample, different nuclei will feel different fields, so
they will precess at different frequencies around the z axis. Consequently, if
the magnetization has been oriented in the ' — 3/ plane, the spins will precess

at different angular velocities. The result is a de-phasing process in which the

21



Figure 2.10: Magnetic manipulation sequence for free induction decay (FID)
observation in the rotating frame. a) Saturated value of the magnetization
My due to the magnetic field Byz. b) Application of a 7/2 pulse to orient the
magnetization in the Z’ direction. ¢) Orientation of the magnetization M, =
My in the 2’ direction. d), e), f) De-phasing process of the magnetization due
to the inhomogeneity of the magnetic field in the sample. g) The magnetization
is completely destroyed since the magnetic moments cancel each others.

magnetization spreads until the magnetic moments cancel each others and the

net magnetization is zero.

We define the characteristic relaxation time 73 as the time constant
which describes the decay of the magnetization contained in the ' — ¢ plane.
Therefore, T5 indicates the de-phasing rate in the 2’ — 3’ plane, a process also
called the free induction decay (FID) of the magnetic moments and described
by the equation

M, = Mye 7% (2.23)

22



Sometimes the shape decay approximates a gaussian more than an ex-

ponential

M, = Moe ©°/2T5%, (2.24)

2.6.4 Spin-Spin Relaxation Time

If we are interested in the relaxation time of the spins due to the local
dipole-dipole interactions between isochromats ! spins, first it is necessary to
minimize the decay effect produced by the inhomogeneity of the magnetic field.
The relaxation time that describes the dipole-dipole interactions is called 75,

or the spin-spin relaxation time.

We can express the total contribution of both rates 7, and T3 as

Ty T 2

. (2.25)

If we wait long enough after a 7/2 pulse for the magnetic moments to
de-phase due to the inhomogeneity of the magnetic field inside the sample and
to the spin-spin interactions between the local spins, the net magnetization
in the 2’ — 3/ plane will be zero. If a second pulse of length 7 is applied, the
magnetic moments will be forced to rotate about the 1 axis. This process

inverts the relative position of the spins with respect to each other so that

!Understanding isochromatas spins as, spins which energy difference between the levels
up and down, is exactly the same.

23



now the magnetic moments that precess slower are ahead of the faster ones. A
re-phasing process called a spin-echo takes place at a time t from the 7 pulse,

equal to the time between the 7/2 and the 7 pulses.

An interesting part of this re-constructive sequence is that at the peak of
the spin-echo, the de-phasing effect due to the inhomogeneity of the magnetic
field is cancelled and only the effects of the spin-spin interaction remain active.
The longer the time between the 7/2 and 7 pulses the larger the net decay due

to dipole-dipole interactions, and the lower the magnitude of the spin-echo.

Since T5 is measured by observing the magnetization at the peak of
the echo for different time between pulses, the spin-spin interaction will be a

function of 2t and it can be expressed as:

M, (2t) = Mge™ /"2, (2.26)

2.6.5 Bloch Equation

As we have seen, when the nuclei interact with their neighbors, the
different interaction processes will each contribute in a different manner to the
dynamics of the spins. Consequently, the equations of motion must include
time evolution terms that describe these effects. Bloch’s solution for the spin-
lattice and the spin-spin relaxation times that considers the time evolution of

the magnetization are:

(2.27)
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Figure 2.11: Magnetic manipulation sequence for observation of a spin-echo.
a) Saturated value of the magnetization M, due to the magnetic field ByZ.
b) Application of a /2 pulse to orient the magnetization in the &’ direction.
¢) Orientation of the magnetization M, = My in the ' direction and de-
phasing of the spins. d) Application of a 7 pulse to invert the system with
respect to the ¢y’ axis. e) Re-phasing process of the magnetization due to the
inhomogeneity of the magnetic field in the sample. f) The magnetization is
completely coherent in the 2’ — ¢ plane, causing a spin echo.
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dgf” = (A7 x E)x 4 Me (2.28)

M,
dt

LN M
=y (M x B)y + (2.29)

Other interaction mechanisms will not be discussed here, but a deeper
explanation of the modification of the Bloch equations when other relaxation

times need to be included can be found in Principles of Magnetic Resonance,

by C.P. Slichter.
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Chapter 3

Detecting and Manipulation of Spins in
Nuclear Magnetic Resonance Force
Microscopy

In the previous chapter we examined the main techniques used to ma-
nipulate the nuclear magnetization. We explained how interactions with nuclei
induce the relaxation of the nuclear magnetization and indicated the charac-
teristic relaxation times. The goal of this chapter is to present the theory
behind the force-detection techniques used to measure the magnetization and

interactions of the nuclei contained in a micrometer size sample.

3.1 Force Detection of Magnetic Resonance

In 1991, John Sidles proposed a more sensitive method of detecting
magnetic signals than the inductive detection techniques of conventional NMR
and MRI [1,20]. The proposed technique consists of a magnetized sample
and a gradient magnet used to induce a periodic magnetic force, acting on a
cantilever [11,12]:

—

F(t) = (M(t)-V)B. (3.1)

Newton’s third law predicts that there is no difference between attach-
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ing the sample on the cantilever while the gradient magnet is kept still, as in
Figure 3.1, and attaching the magnet on the cantilever while the sample’s po-
sition is fixed. However, the advantages of sample-on-cantilever configuration

will be discussed when we address noise effects in subsequent chapters.

Since the force generated by the nuclei is very small, it is necessary to
couple to the magnetic force at the cantilever’s resonance frequency. By doing

so the cantilever response to a force is

A=QT. (3.2)

It can be seen that the response amplitude of oscillation, A, due to the
periodically driven force of amplitude F' is increased by the value of the quality
factor @) (compared to a static restoring force) and is inversely proportional

to the spring constant k.

The basic configuration of our MRFM experiment is shown in Figure
3.1, representing a sample-on-cantilever geometry. The large magnetic field
By = (Bfieid + Bpar)Z magnetizes the sample spins and the gradient perma-
nent magnet (PM) generates an inhomogeneous magnetic field which induces a
magnetic force. An rf coil generates the magnetic field B, = By, perpendicu-
lar to éo, that modulates the spins at the resonance frequency of the cantilever.
This modulation causes spin flips along the z — 3’ plane needed for the adi-
abatic rapid passage technique. The modulated magnetic force produces an

amplitude response of the cantilever observed using laser interferometry.
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Figure 3.1: A Magnetic Resonance Force Microscopy (MRFM) setup. This
sketch shows the sample-on-oscillator configuration.

3.1.1 Magnetization

In subsequent paragraphs and sections, the conservation of the mag-
netization and efficiency of the frequency and amplitude modulations will be
discussed. The magnitude of the equilibrium magnetization, as described by

Equation (2.9), is a function of temperature and external magnetic field. When
uB

T < 1, the magnetization can be expressed as [§]
B

232
My = Ny*R*I(I 4 1)
3kgT

By (3.3)

In order to increase the magnetic force F(t) = (M(t)-V)B, low temper-
ature and high magnetic fields are necessary to maximize the magnitude of the

magnetization M. This magnitude must also be effectively conserved during
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the modulation protocol, and the quantity M (t) - V B must be maximized by

controlling the magnetic field B, £

The effective field éeff = {(Bo — nyﬂ) Z 4 BlyA’} is controlled by
modifying the frequency and/or amplitude of the rf field. However the com-
ponent along the z axis will be directly proportional to the difference between
the Larmor frequency wy and wgrp. Defining wrpr = wy — €2 we can express the
effective magnetic field as:

H 0 N
Buy = [(BO - % + ;> i+ Blyf] (3.4)

When wrp = wp, the term Q is zero and the z component of Bsy is
also zero. On the other hand, the maximum value of the effective field is given

by

—

Q. X

Befna = —2+ Byl (3.5)
Y

wich also corresponds to the maximum value of the z component.

During the inversion process the magnitude of the effective field changes

in a range between \/ (% cos(wet))? + B# and By. Since neither of these values
makes B¢y much bigger than By, the spins will relax back to the z direction.
However, because the magnitude of the effective field varies while ramping
the rf field, the relaxation time will also change as a function of the different
magnitudes of the effective fields. Because of this effect, the manipulation of
the spins should be performed in a time shorter than the combination of all

the T1,; essentially, before the total magnetization is lost.
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3.1.2 Gradient of the Magnetic Field

Figure 3.2 shows the contribution of a permanent magnet to the mag-
nitude of the magnetic field. By adding a large field gradient a spatial depen-
dency of the magnetic field, By = (Bfieia+ Bpar)Z is introduced in the system.
If By is inhomogeneous inside a sample there will be a different Larmor fre-
quency for each different value of the magnetic field as shown in Figure 3.2
bottom left. A simulation of the magnetic field along the z axis for a cylindri-
cal permalloy wire of radius 0.2 mm and length 10 mm is shown in Figure 3.2

top left graph.

The resonance slice, Az, is defined as the section in which, despite
the inhomogeneity of the magnetic field induced by the gradient magnet, the
magnetic moments can be manipulated as a whole system. This definition can

be expressed as

20/~
A p—
*TV.B’

(3.6)

where 2Q2 /v, the range between By — wrpr/v and —(By — wrr/7y) when wrp =
wo — 2 shown in Figure 2.6, describes the range in which the spins feel almost

A 2Q
the same effective magnetic field AB = =Y —, and V,B is the gradient
g

f)/
of the magnetic field relative to position. Figure 3.3 shows the resonance slice

Q
thickness at a given position as a function of the amplitude —.
f‘)/

The field gradient is responsible in part for the magnitude of the mag-
netic force F' = M (0B/0z) and the spatial resolution. As long as the resonance

slice Az is larger than the sample, larger magnetic field gradients will increase
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Figure 3.2: Clockwise from the top left, total magnetic field éo = (Bfieia +
Bpy)Z generated by a cylindrical permanent magnet at different magnet-
sample distances along the z axis. Gradient of the magnetic field behaviour for
same permanent magnet and space interval. Resonance slice, Equation (3.6)
describes the change in thickness as a function of magnet-sample distance.
Finally, representation of the Larmor frequency of the spins proportional to
the magnetic field as a function of magnet-sample distance.
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Figure 3.3: The magnetic field By = (Bfieia + Bpar)2 and the resonance slice
Az where the N spins inside the resonance slice, Az, feel the “same” field.

the magnitude of the magnetic force. In the case where Az is smaller than
the thickness of the sample, larger gradient magnets involve shorter resonance
slices with a smaller number of spins N within them to induce the magnetic
force. As a result, it is clear that increasing the gradient does not always

generate larger forces [13].

Using Equations (3.1) and (3.3) and substituting N = n-V =n-(AAz)
and V,B = 2Q/(yAz), it can be seen that for Az smaller than the sample, the
force becomes independent of the gradient of the magnetic field and linearly
proportional to v, A and €:

YR*I(I + 1)

F = n20A
" 3epT

By (3.7)
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Figure 3.2 (top right) shows how, for different positions with respect to
the permanent magnet, there are different values of the magnetic field gradient
as a consequence the respective resonance slice thickness will also be different.
It can also be seen that, in order to achieve the highest resolution possible
(thinnest resonance slice), the sample-magnet distance must be as short as

possible.

3.2 Mechanical Oscillator

The cantilever is an essential part of a NMRFM experiment. Owing to
its sensitivity, it is able to detect extremely small forces generated by the spin-
magnet interaction. One of the advantages of using a cantilever is that it can
be treated as a simple damped harmonic oscillator driven with a periodic force.
This is the case when the modulated magnetic force matches the cantilever’s

resonance frequency [22, 34].

The equation of motion that describes the oscillation of the cantilever

as a damped driven harmonic oscillator is:

2
m% + 1"% + kz = Fy cos (wet) (3.8)

where z is the position of the tip, m is the effective mass of the cantilever, k is

the spring constant and I' = characterizes the energy dissipation of the

We
cantilever. On the right side of the equation, the driven term is composed of
the amplitude of the force F|, that is modulated to oscillate at the resonance

frequency of the cantilever, w. = 2rf. = \/k/m. The cantilever’s response
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time to a perturbing force is described by 7. = 2Q) /w, after which it approaches
a steady state. It can be seen that oscillators with a large w,. will have a fast

response time to perturbations, while large () oscillators have a slow response.

The performance of the cantilever is characterized by the minimum de-
tectable force which is ultimately limited by the thermal noise of the cantilever

and it is given by [22, 34]

[4kkpTA
Frin = \/S; A0 = ki‘;@” (3.9)

Consequently the ideal cantilever with very high sensitivity A = Q% to an
external force, F', and very low thermal noise must have very low k, and very
high ) and w.. At the same time, low temperatures increase the sample
magnetization and decrease the thermal noise of the cantilever contributing to

an improvement in the sensitivity of the measurements.

3.3 Magnetic Modulation

The magnetic force generated by the sample spins is so small that it
must be coupled to the resonance frequency of the cantilever to increase the
response by a factor of () as described by Equation (3.2). At the same time,
the amplitude of the modulation contributes to the size of resonance slice,
to the magnitude of the z component of the oscillated magnetization, and to
the magnitude of the force generated by the sample. The protocol used to
modulate the magnetization will play a crucial part in the sensitivity of the

measurements.
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3.3.1 Cyclic Adiabatic Inversion (CAI)

This technique is based on the implementation of periodic adiabatic
rapid passages that cyclicly invert the spins at the resonance frequency of the

mechanical oscillator.

To start the cyclic adiabatic inversion sequence, it is necessary to make
B¢ and B parallel to grab as many spins as possible and also to make the
angle of precession

Bz M. 5 cos(we)

= = (3.10)
Berp - Mo \/(% cos(w,t))? + B}

coslefp =

as small as possible. Figure 3.4 and Equation 3.10 show that this can be
achieved by setting the frequency of the rf field as far as possible from the

Larmor frequency without having to reduce the amplitude to zero.

Once By and B,y are parallel, we bring the magnetic field to the 2’ —/

plane by tuning wrr to wg. Then, a frequency-modulated wave of the form
WRF :w0+AwRF(t) (311)

can be generated to oscillate the z component of the magnetization.

For the case of a sinusoidal modulation with the same frequency as the

mechanical oscillator, this turning can be expressed as
wrr = woy + Q cos(w,t). (3.12)

Therefore, the effective field will be given by
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Figure 3.4: Cyclic adiabatic inversion protocol. The top left figure represents
the values of the effective field component parallel to By during the modulation
protocol. Figure bottom left represents the angle between B.sy and By z
during the same protocol. Right figure is representation of the vector Eef f
orientations during inversion.
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B Q0 DY\ . .
Beff _ |:<BO o wWo + COS((JJ )) 5+ Blyl:| , (313)
7

and as a result the z component of the magnetization during the cyclic adia-
batic inversion will be:

Q

= cos(wet)

M. (t) = Mycos(Oerr(t)) = My - = :
\/(; cos(wet))? + B?

(3.14)

The protocol shown in Figure 3.4, ends by setting the rf field far from
the Larmor frequency to ensure that the magnetization ends pointing in the

same direction as By or with the smallest angle 6 possible.

During cyclic adiabatic inversion, Equation 3.14 is an indication of how
much of the total magnetization is effectively used to generate the force that
will drive the cantilever [14]. It can be seen that the maximum value of the z
component of the magnetization depends on % Figure 3.5 shows the ratio
between the total magnetization due to the external magnetic field and the
effective magnetization responsible for generating the magnetic force. For the

cases where — is large compared to By, M, (t)mae: reaches values close to My,

so the magnetic force is maximum.

Q
In principle it is always desirable to keep the ratio B as large as possi-
YD1
ble so that the induced magnetic force is maximized. However, this maximiza-
tion is possible only if the change in direction of the effective field is performed

slowly enough to keep the spins locked to B.ss. Hence, an adiabatic condi-

tion arises requiring that the Larmor precession frequency be greater than the
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angular frequency due to the change in effective field. This statement can be

expressed as:

d¢

— 1

d
The angular velocity of B,y is described by d—f Here ¢ = (5 — 0), and can

be expressed as:

Ber¢z Q
sz [ COS(CUCt)- (316)

tan ¢ = —
Besry' By

A simple calculation shows that the angular velocity of the effective field can

be expressed as:
we + )

dp _ 4B Sin (ief) _ (3.17)

dt (Q ( t))Q .
— ¢0s (W, +
vB

The maximum value of the angular velocity is achieved when B.;; passes

c’ Q
through resonance, leaving m Y 5 It is also shown that the larger
max YD1

Q
the ratio B the larger the maximum angular velocity of the effective field.
YD1

Since the minimum value of the Larmor frequency happens when By, .

By, the cyclic adiabatic condition can be expressed as

we + )
By > 3.18
Vb1 B, ( )
and this can be rearranged to give
B 2
OB o (3.19)

w2
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This adiabatic condition (Equation 3.19) presents a huge constraint
in the future challenges to achieve single nuclear atomic resolution. It can be
seen that in principle, a large numerator and small denominator will help to
ensure that the spins responsible for the intensity of the magnetization are not
lost due to non-adiabatic effects during the modulation of the force and, to

achieve condition (3.19), Q and w, must be sufficiently small.

However, it is necessary that the magnitude of the force F(t) = M,(t) -

0B
5. be large enough to be detected by the cantilever. Equation 3.14 indi-
z

cate that the maximum signal will be obtained when the ratio M,(t)/M, =
% cos(wet)

\/(% cos(wt))? + B?

than vB; as shown in Figure 3.5. Equation 3.19 indicates that the cantilever’s

~ 1. In other words, €2 must be at least 6 times larger

resonance frequency must be small. Mechanical resonators with low resonance
frequencies are generally large and fragile with long ring up times, (7. = 2Q/w,,
as seen in section 3.2); also a small w, increases the threshold of the minimum
detectable force as indicated by Equation 3.9, and because of this the sensi-
tivity of the cantilever is also reduced. Since the numerator in Equation 3.19
must be large, but v is an intrinsic property of the nuclei and not can be
modified, large B; fields are desirable. However, large rf fields decrease the
ratio M, (t)/ My, reducing the effectiveness of the magnetic force; they also can

cause heating.

The result of those factors is that force sensitivity and the adiabatic
condition are in some ways opposed to one another. The key to achieving the

maximum resolution is to find the values that maximize the sensitivity and
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at the same time are within the boundaries that the cyclic adiabatic inversion
stipulates. As an example, one technique is to use different shapes of modula-
tion that follow the CAI constraint but allow the use of larger amplitudes of
modulation. Figure 3.6 is an example that shows how triangular waves admit

the use of larger €2, while they conserve the adiabaticity during the inversions.

CAI with sinusoidal or triangular waveform has the advantage that
the sample magnetization remains spin-locked during the modulation of the
effective field and that the transition between inversions is continuous. But,
even with the “ideal” experiment with very low w,, large B, v and €2 there
is still the inconvenience of signal artifacts due to rf fields producing spurious
forces at the cantilever resonant frequency, w.. This effect and its causes will

be demonstrated and explained below.

3.3.2 Sawtooth Modulation

Sawtooth modulation also locks the spins to the effective field during
inversions, but the modulation waveform has twice the cantilever’s resonance
frequency w,, as seen in Figure 3.7. However, the force is still modulated at
the resonance frequency of the cantilever. As a consequence, any artifact effect

will appear at 2w, and will not interfere with the force measurements.

The largest problem with the sawtooth wave is that there is a dis-
continuity between sweeps, as is shown in Figure 3.8. Consequently, if the
magnetization precesses around B.s; with some angle § # 0, the angle of

precession can increase with each inversion, decreasing the component of the
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blue, and triangular, red, have amplitude €2 = 500 kHz. It can be seen that
d

the triangular wave has a more shallow slope, or a smaller _gb, than the sinu-

soidal wave. On the other hand the third triangular wave has an amplitude
modulation 1.5 times larger than the other two, but the same slope as the
sinusoidal wave.
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Figure 3.7: A sawtooth wave oscillates at double the resonance frequency of the
sinusoidal and triangular wave and can use a larger 2 within the boundaries
of the adiabatic condition. The diagram shows that the discontinuity between
sweeps is fixed by bringing the amplitude of B; to zero to make § = 0 before
each inversion and to avoid phase discontinuities in the spin-locking to the
effective field.
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Figure 3.8: 1) When turning the RF field on, the magnetization will precess
around B,y with angle 6. Since the inversion is adiabatic, there is no loss of
spins when the spins reach position (2). Because the process to go from (2)
to (3) is instantaneous, the magnetic field “null cone” remains in the same
orientation but By is back now to its original position without having the
spins locked to it. A 180° phase shift of the effective field with respect to
the axis ¢y’ would align the effective field with the magnetization (4) allowing
adiabatic rapid passage to be performed to flip the spins back to (1).
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magnetization along the effective field. One solution to overcome this problem
is to perform 180° phase changes in the B; field between each of the sweeps.
The alternating phase (v/'), (=), (v/), (—=v'), ... technique will ensure that the

magnetization vector M, (t) remains spin-locked to B.ss. A second solution
Berrz M

/7 — "% i5 zero at the beginning
Berp My

and end of the inversion, or in other words: Bess = B.ss2 This condition can

is to ensure that the angle cosf .5 =

be accomplished synchronizing the rf modulation with amplitude modulation
that gradually turns off By when B.s; is close to Z to assure that 6 = 0.
Application of these techniques can be found at [15], [16], [17], [18], [19] and
[20] where the case of field amplitude modulation can be seen implemented in

Figure 3.7.

3.3.3 Cyclic Non-Adiabatic Inversion (CyNAI)

The Cyclic Adiabatic Inversion condition is very limiting when very
high sensitivity is needed. We are studying the possibility of developing a
novel method that can help us to overcome its constraints. The technique
— Inversion of MAgnetization Non-adiabatically EmphaSized (IMANES) — is
based on coupling the inversions of the spins with the cantilever resonance

frequency by the application of 7 pulses.

The first protocol proposed to perform non-adiabatic inversions is shown
in Figure 3.9, which explains the basic idea behind the process that can be
used to invert the magnetization M. (¢). By opening and closing the rf gate

synchronized with the frequency of the cantilever, two 7 pulses will invert the
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Figure 3.9: The application of 7 pulses are generated by turning ON and OFF
the RF field amplitude and the frequency constant.

magnetization, coupling the magnetic force with the resonance frequency of
the cantilever. In order to have a better control of the spin flips,a shift in

phase by 180° between pulses is recommended.

We have developed a second possible protocol based on this technique,

in which the application of a pulse at wy of length ¢, = % inverts the
YD1

direction of the magnetization. This orientation of the spins can be held fixed
by keeping the rf field on with a 90° phase, far from resonance, at w,; =

1/f, — 2t
wo — Q/v. After a time tho1d down = L, a second pulse at frequency wy

2
and phase 180° (to correct for pulse imperfection) and of the same length ¢,
inverts the spins to their original position. The spins are held here by again

keeping the rf field on at w,; = wy + 2/ and phase 90° for a time ¢4 yp Of
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Figure 3.10: The application of 7 pulses at twice the resonance frequency of
the cantilever modulates the force with frequency w.. The sinusoidal signal in
the top graph is only for visual reference.

the same length as 1,014 down- This protocol can now be repeated continuously,
resulting in a modulation of the magnetization that matches the cantilever

frequency w,.

The only condition that this pulse protocol needs to meet to work prop-
erly is that the Rabi frequency must be larger or the same as the cantilever’s
resonance frequency, w, < w; = vB;. In other words, the spin flip must be
faster than the time it takes for the cantilever to perform half a cycle. It has
been observed that the rf artifact is zero when w, = w; since modulation is

not necessary and there is no change in the rf field.

For a typical sinusoidal CAI wave with this technique, for small B; or
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v, or large w,, the frequency modulation amplitude must be small to obey

the adiabatic condition and, as a result, M, __ will be small. However, using

this technique, we can maximize the amplitude thorough the modulation since
the adiabatic condition is not necessary as long as w, < w;. Additionally,
cantilevers with high resonance frequencies can be more beneficial since a large

frequency does not affect the modulation amplitude, but decreases the ring-up

time of the cantilever and reduces F,;,.

We have developed a third possible protocol based on this technique,
shown in Figure 3.11. In this case, we first invert the magnetization M, that
is aligned with B, by turning on the rf field with frequency wy for a time
ty = % After t,, the amplitude remains unchanged but to keep the spins

YD1
in this orientation, we set the rf frequency far from resonance (w,r = wo—2/7)

1/f.—2t,
with a 90° phase for a time 4o down = /f— Now we apply a second m

2
pulse, with 180° phase, that inverts the spins back to their original alignment
with By for a time t, = 7L Here, unlike the earlier protocol, the frequency
remains constant and it is tl&e amplitude that is changed by turning it off for a
time ¢, off = thold down. For this period of time, B.ss = By and My = M, (t).
Again, to repeat the inversion after t,; .y we turn on the rf field at wy and

after a time ¢, we jump to w, s = wy — /7.

The same condition seen in the first pulse protocol, w. < wy, must be
met for this protocol however, in this case neither frequency modulation nor

amplitude modulation follow the oscillation pattern of the cantilever.
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3.3.3.1 Resonance Slice in IMANES

With adiabatic rapid passage, it is possible to invert the spins contained
in a slice of thickness Az. In NMRFM, dynamical measurements are performed

with a single frequency, wy, to control the inversions of the spins.

One of the biggest difficulties in cyclic non-adiabatic inversion is to
control the thickness of the resonance slice and to manipulate the rotation of
the spins when they are immersed in different magnetic fields. Figure 3.12
shows how the resonance slice thickness can be controlled. As is done with
MRI, using an rf field containing an array of consecutive frequencies wy+ Aw’,
we can manipulate equally all the spins contained in a range By + A’. For the

same gradient field, the larger Aw’, the larger the resonance slice will be.

3.4 Noise Sources

The minimum force that a cantilever in thermal equilibrium can detect,
based on its characteristics, was discussed in Section 3.2. In this section other

sources of noise that can add to the thermal noise, are discussed.

3.4.1 Environmental Noise

Environmental noise is all the noise present in a non-ideal instrument
and can, in principle, be avoided with better design; for example, by better

shielding and vibration isolation.
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wo = Aw’ corresponds to a resonance slice.

3.4.1.1 Mechanical Perturbations

Due to the loading limitations of the probe in the magnet, it is not
feasible to have a spring-based system that “detaches” the sensor from the
environment. As a result, the system is not ideally isolated from environmental
noise vibrations, making holidays, nights and weekends, the best time for data

acquisition.

52



3.4.1.2 Laser

For cantilever motion detection in NMRFM, the most common tech-
nique used is laser interferometry. The laser is a fundamental component of
the data acquisition system; but at the same time it can experience changes in
its wavelength or it can generate perturbations on the cantilever that will af-
fect the measurements. If the laser’s temperature changes, its wavelength may
also change. This can give a false reading to the lock-in fringe control that uses
the wavelength of the light as reference to keep the fiber-cantilever distance
constant. Variations in the cantilever-fiber distance result in small changes
of the intensity observed. This problem can be solve by using a temperature

control that keeps the laser temperature constant.

Another source of noise is the heating of the cantilever by the laser
beam, especially during experiments performed at cryogenic temperatures [21,

22]. This effect increases the thermal noise, thus affecting the sensitivity of

4kkgT A
the experiments, Fy,;, = VSpAv = B—QV
We

laser plays a main role in the heating factor of the cantilever. Using a 90 %

[22]. The intensity of the

to 10 % beam splitter is a way to reduce this effect. Another noise effect as a
consequence of the laser incidence on the cantilever is random w,. shifts. These
deviations in the cantilever frequencies have origins in the trapping or releasing
of individual electrons by the photons. These frequency shifts can be slowed

down by reducing the wavelength of the Lasers used during measurements.
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3.4.1.3 Mechanical Dissipation in a Static Magnetic Field

When a cantilever contains magnetic materials, magnetic dissipation
can be observed as a reduction of the cantilever’s quality factor [23-25]. This
dissipation has mainly been observed in magnets-on-cantilevers geometries,
but it has also recently been seen in non-magnetic cantilevers [26,27]. The
origin of this dissipation is the fluctuating orientation of the magnetization
with respect to the magnetic field. These dissipations, which can reduce the
quality factor of the cantilever, can be eliminated if the direction of the can-
tilever oscillation doesn’t involve change in orientation between the directions

of the cantilever and the magnetic field Byz.

3.4.2 Non-Contact Friction

As seen in Figure 3.2, the gradient of the magnetic field decreases in
magnitude with distance from the magnet. In the search for maximum sensi-
tivity, the sample-magnet distance needs to be reduced as much as possible.
However, cantilever - magnetic tip interactions appear as a noise effect and
increase as the distance between these two is reduced. This is not the case
in our experiments where the sample-magnet distance is on the order of mi-
crometers for micron-scale sample analysis, but it is typical for high resolution
experiments within distances around 100 nm or less. Some of the observations
and studies of these perturbations can be found at [22], [28], [29], and [30] for

interested readers.
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3.4.3 Thermal Noise

Thermal noise is the ultimate limiting factor of the minimum detectable
force in the sensitivity of the cantilever. When the cantilever is in thermody-

namic equilibrium with the environment, the equipartition theorem,

1 1
5Maﬂ) = 5ksT (3.20)

indicates that the vibration amplitude of the cantilever is directly proportional

to its thermal energy.

The cantilever’s tip vibration amplitude can be associated with a driv-

ing force noise characterized by a white noise power spectrum, Sg, such that

@) = [ 1GWPse d, (3.21)
0
where |G(f)|? is the absolute square of the mechanical transfer function, or
fe/k?
(f2 =22+ (fe f/Q)*
_ SFch

2k?
Equation (3.20) to express the noise power spectrum density with units of

N/\/E:

G = (3.22)

Solving for large @, we have (z?) , which we can substitute into

 4kkpT
- 2nfQ

where I is defined as the friction coefficient of the cantilever [22].

Sp = 4TkgT (3.23)

For minimum force detection, measurements of the spectral density

4k3k’BTAV
we@

shows how cantilevers with small &, large () and w. improve the minimum

with bandwidth Av gives the expression F,,;, = /SrAv = that

force that the oscillator can detect [21,31].
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3.5 Signal Sensitivity

It is assumed for the following calculations, that during the modula-

tion sequence, all the spins remain locked to the effective field (the adiabatic

z

M
condition is fulfilled), that
M

= 1, and that only thermal noise limits the

sensitivity of the cantilever.

We define the signal to noise ratio (SNR) as the ratio of the maximum
induced magnetic force that can be obtained from a selected section of a sample

and the minimum force that can be detected by the cantilever.

Frag My V.B

Using Equations 3.9 and 3.3 we obtain:

N~2R2I(I + 1) w.Q
SNR = By-V.B -] —— 3.25
3kpT 0V AkkpTAv (3.25)

For the case of a resonance slice smaller than the sample we can use

SNR =

(3.24)

Equation 3.7 to obtain

VRI(I+1) e,
NR=n20A T ) g [ Wete 2
SNRE=n 3keT 0\ WkkpTAv (3:26)

To end this section it is interesting to take a short look at an exam-
ple. In 2009, C. L. Degen, M Poggio, H. J. Mamin and C. T. Rugar [20]
detected a signal from 100 nuclear *H spins with a SNR of 2 at 300 milikelvin.
Improvements in cantilevers, gradient magnet fabrication and measurements
techniques will be necessary in order to increase the SNR for single atomic

resolution measurements.
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Chapter 4

Experimental NMRFM System

Our experimental system is the result of the substitution of an external
manual coarse positioning stages probe [32] by a whole new system composed
of piezoelectric stages and a semi-automated software control system for scan

processes, measurements, and analysis.

The control and data acquisition system of the NMR-Force-Microscope
is described, with software code explained in Appendix A. A PCle-6259 mul-
tifunction DAQ from National Instruments (Austin, Texas) was chosen as the
communication hub between microscope and station control. The card is a
multifunction card that has 4 analog outputs at 16 bits, up to 2.8 MS/s (2 us
full-scale settling), 48 digital I/O lines and 32 analog inputs. These character-
istics allow the generation of signals for control of the NMR force microscope

nano-positioning stages, for spin manipulation, and for data measurements.

By using a combination of manual and digital switches it is possible
,with the DAQ card, to perform nine different functions, to control six posi-
tioning stages and also to perform frequency modulation, amplitude modula-
tion and control of the rf gate. Only two analog inputs are used during the

experiments. This arrangement allows a fast data acquisition from the lock-in
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amplifier and DAQ. The GPIB card controls the set up of the commercial
instrumentation like lock-in amplifier, signal generator and multimeter. Si-
multaneously, to perform interferometer measurements, an analog fringe-lock

circuit is used to keep the relative distance between fiber and cantilever fixed.

Most of the elements that comprise the experiment are described in this
chapter: the nuclear magnetic resonance force microscope, laser interferometer,
magnetic field gradient, position control, fiber-lock, generation of modulated
rf field system, data acquisition, data analysis, and the components designed
and fabricated for NMRFM measurement purposes. Figure 4.1 is a schematic

representation of the whole system and its components.

The set of computer programs utilized to perform NMRFM measure-
ments are shown in the Appendix. Those are the positioning stage control,
cantilever driven scan, cantilever power spectrum density, multimeter, oscil-
loscope, signal generator, signal analysis and 2D image representation. The
software not only controls the commercial instruments via GPIB, but also con-
trols the main parts of the experiment, from spin excitation to data acquisition
and analysis. With the advantage of sequential processes and multiple digital

and manual switches, it was possible to maximize our resources with a single

DAQ and GPIB card.
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system. Green (dashed) lines indicate GPIB connections that control the
setting of the commercial equipment and transmit data. Purple (dash-dots)

lines are the inputs and outputs from the DAQ. The inputs come from the X
and Y channels of the SR830 lock-in amplifier. The purple output contains
the signals for 3D axis position control and rf modulation. A set of switches

separates the type of signals into their corresponding channels: grey (solid) for
position control and orange (square-dots) for rf modulation. Red (long dash)
lines indicate laser signal paths and blue (long dash-dot-dot) lines are the DS

345 signal generator outputs that drive the cantilever and synchronize with

the lock-in SR830 and the, DAQ.
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Figure 4.2: Image of the Nuclear Magnetic Resonance Force Microscope. Be-
hind it can be seen the 8.05 T NMR superconducting magnet with the tail
dewar incorporated.

4.1 Nuclear Magnetic Resonance Force Microscope
4.1.1 Cryostat Probe

The microscope is in a vacuum-sealed cryostat probe designed to work
in an 8.05 T NMR superconducting magnet with a He tail dewar used for
variable temperature measurements. The previous microscope contained ex-
ternal manual coarse positioning stages [32]. The new microscope contains
piezoelectric positioner stages, three for the fiber interferometer and three for
the gradient magnet. The threaded bars give us flexibility to add or remove
fine piezoelectric positioners for future high sensitivity 3D measurements, or

other components to the microscope without needing to make major changes
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to the probe.

The cantilever and the rf coil are stationary parts of the microscope, and
the fiber interferometer and gradient magnet are aligned with the cantilever

by using the z, y and z piezoelectric positioner stages.

4.1.2 Fiber-Optic Interferometer

The fiber optic interferometer is the component of the probe that trans-
forms the oscillation of the cantilever into a analog voltage ready for analysis.

The interferometer system is described in the following two subsections.

4.1.2.1 Laser System

As mentioned earlier, the laser power can heat the cantilever and cause
noise perturbation effects. To avoid this, an 1310 nm beam from a diode laser
is split in two with a 90%/10% directional coupler. The beam with 90% is sent
through a fiber with a bad cleave (to avoid unwanted reflection) and the 10%
beam is used for interferometry purposes, as seen in Figure 4.3. When the
light reaches the end of the fiber, some is reflected and some is transmitted.
The transmitted light hits the cantilever and is reflected back into the fiber.
The resulting interference is a function of the fiber-cantilever distance and is
transformed by a photodiode into current, then into voltage by a current-to-
voltage op-amp circuit. The signal coming from the current to voltage circuit

has two components, Vpe and V 4¢.
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Figure 4.3: Overview of the fiber-optic interferometer and use of the signals
measured

The resulting signal can be expressed as

. 27
Visig = Vosp + A - sin <>\—/2d> , (4.1)

where V,¢; is due to the difference in percentage between the transmitted and

the reflected light at the tip of the fiber and X is the wavelength of the laser.

Constructive interference occurs when

2d = (n + %)A (4.2)
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and destructive interference occurs when

2d = nA. (4.3)

If the fiber-cantilever distance varies, the output voltage measured will
change as a function of d, as described by Equation (4.1). The DC com-
ponent, measured with a voltmeter, is an indication of the cantilever-fiber
distance and is used to keep a fixed distance between both components during

measurements.

On the other hand, the AC component of the signal represents the
cantilever oscillations. These oscillations are on the order of nanometers in
amplitude and have frequencies on the order of kilohertz, measurable by lock-
in amplifiers. Figure 4.3 shows how the AC component of the voltage-to-
current circuit output is measured with the lock-in amplifier for cantilever
oscillation measurements. The voltage signal displacement measured from the
fringe center, 0Vj;,/0d, can be converted into the amplitude of vibration of
the cantilever by using:

% 27

The top graph in Figure 4.4 is a recorded measurement of the interfer-
ence signal when the fiber is moving towards the cantilever. Two effects are
evident in this graph: the oscillation due to the interferometry effect and an
increase of the amplitude V,,, because as the fiber gets closer to the cantilever,
more light gets reflected back into the fiber. The bottom graph shows the

linear behavior of the fringe around its center as described in Equation (4.4).
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cantilever. Bottom, interferometry fringe as a function of fiber-cantilever dis-
tance.

This linear behaviour is used for two purposes: The first purpose is to cali-
brate the interferometer cavity length so that the fiber-cantilever distance can
be kept constant with the use of a feedback circuit lock; the second purpose is

to calibrate the measurement of the cantilever’s small tip oscillations.

4.1.2.2 Feedback Circuit for Fiber - Lock

In order to measure the cantilever’s oscillations, it is necessary to keep
the mean cantilever-fiber distance constant, that is, to stay on a known (the
ateepest) part of the interference pattern. For this purpose, we use a home-

made analog feedback circuit that controls the voltage that drives the z piezo
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Figure 4.5: Analog fringe lock circuit diagram.

to lock in the position of the fiber with respect to the cantilever. Scans of
the distances provide interferometric fringes where the peak-to-peak distance
represents a movement of distance A/2. Locking the position when the volt-
age of the interferometer is at the center of the fringe gives the most linear

measurement of the cantilever oscillations, as is seen in Figure 4.4.

Our feedback circuit is a copy of the one used by Utkur Mirsaidov [23]
shown in Figure 4.5. However, other types of circuits like the ones at [32-34]
and [35] function as well. The mechanism is the same regardless: a piezo-
stack controls the z position of the fiber and a varying voltage from —15 V
to +15 V controls the length of the 2z piezo and thus the position on a fringe.
A description of the procedure necessary to lock the fiber-cantilever distance
with the fringe lock feedback circuit can be found in Reference [33] [p.121].

Since the piezo-stack behaviour is temperature dependent, it is necessary to
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make adjustments in the feedback voltage that drives the piezo to obtain the

same results at cryogenic temperatures.

4.1.3 Mechanical Oscillator Characterization

The NMR Force Microscope system is built around the cantilever sensor
held against a piezo plate, which is used as a shaker, and these two compo-
nents are attached to the middle plate shown in Figure 4.2. The sample,
a micrometer size ammonium sulphate crystal, is attached to the cantilever
with five-minute epoxy. The external magnetic field is perpendicular to the
cantilever. As mentioned earlier, the amplitude of the cantilever’s oscillation

F
at its resonance frequency is given by A = QE, and the CAI demands that
(vB1)?
We
lator for our experiments are the quality factor, resonance frequency and the

> 1. Thus the most important characteristics of a mechanical oscil-

spring constant.

In this section, the main methods used to determine these three values
will be described in detail. We use two methods for this purpose: 1) driven

frequency scans and 2) fast fourier measurements of the power spectral noise.

4.1.3.1 Driven Frequency Scan

The cantilever is located on top of a PZT 840 piezo plate transducer
(American Piezo Ceramics, Inc.) that can be driven with a function generator

(DS 345) that generates a sinusoidal voltage signal. The expansion of the piezo
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is described by
Ah = ds3V, (4.5)

where d33 is a temperature dependent constant.

To perform resonance-frequency scan measurements, a newly redesigned
Labview software is used. This program controls the frequency settings of the
DS 345, reads the data through a Stanford Research SR 830 DSP Lock-in
Amplifier and stores the measured R, X, Y, and ¢ values for each one of the

driving frequencies.

For each driven frequency scan, the oscillation amplitude Ah is set
constant during the scan. The cantilever is shaken at frequency f during an
acquisition time AT, and the driven frequency is changed in steps of size Af.
The cantilever’s tip oscillation amplitude is measured by the fiber interferom-
eter and sent to the lock-in amplifier that is synchronized with the DS 345.
The signals are averaged with a time constant 7 that also defines the time in-
terval length of measurements AT =5 -7 and the driven step size Af = 1/4r
for a 6 dB/octave filter. It is always convenient to choose step sizes around
1% smaller than the bandwith size and deduce from there the corresponding

values of 7 and AT.

Figure 4.6 shows the resonance frequency scans with X (the in-phase
channel), Y (the quadrature channel) and R = v/X?2 + Y2 values from a can-
tilever provided by John Maroon and Jonilyn Longenecker. The graphs show
that for different phase settings, R doesn’t change while X and Y components

vary with respect to each other.
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Figure 4.6: Resonance frequency scans for different values of the phase of the
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For our measurements, we set the phase at a value that, at exactly the
resonance frequency of the cantilever, makes X a maximum and Y zero. The
result can be seen in Figure 4.6 at phase 28. The frequency scans of the X
component were fitted to a Lorentzian curve with Igor Pro software and the
value of () was obtained by dividing the resonance frequency of the cantilever

by the full width at half maximum (FWHM) of the curve

We

Q=% (4.6)

Figure 4.7 shows the X measurements of two driven scans and the
corresponding Lorentzian fits. The averaged values obtained from both fits

are f. = 2286 Hz and Aw = 1.170 Hz giving Q) = 1953.

4.1.3.2 Power Spectral Noise and Spring Constant

For the characterization of the cantilever’s spring constant k, an indirect
method based on the equipartition theorem is used. As seen in Section 3.4.3,
thermal noise will make the cantilever vibrate with some amplitude that can
be related to the driving force noise characterized by a white noise power
spectrum Sg. Since the lock-in amplifier measures the RMS noise vibrations
with some bandwidth related to the power spectrum, the amplitude of the
cantilever vibration can be obtained for spring constant characterization. The
RMS noise vibration \/m is measured by the lock-in taking a time
series measurement at some previously determine frequency and bandwidth. A

fast Fourier transform (FFT) of the digitized measurements results in a graph
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Figure 4.8: Noise Power Spectrum as obtained from Labview software

in the frequency range showing the RMS amplitude spectrum. Squaring the
RMS amplitude spectrum and dividing it by the bandwidth, the noise power

spectrum is obtained.

The mean square noise vibration amplitude of the oscillator for a fixed
temperature described in Equation (3.12) is due to the contribution to the
noise power by the frequency spectrum. This area under the noise power
spectrum, shown in Figure 4.8, gives the value (z?). The Equipartition The-
orem, Equation (3.20), a link between thermal energy and mechanical energy,
is used to calculate its spring constant k& from the mean square noise vibration

amplitude of the cantilever due to thermal noise.

Previously, in our experiments the data were stored in the lock-in am-
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plifier’s memory with a maximum sampling interval of At = 1/512 Hz. A new
program was developed in which the data were measured and stored using
the DAQ to achieve a faster sampling rate during data acquisition. With this
new program, we are able to sample at up to 1 MS/s. The time series is then
Fourier transformed using Labview. The frequency resolution of this Fourier

transform is

1 Is

“NALC N (47)

Af

where fg is the sampling rate and N is the number of points stored. Large
time measurements or low sampling rates increase the frequency resolution.

However, the frequency range scanned is determine by the sampling rate:

N
frange = 5 Af = %

) (4.8)

Equations 4.11 and 4.12 provide the variables that set the resolution
and range of the FFT measurements. During measurements, it is required that
the bandwidth of the lock-in amplifier (Av) be at least twice the spectrum of
the FFT, Av > é, so that the roll-off of the filter will not attenuate the

outlying frequencies.

4.1.4 Permanent Magnet

A sample-on-cantilever geometry was chosen to perform our experi-
ments. The sample was attached to a cantilever aligned perpendicularly to
the magnetic field and a long rod with its geometrical long axis along the

oscillation direction of the cantilever, as shown in Figure 3.1, is an optimal
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geometry to generate a large magnetic field gradient. The magnetic field for a
uniformly magnetized rod is described by
AT M z z—L
Bpy(z) = — , 4.9
pa(?) 2 (\/z2+r2 \/(z—L)2+r2) (49)

while the gradient of the magnetic field along the same direction can be de-

scribed by

8_B - Ar M 1 - P N (z _ L)2 B 1
0: 2 \VZ+? (24P (- L2+ -0 +m))
(4.10)

where M is the magnetization of the magnet, 2 is the magnet-sample distance
along the long axis, L is the length of the magnet and r is the radius of the

magnetic cylinder.
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Figure 3.2 shows the total magnetic field and the value of the gradient
from which we can optimize the resonance slice size and force by carefully
adjusting the sample-magnet distance. Figure 4.9 shows a two-dimensional
simulation of the direction and intensity of the magnetic field generated by a
permalloy rod aligned along an external magnetic field with QuickField soft-

ware.

4.1.5 The RF Coil

The rf field responsible for spin manipulation was provided by a 0.5
mm diameter wire rolled around the same type of wire to form a coil with
three turns. This wire is coated with Niclad, an insulator that prevents shorts
between the individual turns. The equation that describes the magnetic field

generated by a coil with current I is:

1 NI L
B =M r 7 (4.11)
2 L V2 + R? \/(a:—L)2+R2

where pp = 47 x 1077 T-m/A, N/L is the number of turns per unit length, I

is the current, x is the distance outside the coil along the axis and R is the
radius. Figure 4.10 shows the coil, the sample, and the cantilever used during

the experiments.

At rf, the capacitance and inductance of the circuit plays a major role
in the efficiency of the power transmission. The power delivery from the power
amplifier to the coil is maximized by using a tuned, or impedance-matched,
network to avoid power reflections at the cable interfaces or other circuit com-

ponents . The use of variable tuning capacitors and an HP Network Analyzer
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Figure 4.10: Image of coil, cantilever and sample.

allows us to adjust the circuit overall impedance to 50 2. The capacitors,
located outside the probe for easy tuning, are connected to the coil by a rigid
coaxial cable (RG 174) that runs along the probe. The tuning capacitors are
either parallel tuned series matched or series tuned parallel matched as shown

in Figure 4.11.

When the modulated waves are allowed through the rf gate, the waves
are amplified in an ENT 5100L-NMR, rf Power Amplifier by 50 dB with a max-
imum output of 100 watts. The maximum transmission of power is achieved

when the carrier frequency of the wave and the tune frequency of the circuit
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Figure 4.11: Possible impedance matched configurations: a) parallel matched
series tuned, b) series matched and parallel tuned

match. As the carrier frequency moves away from the tuned frequency the
power delivered decays; how quickly is a function of the quality factor of the
circuit. The potential of the rf coil to generate the By field is proportional to
Q = f/Af, the quality factor of the circuit. High quality factors allow high
fields, but since they have narrow frequency bands, small changes in frequency

will cause large changes in the amplitude of B;.

4.1.5.1 RF Signal and Artifact

The core of the NMRFM experiments consists of coupling the frequency-
modulation (FM) of the carrier frequency to the cantilever’s resonance fre-
quency, as was indicated in Section 3.3. High Q factors will help to generate
large B fields, a desired property to overcome the linewidh effect in solid sam-
ples and simultaneously accomplish the CAI condition with high amplitudes of
FM. At the same time, high @) factors can cause amplitude modulation (AM)

as the frequencies move away from the carrier frequency, producing undesired
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Figure 4.12: Artifact effects as a function of the frequency at which the tank
circuit is tuned. The signal generator carrier frequency is set to 346.0 MHz.

artifact effects on the cantilever.

Figure 4.12 shows the cantilever artifact effects for a constant value
of the carrier frequency center at 346.0 MHz and the tank circuit tuned for
different frequencies. It can be observed that as the tank circuit is tuned for
frequencies away from the carrier frequency, the artifact effect is reduced be-
cause the B; amplitude is also being reduced during frequency modulation.
Here, modulation of the rf wave matches the cantilever frequency, f. = 2288.6
Hz. The amplitude of modulation input was set to 1000 mV, which is equiva-

lent to 500 kHz. The lock-in amplifier time constant 1 ms and the sensitivity 1
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mV. Figure 4.13 shows the cantilever artifact effect around the cantilever’s res-
onance frequency. There is a noticeable decay of the artifact as the modulated

frequency moves away from the resonance frequency.
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Figure 4.13: Artifact effects as a function of the modulation frequency. The
cantilever resonance frequency is 2288.6 Hz

One possible technique used to avoid the artifact effects using the saw-
tooth technique in which the FM and the AM oscillate at 2w. but modulate
the spin at w,., as described in Section 3.3.2. Another possibility is the use
of the cyclic non-adiabatic inversions (CyNAI) as described in Section 3.3.3,
where matching w, with w, avoids the necessity of any type of modulation. Fi-
nally, another possibility is the use of microwires instead of coils, as described

by M. Poggio et al. [17]. Since microwires are not as dependent on a quality
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factor, there are smaller changes in the amplitude of the magnetic field during

modulation, and large artifact effects are not induced on the cantilevers.

4.1.5.2 Frequency Modulation Comparison

As indicated in the previous section, artifact effects can be avoided or
mitigated by the use of different techniques. Here we show several studies of

the effects of different modulation techniques on different cantilevers.

......... OO
0.581 0.582

Amplitude (&)

O L L L L L
5000 10000 15000 20000 25000 30000 35000 40000
Points taked

Figure 4.14: Top, triangular modulation wave. Bottom artifact effect.

The first cantilever studied, courtesy of Jae-Hyuk Choi at KRISS, was

also used during dynamical NMRFM measurements of ammonium sulphate
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Figure 4.15: Artifact effects as a function of the amplitude of the FM.

and had values of @ = 1032, £k = 0.0056 N/m and fy = 6400 Hz. The artifact
is due to the triangular-shape frequency modulated rf field shown in Figure
4.14. The deviation from the carrier frequency, Aw, during modulation is
expressed in volts instead of frequency units. A more detailed explanation will
be given below where rf generation is explained. For now, keep in mind that
there is a linear behavior where +1 V is the equivalent to 500 kHz with 1%

uncertainty.

A measurement of the cantilever’s perturbations for different magni-
tudes of the frequency modulations is shown in Figure 4.15. It can readily be
seen how the artifact increases as we increase how much the frequency devi-
ates from the carrier wave. A more detailed look shows that the reaction of

the cantilevers for the first five Aw have different constant of proportionality
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than for the largest deviations. For small Aw, the perturbations are linearly
dependent on the increase in modulation. As a result an harmonic response
of the cantilever to the perturbations and/or to the fact that the change in rf
field amplitude is small at the tip of the tuned circuit transfer function. The
different rate of increase of the artifact at higher Aw may be due to a non-
harmonic behaviour of the cantilever and/or to the fact that the amplitude of
the B field change is smaller for large Aw owing to the transfer curve of the

quality factor.

Using another type of cantilever, courtesy of Jonilyn Longenecker and
John Marohn at the department of Chemistry and Chemical Biology at Cor-
nell University, similar artifact studies have been performed. A typical new
cantilever had values of Q = 3338, k£ = 0.000322 N/m and f, = 2288.8 Hz.
This type of cantilever is more sensitive to the changes in the amplitude of the
rf magnetic field B;. As a result, shown in Figure 4.16, the cantilever is highly
perturbed in a way that saturates the lock-in amplifier and measurements of
the oscillation amplitudes can’t be performed. If cantilevers of this type are
to be used with rf coils as a source to generate the magnetic field, techniques

other than triangular modulation must be used.

Sawtooth-shaped frequency modulation with amplitude modulation, as
in Figure 3.7, appears to be a solution to this problem. Sawtooth frequency
modulation at 2w, with amplitude modulation was studied and observed for
this cantilever. As can be seen in Figure 4.17, the artifact effect appears at

double the resonance frequency of the cantilever without perturbation at the
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Figure 4.16: Cantilever artifacts for different Aw frequency modulations.
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Figure 4.17: Cantilever artifact effect for sawtooth frequency modulation ob-
serving at 2f, (top image), at f. (middle image), and with only cantilever
thermal noise at f. (bottom image)

resonance frequency. It is expected that by using this technique, the signal
observed will only be from the contribution of the modulated spin force and

thermal noise, since artifact effects have been eliminated.

A comparison of artifact effects for the same cantilever using triangular
modulation and pulse modulation (like the one shown in Figure 3.10) was per-
formed and is shown in Figure 4.18. The two resonance frequencies of the can-
tilever utilized were: w. = 2290 Hz represented in red squares and w, = 17770

Hz represented by blue circles. The first five points are pulse sequence mea-
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Figure 4.18: Artifact effects for the same cantilever using triangular modula-
tion and pulse modulation. The two resonance frequencies of the cantilever
utilized were: 2290 Hz represented in red squares and 17770 Hz represented
by blue circles. First five points are pulse sequence measurements and the rest
are correspond to artifacts measurements during triangular FM.

surements and the rest correspond to artifact measurements during triangular
FM. The studies were performed with B; = 33 G, which corresponds to
pulses of length 4 us. For triangular modulation at each one of the cantilever’s
resonance frequencies, the artifact effect has similar intensity. In both cases
triangular modulation induces larger artifacts than the ones generated by the
pulse modulations. A dependency with the resonance frequency of modulation
is noticeable in this case. For higher frequencies of the cantilever w,, the ratio
with respect to the Rabi frequency w; decreases because the time where the rf
field frequency is off resonance is smaller. As mentioned in Section 3.3.3, the

artifact effect became zero with w, = wy.
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4.2 Positioning Control

In previous sections, cantilever characterization with the fiber interfer-
ometer has been described, including the role of the gradient magnet. Also,
the rf coil system used to generate the magnetic field B; has been discussed,
including the inconvenience of a change of the magnetic-field amplitude during
frequency modulations. Now we will describe the positioning control of the

gradient magnet and the fiber interferometer.

The control system is a design borrowed from Attocube Systems’ nanopo-
sitioners. The microscope uses two identical stages, one for the positioning of
the fiber optic interferometer with respect to the cantilever and the other for
the gradient magnet positioning, also with respect to the cantilever. Figure

4.2 shows how the two stages are incorporated into the microscope.

The Attocube stages are of the slip-stick type with capabilities of coarse
motion of several millimetres and finer motion on the sub-nanometer scale.
The clamping pieces are made of titanium because of the non-magnetic prop-
erties and light weight of the material. These pieces are clamped to a machined
graphite bar thanks to screws with springs underneath to control the clamping
force. At the same time the graphite bar is epoxied to another titanium holder
piece with Epotek H77 black epoxy. The stages are driven with a sawtooth

signal that is described in [35, page 30].

To drive the piezo stacks, a software control system has been developed

to drive the stages sequentially where the step size and frequency can be
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Figure 4.19: Nano-positioning control diagram generated by the 3D Scan con-
trol system explained in the text.

calibrated. The software generates a sawtooth signal with an amplitude of
up to 5 V, which is amplified up to 60 V with a set of three OPA549 high-
voltage op amps. Each one of them drives, although not simultaneously, the
two stages assigned to the same axis. A switch is used for the selection of
the gradient magnet or the fiber stage. These op amps have the ability to
withstand high voltages, and high currents simultaneously, a characteristic

necessary for performing the fast voltage drops that define the sawtooth shape.

During NMRFM experiments, the z axis of the fiber stage, when it
is not being driven by the software positioning control, is connected to the
feedback lock circuit for use for interferometric purposes. Meanwhile, the

gradient magnet stage used for scanning is driven between measurements.
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Figure 4.20: Rf generator set-up. Amplitude modulation is optional in the
system.

4.3 RF Generator

The RF waves that couple the spin modulation with the cantilever’s
resonance frequency are generated in a home-made Labview signal generator.
This signal generator allows us to customize the design of the spin manipu-
lation protocols and the continuous shape of waves that are used during the
measurements. Triangular, sawtooth, or sinusoidal frequency modulations are
easily available. The system allows us to synchronize frequency modulation

and amplitude modulation in the same wave, as can be seen in Figure 4.20.

All the generated output waves come from the DAQ as voltage signals
and are redirected, thanks to a digital switch, into a signal generator, a voltage

attenuator, and an rf gate. The frequency modulation output with a range

87



between —1 V and 1 V is sent into a Rohde & Schwarz signal generator set to
have a carrier frequency near 346. MHz. At this carrier frequency and in exter-
nal frequency-modulation mode, a linear transformation allows for a frequency
deviation of 500 kHz for 1 V input. When this technique is used, the phase
of the carrier can’t be easily synchronized with the modulated input signal.
For measurements where phase synchronization is necessary, this technique is
not valid. However, in our experiments, the cantilever-frequency modulation

signal need not be synchronized with the carrier phase.

If a sawtooth wave is needed, amplitude modulation must be included
and synchronized with the frequency-modulated wave to keep hold of the mag-
netization, as discussed in Chapter 3. Our custom design passes a continuous
wave through an rf gate controlled by a 0-5 volt signal, also generated by
the same customized signal generator, and synchronized with the waves. This
signal simultaneously triggers the data acquisition program, a custom-made
oscilloscope software that reads the X and Y outputs from the lock-in amplifier
and saves them in the right folder. A third output with voltages between 1-10
V from the signal generator controls the variable attenuator, model number
Z X'73—2500+ from Minicircuits. The frequency-modulated waves coming out
from the Rohde & Schwarz are sent into the voltage variable attenuator where
the amplitude of the wave is modulated up and down twice each cantilever

cycle.
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4.4 NMRFM Measurements

When the right conditions are obtained: resonance slice located in the
sample, B; large enough to overcome the linewidh of the sample, small arti-
fact effect, and large amplitude of modulation fulfilling the CAI condition; the
induced magnetic forces can be observed. During modulation, the signal mea-
sured by the data acquisition system will be a combination of the artifact and
the nuclear magnetic force. Assuming that the artifact effect remains constant
during measurements as shown in Figure 4.18, this effect can be considered as
an offset in the measurements. If a signal is measured in which the cantilever’s
amplitude is larger than the offset, a more precise study will be conducted to

verify whether a magnetic force has been measured.

The design and generation of the modulation in frequency and ampli-
tude is tailored in our custom-made Icai 105 software. Once the signal is built,
it is synchronized with a second signal, a pulse, that will act as a trigger. Both
digital signals are sent into the DAQ to be transformed into analog waves. The
FM signal is sent into the Rohde & Schwarz and the pulse will open and close
the rf gate or trigger the oscilloscope. The cantilever response is sent into a
lock-in amplifier and the in-phase and quadrature channels are sent back to
the DAQ), digitized and read by a custom-built oscilloscope. Both signals are
read at a sample rate of 8192 S/s and saved automatically in the same folder.
The oscilloscope has the features of averaging, controlling the acquisition sam-
ple rate, and the use of different types of triggers. The oscilloscope has the

capability of recording consecutive measurements with the feature called: save
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Figure 4.21: Data acquisition and analysis process. Our handmade signal
generator sends the analog signals to the rf gate and to the Rohde & Schwarz
signal generator. The cantilever response is sent into a lock-in amplifier and
the in-phase and quadrature channels are sent back to the DAQ and read by a
custom-built oscilloscope. Both signals are read and saved automatically in a
folder. The data analysis software reads each file and shows a representation
of the cantilever oscillation for each measurement.
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using the next available filename. With this feature all the files containing the
measurements are recorded with the same name but ending with a number
that sets the order in which they were recorded. This particular feature allows

the use of an automatic data analysis software.

NMRFM gradient magnet position scans are tedious and long. De-
pending on the size of the steps and their range, the scans can have hundreds
of files. Since each file corresponds to a five-second time series, the number of
points per file is 40960. However, since each measurement recorded contains
the order in which they were stored, a program can read all the files keep-
ing the same order as when they were obtained. Because of the trigger, all
the artifacts always start at the same position for all the measurements. The
program is set to look only at a specific section of the artifact or signal-plus-
artifact and average all the values with respect to an averaged baseline. At
the same time, the software looks at the maximum value of the time series,
corresponding to the end of the continuous wave, and averages the values for
a determined interval of points around this maximum. The advantage of this
system is the reduction of hundreds of time series to a single file containing

the averaged values of the cantilever responses at each measurement.

If the spin magnetic force is detected by the catilever during the scans,
the set of measurements will contain files with only artifacts and files contain-
ing both. With the Main Values program, the files with the nuclear magnetic
force most often appear during the scans as a larger oscillation by the can-

tilevers than the ones with only artifact (that is, the signal is in phase with
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the artifact for our arrangement). This effect is shown in next section where

the results of two gradient position scans are shown.
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Chapter 5

Results and Discussion

5.1 Introduction

Position-dependent force-detected NMR measurements on a 25x15x7
pm? single crystal of ammonium sulfate (NHy)2SO4 were performed at room
temperature in a sample-on-oscillator configuration. The measurements uti-
lized our new probe with dual 3-axis piezo-driven stages for fiber interferometer
and gradient magnet positioning, as well as the previously mentioned LabView-
software-based control system capable of signal generation, data acquisition,
and analysis. Force signals were detected with 12 pm resolution in a one-
dimensional scan. Measurements of NMR relaxation times 75 = 1.5 £ 0.3 us,
Ty =44 £ 2 ps, and T} = 5.6 £ 0.7 s were obtained in an 8 T magnetic field,
extending the frequency range of previous measurements and revealing an
unexpected frequency-dependent fluctuation spectrum at room temperature.
These techniques open a window to dynamical imaging scans in materials re-
search on single microcrystals with resolutions on the micron scale at room

temperature and at sub-micron scales at lower temperatures.
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5.2 Positioning Scans

In the experiment, the ammonium sulfate single crystal sample used
has a relatively high proton spin density ny = 6.5 x 10?2 cm™ and a long,
nearly frequency-independent spin-lattice relaxation time (7} = 3.9 —4.4 s for
10 — 60 MHz), also known to be sensitive to ammonium tetrahedra dynamics
[36]. The material was attached to the cantilever with Devcon 5 Minute epoxy;
it also could stay attached under vacuum conditions without degradation for

an extended period.

During a scan the cantilever response was monitored, each time the
gradient magnet was moved, throughout the typically 200 ms during which
the modulated rf field was applied. Although the rf excitation ideally has no
Fourier component at the mechanical oscillator frequency, a small background
signal due to induced periodic motion from the frequency-modulated rf signal
can be observed as a vertical baseline offset in the scan data shown in Figure
5.1. When the resonance slice coincides with the sample position, the spin
signal can be seen over the rf background signal. The two scans shown in-
vestigated both the effect of a 0.3 MHz shift in resonance frequency and the
effect of the lock-in amplifier time constant 7, by looking at 346.337 MHz with
7 = 300 ms and at 346.037 MHz with 7 = 30 ms. As expected, the ~ 346.3
MHz, 7 = 300 ms data (circles) exhibit a lower random noise amplitude than
the ~ 346.0 MHz, 7 = 30 ms data (crosses). More importantly, these two
scans (and a variety of others) confirm the NMR nature of the force-detected

signal: here, the peak has shifted approximately 80 um for a 0.3 MHz fre-
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Figure 5.1: Result of two consecutive scans at 346.03MHz (crosses) and
346.33MHz (circles) showing the observed force signals over the rf artifact
baselines (offset).

quency shift, which, with v ~ 42.6 MHz/T, corresponds to a magnetic field
gradient of approximately 90 T/m. For the *H nuclear Curie magnetization
and our sample dimensions, a net moment of 2.2 x 10717 J/T is expected; thus
for the 90 T/m field gradient, a force of only 2.0 fN is expected. Thus we
typically signal-averaged 9 to 25 times to improve signal-to-noise a factor of 3
to 5, that is, to bring this force appreciably above our noise level of 1.4 — 4.3

fN mentioned above.
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5.3 Spin Manipulation Experiments

For the subsequent experiments, the resonant slice was centered at the

sample location for the Larmor frequency in use, and remained fixed there.

5.3.1 Spin Nutation

First, spin nutation experiments were performed in which the net nu-
clear magnetic moment is tilted away from the z axis by a variable angle 6
with pulses at the Larmor frequency wy of different durations 7,; the angle of
nutation is described by Equation (2.19). The expected spin signal was fitted

to a damped sinusoidal function with an offset value as described by

A= e/ cos(yBy - 1) + b. (5.1)

Figure 5.2 shows two nutation-experiment plots with different lock-in
amplifier time constants. The period obtained from these Rabi oscillations
corresponds to Trap; = 7.2 ps, and with, 6 = wit = vByt, Equation (2.19), we

thus determine an rf field amplitude of B; = 33 gauss.

Once the magnitude of B; is known, it is possible to control with rela-
tively good precision the orientation of the magnetization. This control then
permits the possibility of performing dynamical measurements on our sample.
Another advantage of knowing the rotating rf field is that maintaining the
experiment within the CAI limit is no longer estimated and the maximum
amplitude of frequency modulation can be exploited. In our particular case,

33 G corresponds to a limiting amplitude of frequency modulation of 2 = 200
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Figure 5.2: Nutation experimental data (nuclear magnetic moment, measured
by the cantilever amplitude, as a function of nutation pulse length 7,,) at 346.2
MHz and fits to Eq. (5.1) using two different lock-in amplifier time constants;
7 = 30 ms (crosses and solid line) and 7 = 300 ms (circles and dash-dot line).
Inset: rf frequency modulation pattern used to tilt (during 7,) and measure
(cyclic adiabatic inversion after 7,) the spin orientation.
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kHz to safely avoid non-adiabatic effects (using a conservative adiabaticity

factor of 10).

5.3.2 Spin Echo

Next, spin-echo measurements at room temperature were performed
with 7/2 = 1.8 ps and m = 3.6 us pulses for B; = 33 G. First a 7/2 pulse was
applied to set the magnetic field in the z—y plane. The inhomogeneity of the
magnetic field in the ammonium sulfate will destroy the net magnetization M,
in an unknown dephasing time 7%. Next, the application of a 7 pulse at, say,
time 77_o = 20 us after the first pulse will invert all the spins and set the system
toward a rephasing state, the spin echo. Since NMRFM typically measures
only the magnetization along the z axis, a third pulse (a second 7/2 pulse)
at time 7o_3 after the 7 pulse will shift the remaining magnetization from the
x — y plane back to the z axis for sampling. By changing the length of 3
before the CAI modulation is used to sample the magnetization, observation
of the instantaneous state of the magnetization is possible, as is shown in
Figure 5.3. The data show a maximum of the spin echo when 7_5 = 75 _3 =
20.5 £ 0.3 ps. The half-width at half-maximum (HWHM) of a gaussian fit of
the echo is a measure of the time 75 that it takes for the magnetization to
be appreciably destroyed (the free induction decay time) or reconstructed; our
data indicate 75 = 1.5+ 0.3 ps. This time corresponds to a total linewidth of
AB=1/(vTy) =25+5G.
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Figure 5.3: Spin-echo measurement fitted to a gaussian curve. Inset shows
the rf modulation pattern used. 7_o = 20us. The time 75_3 is increased in
intervals of 1 microsecond.
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5.3.3 Spin-Spin relaxation time 75

The determination of the spin-spin relaxation time 75 is readily per-
formed by a measurement of the decay in amplitude of spin echoes as we in-
crease the value of the pulse spacing above, that is, for variable 7_o = 1 3 =
Tq- Since these points are obtained when the magnetization has rephased,
that is, when the effect of the inhomogeneous fields has been overcome, the
decay in this signal is from homogeneous broadenings, here mainly due to the
dipole-dipole interaction between proton spins. The results of this experiment,
for time 7, between both 7/2 — 7 and © — 7/2 pulses, increased by the same
amount, are shown in Figure 5.4; such data are expected to decay with a char-
acteristic time 75 and a function of the total time increment 2 - 7, as described
by Equation (5.2):

27,17
o _ 7]

5.2
To obtain the spin-spin relaxation time, we performed a linear fit to
the natural logarithm of Equation (5.2), i.e., by assuming a gaussian decay of

the magnetization. We obtained a spin-spin relaxation time 75 = 44 4+ 2 us.

Since we have measurements of both 75 and 73, we can calculate the
inhomogeneity of the magnetic field inside the sample described by Equation
(5.3) [10]:

1 1

.~ 4~.AB .
TS T2+’V 0 (5.3)

Our measurements of 'H T, and Tj provide a value of the field inho-

mogeneity of ABy = 24 + 5 G; thus the linewidth AB = 25 + 5 G obtained
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Figure 5.4: Spin-Spin interaction measurements and linear fit. Inset describes
the rf protocol used for measurements. Both red (continuous) arrows shows
the variables used to perform the measurements.
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above is dominated by inhomogeneous broadening, as is also evident from the
relative magnitudes of 75 and 73. Such a large inhomogeneity is consistent

with the large applied field gradient of the permalloy-wire gradient magnet.

5.3.4 Spin-lattice relaxation time 7

Finally, our last experiment focuses on the observation of the properties
of the spin-lattice relaxation time 7T) of protons in single-crystal ammonium
sulfate at room temperature at 346 MHz. In the high-temperature paraelec-
tric phase of ammonium sulfate (above 236 K), the ammonium tetrahedra are
rapidly re-orienting so that rapid, random motion-modulated dipole-dipole
interactions are expected to dominate the 77 relaxation. The spectral den-
sity of sufficiently rapidly fluctuating interactions is flat, that is, independent
of frequency, and has been modeled [Ref. [36], Figure 2] to be frequency-
independent above about 40 MHz, with T} = 4.3 £ 0.1 s.

To measure the spin-lattice relaxation time T3, first we destroy the
net magnetization using a train of 7/2 pulses with a time between them
greater than T,, as seen in the bottom right inset of Figure 5.5; here, we
use 7, = 100 pus. With time, the magnetic moment gradually recovers along
the z axis, which involves T (energy-exchange) processes. This can be seen
in the top inset where each point represents the value of the magnetization

at different times. A fit was performed by assuming that the nuclear spin
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magnetic moment behaves as
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Figure 5.5: Spin-lattice relaxation measurements and linear fit to an exponen-
tial recovery. Bottom inset: the rf protocol used for the measurements, where
the red (continuous) lower arrow is the variable time delay after destroying the
magnetization, before CAI measurements. Top inset: the net magnetization
recovered at different times after the net magnetization has been destroyed.

The resulting fit, shown in Figure 5.5, gives a value of the spin-lattice

relaxation time of 77 = 5.6 0.7 sec. This time is appreciably longer than the
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assumed frequency-independent value T} = 4.3+0.1 s modeling the behavior of
Ty above 40 MHz in Ref. [36]. This result suggests that the motion-modulated
dipolar interactions due to rapidly re-orienting ammonium tetrahedra do not
have the presumed single exponential correlation time previously used to model
the data, perhaps due to the constrained motion. In fact, a careful examination
of the data of Figure 2 in Ref. [36] reveal a slow, nearly linear increase in 7}
throughout the range 10—50 MHz, a linear extrapolation of which is consistent

with the value 77 = 5.6 s at 346 MHz found here.

5.4 Conclusions

Measurements of 'H NMR properties in single-crystal ammonium sul-
fate with NMRFM techniques have been achieved with a new microscope and
software system that has proven both reliable and flexible. These microcrys-
tal NMRFM results provide promising micron-scale resolution even at room
temperature. Beyond simple detection, measurements of dynamical proper-
ties were performed, and the values of the various nuclear spin relaxation
times obtained: 75 = 1.5 £ 0.3 us, To = 44 £ 2 ps, and 71 = 5.6 £ 0.7 s.
The first measurement shows that gradient-magnet inhomogeneity dominates
the linewidth, with AB = 25 + 5 G. The T, measurement directly probes
the nuclear dipole-dipole interactions, and provides a value of the second mo-
ment, M? = (1/(yT3))? = 0.71 G? at room temperature, which can be used
to compare different models of ammonium tetrahedral rotations [37]. The

new 7T} data here indicate that a simple BPP theory with a single correlation
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time may not be appropriate for this material. Even at such high temper-
ature, T} increases with frequency, or conversely, the longitudinal relaxation
rate decreases with increasing frequency. This nearly 1/f contribution to the
relaxation rate behaviour is reminiscent of processes with a distribution of cor-
relation times, where several (or many) lorentzian 1/f? tails sum to produce

interesting, 1/ f-like behaviour.
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Chapter 6

Summary and Future Work

6.1 Summary

This dissertation has been written with the intention of becoming a
guide to performing NMRFM with a fully developed probe and control station.
An introduction describing the history and achievements behind NMRFM was
given in Chapter 1. Also, the results obtained during our experiments were

listed and briefly described.

In Chapter 2, the principles of magnetic resonance were described and
explained. First, the behavior of magnetic moments submerged in a magnetic
field was described in detail, particularly the population differences due to
Boltzmann polarization. Second, spin manipulation and relaxation effects were
portrayed, finishing with the Bloch Equations as a mathematical description

of the microscopic and macroscopic behavior of the spins.

Chapter 3, focused on the theoretical aspects of nuclear magnetic res-
onance force microscopy. It contained a detailed description of the physical
phenomena of magnetization, the gradient magnet, and mechanical oscilla-
tors. It also depicted in detail magnetic modulation techniques, from ones

already used to some other novel ones that we are currently implementing.
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Finally the cantilever sensitivity and the most common sources of noise were
covered, finishing with the description of the signal-to-noise ratio (SNR) and

its dependence on several variables.

After the theory, the physical components of the system were explained,
as well as how the design, geometry and orientations are used in this state-of-
art NMRFM system. One by one, the variable temperature probe, the fiber-
optic interferometer, the cantilever, the gradient magnet and the rf coil were
described. Chapter 4 also includes information on the new control system used
for positioning control, rf generation, and data acquisition that has proven to

be very successful.

Chapter 5 is a trip through the measurements obtained during my
experiments. Force measurements of around 2 fN were obtained with a SNR
of 5 in a 12-um-thickness resonance slice in the z direction. Once the resonance
is aligned with the sample, spin nutation measurements were performed, and
spin-echos were observed, resulting in a measurement of the rotating magnetic
field of By = 33 gauss and a magnetic field inhomogneity of 25 G. Finally,
dynamical measurements of nuclear spins in ammonium sulfate were obtained,
resulting in the determination of spin-spin and spin-lattice relaxation times of

44 + 2 ps and 5.6 £ 0.7 s respectively.

Finally, some conclusion regarding the results were provided. Overall a
step forward into our capabilities of performing dynamical NMRFM measure-

ments has been achieved.

107



6.2 Future Work
6.2.1 Sawtooth with AM and FM Experiments

In the past years the capability of performing dynamical measurements
and applying new modulation techniques in NMRFM has become a reality in
our lab. Now that the design of new sequences and modulation techniques have
been enabled, we can focus more on the physics and less on the engineering
parts of the experiments. Still more work is necessary if higher sensitivity is
desired, but detailed studies of micrometer sized samples at room temperature

can now be performed and better resolution at low temperatures obtained.

Now, amplitude-modulation synchronized with frequency modulation,
as used in the sawtooth continuous-wave technique discussed in Section 3.3.2,
is available in our lab. Some sawtooth or similar experiments already demon-
strated the success of this technique [15], [16], [17], [18], [19] and [20]. Since
our NMRFM system has a different method for generating continuous waves,
a new technique described in Section 4.3 has been developed to synchronize
FM and AM. Our imminent future work is to perform NMRFM measurements
with this type of FM, AM combination in a sawtooth wave. This arrangement
should allowed us to use more sensitive cantilevers, avoiding undesired artifact
effects during modulation. More sensitive measurements and higher resolu-
tion experiments can now be performed in which the limit in sensitivity is the

cantilever’s thermal noise.
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6.2.2 NMRFM in Liquid Samples

A second NMRFM probe designed to be used in a 1-tesla magnetic field
has also been built. This probe uses the same principles as the one described
in this dissertation, including stages, signal generator, and the data acquisition
and control system. However, the cantilever now is aligned with the field, the
gradient magnet is attached to the cantilever, and samples in the liquid state

are attached to the stages.

Our first experments are designed to measure liquid samples with dif-
ferent concentrations of para magnetic impurities. Three microtubes, one with
pure water and other two with two different concentrations of copper sulphate
(0.01 M and 0.003 M ), are attached together parallel to each other. The
same magnetic forces are expected to be obtained for each concentration, but
differences in T} will allow us to differentiate one sample from the others. This
experiment is a preamble to a more ambitious one, in which NMRFM mea-
surements of blood, plasma, or organic samples under ambient conditions can

be performed.

6.2.3 NMRFM Using IMANES

Achieving measurements in NMRFM without having to fulfil the Cyclic
Adiabatic Inversion condition could bring this technique to a new level in which
high-frequency cantilevers can be used, with no limitation on the amplitude
of the frequency modulation involved, and small or zero artifact effects. If

all these conditions can be accomplished, NMRFM with atomic resolution
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could be achieved as a combination of MRI and AFM. Thanks to the new
signal generator system, the IMANES technique will be tested and, if positive
results are obtained, the best of the three types of modulations proposed will be

studied as will the possibility of using higher resonance-frequency cantilevers.
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Appendix A

Software
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Figure A.1: Control software to perform driven frequency scans of cantilevers.

The cantilever characteristics, @), k, and w,, play an important role in
the values that the variables 2, F,.;», Az and SNR will have. To determine the

parameters that will dictate the limits of the experiment, accurate characteri-
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zation of the cantilever is necessary. With this purpose, driven frequency scans
are used to obtain the resonance frequency, the quality factor and also set the
phase of the lock-in amplifier. During the frequency scans, the cantilever is
driven by a piezo plate, and the parameters of the signal generator, DS 345,
and of the Lock-in Amplifier, SR 830, are controlled with the software all of

the time.

Figure A.2: Control software diagram with the settings of the driven frequency
scan, and the DS 345 function generator.

Figure A.1 is an image of the control panel of our program, freq scan
FRXYPPhase. Two tabs in the software can be seen here, where: Amp v.s.
Freq tab shows the R values at each frequency, and X & Y v.s. Freq tag, shows
a graphical representation of the in-phase and quadrature channels measured.

It also shows the control parameters of the sensitivity, the detection bandwidth
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and the phase settings of the lock-in amplifier that will be used during the

scans.

T~ 2]

etection Bandwidth|
[Luasy

Figure A.3: Four components of the stack sequence structure.

Figure A.2, shows the parameter settings of the amplitude and the
frequency, and also the stack sequence structure, 0[0..4], that contains the vi
program used to communicate with the DS 345. Figure A.3 shows the other
four parts of the stack sequence structure. 1[0..4] set the values of the lock-in
amplifier SR 830. 2[0..4] makes the system wait for the DS 345 and SR 830
to reach the new values. The stack sequence structure 3|0..4] tells the lock-in
to send the values R, X,Y and phase of specific measurement to the PC and
finally 3[0..4] organizes the values obtained to set a corresponding frequency

with the measured values.
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A.2 Power Spectrum

To obtain the value of k it is necessary to use a different approach
than the driven frequency scan. As described in Section 4.1.3.2, using FFT
measurements we can obtain the cantilever’s noise power spectrum and later,
calculate its spring constant. To obtain this value a new software has been
designed to take advantage of the full capabilities of the DAQ card. Figure
A4, shows the control panel of the program Amplitude Spectrum from the
DAQ card. The DS 345 sets the value of the center frequency at which the SR
830 will be measuring, and the lock-in amplifier sets the detection bandwidth
and sensitivity. The sample rate and sample duration are controlled by setting

directly the parameters of the DAQ card.

Figure A.5 contains the settings for the oscilloscope, the DS 345 and
the SR 830. Simultaneously the microscope temperature is measured, using a
Conductus temperature controller calibrated for a Cernox CU - Copper bobbin
(small, 4-lead) from Lakeshore, and averaged 1000 times. Inside the stack

sequence structure 0[0..6], the center frequency is sent to the DS 345.

Figure A.6 shows the next 4 processes of the software. The stack se-
quence structure 1]0..6] makes the program wait, 2[0..6] sends information of
the chosen parameters to the lock-in amplifier, 3]0..6] tells the system to start

the time series measurement and 4[0..6] makes the system wait for 1 second.

Figure A.7 shows the stack sequence structure 5[0..6]. Here, the Linear

average program reads the time series measurements from the oscilloscope and
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Figure A.4: Control software to perform FFT and obtain the cantilever’s noise
power spectrum. Given the V,, and temperature, the program calculates au-
tomatically the spring constant.

sends it to a For loop to divide the time series in N intervals. Fourier trans-
formations of each set of data are performed and the average of each value is
calculated. In case the results obtained are very noisy, there is the possibility
to repeat this measurement as many times as necessary for averaging pur-
poses. Finally in 6[0..6], Figure A.8, is shown in the section in which data and
frequency are aligned in a For loop and plotted as the noise power spectrum.
Secondly, the integral of the noise power spectrum, gives (z?) and using the

temperature measured and the Equipartition Theorem £k is calculated.
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Figure A.6: Block diagram showing the stack sequence structure 1[0..6] to

4[0..6).
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Figure A.8: Block Diagram showing the stack sequence structure 6[0..6]. The
results are aligned with its corresponding frequency, buffered and plotted as a
noise power spectrum. Integral of the results give (x?) and the Equipartition
Theorem is used to obtain k.
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Figure A.9: Control software to perform triangular frequency modulation.
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A.3 Signal Generator ICAI 105

The Icai 105 program gives shape to the frequency modulation of the
carrier frequency, that will couple the force to the cantilever at its resonant
frequency. Figure A.9 is an image of the control panel that controls the rf
gate, the FM and the AM. In the control panel, the pulse button selects if
the generated signal is going to be sent (bright green), or if only the results
are shown in the graph (dark green). The CAI/ICAI button has the option to
close or not close the rf gate for half of a period at the middle of the modulated
wave (dark green). The first triangle wave cluster is responsible for bringing
B.ss to the 2’ — ¢y plane. The second triangle wave cluster is responsible for
coupling the nuclear moment with the cantilever at its resonant frequency.
Finally, the third triangle wave returns the magnetization to the z axis. The
detection bandwidth and sensitivity controls set the acquisition parameters of
the lock-in amplifier during the measurements. The control DC2 is used to
synchronize the phase of the modulated wave with the lock-in. The iteration
control indicates how many times the continuous wave will be applied, and the
time interval indicates the time between repetitions. The start control sets the
time delay between the rf gate opening and the beginning of the modulation.
Finally, the iterations control sets how many times a section of the continuous

wave is repeated to control the length of the modulation.

Figure A.10, shows the stack sequence structure 0[0..2], in which the

settings of the lock-in and the signal generator are determined.

Figure A.11, shows the stack sequence structure 1[0..2] where the digital
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Figure A.11: Diagram of 1[0..2]. It turns on the digital switches.
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Figure A.12: Diagram of 2[0..2]. Creation of the modulated signal with a
maximum output of 1 V.

switches are turned on, to direct the FM, AM and rf gate triggers through the
channels connected to the signal generator, the voltage attenuator and the rf

gate.

Figure A.12, shows the stack sequence structure 2[0..2], in which the
three triangular signals are generated, and the modulation is sent into a For
loop to control its length. The rf gate trigger measures the length of the pulse
and extends it, on both sides, by a quantity indicated in the start box shown
in Figure A.9. Once the FM is generated, two case structures in a For loop set
the voltage limits for the triangular wave. In cases where the designed signal
has a higher amplitude than the limit, the wave is chopped at the top and
bottom. Finally, when the waves are fully designed and synchronized, they

are sent into the DAQ Assistant to be transformed into analog output signals.
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Figure A.13: Control software designed to acquire data from the lock-in am-
plifier.

A.4 Data Acquisition

The Nicolet 12 Icai program is designed to perform time series measure-
ments in synchronization with the modulation of the continuous wave. The rf
gate triggers the oscilloscope that measures the cantilever oscillations during
modulation, making the later analysis of the measurements easier. Figure A.13
shows a measurement of both channels coming from the lock-in amplifier. The
system can control the length and the sample rate of the measurements. It is
also capable of performing averages and storing the data in a folder indicating

the order in which they were recorded.
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Figure A.14: Diagram of stack sequence structure 0[0..1] used to turn off a
digital switch.

Figure A.15 shows the main components of the program. The data
acquisition system reads the voltage from the DAQ card at a previously deter-
mined rate and for a specific interval of time. The data acquisition begins with
an external trigger that can be chosen to be digital, analoge or continuous. The
measurements can be averaged a defined number of times to increase the SNR.
The times series is shown in a graph and can be stored in a predetermined

folder for future analysis.

A.5 Data Analysis, Main Values Program

The Main Values program is designed to read one by one all the mea-
surements recorded in a same folder by the Nicolet 12 Icai program. By indicat-
ing the V,, of the interferometry laser and the lock-in sensitivity, the program
transforms the data (in volts) into amplitude of oscillation. The graphical
representation of the data can be customized to contain all the points or just

a specific section of the measurements. The red vertical lines are indications
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Figure A.16: Control software designed to analyze all the sequences and iden-
tify the magnetic force over the artifact.

of when the rf gate is turned on and when it is off, and the yellow lines are

the limits of the time length of the modulation.

The software can average an interval of points; one option is to select
a specific area to be averaged and a second option is to tell the program
to average an interval centered around the maximum value of the cantilever

oscillation response. Storing each one of the time series measurements, during
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the gradient magnet positioning scan, makes it possible to obtain a graphical
representation of the cantilever response as a function of the position of the

cantilever.

Figure A.17 shows how the program is capable of reading sequentially
all the scans recorded using a For loop, and performing five different types
of graphical representations. A time interval of the file corresponding to the
cantilever response to the frequency modulation is selected to analyse the
cantilever response, and the rest is used to calculate the noise base line. The
results for each one of the files (base line, average amplitude and maximum
amplitude) are stored in memory and then saved in a single file that contains
the order of the measurement with the corresponding analysis. For cases
when the cantilever oscillations are only due to artifact effects, the cantilever
oscillations are of similar amplitude. An average of such values is taken as the
offset of the measurements. For cases when the resonant frequency coincides
with the sample position, an increase in amplitude (with respect to the artifact
offset) of oscillation proportional to the force is expected. Matching each of
these results with the corresponding position of the gradient magnet results in

a mapping of the magnetic force.

A.6 Position Control and Scan

Figure A.18 is the control panel of the XYZ Scan Control II program. It
main function is to generate the sawtooth signals and control the displacement

of the stages. It can perform, backwards of forwards, single step displacements,
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Figure A.18: Control software to control the displacement of the stages.

with measurements from the interferometer between each step, or continuous
displacements in which the measurements are performed at the end of the full
displacement. Another possibility is to customize how often measurements
are taken between steps. The source of the signal measured is can be DC
(multimeter) or AC (lock-in amplifier). Finally for imaging purposes a full 3D

scan can be recorded and saved.

Before continuing into the program description, is necessary to explain
that to perform three dimensional scans the system starts in the position

(%0, Yo, 20). During the scan sequence, the gradient magnet moves first to the
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0[0..4]

1[0..4)

2[0..4]

3[0..4]

4[0..0]

Switch

0[0..2] i\— FALSE —— Nothing
TRUE ——=—  0[0..1] Wi [gotox |
— 1[0..1] — settozero
1[0..2] Y\ FALSE ——=—  Nothing
TRUE ——= 0[0..1] “Af—
1[0..1] ——* settozero
2[0..2] i—\ FALSE ——= Nothing
TRUE —= 0[0..1] | g
1[0..1] — settozero
0[0..1] = |0[0..2] ~wi—=— [0[0..4] —— stepinx
1[0...4) — setto zero|
2(0..4] —=  wait
3[0..4] — FALSE
\ TRUE
4[0..4] = wait
1[0..2] — 0[0..1] — stepiny
1[0..1) — settozero
2[0..2] — 0[0..1] ——= stepinvx
1[0..1) ——= settozero
1[0..1] ——=— 0[0..1] ——=— 0[0..1] ——= stepinz
1[0..1] —— settozero
1[0..1] ——= o0[0..1] —= invy
1[0..1) ——= settozero
o0.1)  -we—
1[0..1] ——*= settozero
0[0..2] —* FALSE ——* Nothing
\ TRUE —=— o0[0.1] wie—
1[0..1) —= settozero
1[0..2] i\— FALSE ——= Nothing
TRUE ~——= 0[0..1] “wi—=—[go to invy]
1[0..1] — settozero
2[0..2] T  FALSE — Nothing
\ TRUE  ——= o[0.1] i [gotoinvx]
1[0..1) —— settozero

DC

AC

x1 position, second to the xo and continues until the position (z,,yo, 20) is
reached. Then the system performs a step into the y;, returns back to xy, and
starts again from (zg,y1, 20) along = until it reaches (z,,y1, z0). The gradient
magnet then moves back to (z,, Y2, 20) and goes to (xg, Y2, 2z0). When the full
plane has been covered, (z,,¥m, 20), the stages come back to the (zo,yo, 20)

position and a step in z moves the system into the beginning of the second
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Figure A.19: Schematics of the XYZ Scan program.




plane. Now with the same technique the second plane can be scanned, and

continues until the full scan is completed.

Another thing necessary to keep in mind is that Labview “code” is very
different from a typical programming language. Because of the use of so many
sequence stacks it is very hard to show the program in a way that one doesn’t
get lost. To solve this, a schematic diagram is shown in Figure A.19 with
a graphical similarity to the “code”. I will call each column a level for easy
follow up of the indications. For example the first level has 5 stacks, from
0[0..4] to 4[0..4]. Stack 1[0..4] has 3 levels, for example 1[0..4], 1[0..2], and
0[0..1]. True/False is a case structures and is not considered a level, neither
the results, go to y, or, set to zero. To finish the introduction, it is necessary
to mention the While Loop (WL), whose function is to repeat a sequence until

an equality is accomplished.

Moving on, in the first level, the stack sequence has five processes.
Figure A.20 shows 0[0..4], a stack sequence structure. Its function is to turn
the digital switches to zero so any output sent after this frame will be directed
into the piezo stacks and not the signal generator, rf amplifier or voltage

attenuator.

The first level, stack 1[0..4] is responsible for the called, go to function,
that makes the stages move along = (0[0..2]), y (1[0..2]), or z (2[0..2]) to a
specific position. To do so a while loop is responsible for performing a deter-
mined number of steps consecutively, until the position indicated is reached.

Then a set to zero function is responsible for ensuring that no voltage is sent
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Figure A.20: Control software to turn off the digital switch.

to the piezos. Figure A.21 shows the go to x part of the “code” and the stack
path system 1[0..4],(0[0..2], True, (0[0..1])). The set to zero function is shown
in A.22 and will always follow a driven function. The false case structure is
an empty box used to indicate when a stage does not want to be driven. For
example, if only a displacement in the z direction is desired, the x and y paths

will end in false and the z in true, and follow the go to function.

The next step is the Stack 2[0..4] located in the first level. It contains
the center of the 3D scan system, shown in Figure A.23. To understand this
system keep in mind the description of how the scans are performed and a
look at the diagram of Figure A.19 will be helpful. The boxes represent a
WL that performs repetitions of the sequences indicated inside. Under level
one (2[0..4]), first stack (0[0..1]) in level two, and also first stack in level three

(0[0..2]) it appears the fourth level with 5 stack sequences. Here, 0[0..4] con-
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Figure A.21: Go to function that drives the stages consecutively until a deter-
mined position is reached.

tains the code to move the stage one step in x shown in Figure A.23. The
system waits some time in 1[0..4] (in case the mechanical motion of the stages
perturbed the fiber or gradient magnet). After this delay, the system mea-
sures the cantilever behavior from the multimeter or lock-in amplifier using a
true or false case in 3[0..4], shown in Figure A.24. Finally, the program waits
some time in 4[0..4]. If this process is repeated n number of times, the system
performs starting at (g, yo, 20) a scan along the x direction, until the position

(Zn, Yo, 20) 1s reached.

Now the gradient magnet, located at the fourth level, moves back to
the third level 2[0..4], 0[0..2], 1[0..2] in which a step in y, sets the system into

the position (x,,¥y1,20). Next, in the same level, sequence 2[0..2], contains
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OO000000000o00o0o00o0on 1[01]v 0000000000000 0000«C

0000000000000 0000000000000000000000000020

Figure A.22: Set to zero function. used to ensure that no residual voltage is
sent, to the piezos

the function step inv x, that performs n steps along z, but in the inverse
direction, locates the system at (zo,y1,20). Repeating this whole process m

times, a plane of dimension n x m is scanned, ending at (Z,,, Ym, 20)-

To obtain the third dimension, again is necessary to move down another
level. Now in level 2, but in sequence stack 1[0..1] the system starts moving up
to level 4 in which it will perform a step in z setting the system at (xq, Ym, 21)-
Since the next step is to move y steps back using inv y the system will end
in (21, Ym, 21) at the origin, but beginning on the plane one level down in z.
Repeating the process again first the scan along x, then adding y, performing
scans along a plane and adding the z steps, plane by plane, a three dimensional

scan can be performed.
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Sequence stack 3[0..4] in level one is responsible to ensure that after the
scan the position (xo, Yo, 20) is reached again after the scan ends. To finalize,
in level one sequence stack 4[0..4], the same process as the one used for go to
for the three directions is applied but in the reverse direction to ensure that

the system reaches the original position as when the program was started.
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save
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Software diagram that contains the core of the 3D scan system.

Figure A.23



Figure A.24: Software diagram that contains the data acquisition options of
DC measurements (multimeter), or AC measurements (multimeter).
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