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Final Report:
Single Spin Readout for the Silicon-Based Quantum Computer

P. Chris Hammel
Department of Physics, The Ohio State University
(Dated: January 3, 2007)

This report presents research funded under ARO grant DAAD19-02-1-0310 and conducted during
the time period of 07/15/2002 - 07/14/2006. In the course of this research we have made major
advancements in the development of Magnetic Resonance Force Microscopy (MRFM) on the way
towards its application as a single spin readout for the silicon-based quantum computer. The main
achievement of this work is the demonstration of electron spin resonance (ESR) signal detection
using MRFM with a sensitivity of better than ten fully polarized electron spins. This exceptional
sensitivity was enabled by several advances in ultra sensitive MRFM detection: detection of ESR
signal with with sensitivity of less than ten fully polarized electron spins, detection of the ESR signal
of phosphorus donors in doped Si, demonstration of high magnetic field gradients from rare-earth
nanomagnetic probe tips, fabrication of ultrasensitive MRFM force sensing cantilevers, development
of light-free cantilever displacement-detection techniques, theoretical understanding of cantilever
induced spin relaxation and of the MRFM probe-sample interaction, construction of novel MRFM

equipment, and preparation of patterned samples for detection of phosphorus ESR in Si.
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ULTRA-HIGH SENSITIVITY ESR MRFM
SIGNAL DETECTION

The overriding goal of this project, ultrasensitive me-
chanical detection of electron spin resonance (ESR) was
achieved: MRFM detection of ESR signals with excel-
lent sensitivity of better than ten fully polarized electron
spins was demonstrated. The experiment, performed at

T = 4 K on a ~-irradiated SiO9 sample having a para-
magnetic defect density of 2.0 x 10'® cm™3 employed a
commercially available SisNy cantilever [1] (spring con-
stant k =~ 0.01 N/m to which we attached a SmCos mi-
cromagnetic probe tip. Magnetic field gradients as large
as 2.2 Gauss/nm were generated by this probe.
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FIG. 1: ESR MRFM signal obtained using OSCAR spin ma-
nipulation technique using a high-gradient (2.2 Gauss/nm)
probe magnet. The decay of the signal caused by electron
spin relaxation can be seen. The rms noise floor of the mea-
surement is 9 uB.

Such a high gradient enabled electron spin manipula-
tion using the Oscillating Cantilever Adiabatic Reversals
(OSCAR) technique [2] in which the electron spin orien-
tation is cyclically inverted using cyclic adiabatic inver-
sion; this relies on the modulation of the effective mag-
netic field seen by the spins in the sample that results



from the motion of the the high gradient tip as the can-
tilever oscillates. The 20 nm oscillation amplitude of the
cantilever produced a magnetic field modulation depth
of =~ 44 Gauss. In the presence of RF radiation, this field
modulation causes inversion of the direction of the effec-
tive field during each half cycle of cantilever oscillations.
The modulation rate, equal to the mechanical resonant
frequency of the cantilever, is slow enough for electron
magnetic moments to follow the changing direction of
the effective magnetic field as it rotates. As a result, the
sample magnetization is continuously inverted in phase
with the position of the end of oscillating cantilever. In
turn, the interaction of the probe magnet on the can-
tilever with cyclically inverted electron spins generates
as oscillatory force on the cantilever that shifts its me-
chanical resonant frequency. This shift is detected during
an MRFM experiment using a specially developed DSP
frequency detection system.

Fig.1 shows an example of such a signal. The signal
was obtained with a probe magnet positioned within 500
nm from the sample resulting in 2.2 Gauss/nm probe field
gradient. The frequency of the cantilever was continu-
ously monitored during the modulation sequence. The
peak frequency shift corresponds to a probe-sample in-
teraction force from 65 pp. The signal decays with time
due to electron spin relaxation. The rms noise floor of
the measurement is 9 pp.

SI ESR DETECTION USING MRFM

A second goal, detection of the ESR signal stemming
from phosphorus donors in Si sample (See Fig. 2), was
also demonstrated. A fragment of 28Si enriched mem-
brane ~ (100 m)? and ~ 9 um thick was attached to the
cantilever. 28Si enrichment was expected to result in de-
creased electron spin relaxation arising from nuclear spin
1/2 29Si isotopes. However, the ESR signal observed in
the experiment was detected at low (4-10 K) temperature
by means of cyclic saturation indicating that a spin relax-
ation time shorter than the cantilever period (~ 100 us).
The typical electron spin relaxation time 73 observed in
phosphorus doped 28Si in conventional ESR experiments
at similar temperatures is longer than 1 s. One explana-
tions for the increased electron spin relaxation observed
in our experiment light-induced relaxation due to the op-
tical fiber interferometer used for cantilever displacement
detection. Even weak irradiation with sub Si bandgap
light (1550 nm) used in our interferometer can signifi-
cantly reduce the electron relaxation time. This finding
propelled our effort to develop light-free cantilever dis-
placement detection for MRFM experiments.
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FIG. 2: ESR signal phosphorus spins in a phosphorus doped
Si sample. The well-known doublet split by 42 G due to the
hyperfine coupling to the nuclear spin is evident.

HIGH GRADIENT MICROMAGNETIC PROBE
TIPS

The micromagnetic probe on the MRFM cantilever
provides the large field gradient needed to couple the
sample spins to the cantilever and defines the region sam-
ple volume selected for study or manipulation. The high
field gradient increases the force per electron spin and
therefore improves sensitivity. The micromagnetic probe
must also have high magnetic coercivity to minimize fluc-
tuations of the tip that can contribute to unwanted sam-
ple spin relaxation, reduces damping of the cantilever in
an applied magnetic field, and preserves magnetic prop-
erties of the probe magnet as the externally applied mag-
netic field is varied in the course of ESR measurements.
Very high quality factor ) cantilevers are required in or-
der to sensitively detect the tiny forces associated with
individual electronic spins so minimal damping is essen-
tial.

Unfortunately, high coercivity magnetic materials such
as, for example, NdFeB and SmyCoy7 cannot be easily
deposited on a cantilever unlike softer magnetic materi-
als such as Co and NiFe. Therefore fabrication of high
coercivity magnets are different from the techniques for
fabrication of soft probe magnets. Each approach has
advantages and disadvantages, so we developed both ap-
proaches.

Hard magnetic materials A particle of SmyCoy7 or
NdFeB is manually glued onto a commercial cantilever
(Fig. 3a), a sharp point resulting in a high field gradi-
ent is formed by focused ion beam (FIB) micromachining
(Various stages of FIB magnet preparation are shown in
Fig. 3a and Fig. 4a). This approach is labor intensive and
not suitable for batch fabrication. However the advanta-
geous physical properties of the resulting probe magnet
outweigh the ease of fabrication of probe magnets using



SmCo particle

Cantilever End

FIG. 3: Probe micromagnet fabrication. a) SmCo particle
manually glued at the end of a commercial cantilever prior
to focused ion beam (FIB) machining b) High-gradient probe
micromagnet with tip diameter 50-100 nm fabricated via FIB
machining.

soft magnetic materials. We have also explored use of
spherical particles magnetic particles of the same hard
magnetic rare earth materials (Fig.4b). This approach
does not require FIB shaping, however, the dimensions
of these micromagnetic probe tips are limited to com-
mercially available particle sizes (typically a few pm).
Finally, the probe magnet is polarized in an eight Tesla
magnetic field.

It has proven essential to develop sophisticated and
sensitive techniques for studying the magnetic properties
of these tiny moment micromagnets as a prerequisite to
their successful development. We have developed a sen-
sitive cantilever-based magnetometry technique for char-
acterizing the micromagnetic probes at various stages of
their fabrication as shown in Fig. 5a. We find that the
probe magnets used for MRFM have a stable magnetic
moment of the expected magnitude with coercive fields
approaching 2 Tesla).

MRFM probe magnets with characteristic tip diame-
ters as small 50-100 nm as shown in Fig.3b that generate
magnetic field gradients as high as 2.5 Gauss/nm can be

FIG. 4: Hard magnetic rare earth micromagnetic probe tips.
a) Sm2Co17 probe magnet shaped by FIB machining. b) Nd-
FeB microsphere.

fabricated on a routine basis. On a soft micromechan-
ical cantilever, this field gradient is sufficient for single
electron spin detection.

Soft magnetic materials Micromagnetic probe tips
composed of NiFe were electrodeposited on MRFM can-
tilevers by the group of M.L. Roukes at Caltech as shown
in Fig. 5b. Suitable for soft magnetic materials, this ap-
proach is allows parallel deposition of a large number of
probe tips.
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FIG. 5: Probe micromagnets. a) Vibrating cantilever magne-
tometry data obtained from a FIB fabricated Sm2Co17 mag-
net at T = 4 K. The constant slope of the frequency curve is
indication of high coercivity. Measured magnetic moment of
the particle is m = 3.5x107** J/T. b) Electrodeposited NiFe
micromagnet (Caltech)



MRFM CANTILEVER DEVELOPMENT

Ultra sensitive MRFM signal detection requires spe-
cially designed cantilevers optimized to minimize thermal

force noise Fj,:
Fn _ 4l€kBTAV .
wo@

Here k is the cantilever force constant, kg Boltzmann’s
constant, T temperature, Av the measurement band-
width, wg the resonant frequency of the cantilever and
Q the cantilever quality factor.

Thermal noise will be minimized for a soft cantilever
with a high resonant frequency. Since w = \/k/meg ex-
tremely low mass cantilevers are needed.

One of the most serious barriers to ultrahigh mechan-
ical detection of ESR arises because the micromagnetic
tip needed for detection can cause the spins to relax pre-
maturely. This is a very serious problem because it ne-
cessitates increasing one’s detector bandwidth and hence
increasing noise. We discovered [3] the detailed mecha-
nism and solutions to the problem that were subsequently
found to be successful in eliminating the excess relax-
ation. We found that thermally induced vibrations of
the cantilever, and hence the ultrahigh gradient tip cause
magnetic field fluctuations that the target electron spin
to relax. We showed this problem can be solved by fab-
ricating a cantilever loaded by a mass at its tip. This
mass loading selectively suppresses the vibration of the
problematic higher order modes of the cantilever thus
reducing electron spin relaxation rate.

In the course of our work we have been pursuing
fabrication of cantilevers optimized for high sensitivity
MRFM experiments, i.e., low mass cantilevers with a
mass loaded tips. These custom cantilevers are fabri-
cated by our collaborators in the group of M. L. Roukes
at Caltech and in the group of K. Schwab now at Cornell
University, formerly LPS.

Fig. 6 shows some examples of these cantilevers:
Fig. 6a) shows a triangular cantilever fabricated at LPS
(fo = 43.0 kHz) and b) shows a mass loaded cantilever
fabricated at Caltech (fy = 29.6 kHz).

Low spring constant cantilevers Reducing their
spring constant k improves sensitivity of MRFM detec-
tion cantilevers. Also since the cantilever frequency shift
is inversely proportional to k it will be larger and so easier
to detect for a soft cantilever.

The demonstration of nine electron spin detection sen-
sitivity was achieved with a commercially available SizNy4
cantilever with a spring constant of 0.01 N/m. Can-
tilevers with k& 0.001 N/m will increase detection sensi-
tivity by a factor of ten thus allowing single spin MRFM
sensitivity; such cantilevers are not currently available
commercially.

To address this issue, we have custom fabricated such
a cantilever in collaboration with the group of K. Schwab
from The Laboratory for Physical Sciences of University
of Maryland. The result of this collaboration is shown
on Fig.7.

A series of Si chips (cantilever carriers) optimized to
simplify cleaving the chips out of the wafer were batch
fabricated. Each carrier contains four cantilevers 125-
200 pm long and 20 pum wide; their estimated spring
constants will vary between 1 and 5 mN/m. The actual
spring constant of the cantilever will depend on the final
thickness of the cantilever defined by the tolerance of the
fabrication process (~ 100-150 nm).

LIGHT-FREE CAPACITIVE DISPLACEMENT
DETECTION

At present optical interferometry is universally used for
force detection of magnetic resonance force signals. This
approach is undesirable for readout and characterization
of a silicon quantum computer because the scattered light
from the interferometer laser can reduce the electron spin
decoherence time T;. Irradiation of a sample even with
low intensities of sub-bandgap light (sub-bandgap light
is capable of ionizing shallow phosphorus donors) can re-

a)

FIG. 6: Low mass MRFM cantilevers. a) Triangular can-
tilever fabricated at LPS fo = 43.0 kHz b) Mass loaded can-
tilever fabricated at Caltech fo = 29.6 kHz
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FIG. 7: Custom fabricated Si cantilevers with estimated
spring constants of 1-5 mN/m. Each chip contains four can-
tilevers from 125 to 200 um long and 20 pm wide.
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FIG. 8: Schematic diagram of a capacitively detected can-
tilever. A microstrip resonator operating at its resonant fre-
quency of 2.5 GHz (represented here by a lumped LC circuit)
is capacitively coupled to a micromechanical cantilever via a
capacitive gap d. The cantilever is coated with 100 A of gold
for improved conductivity and is grounded. Motion induced
changes in C shift the resonant frequency of the microwave
resonator and hence the phase of the transmitted microwave
signal relative to the carrier; this is detected by means of an
rf mixer and a lock-in amplifier.

res

duce the electron relaxation time by orders of magnitude.
In practice, it is difficult to completely shield the sample
from the stray laser light, so it is important to develop an
alternative detection scheme that doesn’t employ optical
radiation.

We have implemented MRFM displacement detection
based on detecting the change in capacitance between
a detection electrode and the MRFM probe separated
by a gap d that changes with probe motion. For a ~
100 um long cantilever, the capacitance is C' ~ 10713 pf
for a gap d = 1um. To match the excellent displacement
detection senstivity of optical interferometry (~ 0.001 A
displacements) we must detect of capacitance changes of
the order of C% ~ 10729 pf.

Microwave capacitance detection Zeptofarad (102!
F) detection sensitivity has been reported [4] by detecting
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FIG. 9: Response of a triangular cantilever fabricated at the
Laboratory for Physical Sciences to a piezo excitation de-
tected via capacitive displacement detection. The demon-
strated detector noise floor is 5.0 x 10~**m/+/Hz; this corre-
sponds to a force sensitivity of 80 aN/ VHz. The signal was
acquired at T'= 300 K in vacuum.

the frequency shift of a microwave microstrip resonator
that incorporates the capacitor We demonstrated capaci-
tive displacement detection to the MRFM by capacitively
coupling a microwave resonant to the cantilever as shown
schematically in Fig. 8. A 2.5 GHz microwave resonator
is capacitively coupled to the micromechanical cantilever
whose displacement changes the coupling capacitance
and thus the resonant frequency of the resonator. This
change is detected using standard microwave phase detec-
tion techniques. We estimate displacement detection sen-
sitivity to be 10_13m/ VHz. Room temperature capac-
itive displacement detection of the displacement of the
low mass cantilevers LPS triangular cantilevers (shown
in Fig. 7) is shown in Fig. (9). The demonstrated detec-
tor noise floor is 5.0><10_12m/\/m, corresponding to a
force sensitivity of 80 aN/v/Hz. The signal was acquired
at T = 300 K in vacuum. We further demonstrated the
first non-optical detection of MRFM signals at low tem-
perature. Fig. 10 using this capacitive detection system
installed in the 3He cryostat. This ESR signal was ob-
tained from a DPPH sample at T = 4 K.

FET based detection We have explored another pos-
sible approach to capacitive displacement detection em-
ploying an on-chip FET integrated with the cantilever.
The work was done in collaboration with K. Schwab. The
capacitance between the cantilever and the reference elec-
trode (Fig. 11a) is detected through its modification of
the channel conductance in the integrated on-chip with
the micromechanical cantilever. The current sensitivity
is ~ 100 x 10~ 2m/v/Hz at 4 K.



PROBE-SAMPLE INTERACTION

The interaction between the micromagnetic probe and
the spin magnetization of the sample depends on several
factors including the spatial variation of the magnetic
field gradient of the probe, the shape of the sensitive slice
(surface of constant magnetic field magnitude), the mag-
netic resonance approach used to introduce a time depen-
dence to the spins located in the sensitive slice (e.g., field
modulation, modulation of the frequency or the ampli-
tude of the transverse microwave field) and the dynamics
of the spins. We have calculated this interaction in de-
tail using both analytical and numerical techniques [5] to
provide essential inputs into MRFM image data decon-
volution and interpretation.

Our key results include

e The probe produces a dipolar field that either aug-
ments or opposes the applied field depending on loca-
tion of the target spin relative to the tip

e Within the sensitive slice the field gradient can change
sign leading to cancellation of forces produced by
spin magnetization residing at different points in the
slice. The MRFM spectrum (dependence of the time-
dependent spin force on the cantilever) has several dis-
tinctive features as a consequence:

— The existence of a “zero-probe-field resonance”
(ZPFR where Bapplica = wyt/7) due to all those
spins far enough from the micromagnetic probe that
the probe field is less than the intrinsic magnetic
resonance linewidth. Because this describes a large
number of spins, this produces a very strong signal
in spite of the fact that the probe field gradient and
hence the force exerted per spin is small.

— Zeroes and changes in sign of the spectrum where
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FIG. 10: ESR MRFM signal detected via capacitive displace-
ment detection. The signal is detected from a DPPH sample
at 4K. The insert shows the linear (as expected) field depen-
dence of the ESR resonant frequency.

forces cancel and

— the presence of signal at applied fields greater than
the ZPFR.

e These features underscore the importance of a new
concept for force detected magnetic resonance imag-
ing, the “force slice” related to but distinct from the
better known “sensitive slice.”

The detailed understanding gained in this study is es-
sential to analysis and interpretation of MRFM data.
One particular application of this analysis is the develop-
ment of a technique for precise measurement of the field
of a micromagnet on sub-micrometer length scales.
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FIG. 11: a) Schematic diagram of the capacitively detected
MRFM cantilever detection chip with integrated on-chip
FET. b) Scanning electron micrograph showing a 10 um long,
30 nm-thick cantilever suspended over the substrate. c) I-V
curves for the FET fabricated on the chip; taken at T' = 4.2
K



SPIN RELAXATION DUE TO CANTILEVER
FLUCTUATIONS

Single spin detection by Magnetic Resonance Force Mi-
croscopy requires close control over the electron spin dy-
namics so that they coherently drive the cantilever for
period of time sufficiently long to provide a detectable
signal.

For slowly relaxing samples, the cantilever is driven
by rotating the sample magnetization at the cantilever
resonant frequency. A drive force from the coherent spin
magnetization must persist for length of time comparable
to the inverse noise bandwidth—about one second for
present cantilevers. It was thus very worrisome that we
and others were finding spin relaxation times decreasing
rapidly as the cantilever was brought close to the spins
being measured (in order to increase the tip field gradient
at the spin). The origin of this extra relaxation process
was not understood and was the subject of intense study.

We realized that the mechanism for this relaxation
originated in thermal fluctuations of the cantilever, and
we devised a successful strategy for solving this problem
[3]. Spin relaxation occurs as a consequence of magnetic
fields B, oriented perpendicular to the applied field that
fluctuate at the resonance frequency weg of the spin in
the local effective magnetic field:

1 7 / dt(B. (0)B (1)) et
T, 2 i 1

Because of the large field gradient VB, of the micro-
magnetic probe tip mounted on the on the cantilever,
fluctuations of the cantilever position §z [characterized
by their power spectral density S, (weg)] produce mag-
netic field fluctuations d B in the sample that relax spins
at a rate 1/77,:

1 2 4
T = %sinQQ/dt@B(o)(gB(t))ewefft
1p
2
= 5 (VBup)*sin’0 / dt(52(0)52 (1)) et
2
= 5 (VeBup)sin®0 S (werr)

Here ~ is the gyromagnetic ratio and 6 is the orien-
tation of the effective field relative to the applied field.
Our calculations of the relaxation rate from this model
compare very well with measured values.

It turns out that it is not thermally driven fluctuations
of the fundamental mode that are the responsible for
this relaxation, but higher harmonics of the fundamental.
Fortunately, it is possible to suppress these higher har-
monics while minimally altering the desired properties of
the fundamental mode. This can be achieved by load-
ing the tip of the cantilever with a mass approximately
1/10th of the cantilever mass. We calculated this would

increase the spin relaxation time substantially while re-
ducing the fundamental mode frequency by only 10%.
This suggestion has recently been employed by Dan Ru-
gar et al. resulting in an increase in the spin relaxation
time by almost three orders of magnitude that enabled
~ 10 spin sensitivity.

LAB CONSTRUCTION

This project moved from Los Alamos National Labo-
ratory to the Ohio State University in July of 2002. The
move involved building up the new laboratory in a space
left by retirement from the Physics Department; this in-
volved demolition, construction of pits and provision of
clean power and reliable signal grounds.

The central apparatus for this research is a >He re-
frigerated UHV MRFM that enables very low tempera-
ture (~ 0.3 K) experiments on samples with clean sur-
faces. The necessary vibrationally isolated and magnet-
ically clean pits compatible with the cryogenic MRFM
were put in place and a sophisticated cryostat support
structure incorporating acoustic damping and active vi-
bration damping was installed.

DEVELOPMENT OF MRFM EQUIPMENT

In order to accelerate our progress toward a few spin
MRFM experiment, we pursued a multi pronged paral-
lel approach to equipment development. We have con-
structed three experimental cryostats:

e Ultra High Vacuum 3He cryostat
e Rapid-turn-around 4 K cryostat

e Dedicated room temperature apparatus for 3D MRFM
imaging

Ultra High Vacuum ®He cryostat

The state-of-the-art Ultra High Vacuum (UHV) 3He
cryostat is the major component of the program. This
cryostat is capable of achieving temperatures as low as
300 mK. One of the unique features of this cryostat is
its considerable cooling power of 10 mW at 500 mK.
This feature is essential for flexibility in applying mi-
crowave radiation needed for electron spin manipulation
in an MRFM experiment. The MRFM scan head in-
stalled in the cryostat has provisions for both vertical
coarse approach and fine lateral and vertical scanning.
This cryostat was used in the experiment where we have
demonstrated ESR MRFM signal detection with sensi-
tivity of less than ten fully polarized electron spins.

This 3He cryostat is optimized to meet the experimen-
tal requirements of the high sensitivity MRFM experi-



ment. However, the inevitable drawback of such a so-
phisticated apparatus is a fairly long turnaround time.
To mitigate this problem we are also constructing two
supplemental experimental setups: a simplified 4K cryo-
stat and a room temperature apparatus.

Rapid-turn-around 4 K cryostat

The most attractive feature of the 4K cryostat is the
fast turn around time and low helium consumption rate.
It has been constructed to accelerate the Si ESR mea-
surements on Si:P samples. This top loading cryostat
is equipped with a 5 kGauss solenoid. This system
will allows high bandwidth, high sensitivity detection of
MRFM signals. It has been used for high sensitivity (as
opposed to ultra-high sensitivity) ESR experiments in
phosphorus doped Si. This allowed us to develop the en-
tire protocol of electron spin manipulation and MRFM
signal detection in a fraction of the time it would have
taken in the 3He cryostat. The room temperature ap-
paratus has also been used to perform auxiliary tasks
such as characterizing newly fabricated cantilevers, test-
ing signal detection and analysis packages, etc.

Dedicated room temperature apparatus for 3D
MRFM imaging

A room temperature MRFM apparatus dedicated
solely to development of 3D MRFM imaging has been
constructed and tested. This apparatus is a standard
“sample-on-cantilever” MRFM design for detection of
electron spin resonance (ESR) signals. We use a 10-20
pm particle of DPPH mounted on a SizNy4 cantilever with
a characteristic spring constant of 0.01 N/m. The high
magnetic field gradient needed for MRFM is produced
by a spherical NdFeB particle brought close to the sam-
ple. The scanning range needed for 3D MRFM imag-
ing depends on the size of the of the probe magnet used
in the experiment. The probe magnet is placed on an
XY7Z positioning stage combining both fine and coarse
motion capabilities. The fine positioning stage is based
on high-voltage piezo stack design. It is capable of mov-
ing the magnet in 3D with nominal displacement of 100
pm along each of the spatial directions. This fairly large
fine motion range combined with the commercial coarse
approach (”picomotor” by New Focus) based coarse 3D
positioning capability provides the scan range necessary
for 3D MRFM imaging. The apparatus has been suc-
cessfully tested using a spherical probe magnet with di-
ameter of 50 um. The spatial resolution of the method
is determined by the thickness of the sensitive slice. The
sensitive slice is the spatial region where the magnetic res-
onance condition is satisfied and thus allowing electron
spins to be manipulated by applied microwave field. A

probe magnet with dimensions of 50 um generates probe
field gradient of as high as 70 Gauss/um with a result-
ing sensitive slice thickness of 50 nm (for 3.5 Gauss line
width of DPPH signal).
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FIG. 12: Evolution of ESR MRFM signal as the probe magnet
is moved away from the sample (along the z direction) in 2
pm steps. Each panel presents a 2D scan of 72 pm by 52 pum
in the plane perpendicular to the z direction. It can be clearly
seen how the signature of the sample reduces in diameter as
the sensitive slice pulls back and thus intersects the sample
in a region where the cross-sectional diameter is smaller.

During an MRFM experiment the intensity of the ap-
plied microwave radiation is modulated at a constant rate
close to the resonant frequency of the micromechanical
cantilever. Simultaneously, the probe magnet is scanned
in spatial raster pattern in a plane located at a fixed
distance from the sample. This motion of the magnet
changes the magnetic field at the sample. When this
magnetic field satisfies the magnetic resonance condition,
i.e. when Byip, = Bres = wif/7, electron spins in the sam-
ple respond to amplitude modulation of microwave radi-
ation, in turn generating a time varying force on the can-
tilever. The cantilever response is dynamically amplified
by the quality factor @, typically of the order of 1-5x10%,
allowing detection of forces as small as 10715-10716 N at
room temperature. The cantilever oscillation amplitude
of cantilever oscillations is continuously recorded as a 3D
array corresponding to a 3D set of spatial coordinates
with a given step along each of spatial directions x, y
and z, with z being the distance between the sample and
the probe magnet.

Typical 3D MRFM data is shown in Fig. 12 demon-
strating a sequence of 2D scans at various probe magnet-
sample distances. The ring-like shape of the signal agrees
well with the theoretically calculated point response func-
tion of a spherical probe magnet. The diameter of this
ring decreases as the probe magnet is moved further from
the sample, finally converging to a point. This behavior
reflects the bowl-like shape of the sensitive slice, which
is the volume where the magnetic resonance condition
is satisfied. This data, combined with the known point
response function, was used for 3D MRFM image recon-
struction.



DEVELOPMENT OF OPTIMIZED MRFM
SAMPLES

3D MRFM imaging calls for a special sample with 3D
features of known geometry and containing a known num-
ber of electron spins. MRFM signal detection and de-
convolution can be compared with the known spin den-
sity distribution in the sample to validate and optimize
imaging protocols as they are developed. Sensitivity cal-
ibration using volumes containing small numbers of spins
enables MRFM instrument calibration and assists signal
interpretation.

FIG. 13: Patterned arrays of Si micro holes and micro pillars
with characteristic dimensions of &~ 2-3 pm fabricated using a
Ni and SiO2 mask for SFs Reactive Ion Etching (RIE). The Ni
mask process results in a rough Si background surface visible
in panel (a) that is due to Ni redeposition during etching.
This problem was resolved by use of a SiO2 mask as shown
in panel (b).

The samples were patterned in silicon on insulator
(SOT) wafers, with a 28Si enriched device layer to reduce
relaxation of phosphorus donor spins due to hyperfine
coupling to 29Si nuclear spins. The typical thickness of
28Gi layer is 10 pum.

We have investigated patterning of Si surface via SFg
Reactive Ion Etching (RIE) using Ni and SiO2 as mask
material. The results are presented in Fig.13. It turns
out that Ni mask process produces rough background
surface Fig.13a due to Ni redeposition during etching.
This problem was resolved by use of SiOs masks Fig.13b.
However SiOy mask process led to Si undercut beyond
desired levels; this problem will be addressed buy con-
trolling etching parameters such as etching rate and the
type of gas used for RIE processing.
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