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D
evelopment of technologies rang-
ing from biosensors and therapu-
tics to flexible circuits and energy

conversion devices would be greatly accel-
erated if better metrology tools were avail-
able for probing the structure and chemical
composition of individual organic nano-
structures. Unfortunately, our ability to
characterize organic material at nanometer
spatial resolutionOin three dimensions,
nondestructively, and with chemical
specificityOlags far behind our ability to
synthesize new materials and direct their
nanoscale organization. For this reason, the
recent demonstration of 4-nm resolution
proton magnetic resonance imaging of a
single virus1 is a particularly exciting
advance.

In the experiment of ref 1, the sample
was deposited onto the 0.3 �m � 1.0 �m
leading edge of a fragile high-compliance
silicon microcantilever and transferred to
high vacuum and millikelvin temperatures;
magnetic resonance signal from the sample
was detected by irradiating the sample
with radiowaves while observing the force
between the sample’s protons and a nearby
200 nm diameter FeCo cone. Having to pre-
pare the sample on the end of an extremely
small and very fragile cantilever would ap-
pear to preclude the study of a wide range
of samples, such as functioning organic
electronic devices and cryopreserved bio-
molecules. “Scanned probe” detection of
both electron-spin2,3 and nuclear magnetic
resonance4�6 has been demonstrated, but
so far only with cantilevers having

micrometer-scale lithographically defined
magnets5 or whose magnetic tips were af-
fixed manually2�4,6 and whose diameters
were limited to �150 nm by ion damage
from focused-ion beam milling (FIB).3,6,7

Here we report an approach to batch-
fabricating attonewton-sensitivity silicon
microcantilevers with integrated nickel tips
only 70 nm wide. To obviate the problem of
ion-beam damage, the magnetic tips are
produced by electron beam lithography,
evaporation, and liftoff, which can produce
sub-50 nm wide tips with further optimiza-
tion. The top-down approach to magnetic
resonance force microscopy (MRFM) canti-
lever fabrication presented here involves 38
carefully integrated processing steps, in-
cluding three electron beam lithography
steps and two optical lithography steps,
each requiring registration to all previous
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ABSTRACT We have batch-fabricated cantilevers with �100 nm diameter nickel nanorod tips and force

sensitivities of a few attonewtons at 4.2 K. The magnetic nanorods were engineered to overhang the leading

edge of the cantilever, and consequently the cantilevers experience what we believe is the lowest surface noise

ever achieved in a scanned probe experiment. Cantilever magnetometry indicated that the tips were well

magnetized, with a < 20 nm dead layer; the composition of the dead layer was studied by electron microscopy

and electron energy loss spectroscopy. In what we believe is the first demonstration of scanned probe detection

of electron-spin resonance from a batch-fabricated tip, the cantilevers were used to observe electron-spin

resonance from nitroxide spin labels in a film via force-gradient-induced shifts in cantilever resonance frequency.

The magnetic field dependence of the magnetic resonance signal suggests a nonuniform tip magnetization at an

applied field near 0.6 T.

KEYWORDS: batch-fabricated cantilevers · magnetometry · electron-spin
resonance · magnetic nanorods · magnetic resonance force microscopy · surface-
induced dissipation
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steps. To achieve large magnetic field gradients while

simultaneously minimizing surface noise, the integrated

magnetic tips consist of a narrow magnetic nanorod

that overhangs the cantilever’s leading edge (Figure 1).

The key feature of our design is that it keeps the large-

cross-section silicon body of the cantilever many hun-

dreds of nanometers away from the sample surface

while simultaneously enabling the magnetic nanorod

to approach within a few nanometers of the sample’s

spins.

Our main finding is that these overhanging tips

maintain attonewton force sensitivity to much smaller

tip�sample separations than demonstrated before.

This finding establishes that careful engineering of the

cantilever’s leading edge is a viable approach to signifi-

cantly improve the sensitivity of mechanically detected

magnetic resonance.

We demonstrate the magnetic integrity of the tips

via cantilever magnetometry measurements of tip satu-

ration magnetization and coercivity.8�10 Moreover, we

use the tips to detect electron-spin resonance from an

organic free radical in a film11Othe first time that a

batch-fabricated tip has been used to detect electron-

spin resonance in a magnetic resonance force micro-

scope experiment. Taken together, these results signifi-

cantly advance the feasibility of scanned-probe

nanoscale magnetic resonance imaging of as-fabricated

thin-film samples and devices.

RESULTS
Cantilever Nanofabrication. Nanofabrication Strategy.

Micrometer-scale magnets have previously been de-

fined by optical lithography and batch-fabricated on

high-compliance torsional5,12 and cantilevered-beam13

mechanical resonators for use in MRFM experiments.

The patterning of submicrometer-scale magnets on

high-compliance mechanical resonators has been

achieved by electron-beam lithography14 and focused-

ion beam milling.12 The approaches of refs 12 and14

however are not suitable for placing magnets near the

leading edge of the cantilever, as required for scanned-
probe work, and do not address or mitigate damage in-
troduced by focused-ion beam milling.3,6,7

While a number of non-FIB approaches for fabricat-
ing magnetic tips as small as tens of nanometers on
commercial atomic-force microscope cantilevers have
been developed for magnetic force microscopy (MFM),
these approaches are ill-suited for fabricating MRFM
tips on high-compliance cantilevers, for a number of
reasons.

The primary source of noise in the highest-sensitivity
MRFM experiments to date has been surface-related
force noise or frequency noise.1,15,16 The cause of this
noise, at least for metal-coated samples at low temper-
ature, is unknown, but is thought to arise from charges
near the cantilever’s leading edge interacting with
electric-field17,18 and field-gradient fluctuations19 in the
sample. To achieve high sensitivity in an MRFM experi-
ment, it is therefore crucially important to mitigate this
interaction by minimizing the cross sectional area of the
cantilever nearest the surface. This requirement makes
MFM-tip fabrication protocols involving evaporation
onto the cantilever sidewall,9 evaporation of metal fol-
lowed by focused ion-beam milling,20�23 and evapora-
tion through a nanopore24 poorly suited for making
high-sensitivity MRFM tips.

In contrast with MFM, where the smallest-diameter
tip is best for imaging, the imaging of subsurface spins
in an MRFM experiment requires a tip diameter compa-
rable to the sample depth.16,25 The ideal MRFM tip-
fabrication protocol must therefore produce tips hav-
ing a range of diameters, from approximately 500 nm
to below 50 nm. Numerous approaches exist for mak-
ing a magnetic tip like the one sketched in Figure 1c
with a diameter in this range: electron beam deposi-
tion of metals from organic precursors;26 electron beam
deposition of carbon followed by blanket evaporation
of metal;27�29 evaporation onto a carbon nanocone30 or
carbon nanotube;31,32 using the magnetic catalyst par-
ticle at the end of a multiwalled carbon nanotube;33,34

preparation of metal-filled carbon nanotubes;35 and di-
electrophoretic assembly of magnetic nanorods.36 Un-
fortunately these approaches are serial, require signifi-
cant human control, and yield tips with large device-to-
device variation. Although arrays of singly clamped
metallic nanowires have recently been batch-fabricated
in high yield using electric-field and capillary-force as-
sisted self-assembly,37,38 it is hard to see how to inte-
grate the required sacrificial electrodes into a protocol
for fabricating attonewton-sensitivity cantilevers.14,39 In
contrast, the approach demonstrated here for creating
attonewton-sensitivity cantilevers with integrated over-
hanging nickel nanorod tips is amenable to wafer-
scale production of cantilevers.

Cantilever Material. We began with a silicon-on-insulator
(SOI) wafer14,39 whose �100�-oriented single-crystal sili-
con device layer had a thickness of 340 nm, a buried sili-

Figure 1. Force microscope cantilever for nanoscale magnetic reso-
nance imaging: (a) ultrasensitive cantilever (scale bar � 200 �m); (b)
magnified view of the cantilever showing a reflective pad for inter-
ferometric detection of cantilever motion (upper) and a narrowed
leading edge (lower) to minimize cantilever-sample interactions
(scale bar �30 �m); and (c) sketch of a �100 nm wide magnetic
nanorod tip overhanging the cantilever’s leading edge.
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con oxide layer thickness of 400 nm, and a handle wa-

fer thickness of �500 �m (Figure 2a).

Alignment Marks. The first step in the fabrication pro-

cess was preparation of alignment marks. Designing

the alignment marks and choosing the alignment-mark

material carefully was crucial because of the mixed

modes of lithography used in the fabrication process,

involving different tools with different aligning strate-

gies.40 All device-layer features were aligned to marks

defined in a single write by e-beam lithography. Defin-

ing the alignment marks and magnetic nanorods in the

same lithographic step using the same material worked

well, but only for nickel or cobalt nanorods thicker

than about 200 nm, which is greater than our target

size of 50 nm. The usual e-beam alignment-mark strat-

egy of etching �1 �m deep trenches into the substrate

proved problematical with SOI wafers. A single-step

CF4 reactive ion plasma etch yielded trenches with suf-

ficiently vertical sidewalls, but an unreasonably thick

e-beam resist (�2 �m) was required because of the low

selectivity of the CF4 etchant to poly(methyl methacry-

late) e-beam resist. An alternative three-step reactive

ion etch using SF6/O2 and CHF3 to remove silicon and

silicon oxide, respectively, produced sufficiently deep

trenches but left the trench sidewalls too sloped and

uneven for them to serve as high-resolution e-beam

alignment marks. Defining metal alignment marks and

magnets in separate e-beam lithography steps solved

these problems. Platinum and tungsten were evaluated

because they have high atomic number, chemical sta-

bility, andOunlike goldOtheir presence in chemical va-

por deposition chambers is tolerated. Platinum marks

could be prepared via electron-beam evaporation and

liftoff, while tungsten had to be sputtered over the

whole wafer and then etched to define alignment

marks. Marks made from both materials performed

Figure 2. Schematic drawing of the fabrication process. The process starts with a silicon-on-insulator wafer (a) onto which a
nickel magnet is deposited (b). Isotropic etching is used to partially remove the silicon under the magnet (c). A second etch
defines the body of the cantilever (d). After the cantilever is defined, a protective silicon oxide layer is deposited (e). The
handle silicon under the cantilever is removed using an anisotropic plasma etch, stopping on the buried silicon oxide layer;
a two-layer photoresist and silicon oxide mask is used (not shown). The silicon oxide layers are then removed by a hydroflu-
oric acid etch, followed by CO2 critical point drying, to yield the cantilever sketched in panel f.
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well; platinum marks were chosen for simplicity. Typi-

cal alignment accuracy was better than �30 nm for

electron-beam lithography features, and better than

�500 nm for optical lithography features.

Magnet Material. Because of their ease of deposition, el-

emental magnetic materials were chosen over more

complicated alloys such as PrFeB3,41 or SmCo.15 There

were several reasons for the selection of nickel over ma-

terials such as iron or cobalt, both of which have a

higher saturation magnetization. For iron, the primary

concern was oxidation of the magnetic material during

or after the fabrication process. In ref 14 Jenkins et al.

suggested that oxidation of submicrometer nickel

nanorods during the processing of cantilevers similar

to ours is not a concern. Cobalt has a propensity to form

silicides and has low resistance to etching by hydroflu-

oric acid. In control experiments, Co showed significant

damage after 2 min of exposure to 6:1 buffered hydrof-

luoric acid, whereas Ni could withstand 6�8 min of ex-

posure. Further experiments indicated that Co is more

susceptible to silicide formation, at least in our fabrica-

tion process. We note that this is not indicated in the lit-

erature, which generally gives similar formation tem-

peratures for Co42 and Ni43 silicides.

Nickel was also chosen because at high magnetic

field it is expected to exhibit smaller tip magnetization

fluctuations than either cobalt or iron.10 For MRFM ex-

periments at low magnetic field, one wants a tip ma-

terial with high coercivity to suppress magnetization

fluctuations.3,41 At high magnetic field, however, Ng,

Jenkins, and Marohn have shown experimentally that

a nickel tip exhibits much smaller low-frequency trans-

verse magnetization fluctuations than cobalt.10 The ra-

tionale for this observation is that at high field, applying

the external field suppresses angular fluctuations of

the tip magnetization more effectively in the lower ani-

sotropy material.

Magnet Definition. Nickel magnets were defined and de-

posited in the same manner as the alignment marks

(Figure 2b). Nickel magnets of thicknesses 50, 100, and

200 nm and widths between 70 and 600 nm were pre-

pared; all magnets were 1500 nm long. Magnet over-

hang was achieved via e-beam lithography followed by

isotropic plasma etching (Figure 2c). As illustrated in

Figure 3a, a U-shaped “etch pit” was defined, positioned

such that the base of the “U” was 50 nm from the end

of the magnet. A carefully timed and calibrated isotro-

pic SF6/O2 plasma etch was used to remove silicon ver-

tically, down to the buried silicon oxide layer, as well as

laterally, undercutting the resist by 200 to 400 nm (Fig-

ure 3(b�d)). This step also defined the width and length

of the narrowed cantilever tip. The body of the cantile-

ver was defined via optical lithography and a second

SF6/O2 plasma etch (Figure 2d). The cantilevers were

�200 �m long and �4 �m wide.

Backside Processing. Silicon oxide layers were deposited

on both sides of the wafer by plasma-enhanced chemi-

cal vapor deposition (Figure 2e). The purpose of the

front silicon oxide was to protect the magnets and can-

tilevers during backside wafer processing. The back sili-

con oxide served as a mask for a subsequent thru-

wafer silicon etch to remove the handle-wafer silicon

beneath the cantilever. A sacrificial photoresist mask

layer was defined on top of the back silicon oxide us-

ing contact lithography, and the mask pattern trans-

ferred from the photoresist to the underlying silicon ox-

ide via a plasma etch. The purpose for this two-layer

mask was to eliminate potential photoresist contamina-

tion during the penultimate processing step, the canti-

lever release etch.

Backside silicon etching, to remove the supporting

handle-wafer silicon under the cantilevers, was per-

formed using a Bosch-process anisotropic silicon etch.

This etch, unexpectedly, introduced one of the major

difficulties in the fabrication processOthe formation of

nickel silicide. Nickel forms a silicide at an appreciable

rate at approximately 200 °C and above.43 SEM observa-

tion of the nickel magnets at various times following

the start of the backside etch showed that amorphous

features began to grow from the nickel magnets when

�100 �m of the handle wafer remained to be etched.

We speculate that as the backside silicon is etched

away, the heat generated during the etch was less and

less efficiently removed, increasing the magnet temper-

ature. We overcame this problem by limiting the dura-

tion of uninterrupted etching time, and letting the tool

cool between etches.

Release. The cantilevers were released in a buffered

hydrofluoric acid solution. Following several rinses in

deionized water and isopropyl alcohol, the cantilevers

were removed from solution via critical-point drying in

CO2 (Figure 2f). The tip of a completed cantilever can be

seen in Figure 4a.

Figure 3. Magnet underetch process. (a) Rendering of the etching pro-
cess, halfway to completion, with the magnet (in blue) lying under the pat-
terned resist. The device silicon (orange) has been etched under the re-
sist layer, but is not yet removed down to the buried silicon oxide. (b�d)
SEM images showing the etch process after (b) 10, (c) 20, and (d) 30 s of
etching. The resist has been removed for clarity. Scale bars are 500 nm.
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Cantilever Characterization. Cantilever Magnetometry.

Frequency-shift cantilever magnetometry was used to

quantify the net magnetization and coercivity of the

nanorod tip. Measurements were carried out in high

vacuum (P 	 10�6 mbar) at low temperature (T 	 4.2

K). A magnetic field was applied along the long axis of

the cantilever and the field was swept while cantilever

frequency was monitored. From a plot of cantilever fre-

quency versus magnetic field (Figure 4b) we infer a tip

magnetic moment of �obs 	 5.25 � 0.79 � 10�15 Am2,

within 57 to 77% of the magnetic moment expected

from the magnetization of bulk nickel (�0Msat 	 0.60 T)

and measured volume (V 	 1.64 � 10�20 m3). At low

field, the frequency versus field data shows hysteresis

consistent with switching at a coercive field of �0Hc 	

50 mT (Figure 4c). These results are encouraging and in-

dicate that the many processing steps required to fab-

ricate the cantilevers and create overhanging tips do

not significantly affect the tip magnetic properties.

Surface Noise. In Figure 5 we plot the friction coefficient


 experienced by a representative cantilever near a

gold-coated surface as a function of tip�sample sepa-

ration. For comparison, the dotted line is the dissipation

due to internal friction in the cantilever alone. We can

see that the surface-induced cantilever dissipation is

negligible at tip�sample separations above h 	 10 nm.

To compare our observed friction to what has been

measured in the most sensitive MRFM experiment to

date, we convert the measured friction coefficient to an

equivalent minimum detected force using Fmin 	

(4kbT
b)1/2 where kb is Boltzmann’s constant, T is tem-

perature, and b is detection bandwidth. In Figure 5 we

plot Fmin versus tip�sample separation assuming a tem-

perature of T 	 4.2 K and a detection bandwidth of b

	 1 Hz (full circles). For comparison, we plot Fmin re-

ported at two tip�sample separations in the recent 4

nm NMR imaging experiment of ref 1 carried out at T 	

0.3 K (filled circle and square). Our cantilever’s force sen-

sitivity is worse at large tip�sample separations, as ex-

pected since we are operating at a much higher tem-

perature. In the experiment of ref 1, the minimum

detectable force degraded to 10 aN at a tip�sample

separation of h 	 24 nm. Our magnetic-tipped cantile-

ver, in contrast, maintains Fmin � 10 aN for tip�sample

separations down to h 	 3 nm. The ability to maintain

excellent force sensitivity while operating at close sepa-

ration, to maximize the magnetic field gradient acting

on the spin, is critical to achieving high spin sensitivity

in an MRFM experiment.16

Cantilever frequency noise6,19 was also examined as

a function of tip�sample separation. As expected,19

surface-induced frequency noise dominated internal-

friction frequency noise at much larger tip�sample

separations (h � 60 nm). Frequency noise power spec-

tra as a function of tip�sample separation can be found

in Supporting Information.

Electron Microscopy and Spectroscopy. Scanning transmis-

sion electron microscopy (STEM) and electron energy

loss spectroscopy (EELS) experiments were conducted

to corroborate the presence of a damage layer on the

nanorods. A second cantilever with an overhanging

nanorod tip was prepared separately, from a second

starting wafer, and sacrificed for STEM and EELS analy-

sis. A top-down bright-field STEM image of the over-

hanging region of a representative nickel nanorod can

be seen in Figure 6. Strong grain boundary contrast in-

dicates that the bulk of the nanorod is polycrystalline,

with a grain size of 20�40 nm, while the leading and

side edges appear amorphous. EELS spectra were ac-

Figure 4. (a) Scanning electron micrograph of the cantilever’s lead-
ing edge, showing a nickel nanorod tip overhanging the cantilever’s
leading edge by 350 nm (scale bar � 200 nm). (b) Characterization
of the cantilever tip’s nickel nanorod by frequency-shift cantilever
magnetometry. Fractional cantilever frequency shift versus field in
parts per million (bottom, solid line), the best-fit curve (bottom, dot-
ted line, indistinguishable from the data), and fit residuals (top). (c)
Expanded view of the observed frequency shift near zero field, show-
ing hysteresis.

Figure 5. Top: Cantilever friction coefficient � versus
tip�sample separation h. Bottom: The minimum detectable
force versus tip�sample separation for our tip (empty
circles) and for the tip reported in ref 1 (filled circle and
square).
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quired to assay the elemental composition of the mag-
nets with nanometer resolution. Spectra were acquired
in linescans directed along the leading edge (Figure
7a,b) and side edge (Figure 7c,d). In both spectra, the
only observed elements were chromium, nickel, and
oxygen. Nearest the center of the nanorod the Cr:Ni ra-
tio was 0.05:1, in excellent agreement with the 5:100 ra-
tio expected given the thicknesses recorded during
deposition. At both the leading edge and the side edge
the nickel concentration decreases and the oxygen con-
centration increases. In Figure 7b, the concentration of
nickel begins to decrease 20 nm before the leading
edge of the nanorod, implying a damage layer of 20
nm. In Figure 7d, a 14 nm thick damage layer is ob-
served. It should be noted that although the O:Ni ratio
of 1:1 in the damage region at the nanorod side edge
could correspond to the formation of NiO, the anoma-
lously high O:Ni ratio at the leading edge cannot be ex-
plained solely by the formation of an oxide layer. Fur-
ther studies will be required to understand the
presence of this additional oxygen at the leading edge.

Force-Gradient Detection of Electron-Spin Resonance. To show
that the tip’s leading edge was well magnetized, the
cantilever in Figure 4a was used to detect electron-
spin resonance mechanically from a nitroxide free radi-

cal using a force-gradient approach4,6 modified to ob-
serve fast-relaxing spins.11 The sample was a 230 nm
thick film of 40 mM TEMPAMINE in perdeuterated poly-
styrene having a spin�lattice relaxation time of T1 	 1
ms and a spin�echo dephasing time of T2 	 450 ns (as
measured by pulsed inductively detected electron-spin
resonance). The sample was coated with 20 nm of gold.
Operating at 4.2 K and 10�6 mbar, the cantilever was
brought to 60 nm above the sample surface in the ge-
ometry of Figure 1c and driven to a peak-to-peak ampli-
tude of 80 nm. A static magnetic field was applied along
the width of the cantilever4,8 which mitigates damping
of the cantilever arising from tip-field interactions.2 To
saturate sample spins, a cantilever-synchronized train of
17.6 GHz microwave pulses was applied to the sample,
modulated at 9.56 Hz. Each pulse lasted for six cantile-
ver cycles, followed by six cycles without microwave ir-
radiation. To extract the resulting spin-induced modula-
tion of the cantilever frequency, a digitized trace of
cantilever displacement was sent to a software fre-
quency demodulator followed by a lock-in amplifier.

The measured spin-induced cantilever frequency
shift is shown in Figure 8a as a function of applied mag-
netic field. We attribute the negative-going high-field
peak in Figure 8a to a small number of spins just below
the tip, where the field from the tip opposes the ap-
plied static magnetic field. The amplitude and line
shape of the mechanically detected resonance
signalOparticularly the “local” high-field peakOis a
very sensitive function of the shape and magnetization
of the tip’s leading edge.1,15,44,45

In Figure 8b we compare the observed signal to sig-
nal calculated numerically by modeling the tip as a uni-
formly magnetized cuboid. The sample temperature
was taken to be T 	 11 K based on prior work with
larger tips affixed to the cantilever by hand. Assuming
that the entire overhanging region was damaged and
nonmagnetic gives a calculated signal that was far
smaller than the observed signal (model 1). Assuming
a fully magnetized tip (model 2), on the other hand,
overestimates the signal size and the width of the lo-
cal signal, corroborating the existence of a damage
layer. For reference, we note that the large negative-
going central peak in these simulations arises from a
“bulk” resonance4,11 of far-away spins which experience
little tip field. In model 3 we assume a uniform 12 nm
thick magnetic dead layer. This model better repro-
duces the width of the local signal, but misses the sig-
nal present downfield from the bulk signal. The down-
field signal must be due to sample spins experiencing a
tip field which is parallel to the applied static magnetic
field. To account for the presence of downfield signal, in
model 4 we introduce a 50 nm wide domain at the lead-
ing edge of the tip magnetized antiparallel to the ap-
plied field; the agreement between simulated and ob-
served line shape is still poor. While comparing the
width and magnitude of the observed and simulated

Figure 6. Bright-field scanning transmission electron microscopy (STEM) im-
age of a nickel nanorod overhanging the cantilever’s leading edge (scale bar
� 50 nm).

Figure 7. Elemental mapping of an overhanging nickel nano-
rod by electron energy loss spectroscopy (EELS). Lines indi-
cate the scanning direction. Leading edge (a) STEM image and
(b) EELS signal. Side edge (c) STEM image and (d) EELS sig-
nal. The scale bars in panels a and c represent 20 nm. In the
EELS scans of panels b and d, nickel, oxygen, and chromium
are plotted using solid, dot�dash, and dotted lines,
respectively.
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signal seen in Figure 8b allows us to conclude that the

tip’s leading edge is magnetized with a damage layer

no thicker than approximately 20 nm, in rough agree-

ment with electron microscopy, none of the tip-damage

scenarios fit the data very well.

The comparatively poor agreement between simula-

tion and experiment apparent in Figure 8b is surpris-

ing, given the quantitative agreement demonstrated in

ref 11 in an identical experiment carried out with a

�10 �m diameter spherical nickel tip. Our simulations

approximate the tip as an ideal cuboid having uniform

magnetization and assume that the cantilever ampli-

tude is zero; additional simulations with a more realis-

tic tip shape and accounting for the finite cantilever am-

plitude did not substantially improve the agreement

between simulation and experiment. This suggests to

us that the tip is not uniformly magnetized. This hy-

pothesis is reasonable given the moderate operating

field and the presence of (antiferromagnetic) nickel ox-

ide at the tip surface. Another hypothesis is that the tip

magnetization is changing during the magnetic field

sweep. Further experiments with less damaged tips at

higher field will be required to resolve the source of the

puzzling simulation�experiment disagreement seen

here.

DISCUSSION
Our main finding is that the force noise (or equiva-

lently, dissipation) experienced by our cantilevers is,

we believe, the smallest ever demonstrated for an ob-

ject located only a few nanometers from a surface. This

finding establishes that careful engineering of the can-

tilever’s leading edge is a viable approach to signifi-

cantly improving the sensitivity of mechanically de-

tected magnetic resonance.

The main challenge to fabricating magnetic nano-

rod tips overhanging the leading edge of attonewton-

sensitivity cantilevers was the mitigation of heat-

induced metal silicide formation. This we achieved, but

at low yield. Once deposited, low-temperature process-

ing of the tip material is clearly essential to achieving

high yield. Both magnetometry and MRFM data indi-

cated the presence of a magnetically dead layer at the

cantilever’s leading edge. The STEM and EELS data

showed that the main component of the magnetic

dead layer was NiO, with extra oxygen contamination

present on the leading edge. No silicon was detected by

EELS, corroborating that our careful thermal manage-

ment during the Bosch etch succeeded in mitigating

nickel silicide formation, at least for the magnets which

survived HF release. Additional control experiments in-

dicated that nickel was most likely being oxidized dur-

ing the PECVD deposition of oxide and not during the

aqueous HF release. These findings suggest that future

development should focus on protecting the magnet

during oxide deposition.

The 100 nm wide tips were successfully used to ob-

serve electron-spin resonance, the first time to our

knowledge that electron-spin resonance has been de-

tected using a batch-fabricated magnetic-tipped canti-

lever. In these force-gradient electron-spin resonance

experiments the dominant source of noise was unfortu-

nately surface-related fluctuations in cantilever fre-

quency and not force noise. We see no reason, how-

ever, that the cantilevers presented here could not be

used in a force-detected magnetic resonance experi-

ment immediately. Force experiments are challenging

for electron spins because of the high microwave mag-

netic fields required but for nuclear spins an oscillating

magnetic field large enough for force detection can be

achieved at cryogenic temperatures with microwires1,46

(not available in our apparatus). Moore et al. recently in-

troduced a method for up-converting a slowly modu-

lated force-gradient spin signal into a cantilever-

resonant force signal, thereby evading surface fre-

quency noise.47 This method could allow force-noise-

limited detection of electron-spin resonance with the

cantilevers presented here.

Figure 8. Force-gradient electron-spin resonance signal acquired
using the cantilever in Figure 4. (a) Observed cantilever frequency
shift (circles) compared to numerically calculated signal for various
models of tip magnetization (solid lines, models 1�4 going from
top to bottom). Here white regions represent fully magnetized
nickel and cross-hatched regions represent damaged nickel.
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The magnetic field gradients produced by our tips
are competitive with the largest gradients used in an
MRFM experiment to date. With the magnetic field ap-
plied along the width of the tip and assuming a uniform
dead layer of 20 nm, we estimate the relevant mag-
netic field gradient at a distance 5 nm from the nickel
magnet surface to be 8.27 � 105 T/m. For a field applied
along the tip’s long axis, the relevant gradient strength
improves to 2.78 � 106T/m, which would give a single-
electron force of 28 aN. By replacing nickel with cobalt
or by slightly reducing the dead layer thickness, it seems
feasible to achieve a gradient comparable to the 4.2 � 106

T/m of ref 1, which would enable 4 nm imaging of nuclear
spins in as-fabricated samples. The poor agreement be-
tween calculated and observed signal lineshapes is a
cause for concern, however, since a uniformly magne-
tized tip is probably necessary for image reconstruction.1

Further experiments will be required to establish whether
achieving a uniformly magnetized tip will require elimina-
tion of (antiferromagnetic) oxide, operation at higher ap-
plied field, or both.

We believe tips with diameters even smaller than
70 nm can be manufactured by improving the electron-

beam lithography step defining the magnet; whether

the dead layer can be reduced by thermal management

or encapsulation remains an open question. Such im-

proved cantilevers would be useful for measuring small

mechanical forces between metals and dielectrics un-

der irradiation,48 observing tip-enhanced Raman spec-

troscopy,49 and imaging the electric field and field-

gradient fluctuations arising from charge motion and

thermal dielectric fluctuations.19

The cantilevers presented here already open up ex-

citing possibilities for carrying out sub-10 nm resolu-

tion magnetic resonance imaging studies of as-

fabricated electronic devices and prepared biological

samples where mounting the sample to the cantilever

is impossible or impractical. The ability to implement

“scanned probe” MRFM is particularly crucial for biologi-

cal samples, where sample preparation protocols devel-

oped for cryo-electron microscopy such as flash freez-

ing in glass-forming matrices50 will probably be

required to preserve the structural integrity of biomac-

romolecules and biomacromolecular complexes at

cryogenic temperatures.

METHODS
Cantilever Fabrication. Metals were obtained from Kurt J. Lesker;

silicon-on-insulator (SOI) wafers were obtained from SOITEC; sol-
vents were obtained from Fisher Scientific or J. T. Baker and
used as received. The SOI wafer’s device layer resistivity was
14�22 �cm, corresponding to a boron dopant density of 6�9
� 1014 cm�3. Alignment marks for both electron-beam and opti-
cal lithography steps were defined in a resist bilayer consisting
of �50 nm of 950 000 molecular weight (MW) (poly)methyl-
methacrylate (PMMA) on top of �550 nm of 495 000 MW PMMA
(Microchem, supplied in either anisole (495 000 MW resist) or
methyl isobutyl ketone (950 000 MW resist)). All electron-beam li-
thography was done on a JEOL JBX9300FS tool (100KeV beam,
2 nA current). The resist was developed in a 1:3 methyl isobutyl
ketone/isopropy alcohol solution. A 5 nm thick chrome (99.95%
purity) adhesion layer followed by a 100 nm thick layer of plati-
num (99.9% purity) was deposited on the wafer by electron
beam evaporation (CVC products SC 4500 evaporator). Finally,
the resist and excess metal were removed by dissolution in a 1:1
methylene chloride/acetone solution, aided by approximately 1
min of sonication.

To prepare the magnets, the thickness of the 495 000 MW
PMMA layer was varied according to the dimensions of the mag-
net being fabricated, with the resist being approximately 4 times
thicker than the desired magnet thickness. A 5 nm Cr adhesion
layer (99.95% purity; 0.20�0.25 nm/s) and a 50�100 nm Ni layer
(99.995% purity; 0.25 nm/s) were deposited by electron-beam
evaporation. The magnet “etch pit” was written by e-beam li-
thography in �700 nm thick 495 000 MW PMMA. The wafer was
etched for 30�40 s in an SF6/O2 plasma (Oxford Instruments
Plasmalab 80). The resist was then removed by dissolution in a
1:1 methylene chloride/acetone solution, aided by approxi-
mately 1 min of sonication. The cantilever body was written in
�1200 nm of Shipley 700 1.2 photoresist (Microchem), using an
I-line stepper (GCA AS200 Autostep; 0.15 s exposure time). Etch-
ing was the same as for the “etch pit” step. The resist was re-
moved in acetone with sonication.

The protective silicon oxide layers were deposited in a GSI Ul-
traDep PECVD tool using precursor gases SiH4 and N2O. The
backside resist mask was made in a �10 �m thick layer of SPR
220-7.0 photoresist (Rohm and Haas electronic materials) and ex-

posed in a contact aligner (Electronic Visions EV-620). Prior to
backside etching, the resist was hard-baked for �8 h at 90 °C.
The silicon oxide backside mask was etched using a CHF3 plasma
(Plasmatherm PT-72). The backside silicon etch was performed
in an ICP plasma etch tool (Unaxis 770), using the SF6-based
Bosch anisotropic etch. After �400 �m of silicon had been re-
moved, the resist mask was removed in an acetone bath. To pro-
vide mechanical support, a second silicon wafer was attached
to the front of the SOI wafer with thermally conductive paste. For
the remaining 100 �m of silicon, only �10 �m of silicon was re-
moved in each etch cycle. In between etch cycles, the wafer
was unloaded and the tool was allowed to rest for 10 min. Etch-
ing was terminated when the silicon underlying the cantilevers
had been completely removed, as verified by optical microscopy.
A 6 min etch in 6:1 buffered oxide etch (35% NH4F, 7% HF, in
H2O, J. T. Baker) released the cantilever from silicon oxide layers.
The wafer was moved through six deionized water baths and
three isopropyl alcohol baths. Finally, the wafer was transferred
into a CO2 critical-point dryer (Tousimis Automegasamdri). Post-
process imaging was done using a scanning electron microscope
(Zeiss Ultra55 and Supra55 VP).

Cantilever Characterization. Cantilever magnetometry and mag-
netic resonance force microscopy measurements were carried
out in a custom probe operating at a temperature of 4.2 K and
a pressure of 10�6 mbar. The cantilever amplitude was moni-
tored using a fiber-optic interferometer operating at 1310 nm
and cantilever frequency was monitored by (1) forcing the canti-
lever into self-oscillation using using a PI-controlled-gain posi-
tive feedback circuit driving a piezoelectric element at the canti-
lever base and (2) inferring the instantaneous frequency using a
software frequency demodulator. The zero-to-peak oscillation
amplitude was 140 nm for magnetometry measurements and
40 nm for magnetic resonance measurements. The friction coef-
ficient 
 was inferred from the cantilever ringdown time.17,18 To
obtain the data of Figure 4b,c, 1 s of cantilever frequency data
were averaged together at each field point. The tip magnetic
moment was extracted from resonance frequency versus field
data of Figure 4b following Ng et al.10 The nanomagnet was
modeled as a single-domain particle with uniaxial shape aniso-
trophy, and the relative frequency shift as a function of field was
fit to
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where � is the saturated magnetic moment, kc is the cantilever
spring constant, � 	 1.377 is a constant related to the modal
shape of cantilever vibration, B 	 �0H is the applied magnetic
field, and 
B 	 �0�
N/V where 
N 	 Nt � Nl is the difference
in the demagnetization factors for the nanomagnet along the
cantilever’s thickness and length, respectively. To compute the
magnetic volume, the magnet area was estimated from scanning
electron microscope images and the magnet thickness was
taken from thickness-monitor measurements made during mag-
net metal deposition. Electron microscopy experiments were
conducted using a 200 kV FEI Tecnai F20-ST STEM, and TEM
sample preparation was done using a dual-beam FEI Strata 400
STEM FIB system.

Magnetic Resonance. For magnetic resonance force microscopy
measurements, a 230 nm thick film of 40 mM TEMPAMINE (4-
amino-2,2,6,6,-tetramethylpiperidine-1-oxyl; Aldrich, 163945) in
perdeuterated polystyrene (Polymer Source, P4179B-dPS, Mn 	
200 � 103 and Mw/Mn 	 1.4) was prepared by spin-casting from
a d8-toluene solution onto a 250 �m thick quartz substrate
(NOVA Electronics). The sample was coated with 20 nm of gold
by electron-beam evaporation, and a small �1 V potential was
applied between the gold and cantilever to minimize surface-
induced friction and frequency noise. The cantilever was brought
to within h 	 60 nm of the surface with its long axis parallel to
the sample normal (in the y direction) and a magnetic field B0

was applied parallel to the cantilever width (in the z direction).
The cantilever oscillates parallel to the sample surface (in the x di-
rection). The sample sits 250 �m above a gap-coupled half-
wave microwave resonator delivering a few mG of magnetic
field at a frequency of 17.6 GHz. The microwave magnetic field
oscillates in the direction x of the thinnest dimension of the
cantilever.

The microwaves partially saturate a small volume of elec-
tron spins in resonance below the cantilever tip. The micro-
waves were pulsed on for six cantilever cycles and off for six can-
tilever cycles (1.2 ms each), during which time the sample spins
partially recovered with a time constant of �1 ms. The saturated
spins change the cantilever spring constant, via a force-gradient
interaction, by an amount4,11

where 
�j is the change in sample magnetization due to satura-
tion, Bz

tip(rj) is the tip’s magnetic field at the spins’ location, and
the sum is over saturated spins. The volume of spins saturated by
the microwave irradiation is determined by the external mag-
netic field, the magnetic field from the tip, the amplitude of can-
tilever motion, and the frequency of the microwave field. The re-
sulting spring constant change shifts the cantilever resonance
frequency fc by an amount 
fc � fc
k/2kc. To more easily detect
the small spin-induced shift in the cantilever frequency, the mi-
crowave pulse train was cycled on and off at a cantilever-
synchronized modulation frequency of 9.56 Hz. The signal was
extracted from the digitized trace of cantilever motion by a soft-
ware frequency demodulator followed by a software lock-in am-
plifier set to the modulation frequency, with a bandwidth of
0.0167 Hz. At each field point, the signal from five 60 s traces
was averaged. The magnetic field was increased by 0.5 mT be-
tween each point, and the spectrum of Figure 8a took 12 h to
acquire.

The simulated signal in Figure 4b was calculated by model-
ing the tip as a uniformly magnetized cuboid, approximating
the sample as a finite box, calculating B and �2Bz

tip/�x2 at each lo-
cation in the sample box, and summing the contribution to eq
2 from all spins in resonance at a given applied field. As in the ex-
periment, the local field was swept by translating the cantile-
ver. Bloch equations were used to calculate �j using a measured
saturation factor. Decay of magnetization during the cantilever
cycle was neglected. Sample magnetization was calculated from
the known concentration of TEMPAMINE and the Curie law. A

sample temperature of T 	 11 K was assumed in the Curie law,
based on prior experiments comparing calculated and observed
force-gradient spin signals collected with a 4 �m nickel tip inter-
acting with an identical TEMPAMINE film.11
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