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Micrometer-scale magnetometry of thin Ni  goFe,, films
using ultrasensitive microcantilevers
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Microcantilever torque magnetometry is used to measure quantititite curves on patterned
NiggFey films. The dynamic deflection method is employed, in which a small film is deposited onto

a microcantilever and placed in an external magnetic field. A small orthogonal ac torque field is
applied at the cantilever’s resonant frequency, and the resulting torque is measured as a function of
external field. Film patterning and deposition have been integrated with cantilever fabrication.
Results are presented for ainx5 umx30 um Ni—Fe film. The measured saturated magnetic
moment of the sample is 5+10.2x 10 3 A m? for a 100 A/m torque field. Th1-H curves for the
smaller films show hysteretic switching consistent with a series of stable multi-domain states. Values
of the saturation magnetization are within 3% of the value measured on similar samples by
ferromagnetic resonance, indicating this is a sensitive method for measuring magnetic reversal in
small ferromagnetic samples. @003 American Institute of Physic§DOI: 10.1063/1.1557759

Micrometer and submicrometer scale magnetic measureesonant enhancement and also enables direct measurements
ments have proven to be a challenge for conventional magef the magnetization to be made without the need for a
netometers, and new methods are being employed to protigodel to fit the data.
magnetism on this scale. Currently, many measurements are Regardless of which microcantilever magnetometry
made on arrays of micromagnetic ddtsiowever, due to methoq is usgd., a main chgllenge.of this mea_lsurement tech-
fabrication limitations, these results are clouded by statistical 'Y€ 1S obtaining well-defined micromagnetic samples on

. - . cantilevers. To this end, we have created a process in which
variations within the array such as dot shape, size, and spag¢

ina. Th ive detect ded that ep:'itterning and deposition of the film are combined with the
INg. Thus, more sensilive detectors are heeded that can Megsviever fabrication process. In this article we present can-

sure magnetic properties on individual particles. Recentlyyjjoyer magnetometry results on these microfabricated pat-
various method_s have_ been uset_j to probe_lndlwdual Or iSQerned NjgFey, films with dimensions as small as&mx5
lated samples, including magnetic force microscopyag- #mx30 nm.
netoresistance measuremehtsnagneto-opticé, Lorentz Figure 1 shows the experimental setup. A small Ni—Fe
microscopy, superconducting quantum interference devicefilm is deposited onto a mechanical oscillator and placed in
magnetometry, and microcantilever torque an external magnetic fieldll,. The field is applied in the
magnetometry 1t plane of the film and perpendicular to the axis of the canti-
Of these, microcantilever torque magnetometry has theever. It is created by an iron core electromagnet that can be

most diverse measurement methods, all of which have thef@mped from+50 to —20 kA/m, with the offset due to a

pros and cons. Measurement of the frequency shift and diss-m":1II permanent magnet used to e!iminate artificial npise
sipation as a function of applied fidi? (referred to as the caused by switching the current polarity. A small torque field

. o ) (H+=15-100 A/m is applied perpendicular to the plane of
dyngmw mode of operatlc)rylelds. thg be§t resolution but the film. Hy is varied at the resonant frequency of the canti-
requires a model of the magnetization in order to extract

guantitative information above the sample’s magnetic prop-
erties. The static mode of operation uses the torque created
between the applied field and the magnetization to cause a
measurable deflection of the cantile§ebut this method
does not operate at the cantilever’'s resonance and therefore
sacrifices sensitivity. Another method is the dynamic equiva-
lent of the static mode but employs a small alternating torque
field orthogonal to the applied field, resulting in torsional -°
excitation of the cantilevéf ! This dynamic deflection
method offers the advantage of higher sensitivities due to ¢

dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Experimental setup for cantilever magnetometry using the dynamic
chabot@boulder.nist.gov deflection mode of operation and a torsional oscillator.
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FIG. 2. Scanning electron micrograph of a single-crystal silicon torsional

oscillator with the 5umX5 umx30 nm Ni—Fe fim used in this work.  FIG. 3. Unadjusteddashed lingand adjustedsolid line) M-H curves for a

Upper and lower torsional modes are illustrated on the right. Ni—Fe film with V=3.6x 10" m3. Inset: Close-up view of adjusted loop
showing hysteresis.

lever wg, resulting in an oscillating torque given by Ewts
= Bl(1+n)’

whereE is Young’s modulus E=1.3x 10" N/m?), nis the

whereV is the volume of the film, and the angle betweédn Poisson ratidn=0.28), | is the lengthw is the width, and
andH+ is assumed to be 90°. If the rotation of the magneti-is the thickness of the neck. Usiihg 35 um, w=10 um, and
zation out of plane is less than 5°, the in-plane magnetizatiot=1 um, we find«=5x10"° N m.
is within 1% of its value aH{=0, and Eq(1) is valid. The As mentioned previously, a chief challenge of cantilever
in-plane and out-of-plane anisotropy fields for a given matemagnetometry is obtaining well-defined films on cantilevers.
rial and geometry determine the field strength necessary tbhis obstacle has been overcome by integrating film pattern-
rotate the magnetization by 5° out of plane. For the 30-nming and deposition with oscillator fabrication. The magnetic
thick Ni—Fe films used in this work, shape anisotropy is thefilm is deposited onto a silicon wafer that has been processed
dominating factor, and torque fields on the order of 700to create several boron-doped membranes that are coated
kA/m are required to rotate the magnetization by%There- ~ with patterned photoresist. The resist is removed, leaving
fore, since the values ¢f; are all less than 100 A/m, E(L) behind the patterned magnetic films on the thin membranes.
is a valid approximation. A last patterning step is done in which parts of the mem-
The amplitude of oscillation is detected with an atomicbranes are etched away, leaving behind free-standing single-
force microscope head with a beam-bounce detection sysrystal silicon multiple-torsional oscillators with the films
tem. A four-quadrant photodiode allows for the torsion andsituated on their head§-ig. 2). The Ni—Fe films are pre-
deflection modes to be separated. The measured voltage pared by thermal evaporation at a pressure ok1L.@ 4 Pa
converted to a cantilever rotation angheby use of the cali- and an evaporation rate of 0.5 nm/s.
bration factor: 1 \=7.64x 10~ * rad. The measured value for Figure 3 shows the results obtained for a 30 nm film
¢ is then converted to a torque using k$/Q, wherex is  deposited onto the whole head of an oscillator, corresponding
the torsional spring constant of the oscillator a@ds the  to a volume of 3.&10 *" m®. The data were adjusted to
quality factor. It is assumed that the measurement was mad@mpensate for the large resonant frequency shift that occurs
while operating on resonance. with Hy due to magnetic stiffening of the oscillator. This
The sensitivity of this cantilever magnetometry methodstiffening effect is plotted in Fig. 4, indicating an approxi-
is limited by the thermal noise of the mechanical oscillator.mately linear shift of 0.91 HzkA/m) for fields up to 50
Therefore high sensitivity is obtained by operating inkA/m. The M-H curve in Fig. 3 was measured fétr(w,)
vacuum and by fabricating oscillators that have lewhigh  oscillating at 49.220 kHz, which corresponds to the cantile-
Q, and high w,. Single-crystal silicon multiple-torsional ver being tuned aH,=14 kA/m. As H, is ramped away
oscillators®** were fabricated for use in this work. The from 14 kA/m, the amplitude decreases as a function of the
multiple-torsional oscillator geometriFig. 2) offers the ad-
vantage of an upper torsional mode of operation that has a

(2
7(wg) = ol M X H(wg)|V=poMH(wo)V, 1

higher Q and a higher resonant frequency than the lower ,.\49'25 B ' ',"‘. ' ! ' E
torsional mode. The highe® arises because most of the %4924 B J \ n °~4,g
energy of oscillation is stored in the head, which is not di- \/049-23 B D A =
rectly coupled to the fixed base. These oscillators have been 249.22 ! \ _ 0.3%
characterized at room temperature and a pressure of 13 Pa 4921 |- w N i <
using magnetic excitation. For the lower torsional mode, we 10 0 10 20 30 40

find an averagew,~50 kHz andQ~4000. For the upper Magnetic Field (kA/m)

torsional mOde.wON 120 .kHZ’ andQ~12 000. Frpm elastic . FIG. 4. Resonance frequency of oscillafcircles, left axi$ vs applied field.
theory, the torsional spring constant of the oscillator neck Implitude of oscillator tuned to 49 220 kHaashed line, right axjsvs
calculated to b¥ field.
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40 = indicating a torque resolution of 840.7x 10 ° N m. For a
torque field of 100 A/m, this corresponds to a moment sen-
Za20k sitivity of 6.7x 10 '®* A m2 This is consistent with the pre-
= dicted thermal noise level of the cantilever.
& ~ These results indicate that the dynamic deflection mode
g oOF of operation for microcantilever torque magnetometry is a
g | reliable and sensitive way to make quantitative measure-
B 20 2 H,(kA/m) 4 ments on small ferromagnetic samples. Current moment sen-

sitivity is 6.7x10° 1% Am?(7.2x10® ug) for Hy=100

| A/m. Measured values of the saturation magnetization of
20 15 10 5 o 5 10 Ni—Fe are within 3% of previous values obtained by FMR,
Magnetic Field (kA/m) illustrating that this is indeed a feasible method for measur-

ing quantitativeM-H curves without modeling. The chief
FIG. 5. Torque vs applied field for a amx5 umx30 nm Ni-Fe film.  challenge of obtaining well-defined samples on microcanti-
Inset: close-up of hysteresis showing domain switching. levers has been solved by integrating film patterning and

deposition with oscillator fabrication. Future work will ex-

Q of the oscillator. the resonance curve as a functio gf plore the possibility of decreasing the quantitative error by

for the oscillator tuned to 49 200 kHz with a measufzof recording full cantilever resonance sweeps at each value of
4000 is plotted in Fig. 4. The measured amplitude as a funcnagnetic field. This will allow for the frequency shift, dissi-
tion of H, is multiplied by the ratio of the maximum ampli- pation, and cantilever deflection all to be measured and used
tude of the resonance curve at 14 kA/m to the amplitude of? @nalysis. Long-term cantilever optimization combined
the resonance curve for the particular field at which the mealith 10w temperatures makes this method a promising tech-
surement was taken. Both the adjusted and unadjusted ddiflueé for measuring magnetic properties of individual
are shown in Fig. 3. The unadjusted curve shows an apparef@MPIes near the superparamagnetic regime of 18¥0n
increase after saturation that is not evident in the adjuste@M><10 nm.
data, indicating that this effect is due solely to magnetic stiff-
ening, as expected. It is also important to note that While1 _
frequency shift is caused by a change in the spring constantéof)g‘f'g' (\fvri‘été‘jvrélvd '\K'Ae“gzg‘;%vg”dMB'F'gfl'eAp,\;’" Eﬁ‘g;é—cff?' ‘;Zlfng
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