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High Frequency Probes
in Magnetic Nanostructures Zbigniew Celinski, Chairman

Micromechanical detectors for local field measurements based
on ferromagnetic resonance „invited …

Albrecht Jander, John Moreland,a) and Pavel Kabos
National Institute of Standards and Technology, Boulder, Colorado 80305-3337

Ferromagnetic resonance~FMR! measurements were performed on micrometer-size thin-film
samples deposited onto a micromechanical cantilever detector. The FMR response is coupled to
cantilever motion in one of three ways:~1! By measuring the change in torque on the sample in a
uniform field; the FMR precession reduces the static magnetic moment of the sample with a
resultant change in torque.~2! By measuring the damping torque acting on the FMR precession.~3!
By measuring the energy absorbed in FMR using a bimaterial cantilever as a calorimeter sensor. Our
instrument is capable of measuring the FMR response in permalloy samples as small as 2
310211cm3 in ambient conditions with a signal-to-noise ratio of 100. In addition we demonstrate
that this system can be used as a quantitative scanning probe magnetic field microscope. Using the
magnetic field sensitivity of the FMR response in a small ferromagnetic particle, we have achieved
50 A/m field resolution on 20mm length scales. Both dc fields and microwave fields were imaged.
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INTRODUCTION

Ferromagnetic resonance~FMR! is an important experi-
mental method for characterizing magnetic materials. M
netic quantities such as the Landeg factor, the FMR line-
width, the anisotropy field, and the magnetization can
obtained from FMR measurements.1 Traditional microwave
cavity FMR experiments on thin films are limited in the
sensitivity and require fairly large sample areas on the or
of 1 mm2. Recent developments in micromechanical det
tion of magnetic resonance using micromachined cantile
detectors have shown that it is possible to measure mag
resonance effects in micrometer and submicrometer s
particles.2–6 Most of these techniques couple the magne
response into a force on the cantilever by means of a str
field gradient. Here we present two techniques for microm
chanical detection of FMR using the torque sensitivity
cantilevers7,8 and a third technique based on calorimetry.9 In
all three cases, coupling to the cantilever motion is achie
without a field gradient.

In addition to investigating magnetic material propertie
the ferromagnetic resonance effect in small particles may
used as a high-resolution probe of local magnetic fields.
attaching it to the end of a micromachined cantilever,
probe particle can be moved in space to map microsco
field distributions. Since FMR is sensitive to both the dc b
field as well as the high-frequency pumping field, both sta
and microwave field distributions can be imaged.

In the experiments described here, we detect the oc
rence of ferromagnetic resonance through the mechanica
fect on a micromachined Si cantilever. We will consid

a!Electronic mail: moreland@boulder.nist.gov
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three distinct effects:~1! The reduction of the static magne
tization when FMR conditions are met. This is detected a
change in the magnetostatic torque acting on the sample
magnetic field.~2! The damping torque. The resonance
limited by damping processes, which produce a coun
torque on the precessing spins. We measure this dam
torque as a corresponding torque on the sample.~3! The
energy absorbed in FMR. Excitation of FMR results in t
absorption of microwave energy by the spin system. We
tect the heating of the sample associated with this absorp
by using the cantilever as a bimaterial calorimeter.

ANALYSIS OF MECHANICAL RESPONSES

FMR is achieved by saturating a ferromagnetic sam
with a bias field and then perturbing the magnetization w
a high-frequency pumping field applied perpendicular to
bias field. With the bias field applied in thez direction, the
equilibrium position of the magnetization vector is also
the z direction. A harmonic pumping fieldhx applied to the
sample results in deviation from equilibrium given by

mx5xhx , ~1!

my5 ikhx . ~2!

Here,x5x81 ix9 andk5k81 ik9 are complex susceptibili-
ties that can be derived from Landau–Lifschitz dynamics10

x5
vm~vy1 iav!

vxvy2v21 iav~vx1vy!
, ~3!

k5
2vmv

vxvy2v21 iav~vx1vy!
, ~4!
6
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wherev is the angular frequency of the driving field,a is the
Gilbert damping parameter, andvm , vx , andvy are deter-
mined by the shape and magnetization of the sample thro

vm5gMs , ~5!

vx,y5g@H01Ms~Nx,y2Ns!#. ~6!

HereH0 is the bias field,Ms is the saturation magnetization
g is the gyromagnetic ratio, andNx,y,z are the demagnetizing
factors of the sample.

For a sample with small damping (a!1) near resonance
(v25vxvy), the imaginary parts dominate bothx andk, so
we may write

mx5 ix9hx , ~7!

my5k9hx . ~8!

This describes an elliptical precession of the magnetiza
with thex component out of phase with the driving field an
the y component in phase with the driving field. Near res
nance,

xxx~res!9 5
2vmvy

av~vx1vy!
5

2MsA11Ms /H0

a~2H01Ms!
, ~9!

k~res!9 5
vm

a~vx1vy!
5

Ms

a~2H01Ms!
, ~10!

where the right-hand expressions are for the case of a t
film sample with in-plane driving field~Nx5Nz50, Ny51!.

With these standard relations, we derive the magnit
of the three effects described above. First, consider
change in magnitude of thez component of the magnetiza
tion. In the absence of a driving field,hx , the magnetization
vector lies in its equilibrium position in thez direction. When
FMR is excited, the precession causes the magnetization
tor to tip away from thez axis. If the magnitude of the
magnetization vector remains constant, geometrical con
erations lead to the result that, for small precession ang
the average value ofMz changes by8

uDMzu5
umxu21umyu2

2Ms
5

Mshx
2

2a2~2H01Ms!H0
. ~11!

In the presence of a torque fieldHT directed in they direc-
tion, this change in magnetization results in a proportio
change in the magnetostatic torque,

DTstatic5m0

HT

H0

Ms

2a2~2H01Ms!
hx

2V. ~12!

This torque is directed in thex direction, causing a twisting
about the axis of the rf field as shown in Fig. 1~a!. The torque
of Eq. ~12! is produced by an interaction of the dc comp
nent of the magnetic moment with a static torque field.

We now turn to a different source of torque on t
sample, one produced by the interaction of the oscillat
field hx with the precessing component of the magnetizati
The elliptical precession of the magnetization results in
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component of the dynamic magnetizationmy , that is perpen-
dicular tohx , resulting in a torqueT̄5m0m̄3h̄ with an av-
erage magnitude

Tdamping5
1
2m0k9hx

2V ~13!

5
m0Ms

2a~2H01Ms!
hx

2V. ~14!

This is the torque that the microwave field exerts on
magnetization to maintain the precessional motion in
presence of damping. At steady state, this same torque m
be transferred to the lattice through the damping proces
The resulting torque will tend to twist the sample about thz
axis in the same direction as the precession, as indicate
Fig. 1~b!.

Finally, we consider the power absorbed due to
phase lag of the magnetizationmx with respect to the driving
field hx . The phase lag is 90° at resonance and produce
oval on themx versushx plot and a corresponding powe
dissipation,

P5 1
2m0vxxx9 hx

2V ~15!

5
m0Msg~H01Ms!

2a~2H01Ms!
hx

2V. ~16!

As before, in the steady state, the power absorbed by the
system must be transferred to the lattice as heat.

EXPERIMENT

The detection of the three effects described by Eqs.~12!,
~14!, and~16! is based on the mechanical response of a
cromachined Si cantilever. The cantilever used in the pres
study has widthw549mm, length l 5449mm, and thick-
ness t52.5mm. These cantilevers are commonly used

FIG. 1. Illustration of the direction of applied fields and resulting torques
~a! the magnetostatic torque in a perpendicular field and~b! the damping
torque.
7
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atomic force microscopy~AFM!. The ferromagnetic sampl
is deposited onto the end of the cantilever by thermal eva
ration using a shadow mask to restrict deposition to only
very end of the cantilever. An optical micrograph of the
nm thick permalloy sample used in the experiments
shown in Fig. 2. The sample has a total volume
2.2310211cm3.

The instrumentation used to measure the mechanica
sponse of the cantilever is shown schematically in Fig.
The detector system, based on a commercial AFM head,
a laser-beam-bounce method to determine both the defle
and torsion of the cantilever. The laser is focused onto
end of the cantilever and the deviation of the reflected be
is measured in two axes by means of a four-quadrant ph
diode detector.

To establish conditions for ferromagnetic resonance,
cantilever is suspended over a microwave stripline reson
driven at 8.95 GHz. The tip of the cantilever carrying t
sample film is positioned above the center of the stripl
where the microwave magnetic fields are directed as sh
by hx in Figs. 4~a! and 4~b!. The microwave source is am
plitude modulated to obtain an oscillating mechanical
sponse of the cantilever. The response is detected by m
of a lock-in amplifier synchronized with the modulating si
nal. For optimum sensitivity, the modulating frequency

FIG. 2. Microscope photograph of the 50 nm thick permalloy sample
posited on the end of the Si cantilever. The sample volume is approxima
2.2310211 cm3.

FIG. 3. Block diagram of the instrumentation used for micromechan
detection of FMR.
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matched to the mechanical resonance frequency of the
tilever. The uniform bias fieldH0 is applied by a dipole
electromagnet surrounding the AFM.

In response to a torque on the sample about the long
of the cantilever, the cantilever will twist according to i
torsional spring constant established from elastic theor11

For a beam witht!w, the torsional spring constant is give
by

k5
T

f
5

Gwt3

3l
, ~17!

whereG is the shear modulus of the cantilever material a
f is the torsion angle at the free end of the beam in respo
to a torqueT. With G550 GPa for Si, the cantilevers used
these experiments have a torsional spring constant of
proximately 331028 N m/rad. The torsional resonance fre
quency of the cantilever wasf 05242.9 kHz with aQ of
approximately 250 in air.

The primary source of noise in these detectors is
thermomechanical vibration of the cantilever. For the t
sional mode, the rms thermal noise level is found from

Tnoise5A4kBkBTamb

Q f0
, ~18!

whereB is the detector’s bandwidth,kB is Boltzmann’s con-
stant, andTamb is the ambient temperature. The detec
bandwidth, determined by the time constant of the lock
amplifier, was 5 Hz. For our cantilever, this specifies a no
floor of 4.5310218N m.

-
ly

l

FIG. 4. Orientation of the cantilever and thin-film sample with respect tohx

from the stripline and the bias fieldH0 for ~a! magnetic moment torque
detection and~b! damping torque detection. For calorimetry detection t
configuration in~b! was used.
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For the magnetostatic torque experiment, the cantile
was positioned with respect to the stripline as shown in F
4~a!. The bias fieldH0 establishes a magnetization in the fil
perpendicular to the cantilever axis. The magnetost
torque on the sample in the presence of the torque fieldHt

from the permanent magnet then has the proper orientatio
apply a twisting moment to the end of the cantilever.
FMR, this torque will then be reduced by an amountDTstatic,
as indicated in Eq.~12!. The FMR response as a function
H0 is plotted in Fig. 5~a!. With the experimental conditions
H0585.4 kA/m, HT510 kA/m, a50.01, Ms5672 kA/m,
and hx5200 A/m, Eq. ~12! predicts a peakDT of 5.3
310216N m, with a signal-to-noise ratio of greater than 10

FIG. 5. FMR spectra for the 2.2310211 cm3 thin-film permalloy sample
obtained by the three techniques:~a! magnetic-moment torque,~b! damping
torque, and~c! calorimetry.
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To measure the damping torque, the cantilever was
positioned as shown in Fig. 4~b! so that the precession an
resulting torque is about the axis of the cantilever. A simi
technique has been used to measure the damping torqu
paramagnetic resonance.12 A plot of the damping torque as
function of H0 is shown in Fig. 5~b!. With the same condi-
tions as before, using Eq.~14! we arrive at a peak torque o
4.4310217N m, in rough agreement with the experimen
The signal-to-noise ratio is also close to the expected va
of 10.

After completing the torque experiments, we deposite
50 nm thick layer of Cu on the backside of the cantilev
This transforms the cantilever into a bimaterial calorimet
which bends due to the differential thermal expansion of
Cu and Si layers. Barneset al. solved the heat equation fo
this configuration13 and showed that deflection at the fre
end of the beam is

z52
E1

E2

t1
2

t2
2

l 3

w S g12g2

l1t11l2t2
D P, ~19!

whereg, l, t, w, l, andE are, respectively, the thermal ex
pansion coefficient, thermal conductivity, thickness, wid
length, and Young’s modulus of the beam layers. The s
scripts refer to the different beam layers. It is assumed that1

for Cu is much less thant2 for Si and that the heat source
concentrated at the free end of the beam. For the Si can
ver described above in this experiment, with a 50 nm
coating, the cantilever tip displacement is calculated to
7.231025 m/W.

As before, the sensitivity is limited by thermal vibratio
of the cantilever. The expression is similar to Eq.~18! except
that the spring constant and resonance frequency for the
flection mode are used. This gives a thermal noise floor
our cantilever of approximatelyxnoise53.7310213m, or
equivalently,Pnoise55 nW.

Either orientation of the cantilever in Fig. 4 may be us
with calorimetry detection, but the orientation of Fig. 4~b! is
preferred because there is less eddy-current heating of
cantilever. The FMR spectrum determined using the calor
etry approach is shown in Fig. 5~c!. The peak absorbed
power, as determined from Eq.~16!, is 7.731026 W. The
predicted signal-to-noise ratio is in excess of 1000.

FIG. 6. Fringing fields above a 100mm scratch in a magnetic recordin
medium measured by scanning FMR probe microscopy with magne
moment torque detection.
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APPLICATIONS AS LOCAL FIELD SENSORS

A key advantage of the cantilever-based technique
the ability to accurately position the tip carrying the ferr
magnetic sample in three dimensions using the same me
nisms typically found in atomic force microscopes. This
lows the ferromagnetic response of the sample to be use
a localized field probe. Since the FMR response is sens
to both the bias field as well as the microwave field, we c
use the FMR probe both as a dc magnetic field sensor as
as a microwave power sensor. The spatial resolution of th
sensors is determined by the size of the ferromagn
particle.

We have demonstrated the ability to map an unkno
field distribution using the dc torque method describ
above.14 The sample to be imaged is placed between
FMR probe and the stripline. The fields from the sample a
to the bias field and shift the FMR response of the probe.
compensating the bias field to maintain a constant FMR
sponse, the local fields can be determined as a functio
position when the tip is scanned back and forth across
sample surface. A two-dimensional field map from the frin
ing fields produced by a 100mm scratch in a FeOx recording
medium is shown in Fig. 6. The lateral resolution, as de
mined by the size of the ferromagnetic probe, is on the or
of 20 mm. The field sensitivity, limited by thermal noise an
the resonance linewidth, is approximately 50 A/m.

Alternatively, we may keep the bias field fixed and u
the variation in the magnitude of the FMR response to m
sure spatial variations in amplitude of a microwave fie
Since the peak FMR signal is proportional tohx

2, the result-
ing signal is an indication of the local microwave field inte
sity. Shown in Fig. 7 is the variation in FMR response,
measured by the calorimetry technique, as the probe is

FIG. 7. Microwave power as a function of position across the stripl
measured using FMR detection by micromechanical calorimetry.
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placed laterally across the stripline. The stripline is 500mm
wide and the tip was held approximately 50mm above the
surface of the conductor. The lateral extent of the stripl
conductor is indicated in the figure, showing that the mic
wave field peaks near the edges of the stripline and falls
quickly as the probe moves away from the conductor.

CONCLUSIONS

We have shown FMR measurements on a sample
small as 2.2310211cm3 using micromechanical torque de
tection and calorimetry. These experiments were perform
using standard Si cantilevers operating under ambient co
tions. It is well-established that, based on Eq.~18!, several
orders of magnitude improvement in sensitivity can
achieved with custom-made cantilevers operating
vacuum.15,16 Cantilevers specifically designed for this pu
pose can have much smaller spring constants, while ope
ing in vacuum increases theQ factor by several orders o
magnitude. With this approach we expect to be able to m
sensitivity improvements on the order of 104, allowing FMR
measurements to be made on nanometer-scale samples
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