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Micromechanical detectors for local field measurements based
on ferromagnetic resonance (invited )
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Ferromagnetic resonancé&MR) 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 wayd) 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 torqué2) By measuring the damping torque acting on the FMR preces&pn.

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
x 10" cm?® 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 2@um length scales. Both dc fields and microwave fields were imaged.
[DOI: 10.1063/1.1354583

INTRODUCTION three distinct effects(l) The reduction of the static magne-
tization when FMR conditions are met. This is detected as a

Ferromagnetic resonan¢EMR) is an important experi- . . . .
- . . change in the magnetostatic torque acting on the sample in a
mental method for characterizing magnetic materials. Mag?na netic field.(2) The damping torque. The resonance is
netic quantities such as the Landdactor, the FMR line- g ' ping torque.

) . . S limited by dampin rocesses, which produce a counter-
width, the anisotropy field, and the magnetization can betorque or31/ the ppregespsing spins. We mzasure this damping
obtained from FMR measurement3raditional microwave '

cavity FMR experiments on thin films are limited in their torque as a corresponding torque on the sam(8.The

T : . energy absorbed in FMR. Excitation of FMR results in the
sensitivity and require fairly large sample areas on the order . : .
: . . absorption of microwave energy by the spin system. We de-

of 1 mnf. Recent developments in micromechanical detec- . . : . .
tect the heating of the sample associated with this absorption

tion of magnetic resonance using micromachined cantilever : . . . .
detectors have shown that it is possible to measure magnetpél using the cantilever as a bimaterial calorimeter.
resonance effects in micrometer and submicrometer sized
particles>® Most of these techniques couple the magnetic
. . ANALYSIS OF MECHANICAL RESPONSES
response into a force on the cantilever by means of a strong
field gradient. Here we present two techniques for microme-  FMR is achieved by saturating a ferromagnetic sample
chanical detection of FMR using the torque sensitivity ofwith a bias field and then perturbing the magnetization with
cantileverd® and a third technique based on calorimétty. 5 high-frequency pumping field applied perpendicular to the
all three cases, coupling to the cantilever motion is achieve@ias field. With the bias field applied in thedirection, the
without a field gradient. equilibrium position of the magnetization vector is also in
In addition to investigating magnetic material properties,the z direction. A harmonic pumping fieltl, applied to the
the ferromagnetic resonance effect in small particles may bgample results in deviation from equilibrium given by
used as a high-resolution probe of local magnetic fields. By
attaching it to the end of a micromachined cantilever, the m, = xhy, @
probe particle can be moved in space to map microscopic my=ixh,. )
field distributions. Since FMR is sensitive to both the dc bias L, L, o
field as well as the high-frequency pumping field, both statid 1€&:x=x"+ix" andx=x«"+i«" are complex susceptibili-
and microwave field distributions can be imaged. ties that can be derived from Landau-Lifschitz dynanifcs:

In the experiments described here, we detect the occur- on(wyt+iaw)

. : = g , 3
rence of ferr(_)magnetlg resonance t_hrough the m_echam(_:al ef- X wxwy—wz-f-law(wx-l—wy) ()
fect on a micromachined Si cantilever. We will consider
—Wmw
K= 2, : ’ (4)
dElectronic mail: moreland@boulder.nist.gov wywy— o Tiao(w+ oy)

7086



JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 11 1 JUNE 2001

wherew is the angular frequency of the driving field,s the (a) H,
Gilbert damping parameter, and},,, o, andw, are deter-
mined by the shape and magnetization of the sample through

on=yMg, 5

Wy y= 7[H0+M5(Nx,y_Ns)]- (6)

HereH, is the bias fieldMy is the saturation magnetization, ‘
v is the gyromagnetic ratio, ard, , , are the demagnetizing
factors of the sample.

For a sample with small dampingr&1) near resonance
(w?= wywy), the imaginary parts dominate boghand «, so (b)
we may write

m,=ix"hy, (7)

my= «"h,. (8) |

This describes an elliptical precession of the magnetization T = h
. . .. . damping I“I'Om))( £4
with the x component out of phase with the driving field and
they component in phase with the driving field. Near reso-FIG. 1. lllustration of the direction of applied fields and resulting torques for

nance, (a) the magnetostatic torque in a perpendicular field émdthe damping
torque.
. — Wy —MgV1+Mg/Hg ©
X = = b
S qw(wxtwy)  a(2Ho+ M) component of the dynamic magnetizatiog, that is perpen-
o M. dicular toh,, resulting in a torqué = ugmxh with an av-
(reg= = rage magni
K(rey a(wxtwy)  a(2Ho+My)’ (10 erage mag tlude 2
T — K”h V 13
where the right-hand expressions are for the case of a thin-  %mPing 205 T (13
film sample with in-plane driving fieldN,=N,=0, N,=1). _ oMy h2y 14
With these standard relations, we derive the magnitude T 2a(2Ha+ ML) XV (14)
a(2Hg s)

of the three effects described above. First, consider the

change in magnitude of thecomponent of the magnetiza- > o ; S
tion. In the absence of a driving fieltl, , the magnetization magnetization to maintain the precessional motion in the

vector lies in its equilibrium position in thedirection. When ~ Presence of damping. At steady state, this same torque must

FMR is excited, the precession causes the magnetization veR€ transferred to the lattice through the damping processes.
tor to tip away from thez axis. If the magnitude of the The resulting torque will tend to twist the sample aboutzhe

magnetization vector remains constant, geometrical considiS in the same direction as the precession, as indicated in

erations lead to the result that, for small precession angleg.,'g' 1_(b)' )
the average value dfl, changes b/ Finally, we consider the power absorbed due to the

phase lag of the magnetizatiom, with respect to the driving

This is the torque that the microwave field exerts on the

[m, |2+ |my|2 M¢h?2 field h,. The phase lag is 90° at resonance and produces an
|AM,|= M. 2a%(2Hgt MJHy" (1) oval on them, versush, plot and a corresponding power
. _ _ . dissipation,
Ip the presence of a torque 'flelqiT directed in they dlrecj P=Lyowy! h2V (15
tion, this change in magnetization results in a proportional 2o @ Xxx"x
change in the magnetostatic torque, :MOMSY(H0+ M) 16
AT i g T M- h2v (12) 2a(2Hor Mo
static™ MO "2 02(2Ho+ M) X As before, in the steady state, the power absorbed by the spin

. L : N . - system must be transferred to the lattice as heat.
This torque is directed in the direction, causing a twisting y

about the axis of the rf field as shown in Figall The torque
of Eq. (12) is produced by an interaction of the dc compo-
nent of the magnetic moment with a static torque field. The detection of the three effects described by Et®),

We now turn to a different source of torque on the (14), and(16) is based on the mechanical response of a mi-
sample, one produced by the interaction of the oscillatingcromachined Si cantilever. The cantilever used in the present
field h, with the precessing component of the magnetizationstudy has widthw=49um, lengthl=449um, and thick-
The elliptical precession of the magnetization results in anesst=2.5um. These cantilevers are commonly used in

EXPERIMENT
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FIG. 2. Microscope photograph of the 50 nm thick permalloy sample de- % sample
z

posited on the end of the Si cantilever. The sample volume is approximately
2.2x10" M.
2"
=

>, ?j
atomic force microscopyAFM). The ferromagnetic sample / \ \ J
is deposited onto the end of the cantilever by thermal evapo- \ \
ration using a shadow mask to restrict deposition to only the cantilever stripline
very end of the cantilever. An optical micrograph of the 50 (b)
nm thick permalloy sample used in the experiments is
shown in Fig. 2. The sample has a total volume of
2.2% 10" Yems. FIG. 4. Orientation of the cantilever and thin-film sample with respebt to

The instrumentation used to measure the mechanical r%r_om t_he stripline and 'the bias field, f(_Jr (@ magneti_c moment torque

A - - ) ) etection andb) damping torque detection. For calorimetry detection the
sponse of the cantilever is shown schematically in Fig. 3configuration in(b) was used.
The detector system, based on a commercial AFM head, uses
a laser-beam-bounce method to determine both the deflection
and torsion of the cantilever. The laser is focused onto the )
end of the cantilever and the deviation of the reflected bearf?@tched to the mechanical resonance frequency of the can-
is measured in two axes by means of a four-quadrant photdl€ver- The uniform bias fieldH, is applied by a dipole
diode detector. electromagnet surrounding the AFM.

To establish conditions for ferromagnetic resonance, the N response to a torque on the sample about the long axis
cantilever is suspended over a microwave stripline resonatdt’ the cantilever, the cantilever will twist according to its
driven at 8.95 GHz. The tip of the cantilever carrying the torsional spring constant estfabllshed_from eIasUc_thébry.
sample film is positioned above the center of the striplind ©" & beam witft<w, the torsional spring constant is given

where the microwave magnetic fields are directed as showhY

by h, in Figs. 4a) and 4b). The microwave source is am- T Gwt

plitude modulated to obtain an oscillating mechanical re- k= =—7—, 17)
sponse of the cantilever. The response is detected by means

of a lock-in amplifier synchronized with the modulating sig- WhereG is the shear modulus of the cantilever material and
nal. For optimum sensitivity, the modulating frequency is ¢ is the torsion angle at the free end of the beam in response
to a torqueT. With G=50 GPa for Si, the cantilevers used in
these experiments have a torsional spring constant of ap-
proximately 3x 10 8 N m/rad. The torsional resonance fre-

LOCK- quency of the cantilever wak,=242.9kHz with aQ of
REEl INAMP [oUY approximately 250 in air.
The primary source of noise in these detectors is the
M%%%LQEEON thermomechanical vibration of the cantilever. For the tor-

sional mode, the rms thermal noise level is found from

[AKBKsT amb
Thoise™ Qf, - ) (18

whereB is the detector’s bandwidtlkg is Boltzmann's con-
stant, andT,,, is the ambient temperature. The detector
bandwidth, determined by the time constant of the lock-in
FIG. 3. Block diagram of the instrumentation used for micromechanical@Mplifier, was 5 Hz. For our cantilever, this specifies a noise
detection of FMR. floor of 4.5<107 18N m.

MICROWAVE
SOURCE

cantilever

stripline \\
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1.0 To measure the damping torque, the cantilever was re-
Q o positioned as shown in Fig.(d) so that the precession and
3 7 resulting torque is about the axis of the cantilever. A similar
P 06k technique has been used to measure the damping torque in
"c% paramagnetic resonant®eA plot of the damping torque as a
~ 04} function of Hy is shown in Fig. B0). With the same condi-
3 tions as before, using E¢l4) we arrive at a peak torque of
B 02 4.4x10 Y"Nm, in rough agreement with the experiment.
0.0 The signal-to-noise ratio is also close to the expected value
' . . of 10.
60 80 100 120 After completing the torque experiments, we deposited a
Ho (kA/m) 50 nm thick layer of Cu on the backside of the cantilever.

This transforms the cantilever into a bimaterial calorimeter,
which bends due to the differential thermal expansion of the
Cu and Si layers. Barnet al. solved the heat equation for
this configuratiot® and showed that deflection at the free
end of the beam is

2
_ Etlf Y1i— 72
Ep 2w Nyt st

(arb. units)

z (19

damping

wherey, \, t, w, |, andE are, respectively, the thermal ex-
pansion coefficient, thermal conductivity, thickness, width,
. . length, and Young’'s modulus of the beam layers. The sub-
60 80 100 120 scripts refer to the different beam layers. It is assumedtthat
H (kA/m) for Cu is much less thaty, for Si and that the heat source i§
0 concentrated at the free end of the beam. For the Si cantile-
ver described above in this experiment, with a 50 nm Cu
coating, the cantilever tip displacement is calculated to be
7.2x10° S m/W.
As before, the sensitivity is limited by thermal vibration
of the cantilever. The expression is similar to Etf) except
that the spring constant and resonance frequency for the de-
flection mode are used. This gives a thermal noise floor for
our cantilever of approximatelKgise=3.7X10 m, or
equivalently,Pqise= 5 NW.
Either orientation of the cantilever in Fig. 4 may be used
with calorimetry detection, but the orientation of Figbyis

T

P (arb. units)

60 30 1(')0 150 preferred because there is less eddy-current heating of the
cantilever. The FMR spectrum determined using the calorim-
H,(kA/m) etry approach is shown in Fig.(&. The peak absorbed

power, as determined from E@L6), is 7.7<10 ®W. The

FIG. 5. FMR spectra for the 22210 *cm?® thin-film permalloy sample predicted signal-to-noise ratio is in excess of 1000.

obtained by the three techniquéa) magnetic-moment torquéh) damping
torque, andc) calorimetry.

- 3.0 kA/m

For the magnetostatic torque experiment, the cantilever
was positioned with respect to the stripline as shown in Fig.
4(a). The bias fieldH, establishes a magnetization in the film
perpendicular to the cantilever axis. The magnetostatic
torque on the sample in the presence of the torque Figld
from the permanent magnet then has the proper orientation to
apply a twisting moment to the end of the cantilever. At
FMR, this torque will then be reduced by an amoNt 4, o
as indicated in Eq(12). The FMR response as a function of 40_um
H, is plotted in Fig. %a). With the experimental conditions,
gr?d_ ﬁf.=42k(')0(‘3/r:/,m|:|Tlgq]:O(JITZA)/rB’reC(;iEtg.O;’ p'\g;;f_l? ZOI;A/;; FIG. 6. Fringing fields above a 10@m scratch in a magnetic recording

g ) 4 ) medium measured by scanning FMR probe microscopy with magnetic-
X 107 1®N m, with a signal-to-noise ratio of greater than 100. moment torque detection.

-20

-1.0
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051 placed laterally across the stripline. The stripline is 200

0.4 wide and the tip was held approximately o®n above the
__ 03 surface of the conductor. The lateral extent of the stripline
€ 02 conductor is indicated in the figure, showing that the micro-
J; 01 wave field peaks near the edges of the stripline and falls off
T o0 quickly as the probe moves away from the conductor.

/!
-0.1 .

0 200 400 600 800 1000 CONCLUSIONS

ition across stripline (um
position ac piine (um) We have shown FMR measurements on a sample as

FIG. 7. Microwave power as a function of position across the striplineSmall as 2.X 10~ Y em? using micromechanical torque de-

measured using FMR detection by micromechanical calorimetry. tection and calorimetry. These experiments were performed
using standard Si cantilevers operating under ambient condi-
tions. It is well-established that, based on Etg), several

APPLICATIONS AS LOCAL FIELD SENSORS orders of magnitude improvement in sensitivity can be

A key advantage of the cantilever-based techniques igchieved with custom-made cantilevers operating in
the ability to accurately position the tip carrying the ferro- vacuum®>® Cantilevers specifically designed for this pur-
magnetic sample in three dimensions using the same mechpese can have much smaller spring constants, while operat-
nisms typically found in atomic force microscopes. This al-ing in vacuum increases th@ factor by several orders of
lows the ferromagnetic response of the sample to be used asagnitude. With this approach we expect to be able to make
a localized field probe. Since the FMR response is sensitiveensitivity improvements on the order of*1@llowing FMR
to both the bias field as well as the microwave field, we carmeasurements to be made on nanometer-scale samples.
use the FMR probe both as a dc magnetic field sensor as well
as a microwave power sensor. The spatial resolution of thesér. F. SoohooMagnetic Thin Films(Harper & Row, New York, 196p
sensors is determined by the size of the ferromagneti¢J. A. Sidles, Appl. Phys. Let68, 2854 (1991.

. 3D. Rugar, C. S. Jannoni, and J. A. Sidles, Nat(rendon 360, 563
particle. (1992
_ We h:?\ve _demoqstrated the ability to map an unkqownAO_ Ziger, S. T. Hoen, C. S. Jannoni, and D. Rugar, J. Appl. PRgs.
field distribution using the dc torque method described 1881(1996.
above'* The sample to be imaged is placed between thes(Zl-gggang, P. C. Hamel, and P. E. Wigen, Appl. Phys. L68, 2005
FMR prpbe _and the str!pllne. The fields from the sample add6Z. Zhéng, P. C. Hamel, M. Midzor, M. L. Roukes, and J. R. Childress,
to the bias field and shift the FMR response of the probe. By appl. phys. Lett.14, 2036(1999.
compensating the bias field to maintain a constant FMR re-"M. Léhndorf, J. Moreland, P. Kabos, and N. Rizzo, J. Appl. PIgj.
sponse, the local fields can be determined as a function ogiﬂggfﬁﬁogqf 3. Moreland. and P. Kabos. Aol Phve. LaB, 1176
position when the tip is scanned back and forth across the M kohndor. J. Moreland, and P. Kabos, Appl. Phys. L&,
sample surface. A two-dimensional field map from the fring- °3. moreland, M. Ltindorf, P. Kabos, and R. D. McMichael, Rev. Sci.
ing fields produced by a 100m scratch in a FeQrecording Instrum.8, 3099(2000. _ -
medium is shown in Fig. 6. The lateral resolution, as deter-"C: E. Patton, inMagnetic Oxidesedited by D. J. CraikWiley, London,
mined by the size of the ferromagnetic probe, is on the order 1979, Chap. 10.

y : oo : g. P ! . 1J. R. Roark and W. C. Youngsormulas for Stress and Straisth ed.
of 20 um. The field sensitivity, limited by thermal noise and  (McGraw Hill, New York, 1975.
the resonance linewidth, is approxima’[ely 50 A/m. 12C. Ascoli, P. Baschieri, C. Frediani, L. Lenci, M. Martinelli, G. Alzetta, R.
; ; ; ; M. Celli, and L. Pardi, Appl. Phys. Let69, 3920(1996.

Alte.m.atlv.ely' we may. keep the bias field fixed and use“\]. R. Barnes, R. J. Stephenson, C. N. Woodburn, S. J. O’'Shea, M. E.
the Var'atl_on n t_he_magthde O_f the FMR re_sponse to _mea' Welland, T. Rayment, J. K. Gimzewski, and Ch. Gerber, Rev. Sci. In-
sure spatial variations in amplitude of a microwave field. strum.65 3793(1994.

Since the peak FMR signal is proportionalltf, the result-  *A. Jander, J. Moreland, and P. Kabos, Appl. Phys. (eitbe publishen

ing signal is an indication of the local microwave field inten- < ¥ Yasumura, T. D. Stowe, E. M. Chow, T. Pfafman, T. W. Kenny, B.
. . . . L . C. Stipe, and D. Rugar, J. Microelectromech. S9st117 (2000.

sity. Shown in Fig. 7 IS the vanano_n in FMR reSponse, asisg R, glom, S. Bouwstra, M. Elwenspoek, and J. H. J. Fluitman, J. Vac.

measured by the calorimetry technique, as the probe is dis-Sci. Technol. B10, 19 (1992.
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