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We describe a new type of ferromagnetic resona(fldR) spectroscopy that is based on a
calorimeter sensor. We use an atomic force microscopy cantilever coated with a ferromagnetic thin
film as a bimaterial sensor to measure absorption of microwaves at 9.17 GHz. The spectra show a
peak in the cantilever deflection as a function of applied magnetic field corresponding to a peak in
the absorbed microwave power that occurs at the FMR resonance of the ferromagnetic film. The
saturation magnetizatiov . and the damping factar were determined from the FMR microwave
absorption spectra for Co, NiFe, and Ni thin films. The data correlate well with conventional FMR
spectra taken with a tuned cavity spectrometer. Our instrument can detect magnetic moments as
small as 1.%X10 ?Am? (1.3x 10 °emu) with prospects for sensitivity improvements to the 1

X 10" Am? (1x10 *2emu) level. The technique provides a potentially superior way to make
quantitative measurements of saturation magnetization of thin-film samples with very small total
magnetic moment$S0034-67480)02908-7

I. INTRODUCTION finally, discuss the ultimate sensitivity of this type of instru-
ment and relevant applications.
In this article we discuss the principles of calorimeter
detection of microwave absorption with a micromechanicalll, EXPERIMENT
b|mater!al Sensor as applied t.o ferromagnetic resonance Figure 1 shows the experimental configuration. A com-
(FMR) in magnetic films. Calorimeter sensors have been

. . mercial Si cantilever coated on one side with a thin ferro-
demonstrated to be viable detectors for studying nUdeaﬁqagnetic film is positioned about 200—3@en above a mi-
magnetic resonantend electron spin resonant@he sen-

Y ) _crostrip resonator. The resonant frequency of the resonator is
sitivity of these instruments was demonstrated to be superia§ 17 GHz. The resonator was made from a commercially

to conventional magnetic resonance probes when measurgyaijlable epoxy-ceramic composite 0.635 mm thick with a
ments were performed at 4 K. In these experiments thermalg_,;m-thick copper cladding on both sides. The substrate
absorption is typically measured with a small resistance bomaterial has a dielectric constant of 9.7 and a loss tangent of
lometer attached to a small sample in order to minimize therp.003 at 10 GHz, as specified by the manufacturer. The cop-
mal masses and maximize thermal response. per cladding was patterned with photolithography and subse-
More recently, thermal properties of small samples havejuently etched in an FeCétching solution to form a micros-
also been measured with micromechanical calorimeter sertrip resonator 0.5 mm wide and 6 mm long. Microwaves are
sors. In particular, Barnest al® demonstrated picowatt pho- coupled into the resonator through a gén gap from an
tothermal absorption spectroscopy with a bimaterial cantileadjacent microstripline. The cantilever and the resonator are
ver sensor in air at room temperature_ The picowattrnountEd on the kinematic Stage ofacommercially available
sensitivity of this instrument depends on atomic force mi-AFM. The AFM head is, in turn, mounted in a precision

croscopy(AFM) technology for detecting cantilever deflec- €/€ctromagnet capable of sweeping the field up to 1.2 T. The
tions at the picometer level. field is swept at a rate of 0.2 mT/s. The figure also shows the

The work reported in this article is the demonstration 0forientations of the microwave field and the sweep field. The

FMR spectroscopy with a calorimeter sensor and the app"r_‘nagnetlc film sample Is saturated by the sweep Sélcori-

. . . . . ented in the plane of the film at 90° to the long axis of the
cation of a bimaterial cantilever sensor for detecting FMR. . ; : .
. . : cantilever. The microwave fielll; is not constant through-
We describe our instrument, compare our microwave absorp-

. . . out the sample, changing direction and magnitude as a func-
tion FMR spectra to conventional tuned-cavity FMR SPeClion of position along the film, as shown in the figure. How-

of the same sa.mples,. reV|eyv thg prmmplgs of Calor'me'[eEver,Hl has the proper orientation for FMR, perpendicular
spectroscopy with a bimaterial micromachined sensor, and, H, throughout the sample.

The detection electronics are similar to those typical of
dElectronic mail: moreland@boulder.nist.gov optical chopping methods developed for photo absorption
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FIG. 1. Top view and side view of the experimental configuration for FMR

thermal absorption spectroscopy. Note that the magnetic film samples afelG. 3. Cantilever vibration vs applied field showing microwave absorption
deposited on the upper side of the cantilever. in Co, NiFe, Ni, and Au thin film samples.

experiments. The schematic diagram is shown in Fig. 2. Wevas 2.66< 10 * Pa. The films were evaporated from alumina
monitor the deflections of the cantilever with a laser beam<€oated tungsten boats at a deposition rate of 0.15 nm/s. The
bounce method for measuring cantilever vibration. A diodecantilever dimensions were 2.8nX49umx449m with
laser source is focused onto the cantilever and reflected ontospring constant of 0.35 N/m and a resonant frequency of 17
a split photodiode detector. This system is commonly founckHz.

in commercial AFM instruments and is capable of detecting

10 pm vibrations under ambient conditions. The microwavg|. RESULTS AND DISCUSSION

output from the sweeper is amplitude modulatgdabl kHz ) ) .

square wave. The square wave also serves as the reference '9ure 3 shows the FMR microwave absorption spectra
for a lock-in amplifier that measures the difference output®f €0, NiFe, and Ni. We determined the peak locations and
from the split photodiode detector. The lock-in time constantVidths by fitting the data to Lorentzian absorption lines. The
is set to 100 ms. The reflected wave from the microstripEffeCtive saturation magnetizatidfies (including anisotropy
resonator is motored with the tuning scope. The frequency i&€M9; t.hg'dar,r)pmg factor, and the imaginary part of the
adjusted to obtain a minimum reflected wave amplitude aSUSCePtibilityx” (at resonande can be calculated using the
measured by the radio frequency detector, indicating a maxi©!lowing FMR relationships for a thin-film sample geometry

. . 4
mum coupling of microwave power into the micostrip reso-MN S! units:

nator. 1 [ w? )
We prepared samples by depositing 30 nm films of ei- Meﬁ=H—(7— r)! (1)
ther Co, NiFe alloy(81% Ni), Ni, or Au onto the flat sides of '
commercially available single crystal silicon cantilevers. 04
Depositions were done in a diffusion pump vacuum chamber ¢~ ZAH' @
with a liquid nitrogen cold trap. The background pressureand
IN e Ms v [ MestH, 3
LASER DIODE _REF LC/’\CM};IN Z,,, OuT @ o Mert2H,
T Here, H, is the resonant fieldy is the gyromagnetic con-
" 1 KHz stant,AH is the width of the resonance peak at half maxi-
\ \ " f SQOV;/AVE mum as determined by the Lorentzian fit, anek 27rf is the
W\ },' < microwave frequency. The results are shown in Table |. We
SPLIT Nt RF have also included a summary of the FMR data obtained for
PHOTODIODE \\l\ 'H' AM | SWEEPER the same samples with a conventional resonant cavity spec-
N\l
i
i

trometer in Table I. Note tha¥l .4=M —87Ks/MgwhereM ¢

CANTILEVER is the saturation magnetization ald is the uniaxial surface

MICROSTRIP anisotropy energy density parametefhe uniaxial surface
RESONATOR anisotropy term &K /Mg is about 20 kA/m for a 30 nm
ferromagnetic film and negligible to first order compared to
CIRCULATOR

TUNING Mg for these measurements. We therefore assihg

| SCOPE =M. Generally, theM ; and o values agree for the two
types of FMR measurements, but with some differences pos-
FIG. 2. Detection electronics for FMR thermal absorption spectroscopy. Sibly due to the different detection methods. The resonant

RF DETECTOR
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TABLE |. Comparison of FMR data—microwave absorption vs tuned cavity detection. Note2.31
X 10P rad/s(kA/m) L.

H, AH f M eft
Sample (KA/m) (KA/m) (GHz) (KA/m @ X'
Ca® 47.6 6.8 9.17 1260 0.014 348
co® 60.6 10.4 9.88 1130 0.021 205
NiFe? 82.7 5.1 9.17 672 0.010 242
NiFe® 93.9 5.7 9.88 676 0.011 219
Ni2 132.9 20.0 9.17 334 0.040 26
NiP 154.1 27.4 9.88 326 0.055 18

#Mlicrowave absorption.
PResonant cavity.

cavity FMR spectrometer measures the derivative of the abH, shifts to 48.0 kA/m. This may be an indication of non-
sorption line as a function of field as opposed to the microdinear FMR effects in the film at higher power levels.

wave absorption spectrometer described here which mea- The earlier data can be understood within the mathemati-
sures the absorption line directly. In addition, the cantilevercal framework developed for bimaterial thermal sensors.
chip has several small indentations so that some portions @@onsider a rectangular beam fixed at one end comprised of
the magnetic films are at odd angles relative to the applietivo layers that have different thermal properties. Barnes
field. This also tends to broaden the FMR line as observeét al* solve the heat equation for this configuration and show

with the resonant cavity instrument. that the deflection at the free end of the beam is

A strong background signal is present in the FMR mi- £ 123 _
crowave absorption spectfaee Fig. 3. We have observed 7= —t %(M) , )
similar differences in offset levels in three different sets of Bz taw | Mty 250,

samples and therefore conclude that the offsets are related jghere v, \, t, w, |, andE are, respectively, the thermal ex-

material-specific properties. In particular, we believe that thepansion coefficient, thermal conductivity, thickness, width,
background levels are different for different materials due tolength, and Young's modulus of the beam layéssbscripts
their  specific microwave absorption  coefficients  off- refer to the different materialendP is the absorbed power.
resonance and their specific elastic properties as d'SCUSSE‘é]uationM) applies only in the limit;<t, (t; is thickness
below. of the magnetic film and, is the thickness of the silicon

Figure 4 shows several FMR microwave absorptioncanilevey. Also, Barnest al. assume that the temperature is
spectra for a 30 nm Co film at different microwave input constant over any cross section along the axis of the

power levels. Figure 5 shows the peak and the offset microggntilever—this is a good approximation tif, t,<l. The
wave absorption determined by fitting the data to Lorentziangnstanta ranges from a value of 2, if power is absorbed
line shapes. Both peak and offset cantilever vibration level$,aar the end of the beam, to a value of 1.25, if power is
follow a linear dependence on microwave input power withgsorped uniformly along the beam.

an intercept close to zero. We observe a slight upward shift | ot us first consider the significant “off-resonance” mi-

in H, from 47.5 kA/m for power levels above 5 dB. At 14 dB ¢rowave absorption background discussed earlier. The canti-
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FIG. 4. Cantilever vibration vs applied field for a 30 nm Co film at different FIG. 5. Lorentzian peak and offset cantilever vibration vs input power for a
relative input microwave power levels. 30 nm Co film(derived from the data in Fig.)4
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lever geometry for each sample is nearly the sdaflecan-  guide transmission measurements described by Zbaat/
tilevers came from the same balch/pon inspection of Eq. More recently Koctet al® and Russelet al® have measured

(4) we see that the differences in microwave absorptiormagnetization dynamics using sensors based on spin-
background levels should stem primarily from differences inpolarized tunneling with demonstrated sensitivities of 1
P, E;, andy;. Presumably, differences i stem from dif- X 10 °Am?,

ferences in off-resonance heating of the ferromagnetic films The potential for improving the sensitivity of FMR mi-
that have a different resistivity. In these experiments the crowave absorption spectroscopy as described here lies in
skin depthé=(2p/uw)'? is about 1um (u is the perme- both optimizing the cantilever geometry and modulating the
ability of the film; note that for saturated magnetic films microwave field at the cantilever resonance frequency. Some
= 1o, the permeability of vacuum The alternating current important issues to consider are as follows. The thermal re-
(a0 power loss for a thin metal film scales withwhent; laxation time constant of the sensor can be estimated from

< & as is the case hefeFor Co, NiFe, and Ni, the literature the ratio of excess energy stored in the cantilever divided by
bulk values forp are 6.2, 1%4, and 7.1uQcm, respec- thermal conduction to the ciip
tively. y; is 13+ 1x 10 ° Kt andE; is 200+ 10 GPa for all

three metals. We also measured the background thermal ab- |2<p1C1t1+p2C2t2)

- T

sorption level for a 30-nm-thick Au filntsee Fig. 3. Au has ™3
a similary, of 14x10 ¢ K~ compared to the magnetic film
samples bup andE; are significantly lower with values of Here, p is the density andC is the heat capacity of each of
2.5 ufdcm and 78 GPa. Under these conditions we expecthe beam layergsubscripts refer to different material$or
that the offsets of the absorbtion peaks observed in Fig. 3 foCo p,;=8.9x10°kg/m® and C;=420JK kg%, and for
these materials should scale approximatelyp&s. This  Si p,=2.3x10Pkg/m® and C,=714JK kg%, and we
scaling trend is generally satisfied with the exception that théind 7=1.1x 10" ®s. This is consistent with our observation
offset level for the NiFe film is somewhat lower than ex- of significant rolloff in the cantilever vibration signal at 1
pected. kHz microwave power modulation rate. puts significant
The power absorbed at resonance can be derived fromonstraints on cantilever geometry since we would like to
the peak cantilever vibration value using Ed) and com- operate at the resonance frequengy of the cantilever to
pared to the theoretical absorbed power determined from ouake advantage of the potentially high mechaniQabf a
experimentally determineg/’. An estimate of the average micromechanical resonator for improved SNR. SNR
magnitude ofH; at a given input power level can be made «(w.Q/k)'? for a mechanical resonator with resonant fre-
based on the off-resonance cantilever vibration values giveguencyw, and spring constark.’® For a rectangular canti-
the resistivity of the magnetic film. In this way we can checklever w .~ (t/t?) (E/p)Y? andk~Ewt3/413.1! Given that the
the data for self-consistency. For Co film measurements at tnermal conductivities and heat capacities of the two materi-
power level of 10 dB we find tha® .= 1.28<10 *W and  als in the cantilever are similar we see from 5. that 7 is
Ppeai= 1.29X 10 *W given the parameterszy.—=4.10 proportional tol? and more or less independenttgfandt,.
X1079m, Zpe=4.08x10 °m, a=3(1.25+2)=1.6, E;  In addition, the signal for a given microwave power level is
=209x 10° Pa, E,=47x10°Pa, t;=30x10 °m, t,=2.5 proportional tol® [see Eq.(4)]. We therefore conclude that,
X10°®m, 1=449<10"°m, w=49x10®m, ;=13 to improve sensitivity we must accept the lomlimitation
X107 8K™1, 9,=2.6x10 °K™1 N\;=100Wm 1K1, and and develop very thin cantilevers with a lower, in the 1
A,=150 W 1K1 Assuming P usser= Pac 10ss= Ap/ty, Hi kHz range. This will also lowek and thus further increase
for a metal film witht;<8,° we estimate that the average the SNR as discussed earlier.
H,;=53 A/m, given the following parameters for the Co film The Brownian motion of the cantilever fundamentally
sample:A=2.2x10"8m? p=6.2x108Qm, andu=pu, limits its ultimate sensitivity. However, there are several
=47Xx10 "H/m. By definition, Pgyr= ,uowAtl)(”Hi other sources of noise that must be reduced before the
=4.7x10"°W, given H;=53 A/m. Pryr is about about Brownian motion limit can be achieved. In particular, we
one third ofP 4. This is within reasonable agreement given have observed substantial noise contributions from the laser
(1) the lack of a detailed description of the vector fielgin ~ diode, the photodiode detector, the microwave source, room
the vicinity of the cantilever(2) our assumptions regarding vibration, acoustic coupling, and air convection. Operating in
microwave absorption in thin metallic films, a(8) the use  vacuum would not only reduce viscous damping and thus
of bulk Co parameters to describe the characteristics of thiincreaseQ but help decrease acoustic and convection noise
film samples. sources as well. Th® for bare, single-crystal, silicon canti-
We estimate the magnetic moment sensitivity of our in-levers can be well over f0If the Brownian motion limit
strument to beAm=At;M As/s, whereM is the sample can be achieved and we can fabricate coated cantilevers with
magnetization from Table | ands/s is the experimentally aQ of 10* then it should be possible to realize sensitivities of
determined signal-to-noise ratiSNR) at the Ir level. Given 1 pW at room temperature as discussed by Bawetes?
M=1Xx10°A/m and As/s=0.020, then Am=1.3 Given the definitionsPFMR=,uowAtlx"Hf and m=At;M,
X 10 *Am? This value compares favorably to resonantthenm=PryrM/(uowyx"H3). For a Co film sample with a
cavity FMR measurements with reported sensitivities of 1H, of 53 A/m and a power sensitivity of 1 pW we conclude
x 10" " Am? and the best reported FMR sensitivity based onthat it should be possible to measure magnetic moments as
inductive detection of X 10" **Am? for the coplanar wave small as 2.%10 *Am? with thermal absorption FMR.
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