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Imaging mechanisms of force detected FMR microscopy
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We demonstrate spatial resolution of ferromagnetic resonance in a microscopic sample of YIG using
ferromagnetic resonance force microscdpRFM). Measurements were performed on a small
single crystal YIG film grown on a GGG substrate, roughly rectangular in shap@20~150 um

and 3um thick. The perpendicular and parallel force geometries of FMRFM, in conjunction with

an external bias field both parallel and perpendicular to the film, were used to scan the sample. This
enabled the detection of strong signals, even at atmospheric pressure and room temperature. The
fundamental and higher-order magnetostatic modes were observed to have 26—29 Gauss separation.
The intensity of these modes exhibited spatial variation as the magnetic tip was scanned over the
sample, and this behavior is qualitatively explained by DE theory. An improved fabrication method
for magnet on cantilever was employed, which yielded a spatial resolution @frlS hese results
demonstrate the potential of FMRFM for investigating the spatial dependence of ferromagnetic
resonance, and for studying the anisotropy fields and exchange coupling effects within multilayer
films and small magnetic systems. #00 American Institute of Physics.
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I. INTRODUCTION determines a sensitive slice in which the resonance condi-
tion, a local function of the applied field, is met. However, in
FMR is an important method for characterizing magneticmagnetically ordered systems, strong magnetic coupling
materials and devices, especially in the studies of magnetigads to excitations that are extended throughout the sample,
multilayer systems and magnetic dots. However, in convenand conditions for these resonances can be strongly influ-
tional FMR, sensitivity is limited and requires large sampleenced byH 1, the total vector field resulting from the ap-
areas( ~mnv). Furthermore, it is generally not possible to plied bias and gradient magnetic fields. The interaction be-
characterize, on a microscopic scale, the spatial dependenggeen the ferromagnetic tip and the sample can locally alter
of magnetic anisotropy and exchange energies in magneti@sonance line widths and shapes in a nontrivial manner. In
devices. Recent wotk has demonstrated the feasibility of the initial experiments described here, we defer systematic
performing FMR on microscopic samples using the magneti¢nvestigation of such dependencies and simply approximate
resonance force microscofdREM), but the attainable spa- the gradient magnet as a dipole, which yields spatial resolu-
tial resolution—and the underlying physical mechanisms thations comparable to the dimensions of the detection magnet.
determine it—have not yet been established in microscopic
ferromagnetic systems. In this article, the ability of MRFM
to detect the spatial dependence of FMR magnetostatit. EXPERIMENTAL DETAILS
modes in a small YIG sample is demonstrated. An improved

method of fabricating a gradient magnet on the cantilever is The MRFM apparatus, as shown%m Fig. 1, represenj[s an
also described. improvement over our earlier setupHere the sample is

In MRFM, magnetic resonance is detected mechanicall mounted directly upon the microstrip resonatdihe detec-

) - magnet ) . Yion cantilever, to which is affixed a small gradient magnet as
by coupling the large field gradient from the cantilever rnag_described below, is scanned over the sample. Measurements
netl_c,V_H, to the spin magne_uzatlon in the sampé, re- were performed on a small single crystal YIG film that is
sulting in a force on the cantileveF,=M-VH. In conven- o 50ximately rectangular in shape, 201X ~150 um and 3
tional magnetic resonance imagi(igRlI), the field gradient um thick, with a bias fieldH that could be aligned both
perpendicular and parallel to the plane of the YIG film, with
3Electronic mail: midzor@its.caltch.edu the rf field at 7.74 GHz.
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. ot th | | feld 2 shows the evolution of the MRFM signal as the detection
FIG. 1. Schematic of the FMRFM setpot to scal¢ An external fieldH, cantilever was scanned from the center to the edge of the
parallel to the sample plane, is produced by a permanent magnet and sweg .
by the current in a solenoid. The microstrip produces a rf field perpendicularY IG film. The largest feature, the fundamental mode, was
to the applied fieldH. The inset shows the tip of a commercial cantilever maximal when the gradient magnet was positioned over the
that has been locally sputter coated with NiFe. center of the sample, decreased to a minimum at the sam-
ple’s edges, then vanished when the gradient magnet was far
from the sample.
- develoned usi il AEM .y The smaller features correspond to higher-order magne-
iim) was developed using a commercia cantilever yosiatic modes, that were first modeled by Damon and

(fc~18 kH2) onto which 1200 A NiFe(from a NiggFero Eshbach (DE) for infinite thin films, and later calculated by
targe} was sputter deposited solely in the region of the ul-gy,rev et a17 for the case of thin, finite YIG films. These

An improved detection cantileveiused forH 1 YIG

trasharp scanning tip, which was approximatelya@ tall -, yes correspond to discrete standing wave vedtpend
(Fig. 1, msel_. A second type of detection cantilevarsed k. (z andXin the plane of the filjy which determine the
for _H I YI,G film) CO”?'StEd of a wedge-shaped NdFeB mag'spatial variation of the magnetization and have wavelengths,
netic particle, approximately 5amx20 umx15 um, glued \, on the order of the linear dimensions of the sample.
to the end of_a commercial AFM can_tilev_ei'c(~8kHz) and ’ Samples with finite dimensioh, and I, (with I,,1,>
prepolarizedn a 8 Tfield along the direction oH. thickness lead to quantized values & andk, due to the

The forcc_a imposed on _the detect_lon can_tllever is mOduboundary conditions(n,=/1,) and (/l,), respectively.
lated atf using anharmonic modulatidhin this technique, o'y, film, the resonance condition can be approximated
the bias fieldH and the rf fieldH, are separately modulated b
such that the difference in their modulation frequencies 5 211/2
equalsf.. At resonance, the nonlinear magnetic response  “ 1 5 Mo— ~M<d (nzﬂ) +(nxw) (1)
imparts a time-varying force on the cantilever, which is me- 7 e S ° L w '
chanically “amplified” by its Q. All experiments were per- wherey=2.8 MHz/G for YIG, M, is the magnetization, and
formed at room temperature and atmospheric pressure. L, w, and d are the length, width, and thickness of the

sample. The effect of uniaxial anisotropy is neglected since it
IIl. RESULTS AND DISCUSSION does not alter the spacing of the modes, but solely introduces
A. H Il YIG film a shift in the resonance frequency of all mod&he best fit
' to the data gives #M,=1.4 kG, rather than the bulk value

In this geometry(Fig. 1), H is aligned parallel to the film of 1.8 kG, which we attribute to the magnetic anisotropy
plane(directed along the 15@m length of the sampjeand  energy and the deviation of the film from an infinite sheet
to the long axis of the NdFeB particle, akd=m-JdH,/dy  due to its limited aspect ratio, i.e., the demagnetization factor
(“perpendicular force geometry;”i.e., the induced force Ny,#4.
and cantilever motion are perpendicularH@ The external The measured mode separations are 26—29 G, and the
field was greater than 2 kG, ensuring that both the samplpredictedk, separations for the fundamental, third, and fifth
and gradient magnet were saturated. In this field configuramodes along the sample’s 15n length(k,, ks, k) are 13,
tion higher-order modes are expected to occur upfield fron23, and 31 JEq. (1)]. The everk, modes do not couple to
the fundamental modewhich was indeed observed. Figure the rf field due to absorption rul@sThe difference between
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in the fundamental mode, as well as those in several higher-
0.016 /{\1 Fundamental order modes, were resolved_ as Fhe cantilever was scanne_d
" across the sample. For the first higher-order mode, the posi-

~ tion of its amplitude maxima occurs toward the edge of the

sample; its wavelength, shorter than the fundamental, pro-

0.0124

0.008 First Higher Mode -

- duces a peak in the mode amplitude closer to the edge of the
0004 e o w _ sample(Fig. 3). At the center of the film the modes are27
0.000 . : . ‘ * G apart, and their relative amplitudes decrease as mode num-
-20 0 20 40 60 80 ber increases—behavior that follows the predictions of DE
(center) (edge) theory.

FMRFM Signal Amplitude (a.u.)

z (pm) In this configuration scanning was typically performed

FIG. 3. The amplitude of the fundamental mode and the fi_rst higher—orde 0-15um above the surface. The estimated resolution of 15

mode of the FMRFM spectra of the YIG sample, as the cantilever is scanne . ith h idth of th

along the 15Qum length of the film. TheH L film plane. pm was CO”?'Stent with scans across the width of the
sample; the signal strength was found to decrease by half
within 15 um of the sample center. Further confirmation was

the predicted and observed separations can be accounted fRijtained by raising the cantilever from the surface of the
by the inhomogeneity in the internal field due to the rela-S&MPI€; in this case the signal strength decreased by half
tively small aspect ratio of the sample. The measured mod¥Nen the cantilever tip was 1sm from the surface.
separations clearly do not correspond to theu20 dimen- The NiFe-tipped cantilevers have several important fea-

sion, since for this cade, modes separations will be of order {Ures that are worthy of mention. They can be fabricated
of 300 G. consistently with known dimensions and magnetic material

The 50um length of the NdFeB patrticle limited spatial thick-ness., thus increasi_ng the accuracy of gra_diem field ap-
resolution of the FMR mode to those having a comparable Oproxmanons._ln théﬂ_ f!lm conf|gur§t|on, the N|F_e tip was
larger length scale. A tip-to-sample separation 020 was saturated, WhIC'h maximizeéand s.tab|l|ze}sthe grad|e.nt field
used. Estimates of the expected resolutibased upon the O Our scan heighté~3 G/um). Since the FMR spatial reso-
NdFeB particle dimensionswere consistent with the ob- !ut!on obtained dep_ends on _the shape of the tip and its prox-
served variation of the MRFM signal as the particle was'M (0 the sampléi.e., gradient field strengththe 0.1-0.3

moved away from the sample surface; the signal intensith tip has the potential to scan with resolution at the micron

was observed to drop by half at a distance of &8, con-

sistent with the 15um NdFeB particle thickness. Only the

main mode exhibited significant amplitude variation as thel V- CONCLUSIONS

cantilever was scanned across the 1@ length of the Spatial variations in the amplitudes of the magnetostatic

sample. Higher-order modes have significant spatial variamodes of a microscopic YIG sample have been observed.

tion within the 50 um scale of the particle hence, as ex- These can be qualitatively understood using DE theory. A

pected, their contribution to the variation in the FMR signalnew method of fabricating small, high-gradient-field magnets

intensity tends to be suppressed by the inherent spatial avesn commercial cantilevers was developed; these have

aging. Accordingly, the higher-order signals exhibit ratheryielded 15um spatial resolution in this study of a ferromag-

weak spatial dependence. netic sample. This further demonstrates the potential of

B. H L YIG film MRFM to measure microscopic spatial variations in impor-
tant properties of thin ferromagnetic films, such as interface

In this geometryH is aligned perpendicular to the film, quality and interlayer exchange coupling.

and parallel to the long axis of the NiFe-coated cantilever

tip; for this caseF=m-dH,/9Z (“parallel force geom- ACKNOWLEDGMENT
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