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We report the observation of a ferromagnetic resonance signal arising from a microscopic
(;20mm340mm! particle of thin~3mm! yttrium iron garnet film using magnetic resonance force
microscopy~MRFM!. The large signal intensity in the resonance spectra suggests that MRFM could
become a powerful microscopic ferromagnetic resonance technique with a micron or sub-micron
resolution. We also observe a very strong nonresonance signal which occurs in the field regime
where the sample magnetization readily reorients in response to the modulation of the magnetic
field. This signal will be the main noise source in applications where a magnet is mounted on the
cantilever. ©1996 American Institute of Physics.@S0003-6951~96!00914-X#
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Magnetic multilayer devices1 display a variety of inter-
esting and technologically important properties such as g
magnetoresistance. It is important to understand how the
formance of such devices is influenced by microscopic s
tial variations in properties like interface quality and inte
layer exchange coupling. Conventional ferromagne
resonance~FMR! is a powerful technique for characterizin
magnetic anisotropy and exchange energies of magnetic
terials. However, due to limited sensitivity, a macrosco
sample is required, and only average properties of the en
sample can be measured. Employing magnetic reson
force microscopy~MRFM! we have observed a strong FM
signal from a microscopic, thin film ferromagnet. This de
onstration opens the possibility of microscopic~sub-micron
resolution! FMR studies in a variety of magnetic materia
including the technologically important magnetic multilay
systems.

MRFM, based on mechanical detection of magne
resonance signals, promises substantial improvement
both signal sensitivity and spatial resolution in magne
resonance imaging.2–4 The resonance signal is detected
monitoring the oscillation amplitude of a micro-mechanic
cantilever with either a sample or a small magnet moun
on it.2–6 The large field gradient]B/]z from a small perma-
nent magnet generates the coupling between the spin ma
tizationM in the sample under study and the mechani

oscillator:F5Mz(]B/]z) (BW izW). The field gradient plays a
second role: it defines a thin shell~‘‘sensitive slice’’! of con-
stant field in the sample where the Larmor frequen
vL52pgH (H is the applied field andg the gyromagnetic
ratio! of the spins matches the frequency of oscillation of
applied rf field (H1). Selective sensitivity to spins in thi
slice is achieved because only these spins are manipulate
the applied rf field in such a way that their magnetic mom
Mz varies at the cantilever frequencyf c thus producing a
time varying force which drives the cantilever. Demonst
tions to date3,7,5 of MRFM have employed paramagnet
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samples; as we report here it can also be employed as
microscopic probe of magnetically ordered materials. We e
pect that the limit of the spatial resolution will be the mag
netic correlation length~of order 0.01–0.1mm for most mag-
netic materials!.

Our results on a single crystal yttrium iron garnet~YIG!
thin film also provide essential insight for the developmen
of a general MRFM instrument. In order to apply the ultra
high, 3-D spatial resolution of MRFM to samples of arbitrary
size and shape, the bar magnet will need to be mounted
the cantilever. However, all of the experimental data reporte
in the literature3,7,5 have been taken with thesampleon the
cantilever. Understanding the large and unwanted direct co
pling between the magnet and various time dependent, a
plied fields is a major concern in developing an instrumen
with the magnet on the oscillator. All processes which cau
Mz to vary at f c will appear as MRFM signal. We have
observed such a large nonresonance signal in the Y
MRFM experiment: as we discuss below it arises from do
main wall motion in response to time varying fields.

The MRFM setup was as previously described.5,6 A
small ~approximately 20mm340 mm, not exactly rectangu-
lar! YIG film 3 mm thick was mounted on the cantilever with
the 20mm dimension aligned parallel to the bias field and
field gradient. The resonance frequencyf c andQ-value of
the loaded cantilever at ambient pressure~where the MRFM
experiment was performed! were 5.26 kHz and 41, respec-
tively. Anharmonic modulation,7 i.e., modulation of both the
bias fieldH and the rf fieldH1 at two frequencies whose
difference~or sum! equalsf c , was used to generate the time
varying force on the cantilever atf c . In this experiment,
H1 (;2 G! was 100% amplitude modulated at a frequenc
f 1 of 41.27 kHz, andH was modulated at a frequency
f B536.01 kHz with an amplitude ofHB

m54.1 G. In the ex-
periments we report here the frequency of the applied rf fie
H1 varied between 700 and 1000 MHz.

A typical spectrum is shown in Fig. 1. The measure
ments were performed at ambient pressure to avoid produ
ing excessivelylarge oscillation amplitudes. The signal to
noise ratio2,3 S/N can be improved dramatically (S/N

ail:
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}AQ) by reducing the pressure which increases theQ of the
present cantilevers by three orders of magnitude thus prov
ing the sensitivity to detect the signal from much small
sample volumes. The strongest signal was observed at a
of ;110 G with an extremely asymmetrical derivative line
shape. The out-of-phase MRFM spectrum also showed
large signal at this field value. The value of the magne
field at which this signal was observed is independent of t
rf frequency, indicating that this mode is not related to th
resonance behavior of the spins in the YIG sample. Dire
evidence that this is a nonresonant behavior is obtained fr
the fact that this mode is observed in the absence of an
field, when the bias field is modulated atf c/2 ~using half
frequency modulation3!.

On the high field side of this mode, we observe a fam
of resonance modes~at least 8! whose elements we labe
m1 , m2 , . . . ~Fig. 1!. The field separation between adjace
modes is about 10 to 20 G and decreases with increas
mode number. With increasing rf frequency, the entire fam
ily of modes moves to higher field, away from the nonres
nance~NR! mode, as shown in Fig. 2. In addition, the fiel
separations between the resonance modes increases at h
rf frequencies.

The field gradient at the YIG sample is;0.5 G/mm,
corresponding to a;10 G difference across the film. This is
much less than the field range (;100 G! spanned by the
magneto-static modes. Thus the field gradient is insufficie
to distinguish various regions of the sample and the obser
modes are related to the resonance behavior of the en
YIG film.

The MRFM experiment is sensitive to any variation i
the component of the magnetic moment parallel to the fie
gradient, regardless of whether this occurs as a conseque
of resonant coupling of the rf excitation to the spins in th
x-y plane ~resonance modes! or through the change of the
orientation of the sample magnetization due to variations

FIG. 1. An experimental MRFM spectrum of a single crystal YIG film
which shows the nonresonance~NR! mode and a family of magneto-static
modes~labeled asm1 , m2 , . . . !. The centers of these magneto-static mod
are indicated by the arrows as shown in the inset. The rf frequency is
MHz and the rf power, which corresponds to a field of 2 G, is 100% a
plitude modulated at 41.27 kHz. The bias field is ramped at 1.5 G/s a
modulated with a frequency of 36.01 kHz and an amplitude of 4 G.
2006 Appl. Phys. Lett., Vol. 68, No. 14, 1 April 1996
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the bias field~NR modes!. The latter occurs when the value
of the applied field is close to but less than the value nece
sary to saturate the sample magnetization. Figure 3 show
the internal demagnetization fieldHd(0,0,z) of a
4032033mm3 rectangular YIG sample experiencing ap-
plied fields of various magnitudes oriented parallel to the
z-axis ~the 20mm-axis!. An applied field
H.2pMs5880 G ~whereMs5140 emu/cm3 is the satura-
tion magnetization of YIG! is required to fully saturate the
film ~curve~a!!. Since all of the modes shown in Fig. 1 occur
below 400 G, the YIG sample is far from saturation. Accord
ingly, we are interested inuHd,ẑ(0,0,z)u in an applied field
H (b) insufficient to saturate the film~i.e. H,2pMs); curve
~b! in Fig. 3 is a schematic drawing ofuHd,ẑ(0,0,z)u under
these conditions. The magnetization will only be saturated i
the region of the sample whereH (b).uHd,ẑu, thus only in the
region uzu,zs . Outside this region, the domains will rear-
range themselves in such a way that, to first order, the d
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FIG. 2. The center fields of the MRFM signals~both the NR mode and the
magneto-static modes! at various rf frequencies~given in units of
2p f r f /g, whereg/2p52.83 MHz/G for YIG!.

FIG. 3. An illustration of the internal demagnetization fielduHdẑu as a func-
tion of position along thez-axis when the film is~a! fully saturated at
H (a) ~exact calculation!; ~b! partially saturated atH (b); ~c! fully unsaturated
atH (c). The bias field is parallel to thez-axis and the sample dimensions are
as shown in the inset.
Zhang, Hammel, and Wigen
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magnetization field cancels the applied field. Since the ma
netized moment of the sample is smaller in this cas
uHd,ẑ(0,0,z)u in the saturated region~i.e. uzu<zs) is smaller
than that in curve~a!. Further decrease of the applied field
will diminish the saturated region until it disappears whe
the applied field is below a critical valueHNR as shown in
Fig. 3. Because]Hd,ẑ /]z50 at the center of the sample, a
small field modulation aroundHNR will cause a substantial
change in the saturated volume of the sample, and thus cre
a large variation in the magnetized moment along the appli
field orientation. The observed field value of the NR mod
HNR.110 G agrees well with our estimates of the minimum
field necessary to saturate the center of the sample.

We turn now to the resonance modes we observe. The
are magneto-static modes first calculated by Damon a
Eshbach8 ~DE! for an infinite thin film system. The applica-
tion of DE theory in our case is complicated by the sma
size and irregular shape of our sample. As is observed
conventional FMR experiments on large area films9 ~which
are well described by DE theory! we find that the higher
order modes~indicated by decreasing mode intensity! corre-
spond to higher fields. These modes correspond to discr
standing wave vectorskz ~where zWiBW ) which describe the
spatial variation of the phase and amplitude of the precess
electron spin magnetization. Using DE theory, we estima
that the field separation between the first and the thirdkz
modes~the secondkz mode does not couple to the rf field! is
25 G, close to the 20 G shown in Fig. 2. This separatio
varies with rf frequency supporting the argument that th
film is not fully saturated at resonance. In contrast to DE
prediction, we find that the magneto-static modes are n
equally separated~Fig. 2!; this is a consequence of the ir-
regular shape of our sample.

In conclusion, extremely strong FMR signals were ob
served from a microscopic sample of single crystal YIG film
using MRFM. This indicates that MRFM has the potential t
Appl. Phys. Lett., Vol. 68, No. 14, 1 April 1996
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study a large variety of magnetic materials with very high
sensitivity. By increasing the field gradient associated with
the probe magnet, we expect it will be possible to conduct
microscopic FMR experiments with micron or sub-micron
resolution. By applying the bias field in the film plane, we
were able to separate the magneto-static modes from th
nonresonance mode. The behavior of the magneto-stati
modes can be qualitatively understood using DE theory. The
NR mode arises from the changes in the component of the
spin magnetization oriented parallel to the bias field. This
will be a source of substantial ‘‘noise’’ in MRFM spectra
obtained with the magnet located on the cantilever. Thus, in
order to achieve satisfactory results in MRFM experiments
employing this geometry, it will be necessary to carefully
align the magnet with respect to the applied field to ensure
that the NR mode does not occur in the field range to be
studied.
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