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The magnetic resonance force microscope (MRFM) mar- 
ries the techniques of magnetic resonance imaging (MRI) 
and atomic force microscopy (AFM), to produce a three- 
dimensional imaging instrument with high, potentially 
atomic-scale, resolution. The principle of the MRFM has 
been successfully demonstrated in numerous experiments. By 
virtue of its unique capabilities the MRFM shows promise to 
make important contributions in fields ranging from three- 
dimensional materials characterization to bio-molecular struc- 
ture determination. Here we focus on its application to the 
characterization and study of layered magnetic materials; the 
ability to illuminate the properties of buried interfaces in such 
materials is a particularly important goal. While sensitivity 
and spatial resolution are currently still far from their theoret- 
ical limits, they are nonetheless comparable to or superior to 
that achievable in conventional MRI. Further improvement 
of the MRFM will involve operation at lower temperature, 
application of larger field gradients, introduction of advanced 
mechanical resonators and improved reduction of the spurious 
coupling when the magnet is on the resonator. 

Key Words: magnetic resonance force microscopy, elec- 
tron spin resonance, nuclear magnetic resonance, ferro- 
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I. INTRODUCTION 

The magnetic resonance force microscope (MRFM) is 
a microscopic imaging instrument based on a recent pro- 
posal by Sidles to mechanically detect magnetic reso- 
nance signals [l-31. It combines the technique of mag- 
netic resonance imaging (MRI) with atomic force mi- 
croscopy (AFM) in an effort to achieve three-dimensional 
(3-D) imaging capabilities with atomic scale resolution. 
MRI is a fully 3-D, non-invasive imaging technology 
which has found powerful applications in the medical 
field. It employs an applied magnetic field gradient VB 
to distinguish magnetic resonance signals arising from 
different spatial locations. Although it is possible to gen- 
erate very large field gradients, the spatial resolution of 
MRI is currently limited to dimensions greater than tens 
or even hundreds of microns by the poor sensitivity of in- 
ductive detection of magnetic resonance [4]. AFM relies 
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1 on tlie rapidly improving capability to detect very small 
(piconewton) forces by very sensitive detection of the de- 

‘flection of microscopic cantilevers. Mounting a micron- 
scale tip which terminates in an atomic-scale protuber- 
ance on this cantilever allows atomic-scale spatial reso- 
lution in studies of surfaces. However, AFM can only 
be applied to  surface studies, as is the case for all other 
conventional scanning probe microscopies. Combining 
the strengths of MRI and AFM, the MRFM enables sub- 
surface, 3-D imaging with the potential for atomic scale 
resolution. 

The first MRFM was demonstrated by Rugar et al. in 
1992 in an experiment where it was used to mechanically 
detect the electron spin resonance (ESR) signal from a 
paramagnetic sample of diphenylpicrylhydrazil (DPPH) 
attached to  the mechanical resonator [5]. Similar results 
have since been obtained by two other groups [6,7]. In 
addition to ESRIMRFM experiments, nuclear magnetic 
resonance (NMR) [8,9] and ferromagnetic resonance [lo] 
signals have been successfully observed using the MRFM 
techniques. Even though the MRFM is still at an early 
stage of development, spatial resolution of a few pm has 
been reported [7,8,11-131; this matches or exceeds the 
highest resolution achievable in conventional MRI sys- 
tems. An overview of the field can be found in several 
recent review articles [14-171. 

A. MRFM Principles 

A schematic diagram of the MRFM, which combines 
the techniques of MRI and AFM, is shown in Fig. 1. A 
small magnetic particle is mounted on the micromechan- 
ical resonator. This particle generates a magnetic field 
gradient V B  which serves two key purposes. First, it is 
responsible for the coupling between the force detector 
and the resonant magnetic moment in t,he sample: 

F = (m.V)B. (1) 

between the cantilever and the magnetic moment m in 
the sample which will deflect the cantilever from its equi- 
librium position. Second, the field gradient defines a shell 
of constant magnetic field BO (a “sensitive slice”) within 
which the magnetic resonance condition, 2.rrf,f =  BO), 
is satisfied. Here frf is the applied rf frequency and f (B0)  
is a function of Bo whose form depends on the details of 
the spin Hamiltonian; for a spin interacting only with the 
applied field, f(B0) = ?Bo, where y is the gyromagnetic 
ratio. The spins outside this sensitive slice will precess 
at a Larmor frequency either higher or lower than the 
applied rf frequency, and therefore won’t be coupled to  
the applied rf field. Only the spins within the sensitive 
slice are coupled to the rf field, thus they can be selec- 
tively manipulated by the rf field to produce a desired 
time dependent behavior. Through the coupling to the 
gradient magnet (Eq. 1) components of m(t) at f c  will 
drive the cantilever into oscillation (details are discussed 

in Section I1 A). The oscillatory displacement of the can- 
tilever is detected using a fiber optic interferometer as 
shown in Fig. 1. 

Because the oscillation is driven only by spins within 
the sensitive slice, a 3-D force map can be obtained by 
scanning the slice (by physically scanning the magnetic 
probe or by sweeping Bo) throughout the sample [13]. 
From this force map, the spatial distribution of spins in 
the sample can be reconstructed [ll-131. 

Spatial resolution in MRI is limited by two factors. 
The first is the ability to define the small volume to 
be imaged. However, the primary limitation is the diffi- 
culty of detecting the magnetic resonance signal from the 
small, defined volume with sufficient signal-to-noise ratio 
(SNR). Because only those spins in the sensitive slice will 
observed, the field gradient defines the resolved volume. 
In principle, the spatial resolution along a given dimen- 
sion (say the %direction) is given by the width wsl,i of 
the sensitive slice. This is determined by the intrinsic 
resonance linewidth 6Blw of the sample and the relevant 
component of the field gradient: 

One can generate very large gradients; for example, one 
can naively estimate that the field gradient generated by 
a fully polarized, 0.1 pm Co sphere exceeds 10 G/A at a 
point 150 A away from the surface of the Co sphere along 
the polarization direction. Using as a typical linewidth, 
SBl, on the order of 1 G, these imply a sub-fi width for 
the sensitive slice. Clearly, then, SNR considerations are 
likely to the limiting factor in spatial resolution. 

Sidles, et al. compared the signal-to-noise ratio (SNR) 
of mechanically detected magnetic resonance with that 
for conventional inductive detection 141. The sensitiv- 
ity advantage of MRFM arises because the coupling to 
the spins, and therefore the SNR increases linearly with 
IVBI. Thus, both the sensitivity and the pixel definition 
of MRFM are enhanced by increasing VB. This, to- 
gether with anticipated improvements in force detector 
sensitivity, endows mechanical detection with a crucial 
advantage over inductive techniques, and gives MRFM 
the potential to detect signals from a much smaller vol- 
umes which will in turn allow better spatial resolution. 

For a field gradient of 10 G/A, the force on the can- 
tilever due to its interaction with a signal electron spin 
moment is on the order of N [4,17]. Currently, the 
main noise source in MRFM is the thermal excitation 
of the resonant detector. One can consider this thermal 
noise in terms of force noise [4]; this limits the smallest 
detectable force, and thus leads naturally to a definition 
for the minimum detectable force Fmin: 

(3) 

Here IC is the spring constant of the cantilever, T the tem- 
perature, Au the detector bandwidth and Q the quality 
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factdr of the mechanical resonator. 

B. Potential Applications 

As a 3-D imaging technique with the spatial resolution 
ranging from 1 pm down, potentially, to the atomic scale, 
MRFM could have significant importance for the study of 
subsurface properties of many solid state materials. One 
important example is layered magnetic materials where 
the magnetic exchange interaction between ferromagnetic 
components separated by normal metal spacers leads to 
technologically important and scientifically interesting 
phenomena. It is exciting to consider microscopic MRFM 
studies of the magnetic and structural properties of these 
materials. For example, magnetic multilayer structures 
composed of alternating layers of e.g., Fe/Cr and Co/Cu, 
exhibit the technologically very important phenomenon 
of giant magneto-resistance (GMR) [MI. The crucial 
physical effect which underlies GMR is the anti-parallel 
exchange interaction between magnetic layers separated 
by non-magnetic spacers. This indirect coupling is ex- 
tremely sensitive to both the spacer layer thickness and 
the quality of the interfaces. FMR/MRFM will measure 
the variation of the interlayer exchange coupling coeffi- 
cient as a function of lateral position in the film plane. 
The resolution of FMR/MRFM is limited by the mag- 
netic correlation length, typically of order 10 to 100 nm. 
Because the typical layer thickness is on the order of 1 
nm, an FMR/MRFM experiment cannot have sufficient 
spatial resolution perpendicular to the film plane to re- 
solve details in layers. Thus the selective subsurface sen- 
sitivity of MRFM cannot be exploited in these materials. 
Nonetheless, the unique sensitivity of FMR to important 
magnetic properties such as magnetic anisotropy and 
magnetic exchange coupling strength make it a unique 
microscopic probe of the layered structures. As capabil- 
ities advance, we expect that NMR/MRFM mapping of 
the various nuclei will provide direct information about 
interlayer roughness, spacer layer thickness, and, ulti- 
mately, interface characteristics such as smoothness and 
abruptness. 

11. MRFM EXPERIMENTS 

Instead of employing the geometry shown in Fig. 1, 
all experiments to date have been performed using the 
arrangement shown in Fig. 2 .  Mounting the magnet on 
the resonant force detector leads to interactions with the 
time-dependent, magnetic and rf fields that can lead to 
spurious signals much larger than the magnetic resonance 
signal. In the short term one can avoid these prob- 
lems and still observe a resonance signal by mounting 
the paramagnetic sample on the cantilever and placing 
the ferromagnet nearby on a static mount as shown in 

Fig. 2. The total magnetic field B applied to the sam- 
ple includes the uniform bias field Bo produced by the 
solenoid, the bar magnetic field Bbar,  and the modulation 
field Bmodei2?rfmodt generated by the modulation coil 

B = Bo + Bbar + B,odei2Tfmodt , (4) 

where fmod is the frequency at which the applied field is 
modulated . 

A. Modulation techniques 

In order to create an oscillatory force on the cantilever 
at the cantilever resonance frequency fc, the spin mag- 
netization of the sample must be manipulated by the rf 
field in such a way that it also varies at fc. This can be 
done by modulating either the applied magnetic field Bo 
(with an amplitude of Bmod),  or the frequency or am- 
plitude of the rf field, or a combination of both fields. 
The simplest approach is to modulate the frequency of 
the rf field at fc [8,13,19]. If the relaxation time of the 
sample is smaller than the cantilever oscillation period 
1/(2.irfc), this modulation will cause the center position 
of the sensitive slice to oscillate about its equilibrium po- 
sition at fc. At any given time, the spin moment (along 
the 2-axis in Fig. 2) within the sensitive slice will be sup- 
pressed by the rf field, resulting in a net change in the 
total magnetic moment of the sample Am, which is pro- 
portional to the total number of spins within the sensitive 
slice. Therefore, by oscillating the position of the sensi- 
tive slice at fc, a corresponding force is generated on the 
cantilever which is proportional to the spatial derivative 
of the spin density along the slice oscillation direction 
(i.e.. the Z-axis). Thus, a larger value of Am, results in 
larger MRFM signals. If yB1 (where B1 is the rf field) is 
large enough compared to various relaxation rates of the 
sample, the spin moment inside the sensitive slice will be 
entirely suppressed (for NMR or ESR experiments), and 
the maximum value of Am, = Av . Ms will be achieved, 
where Av is the total volume of the sample in the sensi- 
tive slice and Ms is the saturation magnetization of the 
sample. 

For samples with relaxation times longer than 
l/(2nfc), a different approach known as adiabatic fast 
passage [20] can be exploited [8,15,16]. If one sweeps 
the rf frequency through the resonance condition slowly 
compared to l/yBo, yet sufficiently rapidly that the ex- 
periment is finished in a time short compared to the re- 
laxation time, the longitudinal magnetization will be in- 
verted. Thus, frequency modulation at fc will cause M, 
within the sensitive slice to vary between -Mo to MO 
at fc. Here MO is the maximum longitudinal magneti- 
zation in the slice. In practice, the deviation of Mz is 
determined by the ratio between the maximum FM de- 
viation and the amplitude of the rf field B1 [20]. This 
technique is called cyclic adiabatic inversion [8,15,16]. In 
contrast to the previous case where the oscillatory force 
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is prbportional to the spatial derivative of the spin den- 
sity, the MRFM signal in this case depends directly on 

‘the number of spins within the sensitive slice. 
In principle, field modulation is equivalent to FNI. 

However in practice, field modulation can cause an os- 
cillatory field gradient which will interact with the total 
polarized moment of the sample and create a spurious de- 
tector response. In addition, an applied field can apply a 
torque to a magnetized sample which will shift the char- 
acteristic frequency of the resonant mechanical element 
[21,22] (see Sec. I I E  for a more detailed discussion of this 
issue). Thus, a slowly varying applied field will generate 
a drift in f c  which makes it impractical to apply modula- 
tions at exactly f c .  The application of FM will lead time 
dependent variation in B1 at the modulation frequency 
due to the frequency dependence of the impedance of the 
tuned rf circuit which produces B1. This also leads to a 
spurious detector response, however, this can be reduced 
by properly selecting the center frequency and by plac- 
ing the sample in the position where the rf field gradient 
is minimized. The modified Alderman-Grant coil design 
produces a highly uniform rf field, and so can be useful 
in this regard [23]. 

In an effort to  further reduce the spurious coupling gen- 
erated by the oscillatory fields, other modulation tech- 
niques have been developed. One of them is modulation 
of the applied field at half the cantilever resonance fre- 
quency [5]. Because of the sample’s non-linear response 
to the rf field near the resonance condition, a second 
harmonic component (at f c )  is generated which can be 
used to drive the cantilever into oscillation. A related 
scheme is anharmonic modulation [6] in which the ap- 
plied magnetic field and the rf power are modulated at 
the frequencies f B  and f i ,  respectively. While fB and f1 
are unrelated to fc, their sum or difference is set equal 
to fc. The non-linearity of the sample’s resonance re- 
sponse to B and B1 generates a force on the cantilever 
at fc. At the same time spurious couplings between os- 
cillatory fields and the sample’s dc magnetic moment at 
f c  are greatly reduced. The disadvantage of anharmonic 
modulation is that at a given modulation amplitude, the 
MRFM signal is significantly smaller (by a factor of - 5) 
than that achieved using direct magnetic field modula- 
tion [24]. This is because anharmonic modulation cre- 
ates time varying components of the magnetic moment 
at other frequencies such as f l  and f B ,  thus reducing the 
strength of the component at f c .  

B. Demonstration of sub-surface imaging 

A key unique strength of MRFM is its ability to se- 
lectively image spin density distributions below the sur- 
face of the sample. Fig. 3 is a demonstration of one- 
dimensional sub-surface imaging capability of MRFM [7]. 
In this experiment, two DPPH particles were glued on 
the cantilever, one above and one below the surface of 

the cantilever as shown in the inset of Fig. 3b. DPPH is 
a standard ESR sample that has one free electron spin 
per molecule 1251. It also has a spin relaxation time T of 
6.2 xlO-’ s which is much shorter than the oscillation 
period (- 0.1 ms) of the cantilever. Anharmonic modula- 
tion was used in the experiment and the MRFM signal is 
proportional to the spatial derivative of the spin density 
along the 2 axis. By integrating the MRFM signal, the 
one dimensional distribution of the electron spin density 
as a function of its separation from the surface of the 
bar magnet is obtained (shown in Fig. 3b). Two well- 
separated maxima corresponding to the centers of the 
two DPPH particles are observed, and their separation 
distance can be determined with an accuracy of 1 pm. 

Ziiger, et al. [ll] used ESR to demonstrate the two- 
dimensional (2-D) imaging capabilities of MRFM. In 
their experiment, two DPPH particles were mounted on 
the same side of the cantilever. Instead of moving the 
sensitive slice along the Eaxis as in Fig. 3, the bar magnet 
was scanned in the z-y plane while the uniform magnetic 
field Bo and rf frequency were held constant. A 2-D force 
map was then obtained by measuring the oscillation am- 
plitude of the cantilever as a function of the position of 
the bar magnet. From this force map, the 2-D distri- 
but,ion of electron spin associated with the DPPH parti- 
cles was reconstructed and the images obtained were very 
similar to those obtained from optical observation under 
a microscope. A lateral resolution of 5 pm is achieved. 
3-D imaging has also been demonstrated by Zuger, et al. 
in a lH NMR experiment using MRFM [13]. Spatial res- 
olution of -3 pm along the i axis and -18 pm along 
the 2- and 9- axes was demonstrated. This difference in 
resolution reflects the smaller field gradients of the bar 
magnet perpendicular to the E axis. 

C. Optimizing MRFM signals 

Theoretical calculations have been performed [24] to 
understand the intensity of the MRFM signal and its 
dependence on several parameters: the modulation am- 
plitude, the rf field strength and the field gradient. The 
model used applied to an ESR experiment on a spher- 
ical DPPH particle, and the results were confirmed by 
experimental measurements. The calculated line shapes 
and intensities were very similar for the cases of anhar- 
monic modulation and simple modulation (at fc), the 
only difference being that the absolute value of the sig- 
nal intensity is about a factor of five smaller in the case 
of anharmonic modulation due to the presence of strong 
force components at frequencies other than fc. Fig. 4 
shows a typical calculated MRFM signal as a function of 
zo which is the location of the center of the sensitive slice 
with respect to the center of the DPPH sphere [24]. Two 
important parameters are extracted from the curve: the 
first is the peak to peak intensity Ipp which indicates the 
signal amplitude, and the second is the linewidth Szpp 
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which reflects the spatial spread out of the signal. We 
find there is a trade-off between maximizing signal sensi- 

‘tivity, Ipp and maintaining 6zpp comparable to the actual 
size of the sphere i e . ,  maintaining acceptable spatial res- 
olution. 

There is always an optimal modulation level at which 
Ipp reaches its maximum value Igm as shown in Fig. 5a. 
Here Ipp is plotted as a function of the amplitude of the 
field modulation expressed in terms of the distance the 
sensitive slice moves as a consequence of the modulation: 
Zmod = Bmod/[dB/dz]. Under this optimal modulation 
condition, 62, (= 6°F) is only slightly larger than ei- 
ther the diameter of the sphere R or the width of the 
sensitive slice, which ever is larger. 

Fig. 5b shows the variation of I F  as a function of 
the rf field strength B1. For Y T B ~  5 3, the observed 
increase of Ipp with increasing B1 is attributable to the 
increase in the degree of suppression of the longitudinal 
magnetization within the sensitive slice. For yrBl > 3 
the continuing increase of Ipp  with B1 arises because the 
intrinsic ESR linewidth increases with B1 (6B1, IX B1); 
leading, in turn, to widening of the sensitive slice (Eq. 2). 
This means more spins are affected by the rf field, so 
the signal is larger. Ipp eventually saturates at large B1 
when the width of the sensitive slice exceeds the size of 
the sphere. This is reflected in the value of 6°F which 
increases steadily with increasing B1 and much exceeds 
R in this range. 

Because force between the spin moment of the sample 
increases with V B  (Eq. l), one might expect the MRFM 
signal to increase as well. This is true if we consider 
the MRFM signal per unit spin within the sensitive slice. 
However the signal intensity will not increase with lVBl 
if the sensitive slice width is smaller than the sample di- 
mension. Fig. 5c plots I r  vs. the field gradient dB/& 
(assuming V B  11 2)  at a given rf field B1. At low field 
gradient, I F  increases linearly with 6’Bld.z as expected 
from Eq. 1. However, it saturates at large field gradient. 
Although this saturation behavior is reminiscent of the 
case discussed in the previous paragraph, the physical 
reason for the saturation is exactly opposite. The width 
of the sensitive slice is inversely proportional to the field 
gradient (see Eq. 2); once the field gradient is sufficiently 
large that w,1 << R, increasing lVBl further has two off- 
setting effects: the signal per unit spin within the sen- 
sitive slice increases linearly, while the total number of 
spins coupled to the rf field decreases as the width of the 
slice is reduced. Therefore the total signal intensity re- 
mains constant. This explanation is consistent with the 
calculation of SZ;? whose value is nearly constant (close 
to the diameter of the sample) in this saturation range. 

D. Microscopic Ferromagnetic Resonance using 
MRFM 

We have been actively pursuing the application of 
MRF’M to the study of magnetic materials for the rea- 

sons mentioned earlier. The first FMR/MRFM experi- 
ment [lo] was performed on a microscopic single crystal 
yttrium-iron-garnet (or YIG, Y3Fe5012) thin film about 
40 pm x 20 pm x 3 pm in size. YIG has been well- 
studied by conventional FMR techniques, and its proper- 
ties are well understood. Fig. 6a shows a typical MRFM 
spectrum of the sample at an rf frequency of 825 MHz 
with the external field applied in the film plane. The 
MRFM signal was so large that the cantilever had to be 
damped by performing the experiment in air. Operating 
in vacuum improves the cantilever Q by nearly three or- 
ders of magnitude and thus enables much improved SNR 
(SNR IX a). This indicates that MRFM is sensitive 
enough to detect signals from a much smaller volume of 
sample than the one used. It is worth mentioning that 
even the smallest features in the spectrum are repeatable, 
thus they are not random noise. An extensive family of 
magnetostatic modes was observed (labeled as ml, m2, 
. . . ) whose field positions vary with the change of the rf 
frequency. These modes can be qualitatively explained 
using the existing theory proposed by Damon and Esh- 
bach in 1961 [26]. The positions of these modes and their 
field separations, in principle, can be used to study the in- 
ternal magnetic properties of the YIG film this capability 
is the impetus behind the development of FMR/MRFM 
in magnetic materials. 

Temiryazev et ai., have shown that non-uniformities 
in the magnetic properties of the YIG crystal can fun- 
damentally alter the character of the spin waves in the 
crystal and so alter the spin wave spectrum obtained 
in an FMR experiment [27]. In spite of the qualita- 
tive agreement obtained with DE theory, it is likely that 
the observed spin wave spectrum is affected by the non- 
uniformity of the resonant excitation which results from 
the presence of the strong field gradient in our experi- 
ment. 

In addition to the resonance modes, there are also non- 
resonance modes (NR modes) whose field positions are 
independent of the applied rf frequency, and so does not 
reflect a resonant response of the magnetization. These 
signals only exist when the film is not saturated, and arise 
from domain-wall movement or magnetization reorienta- 
tion in direct response to the variation of the applied 
magnetic field [lo]. Such phenomena are best studied 
using conventional MFM techniques, so our main focus 
is on the resonance modes and on how to separate them 
from these NR modes. This can be accomplished by in- 
creasing the magnetic field; this saturates the magneti- 
zation making much less responsive to the time-varying 
applied fields. This also increases the frequency of the 
resonance modes, and so requires that we generate B1 
by a means other than the conventional rf coil shown 
in Figs. 1 and 2. A microstrip resonator [28] can easily 
generate the desired frequency and has the open geom- 
etry necessary for compatibility with the other MRFM 
components [29]. The frequency of the rf generator we 
use (shown in Fig. 7) is determined by the length of the 
resonator (= X/2, where X is the wavelength of the mi- 
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crow'ave radiation) and the dielectric constant of the in- 
sulator. In our case, the resonator is about 11 mm long 

'which corresponds to a resonance frequency of N 8 GHz. 
The MRFM spectra of the YIG film in this frequency 
range shown in Fig. 6b show a series of resonance modes 
coming from the YIG sample. The net magnetic field 
(= Bo + Bbar) for these modes is around 2 kG while 
the NR modes remain in the very low field range (a few 
hundred Gauss). 

Metallic thin film ferromagnets are more pertinent to 
the multilayer materials of interest to the magnetic de- 
vice community. Operating at the increased rf frequency 
available with the microstrip resonator, we have observed 
MRFM signals from Co thin film and trilayer structures. 
The films were directly deposited onto the cantilever us- 
ing either sputter deposition or thermal evaporation tech- 
niques. Specially made masks were used to control the 
location and the total area of the films on the cantilever. 
We used a novel MRFM geometry, the "transverse ge- 
ometry," shown in Fig. 8, to perform the MRFM ex- 
periment. Although this geometry is more difficult to 
implement, it is essential for these experiments because 
it enables us to  keep the orientation of the applied field 
much more nearly in the plane of the film, which coincides 
with the plane of the cantilever, in order to reduce both 
the saturation field and the resonance field of the film. 
The cantilever is placed off the axis of the bar magnet, 
therefore a transverse force, 

BBX dBX 
BX az ' Fx = mx- + m,- (5) 

can be generated which drives the cantilever into oscilla- 
tion. Fig. 9 shows the MRFM spectra of three different 
Co single layer samples fabricated by means of different 
deposition techniques and having different layer thick- 
nesses. All of the spectra were taken with the exter- 
nal field applied at an angle of N 33' with respect to 
the film plane. The sputtered sample has narrower res- 
onance linewidth ( ~ 5 0  G), suggesting that the quality 
of this film is better than the other two samples. Since 
the position of the resonance mode reflects the internal 
magnetic anisotropy of the sample [30], these results also 
indicate that the effective demagnetization field varies 
from sample to sample; this could reflect different film 
stresses generated during film deposition. 

We have also obtained signals from Co/Cu/Co trilayer 
samples which were fabricated on the cantilever. The 
thicknesses of the various layers are 100 A or less, thus 
these samples closely resemble materials actually used in 
the GMR devices. Fig. 10 shows a typical MRFM spec- 
trum from a CO(~OOA)/CU(~OA)/CO(~O~) trilayer film. 
The two Co layers have different thicknesses, therefore, 
their internal magnetic anisotropy fields are expected to 
be different. This leads to different resonance fields at a 
given rf frequency. Since the Cu layer thickness is rather 
large in this sample, the two Co layers are magnetically 
decoupled. Thus we observe two independent signals, 
which are the uniform resonance modes coming from each 

individual Co layer as labeled in Fig. 10. This experiment 
demonstrates the excellent sensitivity of MRFM and the 
substantial potential of FMR/MRFM as a probe mag- 
netic layered devices. 

E. Placing the magnet on the resonator 

In order to operate the MRFM as a scanning probe, 
the permanent magnet must be mounted on the resonant 
force detector. Because the sample in the FMR/MRFM 
experiment is a permanent magnet, in the course of per- 
forming the FMRIMRFM experiments we have gained 
experience with some of the mechanisms which generate 
spurious couplings between the various modulated fields 
and a permanent magnet mounted on the cantilever. The 
low frequency (825 MHz) YIG experiment (see Fig. 6a) 
makes it clear that the magnetization of the magnet must 
be prevented from varying substantially in response to 
variations in the applied field in order to eliminate the 
spurious response evident as the NR mode. This can be 
achieved by using either a large dc magnetic field to sat- 
urate the magnet or a permanent magnetic material with 
large magnetic anisotropy. We have investigated the pos- 
sibility of using a NdFeB particle (which has a very large 
magneto-crystalline anisotropy). We find that, in com- 
parison to the YIG thin film, much smaller NR signals 
are generated when it is mounted on the cantilever [22] .  

However, more troublesome is the applied field depen- 
dent shift of fc  which occurs when the permanent magnet 
is mounted on the cantilever; this is shown in Fig. 11. TO 
perform the MRFM experiment it is necessary to modu- 
late the spin magnetization precisely at fc; if fc is shifting 
in response to the applied field this can be difficult (note 
the high cantilever Q leads to a very narrow resonance). 
The dominant reason for the frequency shift is the torque, 
I? = mBo sin%, exerted on the cantilever when the orien- 
tation of the magnetic moment m of the magnet deviates 
from that of the applied dc field Bo by an angle 9. AS 
the cantilever oscillates, this torque can vary (depending 
on the ease with which m rotates with respect to the 
sample) introducing an additional restoring force on the 
cantilever. This alters the effective spring constant k and 
thus fc. If Bo is uniform, the relation between f c  and Bo 
can be approximately expressed as follows [22 ] :  

Here f," is the cantilever resonance frequency in the ab- 
sence of the applied field and L is the length of the can- 
t ilever . 

One solution to this problem is to keep the dc field Bo 
constant and modulate only the frequency of the rf field. 
An alternative is to use a magnet which has no magnetic 
anisotropies (including both the crystalline anisotropy 
and shape anisotropy) so that m will always remain par- 

6 



allel *to BO. This case will require a large dc field to 
saturate the particle. 

111. FUTURE DIRECTIONS 

The parallel goals guiding our development are the con- 
stant improvement of the sensitivity and spatial resolu- 
tion of the MRFM system, and the development of an 
MRFM instrument which will be a practical and usable 
laboratory tool that can provide 3-D images of a wide 
variety of samples. 

A. Improving sensitivity 

Lowering the operation temperature T improves sen- 
sitivity for two reasons. The first is the reduction of the 
thermal noise of the cantilever which is proportional to 
fi and is the primary noise source in the current MRFM 
system. The second is the increase of the induced spin 
magnetization of the sample (which is inversely propor- 
tional to T in both NMR or ESR experiments) at a given 
magnetic field. An MRFM system operating at 4.2 K has 
been achieved [19,29]. Further reduction of T to 50 mK 
may be necessary in order to achieve single electron (or 
nuclear) spin sensitivity. 

Increasing the magnitude of the field gradient will im- 
prove both the spatial resolution and sensitivity per spin. 
This can be achieved by miniaturizing the bar magnet, 
or by miniaturization of the magnetic probe. A simple 
estimate indicates that a field gradient on the order of 10 
G/ f i  is achievable using a Co particle with a diameter of 
about 1000 f i .  

There is also a need to incorporate more advanced 
micro-mechanical resonators into the MRFM system. 
The currently used AFM cantilevers are typically made 
of silicon or silicon nitride, are about 1 pm thick, have 
spring constants of N 0.1 N/m, resonance frequencies of 
N lOkHz, and Q’s around 104-105 in vacuum. Eq. 3 
shows that resonator force noise can be reduced by ei- 
ther reducing the spring constant k or by increasing 
the resonant frequency f,. Suspended micro-mechanical 
beams with resonant frequencies approaching 100 MHz 
have been fabricated by Roukes, et al. [31,32]. Re- 
cently, cantilevers with thicknesses less than 0.1 pm and 
spring constants k N lOP3N/m have been fabricated 
[17]. These have a demonstrated force sensitivity of 

3 x 1 0 - ~ 7 ~ / , & .  

B. Data acquisition rate 

A key issue in a laboratory imaging instrument will be 
the time required to perform an experiment; this consid- 
ertion argues for seeking high sensitivity by increasing f,. 
We are pursuing the development and application high 

frequency resonators in MRFM because, at constant Q, 
these will enable much larger instrument data acquisition 
rates. Three-dimensional imaging with very high spatial 
resolution will involve huge amounts of data: an atomic- 
scale image of a (1pm)2 by 30 nm deep region of a layered 
sample will involve more than lo9 volume elements, or 
voxels. Clearly, obtaining such an image in a reasonable 
length of time will require a very large data acquisition 
rate and thus instrument bandwidth, Av. This places 
additional demands on the sensitivity of the instrument 
since the increased bandwidth will unavoidably introduce 
more noise (see Eq. 3). This also means that this very 
sensitive detector must simultaneously have a rapid re- 
sponse time T, - Q / f c .  In a time r,, the time required to 
record data from a single voxel, the cantilever oscillation 
amplitude A, grows to 

03 f c  03 A, N A, -T, = A ,  - ,  Q T C  
(7) 

for T, < T,, where AF is the equilibrium oscillation am- 
plitude (typically ,,, 1 nm). Thus, although it is pos- 
sible, in principle, to detect the displacement of a low 
f, resonator with a bandwidth much larger than fc(z.e., 
rv << r,), this leads to cantilever displacements so small 
as to place unrealistic requirements on the sensitivity of 
the displacement readout scheme. It is necessary to work 
in a regime where r, 2 r, so that A, approaches AF in 
the course of a measurement time: high frequency res- 
onators are essential. Thus, the best approach to simul- 
taneously achieving the goals of high sensitivity and large 
data rates will be to use resonant force detectors having 
very high characteristic frequencies. 

There is an additional benefit to using high frequency 
detectors. The frequency of existing resonant beam 
structures [31,32] (Section 111A) is comparable to typ- 
ical Larmor frequencies of most nuclei. One can then 
contemplate directly detecting the precession of the nu- 
clear spins; this, in turn could allow the powerful ar- 
ray of pulsed NMR techniques that has been developed 
[33] since the discovery of NMR in 1946 to be applied in 
MRFM experiments. 

As the micromechanical element at the heart of the 
MRFM becomes smaller, achieving the necessary de- 
gree of precision in alignment and placement of vari- 
ous components will become much more difficult. The 
only practical means of achieving this will be to fabricate 
the nanomechanical resonator, the gradient magnet and 
the resonator displacement readout into an integrated 
MRFM detector. This is, in principle, within reach us- 
ing state-of-the-art surface nanomachining techniques. 

IV. CONCLUSIONS 

MRFM employs a micromechanical resonator to detect 
the force between a field gradient and the spin magneti- 
zation within a well defined sensitive slice of the sample. 
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One,‘ two and three dimensional imaging capabilities of 
MRFM have been demonstrated using ESR and NMR 
‘techniques. Spatial resolution on the order of 1 pm has 
been achieved which already exceeds the capabilities of 
conventional MRI. 

In order to take advantage of the high cantilever Q’s, 
an oscillatory force at the cantilever resonance frequency 
fc is generated by modulating either the uniform mag- 
netic field or the rf field. The oscillation amplitude of the 
cantilever depends sensitively on the modulation ampli- 
tude, the rf field strength and the external field gradient 
during the MRFM experiment. Improvement of the sig- 
nal intensity requires that both the rf field strength and 
the field gradient be increased at the same time. 

The MRFM opens the possibility of conducting spa- 
tially resolved, sub-surface studies of many solid state 
materials. One example where such a capability would 
have important benefits is its application in magnetic 
layer structures. MRFM signals from microscopic 
Co/Cu/Co trilayer films have been observed. This 
demonstrates that MRFM is sensitive enough to perform 
microscopic evaluation of local magnetic environments 
that can affect the performance of magnetic layered de- 
vices. 

Future generations of MRFM instruments will oper- 
ate at lower temperature, apply larger field gradients, 
and employ advanced micromechanical resonators with 
the magnet mounted on the resonator. These advances 
promise dramatic improvements in sensitivity, spatial 
resolution, and data rate. The ultimate goal of a three- 
dimensional imaging instrument with single spin sensi- 
tivity and atomic scale resolution continues to  tantilize 
and strongly propels these development efforts. Such an 
instrument would enable unprecedented insight in topics 
of scientific and technological interest ranging from elec- 
tronic and magnetic materials to bio-molecular structure 
to  quantum measurement theory. 
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FIG. 1. A schematic MRFM diagram showing several im- 
portant elements including the permanent magnet mounted 

-on the mechanical resonator (cantilever in this case), the “sen- 
sitive slice” created by the gradient of the permanent magnet 
within which the spin resonance condition is satisfied, the rf 
coil and the optical fiber. An additional, homogeneous bias 
field is applied. 

FIG. 2. A laboratory version of MRFM with the sample 
mounted on the cantilever. The relevant cantilever vibration 
is in the 2-direction. 

FIG. 3. The MRFM signal from two particles of DPPH: 
one mounted above and one below the cantilever. The sig- 
nal was obtained in vacuum at an rf frequency of 828 MHz 
and at room temperature. (a) The phase locked oscillation 
amplitude of the cantilever is shown as a function of distance 
z from the end of the bar magnet to the center of the sen- 
sitive slice. A schematic (not to scale) representation of the 
geometry is shown in the inset of (b). (b) The spatial in- 
tegral of curve (a) which gives the onedimensional electron 
spin density distribution along the 2-direction. 

FIG. 4. The calculated MRFM signal (modeling phase sen- 
sitive detection of the cantilever oscillation amplitude) as a 
function of the physical location of the sensitive slice zo with 
respect to the center of the spherical sample. Parameters 
(taken from one set of experimental conditions, Ref. [24]) used 
in the calculations are: frf = 825 MHz, yr(dB/dz)R = 9.5, 
yr(dB/dz)Zmod = 9.3 and TTB1  = 2.1. 

FIG. 5. (a) The variation of the MRFM signal intensity Ipp  
and the corresponding signal width 6zpp/R (defined in Fig. 4) 
as a function of the modulation field level zmod/R. Both the 
magnetic field gradient and the rf field are the same as in 
Fig. 4. (b) The dependence of the maximum signal intensity 
IF and the corresponding signal width ScF/R [shown in 
frame (a)] on the rf field strength (expressed dimensionlessly 
as Y T B ~ ) .  We use the same value of the field gradient as 
in Fig. 4, and indicate its value by the dotted line. (c) The 
dependence of I F  and ScY on field gradient [expressed 
as yr(dB/&)R] at a fixed rf field strength. The dotted line 
indicates the value of the resonance linewidth SBl, for this 
value of the rf field strength. 

FIG. 6 .  (a) An experimental MRFM spectrum of a single 
crystal YIG film which shows the non-resonance (NR) mode 
and a family of magneto-static modes (labeled as mi, m2, 

, . .). The rf frequency is 825 MHz and the rf power, which 
corresponds to a field of 2G, is 100% amplitude modulated 
at 41.27kHz. The magnetic field is applied in the YIG film 
plane and ramped at 1.5G/s. This field is also modulated 
(by a separate modulation coil) at a frequency of 36.01 kHz 
with an amplitude of 4G. (b) A series of MRFM spectra of 
another YIG film at various rf frequencies near 8 GHz. The 
horizontal axis is the uniform magnetic field BO, and not the 
total field B, which includes an additional component due 
to the permanent magnet, and which is about 2 kG in this 
experiment. 

FIG. 7. A schematic diagram of the microstrip resonator. 
The resonator is 11.4 mm long and 0.46 mm wide, and has a 
resonant frequency of N 8 GHz. 

FIG. 8. Diagram of the transverse geometry MRFM setup 
with the cantilever rotated 90’ relative to the arrangement 
shown in Fig. 2. The sample, a film deposited on the can- 
tilever, is placed off the axis of the bar magnet in order to 
create an $-directional force on the cantilever. 

FIG. 9. MRFM spectra of three single layer Co thin films 
using transverse geometry MRFM setup shown in Fig. 8. The 
experiment was performed in air and at room temperature 
using anharmonic modulation. 

FIG. 10. A typical MRFM spectrum of a microscopic 
Co(lOO~)/Cu(50~)/Co(50~) trilayer film deposited on the 
cantilever. The rf frequency was 7.9 GHz and the experiment 
was performed in vacuum and at room temperature. Because 
the Cu spacer layer is rather thick, the resonance signals of 
the two Co layers creates are independent as indicated in the 
figure. The thicker Co layer usually has the larger effective 
demagnetization field (demagnetization field minus perpen- 
dicular uniaxial anisotropy field), therefore it has smaller res- 
onance field (at a given rf frequency) if the external field is 
applied approximately in the film plane. 

FIG. 11. The variation of the cantilever resonance fre- 
quency fc/ff as a function of the uniform magnetic field BO. 
Here f: is the cantilever resonance frequency in zero applied 
magnetic field. The circles and squares show experimental 
measurements on two polarized NdFeB particles mounted on 
two different cantilevers. Their average polarized moments m 
were determined by fitting the results with theoretical predic- 
tions (using Eq. 6) shown by the solid lines in the figure. 
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