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Field mapping with the magnetic resonance force microscope
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We have developed magnetic resonance force microscopy for quantitative measurements of
magnetic fields. A microscopic particle attached near the end of a microcantilever serves as the field
sensing probe. We have demonstrated two-dimensional field mapping with a lateral resolution of 3.2
pm and a field resolution of 0.19 m{.9 G). The instrument holds considerable promise for field
mapping with spatial resolution better than @uh at room temperature. Applications include field
mapping of magnetic recording head$0021-8979)00513-7

I. INTRODUCTION of MRFM also offers the possibility of reducing the size of
the magnetic resonance field sensor for magnetic field cali-

In this article we describe a method for extending mag-bration at submicrometer dimensions. Field strength can then

netic resonance field metrology to microscopic scales. Thée measured with a resolution limited by the resonant line

technique relies on the high sensitivity provided by theshape and the spatial extent of the resonant probe. We report

newly developed magnetic resonance force microcopéere a demonstration of high resolution field measurements

(MRFM). Magnetic resonance phenomena are the basis farsing MRFM.

the most accurate measurements of magnetic fields. This is a

direct result of the Larmor relationship for the resonant con-

dition: B=w/y. B is the static flux density at which mag- Il. EXPERIMENTAL PRINCIPLES

netic spins with a gyromagnetic ratio gfresonantly precess _ L i _ .

when subjected to a transverse rf field oscillating at an an- W& Degin by considering a material which exhibits a

gular frequencyw. Typical magnetic resonance probes areStrong I_ESR signal as a field sensor. The _electron spin den_sny

relatively large and are thus only useful for measurements dff the field sensor is assumed to be uniform, and the spins

fairly uniform fields generated by macroscopic magnets. are aligned in the same direction with a large external field.

Magnetic resonance probe sensitivity has improved witHn this case, given a mag.netic resonance field sensor of vol-
the development of high resolution magnetic resonance imt;)jmev mozntidlgn a cant|lev(jer,r1tliir_;()l(rjnpl;onent of the fo(;c.e
aging (MRI) instruments. MRI instruments establish a etween the field sensor and the field being measured is

known field gradient that is required to spatially resolve an .

unknown distribution of magnetic spins in a sample. Higher Fz:VMz( E) @
resolution imaging naturally requires sensitivity to a smaller

number of spins. The signal-to-noise rai8NR) is ulti-  HereM is the magnetization of the sensor material &nts

mately limited by the quality factof of the pick-up coil @ nonuniform flux density produced by some magnetic de-

tank circuit. The spatial resolution of conventional MRI in- Vice. Equation(1) is valid under the condition of small lat-

struments can also be limited by the relatively low field gra-€ral sensor magnetization such thég~M,~0. For a para-

dients(on the order of 0.1 T/inthat can be generated with Magnetic sensor in a transverse rf magnetic field of

wire-wound coils. magnitudeB; and angular frequency, M, can be written
MRFM was first proposed by Sidles in 1991 as a way t0aS®

overcome the limitations of conventional MRI microscopy

with inductive coil probes.Rugaret al. subsequently dem-

onstrated the first magnetic resonance force microscope with ¢ 25

electron spin resonand&SR.2 MRFM has also been dem- < 20}

onstrated with nuclear magnetic resonaf§®R) by Zuger 5 15}

et al® and Schaffet al* and with ferromagnetic resonance ® 1ol

(FMR) by Zhanget al®> MRFM instrumentation has benefit- = 05

ted from the development of ultrasensitive cantileVeos- 5

timal control of cantilever vibratioh,and operation at low S 00T 150 200 250 300

9
temperature8; _ _ _ Field (10° T)
So far, MRFM has been mainly applied to spatially re-
solving the spin density of a sample. However, the sensitivityFIG. 1. Curve ofM, vs B, given by Eq.(2). The dip in the otherwise linear
curve occurs at the resonant field. In our MRFM experiments, we measure

the second derivative of this curve to detect the nonlinear region near reso-
3E|ectronic mail: moreland@boulder.nist.gov nance.
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for the case of saturating rf fields. In E®) the spin—spin Figure 2 shows a schematic of our entire MRFM system,

and spin—Ilattice relaxation times are equivalent,Tse=T,  and Fig. 3 reveals the details of our MRFM head. A small
=17, as is the case for the ESR sample used in our experi<<10 um) particle of 2,2-diphenyl-1-picrylhydrazyl hydrate
ments. Herey and u are the magnetic susceptibility and (DPPH, an organic compound with 95% free radicass
permeability of the resonant field sensgris the gyromag- mounted on a commercially available cantilever microma-
netic ratio for the spins under resonance, &ds a quasi- chined single crystal silicon with nominal dimensions of 440
static background magnetic field. pm length, 40um width, and 2um thickness. This results in

Equation (2) may be used to predidl, for an ESR a spring constant on the order of 0.1 N/m and a resonant
experiment as shown in Fig. 1. A dip occurs in the magnefrequency of 15 kHz. The cantilever motion is measured
tization as a function oB,, and hence the force measured by with a fiber optic interferometé? A SmCo magnet 1.5 mm
the cantilever, wheB, matches the resonance conditBn in diameter and 7.1 mm long provides a field gradient and
= w/vy. Because the resulting force of the resonant teha  also contributes to the local background fi@gd. The mag-
second term of Eq(2)] can be small relative to the linear, net is mounted on a piezoelectric scanner, enabling us to
paramagnetic, background term, ac detection is used to meaean the magnet relative to the DPPH sensor over an area of
sure the nonlinear resonant term proportionaMMZ/aBﬁ. 150umXx150um. This large scanning range is unique to our
This is accomplished by modulating the background appliednstrument and will be useful for imaging magnetic struc-
field at a frequencyn,, such that tures like recording heads.

. DPPH particles are mounted on a cantilever with the aid

B2=Bo+ Bmsin(wnl). © of atomic fcl?rce microscop@AFM) with a large sample stage
Both the linear and nonlinear terms of E@) produce a and an integrated optical microscope. Small amounts of
time-varying magnetization ab,, near resonance. The non- vacuum grease and DPPH are placed on separate areas of a
linear term also produces higher frequency magnetizatioglass slide. The cantilever is then brought into contact first
components at higher harmonics. In particular, the,,2 with the grease, which we use to adhere the DPPH to the
component oMM, is proportional to the second derivative of cantilever® and then with the desired DPPH particle using
Eq. (2).1! By expanding Eq(1) in a Taylor series abouB,  the precise positioning of the AFM. Particles as small as a
=By, we find the second harmonic force componentis  few micrometers may be easily mounted onto the end of a

B2 | 2M JB cantilever with this method. To improve the particle geom-
F;2>:V_m( ZZ) z, (4) etry, the DPPH particle can be heated to its melting point
4\ 9B; BB, 9z after adhesion to the cantilevirat which time it coalesces

into a small hemispherical pancake. The size of the pancake
2 ) 5 . " ; can be controlled by carefully monitoring the subsequent
=(By/4)(9°M,/9B3). If, in addition, wy, is set to exactly o\ anoration of the DPPH under a high power microscope.
half of the cantilever's resonant frequency, the sensitivity tor,;q mounting procedure is a key element to MRFM field

(2) \wi i i _ . h . . . . .
F2” will be increased by a factor proportional to the me- janning experiments. Submicrometer imaging will require
chanicalQ of the cantilever. Experimentally, we have mea-

suredQ values as high as #@vhen operating in vacuum to
minimize air damping.

where the 2, component of M, is given by M(®

FIG. 3. Schematic of our MRFM heach) fiber to detect cantilever motion;
(b) rf tuning capacitorsjc) kinematic mount;(d) ball bearing index;(e)
FIG. 2. Schematic of MRFM systenfa) MRFM head(see Fig. 3 for de- SmCo permanent magnéf) piezoelectric tube scanneig) fiber position-
tails), (b) kinematic mount,(c) permanent magnetd) piezoelectric tube ing stage;(h) temperature compensated fiber chul;background field
scanner{e) fiber optic positioner(f) bell jar, (g) background field electro- modulation coilsyj) modified Aldermann—Grant rf resonatgk) cantilever
magnet,(h) port to vacuum pump. chip; (1) piezoelectric stack.
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FIG. 6. Top-view photograph of MRFM head, showifig modulation coil,

(2) cantilever chip, and3) modified Aldermann—Grant coil. The permanent
magnet is radially centered in the rf coil from below, and an optical fiber
approaches the cantilever from the top.

FIG. 4. Optical micrograph of a &m DPPH particle(black do} mounted
near the end of a cantilever.

even smaller particles with uniform shapes. Figure 4 shows a
representative DPPH partic{black do} mounted on the end
of a cantilever.

A modified Aldermann—Grant resonant coil geometry

ents result in thermal drift between the optical fiber and the
cantilever, thus changing the sensitivity of the interferometer
as the system drifts through a fringe. To compensate for this

serves as the source for the transverse figjd™® This ge- . . :
ometry was developed for conventional MRI microscopy anod nft,_the bfass fiber Chl.JFk IS hegted tq a few .degrees above
ambient with a small bifilar heating coil, causing the chuck

is useful in MRFM because it allows easy access to the in- . )
terior of the coil from the top and bottom, as well as from theto expand. The length of the chuck is controlled with a feed-

sides. When combined with a 22 pF seried ar8 pFparallel back system that maintains a constant average fiber—tip sepa-

: . ration by monitoring the intensity of the interference fringe
capacitor, our coil has a resonant frequency of 550 MHz and . o
. : and then changing the heater current to maintain a constant
a Q of 10 (see Fig. 5. To verify the presence of rf power

o . . . ¢ output voltage from the interferometer near the center of a
inside the resonant coil, the applied rf power was increase !

until the DPPH sample melted. Actual MRFM experimentst;{;]gz'C’:ﬁsr:;c:f ﬁtt:];n_tsio ?\;\éf:]re t,zl/g't(;at"ﬁlaﬁﬂg':?md;%g:]asgm
were then carried out at a sufficiently low rf power to avoid PSP 9-

melting the DPPH. of this system is on the order of several sec;onds, so it is not
affected by motion of the cantilever near its resonant fre-

The melting experiment described above demonstrates . .
that the intense electric field within the modified UENCY- The temperature compensated fiber chuck makes it

Aldermann—Grant coil serves as a heat source in addition tgos_sslble to position the fiber with a standard five-axis posi-
: X . loning stage. Because the system can accommodate several
the field modulation coil and the electromagnet used gener:

. . fringes of motion, we have the dynamic range necessary to
ates the background field. The resulting temperature graOIIc-ancel thermal effectm situ, while taking data. This elimi-
nates waiting for long periods for the system to thermalize
before data can be taken.
10 - T - The entire microscope head is placed inside an electro-
magnet that provides an additiory as large as=100 mT.
A small modulation coil provides a background field modu-
lation in thez direction of up to 0.5 mT5 G) rms. The head
of our microscope is specifically designed to interface me-
chanically and electrically to a commercial scanning probe
microscope system, enabling us to leverage existing elec-
tronic feedback and piezoelectric scanning systems. The mi-
croscope is operated in a moderate vacuum with a pressure
of 1.3x10°3Pg10 °Torr) to eliminate air damping of the
00 . . . cantilever, which increases tig of the cantilever. Figure 6
400 600 800 is a top-view photograph of the microscope’s head. The fiber
RF Frequency (MHz) and gradient magnet are not shown in the photograph.

FIG. 5. rf spectrum of our modified Aldermann—Grant coil. A resonance A hlgh Q cantilever is reqUIred for maximum force sen-

frequency of 550 MHz and @ of 10 are obtained with a 22 pF series and SitiVity’_ but the long response f[ime an_d extremely _harrow
a 3 pF parallel capacitor. bandwidth of such systems are impractical for most imaging

Reflected Power/Input Power
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applications. Image acquisition times of several days are re- .
quired for free ringing mechanical detectors of this type. Ac- Field (107 T)

t|v_e dampmg of the Ca.nt”.ever vibration QIIOWS us to mini- FIG. 8. Single-shot ESR spectr@ back-reflected wave spectrum showing
mize the t_hermal excitation of the_ cantilever, reduc_e thehe reflected rf power as a function of the applied magnetic figid fomn?
response time of the system, and increase the effective deample;(b) MRFM spectrum showing the cantilever's amplitude of vibra-
tection bandwidth while maintaining an acceptable SINR. tion, which peaks at resonande) the cantilever phase correspondinglt

. . . . For (b) and(c), a 15um diam sample was used. In all three cases the field
Our system has a piezoelectric cantilever mount that is usevgzs swept at 2810 4 /525 G/9, and a lock.in time constant of 200 ms

to apply the counter force necessary for active damping. \as used. The rf frequency was 544.2 MHz, corresponding to the observed
resonant field of 194210 4 T.

III. INSTRUMENT SENSITIVITY

Mapping field contours with high resolution requires a  As discussed above, active damping is employed to
small resonant sample, which unfortunately reduces theninimize the thermal oscillations of the cantilever. The ef-
number of spins in the sensor and hence the force on thectiveness of active damping is demonstrated in Fig. 7. Fig-
cantilever. The predominant noise source for our instrumengre 7a shows the free cantilever oscillation at
is the thermal excitatiofBrownian motion of the cantilever. 1 3x1073Pg10 % Torr), and 7b) shows the cantilever os-
Consider the cantilever as a classical damped harmonic ogllation when the active damping signal is applied by the

cillator subject to thermal noise. For a cantilever with springpiezoelectric mount. The cantilever vibration is reduced by a
constantk, resonant frequency,, and mechanical quality factor of 30.

factor Q operating at a temperatufe with a measurement The three critical components of any MRFM microscope
bandwidthAf, the minimum detectable force'fs are the rf resonator, the modulation field coil, and the gradi-
2KA fkgT 12 ent magnet. The functionality of the combination of these
m'n_(Tfo) (5)  components was tested by performing conventional rf re-

flected wave experiments. In these experiments a macro-
Figure 7a) shows a typical vibration spectrum of a thermal- scopic 1 mm DPPH sample replaces the optic fiber/
noise limited cantilever. Given the spring constant of 0.1lcantilever assembly in the rf coil. A modulation field of a
N/m and the experimentally measured resonant frequency déw amperes per meter was added to the background field.
13.268 kHz andQ of 10000, Eq.(5) yields a theoretical When the magnitude of the swept background field satisfied
thermal noise force of 1410 **N/\Hzrms at a tempera- the resonant condition, the absorption of rf power by the
ture of 300 K. Our measured noise 5,.,&=kZQ=2.0 DPPH changed the impedance of the rf coil. We measured
X 10~ N/\/Hzrms, indicating that our system is operating the modulation of the back-reflected rf wave with a lock-in
near the thermal noise limit. We determine our experimentahmplifier. Figure 8) shows a typical ESR spectrum show-
spin sensitivitny) based on Eq4) given our instrumental ing the expected derivative line shape of the rf absorbtion as
parameters 0ofB,,=0.4mT4G), w=27Xx550MHz, and a function of sweep field.

9Bl9z=100T/m, and given the reported spin denSitfor
DPPH of 2.3<10%'cm™3, we find a single spin force of
Fepin=1.6X10"#N. Thus, at the estimated field gradient of
100 T/m (1 G/um), we have a electron spin sensitivity of The amplitude and phase of a single shot ESR spectrum
1.25x 10'°Hz *2, This means we can detect magnetic reso-measured using mechanical detection of the second harmonic
nance in a DPPH sample of radiuguin with a SNR of 1 in  component of the force is shown in Figgb8and §c). The

a 1 Hz bandwidth. spectra of Fig. 8 illustrate the primary advantage of MRFM

IV. RESULTS AND DISCUSSION
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FIG. 9. Mapping of a field contour. The permanent gradient magnet pro-

duces field lines in space. Contours of constant field, represented by the dark
ring, can be found at any height above the magnet. The DPPH resonant
sensor is raster scanned over a small portion of the magnet. This area is
depicted as the small square. The constant field contour shows up in the

MRFM image as a bright line. See Fig. 10. 1v
3.2um
<
over other techniques used for high resolution field mapping:
the magnitude of the signal does not need to be calibrated. oV : } ;
Only the position(in either background field or rf frequency 10um 20pm 30um

of the resonance is important. . 10. Field This - | bra
A comparison between the back-reflected wave Spectrurﬁl. - 10. Field contour map. This Is a map of the cantilever vibration am-
plitude as measured 1.5 mm above a permanent magnet. The white areas

of Fig. 8@ and the MRFM spectra of Figs(i® and 8c)  correspond to regions in which the resonance condition is metBanghe:
shows that our MRFM system delivers the same or better16.4 mT. The cross-sectional scan reveals a spatial resolution gng.2
SNR with a micrometer sample than the back-reflected Spe@btained with a 7um diam DPPH field probe. A 200 ms time constant and
trum using a millimeter sample. This is explained by the fact®-2 H scan rate was used to capture thig#0<40 um image.

that our system is not optimized for back-reflected wave

spectroscopy. We recognize that state-of-the-art ESR spec-

trometers are capable of measuring the spectrum of DPPHRidth-at-half-maximum(FWHM) spatial resolution of 3.2
particles only a few micrometers in size with good SNR. ;m obtained with a 7um diameter DPPH field probe.
With MRFM, however, it should be possible to measure sub-  Each line scan in the image of in Fig. 10 represents a
micrometer samples and also to image these small samplesjifagnetic resonance spectrum. We are sweeping the local
three dimensions or use the small resonant sample as a fiefidid by physically moving the DPPH particle. Theagnetic
probe as is the case being discussed here. linewidth of the MRFM resonancéB,rry is related to local

We use the following procedure to produce a high resofield gradientdB/dx, the particle diameted, the intrinsic
lution field contour map at a height of 1.5 mm above thespectral linewidth of DPPHB. and the modulation field
permanent magnet: First, the cantilever with the DPPH fieldsg_ ,. The correspondingpatial linewidth of the MRFM
probe is positioned above the permanent magnet using th@sonance is 8Bygrew: (9B/9X) 1. SByrem= OBparT

kinematic stage of the microscope. We then determine the- 5B srr, Where 6Bparr~d/3-dB/dx is the approximate
resonance field by sweeping the background field to find themagnetic size” of a spherical particle andBystr

resonance peak. The background field is then kept fixed at (( 5B 92+ (6Bnog?) Y2 is the predicted instrumental
this value. Finally the permanent magnet is raster scannegpectral resolution. We try to séBpart~ 5B nsTr for maxi-
with a piezoelectric tube ix andy below the DPPH field mum SNR. Given the experimental conditions for them
probe mounted on the cantilever. The cantilever amplitude opppH particle described above we estimadByrew
phase of vibration is recorded as a function of permanent0.5 mT5G) and 6Byrey- (9B/9x) ~*~8 um. These val-
magnet position. Figure 9 describes this step schematicallyjes are somewhat larger than our experimental observations
Although the field contours directly above the center of aof 0.19 mT (1.9 G and 3.2 um, respectively. Given the
cylindrical magnet are circular, the resulting contour shouldyncertainties regarding both the shape of the pariitie
appear as a line if only a small portion of that circle is im- spherical approximation may not applgnd the magnitude
aged. of the modulation field near the particléhe field may be
The resulting field contour map appears as shown in Figreduced by eddy currents in the gradient mapwetfeel that
10. The black-to-white contrast in the figure represents lowthe measured linewidths are within reasonable limits.
to-high vibration amplitude of the cantilever. The white areas e also note that particle translation rafex/At, must
of large amplitude are where the resonance condign be slow compared to the instrument response time. The local
=Bappliedt Bmagne= @/y is met. Given that y=1.76  field must change slower than the time necessary for the
X 10"s™ ' T for DPPH, w=27x550MHz andB,peq  Cantilever oscillation amplitude to equilibrate t>Q/f,.
=—36mT, we find thaB,gne= +16.4 MT along the white  Active damping effectively reduce® so thatQ/f, is a few
line in Fig. 10. The cross-sectional line scan reveals a fullmilliseconds and thus much lower than the typical lock-in
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FIG. 12. Resolution of MRFM as a function of ESR force. In this plot,

dB,/dz was adjusted so that the product of the natural ESR linewidth and
(dB,/d2)~! was equivalent to the size of the field probe. Force sensitivities
attainable at room temperature with conventional and customized ultra thin
cantilevers(see Ref. Hare marked for reference, as is the spatial resolution

. L . . . of MFM.
FIG. 11. Field contour map similar to Fig. 8, but with a changing back-

ground field. Values of the changing applied field are marked on the image.
This map allows us to determine the local field gradiefBs,,ger /IX .
~56 T/m andaBagner, /9y ~20 T/m, giving a resultant lateral field gradi- of the resonance peak, may be used to improve the resolu-

ent of 59 T/m(0.59 Gum). A 15 um diam field probe was used to obtain tion. In particular, we propose using the zero crossing of the
this image_. A 500 ms time'constant, and 0.1 Hz scan rate was used tﬁhase as a resonance field criterion. As shown in Fig, 8
capture this 15@m>x150xm image. the very sharp zero crossing may eliminate many of the am-
biguities that can occur when trying to determine the location
of the resonance curve. One important result from these re-
amplifier time constant of 200 ms for the data reported |ationships is that, in regions of high field gradient, the spa-
here. In additionAx/At must be slow enough s8BnstriS  tial resolution of MRFM improves until the particle size limit

scanned in a time period greater thanin other words s reached. The images of Figs. 10 and 11 demonstrate that
OBinstr>1t- (9B/9x) - (Ax/At) which is also true for the ex- we are in the particle size limit.

periments reported here.

We can f_;ldjust the applied magnetic field to find a dn‘fer-v_ OUTLOOK AND CONCLUSION
ent contour line of the magnet. In Fig. 11 we show a contour
line similar to that in Fig. 10. However, instead of maintain- The potential for MRFM as a calibrated, room tempera-
ing a constant applied magnetic field, we chand&g,ieq  ture, high resolution magnetic field probe is shown in Fig.
during the scan as indicated by the dashed lines. The whité2. Spatial resolution of 100 nm, comparable to MFM, and
parts of the image still correspond to positions where thdield resolution on the order of 0.1 M O€ are possible at
resonance condition is met. By changing the applied field we&oom temperature with a small enough resonant field probe,
can measure dByagner/IX~56 T/m and dBpagner/dy  field gradients of 1000 T/ni10 Oefum), and custom manu-
~20T/m, with the resultant lateral field gradient of 59 T/m factured ultrathin cantilevers. This resolution is sufficient to
(0.59 Gjum). At higher applied fields the bright areas of the characterize magnetic read and write heads which have typi-
image show the regions of lowBi;,g,e, and vice versa. The cal magnetic pole lengths on the order ofuin and gap
images in Figs. 10 and 11 were taken over roughly the samsgpacing of 100—200 nm. The required field gradients should
area. If we assume approximately the same field gradients ibe relatively easy to obtain when fields are mapped close to
both cases, we can estimate our field resolution to be ththe magnetic head. As noted earlier, any reduction in spatial
field gradient times the FWHM spatial resolution. Using theresolution due to a lower field gradient is of little concern,
gradient of 59 T/m from Fig. 11 and the linewidth of 3 because reduced field gradients indicate a lack of spatial
from Fig. 10, for which we used a much smaller resonantesolution field artifacts that would require high resolution
probe, we find a field resolution of 0.19 MT.9 G. imaging.

The spatial resolution in Fig. 11 is lower than that of Fig. With 100 nm spatial resolution and 0.1 {T G) field
10 because a 1xm diam probe was used, rather than theresolution, the MRFM can fill an important gap in the tech-
smaller probe used to acquire Fig. 10. Both spatial and fieleghology of magnetic field mapping, as shown in Table I. Mag-
resolution are determined not only by the particle size, bunetic force microscopyMFM) is the technique most widely
also the local field gradient and the ESR linewidth. The spaused today because of its high spatial resolution and ease of
tial resolution of the system is limited by the larger of eitheruse. Unfortunately, calibrated MFM field measurements re-
the particle size, or the ESR linewidth divided by the field quire precise knowledge of the geometrical shape and mag-
gradient. Similarly, field resolution is limited by the larger of netic properties of the magnetic coating on the tip. Both Hall
either the ESR linewith or the product of the local field gra-probes and SQUID magnetometers suffer from the require-
dient and the particle size. Alternative peak-detection algoment of cryogenic temperatures. Although Lorentz micros-
rithms, such as taking the derivative or measuring the phaseopy and electron holography can provide field maps with

33.3 mT




670 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Ruskell, Lohndorf, and Moreland

TABLE I. Comparison of common magnetic field mapping techniques.  resolution of 3.2um and a field resolution of 1.9 m{.9 G
with a SNR of 30 limited by thermal noise. Improvements in

Field

Spatial resolution overall sensitivity by operating in a higher field gradient with
Technique resolution(um) 10°4T Quantitative ~ More sensitive cantilevers hold promise for 100 nm spatial
2 resolution and 0.1 mT1 G) field resolution at room tem-
MFM 0.050 1 no . o
SQUIDP 1 01 yes perature. Such an instrument could have applications for the
Hall probé 0.85 0.001 yes quantitative characterization of magnetic structures including
ac microloof 2 0.1 yes magnetic read/write heads and magnetic data bits.
MR® 0.1x1 0.1 yes
Electron holograpHy 0.003 0.1 yes
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