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The signal intensity of electron spin resonance in magnetic resonance force microstipi)
experiments employing periodic saturation of the electron spin magnetization is determined by four
parameters: the rf fieltH,, the modulation level of the bias fiel,,, the spin relaxation time

71, and the magnetic sizR(dH/dz) of the sample. Calculations of the MRFM spectra obtained
from a 2,2-diphenyl-1-picrylhydrazyl particle have been performed for various conditions. The
results are compared with experimental data and excellent agreement is found. The systematic
variation of the signal intensity as a functiontéf andH,, provides a powerful tool to characterize

the MRFM apparatus. €1996 American Institute of Physids$0021-897@6)00624-X

I. INTRODUCTION (1~10 kH2. Modulation of the external field or the rf field
at f, can lead to unacceptably large direct coupling to the
Recent theoretichf and experimental work® has  cantilever® Two modulation techniques have been developed
shown that magnetic resonance force microscOdRFM)  to avoid this problem. One involves modulation of the rf
is a new 3D imaging technig®® with the potential of frequency or the external field at half the cantilever fre-
achieving atomic scale resolution. One of the mostquency (half-frequency modulatior®* The other involves
important features of the MRFM is that it replaces the detecmodulation of the amplitudes of both the bias field and the rf
tor coil in the conventional magnetic resonance imagingield at two different frequencie@hese can be anharmonic,
(MRI) measurement with a micromechanical reson&wr i.e., they need not be either multiples or rational fractions of
microcantilevey which can sensitively detect the force be- f;) while keeping the sum or difference of the two frequen-
tween a permanent magnet and the spin moment in theies atf.°
sample. In the first nuclear magnetic resonance experiment Due to the complexity of these excitation schemes,
using MRFM? the reported spatial resolution~Q um) is it is not trivial to relate the MRFM spectra to the spin distri-
already an order of magnitude better than that of currenbution within the sample—an extremely important capability
MRI. for 3D imaging. In a previously reported ESR measurement
Here we discuss the influence of various experimentalising anharmonic modulatidtgespite the fact that the noise
parameters on sensitivity and spatial resolution in one clasevel agrees with the thermal energy analysis of the cantile-
of mechanically detected magnetic resonance experimentser, the signal-to-noise ratio is more than an order of mag-
that is, detection of electron spin resonafE$SR) through  nitude smaller than one estimates by assuming that all of the
periodic saturation of the electron spin magnetization. A keypolarization moment in the sample is contributing at reso-
component in the MRFM setup is the magnetic tip which notnance. Therefore, a detailed investigation of the resonance
only produces the necessary field gradient for the imagingsignal as a function of various adjustable paramdiezs the
but also generates an interaction with the electron or nucleaf field and the modulation levelis essential in order to
spins in the sample. The force between the field gradient andnderstand the MRFM spectra. As we show, the anharmonic
the spin moments causes the cantilever to vibrate and itmodulation, although very effective in reducing direct cou-
movement is monitored by an optic fiber interferometer. Inpling, leads to a significant loss of signal intensity.
order to take full advantage of the highfactor of the can- In Sec. Il we calculate the ESR amplitude and the
tilever, the spins driven by an external rf field must be ma-inewidth of the MRFM signal resulting from both simple
nipulated in such a way that the frequency of the time varyfield modulation at the cantilever frequency and anharmonic
ing force matches the cantilever resonance frequehcy field modulation. In Sec. Il these calculations are compared
with experimental measurements which have been per-

dAlso at Center for Nonlinear Studies, Los Alamos National Laboratory,fc'rmed on a small particle of 2.,2-d|phenyl-l-plcrylhydrz.izyl
Los Alamos, NM 87545, Electronic mail: zhang@rayleigh.lanl.gov (DPPH. In Sec. IV we summarize and present conclusions.
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periodic saturation and thus a modulationhd§ . If the ap-
propriate source is available, the simplest approach is to
modulate the rf frequenay, at f..* This is equivalent to the
modulation ofH;,s at f. thus producing the desired time-
dependent driving force. In order to circumvent the spurious
response that can arise with simple figlor frequency
modulation, a more complex anharmonic modulation
techniqué has also been developed which is to modulate

- .‘ ...... --a__Optical fiber

Hpias at f, andH, at f; so that|f,+f |=f.. Due to the
nonlinear response oM, at resonance, a component of
— = M,(t) which varies af ; will be generated; this produces the
z desired driving force.
The force is detected by measuring the oscillation am-
plitude of the cantilever at; using an optical fiber interfer-
FIG. 1. A schematic diagram of the MRFM apparatus. The relevant cantigmeter and a lock-in amplifier. A first-order estimate of the
lever vibration is in thez direction. . g . .
maximum oscillation amplitud@,,,in the MRFM measure-
ment i

"\ Cantilever
RN
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Il. THEORETICAL PREDICTIONS

dH
A. Factors influencing signal magnitude 3

Ama= FOQ/kz.//é< .

)Q/ k, 2

A MRFM setup(as shown in Fig. Lincludes a bar mag-
net which provides the necessary field gradi®mi and an  where F(t)=F, sin(2#f), Q is the quality factor of the
average magnetic fielth,,2, an electromagnet which pro- cantilever,k is its spring constant,”Z= y,H,V is the total
vides a ramped bias field,.z, and a modulation coil which magnetic moment of the sample, is the magnetic suscep-
produces a fieldHny(t)=Hp, sin(2rf.t) z. The total mag- tibility per unit volume, andV is the total volume of the
netic field at the sample iblo=(Hpat Hpiast Hm)Z. Here  sample. However this equation assumes that the time varia-
we neglect the small field gradients perpendiculaztoa  tion of the total moment is/#,(t)=. 7 sin(2nf ), which is
good approximation given the small size of the sample relagenerally not the case. First, an infinite rf power would be
tive to the bar magnet. A rf field ¢(t) =Hje'>o" oriented  required to fully saturate the sample at resonafnes, drive
perpendicular t@& (wy/2m=500-1000 MHZ is produced M, to zerg. Second, unless the dimension of the sample is
by a coil placed near the sample mounted on the cantilevemuch smaller than the width of the sensitive slice, at any
The spins in the sample produce a momkhtwhich inter-  given moment, only a fraction of the spins in the sample is
acts with the field gradient producing a force on the cantileresonant at the frequency of the rf field and thus sensitive to
ver its presence. Finally, the Fourier transform .e#(t) will
include components dt,, and f; as well as at higher har-
monics off .. Therefore, the Fourier componentfatwill be
smaller than the total magnetic momedit.
wherez is the unit vector parallel to the bias field and/or the In order to simplify our model calculation of the MRFM
relevant cantilever vibration directiafsince the sample and signal, a few assumptions have been made even though some
the bar magnet are coaxially aligned on the z axis, the fieldf them are not absolutely necessary. First, the sample is
gradients along x and y axes are neglect@&gcause of the assumed to have a spherical shapeGaussian distribution
field gradientdH/dz, a shell(“sensitive slice”) of constant  of the spin density along the field gradient direction has also
field exists within which the magnetic resonance conditionpeen calculated and the results are very similar to the calcu-
wo=vYHg, is satisfied, wherey is the gyromagnetic ratio. lation shown herg.Second, the sample is assumed to contain
The position of this sensitive slice moves as the bias field ifree electrons; therefore is constant at 2x2.8 MHz/G.
ramped and the width of this slicéz is determined by the The sample’s other intrinsic parametdi®., susceptibility
uniform resonance linewidtl#H,, of the sample(i.e., the  xy and spin relaxation time;) are chosen to have the same
resonance linewidth in a uniform field which is defined in values as those of DPPH? a standard ESR sample. Fi-
Sec. 1B beloyw and the field gradient: nally, it is assumed the bias field is swept at an infinitesimal
6z=6H,,/(dH/dz). If the slice intersects the sample, rate.
saturatio’ of the magnetization in this slice by the applied From the previous discussion, it can be seen that several
rf field suppresses the net magnetic moment alongztle  factors determine the signal amplitude in the MRFM spectra.
rection, thus changing the force on the cantilever. One of them is the uniform resonance linewidiH,, of the

The technique of mechanical detection of magnetic resosample which is directly related to the rf field;, and the
nance relies on manipulating the spin magnetizatibnin spin relaxation timer; of the sample. Another is the modu-
the sample such a way that the foreét)=M,(t) dH/9z lation amplitudeH,, of the bias field relative to the “mag-
varies atf., thus driving the mechanical resonator at itsnetic size” of the sampledH/dz)R, whereR is the radius
resonance frequency. Modulation of either the bias fieldf the sample. The last factor is the strength of the rf field
Hpias, the rf field Hy, or the rf frequencyw, will cause  H; which not only affects the uniform resonance linewidth

JH
F=M-VH=MZ(E)Z, (1)
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SHw=2V(3H,—Ho)(H,—Ho) . ®)

The variation of6H, with H; is shown in Fig. 2. When
vyriH.=1, 6H,, increases almost linearly withl; which
means more and more spins will contribute to the resonance
signal as long asH,,<2R(JH/Jz). Therefore, in the range
vyr1H,=2, the signal intensity can still be improved with
increasingH,; because increasing the resonance linewidth
causes the width of the resonance slice to widen.

(SMZ / XOHO)max
Y1, 8H,,

2 3
T Hy C. Bias field modulation H,, and its relation to the

MRFM spectra
FIG. 2. The maximum value ofM,/x,H, and y7,6H,, as a function of . .
yrH,. The parameters used in the calculation age:1.76x10° (G Before dealing with the more complex case of anhar-

9L 1,=6.2x108s; x,=2.9X 108 cnP/g (from Ref. 11; andH,=295 monic modulation, let us consider a much simpler situation
G which corresponds to the parameters of DPPH at a resonance frequengy which only the bias field is modulated at the cantilever
(fo=yHof2m) of 825 MHz. resonance frequendy (single field modulation It is shown

in the later sections that the results are qualitatively very

but also determines the degree of suppression of the longit§imilar between these two modulation techniques.

dinal spin moment at resonance. As mentioned before, the MRFM measures the Fourier
componentA; of the cantilever oscillation at.. From Eq.

B. Uniform resonance linewidth  6H,, and its variation (2), it can be seen that

with H;

In the presence of an external bias fi¢lg;,s (oriented A.=2f, 1/f°dt L 0)sin2mf L+ o)
0

parallel to thez axi9) and a transverse rf fieltl e'o!, the
motion of the electron spin magnetizatith can be derived Since A, is maximum for o =0, we set it thus hereafter,

from the Bloch equations in the rotating frathevhose static Comparing this with Eq(2), we can interpret the above ex-

;(E/Ilu“_(); alvesw;[helochange of the longitudinal rnagnetlzatlonpression to mean that only a fracti@of the total moment
z= Xoo™ Wiz,

contributes to driving the cantilever into oscillation in the
MRFM experiment,

AH\(Q
=le) o

oM, 2 1—(wo—yHo)/yHo
_H:(VTlHl) 1+ 2 wn— vH)2 H)2Z () , ]
XoHo +71(wo— yHo)*+ (y71Hy) A, Ute dt[. Z,(t)sin(2mft)]
SM, reaches a maximum value 5= AmaXIZfCJO WA ' 0
The instantaneous position of the sensitive slice with respect
oM, H? to the center of the sample, call & is determined by
_XoHo :—ZHo(Hr—Ho)’ 4 the magnitude of the applied field. In the absence of field
max modulation H,,=0), and in the presence of a given bias
at the frequency  wg=vy(2Hy,—H,), where field,Z will be a fixed valuéz=z,. With the addition of the

H,= \/H§+ H§+ 1/(yr,)?. Figure 2 shows the variation of modulation field H,, sin(2xft), Z acquires an oscillatory
(M, xoHo) max With the rf fieldH,. WhenH, is less than component with amplitudez,=H,,/(dH/dz): Z(t)=2z,
2/yTq, increasing the amplitude &f, can result in a signifi- + z,, sin(2#ft). This will cause 7, to become time depen-
cant enhancement of the resonance signal because this afent and drive the cantilever into oscillation. The scaling
hances the suppression of the longitudinal spin moment dactor S depends sensitively on the distangg through
resonance. This effect saturatesths becomes larger than .7 ,(z), i.e.,S=S(zp). ClearlyS~0 whenzy>R. In a bulk
2lyTy. sample, the value dfl,;,s will control the depth of the scan
We define the uniform resonance linewidthl, as the beneath the surface of the sample.
field range within which the change of the longitudinal mag-  Replacing.7,(t) in Eq. (7) with the integration of Eq.
netization SM, is larger than half of its maximum value (3) over the particle, the scaling factor(zy) can be ex-
(6M ) max- From Eqgs(3) and(4), we obtain pressed as

3f, 1, R 1-y(dH/92)[Z' — 29—z, SIN27T:t) ]/ wg
A —_— 2 H 2
(20 =5 (ymH) fo dt S'”(ZWfCt)f_Rdz 1+ (yrHy) 2+ {ymy(9H192)[Z — 2g— 2y SIN27F 1) ]} 2 ®
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FIG. 5. The variation of the maximum val®_, 1.«0f S,_, and the corre-
sponding width of the signal described in terms of the size of the particle
0z, ymalR a@s a function of the applied rf fieldyr,H, for
y711(dH/9z)R=9.5. The rf frequency is 825 MHz.

FIG. 3. The calculated MRFM spectrufin terms of the scaling factor
S,) as a function of physical location of the sensitive slice using the single
field modulation technique. The center of the particle is=a@zParameters
(taken from one set of experimental conditiptizat have been used for the

calculations are: rf frequencyf=825 MHz; y7(dH/dzZ)R=9.5; L. . .
yrH.=9.3; andyrH,=2.1. " ' selected. This is also true in the conventional ESR

measuremerit The corresponding modulation fieldH,,
(whereS,_=S,_p ma) is always close to the larger of either
where the integration over the sphdire.,dz’) can be per- the magnetic size of the particR(dH/dz) or 6H,/2.
formed analytically. The result of a typical calculation of When z,, is small compared to the size of the particle
S(z) as a function ofz, is shown in Fig. 3. It is worth R, 6z, is nearly independent af,. The existence of a
noting that since the time-dependent force resulting from ahallow minimum in Fig. 4 is directly related to the spherical
modulation of the position of the sensitive slice relative toshape assumption for the particle for whiéh,_,=2R when
the sample position is proportional to the change in forcez,, andH, approach zero. This minimum does not exist if a
over the modulation period, a spatial gradient of the magneGaussian distribution of the spin density is adopted. For
tization d.72,/3z is necessary in order to have a nonzeroz,>R, 8z, , increases almost linearly with increasiag.
signal. Here the effective size of the particle has been spread out by
The important parameters in Fig. 3 are the maximumthe modulation field, an undesirable situation when the spa-
change of the scaling factd,_,, which is the difference tial resolution of the MRFM is a concern.
between the extrema &{(z;), and the spatial separation be-
tween these two extremal points which we deng#g ,. For  D..”,_, na and its variation with the rf field ~ H,

a given sample, a larg&},_, means a larger resonance signal As discussed before, increasing the rf figld always
because a larger percentage of the sample is driving the “ARsults in an increase in the resonance signal, either through

tilever |_nto oscillation. In F_'g' 43p_pandz,_p are shown as improved suppression of the longitudinal magnetization
a funct|o_n of_the modulat|on_ lengtly, at the same value of oM, or through the increase in the width of the resonance
Hy as in F|g._ 3'. The  existence .Of a maximum Valueslice or both. This can be seen in Fig. 5 wh&g, naxis
dSPTP'm?chl Sp-p md;]qatesblthit f]m opt:jmlal _expfgr;(rjng ntal COT' plotted againsH . In this particular example, the magnetic
ition is always achievable if the modulation field is properly ., .~ ¢ 40 particle is chosen such that
(dH/9z)R=9.5/(y71) (the condition under which the ex-
perimental data we report below were takean order of
0.50 . . . . 10 magnitude larger than the intrinsic linewidthyl of DPPH.
The result indicates th&,_,, naxincreases significantly with
H, until Hy=(dH/3z)R. In the rangeyr;H,>10, S,_; max
tends to saturate with increasity, a consequence of the
fact that the size of the resonance slice has become larger
than the size of the particle and no more spins can be in-
volved by increasing the uniform resonance linewidth. This
is consistent with the calculation of the spatial resolution
8Zp_p max(WhenS,_,=S,_; ma) in Fig. 5 which shows a sig-
0.00 , , , , 0 nificant increase 0bz,_, nmaxWith H; when yr;H,;=10.

popyma|

0.25

SP‘P

z, /R E. Minimum detectable magnetic moment

FIG. 4. Th ation of th " « scaling £ dih One of the parameters of great interest is the minimum
- 4. The variation of the peak-to-peak scaling fadpr, and the corre- =y oy etic moment Z,,;, which can be detected using the

sponding spatial separatiafz,_,/R as a function of the modulation field 14.15 . L. .

level z,,/R. The values ofyr;(dH/dZ)R, y7,H,, and the rf frequency are MRFM- We are now in a position _'[O estimate” .

the same as those in Fig. 3. Figure 5 shows that, for this modulation scheng, ; max
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. T . dH/9z because the total number of the spins within
0.8} ﬁ the sensitive slice remains constant. Sincé,
- 1400 * Sp_pmax?2(dH19Z)QIK, the cantilever oscillation ampli-
. 08} 14 tude increases linearly with increasi/dz. In the con-
g Tx trasting case where the magnetic size of the sample
g 0.4l 2 2R(9H/dz) is much larger than the uniform resonance line-
v S {10 N width 6Hy,,, Sy_p maxiS inversely proportional teH/dz as
02l shown in Fig. 6. In this regime, although the sensitivity per
0.57%, 6H,; \ _spin is incr_e_asing_ Iinfaarly wittzvl_-Haz, the nur_nber of spins
, in the sensitive slice is decreasing, so there is no net increase
98 67 0.1 1 10 ! ; Hati -
in the oscillation amplitudéd.. The room-temperature ex-

1T (3HI6Z) R periment on DPPH reported here provides an example of

this. Because the sensitive slice is always narrower than the
FIG. 6. The variation of the maximum val®&_, m.0f S, and the corre-  particle, the MRFM signal does not change significantly with
sponding 9z, , ma,/ R as a function of the magnetic size of the particle jhcreasing or decreasing field gradient. In order to increase
yri(9RI9Z)R for yriH,=2.1. The rf frequency is 825 MHz. the signal intensity, both the field gradient and the rf field
H, must be raised together to an appropriate level so that the
uniform resonance linewidtléH,, , i.e., the slice width, is
saturates at a value of 1. From H@®) and the definition of similar to or larger than R(dH/dz).
S in Eq. (7), it can be seen that the maximum oscillation
amplitude(i.e., half of the peak-to-peak valuef the canti-
lever is about 0.5#(dH/dz)Q/k. Defining the minimum
detectable oscillation amplitude as equal to the thermallyc. Anharmonic modulation

driven amplitudeA,, we have. 7Zpin=2AK/[Q(dH/Jz)]. So far we have considered the case in which only the

At the value ofH; necessary to achieve this sensitivity, o fie|d is modulated at the cantilever frequency; however,
the linewidth of the signabz,_y maxis much larger than the 4 1ation techniques used in practice are more compli-
size of the sample. If we wish to resolve a par_tlcle of rad'uscated. Although MRFM signals can be observed using either
R, we reducéd; such thatsz,_p ma=2R. From Fig. Slvalid o half-frequency modulatidror the anharmonic modula-
for 771R(3H/az)%,1] we see that, for this situation, yjon method? only the latter is considered in this subsection.
Sp—pmac=0-4 and. Zpin=5AK/[Q(3H/dz)]. In the case of  Apharmonic field modulation involves simultaneous applica-

anharmonic modulation which we discuss bel&.pmaxiS  tion of a modulated rf fieldH, and the modulation field
further reduced relative to this case by a factor-d. As a H,.(t)
m il

result,. 7 i is correspondingly increased.

[Hy(1)|?=3HI1-sin(2mft)],

F. Dependence of S,_, .« on the field gradient dH/dz

Beside the modulation fieldi,, and the rf fieldH,, the Hin()=Hp sin(2mrfot), ©

other experimental parameter that can be varied in the

MRFM experiment is the field gradiertH/Jz. Increasing fo=|fixfyl.

dH/dz increases the force per spin generated on the cantile-

ver, but it also affects the magnetic size of the particle

R(9H/dz). Figure 6 shows that the variation 8f_,, maxWith From Eg.(3), the suppression d¥l, involves the product of
field gradient falls into regimes roughly separated by theH,(t) and[H(t)]2. This multiplication leads to a mixing
value of gradient at whichR(dH/9z) = 6H,,, ; that is where  which produces a component at the difference frequency
the magnetic size of the sample becomes comparable to tHg. This component drives the oscillation of the cantilever.
width of the sensitive slice. For much smaller gradients  The scaling facto(z) under this modulation technique
(0H19z<6H,/2R) S, pmax is nearly independent of is slightly different from Eq.(8),

3xf, [n/(2nfy) . > .
S(z0)= x5 f dt [ yrHy sin(arf t)]2 sin(2ft)
0
R 1—-y(dH/9z)[2' — 29—z, SIN27F t) ]/ wg
x| dz . . , . 5, (10)
-R 1+[yrHy sin(wf ) 7+ {y7(dH/92)[Z2' — 29—z, SIN27f t) |}
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996 Zhang, Roukes, and Hammel 6935
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wheren is an integer anah/(2=f;) is the new and longer
period at whichH,(t), H,(t), and the lock-in reference sig-
nal (atf.) all return to their initial values. Most of the results
are qualitatively similar to those previously discussed. A
maximum value ofS,_, always exists as a function of the
field modulation levelH,. This maximum valueS,_, max
increases with increasing the rf field; [valid at least for
H,<R(dH/d2)].

At a given value oH;, S,_; maxis smaller by a factor of
~5 than the calculation using the single field modulation
technique. This is due to the fact that the anharmonic modu-
lation causes7(t) to have Fourier components at several 200 250 300 350 400
frequencies other thanf. component. The linewidth
0Z,_pmaxw hOwever, does not change significantly between
the two modulation cases. Therefore, the minimum momenIt—'IG. 7. An experimental MRFM spectrum of a single DPPH particle. A
min Will increase by a factor of~5 with respect to the negative value indicates that the cantilever signal and the reference signal

Single field modulation technique discussed before. are out of phase. The rf frequency is 825 MHz and the modulation depth of
the rf power is 100%; the modulation frequency is 45.67 kHz. The bias field
is swept at a rate of 2 G/s and is also modulated at a frequency of 35.98 kHz.
Other experimental conditions arey;H,;=2.1, ymr,H,=9.3, and
dH/9z=0.58 Gjum. The solid line is the theoretical calculation assuming

. . that dH/9z)R = 9.5(i.e.,R=15 um), the total weight of the DPPH i
We have performed an electron spin MRFM experiment. 2 771(H/92) d pm el S

: _ ) ’ 7.2 ng. A delay time of 4 gor 8 G) has also been used. The expected
on a DPPH particle using the setup shown in Fig. 1. Th&hermal noise level is shown by the dotted lines.
single crystal Si cantilever has a spring constank-sf0.08

N/m and a resonance frequencyfef= 15 kHz. After mount-

ing a small DPPH sample with epoxf, reduces to 9.7 kHz it parameters, both the scaling fac®y_, and the linewidth
and the cantileveQ factor is about 12 500 in vacuum. We of the signaldz,_,can be fit by the theoretical prediction for
estimate that the total weight of the sam{iPPH+ epoxy  each value oH;. A particle radius of 15um is obtained

is ~13 ng. from this fit. This agrees with visual determination under a

The total bias field on the sample includes contributionsmicroscope. In addition, the total amount of DPPH from this
from both the solenoid magnet and the bar magnet. These

two contributions can be separately determined through mea-
surement of the resonance field at various rf frequencies. The
dependence of the bar magnetic field on distance from its
end surface was determined by obtaining spectra at various
separations between the bar magnet and the sample. The re-
sult is in excellent agreement with the theoretical prediction 2
for a bar magnet and is used to calculate the field gradient at
the position of the sample. The bias field is swept at a rate of
about 2 G/s during the experiment.

In Fig. 7 we compare a typical MRFM spectrum with the
previously discussed theoretical predictifsee Eq.(10)].
The rms noise is about 0.8 A, close to the predicted thermal
driven amplitud&®

o
A=V2kgTQA v/ wkf,=1.2 A, (11 iy

N

[2e)

whereAv=0.3 Hz is the bandwidth of the lock-in amplifier.

In the first experiment, the sample’s position relative to
the bar magnet is fixed, therefore, the field gradient is con-
stant at 0.58 Gim. A 100% amplitude modulation is ap-
plied to the rf power with a modulation frequency of z,/R
f,=45.67 kHz. The average rf power to the system varies
from 0.1 to 1.5 W which corresponds to a variationl-d){ FIG. 8. () The peak-to-peak amplitude aifid) the linewidth(which have

. . _been converted t§,_,and 6z,_,/R) of the DPPH signal as a function of the

f_rom 0.7t0 2.6 G At each rf power, the bl_aS field modula modulation levelz,,/R at a constant rf fieldyyH,;=2.1. The dotted lines
tion level H, (with f,=36.98 kH2 was varied between 1 gre the calculations assuming that the field is swept at an infinitely slow rate.
and 20 G. A maximum in the peak-to-peak oscillation am-The solid lines are the theoretical predictions assuming that the observed
plitude as a function oH,, was observed as shown in Fig. signal at the time (or field Hy;,J is the average response betweent s
8(a). This maximum value is then plotted as a function of the(®" Hoas™8 © andt (or Hygd, a result of the delay response of the

. . . . . cantilever to the driving force. Except for the modulation let), the
rf f'?ld H; and the reSl'Jlt is shown in Fig. 9'- Treating 'the values of other parameters used in the conversion and in the theoretical
radius and the total weight of the DPPH particle as variablealculations are the same as those in Fig. 7.

[
o
T
1

—-
()

Oscillation Amplitude ( A)
o

Hyias (Gauss)

Ill. EXPERIMENTAL RESULTS

5
4
3
Sl
aF
b

0 05 10 15 20 25 3.0

6936 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996 Zhang, Roukes, and Hammel

Downloaded-31-Mar-2002-t0-128.165.156.80.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/japo/japcr.jsp



Figures 8a) and 1@a) show two theoretical calculations
0.15 - ' - of S,_, from Eq. (10). The dotted lines show the results
obtained if it is assumed that the bias field is swept at an
infinitely slow rate. However, in the real experiment the bias
field is swept at 2 G/s. The lardg@ of the cantilever causes a
delay 7, of orderQ/f.=1.3 s, in the response of the can-
tilever to a driving force. As a result, the oscillation ampli-
tude of the cantilever at a given timhdor bias fieldH,,J is
a convolution of the time-domain response function of the
oscillator with the force at earlier times. Thus, the oscillation
amplitude at a given time is determined by the driving force
s experienced for some time preceding the measurement. This
0 1 2 3 4 . . . : . :
time interval is characterized by the decay time of the oscil-
YT Hy lator response function which has a widthrg . In addition
, o to shifting the resonance slightlnimportant for this dis-
FIG. 9. The maximum value of the peak-to-peak amplit(akich has been . . . . .
converted t0S,_,ma) Of the DPPH signal as a function of the rf field cussion, this will reduce the peak magnitude of th_e cantile-
yrH,. The solid line is the theoretical prediction using the same fitting VET response. We have simulated the effect of this delay by
parameters as in Fig. 7 excegt, andH; . replacing the oscillation amplitude at a given titnéor bias
field Hy,9 by the average of th@nstantaneoysresponse
betweent—4 s(or Hyi,s— 8 G) andt (or Hyid. The result
fit is Agk/[ Q(dH/9z) xoHo]=7.2 ng, whereA is the canti- is shown by the solid lines in Figs(&® and 1@a). The 4 s
lever’s oscillation amplitudgin A) when the scaling factor period is chosen in order to get the best fit to the experimen-
Sp,-p is 1. This value is also consistent with the estimatetal data and is close toQ/f..
based on the frequency change of the cantilever. It is worth mentioning that the calculation of the reso-
In another experiment, the bar magnet is moved awayance signal and its comparison with the experimental data
from the cantilever by a distance of 0.3 mm. As a result, thenot only gives a better understanding of the principles of the
field gradient at the site of the sample changes from 0.58 tMMRFM measurement, but also provides a powerful tool to
0.21 Gum. This reduces the magnetic size of the samplecharacterize the experimental setup, in particular, the rf field
R(dH/9z) by nearly a factor of 3. If the radius of the sample H; and the modulation fielt ,,. Using this methodH ; and
is chosen to be the same as in the previous measuremert, can be determined with an uncertainty of 10% in the
(i.e., R=15 um) and the total amount of DPPHyppy is  current system. This accuracy is better than the results ob-
allowed to vary in order to get the best fit to the experimentatained from other techniques we have triéce., using a
data as shown in Fig. 10, a value wipp=6.7 Ng is ob- gaussmeter or small detective gowhich typically have an
tained, in close agreement with the value of 7.2 ng obtainedincertainty larger than 20%.
in the previous experiment.

Sp-p,max

0.05

0.00

IV. CONCLUSIONS

T T Due to the complexity of the MRFM experiment, the
amplitude of the resonance signal depends sensitively on
several intrinsic and externally adjustable parameters which
include the strength of the rf field,, the modulation level
H,, of the bias field, the relaxation timg, and the magnetic
size (PH/9z)R of the sample, as follows.

(1) The relaxation timer; and the rf fieldH, determine
the uniform resonance linewidtH,, of the sample which
increases with increasirg .

(2) At a given rf fieldH, and field gradientH/dz, there
always exists a particular value of the modulation fidlg at
which the resonance signal reaches its maxinfyI), max
This value ofH,, can be estimated as follows:

R oH when §H,,<2R o

9z w 9z
") SH, IH
—— when > i

> 5H.W>2R( az).

FIG. 10. The same as in Fig. 8 except that the field gradient is 0.21 G/ (3) Sp_p,maxlncregses with mcreas,’l”g,l either thrm,‘gh,
pm [i.e., yr,(9H/9z)R=3.4] and the total mass of DPPH is assumed to be IMproved suppression of th_e Ionglt_udlnal magnetization
6.7 ng. oM, or through an increase in the width of the resonance
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