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We report theory and observations of paramagnetic resonance
in a measured field gradient of 44,000 T per meter by the technique
of magnetic resonance force microscopy (MRFM). Resonance was
induced in a dilute solid solution of diphenylpicrylhydrazyl in
polystyrene at 77 and 10 K by an amplitude-modulated microwave
field. This modulated the force between resonant sample spins and
a micrometer-scale SmCo magnetic tip on a force microscope
cantilever. The force signals were typically of order 10 fN, and
were detected above a thermal noise floor of 80 aN per root hertz
at 10 K, equivalent to a magnetic moment noise of 200 mB per root
hertz of bandwidth. Resonance saturation was readily observed.
Starting with the Bloch equations, we derived simple analytic
expressions for the predicted cantilever signal amplitudes and
T1-dependent phase lags, valid at low microwave power levels. For

ower levels below saturation, the data were in good agreement
ith the Bloch equation predictions, while above saturation the
easured force increased more slowly with power than predicted.

everal ESR mechanisms which might lead to non-Bloch dynam-
cs in the MRFM environment are reviewed. Spin-relaxation

echanisms are also reviewed. A detailed description of the ex-
erimental apparatus is offered. © 2000 Academic Press

Key Words: MRFM; Bloch; high gradient; DPPH; ESR.

This article reports the observation of electron spin r
nance (ESR) in a dilute polymer solution of a diphenylpic
hydrazyl (DPPH) at 77 and 10 K. Historically, these syst
have been a rich source of novel ESR physics. During
1950s, ESR measurements in similar systems yielded—
some initial controversy (11, 12)—early insights into mech
nisms of cross-relaxation and spectral diffusion. As ESR
ory and experimental techniques matured, studies of d
polymers during the 1980s (4, 3) yielded excellent agreeme
with theory, and it became reasonable to regard ESR of d
solid polymer solutions as a reasonably well-understood
ject.

The present experiment explores a new regime of s
phase ESR which—like the ESR experiments of the 195
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presents novel theoretical and experimental challenges
challenge is that ESR is observed in the presence of a
tremely strong spatial magnetic gradient:G 5 44,000 T pe
meter, or equivalently 44mT/nm. The spin densityr of our 5%

olymer solution was such that the mean spin–spin sepa
as r21/3 5 2.0 nm; the polarizing field seen by neighbor
PPH molecules thus differed by;Gr21/3 5 88 mT. In

comparison, the dipole–dipole interaction field between
neighboring spins was;m 0\g er/(4p) 5 250 mT—the sam
order of magnitude as the gradient differential field. Our
thus provide an experimental look at a novel ESR realm
which field gradient interactions are comparable in streng
dipole–dipole interactions.

A second and related challenge is that spin relaxation i
environment of magnetic resonance force microsc
(MRFM) is poorly understood. Our experiment measuredT1 at

7 K to be 20ms, in good agreement with the existing lite
ture. But upon decreasing the temperature to 10 K,T1 was
observed to increase only moderately, to 30ms. What mecha
nisms might explain the shorter-than-expectedT1? As we will
discuss, the ESR literature suggests many different relax
mechanisms that might plausibly be operating. This situa
has ample historical precedent. In their review of ESR re
ation in traditional bulk samples, Orbach and Stapleton23)
emphasize that achieving a firm understanding of relax
mechanisms in ESR spectroscopy required a 40-year stru
Progress was achieved by a repetitive cycle which typi
began with theoretical predictions of slow relaxation r
based on known relaxation mechanisms, followed by ex
mental measurements of unexpectedly fast relaxation, follo
by theoretical recognition of new relaxation mechanisms
which point the cycle would begin anew. We expect that
study of ESR relaxation in MRFM will continue this histori
pattern.

In this article we take the first simple step toward un
standing ESR relaxation in the MRFM environment by as
whether Bloch equationsalonecan quantitatively explain th
data, entirely in terms ofT1 andT2, without explicitly taking

an-
r-



ela

na
lic
co
rv
s
fir
f
-
es

H ee
a e

th

c
y
di
n-

tion
nce

rc
z

(
FM

net

both
e
ance

ld

asic

2. A
netic
res-
icro-
tile-
nt
ns
pi-
ping
enic
ation

ver.
dom
it of

olid
cter-

mag-
etect-

rsion
dinal
uses

rom
y will
ady-
ever
the

ues
s ch-
n nan
m .

mo
e s

ur
as

a d
m fix
t tion

stat.

107FORCE-DETECTED MAGNETIC RESONANCE
into account spin diffusion and electron–nucleon cross-r
ation mechanisms.

The data reported here were obtained by magnetic reso
force microscopy. This technique combines elements of s
selective magnetic resonance imaging and force micros
(28, 29), and was originally conceived with the goal of obse
ing spin resonance in individual biological molecules, a
means of directly observing their structure. Since the
MRFM experiment in 1992 (26, 35), the spin sensitivity o
MRFM devices has increased by a factor of 105, with resonant
slice thicknesses now approaching nanometer length scal5).

owever, the goal of single-spin imaging has not yet b
chieved. The shorter-than-expectedT1 we report in this articl

is currently regarded as the main obstacle to achieving
goal.

A comprehensive series of experiments by Rugar and
workers at IBM has demonstrated by force detection man
the classical manifestations of magnetic resonance, inclu
spin echoes and nutation (33). Several groups have demo
strated MRFM imaging with micrometer-scale resolu
(37, 38, 12). In addition to electron paramagnetic resona
ferromagnetic (36) and nuclear magnetic resonance (38, 27)
have been observed with MRFM techniques. Recently, fo
detected magnetic resonance has emerged as a new
gradient technique for sensitive resonance spectroscopy21).2

As in conventional magnetic resonance imaging, MR
spatial slice selectivity is obtained by the detection of mag

2 Magnetic resonance has been observed indirectly by optical techniq
pecial single molecules (18, 17, 34). These are powerful and useful te
iques, but lack the generality of MRFM and conventional magnetic reso
ethods that can, in principle, be applied to any NMR or ESR species

FIG. 1. Basic scheme: The force microscope cantilever detects the
ulated spin-gradient force between the magnetic tip and resonant sampl
in the resonant slice. The tip radius isr , the tip–sample separation ish, and the
maximal depth of the resonant slice isd. The diagram is not to scale; in o
experiment the tip radiusr was 2.9mm and, at 2.0 GHz, the resonant slice w

t a fixed distanced 1 h 5 2.0 mm from the tip. Note that at a fixe
icrowave frequency the magnetic resonance condition maintains a

ip–slice distanced 1 h, regardless of variation in the tip–sample separa
h.
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resonance in a quasi-static magnetic field gradient. In
cases, an applied radiofrequency (RF) fieldB1 modulates th
magnetization in a thin sample slice that meets the reson
conditionv 5 gB( z), wherev is the applied microwave fie
frequency,g is the spin gyromagnetic ratio, andB( z) is the
polarizing field (induction) at the resonant slice. The b
geometry of MRFM is depicted in Fig. 1.

A schematic diagram of our apparatus appears in Fig.
force microscope cantilever with a micrometer-scale mag
tip is monitored by a fiber-optic interferometer. Magnetic
onance is induced in a thin sample layer by an applied m
wave frequency field, which is pulse-modulated at the can
ver resonance frequencyv0. The modulated spin-gradie
force, typically 10217–10214 N, excites detectable oscillatio
of the cantilever, with amplitudes of typically 1–100 pm (
cometers). Operation in high vacuum eliminates air-dam
of the cantilever. The experiments are performed at cryog
temperature to increase sample polarization and spin-relax
time, and to minimize thermal excitation of the cantile
Thermal excitation of the cantilever is equivalent to a ran
Langevin force acting on the cantilever, and sets the lim
force sensitivity in MRFM experiments.

Paramagnetic DPPH was diluted to 5% by weight in a s
solution of polystyrene. This system has been well chara
ized by conventional spin resonance spectroscopy (31, 14), and
features a spin–lattice relaxation timeT1 which is strongly
concentration-dependent.

THEORETICAL RESULTS

Several schemes to modulate sample magnetization by
netic resonance have been used to successfully excite d
able MRFM signals. These have included adiabatic inve
of the sample spins, and cyclic suppression of the longitu
magnetization. The experiment described in this article
the latter technique.

We will calculate the cantilever force signals expected f
magnetic resonance in a strong field gradient. Our strateg
be to begin with the Bloch equations and to derive a ste
state nonequilibrium magnetic force acting on the cantil
tip. Then, in a low-power approximation, we will derive
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FIG. 2. The heart of the MRFM apparatus, located in a vacuum cryo
The drawing is roughly to scale—the cantilever is 320mm long.
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108 DOUGHERTY ET AL.
force amplitude and phase response to an amplitude-mod
microwave field. The time dependence of the magnetic
sure can be solved in the Laplace, Fourier, and time dom
All three approaches yield identical results. We will use
Laplace transform method. Finally, as a check on our clo
form results, we will solve the Bloch equations numerica

We write Bloch equations using the following conventio
Let { x, y, z} be a right-handed system of coordinates i
frame rotating with angular frequencyv about thez-axis of the
laboratory frame. By convention, the microwave fieldB1 is
taken to lie along thex-axis of the rotating frame, while th
polarizing magnetic fieldB( z) 5 (B0 1 Gz)ẑ and the equ-
ibrium sample polarizationM 0 5 M 0ẑ both lie along th
z-axis. HereB0 is a spatially and temporally constant fi
(induction), andG is the spatial magnetic gradient. We cho
the origin of thez-coordinates such that resonance occu
z 5 0. Equivalently, the RF angular frequencyv 5 2gB0,
whereg/(2p) 5 228.0 GHz/T is the (negative) gyromagne
atio of the electron. The longitudinal and transverse s
elaxation times areT1 andT2, respectively.

The resulting rotating-frame Bloch equations are unu
only in their dependence upon the spatial coordinatez:

Mx

t
5 gMyGz2

Mx

T2
[1]

My

t
5 gMzB1 2 gMxGz2

My

T2
[2]

Mz

t
5 2gMyB1 1

M0 2 Mz

T1
. [3]

We adopt a system of natural units by defining norma
tions of the field, time, coordinate, and magnetization te
B91 [ gB1/v, z9 [ gGz/v, t9 [ vt, andM9i [ Mi /M 0. We
also introduce relaxation ratesG 1,2 [ 1/T1,2 and G91,2 [
1/(vT1,2). The use of natural units, denoted by the prim
permits a degree of clarity and economy of notation. Su
tuting these changes of variables into the Bloch equation
simplifying, we obtain

M9x
t9

5 2G92M9x 1 z9M9y [4]

M9y
t9

5 2z9M9x 2 M9yG92 1 B91M9z [5]

M9z
t9

5 2B91M9y 2 M9zG91 1 G91. [6]

In an MRFM experimentB91(t) is in general an arbitra
periodic function, and (as is well known) the Bloch equat
cannot be solved in closed form at this level of generality
obtain useful results, we pursue the following strategy: (1
ted
s-
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derive a closed-form steady-state solution (assumingB1 is
constant); (2) we derive a closed-form solution that is valid
arbitrary time dependence ofB1(t), but only below saturatio
(g 2T1T2B1

2(t) ! 1); (3) we combine these two solutions
btain a simple closed-form approximation that is valid
1(t) both large and time-dependent; and (4) we solve

Bloch equations numerically to verify that the closed-fo
hybrid approximation is accurate.

The Steady-State Solution

In steady state, the derivatives with respect to time are
and we solve forM9i ,

M9x 5
B91z9

z9 2 1 G92
2 1 B91

2G92/G91
[7]

M9y 5
B91G92

z9 2 1 G92
2 1 B91

2G92/G91
[8]

M9z 5
z9 2 1 G92

2

z9 2 1 G92
2 1 B91

2G92/G91
[9]

where all three equations have the same denominator.
The presence of the sample magnetic moment in the

gradientG creates a force density on the tipf 5 2GMz. We
can compute an effective pressureP (signal force per unit are
of resonant slice) by integrating over allz:

P 5 2G E
2`

`

dz Mz 5 2
vM0

g E
2`

`

dz9 M9z. [10]

e can express the magnetization in terms of the suscept
x and the permeabilitym 0, M 0 5 xv/(m 0g), and define a
expression for the normalized pressure, subtracting the
pressure between the sample and the tip:

P9 ;
Pm0g

2

xv 2 5 E
2`

`

dz9 ~1 2 M9z!. [11]

Evaluating the integral yields the steady-state change in
netic pressure caused by the resonant suppression ofMz,

P9 5
pB91

2

G91~1 1 B91
2/~G92G91!!

1/ 2 [12]

r, in SI units,

P 5
pxvT1B1

2

m0~1 1 g 2T1T2B1
2! 1/ 2 . [13]



le
l tio

” in

nt

f o

gu
ate

s
g i

s

th
he
rs
e

etic
has

och

{
y

t w
se
n

r; w
lat
arr

cause
gen-

T vert-
i

P

the

I
a
1 s is

me
is
of

ired
and
ious

the
prox-
t nu-
n of
urate

109FORCE-DETECTED MAGNETIC RESONANCE
This solution to the Bloch equations is valid foranymicrowave
powerB1

2, providedthat the power is modulated on timesca
ong compared toT1, such that the steady-state approxima
is valid.

The most striking feature of [13] is the predicted “knee
the force–power curve, which occurs wheng 2T1T2B1

2 ; 1.
Physically, the knee occurs when the RF power is sufficie
saturate the magnetization of the resonant slice atz 5 0.
Observing this predicted knee was one of the main goals o
experiment.

The Low-Power Solution

What happens when the RF power is modulated at an an
frequencyv0 that is comparable to the spin–lattice relaxation r
We expect that the time-dependent magnetic pressureP(t) will lag
behind the applied powerB1

2(t) with some phase lagu. In this
ection we show that this expectation is correct.
The analytic expression we will obtain for the phase la

imple:

tan u 5 v0T1. [14]

What is notable (and to us surprising) about [14] is that
phase lag is independent ofT2, and also independent of t
modulation scheme (i.e., independent of sinusoidal ve
square-wave versus triangular modulation of the RF pow
This parameter independence is one of the main theor
results of this article. From a practical point of view, [14]
the virtue of allowing ready determination ofT1 directly from
a measurement ofu.

Equation [14] is most easily derived by solving the Bl
equations [4]–[6] order-by-order in powers ofB1(t). The equa-
tions are structured such that the transverse componentsMx,
My} depend only on odd powers ofB1, while Mz depends onl
on even powers,

Mz 5 1 1 2~B1
2! 1 2~B1

4! 1 · · ·
n m n m n

HMx

My
J 5 2~B1! 1 2~B1

3! 1 · · ·.

This structure suggests an iterative solution strategy: star
the lowest-order solutionMz 5 1, then solve the transver
Bloch equations for {Mx, My} to 2(B1), then use this solutio
to find the2(B1

2) corrections toMz, etc. In numerical calcula-
tions the iteration can be continued to any desired orde
present an example of such numerical calculations in a
section of this article. For the present our goal is to c
through the iteration analytically in ordersB1(t) andB1

2(t).
The 2(B1) solution for {Mx, My} is obtained by solving



t9 FM9x
M9y

G 5 F2G92 z
2z 2G92

GFM9x
M9y

G 1 F 0
B91~t!G [15]
s
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whose Laplace transform is

Fs 1 G92 2z9
z9 s 1 G92GF M̃9x~s!

M̃9y~s!G 5 F 0
B̃91~s!G [16]

which we readily solve forM̃9y(s)

M̃9y~s! 5
~s 1 G92!B̃91~s!

~s2 1 z9 2 1 2sG92 1 G92
2!

. [17]

It is not yet clear that we have made much progress, be
the inverse Laplace transform of [17] cannot be done in
eral. However, if we calculate the spatial integral ofM̃y, we
obtain the simpler result

E
2`

`

dz9 M̃9y~s! 5 pB̃91~s!. [18]

aking the inverse Laplace transform of both sides, and re
ng to SI units, we obtain the following sum rule:

E
2`

`

dz My~ z,t! 5
pxv

m0gG
B1~t!. [19]

hysically speaking, the spatial integral ofMy( z,t) tracksB1(t)
with no phase lag and with noT2 dependence.

Combining [3], [11], and [19], we obtain an equation for
time-dependent pressureP(t) to leading order inB1

2:

S 

t
1

1

T1
DP~t! 5

pxv

m0
B1

2~t!. [20]

t is evident that as far as thenetMRFM force is concerned—
nd provided that the RF power is below the knee atB1

2 ;
/(g 2T1T2)—the time dependence of the Bloch equation

functionally equivalent to a linear low-pass filter with ti
constant T1. The phase lag of the low-pass filter
tan21(v 0T1), the value ofT2 does not enter, and the details
the B1

2(t) modulation are irrelevant.

Combined Steady-State and Low-Power Solution

A considerable portion of our experimental data is acqu
at high RF power, and in this simultaneously high-power
time-dependent regime neither of the solutions in the prev
two sections is formally valid. We will therefore combine
results of the previous sections to obtain a closed-form ap
imate expression for the MRFM signal force. Subsequen
merical calculations will show that, considered as a solutio
the Bloch equations, this expression is remarkably acc
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110 DOUGHERTY ET AL.
(although looking ahead, the Bloch equations themselves
not accurately describe the high-power ESR/MRFM regim

In carrying through a calculation of the MRFM force
must take into account both the tip–sample geometry an
microwave modulation waveform. A convenient modulatio
a simple on–off rectangular envelope with a fractional-on
cycle e. The static magnetic field may be modeled as a di
field produced by a spherical magnetic particle—this app
to be well justified for our magnetic tips (5). Refer again to Fig
1 to identify the magnetic tip radiusr , the heighth of the tip
above the sample surface (h ! r ), and the depthd of the
resonant surface in the sample (d # r ). For a dipole momen
oriented parallel to the sample surface we calculate the
force amplitude in SI units as

Fsig 5 sin~ep!/p d RF duty cycle factor
3 8p~h 1 r !d/5 d resonant slice area
3 Psig/Î2 d rms force per unit area.

[21]

or the approximate force per unit areaPsig we combine th
low-power result for the phase lag with the steady-state
pression for the force amplitude:

Psig 5
1

~1 1 ~v0T1!
2! 1/ 2 d Hpower factor

from phase lag

3
pxvT1B1

2

m0~1 1 g 2T1T2B1
2! 1/ 2 d Hsteady state

force magnitude.

[22]

Note that the gradientG does not appear in the expression
he net MRFM signal force. This reflects a notable sca
eature of MRFM; as the gradient is made stronger, the
ant slice becomes thinner, such that the net signal forc
nit area is constant.

igh-Order Perturbative Solutions

The main limitation of the approximate expression [21]–
s that its derivation provides no guarantee that the pred
igh-power scalingF sig } B1 is correct. We need to che

these expressions against a more rigorous solution of the
equations.

Given an arbitrary periodic RF modulationB1
2(t), and as-

sumingT2 ! T1 (which is reasonable for our experiments),
Bloch equation prediction for pressurePBloch can be evaluate
to any desired accuracy by the method described in the
lowing paragraphs. We warn the reader that such calcula
are “a long run for a short slide,” because they yield a
result in close agreement with the simple expression [21]–

We will work with the change in sample magnetizat
defined bydMz( z,t) [ Mz( z,t) 2 M 0. We note that in ou
experimentT2 ; 20 ns is by far the shortest timescale of
system, the two other timescales beingT1 ; 20 ms and the
ill
).
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inverse modulation time 1/v0 ; 20 ms. We therefore s
Mx/t 5 My/t 5 0 in the transverse Bloch equatio
[1]–[2], which allows us to solve forMx andMy algebraically
Physically, we are reasoning that the shortT2 maintains th
transverse magnetization in instantaneous equilibrium. Th
mainingz-axis Bloch equation then takes the form (in SI uni

S 

t
1

1

T1
DdMz~ z, t! 5 2

T2g
2B1

2~t!

g 2G2T2
2z2 1 1

~M0 1 dMz~ z,t!!.

[23]

ur task is to solve this equation fordMz( z,t) and then
integrate to obtain the “exact” Bloch prediction for the pres
PBloch:

PBloch 5 2
v0G

2p E
0

2p/v0

dt E
2`

`

dz eiv0tdMz~ z,t!. [24]

ere the time integral projects out the Fourier compone
z( z,t) that is resonant with the cantilever frequencyv0.
Our solution method is partly numerical and partly analy

First, we expressB1
2(t) as the sum ofnh harmonics of th

fundamental frequencyv0. For a square wave with duty cyc
e, we have explicitly

B1
2~t! 5 B1

2 O
k52nh

nh sin~kpe!

kp
eikv0, [25]

where B1 is the (constant) power-on rotating-frameB-field.
Then we solve [23] perturbatively, order-by-order inB1

2, with
each successive order generating 2nh new harmonics. Insertin
the resulting expression into [24], we can trivially perform
time integral, which projects out the fundamental Fourier c
ponent at frequencyv0. The remainingz-integral is the sum o
terms which can be evaluated in closed form

E
2`

`

dz
B1

2m

~1 1 a 2z2! m 5 ÎpB1
2m

G~m 2 1/ 2!

aG~m!
.

One mathematical hurdle remains. The resulting expressio
PBloch is in the general form of a power series inB1

2, which in
principle can be evaluated to any desired ordernB:

PBloch 5 O
k50

nB

ak~B1
2! k. [26]

Here the complex coefficientsak are evaluated numerica
from the experimental parameters {e, T1, T2} via [23]–[26].
But in its native form this power series is divergent above
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111FORCE-DETECTED MAGNETIC RESONANCE
knee atg T1T2B1 ; 1, and increasing the ordernB of the
expansion does not remove the divergence. The reason is
from [22]; there is a branch-cut singularity in the anal
B1

2-plane atg 2T1T2B1
2 ; 21. Pade´ approximants are a we

known method for dealing with such singularities, and we
that the {nB/ 2, nB/ 2} Padéapproximant

PBloch 5
¥ k50

nB/ 2 bk~B1
2! k

1 1 ¥ k51
nB/ 2 ck~B1

2! k [27]

exhibits excellent above-knee convergence. The coeffic
{ bk, ck} are readily calculated from the {ak} of [27] via
standard numerical techniques (24).

We numerically compared3 the approximate valuePsig [22]
with the “exact” Pade´ resultPBloch [27] for the MRFM param-
eters typical of our experiment:v0/(2p) 5 7792 Hz,T1 5 20
ms,T2 5 20 ns, and RF duty cyclee 5 0.29. The square-wa
RF modulation was approximated usingnf 5 24 starting
Fourier components. The perturbative calculation was ca
through to ordernB 5 48, with the final result forPBloch

expressed as a {24, 24} Pade´ approximant inB1
2.

The functionsPsig and PBloch agreed perfectly below th
knee—as expected—and were in close agreement abov
knee. The main difference was that the knee ofPBloch occurred
lightly earlier, such that the above-knee magnitude ofPBloch

was reduced by about 25% relative toPsig. The predicte
above-knee linear scalingP } B1—which turns out to be o
great interest for comparison with data—was the same in
cases. Varying the expansion parametersnf andnB did not alte
the results. We conclude that the simple analytic result [22
Psig is adequate for interpreting our data.

Final Bloch Equation Predictions

Under the reasonable assumption thatT1 is determined b
pin–lattice interactions which are strongly temperature-de
ent, the Bloch equations predict four ESR/MRFM phen
na:

(1) at low RF power, signal forceF sig } (B1)
2;

(2) a knee in the force–RF power curve atg 2T1T2B1
2 ; 1;

(3) above the knee, forceF } B1; and
(4) sharply increased signal phase lag at 10 K.

The gist of our experiment is that phenomena (1) and (2)
observed, while (3) and (4) were not. Instead, we observedF }
(B1)

0.55 at high RF power, and we observed a signal phas
which was unexpectedly small at low temperature.

3 MathematicaVersion 3.0, Wolfram Research, Champaign, IL. The Ṕ
alculations were carried through with $MaxPrecision5 $MinPrecision5 35

to minimize round-off errors.
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Experimental Results

The concluding section entitled Description of Experim
provides details of our experiment (see also Table 1), bu
many readers the following basic information will suffice:

(1) the ESR frequency was always 2.0 GHz;
(2) the field gradient was always 44,000 T/m;
(3) ESR was observed at two temperatures, 77 and 1

and
(4) the microwave field ranged over 0, B1 & 0.1 mT.

Readers will also need to keep in mind a clear pictur
MRFM resonant slice geometry. With reference to Fig. 1, a

e

TABLE 1
Summary of Experimental Parameters

Cantilever-related parameters
v0/(2p) Resonant frequency 7.792 kHz
k Spring constant 0.015 N/m
m Motional mass 6.26 pg
Q Quality 10,000 at 77 K

25,000 at 10 K
agnetic tip parametersa

M Tip magnetization 0.52 T/m0

r Tip radius 2900 nm
h 1 d Tip–slice separation 2010 nm
Resonant slice parametersa

B0 Polarizing field 71.4 mT
G Field gradient 44mT/nm
h Tip–sample separation 250 nm at 77 K

1700 nm at 10 K
maximal slice depth 1760 nm at 77 K

310 nm at 10 K
(gGT2)

21 Bloch equation slice thickness
(spin diffusion ignored)

13 nm

F parameters
v RF frequency (2.0 GHz) 12.63 109s21

e RF square-wave duty cycle 0.29
Thermal noise
(Sf)

1/2 Force noise (one sided
spectrum)

361 aN/=Hz at 77 K
82 aN/=Hz at 10 K

(Sm) 1/2 Equivalent magnetic noise 892mB/=Hz at 77 K
203 mB/=Hz at 10 K

ample paramagnetic parameters
r Spin density 1.343 1020 cm23

r21/3 Mean spin spacing 2.0 nm
m0

4p
\gr

Mean dipole field 0.25 mT

x Sample susceptibility 1.363 1025 at 77 K
10.53 1025 at 10 K

Sample relaxation parameters
T1 SampleT1

b 19.7 ms at 77 K
30.3 ms at 10 K

T2 SampleT2
c 20 ns

m0

4p
\g 2r 1/3

Spin diffusion scale 167mm2/s

a This particular tip is one of those whose parameters were measured5).
b T1 values inferred from the measured signal phase lag via [14].
c T2 value taken from the literature (31, 14).



r f th
r rve
s ov
r y
m e
f thu
r

p
s ing
B ng
t o t
p

F

e o
t

ch
d

i f t
B

y

the
th

nt t
ly
ting
the
we

acy
net
o-

e
de
pen
nee

c ur
ati

ilever
n are
rces,
tip

ple,
yed

band-
rved
The

e sets.
W scal-
i rce

with

her
r, the
out 50
s for

e for
lower
d an

he

with
b o be
i ior at

plied
ith a
de-
gnetic
cibels

wave
of the

fit to
by the

112 DOUGHERTY ET AL.
K the tip–sample separation was set toh 5 250 nm—a
elatively close approach—in order to maximize the area o
esonant slice within the sample. But at 10 K the obse
ignals at this close approach were so large that they
anged our digital cantilever controller. It was necessar
ove the tip farther away, toh ; 1700 nm, toreduce th

raction of the resonant slice within the sample, and
educe the excessive signal amplitude.

It is important to appreciate that changing the tip–sam
eparationh does not alter the geometry of the polariz
-field or its gradient at the resonant slice, but instead cha

he fraction of the resonant slice within the sample, and als
roximity d of the slice to the surface, per Fig. 1.

itting the Data

We fit our ESR/MRFM data to a three-parameter curv
he general form

Fsig 5
aB1

2

~1 1 ~bB1
2! 22n! 1/ 2 . [28]

Note that for smallB1 we have already built in one of the Blo
equation predictions:F sig } B1

2. This scaling was well satisfie
n all our data, and we regard it as a successful prediction o
loch equations.
The Bloch predictions for {a, b, n} can be determined b

inspection of [21] and [22]:

a 5
8p sin~ep!

mo5Î2

d~r 1 h!xvT1

~1 1 ~v0T1!
2! 1/ 2 , [29]

b 5 g 2T1T2, [30]

n 5 1. [31]

The parametern has a simple graphical interpretation: it is
slope of the logarithmic force–RF power curve above
saturation knee. It is important to appreciate that at prese
Bloch predictionn 5 1 is theonlyprediction we can rigorous
test by curve fitting. While we can determine by curve fit
the parametera with reasonable accuracy—it is simply
low-power coefficient of the linear force–power relation—
cannot predict it theoretically with comparable accur
mainly because it is difficult to measure the required mag
tip dimensions {r , h, d}. The parameterb presents the opp
site difficulty; we can theoretically predictb in terms ofT1

(determined from phase lag) andT2 (determined from th
literature), but our curve fitting cannot provide an indepen
determination ofb because (at present) we have no inde
dent measurement ofB1, and hence cannot use the k
ondition (bB1)

2 5 1 to curve fitb. On the other hand, o
present data are fully adequate for testing the Bloch equ
predictionn 5 1.
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Description of the Data

Figure 3 shows the measured force acting on the cant
versus corrected microwave power taken at 77 K. Show
two curves—one demonstrating magnetic resonance fo
which was taken with the sample near the magnetic
(height5 250 nm), and the other taken far from the sam
illustrating the residual parasitic background. Errors displa
are statistical, and are calculated from the measurement
width and the force noise power spectral density. The obse
noise floor is in good agreement with the noise calculation.
curve fit to [29] yieldedn 5 0.65 with systematic error of60.1

stimated by comparing the consistency of several data
e remind readers that the the above-knee force–power

ng is F sig } B1
n; thus our data describe an ESR/MRFM fo

which, above saturation, increases unexpectedly slowly
increasing RF power.

Data taken at 10 K, Fig. 4, were similar to the hig
temperature data, except that for a given microwave powe
resonance forces were much larger. Forces larger than ab
fN saturated (overranged) the hardware gain configuration
our feedback controller, and so the tip–sample distanc
these data was increased. The noise floor is substantially
at this temperature, as expected. The curve fit to [29] yielde
above-knee slope ofn 5 0.52, slightly reduced relative to t
77 K value of 0.65, and only half the Bloch predictionn 5 1.

Figure 5 is a superposition of data taken at 10 and 77 K,
oth the forces and the microwave powers normalized t

dentical at the knee. Below the knee, the scaling behav

FIG. 3. Observed magnetic resonance force as a function of ap
microwave power. The sample was 5% DPPH in polystyrene at 77 K, w
microwave frequency of 2.0 GHz, with a duty cycle of 0.29, amplitu
modulated at the cantilever resonance frequency of 7792 Hz. The ma
tip–sample separation was 250 nm. Microwave power is measured in de
referred to 1 mW (dBm), corrected for gain compression, at the micro
synthesizer. The noise floor is the measured Langevin-force equivalent
thermal (Brownian) motion of the cantilever. The solid line is the curve
[29]. Shown also are the phase-coherent parasitic forces induced
microwave power, independent of magnetic resonance effects.
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113FORCE-DETECTED MAGNETIC RESONANCE
both temperatures is dominated by theB1
2-term in the numer-

tor in Eq. [13], and consequently we expect the lower po
f the normalized curves to overlap. Above the knee,
urves agree within our estimated errors, which seem
ndicate that the unknown saturation mechanism which
rns the upper slope is not strongly temperature-depend
The phase lag of the cantilever response with respect t
icrowave modulation varied with temperature. With liq
itrogen cooling (77 K) the phase lag was 44°. Equation

hen yielded aT1 of 19.7ms. At 10 K the phase lag was 56
corresponding to aT1 of 30.3ms. In dilute samples prepared
described but measured with conventional spectrom
(31, 14), the measured values areT1 . 20 ms at 77 K and
T1 . 200 ms at 4 K. Thus ourT1 values at 77 K agree wi
previous measurements, but the increase inT1 at 10 K was no
as great as the literature lead us to expect. We note that
and co-workers (33) have also observed unexpectedly
relaxation at low temperatures for an entirely different sam
material, irradiated silica. The sources of this fast relaxatio
cryogenic temperatures are currently unknown.

At higher microwave power levels some coherent para
excitation of the cantilever was observed; this parasitic e
tation was always much smaller than the MRFM signal.
excitation was measured by performing additional force–p
experiments in two ways: (1) by moving the sample well b
.4000 nm, from the magnetic tip, and (2) by substituting a
sample of undoped polystyrene. The forces observed we
same in both cases. As illustrated in Figs. 3 and 4, the par
forces were 25–40 dB lower than the magnetic reson
signal, and were below the thermal force–noise floor at lo
microwave powers. In addition, the phase response o

FIG. 4. Resonance force and parasitic signals at 10 K. At this lo
temperature, the sample polarization and the resultant forces were much
for a given tip–sample distance, and saturated our feedback controller at
K tip–sample separation. We moved the sample back to a distance of 17
to operate the controller in a linear mode. The sensitive slice is closer
surface of the sample, but resonance conditions in the slice—frequency
and gradient—were unchanged. The observed noise floor decrease
temperature.
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parasitic excitation was quite different than the reson
signal, and no temperature dependence was observed
curve fits forn included a small correction for this paras
excitation. Parasitic excitation of the apparatus was minim
by incorporating a short, stiff mechanical path between
cantilever base and the fiber-optic tip, and a small microw
coil volume.

We were able to estimate the value ofB1 at the knee b
using a value ofT2 from the literature. CombiningT2 values o
15–30 ns (31, 14) with our measuredT1 at 77 K, we find tha
at the kneeB1 . (g 2T1T2)

21/ 2 falls in the range 7–10mT, for
a maximum field of order 0.1 mT at full power. In view of t
discrepancy between our inferredT1 value at 10 K and th
conventional ESR measurements, this estimate ofB1 should be
treated with caution, but is certainly plausible.

DISCUSSION

Our discussion will focus on the two most mysterious
pects of our data. First, what mechanisms might explain
shorter-than-expectedT1 at 10 K? And second, why does t
slope of the force–power curve depart from the Bloch equ
predictionF sig } B1 above saturation, withF sig } B1

0.52 mea-
sured instead at 10 K?

Extrinsic Relaxation Mechanisms

We first consider mechanisms which areextrinsic to the
DPPH and polystyrene molecules in our sample. Our first
is thatT1 is not strongly temperature-dependent; such beh
is consistent with dipolar cross-relaxation with a rare
rapidly relaxing species. Al’tshuler and Kozyrev (1) review the

FIG. 5. Universality of the force–microwave power response curves
and 10 K. Data recorded at both temperatures were normalized such t
forces and microwave powers were identical at the knee (crossed dotted
Thus, plotted for each curve are force/force(knee) versus microwave p
power(knee). The fact that the curves above the knee lie approximately
of each other suggests that the saturation mechanisms in play are not s
temperature-dependent.
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114 DOUGHERTY ET AL.
extensive literature indicating the O2 molecule as a well-know
culprit in enhancing the relaxation of both pure and di
organic free radicals. The amount of O2 in our polymer sampl
is unknown. Furthermore, it is certainly plausible that2
molecules were adsorbed onto the surface of our sa
particularly at 10 K, and we note that the resonant slice
within d ; 300 nm of the sample surface at 10 K (see T
1). As we will discuss in the following section, this may h
been close enough for there to have been appreciable dif
coupling to occur between the resonant slice and the sa
surface.

Less obviously, in MRFM experiments the nearby magn
tip contains at least four thermal reservoirs which might p
sibly couple to spins in the nearby sample. These the
reservoirs are: (1) paramagnetic spins in the passivating
layer of the tip, (2) ferromagnetic spin wave excitations in
tip itself, (3) thermally excited domain wall motions, and
thermally excited currents in the conduction band which cr
an external thermal magnetic noise field.

The conduction band thermal magnetic noise mechani
particularly intriguing because it contains a natural mecha
yielding (approximately) temperature-independent spin-re
ation rates. According to Varpula and Poutanen’s mode
thermal magnetic noise (32), as recently reviewed by Nenon

t al. (22), the spectral density of the thermal magnetic fi
xternal to a conductor is proportional tos(T)T, whereT is the

temperature ands(T) is the conductivity. To the extent th
decreases in temperature are offset by increases in the co
tivity of the tip, spin relaxation induced by thermal magn
noise might be approximately independent of temperatur

If the history of ESR is any guide (23), it will be some
onsiderable time before all the extrinsic relaxation me
isms in MRFM experiments are fully understood. It is p
ible that several of the above extrinsic mechanisms
imultaneously active in our experiment, and much additi
xperimentation may be required to sort them all out.
The present—entirely pragmatic—practice within
RFM community is to regard these extrinsic relaxa
echanisms as undesired features of an experiment,
inimized or eliminated if possible by careful enginee
esign.

ntrinsic Relaxation Mechanisms

Next, we will consider ESR phenomena within an id
ample of 5% DPPH in polystyrene, and we will ignore a
he extrinsic thermal reservoirs mentioned in the prece
ection. We begin by asking, how far does a quantum of D
olarization diffuse between RF pulses? For a spin densityr ;

1.3 3 1020 cm23, as in our experiment (see Table 1), the s
diffusion constantD is of orderm0\g2r1/3/(4p) ; 170 mm2/s.
For a cantilever frequencyv0/(2p) 5 7792 Hz, the characte-
istic diffusion distance between successive RF pulses is th
order (D/v 0)

1/ 2 ; 60 nm.
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Now, in conventional bulk ESR experiments 60 nm is
very far, but in the high-gradient MRFM world it is a relative
large distance. For example, in the field gradient of 44mT/nm
in our experiments it would imply single-pulse spin diffus
across aB-field differential of 2.4 mT. Such cross-gradi
electron spin diffusion is, of course, energetically forbid
unlessthere is a compensating adjustment of the dipolar
tential energy or a counterflow of dynamical nuclear pola
tion; Genack and Redfield seem to have been among the fi
consider these possibilities (10). In contrast, the Bloch equ
tions without diffusion predict a resonant slice thickness;2/
GgT2) . 13 nm, which is substantially thinner than

diffusion length scale. It would be mathematically straight
ward to add a spatial diffusion term to [23]; this might exp
the non-Bloch behavior we observed in the force–po
curves. But until a more complete theory is develope
electron–nucleon dipolar interactions in the strong-grad
MRFM environment, it is hard to know how large the coe
cient of such a diffusive term should be.

We are thus led to a concluding question: how do
diffusion and electron–nucleon dipolar interactions man
themselves in ESR/MRFM environments? The observatio
ENDOR and/or dynamic polarization phenomena, if it coul
achieved, might help in clarifying these issues.

CONCLUSIONS

The Bloch equations, solved in a high gradient, are ade
for describing many aspects of the microwave-power sc
behavior of this moderately dilute paramagnetic system.
two aspects of our data are poorly explained. First,T1 at 10 K
is shorter than expected, and second, the measured
power curves depart quite substantially from the Bloch e
tion predictions above saturation.

At present it is not known whether these phenomena are
ascribed to extrinsic mechanisms, like O2 sample contamina-
tion or magnetic noise originating in the magnetic tip, ve
intrinsic mechanisms, like electron–nucleon dipolar inte
tions, manifesting themselves in the high-gradient MRFM
vironment. Only future theoretical and experimental work
settle this question.

DESCRIPTION OF EXPERIMENT

A block diagram of the system appears in Fig. 6. We
discuss each of the subsystems.

Vacuum and Cryogenics

The experiments were performed in a flow cryostat (J
Research Systems, Modified Model ST400) evacuated
turbomolecular pump to a pressure of 1026 Torr or lower. The
cryostat was bolted to a concrete building support col
without additional vibration isolation. Vacuum feedthrou
transmitted the required experimental signals: optical, m
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115FORCE-DETECTED MAGNETIC RESONANCE
wave, sample positioning, tip control, and temperature sen
The MRFM experimental module was mounted to the cryo
cold head, which was cooled by liquid helium or nitrog
conveyed from a Dewar by a flexible vacuum–jacket tran
line. Vibrations caused by flowing and boiling cryogen w
observed at high flow rates. These vibrations, “flow noise,”
be particularly troublesome with liquid helium, which requ
a higher flow rate than LN. Flow noise was largely elimina
by the use of a copper-mesh heat exchange device we d
that attaches to the end of the transfer line. This device lo
the coupling of mechanical vibrations from the boiling tur
lence while improving the overall thermal efficiency, allow
for reduced LHe consumption. We have observed that l
stiffness cantilevers isolate the tip from base vibrations.

Cantilever

A commercial force microscope cantilever was used in
present experiment, with a spring constantk of 0.015 N/m

hese cantilevers have the shape of an open triangle, 32mm
long, with arms 22mm wide and 0.6mm thick (Park Scientifi
nstruments, Microlever C). The cantilever resonance
uency,f 0 5 v 0/ 2p, was 7792 Hz at room temperature, w
resonant qualityQ of 10,000. When cooled to 77 K, t

esonance frequency rose approximately 80 Hz, and tQ
increased to 25,000. Since each vibration mode of the ca
ver is thermally excited with an energykBT, this enables
direct verification of the spring constant through the equ
k^x2&/ 2 5 kBT/ 2, where^x2& is the mean squared cantile

FIG. 6. Apparatus schematic, depicting the magnet-tipped cantileve
ber-optic interferometer, microwave coil, piezo-actuated sample holde
crowave and detection electronics, and the cantilever-feedback control
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amplitude (15). The amplitude was measured as a power s
ral density (PSD) with units of meters2 per Hz. A fit of the
PSD resonance curve yielded estimates ofQ, f 0, and^x2&. An
IBM–Stanford collaboration has developed soft, high-Q canti-
levers specifically for MRFM that have significantly grea
intrinsic force sensitivity than the commercial cantilever
used (30).

Optics

The position and motion of the cantilever was measured
a single-mode fiber-optic interferometer (25). The interferom

ter has four optical fiber arms joined by a connector
0:10% optical coupler (Gould). Where advantageous, con

ions were made with low-reflection angled (APC) connec
he end of one fiber arm directs light to the tip of the cantile
earby,d ' 50 mm. The interference between light reflec

by the tip of the cantilever and light reflected by the end o
fiber was the detected signal. A diode laser (Sharp LT
pigtail connector,l 5 780 nm) provided 200mW of coupled
optical power with coherence length (L ' 1 mm) which is
short enough to prevent stray interference from connec
The light was detected by a photodiode amplifier (New F
Model 2001) and further amplified (Stanford Research Sys
Model SR560) with a roll-off corner at 100 kHz. Optim
operation of the interferometer, “fringe-centering,” w
achieved by tuning the laser wavelength by varying the
perature of the diode using a Peltier thermoelectric coole6).

Noise Processes

The measurement noise produced by the interferom
amplifier system had a PSD larger than the shot-noise lim
a factor of about 6. The effective interferometer noise fl
expressed in terms of cantilever displacement was 1.6
=Hz, corresponding to an equivalent noise temperature o
mK for a cantilever physical temperature of 77 K. Con
quently, in conditions of low-to-moderate cryogen flow
were able to achieve thermally limited force sensitivity
useful way of illustrating this is depicted in Fig. 7. We plot
theoretical and measured force noise power spectral den
for a feedback-controlled cantilever—equivalent force–n
PSD measurements were obtained by measuring the dis
ment power spectrum and accounting for the closed-loop
namics. The thermal force PSDSF 5 2kkBT/(pQf0) (N2/Hz)
(29), computed solely from the cantilever properties and

erature, is white and Gaussian to an excellent approxim
nd is plotted in units of N/=Hz. Expressed as an equival

force noise, the measurement noise curve has a minimum
cantilever resonance frequencyf 0, because a given electr
optical signal corresponds to a very small force at that
quency. At frequencies far from resonance, the cantilev
relatively insensitive, and measurement noise dominates.
presence of excess noise caused by cryogen flow, spu
mechanical resonances, or other sources, the measured

fi-
i-
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116 DOUGHERTY ET AL.
lies above the theoretical curve. We have found this grap
representation to be a valuable diagnostic of day-to-day in
ment performance. Furthermore, the expression of all si
and noises in terms of forces and force PSDs greatly eas
reconciliation of theory and experiment.

Probe Head and Sample Positioner

The main body of the apparatus is depicted in Fig. 8.
stainless steel chassis provides a compact base capa
micrometer-scale alignment of the cantilever, the RF (m
wave) coil, the sample positioner, and the optical fiber.
chassis was connected to the cryostat cold head by a
plated copper base. The sample positioner is actuated
piezo-electric stick-slip mechanism, consisting of a sapp
cylinder kinematically constrained with magnetic fixation
hardened stainless steel hemispheres. Dissimilar material
phire and stainless steel, were chosen to provide cons
friction in vacuum. Motion occurs only in the axial directio
Actuation is possible in two modes: (1) In linear displacem
mode, piezo displacements provide fractional-nanometer-
sample positioning while maintaining static frictional cont
(2) In stick-slip mode, the cylinder is accelerated forwar
high velocity, and then the hemispheres are rapidly retra
backward to break frictional contact. Multiple steps prov
actuation over a large range of motion. Between steps
sample holder is operated in the linear displacement mo
passively parked. The stepping waveform (constant acce

FIG. 7. Comparison of measured versus theoretical equivalent force
power as a function of frequency. Force noise power spectral densiti
plotted here in units of N/=Hz. The dot-dashed line is the theoretical ther
noise floor for the cantilever physical temperature, 10 K. The dashed cu
the equivalent force noise floor for combined optics and electronics effe
derived from measurements. The solid curve is the sum of the noise floo
the dots are the measured data. The broad width of the curve is a conse
of the feedback control, wherein we commanded an effective resonanQ of
300—the (uncontrolled) naturalQ of 25,000 would dictate a resonant width
less than 1 Hz. This plot demonstrates that thermally limited sensitivity c
achieved with a controlled cantilever.
al
u-
ls
the

e
of

-
e
ld-

a
re

ap-
ent

t
ale
.
o
ed
e
he
or
ra-

tion forward, step back; typ. 200 V swing at 10 K) w
produced by an arbitrary waveform generator and amplifie
a circuit employing a high-voltage operational amplifier (A
PA-85). Steps were calibrated by moving the sample
contact with the cantilever and determining step displacem
from the known interferometer calibration. At a typical op
ating voltage, steps were 15.5 nm, with an integral nonline
of 3.5 nm over a 750-nm travel. When the sample positi
was in motion free from the cantilever, a small, varying in
ference amplitude was superimposed on the main interfe
eter signal, created by light transmitted through the ne
transparent cantilever and reflected by the sample. This s
as a valuable diagnostic of positioner performance, wi
negligible effect on cantilever motion detection.

Microwave Synthesis and Modulation

The resonant microwave fieldB1 was produced by a thre
turn microcoil 120mm in diameter. A small coil was chosen
minimize parasitic excitation of the cantilever by the am
tude-modulated microwave field, which has been a se
problem for some MRFM designs. The coil was hand-wo
with 30-mm-diameter copper wire and soldered to 1.2-m
diameter copper 50-V semirigid coaxial cable. The coil w
designed to have a very high self-resonance frequency a
present an impedance of approximately 50V at our operatin
requencies. The impedance was verified by vector net
nalyzer measurements. Microwave power was transm

rom the vacuum feedthrough via a circuitous path through
ryostat in semirigid 2.2-mm 50-V coax, with a stainless ste
uter conductor. The material and dimensions were chos
inimize heat conduction when flowing LHe. The stain

teel coax was connected to the coil coax by SMA connec
The modulated microwave signals were generated

requency synthesizer (Hewlett Packard Model HP83731A
ower levels from270 to 0 dBm. These signals were amplifi
y a 1-W broadband power amplifier (MiniCircuits Mo
VE-8G, 2–8 GHz). Microwave envelope waveforms
ower gain compression were measured using a peak p
eter with a fast diode sensor (Wavetek Models 8502

FIG. 8. Exploded view of the chassis with detail of the sample p
tioner.
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117FORCE-DETECTED MAGNETIC RESONANCE
16936, respectively). All power levels quoted in this pape
corrected for the measured amplifier gain compression, w
was zero at low powers, and up to23 dB at the highest powe
and varied with frequency. The microwave amplitude
pulse modulated with a 28% duty cycle, synchronized with
lock-in reference at the cantilever resonance frequency. AmA
current-replica of the modulation envelope appeared a
output of the synthesizer, and was transmitted by the gro
of the microwave system. This potentially troublesome so
of parasitic excitation was eliminated by an inside–outside
block (0.5- to 18.0-GHz passband, Narda Model 4563) ins
between the synthesizer and the amplifier. The synthe
amplifier, and vacuum feedthrough were connected by h
performance microwave cables. A directional coupler m
mized power return to the amplifier. At microwave frequ
cies, the lumped cable–feedthrough–coax–coil sy
presented the amplifier with a frequency-dependent com
impedence, and the power throughput varied significantly
frequency and temperature. The microwave attenuation
the amplifier to the microcoil connector on the stainless
coax varied with frequency from 12 to 23 dB, as measure
room temperature.

The geometry of theB1-field was verified by mounting tw
identical microcoils on micrometer stages with their axes
linear. The coil-to-coil microwave transmission was meas
as a function of coil separation using the Wavetek dete
The power–distance curves and inferred dipole dimen
were in good agreement with a dipole–dipole model for t
coils. The transmitted power amplitude was in general ag
ment with theory but could not reliably serve to measure
absolute magnetic field amplitude because of unknown
probably significant impedence mismatches in the test s
However, from throughput measurements and an electro
netic model of the coil, we estimated that the maximumB1 at
the sample was of order 0.1 mT, which is consistent with
value inferred from the knee data.

Detection Electronics

All of the major instruments were connected by a G
(IEEE-488) interface and controlled by National Instrum
LabView software. The software executes experimental p
cols automatically. The primary signal detection instrum
was a dual-channel DSP lock-in amplifier (Stanford Rese
Systems SRS 830). A lock-in time constant of 3 s was used
and in-phase and quadrature signal amplitudes were sa
by GPIB at 1.36 Hz and separately averaged for many sam
to obtain narrow detection bandwidths with satisfactory loc
settling times. An FFT dynamic signal analyzer (HP3566
was essential for measuring the cantilever resonant frequ
and quality, and as a general calibration and diagnostic t

Control

A critical element of this experiment was the active feedb
control of the cantilever dynamics through a magnetic to
e
ch
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on the tip. Feedback accomplishes three goals which gr
enhance the practical effectiveness of soft, high-Q cantilevers
(8). Optimal feedback (1) broadens the cantilever resp
bandwidth, (2) reduces the cantilever damping time, an
lowers the thermal vibration amplitude. It has been show
formal optimal control theory and experiment that feedb
can accomplish these goals without paying a signal-to-n
ratio penalty (9, 7). The first goal is the most important in t
present experiment because the uncontrolled cantilever
width is very narrow and the resonant frequency is subje
change. The frequency changes with tip–sample distanc
cause of tip–sample electrostatic forces, which may be a
tive or repulsive, and the attractive van der Waals (Cas
force (16, 20, 19). At close approach, the van der Waals fo
dominates and tends to counterbalance the spring res
force, lowering the resonance frequency by as much as se
hundred hertz. This frequency is subject to drift in the co
of an experiment because of small temperature-related
tions of the tip–sample distance in this steep van der W
force gradient, and hence a broader resonance is advanta

The interferometer signal gave a dynamic measureme
the cantilever tip position. Feedback actuation was provide
a variable magnetic field from a current–loop control c
producing a variable torque on the magnetic tip. The mag
torque, t, coupled to the cantilever of lengthl , created a
effective actuation force acting on the cantilever tip,FC } t /l .
The control coil had three turns, 1.5 mm in diameter, and
wound around the base of the cantilever, oriented with the
axis parallel to the length of the cantilever. Co-location of
tip position measurement and the control force is desirab
control analysis and stability.

The control algorithm was implemented using a digital
nal processor with a 12-bit analog input–output interface.4 The
10-megasample-per-second digital input stream was decim
to an effective sampling frequency of 500 kHz. The D
input–output conversion and processing latency of 1.1ms, in
combination with the 2.0-ms output update period (zero-ord
hold), produced an effective processing delay of 2.1ms. The
analog output provided the control voltage signal, which
converted to a control current by a Howland current sou
The dynamic signal analyzer measured the frequency o
freely oscillating cantilever. That information, combined w
estimates of thermal and measurement noise, the actuQ,
optical, electronic and mechanical transfer functions, and
desired effectiveQ, was used to compute the coefficients of
algorithm, which is an infinite impulse response filter. W
desired, new control coefficients were calculated and lo
automatically if conditions changed during the course o
experiment. Given a cantilever with an uncontrolled naturQ
of 25,000, a resonant width of 0.31 Hz, a damping time of

4 Blacktip ISA-bus 40-MHz SHARC processor DSP Board, slightly m-
ed by manufacturer to minimize I/O latency; Bitsi Arrow I/O mezzan
ittware Research Systems, Concord, NH.
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118 DOUGHERTY ET AL.
ms, and a thermal amplitude of 0.27 nm at 77 K, we ob
typical controlled values of 300, 26.3 Hz, 6.1 ms, and 0
nm, respectively (8).

Sample, Null Sample, and Magnetic Tip

A dilute sample was prepared as a solid solution of di
nylpicrylhydrazyl in polystyrene (5:95% by weight), us
benzene as a solvent.5 The solvent was allowed to evapora
and a thin cut section of the sample material was glued t
glass-fiber tip of the sample holder. Pure crystalline DPPH
a very high spin density—the estimated spin density of
diluted sample was 1.53 1026 spins/m3. A null sample wa
prepared in a similar fashion, without DPPH.

The magnetic tip was prepared by selecting a small pa
of samarium cobalt magnet and bonding it to the tip of
cantilever6 using a microscope and micromanipulator.
particle was magnetized by placing the mounted tip in the
of a 9-T NMR spectrometer magnet. The magnetic tip wa
sole source of field and field gradient in this experiment.
tip used in the present experiment was one of those desc
in (5). As described, the field profile near the tip was foun
be consistent with that of a dipole produced by a sphe
radius 2.9mm with a magnetization of 0.54 T/m0, and thes
parameters were in accord with independent estimates
optical measurement and magnetic actuation responsivit

At an applied RF field of 2.0 GHz, the resonant slice
observed to first intersect with the sample at a tip–sa
separation ofh 1 d 5 2000 nm(see Fig. 1). The gradient
44 mT/nm predicted by the dipole model agreed well with
gradient measured directly by varying the applied RF
quency and observing the change in the height of first i
section of the resonant slice.

A magnetically hard material was chosen for a high rem
field and to minimize magnetic fluctuations which may ten
relax sample spins. We prefer SmCo to NdFeB magnet
cause the latter undergo an undesirable magnetic phase c
at approximately 135 K (13).

rotocol of Experiment

Cryogen flow was adjusted to the lowest flow possibl
btain stable desired temperatures, 77 or 10 K. The positi

he sample relative to the cantilever was adjusted to a kn
osition, near (250 or 1700 nm), or far,.4000 nm. The

voltage-displacement calibration of the interferometer
measured, as were the amplifier gains. The current-disp
ment calibration of the magnetic tip actuation was meas
and the uncontrolled naturalQ of the cantilever was dete

5 1,1-Diphenyl-2-picrylhydrazil, Sigma Product Number D9132, and p-
styrene, Aldrich Product Number 18,242-7, Sigma–Aldrich Corp., St. L
MO 63178.

6 Type C110 SmCo5 powder, Arnold Engineering, Marengo, IL 601
onded with Tempfix adhesive, Electron Microscopy Sciences, Fort Was

on, PA 19034.
in
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mined. These data, and the desired effectiveQ, were used t
compute the coefficients of the control algorithm and w
downloaded to the DSP. The modulated microwave powe
turned on and adjusted in 3-dB steps. The cantilever in-p
and quadrature amplitudes at each power level were mea
by the lock-in amplifier, recorded periodically, and vec
averaged.
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