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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 p 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
T,-dependent phase lags, valid at low microwave power levels. For
power levels below saturation, the data were in good agreement
with the Bloch equation predictions, while above saturation the
measured force increased more slowly with power than predicted.
Several ESR mechanisms which might lead to non-Bloch dynam-
ics in the MRFM environment are reviewed. Spin-relaxation
mechanisms are also reviewed. A detailed description of the ex-
perimental apparatus is offered. © 2000 Academic Press
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presents novel theoretical and experimental challenges. C
challenge is that ESR is observed in the presence of an e
tremely strong spatial magnetic gradie@:= 44,000 T per
meter, or equivalently 44&T/nm. The spin density of our 5%
polymer solution was such that the mean spin—spin separati
wasp ¥ = 2.0 nm; the polarizing field seen by neighboring
DPPH molecules thus differed by Gp ** = 88 uT. In
comparison, the dipole—dipole interaction field between tw
neighboring spins was wofiy.p/(4m) = 250 uT—the same
order of magnitude as the gradient differential field. Our dat
thus provide an experimental look at a novel ESR realm |
which field gradient interactions are comparable in strength
dipole—dipole interactions.

A second and related challenge is that spin relaxation in tl
environment of magnetic resonance force microscor
(MRFM) is poorly understood. Our experiment measureget
77 K to be 20us, in good agreement with the existing litera-
ture. But upon decreasing the temperature to 10TKwas
observed to increase only moderately, to89) What mecha-
nisms might explain the shorter-than-expecie@ As we will
discuss, the ESR literature suggests many different relaxati

This article reports the observation of electron spin resgiéchanisms that might plausibly be operating. This situatic

nance (ESR) in a dilute polymer solution of a diphenylpicrylh"’_‘s ample h_|§tor|cal precedent. In their review of ESR rela
hydrazyl (DPPH) at 77 and 10 K. Historically, these systenfion in traditional bulk samples, Orbach and Staple®g) (-
have been a rich source of novel ESR physics. During t§8Phasize that achieving a firm understanding of relaxati
1950s, ESR measurements in similar systems yielded—aff@@chanisms in ESR spectroscopy required a 40-year strug
some initial controversyl(l, 12—early insights into mecha- Progress was achieved by a repetitive cycle which typical
nisms of cross-relaxation and spectral diffusion. As ESR theegan with theoretical predictions of slow relaxation rate
ory and experimental techniques matured, studies of dillk@sed on known relaxation mechanisms, followed by expe
polymers during the 1980¢(3) yielded excellent agreementmental measurements of unexpectedly fast relaxation, follow
with theory, and it became reasonable to regard ESR of dilltg theoretical recognition of new relaxation mechanisms—
solid polymer solutions as a reasonably well-understood sukhich point the cycle would begin anew. We expect that th
ject. study of ESR relaxation in MRFM will continue this historical
The present experiment explores a new regime of soligattern.
phase ESR which—like the ESR experiments of the 1950s—|n this article we take the first simple step toward undel

' To whom correspondence should be addressed at Department of Mechsatriwsl-ndlng ESR relaxation in the MRFM environment by askin

ical Engineering, University of Washington, Room 132, Mechanical Engineehether _Bloch equationalone can ql‘!antitaﬂvely _eXpla"? the
ing Building, Box 352600, Seattle WA 98195-2600. Fax: (206) 616-2318. data, entirely in terms of , and T,, without explicitly taking
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resonance in a quasi-static magnetic field gradient. In bo
cases, an applied radiofrequency (RF) fiBldmodulates the
magnetization in a thin sample slice that meets the resonar
conditionw = yB(2), wherew is the applied microwave field
frequency,y is the spin gyromagnetic ratio, ar®( z) is the
polarizing field (induction) at the resonant slice. The basi
geometry of MRFM is depicted in Fig. 1.

A schematic diagram of our apparatus appears in Fig. 2.
force microscope cantilever with a micrometer-scale magne
tip is monitored by a fiber-optic interferometer. Magnetic res
onance is induced in a thin sample layer by an applied micr
wave frequency field, which is pulse-modulated at the cantil

for resonance ver resonance frequency,. The modulated spin-gradient
force, typically 10"—10* N, excites detectable oscillations

FIG. 1. Basic scheme: The force microscope cantilever detects the mag . . . . .
ulated spin-gradient force between the magnetic tip and resonant sample spinéhe cantilever, with amplitudes of typically 1-100 pm (pi

in the resonant slice. The tip radiusristhe tip—sample separationtisand the cometers). Operation in high vacuum eliminates air-dampir
maximal depth of the resonant sliceds The diagram is not to scale; in our Of the cantilever. The experiments are performed at cryoger
experiment the tip radiuswas 2.9um and, at 2.0 GHz, the resonant slice wagemperature to increase sample polarization and spin-relaxat
at a fixed distancal + h = 2.0 um from the tip. Note that at a fixed tjime, and to minimize thermal excitation of the cantilever
microwave frequency the magnetic resonance condition maintains a fixggle o ey citation of the cantilever is equivalent to a randol
tip—slice distancel + h, regardless of variation in the tip—sample separation . . . o
h Langevin force acting on the cantilever, and sets the limit «
force sensitivity in MRFM experiments.

Paramagnetic DPPH was diluted to 5% by weight in a soli
into account spin diffusion and electron—nucleon cross-relagolution of polystyrene. This system has been well characte
ation mechanisms. ized by conventional spin resonance spectrosc8fpy14, and

The data reported here were obtained by magnetic resonafeegures a spin—lattice relaxation tinfg which is strongly
force microscopy. This technique combines elements of sliagoncentration-dependent.
selective magnetic resonance imaging and force microscopy
(28, 29, and was originally conceived with the goal of observ-
ing spin resonance in individual biological molecules, as a
means of directly observing their structure. Since the first Several schemes to modulate sample magnetization by m:
MRFM experiment in 199226, 39, the spin sensitivity of netic resonance have been used to successfully excite det
MRFM devices has increased by a factor of Mith resonant- able MRFM signals. These have included adiabatic inversic
slice thicknesses now approaching nanometer length s&les ¢f the sample spins, and cyclic suppression of the longitudin
However, the goal of single-spin imaging has not yet beenagnetization. The experiment described in this article us
achieved. The shorter-than-expecledve report in this article the latter technique.
is currently regarded as the main obstacle to achieving thisWe will calculate the cantilever force signals expected fror
goal. magnetic resonance in a strong field gradient. Our strategy w

A comprehensive series of experiments by Rugar and dee to begin with the Bloch equations and to derive a stead
workers at IBM has demonstrated by force detection many stfate nonequilibrium magnetic force acting on the cantilevi
the classical manifestations of magnetic resonance, includitigy Then, in a low-power approximation, we will derive the
spin echoes and nutatio33). Several groups have demon-
strated MRFM imaging with micrometer-scale resolution

(37,38, 12. In addition to electron paramagnetic resonance, Fiber-Optic D Magnetic
—

THEORETICAL RESULTS

ferromagnetic 6) and nuclear magnetic resonan@8,(27) Interferometer Tip
have been observed with MRFM techniques. Recently, force-
detected magnetic resonance has emerged as a new zero- Cantilever
gradient technique for sensitive resonance spectros@®y ( N
As in conventional magnetic resonance imaging, MRFM DPPH —

. . L . } . Sample
spatial slice selectivity is obtained by the detection of magnetic
Inertial
> Magnetic resonance has been observed indirectly by optical techniques in Positioner

special single moleculesl8, 17, 3. These are powerful and useful tech-
niques, but lack the generality of MRFM and conventional magnetic resonancd-1G. 2. The heart of the MRFM apparatus, located in a vacuum cryoste
methods that can, in principle, be applied to any NMR or ESR species. The drawing is roughly to scale—the cantilever is 32 long.
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force amplitude and phase response to an amplitude-moduladedve a closed-form steady-state solution (assunbBngis

microwave field. The time dependence of the magnetic premnstant); (2) we derive a closed-form solution that is valid fc

sure can be solved in the Laplace, Fourier, and time domaiashitrary time dependence &f,(t), but only below saturation

All three approaches yield identical results. We will use they®T,T,B2(t) < 1); (3) we combine these two solutions to

Laplace transform method. Finally, as a check on our closeabtain a simple closed-form approximation that is valid fo

form results, we will solve the Bloch equations numerically.B,(t) both large and time-dependent; and (4) we solve tt
We write Bloch equations using the following conventionsBloch equations numerically to verify that the closed-forn

Let {x, y, z} be a right-handed system of coordinates in aybrid approximation is accurate.

frame rotating with angular frequenayabout thez-axis of the

laboratory frame. By convention, the microwave fid8d is The Steady-State Solution

taken to lie along the-axis of the rotating frame, while the

polarizing magnetic field(z) = (B, + G2)z and the equi

librium sample polarizatioM, = M,z both lie along the

z-axis. HereB, is a spatially and temporally constant field

(induction), andG is the spatial magnetic gradient. We choose BiZ'

In steady state, the derivatives with respect to time are ze
and we solve foM;,

L - M = -, ; T T 7

the origin of thez-coordinates such that resonance occurs at X224 T2+ BT [7]
z = 0. Equivalently, the RF angular frequenay= —vyB,, T
wherey/(27) = —28.0 GHz/T is the (negative) gyromagnetic M’ = e 8]

i . . . y z/2+rr2+ Brzl—w/l—w
ratio of the electron. The longitudinal and transverse spin- 2 1h2h1
relaxation times ard@, andT,, respectively. Z'24 T2

The resulting rotating-frame Bloch equations are unusual M; = 27+ T2+ B,TyT) (9]

only in their dependence upon the spatial coordirzate

where all three equations have the same denominator.

My — yM,Gz— % [1] The presence of the sample magnetic moment in the fie
at Y T, gradientG creates a force density on the fip= —GM,. We
aM M can compute an effective pressirésignal force per unit area
Wy = yM,B, — yM,Gz — T—zy [2] of resonant slice) by integrating over all
aM, Mo — M, " ”
ot — YMBLt 3] p= —GJ dz M, = — wM"f dz M. [10]

We adopt a system of natural units by defining normaliza-

tions of the field, time, coordinate, and magnetization term@je can express the magnetization in terms of the susceptibil
1 = yBiw, 2 = yGZo, t' = ot, andM{ = M/M,. We y and the permeabilityu,, M, = yw/(noy), and define an

also introduce relaxation rates,, = 1/T,, and I'', = expression for the normalized pressure, subtracting the st

1/(oT,,). The use of natural units, denoted by the primegressure between the sample and the tip:

permits a degree of clarity and economy of notation. Substi-

tuting these changes of variables into the Bloch equations and

. e - . P 2 ©
simplifying, we obtain pr— ;’ZWZ’ _ f dz (1 — M)). [11]
M., B
— = —TiM+ Z'M;, [4]
at Evaluating the integral yields the steady-state change in me
oM’ netic pressure caused by the resonant suppressibh,of
Y= —7z’M, — M, + BjM, (5]
ot Y
aM! pr = 81’ [12]
WZ = —B/M,— M} + T} [6] I'y(1+ By%/(T5)) Y2
. L . or, in Sl units,
In an MRFM experimentB(t) is in general an arbitrary
periodic function, and (as is well known) the Bloch equations 5
cannot be solved in closed form at this level of generality. To = mxwT1Bi [13]

obtain useful results, we pursue the following strategy: (1) we  o(1+ y?T,T,BH Y
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This solution to the Bloch equations is valid famymicrowave whose Laplace transform is

powerB?, providedthat the power is modulated on timescales

!ong (_:ompared td,, such that the steady-state approximation s+T, -7 M.(s)

svald. | | | [ Z s+ F'J [W(s)]
The most striking feature of [13] is the predicted “knee” in

the force—power curve, which occurs wheAT,T,Bf ~ 1.

Physically, the knee occurs when the RF power is sufficie

saturate the magnetization of the resonant slice at O. o,

Observing this predicted knee was one of the main goals of our K/ (s) = (s + I'5)Bi(s) [17]

experiment. y (s24+ 22+ 2s', + T3

gy we

m‘{‘é,h'Ch we readily solve foM(s)

The Low-Power Solution It is not yet clear that we have made much progress, becal

What happens when the RF power is modulated at an angdf¥ inverse Laplace transform of [17] cannot be done in ge
frequencyw, that is comparable to the spin—lattice relaxation rat&$al. However, if we calculate the spatial integral\f, we
We expect that the time-dependent magnetic pre§greiill lag ~ ©Ptain the simpler result
behind the applied poweB:(t) with some phase lag. In this

section we show that this expectation is correct. = . .
The analytic expression we will obtain for the phase lag is dz' Mi(s) = mBi(s). (18]
simple: -
tan 6 = wyT;. [14] Taking the inverse Laplace transform of both sides, and reve

ing to Sl units, we obtain the following sum rule:
What is notable (and to us surprising) about [14] is that the
phase lag is independent @f, and also independent of the " _—
modulation scheme (i.e., independent of sinusoidal versus f dz M(zt) = —= By(t). [19]
square-wave versus triangular modulation of the RF power). HoYG
This parameter independence is one of the main theoretical
results of this article. From a practical point of view, [14] ha
the virtue of allowing ready determination @f directly from with no phase lag and with 6, dependence.
a measgrement cﬁ . . . Combining [3], [11], and [19], we obtain an equation for the

Equation [14] is most easily derived by solving the Bloc'ﬁme-dependent pressuRit) to leading order irB%:

equations [4]-[6] order-by-order in powers®f(t). The equa
tions are structured such that the transverse componémis {
M,} depend only on odd powers &;, while M, depends only (a n 1) P(t) = mX® B2(1). [20]
on even powers, ot Ty Mo

—®

?’hysically speaking, the spatial integral\f( z,t) tracksB,(t)

M,=1+0(B?) + 0B} + - - It is evident that as far as threet MRFM force is concerned—
NN SN and provided that the RF power is below the kneeBat~
M. 3 1/(y*T,T,)—the time dependence of the Bloch equations i
{My} = 0(B) +0(By + - - . functionally equivalent to a linear low-pass filter with time

constant T,. The phase lag of the low-pass filter is
This structure suggests an iterative solution strategy: start wigf (woT1), the value ofT, does not enter, and the details of
the lowest-order solutiol, = 1, then solve the transversethe Bi(t) modulation are irrelevant.
Bloch equations for {1,, M} to G(B,), then use this solution
to find theO(B?) corrections taM,, etc. In numerical calcuta Combined Steady-State and Low-Power Solution
tions the iteration can be continued to any desired order; wWep onsiderable portion of our experimental data is acquire
pres.ent an examplle of such numerical calculation_s in a 'aﬁﬁrhigh RF power, and in this simultaneously high-power an
section of this article. For the present our goal IS to carfne-dependent regime neither of the solutions in the previo
through the iteration analytically in ordeBs(t) andBi(t). o sections is formally valid. We will therefore combine the
The G(B,) solution for {M,, M} is obtained by solving  regyits of the previous sections to obtain a closed-form apprc
imate expression for the MRFM signal force. Subsequent n
9 [M’x] _ [—F'z z HM;] N [ 0 ] 15] Merical calculations will show that, considered as a solution
at' [My| | —z T3] My Bi(t) (151 the Bloch equations, this expression is remarkably accure
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(although looking ahead, the Bloch equations themselves wilverse modulation time &, ~ 20 us. We therefore set

not accurately describe the high-power ESR/MRFM regimeyM,/ot = aM,/ot = O in the transverse Bloch equations
In carrying through a calculation of the MRFM force we1]-[2], which allows us to solve foM, andM, algebraically.

must take into account both the tip—sample geometry and tRRysically, we are reasoning that the shbstmaintains the

microwave modulation waveform. A convenient modulation isansverse magnetization in instantaneous equilibrium. The |

a simple on—off rectangular envelope with a fractional-on dutyainingz-axis Bloch equation then takes the form (in Sl units)

cycle e. The static magnetic field may be modeled as a dipole

field produced by a spherical magnetic particle—this appeays; 1 T,y?B2(t)

to be well justified for our magnetic tip§). Refer again to Fig. (at + T1> Mz, 1) = — VG2 + 1 (Mo + 8M(z,1)).

1 to identify the magnetic tip radius the heighth of the tip [23]

above the sample surfacé & r), and the depthld of the

resonant surface in the sampkk € r). For a dipole moment Our task is to solve this equation fdiM,(zt) and then

oriented parallel to the sample surface we calculate the Mg, o ate to obtain the “exact” Bloch prediction for the pressur
force amplitude in Sl units as

PBIoch:
Feg = sin(em)/m <& RF duty cycle factor e
X 8m(h +r)d/5 < resonantslicearea  [21] Py = — oG dt | dz evem sz, [24]
X Pgd \2 <& rms force per unit area. o 27 . B z

For the approximate force per unit arBg, we combine the qre the time integral projects out the Fourier component

low-power result for the phase lag with the steady-state & (, 1) that is resonant with the cantilever frequenay

pression for the force amplitude: Our solution method is partly numerical and partly analytic
First, we expres®:(t) as the sum o, harmonics of the

P = 1 & {DOWGY factor fundamental frequency,. For a square wave with duty cycle
(1 (0T A2 from phase lag e, we have explicitly
» TxwT,B? {steady state
wo(l + y?T,T,B2) Y2 force magnitude. ™ sin(kwe)
0 11281 Bi(t) — Bi E %elkwoy [25]
[22] keomn T

Note that the gradier® does not appear in the expression fowhere B, is the (constant) power-on rotating-fran@efield.
the net MRFM signal force. This reflects a notable scalinphen we solve [23] perturbatively, order-by-orderB8a, with
feature of MRFM; as the gradient is made stronger, the ressach successive order generatimg Bew harmonics. Inserting
nant slice becomes thinner, such that the net signal force pie# resulting expression into [24], we can trivially perform the
unit area is constant. time integral, which projects out the fundamental Fourier con

ponent at frequency,. The remaining-integral is the sum of
High-Order Perturbative Solutions terms which can be evaluated in closed form

The main limitation of the approximate expression [21]-[22]
is that its derivation provides no guarantee that the predicted * B2m ,n T(m—1/2)
high-power scaling=g, « B, is correct. We need to check dzmz VmB1 T al(m)
these expressions against a more rigorous solution of the Bloch —s
equations.

Given an arbitrary periodic RF modulatidé(t), and as One mathematical hurdle remains. The resulting expression
sumingT, < T, (which is reasonable for our experiments), th€,., is in the general form of a power seriesBd, which in
Bloch equation prediction for pressuiRe,q, can be evaluated principle can be evaluated to any desired onagr
to any desired accuracy by the method described in the fol-

lowing paragraphs. We warn the reader that such calculations ns
are “a long run for a short slide,” because they yield a final Pgioch = 2, a(BA)k. [26]
result in close agreement with the simple expression [21]-[22]. k=0

We will work with the change in sample magnetization
defined byéM,(zt) = M,(zt) — M,. We note that in our Here the complex coefficients, are evaluated numerically
experimentlT, ~ 20 ns is by far the shortest timescale of th&rom the experimental parameters,{T,, T,} via [23]-[26].
system, the two other timescales beifg ~ 20 us and the But in its native form this power series is divergent above th
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knee aty’T,T,B: ~ 1, and increasing the order; of the TABLE 1

expansion does not remove the divergence. The reason is clear

111

Summary of Experimental Parameters

from [22]; there is a branch-cut singularity in the analytic

BZplane aty?T,T,B2 ~ —1. Padeapproximants are a well- Cantilever-related parameters

. . . " . wpl(27) Resonant frequency
known method for dealing with such singularities, and we fing’ Spring constant
that the {ng/ 2, ng/ 2} Padeapproximant m Motional mass

Q Quality

Magnetic tip parametets

3% by(B"

Pgioch = 7 [27] M Tip magnetization
N1+ EEF c(BDK r Tip radius
h+d Tip-slice separation

Resonant slice parametérs
exhibits excellent above-knee convergence. The coefficiefits Polarizing field
{b,, ¢} are readily calculated from the&} of [27] via © Field gradient .
. . h Tip—sample separation
standard numerical techniquey.

We numerically comparédhe approximate valuB, [22] 4
with the “exact” PadaesultPg,, [27] for the MRFM param
eters typical of our experimendi,/(27) = 7792 Hz, T, = 20
us, T, = 20 ns, and RF duty cycle= 0.29. The square-wave
RF modulation was approximated usimg = 24 starting
Fourier components. The perturbative calculation was carried
through to orderng = 48, with the final result forPg., Thermal noise
expressed as a {24, 24} Padeproximant inB?. $)”

The functionsPg, and Pg, agreed perfectly below the (S,
knee—as expected—and were in close agreement above ﬁﬁe
knee. The main difference was that the kne®gf., occurred sample paramagnetic parameters
slightly earlier, such that the above-knee magnitud® gf,, » Spin density
was reduced by about 25% relative Ry, The predicted P Mean spin spacing
above-knee linear scaling o« B,—which turns out to be of Mo, Mean dipole field
great interest for comparison with data—was the same in boft"
cases. Varying the expansion parametgi@ndn; did not alter
the results. We conclude that the simple analytic result [22] fgkmple relaxation parameters
P4, is adequate for interpreting our data. T SampleT,"

maximal slice depth

2(yGT,)™*  Bloch equation slice thickness
(spin diffusion ignored)

RF parameters

RF frequency (2.0 GHz)

RF square-wave duty cycle

Force noise (one sided
spectrum)
Equivalent magnetic noise

/3

Yp
Sample susceptibility

T, SampleT,*®

Final Bloch Equation Predictions Spin diffusion scale

Ho hy2pl3
2, P
Under the reasonable assumption thatis determined by

7.792 kHz
0.015 N/m
6.26 pg

10,000 at 77 K
{25,000 at 10 K

0.52 Ty
2900 nm
2010 nm

71.4 mT
44u.T/nm
250 nm at 77 K
{1700 nm at 10 K
1760 nm at 77 K
{310 nm at 10 K
13 nm

12.&8 10°s*
0.29

82 aNNVHz at 10 K
892:/VHz at 77 K
{203 re/VHz at 10 K

{361 aNA/Hz at 77 K

1.34x 10®° cm?
2.0 nm
0.25 mT

1.36 10° at 77 K
{10.5 X 10°° at 10 K

30.3us at 10 K
20 ns
167wm?/s

{19.7 us at 77 K

spin—lattice interactions which are strongly temperature-depent This particular tip is one of those whose parameters were measurgy in

dent, the Bloch equations predict four ESR/MRFM phenom-" T: values inferred from the measured signal phase lag via [14].

ena: °T, value taken from the literature8g, 14.

(1) at low RF power, signal forcE, = (B,)?

(2) a knee in the force-RF power curve&l , T,B: ~ 1;
(3) above the knee, fordé « B,; and

(4) sharply increased signal phase lag at 10 K.

Experimental Results

The concluding section entitled Description of Experimen
provides details of our experiment (see also Table 1), but fi

many readers the following basic information will suffice:

The gist of our experiment is that phenomena (1) and (2) were
observed, while (3) and (4) were not. Instead, we obsefved
(B,)*** at high RF power, and we observed a signal phase Iag(

which was unexpectedly small at low temperature. and

(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 10

(4) the microwave field ranged over€ B; < 0.1 mT.

® MathematicaVersion 3.0, Wolfram Research, Champaign, IL. The Pade
calculations were carried through with $MaxPrecisioi$MinPrecision= 35
to minimize round-off errors.

Readers will also need to keep in mind a clear picture ¢
MRFM resonant slice geometry. With reference to Fig. 1, at 7
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K the tip—-sample separation was set ho= 250 nm—a 107
relatively close approach—in order to maximize the area of the
resonant slice within the sample. But at 10 K the observed
signals at this close approach were so large that they over-
ranged our digital cantilever controller. It was necessary to
move the tip farther away, tb ~ 1700 nm, toreduce the 107}
fraction of the resonant slice within the sample, and thus
reduce the excessive signal amplitude.

T=77K

1ML

Saturation Knee .

Force - N

16

It is important to appreciate that changing the tip—sample E T f f % Eh ?;’,“ai'iﬁ?
separationh does not alter the geometry of the polarizing Excitation
B-field or its gradient at the resonant slice, but instead changes 107}
the fraction of the resonant slice within the sample, and also the
proximity d of the slice to the surface, per Fig. 1. - . . ‘ .

-60 -50 -40 -30 -20 -10 ¢
Fitting the Data Microwave Power - dBm

. FIG. 3. Observed magnetic resonance force as a function of applie
We fit our ESR/MRFM data to a three-parameter curve m‘icrowave power. The sample was 5% DPPH in polystyrene at 77 K, with
the general form microwave frequency of 2.0 GHz, with a duty cycle of 0.29, amplitude
modulated at the cantilever resonance frequency of 7792 Hz. The magne
tip—sample separation was 250 nm. Microwave power is measured in decib
[28] referred to 1 mW (dBm), corrected for gain compression, at the microwa
synthesizer. The noise floor is the measured Langevin-force equivalent of |
thermal (Brownian) motion of the cantilever. The solid line is the curve fit tc
I [29]. Shown also are the phase-coherent parasitic forces induced by
Note that for smalB, we have already built in one of the Blochyicrowave power, independent of magnetic resonance effects.
equation predictionsF ¢, o BZ. This scaling was well satisfied
in all our data, and we regard it as a successful prediction of the
Bloch equations.

The Bloch predictions for ¢, B, v} can be determined by

aB?

sig — (1+ (BBi)z—v)llz-

F

Description of the Data

inspection of [21] and [22]: Figure 3 shows the measured force acting on the cantile\
versus corrected microwave power taken at 77 K. Shown &
87 sin(em) d(r + h)ywT, two curves—one demonstrating magnetic resonance forci

[29] which was taken with the sample near the magnetic fti

[y 2\1/2
oD 2 (1+ (woT2)) (height= 250 nm), and the other taken far from the sample

B = vy2T,T,, [30] illustrating the residual parasitic background. Errors displaye
are statistical, and are calculated from the measurement ba
v=1 [31]  width and the force noise power spectral density. The observ

noise floor is in good agreement with the noise calculation. Tt
The parameter has a simple graphical interpretation: it is theurve fit to [29] yieldedr = 0.65 with systematic error af0.1
slope of the logarithmic force—RF power curve above thestimated by comparing the consistency of several data se
saturation knee. It is important to appreciate that at present ihve remind readers that the the above-knee force—power sc
Bloch predictionv = 1 is theonly prediction we can rigorously ing is Fg, = B;; thus our data describe an ESR/MRFM force
test by curve fitting. While we can determine by curve fittingvhich, above saturation, increases unexpectedly slowly wi
the parametewr with reasonable accuracy—it is simply thancreasing RF power.
low-power coefficient of the linear force—power relation—we Data taken at 10 K, Fig. 4, were similar to the highe
cannot predict it theoretically with comparable accuracyemperature data, except that for a given microwave power, t
mainly because it is difficult to measure the required magnetiesonance forces were much larger. Forces larger than abou
tip dimensions §{, h, d}. The parameteB presents the oppo- fN saturated (overranged) the hardware gain configurations
site difficulty; we can theoretically predi@ in terms of T, our feedback controller, and so the tip—sample distance f
(determined from phase lag) and, (determined from the these data was increased. The noise floor is substantially lov
literature), but our curve fitting cannot provide an independeat this temperature, as expected. The curve fit to [29] yielded
determination of8 because (at present) we have no indepeabove-knee slope af = 0.52, slightly reduced relative to the
dent measurement dB,, and hence cannot use the kne&7 K value of 0.65, and only half the Bloch predictiorn= 1.
condition (8B,)*> = 1 to curve fitB. On the other hand, our Figure 5 is a superposition of data taken at 10 and 77 K, wi
present data are fully adequate for testing the Bloch equatiboth the forces and the microwave powers normalized to |
predictionv = 1. identical at the knee. Below the knee, the scaling behavior
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107 : : : : : parasitic excitation was quite different than the resonant

T=10K signal, and no temperature dependence was observed.

curve fits forv included a small correction for this parasitic

excitation. Parasitic excitation of the apparatus was minimize

by incorporating a short, stiff mechanical path between tt

1 cantilever base and the fiber-optic tip, and a small microwa

x coil volume.

x ] We were able to estimate the value Bf at the knee by
o using a value ofl, from the literature. Combining, values of

o Coherent 15-30 ns 31, 14 with our measured’, at 77 K, we find that

Excitation at the kneeB, = (vy°T,T,) “?falls in the range 7-1Q.T, for

a maximum field of order 0.1 mT at full power. In view of the

10 ; . . . . discrepancy between our inferrdd value at 10 K and the
-60 -50 -40 -30 -20 -10 0 conventional ESR measurements, this estimat®, athould be

Microwave Power - dBm treated with caution, but is certainly plausible.
FIG. 4. Resonance force and parasitic signals at 10 K. At this lower
temperature, the sample polarization and the resultant forces were much larger DISCUSSION
for a given tip—sample distance, and saturated our feedback controller at the 77

K tip—sample separation. We moved the sample back to a distance of 1700 n . . . . o
to operate the controller in a linear mode. The sensitive slice is closer to th2bur discussion will focus on the two most mysterious a

surface of the sample, but resonance conditions in the slice—frequency, fidlgCts Of our data. First, what mechanisms might explain tl

and gradient—were unchanged. The observed noise floor decreases &lirter-than-expectet, at 10 K? And second, why does the

temperature. slope of the force—power curve depart from the Bloch equatic

predictionF, « B, above saturation, witlF, = B *’ mea

both temperatures is dominated by &term in the numer sured instead at 10 K?

ator in Eq. [13], and consequently we expect the lower portion = i _

of the normalized curves to overlap. Above the knee, tfeKtrinsic Relaxation Mechanisms

curves agree within our estimated errors, which seems towe first consider mechanisms which aggtrinsic to the

indicate that the unknown saturation mechanism which JOomPPH and p0|y5tyrene molecules in our Samp|e_ Our first clt

erns the upper slope is not strongly temperature-dependents thatT, is not strongly temperature-dependent; such behavi
The phase lag of the cantilever response with respect to {§econsistent with dipolar cross-relaxation with a rare bt

microwave modulation varied with temperature. With liquigapidly relaxing species. Al'tshuler and Kozyred) eview the
nitrogen cooling (77 K) the phase lag was 44°. Equation [14]

then yielded ar, of 19.7 us. At 10 K the phase lag was 56°,
corresponding to &, of 30.3us. In dilute samples prepared as 10' ; : : : ; . : :
described but measured with conventional spectrometers :
(31, 19, the measured values afg = 20 us at 77 K and
T, = 200 us at 4 K. Thus ouifT, values at 77 K agree with 100 |
previous measurements, but the increasg,iat 10 K was not
as great as the literature lead us to expect. We note that Rugar
and co-workers 33) have also observed unexpectedly fast
relaxation at low temperatures for an entirely different sample
material, irradiated silica. The sources of this fast relaxation at
cryogenic temperatures are currently unknown. ]
At higher microwave power levels some coherent parasitic +
excitation of the cantilever was observed; this parasitic exci-
tation was always much smaller than the MRFM signal. This | L s
excitation was measured by performing additional force—power 26 20 15 10 5 0 5 10 15 20
experiments in two ways: (1) by moving the sample well back, Normalized Microwave Power - dB
>4000 nm, from the magnetic tip, and (2) by substituting a null FIG. 5.  Universality of the force—microwave power response curves at 7
sample of undoped polystyrene. The forces observed were ghe 10 K. Data recorded at both temperatures were normalized such that

same in both cases. As illustrated in Figs 3 and 4. the parasﬁfﬁees and microwave powers were identical at the knee (crossed dotted lin
. ' ' Thus, plotted for each curve are force/force(knee) versus microwave pow

fqrces were 25-40 dB lower than the ma@_]”e“c Ifesonaqﬁ)%ver(knee). The fact that the curves above the knee lie approximately on 1
signal, and were below the thermal force—noise floor at l0Wgfeach other suggests that the saturation mechanisms in play are not stror

microwave powers. In addition, the phase response of tleenperature-dependent.

Saturation Knee ———
10"

1079

Force - N

10-16_

10-17_
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extensive literature indicating the,@olecule as a well-known  Now, in conventional bulk ESR experiments 60 nm is nc
culprit in enhancing the relaxation of both pure and diluteery far, but in the high-gradient MRFM world it is a relatively
organic free radicals. The amount of @ our polymer sample large distance. For example, in the field gradient ofud4nm

is unknown. Furthermore, it is certainly plausible that Oin our experiments it would imply single-pulse spin diffusion
molecules were adsorbed onto the surface of our sampeross aB-field differential of 2.4 mT. Such cross-gradient
particularly at 10 K, and we note that the resonant slice watectron spin diffusion is, of course, energetically forbidde
within d ~ 300 nm of the sample surface at 10 K (see Tablelessthere is a compensating adjustment of the dipolar p
1). As we will discuss in the following section, this may havéential energy or a counterflow of dynamical nuclear polariz:
been close enough for there to have been appreciable diffusiie®m; Genack and Redfield seem to have been among the firs
coupling to occur between the resonant slice and the samptmsider these possibilitied@). In contrast, the Bloch equa-
surface. tions without diffusion predict a resonant slice thicknesa/

Less obviously, in MRFM experiments the nearby magnet{GyT,) = 13 nm, which is substantially thinner than the
tip contains at least four thermal reservoirs which might plaghffusion length scale. It would be mathematically straightfor
sibly couple to spins in the nearby sample. These thermadrd to add a spatial diffusion term to [23]; this might explair
reservoirs are: (1) paramagnetic spins in the passivating oxitie non-Bloch behavior we observed in the force—powse
layer of the tip, (2) ferromagnetic spin wave excitations in theurves. But until a more complete theory is developed ¢
tip itself, (3) thermally excited domain wall motions, and (4glectron—nucleon dipolar interactions in the strong-gradie
thermally excited currents in the conduction band which cred#RFM environment, it is hard to know how large the coeffi-
an external thermal magnetic noise field. cient of such a diffusive term should be.

The conduction band thermal magnetic noise mechanism iSNe are thus led to a concluding question: how do spi
particularly intriguing because it contains a natural mechanigtiffusion and electron—nucleon dipolar interactions manife:
yielding (approximately) temperature-independent spin-relathemselves in ESR/MRFM environments? The observation
ation rates. According to Varpula and Poutanen’s model BENDOR and/or dynamic polarization phenomena, if it could b
thermal magnetic nois&®), as recently reviewed by Nenonerachieved, might help in clarifying these issues.
et al. (22), the spectral density of the thermal magnetic field
external to a conductor is proportionald¢T) T, whereT is the CONCLUSIONS
temperature and (T) is the conductivity. To the extent that
decreases in temperature are offset by increases in the condude Bloch equations, solved in a high gradient, are adequ:
tivity of the tip, spin relaxation induced by thermal magnetifor describing many aspects of the microwave-power scalir
noise might be approximately independent of temperature. Pehavior of this moderately dilute paramagnetic system. B

If the history of ESR is any guide2), it will be some two aspects of our data are poorly explained. Fifstat 10 K
considerable time before all the extrinsic relaxation mechig shorter than expected, and second, the measured for
nisms in MRFM experiments are fully understood. It is plauPower curves depart quite substantially from the Bloch equ
sible that several of the above extrinsic mechanisms wdi@n predictions above saturation.
simultaneously active in our experiment, and much additional At present it is not known whether these phenomena are b
experimentation may be required to sort them all out. ascribed to extrinsic mechanisms, like €ample contamina

The present—entirely pragmatic—practice within th#0on or magnetic noise originating in the magnetic tip, versu
MRFM Community is to regard these extrinsic re|axati0i’ﬂtrin3ic mechanisms, like electron—nucleon dipolar intera
mechanisms as undesired features of an experiment, totiggs, manifesting themselves in the high-gradient MRFM er

minimized or eliminated if possible by careful engineeringironment. Only future theoretical and experimental work ca
design. settle this question.

L. . . DESCRIPTION OF EXPERIMENT
Intrinsic Relaxation Mechanisms

Next, we will consider ESR phenomena within an ideal A Plock diagram of the system appears in Fig. 6. We wil

sample of 5% DPPH in polystyrene, and we will ignore all ofiSCUss each of the subsystems.
the extrinsic thermal reservoirs mentioned in the precedi
section. We begin by asking, how far does a quantum of DP
polarization diffuse between RF pulses? For a spin depsity ~ The experiments were performed in a flow cryostat (Jan
1.3 X 10®° cm?, as in our experiment (see Table 1), the spiResearch Systems, Modified Model ST400) evacuated by
diffusion constanD is of orderuiy’p"?/(4m) ~ 170 um?/s. turbomolecular pump to a pressure of i@orr or lower. The

For a cantilever frequency,/(27) = 7792 Hz, the character cryostat was bolted to a concrete building support colun
istic diffusion distance between successive RF pulses is thusaithout additional vibration isolation. Vacuum feedthrough:
order O/we)"* ~ 60 nm. transmitted the required experimental signals: optical, micr

cuum and Cryogenics
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amplitude (5). The amplitude was measured as a power spe
tral density (PSD) with units of metérper Hz. A fit of the

Modulation
Synthesizer

‘évyanvr%(’s'f?er —— YT —— PSD resonance curve yielded estimate®of,, and(x?). An
a2 Power Waveform Pulsed AM IBM-Stanford collaboration has developed soft, higleanti-
volage o T levers specifically for MRFM that have significantly greate
intrinsic force sensitivity than the commercial cantilever we
Synch  Ref used 80).
Directional 1W k,?,f}f.f'.g, Signal .
Sample Coupler  Amp , 7y Optics
Control I' The position and motion of the cantilever was measured wi
[@_A Microwave Coll Photodiode, a single-mode fiber-optic interferomet@y]. The interferom-
/ Ampliiers eter has four optical fiber arms joined by a connectorize
AMagne‘_ﬁpped'"‘e'ﬂﬂ’“"“” 90:10% optical coupler (Gould). Where advantageous, conne
Cantilever tions were made with low-reflection angled (APC) connector
Optoal Coumter The end of one fiber arm directs light to the tip of the cantileve
nearby,d ~ 50 um. The interference between light reflectec
— Uaer Dloge by the tip of the cantilever and light reflected by the end of th
Photodiode fiber was the detected signal. A diode laser (Sharp LTO2
pigtail connectorh = 780 nm) provided 20QuW of coupled
j0/A] cmtreer 0} optical power with coherence length (= 1 mm) which is

FIG. 6. Apparatus schematic, depicting the magnet-tipped cantilever, §-hort enough to prevent stray interference from connecto
ber-optic interferometer, microwave coil, piezo-actuated sample holder, nfihe light was detected by a photodiode amplifier (New Foct
crowave and detection electronics, and the cantilever-feedback controller. Model 2001) and further amplified (Stanford Research Syster

Model SR560) with a roll-off corner at 100 kHz. Optimal
operation of the interferometer, “fringe-centering,” wa:s
wave, sample positioning, tip control, and temperature sensiaghieved by tuning the laser wavelength by varying the ter
The MRFM experimental module was mounted to the cryostperature of the diode using a Peltier thermoelectric cod@pr (
cold head, which was cooled by liquid helium or nitrogen
conveyed from a Dewar by a flexible vacuum—jacket transféloise Processes
line. Vlbratlon_s caused by flowing e_md *?0"'”9 cryogen VYere The measurement noise produced by the interferomete
observed at high flow rates. These vibrations, “flow noise,” can

be particularly troublesome with liquid helium, which requireglmpllfler system had a PSD larger than the shot-noise limit |

a higher flow rate than LN, Flow noise was largely eIiminate% factor of about 6. The effective interferometer noise floc

by the use of a copper-mesh heat exchange device we deViexaressed in terms of cantilever displacement was 1.6 p

that attaches to the end of the transfer line. This device Iower§< Z correspondmg to an_equwalent hoise temperature of Q
mK for a cantilever physical temperature of 77 K. Conse

the coupling of mechanical vibrations from the boiling turbu- . -
quently, in conditions of low-to-moderate cryogen flow we

lence while improving the overall thermal efficiency, aIIowingNere able to achieve thermally limited force sensitivity. A
for reduced LHe consumption. We have observed that lower y Y.

) ) . . oo useful way of illustrating this is depicted in Fig. 7. We plot the
stiffness cantilevers isolate the tip from base vibrations. . : )
theoretical and measured force noise power spectral densi

for a feedback-controlled cantilever—equivalent force—nois
PSD measurements were obtained by measuring the displa
A commercial force microscope cantilever was used in theent power spectrum and accounting for the closed-loop d
present experiment, with a spring const&nbf 0.015 N/m. namics. The thermal force PS® = 2kk,T/(7wQf,) (N*/Hz)
These cantilevers have the shape of an open trianglep820 (29), computed solely from the cantilever properties and ten
long, with arms 2Z2um wide and 0.6um thick (Park Scientific perature, is white and Gaussian to an excellent approximatic
Instruments, Microlever C). The cantilever resonance frand is plotted in units of \W'Hz. Expressed as an equivalent
quency,f, = wo/ 27, was 7792 Hz at room temperature, witlforce noise, the measurement noise curve has a minimum at
a resonant qualityQ of 10,000. When cooled to 77 K, thecantilever resonance frequen€y, because a given electro-
resonance frequency rose approximately 80 Hz, andQ@heoptical signal corresponds to a very small force at that fre
increased to 25,000. Since each vibration mode of the cantitgiency. At frequencies far from resonance, the cantilever
ver is thermally excited with an enerdssT, this enables a relatively insensitive, and measurement noise dominates. In
direct verification of the spring constant through the equalifyresence of excess noise caused by cryogen flow, spuric
k(x®)/2 = kgT/2, where(x?) is the mean squared cantilevermechanical resonances, or other sources, the measured n

Cantilever
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' - ; " ' ' ' ‘ tion forward, step back; typ. 200 V swing at 10 K) was
A Vessurod heoretca I produced by an arbitrary waveform generator and amplified |
N Combined Combined 5 a circuit employing a high-voltage operational amplifier (Ape:
: }"‘:'.:/ Notse Floor Notee PN PA-85). Steps were calibrated by moving the sample in

e contact with the cantilever and determining step displacemet
from the known interferometer calibration. At a typical oper
ating voltage, steps were 15.5 nm, with an integral nonlineari
of 3.5 nm over a 750-nm travel. When the sample position
was in motion free from the cantilever, a small, varying inter
e Instrumental ference amplitude was superimposed on the main interfero
\ f ForetoseFlox eter signal, created by light transmitted through the near
e Y] transparent cantilever and reflected by the sample. This sen
L as a valuable diagnostic of positioner performance, with
T T e 7m0 w0 s negligible effect on cantilever motion detection.

Frequency Hz

107

Cantilever Thermal
Noise Floor N

FIG.7. Comparison of measured versus theoretical equivalent force no§icrowave Synthesis and Modulation
power as a function of frequency. Force noise power spectral densities are . .
plotted here in units of \V/Hz. The dot-dashed line is the theoretical thermal | N€ resonant microwave fiel, was produced by a three-
noise floor for the cantilever physical temperature, 10 K. The dashed curvdin microcoil 120um in diameter. A small coil was chosen to
the equivalent force noise floor for combined optics and electronics effects,rasnimize parasitic excitation of the cantilever by the ampli
derived from measurements. The solid curve is the sum of the noise floors, ‘t‘ﬂéle—modulated microwave field, which has been a seriol

the dots are the measured data. The broad width of the curve is a consequ . .
of the feedback control, wherein we commanded an effective res@arfit fﬂ%ﬁ)lem for some MRFM deSIQHS' The coil was hand-woun

300—the (uncontrolled) natur@ of 25,000 would dictate a resonant width ofWith 3O'Mm'diameter copper wire and soldered to 1.2-mm
less than 1 Hz. This plot demonstrates that thermally limited sensitivity can Béameter copper 50} semirigid coaxial cable. The coil was
achieved with a controlled cantilever. designed to have a very high self-resonance frequency anc
present an impedance of approximately(®@t our operating
frequencies. The impedance was verified by vector netwo
lies above the theoretical curve. We have found this graphi@alalyzer measurements. Microwave power was transmitt
representation to be a valuable diagnostic of day-to-day instftem the vacuum feedthrough via a circuitous path through tt
ment performance. Furthermore, the expression of all signalyostat in semirigid 2.2-mm 50 coax, with a stainless steel
and noises in terms of forces and force PSDs greatly easesdh&er conductor. The material and dimensions were chosen

reconciliation of theory and experiment. minimize heat conduction when flowing LHe. The stainles
steel coax was connected to the coil coax by SMA connecto
Probe Head and Sample Positioner The modulated microwave signals were generated by

) ) ) o frequency synthesizer (Hewlett Packard Model HP83731A)

The main body of the apparatus is depicted in Fig. 8. Th, e levels from-70 to 0 dBm. These signals were amplifiec
stainless steel chassis provides a compact base capabl%)pg 1-W broadband power amplifier (MiniCircuits Model
micrometer-scale alignment of the cantilever, the RF (micrgn/g g 2_8 GHz). Microwave envelope waveforms ant
wave) coil, the sample positioner, and the optical fiber. T%wer gain compression were measured using a peak po\

chassis was connected to the cryostat cold head by a gqigster with a fast diode sensor (Wavetek Models 8502 ar
plated copper base. The sample positioner is actuated by a

piezo-electric stick-slip mechanism, consisting of a sapphire
cylinder kinematically constrained with magnetic fixation to
hardened stainless steel hemispheres. Dissimilar materials, sap-

phire and stainless steel, were chosen to provide consistent ;e
friction in vacuum. Motion occurs only in the axial direction. P )
Actuation is possible in two modes: (1) In linear displacement Z 2 B o and Clap
mode, piezo displacements provide fractional-nanometer-scale
sample positioning while maintaining static frictional contact.
(2) In stick-slip mode, the cylinder is accelerated forward to
high velocity, and then the hemispheres are rapidly retracted
backward to break frictional contact. Multiple steps provide optca
actuation over a large range of motion. Between steps the Fostonsr
sample holder is operated in the linear displacement mode g, 8. Exploded view of the chassis with detail of the sample posi
passively parked. The stepping waveform (constant acceleiénrer.

ample
Positioner

Shear-Mode
Piezoelectric
Actuators

“~__Sample Holder
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16936, respectively). All power levels quoted in this paper amn the tip. Feedback accomplishes three goals which grea
corrected for the measured amplifier gain compression, whiehhance the practical effectiveness of soft, higleantilevers
was zero at low powers, and upt@B dB at the highest power, (8). Optimal feedback (1) broadens the cantilever respon
and varied with frequency. The microwave amplitude wasandwidth, (2) reduces the cantilever damping time, and (
pulse modulated with a 28% duty cycle, synchronized with tHewers the thermal vibration amplitude. It has been shown |
lock-in reference at the cantilever resonance frequencyAA formal optimal control theory and experiment that feedbac
current-replica of the modulation envelope appeared at tben accomplish these goals without paying a signal-to-nois
output of the synthesizer, and was transmitted by the groundsio penalty 9, 7). The first goal is the most important in the
of the microwave system. This potentially troublesome sourpeesent experiment because the uncontrolled cantilever bal
of parasitic excitation was eliminated by an inside—outside D@dth is very narrow and the resonant frequency is subject
block (0.5- to 18.0-GHz passband, Narda Model 4563) insertedange. The frequency changes with tip—sample distance |
between the synthesizer and the amplifier. The synthesizemuse of tip—sample electrostatic forces, which may be attre
amplifier, and vacuum feedthrough were connected by higtive or repulsive, and the attractive van der Waals (Casimi
performance microwave cables. A directional coupler minferce (16, 20, 19. At close approach, the van der Waals force
mized power return to the amplifier. At microwave frequerdominates and tends to counterbalance the spring restor
cies, the Iumped -cable—feedthrough—coax—coil systeéorce, lowering the resonance frequency by as much as seve
presented the amplifier with a frequency-dependent complexndred hertz. This frequency is subject to drift in the cours
impedence, and the power throughput varied significantly witf an experiment because of small temperature-related var
frequency and temperature. The microwave attenuation frdions of the tip—sample distance in this steep van der Waa
the amplifier to the microcoil connector on the stainless steekce gradient, and hence a broader resonance is advantage
coax varied with frequency from 12 to 23 dB, as measured atThe interferometer signal gave a dynamic measurement
room temperature. the cantilever tip position. Feedback actuation was provided |
The geometry of th®,-field was verified by mounting two a variable magnetic field from a current-loop control coil
identical microcoils on micrometer stages with their axes cgbroducing a variable torque on the magnetic tip. The magne
linear. The coil-to-coil microwave transmission was measuréarque, 7, coupled to the cantilever of length created an
as a function of coil separation using the Wavetek detect@ffective actuation force acting on the cantilever Ep,o 7/1.
The power—distance curves and inferred dipole dimensiofke control coil had three turns, 1.5 mm in diameter, and w:
were in good agreement with a dipole—dipole model for thes@und around the base of the cantilever, oriented with the c
coils. The transmitted power amplitude was in general agresxis parallel to the length of the cantilever. Co-location of th
ment with theory but could not reliably serve to measure thip position measurement and the control force is desirable f
absolute magnetic field amplitude because of unknown hedntrol analysis and stability.
probably significant impedence mismatches in the test setupThe control algorithm was implemented using a digital sig
However, from throughput measurements and an electromagd processor with a 12-bit analog input—output interfatae
netic model of the coil, we estimated that the maximBmat 10-megasample-per-second digital input stream was decima
the sample was of order 0.1 mT, which is consistent with the an effective sampling frequency of 500 kHz. The DSI
value inferred from the knee data. input—output conversion and processing latency ofdslin
combination with the 2.Qss output update period (zero-order
hold), produced an effective processing delay of 2sl The
All of the major instruments were connected by a GPIBnalog output provided the control voltage signal, which we
(IEEE-488) interface and controlled by National Instrumentonverted to a control current by a Howland current sourc
LabView software. The software executes experimental protbhe dynamic signal analyzer measured the frequency of t
cols automatically. The primary signal detection instrumeffiteely oscillating cantilever. That information, combined witt
was a dual-channel DSP lock-in amplifier (Stanford Researektimates of thermal and measurement noise, the aGual
Systems SRS 830). A lock-in time constaiit3os was used, optical, electronic and mechanical transfer functions, and tl
and in-phase and quadrature signal amplitudes were sampledired effectiv), was used to compute the coefficients of th
by GPIB at 1.36 Hz and separately averaged for many sampédgorithm, which is an infinite impulse response filter. Whel
to obtain narrow detection bandwidths with satisfactory lock-idesired, new control coefficients were calculated and load
settling times. An FFT dynamic signal analyzer (HP35665A9utomatically if conditions changed during the course of a
was essential for measuring the cantilever resonant frequersyperiment. Given a cantilever with an uncontrolled natQ@al
and quality, and as a general calibration and diagnostic toabf 25,000, a resonant width of 0.31 Hz, a damping time of 50

Detection Electronics

Control
. . . . “ Blacktip ISA-bus 40-MHz SHARC processor DSP Board, slightly modi
A critical element of this experiment was the active feedbagkq by manufacturer to minimize /O latency: Bitsi Arrow /0 mezzanine:

control of the cantilever dynamics through a magnetic torq@étware Research Systems, Concord, NH.
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ms, and a thermal amplitude of 0.27 nm at 77 K, we obtamined. These data, and the desired effecyewere used to
typical controlled values of 300, 26.3 Hz, 6.1 ms, and 0.03®mpute the coefficients of the control algorithm and wer

nm, respectively §). downloaded to the DSP. The modulated microwave power w
o turned on and adjusted in 3-dB steps. The cantilever in-pha
Sample, Null Sample, and Magnetic Tip and quadrature amplitudes at each power level were measu

A dilute sample was prepared as a solid solution of dithy the lock-in amplifier, recorded periodically, and vecto
nylpicrylhydrazyl in polystyrene (5:95% by weight), usingaveraged.
benzene as a solvehiThe solvent was allowed to evaporate,
and a thin cut section of the sample material was glued to the ACKNOWLEDGMENTS
glass-fiber tip of the sample holder. Pure crystalline DPPH has _ _
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lluted sampie was 1. spins/im. null sample was . Bristol-Meyers/Zimmer Orthopaedic Research and Education Foundatit

prepared in a similar fashion, without DPPH. We also appreciate the many helpful comments and reviews by our Univers
The magnetic tip was prepared by selecting a small partieiewashington colleagues and others.

of samarium cobalt magnet and bonding it to the tip of the
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