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External field effects on the resonant frequency of magnetically capped
oscillators for magnetic resonance force microscopy

Casey W. Miller,a) Utkur M. Mirsaidov, Troy C. Messina, Yong J. Lee,
and John T. Markertb)

Department of Physics, University of Texas, Austin, Texas 78712

~Presented on 12 November 2002!

We study the resonant frequency shift of CoPt-capped single-crystal-silicon micro-oscillators when
a magnetic field is applied perpendicular to the magnetic film, as required for application to nuclear
magnetic resonance force microscopy. The oscillator resonant frequencies show two distinct
regimes of behavior. At low fields, when the magnetic moment is nearly perpendicular to the
external field, the frequency decreases sharply with field, while at high fields, when the moment and
field are nearly aligned, the frequency increases. We present models that accurately describe both
behaviors. The transition point between these two regimes scales with the volume of the
micromagnets. ©2003 American Institute of Physics.@DOI: 10.1063/1.1557351#
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Magnetic resonance force microscopy~MRFM! has ad-
vanced quite rapidly since its proposal by Sidles in 19911–5

with most work performed in the sample-on-oscillator co
figuration. The eventual practical use of MRFM for biolog
cal and solid state imaging, however, is heavily depend
upon the successful conversion to the magnet-on-oscill
configuration. This configuration is often implemented w
the external polarizing magnetic field,H0 , parallel to the
cantilever axis in order to minimize the interaction of t
field with the magnetic particle.6,7 In this work, however,H0

is normal to the face of the oscillator; this arrangemen
convenient for operation in small bore~1.5 in. diam! super-
conducting magnets, as the axis of the interferometer op
fiber can then be parallel to the axis of the bore. This c
figuration is also beneficial because it offers a conven
field gradient geometry for MRFM image deconvolution~ir-
regular magnet geometries6 can provide force maps that ar
less straightforward to interpret!. The ultimate goal for
simple image deconvolution is to use small circular fer
magnetic films to supply a well defined local field gradien

The general experimental setup for a magnet-
oscillator MRFM experiment is shown in Fig. 1~a!. The mag-
net on the oscillator generates a field gradient¹B in the
otherwise homogenous fieldH0 . In the presence of this field
gradient, the magnetizationM of the sample imposes a forc
on the mechanical oscillator equal to~M "“!B. A frequency-
modulated magnetic field is introduced using a radio f
quency coil to manipulate the spins of the sample in suc
way that a thin slice of the magnetization, and thus the fo
on the oscillator, becomes a function of time. By cyclica
inverting this magnetization at the resonant frequency of
oscillator, a vibration amplitude is detected using a fiber
tic interferometer. The force sensitivity is limited by the the
mal noise of the mechanical oscillator,Fmin

5A4kbTk0Dn/Qv0, wherek0 , v0 , and Q are the spring
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constant, resonant frequency, and quality factor of the os
lator, andDn is the equivalent noise bandwidth of the me
surement. Typical oscillators fabricated in our lab are 200
thick, have spring constants;0.01 N/m, resonant frequen
cies;10 kHz, and quality factors;103, resulting in a nomi-
nal room temperature force sensitivity on the order
10215N/AHz.

The dimensions of the CoPt micromagnets discusse
this work are presented in Table I, and schematics of the
types of oscillators used are given in Fig. 1~b!. The CoPt
source was produced by arc melting stoichiometric mixtu
of Co ~99.9975% pure! and Pt~99.9999% pure! in a water-
cooled copper hearth in a zirconium-gettered inert atm

FIG. 1. ~a! General MRFM experimental setup with the magnetic film d
posited on the mechanical oscillator.~b! Dimensions of the paddles an
double torsional oscillators. The oscillators are 200 nm thick, and the ne
are 15mm wide.
2 © 2003 American Institute of Physics
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sphere. The single crystal silicon oscillators were th
shadow masked and placed in the vacuum chamber wi
base pressure of 1028 Torr. CoPt films were deposited usin
electron-beam evaporation; a quartz resonant growth mon
measured a thickness of 8061 nm.

To determine the effect ofH0 on the magnet-capped os
cillators, room temperature frequency scans were perform
in an exchange gas pressure of 100 mTorr for magnetic fi
between25 and15 T. The oscillators were glued to a piez
plate that applied a sinusoidal driving force. The vibrati
amplitude of the oscillators was detected using a fiber o
interferometer operating at 660 nm. For each of the osc
tors discussed here, the first cantilever mode was utilized
verified by phase-sensitive detection on opposite sides o
oscillator heads.8,9 The resonant frequenciesv0 were deter-
mined by fitting the vibration amplitude to a Lorentzian.H0

was changed from15 to 25 T and back to15 T for each
oscillator to investigate hysteresis, though none was
tected.

The frequency shifts normalized to the zero field fr
quency of the magnet-capped oscillators and one bare pa
are shown in Fig. 2. The initial frequency shift of the ba
oscillator is attributed to the paramagnetism of the hea
boron-doped single-crystal silicon. Note that the reson
frequency of the silicon paddles exhibit negligible field d
pendence in the high-field region of interest for MRFM. T
magnet-capped oscillators exhibit two regimes ofH0 depen-
dence. The low-field behavior occurs while the strong sh
anisotropy of the films confines the moment to the plane
the oscillator, and thus nearly perpendicular toH0 . The high-
field behavior occurs when the field is strong enough to

FIG. 2. Normalized shift in resonant frequency for a bare paddle~.!, and
magnetically capped oscillatorsA ~j!, B ~d!, andC ~m!. The shoulder in
the data for oscillatorB may be due to a shift of the in-plane easy axis. T
lines are guides to the eye.

TABLE I. CoPt magnetic film dimensions and oscillator data.

Oscillator v0(0)/2p (kHz) 1 ~mm! w (mm) t (nm)

A 6.545 120 10 80
B 10.497 150 20 80
C 5.840 120 75 80
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tate the moment out of the plane, nearly aligned withH0 .
Although the frequency increases at high fields, it never fu
recovers to the zero-field frequency. This can be beneficia
MRFM experiments because lower oscillator frequenc
help to meet the adiabatic condition for adiabatic inversio10

of sample spins. The extreme shifts in frequency for lo
fields, however, could pose serious problems for experime
limited in field strength or that use modulated external fiel

The field dependence seen in the high-field regime
similar to that previously reported for the geometry whe
H0 is in the plane of the oscillator.6 The increase in resonan
frequency withH0 is due to an increase in the effectiv
spring constant that is caused by the small restoring tor
that is present. When the moment andH0 are aligned, such
magnetic stiffening causes a shift in the resonant freque
equal to

Dv0

v0
5

mH0

2k0Leff
2

Hk

~H01Hk!
, ~1!

wherem is the magnetic moment,Hk is the anisotropy field,
and Leff is the effective length of the cantilever. Figure
shows the data for oscillatorsA andB fit to Eq. ~1! with the
substitutionH0→H01Hs , whereHs is an offset field above
which the moment andH0 are nearly aligned and the sma
angle approximation validates this model. The physical in
pretation ofHs is not clear, but may be related to doma
processes. A least squares fit allows us to determinem, Hk ,

FIG. 3. ~a! Illustration of the coordinates, parameters and geometry used
the low-field model of Eq.~2!. ~b! OscillatorA data with fits to Eq.~2! in the
low-field regime~dashed! to Eq. ~1! in the high-field regime~solid!. The
inset is data from oscillatorB with a fit to Eq.~1! for high fields.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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and Hs of oscillatorsA and B to be m (A)57.1310211J/T,
HK

(A)50.61 T, Hs
(A)51.21 T, and m (B)51.6310210J/T,

HK
(B)50.69 T, Hs

(B)52.27 T, respectively. The moment va
ues are in good agreement with those estimated from
saturation magnetization11 ~750 kA/m! and magnet volumes
(m (A)'7.2310211J/T, m (B)'1.6310210J/T).

This model, however, cannot explain the effects o
served in the low-field regime. The model we propose for
low-field behavior considers the magnetic energy in the th
primary directions of the film. We model the magnetizati
of the film as a single domain that initially lies in thex
direction and that is confined to thex–z plane. Further, we
assume the oscillations of the cantilever occur in they–z
plane. The energy is written as the sum of anisotropy
Zeeman energy terms, E5(KX sin2 j1KY sin2 f
1KZ sin2 u)V2MH0V(cosb cosu2sinb cosf), where j, f,
andu are the angles from the primary axes of the microm
net to the magnetic moment direction,b is the tilt angle of
the cantilever with respect toH0 , andKi is the anisotropy
constant in theith principle direction, as depicted in Fig
3~a!. Minimizing the energy with respect tou yields cosu
52H0 /Hk(z,x) , whereHk(z,x)52(Kz2Kx)/M . Thex compo-
nent of the restoring torque, given bytx5mH0

2b/Hk(z,x) ,
induces a change in the spring constant ofDk05tx /bLeff

2 .
For small changesDv0 /v05Dk0 /(2k0), so we find the nor-
malized frequency shift for low fields to be

Dv0

v0
5

2mH0
2

2k0Leff
2 S 1

Hk~z,x!
D . ~2!

This model reduces to the high-field model with appropri
assumptions.

Figure 3~b! shows the normalized frequency shift fo
oscillatorA with a least squares fit to Eq.~2!. The fit yields
Hk(z,x)520.27 T, where we have used the magnetic m
ment from the high-field fit. The sign and magnitude of t
composite anisotropy field factor shows the preference of
moment to lie in the plane of the film.

The transition between regimes is marked by a sh
minimum that reflects the energy necessary to overcome
shape anisotropy of the thin films. For our films with simil
dimensions this energy scales with the volume of the mic
magnets; the minima correspondingly shift with volume. T
volume ratiosVA :VB :VC are 1:2.3:7.5. This is in good
agreement with the observed minima; the transition point
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oscillatorA is approximately 1.0 T, and that for oscillatorB
is around 2.3 T, while no transition is detected for oscilla
C for field strengths below 5.0 T. These transition poin
correspond well to theHs values from the fit of the high-field
data to Eq.~1!.

The shift in resonant frequency of single-crystal-silic
oscillators with magnetic films of various sizes has been
served to exhibit two regimes of response to a perpendic
external field at room temperature. The low-field regime
characterized by a sharp decrease in resonant frequency
applied field, in agreement with our simple anisotropy-bas
model. The increase in resonant frequency for high field
consistent with previous results. The transition point betwe
regimes scales with the volume of the magnets. A dynam
model that describes both regimes and the transition will
presented in a future publication.12 This work suggests high
field magnet-on-oscillator MRFM experiments can be p
formed in the perpendicular configuration without significa
complications, although low-field experiments may encou
ter difficulties due to the drastic frequency shifts observed
this regime.
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