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Quantification of magnetic force microscopy images using combined
electrostatic and magnetostatic imaging
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A method for calibrating the force gradients and probe magnetic moment in phase-contrast magnetic
force microscopy(MFM) is introduced. It is based upon the combined electrostatic force
microscopy EFM and MFM images of a conducting non magnetic metal strip. The behavior of the
phase contrast in EFM is analyzed and modeled as a finite area capacitor. This model is used in
conjunction with the imaging data to derive the proportionality constant between the phase and the
force gradient. This calibration is further used to relate the measured MFM images with the field
gradient from the same conducting strip to derive the effective magnetic moment of the probe. The
knowledge of the phase-force gradient proportionality constant and the probe’s effective moment is
essential to directly quantify field derivatives in MFM images. 1®98 American Institute of
Physics[S0021-897@08)27711-3

I. INTRODUCTION ing in Eq.(1) is also undetermined. Thus, without the knowl-
. , edge of these two important probe-dependent parameters,

Magnetic force microscopyMFM) has become a stan- £q"(1) and Eq.(2) can only be taken as qualitative descrip-
dard diagnostic workhorse in understanding surface magngi;ns of the imaging contrast.
tism. In its basic implementation, the technique maps an im-  geyera| research groups have attempted to calibrate the
age which is proportional to the local magnetostatic forc&,rghe and provide estimates for tip-sample interaction force.
gradient between a ferromagnetic sample and a magnet{Gntortunately, due to space constraints in this article, we
probe. In an ideal case of a magnetic dipole probe, the forCfuter the reader to the literature. Previous approaches have
F™is the gradient of the magnetostatic energy,; B), and  jnyolved the imaging of a standardized system, such as a

the force gradient can be expressed as, metal strig** or single-crystal surfacésr the usage of so-
IFM(X,y) 3 PH,(x,y) phisticated methods to measure the ma_gnetic_ moment of the
—_—= E oM ————. (1) probe and compare the acquired data with various models for
Iz =1 9z the probea.'7 There are, however, no methods that prescribe a

The image depends upon the direction of the probe’s magself-contained calibration procedure of both the probe’s me-
netic moment, and contains the contribution of the differencchanical and magnetic characteristics by utilizing only the
Components of the surface stray field. In practice, itis Cusmeasurements of the instrument itself. In this Work, we pro-
tomary to premagnetize the probe along the surface norm#&o0se a straightforward method for estimatig and m;,
direction, z, which makes the contrast proportional to the thereby allowing a direct quantification of the MFM re-
second derivative of the normal magnetic field componentsSPonse. The basic concept uses the equivalence of the elec-
By using Eq.(1), it is possible to interpret the images and trostatic(EFM) and magnetic interactions in generating the
extract the values of some parameters, such as the transitié@fce gradients on a conducting metal strip. This was accom-
lengths and zigzag deviation of recorded patterns, the widtRlished by imaging a test sample, an Afn wide Au metal

of the domain wall, and the direction of local surface mag-line on silicon, using EFM and MFM with the same probe.
netization of ferromagnetic surfaces, as well as other quanti-

ties that are dependent only on the spatial coordinates but are EXPERIMENTAL RESULTS AND DISCUSSION
independent of the absolute magnitude of the interaction
force? The difficulty in establishing the absolute values of
the interaction force arises since the proportionality constan
Ky, between the measured oscillation phase; and the
force gradient,

The relationship between the force gradient and phase in

Fq. (2) with constantK, is valid as long as the scanned

probe microscopéSPM) operates in a linear regime, which

is tacitly assumed in our analysis. The forEg,could be due

to either electrostatic or magnetostatic interactions. To deter-

JF, mineK,,, we obtained an EFM image of the test sample by

Ap=K,- 9z 2) biasing the metal structure at voltagerelative to the probe

) N ) .. atground and examined the dependence of the phase contrast

is dependent upon the specific mechanical characteristics Qf. 55 bias voltage and height. Note that a regular MFM

the probe and its environment, and is generally unknown. Iy gpe was used for this experiment, since the magnetic coat-

addition, the probe’s effective magnetic momentappear- g s also electrically conducting. A typical EFM image is

shown in Fig. 1(right), along with a representative cross

dElectronic mail: rdgomez@eng.umd.edu sectional profile. The electrostatic forces are purely attractive

0021-8979/98/83(11)/6226/3/$15.00 6226 © 1998 American Institute of Physics

Downloaded 19 Jul 2005 to 129.2.109.83. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Gomez, Anderson, and Mayergoyz 6227

FIG. 1. Right: EFM image of a conducting Jdm wide metal strip aiv/
=2V. Left: MFM image of the same strip with 11 mA current. Bottom:
Average line profiles across the strip.

so that the EFM contrast appears dark in the regions where lift height = 50 nm
the energized metal structure is present. The electrostatic T ' >
force is a function of the bias voltagd], as well as its 1.0 LS e

capacitance: bias voliage (V)
2
2=~ V— &1 3 FIG. 2. EFM depend bi I Top: EFM i lift
2 9z L 2. contrast dependence on bias voltage. Top: image at a li

height of 50 nm with increasing voltage. Bottom: Plot of the maximum

and the force gradient appearing in EB) can be expressed contrast as a function of voltage, fitted to a quadratic functibg
=0.1%v2
as

IFS(X,y) V2 32C(x,y)
Y - 2 a2 (4 of the feedback system. Nevertheless, the log-log plot of the
maximum phase contrast verdust the bottom of the image

Equation(4) shows that the electrostatic force gradients anq:kea”y shows the strong dependence of the phase image on
consequently the EFM images should vary\&s and its  h. The lines are various power law curves, and the best fit to
curvature and spatial variations are dependent only on thge data iA #~h~19 The nearlyh~2 dependence suggests
capacitance. This is experimentally verified in Fig. 2, whichinhat the interaction between the sample and probe can be
shows the acquired images at different voltages and at a cofypdeled as a finite area parallel plate capacitor.
stant height. The contrast has been reversed using software in
order to emphasize the changing magnitude of the force gray, ANALYSIS
dient. In this experiment, the same area of the sample was
continuously scanned at a tip height of 50 nm, as the bias The capacitance for a square parallel plate capacitor can
voltage was progressively incremented by 100 mV. The valbe solved using the Schwarz transformation techrficunel
ues of the maximum phase contrast in the range from 10the second derivative with respect to the separation distance,
mV to 2 V is shown at the bottom of Fig. 2. The fit to a h, is given by

quadratic function convincingly shows th& dependence. 52 1 2
As mentioned previously, all of the spatial variation in the WZZ%AX FJF W) 5)

electrostatic contrast is contained in the capacitance term so
that the coefficient of the quadratic term in the fit is propor-whereA is the effective surface area aRdis the tip radius.
tional to the second derivative of the capacitance with rein order to relate Eq(5) with the parameters of the instru-
spect toz. Furthermore, since there are no dielectric materi-ment, we assume that the apex of the pyramidal probe can be
als in the gap region, the capacitance of the system dependgpproximated by a square cross section of wigtkR. The

only upon the geometrical arrangement. first term in Eq.(5) is identified with an infinite plate capaci-

To model the capacitance of the system, we consideretbr (R>h), and the second term is due to the fringing effects
the dependence of the image on the separation or the lifif the field at the edges. It is clear that as the sample-probe
height,h, between the sample and probe. Figure 3 shows theeparationh tends to zero, Eq5) is dominated by the first
variation of the image contrast at constant voltage 1.8 V,  term. However, the relative contribution of the fringe effects
as a function of the heighh. As in Fig. 2, the same region increases as 0.36(R), so that the fringing field contributes
was imaged repeatedly, as the lift height was incremented tabout 36% folR=h and significantly more foh>R. This is
the labeled values. The glitch separating each increment is grecisely the reason why the phase contrast in Fig. 3 follows
instrumental artifact and arises due to the finite response timie h~2 power law rather thah 3. Substituting Eq(5) into
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mum measured phase of 0.045 degrees in Figeft), we

e obtain the effective moment for the proben,=2.22

30 nm X101 Am? (2.22<10 *? emu). This value is consistent

: ' with previous estimate’® albeit somewhat lower, which

¢ could be attributed to differences on the specific probes used.

90 nm : As a plausibility check, we can compute the magnetization
! of the probe by dividingn, with effective magnetic volume.

If the effective volume is assumed to be that of a half-sphere

(27/3R?%) with R=40 nm (film thickness at 40 nm as well

then the magnetization is in excess of 18 000 emu/cc, which

180 nm I is much larger than the 400—800 emufaramanent magne-

tization of the CoCr thin film coating. However, as pointed

out by previous authorsthe actual magnetic volume can be

considerably larger than the volume of the half sphere shell

at the apex of tip. In this particular case, if the effective

volume were to include magnetic material up to a distance of

200 nm from the apex, then we obtaM =586 emu/cc

which is closer to the expected saturation magnetization of

the CoCr coating.

In conclusion, the value of this calibration method is that
the procedure is self-contained, and that all calibrations are
derivable from the measurements themselves. It does not ne-
log(h) |am] cessitate other sophisticated external measurements nor as-
sumptions about the specific mechanical properties of the
FIG. 3. EFM contrast dependence on lift height. Top: EFM image at aSyStem- This will save considerable time and effort, and
constant bias voltage of 1.8 V at varying lift heights. Bottom: Log-log plot avoid the ever present doubt of whether the externally mea-
of the maximum contrast as a function of height. Fit corresponds togyred probe characteristics are invariant under actual opera-
logiphasg=—1.9 log)+3.1; plots for log(1#), log(1h%), and log(1h)  {jon The procedure outlined in this paper, however, should
are also shown for comparison. . L .

be considered as an initial step that could be improved con-

siderably. One area for improvement is the replacement of

the analytical expression for the finite square area capacitor
Eq. (4), and using the result into Eq2), yields the explicit model with a more accurate numerical calculation involving
expression for the calibration for the parametey,. the actual geometry of the pyramidal apex. This must be

A 1 accompanied by a decon\(olution procgdure that takeg into
Kp:Z(T) / 2epAX P + W) , (6) account the vertical excursion of the oscillating in the height-
mea dependence measurements. Finally, it should be pointed out
where the numerator is the coefficient of the quadratic ternthat while the calibration procedure here is carried out for
of the data in Fig. 2, and the denominator is calculated diPhase-detection, a similar procedure can be performed for
rectly from the parameter®=40 nm, related to the effec- frequency or amplitude modes of force gradient mapping.

tive tip curvature, and the lift heighbh=50 nm. Inserting This work was partially supported by NSF MRSEC and
these numbers into Eq (6) y|e|ds Kp: 369 degs/ ARO PhySiCS Contract No. 36114 PH-RIP. We thank Profes-
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