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We describe the use of micronic Hall sensors as magnetic-field profilometers with submicron
resolution. The procedure involves the deconvolution of Hall voltage maps produced by scanning
the field source over the sensor, with a scanning probe microscope. The response function of an
infinite Hall cross is calculated analytically in the two-dimensional case, using conformal mapping
techniques. Various methods of deconvolution of the Hall voltage maps are presented and
compared. The calculated response function is used for the deconvolutions, and different effective
sensor sizes are tried. It is shown that the remaining main uncertainties come from the ignorance of
the true response function of the sensor, ascribed to the charge depletion phenomenon that is known
to occur at the sensor edges. The method is applied to thin-film magnetic force microscope tips for
which a precise knowledge of the tips field at sample location proves crucial to image interpretation.
Maximum fields in the range 10—100 Oe are found at a distance known to be about 100 nm from
the tip contact surface, depending on the tip coating thickness and magnetization direction.
© 1997 American Institute of Physid$0021-89787)03919-4

I. INTRODUCTION measured. If one then uses the second formulation of the
interaction it becomes clear that for the contrast to be high,

used as a high-resolution magnetic microscb@ampared the tip stray.field has to bel large, bL_Jt then the sample may be
to the Kerr effect or Faraday effect magneto-optical micros° much disturbed. The tip stray field here, becomes a key

copy, its main advantage is increased resolution: resolutioR2rameter in the trade off between sensitivity and sample
better than 0.1um is routinely achieved. Compared to disturbance. Its lateral extension influences the resolution of

electron-based imaging techniques, MFM requires virtuallyth® microscopeat a given flying height its value deter-
no sample preparation. The price to be paid, however, ignines the contrast and the “aggressivity” of the microscope.
besides the cost of the microscope itself, the difficulty of/t ought also to be noted that one of the promising ap-
interpreting the imagesl Whereas in Kerr microscopy, thé)roaCheS to MFM simulation is to calculate how the Sample
polar, longitudinal, and transverse geometries allow a directesponds to the tip field while scanning the tiherefore,
estimation of the magnetization vector orientaﬁdhe con- tip characterization is essential, be it as a tool for develop-
trast formation mechanism in MFM is more complex, so thatment of better tips, or as an input to simulation.
no immediate translation of the MFM picture in terms of a A number of techniques have already been employed for
magnetization vector distribution can be performed. this purpose. The stray field around the tip has been imaged
In a first approximation, nevertheless, wherein the magby Lorentz microscopy in é&canning transmission electron
netic states of the sample and tip are assumed not to bmicroscope, in the Foucadltdifferential phase contra4t,
perturbed, the MFM contrast stems from the fitstatic  and electron holograpfy modes. The last two methods are
mode or secondvibrating tip mod¢ derivative, with respect quantitative, but give only access to integrals along the beam
to the distance to the sample, of the sample tip stray fieldlirection of one or two transverse field components. As dis-
times the tip magnetizatioh.Equivalently? the contrast cussed in Ref. 8, obtaining by the last technique a field map
arises from the dot product of the tip stray field with the in the sample plane is still not easy. Tip field measurements
sample magnetization. by magnetoresistive heddshave also been performed, but
A frequent procedure consists in preparing tips coverethave not been quantified and were, moreover, unidimen-
with a hard magnetic material, thus, minimizing the risk of asjonal due to the large track width.
modification of the magnetic structure of the tip. These hard | this paper, we propose another measurement tech-
tips may also be magnetized in different direction;, aIIowingnique' which employs a Hall effect sensor patterned by mi-
the various components of the sample stray field to b&yglithography to a micron-size cross. Such small Hall sen-
sors were first used by Charmg al. as local field sensors in
dElectronic mail: thiav@Ips.u-psud.fr their scanning Hall probe microscopeHere, we invert the

Magnetic force microscop§MFM) is being increasingly

3182 J. Appl. Phys. 82 (7), 1 October 1997 0021-8979/97/82(7)/3182/10/$10.00 © 1997 American Institute of Physics



4 <

V+
— —
I a Bxy) 1 y
—> Qo —>
— r{/_ X
+ V- T

FIG. 2. Time sequence ¢&) an AFM scan13.3 um size over the sensors;
FIG. 1. Schematic and definitions for a Hall sensor shaped as an infinit¢b) a Hall voltage ma$13.6 um size, 6464 points from roughly the same
arms cross. place. Axial tip magnetization, feed current 0.1 mA, and maximum signal
0.2 mv.

geometry, put the Hall sensor as the MFM sample, and scan
the MFM tip over it while recording the Hall voltage, thus, field. The effective sensor width, across which the current
creating a Hall voltage map. We shall present experimentdlows, is not so easy to determine. It is known that the sur-
results first, then develop a calculation of the response of théace states created during the patterning process on the edges
Hall sensor to a nonuniform magnetic field. The following of the sensor cause some charge depletion near the borders,
section will be devoted to the deconvolution procedure esteducing the sensor effective width. A frequent estirtfeier
sential to the conversion of the Hall voltage map into a tipthe depleted width is 0.jum, resulting in a sensor width
field map. Finally, some practical applications of the meth-estimation of about 2:m.
ods developed are presented and discussed. We used in the present experiments a Nanoscope Il mi-
croscope from Digital Instruments. Tips are commercially
available(NanoProbe™ pyramids etched in Si cantilevers.
They were sputter covered by a thin layer of agi@EChg

The Hall sensors were fabricated by lithography onalloy (dc sputtering, Ar pressused.1 mbar, sputtering
GaAs/AlGaAs heterostructures. These are grown by molecypower 3 W/cm, at room temperatujeof varying thickness
lar beam epitaxy in a Riber model 32 system under conventbetween 30 and 170 nmGlass coupons sputtered together
tional growth conditions. A lum thick buffer layer is first with the tip showed that the sample plane was magnetically
grown on the(001) oriented, semi-insulating GaAs substrate easier, with a coercive field about 500 Oe. The images were
beginning with a short superlattice followed by undopedtaken in the AFM contact mode, with no tip vibration.
GaAs. A 10 nm thick AlGaAs spacer isolates between the Let us first demonstrate how the measurement technique
two-dimensionnal electron gas and the ionized impurities. Amay be implemented by showing some typical results. Figure
delta doped region of density cm? is used to supply the 2(a) displays a topographic AFM scan over the sensor, and
carriers to the two-dimensionn&2D) electron gas, which Fig. 2(b) is a Hall voltage map acquired just after, at low
further extends into a 25 nm AlGaAs layer, uniformly dopedresolution with a mesh size of 0.2dm with the same tip,
to 10'® cm™3. Nominally, 35% Al is used in these AlGaAs magnetized along the pyramid axis, while scanning roughly
layers and a relatively low Si concentration, in order to en-the same region. Due to synchronization problems, it was
sure a complete freeze-out of the excess carriers when thmpossible to acquire the Hall voltage simultaneously with
sensors are used at low temperatuitbe freeze-out occurs the AFM topographic scan. But, clearly, a signal appears
below about 100 K The Al concentration is then ramped only when the tip is positioned over the sensor.
down towards the surface to 25% over 25 nm also doped to  Figure 3 shows four Hall maps, at high resolution with a
10 cm 3. A 25 nm GaAs cap layer doped toBL0' cm™3  mesh size of 0.Jum, acquired with the same tip, as it was
protects the surface. This structure was chosen in order tmagnetized axially in the two senses, and in the two trans-
facilitate the formation of low-resistivity Ohmic contacts and verse directions. The Hall maps are fully consistent with
to avoid creeping and deterioration due to surface oxidationwhat can be expected from a dipolar tip, with the dipole
The etch depth in the lithographic process is 100 nm. Theriented along the magnetizing field. This shows directly that
structure of the sensors consists of ten Hall cro¢Bas 1), a “hard” tip can, indeed, be fabricated. One notices also that
with a width of about 2.2um [atomic force microscopy the Hall voltages are weaker for the transversely magnetized
(AFM) datd, and a device resistance in the 2Q kange at tips, a feature which can be understood from the tip pyrami-
room temperature. In these nonmagnetic sensors, only thdal geometry. Consider, indeed, the extreme case of a tip
normal Hall effect exists: the sensor responds to the fieldhaped as a blade, for which the magnetization in each of the
perpendicular to its plane. The sensor sensitivity, at roontwo facets lies along the projection of the magnetizing field
temperature, was about 70(G in a uniform field. As the onto the facet plane. An axial field will create a tip magnetic
sheet resistance of the sensors is(d/dquare, the Hall mo- configuration with poles at the blade edge and opposite poles
bility at room temperature amounts to 7000 *s™%. A on the backside of the blade, which are far from a sample,
dc current source applies a 1@\ current, resulting in a 7 producing, consequently, a strong monopolar field. Con-
1V Hall voltage fa a 1 Oespatially uniform perpendicular versely, a transverse field perpendicular to the blade will let

Il. EXPERIMENTAL METHOD AND RESULTS
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The validity of this assumption is investigated in the follow-
ing section.

lll. CALCULATION OF THE HALL VOLTAGE IN AN
INHOMOGENEOUS FIELD

We consider only one cross having infinite arms of
width a (Fig. 1). Let o denote the layer conductivity, its
thickness, anch the carrier density(chargeq). In a first
approximation, one may consider that the current density is
everywhere parallel to the axis, and uniform. It is, then,
straightforward to show that the Hall voltaye induced by
a uniform fieldB, and the potential differencé, along thel
arm, for a length ofNa (it containsN squarej are given by

V,=(B/ngtl, V,=(N/ot)l. (1)

These expressions are independen& oproviding a strong
argument in favor of the miniaturization of the Hall sensors.
The Hall resistanc®,,, defined a3/, /1, within this classi-

cal model, is perfectly linear in field. This current distribu-
tion causes the sensor to only respond to fields that exist in
the central square, in a uniform way. Consequently, a global
FIG. 3. Four different magnetizations of the same @70 nm coverage ~ Hall voltage equal to that produced by a uniform field, given
give different Hall voltage map&aw data, 6.4um width, 64 points, the by the average value of the true field over the central square,
sensor is located roughly at the center of the imagBse tip magnetization s predicted.

is (a) axial upwards(b) axial downwards(c) transverse, along the cantile- . . .
ver axis, and(d) transverse, perpendicular to the cantilever axis. The gray It is, nonetheless, ,Obwous thgt the current flow will
scale spans 46QV [(a), (b)] and 230V [(0), (d)]. sense th& arms extending on the sides, and enter them. We

are, therefore, lead to admit that the field outside the central

square will also contribute to the global Hall voltage. The

current flow in the cross geometry admits an analytical solu-
poles appear only on the back of the blade, and with oppositéon in 2D (the limit when the layer thickness is much
signs, giving rise to a weak dipolar tip field. In the pictures,smaller than the cross widtlwithin the framework of con-
especially those pertaining to an axial tip saturation, a nonformal mapping techniquées. Denoting byj the (in-plane
uniform background may be seen, most probably an experieurrent density vectoi: the (in-plang electric field vector,
mental artifact. One possible cause may, in view of the senand B the (perpendicular magnetic induction vector, the
sor sensitivity to light, be an incorrect centering of the laserequations giving the stationary current flow are

beam(t_hat reflects off the cantilever in order to monitor its j=o(E+(1ng)j XB), )
deflection on the cantilever. The two first pictures also
clearly display an oval shape. This might be due to an asym- div j=0, 3

metric tip field profile, or to the fact that sensors are laid in
close succession along one direction. But, it might also be an rotE=0. )
artifact, as the other images with a higher mesh $281  Equation(2) represents the Ohm’s law supplemented by the
um) do not exhibit this phenomenon so clearly. The last twolLorentz force, Eq(3) expresses the charge conservation, and
pictures have different extensions of the signal. The cause d&g. (4) is the remaining Maxwell equation for the electric
that may be the nonsymmetrical shape of the pyramid, whicliield. The other Maxwell equation fd is useless, for during
was seen by scanning electron microscopy to be more exhe transient time wherB is established, charge may build
tended parallel to the cantilever axis. up at some places, creating a nonzero but unknown charge
Before going into deeper details, two numerical esti-density’* In these equation® denotes the external field, the
mates can be readily extracted out of the images. First, théeld created by the current itself being neglecté@he so-
axially saturated tip signals are of the same lateral size as tHation of these equations, in the cross geometry, is exposed
Hall cross. This means that the stray field extends over & the appendix. Figure 4 shows the field lines and the equi-
region appreciably smaller than the sensor width. Secondgyotential curves in th8=0 case. The solution to first order
the maximum signal for the axially saturated tip is about 0.2in B (¢B/ng<1) is shown in Fig. 5. Plotted in gray levels
mV, meaning that the sensor sees an average field equal @@ in height is the value of the elementary Hall voltage cre-
30 Oe. If, for example, one assumes that this field is concermated by a Dirac function forB, located at the point consid-
trated in a square of size 04&m, then the field is equal to ered. Note that this solution is given in an analytical form,
500 Oe. In the last reasoning, we have implicitely assumethe preceding estimafeébeing only numerical. The analyti-
that the Hall sensor, when subjected to an inhomogeneousl solution is in very close agreement with the earlier nu-
field, responds as if submitted to a uniform field equal to themerical calculation. In Fig. 5, one recognizes a nearly con-
average of the inhomogeneous field over the central squarstant value in the central square. Its integral weight,

3184 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997 Thiaville et al.



300 1 . T

FH (a) |
i | ~ - 250F 7 ope monopole
0 e, . ‘\ E(Oe) p ]
__/X—"N wor ;
A ]
_____,_..———“._H 150 F N
—_—  ——— 100 | E
——v‘—: 5
=N = 50 b
e :
@ |~ (b) 4 4
. . o ) 250 AR REa ; .
FIG. 4. 2D analytic calculation of the current distribution in the cross, in the "H (b) ]
absence of magnetic fiel@g) current lines U,= constant) andb) equipo- 200z di ole-:
tential lines {/o,=constant). The constants are varying in increments of 0.5; b (Oe) o o p ]
Uy= == on the boundary. 150 ¢ .. 1
100 | ]
however, is only equal to half of the total. The rest of the 50 _
response comes from the four arms of the cross, where a near ‘
exponential decay of the response takes place, with a char- 0L ]
acteristic length roughly equal to one-third of the sensor 505 x (Hm) ;
width. Thus, only 1% of the global response comes from the Y4 3 2 1 o 1 2 3 4

central squares of the two neighboring sensors. The problem
was not solved for a chain of sensors. An infinite chainFiG. 6. (a) Least-squares fit of the Hall map of FigiaBwith a tip modeled
would force the straight lines in between two successive sergs & monopole with adjusted effective height above the sensor. Sensor size:

; ; : i 2 wm (open symbols 1.5 um (median curvg and 1um (full symbols. A
sors to be equlpotentlals. Flgur@Shows that this is nearly linear background is taken into account. The resulting effective heights

the case, so .that _0n|y a small response fl.mCtion widening,m) and residual errorguV) are, for decreasing sensor size, 0.22 and 17.5,
along the chain axis must take place. This disposes of one @f40 and 14.6, and 0.9 and 15.1. In theu® case, the fitted field peaks at

the concerns about the origin of the oval shapes seen in Fig§22 Oe. The two other curves correspond to a sensor width girh.5with
3(a) and 3b) effective heights amounting to 0.32 and 0.48, which give rise to 14.7

. L . L. V error values(b) Least-squares fit of the Hall map of FigaBwith a tip
The main assumption in the preceding calculation is thaﬁmdeled as a vertical dipole of adjusted effective height above the sensor.
the sensor has such a sharp cross profile. Figl@esBows a  Sensor size: 2um (open symbols 1.5 um (median curvg and 1um (full
distinct rounding effect at the corners of the cross. A|th0ughsymbols). A linear background is taken into account. The resulting effective

, e . height d residual V) are, for d i ize, 0.81
we have not calculated it, we anticipate that this should reh/9nts(wm and residual errorguV) are, for decreasing sensor size

. . . ~and 16.4, 1.11 and 14.1, and 1.6 and 14.3. The two other curves correspond
move the four tips of the response function at these pointSe a sensor width of 1.5m, with effective heights amounting to 1.00 and
Charge depletion at the conductor edges should, moreover,22 um, which give rise to 14.2:V error values.

smear the results, so that the true response function should

first be scaled down, and also transformed somehow from a

“clergyman hat” to a standard “rounded top hat” form. A |y, DECONVOLUTION OF THE HALL VOLTAGE MAPS

direct measurement of the response function would be help-

ful at this point. Punctual field sources are required to A first processing of the Hall voltage map consists in
achieve that goal. MFM tips may be close to being punctualassuming that the tip stray field has a given functional form,
but then, the whole problem would become circular since wavhich depends on some parametésprocedure similar to
precisely want to see how punctual they are. Therefore, in that of Ref. 9. These parameters are optimized by minimiz-
first step, we shall use the calculated response map. ing the norm of the difference between the measured and the
calculated images. Reasonable functional forms are the field
of a monopole, of a dipole, etc. Parameters are the strength
of the multipole, its position above the surface, and the back-
ground level in the Hall voltage map. The optimization of the
parameters entering the image difference in a nonlinear way
has to be performed by iterations, but this calculation can
still be fast. Figure 6 displays the results of a deconvolution
of Fig. 3(a) taking the tip field to be that of a monopdlEig.
6(a)], or a vertical dipoldFig. 6(b)], with various assumed
sensor sizes. The Zzm sensor width gives rise to nearly
FIG. 5. 2D analytical calculation of the linear Hall effect in an inhomoge- punctual deconvoluted field profiles, and therefore, to very

neous field(response function (a) gray scale top view; antb) bird’s eye high field values. But, assuming a 1.6n sensor, the error
view. See the Appendix for the formulae. greatly decreases and the field takes on a less punctual pro-
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file. Trying a 1 um sensor increases the error anew, while =
appreciably widening the field profile and decreasing the
field amplitude. The anomalous behavior of the deconvolu-
tion with 2 um width is to be ascribed to the fact that the
response function is wider than the peak to deconvolve. We
infer from this that the effective sensor size is closer to 1.5
um than to 2um. For the 1.5um sensor width, the two field
profiles obtained under allowance of a ¥ error increase
are also plotted. They give an idea of the “robustness” of
the field profile.

The reasonable maximum field values are scatterec
around 100 Oe, depending on the assumed sensor size ai
tip model. To reduce this large scatter, one can relax the
constraint imposed by the tip model. Far from the tip, the
field distribution may fit well the assumed tip model. In close
proximity of the tip, however, i.e. at a distance comparable
to or smaller than the tip magnetic structure length scale, it is
likely that many multipole terms become relevant. We, ©
therefore, need a more general method.

In a second step, one looks for an unknowanpriori
arbitrary, field mafH(u,v) that would reproduce the image
(Hall voltage map | (x,y) according to the response function

R. It has to satisfy FIG. 7. Deconvolved field maps corresponding to the Hall map of Fig.
3(a), using the Levenberg—Marquardt algorithm with field gradient penal-
ization. Size 3%33 points with a 0.1um spacing, linear contrast from

[(x,y)= f f H(U,v)R(X+U—Xq,y+v—Yyo)dudv. —200 to+200 Oe, the sensor beinggm wide. The constanA character-
(5) izing the penalization is 10{da), (c)] or 1000[(b), (d)]. For the second row,
the lower left brighter part of the background of FigaBwas removed, and

Here, xo, andy, denote the coordinates of the center of theithea i’:i%it:’raSA fﬁ‘gg:yb?c’if?gjgdaits?;Sgﬁré‘;%s g‘ég%fug;ﬁ;’:ﬁg’z t\r/‘?n
Hall sensor, in the image frame. They can be estimated to bg;:gn.s,(b): 12100 9.8 a?]d(d): o7 : aid
the center of the feature appearing in the image. Equ#&fipn

is not a full equality, as noise is also present, so that the

equality has to be solved in least squares. Our images al
also discrete, consisting &l X NI(NI=64) points with a
spacing of 0.1um (high resolutiom or 0.2125um (low reso-
lution). A discreteH will, therefore, be sought, and one must
take less points than in the image in order to get a reasonab
solution. If the same mesh size is taken fband forR, Eg.

(5), in discrete form, reads

Ghe may add to the error defined by E®@) a cost function
for H, such as the sum of the squares of the elemenks$, of
or the sum of the squares of the gradients of the field map,
imes some constarA. Such a procedure effectively sup-
esses the deconvolution noise, but also damps the signal,
which becomes wider and weaker. That method is called the
Levenberg—Marquardt algorithh.Figure 7 shows the re-
o o ) o ) sults of some deconvolutions of Fig(&as, with a cost func-
for everyi, | I(I’J):Zk Z H(k,DR(i+k=ioj+1=Jo).  tion linked to the gradients dfi. The gradient of the field
(6) Was chosen because it allows us to enforce a zero field at the
] ] boundary of the field map, which is what we expect if the
We takek andl running from—NC to NC, with NC=16,  fie|d is well localized and the map wide enough. The method
meaning that we have about four times more equations thag stjl| fast, as it involves a positive definite matrix of mod-
unknowns. The rich literature on least-squares filfimgo-  erate size, which is easily inverted. The erfohas signifi-
poses many ways to solve E@). The most immediate one cantly decreased, and Fig(a) contains much more details
consists in minimizing the error norié directly, by deriva-  than the profiles of Fig. 6, obtained with the first deconvolu-

tion with respect to everyi(k,l). The error is given by tion method. Choosing th& parameter priori is a problem.
2 A first guess is to take a compromise value, which sup-
E=> | I .j)—; H(k,DR(+k=ig,j+1=jo) | - presses most of the noise while still moderately damping the
1) ,

) signal. Figure ) shows the damping effect of a larger con-
stantA=1000, compared té\=100 [Fig. 7(a)]. The lower
This results in a linear system, written in matrix form@&s value is clearly more appropriate. One notices positive and
denotes the transposed malrix negative peaks on the left part of the convoluted field map
‘RRH=R| [Figs. 1@ and 7b)]. They are mainly due to background
='RI. 8 " . : :
inhomogeneities. Indeed, if one averages radially the image
Unfortunately, the solution of Eq8) is almost completely above a certain distance from the peak center and decon-
noise, the small eigenvalues'®&R, which is a positive defi- volves it, these spurious peaks are nearly rem¢#ags. 1c)
nite matrix, being the cause of the problem. As a remedyand 7d)]. A positive peak above the central one remains,
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FIG. 9. Deconvolved field maps corresponding to the Hall map of Fig.
3(a), using the singular value decomposition method. Siz 33 points
with a 0.1 um spacing, linear contrast from300 to +200 Oe, the sensor
being 2um wide. 40 singular values were retained fay, and 60 for(b). A
constant background is included. Residual errors (@e10.81 and(b):
10.76 uV.

method is the most expensive in terms of computing power,
as a large and nonsymmetric matrix has to be treated. Here,
out of 1090(33%x33+1, the background levglwe retained
about 40 singular modes, following the prescriptions de-
scribed above. Figure 9 presents deconvolved images of Fig.
3(a), that have to be compared to Fig. 7. Some differences
arise on the borders, because the field has been assumed in
the calculation of the gradient penalization tube to be zero
outside, thus, forcing the field to decrease at the borders.
FIG. 8. Singular vectors corresponding to Figh)3(a) H space, the singu- These images aChI.eve lower grrors_ compared to Fig. 7, but
lar vectors are number 1-10, 15—4€tep 5, and 50-90(step 10, the ~ feature large negative and positive field peaks on the borders
singular value falls from 425 to 4 between number 1 andtB® minimum  Of the field map. Altogether, the finest method provides, by
singular value being 0.28 at number 109®) | space, the ;ingula_r vectors  comparison, an independent way of choosing the congtant
bear numbers 1-10, 15, and 20. A constant background is considered in th&f the Levenberg—Marquardt method. It appears that the
calculation. . . . .
value A=100, which was determined above, provides field
maps reasonably close to those of the third method. We shall
nevertheless, present; it expresses the fact that the structusee the second method in the following, owing to its rapidity
to deconvolve is extended vertically, as noted before. Thug10 CPU min instead of 4)h
this method is rapid, but suffers from the number of its ad-
justable parameter§orm and magnitude of the penaliza- v. APPLICATION TO MFM THIN-FILM TIPS
tion). We, therefore, turn to the third, more rigorous, method.A Variati f th ic film thick
Perhaps the finest method is that called singular value” ariation of the magnetic film thickness
decompositiot! We come back to Eq6), i.e., RH=I in The Co-Cr layer thickness was decreased from 170 to
matrix form, and find what are the equivalents of the eigen30 nm. The reduction of the associated stray field, in the
values ofR (rememberR is not a square matrixThey are axial saturation case, is directly evident on the maximum
called singular values, and have associated to them singul&tall signals(Table ). The signal width(full width at half-
vectors, both in andH space. The singular values are all maximunm) was nearly constant. The signal amplitude in-
positive. Figure 8 shows some selected eigenvedioend  creases first linearly with the CoCr coating thickness, and
H spaceg pertaining to Fig. &), where the sensor was well then seems to saturate.
centered. They satisfy the relatid®h,=s,i,, wheres, is These results, in order to be interpreted, already require
the singular value of numbaen, i, and h,, the associated some ideas about the magnetization distribution in the tip.
singular vectors in andH space. The singular vectors show An important relation, in this respect, states that the integral
an increasing number of nodes for decreasing singular valu@ver a planar surface of the perpendicular component of the
They look somehow like normal modes of a square dridm. field due to a monopole is equal to the solid angle under
is then reconstructed with a controlled noise amount by sewhich the monopole sees that surface, times the monopole
lecting only the vectors that have sufficiently high singularcharge(Gauss theorejn Thus, the linear signal increase at
values. The cutoff is chosen by examination of the residuasmall tip coverage, interpreted as due to the field of a mono-
error, both of the norm oH and the norm of thé compo- pole (a monopolar charge distribution well smaller than the
nents (projections ofl on the singular vectors ih spacg  sensor widthat a small distance from the sensor, means that
compared to the noise level present irAs before, selecting this monopole strength increases linearly with tip coverage.
less singular values in the construction of the solution elimi-This would imply that the magnetization lies in the plane of
nates noise further, but also damps the signal more. Thithe various facets of the tip pyramide. The signal saturation
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TABLE I. Effect of the tip coverage thickness on the Hall voltage signal.

CoCr coating Tip saturation Average signal Standard Number of
thickness(nm) direction amplitude(uwV) deviation(uV) images
170 axial 206 41 14
90 axial 160 0 1
50 axial 87 19 3
30 axial 55 15 2
170 transverse 105 14 6

at high coverage could come from a transition to a perpenations have shown that, from the images obtained with our
dicular magnetization in the facets, as is known to occur irpresent sensors, the fine details of the field profile are not
Co—Cr recording medi# These guesses on the tip modelsestablished firmly enough, we do not attempt to interpret
are consistent with what emerges out of micromagnetithem in terms of tip models. This is clearly the next step to
calculations'® be taken. For that, images devoid of any artifacts are crucial.

B. Towards the field profiles of tips VI. CONCLUSION

As obvious from the previous paragraphs, the deconvo- We have experimentally and theoretically investigated
lution process is extremely sensitive to background signalghe reconstruction of an inhomogeneous field profile from a
The random noise is efficiently removed by the various al-S€t of measurements by a Hall sensor of finite size. The
gorithms, but not an uneven background or a distorted signaPrimary application was the study of the field emitted by
It is, of course, possible to remove selectively some evidenfagnetic force microscope tips, but the method is quite gen-
artifacts, but the risk of data distortion is rather high. One€ral. For any deconvolution, the response function of the
should, therefore, start from the cleanest Hall maps. In oufnstrument is required. We have calculated that of an ideal-
case, these maps were obtained in the low resolution cadged sensoftwo-dimensional, perfect shape, no edge deple-
(point spacing 0.212%m). Figure 2b) is a typical and re- tion), and used that result for the deconvolution. Experimen-
producible example of such maps; and we shall work below@l results suggest that a significant edge depletion occurs,
on a similar image with an inverse tip axial magnetization,"éducing the sensor width from 2.2 to about 4. As there
for a better visualization of the field maps. is no direct measurement of the response function, some un-

The practica| prob|em we are faced with when deconvo.certainty affects the deconvoluted field prOfileS. Despite this
luting is the choice of the effective sensor size. A close look
at Fig. 2b) reveals that the signal area is smaller than the
nominal 2 um wide square. This results in a rather oscillat-
ing field profile[Fig. 10@)], instead of the punctual profile
found when constraining the field to be monopolar or dipo-
lar. If the sensor size is reduced to Jub, these oscillations
are reduced, the err@ falls, and the maximum field rises a
little [Fig. 10b)]. Further reduction of the sensor size to 1
um wipes out all oscillations, but reduces the maximum field
and starts increasing the erifdtig. 10(c)], although that er-
ror increase was not systematic. The tendency of the field tc
decrease when the sensor size is reduced down to zero i
easy to understand. At zero sensor size, the deconvolve:
field is simply the Hall voltage profile divided by the sensi-
tivity [Fig. 10(d)], and if the sensor size increases from zero,
the field profile becomes sharper and highgr to the point
where the sensor size becomes larger than that of the signal
Thus, it is hard to infer from the images what the effective
sensor size is; only an upper bound can be estimated fron
the size of the signal seen, provided that the field profile is
simple (bell shapedl Here, under the hypothesis that the re-
sponse function is such as calculated, we find that the effec
tive sensor size is smaller than the expecteth?value, and
probably around 1.2um. FIG. 10. Deconvolved field maps by the Levenberg—Marquardt algorithm,

The deduced peak field values, at a distance close to 10®@rresponding to a Hall map similar to Fig(b2, the tip having been mag-

: - netized in the opposite direction. The constanis equal to 100, the linear
nhm from the tips contact surface, are about 100 Oe for the “@ontrast scale is- 100 to 100 Oe, 3X 33 points with a 0.212xm step. A

with the _thiCkGSt coverag€l70 nm, falling to QbOUt 30_Oe linear background is included. Sensor sizes(aje.0, (b) 1.5, (c) 1.0 um,
at the thinnest coverad80 nm). As the preceding consider- and(d) punctual. The respective errors are 7.3, 6.3, 6.5, angkV.0
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limitation, a number of features of the field emitted by the
measured magnetic force microscope tips have been ot
tained. The use of smaller Hall sensors, i.e., with an effective
width equal to the resolution desired, would remove the neec
for a deconvolution and produce directly a lightly smoothed
field profile. How feasible this is, and down to which size,
remains to be investigated.
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APPENDIX: ANALYTIC CALCULATION OF THE
RESPONSE FUNCTION

The starting equations are E48)—(4), supplemented by
the boundary conditiopr n=0 (t denotes the local tangent to
the boundary, oriented in the direct sense, ard the out-
wards normgl Equation(4) is solved by introducing the
electrostatic potential:E= —grad V. Let us also denote by
B the scalar functionrB/ng. The system transforms to

B N 9B IV

(1+,82)AV+(1—,82)(5 3y i

. o
S T M N

FIG. 11. Schematic of the successive transformations in the complex plane

) % ﬂ n % ﬂ -0 inside, (Al) for the solution of the potential problem.
axX ax | ay dy
AYA AYA
an= B oon the boundary. (A2)  consider only the lower half of the cro¢Big. 11). The po-

tential is scaled by a constant such thigtis equal to+ on
the boundary.
The general transformation applying to this boundary shape

In the limit 3<1 (B<3000 Oe, herg it is natural to expand
V in powers of3; V=Vy+V,+..., whereV, is the solution

of the zero-field problem given by is given by
AVy=0 inside, A3
0 (A3) =
o'?VO &:C | W, (A?)
W:o on the boundary, (A4)
o wherea, b, and the constant are to be found so that the
andV, satisfies pointsM to T fall at the desired places. Equatioh7) inte-
IBNg B Ng . . grates into
AVl_W W_ (?_X W inside, (AS)
N N z=D+iC[2b log(Z+ V¢%—a?)
(9—1 =—8 (9—,{0 on the boundary. (AB6)
A. Solution of the V, problem b¢—a?
Equations(A3) and(A4) are the standard Poisson equa- [aZ—p2 /gi_ai
tions. As we did not find the solution of the infinite arms +arCta’<W ] (A8)

cross in the literature, and because this solution is needed for
the V, problem, we now sketch the derivation Wf. We  The cross described by E¢A8) is rectangular, with sizes
define the complex variablEsz=x+iy, Wo=Vo+iUy,  27Chin x and 27C(a? — b%¥2iny. For the square cross
whereUj is the conjugate function df, (the current func- C = —1/#, b = 1,a = v2, andD = —1. The second
tion). Any analytic functionW,(z) provides a solution of Eq. transformation

(A3). To fulfill Eq. (A4), we look for an analytic transforma-
tion z— ¢ that transforms the boundary into the real axis of
the complex plane. To simplify, we use the symmetry and

-1

W= |Og §+_l

—ia, (A9)
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+o v B T | ch(wg/2)
- 1(2)= 212=2] " Sh(W(2)/2)—sh(wof2) |
y=+T The Hall voltage is measured between the tWwaarms, at
infinity whereW= =i, so that
Ve T o 1 ] aim -1 AL
y=-T + o 00 Hal ™ 212—2] “lch(wol2)| 2 |22 (A12)
- Thus, we have obtained an analytic formula for the response
function, in parametric form through
The result of a numerical evaluation of Eq#8) and
(A12) is plotted in Fig. 5. One can check numerically from
+ Fig. 5, and analytically from EqgA8) and (A12), that the
i integral of the response function over the whole cross is

FIG. 12. The images of poinby=W(z;) in the W plane that allow the equal to 2r. ThIS resu_lt IS eVId.en.t’ as the SO_lUtIOﬂ of Egs.
fulfilment of the boundary conditiotA6) for the V; problem in the cross  (AS) and (A6) in a uniform unit field 3=1) is V;=U,.
geometry pertaining to a field distribution given by a Dirac delta function The numerical solution displays a symmetry betweenlthe
located atz, . and V branches, i.e., it is not possible from the response
function to know which branch carried the current. This
symmetry is expected from very general reciprocity
maps the real axis in th&plane into two horizontal lines at argument£? In the calculation, that symmetry was broken
U=—-7 andU=0 in the W plane. In thatW plane, the during the transformation of into {. But if Eq. (A8) is
solution of Eq.(A4) with the givenU, values is, evidently, rewritten by expressing the arctan function in terms of the
W,=W. This completes the solution of the potential to thecomplex logarithm, the transformation of into ¢/(Z?
zeroth order. The calculated equipotential line&/,( —1)Y?appears to changeinto iz, and leaves the Hall volt-
=constant) and current linedJg=constant) are drawn in age invariant. The solution is, thus, truly symmetric.
Fig. 4; they look as expected, 20% of the current goes Compared to the analytic solutithfor the “Hall gen-
through theV arms, avoiding the central square. erator” (i.e., only a squane we see that the infinities of the
response function at the corners have disappeared, the corner
value being, namelysr/4 in the infinite square cross case.
B. Solution of the  V; problem Finally, it is immediate to extend EA12) to the rect-

From Egs(A5) and(A6), one sees that the superposition angular cross case. When the rectangle aspectRadieparts

principle holds, due to the first-order approximation. Let us,ffOM unity, a dip appears in the center, the weights of the
therefore, consider thd is a Dirac delta functionB= 8(x central rectangle and thin branch decrease, while that of the

—X0) 8(Y—Yo). The solution of Eq(A5) in infinite space is thick branch increases. The corner value is noW4R),

readily found to be whereas the center value id(2(R?>+ 1)*?). The important
_ property of the square, namely, the near constancy of the
W 1 7 dW (A10) response function in the central square is, therefore, lost in
l .

“om z-zy dz|, the rectangle case. This fact might affect the interpretation of

=2
0 measurements performed on rectangles.

One has, moreover, to fulfill the boundary conditiGh6),

namelydV,/dn=0 (z; is inside the crogs It is more con-

\éemeg't to SOLve tulsl prOblem In.thWbSpice’ Whﬁre the 1For a review, see P. Giter, H. J. Mamin, and D. Rugar, iBcanning
ounaary Of_t € whole CI’OSS_ IS given y.t e two lings: . Tunneling Microscopy |ledited by R. Wiesendanger and H. J.ngher-

==*4r. In this change of variables, the Dirac delta function rodt (Springer, Berlin, 1992 pp. 151-207.
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