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Ultrahigh vacuum cantilever magnetometry with standard size single
crystal substrates
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A cantilever magnetometer is described that measures the magnetic moment of ferromagnetic films
with submonolayer sensitivity. The magnetometer is incorporated into an ultrahigh vacuum chamber
for sample preparation and situ magnetometry. Standard size single crystals of 5 mm diameter
and 2 mm thickness can be used, which are mounted on thin sheet metal. This composite
sampleholder works as a cantilever when the bending is induced by the torque exerted by an
external magnetic field on a monolayer ferromagnetic film deposited onto the single crystal
substrate. We demonstrate the submonolayer sensitivity on Fe monolayers(b00Cua the
thickness range from 2 to 68 monolayers. The sample holder is designed for internal calibration by
passing a current through it and exploiting the well-known current induced magnetic moment.
© 2001 American Institute of Physic§DOI: 10.1063/1.1340560

I. INTRODUCTION T=mXBgegg. 1)

For decades the magnetic properties of thin magnetia-his torque leads t_o a bending_ of the substrate which Weber
films have been investigated intensivéfy.However, the €t @l méasured using a capacitance metfbalithough the

quantitative measurement of the magnetic moment of ferro§ensitivity of this technique is well below one monolayer and
magnetic monolayers under ultrahigh vacu(gtV) condi- although the use of a thin substrate offers the additional pos-
ibility to measure forces in the filrtfilm stress, magneto-

tions has faced considerable experimental obstacles. This TQ‘% L . L .
P strictive stresg this method shows decisive disadvantages:
one needs very thin substrates, which are, e.g., in the case of

surprising in view of the numerous established technique$
that hav n fully empl to m re the mag- =~ . e ”»
at have been successfully employed to measure the au single crystals difficult to prepare and very sensitive
against thermal and mechanical influences. Second, by using

netic moment obulk samples with a sensitivity comparable
a capacitance method it is difficult to maintain easy access to

or even superior to one monolayer covering 10 A’
UHV compatible magnetometers that are designed t?he sample, which is necessary for some standard surface

work with single crystal substrates covered with monolayeranallysis techniques like low energy electron diffraction
thin ferromagnetic films have been described. To name a fevﬁ_EED) or Auger electron SpectroscogiES).

examples, the torsion oscillation magnetomé®®M),° the

alternating gradient magnetometérand the superconduct-

ing quantum interference device magnetomiéter have Il. PRINCIPLE OF OPERATION

demonstrated monolayer sensitivity. The cantilever bending 11,4 pasic idea of our technique is to apply a cantilever

magnetometer has been shown to give submonolayer sengjs 5 sample holder for single crystals with diameters of about

tivity with the additional benefit of measuring film stress g ;1 and a thickness of about 2 mm. These are standard
during film grovvltsh or magnetization proceséés. dimensions for single crystals and the crystals are less ex-

Weber et al* introduced a cantilever magnetometer, hensive and much easier to handle and to prepare than the
that determined the magnetic moment of films in the moNOy4ther delicate single crystals used in former bending beam
layer thickness range under UHV conditions. In their work amagnetometers The use of an optical deflection technique
thin substrate was clamped at one end and a ferromagnelig; the curvature measurements guarantees the free access to
material was evaporated onto the front side. The use of a thighe sample. Figure 1 shows the principle of the magnetome-
substrate has the advantage of measuring film stress fromig; On the free end of a cantilever, which is clamped on the
curvature analysis of the substrate during film growth. How-other side, a compact single crystal is fixed and acts as the
ever, this additional stress information requires the use o§ypstrate for a ferromagnetic film. The film is magnetized by
rather thin substrates which are difficult to make and expengn external fieldBnag. A deflection fieldBeq perpendicular
sive in the case of metal single crystals. t0 Byag CaUSES a torqué which bends the cantilever.

Under the influence of an external magnetic deflection  This design allows a convenient use of standard single
field Bye @ torque is acting on the magnetic momemtof  crystal substrates and it facilitates the experimental charac-
the film terization of both substrate and film by LEED and AES.

A nonvanishing magnetic anisotropy is necessary for the

aAuthor to whom correspondence should be addressed; electronic maifF.Orque measurements- .m the Iimitiqg case of vanishing an-
sander@mpi.halle.de isotropy the magnetization would align parallel to the result-
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(2) 2 lead to a considerable change of the orientation of the film
/ / magnetization in the external field. Thus, for the discussion
/ / of anisotropy effects it is fair to assume that the sample is
/ mounted on an infinitely rigid substrate. Then the magneti-
cally induced torque is given by the partial derivative of the
energy density with respect to the anglé between surface
‘?'(\/ = normaln and magnetizatioM:
(1 m M ,
£(9.Baar) = | “DM cog 94Ky cog ©
magnetization m magnetization m
in plane out of plane
L@y k@
+ IKE +Kg Jcog &
T
—[sin(9) Bmag+ cog 9)Bgerl - 2
E}mag s m In Eq. (2) noM?/2 is the shape anisotropy, caused by dipolar
- interactions of the magnetic momenks, is the volume an-
= Baer isotropy constant which contains the crystal anisotropy and
B gef > magnetoelastic anisotropy contributioné$” and K& are

_3' = T the anisotropy contributions from the surface of the film and
mag °* the film—substrate interface. Finally, the last term is the Zee-

FIG. 1. Principle of the cantilever magnetometer. The cantil€ljeis fixed man energy of the flllm in the external fields, here orleoted as
at one end. At the free end a single crys@ilis mounted, which is used as  IN the geometry of Fig. (B). In the absence of external fields
a substrate for the ferromagnetic film. The deflection fiBldy and the  the direction of the spontaneous magnetization is determined
magnet?zing fieIcBmag are orionted differently for in-pla_ne and out-of-_plane by the anisotropy terms.
tmhzg?se?g:sﬁlgzgyhz TZEZ:“Qg;;r?gSﬁ;ﬁ g’abe”d'”g of the cantilever For thick films the shape anisotropy dominates, which
prefers an in-plane orientation of the magnetization, which
means that the angle of minimum energys=90°. To
estimate the influence of the deflection field one may com-
pare the energy contributions of the anisotropy terms and the
X (Bmagt Baet) =0. In the case of a strong anisotropy one Zeoman t.erm. As an example, from the satoration magneti-
can distinguish between two geometries: Fi(a) the easy Zation of iron (1.70% 10°A/m) (Ref. 14 one finds a shape
axis of magnetization is in plane and parallel to the cantile-2nisotropy energy of 13g.eV pe;eatom, whereas the Zee-
ver axis. The necessary torque is created by a deflection fief#@n energy is in the range “’ﬁatoaneﬂfzf-zﬂBXm mT
parallel to the film normal. If the magnetization is oriented =1-3 #8V per atom, withug=9.27x10"“"J/T being the

out of plane, Fig. (b), the deflection field is oriented parallel BOhr magneton and a typical deflection field Bfes=10
to the cantilever axis to create the bending torque. mT. As the Zeeman energy is 2 orders of magnitude smaller

If we assume, for simplicity, that the anisotropy is very than t_he anisotropy energy, the orientation of the magnetiza-
strong then the magnetically induced torque will be propor-tion given by the angle) is hardly influenced by the external
tional to the deflection field and the total magnetic momenfi€ld. To derive the magnetically induced torqiicone has
of the film. Thus, a curvature analysis of the bent beam id0 calculateT= 9f(3,Bger)/ 99 and can then replace cds
capable of determining the total magnetic moment of thePY O and sind by 1 and finally gets =mBge;-

film. This is the idea of any cantilever magnetometer. If the !N the case of vanishing anisotropy however, the influ-
anisotropy of the film is weak then the torque will be no €Nce of the Zeeman energy will be decisive for the orienta-

longer proportional toBy.; and the magnetizatiom will tion of the magnetization. Any deviation 'of a proportionality
rotate toward g+ Beey Making the curvature analysis as a Petween measured deflection and magnitude of the deflection
function of the applied fields more demanding. The depenfleld indicates a deviation of the direction of magnetization
dence ofT(Byeq) can be used to gain information about the due to the Zeeman energy term.

film anisotropy. Whether a magnetic anisotropy has to be 10 check, whether the expression=mBye; can be
considered large or small for exploiting magnetically in- used, one measures the cantilever deflection as a function of

duced torques for magnetometry can be decided by the fothe deflecting field. In the case of linear behavior, as in all

lowing consideration. the examples given below, the deflection field does not in-
The measured deflection of the sample in a cantilevefluence the direction of magnetization.

bending magnetometer is rather small. For our setup the de-

flectlon at the end of the 7 mm long cantilever with a crystalm' ANALYSIS OF MAGNETICALLY INDUCED

carrying 10 ML of Fe amounts to only 1 nm at an EXtemalDEFLECTION

field of 6.6 mT, this corresponds to a minute tilt of the

sample of only 0.4urads. Such small angular changes are  To calculate the magnetic moment of the film from a

easily detected by the optical deflection technique, but do nanagnetically induced deflection of a cantilever, we have to

ing external magnetic field given byBf,agt Bger) and there
would be no total torque acting on the cantileVéf,,=m
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know how a cantilever bends under the influence of a torque free end a clamped end
Two cases have to be distinguish€@d.(our casg the film is E s '
on a compact crystal and the torque acts only at the end o e !
the cantilever(Il) The film is directly evaporated onto the ‘f 40 beam shape
cantilever and the cantilever bends under the influence of ¢ 2 2 L
distributed torque. We will treat both cases like the bending s 0 . E .
of beams$® as the appropriate expressions have not been ap c o0 5 10 15
plied in previous work. The relation between the second de- — g i ;
rivative of the deflectiorw(x) with respect to the positior © 4L —==
along the cantilever length and the bending momdg(x) 5 6F .. T derivative
. . 5 = _8:-—-—':',f’ :
is given by g o - -
J*W(X) _ My(X) 3) 0 5 ' 10 15
ax? El y . Position on sample [mm]

E is Young's modulus of the bending beam anhdis the  FIG. 2. Calculated deflection curveg(x) of the cantilever(a and deriva-
areal moment of inertia of the beaffor rectangular cross tives gw(x)/dx (b) for a cantilever under the influence of an upward torque

; . _had R . thi . acting on the free en¢—), a torque distributed along the whole cantilever
sections of the beam'y ba’/12, b: width, a thickness, (- - -), and a torque only acting atOx<<a (- — - —); a: dashed vertical line.

x=0 indicates the free gnd of the Car"t”ever- The calculation has been performed for a 5 s mmx 250 um Si(100)
In case(l) the bending moment i81,(x)=T for any  cantilever, see the text.

point of the beam. Twice integrating E(®) and considering
the boundary conditiongno deflection and no slope at the |t is important to realize that in earlier articlég® an
clamped enflleads to the expression for the bending line incorrect formula for the bending of a cantilever under the
2 2 influence of a magnetically induced torque has been given.
Tl 2x  [x . ) .
wc(x)=—[1——+<—) (4) The reason may be that in these articles the problem is
2El, ! ' treated in a way that is correct for the case of a beam under
the influence of a mechanical stress on one of its surfaces.
Such surface stresses can be caused, e.g., by a strained film

and if we suppose the magnetic film to be distributed ove®" the cantilever, and would lead to a bending of the canti-

the whole length, then in any point of the cantilever only the!€Ver only in the region of the acting stress. However, @j.
fraction T/ of the torque acts and the resulting bending mo-cl€arly shows, that even a torque only acting on the very end

ment isM,(x)=Tx/l. Again twice integrating formula3) of the cantilever leads to deflection at any point of the can-
and taking the boundary conditions into account, one gets HEVer-
TI?

3ax [x\3
2— |_ + l— .
6EI, The magnetometer is part of an UHV chamber shown in

Note that this bending line for theistributed torqueis ~ Fig- 3 With a base pressure 0b&L0™ mbar. In the upper
the same as in the case oface F=T/I acting only at the ~Part of the chamber the films are prepared by thermal evapo-
endof the cantilever. ration at a pressure lower thark30~° mbar and can be

In the case of a film that is evaporated only onto a part ofvestigated with AES and LEED. A manipulator with dif-
the cantilever starting at the free end, that means in a regiof¢rentially pumped motion feedthrough and a vertical stroke
0<x<a, the bending moment i¥,(x)=T for x<a and of 60 cm is used to transfer the sample into a glass adapter.

M,=Tx/a for 0=<x<a. The expression for the resulting This glass adapter is positioned in the crossed magnetic
beamline is then given as fields of an electromagnet and a pair of deflection coils. The

whole chamber with the 600 kg electromagnet is mounted on

with the length of the cantilever given by
In case(ll) the torque is distributed along the cantilever

IV. EXPERIMENT

©)

Wy(X) =

T [x® a% al2 ad pneumatic isolators to reduce the influence of mechanical
W(X):?a €+7—alx+—— —| Osx<a, vibrations of the environment on the magnetic measure-
Y e Mments.
T(l—a)? 2(x—a) [x—a\? Figure 4 shows the sampleholder. It consists of a base
w(X)= SE] I —a | asxsl, plate which carries the crystal and a covering plate. Both are
y

made from 50um thin molybdenum sheets. The crystal is
with the additional boundary condition, that both parts of Eq.positioned between the base plate and the covering plate,
(6) give the same deflection and the same slop&-=at. isolated by additional mica platelets. The base plate acts as
Figure 2 shows the different bending lines according to Eqsthe cantilever. The sampleholder base plate is designed such,
(4)—(6) and their derivatives, calculated for a(BJ0) canti-  that a current can flow around the ring-shaped cutout below
lever with the dimensions 5 mril5 mmx70 um, which  the crystal. This current through the circular cutout serves as
carries a magnetic moment of X80 % J/T (corresponding  a calibration coil and produces a magnetic momenper-

to 100 ML Fe in the case of the distributed torgjue an  pendicular to the crystal surface. A current of 1 mA leads to
external magnetic field of 6.6 mT. a magnetic moment of 4:410~8J/T, which corresponds to
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FIG. 5. Schematic of the optical deflection setup. The lddermnd split
photodiode(2) are mounted on one platform. The distance laggrto
sample(5) is approximately 25 cm. The split photodiode is calibrated by
moving the piezo translataB) by a known amount and detecting the cor-
) ) responding position signall) Laser gimbal mount2) split photodiode(3)
FIG. 3. S_che_manc of the U_HV chamber: The films are prepared by thermabiezo translator,(4) laser, (5) sampleholder with sample, an®) glass
evaporation in the preparation chamlg&rwhere they are analyzed by AES adapter.

and LEED. The sample is moved into the magnetic field of an electromagnet

(5) and the deflection coilé7) for the magnetic measurements) Prepara-

tion chamber,(2) manipulator,(3) differentially pumped rotary motion nal will be obtained that is directly proportional to the

drive, (4) glass adapter(5) electromagnet(6) rotary motion plate(7) de- Change of slope of the sample.

gi(cjtgg)ﬁg':fégé??gﬁg?lder with samplé9) titanium sublimation pump, To improve the sensitivity of the method all the mea-
surements were performed using an alternating deflection

) ) field Bdeﬂ(t):ijefl sin(wt). This leads to an alternating sig-
the magnetic moment of 13 ML Fe covering the crystal used, 5| from the split photodiode which is measured by a lock-in
in our experiment. With this electrically induced moment theamplifier. The alternating deflection field causes eddy cur-
magnetometer is calibratéd situ. An additional small pin  onts in the single crystal, which in turn lead to a magnetic
on the baseplate touches the crystal from the back side aqﬂomentmeddy in the direction of the deflection field. Be-

ensures the grounding of the crystal without shorting the.5 ;se the magnetizing fieB},qis perpendicular to this mo-

calibration coil. ment an additional torque egay,= MedayX Bmag arises. While
The bending of the sampleholder caused by the magnetiye torqueT = mx By reaches its maximum value when the

cally induced torque is measured by a ”%ht beam techniqugefiection field is at its maximum, the torque,gg, has the
very similar to that used by Sandet al.™ The setup iS  highest value when the change of the deflection field is maxi-
shown in Fig. 5: A laser and a split photodiode as a position, a1 pue to the sinusoidal time dependenceBgi(t) this
sensitive detector are mounted on one platform. The 'aseﬁappens exactly, wheBy(t)=0. The magnetically pro-
beam is reflected from the sample to the detector, which ig,ceq torqueT and the torqueT .44, caused by the eddy
mounted on a piezo translator. The piezo translator is used i, rents are therefore phase shifteJ by 90°. The eddy current
obtain the calibratioposition signal versus displacemesft gy ced torque is proportional to both frequency of the de-
the deflection technique. If the sample bends, a position Sigaction field and magnitude of the magnetizing field. Using
typical experimental parameters for the frequency of the de-
‘\Q_\covering plate (Mo 0.3mm) flection field of 10 Hz with an amplitude of 1 mT and a
magnetizing field of 10 mT we find that the eddy current

595 mm

) /' signal is as large as the true magnetic signal corresponding to
oo Su- hly 100 ML. The estimate holds for in-pl ized
forisolation +—— single crystall roughly . The estimate holds for in-plane magnetize

Q @=3-5mm samples, where the alternating deflection field penetrates the
large surface area of the substrate. For out-of-plane magne-

m . . .
A = +— Cumentlitough tized samples, the deflection field penetrates the much
7 mm O\ Q\D N sampleholder produces . ;
XN magnetic moment m smaller cross section of the sample, leading to an order of
magnitude smaller eddy current signal. However, phase sen-
sitive signal detection with a lock-in amplifier is used to

FIG. 4. The crystal is clamped between a sampleholder baseplate and getect the small magnetic signal in the presence of the larger

covering plate, both made from §m molybdenum, isolated by two mica  aqqy cyrrent signal. First, the lock-in amplifier is adjusted to
platelets. A currenk through the sampleholder produces a magnetic moment

perpendicular to the sample surface which is used to calibrate the magnetliln":‘)(imize the eddy C_Urrent_ Signa! at a large magnetization
meter. field where the total signal is dominated by the eddy current

7mm> 7 mm paddle
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FIG. 6. Frequency dependence of the eddy current induced deflection signa 4 -2 0 2 4 4 2 0 2 4 4 2 0 2 4
The amplitude of the signal is proportional to the frequency and the ampli- Field [mT] Field [mT] Field [mT]

tude of the deflection field. The measurements were performed with a Cu
single crystal substrate using a 200 molybdenum sample holder with a  F|G. 7. Measurement of 23 ML Fe on Q00). The raw data, left panel,
resonance frequency around 200 Hz. The structures in the curves at 36 aRdve to be corrected for the disturbing hysteresis-like effect caused by the
80 Hz are caused by mechanical resonances of the manipulator. Magnetiganipulator shown in the middle panel. The magnetic signal of the film is
measurements are performed at 7 Hz. obtained as the difference between the raw data and the disturbing effect and
is shown in the right panel. The total magnetic moment of the film is 9.5
effect, then the phase is shifted by 90° to measure the trug 110 *JT. that corresponds to 2t0.2 g per atom.
magnetization induced torqd® Nevertheless, as the ampli-
tude of the eddy current signal increases linearly with thenipulator. These data have been obtained by performing the
frequency of the deflection field, see Fig. 6, lower frequensame magnetometry measurement with the clea(L@\
cies are preferably used in the experiment. We have chosenslrface. The hysteresis-like shape of the curve originates
Hz for the frequency of the deflection field. This frequencyfrom the influence of the magnetic fields on the partially
turned out to be a good compromise for having rather lowmagnetic parts of the manipulator. Additional contributions
eddy current induced signal contributions but still beingmight arise from a contamination of the manipulator with the
above the omnipresent strong mechanical vibrations in thésrromagnetic film material during deposition. The right
mHz—Hz regime. panel shows the corrected data, which is the difference be-
The magnitude of the eddy current signal is cumbersomeween the raw data and the manipulator effect. As the thick-
especially for an in-plane magnetized system and can bgess(46.5 A) and the are&10.7 mnf) of the film are known
minimized by using the thinnest metal substrates that arene gets from the measured total magnetic moment of 9.5
available, or by switching to insulating substrates where fea-- 1x 108 J/T a moment per atom of 240.2 ug.
sible. Note however, that a slight misalignment of the phase  The measurements have been repeated for films with dif-
of the lock-in amplifier is not detrimental as it leads to anferent thicknesses. The magnetic moment of the films ob-
eddy current signal proportional to the magnetizing field. Astained from these hysteresis loops are shown in Fig. 8. The
a result, the magnetization curve gets tilted. A horizontaldata were fitted by a straight line through the zero point and
magnetization curve for larger magnetizing fields can befrom the slope of the fitted curve we deduce a magnetic
taken as an indication of a properly adjusted phase, for cases
where magneto-optical Kerr effe@IOKE) experiments in-

dicate rectangular hysteresis curves. 300_ .
250 %
V. RESULTS E ] .
£
The cantilever magnetometer has been used to measun% 200
the magnetization of Fe monolayers on(0Q0). Although g [
the magnetic properties of Fe/@®0) have been investi- g 1507 e
gated by many different techniques, e.g., liné&® and £ 1
nonlineaf®> magneto-optical Kerr effect, ferromagnetic % 100 @
resonancé? Mossbauer spectroscopy?®or magnetic circu- g
lar dichroism in x-ray absorption spectroscp$? there are 50 E
no magnetization data obtained by the application direct
method to this epitaxial system. -—-—_—
Figure 7 shows our cantilever magnetometry results for 0 10 20 30 40 50 60 70
23 ML of Fe with a 6.6 mT deflection field at 7 Hz. In this film thickness [monolayers]

thlckne§s _rargge Fe shows an in-plane easy axis 0I'IIG. 8. Magnetic moment of in-plane magnetized F&XD0) films. From
magnetizatiorf” The left panel shows the raw data. The the siope of the fitted curve the magnetic moment per atom of the bcc-

middle panel shows the disturbing effect caused by the mamonolayer is deduced to be the bulk value of 2021 ug .
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experimental technique that can be used for magnetometry of
monolayers under UHV conditions.

The application of a composite sample holder that em-
ploys standard size single crystals mounted on a cantilever is
a powerful alternative to the use of thin single crystal sub-
strates for monolayer magnetometry. This extends the appli-
cation of cantilever magnetometry to cases where thin sub-
strates are not available. Nevertheless, an easy use of thin
. Wtaeeel® substrates to enable stress measurements is still possible.
Y sose* 13 The fact that torque measurements rely upon the exis-
-10 ——— . — tence of ferromagnetic anisotropy is useful in two respects.
420 24 420 2.4 On the one hand, the absence of anisotropies in the dia- or

teld [mTl Field [mT] paramagnetic substrates allows us to measure only the mag-
FIG. 9. Hysteresis loop of a 2.5 ML Fe/C100) film. (a) Cantilever mag- ~ Netic moment of the ferromagnetic film without having to
netometry in “compensation mode,” with a deflection field of 6.6 mT at 7 fight the contribution of the substrate to the magnetic mo-
fon mode leads 1o a submonolayer sensiviy wih & bewer signal o nosac - NOLE (At in the worst case the “clean” sample vol-
:Iaot?on;g c%n?r?ared to the data preysented in Fié)]SPoIar MOKE rgeasure- %me of 11 mrﬁ mlght induce a paramagnetic or dlamagnetlc
ment takerin situ at the same sample. signal corresponding to roughly a tenth of a monolayer at 1
mT magnetizing field, which is presently below our detection
limit. On the other hand, the interplay between magnetic
anisotropy and Zeeman energy offers the additional possibil-
Hy to gain information about the anisotropy constants of thin
film

(b)

/ \./.\>:73 " .‘0."0;.. )
/
/

(@)

N W s

polar MOKE-signal [a.u.]

/ s ]
14 ! ! / B 1
N / i
0 J (. J 0

I
e
o

|
51 4 )

/
I’ A .

magnetic moment [nJ/T]

moment per atom of 2:20.1 ug in the investigated thick-
ness range. Within the error this corresponds to the know
bulk value of Fe of 2.2ug at 300 K.

In the thickness range below 11 ML Fe/@00) shows
an easy axis of magnetization out of pladig®3%3tIn this

In contrast to the venerable TOM technique, which also
uses magnetically induced torques, the magnetizing and the

thickness range we take advantage of the fact that the mad_eflectlng fields are independent from each other. This al-

. i WS us to measure the magnetization of the sample in rema-
netic moment of the film and moment of the sampleholder - .
nence. Beyond that, no additional compensation of the eddy

are aligned parallel or antiparallel, respectively. By passing Rurrent effect is necessary for the presented cantilever mag-
current through the sampleholder one can compensate trh

: \ an © fetometry.
polar magnetic moment of the film. At this point the torque
arising from the ferromagnetic sample in the external field
and the torque produced by the sampleholder add to zero nefKNOWLEDGMENT
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