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Ultrahigh vacuum cantilever magnetometry with standard size single
crystal substrates

Th. Höpfl, D. Sander,a) H. Höche, and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle/Saale, Germany

~Received 21 July 2000; accepted for publication 20 November 2000!

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 andin 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 on Cu~100! in 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 Physics.@DOI: 10.1063/1.1340560#
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I. INTRODUCTION

For decades the magnetic properties of thin magn
films have been investigated intensively.1,2 However, the
quantitative measurement of the magnetic moment of fe
magnetic monolayers under ultrahigh vacuum~UHV! condi-
tions has faced considerable experimental obstacles. Th
surprising in view of the numerous established techniq
that have been successfully employed to measure the m
netic moment ofbulk samples with a sensitivity comparab
or even superior to one monolayer covering 10 mm.2,3–8

UHV compatible magnetometers that are designed
work with single crystal substrates covered with monola
thin ferromagnetic films have been described. To name a
examples, the torsion oscillation magnetometer~TOM!,9 the
alternating gradient magnetometer,10 and the superconduct
ing quantum interference device magnetometer11,12 have
demonstrated monolayer sensitivity. The cantilever bend
magnetometer has been shown to give submonolayer s
tivity with the additional benefit of measuring film stre
during film growth or magnetization processes.13

Weber et al.13 introduced a cantilever magnetomete
that determined the magnetic moment of films in the mo
layer thickness range under UHV conditions. In their work
thin substrate was clamped at one end and a ferromag
material was evaporated onto the front side. The use of a
substrate has the advantage of measuring film stress fro
curvature analysis of the substrate during film growth. Ho
ever, this additional stress information requires the use
rather thin substrates which are difficult to make and exp
sive in the case of metal single crystals.

Under the influence of an external magnetic deflect
field Bdefl a torque is acting on the magnetic momentm of
the film

a!Author to whom correspondence should be addressed; electronic
sander@mpi.halle.de
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T5m3Bdefl. ~1!

This torque leads to a bending of the substrate which We
et al. measured using a capacitance method.13 Although the
sensitivity of this technique is well below one monolayer a
although the use of a thin substrate offers the additional p
sibility to measure forces in the film~film stress, magneto-
strictive stress!, this method shows decisive disadvantag
one needs very thin substrates, which are, e.g., in the cas
Cu single crystals difficult to prepare and very sensit
against thermal and mechanical influences. Second, by u
a capacitance method it is difficult to maintain easy acces
the sample, which is necessary for some standard sur
analysis techniques like low energy electron diffracti
~LEED! or Auger electron spectroscopy~AES!.

II. PRINCIPLE OF OPERATION

The basic idea of our technique is to apply a cantile
as a sample holder for single crystals with diameters of ab
5 mm and a thickness of about 2 mm. These are stand
dimensions for single crystals and the crystals are less
pensive and much easier to handle and to prepare than
rather delicate single crystals used in former bending be
magnetometers.13 The use of an optical deflection techniqu
for the curvature measurements guarantees the free acce
the sample. Figure 1 shows the principle of the magneto
ter. On the free end of a cantilever, which is clamped on
other side, a compact single crystal is fixed and acts as
substrate for a ferromagnetic film. The film is magnetized
an external fieldBmag. A deflection fieldBdefl perpendicular
to Bmag causes a torqueT which bends the cantilever.

This design allows a convenient use of standard sin
crystal substrates and it facilitates the experimental cha
terization of both substrate and film by LEED and AES.

A nonvanishing magnetic anisotropy is necessary for
torque measurements. In the limiting case of vanishing
isotropy the magnetization would align parallel to the resu
il:
5 © 2001 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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ing external magnetic field given by (Bmag1Bdefl) and there
would be no total torque acting on the cantilever,Ttotal5m
3(Bmag1Bdefl)50. In the case of a strong anisotropy o
can distinguish between two geometries: Fig. 1~a! the easy
axis of magnetization is in plane and parallel to the cant
ver axis. The necessary torque is created by a deflection
parallel to the film normal. If the magnetization is orient
out of plane, Fig. 1~b!, the deflection field is oriented paralle
to the cantilever axis to create the bending torque.

If we assume, for simplicity, that the anisotropy is ve
strong then the magnetically induced torque will be prop
tional to the deflection field and the total magnetic mom
of the film. Thus, a curvature analysis of the bent beam
capable of determining the total magnetic moment of
film. This is the idea of any cantilever magnetometer. If t
anisotropy of the film is weak then the torque will be n
longer proportional toBdefl and the magnetizationm will
rotate towardsBmag1Bdefl making the curvature analysis as
function of the applied fields more demanding. The dep
dence ofT(Bdefl) can be used to gain information about t
film anisotropy. Whether a magnetic anisotropy has to
considered large or small for exploiting magnetically i
duced torques for magnetometry can be decided by the
lowing consideration.

The measured deflection of the sample in a cantile
bending magnetometer is rather small. For our setup the
flection at the end of the 7 mm long cantilever with a crys
carrying 10 ML of Fe amounts to only 1 nm at an extern
field of 6.6 mT, this corresponds to a minute tilt of th
sample of only 0.4mrads. Such small angular changes a
easily detected by the optical deflection technique, but do

FIG. 1. Principle of the cantilever magnetometer. The cantilever~1! is fixed
at one end. At the free end a single crystal~2! is mounted, which is used a
a substrate for the ferromagnetic film. The deflection fieldBdefl and the
magnetizing fieldBmag are oriented differently for in-plane and out-of-plan
magnetized films. The resulting torqueT leads to a bending of the cantileve
that is measured by a laser beam technique.
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lead to a considerable change of the orientation of the fi
magnetization in the external field. Thus, for the discuss
of anisotropy effects it is fair to assume that the sample
mounted on an infinitely rigid substrate. Then the magn
cally induced torque is given by the partial derivative of t
energy densityf with respect to the angleq between surface
normaln and magnetizationM :

f ~q,Bdefl!5Fm0M2

2
cos2 q1KV cos2 qG

1
1

d
@KS

~1!1KS
~2!#cos2 q

2@sin~q!Bmag1cos~q!Bdefl#. ~2!

In Eq. ~2! m0M2/2 is the shape anisotropy, caused by dipo
interactions of the magnetic moments.KV is the volume an-
isotropy constant which contains the crystal anisotropy a
magnetoelastic anisotropy contributions.KS

(1) and KS
(2) are

the anisotropy contributions from the surface of the film a
the film–substrate interface. Finally, the last term is the Z
man energy of the film in the external fields, here oriented
in the geometry of Fig. 1~a!. In the absence of external field
the direction of the spontaneous magnetization is determ
by the anisotropy terms.

For thick films the shape anisotropy dominates, wh
prefers an in-plane orientation of the magnetization, wh
means that the angle of minimum energy isq590°. To
estimate the influence of the deflection field one may co
pare the energy contributions of the anisotropy terms and
Zeeman term. As an example, from the saturation magn
zation of iron (1.7073106 A/m) ~Ref. 14! one finds a shape
anisotropy energy of 133meV per atom, whereas the Zee
man energy is in the range ofmatom

Fe Bdefl52.2mB310 mT
51.3 meV per atom, withmB59.27310224J/T being the
Bohr magneton and a typical deflection field ofBdefl510
mT. As the Zeeman energy is 2 orders of magnitude sma
than the anisotropy energy, the orientation of the magnet
tion given by the angleq is hardly influenced by the externa
field. To derive the magnetically induced torqueT, one has
to calculateT5 ] f (q,Bdefl)/]q and can then replace cosq
by 0 and sinq by 1 and finally getsT5mBdefl.

In the case of vanishing anisotropy however, the infl
ence of the Zeeman energy will be decisive for the orien
tion of the magnetization. Any deviation of a proportionali
between measured deflection and magnitude of the deflec
field indicates a deviation of the direction of magnetizati
due to the Zeeman energy term.

To check, whether the expressionT5mBdefl can be
used, one measures the cantilever deflection as a functio
the deflecting field. In the case of linear behavior, as in
the examples given below, the deflection field does not
fluence the direction of magnetization.

III. ANALYSIS OF MAGNETICALLY INDUCED
DEFLECTION

To calculate the magnetic moment of the film from
magnetically induced deflection of a cantilever, we have
o AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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know how a cantilever bends under the influence of a torq
Two cases have to be distinguished.~I! ~our case!: the film is
on a compact crystal and the torque acts only at the en
the cantilever.~II ! The film is directly evaporated onto th
cantilever and the cantilever bends under the influence
distributed torque. We will treat both cases like the bend
of beams15 as the appropriate expressions have not been
plied in previous work. The relation between the second
rivative of the deflectionw(x) with respect to the positionx
along the cantilever length and the bending momentMb(x)
is given by15

]2w~x!

]x2
5

2Mb~x!

EIy

. ~3!

E is Young’s modulus of the bending beam andI y is the
areal moment of inertia of the beam~for rectangular cross
sections of the beam:I y5ba3/12, b: width, a: thickness!;
x50 indicates the free end of the cantilever.

In case~I! the bending moment isMb(x)5T for any
point of the beam. Twice integrating Eq.~3! and considering
the boundary conditions~no deflection and no slope at th
clamped end! leads to the expression for the bending line

wc~x!5
Tl2

2EIy
F12

2x

l
1S x

l D
2G ~4!

with the length of the cantilever given byl.
In case~II ! the torque is distributed along the cantilev

and if we suppose the magnetic film to be distributed o
the whole length, then in any point of the cantilever only t
fractionT/ l of the torque acts and the resulting bending m
ment is Mb(x)5Tx/ l . Again twice integrating formula~3!
and taking the boundary conditions into account, one ge

wd~x!5
Tl2

6EIy
F22

3x

l
1S x

l D
3G . ~5!

Note that this bending line for thedistributed torqueis
the same as in the case of aforce F5T/ l acting only at the
endof the cantilever.

In the case of a film that is evaporated only onto a par
the cantilever starting at the free end, that means in a re
0<x,a, the bending moment isMb(x)5T for x,a and
Mb5Tx/a for 0<x,a. The expression for the resultin
beamline is then given as

w~x!5
T

EIya
Fx3

6
1

a2x

2
2alx1

al2

2
2

a3

6
G , 0<x,a,

~6!

w~x!5
T~ l 2a!2

2EIy
F12

2~x2a!

l 2a
1S x2a

l 2a D 2G , a<x< l ,

with the additional boundary condition, that both parts of E
~6! give the same deflection and the same slope atx5a.
Figure 2 shows the different bending lines according to E
~4!–~6! and their derivatives, calculated for a Si~100! canti-
lever with the dimensions 5 mm315 mm370 mm, which
carries a magnetic moment of 2.531026 J/T ~corresponding
to 100 ML Fe in the case of the distributed torque! in an
external magnetic field of 6.6 mT.
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It is important to realize that in earlier articles13,16 an
incorrect formula for the bending of a cantilever under t
influence of a magnetically induced torque has been giv
The reason may be that in these articles the problem
treated in a way that is correct for the case of a beam un
the influence of a mechanical stress on one of its surfa
Such surface stresses can be caused, e.g., by a straine
on the cantilever, and would lead to a bending of the ca
lever only in the region of the acting stress. However, Eq.~4!
clearly shows, that even a torque only acting on the very
of the cantilever leads to deflection at any point of the c
tilever.

IV. EXPERIMENT

The magnetometer is part of an UHV chamber shown
Fig. 3 with a base pressure of 5310211 mbar. In the upper
part of the chamber the films are prepared by thermal eva
ration at a pressure lower than 5310210 mbar and can be
investigated with AES and LEED. A manipulator with di
ferentially pumped motion feedthrough and a vertical stro
of 60 cm is used to transfer the sample into a glass adap
This glass adapter is positioned in the crossed magn
fields of an electromagnet and a pair of deflection coils. T
whole chamber with the 600 kg electromagnet is mounted
pneumatic isolators to reduce the influence of mechan
vibrations of the environment on the magnetic measu
ments.

Figure 4 shows the sampleholder. It consists of a b
plate which carries the crystal and a covering plate. Both
made from 50mm thin molybdenum sheets. The crystal
positioned between the base plate and the covering p
isolated by additional mica platelets. The base plate act
the cantilever. The sampleholder base plate is designed s
that a currentI can flow around the ring-shaped cutout belo
the crystal. This current through the circular cutout serves
a calibration coil and produces a magnetic momentm per-
pendicular to the crystal surface. A current of 1 mA leads
a magnetic moment of 4.431028 J/T, which corresponds to

FIG. 2. Calculated deflection curvesw(x) of the cantilever~a! and deriva-
tives ]w(x)/]x ~b! for a cantilever under the influence of an upward torq
acting on the free end~—!, a torque distributed along the whole cantilev
~- - -!, and a torque only acting at 0,x,a (•2•2); a: dashed vertical line.
The calculation has been performed for a 5 mm315 mm3250mm Si~100!
cantilever, see the text.
o AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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the magnetic moment of 13 ML Fe covering the crystal us
in our experiment. With this electrically induced moment t
magnetometer is calibratedin situ. An additional small pin
on the baseplate touches the crystal from the back side
ensures the grounding of the crystal without shorting
calibration coil.

The bending of the sampleholder caused by the magn
cally induced torque is measured by a light beam techni
very similar to that used by Sanderet al.17 The setup is
shown in Fig. 5: A laser and a split photodiode as a posit
sensitive detector are mounted on one platform. The la
beam is reflected from the sample to the detector, whic
mounted on a piezo translator. The piezo translator is use
obtain the calibrationposition signal versus displacementof
the deflection technique. If the sample bends, a position

FIG. 3. Schematic of the UHV chamber: The films are prepared by ther
evaporation in the preparation chamber~1! where they are analyzed by AES
and LEED. The sample is moved into the magnetic field of an electroma
~5! and the deflection coils~7! for the magnetic measurements.~1! Prepara-
tion chamber,~2! manipulator, ~3! differentially pumped rotary motion
drive, ~4! glass adapter,~5! electromagnet,~6! rotary motion plate,~7! de-
flection coils,~8! sampleholder with sample,~9! titanium sublimation pump,
and ~10! ion getter pump.

FIG. 4. The crystal is clamped between a sampleholder baseplate a
covering plate, both made from 50mm molybdenum, isolated by two mica
platelets. A currentI through the sampleholder produces a magnetic mom
perpendicular to the sample surface which is used to calibrate the mag
meter.
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nal will be obtained that is directly proportional to th
change of slope of the sample.

To improve the sensitivity of the method all the me
surements were performed using an alternating deflec
field Bdefl(t)5Bdefl

0 sin(vt). This leads to an alternating sig
nal from the split photodiode which is measured by a lock
amplifier. The alternating deflection field causes eddy c
rents in the single crystal, which in turn lead to a magne
momentmeddy in the direction of the deflection field. Be
cause the magnetizing fieldBmag is perpendicular to this mo
ment an additional torqueTeddy5meddy3Bmag arises. While
the torqueT5m3Bdefl reaches its maximum value when th
deflection field is at its maximum, the torquemeddy has the
highest value when the change of the deflection field is ma
mal. Due to the sinusoidal time dependence ofBdefl(t) this
happens exactly, whenBdefl(t)50. The magnetically pro-
duced torqueT and the torqueTeddy caused by the eddy
currents are therefore phase shifted by 90°. The eddy cur
induced torque is proportional to both frequency of the d
flection field and magnitude of the magnetizing field. Usi
typical experimental parameters for the frequency of the
flection field of 10 Hz with an amplitude of 1 mT and
magnetizing field of 10 mT we find that the eddy curre
signal is as large as the true magnetic signal correspondin
roughly 100 ML. The estimate holds for in-plane magnetiz
samples, where the alternating deflection field penetrates
large surface area of the substrate. For out-of-plane ma
tized samples, the deflection field penetrates the m
smaller cross section of the sample, leading to an orde
magnitude smaller eddy current signal. However, phase
sitive signal detection with a lock-in amplifier is used
detect the small magnetic signal in the presence of the la
eddy current signal. First, the lock-in amplifier is adjusted
maximize the eddy current signal at a large magnetiza
field where the total signal is dominated by the eddy curr

al

et

a

t
to-

FIG. 5. Schematic of the optical deflection setup. The laser~4! and split
photodiode~2! are mounted on one platform. The distance laser~4! to
sample~5! is approximately 25 cm. The split photodiode is calibrated
moving the piezo translator~3! by a known amount and detecting the co
responding position signal.~1! Laser gimbal mount,~2! split photodiode,~3!
piezo translator,~4! laser, ~5! sampleholder with sample, and~6! glass
adapter.
o AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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effect, then the phase is shifted by 90° to measure the
magnetization induced torque.18 Nevertheless, as the ampl
tude of the eddy current signal increases linearly with
frequency of the deflection field, see Fig. 6, lower freque
cies are preferably used in the experiment. We have chos
Hz for the frequency of the deflection field. This frequen
turned out to be a good compromise for having rather l
eddy current induced signal contributions but still bei
above the omnipresent strong mechanical vibrations in
mHz–Hz regime.

The magnitude of the eddy current signal is cumberso
especially for an in-plane magnetized system and can
minimized by using the thinnest metal substrates that
available, or by switching to insulating substrates where f
sible. Note however, that a slight misalignment of the ph
of the lock-in amplifier is not detrimental as it leads to
eddy current signal proportional to the magnetizing field.
a result, the magnetization curve gets tilted. A horizon
magnetization curve for larger magnetizing fields can
taken as an indication of a properly adjusted phase, for c
where magneto-optical Kerr effect~MOKE! experiments in-
dicate rectangular hysteresis curves.

V. RESULTS

The cantilever magnetometer has been used to mea
the magnetization of Fe monolayers on Cu~100!. Although
the magnetic properties of Fe/Cu~100! have been investi-
gated by many different techniques, e.g., linear19–22 and
nonlinear23 magneto-optical Kerr effect, ferromagnet
resonance,24 Mössbauer spectroscopy,25,26or magnetic circu-
lar dichroism in x-ray absorption spectroscopy27,28 there are
no magnetization data obtained by the application of adirect
method to this epitaxial system.

Figure 7 shows our cantilever magnetometry results
23 ML of Fe with a 6.6 mT deflection field at 7 Hz. In th
thickness range Fe shows an in-plane easy axis
magnetization.29 The left panel shows the raw data. Th
middle panel shows the disturbing effect caused by the

FIG. 6. Frequency dependence of the eddy current induced deflection s
The amplitude of the signal is proportional to the frequency and the am
tude of the deflection field. The measurements were performed with a
single crystal substrate using a 250mm molybdenum sample holder with
resonance frequency around 200 Hz. The structures in the curves at 3
80 Hz are caused by mechanical resonances of the manipulator. Mag
measurements are performed at 7 Hz.
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nipulator. These data have been obtained by performing
same magnetometry measurement with the clean Cu~100!
surface. The hysteresis-like shape of the curve origina
from the influence of the magnetic fields on the partia
magnetic parts of the manipulator. Additional contributio
might arise from a contamination of the manipulator with t
ferromagnetic film material during deposition. The rig
panel shows the corrected data, which is the difference
tween the raw data and the manipulator effect. As the thi
ness~46.5 Å! and the area~10.7 mm2! of the film are known
one gets from the measured total magnetic moment of
6131028 J/T a moment per atom of 2.460.2 mB .

The measurements have been repeated for films with
ferent thicknesses. The magnetic moment of the films
tained from these hysteresis loops are shown in Fig. 8.
data were fitted by a straight line through the zero point a
from the slope of the fitted curve we deduce a magne

al.
li-
u

nd
tic

FIG. 7. Measurement of 23 ML Fe on Cu~100!. The raw data, left panel,
have to be corrected for the disturbing hysteresis-like effect caused by
manipulator shown in the middle panel. The magnetic signal of the film
obtained as the difference between the raw data and the disturbing effec
is shown in the right panel. The total magnetic moment of the film is
6131028 J/T, that corresponds to 2.460.2 mB per atom.

FIG. 8. Magnetic moment of in-plane magnetized Fe/Cu~100! films. From
the slope of the fitted curve the magnetic moment per atom of the b
monolayer is deduced to be the bulk value of 2.260.1 mB .
o AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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moment per atom of 2.260.1 mB in the investigated thick-
ness range. Within the error this corresponds to the kno
bulk value of Fe of 2.2mB at 300 K.

In the thickness range below 11 ML Fe/Cu~100! shows
an easy axis of magnetization out of plane.19,20,30,31In this
thickness range we take advantage of the fact that the m
netic moment of the film and moment of the samplehol
are aligned parallel or antiparallel, respectively. By passin
current through the sampleholder one can compensate
polar magnetic moment of the film. At this point the torq
arising from the ferromagnetic sample in the external fi
and the torque produced by the sampleholder add to zero
torque. Figure 9 shows the result of such a zero measurem
performed on a 2.5 ML Fe film on Cu~100!. The deflection
field was the same as in the case of the in-plane magne
films ~6.6 mT, 7 Hz!. On the same film an additional mea
surement of the polar magneto-optical Kerr effect has b
performed and is also shown in Fig. 9. From the cantile
magnetometry we get a magnetic moment of the film
7.061.331029 J/T , which corresponds to a magnetic m
ment per atom of 1.7560.3 mB .

For such a 2.5 ML Fe film, a groundstate moment of 2
mB per atom has been predicted in calculations32,33 and con-
firmed experimentally by magnetic circular dichroism
x-ray absorption28 at 110 K. As our measurements have be
performed at room temperature, the temperature depend
of the magnetization has to be taken into account. As De
et al.34 show, the Curie temperature of such films is reduc
to TC5330 K and the magnetization at room temperature
only about 70% of its value at 0 K. Thus, extrapolating t
moment we measured at 300 K down to 0 K our measure-
ment of the magnetic moment gives 2.460.4 mB and agrees
within the error margin with the work mentioned above.

To reduce the error, which is currently mainly caused
the manipulator effect, as discussed above, the partially m
netic parts of the manipulator have to be replaced by o
materials. First attempts in this way look very promising.

In conclusion, the cantilever magnetometer is a powe

FIG. 9. Hysteresis loop of a 2.5 ML Fe/Cu~100! film. ~a! Cantilever mag-
netometry in ‘‘compensation mode,’’ with a deflection field of 6.6 mT a
Hz. The film is magnetized perpendicular to the surface and the compe
tion mode leads to a submonolayer sensitivity with a better signal to n
ratio as compared to the data presented in Fig. 8.~b! Polar MOKE measure-
ment takenin situ at the same sample.
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experimental technique that can be used for magnetometr
monolayers under UHV conditions.

The application of a composite sample holder that e
ploys standard size single crystals mounted on a cantilev
a powerful alternative to the use of thin single crystal su
strates for monolayer magnetometry. This extends the ap
cation of cantilever magnetometry to cases where thin s
strates are not available. Nevertheless, an easy use of
substrates to enable stress measurements is still possibl

The fact that torque measurements rely upon the e
tence of ferromagnetic anisotropy is useful in two respe
On the one hand, the absence of anisotropies in the dia
paramagnetic substrates allows us to measure only the m
netic moment of the ferromagnetic film without having
fight the contribution of the substrate to the magnetic m
ment. Note that in the worst case the ‘‘clean’’ sample v
ume of 11 mm3 might induce a paramagnetic or diamagne
signal corresponding to roughly a tenth of a monolayer a
mT magnetizing field, which is presently below our detecti
limit. On the other hand, the interplay between magne
anisotropy and Zeeman energy offers the additional poss
ity to gain information about the anisotropy constants of th
films.

In contrast to the venerable TOM technique, which a
uses magnetically induced torques, the magnetizing and
deflecting fields are independent from each other. This
lows us to measure the magnetization of the sample in re
nence. Beyond that, no additional compensation of the e
current effect is necessary for the presented cantilever m
netometry.
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