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Microcantilever torque magnetometry of thin magnetic films
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We have developed a microcantilever torque magnetometer based on a torsion-mode atomic force
microscope. Thin magnetic films are deposited directly onto micromachined silicon cantilevers. We
have measured hysteresis loops of iron thin films with thicknesses ranging from 1 to 40 nm and total
magnetic volumes ranging from 220 *'to 8.8x 10 °cm®. The magnetic moment sensitivity is
estimated to be 1:810™*> A m?/HzY? at room temperature and ambient conditions. We expect that

by operating at the cantilever torsion resonance frequency and at higher torque fields sensitivity will
be improved by a factor of 100—100{(50021-897@0)17508-5

There are many standard techniques, including vibratindilms the sweep field provided by the pair of Helmholtz coils
sample magnetometrfl SM), alternating gradient magne- is applied in the plane of the film and parallel to the short
tometry(AGM),%? torque magnetometryand superconduct- side of the cantilever. The sweep rate was 0.25 mT/s for a
ing quantum interference devicgSQUID) magnetometry, lock-in time constant of 300 ms.
that have been successfully employed to study magnetic The magnetic films were deposited onto the flat side of
properties of materiafsWith the development of magnetic the silicon microcantilever. Mica substrates 6 MG mm
thin-film sensord and actuators with nanometer dimensionswere placed alongside the cantilever samples. These co-
the needs for improving sensitivity and spatial resolution indeposited samples were used for comparative AGM mea-
magnetometry are paramount. surements.

Microcantilever torque magnetomet(yTM) based on The cantilevers have a length bf 449um, a width of
a torsion-mode atomic force microscof&=M)® offers sev- W=49um, and a thickness df=2.5um.
eral advantages over current magnetometers. In this article A series of thin iron films were prepared by thermal
we describe a sensitive magnetometer for measuring micrc@vaporation. The background pressure in the vacuum cham-
magnetic properties of thin magnetic films under ambien®er during the deposition was<410™* Pa, and the evapora-
conditions. The gain in sensitivity is obtained by integratingtion rate was 0.15 nm/s. In order to prevent the iron thin
the micrometer sized sample directly with an AFM micro- films from oxidizing rapidly, we covered the films with a 5
cantilever. The picometer deflection sensitivity that is typical"™ thick Au cap layer.
for AFM instruments allows the measurement of very small ~ Figures 2a), 2(c), and Zd) show hysteresis loops for
torques with cantilevers having sufficiently small torsioniron films with different film thicknesses taken with the
constants. MTM. In this experiment, we ramped up the sweep fiBlg

The standard AFM head is equipped with a beam bounct the maximum n(_—:-gative va!ue of 7 mT before recording the
detection schenfehaving a four-quadrant diode detector ar- dat@. The torque fiel@ provided by the solenoid was kept
ray capable of measuring both torsion and deflection of £onstant at a level of 0.1 mT for the measurement. The
micromachined cantilever. A small solenoid close to the cantOrdueL of the cantileve(see Fig. 1 as measured by lock-in
tilever provides the necessary ac torque field. The 100 Hz a@MPlifier (2) was plotted as a function d@,. Several inter-
current to the solenoid is supplied by an oscillator combinedSting observations were made: The torque signals of the
with a power amplifier. The oscillator signal is also used as¥/1 M sensors(cantilever plus magnetic filindecreased lin-

reference for the two lock-in amplifiers. The cantilever de-
flection signal is fed into lock-in amplifiefl), whereas the
cantilever torque signal is fed into lock-in amplifig). This
configuration enables us to detect both the deflection and the
torque signals at the same time. Torque coil currents of 1-50
mA generated fields of 0.01-0.57 mT. The head of the AFM
is nonmagnetic and fits into a pair of Helmholtz coils for
field measurements up to 7 mT.

The orientation of the cantilever versus the torque field
B+ and sweep fieldB, is shown in Fig. 1. The torque-field
orientation is perpendicular to the magnetizatidnof the
magnetic thin film deposited onto the flat side of the cantile-

vers. In order to measure hysteresis loops of thin magneti€lG. 1. Experimental configuration: A cantilever experiences a totgue
when the magnetizatiod of the deposited magnetic film is aligned with the
applied fieldB, and an additional torque fiel8; is present. For small
3E|ectronic mail: moreland@boulder.nist.gov values of the cantilever twist anglg the torque is proportional te.
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s 10 nm Fe . 10 nm Fe TABLE I. Magnetic properties of iron films.
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FIG. 2. (a), (c), (d) Hysteresis loops of integrated vs B, for iron films . .
measured with the MTM(b) A typical hysteresis loop of integratedvs B, netic volume, and therefore to a smaller calculated magneti

for iron films measured with the AGM. zation of the iron films. The magnetic moment for each iron
film at 60 mT which was calculated from= Vg ,Mgo mt,
is given also in Table I.

The dependence of the torque signal on the applied
torque field for the 10 nm iron film is shown in Fig. 3. The
for a 40 nm thick iron film to 1.& 10~ A m? for a nomi- torque signal increases Iinear_ly with the appli.ed torque: field,

which scales as expected with the current in the coil. We

nally 1 nm thick iron film[Fig. 2(d)]. For iron film thick- . .
. could not observe any saturation of the torque signal at
nesses from 40 to 4 nm the hysteresis loop was open, as . : :
. . Igher torque fields that could be assigned to canting or out-
expected, for an easy-axis hysteresis loop of a ferromagnetic . o )
film of-plane rotation of the magnetization. We estimate that our

. torque fields are in the range of 0.01-0.57 mT. Even for a
These results agree with our AGM measurements per- , . . .
. : torque field as small as 0.1 mT, a SNR of 40 is obtained with
formed on co-deposited samplgsee Fig. Zo)] on 6 mm )
X6 mm mica substrates. Generally, the characteristic fea" " MTM instrument.
i Y We can define the limit for the applied torque fi@d¢ as

tures of the thin iron films are apparent in both sets of data, , . e .
An increased noise was observed in our MTM measureghe field strength at which the thin film’s in-plane magneti-
o ) . : zation will be rotated 5° into the out-of-plane orientation.
ments beginning from an iron film thickness of less than 4Be|ow this limit we estimate the MTM in-plane madnetic
nm. This noise pattern is not random, but shows a correlation T . i gnetl
with the applied sweep field value. We believe that this noisemc’ment o W'Fhm 1% of its true value. Th'§ field stre_:ngth IS
is related to changes in the domain structure or to moves by the in-plane and out-of-plane anisotropy fields for

ments of domain walls within the iron films at certain field the given ferromagnetic material. Given that only the demag-

. . netization field keeps the magnetization in plane, we find that
values. One would expect the formation of domain struc-, S . . .

. . : ; for polycrystalline iron films thicker than 10 nm field values
tures, since the iron films are patterned structures with the

dimensions of the silicon microcantileveiWe conclude " the order of 800 kA/m would be required to rotate the
from the data, that the signal to noise rat®NR) of our
room-temperature MTM allows measurements of iron films

with a nominal 1 nm thickness. Figuréd? shows the hys- 25
teresis loop of the 1 nm iron film. The behavior of the film is
still ferromagnetic. The total magnetic volume of this sample
was calculated to be 2210 cm?. A direct correlation of

the measured loop with an AGM measurement was not pos-
sible, since the sensitivity of the available instrument was not
sufficient to detect any ferromagnetic signals from iron films
with a thickness less than 4 nm. However, we have used the
AGM to calibrate our MTM for iron films thicker than 4 nm.
The summary of the measured magnetic properties is given
in Table 1. The magnetizatioM values determined from

early with decreasing film thickness, i.e., magnetic volume
The magnetic momenn decreased from 82910 1°Am?

10 nm Fe

torque (1014 N-m)

AGM measurements for the thicker iron films are in the 0 10 20 30 40 50 60

range of 1000—1100 kA/m at 6 mT. It is known that prepared torque coil current (mA)

thin iron films could have smaller magnetization values due

to structural changesThis leads to a smaller effective mag- FIG. 3. Torque vs torque coil current for an iron film thickness of 10 nm.
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magnetization 5° out of plane. For thinner films this field we point out that our instrument, operating at room tempera-
value is reduced due to an increase in out-of-plangure under ambient conditions and well below the cantilever
anisotropy'® First-order calculations show that,rfa 1 nm  resonance frequency, has a magnetic-moment sensitivity on
iron film, torque fields of 80 kA/m would be required to tilt the order of 10*2Am?2.

the magnetization 5° out of plane. Theoretically we could A similar instrument has been used to measure out-of-
increase our torque sensitivity by a factor of 800 for thinplane anisotropK of thin magnetic films, described by Mo-
films (<2.5 nm and by a factor of 8000 for thicker films rillo et al!® In this mode of operation the shifts in the torsion
(>10 nm. In the case of a uniform magnetized thin film resonance frequency caused by the magnetic stiffening of a
with a strong in-plane anisotropy, we can calculate thetorsion oscillator are measured as a function of applied field.
torque on the microcantilever as,=|mXB+|=mB; sin¢, Future prospects include combinidg—H and K measure-
with ¢ the angle between the torque field and thements into one instrument.

magnetizatiort! In our case the angle between the MTM

sensor and the torque fielglis 90°; therefore the torque is One of the author¢M.L.) has been supported by the
given by Ly, =muoHy. For the 10 nm thick iron film i Deutscher Akademischer AustauschdigiixAD ), Die Ar-

=2.4x10"1°Am?) at a torque field of 90 A/m we calculate beit wurde im Rahmen des Gemeinsamen Hochschulsonder-

Ly=2.7%10 N m. To check this calculation we can com- Programms lil von Bund and lralern iber den DAAD er-

pute the torque from the geometrical parameters of the mimaglicht. The authors acknowledge Tom Silva and Ron

crocantilever, given the fact that we know the torsion angle G0ldfarb for helpful discussions and insight.
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