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A multipurpose torsional magnetometer with optical detection
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We have developed a sensitive, multipurpose torsional magnetometer with optical detection of the
torque. The use of a feedback system with a current coil mounted with the sample allows direct,
quantitative determination of the magnetization with a sensitivity of 10212 J/T in a Bitter-magnet
and 2310213 J/T at 15 T in a superconducting magnet. The system can be used over a wide range
of temperatures and up to high magnetic fields. To demonstrate the sensitivity and versatility of our
magnetometer, we present magnetization measurements of a multisubband two-dimensional
electron gas (331011 spins! and of a 0.13 mg crystal of the organic conductor
k-(BEDT-TTF)2Cu~NCS!2 . © 2002 American Institute of Physics.@DOI: 10.1063/1.1498152#
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Magnetometry is a tool that is widely used in condens
matter physics to study the properties of a great variety
physical systems. Measurements are often done at high m
netic fields in which the amount of available space is limite
generally resulting in small signals. Torsional magnetome
have a high sensitivity and can be used up to very h
magnetic fields. In order to study the magnetization of d
ferent systems, we have developed a versatile and hi
sensitive torsional magnetometer with optical angular de
tion that is capable of supporting large samples and can
operated from room temperature down to 1 K.

For an optimal performance, many different magnetom
ters have been designed. One of the most used is
cantilever.1 Although a high sensitivity can be reached, d
signs are often highly specialized and can only be used
one sample or type of sample. A cantilever has the ad
disadvantage of only being able to support very light a
therefore small samples. In this way much of the gain
sensitivity is lost, since the signal-to-noise ratio is not i
proved. Our design is a wire-based magnetometer. The
sitivity that can be reached in such a design is somew
less, but the signal-to-noise ratio is higher due to the la
sample area.

Many cantilevers1–3 and other wire torque
magnetometers4–7 use electronic detection methods, such
capacitive detection, that require a large electric field n
the sample. To avoid this, we have developed an optical
tection system that also ensures no unwanted electronic
nals, such as capacitive coupling, can influence the meas
ments. In addition, it is independent of properties of t
experimental environment, such as the dielectric const
which allows the device to be used over a wide range
temperatures with the same sensitivity. In combination w
operation in a Bitter-magnet, this opens the possibility
measurements on systems from chemistry and biology
well.

a!Electronic mail: maaikes@sci.kun.nl
1040003-6951/2002/81(6)/1041/3/$19.00
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The principle on which our magnetometer~schemati-
cally shown in Fig. 1! is based is similar to that of othe
torsional magnetometers: torque is translated into a displ
ment, which is detected. The torqueG experienced by a mag
netic momentM in a magnetic fieldB and at a distancer
from the rotation axis is given by

G5M3B1r3~M•“ !B. ~1!

In our design, the sample is placed on a 20-mm-long ph
phorbronze wire of 25mm diameter, stretched between tw
hysol posts, to translate the torque into a rotation. In this w
a rotation of 531026 rad/pNm of torque is achieved. Th
torque wire is glued into a removable part of the magne
meter to allow easy access for sample mounting. Sam
with an area up to 0.64 cm2 can be accommodated, resultin
in a high signal-to-noise ratio. When the sample is moun
on the rotation axis and placed in a homogeneous magn
field, only the anisotropic component of the magnetization
detected. When the sample is mounted away from the r

FIG. 1. Schematic representation of the magnetometer. The laser bea
reflected from the sample onto the detector, which detects a displace
when the sample rotates. The dashed circle on the sample indicate
position of the feedback loop underneath the sample.
1 © 2002 American Institute of Physics
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tion axis and a field gradient is applied, the magnetomete
also sensitive to the isotropic component. By varying
field gradient the complete magnetization of the sample,
plitude and direction, can be determined.

To detect the rotation of the sample, a laser-spot is
flected from it onto a quadrant detector. A 790 nm diode la
is used, with an intensity variable from 1mW to 10 mW. The
laser beam enters the magnetometer through a 62.5mm core
graded index multimode optical fiber~manufactured by 3M!
and is focused on the detector by a 5-mm-diam spherical
lens, made of the high refractive index material LaSF9. T
system can be aligned using two adjustable aluminum m
rors ~Fig. 1!, the first reflecting the incoming light onto th
sample and the second reflecting the light from the sam
onto the detector. The quadrant detector consists of four
mm core silica/silica multimode fibers and four identical si
con diodes. Because optical fibers are used, the diodes ca
placed outside the magnetic field at room temperature, m
ing the detection independent of experimental conditions.
the sample rotates, the movement of the spot changes
intensitiesI A , I B , I C , andI D in these four fibers~A, B, C,
andD respectively!. The fiber pairA andB ~as well as the
pair C andD! is placed parallel to the torsion wire, perpe
dicular to the motion of the laser spot. The intensities
translated into a normalized coordinate by electronics us
low noise amplifiers and analog multipliers, via

Xnorm5
~ I A1I B!2~ I C1I D!

I A1I B1I C1I D
. ~2!

Note that this coordinate is independent of fluctuations in
total laser intensity. It forms a direct measure of the mag
tization, which is linear for moderate rotations of the samp
Our quadrant detector can resolve rotations as smal
1027 rad, enough to ensure that the detector is not the l
iting factor in the sensitivity of the total design.

Mounting the sample with a current coil allows measu
ments to be done in a direct mode and in feedback mo
The feedback coil has a 6 mmdiameter and consists of 1
windings of 18mm Cu wire. In the direct mode the rotatio
of the sample is measured, and the current coil is only u
for in-situ calibration. In feedback mode the detector coor
nate@Eq. ~2!# is used as input, and the coil current needed
keep a fixed angle is measured. Operation in feedback m
has two important advantages. First, the fixed angle of
sample with respect to the magnetic field is an advantag
itself. Second, by measuring the feedback current, the m
netization is immediately quantitatively known from the d
mensions of the coil.

To demonstrate the performance of our device, we h
investigated the magnetization of two distinctly differe
physical systems: an organic crystal and a semicondu
heterostructure, in the operating environments of a super
ducting magnet and a Bitter-magnet.

The magnetization of a 0.13 mg crystal
k-(BEDT-TTF)2Cu~NCS!2 was measured at 1.2 K in a su
perconducting magnet. In the environment of the superc
ducting magnet the sensitivity increases linearly with
magnetic field, as would be expected from Eq.~1!. The value
was determined from the width of the noise band and i
310213 J/T at 15 T. The sample, which is a platelet of
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regular shape, was mounted at an angleu513°61° on a
thin glass plate coated with a layer of Al for maximum r
flection of the laser beam. The magnetization exhibits la
oscillations periodic inB21 ~Fig. 2!. A smooth curve was
subtracted from the data to account for the background m
netization due to the sample-mounting platform. The Fou
analysis shows a sharp peak at a frequency of 617 T, whic
in agreement with the value of 601/cosu T found in other
works.8–11

For a two-dimensional electron gas~2DEG! the magne-
tization is directly proportional to the chemical potentia
This makes magnetometry a particularly useful tool, sinc
gives direct access to the size as well as the shape of
Fermi energy. To measure the magnetization of a system
multiple filled subbands, a 7.7 mm35.0 mm GaAs/AlGaAs
heterostructure was mounted directly on the wire. Becau
sample-mounting platform is not needed, the backgrou
magnetization is reduced to a minimum. This background
a smooth function, about 50 times larger than the magn
zation of the 2DEG, which means the de Haas–van Alph
oscillations are immediately visible. The substrate side of
sample, which was grown by molecular beam epitaxy,12 was
polished for reflection. To prevent the laser from having
unwanted effect on the sample, such as heating, the inten
was reduced by 60% with a filter. Figure 3 shows the m
netization of the 2DEG with an electron density ofn58.0
31011 cm22 at 4.2 K, measured in a Bitter-magnet. The se
sitivity of 2310213 J/T at 15 T that is achieved when th

FIG. 2. Magnetization ofk-(BEDT-TTF)2Cu~NCS!2 at 1.2 K. The inset
shows the usual Fourier analysis of the magnetization. A sharp peak oc
at a frequency of 617 T.

FIG. 3. Magnetization of a 2DEG with two filled electronic subbandsn
58.031011 cm22) at 4.2 K in a Bitter-magnet. A smooth curve was su
tracted from the data to correct for the diamagnetic contribution of the G
substrate. The dashed line is a self-consistent calculation at 0 K.
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system is operated in a superconducting magnet, corresp
to a resolution of 531023 mB* per electron. However, in a
Bitter-magnet the sensitivity is reduced due to field noi
Because this field noise increases with increasing magn
field, the sensitivity remains more or less constant as a fu
tion of the applied field. A sensitivity of 10212 J/T is
reached, giving a resolution of 0.02mB* per electron, enough
to give a good resolution of the typically small signal.

The magnetization oscillates in a triangularly shap
manner as a function of the magnetic field. This behavior
not been observed previously and distinguishes the elec
system with two filled electronic subbands from that with
single filled subband, where the magnetization is a sawto
In order to understand this behavior, we have calculated
Fermi energy at 0 K, where it is exactly equal to the chem
cal potential. Since in a heterostructure the confining pot
tial, the subband occupation, and Fermi level are interdep
dent, the Schro¨dinger equation and the Poisson equat
have to be solved self-consistently~details will be published
elsewhere!. It can be seen in Fig. 3 that, although there is
one-to-one relationship, the model reproduces the m
prominent features of the data.

Much effort has been put into the development of a m
netometer that is sensitive enough to measure the mag
zation of 2DEGs. However, since the size of the magnet
tion scales directly with the surface area of the sample,
not the absolute sensitivity that is important, but the reso
tion of sensitivity per electron that can be achieved. T
sional magnetometers capable of supporting larger sam
with sizes of a few mm2 have been used before,4–7 but the
resolution achieved was significantly less than 531023 mB*
per electron. Also, these designs all make use of a capac
detection method, without the possibility for feedback. C
pacitive coupling of the 2DEG with the detection is a know
problem13 that cannot occur in our optical detection. By u
ing the feedback mode, we make a direct, quantitative m
surement, while keeping the angle of the sample with resp
to the magnetic field constant. More recently, other mag
tometers, a superconducting quantum interference de
~SQUID!14 and a cantilever,3 have also been developed fo
measurements on the 2DEG in GaAs/AlGaAs structures.
SQUID provides very high sensitivity at low values of th
magnetic field, but the sensitivity decreases rapidly with
creasing magnetic field, and the device can only be used
ds
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to 10 T. This makes the technique complementary to
sional magnetometry, rather than a substitute. Although
sensitivity of the cantilever is nearly an order of magnitu
higher, the maximum sample area is more than an orde
magnitude smaller. This results in a resolution that is l
than 531023 mB* per electron, but comparable to the res
lution we achieve when operating the system in a Bitt
magnet.

In conclusion, we have developed a multipurpose, se
tive torsional magnetometer with optical angular detect
that is capable of supporting large samples. The use of fe
back gives a direct, quantitative measurements of the m
netization. To demonstrate the versatility and sensitivity,
presented de Haas–van Alphen measurements
k-(BEDT-TTF)2Cu~NCS!2 and of a 2DEG with multiple
filled subbands. The magnetometer was found to have a
sitivity of 2310213 J/T at 15 T, giving a resolution of 5
31023 mB* per electron.

We thank W. Biberacher for stimulating discussions a
for providing the k-(BEDT-TTF)2Cu~NCS!2 sample. We
would also like to thank A. K. Geim for useful discussion
and continued interest in this work.
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