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A STRING MAGNETOMETER USING
THE METHOD OF SMALL PERTURBATIONS

Subject and Purpose. The existing interest in nanosized magnetic materials requires equipment for express post-synthesis measurements
of magnetic properties of these nanostructures in such a way as to exclude any mechanical displacement of the sample. Although there
exist plenty of methods and devices for studying magnetic properties of materials, the development of novel schemes based on the known
techniques for examining properties of magnetic nanomaterials, for example magnetic nanopowders, is a hot problem. The measurement
equipment of the sort will detect changes in the magnetic properties of materials over time and under the influence of various factors, such
as temperature, external magnetic fields, stabilizing substances.

Method and Methodology. The developed setup for registering magnetic hysteresis loops is based on the method of small perturbations
performed by an alternating magnetic field. The devised scheme combines conventional physical principles of both hysterometers and
vibrating-sample magnetometers.

Results. With the aid of the developed setup, magnetic hysteresis loops of La,, ,,5St, ,,s MnO; nanopowder have been obtained and
compared with the data provided by the well-known technique. A good agreement was observed. The measurement error was 10%.

Conclusion. The suggested scheme can be used for the express registration of magnetic hysteresis loops of miscellaneous magnetic

materials of various compositions, including nanoscale magnets.

Keywords: string magnetometer, magnetic hysteresis loop, magnetic nanoparticles, magnetization.

The synthesis of novel magnetic materials requires
development of tools for examining magnetic pro-
perties of these materials. Despite a huge variety of
methods [1—6] for magnetometric studies of mag-
netic materials, most of them are based on the ex-
citation of a small current from the investigated
magnetic sample in a small circuit (coil). It is clear
that the accuracy and sensitivity of techniques of
the kind directly depend on the characteristics of
the amplifiers and filters for this current excited.

Yet, a possibility exists to raise sensitivity using the
resonant methods [1, 6], which is a pressing prob-
lem. This has led us to work out schemes for the
magnetic hysteresis loop registration with a me-
chanical vibration string as a measuring element
[7—9]. In order to carry out express measurements
using a string magnetometer, which makes up the
purpose of this work, a laboratory setup based on
the method of small perturbations was experimen-
tally realized.
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In the proposed laboratory setup, the principle
of vibrating-sample magnetometer [1] is used, where
a string like a piece of a metal wire in stressed state
plays the role of a vibrating element. A distinctive fea-
ture of the developed setup is the use of small pertur-
bations [10, 11] of the studied sample when it is placed
in a weak (~ 1 Oe) alternating magnetic field com-
bined with an external constant magnetic field. Under
the alternating field action, the magnetic sample per-
forms sinusoidal oscillations. In so far as the sample is
tightly bound to the string, the latter performs forced
oscillations (self-oscillations) that are registered.

The schematic block diagram of the measuring
setup is notable for its relative structural simplici-
ty. Magnetic hysteresis loops of materials are recor-
ded with an accuracy of 0.50Oe of the magnetic
field strength measurements. The developed labo-
ratory setup has the advantage that the detector does
not include an electromagnetic circuit, which redu-
ces the electromagnetic interference.

1. Theoretical information

The developed scheme provides the signal I=dB/dH
registration by the well-known method of small per-
turbations. A similar approach is employed, for one,
in electron paramagnetic resonance spectroscopy [10].
An alternating magnetic field, h, of a small magni-
tude (<1 G) acts as a small perturbation. Simulta-
neously with the small h field, a large-value (up to
10 T) magnetic field H ;, constant or slowly varying
within 10 T, is applied to the sample, H ;>> h. The
total magnetic field acting on the sample is

H=H,+h (1)

The measured dB/dH value approaches zero as the
sample reaches its saturation magnetization. The pre-
sence of a gradient alternating field h causes the me-
chanical displacement of the test sample. The latter be-
gins its periodic oscillations at the frequency A,, cos Q0 ¢,
where A, is the amplitude and Q is the frequency of
the mechanical oscillations of the sample. The sample
mechanical oscillations caused by the h field have the
same frequency € as the resonance frequency of string
oscillations. They are transferred to the string and sub-
sequently converted into electrical or optical oscilla-
tions. The useful signal B(H) takes the form

B(H) = j I(H)dH,

f
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Fig. 1. Graphical representation of the second-mode (n=2)
eigenoscillation of the string. The black dot indicates the studied
sample position and the arrow indicates the sensor position

where I(H) is the signal amplitude. The frequen-
cy of the string oscillations has the generally accep-
ted form [12]

v=u/2L,

where L is the string length and u is the velocity of
the wave propagating along the string.

The string is fixed at both ends with tension.
Therefore, u depends on the string tension force, T,
and the string mass per unit length, p [12]. The string
is a one-dimensional mechanical-type resonator
with resonant oscillations whose wavelength is de-
termined by the string length L. From the wave equa-
tion [12], it follows

A, =2L/n,

where n is the oscillation mode (n =1, 2, 3...).
The wavelength is uniquely related to the frequen-
cy whose spectrum is determined by the phase ve-

locity u=w/k =27rv-% =vA. On the other hand,

the rate of solid state oscillations depends on the
string tension force T as follows

u=\T/p.

Hence, the eigenoscillation spectrum of the string
is given by the formula

T/ p

Va ="y

The registration of the useful signal from the sam-
ple was carried out at the second (n =2) mode. A
gain in the signal amplitude can be obtained by pla-
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Fig. 2. Schematic block diagram of the measuring setup based on the developed technique: I — support bar with a string, 2 — sample,
3 — electromagnet with concentrators, 4 — modulation coils, 5 — magnetic field sensor with amplifier, 6 — vibration sensor, 7 —
synchronous detector, 8 — audio frequency generator with amplifier, and 9 — analog-to-digital converter
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Fig. 3. Signal intensity I depending on external magnetic field H
(a) and magnetic hysteresis loop recorded using the developed
technique for La ,,sSr ; ,,s MnO, nanoparticles (b)

cing the sample and the sensor at the oscillation an-
tinodes, i.e. at the points corresponding, respective-
ly, to a quarter and three quarters of the length of the
string, as shown in Fig. 1.

The function B(H) recorded is proportional to the
magnetic induction B [1]. Therefore, the graph of the
experimentally obtained function represents a mag-
netic hysteresis loop of the magnet examined. The
normalization of the B value to those of the known
magnetic materials makes it possible to get the B va-
lues of the studied materials.

2. Experiment and discussion

The developed string magnetometer is based on a
support bar carrying a thin wire playing the role of
the string. In Fig. 2, studied sample 2 is bound to
string 1. The sample is exposed to the H field gi-
ven by expression (1). The H , field is produced by
electromagnet 3, and the field h is generated by two
coreless induction coils 4 (modulation coils). Mag-
netic field sensor 5 records H field values. Also,
string 1 carries vibration sensor 6 that converts me-
chanical vibrations of the string into the electric
response from the sample. The electric response
signal enters synchronous detector 7 and perso-
nal computer. The reference signal is generated by
audio frequency generator 8. The H field value is
recorded by the external unit of analog-to-digital
converter 9.

Fig. 3 shows the I(H) dependence in the form
of the B (H) derivative. When the sample field rea-
ches its saturation, the signal from the sample almost
vanishes (Fig. 3, a). The integration of the obtained
graph corresponding to (1) restores the magnetic
hysteresis loop of the sample (Fig. 3, b).

In the experiment, magnetic hysteresis loops
were obtained for a studied sample with a known
shape of the magnetic hysteresis loop [13], known
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coercive force and saturation magnetization. For
the studied sample, we took La ,..Sr ;,,-MnO,
(LSM) nanoparticles synthesized by the method of
solid-phase reactions at T'= 1 650 °C [13]. The LSM
nanoparticles were given a spherical shape with the
sample diameter d =2 mm. The sample was fas-
tened to the string (see Fig. 1). The known values of
saturation magnetization and mass make it possible
to estimate the sample induction and normalize the
measured values.

The registered measurements of the studied
sample have shown a good agreement between the
shape and value of the coercive force of the hys-
teresis loops, a measurement error being no worse
than 10%. Notice that the measurement accuracy
is unlimited and can be significantly improved not
only by technical refinements of particular blocks
and components but, also, by employing well-
known statistical averaging methods, prolongation
of each measurement point, etc. Similar methods
are used in commercial magnetometers. Obviously,
the developed technique does not claim on a high
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CTPYHHU MATHITOMETP
13 3BACTOCYBAHHAM METOAY MAJIMX 35YPEHD

IIpepmert i MeTa po6oru. IHTepec BMPOOHMKIB HAYyKOBOTO OOJIaHAHHA 10 HAHOPO3MIPHNUX MArHITHUX MaTepia/liB BMMarae pos-
pOO6KIM TIPUCTPOIB /s OE3KOHTAKTHUX eKCIIpec-BUMIpIOBaHb iX MarHiTHUX BracTuBocCTeil. HesBakarounu Ha 6esitiy BifoMux Me-
TOZiB Ta NPUCTPOIB [I BMBYEHHS MArHiTHUX B/IACTMBOCTEN HaHOMaTepialiB (30KpeMa, MarHiTHMX HAaHONOPOLIKIB), po3po6-
JIEHHs HOBOTO YCTAaTKyBaHHA y 11ili ra/lysi 3a1MIIaeTbcs BaXX/IMBYM 3aBaHHAM. Taki BMMipioBaibHi IpUCTpPOi 103BONATD BUABIATH
3MiHy MarHiTHUX B/IaCTMBOCTE HAHOMAaTepialiB y yaci Ta I1ij BIVIMBOM pi3HMX (aKTOPiB — TeMIepaTypy, 30BHIIIHbOIO MAarHiTHO-
TO 10711 Ta XiMi9HOTO BIIMBY CTA0ITi3yI04NX PEYOBYH.

Mertopu i MeTogonoria po6oru. [IpuHIuI po60TH PO3POOIEHOr0 aBTOPAMM YCTATKYBaHHS [/Is OTPUMAHHS IIeTe/lb MarHITHOTO
ricTepesncy 3aCHOBaHMII Ha METOJi Malux 30ypeHb 3 BUKOPMCTAHHAM 30BHIIIHBOTO MarHiTHOTO IOJA. Po3po6meHnit cTpyHHMIT
MarHiToMeTp MoexHye y cobi Tpanuuiitti ¢pisudHi npuHIMIM po60oTH ricrepoMeTpis i BibpomarniromeTpis.

Pesynbratin po6oTu. 3a JOIOMOIOI PO3POOIEHOr0 YCTATKYBAHHA aBTOPU OTPMMAIN IeT/Ii MarHiTHOTO TicTepe3ncy HaHOIO-
pouky La ... Sr,,- MnO,. [lopiBHANbHMIT aHaIi3 pe3y/nbTaTiB eKCIepYMEHTAIbHNX JJOCTI/PKEHb i JaHNX, OTPMMAHMX 3a BiJoMOI0
METOJVIKOI0, BUSIBUB IXHIO JOOPY Y3TO/KeHICTh 3 moxubKow 10 %.

BucHoBOK. Po3po6eHnit aBTopaMu CTPYHHMIT MarHiTOMeTp MO)Ke 6yTV BUKOPMCTaHUII /I eKCIIpec-peecTpaliii meTeab Mar-
HITHOTO TiCTepe3NCy MarHiTHUX MaTepiasliB Pi3HOTO CK/Iajy, Y TOMY YMC/li HAHOPO3MipHMX MarHeTHKIB.

Knwouosi cnosa: cmpynnuti maznimomemp, nemJis MaHiMH020 2icrepesucy, HamazHivy8aHHs.
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