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Instrumentation for ac magnetic susceptibility measurements

L S Vaidhyanathan, N P Raju & G Rangarajan

Department of Physics, Indian Institute of Technology, Madras 600 036

Magnetic susceptibility of a given sample can be measured using a mutual inductance bridge method. -+

This is based on the principle that the voltage induced inacoil system which consists of primary and secon- - -

dary coils is propertional to the magnetic susceptibility of the material introduced into'the coils. A detsiled.
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fosdeveloped adigancusly 1o pesfor sceurate measureaments of magneli susceptiiy from room fes-

npmtnmdawmo 2K has been described, .-
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anac mutual inductance bridge is common practice in

low temperature research. This is used for magnetic
thermometry also. The basic form of the conventional
ac mutual inductance bridge was first introduced by
Hartshom in 1925. Its application for the measure-
ment of the ac magnetic susceptibility was first pro-
posed and carried out by Casimir e a/! In this meth-
od, the sample is placed inside the secondary of amut-
ual inductor consisting of a primary coil wound coax-
iallywithasecondnryooil.Theseeondalyisusu'ally
divided into two identical solenoidal sections wound
in opposition to each other and connected in series.
Wiﬂmosampleinﬂneooils,themnmdinductanceof
the combined coils should then be zero. With a sam-
ple in one of the secondary coils, the emf induced in
the secondary circuit depends upon the magnetiza-
tion, and hence upon the susceptibility, of the sample.
Hence there will be an unbalance voltage at the secon-
dary output. In order tobalance the Hartshorn bridge
over arange of sample susceptibilities,acompensato-
ry variable mutualinductor is placed in series with the
sample coil. If the mutual inductance of the variable
mutual inductor is measured with and without the
samplein the coil, the difference between these values
would then be directly proportional to the ac magne-
tic susceptibility of the sample.

In its ideal form, the mutual inductance bridge is

represented schematically as in Fig. 1. Analternating

current [is passed through the primary. In the absence
of aspecimen, the bridge is balanced. The specimenis
then introduced from outside to the midpeint of the
top section of the secondary thus causing an unbal-

* ance signal to appear at the secondary output termi-

nals. If an actual bridge could be represented in this
simple manner and all the circuit constants could be
accurately determined, it could serve as an absolute
instrument in one of two ways: ‘
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1 The output voltage of
taken as a measure of the magrictié
in the specimen and the susceptibility calculi ~
terms of the exciting current Jand the constants of the
bridge circuit. The bridge used in this way could also
serve as a dynamic or off balance instrument by fol-
lowing the changes in output voltage.

2 Ontheother hand, thebridge could also serveas
an absolute nufl instrument, if the voltage were comp-
ensated by means of a calibrated and properly adjust-
ed auxiliary mutual inductance. '

An actual bridge, however; falls far short of being
represented by sach an ideally simple circuit, because
of several factors: In the absence of a specimen, the
bridge must be balanced to a high degree because the
effective mutual inductance of a typical specimen is
such an extremely small fraction of the main mutual
inductances’ + Mand — M. The unbalance arises be-
Specimen

| S +M
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Fig. 1—Simplified schematic diagram of
susceptibility bridge
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cause in practice the two halves of the secondary can-
not be made exactly identical in all respects. Farther
the finite dimensions of the coil lead to a certain de-
gree of nonuniformity of the ac magnetic field. Hence,
even whenthereis no samplein the coil, itis necessary
to cancel thisunavoidable imbalance between the two
sections of the secondary coil. Further, the unbalarice
signal consists of a reactive as well asa resistive com-
ponent, since the coil has an inductance and a distri-
buted capacitance as well as a resistance (eddy cur-
rent losses). The reactive component is in
with the primary current while the mxsn({:a
nent is in phase withit. Besides, these, t§ire
aﬁnwhonofﬁ'equencyofthe ac pnmarycurrentmd
the temperature-of the coil. -
: Formeﬁb%reasons*,mslmmsﬁblenb makeac—

compmme,éiwpmmt, in onwt tway;gs gusi, it
maybcusedasadynamlcmstmmentwhemheomput
voltage s calibrated by means of a standard specimen
whosesusoepnbxhtyhasweudetexmnpd absolutely.
Secondly, it maybeusedasanullﬁrstnnh it When
the compensator is calibrated by ‘means .of kuch
standards,

A mutual inductance bndge suitable for magneuc
relaxation measurements at low temperatures has
been described recently by PH.Muller et al? They
used a Philips synthesizer PM 5190 as asignal gengra-
tor. The primary coil is-driven directly, without the
use of any transformers..The output of the secondary
coilsisdetected byatwo-phaselock-in-amplifier (Ith-
aco dynatrac 393). The outputs.of the detector are
monitored with two panel meters, which are connect-
ed to the on-line computer system (LSI 11). They
made no attempt to.null the bridge by an additional
compensation network. The signal change induced
by the sample was monitored directly. They mea-
sured the flequcnny dependenceof magnetic suscep-
tibilities %’ and x” using this experimental set-up, .

A similar system has been used in: our laboratory
during the past 8 years and the construction and per-
formanceofthesystemmreponed in this paper.

2 Details of the Coil Assembly

A primary coil of 3000 turns of insulated copper
wire was wound on a perspex former. The length, in-
ner and outer diameters of the former are 60 mm, 8
mm and 10 mm respectively. Twoidentical secondary
coils, each having 1200 turns, were wound on top of
the primary coil. While winding the coils vacuum
grease was applied on top of each layer so that the
windings would be fixed firmly in position.

After winding the coils, the primary coil was ener-
gized by sending an alternating current at afrequency

of 83 Hz using the mtcrnal oscxllator of a lock-m-
er (PAR 5201), Thus 2 an altematmg magnetl.c
field was produced in the primary coil and | e in-
duced voltage at the secondary coils was fed into the
lock-in-amplifier in differential mode. The dc (();:ftfput
of the lock-m-amphﬁer is propornonal to the er-
ence of the voltages that are induced in the fwo sec-
ondaties. The advantage of the dlfferenﬁal mode is
that the noise gets eliminated frbm the ;wcpndages
Since the same number of turns were wi)und in both

the secondanes, 1deally the differential output of the

., lmé&pected*tobe‘z&b”ﬂmsﬁce
e v
me, g‘*m @methé %

ed diagrany cryostangs‘hdvmuﬂ" ‘
2 'i’hesam;ﬂecoﬂ as destribed in Sec: 2 wak”em-

bedded msi&eacopperblockmdlau-metalfsfueldke*

paratitig them. It was found that in the-abseitice of the
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Fig.2—Sketchofthecryostat

439




Lt

.....

INDIAN JPURE & APPL PHYS, VOL. 27, JULY-AUGUST 1989

u-metal shield, the effect of the eddy currents due to
copper glves rise to a s1gnal which masks the signal
dueto the specimen, This effect was completely elimi-
nated by providing the p-metal shield. However, it is
possible to use nonmetallic supports to the coil as-
sele in order to eliminate this problem, Such a sys-
temis now under construc’aon inour laboratory “This
would also facilitate: measurements of theac magnetic

tlbxhty inthe presence of an applied dc magne-
tlc ﬁé A superconductlng solenond couldbeused to

supPort the coil il syste;n

ic stainless; u,;'t\!hﬁfsa)ﬁfew
damets&wmwm;ﬁheldmmbyawm
sea;%)mmqummmm i

cometblocktobevamww thing; offithe li-
quid helivmn. This. arrangemcntlsparuuﬂadyuseful
in repeated monitoring of superconducting or mag-
W&Wbngmmorm,

ttaching the specimen holder
40 another thin-walled stainless steel
tube (Sz of 8 mminner dxameterby means of astripof
teflon. This stainless steel tube in turn was held in po-
sition by a Wilson seal (W;). Wlth this arrangement, it

gne Fic, i : and the solderused
inall connequons should be nonsuperconducting,
The leads of thécoils were connected to the input

terminal of the lock-in-amplifie¥by means of shielded
coaxial cables. The use of & akial connectors can help
isolate hoth ends'of the secondary from the ground.

The primary coil v ammg:ze&hy‘ﬂie internal oscil-
lator of the lock—-m—ampfiﬁef Jtmay also be driven by
an exterial oscillator whighshould then also be used
to provide the referencé s to the lock-in-amplifi-
er. The differential outpys !@e secondaries has two

components: one is in phasc and another m—quadra—
ture with the current in the primary coil. So itis very
convenient to have two-ghdse sensitive detectors in
the lock-in-amplifier to read and fecord them simul-
taneously. The schematic diagram of the experimen-
tal sét-up is'shown in Fig. 3.

The outfit of the lock-in-amplifier was recorded
withno sample and withthe sample and the difference
between fhese two readings is a measure of the mag-
nehg SUSCCptlblll of the sample. Because of this
procedurg, the drift contribution due to the tempera-
ture Variation will be eliminated. To check whether

“any contribution ¢ comes from the quartz tube, the sus-
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Fxg. 3—Schemat1c dnagramofac susoepublhty expenmental
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ceptnblhty of the empty quartz tube was measured
from roomf temperdture down to 4.2 K and no detect-
able output was observed. Instead of quartz, teflon
may also be used far the ¢onstruction of the sample
holder. The signal output dt the secondary is also pro-
portional to the filling f4¢tor which may be defined as
the ratio of the sample volume to the volume of the
secondary coils. In order to feaximize this factor, it is
advisable to wind the secondary coil inside the pri-
mary, 1 e as ‘close to the sample as possible

4 Temperatme Measurement and Control» R

Aconstantanheatérwire(20 ohms), connected toa
relay and a de.power source and wound around the
bettomof copper block, enabled the block tobe heat-
ed. In the case of a helium bath cryostat, pumping the
bath with a sealed rotary pump enables the tempera-
ture to be reduced down toabout 1.2 K. Alternatively,
the measurements may also be carried out inside a li-

quid helium dewar itself. A Leybold temperature !~

controller (model ER 3) with a calibrated thermistor
or a carbon resistor as the temperature sensor acti-
vates the relay and regulates the temperature of the
block to better than 0.1 K. The temperature of the
sample was measured using a calibrated germanium
resistance thermiometer (GRT )below 35 K and acali-
brated platinum resistance thermometer (PRT)
above 35 K. Carbon glass thermometers have to be

™~




VAIDHYANATHAN er al: INSTRUMENTATION FOR ac SUSCEPTIBILITY MEASUREMENTS

used when a large dc magnetic field is also present.
These thermometers were mounted in the vicinity of
the sample. A Keithley model 225 current source and
aKeithley model 181 nanovoltmeter were employed
to measure the resistance of the thermometers. Re-
cently a PREMA model 6000 digital multimeter has
been used for the direct temperature readout with a
standard PT 100 platinum sensor. SRS

5 Calibration of the Set-wp -

The difference between the output voltages with
and without the sample is directly proportional to the
susceptibility of the sample. To find out the
of proportionality a material whose absotuté suscep-
ity s weKHOWg W Gl o oo

8,0, st ,
tibility variation with.temperature is known**, The
inverse of the measured output voltage ata frequency
of 83 Hz due 10 Gd,0; is shown as afunction of tem-
perature in Fig. 4.1t can be seen from the figure that
the graph is a straight line indicating that the constant
of proportionality is the same throughout the temper-
ature range from room temperature down to 4.2 K.
Using this calibration constant, the susceptibility of
Fe(NH,SO,),6H,0 (Mohr salt) was measured and is
shown in Fig. 5. The measured susceptibility of the
Mohr salt agrees well with the value reported in the li-
terature’, .

6 Detection of Superconducting Transitions

The ac magnetic susceptibility provides a contact-
less method of detecting superconducting phase
transitions. In contrast to a resistive method, this
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18 4—Inverse output of the lock-in-amplifier due to the sample
: of Gd, 0, vsiemperature

method does not suffer from thé disadvantage of not
being able to distinguish between bulk supéreonduc:

tivity and a superconducting percolation path across
an otherwise normal material. It is based on the esta-
blishment of diamagnetic screening currents ‘within
the surface layer of the superconductor of thickness
equal to penetration depth. However, it must be
borne in mind that this is not a measurement of the

Meissner éffegt‘\\;lgci;!iﬁléngis atruly bulk effect aris-
ing from the expulsion of miagnetic flux from within
Wbk of hemieral, T Y
A typical superéonducting shséeptibiiy tansiion
s hown i Fig. 6 o the high temparativ gt
reonductor GdBa,Cu,0, - This corresponds 1
m 4 »TPY éﬁ?(i ’:S TRy ',cgin_
T

nent (i.e. real part)of
ple e isEeprbil o

the dispersive comy i
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Fig. 5—Inverse susceptibility of the sample Fe(NH,SO,), 6H,0.
(MohrSalt)
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Fig. 6—Dispersive and absorption ( inset) components of the sus-
ceptibility of the superconducting compound Gd Ba,Cu,0, _ v
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ed by companngthe signal output with that of aspher-
ical saniple of Pbin wluch the signal may be assumed
to corrc,spond ‘to.an ideal dnamagnetlc susceptibility
of 3/8x[1/ 47t (in cgs units) X correction factor to take
into. account the demagneuzanon due to sample
shape] o

Howcver inporous granular spemmens, the poros-
1tyfacto,r and the shape of the grains| render 1h1$ estim-
ate somewhat unreliable. Jtmust also be remembered
mat this expression is correct only if the grain size is
large compared tothepenetranmdepth.Whenthms

model appheablc totype ll superoonductors Thein-
¢rease of shleldmg current densnty below T resultsin
1 -
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flux motion, leading to energy absorption and a maxi-

mum atatemperaturebelow T.. Absorption measure:
ments are also very usefulih the study of paramagnet-
ic relaxation or domain relaxationin magnetlcally or-
dered materials and in spin glasses.

References

1 Casimir HW G, DeHass\VJ&DeKlerkD Physica (Ger-
many), 6 (1939) 241,

2 ZahnCT, RevSaemlnstmm(USA) 34(1963) 285.

3 lV(l;ellerPH SchrenleM&KastenA,J Magn Mater(US'A), 28

982)34 A

4 MMLN&MMILAMC&W(MMM(]ﬂ‘)
AR,

5 Ha&'kﬁ?l!, ',MS&WesmmE,F,Ranmhreseqmb,(Ed)l,_

ing (e 1964,93
- Chem Ph:s( Uﬁ) b1 (1971)2%4&

MDE‘WM soh‘ds(lliﬁe Book,n,ondon), 1967; '
385" CERE - A RN I : i
8 ‘Gomory . F: &knbothl’ SolidS{ Cm(ll&d),é&(l%%)

- 645 -

e




