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A Simple a.c. Magnetic Susceptometer Using self-inductance Measurement of
a Single Coil Mounted on a Cryostat Cold Head

Joonghoe Dho*

Dept. of Physics, Kyungpook National University, Daegu 702-701, Korea

(Received 21 August 2008, Received in final form 12 November 2008, Accepted 17 November 2008)

A very simple a.c. magnetic susceptometer for use in a helium closed cycle cryostat is reported in this paper.
This simple setup has only a single bobbin-less copper coil, instead of the primary coil and two secondary coils
typically used in mutual-inductance types. The single bobbin-less copper coil is directly mounted on the cryostat
cold head. A sample is attached on the inside wall of the copper coil using a thermal contact material and its
a.c. magnetic susceptibility is obtained from the measurement of the self~inductance of the sample coil using an
LCR meter or an impedance analyzer. Experimental details are described and illustrative measurements on
magnetic and superconducting materials as a function of temperature are included. The performances and lim-
itations of this simple a.c. magnetic suceptometer are also discussed.
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1. Introduction

The measurement of alternating current (a.c.) magnetic
susceptibility as a function of temperature is a straight-
forward way to characterize the magnetic property of a
material. This has been frequently used to identify various
phase transitions such as superconducting transition as
well as magnetic phase transitions such as ferromagnetic,
antiferromagnetic, and spin-glass transitions. In general,
the measurement method of the a.c. magnetic susceptibi-
lity is based on the coaxial ‘mutual-inductance’ technique
proposed by Hartshorn [1-9], where an a.c. magnetic field
of approximately 10 Hz-10 kHz is generated by a primary
coil and the basic unit of the measurement circuit consists
of two secondary coils which are oppositely wound to
each other (Fig. 1(a)). In these types of a.c. magnetic
susceptometers, the mutual inductance between primary
and secondary coils is ideally zero in the absence of a
sample and thus the measured e.m.f. across the secondary
coils is also zero since the two secondary coils generate
the same magnitude, yet have opposite sign voltages. If a
magnetic sample is placed at the center of one of the
secondary coils, a non-zero a.c. signal proportional to the
a.c. magnetic susceptibility of the sample y,. is observed.
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Recently, the measurement of a.c. magnetic susceptibi-
lity using commercial equipment is widely used at the
research. However, such commercial equipment is very
expensive so it is inconvenient for a general user perform-
ing routine research work at the laboratory. Accordingly,
many researchers have manufactured a home-made a.c.
magnetic susceptometer using a lock-in amplifier and a
low temperature cryostat. Commercial equipment, as well
as equipment reported in the literature, is mostly based on
liquid helium cryostats, as seen in Fig. 1(a) [10-12]. How-
ever, in situations where daily liquid helium expenses and
maintenance costs are not readily available, it is necessary
to lower the temperature by means of a closed cycle cry-
ostat which typically cools down a copper cold head in a
vacuum. Therefore, the design of an a.c. magnetic suscep-
tometer based on a closed cycle cryostat would be valu-
able because it would help to reduce research costs.

Until now, a number of researchers have reported at-
tractive designs for an a.c. magnetic susceptometer based
on a closed cycle cryostat [13-15]. T. Dumelow et al.
reported a design of an a.c. magnetic susceptometer where
the coil assembly was mounted on the cryostat cold head
(Fig. 1(b)) [13]. Alternatively, Ph. Vanderbemden report-
ed a simple type of a.c. magnetic susceptometer with only
a single secondary coil instead of the typical two second-
ary oppositely wound coils (Fig. 1(c)) [14]. The primary
coil was located on the outside cryostat and the single
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Fig. 1. Schematic diagrams of typical mutual-inductance type
a.c. magnetic susceptometers with a primary coil and two
oppositely wound secondary coils based on: (a) a continuous
flow cryostat; and (b) a closed cycle cryostat, or; (¢) with a
primary coil and a single secondary coil based on a closed
cycle cryostat. (d) A simple self-inductance type a.c. magnetic
susceptometer based on a closed cycle cryostat.

secondary coil was mounted on a polycrystalline silicon
rod which was in contact with the cryostat cold head and
was covered with quartz glass to prohibit the eddy current
effect. In this arrangement, placing a thermal contact
material between the sample and the cold head allowed a
minimum temperature of ~20 K to be achieved. In a single
coil type, the measured e.m.f. across the pick-up coil
signal is proportional to the a.c. magnetic permeability z4y,
= 1o(1 + y.c). Therefore, a careful subtraction process
should be carried out in order to find the amplitude of the
a.c. magnetic susceptibility ... While this method may
not be sensitive for very low susceptibility materials
(lx'I << 1), it is still useful for measuring the a.c. magnetic
property of materials such as superconductors and ferro-
magnets.

The simple design of an a.c. magnetic susceptometer
based on a closed cycle cryostat would be useful and
effective for performing routine research work in the
laboratory. A very simple a.c. magnetic susceptometer
based on a close cycle cryostat and the ‘self-inductance’
technique is reported in this paper. This simple setup
consists of a single coil directly mounted on a cryostat
cold head and the information on the a.c. magnetic sus-
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ceptibility is obtained from the inductance measurement
of a single coil using a typical LCR meter.

2. Experimental Setup

2.1. Basic measurement technique

Although the design of an a.c. magnetic susceptometer
based on a closed cycle cryostat would be very useful,
there are a number of problems associated with the detec-
tion coil assembly mounted on a cryostat cold head: (i)
thermal conduction between the cryostat cold head and a
sample needs to be sufficient to cool down the sample;
(ii) the thermal contact material placed between the two
coils must not affect the measured a.c. signal; (iii) if the
coil assembly is metallic, it should be carefully designed
to prohibit the eddy current effect; (iv) the temperature
gradient between the sample and the temperature sensor
should be considered; (v) the temperature change may
cause thermal expansion or contraction in the coil assem-
bly and an impendence change of the detection coils; (vi)
compared with a capacitance measurement of a small
capacitor, the inductance measurement of a coil can be
largely affected by other impedance sources such as coat-
ing and fixing materials and the line capacitance in the
compactly wound coil. Consequently, the background
signal level will not be constant with the change of
temperature, and a temperature dependent spurious signal
may be added to the measured signal even in carefully
designed detection coils.

It seems that any type of a.c. magnetic susceptometer is
not completely free of the above problems. Accordingly,
one can consider the simplified design of a single coil
type and measure the change in the self-inductance of the
coil both before and after the insertion of a sample in
order to obtain information on the a.c. magnetic suscepti-
bility. In the a.c. magnetic susceptometer described here,
the sample coil attached on a cooper block is mounted on
the cryostat cold head, and its self-inductance as a func-
tion of temperature or frequency is measured by an LCR
meter or an impedance analyzer (Fig. 1(d)). The measur-
ed inductance value is subtracted from the self-inductance
value for the empty coil.

The self-inductance L for a solenoid type coil is defined
as a differential of magnetic flux © with respect to the
current /, and is therefore expressed by

d d d

L=%0=5B4=

d
= +
FTPT d['uHA d]'uO(l Xac)HA (1)

where p and u, are the magnetic permeabilities in a
sample and in free space, respectively. The y,. is the
magnetic susceptibility of the sample, H is the applied
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magnetic field, and A4 is the area of coil. Therefore, the
self-inductance change AL between before and after inser-
tion of a sample is proportional to the a.c. magnetic
susceptibility y,., since

AL « :u()(l + /’{ac) — Ho= HoXac (2)

In this method, the a.c. magnetic susceptibility is express-
ed in an arbitrary unit proportional to the inductance
change AL. The measurement method described here is
probably suitable when using a closed cycle cryostat and
an LCR meter or an impedance analyzer.

2.2. Measurement system

Enameled copper wires of 0.05 mm or 0.1 mm diameter
were used for the bobbin-less sample coils. These coils
either have a 3 mm inner diameter and a 3.5 mm length
(870 turns) or a 6 mm inner diameter and a 9 mm length
(670 turns). The bobbin-less sample coil was inserted into
a hole of the cooper block with a small gap to prohibit the
eddy current effect and was attached to the cooper block
using an aluminum filled thermal conductive epoxy
(Duralco™ 132, resistivity ~10° Qcm). The coil assembly
was directly mounted on the cold head of a helium closed
cycle cryostat (Seongwoo Instrument Inc., cold head
temperature ~4 K), and was connected to the external
inductance measurement equipment (HP4284 LCR meter)
through electrical feed-throughs. A sample was attached
to an inside wall of the bobbin-less copper coil using GE
varnish or Apiezon N grease for thermal conduction bet-
ween the cold head and the sample. An applied a.c.
current of 20 Hz-100 kHz generates an oscillating mag-
netic field of 1-20 Oe in the sample coil. The a.c. mag-
netic field in the sample coil can be estimated from the
constant a.c. current supplied by the LCR meter under the
assumption of a solenoid type coil. The temperature was
monitored by a Lakeshore temperature controller (LS331)
using Si diode or Cernox™ sensors. All equipment is
controlled by a personal computer via RS232 or IEEE-
488 interfaces.

3. Results and Discussion

In the small sample coil, the a.c. magnetic field may not
be homogeneous since such a condition can only be
achieved in an infinitely long solenoid type coil. In addi-
tion, the self-inductance value is not constant with frequ-
ency because of the frequency dependent characteristics
of the electric circuit components (Fig. 2(a)). In addition,
the measured self-inductance value of the sample coil is
varied with the temperature, as shown in Fig. 2(b). Such a
variation is probably due to complex impedance sources,
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Fig. 2. (a) Frequency dependent self-inductance of the sample

coil measured by an HP4284 LCR meter. (b) Temperature

dependent self-inductance of the sample coil measured at 100
Hz, 1 kHz, 10 kHz, and 100 kHz.

such as line capacitance, and coating and fixing materials
in the compactly wound coil, which may cause a phase
change of the electromagnetic wave and/or RLC reson-
ance behavior. Thus the use of the simple a.c. magnetic
susceptometer for absolute magnetic susceptibility mea-
surements is definitely limited. However, this does not
impede the use of the simple a.c. susceptometer for investi-
gations of the temperature dependence of a.c. magnetic
susceptibility y..(T), which can be expressed here in
arbitrary units such as the self-inductance change AL(T)
of the coil after insertion of the sample. The y,(T) is
frequently thought to be the most interesting information
because it may be used to identify phase transitions in
magnetic or superconducting materials.

Ilustrative a.c. magnetic susceptibility measurements
on magnetic and superconducting materials have been
carried out using the simple setup based on a helium
closed cycle cryostat. Fig. 3(a) shows the temperature
dependent self-inductance change AL(T) of the sample
coil for a polycrystalline Lag4¢St 54Mng osCr 0203 sample
at 10 kHz. For comparison, this is shown together with
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Fig. 3. (a) Temperature dependent inductance change AL(T)
for Lay 4¢S1).54Mng 9gCry 0203 measured at 10 kHz using a sim-
ple self-inductance type a.c. magnetic susceptometer. For com-
parison, this is shown together with the a.c. magnetic
susceptibility ,(T) measured by a commercial Qunatum
design PPMS. (b) Temperature dependent inductance change
AL(T) for Pry5Cag35Mn,0; measured at 100 Hz-10 kHz using
a simple self-inductance type a.c. magnetic susceptomter. For
comparison, the zero-field-cooled d.c. magnetic susceptibility
24(T) measured at 50 Oe using a commercial SQUID magne-
tometer (Qunatum design MPMS) is also shown.
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the measured y,(T) data using a commercial a.c. mag-
netic susceptomter (Quantum design PPMS). The tested
sample was synthesized by the conventional solid state
reaction method described elsewhere [16]. It has been
reported that Lag4eSrys4MngesCr o203 exhibits multiple
magnetic phase transitions upon cooling: a paramagnetic
(PM)-to-ferromagnetic (FM) transition at ~280 K, a ferro-
magnetic-to-antiferromagnetic (AFM) at ~160 K, and anti-
ferromagnetic-to-spin glass-like transitions at ~40 K [17].
The two curves obtained from both a.c. magnetic suscep-
tometers are found to be practically identical although
there is a subtle difference in the curvature with temper-
ature.

In order to estimate the sensitivity of the simple a.c.
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magnetic susceptometer, the self-inductance change AL(T)
was measured for a low magnetic susceptibility material
Pr¢sCag3sMn0Os, which shows a charge order at Tco ~
240 K and a paramagnetic-to-antiferromagnetic transition
at Tapy ~ 170 K. Fig. 3(b) shows the temperature depen-
dent self-inductance change AL(T) of the sample coil with
a single crystalline Pry¢sCag3sMnO; sample measured at
100 Hz-10 kHz. For comparison, this is shown together
with the zero-field-cooled magnetizatic susceptibility mea-
sured at 50 Oe using a commercial SQUID magnetomter
(Quantum design MPMS). The detail sample preparation
method using an infrared optical furnace has been descri-
bed elsewhere [18]. The measured AL(T) curves clearly
showed weak phase transitions such as charge ordering,
antiferrromagnetic transition, and other weak magnetic
transitions (marked by T* and Tp*) below 50 K. The
measured AL(T) curve is slightly noisy at 100 Hz, but was
quite satisfactory for high frequencies. From the com-
parison with the commercial systems, the sensitivity of
the simple a.c. magnetic susceptomter is estimated to be
approximately at a ~0.1 gemu/Oe level. The temperature
dependent a.c. magnetic susceptibility measurement is
often used to characterize the magnetic phase transition
[19]. For several tests, the performance of the simple a.c.
magnetic susceptomter was satisfactory for the charac-
terization of phase transitions in similar magnetic materials.

Another illustrative measurement was performed for the
superconducting Nb wire as a function of temperature.
The AL(T) data obtained at four different frequencies is
shown in Fig. 4. The superconducting transition temper-
ature (7¢) for the Nb sample (purity 99.8%) is approxi-
mately 8 K at 100 Hz, and it shows a slight decrease with
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Fig. 4. Temperature dependent inductance change AL(T) for
the superconducting Nb wire measured at 100 Hz, 1 kHz, 10
kHz, and 100 kHz using a simple self-inductance type a.c.
magnetic susceptometer based on a closed cycle cyrostat.
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the increase of frequency (7¢ ~7.5 K at 100 kHz). The
measured 7¢ is slightly lower than the typical value of T¢
~9 K for a high purity Nb wire, implying that the real
temperature of the sample, attached on the inside wall of
the sample coil using thermal contact materials, may be
slightly different from that of the temperature sensor
mounted on the cold head. It seems that the error in the
real temperature of the sample increases with decreasing
temperature because the thermal conductivity of the used
thermal contact materials (GE varnish or Apiezon N grease)
decreases slightly with decreasing temperature. The mea-
sured 7¢ suggests that the temperature error is about ~1 K
below 10 K, and thus the system requires a delicate
calibration for the real temperature of the sample in the
inside coil.

4. Conclusion

A very simple experimental setup for the measurement
of the temperature dependent a.c. magnetic susceptibility
of a material was reported in this paper. The simple home-
made a.c. magnetic susceptometer is based on a helium
closed cycle cryostat working within the temperature range
of 4 K~320 K and a self-inductance measurement of a
single coil which is directly mounted on the cryostat cold
head. Therefore, this simple design is suitable when a
closed cycle cryostat and an LCR meter, or an impedance
analyzer, are used, and it is useful for the characterization
of phase transitions in magnetic and superconducting
materials.
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