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Multiple  samples  of  graphite  were  given  for  measurement  for  the  study.  Three  of  them were 

perforated, and two of them were pure to give a reference point to the perforated samples. The 

purpose was to measure and determine the magnetic behaviour of these samples using the SQUID 

magnetometer for measurements.

Using M(T) graphs drawn from the results using the GNU octave open source scripting language, it 

was found out that the perforated samples showed negligible ferromagnetic behaviour, while the 

pure samples behaved in a temperature-dependent paramagnetic way.

In addition, by plotting the inverse magnetization by temperature 1/(M(T)-M0) a fit for Curie-Weiss 

law was attempted, which resulted in low negative Curie temperatures in the range of 0 to -3 K and 

Curie constant in the range of 0.0009 to 0.0025 K*emu/g.
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List of symbols and abbreviations
units

M Magnetization

m Magnetic dipole moment

m Mass [kg]

τ Magnetic moment [A*m^2, emu]

B Magnetic flux density [T, Oe]

Z-moment Magnetic moment over Z axis [emu, A*m^2]

M Z-moment per unit of mass, mass magnetization [emu/g, (A*m^2)/kg]

χ Magnetic susceptibility

χmass mass susceptibility [emu/g, H*m^2/kg]

Tn Neel temperature [K]

TC Curie temperature [K]

C Curie constant []

abbreviations

SQUID Superconducting Quantum Interference Device

CGS Centimeter Gram unit system

SI (abbr. of Système international) International system of units

FC Field cooling

ZFC Zero field cooling
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1. Introduction

1.1 Overview

Magnetic properties of carbon are a relatively new area of study. Graphite has been found to display 

some magnetic properties.  These properties could have potential uses in different fields. In this 

study  was  measured the  temperature  dependence  of  magnetization  of  three  different  graphite 

samples, which have been perforated at different temperatures (280, 800 and 1000 K), giving them 

different  physical  properties.  In  addition,  two   pure  graphite  samples  were  measured  to  make 

comparisons. The measurements were done using SQUID magnetometer.

1.2 Goals and delimitations

This thesis is mainly based on measurements of several graphite samples obtained from multiple 

sources. The general aim is to identify the magnetic behaviour of the samples, and compare them to 

other materials. In addition to this, some external resources are used to get information.

1.3 Structure of the thesis

The  Bachelor's  thesis  consists  of  eight  general  sections:  This  introduction,  theory  section, 

introduction  to  SQUID,  description  of  sampes  and  software,  part  which  describes  the 

measurements, analysis and conclusions. In addition to these, the used sources and attachments are 

also listed.

Section 2, the theory describes the neccessary information to understand the discussed topic. This 

includes the magnetic units and types of magnetism.

The third  part  is  used  to  describe  the  SQUID magnetiometer,  which was used  for  making the 

measurements. This includes the main operation principle and its relevant limitations.

The fourth and fift  part  describe the analyzed samples  and the software GNU octave used for 

analysis respectively.

Sixth section describes  the general  process  of  how the measurements  were  done,  and how the 

analyzed graphs were drawn.

In the seventh section analyzes the results gotten in the fift section.

The eighth and final section introduces the conclusions drawn from this study.
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2. Theory

Magnetism is a phenomenon that is part of electromagnetism. There are various units to describe 

the behaviour of materials in magnetic fields, where the most relevant of them are covered in this  

section.

There are two mainly used sets of units for magnetic measures: the international system of units (SI-

units) and the  CGS (Centimeter Gram System) unit  system, which is based on the international 

system of unists. In this study, the CGS units are used primarily for the magnetic measures.

Magnetic moment is a vector which relates to the aligning torque an external magnetic field applied 

to an object. The relationship between these is:

τ = m × B (1)

Where τ is the torque, m is the magnetic moment and B the external magnetic field.

From this torque we can derive magnetization M, which is a measure that expresses the density of 

magnetic dipole moments in a given material. It is a vector field unit and is calculated as follows:

M = dm/dV (2)

Where m is the magnetic dipole moment and dV represents a volume element.

The relation between magnetization of a medium and the applied external magnetic field is known 

as (magnetic) susceptibility, which is defined as realationship magnetization and magnetic field[1]:

χ = M/H (3)

Where χ is susceptibility, M is magnetization and H the external magnetic field (unit [A/m] (SI) or 

Oe (cgs)).  Susceptibility is a dimensionless quantity, meaning it doesn't have an associated unit.

Magnetic moment can be divided into three  axial components: mx, my and mz component. Given a 

sample of mass m with a Z-moment of mZ, the mass-magnetization can be calculated as follows:

M = Z-moment/m (4)

Where M is the mass magnetization (unit A*m2/kg (SI), or emu/g CGS)), Z-moment (unit Wb*m 

(SI) or emu (CGS)) and m is mass (unit kg (SI) or g (CGS)). It represents the magnetic moment per 

unit of mass. In addition, mass susceptibility χmass  has the same dimension as mass magnetization.

When studying unknown materials, their magnetic properties can be systematically determined by 

sweeping them in their safe-temperature range in a low magnetic field (50-100 Oe). This process 

serves only as a starting point, and more detailed studies are required to obtain the properties from 

areas of particular interest.
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2.1 Types of magnetism

There  are  four  different  main  types  of  magnetic  behaviour:  paramagnetism,  diamagnetism, 

ferromagnetism, and antiferromagnetism. All of these are differentiated by how the material reacts 

to an external magnetic field.

Paramagnetism is  identified by material  having a linear inverse-temperature-mass-magnetization 

curve  (figure  1).  Paramagnetism  is  also  reversible,  meaning  that  the  M(T) plots  for  heating 

paramagnetic samples are the same as the curve when the same sample is cooled down. It is the 

simplest type of magnetic behaviour.

Figure 1: Inverse suseptibility(1/χ) plotted against temperature(T) for a hypotethical, nearly ideal  

paramagnetic material. Note the linear relationship between 1/χ and T.

Diamagnetism on the other hand is identified by the material having a negative magnetism and a 

reversible  M(H) plot  (figure  2).  This  means  that  the  susceptibility  (χ)  is  negative.  There  are 

generally two types for diamagnetism: paired electron contribution to the magnetic behaviour and 

superconductivity.
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Figure 2: Inverse suseptibility(1/χ) plotted against temperature(T) for a hypotethical diamagnetic  

materials with marking of Curie-Weiss factors(θ).

Ferromagnetism is an important type of magnetism. It  has a distinctive  M(H) and  M(T) curves 

which are not linear, and have different heating and cooling curves, ie, the curves are not reversible 

(figure 3). This lack of reversibility is also called magnetic hysteresis. Ferromagnetic materials also 

exhibit a Curie temperature  TC, above which they show Curie-Weiss behaviour and behave like 

paramagnetic materials.

Figure 3: Inverse suseptibility(1/χ) plotted against temperature(T) for a ferromagnetic material. 

Above Curie temperature (Tc), the material exhibits Curie-Weiss behaviour and is paramagnetic. 

Below this temperature, χ is both field and history dependent and is not a useful parameter.

Antiferromagnets have the property of having their magnetic moments aligned opposite to each 

other,  which  results  them  canceling  each  other  out.  This  results  in  small  values  of  M. 

Antiferromagnets behave essentially like paramagnets, but also have the irreversibility typical to 

ferromagnets, and thus have the same parameters (Hc,  Mrem,  Ms) to describe the behaviour. For 

antiferromagnetic materials there exists a specific temperature called the Néel  temperature (Tn), 
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above which the material becomes paramagnetic (figure 4). [2]

Figure 4: Temperature-susceptibility/inverse susceptibility graphs for an antiferromagnetic 

material. The neel temperature is marked with Tn

Table 1: Table for classifying magnetic materials based on their properties (source: [2])

Class χ dependence 

on B

Temperature 
dependence of 
magnetization

Hysteresis Example χ 

Diamagnetic No No No water -9.0*10-6

Paramagnetic No Yes No Aluminium 2.2*10-5

Ferromagnetic Yes Yes Yes Iron 3000

Antiferromagn
etic

Yes Yes Yes Terbium 9.51*10-2

Ferrimagnetic Yes Yes Yes MnZn 2500

2.2 Curie-Weiss law

When  plotting  an  inverse  susceptibility-temperature  curve  for  diamagnetic  materials  and 

ferromagnetic materials above certain temperature, the result is a straight  line. For ferromagnetic 

materials, there is also a discontinuity at a certain temperature called the Curie temperature TC. This 

behaviour is described by Curie-Weiss law. For ferromagnetic materials in the paramagnetic region 

above the curie temperature TC and paramagnetic materials this can be expressed as:
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χ = χ0 + C/(T-TC) (5)

Where χ is susceptibility, C is curie constant, T is temperature and  TC is Curie temperature.

This  behaviour  arises  from the  fact  that  the  alignment  of  magnetic  moments  is  dependent  on 

temperature:  Below  TC  the  magnetic  moments  are  aligned  and  the  material  behaves  in 

ferromagnetic way, having non-linear relationship between 1/ χ and T.

Because mass magnetization is directly propotional to mass susceptibility, Curie-Weiss law can also 

be expressed in terms of mass magnetization:

M = M0 + C/(T-TC) (6)
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3. SX700 SQUID magnetometer

Figure 5: Illustration of SQUID's internal structure.

SX700  SQUID  (Superconducting  Quantum  Interference  Device)  is  an  integrated  instrument 

designed for magnetic measurements [3]. The sample temperature can be set from as low as 3 K to  

up to 400 K, and the magnetic field that can be applied from the superconducting magnet ranges  

from 0 T to 7 T. The temperature is adjusted by using liquid helium in the helium reservoir.

SQUID is sensitive for magnetic flux, and detects it by converting it to AC/DC electrical signal with 

Josephson  junction.  Electrons  are  known  to  have  wave  like  properties.  Passing  through  the 

Josephson  junction the wave is split into two, pass through the junction and then converge back 

together. Without external magnetic field, the brances are equivalent and the phase difference of 

arriving  waves  are  equal.  However,  in  the  precence  of  external  magnetic  field,  a  circulating 

superconducting current will be induced in the ring. This current will be added to one of the splitted 
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electron  currents,  and substracted  from the  other,  causing  a  phase  difference  between  the  two 

arriving waves. This causes a voltage oscillation with a perioid Φ0, which can be measured and used 

to determine the magnetic flux going through the junction (figure 6).

The main variables the  magnetometer can control is  sample temperature  T and magnetic field B, 

which  are  controlled  by  liquid  helium  and  superconductive  magnet,  respectively.  During  the 

measurements,  a rod holding the sample is moved up and down by a stepper motor in order to  

trigger the magnetic response from the magnetic field.

Figure 6: Operation principle of SQUID
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Figure 7: Squid magnetometer and electronic rack

4. Samples

There were a total of five graphite samples that were measured, each with distinct properties. The 

first three samples were handled in a process called perforation, in which the flakes get punctured 

with small holes. This process was carried at temperatures of 280, 800 and 1000 °C respectively for 

samples 1, 2 and 3. The total masses of these samples were weighed to be 0.0136 g  (sample #1), 

0.0112 g (sample #2) and 0.0112 g (sample #3) when put inside the mounting capsules.

The fourth and fift samples were pure graphite samples from Novosibirsk, Russia and a commercial 

sample from Italy with masses of 0.05180 g and 0.086 g respectively.

5. Used programming interface
The open source scripting language and software GNU octave (first released in 1993) was selected 
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for  plotting  the  results.  The  software  is  designed  for  scientific  use  much  like  its  commercial  

counterpart, matlab, having built in functions for reading data from files, plotting results, handling 

matrices, mathematical operations, solving linear and nonlinear equations etc[4]. In this work, the 

data  reading  and  plotting  capabilities  were  primarily  used  for  plotting  the  results  of  the 

measurements.

6. Measurements

The samples which had annealing temperatures of 280, 800 and 1000 °C were put in a capsule by 

using cleaned equipment taking care not to contaminate them, and then mounted in SQUID after 

measuring the mass of the samples. After centering the DC-graphs, the temperature sequence was 

started, which uses a constant magnetic field and a differing temperature to measure magnetization 

of the mounted sample. Because of the relatively weak magnetic properties of the graphite samples, 

a strong magnetic field (0.08 T) had to be used to get strong enough signal to measure it reliably.  

The temperature profile used for the measurements consisted of warming up the sample from 5 K to 

300K, and then cooling it back down to 5 K. The same sequence (constant magnetic field of 0.08 T) 

of temperatures was used for every sample.  The results were files,  where rows represented the 

different  measurements,  and  contained  data  such  as  the  times  of  measurements,  average  Z-

moments, tempearature measurements before and after the measurements, and the magnetic field.

After all of the measurements were done, the mass-magnetization M using the formula (4) for each 

sample was calculated and plotted with temperature T using GNU Octave on a M(T) plot.

After the first measurements, a second set of measurements were made with smaller temperature 

step to give more accurate results. The plot for the second mass-magnetization-temperature is as 

follows (figure 8):
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Figure 8: M(T) plot of the second measurements of the perforated graphite samples

After these,  two pure graphite  samples (commercial  RW-A SGL CARBON from Italy and and 

another sample from Russian Novosibirsk's University)  were measured in a similar way to give 

comparison to the three perforated samples.  The new results  were plotted in to the same  M(T) 

graph, which resulted in the following graph (figure 9).
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Figure 9: M(T) plot of measurements with pure samples' graphs shown

The first pure sample (sample 4) contained some additional points which were clearly not a part of 

the measurements, and thus were removed from the plot as outliers.

In addition to regular M(T) plotting, plotting the inverse of mass magnetization allows for analysis 

of any potential  fit  for curie weiss law (6).  For the three perforated samples this  results  in the 

following inverse plot (figure 10):
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Figure 10: 1/(M(T)-M0) plot of perforated graphite samples, second measurements.

When viewed  this  way,  the  inverse  mangetization  appears  as  mostly straight  lines  with  points 

previously near  0 magnetization appearing as  noise,  and the plot  becoming increasingly sparse 

when moving into higher temperatures. Also the FC and ZFC lines are still distinct from each other. 

By estimating  M0 from the magnetization curve endpoints (T=300K, saturation point) of figure 8 

and adjusting TC and C, it was possible to make a fit for Cure-weiss law of these results.  M0 was 

estimated to be -0.0001398 emu/g, -0.0001017 emu/g and -0.0000895 emu/g for samples 1, 2 and 3.

With this information, manually adjusting variables resulted in the following fits for Curie-Weiss 

law of the upper linear portitions (Samples warming up from 2 K to 300 K) (figure 11):

Sample #1: 1/(M-(-0.0001398 emu/g)) = (T - 300 K)/ 0.0009 K*emu/g

Sample #2: 1/(M-(-0.0001017 emu/g)) = (T – 150 K)/ 0.0025 K*emu/g
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Sample #3: 1/(M(-0.0000895 emu/g)) = (T - 500 K)/ 0.0023 K*emu/g

Figure 11: 1/(M(T)-M0) plot with manual fit Curie-Weiss.

7. Analysis of results

Plotting  the  second  measurements  in  a  mass  magnetization-temperature  graphs  produced  a 

magnetization curve, which composes of two parts: field cooling (FC) and zero field cooling (ZFC), 

which correspond to the cooling and heating parts of the measurement process. These differing 

curves are indicating the irreversibility charasteristic of ferromagnetic materials. It can also be seen 

that  the curves  are  different  for  different  samples.  Second observation is  that  higher  numbered 

graphite samples had their magnetization points overall higher than lower numbered. Altough when 

comparing  to  the  pure  samples  magnitude  of  magnetization,  the  ferromagnetism  is  overall 
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neglegible or does not actually exist.

When comparing to some other materials, the mass magnetization of the samples is relatively high. 

For example, Bismuth, has a mass susceptibility of  -1.35*10−6 emu/g at temperature a of 20 C [5]. 

Comparing the measured samples (with of mass magnetization around 1*10−4), this is around 100 

times larger magnetization.

On the other hand, pure samples show a lot stronger negative mass magnetization. The magnetic 

behaviour for these appears to be temperature dependent paramagnetism.

8. Conclusions

We found out the magnitude and type of general order of the magnetic  behaviour of the three 

perforated  graphite samples  in  this  study.  In  addition,  we compared  the  results  to  similar 

measurement of pure graphite samples.  We found out that the perforated samples showed a very 

small magnetic response, while the pure samples behaved in temperature dependent paramagnetic 

way.  With  further  studies,  additional  and more  accurate  dimensions  of  the  properties  could  be 

determined.

Because graphite is a common and cheap material, the magnetic properties of it could be useful in  

different applications where its  magnitude of magnetization is suitable as a cheaper alternative. 

Examples of potential applications include different kinds of nano-sized magnetic components for 

eg. Magnetic storage, sensors and data processing. The plausibility of this could be studied with 

more detailed studies on the matter.

9. Sources
1. Coey, J.M.D.. (2009). Magnetism and Magnetic Materials. (pp. 11). Cambridge University Press. 
Retrieved from 
https://app.knovel.com/hotlink/toc/id:kpMMM00003/magnetism-magnetic-materials/magnetism-
magnetic-materials

2. Introduction to magnetic units and types of magnetic ordering (pdf file)

3. SQUID magnetometer manual (pdf file)

4. https://www.gnu.org/software/octave/about.html

5. https://en.wikipedia.org/wiki/Magnetic_susceptibility#cite_note-22, original source S. Otake, M. 
Momiuchi & N. Matsuno (1980). "Temperature Dependence of the Magnetic Susceptibility of 
Bismuth". J. Phys. Soc. Jap. 49 (5): 1824–1828. Bibcode:1980JPSJ...49.1824O. 
doi:10.1143/JPSJ.49.1824

6. Cullity, B.D. Graham, C.D. Introduction to magnetic materials. Hoboken (NJ): Wiley cop. 2009.

https://www.gnu.org/software/octave/about.html
https://doi.org/10.1143%2FJPSJ.49.1824
https://en.wikipedia.org/wiki/Digital_object_identifier
http://adsabs.harvard.edu/abs/1980JPSJ...49.1824O
https://en.wikipedia.org/wiki/Bibcode
https://en.wikipedia.org/wiki/Magnetic_susceptibility#cite_note-22
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9.1 Image sources

Figure 1, 2, 3,4: Introduction to magnetic units and types of magnetic ordering (pdf file)

Figure 5, 6, 7: SQUID magnetometer manual (pdf file)

Figure 9, 10, 11: Plotted with GNU octave code (see attachment 2)

10. Attachments

1. SamplePlotV2M2PerforatedAndPure.m
close all;

%samples 1 to 3 are perforated

%samples 4 and 5 are pure

m1 = 1.360E-2; %masses of samples in grams

m2 = 1.120E-2;

m3 = 1.120E-2;

m4 = 5.180E-2;

m5 = 8.60E-03;

m1 = m1*10^-3; %sample masses in kg

m2 = m2*10^-3;

m3 = m3*10^-3;

m4 = m3*10^-3;

m5 = m3*10^-3;

%loading measured data into variables. The filenames in dlmread can be changed to load data from different 
samples/files

Sample1data = dlmread('TD2_300K80Oe.res')(3:end, 1:end);

Sample2data = dlmread('TD2_300K_80_Oe.res')(3:end, 1:end);

Sample3data = dlmread('TD2_300K_80Oe.res')(3:end, 1:end);

Sample4data = dlmread('perforated_graphite_S1_8p8mg (Pure Graphite) 80 Oe.res')(3:322, 1:end); %remove 
additional points from the graph

Sample5data = dlmread('Pure Graphite_RW-A_8p6mg (Italy) 80 Oe.res')(3:end, 1:end);

Tb1 = Sample1data(1:end,2); %Temperature in kelvins

Tb2 = Sample2data(1:end,2);
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Tb3 = Sample3data(1:end,2);

Tb4 = Sample4data(1:end,2);

Tb5 = Sample5data(1:end,2);

Z_Moment1 = Sample1data(1:end,4); %Z-moment in A*m^2

Z_Moment2 = Sample2data(1:end,4);

Z_Moment3 = Sample3data(1:end,4);

Z_Moment4 = Sample4data(1:end,4);

Z_Moment5 = Sample5data(1:end,4);

Mmag1 = (Z_Moment1./m1); %mass magnetization in emu/g

Mmag2 = (Z_Moment2./m2);

Mmag3 = (Z_Moment3./m3);

Mmag4 = (Z_Moment4./m4); 

Mmag5 = (Z_Moment5./m5);

%Saturation magnetization for inverse magnetization. Approximated from magnetization at T=300K

M01 = -0.0001398;

M02 = -0.0001017;

M03 = -0.0000895;

%Inverse mass magnetization 1/(M-M0). Propotional to inverse susceptibility: 1/chi = H/M

invMmag1 = 1./(Mmag1-M01);

invMmag2 = 1./(Mmag2-M02);

invMmag3 = 1./(Mmag3-M03);

%Curie-Weiss fit: 1/M-M0 = (T-Tc)/C, approximated by guessing values until approximate fit.

FitM1 = (Tb1-(-2))./0.0009;

FitM2 = (Tb2-(-1))./0.0025;

FitM3 = (Tb3-0)./0.0023;

%Plot the graphs

plot(Tb1, Mmag1, 'r*');

hold on

plot(Tb2, Mmag2, 'c*');
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plot(Tb3, Mmag3, 'y*');

plot(Tb4, Mmag4, 'b*');

plot(Tb5, Mmag5, 'g*');

grid on;

%Fitted lines

%plot(Tb1, FitM1, 'r');

%plot(Tb2, FitM2, 'c');

%plot(Tb3, FitM3, 'y');

%Plot metadata

title ("Graphite samples 1, 2, 3 (perforated) and 4 and 5 (pure), H=80Oe");

xlabel ("T[K]");

ylabel ("M)[emu/g]");

%ylabel ("1/M-M0[g/emu]");

legend ("Sample1 (perforated at 280°C)", "Sample2 (perforated at 800°C)", "Sample3 (perforated at 1000°C)", 
"sample4 (pure, S1_8p8mg)", "sample5 (pure, RW-A_8p6mg)");

%legend("Sample1 (perforated at 280°C)", "Sample2 (perforated at 800°C)", "Sample3 (perforated at 1000°C)")%, 
"Line fit 1/M-(-0.0001398) = (T-(-2))/0.0009", "Line fit 1/M-(-0.0001017) = (T-(-1))/0.0025", "Line fit 1/M-(-
0.0000895) = (T-0)/0.0023");

title ("Perforated samples, 1/M(T)");

2. SQUID description + Introduction to magnetic units and types of magnetic ordering.pdf
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INTRODUCTION 

Welcome to the Cryogenic S700X SQUID magnetometer manual for the 

measurement of magnetic properties as a function of magnetic field and 

temperature. Superconducting Quantum Interference Device (SQUID) is a highly 

integrated instrument system, designed to be a primary research tool in the 

complicated study of magnetism in matter. The magnetic signature of a material 

reflects its intrinsic spin and orbital angular momentum. In the case of a material 

that would normally be recognized as strongly magnetic, i.e., the ferromagnets 

used in electric motors or the material used on magnetic recording tape, 

determining a "magnetization curve" over a range of applied magnetic fields will 

help establish its commercial value for a particular application. For other 

materials, those that might be characterized by most people as "non-magnetic," 

a similar investigation might reveal information about electronic structure, 

interactions between neighboring molecules or the character of a transition 

between two phases of the material. 

The SQUID is the most sensitive detector of magnetic flux available and is in 

principle capable of detecting 10-6 flux quanta variations in magnetic flux. 

Sample temperature can be controlled continuously from 1.6 K to 400 K as 

standard. Magnetic field is applied using a superconducting magnet with a 

maximum field of 7 T. The SQUID has several modes of operation. However, only 

one mode will be used in the measurement (extraction magnetometry), the 

essence of which is to measure the total magnetic moment by moving the 

sample through a set of pick-up coils (a scan length can be varied from 2 to 120 

mm). All magnetic measurements are performed exclusively in the short-circuit 

mode of the superconducting solenoid. The magnetic flux in the solenoid circuit 

is quantized, and the magnitude of the magnetic field assumes strictly fixed 

values (DC measurements) that is essential for materials, which exhibit magnetic 

hysteresis. This is a significant advantage of the system, because the coils 

register a constant magnetic flux so that it is not needed to move the sample 

with high speed through the pick-up coils. 
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1. Operation principle 

SQUID magnetometer is a sensitive device for converting magnetic flux into electrical signal 

of DC/AC current, the action of which is based on the phenomenon of magnetic flux 

quantization in a superconducting ring with Josephson junctions included in it (See Fig. 1). 

 

Figure 1. Illustration describing the Josephson effect with two superconducting regions and 

two Josephson junctions. 

We know that electrons possess wave properties. In Josephson ring the electron wave is 

divided into two, each of them passes through tunnel junction, and then both waves are 

converged together. In the absence of external field, both branches will be equivalent, and 

both waves will arrive without any phase difference. However, in the presence of magnetic 

field, circulating superconducting current will be induced in the circuit. This current will be 

subtracted from the constant external current in one of the contacts, and will be added in the 

second contact. Therefore, the two branches will have different currents, and phase 

difference will appear between the tunnel junctions. Electron waves, passing through the 

contacts, will interfere. We will see voltage oscillation across the ring, with period Φ0, when 

we steadily increase magnetic flux through the ring (See Fig. 3). The stepwise nature of the 

dependence makes it possible to distinguish individual flux quanta. In a way, this is analog of 

the optical effect with interference from two slits, but in this case, currents interfere. 
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Figure 2. Circuit diagram of DC SQUID magnetometer, where Ib - bias current through the 

superconducting ring, I0 - critical current, Φ - magnetic flux applied to the circuit, V – voltage 

drop. 

 

Figure 3. Periodic voltage response due to flux change through a ring. The periodicity is equal 

to one flux quantum (Φ0). 
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Figure 4. Two main parts of SQUID setup: cryostat (on the left) and electronic rack (on the right). 
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2.  Cryostat 

The section views of recondensing cryostats is shown on figure 5. The cryostat consists of an 

aluminum outer shell, containing a helium reservoir, constructed from welded aluminum with 

a glass fiber/epoxy composite neck and tail section. Ambient magnetic fields (i.e. the Earth’s 

magnetic field) are shielded in the interior of the cryostat to sub μT using a Mu metal shield. 

Additionally, a niobium can is mounted in the tail section, which, when superconducting, 

stabilizes any remaining ambient magnetic field that penetrates the Mu metal shield. The 

base of the helium reservoir tail is fitted with a Carbon Ceramic Sensor (CCS) thermometer 

and a heater. These are connected to the 6-pin Fischer connector in the cryostat top plate. 

The temperature response of these thermometers between 300K and 4.2K is calibrated which 

allows the initial cool-down and subsequent operation of the cryostat to be monitored.  

 

Figure 5. Three quarter section view of the recondensing cryostat and magnetometer insert. 
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The cryostat contains an arrangement of a helium reservoir and thermal radiation shields in 

order to improve system performance. The helium reservoir serves to keep the magnets and 

the SQUID detection circuit in their superconducting state. It also provides the helium for the 

VTI temperature control system. The helium reservoir volume is 40 L. The amount of liquid 

helium in the reservoir is determined using a helium level gauge mounted on the Insert. The 

helium level gauge is connected to the electronics in the rack where it is read in units of mm.  

To reduce the rate of helium boil off, there is a shielding system to prevent thermal radiation 

from the outside reaching the helium reservoir. Constant cooling power comes from the pulse 

tube cryocooler on the top plate of the cryostat. The first stage of the cryocooler maintains a 

single radiation shield at 40 K. The second stage, which reaches around 3 K, is used to liquefy 

a closed loop of helium gas, referred to as the condensing loop. This is separate from the 

reservoir, but when cold liquid in the condensing loop begins circulate it cools the liquid in 

the reservoir to below its boiling point of 4.2K and condense the gas. 

 

Magnetometer Insert 

 

The “Insert” (see Figure 6) consists of a VTI (variable temperature insert), SQUID detector(s) 

and superconducting magnet. The top of the Insert consists of various levels, which house 

the connections for the electrical and gas services required to operate the magnetometer.  

 

Superconducting magnet 

 

The superconducting magnet assembly, shown schematically in figure 6, provides a bias field 

up to 7 Tesla. It features high homogeneity and low drift allowing rapid field change and 

subsequent field stabilization. The magnet consists of two sections. The “inner” section 

generates the bulk of the field. It has its own compensation windings to homogenize the field 

over 4 cm vertical region in the center of the magnet. The “outer” section is a compensation 

coil to fine-tune the homogeneity of the axial field and to minimize the stray field. The magnet 

features a “persistent mode” switch that is essentially a non-inductive superconducting 

connection across the magnet terminals. This forms a closed superconducting loop with the 

magnet coils and current can flow without loss, meaning the field is persistent without the 

need for providing a constant current. To change the current in the inductive winding of the 

magnet, the switch connection must first be driven into the normal (resistive) state. This is 

accomplished by using a heater at 2 - 3 V from the magnet power supply of the rack. Current 

from the magnet power supply can then flow through the main inductive section of the 

magnet and generate the required magnetic field. After the power supply has reached the 

required current, the persistent switch heater is turned off. This allows the switch to become 

superconducting again leaving the magnet in persistent mode. The control of the magnet is 

automated using the LabVIEW software.  
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Figure 6. The side view and close up view of the Magnetometer Insert (on the left) and 

schematic cross-section of the magnet assembly showing the inner and outer sections (on 

the right). 

 

Superconducting detection coil 

 

The detection coil is a single piece of superconducting wire wound in a set of three coils 

configured as a second-order (second-derivative) gradiometer. In this configuration, shown 

in Figure 7, the upper coil is a single turn wound clockwise, the center coil comprises two 

turns wound counter-clockwise, and the bottom coil is a single turn wound clockwise. The 

coils are positioned at the center of the superconducting magnet outside the sample chamber 

such that the magnetic field from the sample couples inductively to the coils when the sample 

is moved through them. The gradiometer configuration is used to reduce noise in the 

detection circuit caused by fluctuations in the large magnetic field of the superconducting 

magnet. 

 

The gradiometer coil set also minimizes background drifts in the SQUID detection system 

caused by relaxation in the magnetic field of the superconducting magnet. Ideally, if the 

magnetic field is relaxing uniformly, the flux change in the two-turn center coil will be exactly 

canceled by the flux change in the single-turn top and bottom coils. On the other hand, the 
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magnetic moment of a sample can still be measured by moving the sample through the 

detection coils because the counter wound coil set measures the local changes in magnetic 

flux density produced by the dipole field of the sample. In this application a second-order 

gradiometer (with three coils) will provide more noise immunity than a first-order 

gradiometer (with two coils), but less than a third-order gradiometer (which would employ 

four coils). 

 

 
Figure 7. Set of axial pickup coils wound in a second order gradiometer configuration. 

 

It is important to note that small differences in the area of the counter wound coils will 

produce an imbalance between the different coils, causing the detection coil system to be 

somewhat sensitive to the magnetic field from the superconducting magnet. In practice, it is 

never possible to get the coils exactly balanced against the large fields produced by the 

magnet, so changes in the magnetic field will always produce some current in the detection 

coil circuit.  
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Variable Temperature Insert 

 

The inside of variable Temperature Insert (VTI) is composed of two parts: a lower section of 

thin phosphor bronze tube with a diameter of 9 mm and upper section of stainless steel tube 

with a diameter of 19 mm. There is a small opening at the bottom of the lower section, which 

allows helium to flow into the VTI from the needle valve (See Fig. 8). The outside of VTI is 

composed of a glass fiber tube and a stainless steel / brass tail assembly. The inside of the VTI 

is thermally isolated from the helium reservoirs by a high vacuum (≈ 10-5 mbar). 

 

Temperature control is shown schematically in figure 8. Liquid helium is drawn from the 

reservoir. It passes through a constriction in the form of a needle valve. The impedance of the 

valve causes a sharp drop in pressure, which cools the helium by the Joule-Thomson effect. 

The helium is being vaporized and cooled to around 1.5 K. The cold gas is then passed through 

a heat exchanger where is warmed to the desired temperature by a heater before being 

passed through the sample chamber. The sample chamber is made from phosphor bronze, 

which is a poor electrical conductor, in order to avoid Eddie current heating. This means it is 

also a poor thermal conductor. The gas flow is laminar due to its low speed resulting in the 

gas speed being almost zero at the inner surface of the sample chamber. This reduces the 

thermal exchange between the gas and the sample chamber. To minimize thermal gradients 

along the length of the chamber, three copper wires (a good thermal conductor) are attached 

vertically to the outside. To improve heating rates, the chamber is also fitted with a non-

inductively wound auxiliary heater, also called film burner. The system is made as adiabatic 

as possible - so that once the heat capacity of the chamber is overcome and the desired 

temperature is reached the auxiliary heater can be switched off. The temperature controlled 

gas flow is then sufficient to maintain the desired temperature. There are two thermometers 

used for temperature control - thermometer A is located on the heat exchanger and 

effectively measures the temperature of the gas coming from the heat exchanger to the 

sample chamber. Thermometer B is positioned in the sample chamber above the sample 

position. Once equilibrium has been reached, temperature from thermometer B can be taken 

as the sample temperature. 
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Figure 8. Schematic depiction of the temperature control of sample space.  
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Stepper motors 

 

A stepper motor (See Fig. 9) moves the sample probe vertically up and down through the pick-

up coils. The longitudinal motor makes 16,000 steps per cm. The longitudinal mechanism has 

three optical switches to act as reference points in case the motor stalls and the software 

loses the position of the probe. There are upper and lower limit switches at the top and 

bottom of the full range of the mechanism. When a tag on the motor passes through one of 

these switches then the software knows where the motor is. The third switch is in the center 

and is referred to as the home position. By moving to the upper limit and reaching the upper 

switch then the software knows that the motor is above the home position and it can then 

move downwards until it finds the home switch.  

 

 
Figure 9. Upper section of the magnet Insert with stepper motor. 
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3. The electronic rack 

 

The electronic systems are housed in a standard size electronics rack (59.9 cm x 174.0 cm x 

80.0 cm). The rack consists of: 

 

LakeShore 218 monitors temperatures of some thermometers located inside the cryostat. 

 

Temperature Controller monitors all thermometers and controls the temperature of the VTI 

heat exchanger. 

 

Level gauge and DC SQUID interface measure the level of the liquid helium in the reservoir. 

The SQUID output can be monitored via a BNC connector and displayed on the panel. 

 

Stepper motor panel controls the sample position within the pick-up coils. Front panel LEDs 

indicate that the motor is activated. 

 

Data acquisition unit (DAQ) / Valve block indicator panel control all analogue and digital 

inputs and outputs to the system hardware except the magnet power supply and temperature 

controller. The red LED indicates power to the data acquisition unit and the green LED 

indicates that computer is properly connected. A schematic diagram of the helium circuit is 

light with red/green LEDs indicating which valves are closed / open, respectively. 

 

Electronic filter unit houses the electronic filtering circuits for all electrical services connected 

to the insert, the power supplies for the VTI heaters and SQUID / magnet detection circuit. 

 

Computer runs the S700X software and controls the various electronic systems. 

 

Superconducting magnet power panel controls the current in the superconducting magnet. 

Valve block module contains the electronically controlled valves that operate gas systems as 

well as a pressure gauge for the VTI. 
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