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Abstract ore [4]. Our sample of pyrrhotite comes from a mine in the
Sudbury area. It is known to contain some nickel, which
The Curie and Kel temperature are the temperatures atould affect the measured Curie temperature and account
which a magnetic material becomes paramagnetic; hend®r any systematic error.
losing its magnetic properties. By heating mineral samples  Magnetite is a ferrimagnetic mineral. It possesses the
of pyrrhotite ('e; . S) and magnetitel(e;O,) inthe pres-  same properties as a ferromagnetic mineral except instead
ence of a solenoid induced magnetic field, we were able tef parallel alignment of the dipoles, it has anti-paralligia:
determine the Rel and Curie temperatures. Thédltem- ment of unequal spins [5]. Once exposed to a magnetic
perature of pyrrhotite, an antiferromagnetic mineral, wasfield, it remains magnetized even when the field is removed
determined to b&97 + 2K, which agrees with the theo- [6]. Of all the magnetic minerals, it displays the strongest
retical value of598K. While attempting to measure the magnetism [7]. This mineral is important to us since it is a
Curie temperature of magnetite, a ferrimagnetic mineralmajor iron ore, which is used by the oil industry [8].
one of the heating coils broke resulting in the ending of our ~ When these minerals are subject to increasing temper-
experiment. Since no change in magnetic properties wagtures, there is an increase in thermal agitation. This in-
observed in our collected data, we can only assume thajrease means that there is a decrease in the effectiveness of
the Curie temperature occurs at a value greater than thae dipole alignment for magnetite and pyrrhotite becomes
at which the catastrophic event occurr@d2 = 3K. This  more and more disordered. When the temperature is great
value agrees with the theoretical one of 851 K. enough, it will break the dipole alignment of magnetite,
which results in the mineral becoming paramagnetic. This
temperature is referred to as the Curie temperature [9]. At
this temperature, the magnetite atoms will only react with

, . . . each other when a magnetic field is present, meaning it
In today’s society magnetic materials prove to be extremeI){S paramagnetic. Paramagnetic materials are commonly

useful. They have a wide range of applications, from thec nsidered non-magnetic because of their extremely weak

construction of audio speakers and motors to computer har i hoti h :
disks and videotapes [1]. To better understand these mat _agnetls_m ) _For pyrrhotite, once the tem_peratu_re 'S great
rials, we study the mineréls that make them up. In our case nough, it will also become paramagnetic. This temper-
We’II'stud me)ll netite, Fe;0s4), and pyrrhotite E‘ 9) ature is referred to as the&dl temperature. At this tem-
ymag A e3a), PYITONLE, L €1-25).  harature, the thermal energy is great enough to destroy the
Pyrrhotite is an antiferromagnetic mineral. The spins of

the electrons align in a regular pattern with the neighlzprin magnetic ordering within the mineral [2]. For both miner-
. gninareg pattern with t 9 als, once the temperature has decreased below their Curie
ones, which are pointing in opposite directions. The mag-

; o . . ; or Néel temperature, they will regain their ferromagnetic
ngtlc susceptibility of antiferromagnetic '.“a.te“.a's aes . (magnetite) and diamagnetic (pyrrhotite) properties.
with temperature. At low temperature, it is diamagnetic,

which means that it displays magnetic properties only in Each mineral will be magnetized once exposed the mag-

the presen f 2 magnetic field and i d by chan netic field. The magnetic permeability of the mineral can
the presence of a magnetc Neld and 1S caused by Changgs, ;qiermined by examining the ratio of the amplitude of
in the orbital motion of the electrons. [2].

Pyrrhotite is an iron sulohide. which displavs wo svm- magnetic field of air anql that of th_e _rr_lineral. This ratio will
Y phide, \ play M- e equal to the magnetic susceptibility plus one [10].

metries, hexagonal and monoclinic. The displayed symme-
try depends on the concentration of sulphur in the mineral. ;

When there is a small amount of sulphur, its symmetry is B, =x+1 @)
closer to hexagonal while having larger amounts of sulphur
indicates monoclinic symmetry. It is weakly magneticand. _." . . o
after magnetite, it is the most common magnetic mineral® !> X 1S the magnetic susceptibiliy.

[3]. Its uses include being a source of sulphur and an iron Wh|le increasing the tempe_rat_ure of the m_meral as 't.
is being subjected to a magnetic field, magnetic hysteresis

1 Introduction

whereB, is the sampleB, is the reference coil, which



will be observed. Hysteresis is the delayed effect in a mamethod was abandoned due to the size and complexity of
terial’s magnetization when the external magnetic field isthe set-up. In order to get a good signal, the coils would
changed. This results in a curve, referred to as the hysterdrave had to rotate fast. Since the coils are rotating, adinit
sis curve. It is the graph of the relationship between thenumber of rotations would be required. The size of the
magnetic field and the magnetic flux density. This curvecavity in which the sample would be rotating must be small
results in a point, magnetic saturation, where an increase iin comparison to the size of the sample.
the magnetic field will no longer result in a change in flux  Finally, we came upon the idea of using an alternat-
density [11]. ing field. During the design of the rotating coil system,
The magnetic field applied to the sample was generit appeared to be slightly less complex to rotate the ‘fixed’
ated using a solenoid. By tightly winding a coil around aelectromagnet. This would allow a fixed sensed coil, which
cylinder and passing a current through it, a magnetic fieldvould reduce the space required. It was observed that this
is generated. This is referred to a solenoid. The magneticould be further simplified by making the driving the elec-
field of a solenoid is determined by the following equation,tromagnet with an alternating coil. Due to the large induc-

assuming it is ideal. tance of the solenoid, a large voltage is required to drive
the current through. Since the inductance of the solenoid is
B=(u)*Nx*I (@)  large and,
di
where B is the magnetic field)V is the number of turns V= LE (6)

of the coil per unit length/ is the current, ang is the

permeability constant, whose value is we require a large voltage to be applied to the solenoid [9].

Using AC, direct from the wall outlet, we saw that this
A % 10~ TTmA~" 3) produced a very poor approximation to a sinusoidal sig-
nal. To provide adequate current of both polarities, a push-

[12] pull transitor amplifier would be required, however nei-
EMF Stands for e|ectromotive force and is deﬁned asther matChed PNP/NPN nor matched N-Channel/P-Channel
the amount Of energy per uni Charge that iS reversibly ConMOSFETS were aVaiIable. BOth Of these iSSUGS were re-

verted to form electrical energy. The EMF of the solenoidsolved by having a single polarity amplifier driving a step-

can defined by the following equation. up transformer. While this is very inefficient, due to the DC
component of the current through the transformer, it got the
emf = —N@ 4) job done. The mineral was crushed up, to pieces no smaller
dt than 0.5 mm. This was to ensure that the sample wasn’t de-

. : : . Ptroyed and we'd still be able to measure the CurémN

where i is the current, t is the time, and N is the number o .

turns per unit length [13] temperature [15]. The crushed sample was placed inside a
P 9 . &ylindrical vessel. It filled up to and including the areattha

We passed our signal though the Fourier transform an . . ) . .
) . ... comprised the first sensing coil. The area that comprised
calculated the frequency response. Given a signal with fi-

. 7 ) the second sensing coil was left empty. This allowed us to
nite energyy(t), we define its Fourier transforifi(w) by compare between the magnetization of the sample and that

o0 ) of air, which was used as our reference. This cylindrical
F(w) :/ f(t)e It dt (5)  vessel was inserted into a solenoid of 2500 turns, which
e was connected to our circuit that provided the AC current.
Here|F'(w)| is called the magnitude spectrumft) [14]. The set-up is seen in Figure 1.
Solenoid\ Sample Stoppe
2 Experimental Methods = J

i |

J

When proposing the experiment, we planned to use the = i \

ballistic method to determine the Curie andeélltempera- Reference Sensor  Heaters  Sample Sensor

tures. This method involves crushing the sample and pack-

ing it tightly into a cylindrical vessel and then projected i i i

through a uniform magnetic field. This method was aban- Figure 1: The set-up of the experiment.

doned due to size restriction. The sample must be large

with respect to the coil but the field must be large with re- ~ The set-up open-circuted on us during the calculation

spect to the sample. of magnetite’s Curie temperature. We noticed a bubble in
After abandoning the ballistic method, we planned tothe heater circuit after the explosion; this was probabdy th

use a rotating coil to accomplish the measurements. ThiBreceding factor. A heating coil wire was broken off, that




caused the power-supplies to go from suppying2& to 30
0W, causing a catastrophic meltdown in the current. Orig-

inally, we had planned to use HematitE«;O3), but the 25 t I
coil was unusable after this event.

In the room where this experiment was performed, the 20 f 1
magnetic field of the Earth was measured totde4 + 0.1 =
mT; this was not taken into account because it was negliga-2 15 | 1
ble. <

Resonant frequency of the heating coil Wa& H =. We
calibrated our equipment using this data6fkHz. The
hardware we used_@bMaster[16]) took —2048 to 2047
steps of current, corrected for Volts experementally. We 0 ‘ ‘
only used120 of those steps, since the calibration revealed 300 350 400 450 500 550 600
that the signal approched saturation. The signal was offset Temperature (K)
to get the sinusoid’s zero positiogin 0, which equals the
zero position for our signal.

10 | R
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Figure 3: Powewstemperature for pyrrhotite.

3 Resultsand Discussion The power was increased over the course of the exper-
iment as seen in Figure 3 and as it increased, its deriva-
tive is quantised. We would only increase the power when

650 the temperature was increasing by less than 4 demi-degrees

600 celsius per minute.
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Figure 2: Temperatures time for pyrrhotite. Temperature (K)

As time progressed, the temperature was increased as seen

in Figure 2. This increase in temperature resulted in our Figure 4: Magnetic field's temperature for pyrrhotite.

sample being coated with a blue mineral. This mineral is

thought to be bornite, which a copper Sulphide that is com- The mineral becomes paramagnetic once thelkem-

monly found with pyrrhotite. With more time, the sample perature is reached. As seen in Figure 4, that the tem-

could be analysed to be certain. perature at which this change is magnetism occurs is at
595 + 5 K.
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Figure 5: Hysteresis of voltages time for pyrrhotite.

We can see in Figure 5 a snapshot of the largest non-
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Figure 7: Harmonic distortion for pyrrhotite.
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Harmonic distortion is the observed non-linearity. Fig-

linearity seen in Figure 4, which occurs at approximatelyure 7 allows us to see the harmonic distortion, which is
570K. This allows us to see the sample’s voltage as a funcproportional to the hysteresis, as a function of tempeeatur
tion of time. We want to take the ratio of the sample with The peak in harmonic distortion will occur at th&él tem-

respect to the reference to obtain Figure 6.

perature, which shows a high degree of precision because it

is over a larger range than the magnetic permeability. From
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Figure 6:xpyrrhotite VStemperature for pyrrhotite.
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Figure 7, we found the &kl temperature to H&7 + 2K.
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Figure 6 provides a more accurate measurement of pyrrisotitd-igure 8: Hysteresis of the EMF for pyrrhotite.

Néel temperature because it allows us to more closely ex-

amine the behaviour of the sample. This can be explained Using the same data as Figure 5, we were able to plot
by the fact that by taking the ratio, the reference will can-to see the EMF hysteresis of the sample.

cel out the background noise, which is any external vari-
ations in the field not caused by the sample. When tak-
ing the ratio of the sample and reference, we get the one
plus the magnetisation. Theédl temperature was found

to be595 + 5 K. The temperature was found at before the
peak of pyrrhotite, an antiferromagnetic mineral, assgmin
anisotopy, which means the atoms are arranged in regular
lattices [17].
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Figure 9: Hysterisis of the magnetic field for pyrrhotite. Figure 11: Powevstemperature for magnetite.

Figure 9 is the integral of Figure 8. This allows us to Figure 11 shows that as the temperature increases, which
see the magnetic hysteresis of the samplg7atk. The it did over time, so did the power which was applied by us.
next sample to be analysed was magnetite. As with pyrrhotite, the derivative is quantised as the tem-

perature increases.
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Figure 10: Temperatunestime for magnetite.
Figure 12: Magnetic fieldstemperature for magnetite.
As seen in Figure 10, the temperature was increased
over time. This increase suddenly stopped at approximately By examining Figure 12, we can see that the magnetism
700K when a catastrophic event occurred; one of the heatdid not undergo any drastic changes during the elapsed time
ing coils broke. We can no longer make any further meabefore the catastrophic event. This brings us to the conclus
surements. tion that the Curie temperature must occur at a value greater
than690 + 10K, which is temperature at which measure-
ment of the magnetic field halted.
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Figure 13:xmagnetite VStemperature for magnetite.

4 Conclusion

After heating up the pyrrhotite sample, magnetic hysteresi
was observed and theé&dl temperature was determined.
The Neel temperature was found by examining the non-
linearity, which is the harmonic distortion, as a functidn o
temperature. This analysis was preferred over others be-
cause a greater contrast is observed. This allows for in-
creased accuracy and gives @dlitemperature Gl7+2K.

This value agrees with the theoretical valu&a8 K .

The heating of the magnetite sample wasn't completed
due to technical difficulties. While the exact Curie tem-
perature cannot be concluded from the gathered data, as-
sumptions can be made. Since no change in magnetism oc-
curred in any of the gathered data, we know that the Curie
temperature was no obtained. This means that the Curie
temperature of magnetite occurs at a value greater than that
at which measurement ceased. The temperature of ceased

Figure 13 puts the sample in ratio with the reference measurement, as determined from the graph of magnetic
As with Figure 12, we do not see any drastic changes in thgusceptibility as a function of temperature, was found to be
magnetism during the elasped time. This means that theo2 + 3K. The Curie temperature of magnetite is greater
Curie temperature was not obtained because at this tempeahan702 4 3K, which agrees with the theoretical value of
ature, the ferrimagnetic mineral would become paramaggs1 K.
netic. This change in magnetic permeability would result
in a drastic change in magnetisation, which would be ob-
served in Figure 13. From this Figure 13, we can only con-References

clude that its Curie temperature is greater thié2 + 3K
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Figure 14: Harmonic distortion for magnetite.
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