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Abstract
v/

The effect of temperature on the magnetic susceptibility of CrO, was investigated
using water to heat the chromium (1V) oxide, which was then brought increasingly closer to
neodymium magnets until the force of static friction was overcome and the metal was pulled towards
the magnets. The force of static friction needed to pull the CrO; was then calculated, and upon
analyzing the videos of the CrO; being attracted to the magnet, the minimum distance required to
overcome the force of static friction was calculated. This value was set equal to the force of the
magnetic field being exerted on the CrO, at a point, which was used to calculate its magnetic field
strength. Using this value, its magnetic susceptibility was calculated and graphed. Upon graphing the
relationship between magnetic susceptibility and temperature, it was found that the uncertainties in
the experiment were much too large to come to a reasonable conclusion, indicating that there were
many sources or error.
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Introduction

There have been many physicists such as Neils Bohr and Michael Faraday who have made
extremely influential discoveries in the field of electromagnetism. I have chosen to further explore a
concept that Madame Curie has discovered, Curie temperature.

Since the magnetic susceptibility of a substance can be used as an indicator of Curie point,
the relationship between magnetic susceptibility and temperature of CrO, was explored. This mainly
focused on the curie temperature of a ferro/paramagnetic material, and the effect that temperature has
on the ordering of the spins of the electrons in an atom. Since CrO; is used in cassette tapes, it can be
used to determine the ideal temperature at which to imprint tapes; since it needs to be done when it is
magnetic properties are extremely minimal so that recording quality can be optimized. Chromium fo
(IV) oxide was chosen as a metal because of its fairly low curie temperature (386 K)'. In order to g
investigate this relationship, CrO, was heated by placing it in a test tube, and heating the test tube hoal
with a hot plate while it was in water. This ensured that the plastic from the tape on the CrO, did not
melt.

The aim of this experiment is to determine a relationship between the magnetic susceptibility
of CrO; and its temperature. This could be applied to the use of cassettes in industry, as it could
determine whether or not they are more effective at a certain temperature, since chromium (IV) oxide
is used to coat the tapes.

Research Question
How does the temperature of chromium (IV) oxide affect its magnetic susceptibility?

Key Terms
Magnetic susceptibility: The quantitative measure of the extent to which a material may be sk caen
magnetized in relation to a given applied magnetic field?. &} s bz

&AL"‘"
Curie point/temperature: temperature at which certain magnetic materials undergo a sharp change
3

in their magnetic properties”.
Ferromagnetic: physical phenomenon in which certain electrically uncharged materials strongly

attract others®. .
(b 1 g fumcilon vtk vy
Lwckad | e\ vweert wawme

efq

! Guinier & Jullien, pg. 155

? http://www.britannica.com/EBchecked/topic/3573 13/magnetic-susceptibility
* http://www.britannica.com/EBchecked/topic/146902/Curie-point

* http://www.britannica.com/EBchecked/topic/205135/ferromagnetism



Theory

Chromium (IV) oxide, having 3 unpaired electrons and an electron configuration of [Ar] 3d3
can be classified as ferromagnetic. Under the presence of a magnetic field, the unpaired electrons
align, causing the material to exhibit properties of magnetism.

If the substance follows the Curie law, then the effective magnetic moment (peff) can be s
estimated as: —_ — =
tepr = Jn(n T 2ptp a
~ G
In this equation, n is the number of unpaired electrons and pB is a constant known as a Bohr -
magneton5, defined as: -
& —
~ up = - @
B ™ omg 7
o z )
w’
Where ¢ is the elementary charge, h is the reduced Planck constant, me is the electron rest
mass and c is the speed of light. oo .
Substituting n=3 into (1); &
_ (1.602+10727)(6.636+¥1073%) —23 1 1
Hefr = +/3(3 + 2) Zod0e 0@ 3.597 .* 107<°JT 3)
W\e -
This value, found in terms of one atom, was then multiplied by the mass of the CrO2,
measured to be(0.00130d:0.0000 1§<g, divided by its molar mass, which gives the number of particles
in the sample used. The uncertainty was calculated by dividing the relative uncertainty by the molar
mass of CrO2, and then multiplying it for the value of the effective magnetic moment:
3.597 » 10-23 0.00130 + 0.00001
« = 3. * *
M,,v’" Hett : 51.9961 + 15.9999 » 2
2 A o G

\ Hegr = 5.57 % 10728 — ot T 4

The uncertainty was found to be << 1%, which is negligible.

Using the formula;

xo=mi; T (ks M) (5)

o

/ Where X, is the magnetic susceptibility, M is the magnetization, and H is the magnetic field®.

(3) was substituted into (4) to result in the equation:

v *Hoppe

v ®Kittel, p. 304

St d’-'\%m

!

.
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»* * —28
I - ©)
m’* .
9 Since /V Pa. 4
¢ o M _ E 7
- \’ T=7 ' e (7)
/ﬂ" cFon

This leads to a theoretical correlation between magnetic susceptibility (X,) and the magnetic

w';y\;’” field (H)8 ™
)ﬁ)’ 3»“\"* /)%’l“"k

i - ®

() To measure the magnetic field, and thus calculate the magnetic susceptibility, a simplified
/ model will be used, reduced the equation to far fewer variables.

P a——

v
o The force of attraction (in newtons) can be expressed by:
7

W
G

Hmyms

?_ max static F = R )] J

Where p is the permeability of the intervening medium measured in Tesla meter per ampere,

. m is the magnitude of the magnetic poles measured in Ampere-meter} and r is the distance between
A &,‘M/ the two magnets in meters®. “#~ A B e
W'/‘ To determine the force at a point, only one m needs to be used, and r becomes the distance A
i f from the magnet. m js also referred to as magnetic field strength, and will be referred to as such, L e
%  using the symbol - \£,J" @;ﬁ‘
To determine the magnetic force, the other variables need to be known. The distance between // {
the objects can be measured, the permeability of the 1nterven1n g medium can be approximated to the &
magnetic permeability of free space, which has a value 4mx102 H-m™. To determine the .
force, one can calculate the force needed to overcome the force of static frlctlon as that is the point at
which the magnetic forcg/Starts to pull the object. The equation can be written as:
B e WML ‘\mué’ (\%‘*Sw\*‘f ?
ar et Fnax = HsN (10)
7
Where Fpa is the maximum force of static friction, i is the coefficient of static friction 9
(which is different for everyﬂsu%face), and N is the normal force'®, e Y
M M o . )&u*
/‘,,f\ Setting (8) equal to (9): 3 w
/ L e ?ﬁ 1 /
ot = (1
J@kiﬁ’/w
. yﬁ“/ W
Levy, pg. 201-202 \x‘ﬁj
/ ® Guinier & Jullien, pg. 155 \ ~
® http://geophysics.ou.edu/solid_earth/notes/mag_basic/mag_basic.htm] 2/
/ °Bhavikatti & Rajashekarappa, pg 112 “
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It is stated that the graphs of magnetic susceptibility, X, and temperature, K, can be shown to

11, e,

have the correlation as follows % e

Figure 1: Magnetic Susceptibility vs. Temperature of a Paramagnetic, Ferromagnetic and
Antiferromagnetic Substance

Paramagnetic .
w}’} Apr o l\’ Ferromagnetic g d
Y \ /
S \
oo L -
W Curie point
o Neel point
——— \
/ /\\
Antiferromagnetic
Temperature, K
/
Procedure
¥ A o »
b}){ ‘ o & The chromium (IV) oxide was carefully inserted into a tape cube. When only the tape was N
y@ weighed, it was found that its mass was negligible. The chromium (IV) oxide was then inserted
H\ CA inside the tape. Tape was used so that there was the lowest force of friction between the chromium
/ (IV) oxide and the table, so that a more accurate value could be measured. The chromium (IV) oxide
was then inserted into a glass test tube, which was placed in a water-filled beaker, which was heated.
A retort stand was used to hold a device which served as a video camera, which was used to record
the experiment so that the results could be more accurate. Aruler was placed under the retort stand,
\,@( \@\’ and neodymium magnets were placed at the 0 point of the ruler. After the water was boiling, the Y9 y
- metal was removed using tongs, and while the temperature was being recorded with a Vernier w \*
_fj&- a surface temperatufe probe, it was slowly brought closer to the neodymium magnets until the force of 4
\P" RO : attraction overcame the force of static friction. This was repeated at room temperature, as well as N
v after it had been in the freezer for several minutes. T W\i
)f’;‘/ To calculate the static force of friction a 1 kg mass was placed on top of a wooden block with !\
& the tape undemeath it. Using a Vernier dual-range force sensor, the force needed to move the block
Y was measured and recorded. This was repeated six times. ko ?/
— W

¢ e

/' Lancashire




Data Collection / Analysis

How data was obtained

Before any calculations were made, the force of static friction between the tape and the table !
was calculated. Using the graph, the exact value of the peak was determined. The following is an

example of one the graph for trial 7. The peak is clearly defined, and it is the value for the force of
static friction:

&\ﬁﬂﬁg{
Figure 2: Force (N) Exerted on a Wooden Block vs. Time (s) - M

\'.a/i.’
G
W
0 z
&
8
0 | 2 4 6 8
The data were then put into a table.
Table 1: Peak Force Exerted on a Wooden Block
Trial 1 Trial 2 | Trial 3 Trial4 | Trial 5 | Trial 6 | Trial 7
"
Peak force (20.01 N) 3.16 4.13 3.16 323 3.15 3.02 2.89
é\ Mass of block: Mass:@0972 * 0.000’1)<g 1ﬁ et T L g
/

R o baae, -
The average of the trials was then taken:

3.16 + 4.13 + 3.16 + 3.23 + 3.15 + 3.02 + 2.89 F_ &
- - é.zs + 0.01}1\/ — [
The uncertainty was calculated by dividing the range of the data by 2:
M. g wzp 2 % %3 g
= 2= (Mm:,.wmv&é wit ve e W“‘u"’w%“
= 0.1

{ nea ¥



"
4,13 - 2.892 = 0.62 N
C————— ST
2.
Since this value is greater than 0.01, this value was used as the uncertainty. T ¢
X
Using the equation F.... = wN, where is p, the coefficient of static friction, and N is the force, ,,L.’: 5)"
\r‘ﬁiﬁ, the coefficient of static friction was calculated by having N = mg: ’Z;»U)}y e
R G et conelk A
Sf . . 3.25 +0.62 = u,1.0972 + 0.0001 = 9.81 <= A 4o .
LW us = 0.302 N kg=tm=2 WATR g “CquR
%’W -
The uncertainty was calculated by adding the relative uncertainties together, which was then
£l multiplied by the value of the force:
(0.62 . 0.00001) 0507 = 0 057gN
* 0. = (.
325  0.10972 -
The force needed to move the chromium (IV) oxide was then calculated by multiplying the
normal force by the coefficient of friction. Since the mass of the chromium (IV) oxide was measured
fo be@.oowow.ooom}kg:
/M H] 3
F =0.302 + 0.057 = 0.00130 + 0.00001 = 9.81
F =0.00385N
The uncertainty was then calculated by adding the relative uncertainties, and then multiplied
by the value of the force to get the absolute uncertainty: .
A
&
0.057 0.00001 0¥ -
+0.00385 = 7.5+ 107 7 no B= oo

0302 T L001a0

As the temperature probe gave a graph of the temperature over time, the temperature during
the procedure needed to be determined. To do this, the average of the most consistent 11ne was taken
by adding all of the values together and dividing it by the number of values. /

e

MR T IN
W ’.l&(»fr
- wh
p



Figure 3: Sample for Run 17: Temperature (K) of chromium (IV) Oxide vs. Time (T)

335
’ re
330 Wﬁ . 'l,uj’
s
o 325
‘5 g
i
(]
[t
315
310 i e
0 5 10 15 20
Time (s) (,
A
v
Sample calculation for run 17:
314.88 +315.25 + 315.12 + 314.72 + 315.04 + 31530 + 31533 + 315,52 + 315.36 + 314.91 + 315.12 + 315.09 + 315.01 + 314.85 + 314.72 + 314.67 \L 7
i// 5 =315.06
({}; The standard deviation was then found by finding the difference of each value from
the average, squaring each individual value, then adding up each number, and dividing by the . *“\
number of numbers and the square root of this value is the standard deviation. o MW
o & 7wy
The standard deviation value for run 17 was found to be 0.25 K. o
/ The vernier website states that its accuracy is “+0.2°C at 0°C, £0.5°C at 100°C”*2 | so

sy
——1

the uncertainty is linear, going from 0.2 to 0.5. The slope was determined using the change in y

divided by the change in x. \/ - “X
Sample:

! 05202 _ 1003

slope = =
100-0 ‘ A
The slope was then put into an equation in the form y=mx+b, and the b was determined by vﬁ

substituting (0,0.2) into the equation. T— %V'/w 1
Sample: A T £ N .})"’\

0.2 = 0.003(0) + b »
b=0.2

Therefore the equation for the uncertainty is AT=0.003(T-273.15)+0.2, where T is in
temperature in Kelvin. The two were calculated for each trial and the larger uncertainty was used.

/s ' http://www.vernier.com/products/sensors/temperature-sensors/sts-bta/






This was calculated for every value, and then graphed:

Figure 5: Magnetization of CrO; vs. Temperature

|11

e
~ 10— /
=]
E g_: e
€ £
c ]
IS pisi
T R ” i
4 ¥ & HE 2
= R Bt
= B ) o 1S e
5 . i N o [t S
a=h o] N [
. i iy iy
Eed] n Ié‘%“ ‘ ( R
oy O s e ]
W £y
Frme G|
¥ ¢ : v ¥ i :
290 300 310 320

Temperature {K)

The uncertainty for H is too small to be seen.

Using the data from the theory section, the magnetization was divided by the value of the

magnetic field. The relative uncertainty of the magnetization is the same as the relative uncertainty of
volume, and this was added to the relative uncertainty of the magnetic field, and then multiplied by

the value of magnetic susceptibility at that point.
Sample calculation of magnetic susceptibility for trial 17:
5.57 « 10728
X, = ———m
4.74
X, =1.18%107%8

Sample calculation of uncertainty for trial 17:

(75107  0.0008)

—28
\0.00385 ' o00111) 18+ 10

The data were then graphed:

=3.15%10"%°
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Figure 6: Magnetic Susceptibility of CrO; vs. Temperature uf\%
; HH ; V\\ /j)
. Auto Fit for: Data Set | Magnetic S tibilit ~
4.0E-028 - XS:A;"gr ata Set | Magnetic Susceptibility = \(9 (;a
A: 2.832E-042 +/- 4.348E-041
B: 5.516 +/- 2.686 ‘
= . RMSE: 6.591E-029 ;
= 3.0E-028- : /7
= .
§ H = i o
? 208028~ £ b i
§ »
% H
2  1.0E-028- . H
[ y H b - - i
Fey =
H .
290 300 310 320

Temperature (K)

This graph, shown without uncertainties of magnetic susceptibility, shows an upward trend of 7
magnetic susceptibility as temperature increases, which contradicts with the theory. The outlier was

then removed: et

Figure 7: Magnetic Susceptibility of CrO; vs. Temperature

5

2_5E_028..A..‘ Auto Fit for; Data Set | Magnetic Susceptibility =i
Xv = Ax"B
- A:6.263E-041 +/- 8.580E-040
B 1 B:4.964 +/-2.397
& 2.0E-028~ RMSE: 5.404E-029 =
'é I - ;:* s = 7
[5} i h e
@ 1.5E-028~ b
2 . ® A - i
S 1.0E-028- L H H —
T T H
= - H - H
- : £
5.0E-029 - P
290 300 310 320
Temperature (K)

Although it did cause the slope to fall more within the range of the data, the data
corresponding to point that are very close to each other has an extremely wide range on the axis of
magnetic susceptibility. The range of temperature is also extremely small (26 K), which greatly

[ ——



wﬂ#yvﬁ%ﬁ; | BEE

~

decreases the validity of this experiment. The reason that there are two clusters is that the chromium
(IV) oxide was heated using boiling water, so the temperature normalized at around the same point,
causing many values at very similar temperatures. The same process occurred when cooling the
CrO», leading to a cluster of values at the lower end of the end as well.

The following is the same graph with the uncertainties of magnetic susceptibility included:

e
sy

Figure 8: Magnetic Susceptibility of CrO;vs. Temperature

%(\{JM ?\J\

008, s
vj T~ 6.0E-028 Auto Fit for: Data Set | Magnetic Susceptibility Vil v
™ Xv = Ax'B - \o®
A 2.604E-043 +/- 3.993E-042
B: 5,933 +/-2.681
Z RMSE: 6.585€-029
£ 4.0E-028- —{—
[o%
@
Q
|24
—d
wn
L
© 2 0E-028-;
[}
g
=
0.0E+000- -~ -

290 300 310 320
Temperature (K)

With the included uncertainties, a more positive trend can be seen. However, its validity is
put into question by the extremely large uncertainties.

Shown without the outlier: 7
T IS

Figure 9: Magnetic Susceptibility of CrO; vs. Temperature
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The uncertainty of magnetic susceptibility is far too large to provide any sort of insight as to
whether or not this relation is valid. This is explored further in the conclusion section. -

Conclusion

The research question “How does the temperature of chromium (1V) oxide affect its magnetic
susceptibility?” was analyzed. The temperature of chromium (IV) oxide was measured while it was
being slowly pushed towards a magnet. After performing 40 trials with a variety of temperatures, the
magnetic susceptibility of the chromium (IV) oxide was graphed versus temperature, providing a
graph with error bars that are far too big to provide any useful information.

According to the theoretical model, the graph should look as follows:

Figure 1: Magnetic Susceptibility vs. Temperature of a Paramagnetic, Ferromagnetic and

/ Antiferromagnetic Substance'
V.V
& o~
il
P \";(f/
5

g/ ¥ Lancashire
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\(f}' W It should be an asymptotic graph with a distinct change of slope. Since the data did not go
M & above the curie point of CrO,, it should be a curve with a negative slope. However, since the range of

temperatures is so low, it is likely that there was not nearly enough data acquired. The range of data
in temperature is extremely low, indicating that a higher sample size should have been used. The
values of magnetic susceptibility for very similar temperatures are also extremely different,
indicating. As well as that, the uncertainties are extremely large, causing any line of best fit to hardly
be valid at all.

Sources of Error

It is evident that there were some major sources of error in this experiment which
caused the data to not follow the theoretical model.

o Temperature was sometimes difficult to determine because it varied wildly =2F !
There was some error associated with the way that the average temperature was determined.
Since some of the graphs for the temperature were not consistent, it meant that the difference in
temperature varied significantly, also meaning that the temperature was not as accurate as it could
have been. This was likely a small source of the random error, and could have been reduced by using
a different sensor, as explained further on. -

o3

y,fe X o Difficult to always keep sensor on tape
R ~ Anothersource of random error related to the way that the temperature was determined is
L\(" \p"’ that it was at times very difficult to keep the temperature sensor touching the tape, since it needed to
X Wy be pushed very gently, which made it hard to accurately measure the temperature since the sensor
o”’@;. needed to be firmly pressed against the object. This could have caused some of the graphs’
jP JAPA ) temperatures to vary, as explained previously. This could be reduced by using a contact sensor inside
e

which the metal can be placed, causing the temperature to be constantly recorded/

¢ The distance may not have been entirely accurate bk = St veas -~
The distance recorded to be the distance that overcame the force of static friction may not
have been the exact distance, as even the camera is not fast enough to catch minute differences in the
position, as some camera stills were too blurry to determine the exact distance, a clearer one was
used. Even very small differences in distance could have dramatically changed the distance. This was
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likely a source of random error that was quite large, and could have accounted for the large
discrepancy in the data. It could be reduced by using a slow motion camera, which would be able to
record more frames per second, and thus be able to show more clearly the exact moment that the
force of static friction is overcome.

—

e Declined rapidly when not heated/cooled

Another significant source of error is the rapid decline (or increase) in temperature when it is
removed from the apparatus. It is likely that chromium (IV) oxide has a low specific heat capacity, so
the substance rapidly undergoes changes in temperature. This causes the data points to be very
concentrated near room temperature, and very spread out between 300k and 290k. As such, the range
in temperature is only 26K, so that is another very large source of systemic error, as it causes the
sample size to be very small, restricting the validity of the data. This could be reduced by performing
the experiment in an environment that consistently provides (or takes away) energy, allowing it to
stay at a consistent temperature. -

o Premise of experiment is wrong (temp of tape does not equal temp of metal)

The premise that the experiment takes for measuring the temperature may also be be wrong. Itis
assumed that the temperature of the tape is the exact same as the temperature of the chromium (IV)
oxide inside of it. Although much of the energy may be transferred, it is possible that not all of it is,
meaning that the values used for the temperature of the metal may be wrong. Although this does not
change any of the random error, it does impact the systematic error of the experiment. This couldbe = = -
reduced by using a temperature sensor that is in direct contact with the metal, as it would yield results
that are more accurate/

+ Pushing tape may cause wrong distance

The tape was pushed using the temperature sensor, as this was thought to give the best
reading. However, it was found that in several trials, the act of pushing the metal caused it to be
attracted to the magnet prematurely, and although these trials were redone, the error was still present.
This could be reduced by utilizing a machine that would be able to push the chromium (IV) oxide in
small increments, making The measurement of the distance more exact. -

« Assumes that entire area of tape is on the ground
It was assumed in the model and calculations that the entirety of the tape was on the ground, ?
although practically this is likely to not be true. This systematic source of error likely made the data M '
lower than what it should have been. This could be reduced by using a larger area of tape, causing the
area not touching the ground to be more and more negligible. However, this means that it would also
require an electromagnet, as the force required to move it would be quite large. -

o Assumes that chromium (IV) oxide is covering the entire volume of the tape
The model used assumes that the chromium (IV) oxide is covering the entire volume of the
tape. In reality, the chromium (IV) oxide was not the entirety the volume; there was inevitably some
air in it. This systemic source of error probably negatively skewed the data. This could be reduced by
using heat shrink wrap, which would be wrapped around the chromium (IV) oxide, and then heated,

causing negligible air presence in the plastie//

Unfortunately, because of the multiple large sources of error, and the significant
uncertainties, this experiment did not support or refute the hypothesis. However, if redone, it should
be done on a much larger scale, using an electromagnet, since many of the sources of error can be
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greatly reduced by having a larger-scale experiment, since the uncertainties would be much lower,
and many of the other assumptions would be more valid.
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Appendix /

o

1. Raw data table of temperature and distance

Trial Temp (K) Distance + 0.0008 m

1

W N RN RN NN NN N - Db b e e e
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O 0 W R W N

306.88
314.28
317.92

312.37

298.12

298.08
298.59.
299.03
299.41
31025
310.62
313.98
31358
3117
30287
30272
31471
314.48
310.6
30844
31162
298.56
298.59
298.68
© 298.78
294.61
295.46
292.61
203,95
 293.61

0.01335_
0.0084__
0.01005__
0.0108___
0.0075 .
0.01155_
0.0141

0.0117

0.0129

0.0129

0.00945_
0.0075

0.01215

0.0102
0.00825
0.01125_

0.0111

0.006

0.01035
0.0087

0.00915
0.0’] 545
0.01305
0.0141

0.01305

0.00945

0.0123

0.01095
0.01515
0.01005

—

[

w

9
ﬂ\!

o
A
W"/\{‘"S

| 18



118

Trial Temp (K) Distance % 0.0008 m

31 29379 0.0087 _
32 29447 000915
33 29434 0.0108
34 2942 0.01575
35 29252 0.00825
36 29192 0.0015
37 29255 0.01095
38 292.07 0.01905
39 29427 0.01365

40 293.13 0.01275
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