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Dielectric constant

Pre Lab Questions:

1-

Discuss what happens when a dielectric material is inserted
between the plates of a capacitor, explaining the terms: Dielectric
constant, polarization, electric permittivity and electric
susceptibility, and deriving their relations with each other’s in
solid?

What is Curie-Weiss law?

What are the electrical and related structural properties of BaTiOs
on either side of the inversion temperature?

What is your goal for the experiment and how are you going to
achieve it?



The aims of this experiment are:

» Study the change of electrical properties of the dielectric material
Barium titanate (BaTi105) with temperature.

» Find out Curie's Temperature.

» Calculate Curie's Constant.
To achieve these aims study the change of the capacitor with temperature for our
sample then do the calculation and charts that you are need.
In your REPORT write down everything you used or found for this experiment.
About your device and experimental process please enjoy the experiment
sheets!
Finally:

Discus vour results!



DIELECTRIC AND CURIE TEMPERATURE MEASUREMENT
OF FERROELECTRIC CERAMICS

INTRODUCTION

Research in the area of Ferroelectrics is driven by the market potential of next
generation memories and transducers. Thin films of ferroelectrics and dielectrics are rapidly
emerging in the field of MEMS applications. Ultrasonic micro-motors utilizing PZT thin films
and pyroelectric sensors using micro-machined structures have been fabricated. MEMS are
finding growing aplication in accelerometers for air bag deployment in cars, micro-motors and
pumps, micro heart valves, which have reached the commercial level of exploitation in
compact medical, automotive, and space applications. Extremely sensitive sensors and
actuators based on thin film and bulk will revolutionize every walk of our life with Hi-Tech
eadeets based on ferroelectrics. Wide spread use of such sensors and actuators have made
Hubble telescope a great success story. New bulk ferroelectric and their composites are the key
components for the defence of our air space, the long coastline and deep cceans.

The quest of human beings for developing better and more efficient materials is never
ending. Material Scinece has played a vital role in the development of society. Characterization
is an important step in the development of different types of new materials. This experiment is
aimed to expose the young students to Dielectric and Curie Temperature Measurement
techingue for Ferroelectric Ceramics.

Dielectric or electrical insulating materials are understood as the materials in which
electrostatic fileds can persist for a long time. These materials offer a very high resisitance to
the passage of electric current under the action of the applied direct-current voltage and
therefore sharply differ in their basic electrical properties from conductive materials. Layers of
such substances are commonly inserted into capacitors to improve their performance, and the
term dielectric refers specifically to this application.

The use of a dielectric in a capacitor presents several advantages. The simplest of these
is that the conducting plates can be placed very close to one another without risk of contact.
Also, if subjected to a very high electric field, any substance will ionize and become a
conductor. Dielectrics are more resistant to ionization than air, so a capacitor containing a
dielectric can be subjected to a higher voltage. Also, dielectrics increase the capacitance of the
capacitor. An electric field polarizes the molecules of the dielectric (Figure-1), producing
concentrations of charge on its surfaces that create an electric field opposed (antiparallel) to
that of the capacitor. Thus, a given amount of charge produces a weaker field between the
plates than it would without the dielectric, which reduces the electric potential. Considered in
reverse, this arcument means that, with a dielectric, a given electric potential causes the
capacitor to accumulate a larger charge.
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Figure-1

The electrons in the molecules shift toward the positively charged left plate. The
molecules then create a leftward electric field that partially annuls the field created by the
plates. (The air gap is shown for clarity; in a real capacitor, the dielectric is in direct contact
with the plates.)

Perovskite Structure

Perovskite is a family name of a group of materials and the mineral name of calcium
titanate (CaTiOs) having a structure of the type ABOs;. Many piezoelectric (including
ferroelectric) ceramics such as Barium Titanate (BaTiO:), Lead Titanate (PbTiOs;), Lead
Zirconate Titanate (PZT), Lead Lanthanum Zirconate Titanate (PLZT), Lead Magnesium
Niobate (PMN), Potassium Niobate (KINbOs) etc. have a cubic perovskite type structure (in the
paraelectric state) with chemical formula ABO; (figure 2 a, b).

¥

Figure 2 (a). Perovskite ABOy structure with the A and B cations on the corner and body center
positions, respectively. Three oxygen anions per unit cell occupy the faces and form
octahedra surrounding the B-site.



Figure 2 (b) Perovskite structure (Ba: Grey; Ti: Black; O: White)

As conventionally drawn, A-site cations occupy the corners of a cube, while B-site
cations sit at the body center. Three oxygen atoms per unit cell rest on the faces. The lattice
constant of these perovskite is always close to the 4 A due to rigidity of the oxyzen octahedral
network and the well-defined oxygzen ionic radius of 1.35 A.

A practical advantage of the perovskites structure is that many different cations can be
substituted on both the A and B sites without drastically changing the overall structure.
Complete solid solutions are easily formed between many cations, often across the entire range
of composition. Even though two cations are compatible in solution, their behavior can be
radically different when apart from each other. Thus, it is possible to manipulate a material’s
properties such as Curie Temperature or dielectric constant with only a small substitution of a
given cation.

All ferroelectric materials have a transition temperature called the Curie point (T.). At a
temperature T = T. the crystal does not exhibit ferroelectricity, while for T < T. it is
ferroelectric. On decreasing the temperature through the Curie point, a ferroelectric crystal
underzoes a phase transition from a non-ferroelectric (paraglectric) phase to a ferroelectric
phase.

Barium Titanate (BaTiO;, BT)
Barium Titanate (BaTiO:) has a ferroelectric tetragonal phase (Fig-3(a)) below its curie
point of about 120°C and paraelectric cubic phase (Fig-3(b)) above Curie point. The

temperature of the curie point appreciably depends on the impurities present in the sample and
the synthesis process.

(b) (a)
Fig 3 A Perovskite unit cell and the displacements in its ions on the application of an electric field.



In the paraelectric cubic phase the center of positive charges (Ba™, Ti**) coincid with
the center of negative charges (0 ion) and on cooling below T, a tetragonal phase develops
where the center of Ba™ and Ti** ions are displaced relative to the 0" ions, leading to the
formation of electric dipoles.

As the BT ceramics have a very large room temperature dielectric constant, they are
mainly used in multilayer capacitor applications. The grain size confrol is very important for
these applications.

Dielectric Constant

The dielectric constant (€) of a dielectric material can be defined as the ratio of the
capacitance using that material as the dielectric in a capacitor to the capacitance using a

vacuum as the dielectric. Typical values of £ for dielectrics are:

Material DIELECTRIC CONSTANT i2)
WVacuum 1.000
Dry Air 1.0059
Barium Titanate 100-1250
Glass 38145
Quartz 5
Mica 4-9
Water distilled 34-78
Soil dry 2429
Titanium dioxide 100
Dielectric constant (£) is given by
£= £ . = &A
C, t
Where

' = capacitance using the material as the dielectric in the capacitor,
Cp= capacitance using vacuum as the dielectric

£, = Permittivity of free space (8.85 x 107" F/m)

A = Area of the plate/ sample cross section area

t = Thickness of the sample

Brief Description of the Apparatus

1. Probe Arrangement

It has two spring loaded probes. These probe move in pipes and are f

insulated by teflon bush, which ensure a good electrical insulation. [

The probe arrangement is mounted in suitable stand, which also )

hold the sample plate and ETD sensor. The ETD is mounted in the 7/— ﬁ*’ |
[

sample plates such that it is just below the sample, separated by a f LN
very thin sheet of mica. This ensures the correct measurement of

sample temperature. This stand also serves as a lid of the oven. The liil.
leads are provided for the connection to RTD and capacitance

meter.
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Sample

Barium Titanate (BaTiOs) plate with top and bottom conducting surface.

fad
.

Owven

This is a high quality temperature controlled oven. The oven has been designed for fast
heating and cooling rates, which enhance the effectiveness of the controller.

4. Main Units
The Set-up consists of two units housed in the same cabinet.

(i) Ohven Controller

Platinum RTD (A class) has been used for sensing the temperature. A Wheatstone
bridge and an instrumentation amplifier are used for signal conditioning. Feedback
circuit ensures offset and linearity trimming and a fast accurate control of the oven
temperature.

Specifications of the Oven
Temperature Range - Ambient to 200 °C
Rasolution 01 C
Stability = B
Measurament Accuracy [ =05 C
Cwen : Specially designed for Dielectric measurement
Sensor . BTD (A class)
Display o 3% digit, 7 segment LED with autopolarity and decimal indication
Powar o 150w

(i) Digital Capacitance M eter

This a compact direct reading instrument for the measurement of capacitance of the
sample.

Specifications of the Oven
Range : 50 to 6000 pf
Rasgclution o 1pf
Dizplay : 3% digit, 7 segment LED

Experimental Procedure

1.

Put a small piece of aluminum foil on the base plate. Pull the spring loaded probes
upward, insert the aluminum foil and let them rest on it. Put the sample (BaTiOs) on the
foil. Again pull the top of one of the probe and insert the sample below it and let it rest
on it gently. Now one of the probes would be in contact with the upper surface of the
sample, while the other would be in contact with the lower surface through aluminum
foil.

Connect the probe leads to the capacitance meter.

Connect the oven to the main unit and put the oven in OFF position.

Switch on the main unit and note the value of capacitance. It should be a stable reading
and is obtained directly in pf.
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5. (i) Switch ON the temperature Controller and approx adjust the set-temperature. The
oreen LED would light up indicating the oven is ON and temperature would start
rising. The temperature of the oven in "C would be indicated by the DPM.

(ii) The controller of the oven would switch ON/OFF power corresponding to set-
temperature. In case it is less then the desired, the set-temperature may be increased
Or Vice versa.

(iii)Because of thermal inertia of oven, there would be some over shoot and under shoot
before a steady set-temperature is attained and may take 10 minutes for each
reading.

(iv)To save time, it is recommended to under adjust the temperature. Example, it is
desired to set at 50°C, adjust the temperature set knob so that LED is OFF at 45°C.
The temperature would continue to rise. When it reaches 30°C adjust the
temperature set knob so that oven is just ON/OFFE. It may go up 1 & 2°C, but would
settle down to 30°C. Since the change in temperature at this stage is very slow and
response of RTD and sample is fast, the reading can also be taken corresponding to
any temperature without waiting for a steady state.

Observations and Calculations
Sample : Barium Titanate (BaTiOz)
Area(A): 8 x 6 mm
Thickness (t) : 1.42 mm
Permittivity of Space (g5): 8.85x 10" F'm or 8.85x 10” pf/ mm

g,A  B.85x107° x48

e=L where, C, = =29.9x107 pf

C, t 1.42
S.No. Temperature (°C) Capacitance, C (pf) Dielectric Constant, (g)

1 25 696 2328
2 35 665 2224
3 45 636 2127
4 o5 618 2067
5 65 607 2030
=] 75 604 2020
7 85 612 2047
8 a5 629 2104
a 105 654 2187
10 10 E77 2264
1" 115 715 23
12 120 764 2565
13 125 846 2829
14 128 30 3110
16 129 1020 34N
16 130 1280 423
17 131 1836 6140
18 132 17490 5987
19 133 1722 5759
20 135 1627 b4
21 138 1470 4916




22 140 1360 4548
23 145 1190 3980
24 150 1070 3579
25 160 853 2853

Typical Results
From the graph, Curie Temperature (T, =131°C

Precautions

(1) The spring loaded probe should be allowed to rest on the sample very gently, other wise
it may damage the conducting surface of the sample or even break the sample.

(2) The reading of capacitance meter should be taken when the oven is OFF. This would be
indicated by the green LED. In ON position there may be some pick ups.

(3) The reading near the Curie Temperature should be taken at closer intervals, say 1°C.

Reference
(1) Introduction to Solid State Physics — C. Kittel, Wiley Eastern Limited {5”’ Edition).



Solar cell

Pre Lab Questions:

1-

A solar cell is a p-n junction diode, explain the following terms:

a) Doping a semiconductor

b) Donor and acceptor semiconductors

c) Effect of doping on energy band scheme of the semiconductor

d) Majority and minority current carriers

e) Depletion region

f) Diffusion current

Describe the optical properties in silicon p-n junction diode and

explain:

a) Photo excitation

b) Photovoltaic effect

c) Effect of light frequency and light intensity on the number of
carriers

d) Majority and minority carriers in photoconductive devices

How does illumination affects the behavior of the p-n junction

under different biasing conditions (forward and reverse bias)

Describe briefly the components of a solar cell?

What is your goal for the experiment and how are you going to

achieve it?



The aims of this experiment are:

» Measure the short-circuit current and no-load voltage at different light
intensities and plot the current-voltage characteristic at different light

intensities.
» Determune the Fill factor & the Efficiency of the Solar Cell.

In your REPORT write down everything you used or found for this experiment.

About your device and experimental process please enjoy the experiment

sheets!

Finally:

Discus your results!



Characteristic curves of a solar cell

Principle
To measure the current-voltage characteristics of a solar cell at different light intensities,

the distance between the light source and the solar cell is varied. Moreover, the
dependence of no-load voltage on temperature is determined.

Related topics

Semi-conductor, p-n junction, energy-band diagram, Fermi characteristic energy level,
diffusion potential, intemal resistance, efficiency, photo-conductive effect, acceptors, donors,
valence band, conduction band.

Tasks

1. Measure the short-circuit current and no-load voltage at different light intensities
and plot the current-voltage characteristic at different light intensities.

2. Estimate the dependence of no-load voltage and short-circuit current on
temperature.

3. Plot the current-voltage characteristic under different operating conditions:
cooling the equipment with a blower, no cooling, shining the light through a glass
plate.

4. Determine the characteristic curve when illuminating by sunlight.

Figure 1: Experimental set-up of experiment P2410901.
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Equipment

T R - 1 I % I K. T oy Sy ey ey ey S e

Solar battery, 4 cells, 2.55 cm
Thermaopile, molltype

Universal measuring amplifier
Rheostat, 330 Ohm, 1.0 A

Lamp socket E27, mains conmn.
Filament lamp, 220 V/120 W, w. refl.
Hot-/Cald air blower, 1700 W

Meter scale, demeo, I = 1000 mm
Tripod base -PASS-

Barrel bass -PASS-

Support rod -PASS-, square, [ = 250 mm
Right angle clamp -PASS-

Plate holder

Universal clamp

Bench clamp -PASS-

Glass pane, 1501004 mm, 2 off
Digital multimeter

Lab thermometer, -10...+100°C
Connecting cord, I = 500 mm, red
Connecting cord, I = 500 mm, blue

Set-up and procedure

The thermopile only measuras the light of the
lamp but the sclar cell also detects the
diffused light coming from reflections on the
bench top. Therefore, it is recommended to
cover the bench with a black cloth or piece of

black card to suppress the diffused light.

The experimental set-up is as shown in Fig. 1.
The glass plate is only needed for task 3.

Do the electrical connections as in Fig.

Taskl

The light intensity is varied by varying the distance
between the light source and the sclar cell. First of

2

06752-04
08479-00
13626-93
06l1le-02
06751-00
06759-93
04030-93
02001-00
02002-55
02006-55
02025-55
02040-55
02062-00
37715-00
02010-00
35010-10
07134-00
38056-00
07361-01
07361-04

Figure 2: Circuit for measuring the
current-voltage characteristic.

all, measure the light intensity with the thermopile and amplifier with the equipment at
different distances from the light source. (Note: the maximum output wvoltage of the
amplifier is 10 V). The inlet aperture marks the position of the thermopile. The distance
between the lamp and the thermopile should be at least 50 cm, since the angular aperture
of the thermopile is only 202,

To suppress the influence of the temperature on the characteristics of the solar cell, keep it
at room temperature with the aid of the cold air blower during the experiment.



Task 2

To demonstrate the temperature effect, blow hot air over the solar cell and measure the
temperature directly in front of it with 2 thermometer. Do not touch the cell as its thin p-
layer can easily be damaged.

We recommend separating the lamp and solar cell more than 50 cm, because in shorter
distances the temperature rise caused by radiation could falsify the measurement. Measure
the noload voltage and the short-circuit current.

Task 4

» The characteristics of the solar cell should be measurad in sunlight alse if possible; in
this case both direct and diffused light are involved.

» The thermophile is used again to determine the relationship between the short-
circuit current and the light intensity, although it measures only direct light because
of its small angular aperture. For comparative purposes, therefore, we must support
a black cardboard tube about 20 cm leng in front of the solar cell to screen it from
the diffused light. It is important that the thermopile and the solar cell are pointing
directly into the sun.

Theory and evaluation

Pure silicon is deliberately ‘impurified” (doped)
with tri- and pentavalent impurity atoms to
make a p- or n-type semi-conductor. If we put a
p-and n-type crystal together we get a junction
(pn-junction, Fig. 3) whose electrical properties
determine the performance of the solar call.

In eqguilibrium (with no extermal voltage) the
Fermi characteristic energy level Ex will be the
same throughout. Because of the difference in
the concentrations of electrons and holes in the
p- and n-regions, electrons diffuse into the p-
region and heoles into the n-region. The immobile
impurity atoms create a space charge-limited
current region; the diffusion current and the
field current offset one another in equilibrium.

Figure 3: : pn-junction in the energy-
band diagram - acceptors, + donors, Lo
is the diffusion potential, Er is the Fermi
characteristic energy level, and « is the
elementary charge.

The diffusion potential Us in the pn-junction

depends on the amount of doping and ——
corresponds to the original difference between L o .
the Fermi energy levels of the separate p- and . £

. mositive ___.-r‘"rﬁ\“\-,_h f
n-regions. pole 1 -, ——

The distance between the valence band and the
cenduction band in silicon at room temperature
IS risgative .
:l-’_‘l?ﬁ ;
E=11¢V
For silicon, the diffusion potential is

U,=05t007V.

< ph-junctian

b N-layar

Figure 4: Construction of a silicon solar
cell.



If light falls on the pn-junction, the photons create electronhole pairs separated by the
space charge. The electrons are drawn inte the n-region and the holes into the p-region.
Photons are absorbed not only in the pn-junction but also in the p-layer above it. The
electrons produced are mincrty carriers in those areas: their concentration is greatly
reduced by recombination and with it their efficiency. The p-layer must therefore be
sufficiently thin for the electrons of diffusion length Le to enter the n-layer

Lzt
where ¢ = thickness of p-layer.

If ¢ is the number of electron-hole pairs produced per unit area and of a voltage U is
applied across the pn-junction, a stream of electrons and holes of density

i ’ _y | Dot poly
1= e.llew'ln 1. L_.__ —e 1
! .[.ZE Lh { }
is produced, where e is the elementary charge, k is m‘,t
Boltzmann’s constant, T is the temperature, L is the
diffusion length of electrons and holes, D is the diffusicn 10001
constant for electrons and holes, ny and py are 4
equilibrium concentrations of the minority carriers. 500
The short-circuit current density (L7=0)
ii=—eyg (2) o
B . . B . . . o
is proportional to the intensity of the incident light at
fixed temperature. g becomes very slightly greater (less -
than 0.01 %/K) as the temperature rises.
The wvoltage U7 can become as high as the diffusion
potential Up but no higher. 4s the temperature rises the 20
no-load voltage decreases typically by -2.3 mV/K, since
the equilibrium cencentrations sy and peincrease with the 0 - - - T
temperature: n A e imn
_AE em
ny~e 7 Figure 5: Light intensity J at
Task 1: distances 5 normal to the light
source.

For this task, it is assumed that all the light entering the

aperture (dia. 2.5 cm) reaches the measuring surface.

The sensitivity is 0.16 mv/mW. Plotting the light intensity .J over the distance s gives a
straight line. By extrapolating the straight line we can determine the intensity at distances
5= 50 cm.

Fig & shows the relationship between the light intensity and the short-circuit current and
no-load voltage (Fig. ).

The solar battery which consists of four cells connected in series thus has a maximum no-
load voltage of 2 V. The shortcircuit current is proportional to the light intensity.

I,= 18410 AWm -]



The current-voltage charactenstic at different light intensities J is shown in Fig. 7. The
maximum power output is at the turning points on the curves (Joined by the broken line;
Fig. 7) at which the load resistor has the same value as the internal resistance R; of the

solar battery.

The internal resistance decreases with increasing light intensity. If we compare the
maximum powsr output with the incident power, we obtain an efficiency of approx. 6%

(area of solar battery 50 cm?).

I#r | m &34 Wim
bl
L]
|
|
S0
L
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a o5 40
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Figure &: Current-voltage characteristic at
different light intensities 7.

Task 2:

Measuring the effect of temperature on T and
I, the temperature distribution over the hot air
area must be taken into account. The
measurements can provide only a rough order
of magnitude of this. Measuring the no-load
voltage with hot and cold air gave:

AU,

S0 _gmVIK
AT o

We thus obtain the value -2 mV/K for one cell.
The change in short-circuit current with the
temperature cannot be measured.

Task 3:

A glass plate which absorbs light in the infrared
region can be used to reduce a rise in
temperature of the solar battery. Fig. 8 shows
the effect of the various "operating modes™

15 iy
mh I, v
2001 2
I
100 1 1
i T T
o 500 1000
IO

Figure 7: Short-circuit current L
and no-load wvoltage Uh as a
function of the light intensity .J.

g : T
Fig. 8: Current-voltage characteristics of
the solar battery a) with blower cocling
b} with no blower cooling c) when
screened with a glass plate.



Task 4

Sunlight incident on solar cells produces different characteristic curves from incandescent
light. The reason lies in the different spectra of the two light sources (Fig. 9). At the same
light intensity, sunlight produces a higher shortcircuit current

I,=3.04-107 JAWm™
Because the infrared region of the spectrum of sunlight is smaller, the sclar cell does not

heat up so much and the measurements with and without cooling provide the same
charactenstics for sunlight.

sillcon
cell ~
rd

incandescent
lamp

"z 400 000 1m00
fﬁ—i—

Fig. 9: Spectrum of the sun (T approx. 5800 K)

and of an incandescent lamp ( T approx. 2000 K),

and the spectral sensitivity of the silicon solar cell.



Seebeck effect

Pre Lab Questions:

1- What is thermoelectric effect?

2- What is the relation between Seebeck effect, Peltier effect, and
Thomson effect?

3- Why do different metals have different Seebeck coefficients?

4- What is your goal for the experiment and how are you going to
achieve it?

AR



The aims of this experiment are:

» Obtain the electrical power Pg.
» Obtain the thermal power and measure the efficiency of the thermoelectric

generator.
» Obtain the Seebeck Coetficient.
In your REPORT write down everything you used or found for this experiment.

About your device and experimental process please enjoy the experiment

sheets!

Finally:

Discus your results!

AR



Semiconductor thermogenerator

Related topics

Seebeck effect (thermosalectric effact), thermoelactric e.m.f.,
efficiency, Peltier coefficient, Thomson cosfficient, Seebeck
coefficiant, direct enargy conversion, Thomson equations.

Principle

In a semi-conductor tharmogenarator, the no-load voltage and
the short-circuit cument are measurad as a function of the
temperature difference. The internal resistance, the Seebeck
coefficient and the efficiency ara daterminad.

Equipment

Thermogenerator 04366.00 1
Flow-through heat exchanger 04366.01 2
Heat conductive paste, 50 g 03747.00 1
Connection box 0603023 1
Rheostat, 33 Ohm, 3.1 A 0611202 1
Violtmeter, 0.3-300 VDC, 10-300 VAC 07035.00 1
Ammeter 1/5 ADC 07038.00 1
Stopwatch, digital, 1/100 sac. 03071.01 1
Immersion thermostat TC10 0849293 1
Accessory set for TC10 0849201 1
Bath for thermostat, Makrolon 08487.02 1
Lab thermometer, -10...+100°C 38056.00 1
Thermometer, -10...+ 50°C 38033.00 1
Resistor 3.3 Chm 3910425 1

Rubber tubing, i.d. 6 mm 39282.00 4
Connecting cord, / = 500 mm, red 0736101 3
Connecting cord, / = 500 mm, blue 07361.04 2

Tasks

1. To measure no-load voitage U, and short-circuit cument /.
at different temperature differences and to datermine the
Seeback coefficient.

2. To measure cument and voltage at a constant temperature
difference but with different load resistors, and to deter-
mine tha intemal resistanca R; from the measurad values.

3. To determine the efficiency of energy conversion, from the
quantity of heat consumed and the electrical enargy pro-
duced per unit time.

Set-up and procedure

The expariment is set up as shown in Fig. 1.

1. Secure flow-type heat exchangers to each side of the ther-
mogenerator. Fill the cold side with tap water and set the tem-
perature of the hot side on the themmostat. Tha two tempera-
tures are measured using the holes in the thermogenerator
provided for the purpose. The short-circuit cument and the no-
load voltage are measurad directly, the internal resistance of
the measuring equipment being disregarded.

Fig. 1: Exparimeantal sat-up for measuring no-load voltage and short-circuit current as a function of temperature difference.

Yy



Fig. 2: Construction of a samiconductor Seebeck alemant.
Several elemants are generally connectad alectrically
in sarigs and thermally in parallel.

2. Connect rheostat Ry, to the thermogenerator at a con-
stant average temperature difference. Measure the currant
and woltage at different settings and plot the mesulis on a

graph.

3. Remove the heat exchanger which was connected to the
thermostat and put a water bath brim-full of boiling water in its
placa. Measure the temperature of the hot side Ty, = fir) and
of the cold side T, = fii) as a function of time. Maasure the
current and the voltage across an external resistanca of
approximataly the same value as the internal resistanca.

Theory and evaluation

If a termparature drop is creatad along a curment-free branch of
a conductor made up of different matarials, heat fiows from
the warmer region to the cooler one. The charge carriers
which take part in this transfer of heat are unewenly distribut-
gd along the conductor. An internal field strength is set up,
which can be shown to be the e.m.f. L'y at the open ends of
the conductor (Seebeck affact).

The woltage level dapands on the temiperature difference and
on the materials used. To a first approwimation, the voltage
may be writtan:

Ug = o2 (Th—-Tg = my 2 AT

where o, o i the Seebeck cosfficient of the combination of
materials used, T, is the temperature of the hot side and T,
the temiperature of the cold side.

1. Applying the regression expression
Ug = a+b AT
i the measured values in Fig. 3, we obtain

W

b = 0.0587 E

with the standard amor
sy o= 0.0006 %

Y¢

Fig. 3: NoJload voltage as a function of the tamperature diffe-

rence.
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The thermogenarator consists of 142 elaments connected in
sarias. Tha Saebeck coefficient of the semiconductor comibi-
nation used is therefore
v

@y = 413-107% &
with the standard amor

Sa,, = 4.04- 107 %
As the short-circuit also incraasas lineary with the tempara-

tura, the internal resistance of the themoganarator is constant
in the temperature range considaned.
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Fig. 4: Short-circuit currant as a function of the temparatura
diffarenca.
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Fig. 5: Terminal voltage as a function of the curmrent strangth of
a constant temparature difference.
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2. Applying the regression expression U =« + b I to the maas-
ured valuas from Fig. 5 we obtain

a = Uy = 234V
fg = S|_|u = 0oV
and bl= R = 2800
fjp = s = 0026
and the short circuit currant
Uy
Is =— =084A
- RI
with s = 0.01A

3. From Fig. &8 we determine the slope of the {dg'scgndingj

curve at cne point by drawing a tangent or by linear regressi-
on.
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Fig. &: Temperature difference as a function of timea.
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Fig. 7: Elactrical power ganerated as a function of tha tempa-
ratura diffarence.
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At a temperatura difference AT of 40 K we obtain the following
for the nearest measured values, using the regression expras-
SionAT =a+ b1

dar
de

K

b = = — 003E1 —
5

Wa can thus work out the quantity of heat ¢ flowing through

the generator in unit time in accordance with

As the mass of water my, = 0.194 kg and the specific heat
capacity if water

Cw = 4132%
wa obtain

£ = my - oy =811 K;K
30 that

Pg = 293 —

The alectrical power, measured at constant load, Py, can be
obtained from Fig. 7. For a temperature differance AT = 40 K
wa obiain Py =025 W, 50 that the afficiency

iy
Fn

= 0.008 or 0.89%

r.|=



X-ray Diffraction

Pre Lab Questions:

1- Explain Bragg’s law and drive its equation?

2- Explain how x-rays are produced, and what voltage and current
ranges are involved in laboratory x-ray unit?

3- What is your goal for the experiment and how are you going to
achieve it?

A\l



The aims of this experiment are:

» Investigating Bragg reflection at a NaCl monocrystal.
» Determining the lattice constant ap of NaCl.
In your REPORT write down everything you used or found for this experiment.

About your device and experimental process please enjoy the experiment

sheets!

Finally:

Discus your results!

Yv



Properties of crystals & X-ray structural analysis

Objects of the experiment

Bragg reflection:
determining

the lattice constants
of monocrystals

W Investigating and comparing Bragg reflection at an LiF and an NaCl monocrystal.

W Dotermining tha lattice constant a; of MaCl and LiF

Principles

Bragg's law of reflection describes the diffraction of plane
waves at a monocrystal as the salective reflection of the waves
at a sat of lattice planeswithin the crystal. Due to the periodicity
of the crystal, the lattice planes of a sat nave a fixad spacing
d. An incident wave with the wavelangth & is reflected with
maximum intensity when the Bragg condition

M-h=2-d-sind m
n: diffraction order

& wavelangth

d: spacing of lattice planes

is fulfilied (see experiment PE.3.3.1). The angle & shows the
direction of the incident and refiacted wave with respect to the

Fig. 1 Three-dimensional representation of the structure of NaCl
d: Spacing of lattice planes in [1,0,0]-direction

By lattice constant

..__

" |

Ul

YA

sat of lattice planes and is often retermrad to as the glancing
angla.
In a cubic crystal with NaGl structure fcf. Fig. 1), the lattice
plames nun paraliel to the surfaces of the crystals unit cells in
the simplest case. Their spacing d comesponds to one half tha
lattice constant:

dg
H=F {in
This lets us use (I &5 an equation for determining the lattice
constant &

n-\=4a,- Sind il

In other words, to determine &, we need to measure e
glancing angle & for a known wavelength . and diffraction
order n. This method is more praciss when the giancing angles
are also measured in higher diffraction ordars.

In this exparimeant, the molybdanum x-rays are used as radia-
fion of a known wavalength. Tabke 1 shows its wavalangths w

Tabie 1: Wavelengtns of the characteristic x-ray radiation of
molybdenum (weighted means [1])

Line b
pm
K. 71.08
K 63.09

A Geiger-Miller counter tubea is used to detect the x-rays; this
instrument and tha crystal are both pivoted with respect to the
incident x-ray beam in 24 coupling - the counter tube is turned
by twice the angle of the crystal (cf. Fig. ). The Zero point 4 =
0 iz charactarized by the fact that tho lattice planes and the



Apparatus

1X%-rayapparatus . . . . .. ... ..... 554811
1 End-window counter

for w. B, v and x-ray radiation 55301

1 LiF momocrystal for Bragg reflection . . . 55477

addrtionally required:
1 PC with Windows 9x/NT

-

axis of tha counter tube are parallel to the incident x-ray beam.
As the lattice planes are seldom pracisaly paraliel to the sur-
face of the crystal, the zero point of each crystal must be

calibrated individually.

Safety notes

The X-ray apparatus fulfils all regulations governing an

X-fay apparatus and fully protected device for instructional

usa and is typs approved for SChool LSS in Garmary [NW

807797 RO).

Thie built-in protection and screaning measures raducs the

local dosa rate outside of tha x-ray apparatus to lass than

1 pSw/h, avalue which is on the order of magnitude of the

natural background radiation.

H Before putting the x-ray apparatus into operation in-
spect it tor damage and to make sure that the high
voltage is shut off when tha sliding doors ara openad
{=ae Instruction Sheat for x-ray apparatus).

H Koop the x-ray apparatus secura Tom access Oy un-
authorized parsons.

Do not allow the anoda of the x-ray tubae Mo to overheat.

W 'Whnen switching on the x-ray apparatus, check to make
sura that the ventilator in the tube chamber is turning.

The goniomeater i3 positionad solaly Dy alectric stepper
motors.

B Do not block the target amm and sensor arm of the
goniometar and do not use force to move them.

AR

Fig.2 Schematic diagram of diffraction of x-rays &t a mono-

cryatal and 24 coupling betwesen counter-tube angle and
scattering angle (glancing angle)
1 collimator, 2 monocrystal, 3 counter tube

Setup

Setup in Bragg configuration:
Fig. 3 shows some important details of the exparimant satup.

To sat up the experiment, proceed as follows (seo also the
Instruction Shesat for the x-ray apparatus):

Mount tha collimator in the collimator mount (&) (note the
guida groove).

Aftach tha goniometer to guide rods (d) so that the distance
54 batwean the siit diaphragm of the colimator and tha
targat arm is approek. 5 cm. Connect ribbon cable (c) for
controlling the goniomatar,

Remove the protactive cap of the end-window counter,
place the end-window counter in sensor saat (e) and
connect the countar tube cable to the socket marked
GM TUBE.

Fig.3 Experment sstup in Bragg configuration

&




— By moving the sansor holder (b), s=t the distance 5; ba-
twean the target arm and the slit diaphragm of the sensor
seat to apprmc. 6 cm.

— Mount the target holder (T} with target stage.

— Manually align the tanget and sensor arm horizontally using
the ADJUST knob and save thess positions as the “zens
position of the measunng system™ Dy pressing TARGET,
COUPLED and g Limits at tha same time (see Instruction
Shaet for x-ray apparatus).

Praparing the PC-based measurament:

— Connect tha RS—232 output and tha sarial interface onyour
PC (usually COM1 or COMSZ) using the 9-pin V.24 cable
{supplied with x-ray apparatus).

— It necessary, install the softwara “X-ray Apparatus” under
Windows 8x/NT (see Instruction Sheet for x-ray apparatus)
and selact the desired language.

Carrying out the experiment
Notes:

NECI and LIF crystals are iygroscopic and exremely Fagie.
Store the cry=Rals In & ory pisce; avold mechanical shesses on
the cry=als: hande the crystals by the short faces only,

If the counting rate is oo low you can reduce the distance s;
between the fﬂng‘F and the sensor somewhst. However, the
distance should not De 100 SmaN, &5 Ohenuse the anguiar
resalition of the gomometer 15 no longer suMclent to separate
the characten=ic K, and Ky ines.

a) Bragg reflaction at an LiF momnocry stal:

— Loosan knuried screw (g), place the LiF crystal flat on the
target stage, carefully raise the tanget stage with crystal all
the way to the stop and gently tighten tha knurled scrow
{prevent skewing of the crystal by applying a slight pres-
SLME).

— Sat the tuba high voltage U = 35.0 kW and the emission
curment 1 = 1.00 mA.

Dietarmiming the 7or0 oSt ion of the mea sunng system

- In coupled scanning mode, sat the target to about 10.2°
using the ADJUST knob.

— Switch on the tubo high voltage with HY on/of.

- Leave the tanget position unchanged and., in sensor scan-
nimg mode, manually find the counting rate maximum for
the first reflection maximum of the K, line.

— Leave the sensor unchanged in the maximum counting-
rate position and manually find the maximum of the count-
ing rata in target mode.

— Switch botwesn sensor and target modes and check
whethar you have found the counting rate matimum.

— In coupled scanning mode, move the target back by 10.2°
{ewen if this takes you into the negative range!).

— Save the positions of the targat and the sensor as tha “zen
position of the measuring system™ by prassing TARGET,
COUPLED and p LIMITS simultaneously.

Recording the dMTaction spectim:

— Start the software “X-ray Apparatus”, check to make surg
that the apparatus is connected comectly, and clear any
existing measuremant data using the bution QI or the F4

by

— Sat the measuring time par angular step At = 10 3 and the
angular step width Ag = 0.1°.

— Press tha COUPLED key to activate 24 coupling of tangat
and sansor and sat the lowar limit of the target angle to 4°
and the uppsar limit to 34°.

— Startmeasurement and data transter to the PC Dy pressing
the SCAM key.

— When you nave Tinished measuring, save the measure-
mant sanes undar an appropriate name by pressing the
button & or ihe F2 key.

a) Bragg reflection at an NaCl monocrystal:

— Press the ZERD key o return the target and sensor to tha
current zero position.

— Remove the LiF crystal and carefully mount the MaCl crystal
in its place.

Determining the zero position of the measuring system

— In coupled scamning mode, set the target to about 7.27
using the ADJUST knob.

— Switch on the tube high woltage with HY on/off.

— Leave the target position unchanged and, in SoNsor scan-
ning moda, manually find the counting rate maximum for
the first reflection maximum of tha K line.

— Leave the sansor unchanged in the maximum counting-
rate position and manually find the maximum of the count-
ing rate in targat mooa.

— Switch between sensor and target modes and check
whether you nave found the counting rate madimum.

— In coupled scanning mode, move the tanget back by 7.27
{ewen if this takes you into the negative range!).

— Save the positions of the target and the sansor as tha “Zem
position of the measuring system™ by prassing TARGET,
COUPLED and p LIMITS simultaneously.

Recording the dMTaction spectim:

— Start the software “X-ray Apparatus” or claar any existing
measuremant data using the button or the EI F4 kay.

— Press tha COUPLED key to activate 28 coupling of tangat
and sansor and set the lower limit of the target angle to 4°
and the uppsar limit to 24°.

— Start measurement and data transfer to the PG by pressing
e SCAM key.

— When you have finished maasuring, save the measure-
ment saries under an appropriate name by pressing the
button B8 or ihe F2 key.



Measuring example

a) Bragg reflection at an LiF monocrystal:

# &=ty Appeesius

kaH

i
—

M‘W}k ”

=

Fig. 4 Diffraction spectmem of x-rays in
Bragg reflection to the third diffrac-
tion onder at an LiF monocrystal

an

T with logarithmic display of counting
rete R,
Parameters of x-ray tubs:

| | by Lepbold Diclacki GrkH, 15828

U=3s5kW/=1mA

bj Bragg reflection at an NaCl monocry stal:
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L

Fig.5 Diffraction spectnem of x-rays in
Bragg reflection to the third diffrac-
tion onder at an NGl monocrystal

L with logarithmic dizplay of counting
rate 1.
Parameters of x-ray tube:

I | Dby Levbold [idactio GrcH. 1982 2

U=35kV = 1mA

Evaluation

— Ineach diagram, click the right mouse button toaccass tha
evaluation functions of the sottwara “X-ray Apparatus™ and
select the command “Calculate Paak Cantar™ to evaluate
the diffraction spectra.

— Using the left mouse button, mark the “tull width” of each
peak and write down the center values in a table as the
glancing angle (seo tables 2 and 3).

AR

— For each glancing angle @, calculate the values sin & and
and piot thesa value pairs in a diagram (see Fig. §).

In each case, the results fie along a siraignt line through tha

origin; in accordance with (I, its siope comesponds to the

lattice constant &
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Fig. & Value pairs as a function of sin &
LiF: squares, slope of line = 404.5 pm
MaCl: circles, slope of line = 565.2 pm
Table 2: Glancing angle & of the LiF crystal
@ sin 4 Line n n-i
pm

8.95° 0.158 Kg 1 63.06
10.10° 0.175 Ka 1 71.08
1847 0.312 Kg 2 126.12
20.54° 0.351 Ka 2 14216
27.91° 0.468 Kg 3 189.18
31.82° 0.527 Ka 3 213.24

vy

Table 3: Glancing angle & of the NaCl crystal

B sin Line n m- A
pm
641" 0112 Ka 1 63.08
7.23° 0.126 Foa 1 71.08
12.91° 0.223 Ka 2 126.12
14.57° 0.252 Ke 2 14216
19.55° 0.335 Ka 3 189.18
22.158"° 0.377 Foa 3 213.24
Results
a) LiF crystal:
Measurement result: g = 404.5 pm
Literature value [2]: ag=402.7 pm
lon radii [3]: 68 pm (Li*), 133 pm (F)
Sum of ion radii: 201 pm
b) NaCl crystal:
Measurement result: ag = 565.2 pm
Literature value: ap = 564.02 pm
lon radii [3]: 98 pm (Nat), 181 pm (CH)
Sum of ion radii: 279 pm

Conclusion: the LiF lattice shows a significantly smaller lattice
constant than the MaCl lattice, as the radii of the ions involved
are smaller.

Literature

[1] C. M. Lederer and V. S. Shirley, Table of Isotopes, 7th
Edition, 1978, John Wiley & Sons, Inc., New York, USA.

[2] Handbook of Chemistry and Physics, 52nd Edition (1971-
72), The Chemical Rubber Company, Cleveland, Ohio, USA.

[3] Charles Kittel, Introduction to Sclid State Physics, John
Wiley & Sons, Inc. New York, USA



X-ray fluorescence (XRF)

Pre Lab Questions:
1- How does x-ray fluorescence happen?

2- What does K,L,M and a, B, mean in the names of the spectral lines
in XRF?

3- What is your goal for the experiment and how are you going to
achieve it?

Yy



The aims of this experiment are:
» Determination of the elements present in an alloy.

» Determination of the chemical composition and concentrations of a brass

sample.
In your REPORT write down everything you used or found for this experiment.

About your device and experimental process please enjoy t the experiment

sheets!

Finally:

Discus your results!

Ye



X-ray fluorescence analysis

Objects of the experiment

Determination of the chemical
composition of a brass sample
by x-ray fluorescence analysis

= Recording the x-ray fluorescence spectrum of a brass sample.
=  Determining the mass ratios of individual alloy components.

Principles

A sample irradiated with high-energy x-ray photons emits
characterstic x-ray lines, whose energy depends on the
atomic number of the element of the sample material. This
dependence (Moseley's law) together with the x-ray fluores-
cence spectra of several elements was examined in the LD
Physics Leaflets P6.3.54 and PE.3.55.

If the sample represents a chemical compound or mixture
then itz fluorescence spectrum is also of a complex nature.
Since the inner electron zhells (between which the x-ray tran-
sitions occur) are not incorporated in the chemical bond, the
characterstic lines are also to a large degree independent of
the chemical bond of the element. Hence the x-ray fluores-
cence spectra of a chemical compound are, as a first ap-
proximation, a superposition of spectra of its components.

To make a qualitative analysiz of the chemical composition of
a sample, all of the existing peaks in the flucrescence spec-
trum are firstly assigned to the elements. This is performed
with the help of tabular values for the energies of the charac-
terisfic lines. In making the assignment the "pattem” of each
spectral series is also considered: thus as well as the Ko line,
the KB line with smaller (ca. 5 to 10 imes) intensity must also
be in the spectrum; the Lo line appears together with the Lp
line with similar intensity and the Ly line with smaller intensity.

Conclusions can be made about the relative proportions of
each element in the compound on the basis of the relative
intensities of their flucrescent lines.

To make a quantitative analysis however, many other factors
need to be taken into account, factors which influence the
relationship of the line intensities of varnous elements. Matrix
effects for example play a large role, whereby "maftrix" here is
understood to mean the physical and chemical neighbour-
hood of the element under scrutiny. Also the surface quality
and the geometric properties of the sample need to be con-
sidered. Furthermore the influence of the measuring system

as well as the detector response probability and the dead
time all need to be accounted for.

Since the intensity of the peaks depends not only on the
concentration of the element but also on the position of its
absorption discontinuities relative to the excitation spectrum,
the matrix effects alzo occur via the absorption (especially the
discontinuity absorption) of the primary radiation through the
other elements of the compound. The fluorescence radiation
of the element under scrutiny iz alzo in part absorbed by the
matfrix to a considerable degree, before reaching the detector.

In this experiment, the guantitative analysis of the chemical
composition of a brass sample containing lead is caried out.
The components in this alloy were already identified in the LD
Physice Leaflet P7.5.1.1. The matrix effects are not congid-
ered.

For caleulating the mass ratios, the fact is made use of that
the height of a peak is proportional to the number n of radiat-

ing atoms. In the reference spectrum this number ny is de-

termined by the density of the substance p its atomic weight
A, the radiated area S and the effective thickness d of the
imadiated layer:

2
ng=5a-d-—.

v A
For the number of atoms of each type in the alloy, to first
approximation the expression

neng H oy 2 H
can be used. In this H and Hy are the peak heights in the

spectrum to be analysed and in the reference spectrum is
V=35-d the iradiated volume.



Apparatus
1 X-ray apparatus

with X-ray tube Mo and goniometer 554 811
or

1 X-ray apparatus

with X-ray tube Cu and goniometer

1 X-ray energy detector 299 938
1 Target set of alloys 554 848
1 Target set for K-lines flucrescence 554 B44
1 Target set for L-lines flucrescence 554 B46
1 Sensor-CASSY 524 010
1 MCA Box 524 058
1 CASSY Lab 524 200
1 BNC cable, 1 m 501 02

1 PC with Windows 98/2000 or higher version

Using this information, the mass ratio C, of the element

number i in the alloy is

H
e

m-A o

c, = L - o
> P
i | HD\.'

- Z.l m-A

n

The X-ray apparatus fulfils all regulations on the design of

an X-ray apparatus and fully protected device for instrue-

tional use and is type approved for school use in Germany

(MW BOT 7 97 R&).

The built-in protective and shielding fixtures reduce the

dose rate outside the X-ray apparatus to less than 1

uSwh, which is of the order of magnitude of the natural

background radiation.

B Before putting the X-ray apparatus into operation,
inspect it for damage and check whether the high volt-
age is switched off when the sliding doors are opened
{=zee instruction sheet of the X-ray apparatus).

B Protect the X-ray apparatus against access by unau-
thorized persons.

Avoid overheating of the anode in the X-ray tube.

B When switching the ¥-ray apparatus on, check whether
the ventilator in the tube chamber starts rotating.

The goniometer is positioned sclely by means of electric
stepper motors.

B Do not block the target arm and sensor arm and do not
use force to move them.

e

)

Fig. 1: Experiment setup: & — collimatar, b — target, ¢ — target
stage, d —detactor.

Setup
Fig. 1 shows the experiment setup.

Guide the connection cable for the table-top power supply
through the empty channel of the x-ray apparatus and
connect it to the mini-DIM socket of the x-ray energy de-
tector.

Secure the sensor holder with the mounted x-ray energy
detector in the goniometer sensor am.

Connect the signal output of the x-ray energy detector to
the BMC socket SIGMAL IMN of the x-ray apparatus by
means of the BNC cable included.

Feed enough connection cable through to make complete
movement of the sensor arm possible.

Press the SENSOR button and set the sensor angle with
the rotary adjuster ADJUST manually to 90°

Connect Sensor-CASSY to the computer and connect the
MCA box.

Connect the SIGNAL OUT cutput in the connection panel
of the x-ray apparatus to the MCA box by means of the
BMNC cable.

Set the distances between the slit aperture of the collima-
tor and the axis of rotation as well as betwesen the axis of
rotation and the window of the x-ray energy detector both
to 5 to B cm.

Place target 3 (brass containing lead) from the target set
of alloys onto the target table.

Press the TARGET button and adjust the target angle
manually using the rotary button ADJUST to 45°

Carrying out the experiment

1

Connect the table-top power supply to the mains (after
approx. 2 minutes the LED of the x-ray energy detector
will glow “green” indicating that it iz ready for use).

Call CASSY Lab, and select the measuring parameters
“Multichannel Measurement, 512 Channels, Megative
Pulses, Gain 2.5, Measuring Time 180 s".

Select the tube high voltage U = 35 kY and the emission
current I = 1 mA, and switch the high voltage on.

Start recording the spectrum with_ﬂl or with the F3 key.



- Finally, record the spectra for the targets Cu, Zn and Pb
from the target sets for K lines and L lines fluorescence as
reference spectra.

- Save the entire measurement using an appropriate name.

Measuring example
The recorded spectra are displayed in Fig. 2a-d.
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Fig. 2c Zinc fluorescence spectrum (reference spectrum).
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Fig. 2b Copper fluorescence spectrum (reference spectrum).
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Fig. 2d Lead fluorescence spactrum (reference spectrum .



Evaluation
a) Energy calibration of the spectra

The energy calibration is carried out for the spectra of copper
and lead from the reference spectra.

- Open the "Energy Calibration® dialog window with the
shortcut Alt+E, select “Global Energy Calibration™ and en-
ter the energies of the Cu Ko line (8.04 keV) and the
Pb Lo line (10.56 ke').

- Select the menu item “Other Evaluations” — “Calculate
Peak Center” in the pop-up menu of the diagram window,
mark the Cu Ko line, and enter the result in the “Energy
Calibration® dialog window.

- Then determine and enter the centre for the Pb La line.

b) Identifying the lines in the brass spectrum

For identifying and labelling the lines (see fig. 3a)

- In the pop-up menu of the diagram window select the item
"X-ray Energies".

- Click on the element symbol Cu and select the button
"Adopt".

- Finally plot the lines for zinc (Zn) and lead (Pb).

It is apparent that the second largest peak in the spectrum
consists of two non-resclved lines: Zn Ko and Cu Kj. The Cu
Kot line is in part superimposed with the Zn Ko line.
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Fig. 3a Fluorescence spectrum of the brass sample with the
identified lines of the alloy components.

c) Resolution of the superimposed lines in the fluores-
cence spectrum of the brass sample

The mass ratios of the alloy components are calculated by
comparing the heights of the strongest lines in the brass
fluorescence spectrum and the reference spectra. These
lines are: the Ko of copper, the Kot of zine and the Lo of lead.

For the determination of the heights of the Cu Ko and the Zn
Kot , the brass flucrescence spectrum must be resolved in the
energy range from 7.5 keV to 9.1 keV'. For this the spectrum
in this range is fitted with three Gaussian curves of equal
width at the known energies of the Cu Ka line (E = 8.04 keV),
the Cu Kp line {5.91 keV) and the Zn Ka line (864 keV).

- In the pop-up menu of the diagram window select the item
"Other Evaluations™ — "Gaussians of specified energy”.

- Mark measuring points in the energy range 7.5 keV to 9.1
ke\' (without the Pb LI line).

The result is a fitted contour of the flucrescence spectrum

(see fig. 3b). The final values of the parameters should be

taken from the status line and insered in a table (H in Tab.
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Fig. 3b Result of fitting the brass fluorescence spectrum with
three Gaussian curves [lines) of given energies.

To determine the height of the La line for lead in the fluores-
cence spectrum of the brass sample, a Gaussian curve is
fitted to it

- In the pop-up menu of the diagram window select the item
"Other Evaluations™ — "Fit Gaussians” (Alt+G).

- Mark the Pb Lz line (energy range from 10 keV to
11.5 keV).
- Insert the result (A4) in Tab. 1 (H).

d

Determination of the line heights in the reference
spectra

- In the pop-up menu of the diagram window select the item
"Other Evaluations™ — "Fit Gaussians” (Alt+G).

- Mark the Cu Ku line in the reference spectrum_
- Insert the result (Aq) in Tab. 1 (Hg ).
- Finally determine the heights of the Zn Ko line and the Ph

Lat ling in their reference spectra and insert the values in
Tab. 1.

e} Determination of the mass ratios

The mass ratios of the alloy components are determined
according to Eq. (1). The values of the peak heightz in the
brass fluocrescence spectrum (H) and in the reference spectra

(Hy ) are stated in Tab. 1.

YA



Tab. 1: Determination of the mass ratios C of the alloy com-
ponents of the brass sample.

Element | p, gfem® | Line | & Hy | p-HH, | G %

Copper | 6,96 Kee | 1628 [ 2859 | 491 | 8132

Zinc 7,10 Ko | 1273 | 3132 2,79 359

Lead 11,34 | Lo | 148 | 711 0,23 29

Result

The determined mass ratios of the alloy components in the
brass sample cormmespond well to the known chemical compo-
sition (CuZn39Ph3).

Tab. 2: Comparison of the expernmental values with the
stated mass ratios of the alloy components.

Element Stated Experimental

Copper 58% 61,3%
Zinc 39% 35,9%
Lead 3% 2.9%

Additional information

The example of the copper-zine alloy (brass) shows how the
secondary fluorescence modifies the spectrum shape. During
the irradiation of such a sample with x-ray photons, the
K lines of both copper and zinc are excited. But because the
Kp line of zinc (E = 9.57 keV) lies above the K edge of copper
(E = 899 keV), it can also "secondarily" excite the copper
K lines.

Therefore, in the fluorescence radiation emitted, the intensity
of the copper lines is higher at the cost of the Zn K@ line, and
the rafic of the £n Ko and the KB lines does not cormespond fo
the ratio found in pure zinc. For this reason, the mass ratio of
the alloy components determined from the Ko lines indicates
a slightly too high proportion of copper.

A




Solid-state physics
Applied solid-state physics
X-ray fluorescence analysis

Determination of the
chemical composition of a
brass sample by X-ray
fluorescence analysis

Description from CASSY Lab 2

For loading examples and settings,
please use the CASSY Lab 2 help.



CASSY Lab 2

Determination of the chemical composition of a brass sample (x-ray fluorescence)

B B
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E’ can also be camied out with Pocket-CASSY

Safety notes

The X-ray apparatus fulfils all regulations on the design of an X-ray apparatus and fully protected device for instruc-
tional use and is type approved for school use in Germany (BfS 05/07 ViSch RV or MW 207 / 87 Ra)

The built-in protective and shielding fidtures reduce the dose rate outside the X-ray apparatus to less tham 1 pSwh,
whhich is of the order of magnitude of the natural background radiation

# Before putting the X-ray apparatus into operation, inspect # for damage and check whether the voliage is
switched off when the sliding doors are opened (See instruction shest of the X-ray apparatus).

* Protect the X-ray apparatus against access by unauthorzed persons

Avoid overhaating of the ancde in the X-ray tube

& When switching the X-ray apparatus on, check whether the ventilator in the tube chamber starts rotating.

The goniometer is posiioned sclely by means of elecinc stepper motors.

* Do not block the tanget armn and the sensor arm of the goniometer and do not use force to mowve them

When handling heavy metals or allergen substances from the target set, observe their operating instructions.

Experiment description

In this experment, the gquantitative analysis of the chemical composition of a brass sample containing lead is camied
out. The components in this alloy were already identified in the experiment Non-destructive analysis of the chemical
For calculating the mass ratios, the fact is made wse of that the height of a peak is proportional to the number n of
radiating atams. In the referemce spectrum this number ng is determined by the density of the substance p, its stomic
wieight A, the radiated area 5 and the effective thickness d of the imadiated layer

ng = S-d-pfA.

)



CASSY Lab 2

For the number of atoms of each type in the alloy, to first approximation the expression
n=ng-HHp = V-p/A-H/Hp

can be used. In this H and Hp are the peak heights in the spectrum to be analyzed and in the reference spectrum is
W= 5-d the imadiated volume. Using this information, the mass ratio G of the element numberi in the alloy is

a H
o = nn' "'ql' - I Hﬂl
2 A Yo Ho;
i n Hg;
Equipment list
1 Sensor-CASSY 524 010 or 524 013
1 CASS5Y Lab 2 524 220
1 MCA box 524 058
1 X-ray apparatus with x-ray tube Mo 554 801 or 554 811
1 Target set of alloys 554 548
1 Target set for K-line fluorescence 554 44
1  Target set for L-line fluorescence 554 248
1 X-ray energy detector 550 938
1 HF cable, 1m 501 02
1

PC with Windows XP/\ista/T/8

Experiment setup (see drawing)

Guide the connection cable for the table-top power supply through the empty channel of the x-ray apparatus and
connect it to the mini-DIM socket of the x-ray energy detector.

Secure the sensor holder with the mounted =-ray energy detector in the goniometer sensor arm

Connect the signal cutput of the x-ray energy detector to the BNC socket SIGMAL IN of the x-ray apparatus by
means of the BMC cable included

Feed enough connection cable through to make complete movement of the sensor arm possible

Press the SENS0R button and set the sensor angle with the rotary adjuster ADJUST manually to 80°

Set the distances between the slit aperture of the collimator and the axis of rotation as well as between the axis of
rotation and the window of the x-ray energy detector both to 5 to 6 cm

Press the TARGET bufton and adjust the target angle manually using the rotary button ADJUST to 457,

Connect Sensor-CASSY to the computer and connect the MCA box

Connect the SIGMAL OUT output in the connecticn panel of the x-ray apparatus to the MCA box by means of the
BMC cable.

Carrying out the experiment
_| Load seftings

Connect the table-top power supply to the mains (after approx. 2 min the LED will glow green and the x-ray ener-
gy detector will be ready for use)

Place target 3 (brass containing lead) from the target set of alloys onto the target table

Set the tube high woltage U = 35 kV, emission current | = 1.00 mA and switch the high woltage on

Start the spectrum recording with &

Finally, record the spectra for the targets Cu, Zn and Pb from the target sets for K-lines and Ldines fluorescence
as reference spectra

Energy calibration
The energy calibration is carmied out using the spectra of copper and lead (reference spectra).

Open in the Seftings EA (right mouse button) the Energy calibration, select Global for all spectra of this input
and enter on the right-hand side the energies of the Cu Kgline (8.04 keV) and of the Pb Lo-line (1058 keW).

Im the context menu of the diagram select Calculate peak center, mark the Cu Kg-line and enter the result in the
left-hand side of the Energy calibration (e.g. with drag & drop from the status line)

Then determine the center for the Pb Lg-line and also enter it on the left-hand side.

Switch the display to energy (e.g. with Drag & Drop of Eg into the diagram})

£y



CASSY Lab 2

Evaluation
For identifying and labeling the lines in the brass specirum:

# |nthe context menu of the diagram select Set Marker — X-ray Energies — Fe
& Then enter the lines of zine (Zn) and lead (Ph)

It becomes apparent that the second-highest peak in the spectrum consists of two lines which are not resolved: Zn Ko
and Cu Kg. The Cu Kg-line is in part superimposed with the Zn Kg-line.

The mass ratios of the alloy components are calculated by comparing the heights of the strongest lines in the flucres-
cence spectrum of brass and the reference spectra. These lines are: the copper Kg, the zine Ky and the lead Lg.

For the determination of the heights of the Cu Kz and the Zn Kg, the brass fluorescence spectrum must be rescheed in
the energy range from 7.5 keV/ to 8.1 keV/. For this the spectrum in this range is fitted with three Gaussian curves of
equal width at the known energies of the Cu Kgline (E = 8.04 keV), the Cu Kgline (8.81 keV} and the Zn Kgline
{8.64 keV). The best way to do this is using the fit Gaussians of specified Energies. When selecting the area, it must
be observed that all the three required energy lines are contained in the area (do not include the Pb Li-ine).

The result is a fitted contour of the fluorescence spectrum. The determined heights H are found in the status line and

are to be entered in the Mass Proportion diagram (e.g. by drag & drop) together with the densities p for Cu (p =
B.046 g.fc:‘nal, Znip=T7.10 gfcm‘-i] and Pk (p = 11.34 glem”).

The same applies to the heights Hp for the three reference specira. When the three densities and the six heights
hawve been entered, the three mass ratios are automatically calculated.

The determined mass ratios of the alloy components in the brass sample comespond well to the known chemical
composition (CuZn3BPb3).

Element Stated Experimental
Copper 58 % 61.8 %

Zing 30 % 35.8 %

Lead 3% 20%

Additional information

The example of the copper-zine alloy (brass) shows how the secondary fluorescence modifies the spectrum shape.
Dwring the radiation of such a sample with x-ray photons, the K-lines of both copper and zine are excited. But be-
cause the Kgline of zing (E = 8.57 keV) lies above the K-edge of copper (E = 8.88 keV), it can also "secondarily”
excite the copper L-lines.

Therefore, in the fluorescence radiation emitted. the intensity of the copper lines is higher at the cost of the Zn Kg-
line, and the ratio of the Zn Ky and the Kg-lines does not comespond to the ratio found in pure zinc. For this reason,
the mass ratio of the alloy components determined from the Kg-lines indicates a slighthy too high proportion of copper.

¢y



Electron Diffraction

Pre Lab Questions:

1- Explain de Broglie’s hypothesis and what is meant by de Broglie’s
wave?

2- Explain how the structure of crystalline solids can be studied using
electron diffraction experiments?

3- Why isit possible to use a crystal as a diffraction grating for electron
waves?

4- What is your goal for the experiment and how are you going to
achieve it?

123



The aims of this experiment are:
» Prove the “de Broglie” hypothesis.

» Determune the lattice plane spacing of a graphite crystal.

» Calculate the experimental value of Plank's constant.

To achieve these aims:
* Measuring of radius of mner and outer rings as function of voltage.

In your REPORT write down everything you used or found for this experiment.
About your device and experimental process please enjoy the experiment
sheets!

Finally:

Discus your results!

¢0o



D,

Fig. 1:

Schemafic representation of the ocbsenved ring pattemn due to
the diffraction of electrons on graphite. Two rings with diame-
ters Dy and O: are observed comesponding to the lattice

plane spacings d, and d. (Fig. 3.

t

Diffraction of electrons in
a polycrystalline lattice

(Debye-Scherrer diffraction)

Principles
Louis de Broglie suggested in 1824 that parficles could hawve
wave properties in addition to their familiar particle properties.
He hypothesized that the wavelength of the paricle is in-
versely proportional to its momemntum:

h
=_ U]

o

L wavelength
h: Planck's constant
p: mormentunm

His conjecture was confirmed by the experments of Clinton
Dravisson and Lester Germer on the diffraction of electrons at
crystallime Mickel structures im 1827

In the present experiment the wave character of electrons is
demonstrated by their difraction at a polycrystalline graphite
lattice [Debye-Schemer diffraction). In contrast to the expen-
ment of Davisson and Germer where electron diffraction is
observed in refleciion this setup uses a transmission diffrac-
tion type similar to the one used by G.P. Thomson in 1928,

From the electrons emitted by the hot cathode a small beam
is singled out throwgh a pin diagram. After passing through a
focusing electron-optical system the electrons are incident as
sharply limited monochromatic beam on a polycrystalline
graphite foil. The atoms of the graphite can be regarded as a
space lattice which acts as a diffracting grating for the elec-
trons. On the flucrescent screen appears a diffraction pattern
of two concentric rings which are centred around the indif-
fracted electron beam (Fig. 1) The diameter of the concentric
rings changes with the wavelength L and thus with the acoel-
erating woltage U as can be seen by the following considera-
tions:



From energy equation for the electrons accelerated by the
voltage U

e-U:%m-u’:f_m (ny

LI: accelerating voltage

& electron chamge

m: mass of the particle

v welocity of the particle

the momentum pcan be derved as

p=m-v=+2-2-m-U [y

Substituting equation (I} in equation (I} gives for the wawe-
lemgth:

h

3 = - I
* W 2-m-e-l )

Im 1813, H. W. and W. L. Bragg realized that the regular ar-
ramgement of atoms in & single crystal can be understood as
an array of lattice elements on parallel lattice planes. When
we expose such a crystal |attice fo monochromatic x-rays or
mono-snergetic electrons, and, additionally assuming that
those have a wave nature, then each element in a lattice
plane acts as a "scatiering point”, at which a spherical wawve-
let forms. According to Huygens' principle, these sphercal
wavelsts are superposed to create a “reflected” wave front In
this madel, the wavelength L remains unchanged with respect
to the “incident” wave front, and the radiation directions which
are perpendicular to the two wave fronts fulfil the condition
“angle of incidence = angle of reflection”.

Constructive interference arises in the neighbouring rays
reflected at the individual lattice planes when their path differ-
ences A= Aq+ Ay =2dsint are integer multiples of the
wavelength & (Fig. 2}

2-d-sind=n-i n=1273, ... v

d: lattice plane spacing
i diffraction angle

This is the so called "Bragg condition” and the corresponding
diffraction amgle ¢ is kmown as the glancing angle.

I this experment a polycrystalline matenal is used as diffrac-
tion ocbject This comesponds to a large number of small sin-
gle crystallites which are imegulady arranged in space. As a
result there are ahways some crystals where the Bragg condi-
tion is satisfied for a given direction of incidence and wawe-
lemgth. The reflections produced by these crystallites lie on a
cones whose common axs is given by the direction of ing-
dence. Concentric circles thus appear on a screen located
perpendiculary to this axis. The lattice plames which are im-
portant for the electron diffraction pattern obtained with this
satup possess the latice plane spacings (Fig. 3):

di=21310""m
dz=12310"m

From Fig. 4 we can deduce the relationship

]
@End-fi=——
n L 1)

~ ni=2d sing

™~

AN

A,

-~
=
=

Fig. & Schematic representation of the Bragg condition

If we approximate tan 2.0 = sin 2.4 = 2- sin @ for small angles
we obtain

2-sin =i

= D)

The substituion of eguation (VII} in (V) leads in first onder
diffraction (m= 1) fo

h—d 2
h=d-— vy

O ring diameter
L: distanoce betwesn graphite and scraen

d: lattice plane spacing

F 3
Y

-

Fig. 3 Lattice plane spacings in graphite:
dy = 213190 m
dz= 12210 m

1Y



Apparatus

1 Electron difffraction tube. ...
1 Tube stand ..

1 High-woltage p:lwer 5!..||:u,:}|5.I 11] k'uf
1 Precision wvemier callipers.... e
1 Safety Connection Lead 25 cm red USSR
1 Safety Connection Lead 50 cm red ...
1 Safety Connection Lead 100 cm red ..
1 Safety Connection Lead 100 cm blue_..............
2 Safety Connection Lead 100 cm black...............

Due to equation (V) the wavelength L is determined by the
accelerating woltage U. Combining the eguation (V) and
equation (V1) shows that the diameters Dy and Dz of the
concentric imgs change with the accelerating voltage L

1

D=k.-— IX
i (I}
with
2-L-h
h_:
d-JE-m-E i

Measuring Diameters [ and Dz as function of the accelerat-
ing woltage U allows thus to determine the latlice plane spac-
ings dy and dz.

Safety notes

When the electron diffraction tube is operated at high volt-

ages owver 5 kW, X-rays are generated.

B Do not operate the electron diffraction tube with high
voltages over 5 kel

The comnection of the electron diffraction tube with groun-

ded anode given in this instruction sheet reguires a high-

waltage enduring voltage source for the cathode heating.

B Use the high-voitage power supply 10 kV (521 70) for
supplying the electron diffraction tube with power.

Danger of implosion: the electron diffraction tube is a high-

vacuum tube made of thin-walled glass.

M Do not expose the electron diffraction tube to mechani-
cal stress, and connect it only if it is mounted in the tube
stamd.

B Treat the contact pins in the pin base with care, do not
bend them, and be careful when inserting them in the
tube stand.

The electron diffraction tube may be destroyed by voltages

or currents that are too high:

B Keoep to the cperating parameters given in the section
on technical data.

A

SE—
_J.'”
e jH'_ 5T —E
S = A I T
i :(ﬁ.'\l B
b
100 kil B ——————
U

Fig. 4 Schematic sketch for detemining the difraction angle.
L =13.5 cm (distance between graphite foil and screen),
[ diameter of a difraction ring cbserved on the screen
1 diffraction angle
For meaning of F,, Fz, C, X and A se= Fig. 5.

Setup

The experimental setup [wiring diagram) is shown in Fig. 5.
Connect the cathode heating sockets F1 and F2 of the
tube stamd to the cutput on the back of the high-voltage
power supply 10 kW,

Connect the sockets C (cathode cap) and X (focussing
electrode) of the tube stand to the negative pole.

Connect the socket A (amode} to the positive pole of the
5 kW2 mA output of the high-voltage power supply 10 kW,

Ground the positive pole on the high-voltage power supply
10 kV.

€

Fig. &t Experimental sefup (wiring diagram) for observing the elec-
tron diffraction on graphite. Fin connection:
Fy, F;: sockets for cathode heating
C: cathode cap
¥: focusing electrode
A anode [with polycrystaline graphite fol see Fig. 4)



Carrying out the experiment

- Apply an accelerating voltage U = 5 KV and observe the
diffraction pattarm.

Hint: The direcfion of the elecfron beam can be nfluenced by
means of @ magnef which can be clamped on fthe neck of
fube near the electron focusing sysfem. To Muminafe an
amother spof of the sample an adjusfment of fhe magnef
might be neceszary i at leasf fwo diffraction rnings cannot be
zeen perfecty in the diffraction paftern.

- Vary the accelerating voltage U between 3 kV and 5 kW in
step of 0.5 KV and measure the diameter D4 and Dz of the
diffraction rings on the screen (Fig. 1L

-  Measure the distance between the graphite foil and the
SCesrn.

Measuring example

Table 1: Measured diameters Dy and O (average of 5 meas-
urements ) of the concantric diffraction rings as function of the
accelerating voltage U.

Table 2: Measured diameter D4 of the concentric diffraction
rings as function of the accelerating voltage U. The wave-
lemgths &y and Ay geor, are determined by equation (VI and
equation (IV), respectively.

Y b L L
) cm pmi pm
3.0 3.30 2.0 224
3.5 283 211 0.7
4.0 el i 104 19.4
4.5 240 185 18.3
a0 233 i7e8 17.3

Table 3: Measured diameter Oz of the concentric diffraction
rings as function of the accelerating woltage U. The wawe-
lemgths Jz and Az peory are determined by equation (VI and
equation (IV), respectively.

i D [
KV om om

30 3.30 525
35 283 488
4.0 2.66 458
45 240 435
5.0 2.33 412

y LY A Aty
) cm pmi pm
3.0 5.25 28 224
3.5 4.88 210 207
4.0 4.58 w7 19.4
4.5 4.35 iBa 18.3
5.0 4.12 i7.5 17.2

Distance between graphite foil and screen: L= 13.5 cm

Evaluation and results

a) Determination of wavelength of the electrons

From the measured values for 0y and Dz and the lattice plane
spacings dy and dz the wavelength can be determined using
equation (VI The result for Oy and Dz is summarized in
Table 2 and Table 3, respectively.
Note: Rewniing equation (VI az

. 2L
d=i-—

D
showsz thaf the diamefer D of the nngs (Fg. 1) iz inversely
proportional fo the laffice plane spacings d (Fig. 2). Thiz in-
farmation iz necessary for the evaluabon of the wavelengih
from fthe latfice plane spacings (here assumed as known)

according equation (Vill). The laffice plane paramefers are
deived directly in part ¢) wsing equations (1X) and (x].

The dominant emor in the measurement is the determination
of the ring diameters 0 and Dz For an accuracy of reading
about 2 mm the ermor is approximately 5% for the outer ring
and approcdmately 10% for the inner ring.

b} Verification of the de Broglie’s equation

The de Broglie relation (equation (1)) can be verified using
e=18021-107C

m=08.1021- 107 kg

h=66258. 10 Js

in equation (IV). The results for the wavelengths determined
by equation (IV) are Lipemy and Azpewy. They are listed for
the diameters Oy and Dz in Table 2 and Table 3, respectively.
The values Ly and iz determined from the diffraction pattem

agres quite well with the theoretical values L1 semy 3nd Lz sneoy
due to the de Broglie relation.

c) Determination of lattice plane spacings of graphite
In Fig. & the rng diameters Dy and Dy are plotted wersus
114U, The slopes ky amd k2 are determined by linsar fits

through the ongin according equation (LX) to the experimental
data:

ki=1578m 4V
kz=2720m 4V
Resclving equation (%) for the lattice plane spacing d

2-L-h
k-4Z-m-e

£9
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Fig. 8: Ring diameters D, and O, as function of 1/ . The solid
lines comespond to the linear fits with the slopes
k= 1.578m+/V and k= 2720 m+V . respectively.

gives
di=2.10-10"" m
dz=121-10"m

which is within the emor limits in accordance of the parame-
ters depicted in Fig. 3.

Supplementary information

After the experiment of Davisson and Gemer further experi-
ments with particle wave effects due to particles confirmed
the de Broglie relation and thus the wave-particle dualism. In
1830, for instance, 0. Stem and |. Esterman sucoeeded in
demanstrating the diffraction of hydrogen molecules and in
1831 they diffracted Helium atoms using a Lithium Fluoride
crystal.

Experimental results which can be described by quantum
theory anly have the Planck constant h in their basic formula.
In this experiment, for instamce, the Planck's constant can be
detemined from equaticn (X) if the lattice spacings dq and da
of graphite are assumed to be known e.g. from =-ray structure
analysis:

_-:I-k--..'ﬂ-m-e

h=
2L

Using the walues kq and kz cbiained by the linear fit to ex-
perimental data (Fig. 8) gives

dir h=6872410% 1=

dr h=8717.10% J=

Literature:  h=5.8256 - 10 Js



Hall Effect

Pre Lab Questions:

Explain briefly how an electromagnet works? Why do we use an
iron core in our experiment?

Explain briefly without equations what is meant by Hall Effect?

Does the Hall Effect happen in both metals and semiconductors?
Explain

Explain briefly what is meant by doping a semiconductor?

What is your goal for the experiment and how are you going to
achieve it?

o)



The aims of this experiment are:

» Study Hall Effect and determine Hall's constant.
» Calculate the concentration of carriers mn a Ge Crystal.
» Calculate the Hall mobaility of the carriers mn the crystal.
To achieve these aims:
» Measuring of the Hall voltage as function of the magnetic field at a constant
current.
» Measuring of the Hall voltage and the sample voltage as function of the
current at a constant magnetic field.
In your REPORT write down everything you used or found for this experiment.
About your device and experimental process please enjoy the experiment
sheets!

Finally:

Discus your results!

oy



Hall effect in n-germanium with Cobra4 Mobile-Link

Related topics

Semiconductor, band theory, forhidden zone, intrinsic conduction, extrinsic conduction, valency band,
conduction bhand, Lorentz force, magneto resistance, Neyer-Neldel rule.

Principle
The resistance and Hall voltage are measured on a rectangular sfrip of germanium as a function of the

temperature and of the magnefic field. From the results obtained the energy gap, specific conductivity,
type of charge carrier and the carrier mobility are determined.

Equipment

Cobra4 Mobile-Link set, incl. rechargeable batteres, S0 memaory 12E20-55
card, USB cable and software "measurs”
Cobrad Sensor Tesla, magnetic fisld strength, resolution max.

1 001 mT 12652-00
1 Hall effect module, 11801-00
1 Hall effect, n-Ge, carmigr board 11802-01
2 Coil, 600 ftums D5514-01
1 lron core, U-shaped, laminated 06501-00
1 Puole pieces, plane, 30=30x48 mm, 2 05482-00
1 Hall probe, tangent., prot. cap 13610-02
1 Power supply 0-12 WV DCIE W, 12V AC 13505-83
1 Tripod base PHYWE 02002-55
1  Support red PHYWE, square, | = 250 mm 02025-55
1 Right angle clamp PHYWE 0240-55
3 Connecting cord, { = 500 mm, red 07261-0
2 Connecting cord, [ = 500 mm, blue O7361-04
2 Connecting cord, [ = 750 mm, black 07382-05
1 Digital multimeter 2010 07 122-00

Fig. 1: Experimental setup.
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Task
1. At constant room femperature and with a
uniform magnetic field measure the Hall sl B
voltage as a function of the control cument
and plot the values on a graph (measure-
ment without compensation for error volt-

age).

2. At room temperature and with a constant
control current, measure the voltage across
the specimen as a funciion of the magnetic

flux density B. i

3. Keeping the control cument constant meas- Fig. 2: Hall effect on a rectangular specimen. The polarity of
ure the voltage across the specimen as a the Hall woltage indicated is for negative charge cari-
function of temperature. From the readings B

taken, calculate the energy gap of germani-
um.

4. At room temperature measure the Hall Voltage Uy as a function of the magnetic flux density B.
From the readings taken, determine the Hall coefficient Rg and the sign of the charge carriers.
Also calculate the Hall mobility pg and the carrier density n.

5. Measure the Hall voltage Lz as a function of temperature at uniform magnetic flux density B, and
plot the readings on a graph.

Setup and Procedure

The experimental setup is shown in Fig.1. The test piece on the board has to be put into the hall-effect-
madule via the guide-groove. The module is directly connected with the 12 YV~ output of the power unit
over the ac-input on the back-side of the module.

The plate has to be brought up fo the magnet very carefully, so as not to damage the crystal in pariicular,
avoid bending the plate.

The Hall voltage and the voltage across the sample are measured with a multimeter. Therefore, use the
sockets on the front-side of the module. The current and temperature can be easily read on the integrat-
ed display of the module.

The magnetic field has to be measured with the Cobrad Sensor-Unit Tesla via a hall probe, which can be

directly put into the groove in the module as shown in Fig.1. So you can be sure that the magnetic flux is
measured directly on the Ge-sample.

1. Set the magnetic field to a value of 250 mT by changing the voltage and cument on the power supply.
Connect the multimeter to the sockets of the hall voltage (Ug) on the front-side of the module. Set the

display on the module into the “current-mode”™. Determing the hall voltage as a function of the current
from -30 mA up to 30 mA in steps of nearly 5 mA.

You will receive a typical measurement like in Fig 3.

2. Set the control current to 30 mA. Connect the multimeter to the sockets of the sample voltage on the
front-side of the module. Determine the sample voltage as a function of the positive magnetic induc-
tion B up to 300 mT.

You will get a typical graph as shown in Fig.4.

o¢



Fig. 3: Hall voltage as a function of cument

3. Be sure, that the display works in the tempera-
ture mode during the measurement. At the be-

ginning, set the current to a value of 30 mA. =

The magnetfic field is off. The current remains .
nearly constant during the measurement, but " - i

the voltage changes according to a change in * -
temperature. Set the display in the tempera- = -

ture mode, now. Start the measurement by ac- - -

tivating the heating coil with the "onfoff-knob = "

on the backside of the module. Determine the = "

change in voltage dependent on the change in | _

temperature for a temperature range of room B T T S g |

temperature to a maximum of 170°C.
You will receive a typical curve as shown in 8- 4 Change of resistance as a funclion of the magnetic flux

Fig 5. density.
4. Set the current to a value of 30 mA. W1
Connect the multimeter to the sockets of the . —

hall voltage (Ug) on the front-side of the mod- =
ule. Determine the Hall voltage as a function of =
the magnetic induction. Start with -300 mT by *=
changing the polarity of the coil-current and in- ™
crease the magnetic induction in steps of near- ™

1T

Iy 20 mT. At zero point, you have to change : I
the polarity. A typical measurement is shown = = - = = = "
in Fig.G. Fig. 5: The reciprocal specimen voltage as a function of the

reciproecal absolute temperature (Since | was con-

5. Set the current to 30 mA and the magnetic in- stant duri ; - -

. ng the experiment, -1 is approximately
duction to 300 mT. equal to s; the graph is therefore the same as a plot
Determine the Hall voltage as a function of the aof the conductivity against the reciprocal tempera-
temperafure. ture.)

Set the display in the temperature mode. Start  4F
the measurement by activating the heating
coil with the "on/off™-knob on the backside of S
the module. o

You will receive a curve like Fig 7.

Theory and evaluation ; - .

When a current-camying conductor in the form AR B B & B @ § oW @ WK
of a rectangular strip is placed in a magneatic
field with the lines of force at right angles to
the current, a transverse e. m. f. — the so
called Hall voltage — is set up across the strip. r
This phenomenon is due to the Lorentz force:
the charge cariers which give rise to the cur- .
rent flow through the specimen are deflected = —

in the magnetic field B as a function of their i
sign and of their velocity —

F=e¢(TxB)

oo



[F =force acling on charge carriers, e = elementary charge).

Since negative and positive charge carriers have opposite directions of mofion in the semiconductor,
hath are deflected in the same direction.

If the directions of the current and magnefic field are known, the polanty of the Hall voltage tells us
whether the current is predominantly due to the drift of negative charges or to the drift of positive charg-
e85,

1. Fig. 3 shows that there is a linear relationship between the current £ and the Hall voltage Uiy
Uy=a-1i

(o = proportionality factor.)

2. The change of resistance of the specimen in a magnetic field is connected with a decrease of the
mean free path of the charge carriers. Fig. 4 shows a non-linear, obvioushy gquadratic change of re-
sistance with increasing field strength.

3. For intrinsic conduction, the relationship between the conductivity ¢ and the absolute temperature T
is:

(-5

T = T, BXp —sz)

where E.is the energy gap between the valency and conduction bands, and & is Boltzmann's constant.
A graph of log, & against 1/T will be linear with a slope of

Eq

2k’
Hence Eg iz obtained.
With the measured values in Fig. 5, the regression formulation

b =

Ine = In +E N
2k

gives slope
i s 2,87 - 10°K
— o P , '|||' 1
' 2k

with a standard deviation sp= +0.3 - 1[}3 K.

(Since the experiment was performed with a constant current, & can be replaced by L"1 [LF = voltage
across the specimen]).

o1



Taking

k — 85251052
K

we obtain
!-.'g = b 2k = (0.50 + 0.04) e\l
4. 'With the directions of control current und magnetic field illustrated in Fig. 2, the charge carriers

which produce the cumrent are deflected to the front edge of the specimen. If, therefore, the cumment
is due mainly to electrons (as in the case of an n-doped specimen), the front edge becomes nega-
tively charged. In the case of hole conduction (p-doped specimen) it becomes positively charged.

The conductivity =a, camier mobility xg, and the camier density » are all connected by the Hall coefficient
Ry

Uy d
RH=E'F| iy = Ry g
1
no=
f".RH

Fig. 6 shows a linear relation between the Hall voltage and the magnetic flux density B. Using the values
from Fig. 6, regression with the formulation

Uy=Up+b-B
gives the slope b = 0.144 VT, with the standard deviation 55 + 0.004 VT

The Hall coefficient Ry is then given by
_ U‘H il i

Ry=—-— =5b —
"B I I
Thus, if the thickness of specimen d=1 - 10 m and 7= 0.030 A, then
]
m

R, =48-10"* —
As

with the standard deviation
3

m
SpH = #H.2 - 1‘:"_3; .

The conductivity at room temperature is calculated from the length [ of the specimen, its cross-sectional
area 4 and its resistance Ry (cf. Experiment 2):

/
o0g = =

R-A
Thus if

I=002m, Ry=373Q, A=1-10"m?, then

op=53.60" m.

oy



The Hall mobility g of the charge carriers can now be determined from the expression
HH = Ry - oo

Using the same values abave, this gives
2

iy = (0,257 £0.005) -

Vs
The electron concentration » of n-doped specimen is given by
.1
n= e Ry .

Taking e = elementary charge = 1.602 - 1{]_19 As, we obtain
n=13.0-10""m™

5. Fig. 7 shows that the Hall voltage decreases with increasing temperature. Since the experiment was
performed with a constant current, it can be assumed that the increase of charge carriers (transition
from extrinsic to intrinsic conduction) with the associated reduction of the drift velocity v is responsible
for this.

(The same current for a higher number of charge carriers means a lower drift velocity). The drift veloc-
ity iIs in tum related to the Hall voltage by the Lorentz force.

Mote

For the sake of simplicity, only the magnitude of the Hall volt-age and Hall coefficient has been used
here. These values are usually given a negative sign in the case of electron conduction.
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Hall effect in p-germanium with Cobra4 Mobile-Link

Related Topics

Semiconductor, band theory, forbidden zone, intrinsic conductivity, extrinsic conductivity, valence band,
conduction band, Lorentz force, magnetic resistance, maobility, conductivity, band spacing, Hall coeffi-
cient.

Principle
The resistivity and Hall voltage of a rectangular germanium sample are measured as a function of tem-

perature and magnetic field. The band spacing, the specific conductivity, the type of charge carrier and
the mobility of the charge carriers are determined from the measurements.

Equipment
1 Cobrad Maobile-Link set, incl. rechargeable batteries, SD memeory card, 12620-55
ISB cable and software "measure”
Cobrad Sensor Tesla, magnetic field strength, resolution max. £0.01 12652-00

-

mT
1 Hall effect module, 11801-00
1 Hall effect, p-Ge, camier board 11805-01
2 Coil, 600 tums 06514-01
1 lron core, U-shaped, laminated 06501-00
1 Pole pieces, plane, 30x30x48 mm, 2 06489-00
1 Hall probe, tangent., prot. cap 13610-02
1 Power supply 0-12V DC/IE6 V, 12V AC 13505-93
1 Tripod base PHYWE 02002-55
1 Support rod PHYWE, square, | = 250 mm 02025-55
1 Right angle clamp PHYWE 02040-55
3 Connecting cord, | = 500 mm, red 07351-01
2 Connecting cord, | = 500 mm, blue 07361-04
2 Connecting cord, | = 750 mm, black 07362-05
1 Digital multimeter 2010 07128-00

Fig. 1: Experimental setup.
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Task

1. The Hall voltage is measured at room tem-
perature and constant magnetic field as a
function of the control current and plotied
on a graph (measurement without compen-
sation for defect voltage).

2. The voltage across the sample is measured
at room temperature and constant control
current as a function of the magnetic induc-
tion B.

3. The voltage across the sample is measured
at constant control current as a function of Fig. 2: Hall effect in sample of rectangular section. The
the temperature. The band spacing of ger- polarity sign of the Hall voltage shown applies when the
manium is calculated from the measure. C3TTiers are negatively charged.
ments.

4. The Hall voltage Uyis measured as a function of the magnetic induction B, at room temperature.
The sign of the charge carriers and the Hall constant Rytogether with the Hall mobility (7 and the
carrier concentration p are calculated from the measurements.

5. The Hall voltage Uy is measured as a function of temperature at constant magnetic induction B
and the values are plotted on a graph.

Set-up and Procedure

The expermental set-up is shown in Fig.1. The test piece on the board has to be put into the hall-effect-
module via the guide-groove. The module is directly connected with the 12 V~ output of the power unit
over the ac-input on the backside of the module.

The plate has to be brought up to the magnet very carefully, so as not to damage the crystal in particular,
avoid bending the plate.

The Hall voltage and the voltage across the sample are measured with a multimeter. Therefore, use the
sockets on the front-side of the module. The current and temperature can be easily read on the integrat-
ed display of the module.

The magnetic field has to be measured with the Cobrad Sensor-Unit Tesla via a hall probe, which can be
directly put into the groove in the module as shown in Fig. 1. So you can be sure that the magnetic flux is
measured directly on the Ge-sample.

Task 1

Set the magnetic field to a value of 250 mT by changing the voltage and current on the power supply.
Connect the multimeter o the sockets of the hall voltage (LUg) on the front-side of the module. Set the
display on the module into the "current-mode”. Determine the hall voltage as a function of the current
from -30 mA up to 30 mA in steps of nearly 5 mA. You will receive a typical measurement like in Fig. 3.

Task 2

Set the control current to 30 mA. Connect the multimeter to the sockets of the sample voltage on the
front-side of the module. Determine the sample voltage as a function of the positive magnetic induction B
up to 300 mT. You will get a typical graph as shown in Fig. 4.



Task 3

Be sure, that the display works in the temperature mode during the measurement. At the beginning, set
the cument to a value of 30 mA. The magnetic field is off. The curmrent remains nearly constant during the
measurement, but the voltage changes according to a change in temperature. Set the display in the

temperature mode, now. Start the measurement by activating the heating coil with the “"on/off"-knob on

the backside of the module. Determine the change in voltage dependent on the change in temperature
for a temperature range of room temperature to a maximum of 140°C. You will receive a typical curve as
shown in Fig. 5.

Task 4
Set the current to a value of 30 mA. Connect the multimeter to the sockets of the hall voltage (Ux) on the

front-side of the module. Determine the Hall voltage as a function of the magnetic induction. Start with -
300 mT by changing the polarity of the coil-curent and increase the magnetic induction in steps of nearly
20 mT. At zero point, you have to change the polarity. A typical measurement is shown in Fig. 6.

Task 5:

Set the current to 30 mA and the magnetic induction to 300 mT. Determine the Hall voltage as a function
of the temperature. Set the display in the temperature mode. Start the measurement by activating the

heating coil with the "on/off"- knob on the backside of the module. You will receive a curve like Fig. 7.

Theory and evaluation

If a current I flows through a conducting strip of rectangular section and if the strip is traversed by a
magnetic field at right angles to the direction of the cument, a voltage - the so-called Hall voltage — is
produced between two superposed points on opposite sides of the strip.

This phenomenon arises from the Lorentz force: the charge carriers giving rise to the current flowing
through the sample are deflected in the magnetic field B as a function of their sign and their velocity v:

F—e(?xB)

(F =force acting on charge carmriers, e = elementary charge).

Since negative and positive charge carriers in semiconductors move in opposite directions, they are de-
flected in the same direction.

The type of charge camrier causing the flow of current can therefore be determined from the polarity of

the Hall voltage, knowing the direction of the cur-
rent and that of the magnetic field.

iz

O ETAT

Task 1 ) el
Fig. 3 shows that there is a linear relationship be-
tween the current I and the Hall voltage Uy

a
|

Uy=a-1 -

where a = proportionality factor.

i

A m

Fig. 3: Hall voltage as a function of current.

1



Task 2

The change in resistance of the sample due fo the
magnetic field is associated with a reduction in the = pirmasn
mean free path of the charge carriers. Fig. 4 shows
the non-linear, clearly quadratic, change in re-
sistance as the field strength increases.

S

um

s

Task 3
In the region of intrinsic conductivity, we have T T e e el
E Fig. 4: Change of resistance as a function of magnetic
o = ay - eXp ( -3 kgT) induction.

where ¢ = conductivity, £, = energy of bandgap, k =
Boltzmann constant, T = absolute temperature. %‘;ﬂ

If the logarithm of the conductivity is plotted against T 4
! a straight line is obtained with a slope from which Eg |
can be determined. From the measured values used |, P
in Fig. 5, the slope of the regression line 1 = 30ma
2] ".I B=0
In o =hrr.;.+ﬁ'r_1 "l.\
254 1-.
is }
2
E, , !
b — 8 - ] '
K 4.18 - 10°K 15
with a standard deviation s = » #0.07 - 10°K_ (Since " S o
the measurements were made with a constant cur- . R
rent, we can put 5 ~ U, where U is the voltage
across the sample.) 0 T

Y 23 24 25 26 27 28 29 3 31 32  O001K

=]

k=8625-10"" — Fig. 5: Reciprocal sample voltage plotted as a func-

Since K tion of reciprocal absolute temperature. (Since I
was constant during the measurement, U~ ~o and

the graph is therefore equivalent to a plot of con-
ductivity against reciprocal temperature).

Ey=0b-2k=(0.72 =+ 0.03) &V.
we get

Task 4

With the directions of control current and magnetic field shown in Fig. 2, the charge carriers giving rise to
the current in the sample are deflected towards the front edge of the sample. Therefore, if (in an n-doped
probe) electrons are the predominant charge carriers, the front edge will become negative, and, with
hole conduction in a p-doped sample, positive.

The conductivity so, the chargecarrier mobility iy, and the charge-carrier concentration p are related
through the Hall constant Ry

1y



Uy, d
Ry ZEIT' py = Ry op
1
P e- Ry
Fig. 6 shows a linear connection between Hall
voltage and B field. With the values used inFig. 6, | ... -
the regression line with the formula ) = -
'L"” —ql_-'ro+h‘ B
has a slope b =0.125 VT-', with a standard devia-
tion s5 - + 0.003 VT-". 1
L a
The Hall constant Ry thus becomes, according to - 0 E R B = w7
U, d d Fig. 6: Hall voltage as a function of magnetic induction.
Rj=—— =pHh—
B |

where the sample thickness 4 =1 - 10 °m and 7 = 0.030 A,

a
Ry=417-10 22
As

with the standard deviation

L
.';HH='J,UB'1D I .
AS

The conductivity at room temperature is calculated from the sample length /, the sample cross-section 4
and the sample resistance Ry (cf. 2) as follows:

L
R-A"
With the measured values
[=0.02m, Ry=3500Q,A=1-10"m?

ifp —

we have
gp= 5714 ' m'.

The Hall mobility g of the charge camiers can now be determined from
My = Ry - org

Using the measurements given above, we get:
2

m
iy = (0.238 £0.005) — .
Vs

The hole concentration p of p-doped samples is calculated from

1y



]
e Ry

Using the value of the elementary charge
e =1602- 10" As

we obtain

p=149- 10¥m~

p:

Task & e

Fig. 7 shows first a decrease in Hall voltage with ris- 7’

ing temperature. Since the measurements were i trmann
made with constant current, it is to be assumed that ~ Rt

this is aftributable to an increase in the number of
charge carriers (transition from extrinsic conduction
to intrinsic conduction) and the associated reduction
in drift velocity ».

(Equal currents with increased numbers of charge
carriers imply reduced drift velocity). The drift veloci-
ty in its tum is connected with the Hall voltage
through the Lorentz force. R T T B O T
The current in the crystal is made up of both electron  Fig. 7: Hall voltage as a function of temperature.
currents and hole currents

I=A-.-?{-r1n-n+11p-p:|_

Since in the instrinsic velocity range the concentrations of holes p and of electrons » are approximately
equal, those charge carriers will in the end make the greater contribution to the Hall effect which have
the greater velocity or

(since v = - E)the greater mobility.

Fig. 7 shows accordingly the reversal of sign of the Hall voltage, typical of p-type materials, above a par-
ticular temperature.

¢



The Effect of temperature on metals and
semiconductor resistance

Pre Lab Questions:

1- What are the basic new ideas that the quantum free electron model
introduced regarding the electrical resistivity of metals?

2- Explain the band theory of semiconductors in particular?

3- According to this theory, what would be the effect of temperature
on the conductivity of a semiconductor?

4- What is your goal for the experiment and how are you going to
achieve it?

10



The aims of this experiment are:

For a metal:
» Study the effect of temperature on metal resistance.

» Determine the temperature coefficient of resistance of platinum.

For a semiconductor:

» Study the behavior of the resistance of a semiconductor at high temperature.
» Determine the energy gap of germanium.
In your REPORT write down everything you used or found for this experiment.
About your device and experimental process please enjoy the experiment
sheets for both metal and semiconductor in different files!

Finally:

Discus your results!

1"



Band gap of germanium

Related topics

Samiconductor, band theory, forbiaden band, infrinsic con-
duction, extrinsic conduction, impunty depietion, valence
band, conduction band.

Principle
The conductivity of a germanium testplece Is measured as a
function of temperature. Tha enargy gap Is determined from
the measured values.

Equipment

Hall effect module, 11801.00 1
Hall effect, undot.-Ge, carrier board 11807.01 1
Power supply 0-12V DG/ V, 12V AC 13505.93 1
Tripod base -PASS- 0200255 1
Support rod -PASS-, square, [ = 250 mm 0202555 1
Right angle clamp -PASS- 02040.55 1
Digital muitimeter 07134.00 1
Connecting cord, [ = 500 mm, black 0736105 2
Connecting cord, / = 100 mm, red 07359.01 1
Connecting cord, / = 100 mm, biue 07359.04 1

Tasks

1. The current and voltage are to be measurad across a ger-
manlum test-pleca as a function of temperature.

2. From the measuraments, the conductivity « is 1o ba caicu-
lated and against the of the tempera-
ture 7. A linear piot Is obtained, from whose slope the enar-
gy gap of germanium can be determined.

Set-up and procedure

The exparimental set-up Is shown in Fig.1. The test plece on
the board has to be put Into the hall-effekt-modul via the
guide-groove. The module Is directly connected with the
12 V- output of the power unit over the ac-input on tha back-
sioa of the module.

The voitage across the sampie is measurad with a muitimeter.
Therefora, usa the two lower sockets on the front-sige of the
module. The currant and temperature can be easlly read on
the Integratea of the module. Be sure, that the
works In the temperature mode during the measurement. You
can change the mode with the "Display™-knob. At the begin-
ning, set the curent to a value of 5 mA. The current ramains
nearly constant during the measurement, but the voitage
changes according to a change In temperature. Set the dis-
piay In the tempearature moae, now. Start the measurement by
activating the heating coll with the "on/off™-knob on the back-
sice of the moaule. Determine the change In voltage depen-
dent on the change In temperature for a tamperatura range of
room temperature to a maximum of 170°C.

You will recelve a typical curve as shown In Fig.2.

Fig.1: Experimental set-up for the determination of the band gap of germanium

1y



Theory and evaluation
The conductivity « 15 denined as Tollowing:

1 -1 [ 1
_!'Lm

with p = specilc recistvity, [ = lengtn of fest specimen,
A = cross section, I = cummant, IF = voltage.

[Dimansions of Ga-plate 20101 mm?)

The conductivity of samiconductors ks characteristically a
function of temperatura. Three ranges can be distingulshed: at
low temperaturas we have exirinsic conduction jrange I), Le.
as the temiperature rises charge camers are activated from the
Impuritizs, At moderate temperaturas (range I1 we talk of
Impurity depletion, since a further tamperatue nse no longsar
produces activition of impurtties. At nigh temperstures range
111} It 15 Intrinsic conduction which finally predominates (see
Fig. 3. In this Instance charge carrers are additionally trans-
ferred by thermal excitation from the valence band to the con-
duction band. The temperature depandence Is In ihils case
essentlally descriped by an exponantial function.

£y

7 =00 SP

[£g = anergy gap, & = Bolzmann's constant, T = absolute
temperature).

The logarithm of this equation
E!I

|I'Ir.r=|l1r.r:,—m

lswith y =Ine and x = ¢, alnear equation on the type v =
d + b, wherna
|

2k

b=

I5 Siope of the stralgnt IIne.

Fig.2: Typlcal measuremeant of the probe-voltage as a func-
tion of the tamperature

L
¥

With the measured values from Flg. 2, the regression with the
axpression

Ine = lInay +H'?
provides the slope b = [4.05 + 0.06) - 102 K [Fig. 4).

With the Bolfzmanm's constant & = B.625 - 10°° &\, we finally
obtalin

E; =b- 2k =(0.70 = 0.01) V. (Literatura value 0.67 ev)

Flg.3: Conductivity of a semi-conductor a= a function of the
reclprocal of the tamperatuns
'}

T

Fig.4: Regression of the conductivity varsus the reciprocal of
the absolute temperatura

TA



Solid-state physics Measuring the temperature-
Conduction phenomena dependency of a noble-
Electrical conductivity in solids metal resistor

Description from CASSY Lab 2

For loading examples and settings,
please use the CASSY Lab 2 help.

14



CASSY Lah 2

Electrical conduction in solid bodies

=] &
- e | -
=

B =21 o aico be camied out with Pocket CASSY and Mobile-CASSY

Experiment description

The temperature-dependency of the specific resistance R is a simple test for models of elecinic conductvity in con-
ductors and semiconduciors. In elecirical conductors, R rises with the temperature, as the collisions of the quasi-free
electrons from the conduction band with the incomplete atoms of e conductor play an increasing rode. In semicon-
ductors, on the other hand, the resistance decreases as the temperature increases since mere and more elecirons
mowve from e valence band to the conduction band, fws contributing to the condwetvity.

This expenment measures the resistance values of a noble-metal resistor and a semiconductor resistor as a function
of the temperature. For the noble metal resistor, the relatonship

R=Rg-{1+ea# (Rp resistance atd=0"°C)

is werified with sufficient accwracy in the temperabure range under study. For the semiconductor resistor, the evalua-
tion reveals a dependancy with the form

R ek = 138107 JK: Boltzmann constant)
with the energy band intenval AE_

Equipment list

1 Sensor-CASSY 524 010 or 524 113

1 CASSYLlab2 524 20

1 Current soures boo 524 021

1 Temperature box 524 45

1 Temperature sensor MiCr-Mi G666 193
o

1 HiCr-Ni adapter 5 24 G673

1 Temperature sensor MiCr-Mi, type K 520 678

1 Moble metal resistor 586 20

1 Semiconductor resistor 5 kQ 56 521

1 Electric oven, 230 W 555 81

1 Safety connecting bo n02 0l



CASSY Lab 2

2 Connecting keads, 100 cm, black 500 444
1 P with Windows XPVista/7/B

Experiment setup (see drawing)

The termperabure box at Sensor-CASSY input A measwres the temperature of the sensor in the eleciric oven. Insert
the measuring tip into the hele on the back of te oven so that the 8p is in direct proximity to the resistor element. The
cument supply box at input B registers the electrical resistance.

Carrying out the experiment

O Load settings

= Start the measurement with 7 {a value pair is recorded for every temperature increase of 5 K).
Switch on the oven.

Stop the measurement with I at the |atest when the temperature reaches 470 K {approx. 200 ).
Switch off the oven and remowe the resisior.

When the oven has cooled off repeat the measurement with a different resistor.

Ewvaluation

When a noble metal (platinum) resistor 5 wsed, we obfain a linear increase in resistance as the temperature rises.
The temperature coefficient a of the resistor can be defermined easily by fiting a straight line. In this example we
cbserve in increase in resistance of 0.407 VK and a resistance of 100 2 at 0 °C, ie. o = 000407 /K. The agrees
wery well with the literature value o = 0.00392 ¥ for platinuem.

The resistance of the semiconductor resisior does not decrease linearly as the temperature rises. By fitting a Free Fit
we can confim the relationship R = e In the example, this gives us AE/Zk = 4000 K for the semiconductor used
here, ie. AE = 11.0-107" J = 0.69 &V {1eV=16021 Jl.

Remarks

The measwrement will work also duning the cooling phase. Then, the ermor caused by the temperatre difference
between the temperature sensor and the resistor is smaller, since the cooling phase lasts much longer than the
warm-up phase.

When using the old semiconductor resistor (388 82), use the Seftings (noble metal resistor) for the comect re-
sistance range.
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Electron spin resonance

Pre Lab Questions:

1-

What is the origin of magnetism? What is the difference between
paramagnetic, ferromagnetic and diamagnetic substances?

What is Zeeman Effect? And explain what does happen when an
external magnetic field is applied on a paramagnetic substance?

Drive the equation of (Lande factor)?

What is the difference between the electron spin resonance (ESR)
and nuclear magnetic resonance (NMR)?

What is your goal for the experiment and how are you going to
achieve it?

\Al



The aims of this experiment are:
» Study the electron spin resonance (ESR) in a sample of D.P.P.H (D1 Phenyl

Picryl Hydrazyl).
» Determine the g-factor (Landé-factor) of the DPPH (Diphenylpicrylhydrazyl)
specimen.
In your REPORT write down everything you used or found for this experiment.

About your device and experimental process please enjoy the experiment

sheets!

Finally:

Discus your results!

Yy



Ohbjects of the experiment

Determining the g-facior of DPPH.

Principles

Since its discovery by E. K. Zawoisky (1845). electron spin
rescnance (ESR) has developed into an important method of
investigating molecular and crystal structures, chemical reac-
tions and other problems in physics, chemistry, biclogy and
medicine. It is based on the absomption of high-frequency
radiation by paramagnetic substances in an external mag-
netic field in which the spin states of the electrons split.
Electron spin resonance is limited to paramagnetic sub-
stances because in these the orbital angular momenta and
spins of the electrons are coupled in a way that the total an-
gular momentum is different from zero. Suitable compounds
are, e.g., those which contain atoms whose inner shells are
not complete (fransition metals, rare earths), organic mole-
cules (free radicals) which contain individual unpaired elec-
frons or crystals with lattice vacancies im a pamamagnetic
state.

The magnefic moment associated with the fotal angular mo-
mentum J is

fiy=-gy-ER-J (1.
h-e h
= & =— pg: Bohr neton,
(te 2-mg 2n He med

h: Planck constant, gu: Lande splitting factor,
me: mass of the electron, e: electronic charge)

In a magnetic ﬁeldéq, the magnetic moment [ijgets the
potential ensmgy

E=-iy-Bg (1.

E is gquantized because the magnetic moment and the total
angular momentum can only take discrete orentations rela-
tive to the magnetic field. Each orentation of the angular
momentum comesponds to a state with a particular potential
energy in the magnetic field. The component & of the total
angular momenium, which is parallel to the magnetic field, is
given by

Jz =R-my with my=-J, {J- 1) ... J [y,

Electron spin resonance at DPPH

Determining the magnetic field as a function of
the resonance frequency

Determining the line width §Bg of the resonance signal

V¢

Determining the rescnance magnetic field Bg as function of the selected frequency v.

where the angular momentum guantum number is an integer
or & half-integer, i.e. the poteniial energy splits infto the dis-
crate Zeeman levels

E =gy pg - By -my with my= -2 -{J- 1), ... J {1V}

The enengy spliting can be measured directly by means of
electron spin esocnamce. For this a high-frequency alternating
magnetic field

E'l-| = -EiI-F -sinl2mv - )
which is perpendicular to the static magnetic fisld EID is radi-

ated into the sample. If the energy h-v of the alternating field

is equal to the energy difference AE between two neighbour-
ing energy levels, i.e., if the conditions

Am = +1 )
and
h-v=AE=gy-pg-Bp )]

are fulfilled, the altemating field leads 1o a "fip” of the mag-
netic moments from one arientation in the magnetic field By
intie  the other one. In other words, transitions between
neighbouring levels are induced and a resonance effect is
observed which shows up in the absorpiion of energy from
the alternating magnetic field radiated into the sample.

1
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Fig. 1 Enengy splitting of a free electron in a magnetic field and
resonance condtion for electron spin resonance.



In numerous compounds, crbital angular momentumn is of litte
significance, and considerations can be limited to the spin of
the electrons. To simplify matters, the situation is represented
for a free electron in Fig. 1: here the total angular momentum
ic just the spin 2 of the electron. The angular momentum
quantum number is

._I':.E.‘:l
2

and the Landé factor is
gu= ge = 2.0023.

In a magnetic fizld, the energy of the electron splits into the
two levels

E =g -ug -Bp -mg with my %% (Va).

which comespond to an antiparallel and a parallel orentation
af the electron spin with respect to the magnetic field. In a
transition between the two levels, the selection rule (V) is
automatically fulfilled: in analogy to Egq. (V). the rescnance
condition reads

h-v=gs-ng By (Via).

If nowr the energy which is absorbed from the altermating field
is measured at a fixed frequency v as a function of the mag-
netic field By, an absorpiion line with a half-width &85 is ob-
tained. In the simplest case, this line width in & homogeneous
magnetic field is an expression of the uncertainty 6E of the
transition. The uncertainty principle apllies in the form

se-T21 (v,
2
where T is the lifetime of the level. Because of Bq. (W),
GE =g-ppg -88p W
Thus the relation
]
e e 0

does not depend on the frequency v. In this experiment, the
position and width of the absorption lines in the ESR spec-
trum of the sample under consideration are evaluated.

From the position, the Landé factor g, of the sample is deter-
mined according to Eq. (V). In the case of a free atom or ion,
the Lande factor lies between gy = 1 if the magnetism is en-
tirelty due o orbital angular momentum and g = 2,0023 if only
spins coniribute fo the magnetism. However, in actual fact the
paramagnetic cenfres studied by means of electron spin
resonance are mot free. As they are inseried info crystal lat-
tices or surmounded by a solvation sheath in a solution, they
are subject to strong eleciric and magnetic fields, which are
generated by the surmounding atoms. These fields lead to an
energy shift and influence the Feeman splitting of the elec-
trons. Thersby the walue of the g-factor is changed. It fre-
quently becomes anisotropic, and a fine structure occurs in
the ESR spectra. Therefore the g-factor allows conclusions to
be drawn regarding electron binding and the chemical struc-
ture of the sample under consideration.

From the line width, dymamic properties can be inferred. ¥
unresohved fine structures are neglected, the line width is
determined by sewveral processes which are opposed to an
alignment of the magnetic moments. The interaction betwesn
aligned magnetic moments among each other is called spin-
spin relaxation, and the interaction between the magnetic
moments and fluctuating electric and magnetic fields, which
are caused by latiice oscillations in selids and by thermal
mation of the atoms in liquids, is called spin-latice relaxation.

In some cases, the line width is influenced by so-called ex-
change interaction and is then much smaller than one would
expect if there were pure dipole-dipole interaction of the
Spins.

ESR spectrometers developed for practical applications usu-
ally work at frequencies of about 10 GHz (microwaves, X
band). Comespondingly, the magnetic fields are of the order
of magnitude of 0.1 to 1 T. In this experiment, the magnetic
field Bgis considerably weaker. It is generated by means of
the Helmholtiz coils and can be adjusted to values between O
and 4 mT by appropriate choice of the coil cument. A curent
which is modulated with 50 Hz is supermposed on the con-
stant coil current. The magnetic field B, which is comespond-
ingly modulated, is thus composed of an equidirectional fisld
Bp and a 50-Hz field Bexa. The sample is located in an HF coil
which is part of a high-duty oscillating circuit. The oscillating
circuit is excited by a vanable frequency HF oscillator with
frequencies between 15 and 130 MHz.

If the resonance condition (V) is fulfilled, the sample absorbs
enengy and the oscillating circuit is loaded. As a result, the
impedance of the oscilating circuit changes and the voltage
at the coil decreases. This voltage is converied info the
measuring signal by rectification and amplification.

The measuring signal reaches the output of the control wnit
with a time delay relative to the modulated magnetic field.
The time delay can be compensated as a phase shift in the
control wnit. A two-channel osdilloscope in X-Y operation
displays the measuring signal together with a voltage that is
proportional to the magnetic field as a resonance signal. The
resonance signal is symmetric if the equidirectional field By
fulfils the resonance condition and if the phase shift ¢ be-
tween the measuring signal and the modulated magnetic field
is compensated (see Fig. 2).
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Fig.2 Osclloscope display of the measuring signal (Y or |, respec-
trwedy) and the medulated magnetic field (X or 1l mspeWuHr}

left: two-channe! display with DC coupled channe] 11
right- XY display with AC coupled channel [I

Fig. 2a phase shift ¢ not compensated, equidirectional field B; too
weak

Fig. 2b phase shift o compensated, equidinectional fisld B; too weak
Fig. 2c phase shift @ not compensated, appropriate equidirecticnal
field By

Fig. 2d phase shift ¢ compensated, appropriate equidirectional fisld
B,

A

The sample substance used is 1,1-diphenyl-2-picry-hydrazy
(DFPH). This organic compound is & relatively stable free
radical which has an unpaired valence electron at one atom
of the nitrogen bridge (see Fig. 3). The orbital motion of the
electron is almost cancelled by the melecular structure.
Therefore the g-factor of the electron is almost equal to that
of a free electron. In its polycrystalline form the substance is
very well suited for demonstrating electron spin rescnance
because it has an intense ESR line, which, due to exchange
narrowing, has a small width.

2

Fig. 3 Chemical structure of 1,1-diphenyi-2-picryt-hydrazyl (DPPH)

Apparatus

1 ESR basic unit 514 55
1 ESR control unit 514 571
1 pair of Helmholtz coils 555 804
1 two-channel oscilloscope 303 575 211
2 BMC cable 1m 501 02
3 zaddle bases 30011

1 connection lead 25 cm black 501 23
1 Connection lead 50 cm red 01 25
1 Connection lead 50 em blus 501 26



Fig. 4 Experimental setup for electron spin resonance at DPPH.

Fig. 5 Amangement of the Helmholz cols wiewed from abowe.

Setup
The experimental setup is illustrated in Figs. 4 and 5.

Set up the Helmheoltz coils mechanically parallel to each
other at an average distance of 5.8 cm [equal to the awver-
age radius r).

Connect the Helmholiz coils electrically in seres to each
other and to the ESR control unit, note the details in Fig
5.

Connect the ESR basic unit to the ESR control unit via the
B-pole cable.

Connect the output "ESR Signal™ of the ESR control unit
to channel Il {y-Axis} of the two-channel oscilloscope and
the output "B-Signal” to channel | (x-Axis) via BMC cables.

Carrying out the experiment
Determining the resonance magnetic field Bq:

Put on the plug-in coil 15-30 MHz (the biggest cne of the
three coils} and insert the DFPH sample so that it is in the
centre

Switch the ESR basic unit on and set it up so that the
plug-in coil with the DPPH sample is located in the centre
of the pair of Helmholtz coils (see Fig. 51

Set the resonance frequency v = 15 MHz (potentiometer
on top of the basic umit J.

Set the modulation amplitude [~ to the middle.
Set the phase shift to the right (potentiometer Phase ).
Select two-channel operation at the oscilloscope.

Dual on
time base 2 msdzm
Amplitude | and 11 0.5 Wicm AC

Use the button on the control unit to switch the display of
the control unit to "A=", showing the value of |=. Slowly
enhance the equidirectional field of the Helmholz coils
with the cumment |= until the resonance signals are equally
spaced (see Fig. 3L At a frequency of 15 MHz this will be
at an approsimate current of 0.13 A

Switch the oscilloscope to XY operation, and set the
phase shift so that the two resonance signals coincide
[s=a Fig. 2).

Vary the direct current = until the resonance signal is
symmetric. Select a modulation current |~ as small as
passible.

Read the direct curent /= through the pair of Helmholz
coils, and take it down together with the resonance fre-
guency v, creating Table 1.

Increase the resomance frequency v by 5 MHz, and adjust
the mew resonance condition by increasing the direct cur-
rent =

Again measure the current I= and take it down.

Continue increasing the high frequency in steps of 5 MHz
(use the plug-in coil 30-75 MHz for frequencies greater
than 30 MHz and the plug-in coil 75-130 MHz (the small-
est one) for frequencies greater than 75 MHz) and repeat
the measurements.

Determining the half-width §8q:

A%

Select XY operation at the oscilloscope.

Annplitude 1 0.5 Wicm AC

Adjust the resonance condition for v = 50 MHz {medium
plug-in coil ) once more.

Extend the resonance signal in the X direction exacty
ower the total width of the screen (10 cm) by varying the
modulation cumrant |-~

Switch the control unit display to I~ and read the RMS (1)
value of the modulation curment g, for example 0.282 A
Spread the X deflection{changing o 0.2 Viem), read the
width AL of the esonance signal at half the height of the



oscilloscope soreen, and take it down, for example 1.5 Evaluation

em The magnetic fizld B of the Helmhaliz coils can be calculated
Measuring example from the current § through each cail:
Determining the resonance magnetic field By 3

(472 . ; !
In Table 1, the current through the seres-connected Helm- E|=L.;|-|E| -%-I with g =4x- o7 =

hicitz coils fpin the case of resonance is listed as a function of ) ] )
the frequency v of the altemating high frequency field. (m number of turns per coil, rradius of the coils)

Table 1: the curent iy as a function of the frequency v of the i n =320 and r=B.8 cm B = 4.23 I:I:T-iii chtained.
alternating field A

v I= Plug-in coil Determining the resonance magnetic field By:
MHz I Imi Ta!:-le- 2 the values calculated for the magnetic field are
compiled.
15 013 big
0 017 big Table 2: The magnetic field By as a function of the frequency
25 021 big v of the alternating field.
30 0.26 big v By
a0 0.26 medium MHz mT
a5 0.30 medium 18 0.55
40 0.34 medium 20 0.74
45 038 medium 25 0.93
50 043 medium 30 1.08
55 047 medium 35 127
60 0.51 medium 40 1.48
A5 0.55 medium 45 1.63
70 0.60 medium 50 1.82
75 0.64 medium 55 1.8
75 064 small G0 212
a0 0.68 =mall &5 233
a5 072 small 7o 2.54
60 077 small 745 275
85 081 small &0 2.86
100 0.85 =mall 85 307
105 EE] =mall an 3,28
110 0.04 small ag 3.38
115 0.68 =mall 100 380
120 1.02 smmiall 105 aa
125 1.06 =mall 10 4.02
130 1.11 small 115 4.12
120 423
Determining the half-width §B;: 125 4.44
half-width read from the oscilloscope, 1.5 cm comesponding 130 4.85
woM=15 n::u-ﬂ.ﬂl:ﬂl.ﬁ v
i

Calibration of the full modulation woitage Usea
; -V ;

U, =10ecm-05——=5V
o <m

comesponds o g = 0.28 A (RMS of AC).

Peak-to-peak Amplitude is 24/ 2 of RMS.

YA
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Fig. § the rescnance frequency as a function of the magnetic fisld for
DPPH

Fig. & shows a plot of the measured values. The slope of the
straight line throwgh the orgin drawn in the plot is
Y o_apgMHEE

By mT
From this the g-factor follows:

i R T e & T
- h-v _ §.625-10 .‘4“54 -EF.HMHI':LSISI

Hg-By 9273100 Am® T

Value quated in the iteraturs: g{DPPH) = 2.0038.
Determining the half-width 58;:

atr 03wV

N=—eJ  =——02A-2-42=00494
U . e 5V ‘Jll_
From this

ar
.-.':iE'.:,:-i.ESm'T-I:E'ElmT

is obtained.
Value quoted in the fiterature;
&8 (OPPH) = 0.15-0.81 mT

The line width strongly depends on the solvent in which the
substance has recrystallized. The smallest value quoted in
the literature is obtained with C5z as solvent.

\)



Report Template for each experiment

PHYS 491 Report Template Academic year-5emester

Experiment Title
Student Name Group #

dd/mm/yyyy

1 Objective(s):

Give a brief summary of the purpose of the experiment.

2 Principle(s):

Write briefly the principle of the experiment.

3 Apparatus:

List all the tools and apparatus you used to perform the experiment

4 Data:

In this section, vou need to show your experimental results (data tables).

Tahle 1: Caption is important

5 Graphs:

Here you should include all the graphs you plotted from your data and write a caption for
each one.

6 Data Analysis:

In this section, you need to explain the results you obtained in the data section, comment
on the behavior of the data, and if there is any anomalies results, try to explain them. Also,
explain any calculations you performed in the tables.



PHYS 451 Report Template Academic year-5emester

7 Calculations:

In this section, you should illustrate your calculations and explain them briefly, Also you
may need to include the calculation of the error percentage if required.

8 Conclusion:

Summarize your results and comment on them.

AN
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