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Module 1: Current Electricity and Elastic Properties of Solids

Charge Carriers in Different Materials

Metals:
Atoms have one or more outer electrons that are free to move throughout the metal lattice. Electrons move randomly throughout the lattice at a speed of ~106ms-1. When a potential difference is put across the ends of the metal an electric field is produced which urges the electrons to move towards the positive terminal. The application of the electric field superimposes a small drift velocity on the “free” electrons, typically ~10-3ms-1.

Insulators:
All the electrons are firmly fixed to the atoms; therefore no charge carriers exist.

Semiconductors:
At low temperatures all of the electrons are firmly bound to the atoms. As temperature increases some electrons escape from the atoms, leaving behind centres of positive charge (holes). As more electrons escape, more holes are created but some holes are filled by other electrons. The holes appear to move about. Since the number of charge carriers << (a lot less than) in metals, they do not conduct electricity as well as metals.

Other:

In some materials, positive and negative ions are responsible for the flow of electricity. For example, gases are normally poor conductors. The atoms are free to move but uncharged. However, if a gas is ionised, it will conduct electricity.

Current Electricity

To understand electricity, we need to think in atomic terms. In an atom, each electron has a charge of –1.6×10-19 Coulombs (C). 

Atoms are not charged particles, so for each electron there is a proton with a charge of +1.6×10-19 C. 

If an atom loses an electron it becomes charged and is called an ion.

An electric current is the flow of charged particles through a material.

The charge carriers in metals are electrons as they are delocalised and free to move.

Conventional Current Flow

Convention states that current flows from a positive terminal to a negative one. What actually happens, however, is that the negatively charged electrons flow towards the positive terminal in a circuit.

Current is measured in amperes (A)

The unit of charge, the Coulomb, is defined as the charge passing a point in one second when a current of 1A flows.

Current can, therefore, be said to be the rate of flow of charge.
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the symbol ( means “change in”

One ampere of current flows when one coulomb of charge passes a given point in a circuit every second.

For a steady current, Q = It

Potential Difference, pd

Whenever a current flows from one point to another, it does so because the electrical potentials at the two points are different. If two points are at the same potential, no current can flow between them. The unit of pd is the Volt, V.

Energy and Electrical Circuits

When a battery is connected across a resistor, electrons transfer energy from the battery to the resistor.
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Electrons enter the battery via the negative terminal and are given a fixed amount of energy. This is then delivered to the resistor and the electrons return to the positive terminal.

The battery is the source – it provides the charge carriers with energy. Without a source an electric current will not flow. 

Definition of Potential Difference (pd)

Whenever a current flows from one point to another, it does so because the electric potentials at the two points are different. 

If two points are at the same potential, no current can flow between them. 

The pd between two points is equal to the energy converted per unit charge passing between the points. The unit of pd is the volt.
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where 
V is the pd (Volts)

Q is the charge (Coulombs)



W is the energy (Joules)

The pd between two points is 1 volt if 1J of energy is converted when 1C of charge passes between the points.

But 
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Substituting for Q in the equation above:
W = ItV

(Since work done is an energy transfer, the symbol E can also be used, instead of W.)

Power is the rate at which work is done:
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Substituting for W,
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Since V = IR,

P = I2R

Question:

When a battery is connected across a resistor, a current of 2.0A flows for 1 minute.

(a) Calculate the total charge that flows through the resistor.

(b) If the pd across the resistor is 1.5V, calculate the total heat energy produced by the resistor.

Power

Power is the rate at which work is done:
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Substituting for W,
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Since


 V = IR,


P = I2R

and since 
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Question:
When a battery is connected across a resistor, a current of 2.0A flows for 1 minute.

(a) Calculate the total charge that flows through the resistor.

(b) If the pd across the resistor is 1.5V, calculate the total heat energy produced by the resistor.

Resistance

Applying the same p.d. across different conductors will cause different currents to flow. 

Some conductors provide greater opposition to a flow of charge – they have greater electrical resistance.

Defining Equation for Resistance
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Unit of resistance is the Ohm, (.

1( = 1VA-1
Definition:
A conductor has a resistance of 1( if a current of 1A flows through it when a pd of 1V is applied across it.

Ohm’s Law

“The current through a metallic conductor is proportional to the p.d. across it, provided that temperature remains constant.”

I 
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Conductors that obey Ohm’s Law are called “Ohmic conductors”.

Conductors that do not are called “Non-ohmic conductors”.

Current / Voltage Characteristics

Resistor / wire

Graphs of I against V:
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Graphs of V against I:
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Semiconductor Diode
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Filament Bulb
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Resistor Networks

For resistors in series:
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RTotal = R1 + R2 + R3
For resistors in parallel:
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What is the total resistance of the following resistor networks?

1.





2.
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Potential Dividers
All components in a circuit transfer energy that has been provided by the battery or some other power source. This energy is referred to as potential. The potential from the cell is divided between components based on their respective resistances, they are called potential dividers. The equation V = IR can be used to calculate potential difference or the potential divider equation, which is:
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where R is the resistance of the resistor that you wish to calculate the p.d. across.
Look at the series circuit below:
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The potential is divided equally between the bulbs as they have equal resistance. We can use the V = IR equation to prove this. V = IR = 1.2 x 10 = 12V for each bulb. In a series circuit the potential differences across the components added together is equal to the potential difference (p.d.) across the battery.

Look at the parallel circuit below:
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The p.d. across each resistor can be found by using the V = IR equation for each resistor. As each branch has the same resistance, the current through each branch is 0.3A. So, V = IR = 0.3 x 10 = 3V for each bulb. In a parallel circuit like this one, the p.d. across each branch is the same as the p.d. across the battery.

Look at the circuit below:
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The current in the two branches will now be different as the branches have different resistances, but the p.d. across each branch will still be 6V in this circuit. The current in the upper branch will be I = V/R = 6/20 = 0.3A and the current in the lower branch will be I = V/R = 6/10 = 0.6A.

Fixed resistors mean fixed potential differences, but if you include a variable resistor or a thermistor or a LDR in a circuit, the p.d. is not fixed but depends on other factors. Look at the circuits below:
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If the LDR has a resistance of 20000Ω in the dark and 200Ω in the light, calculate the p.d. across the LDR and then the resistor for both conditions. What is the potential at X in both conditions?

[image: image54.png]



If the thermistor has a resistance of 5000Ω at 0°C and a resistance of 200Ω at 20°C, calculate the p.d. across the thermistor and then the resistor for both conditions. What is the potential at X in both conditions?
Using Ammeters and Voltmeters

When inserted into a circuit, they should cause the least possible disturbance.

Ammeters

An ammeter measures the current through itself. 

Since the ammeter is in series, its resistance increases the total resistance of the circuit and, therefore, reduces the current flowing in the circuit.

Calculate the current in the circuit below:
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An ammeter is now placed in the circuit. What will the ammeter reading be if it has a resistance of (a) 1( (b) 0.1(
The ideal ammeter would have zero resistance. 

In practice ammeters are used which have resistance which is a lot less than that of the rest of the circuit.

Voltmeters

Voltmeters measure the difference in potential between two places. 

The resistance of a voltmeter will reduce the total resistance of the circuit.

Calculate V in the circuit below:
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A voltmeter is now connected across the 6( resistor. 

What will the voltmeter read if it has a resistance of:

(a) 3.0( (b) 6.0( (c) 60(
Voltmeters should have a high resistance compared to the component they’re in parallel with. 

The ideal voltmeter would have infinite resistance

Resistivity

If the resistance of different lengths of the same type of wire are measured, it is found that:
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If the resistance of equal lengths of the same type of wire of different cross-sectional areas are measured, it is found that:
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Therefore, 
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The resistance of a wire also depends on the material of which it is made,
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Rearranging, 
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( is the resistivity of the material and is a constant for a particular material at constant temperature. Its units are (m.

Low resistivity = Good conductor


High resistivity = Poor conductor

Questions:

1.
A copper wire has a diameter of 0.50mm and a length of 100mm. The resistivity of copper is 17n(m. Find the resistance of the piece of wire.

2.
The electrical resistivity of manganin is 45 ( 10-8(m and is affected very little by temperature change. The resistance of 2.0m of manganin wire is 1.1(. What is the diameter of the wire?

Superconductivity
Certain materials have zero resistivity at and below a critical temperature which depends on the material. This would have obvious benefits to power transmission (improved efficiency) and to very strong electromagnets, but unfortunately it only occurs at very low temperatures (90 Kelvin or below). Below is a picture taken of a magnet levitating above a superconductor. 
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There is a persistent current in the superconductor that causes a magnetic field to be set up that repels the magnetic field of the permanent magnet.

Electro-Motive Force (EMF) and Internal Resistance

The EMF of a source is the energy supplied to unit charge as it passes through the cell.
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Alternatively, the EMF of a source is the p.d. across it when no current is drawn.

The chemicals in a cell offer resistance to the current flow, which is known as internal resistance. 

The internal resistance behaves as if it is in series with the cell and the external circuit:
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where 
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 is the EMF and r is the internal resistance of the cell.

It follows from the definition of EMF that:
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where 
(R + r) is the total resistance of the circuit.
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where 
IR is the pd across the external resistance



Ir is the pd across the internal resistance

i.e.
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where V is the pd across the external resistance.

Conservation of Charge and Energy in Simple d.c. Circuits 
(Kirchoff’s Laws)
Kirchoff’s 1st Law: 
At any junction, 

Total current in = Total current out.
This law has to do with conservation of charge.
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e.g.

I1 = I2 + I3
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Now solve these:
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1.
2.


Kirchoff’s 2nd Law
Algebraic sum of the EMFs = Algebraic sum of the products of I and R.
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This law has to do with conservation of energy.
Note – 
“Algebraic sum” means that current direction needs to be taken into account.
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e.g.
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12 = (2(1) + (2(5)
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12 = 2 + 10
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Kirchoff’s 2nd Law Example:
Calculate the p.d. between A and C.
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around the circuit

12 – 10 = (I ( 1) + (I ( 3)

2 = 4I

I = 0.5A

p.d between A and B, 

VAB = IR = 0.5 ( 1 = 0.5V

p.d. between A and D, 

VAD = IR = 0.5 ( 3 = 1.5V


around the circuit

Between A and B there is a decrease in p.d. of 0.5V.

Between B and C there is an increase in p.d. of 12V.

Therefore, the p.d. between A and C = 12 – 0.5 = 11.5V


Going anti-clockwise round the circuit:

Between A and D there is an increase in p.d. of 1.5V.

Between A and C there is an increase in p.d. of 10V.

Therefore, the p.d. between A and C = 10 + 1.5 = 11.5V

Kirchoff’s Laws Exercise:

Using Kirchoff’s Laws or Ohm’s Law, answer the following questions:

1. What is the resistance between points A and E?

2. What is the resistance between points B and F?
3. What is the total resistance of the above circuit?
4. What current flows through the AE branch?
5. What current flows through the main part of the circuit
6. What is the potential difference between B and F?
7. What is the potential difference between E and F?
8. What is the potential difference between A and D?

9. What is the potential difference between C and F?

10. What is the potential difference between C and D?

Peak, Peak to Peak and RMS Values

An alternating current (a.c.) or emf is one whose magnitude and direction vary periodically with time.

Peak value:

The maximum value of some quantity.

Peak to peak value:
Total variation in the value on the y axis.

( 2( the peak value if the waveform is sinusoidal)

RMS Value:
The value of a direct current or p.d. which would apply the same power in a given resistor. 

(Also called effective value)

(Note: RMS stands for Root Mean Square)

Consider the following:
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The RMS value of current,
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And the RMS value of p.d.,
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Answer the following:

1. 
What is the rms value of a sinusoidally varying current with a peak value of 4.0A.
2.
What is the rms value of an a.c. of peak value of 2.83A which has the same effect as a steady d.c. of 2.0A.

3.
What is the rms current from a 240V rms supply driving current through a 16( resistor.
4.
A sinusoidally alternating voltage displayed on a cathode ray oscilloscope is seen to have a peak value of 75V. What reading should be obtained with a voltmeter indicating RMS voltage?

5.
Using the graph below, calculate:

(a)
The time period of the alternating current.


(b)
The frequency of the alternating current.


(c)
The peak value of the current.


(d)
The peak to peak value of the current.


(e)
The rms value of the current.
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Cathode Ray Oscilloscope (CRO)

Oscilloscopes are used to display the time variations of electrical signals. Any physical quantity that can be converted into a suitable electrical signal can be displayed on an oscilloscope.

An oscilloscope is a device that is used to display and measure electrical oscillations. The oscilloscope consists of an electron beam tube with a flat screen at one end and a control circuit. The control circuit makes the beam sweep across the screen, creating a visible trace on the screen as it moves across. The signal to be displayed is applied to the y-input of the oscilloscope, causing the vertical position of the beam to vary so the trace shows how the input signal varies with time.

The electron beam in the oscilloscope tube is produced by means of thermionic emission from a hot cathode in the tube. A series of anodes in the tube near the cathode focuses electrons from the cathode into a fine beam in which all the electrons travel at the same speed. The beam passes along the tube and hits the screen at the end, causing a spot of light to be emitted from the point of impact.

After leaving the anodes, the beam passes between two sets of parallel plates, one set (the Y plates) designed to deflect the beam vertically and the other set (the X-plates) horizontally. An internally generated sweep voltage can be applied to the X-plates to make the spot sweep across the screen from left to right at a steady rate and then to return right to left at a much faster rate. The signal to be displayed is applied to the Y-plates so the spot traces out the waveform of the signal on the screen. If the internal sweep voltage is not applied to the X-plates, an external voltage could be applied to the X-plates if the oscilloscope has an X-Y mode.

The details of the workings of a CRO are not examinable, but are included for information only.
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The y-gain (or input sensitivity) of an oscilloscope is the input potential difference needed to deflect the spot vertically by exactly 10 mm.

The sweep rate (or time base setting) of an oscilloscope is the time taken by the spot to sweep a horizontal distance of 10 mm as it moves left to right across the screen.

The diagram below shows how the oscilloscope is used to measure the amplitude and the time period of an alternating waveform displayed on an oscilloscope, given the y-gain and the sweep rate settings.
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Other controls on an oscilloscope include the brightness control and the trigger control. Brightness control is achieved by altering the positive potential on the anode plate nearest to the filament.

The trigger control is designed to make the waveform on display stable by ensuring that the trace always starts at the left edge of the screen at the same instant in the repeating signal.
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