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Abstract

We calculated the conductivity of copper, silver, and aluminum yielding the re-
sults: Gexp.cu = (4.6£0.7)x107 Q1 m™L, oexp ag = (6£1)x10° Q1 m™1, and oeyp a1 =
(3.34+0.6) x 107 Q2 ' m~!. We measured the Hall voltage for each metal placed in
a magnetic field, once varying the current while keeping the magnetic field constant
and vice versa. We calculated the Hall coefficient for each metal to be ReXp’Cu =
(—6+2)x 101 Qm T, REPA8 = (—942)x 1071 Qm T, and Ri}‘PAl_( 3.4+
0.8) x 1071 QmT~1.

1 Introduction

According to Drude’s theory of electrical conductivity, the conduction electrons in a metal
behave like free electrons. To describe the velocity of the conduction electrons in the metal,
while an electric field E is applied, we must also examine the interactions of the electrons,
which consist of collisions between the electrons to the ions and between electrons with
other electrons. For this we introduce a mean scattering time 7, which is defined as the
time that elapses on average between two collisions. The drift velocity caused by Eis given
by
Up = _—eEt,
m@

where t is the time elapsed since the last collision, e is the charge of an electron, and
me is the mass of the electron. The relation to the current density j and the electrical
conductivity of the metal ¢ are:

j = —ne(vp) = ne? TE and 0 = j/FE =

Me

The theory of the Hall Effect says, that if a current of density j flows through a rectangular
metal plate in the positive z-direction and through a magnetic field with flux density B
which flows in the z-direction, then there will be a small voltage Vg between the boundary
surfaces perpendicular to y-direction. This is caused by the Lorentz force Fy, = —e(E +



# x B). From this equation we get

—e N N
d=—(E+7x D).

m

Assuming Drude’s theory is correct, we can obtain the components of the drift velocity

with:
v, = = (E, + v, B.),
vy = (B, +v,B,), and

m

v, =0,

which correspond to the current densities j, = —env, and j, = —env,. If we measure
the Hall voltage in a static way with v, = 0, then we get the equation E, = —jijz =
—%aEsz. The material specific Hall coefficient is then

E 1
Ry=—L ——— 1
= jzB. en’ (1)
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The Hall angle is defined as 6 ~ tan(d) = E,/E, = RyoB, and is the angle between the
original electric field strength flowing through the magnetic field and the strength of the
resulting external electric field. The Hall mobility is defined as

bH = |RHO-|7

which leads to 6 = by B,, since both Ry and ¢ are negative for a metal.

In this lab, we will measure the conductivity of 3 different metals; copper, silver, and alu-
minum, by sending a DC current I through the z-axis of a rectangular cuboid made out of
the metal and then measuring the voltage drop V, between two points on the z-axis. The
equation o = Vizl—fﬁz will then allow us to calculate the specific conductivity of the metal.
We will then measure the Hall voltage by placing the same setup we used the the mea-
surement of the conductivity into a magnetic field created by two solenoids. In the first
experiment we will keep the magnetic field constant B = 1T, while measuring the Hall
voltage for different currents I, between 0 and 12A and in the second experiment we will
keep the current constant I, = 3 A, while varying the magnetic field B between —1 and
1T. Using a lock in amplifier, we will be able to measure the Hall voltage without any
imposing signals from the external induced interference voltages in the signal lines.

With the equation (2) we can determine the Hall coefficient from our measured values.
With (1) we can calculate the effective density ney, from the experimental value we get for
Rpy. With this we will be able to calculate the scattering time 7., with the equation

OexpMle

Texp =
2
NexpC

and our measurement for oy, from the first experiment.
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2 Experiment and Results

2.1 Conductivity of Metal Foils

Metal ‘ [ [mm] ‘ l,, [mm] ‘ [, [mm] ‘ V, [mV] ‘ Oexp (10727 Tm ™1 ‘ oL, [107Q27Tm ™|

Cu 49.7 11.0 0.035 14.0 4.6 0.7 5.96
Ag 49.7 11.0 0.025 15.0 61 6.3
Al 49.7 11.0 0.030 22.8 3.3£0.6 3.5

Table 1: The Dimensions and conductivity of the three metals used in the experiment
and the measured voltage drop, when sending a 5 A current along the x-axis. The cor-
responding errors for the dimensions is half of the last significant digit (e.g. l,cu =
(49.70 £ 0.05) mm). The literature values were taken from https://sciencenotes.org/table-
of-electrical-resistivity-and-conductivity /.

Our first task in this lab was to measure the conductivity of copper, silver and aluminum.
The dimensions of the metals can be seen in table 1. We sent a DC-current of I, =
(5.00 £+ 0.05) A through the z-axis of the metal plates and measured the voltage drop V,

along the z-axis. Using
Il

" T VL

we can calculate the conductivity of each metal which can be found in table 1.

2.2 Hall Voltage

The main part of this lab was measuring the induced Hall voltage that results, when we
place the setup from the measurement of conductivity inside of a magnetic field. We
sent an AC-current through the z-axis of each metal, and measured the Hall voltage that
occurs in the y-axis. The voltage drop we measure along the y axis has both an x and
a y component. We only want the y-component, which is the Hall voltage, so we used a
potentiometer in order to calibrate the measurement and minimize the xz-component of the
measurement. This is crucial to the experiment, because I, is several orders of magnitude
greater than I,,.

We measured the voltage drop using a lock-in amplifier, in order to minimize the noise
signal which can affect our measurement of the voltage drop.

Our magnetic field was generated by an electromagnet with a small air gap in the middle
in order to place the metal inside of the magnetic field. The magnetic field strength
depends on the current going through the coils, but because of the characteristics of the
electromagnet, we first had to raise the current Ip going through the coils to a minimum
of 3.3A, in order to fully activate the electromagnet. Then we could set the magnetic
field strength by setting the current to the value in the table given to us, for example for
B =0T we set a current of Ig ~ —0.07A.



Cu Ag Al Unit
RGP —6+2 | —94+2 | -34+08|107"QmT!
1/(niwe) | —7.3 —1.1 —3.5 10~1m3/C

R —5.4 —9.0 —3.3 107 MQmT!
bP 29407 | 5+1 1.1+0.3 107371
N, 11.8 8.3 24 10%8m =3
Nexp 10+ 3 7T+2 1945 10%8m—3
Texp 1.6+4 |3.0+£0.7] 06+0.2 1071

Table 2: Here is the average of the measured Hall coefficient R%” and the Hall mobility
b, the effective density neyp, and the scattering time 7oy, calculated with R5" and oexp.

The values for np;, and RH' were provided by the lab.

First, in experiment (a), we measured the Hall voltage Vi for B = (1.00 £ 0.05) T, while
varying I between 0 and 12A, as can be seen in figure 1.

Then, in experiment (b) we measured the Hall voltage Vi for I = (3.0 & 0.1) A while
varying the magnetic field B between —1 and 1T at intervals of approximately 0.2T, as
can be seen in figure 2.

Our last task was to calculate the Hall coefficient. For the two experiments (a) and (b) we
can calculate the Hall coeflicient as follows:

L

R?—?p’a = SGEZ’
Rexp,b - l_z
H wa )
where s, = Vi /1, and s, = Vi /B, are the slopes of the linear regressions in experiment (a)
and (b) respectively. Then we calculated the effective density neyg, = —z=v- using Rj;" =
H
(R + RSPP) and the scattering time 7 = 2220 with the results and measurements
exp

from before. All these results can be found in table 2.

3 Data Analysis

Using the Gauss error propagation method, we can calculate the error of our measurement
of the conductivity of each metal Acg with the following equation:

2 2 2 2 2
— e Iyle Iy Izle Izle
Ao = () () ave + (i) ae + () Ak + () o
We can calculate the associated error of the material specific Hall coefficient for the two
experiments (a) and (b) with the equations

2 2 2
s (& s G o (1)
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Current dependence of the Hall voltage Vy at |B| =1T
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Figure 1: The figure depicts the results from experiment (a): The current dependence
of the Hall voltage for our measured values (circles), a corresponding linear regression
(dashed) and the expected graph with the slope st = RMH“B_/I_. The literature value
RYt was provided by the lab.



Field dependence of the Hall voltage Vy at I = 3A
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Figure 2: The figure depicts the results from experiment (b): The field dependence of the
Hall voltage for our measured values (circles), a corresponding linear regression (dashed)
and the expected graph with the slope sp'* = RE"I,/l,. The literature value Rp" was
provided by the lab.



exp,b lz ? 2 Sblz ? 2 Sb 2 2
ARH’ = ]— ASb—i— ]—2 AIx—F ]— Alz,

where the mean standard error of the slopes As,; are given by

n (e 2
AS(Z _ Zz (VHZ Sll]xi) :

Ng

n b 2
AS[, _ Zz (VHznb SbBZi) ’

W a b Wi ) v

here n, and n, are the number of measurements we made. The error of the average of
b . .

R and Ry™” is given by

1\? 2 (1Y’ b)?
ARS® = (§> (ARSP)? + <§> <AR§}“”> .

We calculated the error of the number of electrons Aney, with

ARGP

Anex = T expr2 0
DB e

and the error of the scattering time A7 with the equation

A7 = \/(%)2 Ao? + (%YA?#.

4 Discussion

The measurements of the conductivity for each metal were fairly accurate. The dif-
ference between the measured conductivity values and the literature values for silver
Aopg = 0.3 X 107Q 'm~! and aluminum Aoy = 0.2 x 107Q " 'm~" both lie within the
realm of uncertainty for each measurement 41 x 10" Q'm~! and 40.6 x 107 Q"' m~! re-
spectively. The difference between the values for copper is Aocy = 1.36 x 107 Q' m™!,
and although it does not lie within range of the error 0.7 x 10 Q' m™!, the ratio between
them is less than 2, so the values are relatively close.

We were also successful with our measurements of the Hall voltage. The results from
both experiment returned the same value, which is equal to the average as well in ta-
ble 2, with regards to the uncertainty in the measurements. The difference between the
average value of the Hall coefficients and the literature value for copper and aluminum
AR?p’Cu =0.6x 107" QmT™! and ARE’,{I”A] =0.1x 107" QmT™! and are within the
realm of uncertainty 2 x 10711 Qm Tt and 0.8 x 107" Qm T~! respectively. The differ-
ence between the measured value and literature for silver is 0 with the measurement error



2 x 10711 Qm T~ for silver. Given that the measured values for the Hall coefficient and
the conductivity of each metal were fairly accurate, it follows that the measured values for

the effective density neyp, the Hall mobility b5, and the scattering time 7, will be too,

because they are calculated with R5” and 0eyp. Indeed we can see this when comparing
the measured values of the effective density to the literature values. The difference between

the two lies within the measurement error for each metal as can be seen in table 2.

5 Conclusion

In conclusion, the experiments performed delivered results close to the literature values.
This confirms the validity of the conductivity equation, Drude’s theory, and the Hall effect.
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