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Abstract

By reproducing the photoelectric effect in a vacuum environment, this experiment aims to analyze the

relationship between work function value and properties of metal; specifically, binary alloys’ purity and

temperature conditions. Through the exploration based on previous reports and reasonable hypothesis,

we were able to construct an apparatus using a vacuum chamber, LED and several other pieces to try

and workout the work function of our metal alloys. The experiment would prove to be a challenge with

results being difficult to observe.

1. Introduction

During the selection process, the photoelectric effect was firstly selected as the main concept.

Since the procedure was repeatable enough and rather important in special relativity, the experiment

tried to reproduce and deconstruct the photoelectric phenomenon itself, and to explore more deeply

the properties associated with this experiment results.

Heinrich Hertz, a German scientist, discovered in 1887 that putting a beam of ultraviolet light upon

a metal plate caused it to spark. This was related to his work on radio waves. Philipp Lenard, a German

scientist, elucidated the relationship between light and electricity in 1902. He established that when a

metal surface is lighted, electrically charged particles are freed and that these particles are similar to

electrons, which were discovered by British scientist Joseph John Thomson in 1897 [1].

However, it was intriguing that various metals required bursts of light with varying minimum

frequencies to occur the electron emission phenomenon. The photoelectric effect was named after

the fact that the higher frequency of the light was, the higher-energy electrons without increasing the

quantity of electrons produced. The whole concept was eventually explained in 1905, by Albert Einstein.

Light, he claimed, was composed of discrete particles [2].

Figure 1: Photoelectric effect demonstration.



The conclusion was inconsistent with classical electrodynamics. Thus, research into the

photoelectric effect contributed to the understanding of quantum nature of light and electrons,

eventually leading to the concept of wave-particle duality [3].

The work function is the definition associated with the photoelectric effect, meaning theminimum

energy needed for the metal surface to be “charged” by light emission. Since it’s a commonly known

property of metal, curiosity is raised about whether changing some conditions of the metal will change

the work function.

Additionally, as most studies focus on single pure metal, the experiment aims to develop the

work function modes for binary alloys and proposed three hypothetical factors that might influence the

measurement data: metal ratio (purity), temperature, and structure. Based on previous reports and

experimental accuracy requirements, the final components put in practice are purity and temperature

with relevant formulas and derivations.

2. Theory

The photoelectric effect is the beginning of physicists’ exploration of quantummechanics, because

the original light wave theory has been unable to explain the fact that photoelectrons can be emitted

instantaneously. In 1905, Einstein proposed the theory of the photoelectric effect. The original intention

of the photoelectric effect experiment is to verify his theory of the photoelectric effect and the connection

between Planck’s constant and the properties of light particles.In this theory, Light is considered to be a

particle, a photon, carrying a certain amount of energy that is equal to the photon’s frequency multiplied

by Planck’s constant.[4]

Ef = vh (1)

h represents Planck’s constant, and v is the frequency of the photon. [4]

In theory, the photoelectric effect is the use of light to irradiate the surface of an object (metal or

metal mixture) or the atoms of the object itself to emit electrons. The more straightforward explanation

is that electrons are excited by photons with sufficient energy and emitted from a surface.The theory not

only demonstrates the particle nature of light and its quantized energy, but it proves the existence of

what we recognize as photons. The experimental principle is derived from the attraction of positive and

negative electrons and the repulsion of negative and negative electrons caused by the collision of light and

metal. The attraction and repulsion of the electrons cause the current to proceed and stopped, therefore,

the voltage difference which is the energy of the emitted electrons can be measured. The magnitude of

the voltage can determine the magnitude of the current, and we can collect more electrons with higher

voltage. However, when the current reaches the maximum value which is the limitation, the current will

not change with the increase of the voltage. Einstein created the work function to explain the electron

energy generated by the photoelectric effect in order to further explore the energy of electrons. The

electron energy refers to the minimum energy required for electrons to be emitted from the nucleus. [5]

Electrons are bound to a nucleus by the electric force, which weakens as the square of the distance

from that nucleus. That is, the inner most electrons experience a greater electric force than the valance

electrons. To free these valance electrons, they must be excited past what is called the binding energy, or

the work function; the minimum energy required to free an electron from its valance shell. The emission

of an electron is thought of on an “all or nothing” basis, meaning that one photon will eject one electron

if it is energetic enough. If not, the electron will not be emitted. [6]

The derivation of the work function explains how to calculate the kinetic energy of the emitted

electron leaving the nucleus and away from its main surface, which is the net energy in the photon



collision interaction. The net energy is obtained by the difference between the energy of the photon

and the work function of the surface. The work function expression is

Kmax = vh− φ (2)

Kmax is the maximum kinetic energy, vh refers to the energy of a photon and φ is the works function,

It’s also the energy required for photoelectrons to separate from the surface.[6]

The emitted electrons would have collisions with the particles in the apparatus. In order to

minimize the kinetic energy loss, the experimental apparatus needs to be a vacuum chamber. After the

electrons are extracted, a potential difference leads them to the cathode side to form a current with a

potential energy

E = qV (3)

Where V is the potential difference and q is the charge of each electron. To obtain the work function, it is

necessary to determine stopping potential by applying an inverse voltage to the circuit until the current

return to zero ampere. Thus, the maximum kinetic energy of the extracted electrons is

Kmax = eV0 (4)

Where e is the electron charge and V0 is the stopping potential. Thus, the work function φ is able to be

calculated by equating (3) and (4). [7]

Work function and alloy purity:

The work functions of single metals are widely known, the single metals that will be tested in this

experiment are common and have known work functions shown in Figure 2.

Figure 2: . Photoelectric work functions of various metals. The strength of our LED makes it impossible to

eject photoelectrons from nickel, and very unlikely from copper, making these metals candidates for the

cathode. The other metals have work functions within the range of what the LED can eject.[8]

Due to the complexity of the alloy composition, only very few literatures have investigated it, and

the work function has not been studied deeply enough.Binary alloys (alloys composed of two elements)

have a simpler composition, but the documentation is too sparse.Littlework has been done on the subject

of theoretical predictions of the work functions of alloys and binary alloys alike. The literature that is

present suggests that the work functions for binary alloys approaches that of the value for the material

with the greater percent composition in the alloy

Measurements of work function for two binary alloys, NiCu and PtRh, were found from the known



literature and provided us with a model to calculate how the work function of binary alloys varies with

composition percentage. Figure 3 shows the work functions of NiCu and PtRh alloys as a function of Cu

and Rh composition percentages, respectively.[9]

Figure 3: Work functions of NiCu alloy as a function of the percent composition of Cu. Copyrighted image:

please see Figure 2 in ref. [9]

Figure 4: Work functions of PtRh alloy as a function of the percent composition of Rh. Copyrighted image:

please see Figure 3 in ref. [9]

φ(x) ∼ φB + x(φA − φB)(ρA/ρB) (5)

[9] ρA and ρB are the Fermi-level density of states of the puremetals A and B.While thismodel is complex

and is sparingly used, it gives a basis for the predicted behaviours of binary alloy work functions. From

figure 2,3 and 4 we would expect that the work function of a binary alloy would not dip below the lower

work function nor surpass the higher work function of its constituent materials. [9]

Work function and Temperature:

Metal work function depends on the variation of temperature which would lead to the effects such as

lattice’s thermal expansion, kinetic energy change of valence electrons and the vibrations of electrostatic

potential [10]. As the temperature of the material increased, there would be more internal energy so

that the work function decreases thus electrons require less energy to escape. The relation between

temperature and the work function can be obtained by a series of derivations based on the Lennard-

Jones potential. The final result is

φ(T ) = φt − 36(
7

48

kB∆T

φt
)2φt (6)



whereφ(T ) is thework function at temperatureT , kB is the Boltzmann’s constant,φt is thework function

at temperature T0 and ∆T = T −T0. For instance, considering the work function φt of a metal is already

known at T0 = 295K and we want to know φ(T ) at T = 300K, ∆T = T − T0 = 300K − 295K = 5K.

Substitute φt and ∆T back to the equation can give us φ(T = 300K). [11]

Specifically, work function can be computed by electron density n and Fermi energy

φt =
e3m1/2n1/6

163
√
3π5/3h̄ε

3/2
0

(7)

n = z/a3 (8)

Where e is the elementary charge,m is the electronmass, ε0 is the vacuum permittivity and is the Planck

constant. n is the free electron density with the equation of the number of valence electrons divide by

the cube of equilibrium distance between ion and electron [12]. Due to the complexity of the specific

lattice structures for each element, the model of φt won’t be considered in this experiment.

Figure 5: Illustration of a lattice structure of a solid with the equilibrium distance a.

2. Apparatus and Data

The photoelectric effect must take place in a vacuum as the ejected photoelectrons will likely

collide with the molecules in the air on their path to the cathode. From these collisions not as many,

if any, photoelectrons will be caught by the cathode an no current will be measured across the circuit.

In the presents of a vacuum the photoelectron air molecule collisions are fair less probable, giving the

photoelectrons a better chance of completing the circuit (reaching the cathode). To create our vacuum,

we used the Alcatel Adixen Rotary Vane vacuum pump, which at its best achieved a vacuum quality of

0.04± 0.01 Torr, which is approximately 5.29x10−5 atm, during the experiment. Three possible vacuum

chambers were considered in designing the experiment. A long glass tube, A steal box chamber, and

what we’ll call the “plus sign” chamber, seen in Figure 6. The plus sign chamber was untimely decided

on because it had the potential for the most feed through connections. This was ideal as initially the

temperature dependence of the work function was planned to be measured, this required two extra

connections for the thermocouple wires, along with the connections needed for the LED, cathode, and

anode. To seal off the four openings of the chamber, O-rings were fitted between the chamber openings

and the flanges, which were then secured with a clamp. The openings that required a connection to the

outside circuit were capped with flanges that had two fittings for BNC connectors. Which is what the

24 volt source for the LED, and the circuit were connected to. The inside flange connections were done

so by soldering wires to small metal clips which were then fitted onto the metal prongs corresponding

to the BNC connections. To connect the vacuum pump to the chamber a special flange with openings

that varied in diameter was used. The end with the larger circumference attached to the chamber in the

same way as the others, and the end with the smaller circumference was connected with an O-ring and



clamp to a ribbed metal tube which then attached to the vacuum pump (Figure 6).

Figure 6: Apparatus; ”plus sign” vacuum chamber, four openings are sealed off with the vacuum pump

tube (left), 24 volt source to LED connections (top), and the anode/cathode connections to the breadboard

(right).

The metal receiving the photoelectrons in the circuit is the cathode (negatively charged terminal)

and the target material is ejecting the negatively charged particles, so it is considered the anode

(positively charged terminal). Multiple target materials were considered but they were limited by the

strength of the LED. From its data sheet, the LED emits light at wavelengths ranging from 265 nm to 285

nm [13]. This means that the metals we test need to have work functions that are less than 4.68 eV.

Aluminum has the lowest documented work function that we could obtain at 4.06 eV to 4.26 eV, using

the metal with the lowest work function gave us the greatest opportunity to measure a current. Copper

has a work function of 4.53 eV to 5.10 eV, and considering the strength of the LED, it was unlikely that

stray photons hitting it would result in it ejecting photoelectrons and resulting in a sort of “two-way

photoelectric effect”. This made copper an ideal choice for the cathode. The copper plate and aluminum

were mounted about a metal rod which screwed into the inside of the flange. Wires were soldered to

the copper and aluminum and were then twisted to make a connection to the wires already soldered to

the inside of the flange. I image of the inside orientationof the cathode and anode can be seen in Figure 7.

3. Results and Discussion

The whole purpose of our experiment was to be able to give enough energy from an LED towards

the alloys, allowing for an electron to be fired off which would allow us to determine the work function

of that alloy. The concept was rather straight forward but the execution of the experiment would prove

to be rather difficult. After several weeks of narrowing down our area of interest, planning the required



Figure 7: View of the anode - cathode orientation which would be inside the vacuum chamber. The brown

square plate is copper (cathode), and the silver/grey disc is aluminum (anode).

materials and going forwardwith a plan inmindweoften found ourselves struggling to get the experiment

working. Constructing a vacuum chamber was a first for most of us which proved to be a challenging but

fulfilling task. Managing to get a reading of 0.07 torr gave us hope that maybe after all our issues we

would get some results. That would not be the case. The construction of a Arduino circuit and coding to

allow us to measure when the current would

4. Conclusion
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