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Understanding the photoemission process is fundamental in fields such as condensed matter physics,
materials science, and quantum mechanics. One of the key concepts used to analyze this phenomenon is the
total probability, which provides a comprehensive way to calculate the likelihood of photoemission
occurring when a photon interacts with a material. This article aims to explain the total probability in the
context of photoemission, dissect each relevant equation, and clarify their significance, making the complex

topic accessible for students, researchers, and enthusiasts alike.

Introduction to the Photoemission Process

Photoemission, also known as the photoelectric effect, involves the emission of electrons from a material's
surface when it absorbs incident photons. When a photon strikes a material, it can transfer its energy to an

electron, potentially causing that electron to escape the material if the energy exceeds the work function.

This process is governed by quantum mechanics and involves several probabilistic steps, which can be
systematically analyzed using the total probability theorem. This theorem allows us to calculate the overall
likelihood of photoemission by considering all possible intermediate states and pathways through which

electrons can escape.

Understanding Total Probability in Photoemission

The total probability of photoemission can be viewed as the sum over all possible initial and intermediate
states where the process can occur. Mathematically, it is constructed using conditional probabilities and the

sum rule from probability theory.

The general idea involves three main stages:



1. Photon absorption: The probability that the incident photon interacts with the electron.
2. Electronic transition: The probability that the electron transitions from an initial state to an unbound state.

3. Electron escape: The probability that the electron, once excited, escapes the surface of the material.

These stages are interconnected, and the total probability encapsulates all possible pathways combining

these steps.

Key Equations in Photoemission Theory

The quantum mechanical formalism for photoemission utilizes Fermi’s Golden Rule and the concept of
transition probabilities. The fundamental equation for the probability per unit time (or rate) of transition

from an initial state \( li\rangle \) to a final state \( [f\rangle \) due to an interaction Hamiltonian \( H" \) is:

Fermi’s Golden Rule

\
W_{i \to f} = \frac{2\pi}{\hbar} \langle f| H' | i \rangle|*2 \delta(E_f - E_i - \hbar \omega)

\

where:

- \( W_{i \to f} \) is the transition rate,

- \('\hbar \) is the reduced Planck's constant,

- \(Nangle f|H'|i \rangle|*2 \) is the squared matrix element of the interaction Hamiltonian between
initial and final states,

- \('\delta \) is the Dirac delta function enforcing energy conservation,

-\( E_i\) and \( E_f\) are the energies of initial and final states,

- \('\hbar \omega \) is the photon energy.

This equation provides the probability per unit time of a transition, but in photoemission, we are more

interested in the probability itself over a certain period or event.

Total Photoemission Probability: Basic Concept

The total probability \( P_{total} \) of photoemission is obtained by summing over all initial states \(



li\rangle \) and all possible final states \( [f\rangle \):

\[
P_{total} = \sum_{i,f} P(i) W_{i \to f}

\]

where:
- \( P(i) \) is the probability that the system is initially in state \( [i\rangle \),
- \( W_{i \to f} \) is the transition rate from \( [i\rangle \) to \( [f\rangle \).

In practice, because electrons occupy states according to the Fermi-Dirac distribution \( f(E) \), the initial

probability \( P(i) \) depends on the occupancy of the initial states.

Applying the Total Probability Theorem in Photoemission

The total probability involves integrating over the density of states and considering the matrix elements

for transitions. The formal expression can be written as:

\

P_{total}(\hbar \omega) = \sum_{i,f} f(E_i) \langle f| H' | i \rangle|'2 \delta(E_f - E_i - \hbar \omega)

\

which, in the continuum limit, becomes an integral:

\
P_{total}(\hbar \omega) = \int dE_i \, D_i(E_i) f(E_i) \int dE_f \, D_f(E_f) \langle f | H' | i \rangle|"2
\delta(E_f - E_i - \hbar \omega)

\]

where:

-\( D_i(E_i) \) and \( D_f(E_f) \) denote the density of initial and final states respectively.

Breaking Down the Equations: What Each Part Represents

Let's explore each component of these equations in detail:



1. Density of States (DOS)

- Definition: The number of available quantum states per energy interval.
- Role in photoemission: Determines how many electrons are available at a certain energy level to
participate in the process.

- Expression:

\

D(E) = \frac{V}{(2\pi)"3} \int \delta(E - E(\mathbf{k})) d"3k

\

where \( V' \) is the volume, and \( E(\mathbf{k}) \) is the energy dispersion relation.

2. Fermi-Dirac Distribution \( f(E) \)

- Definition: Probability that a state at energy \( E \) is occupied.

- Expression:

\[

f(E) = \frac{1}{e™{(E - \mu)/k_B T} + 1}

\]

where \( \mu \) is the chemical potential, \( k_B \) is Boltzmann’s constant, and \( T \) is temperature.

3. Matrix Element \( [\langle | H' | i \rangle[*2 \)

- Definition: Probability amplitude for the transition caused by the interaction with the photon.

- Significance: Encodes the probability that the photon energy couples specific initial and final states.
4. Energy Conservation \( \delta \)-Function

- Ensures the transition only occurs if the final energy matches the initial energy plus photon energy,

satisfying conservation laws.

Calculating Total Photoemission Probability: Step-by-Step

To compute the total photoemission probability, follow these steps:

1. Identify initial states \( |i\rangle \): Usually valence electrons, with known energy distribution.



2. Determine the density of states \( D_i(E) \): For the initial states.

3. Calculate the matrix element \( \langle | H' | i \rangle|*2 \): Depending on the interaction Hamiltonian;
often approximated using dipole approximation.

4. Integrate over all initial energies \( E_i \): Weighted by \( D_i(E_i) \) and \( f(E_i) \).

5. Sum over all possible final states \( [f\rangle \): Enforced by the delta function.

6. Account for the escape probability: Not all excited electrons escape; factors such as surface potential and

electron mean free path influence the final probability.

Physical Interpretation of Each Equation and Term

Every component of the equations has a physical meaning:

- Density of states reflects how many electrons are available at a given energy.

- Fermi-Dirac distribution accounts for the occupancy probability depending on temperature.

- Matrix elements determine the likelihood of the photon-induced transition between specific states.
- Delta function ensures energy conservation during the transition.

- Integration over energies sums contributions from all relevant states.

Practical Considerations and Approximations

In real-world calculations, several approximations are employed to simplify the complex integrals:

- Dipole approximation: Assumes the wavelength of light is much larger than atomic dimensions,
simplifying the matrix element.

- Free-electron final states: Approximates the final state as a free electron outside the material.

- Constant matrix element approximation: Assumes the matrix element doesn’t vary significantly with
energy.

- Surface effects: Additional factors like surface roughness, potential barriers, and electron mean free paths

modify the escape probability.



Summary and Conclusion

The total probability for the photoemission process encapsulates all possible pathways through which
photons can cause electrons to escape from a material. It combines quantum mechanical transition
probabilities, density of states, occupancy factors, and energy conservation principles into a comprehensive
framework. The key equations, rooted in Fermi's Golden Rule, allow physicists to predict and interpret

experimental photoemission spectra.

By understanding each component—density of states, matrix elements,

Frequently Asked Questions

What is the total probability in the photoemission process?

The total probability in the photoemission process refers to the likelihood that an electron will be emitted
from a material upon exposure to incident photons, considering all possible initial states and transition

pathways. It is calculated by summing the probabilities of all individual transition processes.

How is the total probability expressed mathematically in photoemission?

Mathematically, the total photoemission probability P is expressed as P = X_i P_i, where each P_i
represents the probability of electron emission from a specific initial state i, often calculated using Fermi's

golden rule.

‘What does each term in the probability equation represent?

In the typical equation P < |<flH'i>"2 §(E_f - E_i - Aw), [<flH'[i>|"2 is the transition matrix element squared
indicating the transition probability amplitude, &(...) ensures energy conservation, and the sum over initial

states accounts for all possible starting configurations.

Can you explain the role of the Fermi golden rule in calculating

photoemission probability?

The Fermi golden rule provides the transition rate from an initial state to a final state due to a perturbation
(like incident light). It states that the transition probability per unit time is proportional to the square of the
matrix element and the density of final states, forming the basis for calculating total photoemission

probability.



What is the significance of the delta function in the equations?

The delta function 8(E_f - E_i - Aw) enforces energy conservation during the transition, ensuring that the
energy of the emitted electron equals the photon energy minus the initial state energy, which is critical in

calculating realistic transition probabilities.

How does the density of states affect the total probability in
photoemission?

The density of states (DOS) determines how many available final states exist at a given energy. A higher
DOS at the relevant energy increases the overall transition probability, thus impacting the total

photoemission probability.

Why do we sum over all initial states to find the total probability?

Because electrons can originate from various initial states within the material, summing over all these states

accounts for all possible emission pathways, providing an accurate total probability of photoemission.

How do matrix elements influence the total probability in photoemission?

Matrix elements quantify the likelihood of transition between specific initial and final states. Larger matrix

elements lead to higher transition probabilities, significantly influencing the total photoemission probability.

Can you give a simplified example of the total probability equation?

A simplified expression is P_total o ¥_i [<flH'[i>["2 §(E_f - E_i - Aw), where the sum runs over all initial
states i. This sums the weighted transition probabilities, considering energy conservation and transition

amplitudes.

What is the practical importance of understanding the total probability in
photoemission?

Understanding the total probability helps in interpreting experimental photoemission spectra, designing
better photoemission devices, and studying material properties like electronic structure, as it reflects how

efficiently electrons can be emitted under illumination.

Additional Resources

Can Someone Explain The Total Probability For The Photoemission Process? Explain What Each Equation

The photoemission process is a fundamental phenomenon in quantum physics and surface science,



underpinning technologies ranging from photoelectron spectroscopy to photovoltaic devices. Understanding
the probability that an electron will be emitted from a material when illuminated by light involves a
nuanced application of quantum theory, particularly the principle of total probability. This article aims to
delve deeply into the derivation, interpretation, and significance of the total probability expressions
associated with photoemission, elucidating each equation step-by-step for clarity and comprehensive

understanding.

Introduction to Photoemission and Quantum Probability

Photoemission, also known as the photoelectric effect, occurs when photons incident on a material surface
transfer enough energy to electrons within the material to overcome the work function barrier, resulting
in electron emission into the vacuum. This process is inherently quantum mechanical, involving

probabilistic transitions between energy states.

The core question we address is: What is the total probability that an electron will be emitted given an

incident photon, and how is this probability calculated from quantum principles?

The answer hinges on the principle of total probability, which enables us to account for all possible

intermediate states and transition pathways contributing to the ultimate emission event.

Quantum Framework for Photoemission

Before discussing total probability, it is essential to clarify the quantum states involved:

- Initial states ([i)): Electron states within the material before photon interaction, typically described by
Bloch functions in a solid.

- Intermediate states (In)): Virtual or real states that electrons can occupy during transition, including
unoccupied conduction band states or surface states.

- Final states (|f)): Electron states in the vacuum, free-electron-like states outside the material.

The transition probabilities are governed by Fermi's Golden Rule, which relates the transition rate

between states to the matrix element of the interaction Hamiltonian and the density of final states.



Applying the Principle of Total Probability to Photoemission

In quantum mechanics, the total probability that an event occurs, considering all possible pathways, is
obtained by summing (or integrating) over the probabilities of each pathway. For photoemission, this

involves summing over the intermediate states:

\[
P_{\text{total}} = \sum_{n} P_{i \to n \to f}

\]

where:

- \( P_{i \to n \to f} \) is the probability amplitude for the transition from the initial state \( [i) \) through an
intermediate state \( [n) \) to the final state \( [f) \).

In practice, this involves calculating the transition amplitude for each pathway and then summing their

contributions appropriately.

Mathematical Formalism of Total Probability in Photoemission

1. Transition Amplitude and Fermi's Golden Rule

The probability amplitude for a transition from initial state \( [i) \) to final state \( |f) \) via an intermediate

state \([n) \) is given by second-order perturbation theory:

\[
A_{i \to f} = \sum_{n} \frac{\langle f| \hat{H}_{\text{int}} | n \rangle \langle n | \hat{H}_{\text{int}} | i
\rangle}{E_i + \hbar \omega - E_n + i \eta}

\]
where:

\hat{H}_{\text{int}} \) is the interaction Hamiltonian (e.g., the electron-photon coupling).
E_i, E_n \) are the energies of the initial and intermediate states.

\hbar \omega \) is the photon energy.

A~ A~~~

-\
-\
-\
-\

\eta \to 0"+ \) ensures proper causality and describes the finite lifetime of the intermediate states.



The transition probability per unit time (or rate) is then proportional to the squared magnitude of this

amplitude:

\
W_{i \to f} \propto \left| A_{i \to f} \right/*2

\

2. Total Photoemission Probability

The total probability \( P_{\text{photoemission}} \) that an electron is emitted upon photon irradiation

involves summing over all possible final states and integrating over the density of states:

\[
P_{\text{total}} = \sum_{f} \left| A_{i \to f} \right|*2 \delta(E_f - E_i - \hbar \omega)

\]

The delta function enforces energy conservation, ensuring that the energy difference between initial and

final states matches the photon energy.

In a more compact form, the total photoemission cross-section \( \sigma \) can be expressed as:

\
\sigma(\omega) \propto \sum_{f} \left| \sum_{n} \frac{\langle f | \hat{H}_{\text{int}} | n \rangle \langle n |
\hat{H}_{\text{int}} | i \rangle}{E_i + \hbar \omega - E_n + i \eta} \right/*2 \delta(E_f - E_i - \hbar

\omega)

\]

This expression embodies the total probability for photoemission, summing over all intermediate and final

states.

Interpreting Each Equation: Physical Meaning and Significance

Equation 1:

\[

A_{i \to f} = \sum_{n} \frac{\langle f| \hat{H}_{\text{int}} | n \rangle \langle n | \hat{H}_{\text{int}} | i
\rangle}{E_i + \hbar \omega - E_n + i \eta}



\]

This amplitude equation reveals that the overall transition from initial to final state is a coherent sum over
all possible intermediate states, each weighted by their energy detuning and coupling matrix elements.
The denominator indicates resonance effects: when \( E_n \) approaches \( E_i + \hbar \omega \), the

transition amplitude is enhanced, reflecting the importance of intermediate virtual states in the process.

Equation 2:

\[

W_{i \to f} \propto \left| A_{i \to f} \right/*2
\]

The transition rate (probability per unit time) is proportional to the squared amplitude, emphasizing the
quantum mechanical principle that probabilities are derived from the modulus squared of the complex

amplitude.

Equation 3:

\
P_{\text{total}} = \sum_{f} \left| A_{i \to f} \right|*2 \delta(E_f - E_i - \hbar \omega)

\]

The total probability integrates over all accessible final states, summing the contributions from each
pathway, constrained by energy conservation. This comprehensive sum captures the entire photoemission

process's likelihood.

Physical Insights from the Total Probability Formalism

- Resonant Enhancement: When intermediate states are close in energy to the photon energy plus initial
electron energy, the denominator diminishes, leading to larger contributions and resonant peaks in the
photoemission spectrum.

- Coherent Superposition: The summation over \( n \) highlights quantum interference effects, which can
lead to constructive or destructive interference in transition amplitudes.

- Surface and Bulk Contributions: Different intermediate states—surface states, bulk conduction states—can
significantly influence the total probability, affecting spectral features.

- Dependence on Matrix Elements: Transition probabilities depend on the matrix elements \( \langle f'|
\hat{H}_{\text{int}} | n \rangle \) and \( \langle n | \hat{H}_{\text{int}} | i \rangle \), which encode the

symmetry, orbital character, and spatial overlap of involved states.



Practical Implications and Experimental Relevance

Understanding the total probability formalism allows researchers to:

- Design experiments that selectively enhance or suppress certain transition pathways.

- Interpret photoemission spectra in terms of the underlying electronic structure.

- Model surface and interface phenomena with greater accuracy.

- Develop better surface-sensitive spectroscopic techniques by understanding the role of intermediate states

and their energies.

Conclusion

The application of the total probability principle to the photoemission process provides a rigorous quantum
mechanical framework for calculating emission likelihoods. Each equation—f{rom the transition amplitude
incorporating all intermediate states to the total emission probability summing over all final
states—encapsulates key physical insights about how electrons transition from bound states within a
material to free states outside. These equations illuminate the resonance phenomena, interference effects,

and state-specific contributions that shape the photoemission spectrum.

By thoroughly understanding each component, scientists and engineers can better interpret experimental
data, refine theoretical models, and harness photoemission phenomena for innovative applications in

materials science, nanotechnology, and quantum physics.
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