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On the validity of Kirchhoff’s law B. Kraabel, M. Shiffmann, P. Gravisse Laboratoire de Physique et du Rayonnement de la Lumière Abstract Kirchhoff’s law of heat radiation is a well-know law that can, under certain conditions, lead to a relationship of complimentarity between reflectivity ρ and emissivity ε (ε = 1 – ρ). However, the details of Kirchhoff’s law and the situations in which it may be applied are not clearly understood, as evidenced by the debate in the literature. Here we outline the law and the main points of confusion regarding this law. We also give examples of situations in which Kirchhoff’s law is not valid, such as paints with metallic particles, layered optical materials, or semi-infinite bodies with a large thermal gradient at the surface.



Introduction In this document, we will discuss Kirchhoff’s law of heat radiation, and the circumstances under which it is expected to hold, as well as those circumstances where the law is expected not to hold. Kirchhoff’s law of heat radiation states that the emissivity of radiating bodies in thermal equilibrium is equal to the absorptivity. More precisely, Baltes1 summarizes Kirchhoff’s law as follows: “For any body in (radiative) thermal equilibrium with its environment, the ratio between the spectral emissive power E(ν,T) and the spectral absorptivity a(ν,T) for a given frequency ν and temperature T is equal to the spectral emissive power EBB(ν,T) of the blackbody for the same frequency and temperature.”



Mathematically, it is given as follows: Equation 1



E (ν , T ) / E BB (ν , T ) = a (ν , T ) The left-hand side of Equation 1 is nothing more than the spectral emissivity ε(ν,T), so we have Equation 2



ε (ν , T ) = a (ν , T ) In what follows, we will not include the frequency and temperature arguments; hence all quantities are assumed to be spectrally and thermally dependent, unless otherwise stated. Kirchhoff listed several prerequisites needed for this law to hold, four of which the we list here for reference: 1. The radiation emitted by the body is independent from the environment. 2. The body radiates into empty space 3. The radiating body is inside a cavity with a non-transparent walls. These walls have the temperature of the radiating body. 4. The wavelengths occurring are infinitesimally small compared to all relevant length scales involved.



Confusion over Kirchhoff’s law Considerable confusion is found in the literature concerning Kirchhoff’s law. Part of the confusion arises from the definition of the quantities used in Equation 2. The confusion stems from the definition of emission; namely whether induced (also called stimulated) emission should be included as positive emission or as negative absorption. Thus two definitions of emission are possible:



Equation 3



ε I ≡ ε s + ε i = ai ≡ a I ε II ≡ ε s = ai − ε i ≡ a II For the first definition of emissivity (εI), spontaneous (εs) and induced (εi) emission are both counted as emission. For the second definition of emissivity (εII), induced emission is considered negative absorption and is deducted from the absorptivity. We note that Kirchhoff’s first prerequisite seems to favor εII because stimulated emission results from an interaction between the body in question and an external radiation field1. For a body in equilibrium, notably radiative equilibrium, both definitions hold. However, for a freely radiating body (i.e. a semi-infinite body radiating into free space) the distinction between the two definitions becomes more important because εi depends on the temperature of the environmental radiation field. Of concern to engineers and experimentalists is the at what point the distinction between εI and εII becomes significant. Baltes shows that the distinction is not important as long as the following holds: Equation 4



e (− hc / λkT ) 
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