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Transitions of electrons and holes drive diffusion in
crystals, glasses and melts

Übergänge von Elektronen und Löchern als Antrieb der Diffusion
in Kristallen, Gläsern und Schmelzen

H.-J. Hoffmann1

Diffusion of atoms or molecules (generally: particles) is driven by differences and
gradients of the chemical potential of the particles in their accessible space. If the
difference of the chemical potential is due to differences of concentrations alone,
one arrives at the diffusion equations of Fick. The diffusion coefficients are de-
scribed in known models by vibrations of atoms in condensed matter which cause
the exchange of preferentially neutral particles with neighbouring particles, im-
purities, interstitial places and vacancies near or on surfaces, grain boundaries,
dislocation lines and in the homogeneous bulk. The rates of electronic transitions,
however, increase also in melts and solids of chemically bonded particles with in-
creasing temperature. Such transitions cause large fluctuating deviations of the lo-
cal energy, the charge distribution and the local chemical and electrical potentials.
The fluctuating deviations interact with the core ions and drive particles to inter-
change. This mechanism that supplements the known mechanisms of diffusion
has not yet found adequate attention in the literature until now. Foundations, ex-
perimental results, evidence and consequences for diffusion are discussed.

Keywords: Diffusion in solids / mechanism of diffusion / diffusion coefficient / self-
diffusion / diffusion and transitions of electrons and holes

Die Diffusion von Atomen oder Molekülen (allgemein: Teilchen) hat ihre Triebkraft
infolge von Unterschieden und Gradienten des chemischen Potenzials der Teil-
chen in ihrem zugänglichen Raum. Wenn der Potenzialunterschied allein von Kon-
zentrationsunterschieden herrührt, gelangt man zu den bekannten Diffusionsglei-
chungen nach Fick. Um die Diffusionskoeffizienten auf atomare Bewegungen in
kondensierter Materie zurückzuführen, wurden in bisher bekannten Modellen
Platzwechselvorgänge zumeist neutraler Teilchen mit Nachbarteilchen, Verunrei-
nigungen, Zwischengitterplätzen, Leerstellen an Oberflächen, Korngrenzen, Ver-
setzungen und im homogenen Volumen betrachtet. Es ist bekannt, dass in
Schmelzen und Festkörpern mit chemischen Bindungen mit zunehmender Tem-
peratur elektronische Übergänge auftreten, wodurch fluktuierende Abweichungen
in der Ladungsverteilung und den lokalen chemischen und elektrischen Potenzia-
len entstehen. Diese Abweichungen üben Kräfte auf die Position der Rumpf-Ionen
aus und machen daher ebenfalls Platzwechsel von Teilchen möglich. Dieser er-
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gänzende Mechanismus für die Diffusion wurde bisher in der Literatur nicht hinrei-
chend beachtet. Grundlagen, experimentelle Ergebnisse, Hinweise und Folgerun-
gen für den Diffusionsvorgang werden aufgezeigt und diskutiert.

Schlüsselwörter: Diffusion in Festkörpern / Diffusionsmechanismus /
Diffusionskoeffizient / Selbstdiffusion / Diffusion und Übergänge von Elektronen und
Löchern

1 Introduction

Mixing and reacting particles are basically trans-
ported by convection and diffusion. The macro-
scopic flowing and stirring are examples to trans-
port masses convectively or by external forces in
reaction chambers. Diffusion of particles without
convection is a widespread phenomenon in materi-
als science and technology which is driven by gra-
dients of their chemical potential with or without
other additional potential gradients and forces. It
plays a decisive role in preparation, processing and
application of materials in materials science and en-
gineering. Some examples are
– chemical reactions of condensed matter,
– sintering (glass, ceramics or metals),
– classical doping of semiconductors by diffusion,
– surface hardening by diffusion,
– colouring glasses by diffusion and striking,
– precipitating silver halides in doped glass and its

effect of photochromism (both rendering the
glass photochromic by striking in production and
darkening the glass by UV-photons in applica-
tion),

– pre-stressing the surface of glasses by ion ex-
change with salt baths,

– general phase separation and de-mixing,
– nucleation and crystal growth in producing glass

ceramics,
– refining glasses in melting tanks or
– relaxation of locally stressed glasses.

These are just a few examples of an uncounted
number of possible effects and applications of dif-
fusive processes in crystalline, vitreous and liquid
or molten materials. The present article refers to
such processes and materials. Abundant pub-
lications on diffusion are available from the liter-
ature, of which references are selected arbitrarily
[1–15].

The paper starts in sections 2 to 5 with a sum-
mary of the laws and notions of diffusion and some

examples of the classical interpretation based on
thermal atomic vibrations. The experimental data
lack very often reproducibility and consistency.
Comparing the discrepancies between the data of
different papers from the literature, the ex-
perimental conditions do not seem to be described
and recognized comprehensively. To avoid un-
certainty in the following considerations, we con-
sider essentially the limiting case of self-diffusion.
Even in this case, however, the diffusion mecha-
nisms based on thermal vibrations as the driving
force alone do not explain the values of the data on
an atomic scale adequately.

Sections 6 to 9 deal with a second influence on
the diffusion, namely transitions of electrons and
holes as an additional driving force for diffusion,
which is missing widely in the literature. The driv-
ing force due to such transitions is twofold: The
electronic transitions change the wave functions of
the charge carriers and the probability distribution
of their charge in space. The resulting electrical
forces can cause a rearrangement of the atoms and
the core ions (atoms without the bonding elec-
trons). Secondly, the recombination of the electrons
with holes releases energy and increases the local
temperature. These fluctuations can break bonds
and their relaxation causes rearrangements of the
atoms.

Data of the specific heat capacity already deliver
evidence that vibrations and electronic transitions
occur simultaneously in solids and melts. Section 7
gives clear evidence that transitions of electrons
can drive diffusion, since photons induce such elec-
tronic transitions and drive diffusion experiments
independently of vibrations. The new interpretation
does not replace but supplements the former de-
scription of diffusion by vibrational effects. Con-
sidering electronic transitions helps to explain in
section 9 several experimental observations that
have not yet been interpreted convincingly. The fi-

Diffusion in solids and meltsMaterialwiss. Werkstofftech. 2020, 51, 1578–1614 1579

© 2020 The Authors. Materialwissenschaft und Werkstofftechnik published by Wiley-VCH GmbH www.wiley-vch.de/home/muw

Wiley VCH Dienstag, 16.02.2021

2012 - closed* / 186133 [S. 1579/1614] 1



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

nal main section 10 summarizes the present results
and conclusions.

2 Basic laws and notions

Neutral constituents of matter, such as atoms, mole-
cules and defects – or particles of kind A for short
– are assumed to be driven by gradients of their
chemical potential mA. If the constituents carry
charge, they are driven by gradients of the elec-
trical potential, in addition. In one dimension with
the space variable, x the particle flow density reads
for a given temperature T

jA�x; T� � � cAwA T� �
dmA�x; T�

dx
: (1)

Herein, cA is the concentration of particles and
wA�T� is the mechanical mobility of the particles at
location x in the system (see many textbooks on
diffusion, e. g. pages 430+ in [12]). The minus
sign in (1) takes into account that the particles
move to ranges with lower chemical potential, i. e.
against the gradient of mA�x; T�.

In the limit of non-interacting particles suffi-
ciently diluted in a homogeneous medium, such as
cA x� � << 10� 3 mol=cm3, their chemical potential

can be expressed as

mA cA x� �; T� � � mA; 0 cA; 0;T
� �

� RT‘n
cA x� �

cA; 0

: (2)

In (2), mA; 0�cA; 0;T� is the chemical potential of
particles A for its reference concentration cA; 0 at
the temperature T in the ambient medium. R is the
universal molar gas constant. Equation 2 transforms
by derivation into

dmA�cA�x�;T�

dx
�

RT

cA�x�

dcA�x�

dx
: (3)

Inserting (3) into (1) yields the first law of Fick
for the isothermal flow density of the particles

jA�x;T� � � RTwA�T�
dcA�x�

dx

� � DA�T�
dcA�x�

dx
:

(4)

Comparing the coefficients of the derivatives in
Equation 4 defines the relation of Einstein or
Nernst-Einstein between the diffusion coefficient /
constant or diffusivity DA and the mobility wA of
the particles [5] (see pages 84+)

DA�T� � RTwA�T�: (5)

Sometimes Equation 5 is called Einstein-von
Smoluchowski relation, [12] (page 435, e. g.).

In order to extend Equation 4 to three di-
mensions, it is assumed for simplicity that the dif-
fusion coefficient is isotropic. If in addition wA�T�

and DA�T� are independent of the concentration of
the diffusing particles, Equation 4 yields the vector
relation in three dimensions

~jA�x; y; z; T� �

� RTwA�T�grad�cA�x; y; z��

� � DA�T�grad�cA�x; y; z��:

(6)

Accordingly, the flow of particles is propor-
tional to the gradient of the concentration of par-
ticles. If the transport coefficients wA�T� and
DA�T� are anisotropic, these coefficients are ten-
sors and the direction of the concentration gradient
differs from that of the flow vector. Anisotropy of
wA�T� and DA�T� is excluded in the present article
for simplicity to avoid distraction from the proper
topic.

Usually one presumes that the diffusivity as a
function of temperature can be written in the case
of isotropy as

D�T� � D0exp �
Qdiff

RT

� �

: (7)

Herein, D0 is a pre-exponential factor and Qdiff

is the activation energy of diffusion. A possible
temperature dependence of D0 is neglected if the
exponential function in (7) is dominant. Since the
diffusion coefficient obviously characterizes the
diffusing particles in their environment, we omit its
index A in (7) and the following sections.

The expected concentration of diffusing par-
ticles as a function of time and position, cA�x; t�,
for a given diffusion coefficient, D�T�, is calcu-
lated in the one-dimensional case via the partial dif-
ferential equation
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@cA�x; t�

@t
� D�T�

@2cA�x; t�

@x2
: (8)

It is derived in textbooks on diffusion, e. g. [11].
In the case of isotropic diffusion (8) is readily ex-
tended to three dimensions as

@cA�x; y; z; t�

@t
�

� D�T�

@2cA�x; y; z; t�

@x2 �
@2cA�x; y; z; t�

@y2

�
@2cA�x; y; z; t�

@z2

0

B
@

1

C
A

� D�T�DcA�x; y; z; t�

(9)

Equations 8, 9 are called second law of Fick.
Numerous solutions of these partial differential
equations for different initial and boundary con-
ditions and coordinate systems are published in the
literature, [13], e. g. The diffusion coefficient or
diffusivity, D�T�, is determined by fitting theoret-
ical solutions of the second law of Fick for suitable
boundary conditions to the profile cA�x; y; z; t�

determined experimentally.
D�T� is usually determined as a function of

temperature with all other parameters, such as the
composition of the initial basic material including
impurities, the pressure and stress distribution, be-
ing constant. Intrinsic defects may also play a role,
because their concentration can change, if the tem-
perature varies and reactions with the diffusing par-
ticles have to be taken into account.

Since the experimental data of the diffusion co-
efficient are usually determined under constant ex-
ternal pressure, p, as a function of temperature,
Qdiff is also called “activation enthalpy”. However,
it is not an enthalpy function in the proper sense of
the thermodynamic Gibbs functions, even if Qdiff is
determined in thermal equilibrium. Qdiff is not the
thermal enthalpy of a given system or reaction but
characterizes the activation energy for the proba-
bility of a sufficiently large fluctuation (of the local
energy) to perform the steps of the diffusion under
constant external pressure. This is clearly a kinetic
property. Once such a step is performing, the local
energy fluctuates mainly due to vibrations and elec-
tronic excitations of the diffusing atom and its
neighbouring atoms. Finally, the activation energy
dissipates in the sample.

The diffusion coefficient, D�T�, changes qual-
itatively as a function of Tm=T (Tm is the melting
temperature as a reference) with the structure of the
system and the dominating diffusion path, Figure 1,
redrawn from Figure 2 of [1], pages 1–3. Large
values of D�T� occur if the diffusing particles
move on the surface of the sample as they interact
only partially with the system under consideration.
Diffusion is also fast due to reduced interaction, if
it occurs between the grain boundaries or along dis-
location lines. Diffusion coefficients for the homo-
geneous bulk are comparatively small in most cas-

Figure 1. Diffusion coefficients of different dominating paths
on a logarithmic scale as a function of the reciprocal tempe-
rature normalized to a reference temperature Tm that cha-
racterizes roughly the bonding strength between the con-
stituents of the bulk material. It is assumed that the melting
temperature Tm can serve as such a reference temperature
(schematically). Redrawn from ref. [1], Figure 2.

Bild 1. Diffusionskoeffizienten für unterschiedliche domi-
nante Diffusionswege mit logarithmischer Skala in Abhän-
gigkeit von der reziproken Temperatur T normiert auf eine
Referenztemperatur Tm, wodurch die Bindungsstärke zwi-
schen den Bausteinen des Werkstoffs charakterisiert wird.
Es wird angenommen, dass die Schmelztemperatur Tm als
Referenztemperatur dienen kann (schematisch). Neu ge-
zeichnet nach Ref. [1], Bild 2.
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es, except for fast ionic conductors, e. g. Accord-
ingly, D�T� is not necessarily a unique function for
a given diffusing species in a system, as it may de-
pend on different diffusion paths and mechanisms.

3 Selection of atomic diffusion
mechanisms from the literature

Different atomic diffusion mechanisms are selected
from the literature and illustrated in a two-dimen-
sional scheme, Figure 2, taken from [1], Figure 8
on pages 1–13. Most atomic diffusion mechanisms
are connected with impurities and intrinsic defects
in the lattice. Such defects are necessarily present
in the lattice for thermodynamic reasons. However,
possible charge states of the constituents participat-
ing in the diffusion are not considered in the mech-
anisms shown in Figure 2 (corresponding to Fig-
ure 8 of [1]). Therefore, the notion “atom” includes
also core ions or even larger constituents such as

electrically charged or uncharged groups of par-
ticles and different defect centres. If the diffusing
particles are in different charge states, the local
electric fields are affected and the fluctuations of
the local electrical potential modify the local acti-
vation energies and correlation factors.

The charge of different particles is not necessa-
rily balanced locally in small volumes but over
large volumes as the samples are not charged. To
interpret diffusion experiments quantitatively by a
special mechanism, it is mandatory to consider the
statistics of both the concentrations of the diffusing
particles and their different charge states in prac-
tice.

Well-known is the diffusion of vacancies in the
lattice, Figure 2. Vacancies can be created and an-
nihilated in the sample or disappear, if they reach
surfaces or interfaces or recombine with inter-
stitials. The energy to create a vacancy is different
from that to reach the next site in the lattice. Inter-
stitials can be created simultaneously with vacan-
cies, which results in the same energy of formation
for both. The enthalpies for creation and transport
are in general different. The path of an interstitial is
limited if the interstitial recombines with a vacancy
or reaches the surface, interface or dislocation line.
In an “indirect interstitial mechanism”, an inter-
stitial particle may replace a lattice atom and kick
out or shift the predecessor to an interstitial site. If
the interstitial particle recombines with a vacancy,
we have an example for an inverse “dissociative
mechanism”. To keep the concentration of re-
combining entities constant, new defects must be
created thermally by dissociation with the same rate
as they disappear. Then, a particle is transferred
from a lattice site to an interstitial site and diffuses
as an interstitial. Simultaneously, a vacancy appears
and diffuses independently.

In the “kick-out mechanism” the direct inter-
stitial diffusion ends by replacing a lattice atom
which is kicked out to an interstitial position. Di-
rect exchange of neighbouring atoms seems to be
possible by rotating larger entities such as a “ring
exchange” of four atoms, e. g.

In practice, it is difficult to control and de-
termine all parameters relevant for the diffusion.
Such problems are minimised if external driving
forces are avoided at all and homogeneous systems
are investigated in (or at least close to) thermody-
namic equilibrium. Therefore, data of self-diffusion

Figure 2. Examples of different diffusion mechanisms of
atomic particles in crystalline solids (projected on a plane).
Redrawn from ref. [1], Figure 8. See text for explanation.

Bild 2. Beispiele für unterschiedliche Diffusionsmechanis-
men atomarer Teilchen in kristallinen Festkörpern (projiziert
auf eine Ebene). Zur Erklärung siehe Text. Neu gezeichnet
nach Ref. [1], Bild 8.
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