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Abstract
Anovel, non-radiativemechanism is reported bywhich Frenkel pairs of vacancies and interstitials are
generated inmolar concentrations far above thermal equilibrium. Thismechanism is demonstrated
inmolecular dynamics (MD) simulations of an aluminum single crystal with a free surface. They
suggest that three conditionsmust be fulfilled: (i) lattice vibrations near the Brillouin zone edge are
being excited, (ii) these vibrations proliferate at a sufficiently high rate, and (iii) the sample
temperature is above theDebye temperature (but significantly below themelting point). The
simulations employed an EAMpotential for Al.We attempt to draw a confluence between ourMD
simulations and recent experiments onflash sintering of aluminum. The simulation results are also
consistent withflash experiments on polycrystals and single crystals of zirconium and titaniumoxides
where theDebye temperature was discovered to be the lower limit for the onset of theflash.

1. Introduction

Point defects, like vacancies or interstitials, play an important role in crystals. Their entropy imparts
thermodynamic stability withArrhenius temperature dependence related to the energy of formation. Usually,
vacancies have a lower energy barrier and their concentrations exist inmeaningful numbers at high homologous
temperatures, enabling solid-state diffusion, which is the cornerstone of several high temperature phenomena in
materials science. Interstitials however have a higher energy of formation, and inmost instances, their
concentration is too low to influence solid-state diffusion. A higher order defect configuration is the Frenkel pair
where the interstitial and the vacancy are created simultaneously in a closed systemby the displacement of an
atom into an adjacent interstitial site. This event is energetically difficult, and the entropy it generates is lower
than for single point defects; thus, the equilibrium concentrations of Frenkel pairs are scanty formostmetals
[1, 2]. Frenkels are usually created by forced events such as radiation damage [3, 4].

In this paper, wewill present a newmechanism that generates lattice defects by the proliferation of short
wavelength phonons at a temperature between theDebye and themelting temperature. In contrast to the
thermodynamically equilibrated defects described above, thismechanism rests on a non-equilibriumprocess
that is related to the excitation rate of the phonons. It has implications in processes such as sintering and high
temperature deformation and fracture that rely on defects to induce solid-state diffusion.We show, through
molecular dynamics (MD) simulations, that such defects, akin to Frenkel pairs, can be generated at
concentrations that are far above equilibrium at relatively low temperatures withoutmelting the crystal.

In the following sections theMDcalculations are presentedwhich lead to three necessary conditions for the
dynamic generation of these ‘Phonon Frenkels’. They are (i) that the specimen temperature is above theDebye
temperature, (ii) the phonons proliferate at a high rate, and (iii) that the phononwavenumbers are at the edge of
the Brillouin zone. Themechanismhas important implications in physical phenomena such as sintering and
deformation in that they can be induced at relatively low temperatures. Recent work onflash sintering of
aluminum [5] supports this conclusion.
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2. Simulationmodel

Wechoose single crystal aluminum for theMD simulations since the results could be relevant to recent work
where high heating rates have been shown to induce ultrafast sintering of aluminumpowders [5]. The
hypothesis is that defect generation by short wavelength phonons, above theDebye temperature could be the
underlying reason.

MD simulates themovement of atoms; thus, the structure of the simulated crystal is known at all times. In
this way atomicmechanisms, e.g. the generation of crystal defects, can be probed. Such information can then be
used to understand the fundamental processes for the generation of crystal defects. To our knowledge, thework
presented here is the first attempt to study the effects of proliferation of phonons of specificwavelengths inMD
simulations.

TheMD simulations are carried outwith thewell established programLAMMPS [6]. To simulate an
aluminum crystal, we choose awell-tested version of the EAMpotential [7, 8] for Al crystals [9]. The initial
configuration of our system is shown infigure 1. TheAl atoms are placed on a perfect face centered cubic (fcc)
lattice with a lattice constant for aluminum a 4.05= Å [10]. The total system size is a a a20 17 20´ ´ .
Altogether, a block of a a a20 2.5 20´ ´ atoms are set to be immobile.We choose periodic boundary
conditions (PBC) along the a- and c-axis, leaving a free surface on the 010( )-plane. The free surfacewas chosen
in order to allow the necessary volume changes for the generation of Frenkel-interstitials. Note that,
alternatively, such necessary volume changes could also have been achieved by implementing full PBCs and
using a barostat.We expect, that this alternative setupwould not change the basic results discussed in the next
chapter. But a benefit of our chosen initial configuration is, that it allows us to investigate the generation of
surface defects such as adatom-hole pairs alongwith the bulk defects.

The integration time-step is set to t 0.65 fsD = . This time-stepwas chosen in order to simulate the
oscillations of phononmodes, without encumbering undue error.

The goal of ourMD study is to investigate hownon-equilibriumproliferation of lattice vibrations,
characterized by thewave vector q andmode number j, modifies the crystal structure. This is achieved by
carrying out the simulations in the following steps: atfirst, the initial system is equilibrated in the canonical
ensemble at a certain temperatureT0. The temperature is controlled bymeans of theNosé–Hoover chain
thermostat [11]. The simulationswere carried out at values ofT0, below and above theDebye temperature in
order to determine its role in defect generation. At this stage the phonon distribution in the crystal corresponds
to the temperatureT0 which is established in t 0.2 ns= .

After this initialization of the system in thermal equilibrium,we drive the systemout of equilibrium and
explore how additional phononmodes of different wavelengths, excited at different rates, influence defect
generation. These drivenMD simulations are carried out by switching the thermostat off and extending the
velocity–Verlet algorithm [12] to include the incremental velocity representing the additional phonons. This
velocity, specified by VD , is calculated by the standard lattice dynamics theory [13–15], as described below.

Figure 1.The initial system. All Al atoms are placed on a perfect fcc lattice. Periodic boundary conditions were chosen along the
crystal’s a- and c-axes. Red atoms aremobile, blue atoms are immobile.
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Webegin by describing our system as a Bravais lattice where the initial position of themth primitive unit cell
is Rm0. A primitive unit cell contains r basis atomswhich are labeled asμ=1,K , r. In our specific case study,
there is oneAl basis atom, thus r=1. By this description, we can find (in the harmonic approach) an analytical
solution for a displacement um

j
m

( ) of an atomμ in unit cellm as a function of the parameters, that characterize a
certain lattice vibration, i.e. thewave vector q andmode number j r1, , 3= ¼ . As it is known from standard
lattice dynamics theory [13–15], such displacements describe thewavelike solution for the lattice vibration:

u e qR q
M

texp i . 1m
j j

m j0 w j=
L

- +m
m

m [ ( ( ) )] ( )( ) ( )

Here,Λ andj are the amplitude and phase of thewave,Mμ and e j
m
( ) denote themass and polarization vector of

atomμ andωj=2π νj is the vibration frequency.
This expression of a displacement is utilized to develop a specific lattice vibration as follows: for chosen

values of j and q, we calculate the real part of the time derivative from (1)

V ut t . 2m
j

m
jºm m( ) ( ˙ ( )) ( )( ) ( )R

Then, we add the incremental velocity given by

V V Vt t t 3m
j

n m
j

n m
j

n1D = -m m m+( ) ( ) ( ) ( )( ) ( ) ( )

to all atoms at the end of eachMD-step. Each oscillation period, given by q1 jn( ( )), is discretized into time steps

tn=t0+nΔt, where n n t1, , 1 jmax n= ¼ = D⎢⎣ ⎥⎦( ) . Here,V tm
j

1m( )( ) andV tm
j

nmax 1m +( )( ) are defined as

V Vt t 0m
j

m
j

n1 1max
= =m m +( ) ( )( ) ( ) in order tomaintain continuous oscillations. The excitation rate is then defined by

q N t1 , 4= D˙ ( ) ( )

whereNΔt is thewaiting time between two excitations (i.e.,N is the number ofMD-steps between two
excitations). The phases of these excitations are uncorrelated sincewe choose a randomvalue for 0, 2j pÎ [ ].

The vibration frequency qjw( ) and the polarization vector e j
m
( ) need to be known for chosen values of j and q.

These quantities are obtained by solving the following eigenvalue problem

q e q eD . 5j
j

j2w=m m( ) ( ) ( )( ) ( )

Here, qD( ) is the dynamicalmatrix, which is determined numerically (for aluminum) bymeans ofMD
simulations as described in [16].We are now able to calculate all quantities in (1) to simulate the excitation of a
lattice vibration. The dispersion of the vibration frequencies qjn ( ) atT 300 K= is shown infigure 2. These
results comparewell with the experimental data in [17]. They serve to give the frequency of the vibrationswhich
allows us to studywhether or not lattice vibrations at the Brillouin zone edge have an influence on defect
generation.

3. Results and discussion

OurMD simulations show that lattice defects are generated if three necessary conditions are satisfied: (i) the
specimen temperatureT is above theDebye temperature θD, which is 428 KDq = for Al [14], (ii) the phonons

Figure 2.Calculated dispersion relation qjn ( ) at T 300 K= with themethod described in [16] (solid black line). Some dispersion
curves are degenerate (as indicated j=1, 2). The red data points indicate experimental data taken from [17]. The green and blue
circles indicate themodes that are being excited in this work.

3

New J. Phys. 20 (2018) 093013 M Jongmanns et al



proliferate at a high rate, q̇, and (iii) the phononwavelengths, q, are near the edge of the Brillouin zone.Wewill
establish these three necessary conditions in sections 3.2–3.4 by performing a parameter study ofT0, q̇ and q.

Butfirst, in section 3.1, we illustrate thewaywe detect and visualize lattice defects in simulation snapshots.
This is done for a specific case studywhere the parameters are chosen such that lattice defects can be generated.
Thismethod is applied in all other sections.Wefind, that the generation of lattice defects can quantitatively be
measured by kinetic energy versus time plots, where a time of t 0 ns= corresponds to the time after the system
had been equilibrated atT0.

For the simulations described in the following sections, the chosen values ofT0, q̇ and q are summarized in
table 1. In addition to these variable parameters, we keep j=1 and M 0.1L =m Å fixed in all of our
simulations. For the transversal acousticmode, j=1, the experimental and simulated dispersion curves agree
verywell (seefigure 2). The amplitudeΛ is chosen such that it is far below Lindemann’smelting criterion [18].

The temperaturesT0 are chosen to be below and slightly above theDebye temperature θD. The rates are
chosen such, as to show a difference in the generation of lattice defects for high and low excitation rates. The
wave vector q 0.98, 0, 0.98

a
= p ( ) corresponds to a vibrationmode close to the Brillouin zone edge,more

precisely, close to the X-point (green circle infigure 2). Thewave vector q 0.2, 0, 0.2
a

= p ( ) corresponds to a
vibrationmode close to themiddle of the Brillouin zone, i.e., close to theΓ-point (blue circle infigure 2). In
table 1, we also show the numerically calculated values (bymeans of themethod described in [16]) of q1n ( ) and
e q1
m ( )( ) for j=1 and both chosenwave vectors q.

3.1. The generation of lattice defects shown in a specific case study
The parameters (see table 1) for this specific case study are chosen such that the generation of lattice defects can
be observed. Infigure 3, the temporal evolution of the kinetic energy is shown as a blue curve. Sincewe are
adding kinetic energy to the systemby exciting lattice vibrations, the kinetic energy increases rapidly; but
interestingly, this happens only until a time t 0.09 nsD » , although the excitation—and therefore the adding of
energy to the system—is not interrupted. After tD it is observed, that the kinetic energy increase stagnates. As it is
shownby the red curve offigure 3, the energy increase ceases when the generation of lattice defects,more
precisely, Frenkel-interstitials begins. Atfirst, wewill illustrate, howwefind these lattice defects. Then, wewill
discuss the correlation between the energy leveling off and the generation of lattice defects.

Table 1.The chosen parameters ofT0, q̇ and q used in each section. The values of q1n ( ) and e q1
m ( )( ) have been calculated

numerically with themethod described in [16].

Sections T0 (K) q̇ (THz) q ( a0p ) ν1 (THz) e 1
m
( )

3.1 100 0.42 (0.98,0,0.98) 5.76 −(0.13, 0.32, 0.69)
3.2 50, 100, 200, 300 0.42 (0.98, 0, 0.98) 5.76 −(0.13, 0.32, 0.69)

430, 600, 700

3.3 430 0.22, 0.34, 0.36 (0.98, 0, 0.98) 5.76 −(0.13, 0.32, 0.69)
0.38, 0.40, 0.42, 2.20

3.4 430 0.38 (0.2, 0, 0.2) 1.77 (−0.58, 0.20,−0.67)

Figure 3.Temporal evolution of kinetic energy and the number of Frenkel-interstitials. The parameter for this simulation are
T 100 K0 = , q 0.98, 0, 0.98

a
= p ( ) and q 0.42 THz=˙ .When defect generation starts, the kinetic energy increase stagnates.
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After every 5000 MD-time-steps we save a snapshot of the current atom configuration. Infigure 4(a), such a
snapshot can be seen. The configurations are then quenched down toT 0 K= . This is done by aminimization
of the system’s potential energy. Subsequently, we perform a commonneighbor analysis (CNA) [19]with the
method implemented inOVITO [20] to characterize the atom structure. TheCNAof theminimized system can
be seen infigure 4(b). In a perfect crystal without defects, all atoms—except the ones on the surface—would be
characterized as fcc atoms. But in our case, wefind that about 0.6%of the atoms are characterized as non-fcc
atoms. Infigure 4(c) all perfect fcc atomswere removed from the snapshot.Here it can be seen clearly, that our
systemhas vacancies and interstitials. Bymeans of theWigner–Seitz defect analysis implemented inOVITO
[20], we have counted 12 Frenkel-interstitials (i.e. 12 vacancies and 12 interstitials). In addition to the bulk
defects, we also observe the generation of adatoms at the free surface. Their generation is either due tomigration
of bulk defects to the surface or due to direct formation of vacancies at the surface. The latter case is observed
more often, since the formation energy for such adatom-hole pairs is about an order ofmagnitude smaller than
for Frenkel pairs in the bulk.

Note that the number of crystal defects is far from equilibrium. In this specific case study, the crystal defects
are generated at a temperature of aboutT 430 K» . By extrapolating experimental data taken from [21], we
determine the ratio of vacant sites to the total number of atoms inAl to be n N 1.42 10vac tot

8= ´ - in
equilibrium atT 430 K= . Figure 3 indicates about nfrenk=30 Frenkel-interstitials in our simulation at
t 0.25 ns» .With a total ofNtot=24 000mobile atoms, this leads to a ratio of n N 1.3 10frenk tot

3= ´ - , which
is about 5 orders ofmagnitudes higher than the concentration of vacant sites in an equilibrium crystal.

The stagnation of energy increase infigure 3 can be explained as follows: the energy injectedwhen exciting
lattice vibrations can be dissipated as heat or, alternatively, as formation energy of lattice defects. In the former
case, the kinetic energy increases. After t 0.09 nsD » , crystal defects are generated, which explains that the
kinetic energy levels off.

3.2. TheDebye temperature as a lower bound for the defect generation
In this section, wewill show for Al, that crystal defects in concentrations far beyond equilibrium are only
generated above theDebye temperature 428 KDq = [14]. This does notmean that defects cannot be generated
at lower temperatures at all, but this is significantly less likely. In our drivenMD simulations defects are
generated by non-equilibrium energy fluctuations assisted by the sample temperature.Wewill argue now, that
in this scenario it is not by accident, that the system’s temperature has to be above theDebye temperature to
generate a non-equilibrium concentration of crystal defects. To show this, we have chosen values ofT0 as given
in table 1).

Infigure 5, the results of our simulations for different starting temperaturesT0 are shown in a kinetic energy
versus time plot. Atfirst, wewill discuss the four curves whereT0<θDwas chosen. As it was already discussed in
the previous section, the kinetic energy for these simulations increases; but interestingly, this, again, happens
only until a time t 0.09 nsD » . After tD it is observed, that the kinetic energy does not increase anymore, but
reaches a plateau for all different values ofT0, indicating the generation of lattice defects (as it has been described
in the previous section).More interestingly, the temperature of this energy-plateau, and thus the generation of
lattice defects, corresponds to the value of theDebye temperature 428 KDq = for Al [14].

The role of theDebye temperature can be explained as follows: theDebye temperature characterizes a
threshold abovewhich all possible lattice vibrationmodes in an equilibrated crystal are thermally excited. Below

Figure 4.Ourmethod to count and visualize lattice defects. The parameters for this simulation are T 100 K0 = , q 0.98, 0, 0.98
a

= p ( )
and q 0.42 THz=˙ . (a) Simulation snapshot at t 0.13 ns» . This snapshot is quenched down to T 0 K= , so that the atoms are placed
in a local potentialminimum. Subsequently, we perform aCNAas shown in (b). If we delete all perfect fcc atoms, vacancies and
interstitials can clearly be seen in (c). By aWigner–Seitz defect analysis, we count 12 Frenkel-interstitials for this simulation snapshot.
The visualization and analysis has been realizedwithOVITO [20].

5

New J. Phys. 20 (2018) 093013 M Jongmanns et al



θD, there are lattice vibrationmodes—for example those near the Brillouin zone edge—which are only
exponentially weakly occupied in an equilibrated crystal. In the simulations discussed here, non-equilibrium
lattice vibrations with awave vector of q 0.98, 0, 0.98

a
= p ( ) are generated.We propose that, whenT0<θD, the

crystal lattice is too cold to keep these edgemodes for long enough; in other words, below θD, the excited edge
modes decay, and the injected energy is just dissipated into heat. As soon as theDebye temperature is reached,
the lattice is hot enough that the additional non-equilibrium excitations of Brillouin zone edge vibrations lead to
the generation of crystal defects.

Wewill investigate this assumption inmore detail: instead ofT0<θD,we chooseT 430 K0 Dq= > and
leave the excitation rate at q 0.42 THz=˙ . In this case, the excitation of edgemodes does not heat up the lattice
anymore, but primarily generates lattice defects. The kinetic energy curve essentially is a plateau during the
whole simulation. This is different ifT0 is even higher. For a starting temperature ofT 600 K0 = , we find that
eventually, the kinetic energy decreases to a value corresponding to theDebye temperature, although the system
is additionally driven by exciting short wavelength lattice vibrations. Our explanation of this at first sight
paradoxical phenomenon is the following: the homologous temperature of the short wavelength lattice
vibrations decreases due to defect generation below the temperatureT0. As a consequence, energywill be
redistributed from the hot latticemodes of longer wavelengths to the cool ones near the Brillouin zone edge. This
leads to a cooling of the lattice as awhole until theDebye temperature is reached. If, however, the initial
temperature isT 700 K0 = , then the crystalmelts.We conclude that in this case, the defect generation is too slow
to create a negative temperature gradient between the long and short wavelength lattice vibrations.

3.3. The influence of different excitation rates q̇
Infigure 6, we have plotted the effect of different rates (see table 1) on the generation of lattice defects. As
highlighted, depending on q̇, we have observed two events: the generation of lattice defects or themelting of the
crystal without the generation of lattice defects. Thefive curves, where the generation of lattice defects has been
observed (q 0.34 THz, , 0.42 THz= ¼ ), show, that the rate has an interesting effect: the lowerwe choose q̇, the
later the generation of lattice defects starts. This can be seen by the plateau of the kinetic energy, which occurs
later and at higher temperatures the lowerwe choose q̇.

The trend of this rate-dependency leads to the question, what the necessary conditions are, to actually
generate lattice defects. For example, does decreasing or increasing the rate even further, also lead to generation
of lattice defects eventually? The answer is also given infigure 6.We have performed simulationswith a very high
(q 2.2 THz=˙ ) and a low rate (q 0.22 THz=˙ ) atT 430 K0 = and q 0.98, 0, 0.98

a
= p ( ). In both cases, we

observed qualitatively the same: the kinetic energy continuously increases until the lattice is so hot, that it starts
tomelt. During the heating of the lattice, no Frenkel-interstitials were found. This leads to the following
conclusion: if the rate is too low, the crystal has enough time to equilibrate between two excitations. The phonon
distribution is not dominated by the excitedmode anymore, but due to phonon–phonon scattering, all vibration
modes are approximately occupied as in an equilibrium state. The excitation of a lattice vibration at a low rate
thus only leads to heating the lattice until the crystalmelts. Yet, if the excitation rate is too high, the lattice does

Figure 5.Kinetic energy–time plots for simulationswithfixed q 0.98, 0, 0.98
a

= p ( ) and q 0.42 THz=˙ and different values ofT0. The

kinetic energy is showing a plateau for all simulations where T 600 K0  was chosen.We found that the beginning of the plateau is
highly correlatedwith the generation of lattice defects, as highlighted in the plot. The corresponding temperature for the generation of
the lattice defects is about at theDebye temperature 428 KDq = for Al [14]. For T 700 K0 = , the crystalmelts due to the driving of the
lattice.

6

New J. Phys. 20 (2018) 093013 M Jongmanns et al



not have enough time to generate a crystal defect. Therefore, we also see amelting of the system for very high
rates.

3.4. The influence of a lattice vibrationmode close to theΓ-point
In addition to changing q̇, we have also investigated, how the choice of q affects the generation of lattice defects.
For this purpose, we have changed thewave vector to lie close to theΓ-point, and therefore close to themiddle of
the Brillouin zone (see table 1).We found that, independent of q̇, the crystal only heats up and that no Frenkel-
interstitials are generated during the heating. Representatively for all different rates, this phenomenon is shown
by the red curve infigure 7 for q 0.38 THz=˙ andT 430 K0 = . This curve indicates, that the system just heats up
until it eventuallymelts. For comparison, the blue dashed line shows a simulation for the same rate
q 0.38 THz=˙ , where thewave vector was chosen to lie close to the Brillouin zone edge, q 0.98, 0, 0.98

a
= p( ).

We conclude, that it is necessary, to excite a lattice vibrationmode near the Brillouin zone edge in order to
generate lattice defects.

4. Conclusions

Bymeans ofMD simulations of single-crystalline Alwe showed, that driving a lattice out of equilibriumby
exciting certain phononsmore than others can lead to the generation of interstitials and vacancies before the
crystalmelts. The number of lattice defects was found to be far beyond the equilibrium concentration; we found
concentrations about 5 orders ofmagnitude higher than in thermal equilibrium. Three conditions aremet,
when crystal defects are generated: the temperature of the system is above theDebye temperature, the lattice

Figure 6.Kinetic energy–time plots for simulationswithfixed q 0.98, 0, 0.98
a

= p ( ) and T 430 K0 = and different values of q̇. As
highlighted, depending on q̇, two events can be observed: the generation of lattice defects or themelting of the crystal without the
generation of lattice defects.

Figure 7.Kinetic energy–time plots for simulationswithfixed q 0.38 THz=˙ and T 430 K0 = and different wave vectors q . The solid
red line shows a simulation, where q was chosen close to theΓ-point. For this case, the crystal just heats up until itmelts without
generating Frenkel-interstitials during the heating process.
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vibrationmode lies close to the Brillouin zone edge, and the excitation rate is high enough, so that a non-
equilibriumphonon distribution exists.

Our findings are relevant to recent results onflash experiments (for an overview onflash sintering, see e.g.
[22–24]): in [25]Yadav andRaj hypothesized, that the start of the flash event is related to the onset of ‘nonlinear
lattice vibrations’, similar to the proliferated Brillouin zone edgemodes we have excited in ourMD simulations.
Moreover they found, that theDebye temperature is a lower bound for the onset of the flash for poly- and single
crystals of zirconium and titanium. It is assumed [26], that nonlinear lattice vibrations soften the shearmodulus
of the crystal, leading to the generation of Frenkel-interstitials.While this issue remains controversial, the
present work suggests the significance of Frenkel pair generation inflash sintering [27–29]. Therefore, our
resultsmay be relevant to understand themechanisms for recent flash sintering experiments onAl alloys,
performed byMcWilliams et al [5].

The present work analyses amechanism, howdriven lattice vibrations spend their energy on the generation
of point defects. The drivingmechanism itself, however, was not addressed. In order to substantiate the relation
toflash experiments, it will be vital to explain the drivingmechanism in terms of the electrical field applied to the
sample. In this context an important hint is given in a recent paper byMeldonado et al [30]. The ab initio
calculation shows that electrons scatter particularly strongly fromphonons at the Brillouin zone edge. This
suggests that a high current density selectively excites short wavelength phonons. This happens on femtosecond
timescale while the phonons have a lifetime of several picoseconds [30] such that they can proliferate, as needed
for themechanism explained in the present work. This idea remains to beworked out in the future. It should be
noticed, however, that such a scenario is not in conflict with a recent calculation for the insulatorHfO2 that
concluded thatfield-enhanced generation of point defects was negligible [31].
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