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Abstract

NV color centers in diamond exhibit a variety of interesting properties which

make them suitable for different technological applications, like quantum sens-

ing, secure message encryption and biological imaging. They can also be used

as qubits. In order to construct arrays of NV centers for quantum comput-

ing, it is necessary to maximize interqubit interactions and, at the same time,

minimize all sources of decoherence. This could possibly be achieved by using

femtosecond-laser pulses in the production process. In this work, we performed

ab initio atomistic simulations to study ultrafast nonthermal NV center forma-

tion in diamond induced by excitation through femtosecond-laser pulses. Our

results indicate that the interatomic bonding properties can be modified by the

excitation in such a way that a vacancy and a nitrogen impurity, initially not

nearest neighbors, attract themselves and form a NV center within 250 fs after

the excitation. In contrast to the thermal behavior, here, the nitrogen atom

starts to oscillate nonthermally between two grid points after the excitation.

For comparison to the thermal case we performed a single run in which a NV

center is thermally formed at T = 1500 K in one of our supercells.
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1. Introduction

The development of reliable and stable quantum computers is expected to

revolutionize almost any activity in the world. With the help of the superpo-

sition principle and quantum entanglement, processors composed of qubits can

solve problems which are impossible to handle by classical computers. Nitrogen-5

vacancy (NV) centers in diamond have recently emerged as one of the most suit-

able candidates for representing qubits [1]. Especially, their important role in

recent successfully performed quantum simulations is remarkable and promising

[2]. In addition, they can be used as quantum sensors of magnetic fields of a

few nanotesla [3, 4, 5] and electric fields [6] or act as single photon emitters10

for quantum cryptography [7]. Besides the quantum applications, NV centers

in diamond are also used as biomarkers for tracking biological processes since

diamond is compatible with living cells [8].

In an ideal situation NV centers are deterministically created at defined dis-

tances in an isotopically pure diamond substrate. Their nuclear spins can then15

be used as long lived qubits and allow for repetitive readout [9] such that fidelity

quantum devices are feasible. To assure that, production techniques should

provide a deterministic high quality generation of NV centers. For that reason,

their manufacturing process is of current fundamental interest [10]. In general,

it consists of the implantation of the color center components into the diamond20

environment and the merging of the components, so that NV centers can be

formed. The implantation step is mainly realized by ion bombardment of the

target diamond crystal [11, 12], deterministic single ion implantation [13, 14]

or by insertion during the diamond crystal growth process [15]. By using ana-

lytical potential molecular dynamics (classical MD), insights into the nitrogen25

implantation by ion bombardment in diamond can be obtained [16]. However,

the uncertainty in the depth distribution and possible occurring local lattice de-

formations could potentially affect the coherence time. The insertion of nitrogen

atoms during crystal growth could produce NV centers with nanometer accuracy
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Figure 1: Schematic illustration of the femtosecond-laser induced nonthermal NV center for-

mation in diamond. The laser energy is used to merge the initially separated nitrogen atom

with the crystal vacancy with low impact on the surrounding crystal.

and without additional lattice deformations. But other nitrogen defects occur30

during the growth process, like, N3, N+ or interstitial nitrogen defects [17].

Unfortunately, during the implantation process only a very small number of NV

centers is directly created, more or less by accident. Usually, both techniques

produce nitrogen atoms and crystal vacancies, which are well separated in the

diamond crystal. Therefore, after the implantation a second step is needed to35

gain a relatively high and homogeneously distributed NV center density. In

general, this is done by thermal annealing. Due to the thermal heating of the

crystalline system the atoms gain kinetic energy, which increases their mobility,

whereas the interatomic bonding is barely affected. Above a certain threshold,

the kinetic energy of the nitrogen atoms and/or the vacancies is big enough to40

overcome the still attractive atomic bonding and start to diffuse through the

host crystal until they become neighbors. In this vicinity they could merge into

the energetically very stable NV center configuration. The ensuing cooling of

the whole crystal then solidifies the NV center distribution.

Very recently, tight binding methods were used to simulate the thermal an-45
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nealing process in order to optimize it with respect to heating temperature and

heating duration [18]. Instead of using thermal heating, we propose to induce a

nonthermal formation of color centers providing the necessary formation energy

by ultrashort laser pulses (see fig. 1). The fact that femtosecond-laser pulses

can directly access the bonding properties of the solid without disturbing the50

atomic system directly makes them an ideal tool to address NV center forma-

tion [19] in an already implanted diamond crystal. Therefore, we simulated the

femtosecond-laser pulse induced formation of a NV center in diamond by ab

initio methods. Atomic snapshots in fig. 4 of our results indicate, as a proof

of concept, that femtosecond-laser pulses could be used to controllably produce55

NV centers nonthermally on a timescale less than 250 fs. In addition, we could

resolve the underlying mechanisms by following the atomic pathways after the

excitation.

2. Theory and simulations

In contrast to thermal heating, in which every degree of freedom in the elec-

tronic and the atomic system gets the same amount of energy, femtosecond-laser

pulses deposit most of their energy in the electronic system. Coincidentally, the

atomic system gains nearly no energy from the excitation directly. The in-

teraction of laser photons with the electronic system results in a nonthermal

distribution of occupied electronic states. However, due to fast thermalization

processes, which are faster than any structural changes, it is reasonable to as-

sume that the electrons quickly reach a thermal distribution n
i,~k

with a common

electronic temperature Te after the excitation. Intense femtosecond-laser pulses

can easily induce electronic temperatures of several 10 000 K. The resulting

changes in the electronic occupation after such intense excitations have a direct

influence on the material properties. In materials, like, silicon and diamond,

electrons are excited to a high portion from bonding into anti-bonding states

[20], which weakens or softens the interatomic bonding [21]. As a consequence of

the changed bonding, forces appear on the atoms, which accelerate them away
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from their initial positions and produce ultrafast crystal responses that are not

obtainable in thermal equilibrium. A sufficient way to account for this bond

changes and the ensuing additional forces is the concept of a multidimensional

potential energy surface (PES). In the case of a laser-induced nonzero electronic

temperature the electronic free energy Fe has to be used to describe the PES

in the framework of a generalized Born-Oppenheimer approximation. Thus, the

PES reads

Fe({~Ri}, t) =
∑

i,~k

n
i,~k

· ǫi(~k) + VII({~Ri})− Te(t) · Se(t) , (1)

where ǫi(~k) are the eigenvalues of the electronic system, VII({~Ri}) describes60

the interaction between the ions and Se(t) is the electronic entropy. Here, we

use the laser-induced electronic temperature and its resulting changes in the

bonding properties to force nonthermal NV center formation. This is in two

ways advantageous. First, the atomic mobility is increased by the appearing

forces. Second, the interatomic barriers are lowered, which makes it easier for65

the atoms to jump to the next lattice site. For sufficiently intense femtosecond-

laser pulses interatomic bondings could even break, so that the bonding barrier

disappears.

In order to resolve the atomic pathways during the femtosecond-laser in-

duced nonthermal formation of a NV centers in diamond we performed ab initio70

molecular dynamics (MD) simulations using our in-house code CHIVES (For

more detailed description see Sec. 5). The excitation is simulated by a raise of

the electronic temperature at every simulation step according to an inverse error

function that corresponds to a Gaussian pulse with a FWHM of 50 fs, until the

maximum temperature of Te = 47 366.6 K is reached. At this high electronic75

temperature n = 11.4% of valence electrons is excited. Using the Drude formula

for a laser wavelength of 620 nm a laser fluence of 3.382 J
cm2 [22] is needed. Note

that this fluence can produce damage of the structure on longer times. We point

out that the purpose of this investigation is to get proof of principle.

In the presented work, we used a cuboid simulation cell of diamond with a80
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volume of 1596 Å3 or 1.596 nm3, respectively. Ideally, without crystal defects,

N = 288 carbon atoms would fit in. In order to study laser-induced ultrafast

formation of a NV center one randomly assigned carbon atom was substituted

by a nitrogen atom. The vacancy was implanted in the crystal by removing

one carbon atom in the surrounding of the nitrogen atom, but not a nearest85

neighbor one. Due to the crystal impurities the crystal configuration is no longer

in equilibrium. We therefore relaxed the system [23] before we thermalized it by

an Andersen thermostat to T = 300 K. Out of the thermalization we extracted

20 independent initial conditions for our MD simulation runs, which last in total

600 fs. Note, that the vacancy and the nitrogen atom are located near the same90

lattice sites in each run, but have different initial displacements and velocities.

The shown quantities are averaged over 20 runs, if not indicated differently.

To analyze the structure of the crystal after laser excitation we calculated

the time evolution of the root mean square atomic displacement rmsd(t). It is

defined by

rmsd(t) =

√

√

√

√

1

N

N
∑

i=1

(~ri(t)− ~r0,i)2 , (2)

where N is the total number of atoms in the used supercell. ~ri(t) is the position

of the i-th atom at time t. As reference we used ~r0,i of the ideal crystal at T = 0

K. The rmsd value is an averaged quantity over the whole used supercell and95

could not give specific insights into particular microscopic atomic pathways. In

order to resolve those pathways we computed specific atomic distances (see fig.

5). In particular, we computed the distance of the interstitial carbon atom to

its nearest initial grid point of the ideal diamond crystal rC(t). Furthermore, we

calculated the time-dependent distance of this carbon atom to the neighboring100

grid point of the vacancy. The same was done for the nitrogen impurity with

respect to its initial grid point and the grid point of the interstitial carbon atom.

3. Results and discussion

Diamond is an extremely stable crystalline structure with a large band gap

Egap of around 5.47 eV [24]. In CHIVES, we obtain a value of Egap = 4.20 eV.105
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This discrepancy is mainly caused by the local density approximation (LDA)

that is used for the exchange-correlation functional in CHIVES. It is known

that LDA underestimates the electronic band gap in contrast to, e.g., hybrid

functionals. However, we like to note that our value is in good agreement with

other LDA computations that obtained a value of 4.11 eV [25]. Since the band110

structure is sufficiently well described by LDA, our results would only change

quantitatively and not qualitatively by using different methods that give a value

more related to the experimental value of the band gap. In particular, only the

excitation strength would increase to see the same effects. However, an intense

femtosecond-laser excitation is needed to induce nonthermal bond changes in115

diamond, which are caused by electrons excited above the band gap. We believe

that the optimal wavelengths for the nonthermal manipulation of NV centers

in diamond should lie in the UV regime, which does not need a high number

of photons to excite electrons to the conduction band. Lower laser frequencies

would need very high intensities in order to allow for multi photon processes to120

overcome the band gap, thus producing not desired damage on the sample.

As a consequence of the large possible excitation intensity range it becomes

even more difficult to narrow down the laser-intensity range that induces pre-

dominantly a particular phenomenon. Since ab initio MD simulations are ex-

pensive in computation time it was necessary to find the possible excitation125

regime for nonthermal NV center formation by static computations. Using the

method of frozen phonons we calculated the potential free energy surface in par-

ticular crystal directions (see fig. 2). The potential barrier for a carbon atom

embedded in the diamond crystal next to a nitrogen atom and a vacancy (fig.

2 (a) and (b)) is lowered by 1.35 eV and shifted by 0.0786 Å to higher displace-130

ments compared to the ground state for an induced electronic temperature of

Te = 31 577.7 K, which corresponds to a number of excited valence electrons of

n = 5.6%.

At even higher electronic temperatures the potential free energy switched

completely into an attractive curve, so that the former lattice site barrier van-135

ishes. The initial configuration is no longer energetically stable. As a conse-
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(a) (b)

(c) (d)

Figure 2: Static potential energy computations in particular directions.(a) Static computations

of the total free energy in dependence of the atomic displacement of an interstitial carbon atom

along the connection line towards the vacancy (sketch (b)) for different laser-induced electronic

temperatures. (c) The same computation for a displaced nitrogen atom along the connection

line that points to a vacant grid point (sketch (d)). The free energy is computed for the whole

supercell and is shifted for comparability.

quence the carbon atom would interchange positions with the vacancy. We used

the same procedure for a diamond crystal in which the nitrogen atom and the

vacancy are nearest neighbors (fig. 2 (c) and (d)). It can be seen that once

the NV center is build it is extremely stable in a ground state diamond crystal.140

Nevertheless, the free energy becomes attractive on the direction line between

the lattice sites of the nitrogen atom and the vacancy at Te = 47 366.6 K. We

like to note, that the made static computations in only one particular direction

are not sufficient enough to predict the complex atomic motion on the high

dimension potential energy surface. The success of producing NV centers by145
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Figure 3: Averaged root-mean-square atomic displacement as a function of time for the whole

simulation cell (green). As reference the root-mean-square displacement of the surrounding

diamond crystal is shown, which excludes the contributions of the carbon atoms between the

vacancy and the nitrogen atom and of the nitrogen atom itself (grey). t = 0 is calibrated

to the maximum of the used Gaussian femtosecond-laser pulse with a FWHM of 50 fs (black

solid). The width of the curves indicate twice the standard deviation.

thermal annealing (see fig. 6) confirms that less heat is needed than the here

computed static barrier computation suggests. Therefore, it is mandatory to

consider phonon motions and atomic collision, which allow atomic trajectories

that could overcome or circumvent the potential barrier present in the direct

connection line used in fig. 2. By performing parameter-free MD simulations150

at the excitation strength obtained from the static computations of the PES all

these effects are included. Fig. 3 shows the time evolution of the root-mean-

square atomic displacement rmsd(t) for the used supercell and a laser-induced

electronic temperature of Te = 47 366.6 K. Due to the large band gap of diamond

the crystal does not start to react before the maximum of the pulse.155

9



(a) (b) (c) (d)

Figure 4: Closeups of our simulation cell near the nitrogen impurity (orange) and the crystal

vacancy (transparent). (a) The initial ground state configuration at Te = 300 K before the

femtosecond-laser excitation. The nitrogen atom and the vacancy (right upper quadrant) are

not nearest neighbours. (b) t = 165 fs after the laser excitation, which induces an electronic

temperature of Te = 47366.6 K, the interstitial carbon atom (blue) changes the lattice site

with the vacancy. (c) t = 245 fs, the nitrogen atom followed the motion of the interstitial

carbon atom. (d) At t = 265 fs the nitrogen atom has moved back near its initial position

and the vacancy occupies the initial carbon lattice site. [26].

By comparing the rmsd of the whole crystal to the pure surrounding, in

which the colored atoms of fig. 4 are not considered, it becomes obvious that

those atoms gain a very high mobility after the femtosecond-laser pulse. The

rmsd of the surrounding is almost doubled when considering those atoms. In or-

der to reveal the atomic pathways during and after the excitation we computed160

relative distances of the nitrogen atom and the interstitial carbon atom to de-

fined lattice grid points (sketch in fig. 5 (a)). Within 200 fs after the maximum

of the exciting pulse, the interstitial carbon atom interchanges its position with

the vacancy (fig. 5 (c)). The sum of rC(t), which measures the distance to the

initial grid point at T = 0 K, and the distance to the initial vacancy grid point165

is slightly larger than the nearest neighbor distance in diamond, which indicates

that not the direct path is used by the moving atom. Nevertheless, the carbon

atom seems to be tightly bonded to the surrounding diamond crystal after the

transition, since it stays close to its new lattice grid point. Triggered by the

oscillation of the carbon atom at around t = 75 fs, the nitrogen atom starts170

slowly to follow the carbon atom (see fig. 5 (b)). Instead of moving straight

to the neighboring vacant grid point of the moved carbon atom, the nitrogen

atom oscillates around 0.78 Å, which is close to 0.9 Å, the minimum of the

static calculated potential in fig. 2. The discrepancy is mainly caused by the

laser-induced nonthermal atomic motion of the surrounding as well as partially175
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(a) (b)

(c) (d)

Figure 5: Relative atomic distances for selected atoms and grid points. (a) Sketch of the

relative atomic distances of the nitrogen atom and the interstitial carbon atom for an arbitrary

time after the femtosecond-laser excitation. The color coding is used in the following graphs.

The horizontal black line indicates the distance between grid points in the diamond crystal,

here 1.5325 Å. (b) Interatomic distance between the interstitial carbon atom and the nitrogen

impurity as a function of time. (c) Time evolution of the relative atomic distance of the carbon

atom to its initial grid point rC(t) (turquoise), to the initial vacancy grid point (light blue) and

the sum of both distances (blue) for a laser induced electronic temperature of Te = 47 366.6

K. About 150 fs after laser excitation the carbon atom is located close to the initial grid point

of the vacancy. (d) Relative atomic distance of the nitrogen atom to its initial grid point (light

orange), to the initial carbon grid point (yellow) and the sum of both distances (orange).

by the initial ionic motion at T = 300 K. However, the initial grid points seem

to be no longer energetic minima in the laser-excited state. The shifted energy

minimum due to the laser-excitation changes significantly the configuration of

the NV center in the crystal and therefore its properties, which opens the field

for customer designed NV centers by femtosecond-laser pulses. Nonetheless, the180

configuration of the NV center near the grid points could be obtained by fast

cooling of the sample after the NV formation. Moreover, it could be benefi-
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Figure 6: Time dependence of the relative atomic distance of the carbon atom for a particular

thermal annealing run. The same color coding as in fig. 5 is used. Thermal heating of the

crystal to 1500 K provides enough energy for the interstitial carbon atom to interchange its

position with the vacancy. The ensuing cooling to 300 K does not reverse the configuration.

cial to use a moderate laser-excitation, which does not flip the potential energy

surface completely but lowers the potential barrier sufficiently, so that a small

heat increase could provide enough energy to overcome it. A thermal annealing185

run of the same simulation cell in CHIVES showed that heating the system

to around 1500 K provides enough thermal energy that the interstitial carbon

atom can interchanges its position with the vacancy so that a stable NV cen-

ter can be formed (fig. 6). The ensuing cooling of the system does not reverse

this formation, it instead solidifies it. We like to note, that recently performed190

tight-binding MD simulations indicate that less thermal energy is needed for

the NV center to form [18]. However, the formation process then takes several

nanoseconds instead of picoseconds as in our case (fig. 6).
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4. Summary and Outlook

In conclusion, we simulated a femtosecond-laser induced NV center forma-195

tion in a diamond environment using electronic-temperature-dependent DFT.

Our parameter-free MD simulations show that the formation process takes place

on an ultrafast timescale of 250 fs after the excitation. This laser-driven non-

thermal formation process of a NV center will only take place if the nitrogen

atom and the vacancy are located close to each other. It is essential for the for-200

mation process that the vacancy detects an anisotropic bonding in the direction

of the nitrogen atom caused by the latter one. Then it is energetically favourable

to move towards the nitrogen atom. In addition, the laser-induced interatomic

bonding changes cause an oscillatory behavior of the nitrogen atom, which is in

contrast to the thermal case in which the nitrogen atom remains usually near205

a grid point. Our static computations reveal that the diamond grid points do

not longer correspond to a minimum in the PES at the used high excitation. In

addition, those computations indicate that the energy minimum that defines the

NV center configuration is changed in dependence of the laser strength. This

could possibly be used to produce customer designed NV centers with differ-210

ent properties. However, we have to mention that the electronic temperature

used in this work is extremely high and could produce damage at longer times.

Therefore, at the moment we can only present a proof of concept that it is pos-

sible to nonthermally manipulate the vacancies and N ions to form a NV center.

A fine tuning considering lower intensities and different pulse durations must215

follow. Another natural follow-up of this study can be to simulate larger systems

over longer time scales, which would also cover the description of nanodiamonds

[27]. Since ab-initio simulations are restricted to cells of less than 1000 atoms,

one can scale up the systems by constructing electronic-temperature dependent

interatomic potentials, using the method described in ref. [28]. In this way,220

one can be able to describe large simulation cells with an open surface, making

possible the simulation of laser-induced creation and manipulation of vacancies

and NV centers. Particularly interesting, due to their applications, is the case of
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creation of NV centers in nanodiamonds with functional groups on the surface.

In addition, such large scale simulation would make it possible to simulate the225

creation as well as the diffusion of vacancies in diamond.

5. Appendix: Code for Highly excIted Valence Electron Systems

(CHIVES)

In order to resolve the atomic pathways during the femtosecond-laser induced

nonthermal formation of a NV centers in diamond we performed ab initio MD230

simulations using our in-house code CHIVES [29, 30, 31] is a density-functional-

theory code that is extended to nonzero electronic temperatures using the func-

tionals derived by Mermin [32]. In order to describe femtosecond-laser exci-

tations of solids by those functionals, it is assumed that the electronic system

equilibrates faster than structural changes appear and adapts quickly a Fermi235

distribution of a specific electronic temperature, which corresponds to the ab-

sorbed energy. In such cases the laser-excitation is completely defined by the

electronic temperature.

Since incoherent electron-phonon interactions are not considered here, this

temperature will stay constant throughout the remaining simulation. CHIVES240

computes on the fly at every simulation step the potential energy surface (PES)

defined by the electronic temperature and the actual atomic positions. Laser-

induced changes in the interatomic forces, which produce ultrafast structural

changes, can now directly be computed from the PES. Although, the compu-

tation time becomes very expensive if the structural symmetry is lost due to245

ultrafast laser-induced phenomena, CHIVES enables to use supercells containing

up to 1440 atoms in reasonable time [33]. The high simulation speed is mostly

attributed to the highly hybrid parallelization of several subroutines, the use of

order N methods, if applicable, and the subdivided description of the electronic

system. Tightly bonded core electrons are represented by norm-conserving pseu-250

dopotentials. For the valence electrons of the system atom-centered Gaussian

basis sets are used. This reduces the number of basis states for carbon to 21

14



[34]. For nitrogen 25 basis states are needed [35].
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