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Locally activated Monte Carlo method for long-time-scale simulations

M. Kaukonen, J. Pejaki, and R. M. Nieminen
Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, FIN-02015, Helsinki, Finland

G. Jungnickel and Th. Frauenheim
Laboratory of Physics, University of Paderborn, Warburger Strasse 100, 33098 Paderborn, Germany
(Received 11 August 1998; revised manuscript received 2 July)1999

We present a technique for the structural optimization of atom models to study long time relaxation pro-
cesses involving different time scales. The method takes advantage of the benefits of both the kinetic Monte
Carlo (KMC) and the molecular dynamics simulation techniques. In contrast to ordinary KMC, our method
allows for an estimation of a true lower limit for the time scale of a relaxation process. The scheme is fairly
general in that neither the typical pathways nor the typical metastable states need to be known prior to the
simulation. It is independent of the lattice type and the potential which describes the atomic interactions. It is
adopted to study systems with structural and/or chemical inhomogeneity which makes it particularly useful for
studying growth and diffusion processes in a variety of physical systems, including crystalline bulk, amorphous
systems, surfaces with adsorbates, fluids, and interfaces. As a simple illustration we apply the locally activated
Monte Carlo to study hydrogen diffusion in diamond.

[. INTRODUCTION parameter is, however, not knovenpriori and difficult to
determine. Furthermore, the method suffers from the fairly
The molecular-dynamics(MD) (Ref. 1) simulation general problem whether all saddle points relevant for the
method is an extremely powerful tool to study microscopicevolution of the system can be found. This scheme which is
motion based on the Newtonian dynamics of atoms interactknown as the activation-relaxation techniq@drT) has been
ing through a model potential. The equations of motion araused in identifying relevant local relaxation processes in
solved using a mesh of discrete time steps. The time steamorphous silicon at low temperatufes.
must be short compared the phonon frequencies, usually a If the dynamics of a system can be described as a se-
fraction of a femtosecond. Hence, the total simulation timeguence of rather independent infrequent events, long time
which is of the order of 1000 to 100 000 steps dependent oscales can be modeled using transition-state th€b8i).
the model potential, is only in the picosecond region. AtSince its development in the thirties, TST has been applied to
maximum, MD methods can be used to simulate atomic proa wide range of phenomenia’ Voter developed a TST based
cesses occurring on a time scale of nanoseconds. For a vakinetic Monte-Carlo(KMC) method for describing the dy-
ety of physical situations, however, this is far too short tonamics of such infrequent events in a regular lattice and ap-
study the true dynamics of a system, in particular for diffu-plied it to the study of rhodium clusters on &00).1° Here,
sive processes such as atom migration on surfaces, certaive develop a method based on similar ideas which, however,
formation processes during growth, and defect migration ins more general and can be used to investigate diffusion re-
bulk material. actions without assuming a regular lattice. Since this requires
A recent extension of standard MD schemes due to Yotersome knowledge of the local energy landscape in the vicinity
focuses on the simulation of such processes. By adding aof a moving atom it also contains features common to the
artificial boosting potential to the true local energy landscapeRT described above.
of the atoms, the energy barriers to configurations which are In TST based methods, rate constants for infrequent
normally not accessible by ordinary MD can be overcomeevents usually depend on the predetermination of reactants
Thus, the atoms are forced to do movements which are reand products, e.g., on the knowledge of the local energy
lated to barrier heights incompatible with normal thermalminima prior to and after a chemical reaction. Then, various
activation energies, yielding an extended time scale. schemeY'? may be applied to reach transition states which
Another class of methods that has been proposed to relaare characterized by the saddle points of the energy land-
a system over a large period of time is based on the knowlscape. From this information one can extract the transition
edge of the local energy barriers. In a method by Barkemarobability for an event and the related time scale. However,
and Moussealf the local energy barriers are explicitly if significant reactions are missed initially or if the potential
searched for with an inverse conjugate gradient method ushanges remarkably during the evolution of the system, the
ing a modified force vector. Atoms are allowed to makeinformation gained from such simulations is quite restricted.
jumps over the actual saddle points found according to a Our method, therefore, starts from ideas similar to ART in
standard Metropolis Monte Carl®1C) algorithm with a fic-  that we focus on the determination of the most relevant if not
titious temperaturé2500 K). This temperature is the param- all energy barriers that an atom sees in its immediate neigh-
eter which controls the acceptance rate of certain relaxatiohorhood at any time the atom is going to make a move. In
processes and hence the time scale under consideration. Thie locally activated Monte-CarldLAMC) technique-?
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we imagine a model structure as a system for which the shodf any given structure provided the dynamical behavior be-
range and the short medium range otfiare the prime fac- comes largely determined by infrequent events.

tors responsible for the actual form of the local potential. Classically, the fundamental assumption in TST is that
Therefore, we concentrate on finding the energy barriers ifhere exists a dividing surface in phase space with two prop-
the vicinity of an atom and the related smallest energy pathsrties: (i) it separates reactants from products @iyl any
This is done by efficiently mapping the energy landscape iRrajectory crossing this surface will not recross it. The related
a few directions around each atom and defining a local disate constants which describe the equilibrium flux of par-
tribution function for the probability of the atoms to escapeyicies through the dividing surface can be approximated to a

from their current positions. ; . 10.
. > ) ) ood extent by simple transition state the¢@B81ST)"":
Within LAMC an event is the instantaneous jump of se-g y simp D

lected atoms called the movers over one of their nearby bar-

riers. For this, the local distribution of escape rates deter-
mines the probability in which direction the selected atom

will move. Once the escape direction is chosen due to this
distribution function the transition probability is assumed to\yheren
be unity. Hence, movers are forced to jump even if the en ; _ ;
ergy barrier in the selected direction is rather high. Since thharmonlc frequencysadgeand Enmin are the energies at the

woical te for th hy 4 th ) | ansition state and at the minimum, respectivélyis the
ypical escape rate for the event is mapped there 1S a Welkymqaratyre andl, is the Boltzmann constant. The second
defined control over the real time scale in which this even

) X basic TST assumption in practice is violated to a certain
takes place. Using the LAMC scheme together with a IVIDextent, since each crossing of the dividing surface does not

simulation introduces small random disturbances but allows,o oscarily correspond to a reactive event, Thus Bagives
to advance the clock after a jump according to the averagg, \,,her pound to the true rate constant. MD methods have

escape rate of the mover and, therefore, extends the timg,q, \sed to calculate dynamical corrections to STST rate by

scale enormously. determining the fraction of TST surface crossings that lead to
b true reactive everf These studies show that the STST
rates are very close to the dynamically exact rate constants.
Provided there exists a systematic way of finding all or at
feast all the lowest and significant saddle points of the energy
. . X S landscape in the immediate neighborhood of an atom one
dlamond thin films.? No.te that_ this application involves .would be able to evolve the system in accord with the STST
"_‘Ode."_”g of heteropolar interactions althc_Jugh th_e pro_blem 'Sxpression for the rate constant. We wish to implement this
simplified due to _the homopolar symmedtric _hOSt in which theidea into a Monte Carlo type algorithm which can be easily
hydrogen atom is allowed to move. A discussion of theqqyhined with MD in order to study a structure dynamically
power of LAMC follows in Sec. IV. under the influence of long-term processes. Generally, there
is no explicit restriction for the model potential which is used
to evaluate the atomic interactions and, hence, the saddle
points. The actual choice for this potential may be critical
In traditional TST based MC studies, the possible reacthough and the most accurate quantum-chemical potentials
tions that may occur in the system are assumed to be knowshould be given the preference. This is particularly essential
a priori. The global evolution of the system is separated intan sensitive bonding situations such as in carbon when clas-
single atom eventggeneric movesfor which the typical  sical potentia®~2% usually applied for large models may
barriers are predetermined and assumed to remain unchangielquently fail to reproduce the true barriers in the structure.
as the system relaxes. Usually the barriers are calculated for For example, Tersoff's classical potential which has been
the generic moves of an atom in an otherwise ideal hosapplied very successfully in a number of carbon
matrix by the most accurate methods availadblté before studie€?*~?was shown to result in additional local minima
actually doing any structural optimization of the model. A and associated barriers in the energy landscape when study-
Monte Carlo step consists of randomly selecting one of théng the relaxation of an hypothetical icosahedral carbon
atoms and one of the generic moves and of evolving theluster?’ In contrast, true density-functional or Hartree-Fock
system according to the transition rate for this move. Theébased self-consistent potentials require computer resources
rate is given as an exponential of its predetermined barriethat would restrict the size of the models under consideration
height. The barrier controls the acceptance rate in much thenormously and are almost impractical for real diffusion or
same way as the total energy difference between the initiggrowth modeling.
and a final state of the model in an ordinary Metropolis MC  For the total-energy calculations in this study we therefore
method. utilize as a reasonable compromise the recently developed
In practical situations such as surface growth or relaxatiordensity-functional based tight-binding approaBF TB).82°
of amorphous materials it is rather unlikely that the typical This method derives its name from the use of self-consistent
barriers remain constant over a longer period of time. Also, idensity-functional calculations for pseudoatoms in order to
is extremely difficult if not impossible to predict the most construct transferable tight-binding'B) potentials for the
relevant generic events in particular in systems with manyon-self-consistent solution of the Kohn-Sham equations of
different types of atoms. Therefore, we present a methothe many body system. The main idea of the scheme is to
which within the limits of TST is suitable for the relaxation superpose local atomiclike orbitals to make up the molecular

KstsT= anOeXF[ — (Esaddis™ Emin)/Kp T1, 1)

p is the number of possible exit directiong, is the

the ideas behind LAMC in more detail. As an example we
discuss in Sec. Il the diffusion of a hydrogen atom in dia-
mond, which is an important process for understanding th
chemical vapor depositiofCVD) frequently used to deposit

IIl. METHOD
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> Select diffusive atoms \ basin in the energy landscape. To avoid extensive calcula-
tions, however, we consider this numbey, to be finite and
small. Then);, search directions are obtained in the follow-
ing way: take a random diffusion direction; the regf, ,
directions are chosen by uniformly sampling an imaginary

PARALLEL BRANCH

Rates
available for all
selected atoms?

Vo sphere around the moving atom.
Select diffusion directions ‘ . . )
o — A% The total number of search directions determines the suc-
(equal probability) Seach e sl oint o e dicin cess rate with which one will be able to find all or at least the
Choore Choose V, essential local barriers in the next step of LAMC. Tiig,
randoml;
one o ‘ Save the "behind" the saddle point ‘ for each mover can be made to depend on the local geometry
event configuratio i
g raton around the mover, for exampley, may depend on the num-
ber of the nearest neighbors of the mover.
CG relax the chosen "behind" the All atoms & directions done?
saddle point configuration
‘ C. Search for the saddle points
41 Increment the real time clock ‘ —{ Calculate escape rates ' p
1. Finding true diffusion barriers by the projected conjugate
FIG. 1. The flowchart of the LAMC procedure described in gradient (PCG) method

Chap. Il
ap The global search directions defined so far in general do

states where the set of local orbitals is chosen in such a warlot contain the true barriers of the system although the

as to predict the total charge density of the full structure a addle points are expected to be close, in particular when the

well as possible. Then, the Kohn-Sham equations for th&UMPer of search directions is large. To find the relevant
complete model need not be solved self-consistently but stiffiffusion barriers we utilize a method recently introduced to
give a reasonable total energy. specify changes in barrier helght§ on top of diamond sgrfaces
The DF-TB method has been successfully applied to varidue to the presence of dopants in subsurface Iafdrsthis
ous carbon systems, ranging from small clugtei%to buck- ~ Particular scheme single energy barriers are found by a series
minster fullerenes and related oligométsamorphous car- ©of conjugate gradientCG) relaxation processes with modi-
bon system$? and carbon surfacés ¥ Moreover, fied forces for the diffusing atom. The principle is similar to
heteropolar interactions of carbon with hydrogen, boron, anavhat has been introduced to ART.In our method, how-
nitrogen have been modelled accurately with thisever, the force on the diffusing atom is projected onto equi-
technique® 3" A flow chart of the LAMC method that we distant planes which are always perpendicular to the global
introduce is presented in Fig. 1 and will be discussed belowsearch direction. Therefore, the diffusing atom can only relax
within these virtual planes, whereas all other atoms can fully
relax due to the true interatomic forces acting on them.
) ) Between two consecutive CG steps the diffusing atom is
~In general all atoms in a given model structure may be,,shed from the current to the next plane on a straight line
involved in infrequent jumpsdiffusive eventsover barriers — connecting the position in the current plane with the final
in their neighborhood. The number of atoms that are explicy iyt o, the global search direction. Then the whole system
itly considered may be restricted in order to study only suclls o relaxed under the restrictions described above.
Processes that are associated with a certain atom type or a Note that all atoms can react to the changes in the position
subregion of the full modefsuch as a surfageln the fol- ¢ 5 gingle mover and that the particles can even get around

lowing those atoms where events are initiated are called thﬁuge barriers that may exist along the global search direc-

movers which does not mean that the remaining atoms in thﬁon. Figure 2 shows a snapshot of a typical situation when

syﬁtte)mdarg kept gxte)d at ther']r posmonsf. Thﬁ nun(;bir .moveréearching for a single barrier. The solid circles indicate the
will be eS|gnat(re] Wi . The rheasonh ort Ifejir e.|n|t|_onsh initial and final position of the moving atom, dotted circles
IS to prevent other events such as the selt-diffusion In the, 4 s hositions along the migration path at various steps
bulk from interfering with the particularly interesting cases o yhe calculation. The start and end points along the global
such as the migration on a surface. search direction which is marked by the straight dashed line
for theith single mover are indicated tf%mm ,F}inab respec-
B. Choice of the global search directions tively. The relaxed position of the mover in one of the planes

The definition of general search direction$,ecion fOr IS I current
which events may take place is a central feature of our As discussed above, in any diffusion step the mover is
method. We will call such a direction a diffusion direction initially set to the crossing point of the next plane along the
hereafter although we do not necessarily restrict the schemglobal search path and the vectdf,,—r,en. Therefore,
to diffusion in the classical sense. Diffusion directions maythe mover will be always focused back onto the global
be assigned to any of théy; atoms. The maximum number search direction so that the search path cannot diverge which
of the possible diffusion directions per atomy, basically is the major difficulty in another studyhat attempts to find
determines whether we are able to find all the local barriersll the local barriers. The position of atoinin the next vir-
that an atom sees when being activated from its harmonitual plane is given by

A. Choice of the diffusing atoms
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Fpmjected \ in the structure to change their positions while constraining

the mover onto the plane perpendicularr @ —rfinal The
projected force for such a diffusing atom is calculated as

F-AT)
k k k (
l:Projected: Pk (T fina— rinitial)W ! 3

whereAT =, F'niiat » @Ndk denotes thex,y, or z coordi-
nates. The projected force is substituted for the true total
force acting on the diffusing atom. After this procedure the
CG total energy minimization operates in the usual way.
Note also that projecting forces before actually calling the
CG algorithm is sufficient for all of the subsequent CG steps
since the conjugated directions constructed during the mini-
mization of the energy functional depend linearly on the ini-
tial data.

The method enables us to find a minimum-energy path
related to any of the given global search directions indepen-
dently. Therefore, the scheme can take full advantage of par-
allel computer architectures. If the initial position of a mover
is a local minimum this path must either contain at least one
saddle point to overcome or the total energy increases
steadily.

2. Finding the saddle point configurations

The saddle points are searched by moving diffusing atoms
or movers along global search directions as described above.
The movement of a single mover is continued uii)l a
saddle point is reached with an energy at le#st,, higher

FIG. 2. The projected conjugate gradient method. Here the difthan the total energy at the starting point @i) the total
fusing atom is moved in four steps from the initial positigp to energy becomes “much” largerdgmyy) than the initial en-

final positionr;,. ForcesF ,eceq@cting on the diffusing atom are erg(;jy.YFoor ;[;“S Work’?Eml‘“ and oEmay Were chosen to be 0.2
restricted to the planes perpendicular to the diffusion direction durdnd /.U eV, respectively.

ing the CG minimization. The saddle point position of thith moverr, .is de-
fined as the position vector of atonwhere the total energy
. . I:’if' i decreases for the first time after leaving its initial position.
P T o —oma_eurrent (2)  The lower limit 5E;, is used to suppress very frequent
Niotal ™ Neurrent events. The detailed study of the short term behavior of the

whereny is the total number of steps between the initial SYSt€M is the standard task of ordinary MD simulations.
and the final point along the global search direction. This id1€re, this limitation was set to 0.2 eV and we investigated
the parameter which determines the accuracy of the barridpigration processes with exceeding barriers. Therefore, large
height finally found. It is chosen such that the step lengt£SCape rates associated with the smallest energy barriers do

(ie., the distance between the adjacent planes in Pig. £ffectively not contribute to the time scale. For céisg any
Kesc attributed to associated directions is set to zero. The

- - .
rsoa— v/ Nigta PECOMES so small that the desired accurac . » T o
final _ % initial’ total N aaesaddie point positions{:i),.andk(:)) are saved.

in the height of the energy barrier can be obtained.
There is a certain degree of freedom how to pick the final

position of a mover along a selected global search direction. D. Choice of a diffusion event

In order to make the algorithm very much independent of After determination of the

this choice the position is set quite far away 100 A) from

the initial local minimum. This is possible since the search Naif

for saddle points in the vicinity of the global search direction Nsaddie E Ngq(i) (4)

is terminated as soon as the first relevant saddle is found. =1

The maximum number of search steps determines the diz—

i bet the virtual ol that ict th " addle points related to the evefits., all the barriers which
ance between the virtual planes that restrict the moton og, ..o nd all atoms declared to be movethe escape rates

the mover. For the example in Sec. Il we usefl, ki  are calculated using Eql) assuming that the attempt

— I curren= 100 A, nyip= 2000 yielding a spacing of 0.05 A . frequencyv is the same for all events. In principle it is pos-
The number of search steps already maug, () ranges sible to estimate the true attempt frequency for each process

from zero ton,,,— 1. The single search step is finished by using the harmonic approximatidfThis calculation ofvg,

relaxing the system with the CG method allowing all atomshowever, is demanding and beyond the current computer re-
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sources. The number of diffusion direction§, which are ~ where the index includes the diffusion directions of the
taken into account for an atofinis only restricted by the atom which made the most recent junk, is the same as
computer power. It may depend on the local atomic geomKsrst in Eq. (1), except that the number of possible exit
etry. directionsn,, is set to one because all the saddle points are
The saddle points found for each global search directiogearched individually. This time incrementt,,, yields a
of every mover define a set of local escape rates of the atond@Wer limit of the time duration while it assumes that any of
from their harmonic basins. This set of escape rates can Jg€ diffusion jumps has taken place. An alternative way to
regarded as a distribution function from which the mostdefine the time increment is given by Battageal.”” How-

popular event, i.e., a mover plus its escape direction can bg'er in the LAMC, the pool of the escape rates may change

found by drawing with a probability given by the distribution _after every diffusion jump, SO0 it is not clear that the time
function. increment suggested by Batta#¢ al. converges to the cor-

In the simplest variant, the selection of the diffusing atom,rect value.

the “mover,” and its diffusion direction, is a single step o
process. The particular diffusion event is selected from the F. Update of the distribution of escape rates
pool of all possible ones by weighting the selection with the  For those atoms whose local environment changes consid-
probability of the jump. In this way the physical reactions erably due to the diffusion event the local escape rates need
which can occur within the predefined energy window of theto be updated before drawing from the pool of escape rates
saddle poiNtSSE in<Esaqais< SEmax are explicitly taken into  again in order to define the next successful event. This is
account in the STST-way according to Vot@iere, lower  done in the same way as described above in Secs. Il A, 11 B,
lying saddle points are more frequently chosen than otherand 11C. The update is only necessary for atoms that
which may be a deficiency in particular in heteropolar orchanged their coordination numbers in the recent event re-
inhomogeneous systems. In the worst situation the time inmarkably or that have moved during the subsequent CG
crements are always almost the same and only a subset sfeps more than a critical distance. Note that atoms may
events is considered. The evolution of the system may thephange their status from being defined as “movers” to
become artificially confined to a small part of the full system.“nonmovers” or vice versa during the simulation according
In contrast, to increase the importance of slower evento the definition of a mover.
for the evolution of the system the procedure may be altered

to a random selection of the mover followed by drawing the Ill. SIMULATION DEMONSTRATIONS
event in accord with the pool of the escape rates of the se-
lected mover. So the sum in Ep) is restricted to the dif- A. Results for hydrogen diffusion in diamond

fusion directions belonging to the selected single mover g jjystrate our LAMC method we study hydrogen dif-
only. All the diffusing atoms have the same probability to befsjon in diamond. We consider this process as a sequence of
chosen for the mover and the fluctuation of time incrementg;ncorrelated jumps from one interstitial site to another. A
after completed diffusion jumps becomes remarkdllle.  sjngle hydrogen atom is moving between 64 carbon atoms
(5] Here, the long term evolution is governed by the diffu- g closed in a cubic cell with periodic boundary conditions.
sion events with large barriers and rapid diffusion events arg 5 the number of diffusing atomdy (Sec. 11 A) is just
partially suppressed. However, when choosing this “supergne The number of global diffusion directions per atog

long” time scale, the detailed balance condition is lost. Thussec i) is set to six. The first initial diffusion directions

the ensemble averages cannot be accumulated in a reliaigec || g) is selected randomly and the rest five are sampled
way. We note that the energy window has the role of a timg iformly on an imaginary sphere. The six virtual final

. . . . . . Y39 N
fitter in a way similar to previous KMC studiés: pointsry (Sec. I1Q are selected to be points towards the
E. Completion of the event six initial diffusion directions and 100 A away from the dif-

After the event has been chosen the chosen atom is set EBSiZ%%gtom-IJhe ttcr:tal number c}f giggsgméot&{' stepstiﬁ, SgtCG
the precalculatedSec. Il O saddle point position{:), i.e. , yielding the spacing ot U. etween the
slightly behind the saddle point, as defined in Sec. JI C planes(Sec. Il C and_ Fig. 2 Six carbon atoms on the face_s
Thereafter the whole structure is CG relaxed without ampf the supercell are fixed to prevent a center of mass motion.
further restriction or modifications of the forces in order to This leads to higher energy barrlgrs at the bpundary of the
find the final state after the successful diffusion event. Plac_supercell and to an artificial reflection of the diffusing atom.

ing the mover at the actual saddle point is the activation ste hese effeg:ts do not change our conclusmns S|gn|f|cantily.
of the event in the ART terminology. n alternative way to prevent the motion of the supercell is

The time dimension can be included into the simula’tions,to add a constant force component to all atoms in the super-

if the attempt frequencyy in Eq. (1) is known from either cel_lrgfter the t;ge fo][c_e? ar(ta.t_czlaltr:]u?ted. i di dh
experiments or calculations of the vibrational spectra at thl?) € properties of interstiial fiydrogen in diamond have

local minima and the saddle point configurations. The cloc een studied earlier by E.Stm al.™ at the appro?qmatab_
is incremented after an event by Initio Hartree-Fock level with the method of partial retention

of diatomic differential overlagPRDDO), representing the

bulk host by small saturated cluster models. Their calcula-
Nad 1 tions indicate that the lowest-energy site for hydrogen is an

Athop:{E kL SC} , (5) interstitial in the relaxed bond-center€@C) site which ap-
=1 pears to be 2.7 eV below the tetrahedfBl site. By linear
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TABLE I. Energies of various sites for H relative to the energy The BC sites self-trap hydrogen and can additionally bind
at a BC site and the energy barriers. All energies are in eV. other H's in a nearby AB configuraticfﬁ.This causes hydro-
gen to stay at BC sites for longer periods thanTair AB

This Work  Ref. 40 Ref. 42 Ref. 41 Ref. 43 gjtes. After activation into one of those configurations H has
AE, 16401 57 54 27 19 almost equal c_hances to rapidly diffuse_betw_een them or
back to a BC site where it is trapped again. This appears to

AE 1.7+0.1 . . . .
Eban 04501 - - be consistent with the picture for silicdh?*

pan B¢ e ' ' On the diffusion path from the BC site to tHesite the
ER o 26+0.1 1.9

Ebarr 0.4+ 01 hydrogen atom maintains its bonding to one of the two
[-lo-AB e neighboring C atoms with an increasing bond lengtbm
Epgtosc  0.2£0.1 1.1 to 1.3 A. The energy barrier is reached close(wathin
0.25 A) the T site. This saddle point configuration is charac-
terized as a stretched tetrahedronhwda H atom in the

interpolation between the atomic positions of the relaxed saMiddle. The nearest neighbor H-C distances are about 1.3,

andT site models, they could estimate the barrier inbetweer}'Sl’\I 17, ﬁnd 1.‘?1_’& ' hod th . . |
to be of the order of 5 eV. ote that within our method the system is continuously

Slaxed during the search of the saddle points and that it may
e viewed as a search with least constraints. Typically, the
%elaxations are of the order of 0.4 A for the C atoms neigh-

T site is not stable.

The BC site has also been found more stable compared
the T site by Chuet al*! on the same level of theory using
saturated cluster models containing up to 44 carbon atom
There, however, the barrier between the BC andTirste

oring the BC hydrogen and 0.1 A for C atoms closest to the
has been determined to be only about 2.5 eV above the B ydrogen at a site. Therefore, it is not surprising that the
arriers are noticeably lower than in the previous studies by

site. Estleet al. and Chuet al, where a linear i lati h
A barrier of about 1.9 eV has been determined for the stieet al. an uet al, where a linear interpolation tech-

migration from one BC site to a neighboring BC site in ther)iq_ue to constrain_t.he geometries was applied to find upper
study by Mehandret al*? using the semiempirical atom su- limits for the transition state energies.

e - : When studying the evolution of the system with the
erposition and electron-delocalization molecular orbital X e
perp LAMC algorithm, diffusion takes place mostly between BC

technique with a 46 C-atom cluster model. The density- dT sit red. Duri imulati £ 20 diffusi
functional pseudopotential self-consistent field calculatior?d ! SIt€S as expected. buring a simulation o Irtusion

using the local-density approximatidisCF-LDA) calcula- Jumps, onlly once a dn_‘ferent. state was reqched. This new
tion by Briddon et al*? utilizing a CyHsO cluster model configuration is of particular interest and will be called the
focuses on the stability of molecular hydrogen inside th antibonding site which has not been observed for monatomic

diamond crystal. For monatomic hydrogen they find the B ydrogen in diamond before. For silicon the same configu-
site to be more stable compared to fheite by 1.9 ev. The ration has been determined to be a local miniffim the

site energies and related barrier heights are summarized feray landscape, too. . . .
Table | and compared to values obtained in the previous The AB state occurs when the hydrogen atom Is neither in
studies an exact bond-centered nor a tetrahedral position. The AB

We started our investigation with the determination of thetSt‘?teh isd relache_tql b% Togilng ;he ![_I at(_)rnr;l 0'1.5 kﬁ\) fr_om ct:he
equilibrium configurations for hydrogen in either the intersti- etrahedral position to the11) direction. The neighboring

tial BC or theT site by CG relaxing idealized geometries, atom in this direction moves towards the H atom yielding a

allowing all the atoms in the system to relax. When hydroger"frue C-H bond of 1.08 A. The AB site is only marginal. 1

is in the BC site relaxation forces the C-C bond containingev) higher in energy than thié site, and the barrier from &

; ; . site to the AB site is found to be (#40.1 eV.
the hydrogen atom in the middle to stretch by 0.80 A glvmgs' Lo
fise to C-H distances of 1.17 A . The C-C distance is 529 Ve calculated the vibrational spectra for the BC and

greater than the normal bond which is slightly larger thanSiteS' as well as for the transition-state between them, in or-

; der to get the attempt frequencies for BCTtand T to BC
previously reported by Estleet al®® (42%), Mehandru ) i X
et al*? (43.5%, and Briddonet al*® (43%. Within DF-TB  reactions. Equation(1) yields kgc.o7=4x7.76<10°
the BC site is more stable than tAesite by 1.6 eV. This Xexp(-2.0 eV/KT)(16)  and  Kr.iopc=6x1.16x10"
energy difference is about 1 eV lower than found in the < €XP(0.4 eV/kT)(15). At 1100 K these result tgc o1

_ _ 1 . . .
Hartree-Fock calculatioA®but in very good agreement with = 21360(18) andkr.io.gc=7.02< 10*(1/s). With this infor-

the SCF-LDA result42 mation the diffusion constant can be estimatetf &s

We then applied the PCG algorithm to the calculation of
the characteristic barriers separately. Our calculations do not D= 1 S R-R[?nik; 6)
fully support the results by Mehandai al*? with respect to 6 T

the transition from a BC to a neighboring BC site. The bar-

rier appears to be about 30% higher than previously reporte@heren; is the probability for the hydrogen atom to be lo-
and seems to be the most unlikely transition compared to theated at a given site in the lattice.

other pathways betweef and antibonding AB), AB and Here ngc=2%¢, ni=2£ Xexp(-1.6 eV/kT)=1.56x10 8
BC, or T and BC sites. The latter three barriers are almostt 1100 K, andR;— R;=R;—Rgc=1.47 A. We thus arrive
isoenergetic and about 2 eV lower than the former saddlat an estimate ob~9.0x 10" ** cn/s.

point. This strongly suggests that the diffusion of hydrogen The diffusion constand can be evaluated another way by
in diamond does not occur between neighboring BC sitescalculating it directly from
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30 . . . 0.60 and to the reverse direction 0.12 éMunro et al. 0.03

eV). However, the supercell in the calculations by Munro
et al. consists of 216 atoms compared to ours of 64. These
results demonstrate that the current method can also handle
diffusion processes involving bond rotation.

A

IV. DISCUSSION

o Finally, we wish to summarize the benefits of the LAMC
= method. The scheme does not require assumption about the
0 e underlying lattice structure or a list of possible chemical re-
actions. It is easy to parallelize since atomic jumps are as-
/ sumed to occur in an uncorrelated manner and, hence, the
determination of atomic escape rates can be done separately
i o . . for each mover and every global search direction.
0 0.1 0.2 0.3 0.4 Within this technique the time scale of a simulation is
time [ms] spread so that a much longer process time can be achieved
compared to ordinary MD. The increase of time scales de-
'bends only on the height of the true energy barriers of the
system under consideration and there is no uncertain param-
1 q eters such as boosting potentials or artificial activation ener-
L 2 gies needed to evolve a system.
D_g lim a“x(”‘x(o)] 2k @ We Illustrated the method by a simple investigation of
hydrogen diffusion in a diamond lattice. The relevant stable
where the average is an ensemble average. The time evol(BC) and metastableT(AB) states have been found. Addi-
tion of the square of the displacements of the diffusing Htionally, we determined the antibonding monatomic state to
atom is shown in Fig. 3. In this evaluation only the BC be metastable which has not to our knowledge been dis-
positions are taken into account. By calculating the diffusioncussed prior to this work to be present in diamond and com-
constant from Eq. (7) we obtain again D~9.0 Ppetitive with theT site. We determined the diffusion paths
x 10" %cn?/s. This is expected since the Ed6) and (7)  (BC-to-T, T-to-BC, and an antibonding pathwagnd calcu-
should give the same result when the simulation time aplated the diffusion constant for H diffusion in diamond in
proaches infinity. The Eq7) is of course more convenient two ways[Egs.(6) and(7)].
in a general diffusion case when neither the diffusion paths The major limitation of the method is the underlying tran-
nor the metastable states are knoavpriori. sition state theory assumption that atomic jumps occur infre-
Our estimated diffusion constant for the ideal crystallinequently and uncorrelated, i.e., a moving atom does not di-
host is about three times larger than experimental vdfues.rectly feel the dynamics of other jumps. Hence, collective
However, in experiments diamond contains point defectstransitions are unlikely to occur. However, since LAMC af-
such as vacancies, impurities, and grain boundaries. The BEr picking a transition state from the pool of saddle points
interstitial itself has a partially filled level close to the con- Utilizes a CG relaxation to reoptimize the local geometries
duction band which becomes filled when a second hydrogeiinmediately after a successful atom jump, many-atom jumps
in an AB type of configuration or other impurities such ascan be induced. To directly treat the many-atom jumps in-
nitrogen are present nearbyHence, lattice defects can trap creases the number of diffusion events dramatically and
a diffusing H atom and thus reduce its diffusion rate. complicates the saddle point search enormously. However,
by coupling LAMC with an augmented Lagrangian penalty
method? this is in principle possible.
A secondary but minor deficiency is the need to define a
Additionally we have simulated the self-interstitial diffu- suitable energy window for the saddle points. This depends
sion in silicon. The supercell consists of 65 atoms. Two enfargely on the application. The lower limit for the saddle
ergy minima are found during a six diffusion jump LAMC points to become relevant inside LAMC determines whether
run. The lower in energy corresponds L0 split inter-  short term processes will dominate the evolution of the struc-
stitial with Si atom separation 2.26 A, in good agreementure. If this limit is too high essential physical information
with tight-binding calculations by Munret al*’ Our second may be lost. The upper limit rules out processes taking place
minimum resembles thé1033 split interstitial by Munro  in a too long time scale. We strongly suggest to combine
et al, the Si atom separation being now 2.22 eV. The pathL AMC responsible for slow transitions with the MD tech-
way between these two minima involves a bond rotationnique which handles the faster motion of the atoms in a
which was also found to be the lowest energy pathway byleterministic way. During growth simulations, for example,
Munro et al. (they use eigenvector following approach to collision events and short time evolution due to subsequent
find the saddle poinis We find that the(110) split intersti-  relaxations may be done by MD. The long time scale relax-
tial lies 0.41 eV deeper in enerdiunro et al. 0.56 com-  ations between two deposition events after the short MD pe-
pared to the(1033 split interstitial. Moreover, our barrier riod may be investigated by LAMC.
from (110 split to (1033 split is 0.53 eV (Munro et al. A standard problem of transition state theory based simu-

mean square displacement [A2]
=

FIG. 3. The square of the displacement of the hydrogen atom i
diamond; only BC sites are included.

t—oo

B. Self-interstitial diffusion in silicon
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lations is the uncertainty about the number of relevant saddlell atoms in the latter case those of the bulk material due to
points when calculating escape rates. Within LAMC thethe higher energy barriers would influence the long time
number of saddle points considered simply depends on thecale behavior of the system and the surface reactions of
number of global search directions and the predefined energjfterest. In contrast, mixing of time scales may be important
window. Hence, it is only a question of the available com-for studying processes at interface structures or in heteroge-
puter resources to Sample the realistic distribution of escapﬁeous Systems Where different atom types can cause a Super-

rates for a given mover. _position of quite different time scales.
Finally we would like to remark that the computational

efforts of the LAMC method can be dramatically reduced

_due to a smart choice of the set of the dlffl_Jsmg atoms. While ACKNOWLEDGMENTS
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