
XMD - Mole
ular Dynami
s ProgramJon Rifkin, jon.rifkin�u
onn.edu v2.5.38 18 Feb 2011XMD is a program for performing mole
ular dynami
s simulations.Contents1 FeaturesXMD is a 
omputer program for performing mole
ular dynami
s simulations. It is designed for the simulationof metals and 
erami
s. It has the following features.Computer System
• C sour
e 
ode is available for easy porting to a variety of 
omputers.
• Can be 
ompiled using POSIX thread fun
tions to take advantage of multi-CPU 
omputers (seese
tion on ?? (Parallel Pro
essing)).Mole
ular Dynami
s
• Constant temperature using velo
ity re-s
aling algorithm (CLAMP 
ommand).
• Constant pressure using either Andersen's algorithm or a simple volume "res
aling" algorithmsuitable for latti
e 
onstant versus temperature 
al
ulations. (PRESSURE 
ommand).
• E�
ient system relaxation (lo
al minima) algorithm (QUENCH 
ommand).
• Constrain sele
ted atoms to remain �xed in spa
e (FIX 
ommand).
• Constrain sele
ted atoms to remain in a line or plane (CONSTRAIN 
ommand).
• Apply an unique external for
e to individual atoms (EXTFORCE 
ommand).
• Tether sele
ted atoms to their initial positions with springs of various spring 
onstants(EXTSPRING 
ommand).
• Apply velo
ity damping 
oe�
ients to sele
ted atoms (DAMP 
ommand).
• Uses pair potential, Embedded Atom Method potentials (EAM), Terso�'s Sili
on-Carbide poten-tial or Stillinger-Weber Si potential.Program Input
• All program a
tions are 
ontrolled by 
ommands read from one or more text �les.
• A ma
ro pro
essor lets you enter strings from the 
ommand line or de�ne strings within the
ommand �le (MACRO 
ommand) (see se
tion on ?? (ma
ros)).
• A built-in 
al
ulator with variables that 
an be used with all number input (CALC 
ommand)(see se
tion on the ?? (Built-in Cal
ulator)).
• Input �le instru
t the reading of another input �le (READ 
ommand).
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• Flexible 
reation (FILL 
ommand) and editing of atomi
 stru
tures.
• Sele
t subsets of atoms using a variety of patterns (SELECT, SET and TAG 
ommands).
• Perform a
tions on sele
ted atoms, su
h as moving them (MOVE), inserting defe
ts (SCREW,WAVE), setting atom type (TYPE), setting atom mass (MASS), rotating sele
ted atoms (RO-TATE), et
.
• Some 
ommands (MOVE, DAMP, EXTFORCE and EXTSPRING) allow input values to be afun
tion of atomi
 
oordinates.Program Output
• Save the 
omplete simulation state for later 
ontinuation (WRITE STATE 
ommand).
• A

umulate system energies (ESAVE and WRITE ENERGY 
ommands), atomi
 stress (SSAVEand WRITE STRESS 
ommands), atom 
oordinates (WRITE PARTICLE 
ommand) and otherinformation to text �les during simulation.
• Coordinates 
an be stored in spe
ial 
ompa
t format (RCV or COR 
ommands) for later use with
ompanion programs su
h as WMOVIEC whi
h produ
es movies.
• Save atomi
 
oordinates in a Protein Data Bank �le for use with display software su
h as MSI'sCerius2 (WRITE PDB 
ommand), or standard XYZ format (WRITE XYZ 
ommand).
• Built-in plotting routines for plotting atom 
on�guration in 
olor on a Posts
ript devi
e (PLOT
ommand).2 Introdu
tionXMD is a program whi
h performs Computer Mole
ular Dynami
s (CMD) simulations. It 
an use EmbeddedAtom Method (EAM) potentials, pair potentials, Terso�'s sili
on-
arbon potential [1℄, or Stillinger-Weber'sSili
on potential [2℄. With XMD you 
an generate spe
i�
 latti
e stru
tures. With these latti
e stru
turesyou 
an perform 
al
ulations using both stati
 (energies or for
es) and dynami
 (mole
ular dynami
s). XMDreads a 
ommand �le whi
h des
ribes a an initial atomi
 system, the simulation to be performed, and theoutput desired. This 
ommand �le is a normal text �le (a �le that 
an be read by a normal text editor).Normal text �les are also used for re
ording energies during the 
ourse of a simulation. Spe
ial format �les(�les than 
annot be used with text editors) are used for storing the parti
le 
oordinates (RCV �les) andthe 
omplete CMD state (STA �les).3 File FormatsA variety of �le formats 
an be used with XMD.Input FileXMD's main input is a text �le. This �le 
ontains 
ommands (des
ribed below) whi
h 
ontrol thesimulation. This �le is required.Output FileThe output �le is also a text �le. It 
ontains the messages generated by the 
ommands in the input�le. An output �le is always generated.



4. Usage 3Energy / Stress / Box / Traje
toryThese four types of �les are also text �les. They are optional and 
ontain information generated duringa dynami
s simulation. They are 
ontrolled by the 
ommands ESAVE, SSAVE, BSAVE and TSAVE(see below).COR / RCVThere are spe
ial format �les (not Text �les) that 
ontain atom positions as a fun
tion of time. Theyare written by the WRITE COR and WRITE RCV 
ommands. They 
an be read by XMD or by othersupport programs su
h as MSD, WMOVIEC, STRAIN, et
 (see se
tion on auxillary program below).XYZ / PDBLike the previous pair of �les, these 
ontain atoms positions. They are �les that 
an be read by avariety of third party programs. They are 
reated by the WRITE XYZ and WRITE PDB 
ommands.STATEThis �le is a ma
hine �le whi
h 
ontain information needed to 
ontinue a simulation exa
tly. It iswritten and read with the WRITE STATE and STATE 
ommands.4 UsageThe methods used to invoke XMD depend on the spe
i�
 
omputer environment. At present XMD has beenported to UNIX and the IBM PC under DOS. Under these environments the 
ommand used isxmd infile [ $1 $2 $3 .. $9 ℄ > outfileThe parameters in�le and out�le are to be repla
ed by the names of your input and output �le. The > is the"IO redire
tion" symbol under both DOS and UNIX, and it 
auses the output �le to be written to out�le.If the > symbol and the out�le are omitted, the output is printed on the s
reen. Under DOS, the user mustwait for this 
ommand to �nish before another 
an be run. Under UNIX, one 
an enter eithernohup XMD infile > outfile &on the IBM Ris
 6000 using the AIX operating system, orxmd infile > outfile &under Linux and other Unix's. These 
ommands will run XMD in "ba
kground" mode. That is, while theprogram is running, you will be able to run other 
ommands and programs as well. Both nohup and & arespe
ial to UNIX.You 
an in
lude up to 9 optional parameters after the input �le name denoted as $1, $2, .. $9 in theexample above. These strings will be substituted for the strings $1, $2, $3, .. $9 in the input �le. Thisallows you to leave some input �le parameters unspe
i�ed until you run it. For example, if you would liketo run a simulation at a variety of temperatures, you 
an put the string " $1 " where XMD expe
ts to see atemperature value. Then when you run the program, you 
an enterxmd infile 100 > outfile



5. Theory 4for one run, thenxmd infile 200 > outfilefor another, and run the simulation at 100 and 200 degrees Kelvin. For more information, see the se
tionson ?? (
ommand line ma
ros) and on the ?? (MACRO 
ommand).By default, XMD will sear
h your 
urrent dire
tory for a �le named 
on�g.xmd. This �le 
an 
ontain normal
ommands that you would like to be run every time you run XMD in that dire
tory. If XMD 
annot �ndthe �le in the 
urrent dire
tory, it will then sear
h the dire
tory where the program itself is stored, and readthat 
opy of 
on�g.xmd. Then, whether it �nds 
on�g.xmd or not, XMD will read in�le.5 Theory5.1 Mole
ular Dynami
sIn the te
hnique of mole
ular dynami
s the motion for every atom is 
al
ulated. This algorithm pro
eeds asfollows.1. (1) The initial positions and velo
ities of every atom are spe
i�ed.2. (2) Using the interatomi
 potentials, the for
es on these atoms are 
al
ulated.3. (3) Using these for
es, the atomi
 positions and velo
ities are advan
ed through a small time interval(
alled a time step). These new positions and velo
ities be
ome new input to step (2), and when steps2 and 3 are repeated, ea
h repetition 
onstitutes an additional time step.Typi
ally a mole
ular dynami
s simulation will 
omprise thousands of su
h time steps, ea
h time step
orresponding to fra
tion of a pi
ose
ond (1/1012 se
onds). This algorithm is essentially an integration ofthe Newtonian equations of motion over time to yield the parti
le positions and velo
ities.5.2 Boundary ConditionsA mole
ular dynami
s simulation is limited in the number of atoms one 
an simulate, typi
ally XMD simula-tions are between 5,000 and 100,000 atoms. With su
h a small number of atoms, it is not possible to simulatebulk material unless one uses repeating boundary 
onditions. With repeating boundary 
onditions, onetypi
ally 
ondu
ts a simulation within a box. Atoms that pass out one wall of the box pass ba
k in to thebox through the opposite wall. Thus at no time is an atom outside the box. This way there is no freesurfa
e, and the system simulates the bulk. While in theory, any parallelepiped (that is, a 
ell with tri
lini
symmetry) 
an be used as the repeating 
ell, at this time XMD is restri
ted to using a re
tangular box.The repeating boundary 
onditions 
an be turned o� in any dire
tion independently of the others, in thisway one 
an simulation an an in�nitely repeating solid (the bulk), an in�nitely repeating sheet, an in�nitelyrepeating "wire" or a �nite fragment of material. There is more information on this under the ?? (BOX
ommand).



5. Theory 55.3 Adiabati
 and Isothermal SimulationsIn thermodynami
s, systems are divided into two kinds, adiabati
 and isothermal. Adiabati
 systems arethermally isolated from the external world, and no heat will �ow in or out. The result is that the total energy(the sum of potential and kineti
 energies) will always remain 
onstant. Isothermal systems are systems whi
hmaintain a 
onstant temperature through 
onta
t with a heat bath. Both kinds of systems 
an be simulatedwith mole
ular dynami
s. See the se
tion on ?? (Temperature Control) for more information.5.4 Time Step SizeAs explained in the above se
tion on mole
ular dynami
s, the for
es and velo
ities at one step in time areused to 
al
ulate the resulting positions at the next step. The time di�eren
e between these two adja
entsteps is 
alled the time step size. The time step size must be spe
i�ed by the user. Ideally one wouldlike to use the largest time step size possible, for this way one would simulate the greatest time possible.However the mole
ular dynami
s integration algorithm be
omes unstable at large time step sizes. This 
anbe understood by 
onsidering a single parti
le in a one dimensional harmoni
 well. Assume that this parti
leis to one side of the 
enter and that its initial velo
ity is zero. This parti
le would experien
e a for
e towardthe 
enter of the well. The produ
t of the for
e with the time step size squared would yield the displa
ementof the parti
le. A small time step would advan
e the parti
le 
loser to the well 
enter. A too large timestep would overshoot the 
enter of the well, and 
ould even pla
e the parti
le on the opposite side higherthan its starting position. This would immediately 
ause a problem. The total energy of the parti
le willhave in
reased, and subsequent steps at this large time step size would only in
rease the energy more. This
learly violates the 
onservation of energy.In pra
ti
e this violation of energy 
onservation is exa
tly the 
lue used to determine that a time step is toolarge. One wants to �nd the largest time step that will maintain the 
onservation of energy. For hints onhow to implement a sear
h for the optimum time step see the se
tion ?? (Te
hniques).5.5 Metropolis AlgorithmThe Metropolis algorithm is a type of Monte Carlo te
hnique used for two purposes (1) to 
al
ulate averagesof a system at �nite temperatures (thermodynami
 averages) and (2) to simulate annealing of a systemof parti
les. This algorithm varies the atomi
 positions at random and the properties of interest for ea
h
on�guration are 
al
ulated. In a simple Monte Carlo (not Metropolis) s
heme for 
al
ulating thermody-nami
 averages random atomi
 
on�gurations are sampled and ea
h 
ontribution to the average is weightedby the fa
tor exp(-E/kT) where E is the system potential energy, k is Boltzmann's 
onstant, and T isthe temperature. However purely random atomi
 
on�gurations will 
onsist mostly of high energy (andtherefore improbable) states, and the resulting weighting fa
tor will be so small as to render insigni�
antthe 
ontribution to the average. Thus the bulk of the 
omputational time will be spent 
al
ulating uselessnumbers. The alternative is to use the Metropolis method for sampling 
on�guration spa
e. This methodsamples phase spa
e via a random walk. Steps in this random walk are only taken if the energy remainslow enough to 
ontribute a signi�
ant amount to the average. Steps in this random walk whi
h raise theenergy will be reje
ted unless a randomly generated number uniform on the interval [0..1℄ is less than thefa
tor exp(-dE/kT) (where dE is the energy of the new state minus the energy of the original). Steps whi
hlower the energy are always a

epted. Averages are taken for every 
on�guration (if a new 
on�guration isreje
ted then the old 
on�guration re- 
ontributes to the average). This sele
tive random walk results in the



5. Theory 6averages taken being weighted by the fa
tor exp(-E/kT). The 
ontrolling parameters are the temperatureand the jump size. The jump size determines how far the atoms move with ea
h random walk.5.6 Constant Pressure AlgorithmsSometimes one wishes to simulate system whi
h 
an 
hange its volume in response to the 
ombinationof applied external pressure and the system's own internal stress. XMD has two di�erent methods fora

omplishing this. The �rst, Andersen's method [3℄, is designed reprodu
e the thermodynami
s propertiesof an isobari
 adiabati
 (NPE) ensemble. Andersen's method is des
ribed in more detail below.The se
ond method is " pressure 
lamp " method (see the PRESSURE CLAMP 
ommand). This methodwas developed for XMD. It automati
ally res
ales the system volume by the amount needed to balan
e anapplied pressure. It is designed for determining the equilibrium volume as a fun
tion of applied temperatureand pressure. Most typi
ally, it is used to determine the thermal expansion of a simulated material.5.6.1 Andersen's Constant Pressure MethodThis is a method whi
h maintains an external pressure by imposing an arti�
ial for
e on every atom. Thishas the advantage of not 
reating a lo
alized interfa
e between the simulation and the external pressuresour
e. It is implemented with the PRESSURE 
ommand. When using Andersen's 
onstant pressure, youmust assign a mass to the external system. This mass determines how qui
kly the volume of the systemresponds to the pressure. Without su
h a mass the system volume 
hanges would be instantaneous - 
learlya non-physi
al situation. The exa
t value of the mass is probably unimportant. A good initial guess wouldbe to set the external system mass to the total internal mass (the mass of all the atoms).Andersen's 
onstant pressure method is not suitable for determining thermal expansion. One reason is thatis takes mu
h longer to rea
h equilibrium volume than the " pressure 
lamp "method. The se
ond reasonis that this method introdu
es a �
titious pressure that is proportional to the system kineti
 energy. Thevalue of the external pressure is given by the simple gas law,P = nKT/VwhereN is the total number of atoms, kB is Boltzmann's 
onstant, T the temperature and V the average systemvolume.5.6.2 The Pressure Clamp methodThe "Pressure Clamp" works analogously to the temperature 
lamp. The volume of the system box isautomati
ally re-sized to maintain a 
onstant pressure. This works as follows. The user spe
i�es a pressurethat she would like to maintain, the default is zero. In addition, the user spe
i�es a Bulk Modulus for thesystem. This 
an be the exa
t Bulk Modulus or an approximation. Then, for ea
h mole
ular dynami
s step,the system stress is 
al
ulated. By 
ombining the system stress and Bulk Modulus, a 
hange in the box size
an be estimated whi
h produ
es the desired pressure,(dLi/Li)/Cstep = B / (3*Si)



6. Implementation 7where Li is the box size in the i'th dire
tion, dLi is the 
hange in that box size, Si is the stress in the i'thdire
tion (the Voight stress), B is the Bulk Modulus, and Cstep is a parameter whi
h 
ontrols how qui
klythe algorithm 
onverges on a suitable box size. By default Cstep is 33, but this is under user 
ontrol.5.6.3 Stress Cal
ulation and the Virial TermXMD by default does not in
lude the virial termSij = mass * Vi * Vjin the stress 
al
ulation. This is a 
ontroversial issue, but I justify this from the fa
t that a perfe
t harmoni
solid will not thermally expand, but the virial term predi
ts it will.The virial term 
an be in
luded in the stress 
al
ulation. See the STRESS THERMAL 
ommand for details.5.6.4 Box GeometryWhen using either of these two 
onstant pressure algorithms, one has the option of letting ea
h box dire
tion(x,y,z) 
hange independently, or for
ing the system to 
hange uniformly. When 
hanging uniformly, the ratioof x, y and z box sizes remains the same, and 
onsequently a system whi
h starts out as a 
ubi
 latti
e willremain a 
ubi
 latti
e, and a tetragonal latti
e will remain tetragonal and maintain its initial 
/a ratio.6 ImplementationIn order to e�e
tively use XMD it is helpful to understand the data stru
tures and algorithms that theprogram uses.6.1 CoordinatesPerhaps the most obvious data stru
ture is the parti
le 
oordinates. Several versions of these 
oordinatesare stored. (1) Current Step. The 
urrent value of the 
oordinates used to integrate the equations of motionfor every step. These are 
oordinates are the most 
ommonly used. When the 
ommands WRITE RCV orWRITE STATE or WRITE PARTICLE are given, these 
oordinates are written. (2) Referen
e Step. Whenthe 
ommand REFSTEP is given the 
urrent values of the 
oordinates (from item 1 above) are saved. These
an later be restored as the 
urrent 
oordinates or used to 
al
ulate the parti
le displa
ements. (3) Neighborlist. This is only for internal use. It is a 
opy of the 
oordinates at the time of the last neighbor list update(see neighbor list below). It is kept to see how far the 
urrent 
oordinates have moved sin
e the last updateand thereby determine when a new neighbor list needs to be made.6.2 Velo
ity, For
e, and Higher DerivativesThe Gear algorithm used to integrate Newton's equations of motion uses up to the 5'th time derivative ofthe parti
le positions. The 1'st and 2'nd derivatives are just the velo
ity and the a

eleration. The program
an write out the velo
ities and a

elerations the WRITE VELOCITY and WRITE ACCELERATION
ommands.



6. Implementation 86.3 Parti
le Sele
tionFor various operations on the parti
les (su
h as moving them or dupli
ating them) it is ne
essary to spe
ifya subset of parti
les. This is done with the SELECT 
ommand. This 
ommand uses an array of �ags, one�ag for ea
h parti
le. The �ags in the array are set by 
alling SELECT one or more times. Then a 
ommandsu
h as WRITE SEL COR 
an be used to write only those 
oordinates whose �ags have been set.Related to this array is the SET array. The SET 
ommand 
an be used to in
lude any parti
le in any of upto 12 sets. First the SELECT the parti
les, then use the 
ommand " SET ADD 4 "for instan
e. At a latertime you 
an sele
t all parti
les from set 4 by " SELECT SET 4 " . The SET and SELECT SET 
ommandsare very useful for manipulating separate stru
tures in a simulation.A single atom 
an belong to more than one set. For example, you may have one set 
ontain all the atoms inthe box whose x value is less than half the box. Then you 
ould make a se
ond set of atoms whose y valuesare less than half the box. Likewise you 
an make a third set a

ording to the atom's z values. Then someatoms will belong to three sets - those atoms whose x, y and z 
oordinates are all within the lower half box.A related array is the TAG array, one byte of data for ea
h atom. Thus ea
h atom 
an have a single tagvalue whose range is 0 to 255. TAGs are not as �exible as SETs, be
ause ea
h atom 
an have only one TAGvalue, while an atom 
an belong to many SETs. However, there are 256 TAG values (and only 12 SETs). Sousing TAGs you 
an group atoms into 256 separate groups, as long as ea
h atom belongs to only one group.Ea
h atom has a default TAG value of 0.The SELECTION, SET and TAG values are lost whenever a new set of parti
les is read, the 
ommandsthat do this are PARTICLE, COR, RCV and STATE. Sometimes it is desirable to read in 
oordinates withthe COR or RCV 
ommand but preserve the SELECTION, SET and TAG values from a previous set ofparti
les. For instan
e, in a simulation you might be 
urious about the 
urrent position of a set of parti
lewhi
h started inside a spheri
al region at step 0. If these parti
le positions are stored in a COR �le at steps0 and 2000, you 
an do the following,
or input.
or 0sele
t ellipse 5 5 5 2 2 2sele
t keep on
or input.
or 2000write sel parti
leThis reads the parti
le positions from �le input.
or at step 0, and sele
ts those parti
le within an ellipsoid
entered at (5,5,5) with axises of length (2,2,2). Sin
e the axises lengths are equal, this is a sphere. Thesele
t keep on 
ommand says that SELECT, SET and TAG information will not be forgotten when the COR
ommand is used. The next 
ommand reads the positions at step 2000, and lastly these positions are writtento the output �le.6.4 Neighbor ListWhen 
al
ulating the energy and for
es over all the atoms, the neighbors for ea
h atom must be known.This 
al
ulation is done separately and stored for future use in a set of arrays 
alled the neighbor list. Thislist is 
al
ulated at the beginning of ea
h run, and it in
ludes all the atom pairs that fall within the potential
uto�s plus an extra 10 %. This extra insures that the neighbor list will be valid until the atoms moveenough to warrant a re
al
ulation of the neighbor list. When two parti
les move a total of more than 10 %,



6. Implementation 9then it is time to re
al
ulate. This value of 10 % 
an be 
hanged by the 
ommand NRANGE. It spe
i�esthe neighbor list 
uto� range as a fa
tor of the potential 
uto� range. The default value is 1.1 (whi
h yieldsa di�eren
e of 10 %).XMD uses two neighbor list algorithms. The older, slower algorithm is SORT. It orders that atoms by sortingthem by their x, y or z dimension, depending on whi
h dimension has the longer range. Then, 
ompares allpairs of atoms whose sorted dimension is within the 
uto� range. It works well when the number of atomsis less than 50,000, but grows 
omparatively slower as the number of atoms in
reases.The new neighbor list algorithm, CELL, works by dividing the spa
e into equal sized 
ubi
 
ells, the sizeof the neighbor range or larger. Then, it 
ompares pair of atoms in neighboring 
ells to determine whi
hatoms are neighbors. This is slightly slower for very small atom sets (around 1000), but grows in
reasingfaster then SORT as the number of atoms grows. The CELL algorithm 
an be
ome ine�
ient in the 
asewhere there is a free surfa
e, and one or more atoms leave the bulk and move through the va
uum, be
auseas the atoms move away, more 
ells are needed to �ll the spa
e. If this happens, you 
an either use repeatingboundary 
onditions large enough to give free surfa
es, or use the slower SORT algorithm.6.5 External For
esThe term external for
e means a for
e that is applied by an external agent, in other words a for
e whi
h is notdue to the atoms themselves. For some simulations it is ne
essary to apply an external for
e to some or all ofthe parti
les. This is sometimes the 
ase in 
ra
k simulations. Ea
h atom 
an experien
e a unique externalfor
e, the only limitation being the 
onvenien
e (or la
k) of setting the for
es. The 
ommand EXTFORCEassigns a single value of the external for
e to the sele
ted parti
les.6.6 Velo
ity DampingIn some simulations it is desirable to dampen the atomi
 motion, perhaps to absorb latti
e vibrationsgenerated by a moving dislo
ation, for example. This 
an be done with the DAMP 
ommand. This 
ommandassigns a damping term to the sele
ted parti
les. The for
e is altered by the addition of the damping term,-Fdamp * vwhere Fdamp is the ve
tor for
e due to the damping term, and v is the ve
tor velo
ity.6.7 Temperature ControlIn mole
ular dynami
s it is usually ne
essary to 
ontrol the temperature of the simulation. There are twotypes of 
ontrol, temperature initialization and temperature maintenan
e. Typi
ally at the beginning ofa simulation the position of every parti
le is spe
i�ed but the velo
ities are not known, only the desiredtemperature is known. The 
ommand ITEMP will assign random velo
ities to all the parti
les with theappropriate Maxwell-Boltzmann distribution for the spe
i�ed temperature. The 
ommand also has theoption of assigning velo
ities in only one or two of the three x,y,z dire
tions (leaving the other velo
itiesun
hanged). This 
an be employed to simulate a two or one dimensional solid, for if the initial 
oordinatesare all 
on�ned to a plane or line, and all the velo
ities normal to the plane or line are zero, then theparti
les will remained 
on�ned to the required geometry. The velo
ities default to zero at the beginning ofa run, and if a run has already been in progress, you 
an initialize the velo
ities to zero expli
itly (using the
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ommand ITEMP 0). Temperature maintenan
e is used to obtain a simulation at a 
onstant temperature.Often one will simulate a phenomena whi
h liberates heat, su
h as a phase transformation or work doneby an external for
e, or perhaps one will simulate a system whi
h absorbs heat. In order to maintain anapproximate 
onstant temperature a "temperature 
lamp" is applied. This is an algorithm whi
h s
ales theinstantaneous velo
ities in order to bring the temperature to its desired value. S
aling is a

omplished bymultiplying ea
h parti
le velo
ity 
omponent by the same fa
tor. Typi
ally you do not want to rea
h yourdesired temperature in one step, be
ause the temperature 
hange will be too abrupt. Early simulations usingjust su
h a s
heme produ
ed marked noise in the high frequen
y end of the phonon spe
trum. So insteadthe velo
ities are s
aled by the 33'rd (default value) root of this "one step" fa
tor. This has the approximatee�e
t of rea
hing the desired temperature after 33 steps. This number along with the desired temperatureis spe
i�ed by the CLAMP 
ommand. If no 
lamp is spe
i�ed (or if a negative 
lamp is spe
i�ed) then notemperature maintenan
e is done, and a adiabati
 simulation results. Su
h a simulation is useful for testingthe stability of the simulation (and hen
e time step size, see the THEORY se
tion above). If the total energyreported by the program for an adiabati
 simulation is not 
onstant, then most likely the time step size istoo large. See the se
tion on TECHNIQUES below for more information on adjusting the time step size.Note that the temperature 
an also be a�e
ts by the VELOCITY 
ommand.6.8 Quen
hingIn some simulations it is desirable to "quen
h" the atomi
 motions during a dynami
s simulation. Thepurpose of quen
hing is to rapidly relax the system to the 
urrent lo
al minimum potential energy. Quen
hinga
ts to alter the atomi
 motion but di�ers from the algorithm used by the CLAMP 
ommand. WhereasCLAMP s
ales velo
ities up or down in order to maintain a spe
i�
 temperature, quen
hing sets the atomi
velo
ities to zero whenever 
ertain 
onditions are met. XMD 
urrently implements two styles of quen
hing.In the �rst method, every atoms' velo
ity is zeroed whenever the total potential energy rises relative to thepre
eding time step. In the se
ond method, an individual atom's velo
ity is zeroed whenever its energyalone rises relative to the pre
eding step. A rise in energy for a parti
ular atom is determined by 
al
ulatedfor ea
h atom. Whenever this quantity is negative for an atom, its velo
ity is set to zero. Quen
hing is
ontrolled with the QUENCH 
ommand.6.9 Fixing Parti
le Positions for Mole
ular Dynami
sFor mole
ular dynami
s simulations the box dimensions for a repeating box is always �xed, there is 
urrentlyno provision for dynami
 simulations with a varying box. However individual parti
les may be �xed using theFIX 
ommand. For example to study the stru
ture of transformation interfa
e you may want to hold BCCand FCC stru
tures �xed at opposite ends of the box (to insure that neither BCC or FCC disappears entirelyfrom the box) and allow the atoms in between move freely in order to study the resulting arrangement. Theinformation about whi
h parti
les are �xed are stored in an array of �ags, one for ea
h parti
le. The 
ommandFIX [ON|OFF℄ will set or unset the �ags of the 
urrently sele
ted parti
les. Initially all �ags are unset. Theparti
les whi
h are �xed are totally equivalent to other parti
les as far as the for
e and energy 
al
ulationsare 
on
erned, but their positions are not updated, and their velo
ities and higher time derivatives are setto zero. When parti
les are �xed, they 
annot 
ontribute kineti
 energy to the system. However, when thekineti
 energy per atom is reported (using the ESAVE or the WRITE EKIN 
ommands) it is normalized bythe number of both �xed and free parti
les. On the other hand, when the temperature is 
al
ulated (whosevalue is reported by the WRITE TEMP 
ommand), it is the temperature of the free parti
les only (that is,the total system kineti
 energy divided by the number of free parti
les).



6. Implementation 116.10 Repeating Boundary ConditionsBy default repeating boundary 
onditions are in e�e
t - this 
an be altered with the SURFACE 
ommand.The purpose of the repeating boundary is to avoid the free surfa
e inherent in a �nite system of parti
les.In the simulation the repeating boundaries form a re
tangular box. The 
oordinates of the box range from0 to some value spe
i�ed with the BOX 
ommand. Repeating boundaries have primarily two e�e
ts on asimulation: (1) parti
les 
lose to opposite walls are 
onsidered to be neighbors (and hen
e intera
t via thepotential) with parti
les 
lose to far wall and (2) parti
les whi
h travel through one wall are translated by thelength of the box so they 
ome ba
k in the opposite wall. This translation is 
alled "wrapping". Wrappingtakes pla
e whenever parti
les are de�ned or displa
ed, and whenever repeating boundary 
onditions are
reated using the SURFACE 
ommand. Be
ause the repeating boundary 
onditions 
an only be in the formof a re
tangular box, their use enfor
es a orthonormal, tetragonal or 
ubi
 symmetry depending on the boxsymmetry.6.11 ConstraintsIt is possible to apply a variety of 
onstraints to parti
les using the CONSTRAIN 
ommand. The �rst formof the 
ommand restri
ts parti
les to motion along a line, or within a plane. This 
onstraint 
an be appliedindividually to parti
les, ea
h parti
le 
an have its own line or plane. The se
ond form of the 
onstraint
ommand imposes a spheri
al wall around the parti
les. Any parti
les whi
h attempt to pass through thewall are re�e
ted ba
k by a harmoni
 spring. This 
an be used to impose a pressure on a simulation - theresulting pressure 
an be monitored by using the WRITE or SSAVE 
ommands to display the system stress.Care must be taken with the 
hoi
e of spring 
onstant, if the 
hoi
e is too large then the motion integrationmay be
ome unstable. It is re
ommended that before doing a produ
tion run, the user �rst do a short runwith no temperature 
lamp to insure that the total energy is 
onserved (see dis
ussion of under TIME STEPSIZE, page 3).6.12 Run Identi�
ationTypi
ally in resear
h one will 
ondu
t a series of runs. To aid in the subsequent identi�
ation of a 
omputerrun, the user 
an assign a run number (with the ?? (RUN 
ommand)) that will be stored in the STATE andRCV �les produ
ed by XMD. Furthermore every step is identi�ed by a number, starting with 0 for the �rststep (i.e. the parti
le 
oordinates before the �rst integration step). In addition to the above output �les,the step is also saved in the ESAVE, BSAVE and SSAVE �les. Additional identi�
ation 
an be provided bya user spe
i�ed title, entered with the TITLE 
ommand. The title is 
omposed of 8 ASCII strings ea
h upto 80 
hara
ters long, it is stored in the STATE, RCV, and COR �les and is written out to the plot output.The 
urrent value of the run, step or title 
an be displayed into the standard output via the WRITE RUN,WRITE STEP, or WRITE TITLE 
ommand.6.13 RCV File FormatThe RCV �le format was originally designed for sending mole
ular dynami
s results (parti
le 
oordinatesfor various time steps) from remote super 
omputers to lo
al workstations using normal phone lines. Some
omputers would freely translate non-ASCII 
hara
ters from one value to another, so the RCV �le formatavoids these 
hara
ters. The resulting format uses standard ASCII text for mis
ellaneous data (i.e. temper-ature, box size, time step, et
.) but the �le format uses a type of en
oding for parti
le 
oordinates. Although
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hemes 
ould be implemented today, the RCV format persists be
ause of the many utility programwritten that require it. The RCV �le 
onsists of one or more equivalent se
tions, ea
h 
ontaining 
oordinatedata and other data for a single simulation step. Besides 
oordinate data ea
h se
tion 
ontains a 100 pointhistogram of the 
oordinate RDF (radial distribution fun
tion). This was originally in
luded in the RCV �lebe
ause the RDF was used regularly and 
al
ulating the RDF was too slow on PC 
lass workstations. TheRDF is 
al
ulated as the number of atom pairs whose radii fall between 0 and twi
e the "unit 
ell distan
e".This unit 
ell distan
e 
an be an arbitrary number but is intended to be the unit 
ell length of a BCC latti
eof the same density as the system being simulated. The assumption about the identity of the "unit 
elllength" is important only for some existing RCV analysis programs. The RDF fun
tion is en
oded using thesame en
oding s
heme as the parti
le en
oding.6.13.1 Coordinate and RDF En
oding S
hemeAll the parti
le 
oordinates are mapped onto a range of integers from 0 to 9999. For dimensions withrepeating boundaries the integer 0 
orresponds to a 
oordinate of 0, and the integer 9999 
orresponds to a
oordinate equal to the box size. For dimensions with free surfa
es, 0 
orresponds to the smallest 
oordinate(whi
h 
ould be less than zero) and 9999 
orresponds to the largest. Ea
h resulting integer is 
oded as a pairof ASCII 
hara
ters. Ea
h ASCII 
hara
ter serves as a single digit in a base 100 representation and rangesfrom 0 to 99. The �rst digit (
all it i) is the low order digit, the se
ond (
all it j) is the high order digit, sothat the resulting integer is 100*j+i. The ASCII 
hara
ters 27 to 126 are mapped into the digits 0 to 99.When 
oding dimensions with free surfa
es the box size be
omes the distan
e between the smallest andgreatest 
oordinate. In addition a se
ond value is stored in ASCII format: the translation. This number issubtra
ted from 0 or the box size to obtain the smallest or greatest 
oordinate respe
tively. The x, y andz 
oordinates of ea
h parti
le are stored sequentially, up to 13 parti
les (or 39 
oordinates or 78 
hara
ters)per line. The en
oding for the RDF is very similar, the main di�eren
e being that (1) only 100 points areen
oded (the points of the RDF) and (2) the integers 0 to 9999 are mapped onto the interval from 0 toMAXTABLE, where MAXTABLE is the maximum value of the RDF.6.14 COR File FormatThe COR �le format is a repla
ement for the RCV �le format. Its design was not restri
ted by the requirementto send �les over normal phone lines. The primary di�eren
es between the COR and RCV formats are
• the COR �le stores the atom types along with the 
oordinates,
• the parti
le 
oordinates are stored as two byte integers (i.e. integers between 0 and 65355).
• the RDF is not stored in the COR �le and
• the COR �le uses non-as
ii 
hara
ters, 
onsequently it is di�
ult (or impossible) to edit with a typi
altext editor. Other information stored in a COR �le
• Number of parti
les,
• Boundary 
onditions,
• Run and Step Number,
• Title,
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• Energies - Kineti
, Potential, Total and "Bath".6.15 Atom PlotsXMD 
an produ
e graphi
al output of the simulation atoms. This is done with the PLOT 
ommands. Withthese 
ommands you 
an
• assign various symbols, sizes and 
olors to atoms,
• sele
t the orientation of the plot,
• set the number of pages,
• plot 'tails' (lines whi
h emanate from ea
h atom to show their motion),
• plot bonds (lines 
onne
ting atoms within a 
ertain distan
e from one another),
• set the output destination (typi
ally a �le or devi
e) and format (typi
ally Posts
ript).6.16 REPEAT CommandOften XMD simulations involve repeating blo
ks of instru
tions. To make these easier to handle there is theREPEAT 
ommand. The REPEAT 
ommand is a simple loop 
ommand that looks like this,repeat 10
md 100write 
or +femelt.
orendAll 
ommands between the REPEAT and the END are repeated 10 times in this example. You 
an evenhave REPEAT 
ommands within other REPEAT 
ommands.6.17 Built-in Cal
ulatorA useful feature of XMD is the built-in line 
al
ulator. It 
an be used in two ways. You 
an use expressionssu
h as sqrt(2) in pla
e of a number for any XMD 
ommand. For example, you 
an have the 
ommandfill 
ell sqrt(2)/2 0 0 0 sqrt(2)/2 0 0 0 1and the value of sqrt(2) will be used the FILL CELL 
ommand. Note that you 
annot have any spa
es in theseexpressions when used this way, otherwise the expression will be 
onsidered to be two (or more) separatevalues.The 
al
ulator 
an also be used to set values. We 
ould have written the above 
ommand asfill 
ell x=sqrt(2)/2 0 0 0 x 0 0 0 1This will set the variable X to sqrt(2)/2 and use this value for the �rst number. Then, it will use this valueof X to set the 5'th number on the line.You 
an also use the 
ommand CALC to perform 
al
ulations on variables (see the se
tion on the ?? (CALC
ommand)). This is espe
ially useful when used with the REPEAT 
ommand, for example
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al
 TEMP=100repeat 5itemp TEMP
md 100write 
or +fetest.
or
al
 TEMP = TEMP + 100endHere we are simulating at system at in
reasing temperatures, starting with 100 Kelvin and in
reasing to500 Kelvin. Note that in the CALC 
ommand you do not need to remove spa
es as you did in the �rsttwo examples. Also, variables are 
ase insensitive, temp means the same as TEMP. Variables set at one pla
ein the program, either by the CALC 
ommand or within other 
ommands as in the �rst two examples, areavailable for the remainder of the program (ex
ept for the limited ex
eption 
overed in the next paragraph).Some 
ommands o�er an additional 
apability. The 
ommands MOVE, DAMP, EXTFORCE andEXTSPRING interpret the variables X, Y and Z in a spe
ial manner (and as a 
onsequen
e, if you usedvariables named X, Y or Z previously, they are not available for this 
ommand). These 
ommands apply
hanges to ea
h individual atom. You 
an use the spe
ial X, Y and Z variables to make these 
hanges afun
tion of the atom's position. See the ?? (MOVE 
ommand) for an example. See the MOVE 
ommandfor an example.6.18 Ma
rosXMD allows the use of "Ma
ros". The �rst use is to allow options to be set from the 
ommand line. Forexample, if you run XMD on the input �le femelt.xm with the following 
ommandxmd femelt.xm third 1200then the arguments "third" and "1200" 
an be used as variables $1 and $2 in the �le femelt.xm as follows,## Read initialize latti
e and dynami
s 
ommands from another file#read femelt.pos## Initialize temperature to "1200"#itemp $2## Instru
t XMD to save energies to file "third.e"#esave 10 $1.e## Perform dynami
s#
md 1000You 
an use up to 9 
ommand line options labeled $1 to $9.You 
an also use the MACRO 
ommand to set ma
ro with any name. For example,
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ro $file femelt...esave 10 $file.ebsave 10 $file.bssave 10 $file.s
md 1000Note that there is no equals sign (=) in this 
ommand. Don't 
onfuse it with the CALC 
ommand! Thema
ro name is 
ase insensitive, $file and $FILE are identi
al. Ma
ro names 
an be any length and 
an
onsist of any 
ombination of letter and numbers, and they 
an start with a number. You 
an even 
hangethe value of the 
ommand line option ma
ros.6.19 Using Color in PlotsWhen plotting you have the option of sele
ting 
olors for atoms. These 
olors are sele
ted using one of two
olor models, the RGB model (red-green-blue) and the HSB model (hue-saturation-brightness). In order toobtain the desired 
olor you must know who these models work.RGB red green blueThe values of red, green and blue 
an range between 0 and 1, and spe
ify the amount of red, green orblue in the resulting 
olor. If (red,green,blue) are (0,0,0), then the 
olor is bla
k, if (1,1,1) then the
olor is white, (1,0,0) is pure red, (0,1,0) pure green, et 
etera.HSB hue saturation brightnessIt may be useful to �x both saturation and brightness to one, and 
ontrol the 
olor ex
lusively bythe hue. This will give you bright 
olors whi
h are relatively easy to distinguish from one another.Here are des
riptions of the HSB parameters. Hue is the shade of 
olor, starting from red and varyinglike the 
olor spe
trum (red, orange, yellow, green, blue, violet, red). Note that the 
olor spe
trum is
y
li
, and hue values of 0 and 1 are equivalent (and both red). Saturation ranges from 0 to 1 - at 1you get the pure hue (whatever it is). At 0 you get a gray. Values of saturation between 0 and 1 mix a
orresponding amount of gray with the 
urrent hue. The shade of gray is 
ontrolled by the brightness(this needs to be 
on�rmed). Brightness also varies from 0 to 1. A brightness of 0 gives bla
k regardlessof the Hue and Saturation values. A brightness of 1 gives the most 
olor if your saturation is 1, orgives a pure white if your saturation is 0.6.20 Parallel Pro
essingXMD 
an be 
ompiled to run on parallel 
omputers whi
h support POSIX threads. POSIX threads is astandard way of 
reating and 
ontrolling 
on
urrent pro
esses on a parallel ma
hine. Only SMP 
omputersare likely to support POSIX threads, these are "shared memory" systems that typi
ally have up to 8 or 16
pus. Massively parallel ma
hines do not typi
ally support this. At this time (Aug 1998) the SMP versionof XMD has only been tested on a 2 CPU Pentium II 266 mhz running Linux version 2.0.32. It is expe
tedthat is will run �ne under other versions of Linux for Intel. Other ar
hite
tures are an unknown.Currently only the EAM potential 
an take advantage of parallel pro
essing. Typi
al speed up on our 2 
puma
hine has been 1.95, that is two 
pus run 1.95 times faster than one 
pu.
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ompile the parallel version, you must 
ompile with the threading pa
kage. You 
an do this by runningthe 
ommand./
onfigure --with-pthreadafter you unpa
k the sour
e 
ode. For more details, see the README �le in
luded with the sour
e 
ode.6.21 Reprodu
ibilityTheoreti
ally, if you repeat a mole
ular dynami
s simulation, the results of the se
ond should exa
tly equalthe �rst. We 
all this property "reprodu
ibility". In pra
ti
e, however, this is not always true. This isa 
onsequen
e of subtle intera
tions between XMD 
ommands and 
omputer round-o� error. Before wedes
ribe these subtle intera
tions, lets talk brie�y about 
omputer round-o� error.6.21.1 Computer Round-o� ErrorIn mathemati
s, the addition and multipli
ation exhibit the asso
iative property,a + (b + 
) = (a + b) + 
On the 
omputer, this property does not hold exa
tly. Consider the following numeri
 example of the aboveequation,-1e50 + (1e50 + 1) = (-1e50 + 1e50) + 1Although you 
an see by the laws of algebra that the two sides of this equation are equal, if you enter theminto a typi
al 
al
ulator or 
omputer program, the equation will be
ome0 = 1The problem is that the 
omputer 
ombines 1e50+1 to get 1e50, be
ause it does not have enough pre
isionto di�erentiate between 1e50 and 1e50+1. This is 
alled Computer Round-o� Error. This is an extremeexample, but smaller versions o

ur all the time, where the result of a large number of sums depends onthe order in whi
h the sums were done. These kinds of sums o

ur throughout XMD in the for
e andenergy 
al
ulations. If two otherwise identi
al runs perform these sums in di�ering order, then there will besmall di�eren
es in atomi
 for
es, whi
h in turn will a�e
t the values of velo
ities, positions and energies.Furthermore, it is a well known property of atomi
 ensemble traje
tories that small di�eren
es between twotraje
tories tend to grow larger with time. So, after 1000 or more steps, these small di�eren
es 
an be
omelarge enough to observe.6.21.2 Subtle XMD Command Intera
tionsWe will des
ribe here some spe
i�
 
ases in XMD simulations where round-o� error 
an a�e
t reprodu
ibility.In versions of XMD prior to 2.5.22, atom that passed through the walls of a repeating box would not bewrapped ba
k until a neighbor list was 
al
ulated, or until the atom 
oordinates were written to a �le usingWRITE RCV, WRITE COR, WRITE STATE or WRITE PARTICLE. Theoreti
ally the simulation should
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ted as long as the atoms neighbor are 
orre
tly identi�ed. However, due to round-o� error, resultswill di�er when using wrapped and un-wrapped 
oordinates. Thus, for instan
e, if you ran a simulation for10000 steps without writing a COR �le, and then reprodu
ed the same simulation but wrote a COR �le every1000 steps, the traje
tory for the two simulation would start to diverge after the �rst 1000 steps, althoughit might not be dete
table in the output for another 1 000 or more additional steps. Version 2.5.22 of XMDwraps the parti
les after every CMD steps, eliminating this sour
e of irreprodu
ibility. Prior to this 
hange,one must be 
areful to reprodu
e all the WRITE COR, WRITE RCV, WRITE PARTICLE, et
 statementsbetween two runs to obtain identi
al results.Another sour
e of irreprodu
ibility is the STATE 
ommand. In version of XMD prior to 2.5.22, if for instan
eyou ran a simulations for 10000 steps and saved the state halfway (at step 5000) using the WRITE STATE
ommand, you would �nd upon restarting the simulation at step 5000 from the state �le that the traje
torydiverged from the original. The sour
e of this dis
repan
y is the neighbor list, be
ause upon restartingXMD with the state �le at step 500 the neighbor list is 
al
ulated fresh, but in all likelihood the neighborlist at step 5000 in the original simulation was older. While the two neighbor lists give identi
al neighbors,the may tabulate neighbors in a di�erent order. This di�eren
e in order 
an (and probably will) lead toround-o� error as des
ribed above. This sour
e of irreprodu
ibility was addressed in XMD version 2.5.22, byre
al
ulating the neighbor list in the original simulation whenever WRITE STATE is 
alled. In this way theneighbor lists for the two runs will be in identi
al order at step 5000, and hen
e the traje
tories will remainin syn
.However, a related sour
e of irreprodu
ibility still persists in XMD Version 2.5.22 and beyond, but thisversion does not exist in previous versions. If you 
ompare two otherwise identi
al runs, but one 
allsWRITE STATE during the simulation while the other doesn't, then the WRITE STATE 
ommand willre
al
ulate the neighbor list. At this point in the traje
tory, the neighbor lists will di�er, and the atomi
traje
tories will diverge. The 
ure for this is to only 
ompare simulations whi
h 
all WRITE STATE in theexa
t same sequen
e.7 Command SummaryIn this se
tion is listed the 
ommands to XMD. Some of these 
ommands are shared by previous programs,namely CDCMD (an older version of XMD) and PLOTL (the PC latti
e manipulation program used for
reating and printing latti
es). The 
ommand des
riptions below adhere to the following syntax:
• The 
ommand lines are written in bold.
• Items in UPPERCASE must be entered exa
tly as shown (although the 
ase entered is irrelevant).
• Items in lower 
ase are to be substituted with the appropriate value.
• Items en
losed in square bra
kets [ ℄ are optional.
• Items separated by verti
al bars | are 
hoi
es.
• Choi
es en
losed by 
urly bra
kets { } are required, one must be entered.# (
omment)* (
omment)BOX [SCALE℄ xbox ybox zbox



7. Command Summary 18BSAVE nskip fileCALC {expression..}CLAMP [SEL℄ { temp 
step | OFF }CMD nstepCONSTRAIN OFFCONSTRAIN { LINE | PLANE } xdir ydir zdir xpnt ypnt zpntCONSTRAIN CAVITY ELLIPSOID x
 y
 z
 xa ya za springCONSTRAIN CAVITY SPHERE x
 y
 z
 radius springCOR file [ [ run ℄ step ℄DAMP { OFF | ON [ [ formula [ formula .. ℄ ℄ damp℄ }DISP [SEL℄ { CLEAR | MOVE [s
ale℄ | READ n | REFCALC | SCALE s
ale }DTIME dtimeDUP ndup xdisp ydisp zdispECHO { ON | OFF }ERASE fileESAVE nskip fileEUNITEXTFORCE { CLEAR | [ formula [ formula .. ℄ ℄ fx fy fz }EXTSPRING { CLEAR | [ formula [ formula .. ℄ ℄ kx ky kz }FIX {ON | OFF }FIX { ON | OFF }FILL ALIGN x y zFILL BOUNDARY BOX x1 y1 z1 x2 y2 z2FILL BOUNDARY SPHERE radius x
enter y
enter z
enterFILL BOUNDARY CYLINDER r length x
 y
 z
 xorient yorient zorientFILL CELLax ay azbx by bz
x 
y 
zFILL GOFILL MARGIN marginFILL ORIENT ax ay az bx by bz 
x 
y 
zFILL PARTICLE ntype x y z....ITEMP [SEL℄ temp [ X | Y | Z ℄ [ X | Y | Z ℄ ...LABEL nlabel... (up to 8 lines)MACRO name valueMACROF name format valueMASS massMC nstep dtempMOVE [ formula [ formula .. ℄ ℄ xdisp ydisp zdispNRANGE ratioNSEARCH { CELL | SORT }PARTICLE [ADD℄ np.. type x y z



7. Command Summary 19PLOT BOND { OFF | ON lo hi }PLOT DEVICE { CANON | POSTSCRIPT }PLOT DISP { ON | OFF | SCALE s
ale }PLOT LABEL { ON | OFF }PLOT LAYER nlayer [ l1 [ l2 [ l3 .. ℄ ℄ ℄PLOT ORIENT { y/z z/y x/z z/x x/y y/x }PLOT PAGE npagePLOT SIZE xin
h yin
hPLOT SYMBOL [FILL|FILLALL℄ [ RGB red green blue | HSB hue saturation brightness ℄{ NON | CIR | CRO | TRI | ITR | DIA | AST | SQU | NUM } radiusPLOT WRITE [SEL℄ [+℄filePOSITION [ADD℄ np.. type x y zPOSVEL [ADD℄ np.. type x y zPOTENTIAL SET { EAM ntype | PAIR ntype | STILL | TERSOFF }PRESSURE ANDERSEN xmass [ymass [zmass℄℄PRESSURE CLAMP bulkmodulus [
step℄ (bulk in units of MBAR)PRESSURE EXTERNAL pressureX [ pressureY [ pressureZ ℄ ℄ (Units of MBAR)PRESSURE { ISOTROPIC | ORTHORHOMBIC }PRESSURE OFFPSTRAIN e dx dy dz nx ny nzQUENCH nstep [nquen
h℄RCV file [ [run℄ step ℄READ fileREFSTEP [CLEAR | COPY | SWAP℄REMOVEREPEAT nrepeat... ENDREPEAT { COR | RCV } filename [ step1 [ step2 ℄ ℄... ENDROTATE xaxis yaxis zaxis x
enter y
enter z
enter angleRUN runSCALE xs
ale [ys
ale [zs
ale℄℄SCREW xburgers yburgers zburgers xorg yorg zorg [ xref yref zerf ℄SEED seedSELECT [AND | OR | NOT | XOR ℄{ ALL| BOX x1 y1 z1 x2 y2 z2| EATOM lo hi| ELLIPSE x
 y
 z
 xr yr zr| ILIST nlisti1 i2 i3 .....| INDEX i1 [i2 [iskip℄℄| NEAR n [ INDEX index | POINT x y z | SET set ℄| NEAR [ n ℄ RADIUS r1 r2 [ INDEX index | POINT x y z | SET set ℄| NONE



8. Commands 20| PLANE xn yn zn x1 y1 z1 x2 y2 z2| SET set| TAG tag| TYPE type| VELOCITY [ ABS ℄ { X | Y | Z | MAG } lo hiSELECT KEEP { ON | OFF }SET { ADD | SUB | CLEAR } setSIZE sizeSSAVE nskip fileSTATESTEP stepSTRESS THERMAL { ON | OFF }SURFACE { ON | OFF } { X | Y | Z } [ X | Y | Z | ON | OFF ℄ ...TAG tagTYPE typeTYPELIST [ SEL ℄ ntypeTYPENAME t1 name1 [ t2 name2 ℄ [ t3 name3 ℄ ... [tn namen℄VELOCITY { LINEAR | ANGULAR } dx dy dz magnitudeVERBOSE { ON | OFF }WAVE phase dx dy dz kx ky kzWRITE [SEL℄ COR [+℄fnameWRITE [SEL℄ PDB [+℄fnameWRITE [SEL℄ RCV [+℄fnameWRITE [SEL℄ XMOL [+℄fnameWRITE [SEL℄ [NOHEAD℄ {ILIST | TYPELIST} [ [+℄fname ℄WRITE [SEL℄ [FILE [+℄fname℄ { STRESS }WRITE [SEL℄ [NOHEAD℄ [FILE [+℄fname℄ [AVG℄ [MIN℄ [MAX℄{ FORCE | PARTICLE | POSITION | POSVEL | VELOCITY }WRITE [SEL℄ [NOHEAD℄ [FILE [+℄fname℄ { DISP }WRITE [SEL℄ [FILE [+℄fname℄ { EXTFORCE | EXTSPRING }WRITE [SEL℄ [NOHEAD℄ [FILE [+℄fname℄ EATOMWRITE [SEL℄ [NOHEAD℄ [FILE [+℄fname℄ MASSWRITE [SEL℄ [FILE [+℄fname℄ { TEMP | EKIN | EPOT | ENERGY }WRITE [SEL℄ [NOHEAD℄ [FILE [+℄fname℄ VAR [ opt [ opt [ opt ... ℄ ℄WRITE [NOHEAD℄ [FILE [+℄fname℄ RDF ntable rmin rmax [type1 type2℄WRITE [FILE [+℄fname℄ { BOX | RUN | STEP }WRITE STATE fname8 Commands
\ (ba
kslash)This is not really a 
ommand, but a spe
ial 
hara
ter whi
h 
an be used to extend a 
ommand ontomultiple lines. When the last 
hara
ter in a 
ommand is a " \ " , then the next line appended tothe end of the 
urrent line. A 
ommand 
an span multiple lines, but it is limited to 1024 
hara
ters(typi
ally between 12 and 20 lines).



8. Commands 21# (pound sign)* (asterisk)Used for 
ommenting instru
tion �les. Lines whose �rst non-blank 
hara
ter is an asterisk or a poundsign will be ignored.BOX [SCALE℄ xbox ybox zboxSpe
i�es the box size (in angstroms). The box size is relevant when (1) performing a 
al
ulation withrepeating boundary 
onditions (see option SURFACE) and (2) when writing a RCV �le (see RCV). Ifthe option s
ale is 
hosen then any existing 
oordinates will be re-s
aled (relative to the previous boxsize) to �t the new box.BSAVE nskip �leCauses CMD simulations to save the step number and the x, y and z box sizes every nskip steps in�le. This is useful for monitoring the box size when using the PRESSURE 
ommand whi
h allows thebox size to 
hange.CALC {expression..}CALC is a ri
h 
ommand whi
h provides a simple 
omputational language. For instan
e if the 
ommandCALC x = 2^(1/3)is given, then a variable x is 
reated that is set equal to 2 to the 1/3 power. Later one 
ould have a
ommandSCALE xwhi
h would s
ale all the parti
les (and box) by 2�(1/3). This variable 
an also be written out withthe statementWRITE X(see the WRITE string 
ommand below). Furthermore in all 
ommands whi
h require a number, analgebrai
 expression may be used (provided there are no embedded blanks). Thus you 
ould also havethe 
ommandSCALE 2^(1/3)The allowed operators are: + - * / � ( ) =There are also allowed fun
tions whi
h are: sin() 
os() tan() exp() log() log10() a
os() asin() atan()abs() sqrt() int() rand(). The fun
tions sin(x), 
os(x) and tan(x) expe
t angle x to be in radians. Thefun
tions asin(x), a
os(x) and atan(x) return the angle in units of radians. The fun
tion exp(x) returne�x. The fun
tion log(x) returns log base e of x, log10(x) returns log base 10. The fun
tion abs(x)returns the absolute value of x. The fun
tion sqrt(x) returns the square root of x. The fun
tion int(x)returns the integer portion of x. The fun
tion rand(x) returns a random number from the uniformdistribution between 0 and x.There are two built in 
onstants: pi and e.There 
an be up to 128 variables set 
reated in one program. See more on CALC under the se
tion on?? (implementation).



8. Commands 22CLAMP [SEL℄ {temp [
step℄ | OFF }Maintains the temperature for both MC and CMD simulations. For the MC temp is used as theBoltzmann temperature and 
step is ignored.For the CMD the parti
les velo
ities are s
aled by (T/temp)(1/(2*
step)) at ea
h CMD time step.Here T is the instantaneous system temperature. The appli
ation of this fa
tor has the e�e
t of for
ingthe parti
le velo
ities to a value appropriate for the temperature temp. The parameter 
step is usedto 
ontrol the rapidity at whi
h the target temperature is approa
hed. If temp is set to -1, then notemperature 
lamp is used (this would be an adiabati
 system). See se
tion on Temperature Control.XMD 
an maintain up to 4 separate parti
le groups at di�erent temperatures. When the SEL optionis used, the temp and 
step or the OFF setting is applied to the sele
ted parti
les, the CLAMPsettings for all other parti
les remain un
hanged. When the CLAMP 
ommand is given without theSEL option, then all parti
les are set the same.CLAMP INFOThis prints information about the up to 4 separate 
lamp settings.CMD nstepInitiates a CMD simulation for nstep time steps. If ESAVE, BSAVE, SSAVE or TSAVE have beenimplemented then the 
orresponding data will be written to disk. Commands whi
h dire
tly af-fe
t the 
ourse of the CMD simulation are CLAMP, CONSTRAIN, DAMP, DTIME, EXTFORCE,EXTSPRING, FIX, MASS, and SURFACE; as well as the parti
le types and 
oordinates as determinedby PARTICLE, TYPE and STATE; and the interatomi
 potential as determined by POTSTATE andPOTENTIAL 
ommands.CONSTRAIN OFF | {LINE | PLANE} xdir ydir zdir xpnt ypnt zpntApplies (LINE or PLANE) or removes (OFF) a 
onstraint to the sele
ted parti
les. The LINE andPLANE 
onstraints for
e a parti
le to remain on a line or plane, regardless of the for
es it experien
es.In pra
ti
e this is done by ignoring any for
es whi
h are normal to the line or plane. The values xdir,ydir, zdir spe
ify either the line dire
tion or the plane normal. The values xpnt, ypnt, zpnt spe
ify a
oordinate within the line or plane (it 
an be any one of many 
oordinates) - this is ne
essary to lo
atethe line or plane somewhere in spa
e.CONSTRAIN CAVITY ELLIPSOID spring x
enter y
enter z
enter xaxis yaxis zaxisCONSTRAIN CAVITY SPHERE spring x
enter y
enter z
enter radiusThis 
ommand pla
es an ellipsoidal " 
avity " in the simulation. The 
avity walls re�e
t parti
les.When a parti
le passes into a wall it experien
es a spring for
e pushing ba
k out. The for
e is equal toF = 1/2 * spring * dq ^2where dq is the normal distan
e from wall to the parti
le, and spring is the spring 
onstant. On
e theparti
le passes ba
k out of the wall, it no longer feels the for
e. Only one 
avity 
an be present in asimulation. All parti
les will be a�e
ted by the wall. (x
enter,y
enter,z
enter) spe
i�es the 
enter ofthe 
avity. For a spheri
al 
avity, radius is the radius. For an ellipsoidal 
avity, (xaxis,yaxis,zaxis) arethe x,y,z half-axis, analogous to spheri
al radii. They measure the distan
e from the ellipsoid 
enterto the ellipsoid wall in the x,y,z dire
tions. Please note the following things about the CONSTRAINCAVITY 
ommand.
• (1) Only one 
avity 
an be present in a simulation.
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• (2) The 
avity is a�e
ted by the SCALE 
ommand. If the SCALE 
ommand s
ales non-uniformly(di�eren
e s
ale in x, y and z dire
tions) then the an initially spheri
al 
avity will be
ome anellipsoid, the same as if it had been made with the CONSTRAIN CAVITY ELLIPSOID 
ommandabove.
• (3) The 
avity does know about repeating boundary 
onditions, so it 
an overlap the box.
• (4) The ellipsoid 
avity 
an only be orientated with its axis along the x, y and z dire
tions.
• (5) A spring 
onstant that is too large will 
ause instability in the integration algorithm, thesame kind of instability as having a time step too large. As a rough guide, make sure that springsatis�es the following relation,k = 4 pi^2 m / t^2where k is the spring 
onstant, m is the mass in grams of the lightest parti
le in the simulation,and t is the time step size in se
onds.COR �le [ [run℄ step℄Reads a COR step from �le. If step is spe
i�ed then the data for that step is read; otherwise the�rst step in the �le is read. If step is not in the �le then an error message is given and the program
ontinues. If run is spe
i�ed (whi
h implies that step is also spe
i�ed) then only the data that belongsto the run and step are read. If step is spe
i�ed without run, and two COR steps have the same stepnumber, then only the �rst is read. When both run and step are spe
i�ed and no mat
hing COR stepis found, then an error message is given and the program 
ontinues.The COR 
ommand di�ers from the RCV 
ommand mainly be
ause is reads in parti
le types as wellas 
oordinates.DAMP { OFF | ON [ damp ℄ }Ea
h atom has its own individual velo
ity damping 
oe�
ient (see se
tion 6). If ON is spe
i�ed alongwith damp then spe
i�ed damping 
oe�
ient is applied to the sele
ted atoms, and damping will beperformed for ea
h dynami
s step. If damp is not spe
i�ed, the atomi
 damping 
oe�
ients will not be
hanged, and damping will be performed with ea
h dynami
s step. If OFF is spe
i�ed, then dampingwill not be performed, but the previous set of damping 
oe�
ients will be remembered, and 
an beapplied by a subsequent DAMP ON 
ommand.The expression for damp 
an 
ontain the variables x, y and z, whi
h will equal the 
oordinates ofea
h atom. Thus you 
an apply a damping term that is a fun
tion of individual atom's position. Theoptional formula expression 
an initialize one or more variables for subsequent use in the expressionsdamp. See the MOVE 
ommand for an example.DISP [SEL℄ { CLEAR | MOVE [s
ale℄ | READ n | REFCALC | SCALE s
ale }This 
ommand manipulates the displa
ements. Ea
h parti
le 
an have a displa
ement asso
iated withit. These displa
ements 
an be used to move the parti
les. Displa
ements 
an be written out using theWRITE DISP 
ommand (see the WRITE 
ommand). You 
annot write out the displa
ements untilyou use the DISP 
ommand to 
reate them.Note however, that the results of the PLOT DISP 
ommand is not a�e
ted by this 
ommand. For thePLOT DISP 
ommand the displa
ements are 
al
ulated independently.CLEARCLEAR resets displa
ements to zero. If SEL is spe
i�ed, only those sele
ted parti
les havetheir displa
ements reset. Without the SEL option, all displa
ements are reset (and the memoryrequired for displa
ements is released).



8. Commands 24MOVEMOVE option adds the displa
ements to the 
urrent parti
les. The SEL option 
auses the sele
tedparti
les to be moved.READREAD n reads the value of displa
ements from the input. The displa
ements should follow onthe next line, with enough values for ea
h 
oordinate of all the parti
les (or the sele
ted parti
lesif SEL is set).REFCALCREFCALC set the displa
ement to the di�eren
e between the 
urrent parti
les and the referen
eparti
les (
urrent - referen
e). If SEL is set, only those displa
ements are a�e
ted.SCALESCALE s
ale multiplies all the displa
ements (or the sele
ted displa
ements if SEL is set) by theamount s
aleDTIME dtimeThis sets the value of the CMD time step in units of se
onds. The optimum value of the time step issmall enough to result in a stable integration of for
es but large enough to provide an e�
ient use of
omputer time. See se
tion on te
hniques for determining the optimum value of dtime.DUP ndup xdisp ydisp zdispThe DUP 
ommand is used to 
reate parti
les. Its need has been superseded by the newer FILL
ommand.DUP dupli
ates the sele
ted parti
les (see SELECT below) ndup times and displa
es ea
h dupli
atein the x, y and z dire
tions by xdisp, ydisp and zdisp; relative to the previous dupli
ate. For examplethe 
ommandDUP 3 1 0 0will dupli
ate the sele
ted parti
les three times. The �rst, se
ond and third set are o�set from theoriginal parti
les by (1 0 0), (2 0 0), and (3 0 0) respe
tively. At the end of the 
ommand all previouslysele
ted parti
les and the newly 
reated dupli
ates are sele
ted. In the example at the end of thisdo
ument the DUP 
ommand is used to 
reate a BCC latti
e.ECHO { ON | OFF }By default every 
ommand read by XMD is e
hoed to the output. This e
hoing 
an be 
ontrolled withthe ECHO 
ommand. ECHO OFF will stop 
ommand e
hoing. ECHO ON is the default.ERASE �leErases the �le name file. This is useful if you want to add simulations steps to the end of a �le butyou want to �rst 
lear the �le as shown in this example,erase au
ra
k.
orrepeat 10
md 1000write 
or +au
ra
k.
orend



8. Commands 25ESAVE nskip �leCauses MC and CMD simulations to save the energy every nskip steps in �le. For MC simulation twonumbers are saved at ea
h relevant step; the step number and the total potential energy (in that order).For the CMD 
ase four numbers are saved: the step number, the total energy (the potential plus thekineti
 energy), the potential energy , and the kineti
 energy. Note that the potential energy in
ludesthe energies due to external for
es, as spe
i�ed with the EXTFORCE and EXTSPRING 
ommands.EUNIT [ ERG | EV | JOULE | K | uname uvalue ℄Sets the units for energy, either ergs, ele
tron volts, joules, Kelvin or a user spe
i�ed name and unit.uvalue is the ratio of the unit uname to ergs. All energies printed by the program (either via theESAVE 
ommand or the WRITE ENERGY 
ommand) will be in the units spe
i�ed. The for
es reador written by the EXTFORCE 
ommand or the WRITE FORCE 
ommand will be in the spe
i�edunits per 
entimeter. The spring ve
tors read by the EXTSPRING 
ommand will be the in spe
i�edunits per 
entimeter squared. If no value is spe
i�ed on the EUNIT 
ommand line then the 
urrentvalue of uname and uvalue will be printed. The program default vaule for EUNIT is Kelvin (or putanother way, the default value is the inverse of Boltzman's 
onstant).EXTFORCE { CLEAR | [ formula [ formula .. ℄ ℄ fx fy fz }Pla
es an external for
e on sele
ted atoms equal to fx, fy, fz. If the CLEAR option is spe
i�ed thenfor
es on all atoms are reset to zero (" all the atoms " means not only the sele
ted atoms). The unitfor the for
es is the energy unit spe
i�ed by EUNIT (the default is ergs) divided by 
entimeters.The EXTFORCE 
ontributes to the potential (and total) energy written by the ESAVE 
ommand,but not to the energy written by the WRITE ENERGY 
ommand. The energy for an atom under anexternal for
e isE = - F (r - r0)where F is the applied for
e, r is the atom position, and r0 is the atom position at the time theEXTFORCE 
ommand was issued. Thus, for instan
e, this energy is zero if an atom is stationary.The external for
es 
reated with this 
ommand will be stored in the state �le (see the WRITE STATE
ommand).The expressions for fx fy and fz 
an 
ontain the variables x, y and z, whi
h will equal the 
oordinatesof ea
h atom moved. Thus you 
an apply an external for
e that is a fun
tion of an individual atom'sposition. The optional formula expression 
an initialize one or more variables for subsequent use inthe expressions fx, fy and fz. See the MOVE 
ommand for an example.EXTSPRING { CLEAR | [ formula [ formula .. ℄ ℄ kx ky kz }Pla
es an external spring on sele
ted atoms. If the CLEAR option is spe
i�ed then all of the externalsprings are removed ("all the external springs" means not only those on sele
ted atoms). The dire
tionof the spring's for
e is parallel to the spring ve
tor (kx, ky, kz). Also, only the atom's displa
ementparallel to the ve
tor determines the magnitude of the for
e. The a
tual equation used iswhere F is the for
e due to the spring, r is the atom position, r0 is the atom position at the timethe EXTSPRING 
ommand was issued, k is the spring ve
tor and is a unit ve
tor parallel to (kx, ky,kz). The energy due to external springs is in
luded in the potential (and total) energy written by theESAVE 
ommand, but not by the WRITE ENERGY 
ommand. The units of the spring ve
tor are the



8. Commands 26energy units spe
i�ed by EUNIT (the default is ergs) divided by 
entimeters squared. The externalsprings 
reated with this 
ommand will be stored in the state �le (see the WRITE STATE 
ommand).The expressions for kx, ky and kz 
an 
ontain the variables x, y and z, whi
h will equal the 
oordinatesof ea
h atom moved. Thus you 
an apply an external spring that is a fun
tion of an individual atom'sposition. The optional formula expression 
an initialize one or more variables for subsequent use inthe expressions kx, ky and kz. See the MOVE 
ommand for an example.FILL ...The FILL family of 
ommands is used for 
reating latti
es. It 
an 
reate a regular latti
e in anyorientation and with any basis ve
tors and basis atoms. Please see the ?? (se
tion on the FILL
ommand).FIX { ON | OFF }For CMD simulations FIX 
auses the sele
ted parti
les to be either �xed (ON option) or free (OFFoption). If FIX is not spe
i�ed then the parti
les are free. See the se
tion on ?? (�xed atoms) above.ITEMP SEL temp [X|Y|Z℄ [X|Y|Z℄ ..Assigns random velo
ities appropriate to temp to all the parti
les. The assigned velo
ities are 
hosenat random but 
onform to a Boltzmann distribution. Normally random values are assigned to all
omponents of the velo
ity, x, y and z. However when performing a two or one dimensional simulation,you will want to assign velo
ities to spe
i�
 
omponents only. By spe
ifying spe
i�
 dire
tions su
h asX, Y or Z you 
an assign values to those 
omponents only. The remaining 
omponents will be set tozero. As an example, if you are running a two dimensional simulation in the xy plane, the 
ommandITEMP 100 X Ywill assign velo
ities in the x and y dire
tions, and set the z 
omponent to zero. If in addition theparti
les all have the same z 
oordinates, then the motion will be 
on�ned to the xy plane. See alsothe VELOCITY 
ommand.LABEL nlabelThis 
ommand is followed by nlabel lines of text, nlabel must not ex
eed 8. The text is used to addnotes to simulations �les, and is stored in COR, RCV and state �les, as well as written out on plots.MACRO name stringThis 
ommand assigns a string to the name. For example,ma
ro fname femeltesave 10 $fname.ebsave 10 $fname.bssave 10 $fname.stells XMD to repla
es "$fname" with "femelt", so that the resulting �le names will be femelt.e, femelt.band femelt.b.Ma
ros are repla
ed upon input before any other pro
essing is done. One 
onsequen
e is that ma
rosubstitution is done before the 
ommands are printed to output, so you will see the substituted ma
rosin the output.You 
an have blanks in the ma
ro value, the ma
ro value is the string 
omprised of the �rst non-blank
hara
ter after the ma
ro name until the end of the line. So you 
an have the following ma
ro
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ro sbox sele
t box$sbox 0 0 0 5 10 10$sbox 5 0 0 10 10 10This will expand toma
ro sbox sele
t boxsele
t box 0 0 0 5 10 10sele
t box 5 0 0 10 10 10The ma
ro name 
an be any sequen
e of numbers and 
hara
ters, and 
an even start with a number,su
h asma
ro 1st out1ma
ri 2nd out2Sometimes you need to tell XMD where the ma
ro name ends, for examplema
ro fname 
u_fitsele
t type 1## We want to write COR file to "
u_fit1.
or"## This will write to ".
or"#write 
or $fname1.
or## This will write to "
u_fit1.
or"#write 
or $(fname)1.
or## This will write to "
u_fit.
or"#sele
t allwrite 
or $fname.
orIn the �rst write 
or 
ommand, XMD thinks you want the ma
ro named "fname1", but there is notsu
h ma
ro, so this ma
ro name is removed and nothing is put in its pla
e. The se
ond write 
orstatement pla
es "fname" in parenthesis, whi
h indi
ates that this is the ma
ro name. The third write
or statement does not need the parenthesis be
ause XMD knows that ma
ro names do not in
ludeperiods (.), so the ma
ro name must end there.There are 9 spe
ial built-in ma
ros, $1 through $dollar;9, these represent 
ommand lines parameters.See the se
tion on the ?? (implementation of ma
ros).MACROF name format variableThis 
ommand is similar to MACRO, but is assigns a CALC variable to a ma
ro. For instan
e, if youwant to write an individual COR �le for spe
i�
 steps,repeat 5
md 40ma
rof fname simul%03d nstepwrite 
or $fname.
orend



8. Commands 28This would write the �les simul040.
or, simul080.
or, simul120.
or, .. simul200.
or. The formatparameter follows the standard of the C language printf() 
ommands and 
an be either %d %i %u %x%f %e . Please see information for the C language printf() 
ommand. Under some Unix installations,you 
an learn more about printf with the 
ommandman printfMASS massAssigns mass to all sele
ted parti
les (units are atomi
 mass units).MC nstep tempPerform a MC simulation for nstep steps and at temperature temp. The 
ourse of Monte Carlosimulations is a�e
ted by the 
ommands CLAMP and SIZE. The 
ommand ESAVE a�e
ts the outputfrom these simulations.MOVE [ formula [formula .. ℄ ℄ xdisp ydisp zdispMoves the sele
ted parti
les by xdisp, ydisp and zdisp. The expressions for xdisp, ydisp and zdisp
an 
ontain the variables x, y and z, whi
h will equal the 
oordinates of ea
h atom moved. Thusyou 
an apply a displa
ement that is a fun
tion of individual atoms. The optional formula expression
an initialize one or more variables for subsequent use in the expressions xdisp, ydisp and zdisp. Asan example, suppose we want to use the MOVE 
ommand to displa
e atoms away from the point(x0,y0,z0) by an amount exp(-r/5), where r is the distan
e from point (x0,y0,z0). We 
an use thefollowing 
ode to do this,CALC x0=5.0CALC y0=5.0CALC z0=5.0MOVE dx=x-x0 dy=y-y0 dz=z-z0 r=sqrt(dx^2 + dy^2 + dz^2) /dx*exp(-r/5) dy*exp(-r/5) dz*exp(-r/5)The �rst three CALC statements initialize values for x0, y0 and z0, whi
h will serve as the 
enter for theatomi
 displa
ements. The MOVE 
ommand initializes four variables, dx, dy, dz and r, whi
h are thenused to spe
ify the displa
ements. Note that the last three expressions are the a
tual displa
ements.Also note the use of the ba
kslash 
hara
ter, " / " . When this 
hara
ter is the last 
hara
ter on aline, the 
ommand is 
ontinued on the next line. The ba
kslash 
hara
ter may be used for any numberof lines, as long as the resulting 
ommand does not ex
eeded 1024 
hara
ters. Typi
ally this is about12 to 20 lines.NRANGE ratioSet's the range needed by the neighbor sear
h algorithm (see the se
tion on ?? (Neighbor List)). Thisneighbor range is longer than the interatomi
 potential range. The neighbor list in
ludes all parti
lepairs whose separation is ratio times the maximum 
uto� distan
e for the interatomi
 potentials (ioni
and ele
tron density for various spe
ies). By default ratio is 1.1. For a given potential the optimumvalue (in terms of 
omputer time used) may vary.NSEARCH { CELL | SORT }Set's the neighbor sear
h algorithm (see the se
tion on ?? (Neighbor List)). The CELL algorithm isthe default; it is a newer, faster algorithm introdu
ed in XMD version 2.5.37. Previously, the SORTalgorithm was the sole neighbor list algorithm. Not only is the CELL algorithrm relatively faster, butits advantage over the SORT algorithm in
reases as the number of atoms in
rease.



8. Commands 29PARTICLE [ADD℄ npSee the ?? (POSITION 
ommand).PLOT BOND { OFF | ON lo hi }Plots "bonds" between atoms. All atoms between lo and hi angstroms apart will be 
onne
ted by lines.PLOT DEVICE { CANON | POSTSCRIPT }Spe
i�es the printer to be used for plot output. The default depends on the installation.PLOT DISP { ON | OFF | SCALE s
ale }Swit
hes on/o� displa
ement plotting. If REFSTEP has been spe
i�ed previously in a program, thenwhen the PLOT statement is given, atomi
 displa
ements will be plotted (if swit
hed on). s
ale spe
i�esa magni�
ation s
ale for the displa
ement lines.PLOT LABEL { ON | OFF }By default, XMD prints a des
ription of every plot page, whi
h in
ludes the run number, the stepnumber, and up to eight lines spe
i�ed by the LABEL 
ommand. To print an atom plot with *no*label, use the PLOT LABEL OFF 
ommand.PLOT LAYER nlayer [layer1 [layer2 ..... ℄℄Chooses the layers for parti
le plot. nlayer is the number of layers into whi
h the box is divided (inthe dire
tion spe
i�ed by PLOT ORIENT). If parameters layer1, layer2, et
. are spe
i�ed, then onlythese layers are plotted. Otherwise all layers are plotted.PLOT ORIENT { X/Y | Y/X | Y/Z | Z/Y | X/Z | Z/X }Chooses the orientation of the plot. The default is y/x (whi
h means y in the verti
al dire
tion and xin the horizontal). Orientation y/x means that the y dire
tion is plotted verti
ally, and the x dire
tionis plotted horizontally. The z dire
tion is used to divide layers (see PLOT LAYER above).PLOT PAGE pageNumber of pages used for plot. Default is one.PLOT SYMBOL [FILL|FILLALL℄ [ RGB red green blue | HSB hue saturation brightness ℄ { AST | CIR | CRO DIA ITR NON SQR TRI radiusAssigns a symbol to all of the sele
ted parti
les. Without the FILL or FILLALL option, the symbols
ir
le, diamond, triangle and square are printed as bla
k outlines. With the FILL option, the symbolsare �lled with the spe
i�ed 
olor (the RGB or HSB options), but are still drawn with a bla
k outline.With the FILLALL option, there is no bla
k outline, only a the symbol drawn in a single solid 
olor.The RGB and HSB options assign a 
olor to the atom (the default 
olor is bla
k). See the se
tion?? (Using Color in Plots) to learn about the meaning of the 
olor parameters. radius spe
i�es thedistan
e from the 
enter of the symbol to the furthest point. When no SYMBOL 
ommand is giventhen SYMBOL CIR 0.25 is assumed. A list of symbol options follows:AST asteriskCIR 
ir
leCRO 
rossDIA diamondITR inverted triangle (point downward)



8. Commands 30NON no symbolNUM index number for parti
leSQU squareTRI triangleThe option NUM prints the number of the parti
le in pla
e of a symbol. This is useful for �nding thelo
ation of a spe
i�
 parti
le. The NON option prints no symbol. This is useful when you want to plotbonds, but don't want to have a symbol.PLOT WRITE [SEL℄ [[+℄ �le ℄Pla
es printer 
ommands (either Canon LBP or PostS
ript 
ommands depending on DEVICE 
om-mand) des
ribing the latti
e plot in either the output �le (spe
i�ed on the 
ommand line) or in �le.If a + is pre�xed to the �le name then the output is appended �le. If the SEL option is spe
i�edthan only the sele
ted parti
les are plotted. Before PLOT is 
alled symbols must �rst be assigned tothe atoms (see the SYMBOL 
ommand). Also one may further embellish the plot by spe
ifying DISP,PAGE or LAYER.POSITION [ADD℄ npReads in a set of parti
le types and 
oordinates. With the ADD option, previous sele
tions are preservedand the new parti
les are added to the sele
tion list. Without the ADD option, all previous sele
tionsare forgotten and all the new parti
les are sele
ted. The parameter np is the number of parti
les forthe program to read. For ea
h parti
le enter its type and 
oordinates one a separate line after thePOSITION statement as illustrated below (you 
an substitute PARTICLE for POSITION).POSITION 41 1/4 1/4 1/42 1/4 3/4 3/42 3/4 1/4 3/42 3/4 3/4 1/4POSVEL [ADD℄ npReads in a set of parti
le types, 
oordinates and velo
ities. Coordinate units are angstroms, velo
ityunits are 
m/se
. With the ADD option, previous sele
tions are preserved and the new parti
les areadded to the sele
tion list. Without the ADD option, all previous sele
tions are forgotten and allthe new parti
les are sele
ted. The parameter np is the number of parti
les for the program to read.For ea
h parti
le enter its type and 
oordinates one a separate line after the POSVEL statement asillustrated below.POSVEL 41 1/4 1/4 1/4 0 0 02 1/4 3/4 3/4 0 0 02 3/4 1/4 3/4 20.0 0 02 3/4 3/4 1/4 -20.0 0 0POTENTIAL SET { EAM ntype | PAIR ntype | STILL | TERSOFF }Sets the potential type. EAM sele
ts the Embedded Atom Method, and ntype spe
i�es the numberof elements (or atom types) used in the simulation. Similarly for PAIR, it is used for pair potentials.Subsequent 
ommands must spe
ify the exa
t form of the potential fun
tions. See the se
tion onInteratomi
 Potentials.



8. Commands 31The STILL option sele
ts the Stillinger-Weber potential for Si, the TERSOFF option sele
ts the Terso�potential for Carbon/Sil
on.PSTRAIN e dx dy dz nx ny nzPerforms an invariant plane strain on the sele
ted parti
les. The new parti
le 
oordinates are given byr' = r + e d (n . r)where d is the ve
tor (dx,dy,dz) and n is (nx,ny,nz). r is the original parti
le 
oordinate measured fromthe origin and r' is the new parti
le 
oordinate.PRESSURE ANDERSEN xmass [ ymass [ zmass ℄ ℄PRESSURE CLAMP bulkmodulus [ 
step ℄PRESSURE OFFPRESSURE EXTERNAL pressureX [ pressure Y [ pressure Z ℄ ℄PRESSURE { ISOTROPIC | ORTHORHOMBIC }These 
ommands 
ontrol XMD's 
onstant pressure algorithm (see se
tion ?? (Constant Pressure)). Bydefault the 
onstant pressure algorithm is o�, 
onsequently the box size is �xed.The 
ommand PRESSURE ANDERSEN turns on Andersen's 
onstant pressure algorithm. With thisalgorithm one or more masses must be spe
i�ed. If only xmass is spe
i�ed, then the volume mass isthe same in all three dire
tions. If only xmass and ymass is spe
i�ed, then zmass is taken equal toymass.The 
ommand PRESSURE CLAMP turns on the pressure "
lamp". It requires an estimate of thesystem bulk modules in units of Mbars. An optional value 
step 
ontrols how qui
kly the box size�u
tuates in response to internal stress.The PRESSURE OFF 
ommand swit
hes o� both the PRESSURE ANDERSEN and PRESSURECLAMP algorithms (note that only one algorithm 
an be used a one time).The PRESSURE EXTERNAL 
ommand sets the external pressure of the system. The external pressurewill have no e�e
t until the PRESSURE ANDERSEN or PRESSURE CLAMP algorithms are in use.By default the external pressure is zero. You 
an also apply di�erent pressures in the X, Y and Zdire
tions when using PRESSURE CLAMP (you will get an error using PRESSURE ANDERSENon your �rst CMD or QUENCH 
ommand). If only one pressure (pressureX) is spe
i�ed, then allpressures are equal. If two pressures are spe
i�ed (pressureX pressure Y) then pressureZ is set equalto pressureY. You 
an spe
ify three pressure to get independent X, Y and Z pressures.The PRESSURE { ISOTROPIC | ORTHORHOMBIC } 
ommand 
ontrols the symmetry of the re-peating box. With PRESSURE ISOTROPIC (the default) the box 
ontra
ts or expands uniformly,so a 
ubi
 latti
e will remain a 
ubi
 latti
e, and a tetragonal latti
e with maintain its a/
 ratio, et
.PRESSURE ORTHORHOMBIC allows the x, y and z dire
tions to 
hange size independently, whi
h
an result in an initial 
ubi
 latti
e losing its 
ubi
 symmetry, and a tetragonal latti
e losing its a/
ratio, and even its a/b ratio.QUENCH nstep [nquen
h℄Similar to the CMD 
ommand. Performs CMD for nstep number of steps, but applies one of twoquen
h algorithms to the resulting velo
ities, as a way to relax atomi
 
on�gurations. If nquen
h is



8. Commands 321 (the default), then whenever the potential energy rises relative to the pre
eding time step, all thevelo
ities are set to zero. If nquen
h is 2, then when any individual parti
le has f.v<0 where f and v arethe for
e and velo
ity for that parti
le, then the velo
ity for only that parti
le (not the entire system)is set to zero. This is equivalent to setting velo
ity to zero whenever the energy of an individual atomin
reases.RCV [�le [ [run℄ step℄℄Reads an RCV step. If �le is spe
i�ed then that �le is read; otherwise the lines following the RCV
ommand are read. If step is spe
i�ed then the data for that step is read; otherwise the �rst step in the�le is read. If step is not in the �le then an error message is given and the program 
ontinues. If run isspe
i�ed (whi
h implies that step is also spe
i�ed) then only the data that belongs to the run and stepare read. If step is spe
i�ed without run, and two RCV steps have the same step number, then onlythe �rst is read. When both run and step are spe
i�ed and no mat
hing RCV step is found, then anerror message is given and the program 
ontinues. The RCV 
ommand reads in parti
le 
oordinates,as well as a Radial Distribution Fun
tion (RDF) table. The RCV �le does not store atom types, sothe RCV 
ommand sets the atom types all to 1.READ �leOpens the �le named �le and reads the 
ommands as if they were in the 
urrent 
ommand �le. At theend of the �le 
ontrol returns to 
alling �le.REFSTEP [CLEAR | COPY | SWAP℄When used without options the 
urrent parti
les, displa
ements, types and RDF are 
opied to thereferen
e step. The CLEAR option erases all of the information previously stored in the referen
e step.The SWAP option swit
hes the referen
e and 
urrent step. The COPY option 
opies the refstep stateto the 
urrent state, while retaining the 
ontents of the referen
e step.REMOVERemoves the sele
ted parti
les from the list of 
urrent parti
les and referen
e parti
les.REPEAT { nrepeat | { COR | RCV } �le [ step1 [ step2 ℄ ℄ }The �rst form of this 
ommand repeats nrepeat times ea
h 
ommand between a REPEAT statementand an END statement, for exampleREPEAT 10CMD 100WRITE COR +
ra
k.
orENDThe se
ond form reads a COR or RCV �le, and for ea
h step in the �le exe
utes the 
ommandsbetween the REPEAT and END statements. Note that this will 
hange the 
urrent parti
le state, andthe parti
le state after this 
ommand runs will be the last step in the COR �le. The name of the �le is�le, and the beginning step1 and ending step2 step number may be spe
i�ed. This is the step numberassigned when the COR �le was written. For example the COR �le may have the steps 100, 200, 300,et
. The step numbers do not indi
ate the sequen
e of steps. For example, a value of 5 means step 5,not the �fth step - it 
ould even be the �rst step. If the ending step is omitted then all steps are readto the end of the �le. If the beginning step is omitted, then the 
ommand starts with the �rst step inthe �le.



8. Commands 33ROTATE xaxis yaxis zaxis x
enter y
enter z
enter angleThis 
ommand rotates the sele
ted parti
les about the spe
i�ed axis by the given angle (in degrees).The axis dire
tion is given by the ve
tor xaxis yaxis zaxis (the magnitude of the ve
tor is ignored).The 
oordinates x
enter y
enter z
enter lo
ate the axis in spa
e by spe
ifying a point whi
h the axismust pass through. The rotation follows the " right hand rule ", meaning that when the thumb ofone's right hand points in the dire
tion of the axis the remaining �ngers, when 
urled, point in thedire
tion of a positive rotation.RUN runSets the run number to run. Used by PLOT, STATE and WRITE RCV (see se
tion on ?? (runidenti�
ation)).SCALE xs
ale [ys
ale [zs
ale℄℄S
ales the box and parti
les by xs
ale, ys
ale and zs
ale respe
tively in the x, y and z dire
tions. Ifzs
ale is omitted it is set to the ys
ale, similarly if ys
ale is omitted it is set to xs
ale.SCREW xburgers yburgers zburgers xorg yorg zorg [ xref yref zref ℄Apply displa
ements to sele
ted parti
les to form a s
rew dislo
ation in a previously perfe
t latti
e.xburgers, yburgers, zburgers, are the 
omponents of the burgers ve
tor. xorg, yorg, zorg, spe
ify apoint through whi
h the s
rew line passes. The optional xref, yref, zref, spe
ify a referen
e dire
tionnon-parallel to the burgers ve
tor (whi
h is also the dire
tion of the s
rew dislo
ation line). Thisreferen
e together with the s
rew dislo
ation line de�nes the referen
e plane. All atoms within thisreferen
e plane undergo zero displa
ement. If no referen
e dire
tion is spe
i�ed, an arbitrary one isused. The displa
ement of ea
h atom is given bydi = b * sin(ai)where di is the atom displa
ement, ai is the angle made with the referen
e plane by the line joiningthe atom i and the origin point, and b is the burgers ve
tor.SEED seedSet the random number generator to seed. The random number generator is used by ITEMP as wellas for random moves by MC 
ommand.SELECTThe full form of the SELECT 
ommand with all possible options isSELECT [AND | OR | NOT | XOR ℄{ ALL| BOX x1 y1 z1 x2 y2 z2| EATOM lo hi| ELLIPSE x
 y
 z
 xr yr zr| ILIST nlist i1 i2 i3 ....| INDEX i1 [i2 [iskip℄℄| LAYER {x|y|z} nlayer l1 [l2 [l3 [..℄ ℄ ℄| NEAR n [ INDEX index | POINT x y z | SET set ℄| NEAR [ n ℄ RADIUS r1 r2 [ INDEX index | POINT x y z | SET set ℄| PLANE xn yn zn x1 y1 z1 x2 y2 z2| SET set



8. Commands 34| TAG tag| TYPE type| VELOCITY [ ABS ℄ { X | Y| Z | MAG } lo hi }This 
ommand sele
ts a subset of parti
les a

ording to the given 
riteria. AND sele
ts only thoseparti
les that have been both previously sele
ted or �t the 
urrent 
riteria. OR sele
ts parti
les thatbelong to either group. NOT sele
ts those parti
les whi
h do not �t the given 
riteria. XOR sele
tsthose parti
les have been previously sele
ted or whi
h �t the 
urrent 
riteria, but not both.ALLsele
ts all parti
les.BOX x1 y1 z1 x2 y2 z2sele
ts all parti
les within a box whose opposite 
orners are (x1,y1,z1) and (x2,y2,z2).EATOM lo hisele
ts all atoms whose potential energy falls between lo and hi, where the units are those spe
i�edby the EUNIT 
ommand (default is ergs). Important: This 
ommand uses the energies whi
hlast 
al
ulated for the atoms when the 
ommands WRITE ENERGY, WRITE EATOM, CMD,QUENCH or MC where exe
uted. This 
ommand will NOT re-
al
ulate the energies.ELLIPSE x
 y
 z
 xr yr zrsele
ts those parti
les within an ellipse 
entered on (x
,y
,z
) and whose axes are (xr,yr,zr).ILIST nlist / i1 i2 i3 ...sele
ts all parti
les whose indi
es are listed. nlist is the number of indi
es in the list. The list ofindi
es is pla
ed on the subsequent lines.INDEX i1 [i2 [iskip℄℄sele
ts parti
les numbered from i1 to i2. If i2 is omitted then only parti
le i1 is sele
ted. If iskipis in
luded then only every iskip'th parti
le starting at i1 and not ex
eeding i2 is sele
ted.LAYER {x|y|z} nlayer l1 [l2 [l3 [..℄ ℄ ℄divides the simulation into nlayer layers in the x, y, or z dire
tion and sele
ts those atoms in layer(s)l1, l2, ... If there are repeating boundary 
onditions then it divides the box into nlayers, otherwiseit divides the spa
e between the maximum and minimum parti
les in the sele
ted dire
tion.NEAR n [ INDEX index | POINT x y z | SET set ℄sele
ts n nearest parti
les to the a atom or point. If no options are spe
i�ed, then it sele
ts then nearest atoms to the �rst of the 
urrently sele
ted atoms (the '�rst' atom is the one with thelowest index). With the SET option, it sele
ts the n nearest atoms to the �rst atom in the set(again, the '�rst' atom is the one with the lowest index). If INDEX option is used, then the itsele
ts the n nearest atoms to the parti
le with that index. In these three 
ases, the atom itself isnot sele
ted, only the neighbors are sele
ted. If the POINT option is used, it sele
ts the n nearestatoms to the 
oordinate x,y,z.NEAR [ n ℄ RADIUS r1 r2 [ INDEX index | POINT x y z | SET set ℄similar to the previous, this sele
ts the nearest atoms to the '�rst' atom from either the 
urrentlysele
ted atoms or the given SET, or the neighbors to the atom with the given INDEX, or thePOINT at x,y,z. However, it only sele
ts that atoms between r1,r2 angstroms from the originalatom or point. If the optional n is given, no more than the nearest n atoms between r1,r2angstroms are sele
ted.



8. Commands 35PLANE xn yn zn x1 y1 z1 x2 y2 z2sele
ts parti
les between two parallel planes. The planes are normal to the ve
tor (xn,yn,zn). Thetwo planes pass through the points (x1,y1,z1) and (x2,y2,z2) respe
tively.SET setsele
ts all parti
les in spe
i�ed set (set value ranges from 1 to 8).TAG tagsele
ts all parti
les with spe
i�ed tag value (values range from 0 to 255).TYPE type
hooses all parti
les of type type.VELOCITY [ ABS ℄ { X | Y| Z | MAG } lo hi
hooses parti
les with velo
ities between lo and hi. One 
an use the X, Y or Z 
omponents ofthe velo
ity, in whi
h 
ase one 
an also use the ABS option to query the absolute value of thevelo
ity. The MAG option 
ompares the magnitude of the velo
ity, in whi
h 
ase the ABS optionis irrelevant. The units for X, Y, Z and MAG are 
entimeters per se
ond.SELECT KEEP { ON | OFF }Determines if SELECT, SET and TAG info is forgotten (OFF) or remembered (ON) when 
oordinatesare read with the COR or RCV 
ommands. The default is OFF. For further dis
ussion see se
tion ??(Parti
le Sele
tion).SET { ADD | SUB | CLEAR } setEither adds or subtra
ts (ADD or SUB) sele
ted parti
les from set number set (whi
h 
an rangebetween 1 and 12). The CLEAR option resets the spe
i�ed set to be empty.SIZE sizeSets the size of a jump used by MC. Units are angstroms.SSAVE nskip �leCauses the average internal s
aled stress per parti
le (not the true stress) to be written to �le everynskip steps. The data �le is a text �le with 7 
olumns. The �rst 
olumn is the step number, thefollowing six 
olumns are the Voight s
aled stresses per atom in units of ergs. To obtain the trueVoight stresses from the s
ale stresses, you must divide by the volume per atom. The program doesnot do this automati
ally, be
ause when there are free surfa
es and/or latti
e voids the volume peratom is not well de�ned. SSAVE works when using EAM and PAIR potentials, but does not 
urrentlywork for the Terso� potential.STATE �leReads 
urrent state of CMD and MC simulation in the �le �le (where the �le was 
reated with theWRITE STATE 
ommand).STEP stepSets the step number to step. Used by PLOT, STATE, ESAVE and WRITE RCV (see WRITE below,page 23).



8. Commands 36STRESS THERMAL { ON | OFF }Most (all?) thermodynami
s texts in
lude the a term in the atomi
 velo
ities (the 'virial') when
al
ulating the internal stress. By default XMD does not in
lude this term, but in
ludes only theinternal stress whi
h arises dire
tly from the for
e. If you wish to in
lude the virial term, then use the
ommandSTRESS THERMAL ONThis is a 
ontroversial issue, I think it 
an be resolved by 
onsidering the internal stress and thermalexpansion of a perfe
tly harmoni
 solid. Su
h a solid DOES NOT expand with in
reasing temperature,but it would expand if the virial term were 
orre
t. Anyway, there's probably a paper in this somewhere:)SURFACE { ON | OFF } { X | Y | Z } [X|Y|Z|ON|OFF℄ ...Determines whether a free surfa
e or repeating boundary 
ondition is used with the MC and CMDsimulations (see page 7). SURFACE ON X Y Z 
reates a free surfa
e in the x, y and z dire
tions.SURFACE OFF X Y ON Z 
reates a free surfa
e in the z dire
tion and repeating boundary 
onditionsin the x and y dire
tions. By default repeating boundary 
onditions exist in all three dire
tions. Whenthere is a free surfa
e the box dimension is ignored for that dimension.TAG tagSets tag value for sele
ted atoms. Every atom 
an have a tag value between 0 and 255. The defaultvalue is 0. Tag values are used similar to sets, but where a single atom 
an belong to any 
ombinationof sets, a single atom 
an only have one tag value. Thus if atoms are grouped by their tag values,ea
h atom 
an belong to only one group. You 
an sele
t atoms a

ording to their tag value with theSELECT 
ommand.TYPE typeSets type value for sele
ted atoms. The properties of ea
h atom type is 
ontrolled by the potentialmodel.TYPELIST [SEL℄ ntypeReads ntype number of types from input lines following 
ommand. These types are assigned existingparti
les (or sele
ted parti
les). ntype 
an be either less or more than the number of parti
les (orsele
ted parti
les). If less, then only the �rst ntype parti
les are 
hanges. If more, then the extra typesread in are ignored.TYPENAME t1 name1 [ t2 name2 ℄ [ t3 name3 ℄ ... [tn namen℄Asso
iates the type number t1 (or t2, et
.) with the element name name1 (or name2, et
.). This istypi
ally used to assign element abbreviations (su
h as FE, NA) to be used in pla
e of type numbersfor 
ertain output formats (
urrently WRITE XMOL and WRITE PDB).VELOCITY { LINEAR | ANGULAR} dx dy dz magnitudeSets the total linear or angular velo
ity for the sele
ted parti
les. For the linear 
ase, (dx, dy, dz)determines the dire
tion of the velo
ity, and magnitude is the magnitude of the velo
ity (in 
entimetersper se
ond).For the angular 
ase, (dx,dy,dz) is the dire
tion of the rotational axis, and magnitude is the angularvelo
ity (in radians per se
ond). The axis is positioned through the 
enter of mass of the sele
ted
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les. The dire
tion of positive angular velo
ity follows the right hand rule: if the thumb of theright hand is pointed along the axis, then the 
urled �ngers of that hand indi
ate the dire
tion ofpositive rotation.VERBOSE { ON | OFF }Turns output 
omments on or o�. At present, only the WRITE ATOM 
ommand produ
es 
omments.WAVE phase dx dy dz kx ky kzDispla
es the sele
ted parti
les by a wave. The new position of ea
h parti
le isr' = r + d sin (k . r)where d is the wave ve
tor (dx,dy,dz) and k is (kx,ky,kz). r is the original parti
le 
oordinate measuredfrom the origin and r' is the new parti
le 
oordinate.9 Fill CommandThe FILL 
ommand is used to 
reate latti
es. Essentially, you spe
ify a region whi
h will 
ontain the latti
e,and you spe
ify the latti
e geometry and orientation. The program then generates atomi
 
oordinates thatmat
h your spe
i�
ations.The latti
e is generated a

ording to FILL PARTICLE and FILL CELL 
ommands that you provide. TheFILL PARTICLE 
ommand spe
i�es a set of atoms that are pla
e repeatedly throughout the region. TheFILL CELL 
ommand spe
i�es the three ve
tors that des
ribe how the set of atoms are pla
ed in the region.9.1 FILL Example 1: Filling a SphereHere is an example were we 
reate a sphere �ll with a B2 latti
e.fill boundary sphere 4.0 2.0 2.0 2.0fill parti
le 21 0.0 0.0 0.02 0.5 0.5 0.5fill align 2 2 2fill 
ell1 0 00 1 00 0 1fill orient 1 1 0 1 -1 0 0 0 1fill goThe sphere is 
entered on point (2,2,2), and has a radius of 4 angstroms, as spe
i�ed by the FILL BOUND-ARY 
ommand. The FILL PARTICLE 
ommand gives the 
oordinates and types for the atoms of therepeating 
ell. There are two atoms for the repeating 
ell of a B2 latti
e (a B2 latti
e has the atom positionsof a b

 latti
e, but with two atom spe
ies). The FILL CELL 
ommand says that the 
ell is repeating bythe three displa
ements (1,0,0), (0,1,0) and (0,0,1). The FILL ORIENT 
ommand say that the parti
les anddispla
ements should be re-oriented so that the latti
e dire
tions that were previously the (100), (010) and(001) are now (110), (1-10) and (001). The FILL ALIGN 
ommand says that the origin of the repeating 
ell
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ording to the FILL PARTICLE 
ommand the �rst atom is positioned) will lie on the point (2,2,2)in the latti
e. In this example therefore, an atom of type 1 will be positioned at the 
enter of the �lledsphere. The FILL GO 
ommand tells XMD that we've entered all the FILL information and that it is timeto 
reate the parti
les. Default values are used for whatever information has not been entered. Sometimesmore than one FILL GO 
ommand is used. If any information is spe
i�ed earlier 
ommands be
omes thedefault for later 
ommands.9.2 FILL Example 2: Creating an Diamond Cubi
 Latti
eIn this example, we �ll an entire simulation box with a diamond 
ubi
 latti
e. The diamond 
ubi
 latti
e ismade by dupli
ating a pair of atoms using the repeating 
ell ve
tors for an FCC latti
e. Sin
e we not useda FILL BOUNDARY 
ommand, FILL BOUNDARY BOX is assumed with the system box as the region to�ll. box 8 8 8fill parti
le 21 0 0 02 1/4 1/4 1/4fill 
ell0 1/2 1/21/2 0 1/21/2 1/2 0fill go9.3 FILL Example 3: Twinning Plane## Twinning plane in Diamond SiC latti
e### Box 
ommensurate with [11-2℄ [111℄ [1-10℄ orientation#box 6*sqrt(6)/2 4*sqrt(3) 10*sqrt(2)/2## Align parti
les so# (1) box boundaries fall midway between adja
ent planes# (2) two twinned grains are properly aligned#fill align sqrt(6)/12 2*sqrt(3)-sqrt(3)/8 sqrt(2)/8## Basis atoms for Diamond SiC#fill parti
le 21 0 0 02 1/4 1/4 1/4## Cell ve
tors for f

/diamond primitive latti
e#fill 
ell



9. Fill Command 390 1/2 1/21/2 0 1/21/2 1/2 0## Fill bottom y half of box#fill orient 1 1 -2 1 1 1 1 -1 0fill boundary box 0 0 0 6 2.75 2fill go## Fill top y half of box#fill orient -1 -1 2 1 1 1 -1 1 0fill boundary box 0 2.75 0 6 5.50 2fill go9.4 FILL 
ommandsFILL ALIGN x y zYou 
an use this 
ommand to insure that one of the generated atoms is positioned at (x,y,z). This
ommands makes the atom type positioned at (0,0,0) in the FILL PARTICLE 
ommand pla
ed at(x,y,z) in the generated 
oordinates. If (x,y,z) is outside the �lled region, then if the latti
e wasextended outside of the region the atom would have been at (x,y,z). Note that if no atom is at (0,0,0)in the FILL PARTICLE 
ommand, then no atom will appear at (x,y,z).FILL BOUNDARY BOX x1 y1 z1 x2 y2 z2Makes the �ll region a re
tangular box with points (x1,y1,z1) and (x2,y2,z2) as the opposite 
orners.This box is aligned with the 
oordinate axis.If no boundary is spe
i�ed, then FILL BOUNDARY BOX is assumed, with the box begin the systembox (spe
i�ed by the BOX 
ommand). If neither FILL BOUNDARY BOX or BOX has been spe
i�edbefore FILL GO is run, then an error o

urs.FILL BOUNDARY SPHERE radius x
enter y
enter z
enterMakes the �ll region a sphere 
entered on the point (x
enter,y
enter,z
enter) with a radius radius.Values are in angstroms.FILL BOUNDARY CYLINDER r length x
 y
 z
 xorient yorient zorientMakes the �ll region a 
ylinder with radius r, length length, 
entered at point (x
,y
,z
) and withits axis oriented along the dire
tion (xorient,yorient,zorient). Values are in angstroms.FILL CELLThis 
hooses the repeating 
ell ve
tors. By default, these are (100), (010), (001). Three lines followthis 
ommand, one for ea
h ve
tor. On ea
h line are the three 
omponents for that ve
tor.FILL GOGenerate parti
les from values spe
i�ed. The values spe
i�ed be
ome the defaults for the next FILLGO 
ommand.



10. Write Command 40FILL MARGIN marginSometimes when using FILL to generate parti
les in two or more adja
ent regions, parti
les in neigh-boring regions may lie too 
lose to one another. This 
an 
ause a problem when 
al
ulating energiesor for
e, for some potential models fail when atoms are too 
loses. To prevent this, one 
an 
hoose amargin. After the boundary is �lled, the parti
les are then 
ontra
ted toward the boundary 
enter sothat the minimum distan
e from any parti
le to the boundary walls is margin (units of angstroms).The default margin is zero.FILL ORIENT ax ay az bx by bz 
x 
y 
zThis 
ommand 
hooses the latti
e orientation. One assumes that the atom 
oordinates and 
ell ve
torsnormally give a latti
e in a [100℄ [010℄ [001℄ orientation. The ve
tors (ax,ay,az), (bx,by,bz) and(
x,
y,
z) must be three mutually orthogonal ve
tors of any length. If they are not orthogonal anerror message is written.FILL PARTICLE npartThis is similar to the PARTICLE 
ommand above. It spe
i�es a set of atoms that will be repeated to�ll the region. npart is the number of atoms. Following this 
ommand should be npart lines, one linefor ea
h atom, and on ea
h line is the atom type (a number between 1 and 255) and the x, y and z
oordinates for that atom.10 Write CommandThe WRITE 
ommand is used to write all information from XMD (with the ex
eption of the ESAVE,BSAVE, SSAVE and TSAVE 
ommands). There are three modi�ers that 
an be used with some writeoptions: FILE, SEL and NOHEAD.The FILE [+℄filename option dire
ts the output to the spe
i�ed �le. The option + 
auses the output to beappended to the end of the spe
i�ed �le. Otherwise, the output overwrites any previously existing �le.The SEL option 
auses only those values that belong to sele
ted atoms to be written out (see SELECTabove).The NOHEAD option prevents the WRITE 
ommand from writing a header line. Some WRITE 
ommandsprodu
e multiple lines of output. These 
ommand pre
ede the output with a header line. For example, theWRITE PARTICLE 
ommand will write something like the followingPARTICLE 101 0.0 0.0 0.02 0.5 0.5 0.5... (8 more lines)If you don't want to have the header line written (the �rst line), then spe
ify the NOHEAD option, like this" WRITE NOHEAD PARTICLE ". This option is sometimes useful when used with the FILE option.A detailed des
ription of ea
h parameter follows.WRITE [FILE [+℄�lename℄ BOX



10. Write Command 41Writes the 
orresponding parameter. Note that ea
h of the above parameters are 
onstants that areset either by the user or by default. All of these values are des
ribed above under there 
ommandforms.WRITE [SEL℄ COR [+℄�lenameWrites the 
urrent step information in COR format to the �le �lename. If the [+℄ is in
luded, theinformation is appended to the �le end. Otherwise the �le is over written.WRITE [FILE [+℄�lename℄ CSTEPWrites the value of 
step from the CLAMP 
ommand.WRITE [SEL℄ [FILE [+℄�lename℄ [NOHEAD℄ DISPWrites the displa
ement of ea
h parti
le or sele
ted parti
le relative to the referen
e step. Note that youmust �rst 
reate the displa
ements using the DISP 
ommand (see se
tion on the ?? (DISP 
ommand)).WRITE [FILE [+℄�lename℄ DTIMEWrites the value of dtime from DTIME 
ommand.WRITE [FILE [+℄�lename℄ [SEL℄ [NOHEAD℄ EATOMWrites the indi
es and energies for ea
h atom or sele
ted atom.WRITE [FILE [+℄�lename℄ EKINWrites the average kineti
 energy per atom. This value of kineti
 energy is produ
ed either by theITEMP 
ommand or the CMD 
ommand, whi
h ever was exe
uted last. Units are in the units spe
i�edby EUNIT 
ommand.WRITE [FILE [+℄�lename℄ ENERGYWrites the average potential energy per atom (the average taken is over all the atoms, but not overtime steps). Units are in the units spe
i�ed by EUNIT 
ommand. This energy is the internal energy.It in
ludes only the energy due to the interatomi
 potential, and not externally applied for
es (see theEXTFORCE and EXTSPRING 
ommands).WRITE [FILE [+℄�lename℄ EPOTSame as WRITE ENERGY above.WRITE [FILE [+℄�lename℄ ETOTWrites the sum of the EKIN and EPOT.WRITE [FILE [+℄�lename℄ [SEL℄ STRESSWrites the produ
t of the internal stress and the atomi
 volume averaged over either all the atoms orthe sele
ted atoms. The units are (erg). The a
tual stress per atom 
an be obtained by dividing theprinted value by the atomi
 volume. Sin
e XMD 
annot always know the atomi
 volume (due to thepresen
e of free surfa
es and/or void in the latti
e) XMD does not perform the division automati
ally.XMD writes 6 produ
ts, one for ea
h of the Voight stresses.WRITE [FILE [+℄�lename℄ [SEL℄ EXTFORCEWrites the atom type and the x, y and z 
omponents of the external for
e on the atom for every atomor sele
ted atom. Units are the 
urrent energy units (determined by EUNIT 
ommand) divided by
entimeters. See also the following 
ommand, WRITE FORCE.



10. Write Command 42WRITE [ FILE [+℄�lename℄ [SEL℄ EXTSPRINGWrites the atom type and the x, y and z 
omponents of the external spring on the atom for everyatom or sele
ted atom. Units are the 
urrent energy units (determined by EUNIT 
ommand) dividedby 
entimeters squared.WRITE [ FILE [+℄�lename℄ [SEL℄ [AVG|MIN|MAX℄ [NOHEAD℄ FORCEWrites the atom type and the x, y and z 
omponents of for
e on the atom for every atom or sele
tedatom. Units are the 
urrent energy units (determined by EUNIT 
ommand) divided by 
entime-ters. This for
e is the internal for
e, and does not in
lude the external for
e (whi
h is set with theEXTFORCE 
ommand. UseWRITE EXTFORCE to write the external for
e).The options AVG, MIN and MAX write the average, minimum and maximum x,y,z for
e for the sele
tedparti
les. In this 
ase, the output di�ers from normal for
e output and looks like one of the following,AVG_FORCE x y zMIN_FORCE x y zMAX_FORCE x y zWRITE [NOHEAD℄ ILIST [+℄�leWrites a list of atom indi
es 
orresponding to the 
urrently sele
ted atoms. This list 
an be used bythe WMOVIE program (see se
tion on Companion Utilities, page 29), and with a little modi�
ation
an be read in by the SELECT 
ommand.WRITE [ FILE [+℄�lename ℄ [SEL℄ [NOHEAD℄ MASSWrites the masses for every atom or sele
ted atom. These units are atomi
 mass units. Note that thesevalues are simply those originally assigned to the atoms. The mass values do not 
hange during the
ourse of an XMD simulation.WRITE [ FILE [+℄�lename ℄ NPWrites number of parti
lesWRITE [ FILE [+℄�lename ℄ [SEL℄ [AVG|MIN|MAX℄ [NOHEAD℄ PARTICLEWrites the type and 
oordinates of ea
h parti
le or sele
ted parti
le. The units for a 
oordinate isangstroms.The options AVG, MIN and MAX write the average, minimum and maximum x,y,z 
oordinates for thesele
ted parti
les. In this 
ase, the output di�ers from normal parti
le output and looks like one of thefollowing,AVG_POSITION x y zMIN_POSITION x y zMAX_POSITION x y zinstead of the normal



10. Write Command 43PARTICLE ntype1 x1 y1 z1type2 x2 y2 z2type3 x3 y3 z3...WRITE [ FILE [+℄�lename ℄ [SEL℄ [AVG|MIN|MAX℄ [NOHEAD℄ POSVELWrites the type, 
oordinates and velo
ity of ea
h parti
le or sele
ted parti
le. Coordinate units areangstroms, velo
ity units are 
m/se
.The options AVG, MIN and MAX write the average, minimum and maximum x,y,z positions andvelo
ities for the sele
ted parti
les. In this 
ase, the output di�ers from normal posvel output andlooks like one of the following,AVG_POSVEL x y zMIN_POSVEL x y zMAX_POSVEL x y zWRITE [ FILE [+℄�lename ℄ STEPWrites out the 
urrent value of STEP.WRITE [SEL℄ RCV [+℄�lenameWrites the 
urrent step information in RCV format to the �le �lename. If the [+℄ is in
luded, theinformation is appended to the �le end. Otherwise the �le is over written. Note: This 
ommand isobsolete, use the WRITE COR 
ommand instead.WRITE [ FILE [+℄�lename ℄ [NOHEAD℄ RDF nbin rmin rmax [type1 type2℄Writes a table of the Radial Distribution Fun
tion. This table is a histogram of the number of atompairs between a given range of separations. nbin is the number of bins in the histogram, and rmin andrmax are the minimum and maximum value of separation in
luded in the table (units are in angstroms).The output from this 
ommand is the header line of the format.If the optional type �elds type1 and type2 are supplied, then only the RDF between these two typesof atoms is written.RDF nbin rmin rmaxwhi
h e
hoes ba
k the input parameters followed by nbin lines. Ea
h line has two number on it, the�rst is the value of the separation at the 
enter of the bin, and the se
ond is the number of atom pairsin that bin.WRITE [ FILE [+℄�lename ℄ RUNWrites out the 
urrent value of RUN.WRITE STATE �leWrites all information needed to re
reate the 
urrent CMD step. This �le 
an be read by the STATE
ommand.WRITE [ FILE [+℄�lename ℄ TEMPWrites out the 
urrent value of the temperature, as set by either the ITEMP or CMD 
ommand.



10. Write Command 44WRITE [ FILE [+℄�lename ℄ TEMPCWrites out the value of temp
 from the CLAMP 
ommand.WRITE [SEL℄ [NOHEAD℄ TYPELIST [+℄�leWrites out a list of atom types of all atoms or sele
ted atoms. Can be used by WMOVIE program (seese
tion on Companion Utilities, page 29).WRITE [ FILE [+℄�lename ℄ [NOHEAD℄ [SEL℄ VAR [i|g|t|s|ti|m|x|y|z|vx|vy|vz|ep|text℄ ...Writes out requested data for every atom or sele
ted atom, one output line per atom. The availabledata types arei Index number.g Tag number.t Type number.s Current time step number.ti Current time (in se
onds).m Mass (in atomi
 mass units)x,y,z X, Y or Z 
oordinate in 
entimeters.vx,vy,vz X, Y or Z velo
ity in 
entimeters per se
ond.ep Potential energy in 
urrent energy units (see EUNIT 
ommand).ek Kineti
 energy in 
urrent energy units (see EUNIT 
ommand).tm Instantaneous temperature (in Kelvin).df Degrees of freedom (see NOTE below).The optional " text " is an arbitrary text string with no spa
es, and whi
h is not equal to the symbolsabove, that will be printed verbatim. This is useful if you want to separate VAR output from the resetof the output �le using the UNIX " grep " 
ommand.With WRITE VAR, you 
an reprodu
e the results of many of the other write 
ommands, su
h asWRITE PARTICLE, WRITE VELOCITY, WRITE POSVEL, WRITE EATOM, et
.NOTE: An atom 
an have 0, 1, 2 or 3 degrees of freedom, depending upon whether that atom is �xed,
onstrained to a line, 
onstrained to a plane, or free. See the 
ommand FIX and CONSTRAIN formore information.WRITE [ FILE [+℄�lename ℄ [NOHEAD℄ [AVG|MIN|MAX℄ [SEL℄ VELOCITYWrites out the [sele
ted℄ velo
ities in units of 
m/se
.The options AVG, MIN and MAX write the average, minimum and maximum x,y,z velo
ities for thesele
ted parti
les. In this 
ase, the output di�ers from normal velo
ity output and looks like one ofthe following,AVG_VELOCITY x y zMIN_VELOCITY x y zMAX_VELOCITY x y zWRITE [ FILE [+℄�lename ℄ stringAny string whi
h is not an option spe
i�ed above is interpreted to be a variable that has been set bythe CALC 
ommand. The value of this variable is then written out. If a variable by this name doesnot exist, it will be 
reated and set to zero. You 
an also put in a valid CALC expression su
h as"2*
os(pi/4)". It will be evaluated and written.



11. Interatomi
 Potentials 45WRITE [SEL℄ { XMOL | PDB } [+℄�leWrites the 
urrent parti
le 
oordinates (or the sele
ted 
oordinates if SEL is spe
i�ed) to �le in XMOLor PDB format. The + sign indi
ates that the information should be appended to �le. XMOL is theprogram for viewing atoms under X-Windows and is freely available on the Internet. Writing withthe XMOL option 
reates a text �le than 
an be read in by the XMOL program. PDB stands forProtein Data Bank. This is a data format use by many 
hemistry based program. XMD writes anon-standard PDB format �le that has be tested su

essfully with the 
ommer
ial 
hemistry modelingprogram Cerius2, but may not be 
ompatible with other programs. Both XMOL and PDB use standardelement abbreviations to label the atom. For instan
e, FE for iron, NA for sodium. Many potential�les will 
on�gure XMD to use the 
orre
t type name. However, by default XMD will not know the
orre
t element names and so will write the type numbers instead. You 
an set the 
orre
t elementnames using the TYPENAME 
ommand....11 Interatomi
 PotentialsAt this point in time, the POTENTIAL 
ommand is in
ompletely do
umented. The re
ommended way toimplement a potential is to obtain an existing potential �le that will make the ne
essary 
alls to the POTEN-TIAL 
ommand. Conta
t the maintainer of XMD for more information (Jon Rifkin, jon.rifkin�u
onn.edu).11.1 Using Provided Potentials11.2 Using Terso�'s Carbon-Sili
on Potential# Set 
onstants for Tersoff's C-Si potential# (11 Nov 1996)#potential set tersoffdtime 0.8e-15
al
 DTIME=0.8e-15
al
 C=1
al
 Si=2
al
 MassC=12.01
al
 MassSi=28.086
al
 A0=4.32eunit erge
ho off## Data about this potential## Si A0 at 0K = 5.432 ang# Si B at 0K = 0.979e12 erg/
m^3## Experimental values# Si A0 at 0K = 5.451# Si B at 0C = 0.979e12 erg/
m^3#
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ho on11.3 Using Stillinger-Webers Sili
on Potential# Set 
onstants for Stillinger-Weber Si potential# (12 Feb 1998)#potential set still
al
 DTIME=0.5e-15dtime DTIME
al
 Si=1
al
 MassSi=28.086
al
 A0=5.428eunit erg
11.4 Creating EAM PotentialsIn pra
ti
e most EAM potentials, from whatever sour
e, are stored as text tables. This do
ument des
ribeshow to adapt a text table for use with XMD. The only program this requires is a text editor. On
e you have
onverted the text table to an XMD readable format, you should store the potential in its own �le. Thisway it 
an be easily a

essed from any XMD input (using the READ 
ommand).Here is a portion of what you are trying to make; an XMD potential �le.## This is an example XMD potential file#eunit eVpotential set eam 2#potential pair 1 1 10 0.0 5.0900.0 800.0 700.0 <---600.0 500.0 400.0 <--- -- This is the original table300.0 200.0 100.0 0.0 <---#potential dens 1 10 0.0 5.0900.0 800.0 700.0600.0 500.0 400.0300.0 200.0 100.0 0.0#potential embed 1 20 0.0 1000....1. Lines beginning with the pound sign (#) are 
omments, and 
an be pla
ed anywhere within the �le.2. You should tell XMD what energy units you are using for your potential table. The 
ommand is
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 Potentials 47EUNIT (unit)where (unit) 
an be either eV, ERG, K, JOULE, orEUNIT (name) (value)where (name) is a name that you spe
ify, and (value) is the number of ergs in one of your units.You 
an spe
ify this 
ommand more than on
e, whi
h is useful if your tables do not all use the sameenergy units.3. Next, you must tell XMD that you are using an EAM potential and the number of atom types in thispotential. The 
ommand for this is for this isPOTENTIAL SET EAM nwhere n is the number of types. Thus if you have an alloy with two 
omponent elements, you woulduse the 
ommandPOTENTIAL SET EAM 24. Next, you must spe
ify ea
h EAM fun
tion with a di�erent table. If for example you have 2 atomstypes, Ni and Al, then there will be 7 EAM fun
tions: two ele
tron density fun
tions (one for ea
hatom type), two embedding fun
tions (again one for ea
h type), and three pair fun
tions (one for Ni-Niintera
tions, one for Al-Al, and one 
ross potential for the Ni-Al intera
tion). In general there are (5n+ n2)/2 EAM fun
tions for n atom types.The tables are entered with 
ommands su
h asatom types table size range---------- ---------- ---------POTENTIAL PAIR 1 1 2000 1.2 6.3POTENTIAL DENS 1 2000 1.2 6.3POTENTIAL EMBED 1 1000 0 20.0These 
ommands work in the following way.
• POTENTIAL - Identi�es the 
ommand as a type of potential 
ommand.
• PAIR, DENS, EMBED - Identi�es the table as either a pair potential, ele
tron density of embed-ding fun
tion.
• (atom type(s)) - Spe
ify to whi
h atom type the fun
tion belongs. Note that pair potentialfun
tions require two integers, sin
e in the EAM model the pair potential depends on boththe atom types involved. The ele
tron density and embedding fun
tion only depend on the atomtype generating the ele
tron density (the DENS fun
tion) or the atom type re
eiving the ele
trondensity (the EMBED fun
tion).
• (table size) - A integer that spe
i�es the number of entries in the table whi
h follow the 
ommand.
• (range) - Two numbers whi
h spe
ify the input range for the table. In the example above, boththe pair and ele
tron density fun
tions a

ept input distan
es from 1 to 6.3 angstroms. For anydistan
e shorter than the allowed range the EAM fun
tion will stop the program. For any distan
elonger than the range (the fun
tion 
uto�) the fun
tion will return zero.



12. Te
hniques and Examples 485. Last 
omes the table. There number of values in the table must mat
h the number spe
i�ed above.The �rst value in the table is the fun
tion value at the start of the range - the last value 
orrespondsto the end of the range.Thus, for a pair potential or ele
tron density fun
tion the last number in the table should bezero, sin
e the fun
tion must go to zero at the 
uto�. Similarly, for the embedding fun
tion the �rstvalue in the table must be zero, sin
e it must be zero when the ele
tron density is zero.12 Te
hniques and Examples12.1 Creating a B2 Latti
eLatti
es are 
reated with the FILL 
ommand (although they 
an also be 
reated using the DUP 
ommand).The following 
ode will 
reate a B2 latti
e with a unit 
ell length of 2.88, oriented with the [100℄, [010℄, [001℄latti
e dire
tions in the (x,y,z) spa
e dire
tions.## 
reate a b2 latti
e using atoms types 1 and 2## make repeating boxbox 4 4 4## Use fill 
ommand to generate atom positions#fill parti
le 21 1/4 1/4 1/42 3/4 3/4 3/4fill go## s
ale latti
e to 2.88 unit 
ell lengths#s
ale 2.88This will 
reate a latti
e of 4 by 4 by 4 
ubi
 unit 
ells, ea
h with a type 1 atom at the 
orner and a type2 in the 
enter. The MOVE 
ommand 
enters the parti
les within the repeating boundaries. This is usefulfor minimizing the wrapping that o

urs when parti
les pass through a box wall. By 
entering the parti
lesin the box, position the outlying atoms as far from the boundaries as possible.12.2 Creating an L12 Latti
eThe following 
ode will 
reate a B2 latti
e with a unit 
ell length of 2.88, oriented with the <100>, <010>,
<001> latti
e dire
tions in the (x,y,z) spa
e dire
tions. The L12 latti
e is an FCC latti
e with one atomsspe
ies on the 
orners and the other on the fa
es, for example Ni3Al. The following 
ode will 
reate a L12latti
e with a unit 
ell length of 4.183 oriented with the [100℄, [010℄, [001℄ latti
e dire
tions in the (x,y,z)spa
e dire
tions.#



12. Te
hniques and Examples 49# CREATE A L12 LATTICE USING ATOM TYPES 1 AND 2## make repeating box#box 4 4 4## Generate atom positions#fill parti
le 41 1/4 1/4 1/42 1/4 3/4 3/42 3/4 1/4 3/42 3/4 3/4 1/4fill go## S
ale latti
e to 4.183 unit 
ell length#s
ale 4.18312.3 Creating a B2 Latti
e in <110> <1-10> <001> OrientationWe will re
reate the B2 latti
e from a previous example, but this time in a di�erent orientation. First, thebox size must be 
hanged to �t the repeating boundary 
onditions of the new orientation (if we had freesurfa
es in all dire
tions, this wouldn't be ne
essary). We will 
hoose the orientation [111℄, [1-10℄ and [11-2℄for the x, y and z dire
tions. In this orientation, the repeat distan
es for the B2 latti
e are sqrt(3)/2, sqrt(2)and sqrt(6) assuming a unit 
ell length of one (the repeat distan
e is the minimum separation between twoatoms in the spe
i�ed dire
tions). The repeating box 
hosen must be a multiple of these distan
es, and thedistan
e for ea
h box dire
tion must mat
h the 
orresponding orientation ve
tor.## 
reate a b2 latti
e using atoms types 1 and 2## make repeating boxbox 4*sqrt(3)/2 4*sqrt(2) 2*sqrt(6)## Use fill 
ommand to generate atom positions#fill parti
le 21 1/4 1/4 1/42 3/4 3/4 3/4fill orient 1 1 1 1 -1 0 1 1 -2fill go## s
ale latti
e to 2.88 unit 
ell lengths#s
ale 2.88



12. Te
hniques and Examples 5012.4 Finding the Optimum Time StepAs explained above in the THEORY se
tion under TIME STEP SIZE (see page 3), there is an optimum timestep size when 
ondu
ting a mole
ular dynami
s simulation. Physi
ally this time step size is about 0.0333to 0.01 of the smallest vibrational period in the simulation. The smallest vibrational period depends moststrongly on the potential used, and less strongly on the parti
ular latti
e stru
ture and temperature. Theoptimum time step is found through trial and error, the testing done with an adiabati
 simulation. Belowwe have the input for su
h a trial and error simulation.## Trial and error to find optimum time step size## Read potential for nialread /
md/nial.pot## Make repeating box and latti
e (in units of a0)#box 6 6 6fill parti
le 21 1/4 1/4 1/42 3/4 3/4 3/4fill go## S
ale up to units of angstroms (2.8712 unit 
ell)#s
ale 2.8712## Save energies from every dynami
s step in file "timestep.e'#esave 1 timestep.e## Set parti
le masses (in atomi
 mass units)#sele
t type 1mass 58.71sele
t type 2mass 26.982## Set adiabti
 simulation at starting temperature of 200K#
lamp offitemp 200## Vary time step## Set initial timestep size variable
al
 stepsize = 4e-16# Do 6 separate runs of 20 steps ea
hrepeat 6# Set timestep size using dtime 
ommanddtime stepsize



12. Te
hniques and Examples 51# 20 steps of dynami
s (energies are written to tempstep.e file)
md 20# Double the time step size
al
 stepsize = 2 * stepsizeendThe 
ommand ESAVE writes out four 
olumns of numbers to the output �le: the time step, the total energy,the potential energy and the kineti
 energy. In pra
ti
e the total system energy (the se
ond 
olumn) will�u
tuate, parti
ularly at the �rst 10 or so steps of a simulation (before the higher time derivatives have hada 
han
e to be initialized during the 
ourse of the integration). The user needs to judge for himself whatamount of �u
tuation is tolerable. In the past �u
tuations of about 1 part per 5000 of the total systemenergy per twenty time steps have been allowed. It is useful to plot the value of the total energy versus timestep to gauge when the system be
omes unstable.12.5 Initialize the TemperatureInitializing the energy 
an be done with a single 
ommand, the ITEMP 
ommand. However it is ne
essaryto keep in mind how the redistribution of kineti
 energy into the system 
an a�e
t the simulation. Mostoften, a latti
e is started with all of the atoms perfe
tly in pla
e, whi
h is the lowest possible energy positionfor that latti
e. When kineti
 energy is added to this perfe
t latti
e, about half of it goes into the potentialenergy needed to pla
e the atoms o� their perfe
t positions. After a short period of time (say 200 time steps)the temperature of the latti
e will be half of the temperature when the ITEMP 
ommand was �rst issued.12.6 Finding the Equilibrium Latti
e ConstantOften one wants to simulate a spe
i�
 latti
e stru
ture, but is unsure of the exa
t latti
e 
onstant, or of thetemperature dependen
e of latti
e 
onstant. Of 
ourse, in the 
ase of a tetragonal or orthorhombi
 latti
e,there are 2 or 3 latti
e 
onstants. It is important use the 
orre
t latti
e 
onstant when doing simulations,otherwise the system will be under stress. Sin
e materials expand with in
reasing temperature, the latti
e
onstant must be determined for every simulation temperature. So how do you �nd the equilibrium latti
e
onstant(s) as a fun
tion of temperature? The easiest way is to use the PRESSURE CLAMP 
ommand.This 
ommand allows the simulation box to adjust its size in a

ordan
e with an applied pressure (typi
allyzero pressure) and the latti
e motion. By writting out the box size using the BSAVE 
ommand, you 
anmonitor the box size as a fun
tion of time step, and determine the average box size(s). Here is an examplewhere we 
al
ulate the box size for Copper at 600 degrees Kelvin.## Finding the equilibrium latti
e 
onstant at 600K for Copper## Read potential for nialread /
md/
u.pot## Make repeating box and latti
e (in units of a0)#box 6 6 6fill parti
le 41 1/4 1/4 1/4
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hniques and Examples 521 1/4 3/4 3/41 3/4 1/4 3/41 3/4 3/4 1/4fill go## S
ale up to units of angstroms (3.61)#s
ale 3.61## Save box size from every dynami
s step in file "
onstant.b'#bsave 10 
onstant.b## Set parti
le masses (in atomi
 mass units)#sele
t type 1mass 63.55## Set time step size#dtime 5e-15## Set temperature 
lamp and starting temperature at 600K#
lamp 600itemp 600## Set pressure 
lamp#pressure 
lamp 1.37## Equilibrate for 10000 steps##
md 10000The �le 
onstant.b will 
ontain the x, y and z box sizes every 10 steps. For this example the box sizein
reases at the simulation start until its 600K equilibrium value is rea
hed, and then it �u
tuates aroundthis value. One 
an average the x, y and z box sizes together to obtain the average box size (after equilibriumis rea
hed). In our example the box size is 6 times the latti
e 
onstant (note in the example the box is madeup of 6x6x6 unit 
ells).If one is simulating a tetragonal or orthorhombi
 latti
e one should use the PRESSURE ORTHORHOMBICoption, so that the x, y and z box sizes 
an vary independently. By default, the ratio between the x, y andz box sizes are preserved.
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ular Dynami
s Simulation 5312.7 Cal
ulating the Surfa
e Energy12.8 Simulating a Cra
k13 Trouble Shooting a Mole
ular Dynami
s SimulationLittle or No MotionEither the temperature 
lamp near or at 0K, or system was started with no initial velo
ities (ITEMP
ommand) when in a stable state.Potential and / or Kineti
 Energy In
reases Too Mu
hThis 
an be 
aused by a using a time step that is too large. If the energy in
reases at a physi
allyunreasonable rate, then the 
ause is almost 
ertainly a too large time step. Sometime the energy 
anin
rease slowly enough so that it appears to be due to physi
al 
auses. If unsure test the time step size(see the se
tionEle
tron Density (xxx) out of range [xx, xx℄ for atom ? (type n).This message spe
i�es a parti
le number in pla
e of the "?" in the heading above. This is 
ausedby two parti
les being too 
lose together when using some EAM potential models. Sometimes thishappens be
ause a simulation is started with a faulty initial 
on�guration. This is 
ertainly the 
ase ifthis error o

urs at the �rst time step. Sometimes a faulty initial 
on�guration will not manifest untila few time steps, as when there is an unrealisti
 lo
alized stress whi
h for
es two atoms 
lose togetherafter a few steps.It is usefull to examine the nearest neighbors of the parti
le mentioned in the error messages. This 
anbe done with the following 
ode fragment in XMD,sele
t near 1 index ?write sel parti
lewhere "?" is the number from the error message. This will write the type and position of the parti
le
losest to the parti
le in the message, and may o�er a 
lue as to the root problem.The se
ond way this might arise is if the time step is too large, whi
h imparts too mu
h energy to oneor more parti
les and sometimes results in two atoms approa
hing too 
losely. If this is the 
ase, you
an rerun the simulation with CLAMP OFF and see if the total energy rises, a sign that the time stepis too large.14 Companion UtilitiesThere are several utility program whi
h work with XMD, either by produ
ing input for XMD (su
h asATOMCELL) or by analyzing the results from XMD (SLIP, WMOVIE). A partial list follows.SLIPReads a COR or RCV �le. Cal
ulates the displa
ement of ea
h atom relative to a referen
e latti
e,and then for ea
h atom, it 
al
ulates the average displa
ement of it and its neighbors, and subtra
tsthis from the 
al
ulated displa
ement. The result is how the displa
ement of an atom di�ers from thatof its neighbors. This is useful for highlighting slip planes.
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es 54STRAINReads an RCV �le, 
ompares two di�erent sets of parti
le positions, and 
al
ulates the relative strainbetween the two. Also 
al
ulates the displa
ement, the inhomogeneous displa
ements and variationson these.MSDRead an RCV �le. Cal
ulates the mean squared displa
ement at ea
h step relative to some initial step.VMOVIECViews from DOS a movie �le generated by WMOVIEC.WMOVIECReads an RCV or COR �le. Generates a movie �le for latter viewing by VMOVIEC.15 Referen
es1. J. Terso�, "Modeling solid-sate 
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 potentials for multi
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al order in 
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on",Phys Rev B 31 (8) 5262 (14 Apr 1985).3. H. C. Andersen, "Mole
ular dynami
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onstant pressure and/or temperature", J ChemPhys 72 (4) (15 Feb 1980).4. N. Metropolis et al., "Equation of State Cal
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