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How well do Car—Parrinello simulations reproduce the Born—Oppenheimer
surface? Theory and examples
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We derive an analytic expression for the average difference between the forces on the ions in a
Car—Parrinello simulation and the forces obtained at the same ionic positions when the electrons are
at their ground state. We show that for common values of the fictitious electron mass, a systematic
bias may affect the Car—Parrinello forces in systems where the electron—ion coupling is large. We
show that in the limit where the electronic orbitals are rigidly dragged by the ions the difference
between the two dynamics amounts to a rescaling of the ionic masses, thereby leaving the
thermodynamics intact. We study the examples of crystalline magnesium oxide and crystalline and
molten silicon. We find that for crystalline silicon the errors are very small. For crystalline MgO the
errors are very large but the dynamics can be quite well corrected within the rigid-ion model. We
conclude that it is important to control the effect of the electron mass parameter on the quantities
extracted from Car—Parrinello simulations. ZD02 American Institute of Physics.
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I. INTRODUCTION of the fictitious kinetic energy associated with electronic or-
bitals being a minimum. As has been proposed previdusly,
Since its introduction in 1985 the Car—ParrineloP)  we show how these errors may be corrected in the ideal case
method has increasingly been used to study an ever widewhere the electron—ion coupling can be modeled as a rigid
range of problems in the dynamics and thermodynamics ofiragging of localized atomic orbitals and show its applica-
solids and liquids under various conditions and in studyingtion to specific examples. We suggest that quantities ex-
the dynamics of chemical reactions. CP is an efficientracted from CP simulations should always be checked
method to solve the Kohn—Sham equations of density funcagainst their possible dependence on the valug. of
tional theory “on the fly,” as the electronic ground state The central issue is the following: the classical motion of
evolves due to changing ionic positions. It is based on thehe electronic orbitals in CP can be thought of as being made
introduction of an additional inertia associated with the elec-up of two component3.One component consists of fast os-
tronic orbitals, which are evolved as classical degrees o€illations with period equal to or faster thanr,
freedom along the ionic molecular dynami@édD) trajec- ~27yu/Egy,E4 being the lowest electronic excitation en-
tory. Its popularity stems from its efficiency relative to full ergy andu the fictitious electronic massThe second com-
Born—OppenheimeBO) dynamical methods, where the ponent is the unavoidable but “adiabatic” response of the
electronic orbitals are forced to be in the ground state foelectronic orbitals to the ionic dynamics, whose shortest
each ionic configuration, and from the observation that apargharacteristic time we denote by(7.<7;). It is generally
from small fluctuations which average out on a femtosecondhought that keeping the time scal@s frequency spectjaf

time scale the physical quantities which are extracted from ithe two components well separatée., by reducingu) en-
are indistinguishable from BO dynamits. sures a correct adiabatic decoupling and guarantees that the

It is known that the introduction into the electronic sys- CP dynamics is a faithful representation of the BO dynamics.
tem of a fictitious inertia introduces differences into the dy-We show here that the adiabatic decoupling is a necessary
namics relative to the BO dynamics_ However these diﬁerbut not sufficient condition for the accuracy of CP dynamics.
ences have never been fully quantified or analyzed in thén particular, the fictitious inertia also causes the slow com-
context of the appropriate theoretical framework. In this pafonent of the electronic dynamics to exchange momentum
per we carefully examine the relationship between CP an@nd energy with the ions, yielding a departure of the CP
BO dynamics and show how the difference between thenfOrces on the ions from the BO ones for large valueg.of
scales with the value of the fictitious mass parameteliVe We begin by outlining the relevant theory and deriving
derive analytic expressions for such differences in the limi2" expression for the difference between CP forces and BO

forces in the limit of minimum fictitious electronic kinetic
dCurrent address: Department of Chemistry, Princeton Universi Princ-energy. -\Ne then Con-SIder the S|mpllfled'model of rigid fons
eton, NJ 08540: électrr)onic mail- tangney@gi’ssa‘it v, and derive the error in the forces for thl$ system. We show
bCurrent address: Department of Chemistry, Princeton University, PrinclOW the thermodynamics and the dynamics can be corrected
eton, NJ 08540; electronic mail: scandolo@princeton.edu for systems in which the rigid-ion model provides a good
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description of the electronic structure. We illustrate these thedynamics is affected by a bias proportionalgtaand, as we
oretical considerations by studying the examples of magnewill see, to the strength of the electron—ion interaction.

sium oxide and silicon. We now wish to explore the consequences that such a
departure from the ground state has on the instantaneous CP
forcesFcp. We thus calculate how CP forces deviate from
the BO forcedgg at a given point in phase space along the
CP trajectory. We may write, for thath Cartesian compo-
The Car—Parrinello method makes use of the followingnent of the force on atorh

classical Lagrangian:
o _ JEHRE{}]

Il. THEORY

N 1 . — =
Lep= 20 mililvi)+ 5 2 MIRE-EL{ih{RH (@) A IR}
to generate trajectories for the ionic and electronic degrees of _ dE[IR}:{¥i}] _ E ( SEL{Ri}: 1]
freedom via the coupled set of equations of motion dR" i i)
N JE[{ i} {R}] Ay (WO SE[{R}i{w
M|R|a:_ i . | :ng, (2) % |¢|a>+ <'r/’|a| [{ I} {lpl}] (7)
IR ' IR IR il
. SE[{yi}{R - .
il ) =— W (3)  Substitution of Eq(3) yields
i
whereM, andR, are the mass and position, respectively, of . JE[{R}H{it]
atoml,|;) are the Kohn—Sham orbitals which are allowed S I T=" R®

to evolve as classical degrees of freedom with inertial param-
etersu;, andE[{#;},{R,}] is the Kohn—Sham energy func-
tional evaluated for the set of ionic positiofiR;} and the set - Z Hi
of orbitals {¢;}. The functional derivative of the Kohn-—
Sham energy in Eq.3) is implicitly restricted to variations
of {¢;} that preserve orthonormality.

We wish to compare the dynamics of ions evolved with (R}
this method with the true BO dynamics. For this purpose, we—‘p'}]
decompose the CP orbitals as dR!

i) =1 ) +|5s), (4)

where |¢{?)) are the ground statéBO) orbitals which are
uniquely defined for given ionic coordinates as those that

AL
(il re* R 10| ®

Using the expansion

d
:dea| ELR {0

minimize E[{¢;},{R,}]. This allows us to consider sepa- D SE[{Ri}:{4it] B
rately the evolution of the instantaneous electronic ground i ) (o '
state and the deviations of the CP orbitals from that ground R¥4w '
state. SE[{R};{ni}] 2
A preliminary interesting observation follows from such (il (i ©) +order(dy; )]
a decomposition: strictly speaking, the CP equations do not i
reduce to the BO equations in the limit of vanishifig; , for — Fgo. + 0+ ordex 5y7) (9)

any finite value ofu. In fact, because of the dependence of

the ionic coordinates on time, the BO orbitals have a nonva\-Ne can write the error in the CP force as
nishing “acceleration” given by

(0)\ @ ! a ~B_ ' 7 o a @ y
where we have used the fact that +orde(5¢ri2). (10
o e AU
| >:E| RI—Re (6)  Having established the connection, to first ordesif , be-
|

tween the CP and the BO forces, we assume adiabatic decou-
It now becomes clear that E¢3) is not compatible with a pling and look for contributions to this difference that do not
vanishing departure of the CP orbitals from the BO orbitalsyanish when averaged over time scales longer than the ficti-
since the right-hand side of E@3) would vanish if {¢;} tious dynamics of the electronsd) but shorter than the time
={¢//i(°)}, while the left-hand side would not, by virtue of Eg. scales of the ionic dynamicsrj. Only these contributions

(5). So the CP orbitals cannot take their ground state valueare expected to contribute significantly to the ionic
unlessu vanishes too. As a consequence of this, the ionidynamics’ To this end we rewrite Eq(3), using Eq.(4), as
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and we show that when Ed@l1) is averaged over a time

scale shorter tham; but longer thanr., then d¢; vanishes.
In order to prove it, we re-express Ed.1) as

k("

<<Pj|5i;0i>+<<Pj|X(i)>:_i(@jwlﬁi% (12
where
IXPERI(D),R(1),R (D)
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and [¢{") is an eigenvector oK™ with eigenvaluek{’

| x®y andK®, by definition, vary on the time scale of ionic

motion. We consider time scales much smaller than
=2m/w; such that|x"),K" and |¢;) are approximately
constant. In this case a solution of Ed2) is of the form

i (il x™)

o "

<‘Pj|5¢i>:Beiw}

where wj(i)z \/.kj('jl,ui and B is a complex constant. If we
assume thaibj(') is very large relative ta; then the average

value of (¢;|6y;(t)) over time scales much greater than

ZW/wJ(') is

T+ATI2
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=(¢j(7)|845)~0. (17)

Since

|5‘"ﬂi>:; (oil 34| @;) (18

this means that for time scales which are intermediate be-
tween typical time scales of ionic and CP orbital motion

|41)~10).

To summarize: If we consider the dynamics of the elec-
tronic orbitals to consist of an adiabatic response of the elec-
tronic orbitals to the ionic dynamics and an independent fast
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oscillating part then, under the assumption that the time

scales of the fast component are much shorter than the short-
est time period in the ionic system, i.e., assuming adiabatic

decoupling, the average error in the Car—Parrinello forces is

given by[using Egs(10), (11), and(17)]

S & () a9
7 ) 9R* RS

o KO PO
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TK OR"  IRLIRY

AFf=22 w
I

} +ordex 5y?).

(19

This correction varies on ionic time scales and therefore
does not necessarily average out as the usual “fast” compo-
nent does. However, its value depends linearly on the elec-
tronic mass. This implies that a simple way to ensure that its
contribution in a CP simulation is negligible consists of re-
ducing systematically the electronic mass. Although a
smaller u implies a smaller time step for the integration of
the CP equations of motion, the time step scalesAas
~ u*2, which means that reducing by an order of magni-
tude brings about a computational overhead of only a factor
of 3. A more quantitative discussion is presented in Secs. IV
and V.

We also notice that if the term proportional RR on the
right-hand side of Eq(19) vanishegqe.g., by symmetry, see
the following), and the tensor in the term proportionalRds
constant, then the correctidi9) reduces to a rescaling of
the atomic masses, which is known to leave thermodynamics
intact. This is discussed in more detail in Sec. Ill.

lll. THE RIGID ION APPROXIMATION

In order to gain insight into the scale of this problem
with the CP forces we consider the simple example of rigid
ions. We assume that each electron is localized around an ion
and that there is no distortion of a particular ion’s charge
distribution as it moves in the field of the other ions. We can
refer each wave functiog; to a particular ion as follows:

¢i(r):¢ln(r_R|)l (20)

where the electronic states are labeled by an ion indexnd
the index# labeling the electronic state of the ion. The ri-
gidity of the ionic charge distribution means that

i, (r—Ry) _ A, (r—Ry)

JR, ar
(21)
dpi,(r—R)

Equation(19) becomes

il

IPr,(r—R) Py, (r—R)
are arYorB

IPr,(r—R)) d ,(r—R)) q
ar ark '
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The second term in Eq22) vanishes due to symmetry, at
least assuming an atomic charge density with spherical sym-
metry. The first term may be written in terms E{(’? the
guantum electronic kinetic energy of an electron in statd
atoml as

.. Iy, (r—R) d(r—R))
B 7 7
2277 ,,L,,m{ Rf P o
Zme" a |
:_WRI 27] Mv)Ekna (23

wherem, is the(rea) mass of an electron. Since the ions are
rigid the quantum kinetic energy associated with each one is
a constant and Eq22) becomes

AF{=—AMR" (24)

with
2mg
_ [

AM,—WZ] o ELT (25)
In t.hIS case the |qn|c pO.SItIOI’lS. and velogltles are updategIG. 1. The mechanism by which the effective ionic inertia is related to the
during a Car—Parrinello simulation according to quantum kinetic energy of the localized electronic wave functions within the

. rigid-ion approximation: For two ions of the same species which are moving
(M+AM)R}'= FgoI . (26) with the same velocity, the one carrying the more localized electronic

wave function(top) has a higher effective mass. The more localized elec-
In other words, for systems where the rigid ion approxima-tronic wave functiony;(x) has, on average, a greater slapg(x)/dx (and

tion is valid, the CP approximation amounts simply to a res_hence kinetic energythan the more extended wave functighottom)

. L . . . x). Since for a given ionic velocity a greater slope implies a greater
caling of the ionic masses. Since the classical partition funcipZ( ) 29 clociy a g be imp ore
rate of change with respect to timé@{> ¢,), the localized wave function

tion depends. only on the interaction potgntlal, the changes more per unit time than the extended wave function. In order to
thermodynamics of the system as calculated with a CP dyincrease the ion’s velocity one also needs to increase the rate of change of
namics is identical to the thermodynamics of the BO Systemt_he massive wave function localized on it. The total inertia associated with

. ; _this required change of the rate of change of the wave function is related to
The definition of temperature will however be affected, be the quantum kinetic energy via E(R5) and this quantity must be added to

cause if the actual ionic dynami_cs in CP is given bY_ @@, the bare ionic mass in order to obtain its effective mass.
then the real temperature at which the system equilibrates, at

least in the case of a microcanonical dynamics for the ions, is

given by Figure 1 illustrates how, within the simplified rigid-ion
. model, the ionic inertia depends on the kinetic energy of the
kaT= — M. +AM a2 2 electrons. For a given ionic velocity, the wave function at a
53N |§:§ (M, @), @7 point in space has to change more quickly when it is highly

localized(and therefore with a high quantum kinetic energy
than when it is extended. To accelerate an ion one also needs
to increase the rate of change of the wave function localized
on it. Since the wave function carries an ineitia the ef-
fective inertia of the ion is greater than the bare ionic mass.

where( ) signifies the average over time aNds the number
of atoms. This differs from the standard definition by the
addition of a term proportional tAM, . The additional term
in Eqg. (27) can be readily traced to the additional inertia

caused by the rigid dragging of the electronic orbitals. InIn more general(nonrigid-ion situations, the collective

fagt, using Eq_s.(e) an_d_(2_1), We can S.hOW th_at_t_hls term movement of the ions is affected by the requirement that the
comgdc_es, \.N'thm the rigid ion model,_ W't.h the fictitious elec- “heavy” electronic wave functions are rearranged as the sys-
Fromc kinetic energy, vyhen Fhe contribution from the dynam—,[em evolves.
ics of the 8y is negligible, i.e., We now explore the consequences that such a modifica-
o 1 tion of the ionic inertia has on typical observables extracted
To= 2 wil il )= 52 AM((v])?). (28)  from CP simulations. First, as already mentioned, the correct
' e definition of temperature in a microcanonical CP simulation
In other words if the electronic orbitals move rigidly with the is given by Eq.(27). Similarly, in a simulation where tem-
ions the actual inertia of the ions in a CP simulation can beperature is controlled, e.g., through a Ndkermostaf, the
obtained by adding to the “bare” ionic inertia the inertia quantity to be monitored corresponds to the instantaneous
carried by the electronic orbitals. This result has beervalue of Eq.(27). Dynamical observables will also be af-
pointed out previousfy and ionic masses are commonly fected by the additional inertia, as already noted in the case
renormalized when dynamical quantities are being investiof phonons extracted from CP-MD in carbon systérfisn
gated. the case of homogeneous systdimsingle atomic species in
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TABLE I. Technical details of the simulations.

Simulation Temperature g Ep  Eae At Siudwile) L

No. System (K) au) Ry Ry (au) (a.u. x 104 (a.u)
1 Si 330 270 1.0 12.0 5.0 4.36 20.42
2 Si 330 270 1.0 12.0 5.0 4.36 20.42
3 Si(liquid) 2000 270 1.0 120 10.0 4.35 19.8
4 MgO 2800 400 2.7 90.0 8.0 66.3 14.5
5 Si 330 200 1.0 12.0 5.0 3.23 20.42
6 Si 330 800 1.0 12.0 10.0 12.92 20.42
7 MgO (M, rescaled 2800 100 2.7 90.0 4.0 16.55 14.5
8 MgO (Mg rescaled 2800 400 2.7 90.0 8.0 66.4 14.5
9 MgO 2800 200 2.7 90.0 5.65 33.1 14.5
10 MgO 2800 100 2.7 90.0 4.0 16.55 14.5

which all the atoms are in similar local chemical environ- Silicon on the other hand is a covalent/metallic system
mentg all dynamical quantities can be simply rescaled usingwith relatively low quantum kinetic energy. As such it should
the mass correction of ER6). However, for heterogeneous be one of the systems most favorable to the Car—Parrinello
systems the correction is not always trivial, as different masapproximation but least favorable to description in terms of
corrections apply to different atomic species due to differentigid ions.

atomic kinetic energies. In practice, we found that a conve-

. . Technical details
nient and more general way to express the mass correction 0

ion | is given by We have performed ten different simulations. The tech-
om gt nical details are summarized in Table I.
AM =f —° K 29 All simulations were performed with a cubic simulation
U 3NR? @9

cell of sideL (see Table )l under periodic boundary condi-
where f, is a dimensionless constant which takes into actions and with 64 atoms in the unit cell. We used a plane
count the relative contribution of speciko the total quan- Wwave basis set with an energy cut off for the wave functions
tum kinetic energyE[®"'. of E¢y. The Brillouin zone was sampled using only the
point. In each simulation we have used the mass precondi-
tioning scheme of Tassoret al,'° and the parameterg,
andE, in Table | are defined as in Ref. 10. With the use of a
In order to gain more insight into the theory put forward Preconditioning scheme, whereby the electronic mass is
in the previous sections, we have performed CP simulationgcaled with the kinetic energy of the plane wave, the time
on pressurized magnesium oxide and on silicon. Among thétep can be increased by a factor of 2—-3 with respect to the
insulators(we restrict our analysis to insulators as adiabaticon-preconditioned casé.The use of a preconditioning
decoupling is less obvious in metallic systems and this wouldcheme worsens considerably the agreement of the CP forces
complicate considerably our analysi#1gO and silicon are  With the BO ones. In particular, we have checked that using
extremal cases: MgO is a highly ionic system with largethe parameterg, andE, that optimize the time step causes
quantum kinetic energy associated with the strongly localan increase by about a factor of 3 in the correction texé.
ized charge distribution; Silicon on the other hand is a covaHowever, in order to bring this error to its non-
lent system where electron states are much more delocalizegreconditioned value, a value qi, three times smaller
Within our pseudopotential description of Mg@he 1s, 2s, would be required, with a consequent reduction of the time
and 2p states are frozen into the core of Mg whereas onlystep of onlyv3. Considering that the preconditioning scheme
the 1s states are frozen into the core of O. Since there is vergllows a 2-3 increase of the time step, a reductiov3utill
nearly complete transfer of the twe 2lectrons from Mg to  makes the preconditioning scheme marginally superior.
O (inspection of charge density contour plots reveal no evi-  Liquid silicon is metallic and so, as suggested bydsio
dence of any valence charge anywhere except surrounding @d Parrinelld;" two Nosethermostats were used to counter-
site9 the electron quantum kinetic energy may to a first ap-act the effects of energy transfer between the ions and the
proximation be attributed to electronic states localized or{é¢;) due to overlap of their frequency spectra. The values
oxygen ions. This makes MgO an ideal system to studyf the parameters used wem®.=21.3a.u./atom,E,,
within the rigid ion model since only the oxygen mass will =1.65<10 *a.u./atom andQr=244400a.u. These were
be rescaled. As mentioned in Sec. Ill, additional problemshosen for compatibility with those of Ref. 16 by taking into
arise if one deals with more than one electron-carrying speaccount the slight increase in temperature and scaling ac-
cies as the quantum kinetic energy must be divided betweecordingly.
these species. The large quantum kinetic energy of MgO In all simulations, with the exception of simulation 2, the
means that the error in the CP forces should be large relativeystem was first allowed to evolve for at least 1 ps and this
to many materials. The simulations of MgO were performedtrajectory was discarded. For simulation 2, this initial equili-
at a high pressuré~900 kbay as this enhanced its ionicity. bration time was 0.5 ps. All results reported are taken from

IV. SIMULATIONS

Downloaded 25 May 2005 to 140.105.16.64. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 116, No. 1, 1 January 2002 Car—Parrinello simulations 19

the continuations of these equilibration trajectories.

In all simulations, the total quantum kinetic energy of (a) Ih
the system, and hence the average mass corre@®nvar- )
ied during the simulation by less than 0.3%. It was therefore /
taken as a constant in further analysis. ]

The total energy of all the degrees of freed@ntluding / \
the thermostats in simulation 8vas conserved in all simu- / !
lations at leastto within one part in 18. ! !

/ \
/ \
T T T
-3 -2 -1 0 1 2 3
B. Results B 44 Relative Error [%]
In order to check the predictions of the theory developed
in Secs. Il and Ill, we have taken segments of CP trajectories 0-8‘_
and calculated the true BO forces along these segments by ¢ | uncorrected
putting the electronic orbitals to their ground state with a E
steepest descent method. We look at the instantaneous erro 04 corrected
in the ath Cartesian component of the CP force on atom 02_'
relative to the r.m.s. BO force component, i.e, © o
C 0 ' | : ! ) I \ | L | )
AF{(1) 001 ] I
SF{(t)= @) Z°
ECEJ,B(FgOJ)Z 3 ] o0l
T 2 A ALY X 20
£ 0 ;
3NN, S A
3 ]
and the instantaneous relative error minus the relative error § g1 -
predicted by the rigid-ion model: 2 ) !
AF(t)+AM R -0.02 T T T T T T T
[6F (1) ]cor= (31 0 00t 002 003 004 005 006

/ 33 ﬁ( F é’o ) 2’ Time [picoseconds]
’ J
3NN

FIG. 2. Simulation 1(a) Distribution among all atomé and all Cartesian

whereN.. is the number of ionic confiqurations at which the componentsy of the percentage errors in the CP forces relative to the BO
c 9 forces at the same ionic positions, 208F(t) (full line) and these errors

error in the CP forces was calculated aidis the SUM OVEr  when the forces have been partially corrected according to a rigid-ion
all such configurations. The value &M, in Eq. (31) is model, 10 [ 6F{(t) Jcorr (dashed ling (b) T'(t) as defined by Eq(32) for
determined using the rigid-ion-model expressi@®), and the full error in the forces and those as partially corrected according to the
El® was given its average value during the simulation. The91d-on model(©) Fgo, , Fég and Fep ~Fao) (multiplied by a factor of
. . . 20 for visibility) for a typical force component. Dots indicate the points at
spglmg parameters which were found to give best re;ults o hich the BO force was calculatddvery 5 time steps
silicon and oxygen werég;= 1.0 andf 5= 1.92, respectively.
We also look at 6F[") and (5F|") ¢ the rms values of
[ 6F ] and[ 6F "] OVer all the ions, Cartesian components, value of I'(7) on the plateau between, and 7, provides a
and configurations tested. measure of how much of the errors calculated in Eg6)
Since the CP forces are affected by a “fast” componentand(31) are attributable to a systematice., “slow” ) depar-
whose effect on the ionic dynamics is believed to average outure from the BO surface.
on the time scale of the ionic motion, we introduce the quan-  We begin by looking at the forces in silicon in both the
tity I'(7), defined as solid at 330 K and the liquid at 2000 ¢simulations 1, 2, and
ft°+TAF“(t)dt 3). Simulation 1 was preceded by a short run where the tem-
(1 D to : perature was set to about 1000 K. Electrons were then re-
F(n= J03_N o ft0“|A|:|a(t)|dt dr, (32 laxed in their ground state and the ionic velocities set to zero.
o This allows the electrons to smoothly accelerate with the
If we begin our comparison between CP and BO forces aions. A microcanonical simulation followed where the ionic
some instant, along the trajectory then inspection Bfr)  temperature reached, after a short equilibration, the value of
gives a feeling for how large the fast component is. If the330 K. This procedure was followed in all the simulations
errors in all the forces of the system oscillate rapidly with anreported here, except where discussed.
average of zero theh(7) decreases very quickly from the In solid Si at 330 K(Fig. 2 we find that the standard
value of one at-=0 to zero atr~ 7. For systematic errors deviation of the error in the Car—Parrinello forces is 0.94%.
I'(7) should decrease gradually from one to zero on a timédowever, most of this error can be attributed to a rigid drag-
scale of the order of the period ef. In realistic case$'(7) ging of the Si atomic orbitals. The standard deviation of the
drops from one and levels off to a smaller value for 7, error is in fact reduced to 0.24% after the rigid-ion correction
and then decreases gradually to zerofexceedingr,. The  (26) is subtracted. The~30% drop of I'(t) (corrected
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FIG. 3. Simulation 2, Crystalline Si at 330 K when the electrons receive a ] ) o _ _
“kick” at the beginning of the simulation. See caption of Fig. 1 for an FIG. 4. Simulation 3. Liquid Si at 2000 K. See the caption of Fig. 1 for an
explanation. E&, —Fgo) has not been scaled for visibility. explanation. E¢g —Fgg) has not been scaled for visibility.

shown in Fig. 2b) indicates that~30% of the residual the ionic dynamics, the error reduces to about 1.2% for the
0.24% error can be attributed to “fast” oscillations, so thatuncorrected forces and to less than 0.5% for the corrected
the overall average error introduced by the CP approximaforces. The amplitudes of these oscillations are nevertheless
tion, once corrected for the rigid dragging and under thesignificant and may affect the thermodynamics in a way that
assumption that the fast component is not relevant, is less not easy to predict. These oscillations clearly originate
than 0.2%. from the initial jerk experienced by the electrons in their
As has been pointed out previously by Remler andground state and survive for a long time due to the adiabatic
Madden'? it is important to begin the dynamics with elec- decoupling.
trons and ions moving in a consistent way as we have done In the liquid the situation is considerably worse than in
here in all simulations except the one we now disdgssau-  the crystal. The standard deviation of the error in the forces
lation 2) and in the case of liquid $simulation 3. We found is 3.4%, which improves only to 3.1% with the rigid-ion
that the error in the forces increases substantially if the simueorrection. There do not seem to be high frequency, high
lation is not started from zero ionic velocities, a procedureamplitude oscillations here despite the simulation being
that would otherwise have the advantage of shortening corstarted with finite ionic velocities. However, there are oscil-
siderably the time needed to reach thermal equilibriumlations of a lower frequencgalthough still quite high relative
Simulation 2 started from the end of simulation 1, but elec-to ionic time scaleswhich are probably due to the presence
trons have been put in the ground state before restartingf the Nosethermostat(Fig. 4). It may be that the Nose
(ionic velocities and positions were instead kept unchangedthermostat has the effect of damping out the kinds of oscil-
Forces were tested after 0.5 ps from the electron quenchingations seen in Fig. 3 but the presence of these other oscilla-
The standard deviation of the error in forces is now 5.7%tions is hardly an improvement. This highlights the need for
and the error in the forces as corrected according to the rigidareful choice of parameters for the Nosermostat, par-
ion approximation at 5.68% is not significantly improved. ticularly the value ofE, . It is not clear how one should
However clearly from inspection df(t) in Fig. 3(b) and the  choose this parameter in general. For example, here we have
sample force component in Fig(c3 most of this error can be used a value oEy;, , compatible with Ref. 16, however we
attributed to the high frequency oscillations of the electronicnote that this is considerably smaller than the value recom-
orbitals. If we assume that these oscillations do not influencenended in Ref. 11, which was obtained according to a rigid-
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FIG. 5. Simulation 4. Forces on the oxygen ions in crystalline MgO at 2800
K. (a) and(b) are as in Fig. (c). From top to bottom: the error in the CP 1. Temperature
forces Fépl - Fgol), the error in the CP forces as predicted by the rigid-ion

model —AMOI"?f“ (dotted ling, the difference between the true error in the . - -
CP forces and the predicted erréid, — Fgo + AMR?), the CP forcé tronic dragging are enhanced. _Accordlng to the results_of
and the BO force at the same ionic positicﬁ@,I for a typical force com- Sec. lll, we should expect a difference between the naive

ponent. Dots indicate the points at which the BO force was calculetety ~ definition of temperature and the definition corrected by the
time step. electronic dragging, Eq27). In the case of MgO, as noted

previously, this correction affects only the oxygen atoms, as

only a minor amount of electronic charge is carried by the
ion model. We have also done simulations using higher valMg?* ion. In Fig. 6 we show the behavior of the instanta-
ues ofEyno and in all cases the errors in the forces haveneous values of the naive and corrected temperatures. The
been greater. Therefore, it is likely that by decreadiipg,  corrected temperature exceeds the naive definition by about
further we might further improve the forces. However, this500 K. More interestingly, in Fig. 6 we also report the con-
has not been attempted here. The issue of thermostattingtabutions to the temperature of the two atomic species. It is
system in a way which minimizes the kinds of errors seerclear that the naive definition would imply that the two spe-
here while accounting for the evolution of the electroniccies are not at thermal equilibrium. On the other hand, use of
ground state in a more general way than is allowed by thé¢he corrected definition for the oxygen temperature brings
rigid-ion approximation has recently been tackled bythe temperature of the two species into much better agree-
Blochl.*® ment, supporting the conclusion, based on the rigid-ion

We now look at the forces in crystalline MgO wita, model, that thermodynamics can be restored by a simple res-

=400 a.u.(Fig. 5. The relatively high quantum kinetic en- caling of the oxygen mass. The mass rescaling, as calculated
ergy associated with states attached to the O ions means thatith Eq. (22), amounts taAMg~7.5u (Mo=16 u). We also
according to Eq(23), the errors in the forces are consider- report in Fig. 6 the instantaneous value of the fictitious elec-
ably larger for the O ions than we have seen for Si. Theronic kinetic energy, the left-hand side of E§8), and the
errors in the CP forces have in fact a standard deviation adifference between this quantity and the right-hand side of
large as 32%. However, when this is corrected as in(B6).  Eqg. (28), which represents the contribution due to the rigid
by attributing all the quantum kinetic energy to states rigidlydragging of the electronic orbitals. The difference is very
following the O ions the standard deviation of the error re-small, implying that residual contributions due, for example,
duces to 4.8%. Furthermore, the corrected valu€ @ in-  to the fast electronic oscillations are negligible in MgO com-
dicates that about 80% of the error on the O forces cancelgared to the slow dragging of the orbitals.

We focus here only on MgO, as the effects of the elec-
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FIG. 7. Phonon density of states of crystalline silicon fiog=200 a.u. Frequency [cm™]

(simulation 3 and for =800 a.u.(simulation §.

FIG. 8. Phonon density of states of crystalline MgO fgy=100 a.u. and
for uo=400 a.u. with rescaletsimulations 7 and 8Band unrescale¢simu-
lations 10 and ¥oxygen masses.

2. Phonon spectra
We have calculated the phonon densities of states of
crystalline Si and MgO by Fourier transforming the velocity are very similar. We notice that witjpy=2100a.u.(and no
autocorrelation function. In all cases, the first picosecond ofnass correctionfrequencies are within 8% of the correct
the simulation was discarded and results obtained by averagnes. This implies that in order to obtain a phonon spectrum
ing over at least one subsequent picosecond. For silicon thaf MgO with a 4% accuracy in the peak positid@ds is the
velocity autocorrelation function was calculated on a timetypical uncertainty of a pseudopotential density functional
domain of length 1.2 ps and for MgO on a time domain oftheory approach) the value ofuq should be about 50 a.u.,
length 0.5 ps. which implies aAt~2.8a.u., or about 1%10* time steps/
In silicon (Fig. 7) the difference is reasonably small. ps.
According to the rigid-ion model the frequencies should be

corrected using 3. Dependence of error on  p

Wcorrected @cpV 1+ AM/M, (33 We now try to address the question of how the error in

wherewcpis the frequency as extracted directly from the cpthe QP forces depends on the fictitious electro_n mass. Ac-
simulation. We find that for silicon this overestimates by ¢ording to Eq(19) the error should scale approximately lin-
about a factor of 2 the amount of the correction. This smal@ly with the mass. However this is based on the simplify-
discrepancy may be due to the length of simulation used fof"d @ssumptions that the oscillations [ifiys;) have a small
calculating the frequency spectra or due to a breakdown g@Mplitude and that thesy;) do not on average exchange
the rigid-ion description whem,=800a.u. It may also be €nNergy wnh the ions, i.e., full adiabatic decoupling is
that neglecting the effect of the fast oscillations is not com-2chieved. Figure 9 showF|") and(SF ") o for the oxy-
pletely appropriate when the dragging contribution is small.
In MgO, as expected, the difference is much larger. We
calculate the phonon spectra fpr=400a.u. and forug
=100a.u. and find large differences between thisee Fig.
8) highlighting again how the dynamics depends on the value
of u. The fact that two species are involved complicates
matters as the mass correction is different for the two species
(it actually vanishes for Mg Therefore we should not expect
simply a rigid shift of the frequencies. However, if the rigid-
ion approximation is valid, one may conceive to rescale the
oxygen mass: priori in Eq. (2) asMo=Mo—AMg, so that
the actual CP dynamics expressed in terms of the BO forces,
Eq. (26), becomes identical to the BO dynamics if the rigid 100 200 300 400
ion approximation holds. We have done this for MgO, again Mola.u]
for “0:409 a.u. angko=100a.u. and we See.that the re_SUItSFIG. 9. Scaling of the standard deviation of the errors in the forces on the
are much improved. There are only small differences in th%xygen ions withuo (Simulations 4, 9, and 10 6F ") .o has been reduced
positions of the peaks and the overall shapes of the curvas eliminate canceling high frequency oscillations by inspectiofi @).
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gen ion for three different values pfy, where( 5F ") o, has check of the dependence of the CP results on the electronic

been scaled to eliminate the contribution of errors from highMass is strongly suggested. . .
frequency oscillations by inspection By(t). If one is to judge the quality of a CP simulation by the

Since the uncorrected error is dominated by the effect ofT0rs in the forces as we have largely done here, then a
the displacement of the equilibrium positions of the orbitalsduestion which needs to be addressed is to what extent these
from the ground state, this scales approximately linearly witHrors manifest themselves as errors in the properties of in-
wo. The small error which remains after the rigid-ion cor- terest in the simulation. It is likely that random high fre-

rection has been applied could have contributions from man§iuéncy oscillations in the forces such as those due to the
different sources including deviations from the rigid-ion de-dynamics of thesy; have no discernible effect on the ther-

scription and interactions between the ions and|thg). It modypamics of the sy_stel_*n if such oscilla@ions are small. The
is also of the order of the fluctuations E}(otal during the magnitude of the oscillations seen here in the case of MgO
simulation. may be a cause for concern. However, we have checked that
structural properties are not strongly affected by these errors.
lonic pair-correlation functions are only marginally affected
by the electronic mass. A rough estimate of the error in the
thermal expansion can be obtained by considering that, in the
V. DISCUSSION case of MgO, the average pressures duringtk€100 and
The various cases studied in this work have been explicf100 a.u. simulations differ by a_b_out 2 GPa. Bec?use the bulk
itly chosen because of their “extremal” behavior. The oxy- mrggtsturz (<)jf| f'f\g?eon?émi? dcé)::slzogzﬁzzc\)/cﬁsje?ji?fec:epr?ce at
gen ions in MgO have a very strong electron—ion coupling a%obaric conditions. The volume expansion in MgO at 2800

shown by the large quantum kinetic energy. However, oxy- . .
gen seems to be well described within the rigid-ion approxi-K and 100 GPa is about 3%with respect to 0 K and 100

mation and so the thermodynamics are probably quite clos_g’Pa’ Implying that the uncertainty in the thermal expansion

to those of a BO system. Crystalline silicon is less well de-S abA?Iutflgl%. frects di din thi d dent
scribed in terms of rigid ion&lthough still remarkably well ot the efiects discussed In this paper aré dependen

but it has a much lower electron—ion coupling so the errord" th? chmpe of the ficitious mass paramet@r,and by .
in the forces are very small. If we *measure” the departurereducmg this parameter all thermodynamic and dynamic

of the CP dynamics from the BO dynamics in terms ofproperties of a simulation may be brought arbitrarily close to

AM/M, with AM defined as in Eq26), then it appears that thosg in abB?(m;Opphe”h.eimer system. A [jeduc.“owd’fas A
the elements where the departure is expected to be larger atl%e rawbac t .at the time step require .to |r)tegrate the
located on the upper right-hand side of the periodic taple€duation of motion for the electronic orbitals is reduced

because they combine a low atomic mass with a large binoi-hereby decreasing the computational efficiency of the

i Aets 1/2 H
ing energy of the valence electrofand thus a large quantum methodithwedver., theb time stdep sc;ales " g N This
kinetic energy. Transition metals may also be strongly af- means that reducing by an order of magnitude increases

fected, because of the large number and strong IocaIizatioWe simulation t_|me by (_)nly a facto_r of 3. By checkmg how
of thed electrons. However, the higher the localization of thethe property of interest in a S|m_ulat|_on sca_les Wﬁ'?"”e can
orbitals, the higher the chances that the description of thgontrol th§17'e"e' of approximation with -which it is
electronic dynamics in terms of rigid orbitals is correct. Thecalculatedl. '

large departure observed in the case of MgO suggests that a

proper assessment of how much the CP forces differ from the

BO ones is mandatory in most systems. This can be achievegl, CONCLUSIONS

by either calculating the BO forces for selected ionic con-
figurations, or by performing simulations for different
(smalley values of u, and checking how the results scale
with decreasingu. If the departure is large then it is likely
that in many cases the CP forces can be brought into good®"’ y
agreement with the BO ones by simply rescaling the ionidhotion for the ions
masses.

Under the assumption that high frequency electronic os-
cillations (i.e., the dynamics of thes;)) are small and in-
dependent of ionic motion, we have shown that Car—
Iaarrinello simulations amount to solving the equation of

5 e %1 40°)

Additional complications may arise when the dynamics M|R|“=F§ol+2z MR TTIRT oRP
lead to fundamental changes in the electronic structure. The ' ! J
first and second derivatives of the electronic orbitals with PO P
respect to the positions of the ions, which appear in(&§), +> RfR;{ o ﬂ} . (39
JK IR dRLIR]

may become relevant in regions of phase space where the
electrons play a significant role. For example, if charge trans- We have compared the forces in simulations of Si and
fer between ions occurs, or if a substantial rearrangement dflgO for a number of different values @f to the BO forces

the electronic orbitals takes place, as in a chemical reactiorand found that in the case of Si the errors are small and
then the simple method of rescaling the ionic masses will n@hange very slightly the phonon spectrum of the crystal. In
longer work. In some of these cases the Born—OppenheimélgO we observe very large systematic errors in the forces
approximation itself may become invalid. In all other cases avhich are however mostly attributable to a rescaling of the

Downloaded 25 May 2005 to 140.105.16.64. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



24 J. Chem. Phys., Vol. 116, No. 1, 1 January 2002 P. Tangney and S. Scandolo

mass of the oxygen ion, thereby preserving the thermody-R. Car and M. Parrinello, Phys. Rev. L&, 2471(1985.
namics. When corrected for this effect the errors are inghtIin- Kohn and L. J. Sham, Phys. RebQ A1133(1965.
higher than those in crystalline Si but still quite small. The G- Pastore, E. Smargiassi, and F. Buda, Phys. ReM,/£334(1991.

™ . . 4See, for example, P. E. Btbl, Phys. Rev. B0, 17953(1994).
phonon densities of states further confirm both the mad_SG. Pastore, iMonte Carlo and Molecular Dynamics of Condensed Matter

equacy of CP aF these vaIges,mfvvithout the rigid-ion.cgr-_ SystemsProceedings of the E. Fermi International School of Physics,
rection to describe dynamics and the ability of the rigid-ion edited by K. Binder and G. CiccottEditrice Compositori, Bologna, Italy,
model to correct the dynamics in MgO. 1996.

We have demonstrated the necessity for checking the'S. NoseMol. Phys.52 255(1984.

7
dependence of results of CP simulations on the value of the?: Kohanoff, Comput. Mater. Sc2, 221 (1994.
P %S. Scandolo, M. Bernascomi, G. L. Chiarotti, P. Focher, and E. Tosatti,

fictitious mass parametgr. Phys. Rev. Lett74, 4015(1995.
°N. Trouiller and J. L. Martins, Phys. Rev. 43, 1993(1997).
ACKNOWLEDGMENTS 10F, Tassone, F. Mauri, and R. Car, Phys. Rews@ 10561 (1994.

. _11P. E. Blcchl and M. Parrinello, Phys. Rev. 85, 9413(1992.
The authors would like to thank R. Car and N. Marzarizn  Rremler and P. A. Madden, Mol. Phy&0, 921 (1990).

for useful discussions. We also thank P. @ibfor providing  3p, E. Blichl, Phys. Rev. Bsubmitted.

us with an advance copy of his manuscriptn addition one  *S. Speziale, C.-S. Zha, T. S. Duffy, R. J. Hemley, and H.-K. Mao, J.
of the authorgP.T) would like to thank A. Trombettoni for ~ Geophys. Res[Atmos] 106 515(2001. _ _
useful discussions and M. Payne for some valuable sugges—gé\?'BKg‘{kg;;é '(‘g'o\é‘ge”tzco"'mh’ S. de Gironcoli, and S. Baroni, Phys.
tions. In this wor!< extensive use was made of the_Keck Comzegy Suginé and R. Car, Phys. Rev. Létt, 1823(1995.

putational Materials Science Laboratory at the Princeton Mas7g_ sctigt, P. Pavone, W. Windl, K. Karch, and D. Strauch, Phys. Rev. B

terials Institute. 50, 3746(1994).

Downloaded 25 May 2005 to 140.105.16.64. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



