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Truncated pseudopotentials for alloy calculations
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In first-principles plane-wave pseudopotential calculations, there is a subtle interplay between the conver-
gence of the wave function and the pseudopotential expansions. Changing the cutoff of the plane-wave ex-
pansion often causes a change in the calculated physical quantities. We discuss the origin of this problem and
how to ameliorate it by introducing a simple truncation of the pseudopotential in the reciprocal space. By
exploiting the arbitrariness inherent in pseudopotentials, the method also provides an extra handle to “tune”
the pseudopotentials to yield the best possible agreement with the all-electron results for bulk systems. We
demonstrate the benefits of this truncation using Pd as an example and illustrate the results by calculations for
some Pd-Al alloys[S0163-1829)00836-X]

I. INTRODUCTION It is important to keep in mind that these pseudopotentials
areapproximationgo the underlying all-electron results. As
Electronic(band structure theory plays an important role such, the quality of a first-principles pseudopotential should
in elucidating the properties of materials and in the interprebe judged by comparing the calculated results with all-
tation of experimental data. Throughout its long history,electron,not experimental, resultsin what follows, we re-
many different approaches and techniques have been devéfrict our attention to the generation and use of first-
oped. Ranging fronfsemijempirical methods for modeling Principles pseudopotentials; since the applications of
optical properties to first-principles calculations of the struc-empirical and semiempirical pseudopotentials are different,
tural and dynamical properties @fis)ordered systems, each the criteria for judging their quality are also different.
approach has its own set of advantages and disadvantages.!n any electronic structure calculation, both all-electron
First-principles methods, although by now quite powerful@nd pseudopotential, there are convergence issues. In order
and popular, are not appropriate for all problems; the choicé0 compare the properties of different systems, it is necessary
of method should be dictated by the physical insight that cafhat each system is separately converged. As evident from
be obtained. many works, physical properties may change as a function
Pseudopotential€ have been applied within the whole of the basis set even though the total energy is apparently
spectrum of electronic structure theory, from simple modelg€asonably converged. In a recent stlidf/Zr-Al alloys, we
to semiempirical and first-principles calculations. The use ofriefly noted that this problem could be partially overcome
pseudopotentials in modern first-principles electronic strucfor pseudopotentials and plane-wave basis sets by introduc-
ture calculations of solidss by now widespread. This popu- iNg & truncation of the pseudopotenual in reciprocal space.
larity is based in large part on the compatibility betweenThis procedure also yields an extra way to “tune” the
pseudopotentials and the use of plane waves as a convenidifieudopotential, which in the case of Zr, allowed us to ob-
basis set for expanding the electronic states; the eliminatioffin the correct sign of the bee-fcc energy difference. In what
of the core electrons and the short wavelength structure ifPllows, we demonstrate these points in more detail using Pd
the valence wave functions allow Fourier expansions to con@S an example. These Pd pseudopotentials are then used to
verge reasonab|y rap|d|y This rapid convergence in reciprocalculate the Stru(-:tural properties and heats of formation of
cal space has been used to great efféctsemiempirical SOme representative Pd-Al alloys.
calculations: the bands of semiconductors and simple metals
often can b.e Qescribed by qnly a few Fourier components. Il. APPROACH AND EXAMPLES
For first-principles calculations, pseudopotentials and a
plane-wave basis are computationally simpler than the more The typical construction of a pseudopotential starts from
accurate all-electron approaches, and can be extended maxe all-electron calculation of the free atdfnor an atomic
easily to make use of modern techniques such as iterativsite in the solid stat®(For pseudopotentials that are updated
diagonalization to treat large systems. during the calculation, see Ref) T his construction is gen-
A prominent featurdand advantageof pseudopotentials erally done in real space. For real space methbdsthis
is their inherent arbitrariness, that can be utilized in confpseudopotential can be used directly, albeit with care.
structing better pseudopotentials. This arbitrariness has led to In plane-wave methods, the pseudopotential is trans-
many different ways of constructing first-principles formed into reciprocal space, either explicitly or implicitly in
pseudopotentialé that differ considerably from each other, the determination of matrix elements. Typically, the size of
yet produce physically meaningful, but not identical, resultsthe plane-wave basis set is defined by the maximum kinetic
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energyE,, of the plane waves, which in turn determines the =~ —2885 ' ' '

maximum Fourier component of the pseudopotential needed

(In what follows, we define all of the maximum Fourier com- oEPS=35 Ry 3

ponents in terms of the equivalent plane wave basis cutofi 2890 1

E..t with the understanding that individual terms may in- <

clude plane waves with kinetic energ¥4,.) The conver- o o Be=37 Ry

gence withE_, is determined by the structure ifi) the E -28.95 E, =38Ry

(pseudopwave functions andii) the potential. These two

aspects are related, but our experietazshown beloyhas ™

been that it is the potential that limits the convergence. -29.00 o Lw=#2RY g
If E¢,is changed, as often must be done when using the ﬁEps=45 Ry

pseudopotential in differentalloy) environments or in dif-

ferent compounds, the expansion of the pseudopotentia ~ —2905 .2 20 25 s s

changes accordingly. Similarly, if the lattice constant is E_, (Ry)

changed at constafi,;, the number of term&lane waves

in the expansion of the pseudopotential will change. If the FIG. 1. Total energy vs. plane-wave cutoff enerdg,, for
pseudopotential and wave functions are well converged ilifferent pseudopotential truncation§ys, for fcc Pd ata=7.28
reciprocal space for thiE.,, the changes in the calculated &Y-

properties will be_sn"!all. If, hoyvever, the Fourier C(.)mponentsabove, one might expect that in this case the physical prop-
aroundE, are stlll_ sizable, this can Iead to undesired resultSsyiies could vary significantly witlE,,,; this expectation is
such as changes in structural properties V&ly. borne out by the calculated lattice constants and bulk moduli
~ Our recipe for improving the stability of the pseudopoten-ghown in Fig. 2(The lattice constants and bulk moduli were
tials is simple: we truncate the pseudppotenual in reciprocaetermined from simple fits of the total energy versus vol-
space at an effective plane wave basis cutoff eng&igyand  me: poth the pseudopotential and all-electron calculations
let this truncationdefine the pseudopotentialThe long-  ysed identical sets of lattice constants in the fiot only are
range Coulomb part, however, is not truncated but takefhere |arge variation witk.,, but the behavior is not mono-

fully into account) For E<Eps, there is no difference gnic; in fact, if additionaE., are included, these curves are
compared to the conventional approach. The trunca#en  oyen more jagged.

pressed below as an effective cutoff energy, consistently
with the cutoff of the plane-wave expansjaa arbitrary and 733
can be chosen to give the best possible agreement with all
electron results. An obvious advantage of this approach is
that the pseudopotential is constant By, Es, and hence 731
the convergence will be dominated by the structure in the
wave functions. On the other hand, the pseudopotential Fou's
rier transformed to real space could have additional small%
wavelength structureN<2w7/\2mE,) not in the original
one; this problem is also implicit in the conventional choice
Ecu=Eps. The Fourier filtering method used in the context
of the real-space methods for calculating the electronic
structuré® is related in spirit to our approach. 795
As a starting point we use the normconserving pseudopo:
tentials of Troullier and Marting transformed into the fully 3.00
separable nonlocal Kleinman—Bylander fotfrzor the bulk
and alloy calculations we use a plane-wave pseudopotentic
method® and a full-potential all-electron methd@ipoth de-
scribed in more detail elsewhere. As our example, we have=
chosen the transition metal Pd. Several different electronic®
configurations and cutoff radii were tested in order to find
the ones that best reproduce the all-electron re$oitdulk
systems We ended up using the configuration
4d°%5s%2%5p%25 and pseudopotential cutoff radif= 3.0,
rP=3.5, andr?=2.0. Using smaller cutoff radii for theand 1.50
p channels yields somewhat larger lattice constants, in bette
agreement with experiments, but in worse agreement with

the all-electron results. FIG. 2. Calculateda) lattice constants antb) bulk moduli for

The convergence of the total energy of bulk fcc Pd as gcc pPd as a function of plane-wave cutd,, for the conventional
function of bothE,; andEs is shown in Fig. 1. The curve choice of E,<=E,, and for different pseudopotential truncations
labeled forEpe=E (filled circles shows that to converge (with E.>E,s; see text The dashed lines indicate the all-electron
the total energyE,, requiresE.>60 Ry. As discussed results.
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TABLE |. Lattice constants (a.u) and bulk moduliB (Mbar) -0.2 T T
for fcc and bee Pd, and the fcc-bee energy differendd (. sec,
eV/atom obtained using pseudopotenti@RP truncated at 37 Ry
(Ecu=40 Ry) and 45 Ry E. =50 Ry) and the all-electroAE) -04 Cu,Au 8 1
method. )
g
a B a B AE e = -0.6 g © .
fce fcc bce bce bee-fee 5 g CaF2 B1F3 8 CugAu
PP (37 Ry 7.293 2.05 5.799 2.42 0.055 %
PP (45 Ry 7.286 2.36 5.808 2.23 0.053 —08 | J
AE 7.289 2.12 5.802 2.16 0.059
S csa
-1.0 . .
Also shown in Fig. 1 are the total energies as a function of Al I Pd
Ecu for different pseudopotential truncatior,s. For a xinPdAL_,

iven truncation ané . > E_., there is an almost horizontal . ) .
g cut™ —ps FIG. 3. Heats of formation of representative Pd-Al alloys in

I2|ne branching off the “conventional Cl.”ve(].n Figs. 1 and various structures obtained with all-electrafdiamond$ and
, Ecut for the truncated pseudopotentials is always chosen

greater tharE s, the same as is done in practic&he fact pseudopotentigcircles methods Eq,=37 Ry, Ey=40 Ry.

that there is such little variation in total energy wih,, in some simple structures. We chose Al as the other compo-
even forE =35 Ry, demonstrates that a plane-wave cutoffnent of the alloy because the plane wave expansion in the
of E.,~ 38 Ry is already sufficient for converging the struc-case of Al is fully converged (to better than 1
ture in the wave functions. Clearly the truncation greatlyuHartree/atom at the cutoff values used for Pd, meaning
affects the value of the total energy. However, there is ndhere should be no problems arising from the Al part. Again,
variational principle arguing that any particular choice is bet-We stress that in alloy calculations, e.g., predicting features
ter; the different branches and total energies correspond #f the phase diagrams by calculating the heats of formétion,
different pseudopotentials. Thus, if one is interested in theh® consistency of the set of calculations is often more es-

properties of the free atom, for example in order to get thesential than the exact agreement of the numbers obtained

cohesive energy, it is necessary to transform the truncate‘ﬁf'_th the experiment in each case, especially since the uncer-

pseudopotential back to real space, rather than using tr]tging?)ssglgle experimental heats are often of the séone
original one. 9 :

. . . . In Fig. 3 we show the heats of formation for some Pd-Al
That the pseudopotentials for different truncations are 'nalloys calculated using a plane wave cutoff of 40 Ry and the
fact different can be seen in Fig. 2. For all truncations, th

; . . pseudopotential truncation at 37 Ry, compared with the all-
calculated lattice constants and bulk moduli are stable With,actron result. Consistent with the results shown in Fig. 1

respect toEy; for Ecy>Eps. (AS Ecy—Eps, these curves  ihege heats were within 0.0002 eV/atom of the results for
join the .= Ep curve, and thus, foEq,~Eys, there can g =55 Ry. The heats of formation given by the pseudopo-
be significant variations in the calculated properties. For thigential calculation are close to those obtained with the all-
reason, we typically picle.,—Eps=1 Ry in actual calcula- electron method. Moreover, the difference between the two
tions) As can be seen from the curves, calculated values ofethods for the heats of the same alloy always have the
these properties vary with the truncation used. There seengame sign and are of the same order which is important in
to be an optimum valuén comparison with the all-electron the interpretation of the phase diagrams. The lattice constants
results for the truncation, although the same truncationfor the different structures, given in Table IlI, also show good
might not necessarily produce both the best possible latticegreement between the two methods. It is interesting to note
constant and bulk modulus. One must, therefore, experimeripat a pseudopotential that gives a very good agreement with
with the truncation—and perhaps change the electronic corexperimentfor fcc Pd yields lattice constants for the alloys
figuration and/or cutoff radii—in order to obtain structural that scatter much more in comparison with the all-electron
properties in good agreement with the all-electron calculavalues than the ones obtained with the pseudopotential de-
tions. Since the bulk modulus is more sensitive to the procescribed above.
dure used for fitting the equation of state, we use the lattice
constant and the energy difference between structures as the
primary quantities to compare with the all-electron results. In  In conclusion, we have shown that in standard first-
Table 1, calculated pseudopotential and all-electron properprinciples plane-wave pseudopotential approaches the effec-
ties of fcc and becc Pd are compared, and demonstrate that the
truncated pseudopotential with,s=37 Ry reproduces the
all-electron results quite well. In addition, a practical consi
eration is that one prefers a plane-wave cufff; as small
as possible. One sho_uld not, howe_ver, try to use the trunca-COmpOuncl Pl Pd,Al PdAI  PdA,  PdAL
tion as a way of pushing the cutoff in the plane-wave expan- ;
. 2 - structure CyAu BiF; CsClI Cak CusAu
sion unrealistically low; the convergence must always be
checked before introducing any truncation. PP 7.238 11.491 5.728 11.017 7.326
As an illustration of the transferability of these pseudopo-  AE 7230 11.496 5.706 11.037  7.350
tentials, we calculated the heats of formation of Pd-Al alloys

. SUMMARY

TABLE Il. Lattice constants (a.u) for some Pd-Al alloys ob-
d_tained for a Pd pseudopotential truncated at 37 Ry,&40 Ry)
compared to the all-electra\E) results.
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tive real-space pseudopotential varies with the plane-wavthe all-electron results fdsulk systems. For compounds with
basis cutoffE,,;. This behavior can result in calculated prop- several different atomic species, each may have a different
erties that depend strongly on plane-wave cutoff. By intro-truncation associated with it, aril, is chosen greater than
ducing a simple truncation of the pseudopotential in reciprothe larges€s. This scheme, while simple, adds the level of
cal space—and using this Fourier representation to define thetability in the properties of the pseudopotential essential for
pseudopotential—the stability of the plane-wave pseudopomaking meaningful first-principles comparisions among dif-
tential calculations can be improved. This scheme can bé&rent alloys systems, including relative heats of formation.
trivially used in the context of any standard first-principles
pseudopotential generation method, with the added benefit
that the convergence of the wave functions and the pseudo-
potential can be monitored separately. By exploiting the ar- This work was supported in part by the Division of Ma-
bitrariness inherent in the representation of the pseudopoteterials Sciences, U.S. Department of Energy, under Contract
tials, one can tune them in order to improve agreement witiNo. DE-AC02-98CH10886.
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