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Abs tract

Two diffe rent kinds of in te ra to mic po ten tials within the Em bedded Atom Method (EAM)
have been used to study se ve ral pro per ties of se lec ted crys ta lli ne struc tu res and na nowi re con -
fi gu ra tions (or de red and he li cal) for Al and Ni ba sed sys tems. Re sults clear ly in di ca te the exis -
ten ce of in crea sing diffe ren ces in the cal cu la ted quan ti ties (cohe si ve energy and geo me tri cal pa -
ra me ters) as the ato mic co or di na tion num ber de crea ses. This im plies that EAM po ten tials must 
be cau tious ly used when analyzing low co or di na tion sys tems such as me ta llic na nowi res.
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Com pa ra ción en tre po ten cia les in te ra tó mi cos
EAM para Al y Ni: de sis te mas de alta a sis te mas

de baja co or di na ción

Re su men

Se han uti li za do dos di fe ren tes po ten cia les in te ra tó mi cos de tipo EAM (Mé to do de Áto mo
Em be bi do) para es tu diar tan to es truc tu ras crista li nas como con fi gu ra cio nes de tipo na nohi lo
(or de na das o he li coi da les) en Al y Ni. Los re sul ta dos mues tran la exis ten cia de no ta bles di fe ren -
cias en tre am bos po ten cia les para las can ti da des cal cu la das a me di da que la co or di na ción dis -
mi nu ye. Esto im pli ca que los po ten cia les EAM de ben ser usa dos con cier tas pre cau cio nes
cuan do se es tu dian si tua cio nes de baja co or di na ción, como na nohi los me tá li cos.

Pa la bras cla ve: EAM; nanohi los; po ten cia les ató mi cos.

In tro duc tion

Na no te chno logy is ba sed on the com bi -
na tion of metho do lo gies for synthe sis, fa bri -
ca tion and cha rac te ri za tion of ma te rials to
fa bri ca te sys tems or de vi ces with par ti cu lar

pro per ties de ri ved from their na no me tric di -
men sions (1). The com pu ta tio nal de ter mi na -
tion of na no me tric sys tems with fa vo ra ble
con fi gu ra tions is of ca pi tal in te rest in Na no -
te chno logy to pre dict their in trin sic pro per -
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ties as well as their evo lu tion un der mo di fi -
ca tion of ex ter nal pa ra me ters. Ab- i ni tio ba -
sed com pu ta tio nal te chni ques cons ti tu te a
re lia ble and stan dard approach (2) to de ter -
mi ne the elec tro nic struc tu re and che mi cal
bon ding fea tu res of mat ter. Ne ver the less,
ab- i ni tio cal cu la tions are res tric ted to sys -
tems con tai ning few hun dreds of atoms. The 
com pu ta tio nal des crip tion of sys tems for -
med by many atoms re qui res al ter na ti ve
rou tes. The Em bedded Atom Method (EAM)
(3) re pre sents an effec ti ve approach to effi -
ciently des cri be in te ra to mic po ten tials and,
thus, op ti mi ze lar ge ato mic sys tems.

EAM in te ra to mic po ten tials (3-6) are
usua lly de sig ned to des cri be bulk sys tems,
cha rac te ri zed by lar ge co or di na tion num -
bers, Nc. The re fo re, it is not clear whether
the se po ten tials are able to des cri be low co -
or di na tion si tua tions (clus ters, na nowi res,
etc) of in te rest in emer ging Na no te chno logy.
In this work we pre sent a com pa ra ti ve study
bet ween two EAM in te ra to mic po ten tials, for 
Al and Ni, in a ran ge of sys tems with high
and low ato mic co or di na tion.

Com pu ta tio nal methods

EAM des cri bes the struc tu ral energy
E of a me ta llic sys tem through the ex pres -
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f r( ) ( ) whe re,  

f( )Rij  is a pair re pul si ve term and Fi i( )r  is
the em bedding func tion (the re qui red
energy to em bed an atom of type i into the
background elec tron den sity ri ). The den -
sity ge ne ra ted by the neighbo ring atoms is
ex pressed as ri j ij

j i

k R=
¹

å ( ), whe re k rj ( ) is

the elec tron den sity of atom j. In the pre -
sent study we have used two diffe rent pa -
ra me te ri za tions of the em bedding func -
tion. On one hand, we have con si de red the
approach pro po sed by Mishin et al. (5) (de -
no ted as MFMP in this work). On the other
hand, we have used the Sutton- Chen (SC)
(4) approach, sui ta bly de sig ned to re pro -
du ce ab- i ni tio re sults for the most sta ble

bulk con fi gu ra tions (6). This appro xi ma -
tion has been used to des cri be the geo me -
try of ul tra- na rrow me ta llic na nowi res (7).

We have de ter mi ned the op ti mi zed
struc tu re of se ve ral 1, 2 or 3- di men sio nal
(1D, 2D, 3D) crys ta lli ne sys tems with diffe -
rent co or di na tion num ber, as well as the fa -
vou ra ble con fi gu ra tions of Al and Ni ul tra-
 na rrow na nowi res. This set of cal cu la tions
cons ti tu tes an exi gent benchmark of the
EAM pre dic ti ve power. The stu died struc tu -
res are re pre sen ted by a su per cell con tai -
ning se ve ral atoms (ran ging from 1 to 96), ta -
king into account pe rio dic boun dary con di -
tions (PBC) when ne e ded. The op ti mi zed mi -
ni mum energy ato mic con fi gu ra tions are
cal cu la ted using con ju ga te gra dients op ti -
mi za tion methods.

Re sults and Dis cus sion

In a first set of cal cu la tions we have de -
ter mi ned for se ve ral op ti mi zed con fi gu ra -
tions of Al and Ni (Ta ble 1), the cohe si ve
energy per atom Ec, the nea rest neighbor dis -
tan ce l, and the quan tity b ll = d E dc

2 2/
eva lua ted at the mi ni mum of the to tal energy 
po ten tial well. Re sults co rres pon ding to
MFMP and SC approa ches are com pa red
with ab- i ni tio or ex pe ri men tal re sults whe re
avai la ble.

Op ti mi zed 3D geo me tries were: fa ce-
 cen te red- cu bic (FCC) and body- cen te red-
 cu bic (BCC). In addi tion, 2D (he xa go nal and
squa re) and 1D (li near chain) geo me tries
have been in clu ded to test low co or di na tion
si tua tions. As ex pec ted, both pa ra me te ri za -
tions accu ra tely des cri be the FCC geo me try.
In ge ne ral, tho se si tua tions with Nc > 6 are
rea so na bly des cri bed by both EAM appro xi -
ma tions. Howe ver the re sults are very diffe -
rent for de crea sing Nc va lues. It seems that
MFMP approach shows bet ter agre e ment
with ex pe ri men tal or theo re ti cal va lues of l,
even for the lowest co or di na tion si tua tions.
On the con trary, it seems that the SC
approach pro vi des bet ter cohe si ve ener gies
for both Al and Ni in low co or di na tion si tua -
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tions. Fi na lly, the cur va tu re at the mi ni -
mum of the to tal energy cur ve (i.e. b l ) stron -
gly de pends on the kind of EAM pa ra me te ri -
za tion. In par ti cu lar we have found for b l

that SC va lues are 3-4 ti mes lar ger than tho -
se ob tai ned from MFMP when Nc < 4.

It is very im por tant to see that EAM
approa ches have less pre dic ti ve ca pa city for
low co or di na tion sys tems. This pos si ble lack 
of effi ciency is very im por tant in or der to
study low co or di na ted na no me tric sys tems.
For ins tan ce, the geo me try as well as the
cohe si ve energy of si mu la ted me ta llic na -
nowi res could stron gly de pend on the par ti -
cu lar choi ce of the in te ra to mic po ten tial.
Fur ther mo re, the se sys tems are of fun da -
men tal in te rest sin ce it has been found both
theo re ti ca lly (7, 12) and ex pe ri men ta lly (13)
that, in some si tua tions, free stan ding na -
rrow me ta llic na nowi res lose their bulk crys -
ta lli ne or de ring by for ming weird or he li cal
struc tu res, and, the re fo re, pre dic ti ve and

re lia ble tools are re qui red to ex plain this
phe no me non.

In the pre sent study we have res tric ted
our sel ves to the analysis of a par ti cu lar
examp le for two spe ci fic na nowi re- li ke con fi -
gu ra tions for both Al and Ni. Firstly, we have
con si de red an or de red me ta llic na nowi re
for med by sub se quent equi la te ral trian gles
with atoms lo ca ted at the ver tex po si tions.
Two sub se quent trian gles are ro ta ted 60°
bet ween them (Figure 1a). The se cond kind
of me ta llic na nowi re we have stu died is a he -
li cal sys tem for med by a se quen ce of equi la -
te ral trian gles ha ving a re la ti ve ro ta tion an -
gle diffe rent from 60° (Fi gu re 1b). Du ring the
com pu ta tio nal pro ce du re the na nowi re ato -
mic po si tions as well as the su per cell length
Lz have been si mul ta neous ly op ti mi zed. Af ter 
the op ti mi za tion pro ce du re we have de ter mi -
ned three qua ti ties: cohe si ve energy per
atom E c ,  op ti  mi zed l i  near den sity 
rL a optN L= /  (whe re Na is the num ber of
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Ta ble 1

MFMP and SC va lues of cohe si ve energy per atom Ec, nea rest- neighbours dis tan ce , and the quan tity 

(see text) for diffe rent Al and Ni struc tu res. Co lumn la be lled as “T/E” re fers to ab- i ni to or

ex pe ri men tal va lues (a: Ref. (8), b: Ref. (9), c: Ref. (10), d: Ref. (5), e: Ref. (11)).

Nc Ec (eV/atom)) l (Å) b l  (eV/Å2)

MFMP SC T/E MFMP SC T/E MFMP SC

Geometry Aluminum

3D-FCC 12 3.36 3.36 3.36a 2.86 2.86 2.86a 8.80 8.53

3D-BCC 8 3.25 3.35 3.40b 2.81 2.79 2.81b 5.51 8.56

2D-HEX 6 2.43 2.90 2.80 2.62 5.18 8.52

2D-SQ 4 2.19 2.84 2.80 2.5 3.20 9.83

1D-chain 2 1.48 2.48 1.87c 2.73 2.28 2.41c 3.48 10.09

Nickel

3D-FCC 12 4.45 4.45 4.45a 2.49 2.49 2.49ª 19.59 20.31

3D-BCC 8 4.34 4.41 4.34d 2.42 2.42 13.95 20.14

2D-HEX 6 3.07 3.50 2.47 2.36 12.54 17.24

2D-SQ 4 2.59 3.32 2.37 2.28 13.48 17.69

1D-chain 2 1.08 2.59 2.45 2.16 2.11e 6.83 14.84



atoms in the su per cell and Lopt is the op ti mi -
zed su per cell length), and h = L opt  (de fi ned
as the pro duct of the Young’s mo du lus by
the na nowi re sur fa ce). Re sults for the se
quan ti ties are summa ri zed in Ta ble 2.

Both EAM po ten tials de ter mi ne that the 
or de red na nowi re is ener ge ti ca lly fa vou ra ble
with res pect the he li cal na nowi re (with an
energy diffe ren ce of approx. 0.05 eV/atom),
in agre e ment with pre vious re sults for Al
(21). We have found a si mi lar trend for Ni na -
nowi res. In ge ne ral, the SC appro xi ma tion
pro vi des lar ger cohe si ve ener gies and li near
den si ties than the MFMP one, be ing the diffe -
ren ces of the or der of 12%-17% for Ec and
5%-20% for rL  (ex clu ding the Al he li cal na -
nowi re case). Re gar ding the elas tic beha -
viour, the MFMP approach pro vi des op ti mi -
zed na nowi res with lar ger h va lues
(15%-30%) with res pect the SC va lues. It is
im por tant to no ti ce that, for Al, h is in lar ger
in the he li cal case when com pa red to the or -

de red wire, in de pen dently on the EAM
approach. This is not true for Ni, were the two
EAM appro xi ma tions give rise to a diffe rent
or de ring of h va lues.

Con clu sions

Diffe rent EAM in te ra to mic po ten tials
pa ra me te ri za tions pro vi de diffe rent va lues
of im por tant physi cal pro per ties (cohe si ve
energy, nea rest neighbor dis tan ce) as the co -
or di na tion num ber de crea ses (es pe cia lly in
very low co or di na tion si tua tions). This fact
has im por tant im pli ca tions when mo de ling
the beha vior of na no me tric sys tems, whe re a 
non- ne gli gi ble amount of atoms pre sent low
co or di na tion si tua tions. In par ti cu lar, we
have shown that or de red and he li cal na rrow
na nowi res pre sent diffe rent cohe si ve energy, 
li near den sity and elas tic cons tant de pen -
ding on the kind of EAM pa ra me te ri za tion.
The re fo re it is clear that some un cer tainty
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Figure 1. Con fi gu ra tions of or de red (a) and he li cal (b) na nowi res of Al (i,ii) and Ni (iii,iv) op ti mi zed

using MFMP (dark) and SC (clear) EAM in te ra to mic po ten tials.

Ta ble 2

Cohe sion energy per atom Ec, li near den sity L and the quan tity  (see text) for or de red and he li cal Al

and Ni na nowi res. Two diffe rent in te ra to mic EAM po ten tials (MFMP and SC) have been con si de red.

Ec (eV/atom) L (atoms/Å) (eV/Å)

Structure MFMP SC MFMP SC MFMP

Al Ordered 2.48 2.91 1.34 1.45 5.25 4.41

Helical 2.43 2.85 1.15 1.15 5.63 4.43

Ni Ordered 3.14 3.53 1.51 1.59 11.85 10.08

Helical 2.97 3.46 1.15 1.38 12.89 9.53



emer ges when con si de ring EAM to des cri be
the pro per ties of na no me tric sys tems.
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