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Surface composition of ordered alloys: An off-stoichiometric effect

A. V. Ruban
Center for Atomic-scale Materials Physics and Department of Physics, Technical University of Denmark, DK-2800 Lyngby, Den

~Received 6 November 2001; published 11 April 2002!

I predict the existence of an off-stoichiometric effect in ordered alloys in the form of a distinct transition in
the surface segregation behavior of alloy components near the bulk stoichiometric composition. It is caused by
the discontinuity in the effective chemical potential at the stoichiometric composition. The effect is predicted
to occur at the~111! surface of ordered Ni3Al and Pt3Fe alloys.
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The surface composition of alloys is generally differe
from that of the bulk. In a random metallic alloy, for ex
ample, the surface composition is mainly determined by
segregation of one of the alloy components to the surfac
the alloy according to Gibbs’ adsorption isotherm,1 which
predicts that the element, which lowers the surface ene
segregates toward the surface. In the case of ordered al
however, the situation may be quite different~for a review
see Ref. 2!. For instance, most of the surface truncations o
perfectly ordered alloy have a composition different fro
that of the bulk simply for crystallographic reasons. In su
cases there are at least two different possible truncation
the bulk, and which of these is realized may not depend
the segregation energy at all. Instead, the surface comp
tion may be connected to the way the surface has been
ated or even to the evaporation rate of the alloy constitue
as seen in the cases of some oxides and carbides.3

In this paper I consider the surface of a binary, order
and near-stoichiometric alloy with two crystallographica
nonequivalent sublattices. We show that not only is the co
position of such a surface a function of the surface segre
tion as well as the ordering in the bulk and at the surface
is also strongly influenced by the alloy composition in t
bulk. In fact, I predict a sharp transition in the segregat
behavior of the alloy components caused by an infinitesi
change in the bulk composition near the stoichiome
value. To my knowledge, such a transition has not been
served experimentally, but here, I demonstrate the basi
density functional calculations that the effect should
found at the~111! surface of intermetallic compounds Ni3Al
and Pt3Fe(111).

Both Ni3Al and Pt3Fe have anA3B-L12- or Cu3Au-type
structure with two nonequivalent sublattices. The~111! sur-
face of the perfectly ordered alloys, shown in Fig. 1, h
exactly the bulk stoichiometric composition. The equilibriu
surface composition at zero temperature~the role of the tem-
perature will be discussed in another paper4! is determined
by the minimum in the surface energy,g($ci%), which de-
pends on the concentration profile$ci% of some finite surface
region:

g~$ci%!5Etot
sur f~$ci%!2NEtot

bulk2m(
i 51

N

~ci2c!, ~1!

whereEtot
sur f($ci%) is the total energy of the surface region p

surface atom,Etot
bulk the total energy of the bulk per atom,N
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the number of layers in the surface region,c[cB the con-
centration of theB component in the bulk, andm the effec-
tive chemical potential. The latter is equal to the difference
the chemical potentials of the two alloy components in
bulk and is given by

m5
]E~c!

]c
. ~2!

Here, the concentration derivative should be taken along
minimal path in the space of short- and long-range or
~LRO! parameters, where the total energy~per atom! of the
alloy, E(c), reaches its minimal value for every value ofc.
Strictly speaking, there could be a phase separation atT50
if c is different from the corresponding stoichiometric valu

FIG. 1. The structure of the stoichiometricL12(111) surface.
©2002 The American Physical Society01-1
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However, we will follow a single-phase consideration, sin
both Ni3Al and Pt3Fe exist in a final concentration interva

At T50 the minimal path is trivially identified in Ni3Al
and Pt3Fe since the vacancies do not form stable alloys
the sublattices at off-stoichiometric compositions. Theref
the excess of atoms in the alloy leads only to the format
of the corresponding partial antisite defects, e.g., Ni par
antisites on the Al sublattice in the Ni-rich off-stoichiometr
Ni3Al alloys. Further, in the vicinity of the stoichiometri
composition the role of short-range-order effects due to,
instance, the additional ordering of antisite defects on a s
lattice is again negligible,5 and, thus, the total energy is ba
sically only a function of the alloy concentration and a LR
parameter, which may be determined ash5cB(B)2cB(A),
wherecB(a) is the concentration ofB on thea sublattice.

Since there are no thermal defects atT50, which in the
case of Ni3Al and Pt3Fe are exchange antisite defects
coupled pairs of partial antisites preserving the al
composition,6,7 the maximum valuehmax providing the low-
est ordering and total energy is uniquely determined by
alloy compositionc ~Ref. 6!:

hmax5H 4/3~12c! if c.0.25,

4c if c,0.25.
~3!

The easiest way to follow the behavior of the total ene
of an ordered alloy near the stoichiometric composition is
divide it into two contributions:~i! the total energy of the
random alloy of a given composition and~ii ! the ordering
energy. To lowest order the latter is a quadratic function
the LRO parameter with a prefactor which is the Four
transform of the effective pair interactions at the correspo
ing superstructure vectorV(ks) ~Ref. 6!:

Eord5
3

32
V~ks!h

2~c!. ~4!

According to Eq.~3! the LRO parameter as a function o
alloy composition reaches its maximum value at the stoich
metric compositionc50.25 and decreases linearly to bo
sides. This means that the ordering energy will exhibit a k
as shown in Fig. 2. Since the total energy of a random a
is usually a smooth function of the alloy composition, t

FIG. 2. The maximal value of the LRO parameter as a funct
of concentration.
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kink will be present in the total energy of the ordered all
and, consequently, the chemical potential will exhibit a d
continuity at the stoichiometric composition. Using the de
nition of the effective chemical potential~2! and the ordering
energy~4! together with Eqs.~3! and ~5! one finds that the
discontinuity is exactly equal the energy of the exchan
antisite defect,«xc , which in the case of theL12 structure is6

«xc5
16

3

]Eord

]h
5V~ks!h. ~5!

Thus, if the chemical potential forA-rich alloys (c
,0.25) ism2 and the chemical potential for theB-rich al-
loys (c.0.25) ism1 , thenm15m21«xc . At the stoichio-
metric composition there are two different chemical pote
tials m1 and m2 . However, only one of these enters th
definition of the surface energy~1! depending on the sign o
Dc5( i(ci2cb): If Dc.0, i.e., B atoms segregate towar
the surface region whereby the bulk composition becomeA
rich, m5m2 , and if Dc,0, i.e.,A atoms segregate towar
the surface region and the bulk is enriched by theB compo-
nent,m5m1 .

In Fig. 3 we show the calculated surfaces energies
Ni12xAl x(111)/Ni3Al as functions of the Al concentration
~x! in the surface layer for the stoichiometric and for tw
off-stoichiometric, Al-rich and Ni-rich, bulk compositions. I
all the calculations the alloy in the surface layer has be
considered to be in the maximally orderedL12(111) state,
i.e., without exchange antisite defects. The partial antisite
one type have been assumed to be distributed randoml
the sublattice of the deficient element. The calculations h
been performed by the Green’s function technique based
the Korringa-Kohn-Rostoker~KKR! method in the atomic
sphere approximation with multiple moment correction f

n

FIG. 3. Surface energy of Ni12xAl x /Ni3Al ~top panel!,
Ni12xAl x /Ni3(Al12dNid) ~middle panel!, and (Ni12dAld)3Al
~lower panel!. d→0.
1-2
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SURFACE COMPOSITION OF ORDERED ALLOYS: AN . . . PHYSICAL REVIEW B65 174201
the Madelung potential and energy.8 The coherent potentia
approximation has been used to obtain the electronic st
ture of the partially ordered alloys in the bulk~during the
chemical potential calculations! and at the surface. The loca
density approximation has been used with the exchan
correlation functional parametrized by Perdewet al.9 More
details about the Green’s function technique may be foun
Ref. 8.

Lattice relaxation effects due to the atomic size misma
of the alloy components, which may be important for
accurate quantitative description of the alloy energetics
these systems, have not been included. Since the~111! facet
is closed packed, this, in fact, is not important for the seg
gation energies since the corresponding contributions to
bulk and surface chemical potentials are usually cance
out.10 The largest error due to the interlayer relaxations w
be in those cases where the alloy composition at the sur
is significantly different from that of the bulk, that is, whe
the surface of an alloy is covered by a psuedomorphic mo
lyaer of one of the alloy components. In the case of Ni
Ni3Al(111) and Pt on Pt3Fe(111) the relaxations, howeve
should be small due to the small lattice mismatch of bulk
~Pt! and Ni3Al (Pt3Fe). In the case of Al on Ni3Al(111) and
Fe on Pt3Fe(111) the interlayer relaxations could be of ord
0.1 eV, since the corresponding interlayer relaxations for
on Ni~111! and Fe on Pt~111! are about 0.04 and 0.16 eV
respectively.11 However, such relaxations may change on
the slope of the corresponding surface enery curves nea
corresponding surface configurations. This hardly influen
the quilitative consideration adopted in this paper.

Consider now the surface energy for the offstoichiome
alloy compositions shown in Fig. 3. In theA-rich alloy the
bulk alloy composition isA3(B12dAd) while in B-rich alloy
(A12dBd)3B, where 0,d,1. In fact, the results presente
in the figure are obtained ford→0; i.e., the actual difference
in the bulk compositions of the two off-stoichiometric alloy
is negligible. Nonetheless, the surface energies differ d
matically in the two cases and, as a consequence, the su
layer in the Al-rich alloy should be Ni3Al(111), while, ac-
cording to the lower panel, Ni should segregate toward
surface of the Ni-rich Ni3Al, forming a pure Ni overlayer.
Finally, if the bulk composition is exactly stoichiometric, th

FIG. 4. Surface energy of Pt12xFex /Pt3Fe for Pt- and Fe-rich
alloy compositions. The surface layer is in the maximally orde
state.
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surface composition is pinned at the stoichiometric value
other words, the Ni concentration in the surface lay
changes discontinuously from 0.75 to 1.00 upon an infi
tesimal change in the bulk concentration.

The kink in the surface energy at the stoichiometric co
position of the surface alloy (x50.25) in an offstoichiomet-
ric bulk alloy is the consequence of the behavior of the
dering energy in thesurfacelayer, which is similar to that of
the bulk discussed earlier. The kink, however, is alm
doubled in magnitude at the exact stoichiometric bulk co
position, because of the discontinuous behavior of the ef
tive chemical potential. This means that the segregation
ergy of, e.g., Al, toward the surface layer, obtained as
first derivative of the surface energy with respect to the c
centration~x! in the first layer, has a discontinuity at th
stoichiometric composition for the surface alloy (x50.25) of
«xc

sur f1«xc , where«xc
sur f is the energy of the formation of a

exchange antisite defect in the ordered surface layer. In
case of Ni3Al, «xc50.98 eV and«xc

sur f51.0 eV. One might
have expected a reduction in the latter compared to the b
value due to the reduced number of bonds at the surface
it is found to be almost unchanged due to the enhanced
dering at the surface, which seems to be a common effec
the NiAl system.8 Hence, the segregation energy is chang
by about 2 eV by an infinitesimal change in the surface al
composition near its stoichiometric value.

The physical mechanism behind the unusual behavio
the surface and segregation energies is as follows. Cons
the difference in the surface energy of Al-rich and Ni-ric
bulk Ni3Al for a surface alloy composition in the range
,x,0.25. Such a composition corresponds to the segre
tion of Ni toward the surface layer which involves the tran
fer of Ni atoms from the bulk to the surface and a compe
sating transfer of Al atoms from the surface into the bulk.
the bulk alloy composition is Al rich, this can happen on
by the formation of additional, partial Al antisite defects o
the Ni sublattice, which is always energetically unfavorab
Hence, the surface energy increases. If, on the other h
the bulk alloy is Ni rich, the Al atoms that arrive from th
surface go to the Al sublattice where they replace Ni ato
which go to the surface, thereby annihilating partial Ni an
site defects on the Al sublattice in the bulk. This is an en
getically favorable process and the surface energy decre
accordingly.

The reason why the surface energy of stoichiome
Ni3Al viewed as function of surface compositionx is a com-
bination of the two upper branches of the surface energies
the Al-rich and Ni-rich cases~see Fig. 3! is the fact that any
change in the surface composition relative to the stoich
metric value leads to the formation of partial antisites in t
bulk. As a result, the surface composition becomes pinne
the stoichiometric value. This is in agreement with existe
experimental data12,13 which indicate that the~111! surface
of stoichiometric Ni3Al alloy has the stoichiometric compo
sition.

To observe the discontinuous change in the surface c
position experimentally one must produce a slightly Ni-ri
Ni3Al sample. However, at very small deviations from th
stoichiometric bulk composition the concentration of antis

d

1-3
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A. V. RUBAN PHYSICAL REVIEW B 65 174201
defects will be very small and most of the antisite defe
will be very far from the surface. Hence, the formation of t
equilibrium concentration profile will be kinetically hin
dered, especially at low temperatures. On the other han
high temperatures the off-stoichiometric effect will be le
pronounced, since the formation energy for antisite defe
which depend linearly on the LRO parameters~5!, will be
smaller.

In Fig. 4, I show the similar off-stoichiometric effect a
,

rf.

ov

by

nd

17420
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the ~111! surface of ordered Pt3Fe. Here, the surface of th
Pt-rich alloy is completely covered by Pt while the surfa
composition of the Fe-rich alloy should be stoichiometric,
least at temperatures well below the order-disorder transi
temperature of 1400 K. These results are partially confirm
by several experimental investigations14,15which have estab-
lished that the~111! surface of ordered Pt80Fe20 is almost
entirely covered by Pt atoms. Unfortunately, no other co
positions of this ordered alloy have been investigated.
L.

eory

the

er,

lini,
1J. W. Gibbs,Collected Works~Yale University Press, New Haven
CT, 1945!, Vol. 1.

2M. Polak and L. Rubinovich, Surf. Sci. Rep.38, 127 ~2000!.
3K. E. Tan, M. W. Finnis, A. P. Horsefield, and A. P. Sutton, Su

Sci. 348, 49 ~1996!.
4L. V. Pourovskii, A. V. Ruban, B. Johansson, and I. A. Abrikos

~unpublished!.
5M. A. Krivoglaz, Diffuse Scattering of X-Rays and Neutrons

Fluctuations~Springer, Berlin, 1996!.
6A. V. Ruban and H. L. Skriver, Phys. Rev. B55, 856 ~1997!.
7P. A. Korzhavyi, I. A. Abrikosov, B. Johansson, A. V. Ruban, a

H. L. Skriver, Phys. Rev. B59, 11 693~1999!.
8A. V. Ruban and H. L. Skriver, Comput. Mater. Sci.15, 119

~1999!.
9J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.77,

3865 ~1996!.
10A. Christensen, A. V. Ruban, P. Stoltze, K. W. Jacobsen, H.
Skriver, and J. K. No”rskov, Phys. Rev. B56, 5822~1997!.

11These results have been obtained in the density functional th
~generalized gradient approximation! ultrasoft norm-conserving
pseudopotential calculations for a six-layer slab in which
positions of the first two layers were allowed to relax.

12D. Sondericker, F. Jona, and P. M. Marcus, Phys. Rev. B34, 6770
~1986!.

13C. Becker, J. Kandler, H. Raaf, R. Linke, T. Pelster, M. Drag
M. Tanemura, and K. Wandelt, J. Vac. Sci. Technol. A16, 1000
~1998!.

14P. Becaat, Y. Gauthier, R. Baudoing-Savois, and J. C. Berto
Surf. Sci.238, 105 ~1990!.

15C. Creemers and P. Deurinck, Surf. Interface Anal.25, 177
~1997!.
1-4


