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The phase diagram of the Fe,_,Co,Si, alloy in the fluorite form has been computed from first
principles. The alloy has been represented as an ensemble of tetrahedral clusters in which the
corners are occupied by Fe or Co atoms in five possible configurations around a central Si atom.
The formation energy of each cluster as a function of the lattice constant has been evaluated by
means of self-consistent total-energy calculations of the corresponding ordered structure based on
the linear muffin-tin orbitals method within the density-functional theory. Using the cluster-
variation method for the evaluation of the entropy, we have obtained the phase diagram, showing
that a disordered Fe,_,Co,Si, alloy (in fluorite form) could be easily grown above 160 K. We have
also fitted the total energies of the end compounds to derive the bond-stretching constants CFesi, and

Acosiyy: Through these quantities and an elastic model of the alloy we have evaluated the displace-

ment of the Si atom from the center of each tetrahedron and the mean Fe-Si and Co-Si distances as
a function of the concentration. The energy connected to this relaxation has been subtracted from
the previously obtained formation energies, leading to a final value of the critical temperature
(T,=115 K) definitely lower than the previous one. This fact confirms the importance of the inter-
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nal relaxation also in systems with small lattice mismatch.

I. INTRODUCTION

The rush towards developing new optoelectronic ma-
terials has drawn the attention of researchers to alloys of
transition metals with silicon, with the intention of in-
tegrating the sensor and the electronic circuits on the
same chip. For these purposes the optimum candidate is
the FeSi, alloy in its low-temperature (/3) form,! a semi-
conductor that could be mixed with one of the other me-
tallic disilicides to control the energy gap in the whole in-
frared region.

FeSi, and CoSi, mixing is known to generate an alloy
which has a complicated phase diagram. In fact, while
the CoSi, is stable in the fluorite form (Fig. 1), the 3-FeSi,

CoSi, o0cCo esi

FIG. 1. The CoSi, structure (fluorite). Open circles represent
Co atoms. Solid circles represent Si atoms.

structure is orthorhombic®? (Fig. 2), but it could be
viewed as a distorted fluorite structure. Owing to these
differences a very limited mutual solubility of these disili-
cides has been reported.4 From the FeSi, side, solubility
up to 10% of CoSi, has been reported in the S form. To
start the investigation on this phase diagram, we have
simplifed the approach, treating the two systems as hav-
ing both the same (fluorite) structure. In this way, the re-
sulting Fe,_,Co, Si, alloy keeps this structure with x Fe
atoms replaced by Co atoms. >
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FIG. 2. The 3-FeSi, structure. Shaded circles represent Fe
atoms. Solid circles represent Si atoms.
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II. CLUSTER ENERGY CALCULATION

It is well known that when an atom in a crystal struc-
ture is replaced by another of a different kind, a certain
amount of energy 7 is needed to relax the crystal around
the impurity (elastic energy) and to rearrange the chemi-
cal bonds (chemical energy). Of course, this energy de-
pends mainly on the environment of the substituted
atom. In order to simplify the problem, the Fe,_, Co,Si,
alloy has been described by taking the tetrahedra as
building blocks (there are eight of these tetrahedra for
each cube of lattice parameter a). At the center of each
tetrahedron there is a Si atom, while its corners are occu-
pied by Fe and Co atoms in five possible configurations.
Each of them comes from an ordered crystal of
Fe,_,Co,Sig, type as shown in Fig. 3.

The energy of each tetrahedron has been evaluated
from a self-consistent total-energy calculation of the cor-
responding ordered crystal. The calculation of the or-
dered structures was performed by using the (relativistic)
linear muffin-tin orbitals (LMTO) method® in conjunction
with the local-density approximation to density-
functional theory. The LMTO calculations were opti-

Basic clusters

Ordered structures

li‘e4Si8

FIG. 3. The five ordered structures and the basic clusters of
Fe,_,Co,Si; in the fluorite form.
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mized by inserting’ four empty spheres in the cell contain-
ing eight Si atoms. The total energies were, for each
compound and at each volume, calculated from self-
consistent-field (SCF) band-structure calculations using
identical geometries in real as well as in reciprocal space,
i.e., the same number of atoms and the same mesh of k
points used for Brillouin-zone integrations. The number
of k points was gradually increased until the numerical
error in structural energy differences was well below 1
mRy.® By this we mean that we first performed a com-
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FIG. 4. The total valence energies of the five configurations.
The self-consistently calculated points were fitted with a cubic
spline (rms error 107°). The energies at the minima are (in Ry)
—244.0520 for Fe,Sig, —260.1524 for n=1, —276.2559 for
n=2, —292.3589 for n=3, and —308.4632 for Co,Si;.



4904 N. MOTTA AND N. E. CHRISTENSEN 43
2.0 M~ - 1~ 1T I 7 1 LANNLAN S AR AL A I AL AR BN
_ [ s N 1 n . I ]
2 15 [  Fe,Si, Co,Sig 1 CoFe;Sig CosFeSig T Fe;Co,Si, ]
o O 4t T p
E ; \ T 1 ;
—_ [ T e ]
m 1'0 ; j. ’-\_/—
3] [ I I ]
- L 4 s

<~ O05F 5 > P -
a [ N .- T "ol P
=] [ T Tt I Tt ]
< 00F ]

w0y v T PSR BT S S B

5.360 5.380 5.360 5.380 5.360 65.380

Lattice Constant (&)

FIG. 5. The formation energies of the five clusters: unrelaxed—from the self-consistent calculations (solid lines)—and relaxed —

after removal of the extra elastic energy (dashed lines).

plete series of total-energy calculations using only 22 spe-
cial k points. We then repeated all the calculations (i.e.,
for all compounds and at all volumes) using 45 k points in
the irreducible zone. At all volumes the relative energy
position of any compound as compared to any other com-
pound changed by less than 1 mRy per cell (a ““cell” con-
taining eight Si atoms). As a further check of the numer-
ical stability, we then recalculated the energy-volume
curves for selected compounds using 76 k points. When
compared to the 45-k-point calculations, the increased
number of k points led to increases in the total energy by
amounts that vary smoothly with volume, and lie be-
tween 0.3 and 0.7 mRy/cell. The relative position of en-
ergy curves change by less than 0.2 mRy/cell. Thus, k-
space integration errors are =1 mRy/cell in the total en-
ergies themselves, but below =~0.2 mRy/cell in the
differences, i.e., the quantities that matter in the present
application. Errors due to finite numbers of iterations to-
ward self-consistency are negligible; the total energies are
converged to 10~® Ry and the Madelung energies of 107>
Ry (which is a measure of convergence of the charge dis-
tribution). These latter numbers refer to an iteration
scheme where linear mixing of charge densities at the last
10-12 cycles uses a feedback of 75-80 %.

When a tetrahedron is inserted in the disordered struc-
ture with a =a(x), its volume is relaxed so that its
corners (Fe or Co) match the ideal crystal position at that
lattice parameter. No displacement from the center of
the tetrahedron was allowed for the Si atoms. This ap-
proximation is somewhat crude as compared to the calcu-
lation by Qteish et al.,° which did include this kind of re-
laxation. However, the differences in lattice parameters
of the CoSi, and (theoretical) FeSi, are so small that only
minor errors are expected (this approximation will be
reconsidered in Sec. IV). The results of the total energy
versus a of the five configurations are shown in Fig. 4,
along with a cubic spline fitting. To get the formation en-
ergy for each structure, the total energy of the pure ma-
terials CoSi, and FeSi, has been subtracted (Fig. 5):

4—n n
4 EFeSi2 + ZECoSiZ ’

n=0,...,4. (1)

Finally, the correspondence between the latter parameter
and the composition has been derived by use of Vegard’s
law:

a(x)=agesi, t(@cosi, ~@esi, )X -

This assumed linear dependence agrees very well with the
variation of the lattice parameter derived from the total-
energy minimization for the ordered structures (Fig. 6).

II1. BUILDING THE PHASE DIAGRAM

The phase diagram is obtained from the minimization
of the Gibbs free energy of mixing,

Gpu(x, T)=H,(x,T)—T8S,,(x,T) . )
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FIG. 6. Equilibrium lattice constants of the five ordered
Fe,_,Co,Sig configurations (dots) compared to Vegard’s law
(solid line).
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From the cluster energies we compute the enthalpy of
mixing, 1°
4
H, (x,T)= 3 P,(x,T)AE,(x,T) . (3)
n=0

Here, P, is the four-site tetrahedron probability and sum-
mation is over all its possible configurations. In order to
derive the probability, we write relation (3) as
=
H,(x,T)= 3
ijk,1=0

Zij AE i (4)

where P, —z;;; and AE, —AE;;,. The correspondence
between n and ijkl is given by

n=i+j+k+I
(i,j,k,l =1 for Co atom and O for Fe) . (5)

With this prescription, n equals the number of Co atoms
in the tetrahedron. The configurational entropy S,, is
also a function of the basic cluster concentration z. Fol-
lowing the cluster-variation method (CVM) of Kikuchi, !
the entropy for the four-site tetrahedron is given as

Sp=—kjg

53 x;lnx;—6 3 xPInx?
i ij

+2 E Zijkllnz,»jkl N (6)

i, j k1

where x; denotes the site concentration and x,-(jz’ denotes
the concentration of the next-nearest-neighbor pairs Fe-
Co. The Gibbs free energy of mixing, G,,, can be mini-
mized with respect to the independent variables z to cal-
culate GJ, Zijts and S,,, from which the other thermo-
dynamic functions can be easily determined. This has to
be done under the constraint

2 (n —4x)zijk,=0 ) (7)
I, j, k,1
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FIG. 7. Gibbs free energy of mixing of the Fe,_, Co,Si, alloy
at different temperatures.
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FIG. 8. Theoretical phase diagram of Fe,_,Co,Si, in the
fluorite form: (a) unrelaxed model and (b) relaxed model (see
Sec. IV).

which takes into account both the fixed concentration
and the normalization condition (the sum of the variables
z is equal to 1). Therefore, the free energy of mixing to be
minimized is
Gu(x, 1= 3 zjulx, T)AE;,

ij k1

—TS,(x, T)+A 3 (n—4x)z;,(x,T) , (8)

ij, k1

where the formation energies, AE,-jk,, are calculated ac-
cording to Eq. (1) and A is a Lagrange multiplier. The
system of nonlinear equations, Eq. (8), can be solved self-
consistently using the natural iteration method of Kiku-
chi,!! starting with guessed values of the dependent vari-
ables and solving a fourth-order polynomial during each
iteration. From the equilibrium Gibbs free energy, GgJ,
the phase diagram (miscibility gap and spinodal curve)
are derived. In Fig. 7 the G{ix,T) functions for
Fe,_,Co,Si, are shown for different T ranging from 110
to 150 K. The instability region in (x,T) space, bounded
by the spinodal curve, is the region where

3’G%(x, T)

dx?

while the miscibility gap, above which the disordered al-
loy is stable [Fig. 8(a)], can be calculated from the values
of x at which G{}(x) have common tangent at fixed 7. It
can be noticed that the critical temperature (the max-
imum of the curve) is at 160 K. This is the minimal tem-
perature at which the alloy can be treated at any concen-
tration in a homogeneous form. Such a low critical tem-
perature is due to the fact that the Fe and Co atoms are
so similar in size that it is very easy to create the alloy.
However, it is interesting to see that the maximum of the
curve does not correspond to x=0.5, which means that
the alloy is not ideal, and interactions between next-
nearest neighbors are not negligible. 12

<0, 9)

IV. CENTRAL-ATOM RELAXATION
AND NN DISTANCES

In the total-energy calculation only the volume of the
cell was changed, without relaxing the position of the
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internal Si atom. In order to see how much the Si atom is
displaced from its position at the center of the tetrahe-
dron and to compute the nearest-neighbor (NN) dis-
tances, one can use the Keating model.!3 Following this
model, and assuming for the metal silicides approximate-
ly the same behavior of the zinc-blende semiconductors,
we can represent the elastic energy of the tetrahedra in
the form!*
(yi—y3)? (z;—z§ )
5 tl@mnkaps, 5,

0 29

—pnld
Nl@)=ngaces;,

(10)
where p, and z, are the actual Co-Si and Fe-Si distances
in the tetrahedron with » Co atoms, y, and z, are the
ideal distances in the pure materials, and Acosi, and Apes;,
are the bond-stretching constants. By fitting the previ-
ously computed total-energy curves with the formula

(a’—ad)?
a~9——0—+const , (1)
16 a?

E(a)=

we find"® ac,s, =53.8 Nm/A? and apeg; =59.1 Nm/A’

(no experimental data are available for the bond-
stretching constants of CoSi, and FeSi,). Now the y, and
z, can be obtained by the minimization of (10), and the
mean value of Co-Si and Fe-Si distances in the alloy are
given by

RCO_Si(X): ZPn(x)y,,(x) 5
RFe-Si(X)z ZPn(x)zn(x) ’

where the P,(x) correspond to the z;;, obtained in the
phase-diagram calculation at T =T, (formation tempera-
ture of the alloy). 16 The result is shown in Fig. 9, which
clearly exhibits the splitting of the Fe-Si and Co-Si NN
distances as a function of x. The mean of the two dis-
tances (Vegard’s law) is also compared to the distances
obtained from the total-energy calculation (dots), show-
ing perfect agreement.

Now we are in the position to improve the mixing en-
ergies calculated in Sec. I by subtracting the elastic ener-
gy associated with the relaxation of the Si-atom positions.
The energies corresponding to the equilibrium lattice pa-
rameter (formation energy) for the relaxed structures can
now be considered purely chemical,!” because any elastic
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FIG. 9. NN distances in Fe,_, Co,Si, from the elastic model
(lines) and from the self-consistent unrelaxed calculation (dots).

term has been removed (see Table I). By using these
corrected energies, a new phase diagram has been ob-
tained, which looks qualitatively like the one already
shown, but with a critical temperature of 115 K [Fig.
8(b)]. This reduction of 7, does not alter our general
conclusions about the phase diagram. However, one
should note that, even for this system, where one would
expect, a priori, very little importance of the internal re-
laxations, they nevertheless alter the key parameters of
the phase diagram significantly.

V. CONCLUSIONS

We performed a self-consistent total-energy calculation
of the five possible Fe,_,Co,Siz structures in the fluorite
form at different values of the lattice parameter a. The
formation energy of each structure was obtained by cal-
culating its difference from that of the pure materials.
The phase diagram was obtained by taking the tetrahedra
as the basic clusters in the CVM approximation, and
from the computed mixing energies. A miscibility gap
appears only under 7=160 K. This means that a disor-
dered Fe;_,Co,Si, alloy (in the fluorite form) could be
easily grown above this temperature. The NN distances
were computed within an elastic model by using the
bond-stretching constants derived from the total energies.
The resulting Fe-Si and Co-Si mean distances differ by
about 2X10°2 A. The energy lowering connected to

TABLE I. Lattice constants and formation energies of the five Fe,_,Co,Sig ordered structures. One
mole is referred to the given chemical formula (full unit with eight Si atoms). The relaxed formation
energies are computed by subtracting the elastic energy associated with the displacement of the central

atom.
Lattice constant Formation energy (kcal/mol)
Compound (A) Unrelaxed Relaxed
Fe,Sig 5.3885 0 0
CoFe;Siy 5.3780 0.77 0.47
Co,Fe,Sig 5.3675 0.54 0.18
Co,FeSig 5.3555 0.47 0.20
Co,Sig 5.3435 0 0




these relaxations has been included in the thermodynam-
ic model, obtaining a non-negligible reduction of the crit-
ical temperature.
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