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Candidates for epitaxially stabilized structures of Fe, Co, and Ni silicides are searcltadalibiyio
calculations. We find that the pseudomorphic phases of,AeShe C1 structure and CoSi and NiSi
in the B2 structure soften dramatically under compressive biaxial strain induced by epitaxy on a (100)
substrate. This supersoft effect is reflected by zero strain energy, constant volume, and constant bond
energies. [S0031-9007(98)06930-0]

PACS numbers: 81.05.Zx, 62.20.Dc, 71.15.Nc

Epitaxial growth of silicides on silicon or metallic on ultrasoft pseudopotentials [5,6]. For the exchange-
substrates is of considerable scientific and technologicalorrelation functional the generalized gradient approxi-
importance. In particular, CoSiand NiSp grow with  mation (GGA) of Perdew and Wang [7] was used. Our
excellent structural quality [1] on Si substrates for theab initio results describe well the structural properties of
[111] direction and even reepitaxy of Si on top of theseall studied transition metal silicides and predict the correct
silicides is possible. The coherent growth of semicon-experimental ground state phases [8]. Effects of lattice vi-
ducting FeSi films is more complex, because dependingbrations are neglected by our calculations.
on the growth conditions several pseudomorphic struc- A rather normal elastic behavior was derived for FeSi,
tures may form. In contrast to the stable bulk phases o€oSh, and NiSp for which we did not find stable
B-FeSh and FeSi B20 structure), which are semiconduc- strained phases. For all investigated compounds with
tors, Fe-Si films on Si along the [111] direction prefer thethe exception of FeSi only, the largest strain energies
B2 (CsCl) or theC1 (CakR) structures [2,3] being metal- occur for [110] and [111] epitaxy. CoSi, NiSi, and
lic conductors. For these cubic pseudomorphic silicideskeSh, however, are strongly anomalous because the strain
despite the several reports on [111] epitaxy, no experienergy is zero for the [100] growth over a rather wide
ments of molecular-beam epitaxy have been performedange of compressive strains of about 0.3 A. The extreme
until now for the [100] direction. softness of these tetragonally distorted compounds is

In this Letter we provide structural and elastic prop-characterized by a constamt-Si bond strength and length
erties of artificial materials usingb initio calculations. during the deformation.

We calculate elastic and bonding properties of a pos- According to the total energies of the unstrained
sible pseudomorphiB2 structure forM Si (M stands for pseudomorphic structures, Fe-Si stabilizesBBever the
Fe,Co,Ni) and of aC1 structure forMSi,. For each C1 structure by 0.19 e¥atom while for Co-Si and Ni-Si
case we determine the strain energies corresponding toc@mpounds th&' 1 structure is preferred now compared to
wide range of biaxial strains modeling epitaxial growththe B2 structure by 0.09 eY¥atom.

for substrate planes corresponding to [100], [110], and FeSi, CoSi, and NiSi compounds &2 structure are
[111] orientations. In the direction perpendicular to thenot stable bulk phases. The total energy differenkgg,
growth planes the structures are relaxed. The results fdretweenB2 and the ground state structures are 0.03, 0.22,
the undistorted cubi®2 (MSi) andC1 (M Si,) structures and 0.24 eYatom for FeSi, CoSi, and NiSi, respectively.
are taken as references. By expanding the strain enerdyeSi and CoSi bulk stable compounds crystallize in the
as a sum of nearest-neighbor bond energies we attribu#20 structure while theB31 structure becomes more
the epitaxial constraint effects to the change of the\t,  favorable for NiSi. For FeSi, th82 equilibrium volume
Si-Si, andM-Si bond strengths. Ouab initio results de- is smaller by about 4.5% than the volume of tB20
scribe quantitatively the anharmonic effects due to thegyround state structure and because of the smdlp,
misfit strain and clearly demonstrate the limitation of har-we predict a transition fromB20 to B2 at a pressure
monic elastic theory. We neglect the actual chemical inof 150 kbar. The Fermi level falls into a pseudogap of
teraction of film and substrate which is a reasonable firsthe density of states (DOS) which separates the occupied
approximation for sufficiently thick deposited films and to bonding states from the empty antibonding states. On the
the extent where the kinetic growth effect does not play ather hand, the Fermi level a2 CoSi cuts through a
major role. sharp peak ofid states, making the cubiB2 structure

The calculations were performed using the Viennaunstable also with respect to a tetragonal distortion.
ab initio simulation packagevasP) [4] which is based Differently to FeSi, theB20-B2 phase transition for CoSi
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is predicted at an unrealistic very large critical pressuresnergies than for the [110] or [111] growth which reflects
of 1840 kbar. The smallAEg, for FeSi compared to a weaker strain dependence of the volume and a larger re-
CoSi reflects the experimental finding that, for the [111]laxation of thec axis of the [100] epitaxial structure.
epitaxy, FeSi grows in the32 structure up to 900 A, Very anomalous epitaxial behavior (which we call
whereas CoSi up to only 100 A [9]. For NiSi a significant supersoft) characterizes the pseudomorphic £eS0Si,
contribution of antibonding Si Ni-d states leads to a and NiSi phases. For FeSand CoSi, Fig. 1 presents
AEg, similar to CoSi. the epitaxial energied E*P (a,,G) = E*P(a,,G) — Ey

The calculated equilibrium lattice parametegsof B2 versusz, andG together with the corresponding bulk total
FeSi, CoSi, and NiSi are 2.77, 2.79, and 2.85 A andenergy changeAE""%(q,) = E"%(q,) — Ey. There,
becaus€ X ay > asi = 5.43 A, coherent epitaxy on Si the striking observation is that under compressive biaxial
is achieved under compressive strain. Comparison tetrain of the (100) plane the corresponding total energies
experiment is possible for FeSi for which recent x-rayE®P" are degenerate with respect #. This holds
diffraction data [3] on thin epitaxial film on Si(111) yield over a wide range of strains of about 0.3 A for which,
ap = 2.77 A. According to our calculation the energy surprisingly, also the unit cell volumes are constant due to
cost due to straining for a coherent epitaxyB#0 FeSi  the nonlinear dependence ofa. Our findings indicate
on Si(100) is about 1.20 eMdtom compared to less than that tetragonal phases of FeSCoSi, and NiSi may be
0.01 eV/atom for B2 FeSi. The good matching a2  stabilized under compressive epitaxial constraints without
onto the Si substrate indicates a possible experimentany cost of strain energy.
stabilization of theB2 structure. The epitaxial softening function ¢(a,,G) =

The bonding properties of th€1 compounds Fe$i  AEPi(a,,G)/AEPX(a,) is used to emphasize the
CoSh, and NiSj are understood in terms of hybridized strain or a; dependence of the epitaxial energy for
M-d Si-p states [10-12]. This covalent bonding stabi-all studied compounds as shown in Fig. 2. Harmonic
lizes the C1 structure for CoSi and NiSp but not for elastic theory requires a constant value ¢ffor each
FeSh [12], because for FeSithe Fermi level is located direction G. Very small values of; indicate very soft
in a large peak of the DOS. The actual ground statepitaxial energies while a strong dependence ekrsus
structure of FeSiis the semiconducting orthorhomb®&  a; denotes anharmonic behavior. For [110] and [111]
phase which is derived fror'l by a Jahn-Teller distor- epitaxy of MSi,, ¢ is nearly constant for small lattice
tion [8,13]. The calculated equilibrium lattice parametersmismatches, but a crossing of the correspondiragcurs
of FeSh, CoSh, and NiSj are 5.40, 5.37, and 5.47 A, under very large compressive strains. Under tensile and
accordingly. The very small lattice mismatch with the small compressive strain, FeSi is softest for the [111]
Si substrate and the similarity between the fluorite and
diamond structure makes the formation of ideal inter-
faces and coherent epitaxial films plausible. For FeSi
the possibleC1 stabilization against th@ phase requires 13}

a calculation of the actual interface [8] because the strain 8
energies are comparable for both structures: they differ by © 11y
only 0.01 eVVatom while the total energy difference of g

the unstrained phases is 0.17 /gtbm. 09 r
The strained or epitaxial structures &fSi and M Si,
were obtained by biaxial strains imposed on the (100),
(110), and (111) planes of th#2 andC1 structures. The
corresponding total energies were computed as a function
of the substrate lattice parameters spanning a wide
range of about-10% for compressive and tensile strains.
When biaxially strained the structure was free to relax in
the perpendicular directio. We define the total energy
of such a structure aB®P(a,, G) and its unstrained bulk
reference ag, = E®"%(qay). ‘ ‘ ‘ ‘ ‘ ‘
FeSi, CoSij, and NiSj are stable against the discussed 25 27 29 50 54 58
straining and for a lattice mismatch af2% the corre- a, [E]
sponding distorted structures exhibit no significant anhar- _ A
monic anomalies. They behave according to harmoni€!G. 1. Calculated epitaxial energiés=“" (a,, i) and related

; ; ; c¢/a ratios of FeSi and CoSi versus substrate lattice parameter
theory, because under compressive strain< ao) their a, for [100], [110], and [111] growth directioné. The c¢/a

¢ a>_(is aI_ongG eIorjgateS while under tensile stray (> ragios of the unstraine®2 and C1 structures are normalized
ao) it shrinks keeping the slope of thg/a, ratio constant. to one independent of;. AE™'¥(a,) is marked by a solid
For CoSj and NiSp, [100] epitaxy leads to smaller strain gray line.
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‘ ‘ ‘ ‘ posed into its elementary sublattices [17]. TB®& struc-
06| FeSi tFeSh oo ture of M Si compounds consists of two simple cubic lat-
. @ﬁﬁ‘@/aaﬂg tices of Si andM atoms, _while the atomic arrangements
oo® Y Beef| = 9 of the C1 structure ofM Si, compounds are made of two
03 f‘o interpenetrating fcc lattices for Si and one fcc lattice for
- lao atomM. The energy of-M and Si-Si bonds i Si and
O 00}, } 1 } } 1 MSi, is derived from the cohesive energies of the sublat-
~ CoSi CoSi tices divided by the respective number of bonds. From
g 06 ~O! 1 00;27000007_9 ] the cohesive energy differencesK,,,) between the com-
c lao ofBEB6-Seae-5 pound structures and the elementary sublattices, the en-
o 03} o-_ o099l w ergy of M-Si bonds is derived from E,;, divided by the
5 | fe@Ioes number ofM-Si bonds. There are eigh-Si bonds for
e W’j f(’ the B2 as well as the1 structure, because the metal atom
.g 0.0, ; ; T ; ; ] M is in the center of a cube of Si atoms. This procedure
8 NiSi **100 NiSi assumes that all energy ga_lrEcoh is due only to the for-
& 06} =e110 2 _egg mation of M-Si bonds leaving thé/-M and Si-Si bond
colll oge - "FH energy unchanged which worked reasonably well for the
03} la"oo 1 2 estimation of surface energies of Co$17]. However,
8«@3;2;9:355 o, oot for the present study it should be noted that only changes
ool M 1 of these bond energies due to the deformation of the com-

pound are of relevance.

Deriving theM -M and Si-Si bond energies there is some
ambiguity due to the atomic ground state which might be
chosen spin polarized or nonmagnetic [18]. However, this
ambiguity does not influence the-Si bond energy. For
B2 FeSi and CoSi the derived/-Si bond energies are
0.52 eV and 0.49 eV, respectively, and are increased to
0.88 eV for FeSi and 0.87 eV for CoSi Although the
epitaxy, while under very large compressive strain, aM/-Si bond lengths are very similar for both structures,
significant reduction of they(a,,[100]) function occurs the M-Si bond energy foM Si, is much larger. For the
now crossingg(as,[110]) andg(ay,[111]). The epitaxial C1 structure theM-Si bonds are dominant and tié-M
softening in CoSi and NiSi is more pronounced thanbonding is weak [17], while for th&2 stability theM-M
for CoSh and NiSp. All of them possess the lowegt  bonding is much more important. Thé-M bond energy
along [100] for both compressive and tensile strain andaf M Si is stronger by a factor 6£4 compared taV/ Si,.
the largesty along [111]. For the Fe-Si compounds the By application of the bond energy model to the strained
softening expressed ky(ay,[100]) is reversed compared structures, we analyzed the change of bond energies for a
to Co-Si and Ni-Si. wide range of strains. Figure 3 shows the strain energy

For the supersoft CoSi, NiSi, and FeSietragonal decomposed in changes #&f-M, Si-Si, andM-Si bond
structuresg(ay,[100]) is practically zero under compres- energies summed over all bonds for the [100] epitaxy
sive biaxial strain as a consequence of zero strain energgr FeSi, CoSi, Fe3j and CoSi. As a reference we
displayed in Fig. 1. used the bond energies of the unstraing?l and C1

Commonly, the strain energy versds for epitaxial  structures which make the bond energy changes free from
growth is estimated from harmonic theory. For that,the ambiguities due to the atomic references. A negative
the harmonic softening functiogp(G) is conveniently ex-  (positive) change of bond energy means that the bond is
pressed in terms of elastic constants [14,15] of the referstronger (weaker) compared to the reference. It should
ence unstrained cubic medium. For Cg3iy using the be noted that, in general, all bond energies are averages
computed GGA elastic constants [16];; = 225 GPa, over two different (constrained or relaxed) sets of nearest-
c1p = 147 GPa, c44 = 86 GPa, we derivedq[100] =  neighbor bonds for the noncubic cases. Concerning [110]
0.23, g[110] = 0.36, and ¢[111] = 0.40. These values epitaxy, the geometry constraint splits thleSi bonds into
are only slightly smaller than the(a,, G) in Fig. 2 and  two sets of four strained in-plane and four relaxed out-of-
predict correctly the sequence 6f dependent strain en- plane bonds, while the [111] constraints produce two sets
ergies. However, the harmonic elastic theory totally ne-of six strained and two relaxed bonds. However, for [100]
glects the important dependenceaqrand is therefore not  epitaxy, all eightV/-Si bonds always have the same length.
able to describe any crossing g@ffor differentG. For the normally behaving compounds FeSi and €oSi

For the analysis of our results in terms of a simplifiedthe strain energy in Fig. 3 is rather parabolic with its
bond model each unstrained compound lattice is deconminimum at a;. Under compressive strain they are

25 27 29 50 54 58
a, [E]

FIG. 2. Calculated epitaxial softening(a,,G) versus sub-
strate lattice parameter; for [100], [110], and [111] growth
directionsG.
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the M-Si bonds are not all free to relax. Even Fe&nd
CoSi COSi2 R CoSi behaye_ like normal compounds. . ' o
— 05| 1 s Summarizing our approach, materials with artificial
% structures and unusual properties are predicted by a
— J reliableab initio technique. Our findings might hopefully
P 0.0 ¢~ . stimulate the experimentalists to design and study the
5 proposed supersoft silicides.
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