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Role of silicon vacancies in yttrium-disilicide compounds fromab initio calculations
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The structural properties of the compound YSi2 are investigated by means ofab initio simulations based on
density-functional theory. More particularly we emphasize the role played by Si vacancies, show that the
Th3Pd5 structure can be deduced from the AlB2 structure by a relaxation process around the Si vacancies within
the ~0001! plane. A specific ordered arrangement of the Si vacancies along the@0001# direction is found to be
energetically the most favorable. Geometries obtained from our theoretical calculations are in good agreement
with experimental results.@S0163-1829~97!06920-8#
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I. INTRODUCTION

Heavy rare-earth~R! ~Gd-Lu! and Y disilicides (RSi2) are
very special members of the silicide family. They have
very small lattice mismatch with Si~111! ~0% for YSi2! and
can be epitaxially grown on this surface. The resulting int
face is of high crystalline quality, similar to the ideal juxt
position of two monocrystals. Their main technological i
terest comes from the very low Schottky barrier heights th
exhibit onn-type Si: 0.3–0.4 eV compared to 0.6–0.8 eV f
the other silicide-silicon interfaces.1 They are then good can
didates for fabrication of IR detectors inn-type silicon tech-
nology.

A hexagonal AlB2-type structure was first described for
silicide of composition Y3Si5, but not for YSi2.

2 A hexagonal
silicide with AlB2-type structure has the space gro
P6/mmmwith yttrium at ~0,0,0! and silicon at~13,

2
3,
1
2! and

~23,
1
3,
1
2! position ~see Fig. 1!. This produces a layered silico

structure between which the yttrium atoms form intermedi
layers. However the Si-Si distance is smaller in the Y2
compound~2.22 Å! than in the diamond-bulk Si structur
~2.35 Å!. Along the~111! direction, diamond Si is made of
superposition of buckled Si layers. If a stress is applied t
buckled layer so that it becomes flat, the resulting Si plan
the one found in the AlB2 structure. It is commonly admitted
that the silicon planes in the rare-earth disilicides are c
strained by the two adjacentR planes. Therefore, the occu
rence of Si vacancies may induce a relaxation of neighbo
atoms which should increase the Si-Si distance and he
release part of the constraint.

Knapp and Picraux3 demonstrated that numerous epitax
R disilicide films display aRSi1.7 stoichiometry in which one
silicon atom out of every six is missing. A periodic rea
rangement of these vacancies is possible, although this
not been definitely established. High-energy electron diffr
tion on epitaxial ErSi2 films,

1,3,4show aA33A3 R30 pattern
which has been related to vacancy ordering in the~0001!
550163-1829/97/55~20!/13479~6!/$10.00
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planes. Very recently Lohmeieret al. measured the atomic
displacements5 from x-ray-diffraction analysis, and found
that the structure is equivalent to the Th3Pd5 lattice with
Si-Si bond lengths equal to the bulk Si interatomic distan
The corresponding unit cell is shown in Fig. 1. It is thr
times larger than that of YSi2, and contains eight atoms
three Y and five Si. Two types of silicon sites appear: S
which has one vacancy in its first-neighbor shell, and S
which has the same first neighbors as in the AlB2 structure.
This structure is equivalent to the Yb3Si5 structure proposed
by Iandelli, Palenzona, and Olcese.6 The vacancies induce
atomic relaxation and, because of the symmetry, only th
and Si1 atoms move.

Another interesting feature is the organization of the v
cancies along thec axis. Baptistet al.7 showed a 120° rota-
tion between two successive Si planes in the YSi2 com-
pound. Thus only every second Si plane has the sa
orientation, and the period along@0001# is 2c.

Up to now a complete theoretical treatment of these m
terials, showing the influence of the Si vacancies on
structural stability ofRSi2 compounds, does not exist. On
band-structure calculations have been performed, using
ther the AlB2 structure or the Th3Pd5 structure.

8–10 In the
case of the YSi2 compound, the main result is that the effe
of vacancies is to shift the Fermi level toward a region
much lower density, which improves agreement between
YSi2 theoretical density of states and x-ray-photoemiss
spectroscopy spectra. However, no energetic criterion
been used in these approaches, and the use of the at
sphere approximation in Refs. 8 and 9 does not allow us
study the relaxation phenomenon related to the occurrenc
vacancies, and its influence on the structural stability
RSi2 compounds.

Here we present the results of an extendedab initio
density-functional-theory study of the structural properties
the YSi2 compound which is performed using the Viennaab
initio simulation package~VASP!.11 We choose to study this
13 479 © 1997 The American Physical Society
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FIG. 1. AlB2 structure~a! sequence ofR and
Si planes along thec~0001! axis, ~b! projection
on a ~0001! plane, and~c! AlB2 structure with a
vacancy in the Si plane.
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compound because the absence off electrons allow a
pseudopotential approach. However even though Y has
f electrons, the YSi2 compound can be considered as a p
totype compound for theRSi2 series since it displays th
same experimental properties as the otherR disilicides ~Yb
disilicide expected!.

The paper is organized in the following way: Sec. II giv
a description of the method, as well as some technical de
of the calculations. The results concerning the structure
atomic positions optimization are presented in Sec. III. T
vacancy ordering along thec axis is also presented wit
discussions. Conclusions are summarized in Sec. IV.

II. METHODS

For our investigation, we use VASP,11 which is based on
pseudopotentials. The construction method for th
pseudopotentials12 is derived from Vanderbilt’s recipe fo
ultrasoft pseudopotentials.13 These pseudopotentials allo
the use of moderate-energy cutoffs even for systems con
ing d transition elements~e.g., 200 eV for Y and YSi2!. For
the actual calculation of ultrasoft pseudopotentials for Y a
YSi2, the chosen atomic reference configurations w
no
-

ils
d
e

e

in-

d
e

4p 65s 14d2 for Y and 3s 23p2 for Si. The ultrasoft
pseudopotential of Si has already been used elsewhere14,15

and, for instance, it allows us to calculate phonon-dispers
relations with an accuracy of 3%.15 For building ultrasoft
pseudopotential for yttrium, we used two nonlocal project
~i.e., two reference energies! per angular-momentum compo
nent; the cutoff radii areRc,l53.43, 3.10, and 3.43 a.u. fo
l52, 1, and 0, respectively. The radii for the calculation
the augmentation functions areRaug,l52.78, 2.40, and 3.06
a.u. for l52, 1, and 0, respectively. The truncated a
electron pseudopotential has been chosen as the local
ponent. Partial core corrections16 were introduced to enable
proper treatment of the nonlinear dependence of
exchange-correlation functional. With this choice of t
pseudopotential, good plane-wave convergence can
achieved with a cutoff energy ofEcut5200 eV. However, it
is essential to include the 4p states as valence states in ord
to obtain correct lattice parameter for bulk structures.17 A
finite-temperature density-functional approximation is us
to solve the generalized Kohn-Sham equations via an e
cient iterative matrix diagonalization scheme based on a c
jugate gradient technique. Within this framework, the fr
energy is the variational functional, and a fraction occupat
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TABLE I. c/a ratio for hcp structure, volume per atom (V0), and the total-energy differences between fcc and hcp structures and bc
hcp structures. APW is augmented plane wave.

c/a ratio V0 (A3) DEfcc-hcp DEbcc-hcp

Theor.
Expt.

~Ref. 23! Theor.
Expt.

~Ref. 23! ~meV/atom! ~mev/atom!

VASP 1.564 1.572 VASP 30.1 33.03 VASP 20.008 VASP 20.135
FPLMTO 1.557 1.572 FPLMTO 30.1 33.03 FPLMTO 20.012 FPLMTO 20.139
APW ~Ref. 24! 1.594 1.572 APW~Ref. 24! 30.1 33.03 APW~Ref. 24! 20.004
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of the eigenstates is allowed which avoids the instabi
coming from the level crossing and quasidegeneracies in
vicinity of the Fermi level in metallic systems. Forces a
calculated through the Hellmann-Feynman theorem as
variational derivatives of the free energy with respect to
atomic positions. The technique of Methfessel and Paxto18

for the Fermi surface broadening is used. Since VASP allo
for an analytical calculation of the forces and stresses, a
ometry optimization can be readily carried out by again
ing the conjugate gradient method. After each geometry
date, an extrapolation of wave functions is made to impro
the input for the next step. For further technical details,
refer to Ref. 19.

A. Bulk yttrium

In the present work, in order to check the accuracy of
pseudopotential, we applied it for the calculation of stru
tural stability for bulk Y, and compared the results to da
obtained by a full-potential linearized muffin-tin-orbita
~FPLMTO! method.20 The FPLMTO approach, which is a
all-electron method and does not require any shape app
mations for density and potential, is one of the most accu
ab initio state-of-the art methods. However, for a geome
optimization, it is less efficient than the pseudopotential
proach, since forces are not available. As a first step
calculated the structural stability of bulk Y, namely, th
total-energy differences between fcc and hcp structures
bcc and hcp structures; we also calculated thec/a ratio and
volume per atom (V0) for the hexagonal structure: Both se
of calculations were performed within the local-density a
proximation~LDA ! of Ceperley and Alder.21 Particular care
was taken for the total-energy convergence due to
k-space integration, which in the present case was don
application of a specialk-point technique.18 The smearing
parameter was chosen equal to 0.15. For the different st
tures the number ofk points in the irreducible part of the
Brillouin zone were chosen in order to ensure that the to
free energy is converged within 2 meV per atom. For
full-potential calculations, it is essential to use LMTO’s wi
various localizations. In the present calculations we h
used 41 augmented Hankel functions per Y s
@s(3 K), p(3 K), 3(d K), and f (2 K)], where the cor-
responding decay energies are2K2520.01 (spd f),
21.0 (spd f), and22.3 Ry ~spd!. The charge density is
calculated exactly in the muffin-tin spheres in angular m
mentum components up tol56. We use the same angula
momentum cutoff in the interpolation of quantities in th
interstitial region, expanded in Hankel functions of energ
21 and23 Ry.22 Accurate calculations of the bulk prope
y
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ties require also an extended treatment of the Y 4p states.
We have therefore included a second ‘‘semicore’’ panel
provide bandlike representation of both the Y 4s and 4p
states, using the same Y basis as for the upper panel, ex
for the appropriate reduction in the Ys andp principal quan-
tum numbers.

From Table I, we find a good agreement between the
calculated sets of values. Because of the shortcomings o
LDA, the calculated volume per atom is smaller than t
experimental result.23 Let us mention that our data are also
good agreement with the ones provided by Sigalas
Papaconstantopoulos.24

B. YSi2 in the AlB2 structure

Within the same spirit, we performed both FPLMTO an
VASP calculations for the YSi2 compound in the AlB2 struc-
ture. The structural parametersc/a and a have been opti-
mized, leading toc/a50.967 and 0.975, respectively, fo
VASP and FPLMTO methods, anda54.044 and 4.066, re-
spectively, for VASP and FPLMTO. In both cases we o
tained lattice parameters which are rather different from
experimental values (a53.842, c/a51.077), and especially
a ratio c/a smaller than one for the theoretical approach
We have checked that the behavior of thec/a ratio does not
depend on the volume at which the calculations have b
performed. It may be thought that the introduction of vaca
cies in the silicon plane may introduce structural variatio
in the AlB2 structure and more particularly a variation of th
c/a parameter. It is the purpose of Sec. III to explore su
variations.

III. INFLUENCE OF VACANCIES ON
STRUCTURAL PROPERTIES OF

YSi2 COMPOUND

In this section we will use only results based on VASP,
we are interested in the influence of vacancies on the st
tural stability of the YSi2 compound; in this case it is esse
tial to take into account the relaxation process induced
these defects, as will be shown below.

A. AlB 2 structure

The first step is to introduce one Si vacancy out of
atoms of Si in the AlB2 structure. This results in aA3
3A3 R30 supercell. We performed a geometry optimiz
tion, namely, the optimization of the corresponding sha
and the volume of the cell, but with no atomic displaceme
In this case, the obtained lattice parameters, i.e.,a53.964,
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FIG. 2. Relaxation of yttrium and silicon at
oms in the ~0001! plane; arrows indicate the
moves of the atoms from the AlB2 structure to the
Th3Pd5 structure.
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andc/a50.984, are close to the experimental values, but
c/a remains smaller than 1. In fact, the introduction of
silicon vacancy divides silicon atoms in two types, vacan
first neighbors~type-1 Si1! and others~type-2 Si2!. The pres-
ence of a vacancy may induce a relaxation of the neighb
ing atoms. From symmetry reasons, it is easy to see that
will not move. We then let the atoms move, and we optim
the shape and the volume of this cell. Type-1 Si atoms m
toward the vacancy, while Y atoms move away from it~see
Fig. 2!. Let us mention that although all the degrees of fre
dom are authorized during the ionic relaxation, the Si1 an
atoms move only in the@0001# planes. This relaxation lead
to a structure similar to the Th3Pd5 structure, as proposed b
Iandelli, Palenzona, and Olcese.6 In this structure, the atomic
positions depend on two parametersx andx8. The thorium
~or yttrium! atom is located at (x,0,0), and palladium atom
~or Si1 and Si2 atoms! are at~x8,0,12) and ~13,

2
3,
1
2!, respec-

tively. From Table II, it can be seen that the lattice para
eters obtained after relaxation are in better agreement
the experimental values. Thex andx8 values obtained from
the numerical relaxation are in close agreement with the
ues proposed in Ref. 6 for the Yb3Si5 compound. The dis-
placement of Si atoms around the vacancy leads to a
crease of the value of thea lattice parameter and an increa
of thec/a ratio. But the main consequence of these displa

TABLE II. Lattice parameters, volume, and atomic displac
ments with respect to the AlB2 structure. All parameters are ex
pressed with respect to an undistorted AlB2 structure.

System a ~Å! c/a V (Å3) x ~Å! x8 ~Å!

YSi2 ~expt.! 3.842 1.0786 52.974
YSi2 ~AlB2) 4.044 0.967 55.38
YSi1.7 (AlB2) 3.964 0.984 53.08 0.333 0.666
YSi1.7 (Th3Pd5) 3.759 1.082 49.73 0.354 0.733
Yb3Si5 Ref. 6 3.784 1.083 50.817 0.358 0.745
e
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ments is to increase the Si-Si distance and hence to relea
part of the constraint imposed by the two adjacent Y plan

The occurrence of the Si vacancies in the AlB2 structure
leads to the Th3Pd5 structure after relaxation, and also h
consequences on the ground-state properties of the Y-Si
tem. In Figure 3 we plot the calculated values of the form
tion energies of the compounds in the Si-rich side of
phase diagram, namely, the YSi2 compound in the AlB2 and
Th3Pd5 structures, and the YSi-compound in the orthorho
bic CrB-type structure. The formation energies of all t
compounds are defined as

DEform5EYxSi12x

T 2xEYhcp
T 2~12x!ESidia

T .

All these structures are characterized by strong negative
ues of the formation energies, showing that the Y-Si syst
displays strong chemical interactions between Y and Si

-

FIG. 3. Ground-state analysis in the Si-rich part of the Y-
phase diagram.
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FIG. 4. Relaxation of the yttrium and silicon
atoms in~0001! plane; arrows indicate the move
of atoms from the AlB2 structure to the
2c- 120°-rotated structure.
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oms. A previous analysis of the AlB2 structure
9,25 showed

that these interactions are mainly due to the coupling of
Y d orbital and the Sip orbital. It is very interesting that the
conclusion is that the AlB2 structure is unstable with respe
to the equilibrium Si~diamond! � Th3Pd5; indeed, the for-
mation energy of the AlB2 structure is just below the line
drawn between Si~diamond! and Th3Pd5 structures, as see
from Fig. 3; this means that the AlB2 structure does no
occur atT50 K. It is in complete agreement with therm
analysis, metallography, and x-ray diffraction,26 which show
that the YSi2 compound does not form at all as a stable ph
at this composition.

B. Long-range ordering of vacancies alongc axis

In Sec. III A, we showed that the introduction of silico
vacancies in the hexagonal AlB2 structure leads to a relax
ation of the surrounding Si atoms and the occurrence o
Th3Pd5-type crystallographic structure. These calculatio
assumed periodic conditions along thec axis with a period-
icity equal toc. This means that the vacancies are super
posed along thec axis. This might not be the case since t
vacancies can be rotated from one Si plane to the other
Indeed, Baptistet al.7 showed by low-energy electron dif
fraction ~LEED! that the next Si plane is rotated by 12
around@0001#. More recently, Frangiset al. emphasized the
occurrence of the modulated structures in erbium disilici
thin films grown on a Si~111! substrate using electron m
croscopy characterization~HREM!.27 Among these modu-
lated structures, high-resolution images confirm the prese
of the 2c-layer sequence but also a 3c-layer sequence.

In order to investigate these different possibilities, we fi
doubled the length of the cell along thec axis so that the unit
cell now includes two Si and Y planes, and only every s
ond plane has the same orientation. Three different confi
rations are possible, namely 0°, 60°, and 120° rotation of
Si vacancy from one Si plane to the other one. The first c
~0° rotation! is equivalent to previous calculations, but w
did it for the double-c cell to perform all the calculations
e

e

a
s

-

e.

-

ce

t

-
u-
e
se

using the same numerical strategy~number of k points,
namely, 48k points in the irreducible part of the Brillouin
zone!. The 120° rotation of the Si vacancies appears to be
most stable configuration atT50 K. Its energy is 30 meV
per vacancy more negative than the superposition config
tion, and 10 meV per vacancy more negative than the
rotation one. The atomic relaxation according to the rotat
angle leads to different behaviors for Y and Si atoms. F
symmetry reasons, atomic positions are identical in the
Y planes, and each silicon plane has two fixed silicon ato
In the case of the superposition configuration, the Y ato
display significant displacements~0.13 Å! while, for the 60°
and 120° rotations, Y positions are close to the unrela
values. For the Si1 atoms, the displacements ar rather sim
for 0° and 120° configurations 0.43 and 0.38 Å, respectiv
~see Fig. 4!. Let us mention that these displacements j
happen in the~0001! plane; single and double-c cell calcu-
lations never show any displacement of the Si1~or Y! atoms
along thec axis.

We then performed 3c supercell calculations including 0
and 120° configurations. In this latter configuration, the
vacancies are rotated by 120° between each Si plane, re
ing in a 3c periodicity. This 3c 120° rotated configuration is
found to be more stable than the 2c 120° rotated configura-
tion. The change in energy is 20 meV per vacancy. T
difference is quite small, and it can be easily understood t
during thermal treatments of these materials, several mo
lated structures can occur. The main important point is t
the presence of these modulated structures can be attrib
to the nonstoichiometry of the material.

IV. CONCLUSION

The influence of silicon vacancies on the structure of
yttrium disilicide compound has been studied using an e
cient ab initio-based geometry-optimization approach. T
use of ultrasoft pseudopotentials allows us to treat the q
localized d electrons of Y and then to have an analytic
calculation of the Hellmann-Feynman forces and stres
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This greatly facilitates the geometry optimization using co
jugate gradient techniques.

We showed that without vacancies, the calculated lat
parameters of the equilibrium AlB2-type cell geometry are
different from the experimental ones, especially with a ra
c/a smaller than 1. The introduction of a vacancy in the
plane induces a relaxation of its first-~Si! and second-~Y!
neighbor atoms and a variation of the cell geometry, e.g.,
equilibrium a and c/a values are then much closer to th
experimental ones. This new configuration can be interpre
within a Th3Pd5-type structure. The main characteristic
this structure is that a part of the constraint on the Si atom
the AlB2 structure is released by relaxation process. The c
sequence is that the AlB2 structure is unstable with respect
the equilibrium Si~diamond!� YSi2 (Th3Pd5). Double- and
triple-c-cell calculations found that vacancies are in fact
ud
f.

d

d
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o

e

on

t,
-

e

o
i

e

d

in
n-

-

tated by 120° in two or three successive silicon planes al
the@0001# direction, as observed by LEED measurements7 or
in HREM images.27 However, a rotated configuration cann
be strictly described by the Th3Pd5-type structure. The smal
energy differences found in our calculations lead to the pr
ence of modulated structures in these materials. As the la
parameters are very sensitive to the presence and orderin
vacancies in the silicon sublattice, it may be thought that
vacancies are at the origin of the very good epitaxial pr
erties of the RESi2 compounds on a Si~111! substrate.
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