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The linear augmented-plane-wave method has been applied to calculate the valence-electron contribu-
tion to the total energy of the hexagonal (C40) and tetragonal (C11,) phases of the group-VI transition-
metal disilicides CrSi,, MoSi,, and WSi, in the local-density approximation (LDA). In agreement with
experiment, the results show that the tetragonal C11, phase is the lower-energy structure for both MoSi,
and WSi, (by 0.11 and 0.22 eV/formula unit, respectively). However, the LDA fails to replicate the ob-
served switch to the stable hexagonal C40 phase in CrSi,, leaving a reduced but positive C40-C11,
structural-energy difference of 0.05 eV/formula unit. The calculated lattice parameters for the observed
stable phases are in excellent agreement (~0.01-0.03 A) with measured values. Somewhat large
discrepancies (~0.1-0.3 A) are found for the c lattice parameters of the metastable hexagonal MoSi,

and WSi, compounds.

The refractory disilicides RSi, (i.e., those containing
groups IV-VI transition-metal constituents R) have
found important technological applications in silicon-
based microelectronics because of their high-temperature
stability and generally low electrical resistivities. 2
While these compounds form with a variety of seemingly
complicated low-symmetry orthorhombic (C54,C49),
hexagonal (C40), and tetragonal (C11,) structures, they
do in fact share a common structural building block that
consists of nearly hexagonal RSi, layers.® In particular,
the orthorhombic C54, hexagonal C40, and tetragonal
C11, phases can be generated by introducing simple vari-
ations in the stacking sequence of these nearly hexagonal
RSi, layers. The orthorhombic C49 structure is similar,
but involves a different registry between layers.

These structural systematics seem to be related to the
d-band filling of the transition-metal constituents. For
example, the group-1V disilicides form with the ortho-
rhombic C54 (TiSi,) or C49 (ZrSi,,HfSi,) structures that
contain four-layer ( ABCD) and two-layer ( AB’) stacking
sequences, respectively. On the other hand, the group-V
compounds consistently adopt the three-layer ( ABC)
hexagonal C40 structure while the stable phases of the
group-VI materials include both the hexagonal C40
structure (CrSi,) as well as the two-layer ( AB) tetragonal
C11, phase (MoSi,,WSi,). The transition from hexago-
nal to tetragonal symmetry among the isoelectronic
group-VI compounds suggests a near degeneracy in the
structural energies for these phases. This is supported by
the fact that metastable hexagonal MoSi, and WSi, thin
films can be formed using ion-implantation techniques
and low annealing temperatures. *

In order to understand theoretically the structural en-
ergetics of the group-VI disilicides RSi,, total-energy cal-
culations have been carried out for the hexagonal and
tetragonal phases of these compounds with the use of a
scalar-relativistic version of the linear augmented-plane-
wave (LAPW) method.> Previous studies of these materi-
als have focused primarily on their one-electron band
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structures, and include results for CrSi, (Refs. 6-8),
MoSi, (Refs. 8—11), and WSi, (Refs. 8,9, and 12). In ad-
dition, the ground-state structural properties of tetrago-
nal MoSi, have been calculated with the use of the
linear-muffin-tin-orbitals (LMTO) method using the
atomic-spheres approximation'> (LMTO-ASA) as well as
a full-potential (LMTO-FP) approach.!! Utilizing the
observed lattice parameters for tetragonal MoSi, and
WSi,, the pseudopotential method has been applied to
determine the cohesive energies’ and heat of formation!*
for these materials. However, there have been no previ-
ous studies comparing the C40-C11, structural-energy
differences for the three group-VI disilicide compounds
CrSi,, MoSi,, and WSi,. In a preliminary study’ of CrSi,,
a comparison of the LAPW total energies for the C40
and C11, phases with unrelaxed geometries has indicated
that the observed hexagonal C40 structure may be mar-
ginally ( ~0.01 eV/f.u.) more stable.

A complete determination of the hexagonal C40 and
tetragonal C11, structures requires the evaluation of
three structural parameters, including the a and c lattice
parameters as well as an internal Si-atom position param-
eter x. In the present study, these parameters have been
determined sequentially by fixing initially ¢/a and x at
their ideal or observed values and varying the volume to
determine the minimum-energy lattice parameter a.
Then, subsequent calculations have been carried out in
which the ¢ /a ratio and x were successively relaxed to
provide a complete determination of the C40 and C11,
structural parameters. This process of sequentially deter-
mining the C40 and C11, structural parameters is accu-
rate only if the initially chosen values for ¢ /a and x are
good estimates of their final relaxed values. This is the
case in the present calculations, where relaxation effects
decreased the total energies by ~2—6X 10™* hartree/f.u.
for the C11, results and ~0.3-12X 10~ * hartree/f.u. for
the C40 structure.

The primitive unit cells for the hexagonal and tetrago-
nal C11, phases are illustrated in Fig. 1. The C40 struc-
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(b)

FIG. 1. Primitive unit cells for the (a) hexagonal C40 and (b)
tetragonal C11, phases of the group-VI refractory disilicides
RSi,. The R (Si) sites are identified by large (small) spheres.

ture consists of identical nearly hexagonal RSi, layers (see
Fig. 1 of Ref. 7) which are successively rotated by 60°
about the origin, yielding a total of three formula units
per primitive cell. The nonsymmorphic P6,22(D}) space
group includes nonprimitive translations 7=c/3 and
2c /3 which restore the lattice by interchanging the indi-
vidual hexagonal RSi, layers. The intralayer R—Si and
Si—Si bond distances are determined by the Si-atom posi-
tion parameter x. These intralayer bond distances are
equal for the “ideal” value x=1. In this case, each R
and Si atom has six equidistant coplanar neighbors. The
intralayer and interlayer bond distances are also equal for
a c/a ratio of 1.5. The observed? ratios ¢ /a ~1.39-1.44
produce interlayer bond distances that are smaller than
the corresponding intralayer values.

The corresponding primitive unit cell for the tetrago-
nal C11, phase contains one RSi, formula unit. The
symmorphic I4/mmm (D}]) space group is identical to
that of the K,NiF, structure, with the R atom occupying
the Ni site at the origin and the Si atoms located at the
apical F sites. The body-centered-tetragonal Bravais lat-
tice produces the dodecahedral Wigner-Seitz cell shown
in Fig. 1(b). In this structure, the sixfold-coordinated
nearly hexagonal RSi, layers occur in the (110)-type
planes and the stacking is AB rather than the ABC se-
quence of the hexagonal C40 structure.

The ideal sixfold coordination at the R- and Si-atom
sites in the tetragonal C11, structure is obtained when
(c/a),=V'6 and the Si-atom position parameter x =1
(see Table III of Ref. 8). For these values, the Si atoms
are situated precisely at the vertices of the Wigner-Seitz
cell, as shown in Fig. 1. Nearest-neighbor (110) in-
tralayer and interlayer bond distances are equal as a re-
sult of tetragonal symmetry. In the limit where the
tetragonal and hexagonal structural parameters adopt
their ‘:ideal” values [i.e., (¢/a),=V6, (c/a),=2, and
a,=V2a,, /2], the unit-cell volumes (per formula unit) for
the C11, and C40 phases are equal.

In the present implementation® of the LAPW method,
a rigid-core approximation is adopted and this facilitates
the calculation of the valence-electron contribution to the

3253

total energy rather than the total energy itself. These
valence electrons include the sd° states of Cr, Mo, and W
and the 3s23p? electrons of Si. Both the atomic and
LAPW calculations are carried out in a scalar-relativistic
approximation which includes all relativistic effects ex-
cept sspin-orbit coupling. The Wigner interpolation for-
mula®® is applied to treat exchange and correlation
effects.

In each of the calculations, the radius of the Si muffin-
tin sphere has been fixed at the value R(Si)=2.07 a.u.
The corresponding transition-metal radii have been set at
the somewhat larger values, R(Cr)=2.39, R(Mo)=2.52,
and R(W)=2.50 a.u., respectively. These produce nearly
touching spheres along the nearest-neighbor bond direc-
tions at reduced volumes and help optimize the LAPW
convergence. The LAPW basis size has been set using a
plane-wave cutoff of 12 Ry. This provides a volume-
dependent basis that varies from about 150 to 210
LAPW’s per formula unit over the volume range
(~210-295 a.u. per formula unit) of the present investi-
gation. The spherical-harmonic expansion of the LAPW
wave functions within the muffin-tin spheres has included
terms through /=6.

The LAPW calculations impose no shape approxima-
tions on either the charge density or the potential. These
functions are expanded with ~5000 plane waves (55-Ry
cutoff) in the interstitial region and by means of lattice
harmonics (/,,=4) within the muffin-tin spheres.
Brillouin-zone integrations have been carried out with
the use of 18 (14) special points in the L () irreducible
wedge of the tetragonal (hexagonal) Brillouin zone. As
shown by the convergence studies described in the Ap-
pendix, the present choice of LAPW computational pa-
rameters is sufficient for an accurate determination of the
structural properties of CrSi,, MoSi,, and WSi,.

The results of the first-stage structural calculations for
CrSi,, MoSi,, and WSi, are shown in Figs. 2—-4. Here,
the valence-electron contribution to the total energies of
the C40 and C11, phases of these materials are plotted as
functions of volume for fixed values of ¢/a and x. The
triangle symbols denote the calculated LAPW valence-
energy results while the solid curves represent cubic or
quartic fits to the calculated points. The crosses identify
the calculated LAPW energies at the interpolated min-
imum-energy volume for each phase.

For the tetragonal C11, calculations, the structural
c¢/a and x(Si) parameters have been fixed at their ideal
values, (¢ /a)=V'6 and x(Si)=1. The ideal Si-atom posi-
tion parameter x =1 has also been assumed for the C40
calculations. Using the experimental results as a
guide,>* the C40 ¢ /a ratios for these initial-stage calcula-
tions have been set at the values 1.44, 1.40, and 1.40 for
CrSi,, MoSi,, and WSi,, respectively.

The results shown in Figs. 2—4 exhibit several interest-
ing features. The first is the fact that for each compound,
the minimum-energy volume is nearly identical for both
phases. Because of the imposed structural constraints
discussed above, this shows that the calculated tetragonal
intraplanar R—Si and Si—Si bond distances are smaller
in the C11, phase than the corresponding C40 structure.
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FIG. 2. CrSi, valence-electron energy E,, as a function of
volume for the hexagonal C40 (c/a =1.44, x =%) and tetrago-
nal C11, (c/a=V'6, x= %) phases with fixed ¢ /a ratios and Si-
atom position parameters. The curves are polynomial fits to the
calculated LAPW values (triangles). The crosses represent the
LAPW energies at the interpolated minimum-energy volume.
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FIG. 3. LAPW valence-energy results for the C40 (c/a
=1.40, x=1) and C11, (¢c/a=V6, x =) phases of MoSi,,
following the notation of Fig. 2.
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The minimum-energy volumes for the two phases agree
to within 0.12-0.17 % for CrSi,, MoSi,, and WSi,.

These results also reflect a monotonic decrease in the
structural-energy difference between the C11, and C40
phases. These vary from 0.24 to 0.12 and finally 0.03
eV/f.u. for WSi,, MoSi,, and CrSi,, respectively. Thus,
these partially relaxed LDA results predict that the
tetragonal C11, phase of CrSi, has a lower total energy
than that of the hexagonal C40 structure, a result that is
contrary to experiment. The volume-dependent CrSi, re-
sults in Fig. 2 provide a simple explanation for the previ-
ous findings’ in which the CrSi,C40 phase was found to
be slightly more stable (~0.01 eV/f.u.) than the tetrago-
nal C11, structure. Namely, the hexagonal lattice pa-
rameters and unit-cell volume (~241.6 a.u./f.u.) used in
this earlier calculation lie close to the minimum energy of
the CrSi, C40 curve in Fig. 2 whereas the corresponding
(estimated) tetragonal lattice parameters and primitive-
cell volume (~252.3 a.u./f.u.) are found to fall well
beyond the calculated C11, minimum.

In subsequent stages of the present calculations, the
¢ /a ratio and the Si-atom position parameter have been
successively relaxed (at the minimum-energy volumes and
c/a ratios, respectively), thereby providing a complete
determination of the structural parameters for the C11,
and C40 phases of CrSi,, MoSi,, and WSi,. In each case,
the LAPW valence-electron energies E,, were calculated
at incrementally varied A(c /a) and Ax values and the re-
sults fitted with a quadratic to determine the minimum.
A summary of the calculated results for the Ax variations
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FIG. 4. LAPW valence-energy results for the C40

(c/a=1.40, x=1) and C11, (c/a=V6, x=1) phases of
WSi,, following the notation of Fig. 2.
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TABLE 1. Summary of calculated (LAPW) and observed (Expt.) structural properties for the tetrag-
onal C11, and hexagonal C40 phases of CrSi,, MoSi,, and WSi,. For the C40 results, Q'=(/3

represents the cell volume/f.u.

CrSi, MoSi, WSi,
Property LAPW Expt.® LAPW Expt.? LAPW Expt.?
Cl1l1,
a (A) 3.085 3.222 3.200 3.230 3212
c (A) 7.485 7.883 7.861 7.867 7.880
c/a 2.426 2.447 2.457 2.436 2.453
Q=1la% (A’ 35.62 40.92 40.25 41.04 40.65
x 0.3368 0.3355 0.3351
B (Mbar) 2.2° 2.3b 2.4b
C40
a (A) 4.397 4.428 4.622 4.605 4.618 4.614
c (A) 6.374 6.363 6.646 6.559 6.674 6.414
c/a 1.450 1.437 1.438 1.424 1.445 1.390
Q'=v3a%/6 (A% 35.57 36.02 40.99 40.15 41.09 39.42
x 0.1668 0.1642 0.1640
B (Mbar) 2.1° 2.2° 2.7%

2Reference 2.

®Upper-limit estimates from unrelaxed calculations with fixed values of ¢ /a and x.

is shown in Fig. 5. In each case, the minimum-energy
geometry produces small shifts from the ideal Si-atom po-
sition parameter x(Si) which alters slightly the sixfold
planar coordination of the nearly hexagonal RSi, layers.
In agreement with earlier results, 78 these deviations are
extremely small (Ax =~1.7X 10™*) for hexagonal CrSi,.
The calculated structural parameters for CrSi,, MoSi,,
and WSi, are summarized and compared with the avail-
able experimental values in Table I. As indicated, the
calculated lattice parameters for the observed stable
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phases are consistently in excellent agreement (~0.03 A)
with the measured values. The deviations are notably
larger for the ¢ lattice parameters of the metastable C40
MoSi, (~0.1 A) and WSi, (~0.26 A) phases. The calcu-
lated c /a ratios for the tetragonal C11, phase are con-
sistently smaller than the ideal value, (c/a)4eq
=V 6=~2.4495, whereas the measured values for MoSi,
and WS, are slightly larger. The calculated bulk moduli
indicate a comparable stiffness for the two phases and a
gradual increase for the 4d and 5d compounds.

Cl1p: x=1/3 + Ax

FIG. 5. Calculated dependence of the valence energies E,, for CrSi,, MoSi,, and WSi, on the Si-atom position parameter x(Si).
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TABLE II. Comparison of fully relaxed LAPW valence-band energies E,,; (hartree/f.u.) for the C40
and C11, phases of CrSi,, MoSi,, and WSi,. The C40-C11, energy difference is given by AE,,
(eV/f.u.). Calculated and observed heats of formation H, (eV/f.u.) for the group-VI disilicides.

CrSi, MoSi, WSi,
E, . (C40) —18.603 57 —16.49237 —16.101 60
E, . (C11,) —18.605 51 —16.49627 —16.109 58
AE,, 0.05 0.11 0.22
H;: LAPW® (Expt.)
C40 1.02 (1.27)° 1.34 0.80
Cl1, 1.07 1.45(1.13)° 1.02(0.96)°
(1.18,1.36)° 0.97)°

#Evaluated using the Si valence-electron energies of Ref. 16 and the Cr, Mo, and W results of Ref. 5.

YReference 17.
‘Reference 18.

The fully relaxed valence-energy results for the C40
and C11, phases of the group-VI RSi, compounds are
summarized in Table II. It is found that while the C40-
C11, valence-energy differences (AE,, ) for MoSi, and
WSi, have decreased slightly (~0.01-0.02 eV/f.u.) as a
result of relaxation effects, the corresponding CrSi, value
for AE,; has increased from ~0.03 to 0.05 eV/f.u. Ac-
cording to convergence studies, which are discussed in
the Appendix, this LDA prediction that the tetragonal
C11, phase of CrSi, is more stable than the observed C40
structure is unaffected by changes in LAPW computa-
tional parameters and cutoffs. Thus, it is concluded that
LDA fails to predict the correct ground-state structure of
CrSi,.

Combining the E,(C40) and E,;(C11,) results of
Table II with previous LAPW valence-energy results for
Si (Ref. 16) and Cr, Mo, and W (Ref. 5) permits the calcu-
lation of the heats of formation H, for the group-VI disil-
icides. As shown in the lower portion of Table II, these
results are in reasonable accord with measured values.

As mentioned earlier, there have been several indepen-
dent calculations of the structural properties of tetrago-
nal MoSi, involving a variety of computational tech-
niques. These results are compared with the present
LAPW calculations and experiment in Table III. In gen-
eral, the overall agreement between the various calculat-
ed results and experiment is excellent. The LAPW lattice

parameters are slightly larger than the experimental
values, while the LMTO results are somewhat smaller.
The individual calculated values for the cohesive energies
E_,, agree to within ~1.5% but are consistently ~15%
larger than experiment. The LAPW heat of formation
H; is about 20% smaller than the LMTO-FP and pseu-
dopotential values and is within 1% of the largest experi-
mental value.

One can determine the frequency of the zone-center
fully symmetric (A4,,) optical-phonon mode from the
curvature of E,; versus Ax at the energy minima in Fig.
5. In Table IV, the present LAPW values of x(Si) and
v(Si) are compared with those of previous calculations®'!
and the results of recent Raman measurements'® of
optical-phonon frequencies in both hexagonal and tetrag-
onal MoSi,. The LAPW Si-atom position parameters
x(Si) are consistently smaller than the corresponding
pseudopotential values® for MoSi, and WSi,. The same is
true for the 4,, phonon frequencies. The present calcu-
lated A4,, frequency for tetragonal MoSi, is in good
agreement with the Raman value, ' provided that the au-
thors’ assignment of the A,,(325 cm™!) and E, (440
cm ') modes is reversed. It is noted that this reassign-
ment is consistent with the interpretation’® of Raman
spectra for La,CuQ,, where the Si and apical O atoms oc-
cupy the same crystallographic sites in the tetragonal
unit cell.

TABLE III. Comparison between the observed structural properties for tetragonal MoSi, and those
determined in the present LAPW calculation as well as earlier LMTO-FP (Ref. 11), LMTO-ASA (Ref.
13), and pseudopotential (Refs. 9 and 14) investigations. The values for the cohesive energy (E.,) and

heats of formation (H/) are in eV/f.u.

Method a (A) c (A) B (Mbar) Eon H,
Expt. 3.200° 7.861° 16.90° 1.13¢
1.18,1.36°
LAPW 3.222 7.883 2.3 19.26 1.45
LMTO-FP 3.186 7.800 2.22 19.15 1.87
LMTO-ASA 3.189 7.821 2.38
Pseudo 19.69 1.78

#Reference 2.

"Reference 11.
°Reference 17.
dReference 18.
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TABLE IV. Calculated and observed values for the Si-atom position parameters x(Si) and the corre-

sponding fully symmetric ( 4,,) optical phonon frequencies v(Si).
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CrSiZ MOSi2 WSiz
Ccl11, C40 Cl1, C40 Cl11, C40

x(Si)

LAPW? 0.3368 0.1668 0.3355 0.1642 0.3351 0.1640

Pseudo® 0.3374 0.3366

LMTO-FP¢ 0.3333
w(Si) (cm™!)

LAPW? 473 428 427 376 438 391

Pseudo® 478 493

Expt.¢ 440° 395f

420f

#Present work.
YReference 9.

‘Reference 11.
dReference 19.

*The authors’ assignment of the 4, (325 cm™') and E, (440 cm™') modes is reversed here on the
grounds that the bond-stretching ( 4,,) mode should have the higher frequency.
fThese represent two strong unassigned high-frequency modes for the C40 phase.

As shown in previous studies,® hexagonal CrSi, is an
indirect-gap semiconductor with a valence-band max-
imum at the L point in the Brillouin zone and con-
duction-band minima at M. The calculated gap of 0.30
eV is in excellent agreement with the measured?! optical
gap of 0.35 eV. Changes in the position and width of the
Mo(4d) and W(5d) bands relative to the Cr(3d) bands and
E; in CrSi, lead to reduced gaps of 0.02 and —0.03 eV
for the metastable C40 phases of MoSi, and WSi,, respec-
tively. Based on previous calculations,”®”!? metallic be-
havior is expected for the entire family of tetragonal
group-VI disilicides. In view of the sensitivity of the cal-
culated CrSi, gap to structural and chemical variations,’
it is informative to trace the evolution of this gap (i.e., its
dependence on volume, c /a ratio, and x) in the present
calculations for the hexagonal group-VI disilicides.

The calculated variation of the C40 CrSi,, MoSi,, and
WS, indirect band gap E,,, with volume, ¢ /a ratio, and
Si-atom position parameter x is shown in Fig. 6. A strik-

energy geometries. These DOS curves have been calcu-
lated with the use of tetrahedral interpolation based on
21 (60) k points in the irreducible wedge of the hexagonal
(tetragonal) Brillouin zone. In each material, the dashed
transition-metal d-band component is enhanced near the
Fermi level. The C11, results exhibit a DOS minimum
near E, with a pseudogap separating the filled and unoc-
cupied d bands. Rather similar DOS structure is exhibit-
ed by the C40 results, though in this case the DOS goes
to zero at Ep. Note that the overall valence bandwidth is
consistently ~14 eV and is slightly larger (~0.3 eV) for
the C40 phase. The ‘“peaky” structure of the C40 DOS
results is due in part to the presence of three RSi, formu-
la units per primitive cell and the corresponding three-

ing difference between CrSi, and its 4d-5d counterparts is 0.4 1 A 1T 4 e,
illustrated by the gap dependence on volume. As shown N j " 1T / §
in the leftmost panel, the CrSi, indirect gap decreases 03 \\ i _//‘ i N
with increasing volume whereas the corresponding MoSi, i 1T 1T T
and WSi, gaps increase. All three materials exhibit a £ %2[ 17T 1T .
similar dependence of E,,, on c¢/a and x. The final cal- 2 " 1T 1T 7
culated gaps for the fully relaxed geometries are w& o1 r MoSi 1T 1T ]
E,,,(CrSi;)=0.302 eV, E,,(MoSi,)=0.035 eV, and i : T "\.// 17 1
E,;,,(WSi;)=—0.003 eV, which are all slightly larger or 1 _\/ 171 ]
than the values obtained previously using measured I Wsiy i 1T T
values for the lattice parameters. ® 01 1T 171 ]

The structural similarities between the hexagonal C40 ] ] T
and tetragonal C11, phases of the group-VI disilicides 02 e 10 11 132 ' 1_20 l 1_:.8 _0.101l :) '0,2,1
are also reflected in their one-electron band properties at VNV, c/a ax

energies well removed from the Fermi level. A global
view of these similarities is provided in Fig. 7 by the
density-of-states (DOS) results for the C11, and C40
phases of CrSi,, MoSi,, and WSi, at their minimum-

FIG. 6. Calculated dependence of the indirect band gap of
hexagonal CrSi,, MoSi,, and WSi, on volume, c /a ratio, and the
Si-atom position parameter x(Si).
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FIG. 7. Comparison of LAPW density-of-states results for
the C11, and C40 phases of CrSi,, MoSi,, and WSi,. The pro-
jected transition-element component is shown by the dashed
curves.

fold increase in the number of valence bands.

In addition, one expects very similar bonding charac-
teristics for these group-VI disilicides, particularly within
the nearly hexagonal RSi, layers that underlie the hexag-

Cf'Sig MoSi» WSi,

Cl1p

DISTANCE ALONG [001] (a.u.)

DISTANCE ALONG [ 1100] (a.u.)

DISTANCE ALONG [ 1120] (a.u.)

FIG. 8. LAPW valence-electron charge-density contours in
the nearly hexagonal planes of the C11, and C40 structures.
The contour interval is 0.012 (0.024) electrons/aj below (above)
the 0.060 electrons/aj value that is identified by the long-
dashed curves. The short-dashed curves label the contour value
0.048 electrons/aj.
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onal and tetragonal structures of these materials. The
LAPW valence-electron charge densities in the (110) and
(0001) planes of the C11, and C40 structures are com-
pared in Fig. 8. In general, the magnitude and shape of
the charge-density contours surrounding the R- and Si-
atom sites are quite similar in these compounds. A subtle
difference between the tetragonal and hexagonal results is
produced by slight variations in the d-band occupancy.
This causes nonspherical deviations of the R-atom d-
band charge that is localized around these sites (i.e., the
center and corners of each plot). In the tetragonal C11,
results, these deviations reflect enhanced bonding along
[110] directions; the corresponding bonds are rotated by
90° in the C40 phase. The orientation of the present C40
results is such that primitive-cell origins are located mid-
way along the vertical edges. Taking this into account,
the C40 CrSi, valence-electron charge-density results are
in good agreement with those calculated using the ob-
served lattice parameters.® Similar agreement is found
between the present LAPW charge densities for tetrago-
nal MoSi, and WSi, and the fully relativistic pseudopo-
tential results (MoSi, and WSi,) of Bhattacharyya, By-
lander, and Kleinman® and the LMTO-FP results
(MoSi,) of Alouani, Albers, and Methfessel. 11 However,
the nonspherical charge distribution at the Mo site is visi-
bly diminished in the latter results.

In summary, the structural properties and relative sta-
bility of the hexagonal C40 and tetragonal C11, phases
of CrSi,, MoSi,, and WSi, have been studied by means of
LAPW total-energy LDA calculations. These calcula-
tions predict that the tetragonal C11, phase is the
lowest-energy structure for the entire family of group-VI
disilicides, with C40-C11, energy differences of 0.05,
0.11, and 0.22 eV /f.u. for CrSi,, MoSi,, and WSi,, respec-
tively. The CrSi, result is at odds with experiment since
the observed stable structure is the hexagonal C40 rather
than the tetragonal C11, phase. In all cases, the calcu-
lated structural parameters for the actual stable phases
are in good agreement with experiment. The present re-
sults suggest that it should be possible to prepare a meta-
stable tetragonal form of CrSi,. The calculated CrSi,
C40-C11, structural-energy difference is much smaller
than that for MoSi, and WSi,, where the metastable C40
phase has been successfully produced in appropriately
treated thin-film samples. *

APPENDIX

Because the LAPW structural-energy difference be-
tween the CrSi, C40 and C11, phases is quite small
(~2X1072 hartree/f.u.), it is important to determine the
extent to which this result is affected by variations in in-
dividual LAPW computational parameters. In this ap-
pendix, we discuss supplementary calculations for hexag-
onal and tetragonal CrSi, in which the effects of in-
creased basis size, improved Brillouin-zone integrations,
and extended LAPW cutoff parameters are assessed.
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This study has focused on the first-stage CrSi, results
of Fig. 2 at the designated C40 and C11, volumes (237.69
and 238.96 a.u./f.u., respectively) which are slightly
smaller than the minimum-energy values. The calculated
C40-C11, energy difference at these volumes (~1.28
X 1073 hartree/f.u.) mirrors that at the energy minima
(~1.17X107? hartree/f.u.). In these test calculations (i)
the spherical-harmonic expansion of the LAPW wave
functions inside the spheres has been increased from /=6
to 8; (ii) the plane-wave cutoff for the interstitial charge-
density and potential expansion has been increased from
55 to 75 Ry; (iii) the lattice-harmonic expansion inside
the spheres has been increased from [, =4 to 5 (C40) or
Imax =6 (C11,). LAPW calculations incorporating these
modified cutoffs have yielded results in which the
CrSi, C40-C11, energy difference increased from
~1.28X107% to ~1.35X 107 ? hartree/f.u.

A second aspect of these comparative studies focused
on the relative convergence of the C40 and C11, valence
energies as a function of basis size. The results of this
study are summarized in Fig. 9, where the calculated C40
and C11, valence energies E,, are plotted as functions of
(k,R)"', where k? is the plane-wave kinetic-energy
cutoff (in Ry) and R =2.39 a.u. is the Cr muffin-tin sphere
radius. The tetragonal C11, results for kcz= 12, 14, 16,
and 18 Ry are well described by a straight line. The cor-
responding C40 results for k2=12 and 14 Ry lie on a
parallel straight line. In both cases, deviations are evi-
dent for the lower-cutoff results (k>=10 Ry) which are
shown to the far right in the figure. The extrapolated in-
tercepts suggest that the C40-C11, energy difference at
k2=12 Ry (triangle symbols) is maintained in the fully
converged limit.

Further tests have shown that improved Brillouin-zone
sampling for the C11, (30 versus 18 k points) and C40
(24 vs 14 k points) at the k2= 12 Ry cutoff also preserves
this C40-C11, energy difference in the ~1.2X1073
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FIG. 9. Calculated LAPW valence-energy results for the C40
and C11, phases of CrSi, as a function of (k,R)™'!, where
R =~2.39 a.u. is the Cr muffin-tin-sphere radius and k2 is the
LAPW-basis cutoff parameter.

hartree/f.u. range. Thus, based on these convergence
studies, it is concluded that the LDA fails to predict that
the C40 phase of CrSi, has a lower energy than the
tetragonal C11, structure.
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