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We present the first atomic-scale numerical study ofctf&i#/a-Si:H interface structure, based on combined
tight-binding molecular dynamics simulations aa initio electronic structure calculations. We generate
models with different realistic H concentrations, up to 11%, following two distinct procedures. We discuss the
effects on the topological and electronic properties due to the H content and to the different generation
protocols. We obtain model junctions with a realistic percentage of topological defects and showing either a
trend to amorphization of the-Si region or a trend to recrystallization of tteSi:H region. These are
indications of the variety and complexity of the processes present in the real samples, and also suggest that our
numerical samples are representative of some realistic cases.
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[. INTRODUCTION tural and electronic properties. In the present paper we focus
on the generation of trustworthy interface model and on the

Si-based heterostructures are of enormous technologiciivestigation of the related topological properties, including
importance for their use in solar cells and in other optoelecthe interface structure and extension, as well as the preferen-
tronic devices. Compared to high-qualitySi, the use of tial distribution of hydrogen. We study some selected con-
hydrogenated amorphous silicoa-8i:H) as active element figurations, with interfaces obtained following two different
in the solar cells has several advantages from the technologéimulation protocols, and with different hydrogen concentra-
cal point of view: larger absorption coefficient in the solartions, ranging from 3.75 to 11.25 %. A realistic model of the
spectrum which requires a smaller thickness1( versus interface is also necessary to afford the study of the elec-
~20 um), possibility of deposition on larger surfadeg to  tronic properties, including band discontinuities and their de-
~1 n?), and lower cost of fabrication. With respect to pure pendence on the actual interface structure, on the average
a-Si, the hydrogenated material is preferable for its lowerhydrogen concentration and on its distribution. We present
content of coordination defects, which could prevent dopinghere only a partial study of the electronic properties. A more
and photoconductivity. detailed investigation will be the subject of a future work.

In the present work we focus our attention on interfaces In the next section we give some technical details con-
betweena-Si:H and the pure crystalline phaseSi/a-Si:H.  cerning the generation of the atomistic structure, which is
The electronic properties of this interface have been investibased on a tight-binding molecular dynami¢sBMD)
gated experimentally with a variety of techniques, givingapproach® with the use of periodically repeated supercells.
some conflicting results. For instance, the reported values dive will also describe the two different simulation protocols
the band lineups, which are key parameters governing thesed to build the interface.
electronic and optical properties, range from 0 to 0.7 eV for Section Il is devoted to the accurate discussion of the
typical H content of about 10—15 ¥see Ref. 2, and refer- results for thec-Si/a-Si:H interface with 11% of H atomic
ences therein concentration. In Sec. IV we mention thé initio approach

In absence of a direct experimental knowledge of thefollowed for the electronic structure calculations, and we
atomic-scale structure, a theoretical/computational study opriefly presents some results for the density of stab&3S)
the interface is appropriate. Despite the wide literature conof that sample. Finally in the last section we summarize and
cerning the simulation and the study of the amorphous phaseompare the results obtained for other samples with different
both pure and hydrogenated, either from first princigpm&;d H concentrations.
by means of semiempirical approacfe5we are not aware
of any direct simulation of the-Si/a-Si:H interface. Instead,
we are aware of a couple of computational investigations
concerning the band alignment at this interfatebtained by The interatomic interactions are described using a semi-
means of a comparison of the two phases separately. On tlenpirical, orthogonal, and two-center tight-binding ap-
other side, direct simulations of the interface concerning onlyproach, with a minimal basis set containings® and H 1s
the nonhydrogenated case, nameatysSi/a-Si, have been atomic orbitals. The TB matrix elements are parametrized
published in Refs. 10-13. The presence of hydrogen correand scaled analytically with the interatomic distance. We list
sponds to a more realistic situation, and therefore the studghe main references for the different parametrization used
of c-Si/a-Si:H interface is worthy. here and we refer the reader to the cited articles for details.

A direct atomic-scale simulation of the interface is aimedThe parametrization for Si-Si interaction is the one proposed
at clarifying first of all several questions concerning its struc-by Goodwin, Skinner, and Pettif¢6SP,*® and already suc-

Il. GENERATION OF THE NUMERICAL MODELS

0163-1829/2004/69)/0753017)/$22.50 69 075301-1 ©2004 The American Physical Society



M. TOSOLINI, L. COLOMBO, AND M. PERESSI PHYSICAL REVIEW B59, 075301 (2004

cessfully applied in different studies concerning amorphous 7000

phases:*® The parametrization of Si-H interactions is taken -

from Ref. 17, a choice motivated by the good results ob- 8000

tained in the application to the problem of H bonding and

migration in a-Si,> which are in excellent agreement with 5000

accurateab initio results. The H-H interaction has been de- JUNCTION

scribed as in Ref. 18. The cutoffs are 2.8, 2.5, and 3.1 A, 4000 T

respectively, for Si-Si, Si-H, and H-H interactions. [ é . w0
Heterostructures can be conveniently described using pe- = 544, 5 5 E’ 5 E’

riodically repeated supercells, as proposed, for instance, in ! § & § 5

Ref. 19, containing one slab of each constituent and therefore 2000 v 5 S | & 3

two interfaces. In the present case we want to simulate the : N !

most common case, i.e., interfaces obtained with deposition 'l vy |

of a-Si:H on a(001) Si substrate. Therefore we consider 1000 = | |

tetragonal(001) supercells containing up to 320 Si atoms, L = l“'l"\/l_l\ : l‘J‘I’

W|th a= b:2a0 andC%10a0, Whereao iS the Iattice param- 0 0 10 20 30 40 50 60 70 80 90 100

eter of the crystalline phase. The lateral dimensiarsdb t (ps)

are fixed to simulate the growth onceSi substrate, and the

tration) according to the equilibrium density of the amor- interface through a tight-binding molecular dynamics approach, ac-
phous slab. cording to the method A described in the text.

Once the optimat/a is determined, the dynamical evo- . . . .
P y ondition that the interatomic Si-H distances are greater then

lution of the system is within the constant volume, constan A At this st fter the hvd i 4
temperature ensemble. Atomic trajectories have been ag - ALTNIS stage, atter the hydrogenation, we can procee
ollowing two different procedures, represented in Figs. 1

by means of the velocity-Verlet algorithm, using a time step d 2, respectively
hor .5 fs. Temperatur ntrol h n r L . . . .
as short as 0.5 fs. Temperature control has been operated The first methodA, Fig. 1) is a sort of cut and past€)

velocity rescaling. ! . :
Son)1/e considgerations concerning density and interna)/© Separately generate a s_amp_leuSl:H is explained, in a
stress are now in order. Experimentally the densitg-&i at t/(ilrl?g%r:ealecnﬂlir:Nltgndltw:nslgﬁt_eﬁ?gscgsiioss(gﬁ a""gg‘.‘g
0 K is p,=2.33 gcm 3, equivalent to a lattice parameter Th tp 1ing led /D) th
ao=5.429 A% The GSP parametrization gives an equilib- e system Is cooled at rogm temperatla_ ), then an-
fium densitypGSP:2.35 g cni 3, corresponding to a lattice nealed at=900 K for few ps; the system_|s. further equili-
&SP A ~ o . brated at RT for 10 ps and then the statistical averages are
parameter, _5'4.1 ' NO':.s/O less than the gxperlmental taken for 5—-10 ps to check the quality of the sam(file) We
Va“.Je' Conversely, if the lattice parameter is fixed to th_e eX]oin this cell through the smallest face with one of the same
pe“me”ta' .value, an mternall stress of abet250 MPa is i ¢ of purec-Si, at low temperature; this junction must be
obtained with GSP. parametn;atpn for the system "’_‘tzgoonaone carefully, avoiding that some boundary atoms come too
temperature. ExperimentaleySiH is less dense thamsSi, close together(iv) The internal degrees of freedom of the
by an amount which depends on the H concentration. Wey,cyyre are then relaxed first at low temperature, with a

tested that the variation of the calculated equilibrium densn}feduced time stef0.1 f9, and then through a careful thermal
of a-Si:H with the H content is similar to the experimental R

one. Therefore in our numerical models we use the experi- 7000

mental values for the density, i.e., 2.20, 2.24, 2.28 gtm I

for atomic H concentration equal to 11.25, 7.5, and 3.75 %, 8000

respectively (2.32 g ci? extrapolating to pure-Si). The

numerical samples ad-Si:H obtained with these values of 5000

the density and with the parametrizations chosen here have a

residual internal stress of the order of magnitude of 10

MPa?! similar to the one obtained for pueeSi andc-Si. <
Hydrogenated Si samples have been obtained by quench- =

ing from melt as sketched in Figs. 1 and 2. The quenching

from melt protocol and the creation of tf@Si:H starting

point structure corresponds to the firsBO ps in both Figs. 1

and 2. In practice, we start from a crystalline Si and we heat I

it up to 6000 K in~1 ps (heating rate~6x 10" K/s) in 1000 |-

order to obtain a very disordered configuration in a reason- -

able time. After a short thermalization the system is rapidly 0 —

cooled down close to the melting temperatu€l@00 K). A 0 10 20 30 t4((:)s) 50 60 70 80

number of H atoms corresponding to the desired concentra-

tion is now added randomly to this melt, under the only FIG. 2. As in Fig. 1, but for method B.
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TABLE |. Dimensions of the tetragonal cells used ®&i and
a-Si:H slabs with different atomic H concentrati@mefore the junc-
tion) in method A.Ng; andNy, are the number of Si and H atoms,
and the atomic H concentration reported in the first column is the
ratio N, /Ng;. The dimensions in the directions parallel to the sub-
strate area=b=10.859 A for any simulation cell.

g

Sample(% H) Ngi Ny c (A cla ’;,
c-Si 160 27.149 2.50 &
a-Si:H (3.75% 160 6 27.692 255 | 08 e e
a-Si:H (7.5% 160 12 28.235 2.60 E 05 A h
a-SiH (11.25% 160 18 28.778 2.65 . L

Bool .

) S - —
annealing up to 900 K. Finally, the system is equilibrated for 0 18 20 a0 40 6@
10 ps at 300 K. In Table | we summarize the size of the Z (Angstrom)
tetragonal cells used farSi anda-Si:H in method A before FIG. 3. Upper panel: Snapshot of the heterostructure simulating
the junction. the c-Si/a-Si:H interface with 11.25% of atomic H concentration,

The second metho@®, Fig. 2) is a more direct generation obtained with method A. The tetragonal cell contains 320g8iy)

of the interface, whose formation starts already in theatoms and 18 Hblack atoms. Lower panels: Mass density profiles
guenching from melt phase of the simulation, before coolingf Si and of H, respectively, along the growth directiprof the
and equilibrating the-Si:H structure(i) As in method Awe  heterostructure. Solid and dotted-dashed lines are obtained filtering
generate a disorderedSi:H structure(ii) While keeping the  the planar profiles with a window ady/2 andag/4, respectively.
structure at high temperatu(@800 K) we add a slab of-Si. Vertical dashed lines indicate the initial nominal position of the
We therefore start creating the amorphous-crystalline interinterface.
fac_e at this stage, proceedn_wg for about 10. ps W'Fh the aMok med a careful structural analysis of tleSi:H sample
phization process of a portion only of a simulation cell. In . T i

. . . . : beforethe junction in method A, to check the quality of our
practice this is obtained with a damped dynamics of the ) .

. . . ; d computer generated models step by step: the results obtained
(nominally) c-Si atoms, by setting their atomic masses at a ; . : S
fctiti X or the pair correlation function, angular distribution, veloc-
ictitious large value(iii) Then the sample is cooled down to

RT, all the masses are reported at their proper values, and'tg distribution, etc., are of good quality compared with ex-

good crystalline/amorphous structure is indeed obtaitieg. perimental dat& and previous calculatiors.

. . We show the ball-and-stick representation of the tetrago-
:/i\éi F;fg)_ltm an annealing at 900 K followed by an eqwhbra—nal cell simulating the structure with 11.25% of atomic H

Instead of setting fictitious large masses for the amor_concentratmn, obtained with method A in the upper panel of

C : - ... Fig. 3. The tetragonal cell contains 320 Si atoms and 18 H
phization of a portion of the structure, another possibility toms. In the lowest part of the fiqure we report the mass
would be to use a strong gradient temperature, but we thin o . P gure P

S S . ensity profiles of Si and of H, respectively, in the hetero-
this is a worse approximation of the experimental

conditions®® A quite “standard” protocol for the creation of structure along the growth directian Vertical long-dashed

an interface is to start from the beginning with the entire!lnes indicate the nominal initial position of the interface,

. . s . “i.e., the junction between the two cells ofSi anda-Si:H.
simulation cell and to do the amorphization of a portlonThe rofiles are more precisely macroscopic averigeb:
only: the results should not be substantially different from__. Protiies P y op . ’

.ﬁalned filtering the planar profiles alorzgwith a window of

our method B, which is more efficient and cheaper since it. ; oo ) .

allows us to manage with only half of the number of atoms Ixed I_engthL o, equwalgntly, f|lter|ng a three-dimensional

for a considerably long time of the simulatior-B0 ps in quantity with a slab of dlmens_lona_;xbe. In the_ preser_lt
case, dotted-dashed and solid lines are obtained With

our unitg. . ) . .
The f?nala—Si'H/c-Si structures, obtained both from meth- =2o/4 anday/2, respectively. Sincap/4 is the natural peri-
' ' gdicity of ¢c-Si along the(001) direction, we obtainas ex-

ods Aand B, contain 320 Si atoms and a number of H atompected that such profiles are flat in the crystalline regions

varying up to 18see Table)l Our two methods are aimed at . .

obtaining two, possibly different, realistic samples of the:nmdorar\]/gutshfev?cl)%esggsseebg?ﬁ; ?nr;ﬂgzﬁ;ylgglftgfatir'% (t_j?;t

structure for any H concentration. In particular, a different phous reg ' . periodicity.
The amplitude of such fluctuations cannot give quantitative

distribution of the light, more diffusive, H atoms can be ex- information because of the statistical noise due to the limited
pected, as well as possible variations in the defect concen-

: . : . . size of the averaging slab. However, the density profiles are
tration and in the extension of the interface regions. ' : SR -
a first visual indication of the transition between amorphous

IIl. STRUCTURAL CHARACTERIZATION OF THE and crystalline regions. - . .
NUMERICAL SAMPLES We point out that with respect to the initial nominal posi-
tion of the interface, the density profile of Si indicates the
In this section we focus directly on the structural analysisa-Si:H/c-Si phase boundary has propagated towards the crys-
of the heterostructures. We only report that we had also petalline part. The bottom panel shows that H remains confined
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FIG. 4. As in Fig. 3, but for the sample obtained with method B.

within the amorphous region also after the junction and the
annealing even if during the simulation we have observed
large displacements of H around the interface regiomsch
larger, in fact, than those predicted by the estimated mobility
factor at the corresponding temperajure

Figure 4 is similar to Fig. 3, but for the sample obtained
with method B. We can see that in case B the fluctuations of
the Si density profiles in the interface regions are less pro-
nounced than in case A, suggesting a partial recrystallizatior
of the amorphous region. Furthermore H is concentrated in ¢
more restricted amorphous region. Both simulations seem tc
suggest that hydrogen does not have a preferential distribu
tion (e.g., close to the interface, rather than far from it

In the left panel of Fig. 5 we report the plot of the trajec-
tories of Si and H atoms of the-Si/a-Si:H heterostructure

shown in Fig. 3, during the sampling at 300 K, projected £ 5 From left to the right: plot of the trajectories of @ay)
onto axzplane. On the right side, we report the main struc-ang H (hlack atoms of thec-Si/a-Si:H heterostructure shown in
tural functions[pair correlation functiorys;.(r), angle dis- Fig. 3, during the sampling at 300 K, projected ontxzplane;
tribution function gs;.si.s{#)] of the heterostructure, aver- structural functions(pair correlation function, angle distribution
aged over slabs of abouty/2. These properties provide a function) averaged over slabs of aboa/2.
quantitative estimate of the interface extension, about 8 A.
We stress that in the middle regions of the two phases, far
from the interface, the structural functions have recovered-45-50 Si atoms. The amorphous slab is less extended in
the bulklike behavior ot-Si anda-Si:H, and this stands for sample B than in A because of the partial recrystallization
the appropriate size of the supercell. We also studied the pa@sccurred. The coordination of Si atoms is calculated simply
correlation functions related to the presence of H, namelyusing a bond-cutoff distance 15% larger than the crystalline
Osi.n(r) andgy.n(r): they are less meaningful they;.s(r) bond length for the Si-Si bonds and similarly a bond-cutoff
because of the reduced statistics due to the very few H atlistance 15% larger than the Si-H distance in the silane mol-
oms, but, however, in the middle of tt&Si:H region also ecule for the Si-H bonds. This choice is consistent with the
these functions have the profiles typical of the bailsi:H.  actual position of the first minimum of the corresponding
The comparison with the same figures for the interface obpair correlation functions computed in the amorphous slab.
tained with method BFig. 6) further indicates the trend of a For our present purposes a classification of coordination de-
partial recrystallization of the amorphous region. fects based on pure geometrical criteria is sufficient, but we
In Table Il we report the relative occurrence of underco-point out that a better characterization of the bonding con-
ordinated(with dangling bondsand overcoordinate@with  figuration and a resolution of possible ambiguities of related
floating bondg Si atoms in the amorphous slab and in thetopological defectS can be obtained only by an accurate
two interface regiongaverage of the two in each supergell analysis of the valence charge distribution and more sophis-
as well as the average coordination number and the amoutitated methods based on the “electron localization
of Si atoms used for the statistics in those regions. The twéunction”2® or Wannier functiong’
interface regions have a similar extension in both samples A In the structures that we are considering here, the percent-
and B, ~8 A in the growth direction, and hence include age of defects is realistic and comparable with the percent-

T

|
5 60 120 180
(A) degrees
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quality of structures obtained with method B seems generally
better, being characterized by a slightly minor amount of

defects, both undercoordinated and overcoordinated, in the
amorphous slab and in the interface regions.

IV. ELECTRONIC STRUCTURE

The structures obtained with TBMD can be used as the
input of ab initio electronic structure calculations. A com-
plete detailed study of the electronic properties of
c-Si/a-Si:H interface is beyond the scope of the present
work; however, we present here some results for the density
of states, in connection with the topological analysis pre-
sented before. Calculations are performed within the frame-
work of density-functional theory in the local density ap-
proximation, using norm-conserving pseudopotenfials,
plane-wave cutoff of 16 Ry for the plane wave basis set, and
a Monkhorst-Pack grit! with 4 and 20k points for the self-
consistent and non-self-consistent calculations, respectively.
This approach has been already successfully used to study
the electronic structure of other amorphous Si based
systems:10-%

We report in Fig. 7 the DOS of the sample A with 11.25%
of H content, together with the projection over the atoms in
the crystalline, amorphous, and interface regions as already
specified in Table Il. The total DOS of the heterostructure is
nonvanishing at the Fermi energy: as one can see from the
different contributions, this originates from the amorphous
and interface region@ashed lingsand must be attributed to
the existence of the structural defects which are in the
present case mainly dangling bonds, as shown in Table II. A
part from details due to the possible various origin of the
midgap states in different samples, the amorphous-projected
contribution has the typical form of the buéSi (see, e.g.,
Ref. 25, and references thergiogether with the fact that
the c-Si projected DOS has the typical profile of budkSi,

FIG. 6. AsinFig. 5, but for the sample obtained with method B. thjs s a further indication of the appropriate size of our su-

percell for the description of the junction. Better resolution

ages reported in the literature. In the interface region is typifor the DOS(especially around the Fermi enejgsould be
cally smaller than in the amorphous part.

obtained improving the technical ingredients of the calcula-

Although no dramatic differences in the relative occur-tions, such as the number kfpoints, at the cost of a larger

rence of defects are observed comparing A and B models, theomputational effort.

TABLE Il. Topological defects concentration in the different samples ina$:H slab and averaged in
the two interface regions in each cell. For each region we report in four columns from the left to the right:
undercoordinatedT(yy~4) atoms; overcoordinated (- ,) atoms; average coordination numbéNN)); in
parentheses the number of Si atoms considered for the statisggs N means “nearest neighbors.”

a-Si:H/c-Si sample

a-Si:H region

interface regions

(method and % M Tan<a Tn=4 (NN) Ng; Tn<a Tan=4 (NN) Ng;
A (3.25% 10% 1% 3.88 (116 2% 2% 4.00 (92
B (3.25% 10% 0% 3.90 (111 2% 0% 3.98 (97
A (7.5% 11% 2% 3.91 (110 6% 1% 3.95 (82
B (7.5% 6% 1% 395 (112 4% 0% 397 (89
A (11.25% 6% 2% 3.95  (121) 6% 0% 3.93 (95
B (11.25% 5% 0% 3.93 (93 3% 0% 3.96 (86)
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FIG. 7. Electronic density of states of the
a-Si:H(11%)/c-Si sample obtained with method
A: total DOS of the heterostructunghick solid
line) and partial DOS projected on amorphous
(long-dashed ling interface(short-dashed line
and crystalline(dotted regions. The normaliza-
tion of the curves is chosen proportional to the
number of atoms considered in the different re-
gions(see Table Il for detai)s and the total DOS
coincides with the sum of the three contributions.
The Fermi energy is set to zero.

DOS (arb. units)

-12 -10 -8 -6 -4 -2 0
E (eV)
V. CONCLUSIONS librium calculated density of the amorphous region is

We also study heterostructures with other H concentra@Ving with the H content with a trend similar to the experi-

tions, as summarized in Tables | and Il. All our numericalmental data(iv) Using the two different methods for the
’ o T generation of the interface, we are able to obtain both a junc-
samples contain in general more undercoordinated than ovey-

; ion with a trend to amorphization of theSi region(due to
coordinated defects. It appears from Table Il that the percen{-he high atomic diffusionrc)iuring the annealinggafte(r the junc-
age of undercoordinated defects is reduced by increasing tqe

amount of H. The effect commonly observed upon hydro e—IOn in_method A and a junction with a trend to
nation ofa—S} in real samples is ayreduction ofpmid )::1 e?]_recrystallizatioﬁaz“ of the a-Si:H region.

o p ) . gap In conclusion, we have obtained some atomic-scale mod-
ergy levels, and this is typically ascribed since a long time to

the passivation of the dangling bonds by #th Ref. 25 we els of_c—Slla—SuH interfaces .for _d|fferent H cqnte_nts. The
. . two different trends(amorphization, recrystallizationob-
demonstrate that a complementary mechanism of reduction

of gap states with H is annihilation of overcoordinated de_served in the interface regions in the samples generated with

. X . . different procedures, are indications of the variety and com-

fects. The numerical models of interfaces obtained in theI itv of th in th | les: th
resent work are consistent with the idea of passivation o exity of the processes present In the real samples: there-

b fore, it is fair to conclude that our numerical samples are

the dangling bonds by H, but they do not exclude the possi- : L ; )
. A : L . representative of realistic cases and can constitute a reliable
bility of annihilation of floating bonds, which is not evident

) . - o input for a further study of the interface electronic properties.
in the present samples due to their very limited statistics. . - L :
. . : Presentc-Si/a-Si:H atomistic models are available for fur-
A part from the obvious relative differences due to the

variations in H content in the different numerical samples, aIIther Investigation upon request.

of th_e main structu_ral trends previously dlscussed_ h_ave been ACKNOWLEDGMENTS
confirmed. In particular we can state the followin@. A
rough estimate of the extension of the interface-8-10 A, The part of this work concerning the interface electronic

based on the density profiles of Si and H along the growtrstructure was done within the “Iniziativa Trasversale di Cal-
direction, and on the local pair and angle distribution func-colo Parallelo” of the Italian Istituto Nazionale per la Fisica
tions gsi.5(r) and gsi.si.s{(#). (i) H is almost homoge- della Materia(INFM) using the parallel version of thrvscF
neously distributed in the amorphous regidii.) The equi- (Plane-Wave Self-Consistent Figldackage(Ref. 28.

*Electronic address: peressi@ts.infn.it Films 383 314(2001); S. Gall, R. Hirschauer, M. Kolter, and D.
1A. Shah, P. Torres, R. Tscharner, N. Wyrsch, and H. Keppner, Braunig, Sol. Energy Mater. Sol. Celld9, 157 (1997; Y.J.
Science285, 692 (1999; B. Rech and H. Wagner, Appl. Phys. Song, M.R. Park, E. Guliants, and W.A. Andersind. 64, 225
A: Mater. Sci. Process89, 155 (1999; E.A. Davis, J. Non- (2000.
Cryst. Solids198-200 1 (1996; R.A. Street, Hydrogenated 3F. Buda, G.L. Chiarotti, R. Car, and M. Parrinello, Phys. Rev. B
Amorphous Silicon(Cambridge University Press, Cambridge, 44, 5908 (1991); P.A. Fedders and D.A. Draboldyid. 47, 13

1997). 277 (1993; B. Tuttle and J.B. Adamsbid. 53, 16 265(1996;
2T.M. Brown, C. Bittencourt, M. Sebastiani, and F. Evangelisti, ~ A.A. Valladares, F. Alvarez, Z. Liu, J. Sticht, and J. Harris, Eur.
Phys. Rev. B55, 9904(1997; J.M. Essick, Z. Nobel, Y.M. Li, Phys. J. B22, 443(200).
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