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The electronic transport in the phase separated regime is determined by both the diffea¢riand
structurein the phasesgcalled phased andB) andelectron redistribution (electron transfetr) the phase with
the deeper average potenti@haseB). Equations for the dependence of the electronic conductivitgn
metalloid concentratior are derived. In amorphous metal-metalloid alloys the metal-insulator tranéifion
transition characterized by the transition from>0 to ¢=0 at temperaturd=0 atx=x. takes place in the
phase separated regime. The M-I transitiorsjn M, alloys is determined by the conduction baipthaseA),
whereas ifN;_,M,, and in manyT,_,M, alloys, it is determined by the valence bapthaseB) (N andT stand
for a transition metal with completely and incompletely occupldzhnd, respectively§ for a simple metal as
Al, Ga, In,..., andM for a metalloid element as Si or G&1) Granular structure (2) rapid decrease of the
average metal grain size with increasin@nd(3) relatively smallx. are characteristic features f8;_,M, thin
films deposited under extreme deposition conditions and are caused by the fact that a considerable part of
electrons transferred occupy surface states leading to charged phase boundafietdlstructure found in
Al,_,Ge, alloys after annealing is related with the formation of a maximum of phase boundary faces for
acceptance of the transferred electrons. For strong scattering in a single phase, there are a minimum metallic
conductivity o= (c"/6)(€?/h)(1/d) and mobility edges at density of states #/hd, wherec"=1/4 (d is
the average atomic distanaeandm are the elementary charge and effective mass of the electrons, respec-
tively, andz=h/2 is Plancks constaht
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I. INTRODUCTION the following conclusions
For large ranges of concentration there is
The metal-insulator transitiofiM-I transition) in disor- (i) amorphous phase separatidretween two different

dered electronic systems is one of the most challenging prolasmorphous phases called phasend phasé, where each
lems in condensed matter science. “The fundamental queghase has its “own” short-range ord&RO),

tion, still unsolved after almost half a century of intense (jii) the amorphous phase separatiteads toband sepa-
study, is whether the electrical conductivity vanishesration in the conduction bandCB) and valence ban@vB)
discontinuously..or smoothly..at the transition”(Edwards connected with the phases and B, respectively, and the
et al).l This is immediately connected with the question of glectrons are freely propagating and the correspondiae
whether there exists minimum metallic conductivity, as  functions are extendedvith respect to connected phase
originally proposed by Mott* Today, it is generally be- ranges, and

lieved that the M-I transition iscontinuous in three- (iii) between the two coexisting phases therelectron

dimensional systems and that there is nat.g, in accor-  redistribution (electron transfervhich can be described by
dance with the predictions of the scaling theory of

localization*® Already 2 decades ago Thoulésegarded n(2) = nyexp(—- BY), (1)
“the concept of minimum metallic conductivity as one of the
creative errors that helped the progress of science.” Fowhere( is the quotient of the volume or atomic fractions of
metal-metalloid alloyshis point of view seems to be in good the two coexisting phasé$.n(¢) is the electron density in
correspondence with experimental restttsNevertheless, the phaseA with ny=n(0). B is a constant for a given alloy,
there is also support for Mott’s original propogMobiuset  which is determined by the average potential difference be-
al.1%-19  and the existence of a.,, is considered to be a tween the two phases.
possible scenario, when electron-electron interaction is taken Conclusion (i) amorphous phase separatia® now
into account. For amorphous alloys eandom and homoge- confirmed experimentally for a series of amorphous
neousdistribution of the metal atoms in the amorphous ma-transition-metal-metalloid alloys: Edwardg al?® reported
trix is often assumed, and the M-I transition is generallyon measurements of radio frequency reactive cosputtered
accepted to be a type of Anderson transittérf? where the  a-Ni;_,Si,:H using Raman spectroscopy, infrared absorption
potential disorderplays the most important rofé:? and extended x-ray absorption fine structUexXAFS) that

In contrast to this view, in the first pdftof the present for x>0.7 there is indication for close-packed Si:Ni clusters
paper seriegcalled Pap. | in the following an alternative beside ana-Si matrix and they speculated that the system
and independent discussion was presented for the metallzontains two amorphous phases: one being semiconducting
regime of amorphous transition-metal-metalloid alloys withand the other being semi-metallic. F@a-Au,_,Geg, (x
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>0.63 Edwards et al?® concluded from EXAFS that On the basis of this microscopical model, in Sec. Il the
regions of a Ge-Au alloy are embedded in amorphous Geffect of both the local band structure and the electron dis-
host network. From small-angle x-ray scattering and x-rayiribution between the phases on the electronic conductivity
absorption near-edge spectroscopy experiments  a¢ considered applying effective medium the¢BMT) and
cosputtered a-Fe_,Gg films with 0.28<x<0.63 the Boltzmann transport equati¢BTE), and equations for
Lorentzet al* concluded phase separation into two phaseshe concentration dependence@fre derivedo(x) closed
likely to be a-FeGe and a-Fe;Ge. Applying anomalous g the M-I transition is calculated and compared with experi-
small-angle x-ray scatterinASAXS), Reganet al?* found  antal results published in the literature.

in cosputtereda-W,,Ge, a-FeGe, a-Fe,Si, and In Sec. IV the application of the EMT and BTE for de-

a-Mo,,Gg films phase separated regions of the order Ofye i of the electronic transport in disordered alloys will

1 nm in the growth plane and 1.5-2.0 nm in the growth__ " ... ; : . .
direction. They could show that their measurements are irl?e justified under especial consideration of phase separation

agreement with the assumption of two coexisting amorphou%‘nnedt t|f|1_e Ioffed-Retg(_atl crlt((ejrlon,bgll_r;d f(:jrmulae fo(; a_m;rjungum
phasesa-Ge ora-Si, on the one side and a metallic phase allic conductivity and mobliiity edges are derived, bo

with FeGe, FeSh, or MoGe, compositions for the last three rglated to a single phase. In Sec. V the results are summa-

systems, respectively, on the other side. Ragpl32 found  'zed-

amorphous phase separation in cosputterée, _,Si, films

into regions ofa-Si and an intermetallic close in composition Il. SHORT RANGE ORDER AND ELECTRONIC
to a-FeSj with ~0.6 nm in the film plane and1 nm in size STRUCTURE OF METAL-METALLOID ALLOYS

in the growth direction using ASAXS.

Support for theconclusion (ii)comes from measurements
of the electronic specific heat coefficiemtof a-Mo;_,Ge, a-Si or a-Ge represent one of the possible phases
(Yoshizumi et al)333 a-Au,_Si, (Fischer and ina-N, M, a-T;,M,, and granulas, ,M, alloys?8-32:40-45
Lohneysen3® a-Vi,_Si, (Mizutani et al),%® anda-Ti,_,Si, (N and T stand for a transition metal with completely and
(Rogatchewet al):3” y does not go to zero at the M-I transi- incompletely occupied! band, respectivelyS for a simple
tion, but varies smoothly across the M-I transition. Supportmetal as Al,Ga,In..., andM for a metalloid element as Si or
for conclusion (ii)comes also from the result by Abkemeier Ge) Since the early 1970s it is kno#f°° that evaporated
et al®3°who found by an analysis of conductivity data in thin a-Si or a-Ge films have a heterogeneous structure char-
a-Ni-Si:H on the insulating side that a consistent interpreta-acterized by density fluctuations: relatively closed packed
tion is obtained, if it is assumed that theve functions of ranges(“high density islands)’ are separated by ranges with
the electrons contributing to conduction are extendedsmaller density“low density channels’ The average island
through clustersof metal atoms and only localized by diameters were found to be of the order of 10 #m%52The
longer-range disorder, where the metal atoms are assumed hggh density islands have a higher degree of order in com-

A. N4 M, and T,_,M, alloys

be Ni. parison with the low density channéfs>! During the film
Conclusion(iii) is not yet confirmed or supported by in- deposition process there is a competition betwaecieation
dependent authors. and growth of the high density islandésimilar to the crys-

The convincing confirmation and support foonclusions  tallization process in crystalline films, however, with struc-
(i) and(ii) is the motivation for the present publication: pur- tures without long-range order, but with a defined SRO char-
pose is a consistent description of the connection betweeacterized by the tetrahedral coordination typical de®i and
SRO and electronic transport in metal-metalloid alloys as a&-Ge).*® These nucle{islands grow until they are embedded
basis for the description of the M-I transition. Basis for theby the neighboring grains. Now the conditions for undis-
present paper is themorphous phase separation moaél turbed formation of this SRO are no longer given concerning
Pap.l with the CB and VB connected with phageandB, the bonds being required angles and distances for an ideal
respectively. tetrahedral bonding conditiéhand this “misfit” between the

An electron moving through the alloy i®t restricted to a  bordering islands on each other leads to the low density
single phasgbut it can overcome the phase boundaries, prochannels characterized by an essentially larger density of de-
vided both the CB and the VB are incompletely occupied.fect states(dangling bonds, vacancies, ¢tcThe resulting
The crucial point is that in the two different phases, thisinhomogeneous structure may in fact be well described as
electron is exposed to different local band structifig¢svith “polyamorphous® in analogy to the “polycrystalline” coun-
different densities of states at the Fermi le¢®l depending terparts. According to the Davis-Mott moé&kuch defects
on the local band structure and the distribution of the elecform a band of localized states near the middle of the energy
trons to the available electronic bands. gap between the valence band and the conduction baind

Applying known valence band spectra in Sec. Il a micro-the elementalsemiconductoa-M) where the Fermi level is
scopical model is developed for describing the electroniginned.
structure and electronic transport in metal-metalloid alloys Regarding the formation kinetics &N, M, films, e.g.,
which takes into account in particular a-Au,_,Si,, we expect an analogous situation as aiSi

1. the internal surface@hase boundarigs films, however, with the difference that the growth of the

2. the average compositions of the two phases, and  a-Si islands is not only limited by bordering-Si islands.

3. electron redistributiortelectron transferbetween the The growth of thea-Si islands is also limited by the fact that
phases. there is a second atomic s¢Au) and that there can be local
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fluctuations of the Au-atom distribution during the d?posi- rr"?:;zﬁﬁgzzeiyb;c(lg:fcig and
tion process, so that also nuclei with theu structuré®-+° B phase cores, B, (grey).

can grow beside-Si nuclei. Although the mobility of the

atoms is small(but not zero at usual deposition tempera-

tureg, amorphous structures are expected with a formation

a-Au,_,Si, proposed by Mangiet al,*>**already applied in
Pap. I (Fig. 6 in Pap. ). According to this free-energy dia-
gram we expect within the concentration range=0x3<1 0

enthalpy as small as possible, under the given conditions. So
we are again led to the hypothetical free-energy diagram for o o

two different amorphous phases coexisting side by side simi-

lar to the situation in crystalline materials with intermediate

phases, i.e., the metal atoms are not incorporateddona O o d,

tinuous random networluring growth of the thin film, but - 0

they form (with part of the Si atomsa second amorphous

phase(phaseA), which occurs in addition to tha-Si phase

(phaseB). FIG. 1. Amorphous phase separation aiN,_,M, alloys for
The SRO in theB phase(a-Si) corresponds to the tetra- wvg<<1/3, whereys is the volume fraction of th& phaseB" char-

hedrally coordinated SRO iaSi, whereas the SRO of te  acterizes the internal surfacésionoatomic surface layers of the

phase corresponds to close-packed structure typical for mé&-phase grainswhich are assumed to hagp? configuration.B,

tallic phaseé‘,?’ and between the two phases there are boundcharacterizes the core atoms of B@hase grains assumed to have

ary faces analogous to the low density channela-Bi, be- sp? configuration. The grain sizes are approximated by spheres with

cause the growth of theB-phase nuclei is disturbed anaverage diameter of the order-ef nm.

approaching neighboring nuclei leading to a strong distur-

bance of the SRO in the boundary faces. In this, we have ggpectrum, this peak 1 is, however, no longer resolved, but it

distinguish two different kinds of boundary faces such belS Merged(fused with a considerable density of states dis-

tween twoB-phase grains, on the one hand, and those bet_r|but|on ranging until near to the energy where the energy

tween anB-phase grain and aA-phase grain, on the other 9aP of Si begins to open. Since_ for the pr contgining alloys
hand. In the latter case the density of defect states is expect&y=0-808 such a very big fraction of this density of states
to be essentially larger than between tBphase grains, if dl'strlt?utlon (reprgsentlng the bondingp® hybrid orbitals of

the bond orbitals of thd® atoms(Si) have thesp? hybrid Si) fails (at Iegsl in the energy range be_tween about -5 and
configuration typical for tetrahedral atom coordination,_8 e_V, there is reason for the assumption t_hat the states be-
whereas overlapping of the wave functions is rather possibliPN9ing to theB atoms(x=0.806 are provided by states
between the Si atomsvith sp* hybrid configuration of dif- ~ Which ina-Si (i.e.,x=1) would be in this energy range, and
ferent grains of the same phase sort, also when the requird@€ conclusion is suggested that part of the Si atoms, very
angles and distances for an ideal tetrahedral bonding condrobably theB" atoms in theB phase(a-Si), have no longer
tion (for B phasg are only approximately fulfilled. There- SP° hybrid configuration, but that the bonds are realizedby
fore, we assume that part of the Si atofespecially those of orbitals wh|ch_ overlap wittp orbitals of nelghborlng3_ at-

a B phase grain which immediately border on Arphase ~ ©MS andd orbitals of the Cr atoméof the A phase grainsas
grain—calledB” atoms in the following, Figs. 1 and Bave ass_umed earlier. This gssumptmn is aIsch?upported byBSi K
$p? configuration?” and thep orbitals of theseB™ atoms ~ €Mission spectra puphshed by Tgnaétaal. of gmorph_ous
overlap withd orbitals of the metal atoms in tha phase and crystalline Ni, S and Pd.,Si, alloys: besidebonding
grains andp orbitals of otherB" atoms in the immediate S! P States also part of the correspondiawgtibondingSi p
neighborhood. This assumption is suggested by publishegf@tes lie below the common Fermi leyelchemical poten-

valence band spectra of some amorphous transition metdi@!), and they are shifted to lower energy, when the metalloid
metalloid alloys:

D,

. . . . - Ph: B (: & black) with
In Fig. 3 the x-ray photoemission spectra @fCr;_Si, gtirilsu"éiiesé{f(m%ék),and
phase cores, B, (grey).

alloys taken from Kobayashet al®® are reproduced. In
agreement withconclusion (i) and analogous to the-
N;_.M, alloys, fora-Cr;_,Si,, a-u, anda-Si are assumed as
possibleamorphousphases with the compositiong,=0.3
andxg=1.59 The spectra in Fig. 3 can be considered as an
addition of those of the two coexisting amorphous phases
weightened according to their volume fractions. Betwgen
=0.312(“Cr-31.2 at.% Si’) andx=0.806(“Cr-80.6 at.% Si)
there is a common single peak at the same binding energy,
E,=-9 eV, called peak 1, the peak height increases continu-
ously with increasing Si content and can, therefore, be as-
signed to thea-Si phase, since the volume fraction of the
a-Si phase,ug, increases in the same direction. In the Si FIG. 2. Same as Fig. 1, but fag> vg .
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Fe . M atoms adjacent té phase graingB") and bondingsp® states of
Si { '- the atoms within thé8 phase core$B;) as drawn schematically in
S 4 Figs. 1 and 2u characterizes the common Fermi levehemical
Fa '3. potentia) of the alloy.
o [~
[ [ []
-15 -10 -5 Ef oms and bondingsp® states arising fronsore atoms of theB
Binding energy(eV) phase graingcalledB, atoms in the following, and that for

the VB generallyhole conductivity is expected, because both

FIG. 3. X-ray photoemission spectra afCry_,Si, taken from  a considerable part of the antibondipgstates(of the B

Kobayashiet al. (see Ref. 58 atomg and the bondingp® states(of the B, atoms are be-
low u,%° whereas all the antibondingp® states(of the By

content is increased, i.e., they are partially occupied by elecatomsg are above the VB separated by an energy gap. The
trons, and this occupation increases with increasing metakonsiderable fraction of antibonding states belowu sug-
loid content. Regarding these spectroscopic re$ififsand  gests also a considerable electron transfer fromAtipase
the earlier considerations, the following band sketch can bé the B phasdnotice that also part of the electrons in e
drawn for the two-phase range betweSi (or a-Ge) and  phase occupys states(of the B® atoms lying at energies
the next amorphous phase, Fig. 4. The band sketch of Fig. &elow the bondingp state$.5° The carriers in the VB are
drawn for a-N;_,M, alloys, relates toa-T;_,M, alloys as considered to be freely propagating within connectd
well, on principle, where additionally we have to take into phase ranges as long asis below the top of the VB, or
account that the next amorphous phéisesidea-Si) can be  more precise, below the upper mobility edge of the \&&c.
different from a compositiora-N;M (a-u), e.g.,a-TMz or IV D).
a-TM,.30-3242Which amorphous phases in afT,_,M, alloy There is an essential difference between the spectra
are realized, one cannot say generally, since the correspondy Kobayashiet al®® (from “Cr-31.2 at.% Si” to “Cr-55.5
ing (equilibrium) phase diagraft-2only is a rough guide for at% Si”) and those by Tanaket al:®° For a-Ni,_,Si, (with
possible amorphous phases with the same composition. Far<0.53% peak 1 assigned earlier to theSi phase in
instance, Ishiiet al*° found an amorphous MoGephase a-Cr_,Si, is not visible suggesting the fact that in the
which has no known crystalline counterpart. On the othem-Ni,_,Siy alloys, the second phag&eis nota-Si, but a phase
hand, it seems that the amorphous counterpart to theith another composition, possib&¥NiSi,. A corresponding
knowrf364 c-SiCr, phase is not realiz&¥in the specimens crystalline phases-NiSiy, is known%1-64
by Kobayashiet al>8 Summarizing, the existence of the phase boundary faces

From the fact that at least part of thatibonding pstates A/B allows the acceptance of a considerable amount of ad-
are below the Fermi level,%° the VB can be assumed to ditional electrons(transferred from theA phase to theB
consist of bondingy and antibonding states(from B* at-  phase in the VB: EachB" atom provides eight electronic
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states (three bondingp, three antibondingp, and two s
stateg, whereas eacB, atom provides only four electronic
states(i.e., four bondingsp® state$ to the VB. That is why,

PHYSICAL REVIEWH, 115114(2005

level w still lies energetically below the upper mobility edge
in the VB (Sec. IV D) corresponding to a critical hole density
Perit- Summarizing, the concentration dependencep?pac-

for a later calculation of the hole density in the VB, determi-companied with the electron transfer leads to the fact that the
nation of the(atomig fraction of the boundary face atoms hole density in the VBp, decreases generally with increas-
B", Xgr, is important. In the following, we have to distinguish ing vg.

betweenvolumefractions, v, and vg, and atomic fractions,
X and Xg, of the phase#\ and B, respectivelyug:, Ug, are
the volumefractions, andXg:, Xg, are theatomic fractions
taking up by theB", B, atoms, respectively.

Betweena-Si or a-Ge and the amorphowsloys there is
still another essential structural difference: In tlasSi or
a-Ge films the high dense islands often are grown through
the whole film, i.e., there is a preferred direction perpendicu-

Assuming theA andB phase grains being nearly spherical lar to the substrate leading to grains similar to récslum-

with the average diametei3, and Dg, respectively, of the

nar structurg®-52 because the growth of the phase grains

order of 1 nm, a typical value found experimentally for someinto the perpendicular direction against the substrate is gen-
a-T,_ M, alloys323thenug- andpy, the available hole den- erally not hindered by other phase grains; for energetic rea-
sity in the VB without electron transfer, can be relatively SOns the probability that hit atoms arrange rather to the al-

large, of the order of 8 cm™, as long asj is not too large
(vg<<2/3). With increasingug, p, decreases, becausg /vg
decreases a§, increases, according to

TR
w éuv[<l+ D, 1 (s> wgy (2
with
£,=2, 3)
Ua
g, + U = g, (4)
ptug=1, (5

wheredg is the average atomic diameter of tReatoms and

=1 (1 +2—dB>_3 3
UBk = Dy

characterizes the volume fraction of tBephase, above it the
B" shells enveloping differenA phase grains do not touch
each other, see Fig. 2. Fog> g, the fraction of theB"
atoms withs’p? configuration,Xg-(vg), related to the frac-
tion of the B, atoms withsp® configuration, X (v ), de-
creases rapidly with increasins(vg), as the sum of all the
boundary faces between the phageand B decreases rap-
idly as well. Because of the electron transfer from the
phase to thé phase, the true hole densify, is still smaller
than pg, but decreases as well, Ag(v) increases, as will be
studied quantitatively in Sec. Ill. On the other side, igr
<1/3, vgr/ vz given by

[

(6)

2dg

3
—D—B> } (vp<1/3),

()

ready available, growing phase grains is larger than forming
new nuclei. On the other hand, in tl@norphous alloythe
appearance of the second atomic sort disturb the growth of
the phase grains into all directions, and it needs diffusion
processes for growth of the phase grains which, however, are
strongly depressed. Therefore, in amorphous alloys, phase
grains with a spherical-similar structure are expected rather
than a columnar structure as aSi or a-Ge.

The considerations ta-N;_,M, anda-T,_,M, alloys can
be applied, on principle, torystallineor partially crystalline
N,_M, and T,_,M, alloys as well. The differences are: the
realized energetic state is generally lower and the mean free
paths of the carriers are generally larger inciystalline
phase than in aamorphousone. Also the averagerystal-
line) phase grain sizes are expected to be larger and, there-
fore, (vg*/vg) is smaller for a giverd, leading to smaller hole
densitiespg (andp, Sec. Il B. The question of which kind
of crystalline phases will be realized depends on different
factors in a complex manner, where the free-energy differ-
ence between the amorphous and crystalline state and the
activation energies for diffusion play an essential role. Con-
sideringa-Au-Si, a-Au-Ge, anda-Ag-Ge thin films, during
annealing, first(crystalling Au or Ag precipitation$3-44:65.66
occur beside ara-Si or a-Ge phase, which crystallize as
well, if the annealing temperature is sufficiently high leading
to a phase mixing between-Si or c-Ge andc-Au or
C-Ag.61‘62

B. S;_\M, alloys

For S,_,M, alloys the situation is comparable with those
in N;_,M, andT,_,M, alloys, but with the following differ-
ences.

(1) A metastable phase with a compositi®&M corre-
sponding to thex phase ina-N;_,M, alloys is not known in
S,.M, alloys and it seems that the pha§é#) and M (S)®”

is constant, ifdg/Dg is constant. For the concentration rangedo play the crucial rol€? whereS(M) andM(S) means that
1/3<wug<ugy vs/ g is expected to decrease generally with M atoms are solved in @@matrix, andS atoms are solved in

increasingug or ¢,, although it is difficult to give a quantita-
tive relation, since part of th® surface atoms contact to
each other having thep® orbital configuration(B/B phase
boundary faces

an M matrix, respectively.S(M) is the metallic phase,
whereas M(S) is the semiconductinginsulating phase.
Deep on the metallic side tH&M) phase is generally found
to be crystallin€”6%-"3and the mean free path in the phase

A hole contribution of the VB to the electronic transport L, is expected to be significantly larger than the aver-
(at T=0) can only occur, when at least the common Fermiage atomic distance in the metallic phase,whereas for
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a-N;,M, and a-T,_,M, alloys Ly=d is conjectured in tively, at the common Fermi level are to be assumed, gener-
the phaseA for x>0.3 [in analogy to the example ally, as different from each other, Fig. 4. While the band
a-(AgCu),_,Geg].” structure(1) in a phase determines the behavior of this elec-
(2) If each S atom solved in theM(S) matrix (B phas¢  tron which can be described by the concept of the effective
has the samep® hybrid configuration as thé atoms as mass, the densities of stat€® determine the current densi-
well, then each solve® atom providesone additional state ties under the influence of an electric field. In this view it is
for acceptance obneelectron(transferred from thé\ phase possible to assign “own” transport coefficients to each of the
to theB phasg, provided all thesp® orbitals overlap wittsp®>  two phasesgy, aa, kea @andRy 4 for the phaseA, and og,
orbitals of neighboringM or S atoms[in the M(S) matrix]  @g, ke, aNdRy g for the phasd wherea;, a;, kej, andRy;
This condition can, however, only be fulfilled for tr&,  are the specific conductivity, the Seebeck coefficieher-
atoms(Figs. 1 and 2, whereas for the phase boundary atoms,moelectric powey, the electronic contribution to the specific
B", there arev orbitals perB" atom, for which an overlap thermal conductivity, and the Hall coefficient for the phase
with anothersp® orbital is not possible, and the correspond- (i=A,B). And, if the transport coefficients;, a;, x;, and
ing states are not available for the VBis of the order of 1. Ry, for the phases are given, then the electronic transport
(3) In S;_M, alloys there are nd states and therefore no coefficients of disordered alloys with phase separation can be
d-p-orbital bonds realizing chemical bond between atoms oflescribed applying the EMT. For the specific electrical con-
the different phases are possible asNpL, M, and T,_ M,  ductivity o let us apply Landauer’8 EMT formula
alloys. Therefore, inS,_,M, alloys the boundary faces be-
tween phase grains of thifferentphases are assumed to be Up g =0, (8)
characterized by the transition from the tetrahedrally coordi- oat 20 op* 20

nated SRO withsp® hybrid orbitals[phaseB=M(S)] to the  which holds for nearly spherical grains of the two phases
close-packed structure typical for metallic phases V& and B. If the prerequisites for application of both the EMT

op— O og— O

orbital$” [phaseA=S(M)]. equation and the BTE are fulfilled, it follows for the two
phasesA andB:
I1l. ELECTRONIC TRANSPORT AND THE M-I ezthA 2 1
: op= >NA(ERa) for v> -, 9
TRANSITION IN METAL-METALLOID ALLOYS 24my
A. General considerations &2h?
o . . _&hle » 1
If phase separation is realized, the electronic transport and B a2 Ng(Erp) for wvg> 3’ (10)
B

the M-I transitioncannot be described by a model which
assumes a random and homogeneous distribution of thand for nearly free electrof®NFE approximatioh
metal atoms in a disordered matrinstead,conclusion (i) 1
(Sec. ) for amorphous transition-metal-metalloid alloys sug- oa=CLAN?R for vy > =, (11)
gests the fact that the M-I transition at temperatiireO 3
takes place due to percolation ofr@etallic component em-
bedded in arinsulating component®314° Edwardset al?®
concluded from structural studies afAu-Ge alloys, appli-
cation of percolation theory is more appropriate than the
Anderson delocalization approach. On the other hand, et
cause ofconclusion (ii)(Sec. ), both the CB and the VB can 7\ 13/ g2
simultaneously contribute to the electronic transport, if they C= 2(5) (F) (13
are incompletely occupied. If so, and if the VB is still incom-
pletely filled beyond the percolation threshold with respect toThe question of whether and under which conditions the
the A phase, then the M-I transition =0 in disordered EMT, BTE and NFE approximation can be applied, will be
metal-metalloid alloys with phase separation cannot be dediscussed in Secs. IV A and IV B.Eg;, L;, andm are the
scribed due to percolation of a metallic component embedFermi energy, the mean free path, and the effective mass of
ded in an insulating component, but another theory is necedhe carriers in the phase respectivelye and h are the el-
sary, which considers separately the electronic transpoementary charge and Planck’s constant, respectively. Equa-
properties in each of the two phasésandB. tions (9)—<(12) hold as long as the phasésandB form infi-

If in a disordered alloy with phase separation both the CBnite clusters through the sample correspondingio-1/3
and the VB are incompletely occupied, then an electron movand vz >1/3, respectively, as follows from Eg&8) and (5).
ing through the alloy i:ot restricted to a single phasbut it  If the phaseB does not form an infinite cluster through the
can overcome the phase boundaries as well. The crucial poimthole samplgvz<1/3), then in theB phase grains discrete
is the fact that this electron is exposed to different local banalectronic states are expected with finite energy distances,
structures(1) with different densities of states at the Fermi i.e., electronic transport through tBephase grains occurs by
level (2), depending on the kind of phasé& and B) and tunnelingof electrons(temperaturer=0), providedo,>0.
filling of the available electronic bands. The local density of Analogously, the same is true for tllephase grains, if they
states in the two phasé@sandB, NA(E) andNg(E), respec- do not form an infinite cluster through the sample,

1
og=CLgp?® for > 3 (12)
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<1/3 andog>0). That is why, the M-I transition is deci-

sively determined by the VB, if the M-I transition occurs at

ypa<1/3. In this case, the resultirtgnnelingconductivity in
the A phase o, is “metallic” (i.e., 0y>0 atT=0), as long
as there are freely propagating carriers in Biphase(cor-
responding to ametallic conductivity in theB phase,og
>0 at T=0). Only at disappearance of timetallic conduc-
tivity in the B phase(og=0 atT=0), o, disappears as well at

T=0 because of the additional charging energy of the elec

trons necessary to be overcome, i.e., for tunneling through
A phase grain, activation becomes
(04>0 only for T>0, if 0g=0 at T=0). The situation is
analogous to those in cermets or granular metalkzeleset
al.).”’~"°In other words, if the M-I transition in alloys with
phase separation takes place in Bi@hase, the M-I transi-
tion in the A phase takes placemultaneouslyat the same
concentratiohwith the M-I transition in theB phase, if theA
phase grains are separated from each ofiwer, vy <1/3;
vpc=1-vg. g iS the volume fraction of th& phase at the
M-I transition).

B. N,_,M, alloys

Now let us calculate the hole density in the VB, in
dependence on concentration. In the phase separated rang
an N, _M, alloy, p is given by

p= pB_An_ Pioc (14)
with
pgz Po ~ Ng, (15

where ng is the own electron density in thB phase(i.e.,
without electron transfey

Ng = Ng[(1 —Xg)Zy + XgZy ], (16)

andpy is the theoretically possible density of states available

in the VB (i.e., hole density, if all the electrons in the VB are
removed. p,,c represents théossof density of states in the

VB due to dangling bonds and other structure defects be-

tween touchind3 phase grains and within the cores of Be
phase grainéB,). Zy andZ,, are the valences of thé andM
atoms, respectively, i.e., the numbersadind p valence elec-
trons perN or M atom which are provided into the CB and
VB. Anis the increase of the electron density in the phase
due to electron transfer to the phaBegiven by

Amz»=ﬂi§ﬂéﬁ, (17)
with
Na = Nal(1 =Xpa)Zn + XaZp]- (18

In the equationgy (asZy as wel) is assumed to be invari-
able in the two phased/, and A/ are the atomic densities of
the phaseA and phaseB, respectivelyn({,) is the electron
density in the phasé\ and ¢, is related with theatomic
fractions of the phase& andB, X, and Xg, respectively, by
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_us_ (Xg/Xa)
N TATIA (19
and
Xg _ X=X (20)
XA XB - X

X, Xa, andxg are theatomicconcentrations of th#l atoms in
the alloy, the phasA and the phasB, respectively. Applying

ke microscopical model described in Sec. Iy, is given
necessar

Xg* K
Po=4Ng| Xg| 1+ —— |+~ (1-xg) |. (21)
Xg 4
Assuming\g is uniform in the wholeB phase, then
Xg/Xg = v/ vg, (22)

andp, can be calculated by means of E(®), (7), (21), and
(22) for vg> vy anduz < 1/3, respectivelyspherical phase
graing. The second term in Eq21) takes into account th
atoms solved and assumed to be evenly distributed iBthe
phase, where each solvéd atom providesx states to the
V&. Since theN atoms provide generally deep lying impurity

qevels deep in the energy gap=0 can be assumed. With the

equations derived we have now the possibility of calculation
of the concentration dependence of the conductivity close to
the M-I transition on the metallic side, &t=0, where it is to

be considered that the electronic conductivity throughAhe
phase grains takes place by tunnelingyas 1/3, as will be
seen later. In the mind of Sec. Il A let us apply E®),
where o, is replaced byo,, the tunneling conductivity
through theA phase grains, and we get for the total conduc-
tivity o

3u—-1
%L%;lsosa& (29
since
0< o< 0p, (24)

i.e., thetunneling conductivityo,, cannot be larger thasig.
And considering Egs(1), (2), and(12)—(23), the upper and
lower limit for o given by Eq.(23), can be calculated for
s> gk, EQ.(6), for the case of spherical phase grains.

The equations derived hold, on principle, fonystalline
or partially crystalline N_,M, alloys as well, where it is to
be considered additionally, th@l) the mean free path is
generally significantly larger than the average atomic dis-
tance, if the phase considered is crystalline, é)dhe two-
phase range is extended betweeiN (=A phas¢ and
c-M(N) (=B phas¢f*®2 or between c-N and
a-M(N),*3:44.6568yhereM (N) means thaN atoms are solved
in an M matrix.

a-Au;_,Ge, alloys

Figure 5 shows fon-Au;_,Ge, alloys the calculated(x)
dependence in comparison with experimentatata atT
=0, o(0 K), and atT=1.5 K, ¢(1.5 K), taken from Dodson
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a-Au ., Ge, for the related system-Au-Si; x,=0.25 is the average com-
e position of thex phasé®*4 and corresponds to a metalloid
o (1. lodson et al.,Fig.. . .
o o o (00 Dodeon et a. o content typical for relatively stable glassy metéi¢agel®°

----- & calculatedfor T4 = O Johnson and Willian¥d). dg is set equally to the atomic di-

O calculated for 04 = 0

ameter of the Ge atoms inGe. The applied values g8,

(Ref. 82 andLg/dg are got by comparison with other related

amorphous alloys to be studied in a separate paper. Although

the value forg, is only a rough estimate, the calculatek)

dependence shown in Fig. 5 is relatively insensible against

this parameter, because only the concentration range close to

the M-I transition is considered. Also the value xpf=0.25

] has only a very small effect to the result. In Fig. 5, defect
states in theB phase were neglectdde., p,c<p). Consid-

o eration of these defect states, the curves in Fig. 5 would be

A shifted in direction to thex axis to smallero.

6 (10° @'em™)
]

O, C. T,4M, alloys

The equations derived can be appliedlto,M, alloys as
well, if Zy in Egs. (16) and (18), is replaced byZ;, the
. valence of thelT atoms, where, however, additional uncer-
v X tainties come from the facts th@g is not known, generally,
% and it is to be attended that the electron redistribution in-
\ cludes thed electrons as well. MoreoveZ;; can be different
R in the two phases because of the existence of the incom-
% pletely occupiedd band. Because of thé band influence,
é—w Eq. (17) is expected to be modified fof,_,M, alloys. In
0.7 080 0.85 0.90 0.5 spite of this uncertainty the M-I transition can be described
x by the above formulae, since in the concentration range close
FIG. 5. Calculatedr(x) dependence close to the M-I transition to the M-I'transmon,An is relatively ,'nsen3|ble againg, .
for a-Au,_,Geg, and comparison with experimental data taken from Another difference td\l_l—XMX alloys is the fact th_at addi-
Dodsonet al. (see Ref. 65 (flash evaporation the two calculated 0nal phases are possible Ta_,M, alloys (Sec. 1), i.e., for
o(x) curves are the upper and lower limit forgiven by Eq.(23, ~ description of the M-I transition, can be essentially larger
whereog is calculated by Eq(12) in connection with Eq(14) and  than ina-N;_,M, alloys.
Egs.(1), (2), and(15—22).

b
o

DO

. . . -Cr 1 Siy all
et al,% Figs. 3 and 2 therein, respectively. For the calcula- BTk alloys

tions the following physical parameters were appligdsi Figure 6 shows two calculations for tlex) dependence
=5.8X10%%2cm3, Np=5.0x10P2cm3, dg=0.244 nm, B, for a-Cr;_,Si, alloys with different assumed values for the
=0.827 Lg/dg=1, x,=0.25, x3=0.92, Z\=1, Z,=4, D,  average phase grain siZzB,=1.7 and 2.3 nm. The system
=1.8 nm, andp,,.<p. From Egs.(6), (19), and(20) it fol- a-Cr,_,Si, is especially interesting, since it can be considered
lows v5,=0.84 corresponding to an atomic concentration ofas an example system for which, on the one hand, there are
x=0.80, i.e., forx=x,=0.80 theo are calculated a little too relatively many experimental data in the scientific literature,
big, becauses:/ vz calculated by Eq(2) is too large. The and, on the other hand, there are a series of theoretical stud-
calculations provideg .=0.96 corresponding ta.=0.89, the  ies with contrary results. In this connection let us recall at the
concentration of the M-I transition. As can be seen in Fig. 5controvers discussion by Okune al® and Mobiug® con-
there are some samples wixh>x, which are stillmetallic ~ cerning the different experimental results in comparison to
apparently in contradiction to our calculations. This apparenMobius'® and their different interpretationgsee also Sec.
contradiction can, however, be pretended by fluctuations réV C). As already argued in Sec. Il, f@&Cr,_,Si the two
garding phase grain size and concentration, as will be disassumedamorphousphases area-u (phaseA) and a-Si
cussed later. Moreover, the occurrence of additional smallphaseB).> For the calculations the following physical pa-
Au clusters beside the two phases found by Edwatd®2®  rameters were applied:N,=7.9x10%cm3, Ng=5.0

for a-Au,_,Ge, films can, possibly, lead to additional differ- X 10?2cm 3, dz=0.234 nm, 5,=0.5, Lg/dg=1, X,=0.25,
ences between calculation and experiment, although in thg=0.90,Z¢,=0.5, Zg;=4, p,c<p. From Egs.(6), (19), and
samples of Dodsoat al ¢ (deposited at lower substrate tem- (20) it follows for Do=1.7 nm andD,=2.3 nm, v5,,=0.84,
perature compared with those of Ref.)2® gold clusters and ug,=0.81 corresponding te=0.75 andx,=0.72, and

larger than 1 nm were found. from the calculatedr(x) curves in Fig. 6,u5.=0.97 corre-
The appliedV, and Nz parameters are estimated from sponding tox,=0.87, andug,=0.91 corresponding tox,
experimental atomic density data taken from Mangiiml*®>  =0.81, respectively.
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a-Cry, Si, a-Cry,Ge,
18 \ \ \
O o (4.2K)[M bius] o) O o (1.9K) [Elefant et al.]
A o (0K)[cosputtered, Okumaetal] || | | | ... o calculated for o4 = 05
O O ¢ (0K) [coevaporated, Okuma et al.] 2 — 0 calculated for o4 =0 [
------ o caleulated for 0, = g3
—— o calculated for 0,.= 0
D ,=1.7nm e
(5]
‘.‘q O
1.0 «
C e
Y ©
§ °
= 1 Q
<
S N
Da =2.3nm{
05 ~0
L N ‘.‘
N,
0.0 0
0.70 0.75 0.90 0.75 0.80 0.85 0.90

X

FIG. 7. Same as Fig. 5, but fe-Cr,_,Ge, and comparison of
the calculatedr(x) dependence with experimental data taken from
Elefantet al. (Ref. 87 (electron-beam evaporatipn

FIG. 6. Same as Fig. 5, but fa-Cr,_,Siy; comparison of the
calculated o(x) dependence with experimental data taken from
Mobius (see Ref. 1b(electron-beam evaporatipand Okumazet al.
(see Ref. 9 (coevaporation and cosputterjng

Lg/dg=1 was set. The approximatioil) leads tosmaller

_ _The experimental cpnductivity da_ta close to the M-I tran-,51ues forp (and o) in comparison tanonspheric Bphase
sition taken from Mobiu® are described relatively well by rains, for whichug /g is larger than given by Eq(2)

the applied equations, and the enormous difference of th S
experimentalo data compared with those of Okurea al® Ig[hereas the approximatiof?) leads to larger values fop

X " " . (and o) and is assumed to play a role only for very snyall
can be caused by the different deposition conditions whic o ;
had led to different phase grain sizes: While the samples o he approximatior(3) is assumed to be the worse the larger

Mobiusis were realized by evaporation from a Cr-&loy p considering the fact t_hat t?ee mean free path increases with
ingot, those of Okumat al® were realized by codeposition e energy of the carrigfs ™ leading to the fact that the

from two separated sourcea Cr source and a Si one, where clculatedr(x) curve lies below the experimentaldata, and
concentration gradients about the samples cannot be corfflis difference is expected to increase with increagirigr
pletely avoided and, consequently, the M-I transition is ex.0)- Another uncertainty comes from the assumption that the
pected to be “smeared out” over a finite concentraiiser- ~ 2verage phase grain size is independent. of ,

val characterized by the fact that nearpart of theB phase From Fig. 6 it can be seen that the concentration, where
is still metallic whereas another part is already insulatingth® M-I transition,x., occurs, depends also on the average
and that themetallic fraction of theB phase decreases as Metal grain sizeD,: The largerD, the smallerx;, if the
increases. other physical parameters are constant.

Nevertheless, the relatively good agreement between the
calculated and experimentatr(x) dependence for the
Mobiust® data, as shown in Fig. 6, is surprizing considering
the fact that each experimental data point represents another Finally, the calculatedr(x) dependence foa-Cr,_,Ge, is
sample of an amorphous alloy for which both small varia-shown in Fig. 7 in comparison with experimental data taken
tions in the deposition conditionssubstrate temperature, from Elefantet al®” which are produced by electron-beam
deposition rate, vacuum,.) and uncertainties of the precise evaporation from ingots of Cr-Ge alloys. The physical pa-
composition of the alloyx, are to be considered. Moreover, rameters applied for the calculations wer&/,=7.9
the calculations are approximations, wheéf® the phase Xx10?2cm™, Np=5.0x 10?2cm3, dg=0.244 nm, 8,=0.5,
grains were approximated as spheréd, p,.<p, and (3) Lg/dg=1, x,=0.25,%x3=0.90,Z-,=0.5,Z5;=4, Do=1.4 nm,

a-Crq,_,Ge, alloys
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and p,c<p. From Egs.(6), (19), and (20) it follows vgy AlrGey
=0.86 corresponding to an atomic concentratioxgf0.77, 20
and from the calculated(x) curves in Fig. 7,u53.,=0.98
corresponding tx,=0.88, respectively. As can be seen, the
calculatedo(x) dependence describes relatively well the ex- ‘

perimental data with the exception of the data point at the
largest metal contentx=0.76. Regarding the two data
points atx=0.891 we have to consider that the measuring
temperature wasT=1.9K and that the Igr)-T %2 plots Xa
shown by Elefanet al®” (Figs. 1 and 2 in Ref. 8§7have a
negative temperature coefficient, and it seems to be not sur
whether these samples are still metallie>0 at T=0) or
already insulatindo=0 atT=0).

From Egs.(5), (19), and (20) it follows that y4<1/3 is
actually fulfilled in the whole concentration ranges consid-
ered in Figs. 5-7, i.e., the electronic transport in Ahghase
takes place by tunneling as assumed ab@ex. IIl A).

The calculations for the amorphous alloys shown in Figs.
5-7 are to be considered as example calculations. The prec
sion of these calculations can be improved, when supplemen X.  Xg
tary to theo(x) data experimental data for the physical pa- 4
rameters x,, Xs, Da, and N,, Ng are available, e.g.,
determined according to the examples of Refs. 31, 32 and 43
respectively. An additional test of the physical model pre-
sented can be realized by including measurements of the
Seebeck and Hall coefficients in dependence on concentre .3
tion, which provides the possibility for determination of the 0,0 02 04 0.6 0.8 1.0
electron transfer between the phases and checkinglEqg. x

— -
)

o

o
o
ARS
...
bR

carrier densities (10%%/cm

-20

FIG. 8. Calculated carrier densities for;AlGe, applying Eq.
(14) in connection with Egs(15), (17), (19), (20), (22), and (25—
(27) (two-phase rangex,<x<xg) and Egs.(29) and (30) (one
phase ranges<x, and x=Xxg, respectively, wherep,,.;=0 andv

D. S; M, alloys
In the phase separated rangeSpf,M, alloys, for calcu-

lation of the hole density in thB phase p, the equations of
Sec. Il B can be applied, whezy in Egs.(16) and (18) is
replaced byZg, the valence of th&atoms,

Ng = Ng[(1 —Xg)Zs+ XgZu], (25)
Na=Nal(1 =Xa)Zs+ XaZp], (26)
and Eq.(21) is replaced by
v Xg
p°_4NB<1_4_1XB>' (27

v is the number of fresp® orbitals perB" atom which are

=1 was set: FOrR,<x=<0.5,p<0, i.e., the VB is completely filled

and excess electrons occupy surface states on the phase boundaries.
Consideration opj,.> 0 shifts thep(x) curve in direction to smaller
values.

the two-phase-range, <x<xg, h andp are calculated with
Egs. (1)8 and Eq.(14) in connection with Eqs(15), (17),
(19), (20), (22), and(25—(27), wherevg:/ v is calculated by
Egs.(2) and(7) for uyg<1/3 anduvg> vy, respectively, and
linearly interpolated(relating to xg) in the concentration
range 1/3< yg<ug With g followed from Eq.(6). For the
physical parameters the following values are appliaf;
=6.0x 10?%2cm™3, Np=5.0x10??cm ™3, dg=0.244 nm, B,

not available for the VB caused by the fact that the atoms ir=1.32” D,=Dg=5 nm, x,=0.05, x5=0.56, Zs=3, Z,,=4,

the A phase(bordering on theB" atomg do not havesp®
configuration. In analogy to the Davis-Mott moefethese

free sp® orbitals (of the B atoms are assumed to provide a

band of localized states in the energy gap ofBhghase with
the density of states

XB*
Pioc1= ZVNBX_ ) (28)
B

which adds to B arising from dangling bonds and other
structure defects between touchiBgphase grains and within

the cores of thé phase graingBy). In Fig. 8 the calculated
carrier densitiesn and p, are shown for Al_,Ge alloys. In

Poc=0, andv=1. The value foig in the two-phase range is
determined from the free enthalpy diagram for Al-Ge by
Kostef® (tangent construction The value forg, was esti-
mated fromo(x) data measured af=5 K published by
McLachlanet al’® applying EMT and Eqgs(11) and (32
under the assumption dafy=D, [crystalline A(Ge) graing
and consideration of tunneling contribution through e
phase(to be studied in a separate pay@&rin the onephase
ranges the carrier densities are calculated applying
n=Nal(1-X)Zs+xZy] (29

for x<x, and
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P =Ng[4—(1-X)Zs+XZy]l ~ Proc (30)

for x=Xg. X, the concentration of the M-I transition, stated
by McLachlanet al,’® and the assumed values for andxg

are also drawn in Fig. 8. Since we are interested in the basi

cal tendencyp,,.=0 is set for the calculation gi(x) in Fig.
8.
As can be seen in Fig. 8, two principle problems arise.
(a) The calculated hole densitp, results to be negative

for x=<0.5, since the amount of transferred electrons de-

scribed by Eq.(1) is larger than the number of electronic
states available in the VB for essentially smaller thaxe.
The amount ofp increases with decreasing

(b) For x>x,, but x near toxg, the Al,_,Gg, alloys are
electrically insulating, althouglp is essentially larger than
zero.

Problems(a) and(b) also continue, if the assumed values

for Dy, Dg, Xa, Xg, ¥, andB,, are changed within the scope of
physically reasonable values. The second probigm,can
be asigned to the neglection @f,., since a nonzerg,
shifts thep curve in direction to smallep values. However,
if so, then there is not yet an answer on the first probi@n,
Reason is the assumption made until now, thath the A

and B phase grains are spherical. This assumption is appar

ently not true, generally, fo&-M alloys. This fact corre-
sponds with thegranular structuré®7%.72.73.3%gund experi-

mentally for Al-Ge films on the metallic side, where nearly

spherical grains are only formed by the metallic phg®ase
A), whereas the phadg forms very thin GEAl) mantle sur-
rounding the metallic grainénodified physical modglead-
ing to a very increased boundary face regardingBhghase

providing additional electronic states for acceptance of elec

trons transferred from thA phase. For such a microscopic

structure the sum of all the boundary faces between the two
different phases is considerably increased in comparison to a

structure withspherical phase grains foboth the phaseA

and phaseB. In other words, the electron redistribution be-
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g_AI 1-x Ge x
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—
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FIG. 9. Dependence of the average phase grain Bizepn x

for g-Al,_,Ge, calculated by Egs(32) and (33) for the modified

physical modelwhere thin GEAl) mantle with the thickness ofdg

is surrounding the sphericatetallic Al(Ge) grains.
-/\_/A (X=Xp) 1 o

AT [1+NB(XB_X)

The concentration dependencies of bofi{x)” and Da(x)

(33

tween the two phases affects the microscopic structure of thérawn in Figs. 8 and 9, respectively, are very well reflected

alloy as well.

Considering a singléspherical A phase grain with the
diameterD, completely enveloped by 8 phase coating
which has the(constantg thicknessdg, then it follows for
Op<<Dp:

255

Dp=—— 57—
AT (vgrlup+ DMR-1

(31)

If 5g=dg (i.e., theB phase barrieres between two “touching”
A phase grains has a thicknesstab atomic monolayens
Xgo=180=0, and with Egs(4), (5), and(31) we get

2dg

Da= =73 1
Ua

In Fig. 9 the dependence Bf, on x described by Eq.32)
is drawn, whereu, is replaced by

(32)

by experimental results of as-deposited AGe, films pub-
lished by Lereatet al,”® McLachlanet al.,’® Rosenbaunet
al.,*? and Catalina and Afonsg.

(1) On the insulating sidéx>x.), both the Ge and the Al
componentgphasesare found to have amorphous structure.
This finding corresponds with Fig. &hargedphase grain
faces (prerequisite forgranular structure are not yet or
hardly formed, becausg| is small. On the metallic sidéx
<Xc), granular Al grains embedded in an amorphous matrix
are found: reason are tlohargedphase boundary faces, be-
causep<0 and|p| is large, Fig. 8.

(2) On the insulating sidéx>x.), the (amorphoug Al
grains are found to be smaller that2 nm, whereas, on the
metallic side(x<x.), the (granular) Al grains rapidly in-
crease to 10—20 nm, in correspondence with the semiquan-
titative consideration, Fig. 9.

(3) The M-I transition takes place at relatively large
metal conten{x.=0.56. The reason is the fact that the VB
does not contribute to the electronic transport, since com-
pletely occupied(at T=0) and, as a consequence, the M-|
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transition takes place, if th& phase does no longer form an to the VB (2 s, 3 bonding pstates, and 3antibonding p
infinite cluster through the specimen. With increasin(pr ~ state$, whereas in the case &_M, alloys eachB” atom

ug), the probability for interruption of the infinitd phase provides only 4» electronic states to the VB. Another dif-
cluster increases, and for the special laminaBghase ference is the fact that iN,_,M, alloys, there are-p bond-
structure this interruption is expected to occur at relativelyings at the interfaces between the different phases, whereas
small x (or vg). We assume that, for smal, the B phase in S;_,M, alloys d-p bondings are absent, i.e., bonding be-
covers do notompletelycover theA phase grains, but that tween the different next-neighbored phase rangeand B)
there areA-A phase grain contacts, which are the prerequisiten S;_,M, alloys is essentially determined kyoulomb at-

for an infinite A phase clustet* If an infinite A phase cluster traction, whereas inN;_M, alloys band structureenergy
does no longer exist, tunneling of electrons through Bhe arising from thed-p bondings plays an additional role.

phase films does not lead to a metallic conductivdiyarac- Regarding the incompletely occupied VB,anT;_,M, al-
terized byo>0 at T=0) because of the charging energy to loys the situation is expected to be comparable with those in
be overcome between differeAtphase grains. The situation a-N;_,M, alloys, however, with the difference that the M-I
is comparable with those in cermets described by Abetes transition can take place between other pha&es. Il A)

al.’’=7® than in a-N;_,M, alloys. Inc-N;_,M, and c-T;_,M, alloys
Within the modified physical modéhe density of states in the situation is, on principle, expected to be comparable with
the laminared phase results fobg=dg: those ina-N,_,M, and a-T,_,M, alloys, however with the
differences described in Sec. Il A.
p0:4NB(1 _l’> (34) Although in random $_M, alloys (r-S;,M,) the M-I
4 transition occurs at relatively large metalloid content, an in-

completely occupied VB is, nevertheless, inprobable in these
alloys; reason for such large (or vg.) is suggested to be
Proc1 = 2vNg (35)  caused by the clefted “fjord™-like or “fractal” structurere-
. . alizing a possiblest large surface of the phase boundary for
following from Egs. (27) and (28), respectively, forXsy  acceptance of all the transferred electrons for which in the

=vgo=0. In sum, for all the electrons in ttphase, the own /g there are not a sufficient number of electronic states.
electron densityng, Eq. (25), and the transferred onén, Typical for such a “fractal’” structure in r-

and

Eq. (17), there are below the conduction band of(Gi Al-Ge are “Al-Ge colonies’{Lereahet al’3) where Ge crys-
» tals with a dense branching morphology are completely sur-
Po + Pioc1 = 4/\/5(1 + Z) (36) rounded by a rim of Al-rich single-crystal matrix which acts

aslarge metallicgrains, although each of thelsgge metallic

electronic states per volume unit, which for1 is =25 grains contain a considerable volume fraction of io@ me-
X 10?22 cm™3, and comparing with Fig. 8, in the concentration tallic phase. Such a “fjord"-like or “fractal” structure grow-
range X>Xa, Po+Pioct>Ng+An, generally. Only for very ing by annealing ofg-S,_,M, alloys, has been intensively
small x (but X>Xg), Po+Pocy iS Nearly comparable with; ~ Studied by Lerealet al,”®see, e.g., Figs. 1 and 6 of Ref. 73.
+An corresponding to an average number=eb electrons
per B* atom. This estimation is to be considered as tempo- IV. DISCUSSION
rary, as it depends sensibly on the value Ry applied®®
Replacing Eq(27) by Eq. (34), p<0 for the completéawo-
phase range, i.e., metallic conductivity in the V&&;>0 for The EMT and their results are often considered to be
T=0) is not expected for, < x< xg [problem(b) mentioned  suspect, % especially for description of the M-I transition
earlier. And in theonephase rang&= xg, metallic conduc- for which the EMT and percolation theory provide different
tivity does also not occur because gfig (arising from dan-  volume fractions of thenetallic component embedded in an
gling bonds and other structure defedRef. 92 shifting the  insulting matrix: “0.15” following for the percolation
p(x) curve into direction of negative values. threshold* determined by a Monte Carlo sampling of disor-

Summarizing, the experimental findings, granular strucdered three-dimensional resistor networks and “1/3” follow-
ture for large metal content, but amorphous structure foing from the EMT, Eq.(8). This difference between the per-
small metal contant, rapid decrease of the average metgplation theory and the EMT was in the past one reason for a
grain sizes with increasing (or vg), and relatively smalk., reservation against the EMT which is considered to be “un-
follow informely from the modified physical modetle-  reliable in the transition regio@ < 0.4 and below(Ref. 93,
scribed. C corresponds to our,), and consequently also for describ-

Themodified physical modekn also be basis for a model ing the M-I transition. A second reason for this reservation
of the class of cermet§7°for which both thegranularstruc- ~ against the EMT were considerable differences between the
ture and decrease of the metal grain size with decreasingredictions by the EMT and the experimental results to both
metal content are characteristic featutsse, e.g., Abelest  the concentration dependence of the conductivity), and

A. EMT

al.,”” Figs. 13-16, 17, and 19 thergin the concentration of the M-I transition, in cermets(see,
ComparingS;_,M, alloys with N;_ M, alloys, a crucial e.g., Ref. 77, Fig. 19 therejin
difference consists in the fact that in the latter e&hatom In spite of this reservation, we expect that the EMT pro-

in the M(N) phase(B phasg provides eight electronic states vides for metal-metalloid alloys a more realistic description
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for the transport propertie@lso near to the M-I transition  tion in disordered metallic alloys can lead to an alternative
than the percolation theory because of the following reasongoint of view. We give two arguments, a theoretical argument
(1) Inreal disordered alloys the occupation of the “sites”and an experimental example.
by the A and B phase grains does not occur completaty Historically seen, view(b) cited earlier was concluded
cidentally or randomly in the next neighborhood of aA  from the fact that in metalé
phase grain the probability for finding & phase grains is
larger than it would be, when theandB phase grains would ke = —, (37)
be completelyaccidentally distributed in the alloy as as- d
sumed in the perco'lation theory. The reason 'S the fact that iR/herekF is the wave number at the Fermi surface. Inserting
the tvx_/o-phase_ region the average composition of the surEq. (37) and measured data of any metal-metalloid alloy
roundmg .Of thisA phase grain tends_ away from the average, yhe metallic side, but close to the M-I transition, in the
composition of the alloy into the direction of tH& phase
composition. Vice versa, in the surrounding ofBaphase
grain the composition tends rather into the direction ofAhe _ Sl
phase composition. Therefore, the interrupt of an infinite o= 6m2h "’
cluster of connected\ phase grains through the sample is
shifted to a larger volume fraction of the metallic componentand assuming a spherical Fermi surfee=4kZ, then it
in comparison to an completelgccidentalarrangement of follows L <d, which is physically not possible, because the
the phase grains. From this point of view, the EMT predic-average free path cannot be smaller than the average distance
tion for the interrupt of an infiniteA phase cluster at,, ~ Of the scattering centers. However, considering phase sepa-
=1/3seems to be rather probable than the percolation theorfation, with decreasing fraction of the “metallic’ phage
prediction,v,=0.15. the two-phase rangeEq. (37) is no longer valid and Eq.
(2) Regarding granular metals or cermets, the considert38) is to be applied to the two phases separately, where each
able differences between experiment and the EMT predicPhase has its “own” Fermi surface, i,>1/3, 15>1/3
tions quoted earliéf can often be caused by the simple as-(Sec. lll A). And the carrier densities in the two phases are
sumption made that=Xg which is not true in many cases, essentially different from a situation corresponding to Eqg.
since the insulating component can contains a considerabl@7)-
fraction of metal atom& and also the metallic component  Since the electron density in the metallic phase decreases
can contain a considerable fraction of metalloid atoms. Rewith increasingx (or with increasing), kg in the phaseA
gardinga-N;_ M, or a-T;_ M, alloys we recall at the result decreases as well according to
of Sec. Il that the M-I transition must not be determined by ke = (3m2n) 2 (39)
. n RT] . F -
interrupt of a “metallic” phase, because in the phase sepa-
rated range, the phaseSi or a-Ge can bemetallicas well  (spherical Fermi surface and NFE approximatiofor the
depending on the amount of the electronic states arising frorhole densityp in the phaseB, the situation is analoguous,
the internal surface3”) and their occupation by electrons becausep decreases with increasingas well (N-M, T-M
leading to the fact that the M-I transition in these systemsalloys, see Secs. Il and JlIThis leads to the fact that appli-
occurs at concentrations essentially different fooril/3 (or  cation of the BTE in NFE approximation anredx) data for
more precisa,=1/3). Because of these reasons, we assumany metallic alloy remains compatible with the condition
that the EMT provides a more realistic description of the“L=d" even near the M-I transition.
electrical properties of disordered alloys with phase separa- Experimental example: Mizutani and Yoshiflahave
tion than any percolation description. shown fora-(AgCu),_,Ge, alloys that forx<0.3 there is a
good agreement between the measured Hall coefficient data,
Ry, and the free-electron values

— -1

Today, there is a general consensus that: Rio = (rb) (40)

(a) NFE approximationis not an appropriate method for derived from the BTE in NFE approximation, wheigis the
description of the electrons in strongly scattering systems asotal valence electron density in the allpigqg. (8) of Pap. |
e.g., metal-metalloid alloys. This point of view has beenThis agreement betweeR, and Ry, gives the justification
hardened after in the past “the great majority of experimentafor application of the BTE in NFE approximation to then-
papers have attempted to explain the data by an uncriticaluctivity for x<<0.3 as well. Applying Eq(11) to the mea-
application of nearly free electro(NFE) ideas” (Howson suredo dat&® of a-(AgCu),_,Ge, for x<<0.3, wheres,=c
and Gallagher®® The same point of view has been also con-(one-phase ranggit follows thatL =d for 0.2<x<0.3741n
solidated regarding the other words, in the concentration range€.2< 0.3 the BTE

(b) BTE: when the mean free path of the carriersde-  in NFE approximation provides a good description for the
comes comparable with the average atomic distancéhe  Hall coefficient, although. =d is already reached. This is in
wave number Kk is no longer a good quantum number fokontradiction to the view thai- is no longer a good quantum
describing the eigenstates and the BTE cannot bewumber, since is comparable wittd.
applied16.1? With these two arguments, and in agreement with the al-

Now we shall show that consideration phase separa- ternative concept of Pap. |, we proposeadternative inter-

(38)

B. BTE and NFE approximation
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pretation L cannot be smaller than;dherefore in disordered  of magnitude fom according to Eq(39), and because of this
electronic systemdl is the lower limit for L, and k can be large span fon the question of the lowest possibly limit of
considered as a good quantum number for describing thé&:L becomes importantly. From Heisenberg’s uncertainty
eigenstates, as long as principle it followsc"=1/4 (see the Appendixand we define
this value as the lowest possibly limit where extended elec-

kL>c, (41) tronic states still can exist. When decreases belowg;
wherec” is of the order of 1Ref. 99 (loffe-Regel criterion. given by
The decisive difference to the point of viel) cited earlier 1 /c)\3
is the fact thatindependent of the degree of disorder repre- Nerit = —<—> , (44)
sented by the mean free pdth the electronic states can be 3\ L
extended for connected ranges of the same phase, and th§rresponding to a minimum metallic conductivity
concept of a Fermi surface is after all applicable, as long as
Eq. (41) is fulfilled, even forL=d. Considering the experi- c (€1
mental examplea-(AgCu),_,Ge,, the abrupt splitting be- ‘Tm"‘zg(ﬁ)[’ (45)

tweenng andny=(eR,) ! atx=0.3 is a consequentiof the
beginning phase separation fox 0.3, because only still part
of the total electron density is available in the phasgue to
the electron redistribution to the second phgsg. (1)]. On
the other hand, ingranular metal-metalloid alloys(Sec.

latest then localization in the metallic phase of a disordered
alloy must occur. Equation&t4) and (45) result from Egs.
(11), (39), and(42). For strong scattering characterized by
L=d=0.25 nm it follows from Eqs(44) and (45):

D) on the metallic side the Fermi level lies in ranges of Nerir = 3 X 102 ¢ @ (46)
trap states in the phad® however, in ranges of extended
states in the phasa. and
For consideration of the electronic transport processes in a e\ 1
phase aff=0 we concentrate our attention ke: Omin = E(F)a =200 tem™. (47)
ke > C—. (42 For a nearly completely filled band the same equations, Egs.
L (41), (43), (45), and(47), hold, whereL has the meaning of

For the case when scattering is strobgsan approacid, but  the mean free path of the holes at the Fermi energy of the
cannot be smaller thath and with Eq(42) it follows a lower ~ nearly completely filled band, and for the critical hole den-
limit, where kg still can be applied for description of the Sity it follows:

wave functions of the carriers at the Fermi surface, given by 1 /c\3
* Pcrit = <_) ) (48)
c
=, (43) 3L

which for strong scattering, i.e.,=d=0.25 nm, again leads
if L=d is realized.kr in Egs. (42) and (43 is limited to 1O
continuousrange of atoms with overlapping wave functions. _ 9. -3
Outside of thié-J range the wave functions decrease exponen- Por = 3% 10 cm™. (49)
tially. Now let us consider the question of whether and under The first equation of Eq47) looks like the original rela-
which conditions the BTE and NFE approximation can betion for a minimum metallic conductivity derived by Mott
applied for disordered alloys with phase separation. The dewith ¢'/6=0.026- 27 (Ref. 16, p. 30, where additionally the
crease ofn with increasingx or ¢ [Eq. (1)] leads also to disorder effect byrandom potentials was considered. The
decrease of the Fermi enerdy;, in the phaseA, and the difference consists in the fact that for the derivation of Egs.
corresponding Fermi surface approaches a spherical forita4), (45), and(48) randomatomic potentials within a single
also incrystalline alloys, the smallen, approaching a NFE phase are not assumed. In other words, we cannot see any
behavior, since the Fermi surface for phdses sufficiently  reason for the assumption that in one of the two phases of an
distant to the first Brillouin zone boundary, wharis suffi-  alloy with phase separation there would be essential potential
ciently small. The situation in phad®is similar regarding fluctuationsgrowing with increasingug from v3=0 to larger
the hole density for sufficiently largevs, wherep is small  values untilyg . (the B phase fraction at the M-I transitipor
(see Secs. Il and Nl This is especially so near to the M-I beyond it. The disorder effect on the electronic transport
transition, provided Eq(42) is still fulfilled. properties can be characterized alone by the “ordering pa-
rameter’L, and, if L=d is already realizedg at T=0 de-
creasegwith increasingug) not by further increasing “disor-
der,” but by decrease of or/andp according to the formulae
Because of Eq42)—in connection with Eq(39—there  of Secs. Il and Ill.
exists a lower limit fom, below it extended electronic states  The conclusion of a minimum metallic conductivityy,
cannot be exist. Regarding E@2), in the literature different seems to be in contradiction to the conclusion by Okwha
values$?® for ¢ are given ranging from 1/2 until = which  al.? and Hertelet al.® that the M-I transition ina-Cr,_,Si,
differ by a factor of 20 corresponding to a factor of 4 ordersand a-Nb;_,Si, occurs continuously and that far— 0, es-

C. Minimum metallic conductivity
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sentially smallerc were measured than 207 'cm ™. This
finding is, however, not really in contradiction considering
the fact that the samples are produced by coevapoPztioh
cosputterring® from two locally separatedsources, one with
the element Cr or Nb and the other with the element Si, an
in the samples a concentration gradient is to be expected.

there is a concentration gradient perpendicularly to the direc-

tion of the measuring current for measuremenwvothen a
continuousM-I transition with increasindaverage x can be
pretended, because the sample occurs tmétallic as long
as there is still a narrownetallic current path through the
sample. A concentration gradient is connected with a grad
ent of £ and leads, therefore, also to a gradienpdfaccord-
ing to the equations of Secs. Il and)llimmediately at the
M-I transition locally limited metallic ranges(p> pgit, o
>0 at T=0) and locally limitedinsulating ranges(p < pcit
o=0 atT=0) can coexist leading to aaverageo < o, at

T=0, i.e., the M-I transition can be smeared out across a

concentrationrange and the resulting conductivity at=0
can be smaller than given by Eq45) and (47) caused by
the “dilution” of the metallicfraction within a phase. As long
as there is still a connected clustermétallicranges(of the

PHYSICAL REVIEWH, 115114(2005

(C"hIL)?
2m

B

Ey= , (53

ean free path of the holes at the Fermi energy of the nearly
led band.Eg characterizes the top of the band.

For the case of strong scattering, in EGg)—(593), L is to
be replaced by. For any(nonparabolitband, Eqs(51) and
(53) no longer have a physical meaning in this context and
we apply the term& andE,, only to characterize the points

?’:herem and L have the meaning of an effective mass and
I

ipn the energy scale, wheld(E) crosses a mobility edge

defined by Eqs(50) and(52). In other words, Eq950) and
(52 can be applied to define mobility edges also for any
(nonparabolif band, provided effective masses can be de-
fined according to

_1#E

SRR (54)

1
m

with a definedE(k) dependence fokL>c", Eq. (41), in ac-
cordance with thalternative interpretatiorproposed in Sec.

same phasethrough the whole sample, this sample shows|V B.

metallic conductivity (>0 at T=0). Moreover, we have to
take into account thdt can be larger thad (for instance in
crystallinealloys) corresponding to a smaller,;, according
to Eq. (45 compared with Eq(47).

Madbius et al. concluded from phenomenological consid-
erations of conductivity data of-Ni;_Si, (Ref. 10 and
a-Cr;_,Si, (Refs. 11-15that the M-I transition is very likely
discontinuous aT=0. This conclusion corresponds with our
result of a minimum metallic conductivity in a metallic
phase.

D. Mobility edges and comparison with photoelectron spectra

For a nearly empty parabolic band in NFE approximation
the density of states is given bM(E)=4 mk/h?, and—
replacingk by Eq.(41)—it follows for the density of states at
the mobility edgeEc:

4¢’'m
N(Ec) = ——, 50
(Eo) =7 (50)
and for the energy at the mobility eddgg:
(C'HIL)?
Ec=Ep+ , 51
c=Eat (51

wherem is the effective electron mask, characterizes the
bottom of the band.

For a nearly filled parabolic band in NFE approximation it
follows for the density of states at the mobility ed@s;

4c’'m

L %2

N(Ey) =

and for the energy at the mobility eddey:

Applying the discussion of Sec. lll, the M-I transition in
an a-N;_,M, or a-T,_,M, alloy takes place, whemp de-
creases belovp., EQs.(48) and (49), providedu, <1/3,
or, within the density of states picture: When the Fermi level
w lies beyondE,, then the correspondingnetallic conduc-
tivity in the phase disappears=0 atT=0. The finding of a
finite electronic specific heat coefficient beyond the M-I
transition ina-Mo,_,Gg,,3%3* a-Au,_,Si,,*® a-V;_,Si,,*® and
a-Ti,_,Siy (Ref. 37 quoted in Sec. |, can be caused by the
finite hole densityp in the VB [0 < p< pgi; corresponding to
0<N(m) <N(Ey), vrg>wg¢ N(u) is the density of states at
w]. In the case ofa-V,_,Si,, Mizutani et al3® found also
from x-ray photoelectron spectroscopyPS valence band

,spectra, “that the density of states at the Fermi level is defi-

nitely finite even in the insulating regime,” although precipi-
tation of V clusters is absent in thaV,_Si, samples
i.e.,,0=0 atT=0, although the density of states at the Fermi
level w is finite, corresponding with our interpretation
that for the insulating side €@ p<p,;; corresponding to O
<N(u) <N(Ey).

High-resolution photoemission(XPS and ultravio-
let photoelectron spectroscopypectra profiles near the
Fermi level for amorphous allo§%%6:65100-10%how aband
profile around the Fermi edge, where above a critical
metal content, 1%, N(u) increases with increasing metal
content, 1x:1% a-Ti,_Si, (Kawadeet al.?® Fig. 7 therein,
a-Pd,_,Ge, (Suzukiet al,*°* Fig. 3 therein, a-Ag,_,Geg, (Su-
zuki et al.®® Fig. 3 therein, a-Ni,_,Si, (Isobeet al,*?°Fig. 6
therein, a-V,_Si, (Mizutani et al.’® Fig. 14 thereip, a
-Pd,_,Si, (Tanakaet al,'%2 Fig. 6 therein. This band profile
near u corresponds with our VB superimposed by ttie
states of the metal atoms forming boffigith the p states of
the M atoms. The increase of the hole dengitywith de-
creasingx (corresponding with the increase of in Figs.
5-7) corresponds with the increase fu) in the band pro-
file.
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The values fo(1-x,,) resulting from the spectra are rela- not restricted to a single phasédut it can overcome the
tively small, where phase separation in the alloy is surely nophase boundaries, provided both the CB and the VB are in-
yet realized: 1%,~0.013 for a-Pd,_,Ge, %! 1-x,~0.04 completely occupied.
for a-Ti;Si,2® 1-x,~0.056 for a-Ag;Ge,® 1-x, Considering valence band spectra it is assumed that for
~0.07 for a-Ni;_Si,'® and a-V;,Si.%® Only for aNi;M, anda-T, M, alloys, in the two-phase range be-
a-Pd_,Si, 1921 -x,,~0.12 is assumed to be in the two-phasetween a-Si or a-Ge (=phaseB) and the next amorphous
region. The finding that 1%, lies in the one-phase region, is Phase(=phaseA), the VB consists essentially of bondimg
not in contradiction to our interpretation: in the one-phaseand antibonding states(from B atoms at theA/B boundary
region (x>xg) the N or T atoms solved in the-M-matrix faces called3 atoms anq of bondingsp’ state_s(from core
provide electrons which occupy the band tatising from atodmfs oIr;[he\I?Bphase ng?mhs (l:aIIeBOdatot_m_?, Flgs. 1 a?ddzb
defect statgson the top of the valence band afM. With and for "ne gencrally nole conductivity 1S expected, He-

) ) cause both a considerable part of the antibong@istates and
increasing metal content solved, the valence electron CONCelza bondingsp® states are below the common Fermi level

tration decreases, since theor T atoms do contribute es- (chemical potential), whereas all the antibondirsp® states
sentlally_ fewer eIectrons per atom to _the VI_3 thqn the Mbst (of the B, atoms are above the VB separated by an energy
atoms, i.e., the Fermi level moves into direction to largergap. The considerable fraction of antibondimgtates below
density of stategwithin the upper valence band tatorre- 60 sypports the assumption of a considerable electron trans-
sponding to an increase df() with decreasing. As long  fer from theA phase to the8 phase and corresponds to the
asN(u) <N(Ey), 0=0 atT=0, i.e., the samples are insulat- conclusion(iii) (Sec. ).
ing, althoughN(w)>0. With beginning of the two-phase In S,,M, alloys the boundary faces between phase grains
situation (x<xg) the states with the’p? orbital configura- of the different phases are characterized by the transition
tion of theB” atoms add to the valence bafrbw VB, phase from the tetrahedrally coordinated SRO wip® hybrid or-
separated regionandNg(u), the density of states in the ~ bitals [phaseB=M(S)] to the close-packed structure typical
phase aE=u, increases. Note that the measured density ofor metallic phases witls?p orbital$” [phaseA=S(M)]. For
states is a superposition of the contributions of the twdhose fractions of atoms which are solved in td matrix,
phasesN,(E) and Ng(E), where near tox, those of theB  the orbital configuration is assumed to be 81 one; the
phase dominates. The M-I transition occurs, Whenrosses h9|e density in the VB without considering electron transfer,
the mobility edge corresponding td(x)=N(E,). The in- Py, is increased with the frac;ion (Sgtoms solved in th®
crease oN(u) [or more preciséNg(u)] with decreasingeis ~ Phase, but decreases with increasi phase boundary
reduced by the electron transferalizing a commonFermi  faces. _ .
level u for the whole sample. In the known metal-metalloid-alloys the M-I transition
In Eq. (14) the upper band tail of the VBaboveE,) is  Occurs apparently in thevo-phaserange, i.e., the M-I tran-

considered indirectly by the introduction qf,. which is  Sition is suggested to occur by percolation of a metallic com-
subtracted from the total hole density in the VB. ponent. However, there are two essential differencedas-

sical percolation theory#104105 (1) the “metallic”
conductivity can be composed of two different conductivity
contributions(arising from the two phase& and B), which
The conclusionsamorphous phase separatiofi) and  additionally depend on concentratian(2) The arrangement
band separatioriii), where the carriers can be freely propa- of the phase grains is not completely accidental as assumed
gating and the corresponding wave functions are extendebly percolation theory. Therefore, for the phase separated
with respect to connected phase ranges, drawn in Pap.l foanges, the EMT is prefered for a quantitative description of
amorphous transition-metal-metalloid alloys, are now conthe electronic conductivityo, where to each of the two
firmed or supported by experimental and theoretical resultphases own transport coefficients are asigogdy;, «ej, and
by independent author€onclusion(iii ), electron redistribu- Ry, for the phase (i=A,B).
tion (electron transfer) between the pha$&s. (1)] is not In disordered®® N,_ M, and T,_,M, alloys, o decreases
yet confirmed by independent authors. with increasingx, as the carrier densities in both the CB and
Because of this confirmation and support of #wnclu-  the VB, n andp, respectively, decrease &sncreases.
sions (i) and (ii), the amorphous phase separation model In N;_,M, alloys and in many;_M, alloys the M-I tran-
developed in Pap. |, is extended My_M,, T;_,M,, and sition is determined by the VBphaseB); however it takes
S,«M, alloys: Phase separation in two phases with differenplace simultaneouslyat the same concentratipin the A
SRO(i) leads to band separatidin) in two electronic bands, phase, ifus<1/3, since in this case electronic transport in
the CB constrained to phage and the VB constrained to the phaseA takes place by tunneling.
phaseB. B is the phase with the deeper average potential. In S;,_ M, alloys, the M-I transition is determined by the
The electronic transport in the phase separated regime is d€B (phaseA), since the states available in the VB are gen-
termined by both thdocal band structurein the different erally not sufficient for acceptance of all the electrgan-
phases and thelectron distributionbetween the phases, closed the electrons transferred to tBephasé leading to
where (1) the internal surfacegphase boundarigs(2) the  charged phase boundaries. This fact is reason(Tprthe
average compositions of the two phasesand xg, and(3) granular structure, (2) the rapid decrease of the average
electron redistributiortelectron transfgrbetween the phases phase grain size with increasing and (3) the relatively
plays a crucial role. An electron moving through the alloy issmall x, (or vz.) as well as for thefractal structure in

V. SUMMARY
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smaller than the mean atomic distancetherefore in disor-  |iothek Dortmund for supporting his literature rechearchs.

dered electronic system is the lower limit for LLand k can  also he is appreciative to HL-Planartechnik GmbH, giving
be considered as a good quantum number for describing thgim the time to write this paper.

eigenstates, as long as the loffe-Regel criterionkd” is not
violated ¢ is determined to be 1/4. Thilternative inter-
pretationprovides the conditions for applicability of both the APPENDIX: IOFFE-REGEL CRITERION
BTE and NFE approximation for disordered alloys with

phase separation. The existence of a minimum metallic con(_inle‘ret l:zs (i:r?n::Igiesro:ZErgtrjoﬂiﬁgogngL:: selgfetgncxv:rgct?ei
ductivity for ahomogeneouslectronic system or a metallic 9y Er 9 Y

phase,o= (c"/6)(€2/h)(1/d) =20Q-tc¢m L, is concluded ized by a spherical Fermi surface and a single parabolic band
=~ min )

for the case, that the scattering is strong characterized by with

=d, i.e., the M-I transition is concluded to léscontinuous

The seemingly contrary experimental finding of both metal- Ee
lic conductivities essentially smaller than 20tcm™ and

continuous M-I transition in dependence on concentration

can be pretended by local concentration fluctuatieng., by ~ Under influence of an electric field a single electrortatis
Co-deposition from Separated material Sou)'_céma”er accelerated between two successive scattering events cover-

omin are also to be expected, lf>d because ofo, ing the path_. The amount of its momentum before and after
=(c"/6)(e?/h)(1/L). The conclusion of ar, in the sense an elastic scattering event is given hz;lrz(ZmE,:)l’2 and it
as described, involves also the existence of mobility edgefollows that the amount of the momentum change during
which, as consequence of the alternative interpretation of thecattering,|p|, cannot be larger than(2mEg)Y/2. In accor-
loffe-Regel criterion, can be described for a parabolic bandlance with Heisenberg’s uncertainty principle the uncertain-
in NFE approximation by Eq$50—53). For a nonparabolic  ties of locality, (Ax), and momentum{Ap), of the electron
band the mobility edges can be defined by the density ofre getermined B§7
states, Eqs(50) and (52), provided effective masses can be
defined forkL>c".

Summarizing, Mott’s original idea of a minimum metallic (AxXAp) =
conductivity o, iIs supported by the alternative concept de-
scribed. ;

The presented calculations are to be considered as eTﬁnsisngotrQ: nrﬁquggfuerztaé%tgnzaenrggt Eceai?erﬁﬁg] tm|§ tzot be
ample calculations and guide for new experiments which Callfined. ie.-
improve the precision of the results, where experimental data T
asXa, Xg, NMa, Ng, Da, Dg, 0, a, andRy; versusx are useful. - - 112
The necessary transport equations doand R, combining (ap) =|op| = 2(2mEy) (A3)
the EMT with the BTE, analogous to Eq8)-(12) aswellas  must be fulfilled. The locality uncertaintyAx), cannot be
tunneling of electrons for,<1/3 andvz<1/3 will be sub-  |arger thanL, otherwisel would not have a physical sense
ject of separated papers. and with Eqs.(A2) and (A3) it follows 2L(2mEg)Y2>%/2

and with Eq.(Al):

i

= (A1)

(A2)

N |3
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