PHYSICAL REVIEW B VOLUME 60, NUMBER 20 15 NOVEMBER 1999-lI

Metal-insulator transition in amorphous Si;_,Ni, : Evidence for Mott's minimum metallic
conductivity

A. Mobius® and C. Frenzel
Institute for Solid State and Materials Research Dresden, D-01171 Dresden, Germany

R. Thielsch
Institute for Solid State and Materials Research Dresden, D-01171 Dresden, Germany
and Fraunhofer Institute for Applied Optics and Precision Mechanics, Schillerstrasse 1, D-07745 Jena, Germany

R. Rosenbaum
Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics and Astronomy, Tel Aviv University, Ramat Aviv 69978,
Israel

C. J. Adkins
Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom

M. Schreiber
Institute of Physics, Technical University Chemnitz, D-09107 Chemnitz, Germany

H.-D. Bauer
Institute for Solid State and Materials Research Dresden, D-01171 Dresden, Germany

R. Grdzschel
Research Center Rossendorf, Institute for lon Beam Physics and Materials Research, D-01314 Dresden, Germany

V. Hoffmann, T. Krieg, N. Matz, and H. Vinzelberg
Institute for Solid State and Materials Research Dresden, D-01171 Dresden, Germany

M. Witcomb
Electron Microscope Unit, University of the Witwatersrand, Private Bag 3, Wits 2050, South Africa
(Received 19 February 1998; revised manuscript received 2 February 1999

We study the metal-insulator transition in two sets of amorphous,Ri, films. The sets were prepared by
different, electron-beam-evaporation-based technologies: evaporation of the alloy, and gradient deposition
from separate Ni and Si crucibles. The characterization included electron and scanning tunneling microscopy,
glow discharge optical emission spectroscopy, energy dispersive x-ray analysis, and Rutherford back scatter-
ing. Investigating the logarithmic temperature derivative of the conductivitydIno/dInT, we observe
that, for insulating samplesy(T) shows a minimum, increasing at both low and highBoth the minimum
value ofw and the corresponding temperature seem to tend to zero as the transition is approached. The analysis
of this feature ofw(T,x) leads to the conclusion that the transition in_SNi, is very likely discontinuous at
zero temperature in agreement with Mott's original viep&0163-182@9)11535-2

[. INTRODUCTION dimensional systems. That means, for the transition being
approached from the metallic side at zero temperature,
Metal-insulator transitiongMIT) in disordered systems T=0, the conductivity,o(T,x), is expected to vanish con-
have attracted much interest, theoretical as well as expertinuously according to
mental, for forty years. Milestones on this way were the con- )
cepts of Anderson localization,of minimum metallic (02) % [x =", @)
conductivity? the scaling theory of localizatiohand the wherex stands for the control paramet@oncentration, or
renormalization group approach incorporating the electronmagnetic field, stress..), andx. for its value at the MIT.
electron interaction into localization theoty? for surveys The value of the critical exponent has been a subject of
see Refs. 7-12. controversial debate since its first measurements, see, e.g.,
Nevertheless, important questions have not been finalljRefs. 13—-18. However, several studies have pointed to in-
settled yet: Contrary to Mott's prediction of a finite mini- consistencies of the zero-temperature extrapolations inherent
mum metallic conductivity, the scaling theory of localization in the critical-exponent determinatirit?'®-22These prob-
predicts continuity of the conductivity at the MIT for three- lems could, of course, arise from quantitative failure of the
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extrapolation formulas used or from imperfections of T
samples ore and T measurements, but they could also be

caused by discontinuity af(0x) atx.,®*?in which case the
critical-exponent puzzle would simply be an artifact arising
from unphysical fitting. The unclear situation described is the
main motivation of the present study.

The recent discovery of a sharp MIT in two-dimensional
disordered systeri5?® has drawn interest to this subject,
too. The scaling theory of localization of noninteracting
electrons states that two-dimensional systems exhibit prin-
cipally only activated conduction, and denies the existence of

non-exponential
behavior

exponential
behavior

an MIT in this situation. Hence it does not describe nature in feaf====---®-x-%-m-q-m---
this case. This failure is a strong additional motivation to

reconsider the applicability of that theory to the MIT of 0 S
three-dimensional systems. X * X

In greater detail, the critical step of most of the recent ) ) ) )
studies of the MIT in three-dimensional disordered systems FIG. 1. Experimental parameter plane: The insulating region,
is the zero-temperature extrapolation, that is the determiné’l’here only activated conduction occurs, is marked by I, the metallic
tion of the limit o(T—0x), for samplés close to the MIT region by M, and the lowest experimentally accessible temperature
This extrapolation can be based either on a microscopil Tea: Measuringo(T,x=const) means to obtain data poind®,
theory, or on an empirically found relation supposed to b X) along vertical lines in this graph. The characteristic hopping

lid d, t0T=0 etemperature'l’hop(x), is marked by a full line. Only folf <Tpp, o
valid down tol =>4. . - . depends exponentially of For T>T,, comparably flat, nonex-

The extrapolation is particularly difficult if a strong, but

iall d d & is ob d h ponentialo(T) dependences are expected. Thus,@mdepending
nonexpongntla epen ence o ',S observed. In such a on T, both exponential and nonexponential behaviors are observed.
case, two interpretations are possible.

: > o o However, for X, only nonexponentiab(T,x=const) are found,
(i) The sample could be metallic. This situation is mostly 5though this sample belongs to the insulating region, too. The latter
analyzed in terms of theories by Altshuler and AroRbwr problem occurs in the whole interve*,x,).

Newson and Peppé?,which yield
cal model ofo(T,x) describing both sides of the MIT was

o(T,x)=a(x)+b(x) TP 7 constructed for that system starting from the detection of
' universal features ior(T,X), in particular from a scaling law

. _ . for the T dependence in the activated regioa(T,x)
with p=1/2, and 1/3, respectively. The former theory models_ o[ T/ITo(x)]. However, annealing breaks this universality.

the supe_rppsition of elec_tron-electron intera_ction ar_1d di_s_,or- Due to the controversial situation described above, the
der, but it is a perturl_)gtlon theory so tha_t its apphcablhty‘,j\im of the present work is to analyze tldT,x=const)
very close to the transition is at least questionable. The lattgk|ations close to the transition in as unbiased a way as pos-
theory considers th&-dependent drop of the diffusion con- sjpje, without fitting. For that we study amorphous silicon
stant as the decisive variation, and yields a power law withyjcke films, a-Sj_,Ni,, prepared by electron beam evapo-
exponent 1/3 fox=X.. ration. Thus, though the above discussion concerns a general
(i) The sample could exhibit activated conduction with problem occurring for an arbitrary type of the control param-
the characteristic energy being smaller than the lowest exeterx, we focus now on a special case, and, in the following,
perimentally accessiblé. Thus it would have to be classified x stands only for metal concentration in an amorphous alloy.
as insulatingat T=0). If, as generally taken for granted, the In our study, we put emphasis on two methodical points:
characteristic energy vanishes continuouslyxasx., such  Firstly, we attach particular importance to the accuracy of the
anx region exists always, see Fig. 1. But, to the best of oudIno / dInT values. Secondly, in order to avoid being mis-
knowledge, there is no appropriate microscopic theory for dead by having used special preparation conditions, we inves-
related quantitative analysis available. tigate two series of samples, prepared by groups in Dresden
Unfortunately, when considering nonexponentigT,x  and Tel Aviv.
= const) dependences, many of the recent experimental stud- There were several reasons for us to select;a;Sii, for
ies analyze the data only in terms @f. Moreover, to agree a detailed investigation. We were looking for an alloy which
with Eq. (1), they presume that, as—Xx., the parametea s sufficiently stable but differs substantially from a-SiCr,
tends to 0. So it is not surprising that, when checking thewvhich we had studied in detail previous:>3 According to
applicability of Eq.(2) by considering the logarithmic de- the melting temperaturé$ a-Si,_Ni, can be expected to be
rivative dIno/d InT, doubts arose in several cas@s®’this  rather stable, at least far more than a-SAu, (Ref. 35 or
quantity must vanish a§—0 for metallic samples, but, in- a-Gg_,Au,.>® On the other hand, there is a deep eutectic
stead, often increases or stays approximately constant for tigint close to the MIT for the system Si-Cr, but not for
samplés) assumed to be particularly close to the MIT. Si-Ni.** Therefore, in a quenching experiment, it should be
Therefore one should determine the MIT point by simulta-far more difficult to realize an amorphous structure close to
neously considering both sides of the transition. Moreoverthe MIT in Si;_Ni, than in Sj_,Cr,.3" However, it is an
adjusting free parameters should be avoided to the largesipen question, to what extent such considerations can be
possible extent. Such an approach was successful for amagipplied also to films produced by evaporation, or by sputter-
phous Sj_,Cry, see Refs. 29-33. A simple phenomenologi-ing.
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A second important difference between a-SNi, and TABLE I. Ni contentx, film thicknesst, conductivityo at room
a-Si,_,Cr, concerns the character of the silicide which and liquid-helium temperatures for sample set A. khealues are
should be formed first in annea"ng the Samp|es' see Refébtained from the Ni:Si ratio measured by RBS within this work;
38-40: SjNi is a metal, whereas $Cr is a semiconductor their uncertainty amounts to 0.3 at. % for samples 1-5, and to 0.5
with an indirect gap of roughly 0.3 et at. % for sample 6.

Conductivity studiegpartly taking magnetoresistance into
account on hydrogenated and unhydrogenated sputtered
a-Si_,Ni, films*~% as well as on polycrystalline

(300 K)/ (4.2 K)/
Sample x/at. % Ni t/nm Q 'cm?! QO lcm?

films,**~*and on the influence of annealfi§® were avail- 1 14.9 159 150 15
able for comparison in the literature. Moreover, in the vicin- 2 16.4 183 160 20
ity of the MIT, the electronic structure of a-Si;Ni, was 3 16.7 179 245 64
recently studied by XPS and UP%For a-Sj_,Ni,:H, a 4 18.9 181 340 145
structure study? optical conductivity measurementsalso 5 221 162 585 330
under pressur?, and electronic structure investigations by 6 55.9 175

XPS and XES(Ref. 54 were reported in the literature. Last
but not least, some of the authors have gained detailed expe-
rience in trying fits ofo(T) by conventional theories for TABLE II. Ni contentx, film thicknesst, conductivityo at room
a-Si,_,Ni, samples prepared by electron-beam evaporatioBnd liquid-helium temperatures for sample set B. The sample names
in Tel Aviy.2>56 in parentheses are the notations used in Refs. 55,56. Sample j, po-
The present paper is organized as follows. Section Il desitioned between samples f and g during film deposition, was pre-
scribes the sample preparation. Section Il is devoted to thgared specifically for EDX and RB.S analyseg within that work. The
structural and chemical characterization, including an STM¢ values are the EDX data published in either Table | of those
investigation. Section IV gives some experimental details of2P€'s:
the conductivity measurements, whereas Sec. V analyzes
them in detail, and lists common and differing features of the
two conductivity data sets. In Sec. VI, we discuss the quali-

o(300 K)/  o(4.2 K)/
Sample x/at.% Ni  t/nm Q'em?! QO ltem!?

tative character of the MIT. Finally, in Sec. VII, the conclu- 3 (23 19.5 121 42 1.0

sions from our findings are summarized. b (22) 20.3 122 54 2.7

c (21 21.2 124 73 8.0

Il. FILM PREPARATION d (20 223 124 88 18

e (19 235 123 120 30

We compare a-$i,Ni, films, prepared by two different  f (18) 24.8 122 160 60

technologies. Both technologies are based on electron-beamy (17 26.4 120 190 82

evaporation, but they have specific advantages and disadvant (16) 28.2 118 280 160
tages. i (8 42.9 89 790

(A) Direct evaporation of SiNi alloys of various compo- i (0 253

sitions from one crucible was used in Dresden, cf. Ref. 29. In

this case, changes of power cause changes of the composi- _ ) .

tion of the films by modifying the vapor pressure ratio of the 9¢0metrical measurement, and neighboring samples are pre-
alloy components via the changed temperature of the ingoP@re€d under almost identical conditions. Thus the random
Hence, the deposition rate has carefully to be held constangrrors in studyingx depenc_jence_s can considerably be re-
Moreover, it is essential that the whole ingot is liquid; a duced- However, the crucial point is that one has to take

N . .great care to hold the ratio of the evaporation rates of both
check for contamination _from the copper c.ruC|bIe Sh‘?V.Ved IlEC:]rucibIes constant. The conditions were as follows: residual
to be negligible. Thex drift over the film thickness arising

. - . : . . J gas pressure during depositienl X 10" ° mbar and, for the
from Ni enrichment in the ingot material during evaporatlonsamples close to the MIT, rate0.8 nm/s: for more details

is very small, see Sec. lll, since only a small portion of theqos Ref. 55.

ingot was evaporated in each cycle. Moreover, this driftis far |, the following, we refer to the samples prepared by
smaller than thex difference between samples prepared intechnology A by the numbers 1 — 6, and to the samples
successive cycles using the same ingot, because the tinﬂ)‘?oduced by method B by the letters a — j. These two sample
which we waited until rate and pressure were stable is CONsets are labeled as A and B according to the preparation.
siderably larger than the deposition duration. Typical condi-tgples | and II givex, film thickness, and conductivity at 300
t!ons were as% follows: residual gas pressure during deposing 4.2 K for the sets A and B, respectively. Samples 6 and
tion ~4X10™° mbar, and rate=2 nm/s. i, both deep in the metallic region, and sample j, close to the

(B) Coevaporation of Ni and Si from separate cruciblesy T, are only included for comparison of scales.
was used in Tel Aviv to prepare in one deposition a whole

set of samples. This method uses the varying incidence Ill. CHEMICAL AND STRUCTURAL
angles and distances to the sources to produce a composition CHARACTERIZATION
gradient along a substrate. The film is then cut into narrow
samples with their axeghe direction of current floyvper-
pendicular to the composition gradi€nitThis technique has The chemical composition of the samples of set A was
two advantages: Composition determination is related to @etermined by Rutherford backscatteri(RBS) at the Re-

A. Composition
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TABLE Ill. Comparison of Ni contents in at.% as determined and does not require elemental standafdghis is confirmed

by RBS in Rossendo(RBS-R and FaurdRBS-B), and by EDXin by the good agreement of both RBS scales in Table Ill. In
Dresden(EDX-D) and WitwatersrandEDX-W). The RBS-R and  our case, the relative uncertainty of the corresponding Ni:Si
EDX-D data were obtained within this work, whereas the RBS-Fratios was estimated to be better than 2%, so that the related
and EDX-W results are taken from Ref. 55—unfortunately, Ref. 555n50]ute error of the Ni content should not exceed 0.3 at. %
contained a mistake in evaluatingrom the Si:Ni ratio obtained by i the MIT region. The quantitative result of the EDX analy-
RBS-F, which is corrected here. All Ni contents were obtained fromsiS however is influenced by a series of effects, in particular
the Si:Ni ratios, ignoring impulrit)./ coqtamination. The random eror'ihis method needs standards and various correctfons.
of the EDX measurement within this study does not exceed 0.5 ofqre the systematic errors can amount to several at. %

o NI ) ) -
at. % Nl. The first two lines serve also as reproduglblllty check of§O that the differences between the columns of Table Il are
EDX-D; these measurements were performed fully independently a

. . : d . . “not surprising.
two diff t days, when diff t f the fil ti- . . . .
ga(t)edl erent days, when diiierent pieces of the fiim Were InVest rpe x data, given in Tables I to lll, and discussed in the

previous paragraphs, are obtained from the Ni:Si ratio ignor-
Sample RBS-R RBS-F EDX-D epx-w  Ing all kinds of contamination. Different kinds of analysis
showed oxygen contamination to be the most relevant one.

3 16.7 116 By means of EDX, we obtained 4.4 and 11 at. % as oxygen
3 16.7 12.0 concentration in the samples 3 and h, respectively. If the
6 55.9 51.7 oxygen were distributed homogeneously in the films, a Ni
f 14.0 24.8 concentration of 20 at. % determined from the Ni:Si ratio
h 20.3 28.2 would correspond to true 19.2 and 18 at. % Ni for series A
i 37.8 42.9 and B, respectively. However, some of the oxygen is ex-
i 20.0 253 pected to be concentrated close to the film surface and the

film-substrate interface, so that this quantitative information
should not be overvalued.

Both sets of films were found to be well homogeneous.
aterally we checked this by EDX and electrical measure-
ments for both sets. Changes in vertical direction might be
Uitical in both technologies. We used GDOES to clarify this

(EDX) by means of a LINK AN10000 EDS system attachedpomt' Because of the nonconducting sqbstrate, we applied
to a JSM-840 SEM was used in determining the compositior‘r-)ur seIf-.deveIoped_ radm-frequency eqw_pment, a new .and
for sample set B in Witwatersrand, South Africa, within very suitable device for studying vertical concentration

Refs. 55,56. The results of these analyses are given in Tablé(ﬁri"’mon559 For 5_6”?5 B, the Veftica' homoge_zneity was also
| and II ' checked by monitoring the quotient of the Ni and Si evapo-

In order to compare bothl scales, we performed addi- ration rates during film deposit_iorﬁ. . .
tional EDX analyseg for samples 3, 6, f, h pand i by means o By means of GDOES, the Ni:Si ratio was found to deviate
a Tracor/Noran spectrometer Vo,ya,ge,r ,Ila attached to irom the respective mean values through the thickness of the
transmission electron microscopEEM) PhiIipé CM20FEG samples by not more than 5% for both sample sets, corre-

1 B 0, . .
in Dresden. For that, pieces of the film were scraped from th<§p0ndlng to0.7 at. % Ni close to the MIT. Figure 2 shows

substrate with a steel knife, and placed on a carbon-filmgepth profiles for series A and B. Note the constancy of the

coated copper microscope grid. Moreover, for sample j, thé\“ signal. The variation of the Si signal at the beginning is an

Witwatersrand EDX result was checked by an RBS analysig;t':ﬁd'sl.t ?.I’ISGS frgm th(tehstrogg dgpendlence of the |ntte nS|tyt
performed in Faure, South Africa, within Ref. 55. of the 51 ine used on the changing plasma parameters a

The results of these analyses are presented in Table Ill. ign@tion. This variation is cz_aused by surface contamination
illustrates the inconsistencies in tkescales which were al- indicated by the Gcarbon signal; this was checked by ad-

ready pointed out in Ref. 55. Note that the Dresden EDXditic.m‘.'le experime_r.nsf. Therefore, we_es_timated the relative
data underestimate our Rossendorf RBS values by roughly \éarlatlon of the Ni:Si ratio from the Ni signal.
at. % Ni for sample 3 as well as for sample 6. Moreover,
comparing the Dresden EDX data with the Witwatersrand
EDX values>® we conclude that the latter overestimate the The microstructure of the samples of both sets was inves-
Ni content, according to our RBS, by roughly 6 at. % closetigated by TEM. In all cases, the samples were found to be
to the MIT. This is confirmed by the comparison of Southwell amorphous. However, the existence of crystalline re-
African EDX and RBS data for sample |j, yielding a differ- gions with diameters below 2 nm cannot be excluded. Such a
ence of 5.3 at. %. For sample i, the EDX value of Ref. 55clustering is suggested by Ref. 51, cf. Ref. 60.
might be very close to the Ni content according to our RBS The topography of the a-SiyNi, films was studiedex
scale—Table Il suggests that the systematic deviation of theitu by means of a scanning tunneling microscdSd M)
Dresden EDX values from our RBS data could be roughlyunder UHV conditions f<<1x 10 ° mbar). For that pur-
constant. Finally, an additional check with an SiNMulk  pose, we used a modified Omicron-UHV-STM with etched
standard showed the Witwatersrand EDX to overestimate thiingsten tip and partly self-made electronics. A typical to-
true value by roughly 3 at. % there. pography of sample 3 is given in Fig. 3. Three corresponding
We consider the RBS as likely to give the most accuxate cross sections are presented in Fig. 4. For sample f, we ob-
values since this method is quantitative from first principlestained very similar results.

search Center Rossendorf within this work. For that we useg
Sigradur substrate@@lassy carbon We confirmed the con-

sistency of these data by glow discharge optical emissio
spectroscopy(GDOES. Energy dispersive x-ray analysis

B. Structure
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2 C - FIG. 4. Three STM cross sections of the surface of sample 3
. | | . . | / obtained with different resolution&current=0.3 nA, bias=8 V).
0 The data presented are obtained from the row data performing only
8 10 12 14 16 18 20 . ) :
a slope correction. In all cases, the height was determined at 128
t{s) points along a line segment, slightly longer than represented.

FIG. 2. Glow discharge optical emission spectroscopyas representing a surface roughness only, or whether they
(GDOES depth profiles for the elements B, C, Ni, and Si, i.e., griginate from a columnar film growth, see, e.g., Ref. 62.
intensity | versus sputtering timg for two samples prepared by ~ The surface roughness could cause differences between
technologies A and B, respectivelya) presents the analysis of technologies A and B concerning the chemical homogeneity
sample 5, wherea) shows data for a sample prepared specifically of the films when considering a mesoscopic length scale: The
for this analysis together with samples a — i; due to the simultajocal chemical composition is independent of the surface
neous preparatiorb) is representative for the whole sample set B. sjope in technology A. However, during gradient film depo-
We made use of the following lines: B: 208.9 nm, C: 156.1 nm, Ni: sjtion by means of techno]ogy B, the variation of the surface
349.2 nm, and Si: 288.1 nm. The intensity scales were adjusted t§lope causes a fluctuation of the Si and Ni incidence angles,
reach a high resolution, thus the units differ from element to ele\yhere an increase of the former is correlated with a decrease
ment. In(a), the sudden increase of the B signal indicates the moof the latter. Thus the chemical composition of these films
ment when the bottom of the sputtering crater reaches the g|a5(§ugh[ to fluctuate on a mesoscopic length s@le.
substrate. To estimate quantitatively this effect is difficult for two

reasons(i) The fluctuation strength depends on the size of

Figures 3 and 4 show that there are fluctuations in the filnthe surface area taken into account in averadingWe have
thickness of typically=2 nm. In rare cases, the fluctuations no information on surface and volume diffusion lengths lim-
reach an altitude of=7 nm. The horizontal diameter of these iting composition fluctuations. As an example, we consider a
hills amounts to the order of 30 nm. However, there is also £ube with edge length 2.4 nm, and assume the diffusion
fine structure on a smaller scale, which fact might be relatedengths not to exceed this value. The typical surface slope,
to some fractal structurin®f. Unfortunately, we have no in- estimated as root mean square of the difference quotient
formation to what extent these structures can be considerediz/Ax (with Ax=2.4 nm) for several cross sections, corre-

sponds to an angle of 14°. For sample f, the incidence angles
z(nm) of the Si and Ni atoms, arriving from opposite sides, are
roughly 10° and 45°. This sample has a mean Ni content of

15 24.8 at. % according to the EDX scale of Ref. 55. Thus the
fluctuation of the incidence angle due to the surface rough-
0 J ness causes composition fluctuations with a mean deviation
150 of =6 at. % Ni. This value is by a factor of 3 larger than the

finite size induced random dispersion of the Ni content.
150 However, since the regions of maximum and minimum Ni

X (nm) content do not form a percolative network, they have to be
0 considered as local inclusions.
FIG. 3. STM image of the surface topography of sample 3, V. CONDUCTIVITY MEASUREMENTS

measured with a current of 0.5 nA and a bias of 8 V. The figure was
obtained using a slope correction and a slight smoothing of the row Three types of measurements have been performed to
data. study theT dependence o (a) 2—300 K using a self-built
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cryostat insert based on a bell technique, which permits very
accurate stabilization of over the whole interval, so that a
high accuracy of the values of the logarithmic derivative is
guaranteed(b) 0.45-4.2 K using an RMCHe cryostat, and

(c) 35—900 mK using a dilution refrigerator Kelvinox 300
from Oxford Instruments. Measurements) of the B
samples are repetitions with increased accuracy of the inves-
tigations in Refs. 55,56. Some of the measuremétavere
already published in Refs. 55,56. However, within this study
they were re-analyzed, and the values of the logarithmic de-
rivative were recalculated by means of E¢®).,(9) below.

Two methods of making contacts to the samples were
used: The leads were attached either by pressing indium tabs
onto the sample, or by silver paste. Both these technologies
avoid post-preparation heating of the films, but they need
care to avoid contact problems in thermal cycling.

A specific problem consists in the aging of the samples
which can cause a resistivity change up to the order of 10%.
Thus we performed annealing experiments: Metallic films
are influenced only slightly by annealing below roughly T T T
150 °C, but annealing up to about 300°C leads to great
changes, see Refs. 48,49. Repeated thermal cycling between
cryogenic and room temperatures can cause resistivity
changes by a few % as well, but no drift is detectable in
thermal cycling between 2 and 4.2 K. The usual aging con-
cerns only the absolute value of the resistivity; the resistivity
ratio R(T)/R(300 K) was observed to remain almost un-
changed. Therefore we do not consider the sample after ag-
ing or thermal cycling to be a different sample, as if prepared
under different conditions, and we simply scale the resistiv-
ity when necessary to retain the original value at an appro-
priate T. However, this scaling is irrelevant for the consider-
ation of the logarithmic derivative, on which the main
conclusion of this paper is based.

Overviews for both the data sets A and B are shown in ol o L
Fig. 5. Both data sets exhibit consistent behavior, with some 10 10-"  10° 107
systematic differences between them. For comparison, Fig. T (K)

5(a) includes data of two sputtered arSiNi, films from
Ref. 50, resembling the curves of our evaporated samples FIG. 5. Overview ofo(T,x) in double logarithmic representa-
very much. However, it is almost impossible to obtain reli- tions for sets A(+) and B(x) in graphs(a) and (b), respectively.

able information on physical mechanisms directly from thesdor the characterization of the samples see Tables | and Il. To
only weakly structured curves. illustrate common as well as differing features, both graphs include

a sample of the other set, for the sake of distinctness markd®. by
Moreover,(a) includes data for two sputtered a;SiNi, films (A)
V. CONDUCTIVITY DATA ANALYSIS from Ref. 50. These samples, here referred ta asnd g, have a Ni
content of 20.7, and 27.1 at. %, respectively, as determined by an
EDX analysis(Ref. 50.
The standard analysis for determining the critical concen-
tration of the MIT, based on extrapolation according to Eq. dino(T)
(2) with p=1/2, is presented in Fig. 6. Indeed, if only data W =—gi77 (©)
points between roughly 2 and 30 K are taken into consider-
ation, linear relations corresponding to Eg) are found in  |ts limiting behavior for vanishing allows one to detect the
the o versusTY? representations. According to this analysis transition pointt®
the MIT should be located just below tlkef sample 1 in set As a first approach to an understanding of ha\T,x)
A, and between samples ¢ and d in set B. However, inclusiofeflects the character of the MIT, let us assume that, for a
of the data around and below alioli K shows that this given sample, the logarithmic derivative of the conductivity
classification is questionable. can be approximated by

o (')

—
1 N 1

Ao NOm—-wV1 T
N

o (')

102 107

A. Standard extrapolation

B. The logarithmic derivative w(T)=c+d-(T/Ty)9, (4)

More insight can be gained by considering the logarithmicwhere T, is an experimentally accessible temperature, at
derivative which o has been measured.
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FIG. 6. o(T,x) versusT*? representation of the samples closest
to the MIT for sets A(+) and B(X) in graphs(a) and(b), respec-
tively. Both graphs include one sample of the other (@} The
dashed lines give the extrapolations according to @y.with p
=1/2, obtained from the region 2—-30 K.

Integration of Eq.(4) yields forq+0:
nNo(Ty)—Ino(T)=c-(INTp,—INT)+d-[1—(T/T,)%/q,

5
so that
o(T)=o(Tn)(TITy) ex{—d-[1—=(T/T)/q}.  (6)
Forg=0, we can assumé=0, and get from Eq(4):
o(T)=o(Ty)(T/Ty)". (7

Interpreting Eqs(6) and(7), we have to discriminate be-
tween the eight situations listed in Table IV. According to
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TABLE IV. Behavior of o(T—0), and character of the conduc-
tion process in dependence on the parameters if4rgmodelling
w(T—0). Here, “ideal metal” stands foo(T—0)=< (no impu-
rity scattering. For simplicity, ifq=0, we assumé=0; moreover,
we considerd=0 only for g=0.

q c d WT—0) o(T—0) character
<0 arbitrary <0 —o 0 ideal metal
<0 arbitrary >0 o 0 insulator
0 <0 =0 <0 o0 ideal metal
=0 =0 =0 = finite real metal
=0 >0 =0 >0 0 insulator
>0 <0 arbitrary <0 o0 ideal metal
>0 =0 arbitrary =0 finite real metal
>0 >0 arbitrary >0 0 insulator

this table,w(T—0)=0 indicates metallic character of the
conduction, whereas both diverging and finite positimer
—0) point out that the sample is an insulator, see Refs.
19-22,64. In more detail, diverging and finite positivéT
—0) are correlated with vanishing of asT—0 according

to exponential and power laws, respectively, see KE6k.
(7). Studying an MIT, we can exclude the case that the limit
w(T—0)<0, corresponding to-(T—0)=c0, as unphysical.
However, this does of course not exclude negative finite

T, which can arise from weak antilocalization, or e.g. from
electron-phonon scattering in good metals.

In this context, we may ask what the condition is for
observing exponential behavias,(T)«exp{—(Ty/T)%}. The
condition T<T, implies w>q. Thus there exists a low-
range where, though increasewfwith decreasing’ would
rule out metallic conduction, it would still not be possible to
identify activated conduction by detecting exponendiél’).
However, assuming only monotonicity @ as T—0, one
reaches an unambiguous decision.

The logarithmic derivative is also helpful in identifying
the physical mechanisms involv@d®%since it makes char-
acteristic features o&(T) visible, which are not obvious
from o(T) itself. An additional advantage of this quantity is
that it is not influenced by geometrical errors, nor by the
scaling of the resistivity mentioned above.

Our method of data evaluation for analyses in termw of
is based on that used in Ref. 66: A linear fit ofotrversus
InT for k neighboring points is performed,

kX nonT,—2 Ing; >, InT;
kZ (InTi)2—<2i InTi)z

()

Wi =

In order to minimize the numerical error arising from the
nonlinearity of the dependence ofdrfrom InT, we relate
this w value to a mean temperatufg defined by

k> (INT)*—2 InT, X (InT))?
i i i

2{@ (InTi)2—<§i: |nTﬂ

|nT|f:

9
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Thuswy would exactly equalv(Ty) if In o were a second I(K)
order polynomial of IfT. Utilizing Egs.(8),(9) allows one to 0 80 ‘r 2|5 7|0 15|0 30|0
take into consideration rather broddintervals, so that the )
total error(numerical plus randojrcan be kept small.

The optimum value ok depends on the accuracy and
density of the data points, as well as on the structure of the 0.
measured curve. We considered the following groups of
neighboring data points: The measurements in the region
2-300 K yielded data points with comparably high accuracy,
but low density. From them, the logarithmic derivative was
obtained usink=23 below 7 K, anck=2 above. In the’He
region, the density of data points is considerably higher, thus
eight neighboring data points were considered in differenti-
ating for all samples except for h, for which we used four 0.
points. The data obtained in the dilution refrigerator were
evaluated using=5.

Figure 7 gives a survey of thEdependences of the loga-
rithmic derivative. LowT details become visible in Fig. 8. 0.
These figures show that both the sample sets A and B are
internally consistent. However, there are also significant dif-
ferences between these sets. T(K)

0 4 25 70 150 300
I

dIn ¢ /dInT

7-1/2 ( K1/2 )

C. Common features of the two series

Consider first the common features: For both data sets, at
sufficiently high T, all samples studied behave very simi-
larly: w(T) increases with increasing On the other hand,
for the samples with the smallest Ni content, at [®wthere
is a pronounced increase w{ T) with decreasind, indicat-
ing activated conduction. The strength of this contribution
decreases with increasing One common feature of all
samples(with w>0), which exhibit such an increase of
with decreasing, has to be stressed: this increase continues
down to the lowest accessible The extrapolation or gener-
alization of this finding will be a basic assumption of our 0.
data analysis.

The differing behavior at low and high must be caused
by two different mechanisms being dominant at low and high
T, respectively. The lowF mechanism related to increasing 0.0 0 s 17 16
w(T) asT decreases is very likely a kind of hopping con- P12 (K72
duction, see Refs. 29,30,56,65. Concerning the origin of the
high-T contribution we can only speculate. Such a high-  FIG. 7. Overview of thel andx dependence of the logarithmic
contribution is common to many amorphous transition-metaberivative w=dIno/dInT for sets A(+) and B(X) in graphs(a)
semiconductor alloy8. Comparing energy scales, it was and(b), respectively. Both graphs include one curve of the other set
speculated that in a-Si,Cr, this mechanism might be re- (®). The temperature scalE"? is chosen in order to have reason-
lated to electron-phonon interactich. able resolution also for the loW-part.

The feature, which we consider to be particularly interest-
ing in Figs. 7 and 8, is the minimum @f(T) related to the

crossover between these two mechanlsms.'Tms MINIMUM k3T end of theT range considered. This increase cannot be
located afT ,j,=150 K for sample a, which is the most in-4erstood in terms of metallic behavior according to Eq.
sulating sample studied. The related minimum valua/o$ (o) \oreover, because of the overall behaviorvefT,x)
Wmin=0.68. The minimum shifts to loweF with increasing (see first paragraph of this subseciioit is very likely that
Ni content. This behavior has to be expected since the chafnis trend continues a6— 0 what indicates insulating char-
acteristic hopping energy should tend to 0 as the transition igcter according to Table IV. Furthermore, evew({fT) does
approached, so that hopping only becomes dominant at lowejot increase a3 —0 but only remains constant, i.ay(T
and lowerT. <Tmin) =Wmin, the samples still have to be classified as in-
Simultaneously withT,, Wp, decreases: For the A sulating, because (T<T,,) < T"mn, see the previous sub-
samples 1 and 2T.;,,=6 and 4 K, respectively, where section. This finding rules out the classification of these four
Wnin=0.42 and 0.32. For the B samples d andlg;,=0.8  samples as metallic according to the standard procedure used
and 0.2 K, respectively, whem,,,=0.15 and 0.06. in Fig. 6.

dlno/dInT
o

(b)

The four samples 1, 2, d, and e must be insulating be-
cause, for themw(T) increases with decreasing at the
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d dln g /dInT
dlnog/dInT

L " " 1 L
0 4 8 12 16

T1/2 ( K1/2 )

FIG. 9. Comparison ofv(T) for the a-Sj_,Ni, sample 4®)
with thew(T) for three a-Sji_,Cr, sampleg*), here referred to as
v, 6, ande. The a-Sj_,Cr, curves were obtained from(T) data,
published in Figs. 1 and 7 of Ref. 30. Samples, ande have a Cr
content of 11, 14, and 19 at. %, respectively, obtained by EDX
(Ref. 30. Calculatingw, we usedk=4 for samplesy and ¢, and
k=2 for 6.

55, respectively. In order to compare both values, we scale
the EDX data by means of Table Ill: Presuming a linear
relation between both EDX scales closextg and the RBS
value to exceed the EDX value of this study by 5 at. %, one
obtains 193 at. % as the critical Ni content of sample set B
according to our RBS scale. Additionally performing the cor-
rection concerning the oxygen concentration, see Sec. lll, we
obtain similar values for the critical concentration: 159
and 173 at. % Ni for series A and B, respectively. Note,
however, that this agreement is not a necessity. On the con-
T2 (K'?) trary, since O is very reactive, it would not be surprising if

. the O contamination significantly influenced the gap states
FIG. 8. Low-T / low-w part of Fig. 7. The data presented were nd shiftedx,, see the role of H in a-Si based allofys.

obtained from measurements in three different cryostats, see sed Th iderati fth les bracketing the t iti
IV, where several months passed between the investigations. More- € consiaeration ot the sampies bracketing the transition

over, in some cases, contacts had to be renewed between the mé@—bom sets Show§ that, a-t high samples withx just below
surements. and abovex, exhibit very similarT dependences at—there

is no experimental indication of a discontinuity in tkele-

However, for the samples 3, 4, andvi,T) seems to tend pendence at finitd. Hence the respective substantial varia-
to 0 asT—0, as well as for the samples g and(n this  tions of o with T on both sides of the MIT must originate
judgement, we presume that, since we study an MIT, thérom the same physical mechanism, which, crudely speak-
limit w(T—0)=0, see previous subsectiprizor sample f, ing, “survives” the transition. This high- mechanism yields
we cannot decide whether or ne{T—0)=0 although we a substantial contribution tev down to the lowesT studied,
investigated it down to 35 mK. Thus we conclude that thecompare the samples closest to the MIT. Thus there is a
MIT should take place between samples 2 and 3 for set Asuperposition of the low- and high<ontributions, whatever
and between samples e and g for set B. mechanisms they represent, in the wholenterval investi-

In the calculation of the critical Ni contents, and of their gated. This has an important consequence: In fitting simply
possible errors, we take into account the Ni concentrations db a pure hopping relation close to the MIT, or to E2), one
the samples bracketing the transition, the uncertainty okthe might obtain a precise mathematical description, but the de-
values, and the influence of preparation conditions differingived parameters would not have physical relevance.
slightly from sample to sample in technology A. For sample Concerning the highi- mechanism, the comparison with
sets A and B, we obtain 166l at. % according to our RBS a-Si_,Cr, given in Fig. 9 is interesting. For both the
scale, and 252 at. % according to the EDX scale of Ref. a-Si,_,Cr, sample § and the a-Si,Niy, sample 4,

dlno/dInT
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w(300 K)~0.5. However, with decreasir the influence pure constituents do not become superconductirgnnot

of the highT mechanism decreases considerably faster i€ ruled out yet. Further investigations at loweare desir-
sample 5 than in sample 4w(30 K)=0.04 and 0.16 for able.

sampless and 4, respectively. This faster decrease of the Since great care was taken for both sample sets concern-
influence of the highF mechanism is a general feature of ing homogeneity, we ascribe the differences stressed to the

a-Si,_,Cr,. It has two consequence$) Comparing insulat-  influence of differing preparation conditions. Significant con-
ing samples of both substances with the samg,, the tamination by crucible material could be excluded for both

minimum is reached in a-8i,Cr, at clearly highefT thanin ~ sample sets: In a related GDOES study, the contamination of

a-Si_,Niy, compare samplg with sample 2 in Figs. 9 and an A sample by copper from the crucible was found to be
7(a), respectively.(ii) In a-Si_,Cr,, there are minima in Pelow 500 ppm. Concerning a crucible-material-

o(T), i.e., zeros inw(T), at significantly highefT than in ~ contamination check for the B samples see Ref. 55. Thus
a-Si_Ni,, consider samples ande, and see next subsec- Only three possibilities seem to remain: Contamination by
tion. Thus, in contrast to a-Si,Ni, , there is a broad, easily any constituents from the residual gas, differing surface dif-

accessible lowF region in a-Sj_,Cr,, where one can ignore fusion during deposition arising from the differences in rate
this highT contribution, and study the pure loWinecha- &nd/or temperature, and concentration fluctuations on a me-

nisms. soscopic Ie_ngth s_cal_e arising in the technol_ogy B see Sec.
Ill. Further investigations are needed to clarify this point.

D. Differences between the two series V1. DISCUSSION: THE QUALITATIVE CHARACTER
In addition to the common features described above, there OF THE MIT
are significant differences between the data sets A and B.

These differences concern both the higland the lowT
regions. The common features of both sample sets suggest an im-

Comparing A and B samples with similar low- portant qualitative conclusion concerning the character of the
temperaturav(T) values, the A samples are found to exhibit MIT, as will be explained in this section. Figures 7 and 8,
larger high-temperatune values, i.e., they are more strongly together with Tables | and I, show tha#(T=constx) de-

T dependent. In detaily(300 Kx.)=0.67+0.06 and 0.48 creases monotonically with increasimgat least as long as
+0.06 for sets A and B, respectively. This might indicate aw>0. Thus there must be a separat(separating ling
similarity to a-Sj_,Cr, , where the highF mechanism seems above which insulating and below which metallic samples
to lose its influence with increasing oxygen content of theare located in these graphs. More accurately, instead of a
films, compare Fig. 2 of Ref. 68 with Fig. 1 of Ref. 30. The separatrix, there could also exist a separating strip, but this
same seems to be valid for arSiNi,: The highT contri-  would imply a discontinuity ino(T=constx) for which
bution has smaller influence for series B, for which the oxy-there is no evidence in this experiment, nor in the literature.
gen contamination is larger, as observed by EDX. Now we compare the consequences of the common as-

For samples exhibiting a decreaseweT) asT—0, this  sumptions with experiment. For that we assume that the tran-
decrease is steeper for the A than for the B samples. Samp#ition is continuous, as described by Ef), and that, suffi-

3 even exhibits a zero ofv(T) at about 0.9 K, and for ciently close to the transition, below some temperaflite
sampek 4 a zero just below the lowest measurifigs very  EQ. (2) holds. These equations imply three conclusions on
likely. But such a zero was not found for the B samplesw(T,X).

within the T region studied. (i) w(T,xg)=p since a(x)=0. Thus the separatrix

Thus, in comparing the metallic samples of both sets, i.e.should be parallel to th& axis belowT*.
3,4,5and g, h, itis puzzling that for the A but not for the B (i) For metallic samples close to the MIW~p as long
samples there is visible a contributiondqT) with negative ~ asa(x)<b(x)TP. In other words, since(x) vanishes ax
T derivative. Under what conditions such a contribution ex-— X, the logarithmic derivativev(T,x=const) should ex-
ists is a question of current interéStFor example, such hibit a plateau below*, which extends to loweT the closer
contributions were observed in a;SiCr,,*° as well as in X to X.
heavily doped crystalline Si:FRef. 70 and Ge:SB? It re- (i) A plateau should also be present on the insulating
mains an open question whether the missing of this contriside close tx. belowT* for the following reasons. Since the
bution in the B samples is real, or whether this contributioncharacteristic hopping energy very likely tends continuously
is obscured in set B by the loW-part of the highT contri-  to 0 asx—X., the crossover temperature, below which the
bution. The latter hypothesis is suggested by the comparisainfluence of hopping dominates tiedependence of, van-
in Fig. 7(a) which demonstrates that this loWpart is con- ishes too. Continuity o&(T=constx) leads to the expecta-
siderably larger in the B samples than in the A samples. tion thatw~const above that crossover temperature.

Because our experimental data on the contribution with However, according to our experimental data, such a pla-
negative @/ dT are very sparse, we can only speculate onteau is missing. Instead, for arbitrary fix@dw(T,x;) must
the physical mechanism behind. It is likely that its origin is be smaller thamw(T) of samples 2 and e, but exceedT)
the same as in a-Si,Cr, ,>**?see also Fig. 9, heavily doped of samples 3 and g for sample sets A and B, respectively.
crystalline Si:P’? and Ge:SHB! that means probably some Thus,w(T,x.) decreases with decreasifigat least down to
interplay of electron-electron interaction and disorder. How-0.2 K, wherew(T,x.)<0.06. There is no experimental hint
ever, the interpretation in terms of precursors of a metalfor w(T,x.) at even lowerT to rise again up to one of the
superconductor transition as in arSjAu,, where both the theory values 1/2 or 1/3, and to saturate therexfolose to

A. Missing plateau in w(T)
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FIG. 10. Qualitative behavior of(T,x) for a continuous tran- 2.0 : | |
sition according to Eq.(10). Dashed lines: insulating with ’
To(x)¥?=0.03, 0.1, 0.3, and 1; full lines: metallic with(x)
=0.03, 0.1, 0.3, and 1; dashed-dotted line: separatrix between
insulating and metallic regions. 1.5 >

Xc, such a behavior would imply the existence of metallic
w(T) curves with a lowT maximum, so that it would con-

o (dimensionless)
o
I
1

tradict the assumption on monotonicity of(T) as T van- T= 0.1//’ n
ishes for samples witlw>0 and dv/ dT<0, concluded in J/ i
Sec. V C from our experimental data. Hence, at least one of A Y
the standard descriptions Eq$),(2) is very likely not valid: 0.5 7 I T
Either the relevant mechanism at the transition is related to a | R 0.01 ,/' ; 0.001 (b)
value ofp which is far smaller than expected, or the transi- Prad ICH
tion is not continuous art=0, sincew(T—0xX.) =0 indi- 0.0 b= T 2 : '
cates finiteo(T—0x.+0) according to Table IV. 0.4 0.5 0.6

X

B. Two simple models FIG. 11. Characteristio(T,x) features of a discontinuous tran-

To illustrate the problem from a different perspective, wesition according to Eq11): T andx dependences af are shown in
studyw(T,x) for two qualitative empirical models. They are graphs(a) and (b), respectively. Dashed and full lines represent
constructed so that continuity & for arbitrary finite T and insulating and metallic regions, respectively; the dashed-dotted line
monotonic behavior of(T=constx) are guaranteed. in (a) denotes the separatrix between these regions. The lines shown

H H 1/2
First we assume the transition to be continuous alsb at 'EO 82 (‘;"i;eo gbti'ged ;Or ihf_ gz;rargzterl OvalluZEO(SXr? ded
=0. One of the simplest suitable models is RN and(x) ~1= & 00, LY, L4, Shage
area in(a): example of lowT range being inaccessible in a real

iment.
TY2expl —[To(x)/T]¥A  for X<Xe, experimen

1/2 - where To(x—X.—0)=0 anda(x—x.+0)=1. In order to
ax)+T for X/Xcelo) illustrate how this model unifies a discontinuity of(T
=constx) at T=0 with continuity for T>0, we present
whereTo(x—X,—0)=0, anda(x— x.+0)=0. For simplic- ~ o(T,x=const) ando(T=constx) in Figs. 11a) and 11b),
ity, all quantities are given in dimensionless form. respectively. The latter graph is based on the following ad-
Correspondingv(T) curves are presented in Fig. 10. Note ditional - assumptions:x.=0.5, To(x)=30(x.—x)“, and
that there are no pieces with<p=1/2 which belong to &(X)=1+3(x—x), where using 2 as critical exponent®§
insulating samples, and thatyif<p, dw/ dT is always posi- 'S motivated by R_ef. 65; however, the qualitative properties
tive. of the model considered do not depend on the numbers cho-

Next we assume the transition to be discontinuous, bu en. Figs. 1() and 11b) demonstrate two remarkable fea-

n ) : . -~ fures of the mode(11): (i) If some lowT range, e.g., the
only atT=0. We consider again a very simple qualitative shaded area, is masked, a misinterpretation of the activated

o(T,x)=

model: curves closest to the MIT as metallic ones is tempting, and
one could even conclude that the transition is continu@us.
1/2 _ 1
o(T.X) = (1+T¥2)exp{ ~[To()/T]3 for X<Xe, The singularity ofa(0x) at X, evolves with decreasing

a(x)+T? for X=X, becausear(T=constx) becomes increasingly steep just be-
(1D  low x..
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(ii) For “metallic” samples, there are numbeng, andq
(independent ok) such that

0. W(T,X)<Wg-(T/T,) forall T<T,. (13
~
s
2 0 We assume that we have determingd ,,,X) experimen-
; tally. For the “insulating” x region, integration of Eq(12)
o leads to
0.
o (T,X)<0(Tp, X)(T/T) ¥, (14)
0. so that
72 (dimensionless)
FIG. 12. Qualitative behavior ofv(T,x) for a discontinuous o(0, x)=0 for all x<Xx. (15

transition according to Eq(11). Dashed lines: insulating with

To(x)¥?=0.02, 0.06, 0.2, and 0.6; full lines: metallic with

a(x)—1=0.2, 0.6, 2, and 6; dashed-dotted line: separatrix be
tween insulating and metallic regions.

Now we turn to the “metallic” region. Fox=X., integra-
tion of Eq. (13) yields

Figure 12 shows thev(T) curves for model11). Con-
trary to Fig. 10, this figure includes minima of(T,x
=const) with very small values af,i,(x) at Tpin(X), where
Tmin(X) as well asw,iy(X) vanish asx—x.. The specific
point is thato(0x.—0) equalso(0,x.) for model (10), but
not for (11). In both casesw(0x.—0)=c, and w(0X,
+0)=0; the limitw(T—0x.) equals 1/2 for model10) and (0, Xo)= (T, X)eXp( —Wg/q)>0. (17)

0 for model(11).

Concerning the existence of minima wm(T,x=const),

Fig. 12 resembles far more the experimental figures than Figrhat meansr(0,x.) must be finite(In our case, Fig. 8 leads
10. Thus, a discontinuity oé(0,x) is suggested, provided to the estimatesv,=0.05 andq=1/2 for T,,=1 K, so that
w(T,x,) does not finally saturatéat some value far lower exp{—w,/q}~0.9) Finally, due to the monotonicity of(T
than theoretically expectgthelow the lowest experimentally = constx), we get

accessiblel as T decreases. However, this result was ob-

tained using a very simple model. The question of its general

validity is considered in the next subsection. o(0x)>0(Thy,Xoexp —wg/q) for all x>x.. (18

INo (T, X)) —INo(T, X)) <Wo[1—(T/T)%/q, (16)

so that

C. Mathematical view

The argumentation leading from the discontinuous char-: Hence, the classifications of the sample_s ac_cordmg o
o w(T—0x) and o(T—0xX), respectively, are identical, and
acter of the MIT, as mode]ed .by EQLY), to the qualitative _we arrive at the following conclusion: Provided our qualita-
character oWw(T,x) shown in Fig. 12 can easily be reversed: tive assumptions on the limiting behaviorw({T,x;) and the
Figs. 7 and 8 suggest the assumption MT’XC)_’O as monotonicity ofo(T=constx) are justified, there must be a
T—0. Moreover, we only need the experimentally demon—finite minimum metallic conductivity
strated monotonicity ofr(T=constx), that is dr/ dx>0. '
We suppose it to be valid down to arbitrarily 1o
Formulated in mathematical language, Figs. 7 and 8, to-

. : D. Consideration of counterarguments
gether with Table 1V, suggest that the samples can be dis-

criminated according to the behavior @{T,x) for vanish- We must, however, look back at our arguments to see
ing T to belong to either of two groups witk<x. andx  What would be necessary for the transition nevertheless to be
>x., respectively. continuous, in which manner conditiqi3) would have to
(i) For samples with “activated” conduction, classified as P& weakened. Two possibilities have already been men-
“insulating,” there is a positivew;(x), such that tioned: (i) The behavior ofw(T,x) might qualitatively
change at temperatures below the lowest one accessible to
w(T,x)=w,(x) for all T<T,,, (12)  us.(ii) At X, the parametec of Eq. (4) might have a small

but finite value, far smaller than the values 1/2 and 1/3,
whereT,, is some experimentally accessible measuring temwhich were predicted theoretically in Refs. 27,28 and used in
perature. many experimental studies in the literature.
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A third possibility is found when referring to Eq5),  <g,,,<70 Q 'cm?, respectively. It is instructive to com-
which, for c=0, simplifies to Ino(T=0)=Ino(T,)—d/q.  pare these data with Mott’s theoretical result fof,,,>"?
For no discontinuity to occur, it has to be possible to reachthough electron-electron interaction and weak localization
any (arbitrarily smal) o(0x.+0). The first term, I (T,,), effects are neglected in its derivation. According to Ref. 72,
is finite due to the monotonicity af(T,,x) and the finiteor o mm="0.026e?/(%a), wherea denotes the distance between
values observed in the insulating regionTat. Thus for no  neighboring impurity atoms, i.e., Ni atoms, at the MIT. Tak-
discontinuity to occur,d/q has to be infinite. Sinced ing the atomic density of the samples to be similar to that in
=w(T,), the exponenty must be infinitely small. Foif ~ crystalline Si, we gei~5 A. This estimate fits with the
independent, this situation is equivalent to the cage)  Mott-Edwards-Sienko criteriomf;ng®~0.25 with a}; being
above, that is the situation of a small but finidteThe only  the Bohr orbit radius of an isolated center andhe critical
remaining possibility is that of & dependeng, vanishing as  impurity density’*~"> Approximatingay; by half the nearest
T—0 for x=X,. This would imply a nonpower law behavior neighbor distance of crystalline Naj;~1.24 A, yields just
of o(T,x.). If one would nevertheless try to fitx TP, the ~ the expected product value. Finally, we obtainyy,
effective exponenp would beT dependent, and approach 0 =120 Q~* cm™*. This result exceeds our lower and upper
asT—0. bounds ono,,,, by factors of roughly 5 and 2, respectively.

However, we know of no physical argument that suggestdiote however that the above consideration does not take
that the power lawwhich is derived by perturbation argu- account of_the ppssmle d character of the Ni states; more-
ments should weaken at loWf, and we did not obtain any °Ver the dimensionless parameters have some uncertainty.
data that suggest that there is a tendency towards such,a For Comﬁa”son' I?r a';%é%é’ the conductivity studies
change at lowest accessifieTherefore, foif =0, although €20 10 mn~250 @~ “cm’ ~.7"in tggt substance, anneal-
continuity across the transition is theoretically possible, ex:Ng causes a conductivity decreaseput the question

erimental evidence appears to indicate that the transition iwhether or not annealing also causes a decrease,qfis
P . . PP il open. However, due to the differences between the phase
in fact, discontinuous.

. - . . diagrams of the systems Si-Ni and Si-Cr, see Sec. |, the
_Finally, the question remains whether or not this resulito|;5ying hypothesis is suggested: If, instead of the Ni-Ni
might be an artifact arising from any sample inhomogeneyjisiance, the distance between metallic Mi@iains were the
ities. We utilized all available experimental possibilities t0 g|evant length foer,,, the relatively small value af ., in
control and to minimize macroscopic inhomogeneities. Nevy_g; __ Ni, might result from the formation of NiSicrystal-
ertheless, surely some small composition gradients remaifine regions with a diameter of the order of 1 to 2 nm, see
Calculating thel =0 conductance of samples with constant Refs. 51,60. Corresponding structural studies would be inter-
gradients perpendicular and parallel to the current directionesting.
respectively, assuming E@l) to be valid, one obtains the
following results: In the former case, the transition is VII. CONCLUSIONS
“smeared out,” but in the latter case, provided the exponent
v in Eq. (1) satisfies B<v<1, a sharp transition would re-

sult. However, according to the preparation technologie onductivity,w(T,x)=d Ino/d InT, for a-Si _,Ni, qualita-

used, the inhomogeneities should be considerably smallgfe|y differs from the predictions of commonly accepted
parallel to the current direction than perpendicular to it. Thustheory. According to this theoryr(0x) is continuous, and,
the influence of a parallet gradient is probably overcom- o the metallic side of the MITg(T,x)=a(x)+b(x)T",
pensated by the perpendicular inhomogeneities. Moreove{yherep should equal 1/2 or 1/3. Thus(T,x.) = p, and, for
the hypothesis that the discontinuous transition 60 w<p, only positive av/dT is expected. However, we ob-
might be only an artifact originating from a parallel gradient, seryved characteristic minima o#(T,x=const), where not
is ruled out by the behavior af(T,x=const) for the region only T, but alsow,,,, seem to tend to 0 as— x. from the
wherea(x) <b(x) TP. The logarithmic derivative would have insulating side. BelowT,,,,, w was observed to increase
to exhibit a plateaw(T,x.)~p here according to the gradi- monotonically with decreasind. The detailed analysis of
ent hypothesis, but we did not find one. this feature favors the discontinuous character of the MIT at
T=0, in the sense of Mott’s original prediction of a finite
minimum metallic conductivity.

The question arises why a minimum metallic conductivity

In summary, it is very likely thatr(0x) exhibits a dis- was found in a-Si_Ni,, and previously in a-$i ,Cr, ,2°%
continuity in a-Sj_Ni,, corresponding to Mott’s idea of a but not in many of the other substances, e.g., crystalline Si:P,
minimum metallic conductivity o> but o(T=const investigated so far. Of course, at the present stage, one can-
>0x) should be continuous for arbitrary finile However, not exclude the possibility of a-Si,Ni, and Si:P belonging
we cannot exclude the possibility that(T,x.) changes its to different universality classes. Simultaneously, however,
behavior, in particular that it saturates at some finite value, athe question arises as to whether an analysis us{gx) of
temperatures lower than those experimentally accessible forevious experiments might reveal similar contradictions be-
us. This would correspond to tlieexponent in Eq(2) be-  tween standard description and experimental data as we
coming much smaller than expected theoretically. Thus dound here. But, for the lack of sufficiently detailed informa-
conclusion with complete certainty is impossible. tion on these investigations, this question has to be post-

Our experimental data only allow us to determine boundsoned to future studies. Such analyses should be highly in-
for omm. From the sample sets A and B we getteresting since samples with<<1/3 and negativew/dT at
20 O tem i <o<65 Q7 tem ™t and 25Q 7 'cm™'  the lowestT were also found in experiments on crystalline

The main result of our study is the following: tflede-
endence of the logarithmic temperature derivative of the

E. Minimum metallic conductivity
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Si:As (Ref. 76 and Si(P,B),* on amorphous $i,Cr, (Ref. get an adequate result. Therefore, measurements of other
77 and Sj_,Mn,,”® as well as on granular Al-G& But  quantities have to be consulted. XPS, UPS, and XES
there is also one case in the literature, where, for such gtudies;’>>*as well as optical measuremetits* have shown
samplew first increases and then clearly decreaseBwan-  how the gap in the density of states shrinks and finally closes
ishes: the a-Cr-SiQsample 7 in Ref. 79see Fig. 2 of that With increasing Ni content, and how the Fermi energy is
work). Moreover, to the best of our knowledge, none of theshifted in this process. However, for reasons of resolution,
experiments, which are interpreted as proof of the continuitypuch experiments do not yield information on the important
of the MIT at T=0, excludes that the “metallic’ samples immediate vicinity of the MIT since the characteristic energy
very close to the MIT could be insulating with a character-(temperaturg of the hopping conduction vanishes &sip-

istic hopping temperature smaller than the lowest experimerProaches<. from below.

tally accessibl€T, see, e.g., Refs. 18,19. A helpful hint comes from lowF hopping conduction

Additionally to the result concerning the character of thedeep in the insulating regiéh**—there, it has a far stronger
MIT, we consider the following points as important conclu- influence onw than the high-temperature mechanism which
sions. (i) Although both the sample sets A and B, preparedsurvives the MIT. Since the value of the hopping exporgent
with different technologies, differ significantly concerning in the approximatioror=exp{—(T/T)T} is close to 1/2, and
o(T,x), their critical Ni concentrations are close: 159  thus considerably exceeds Mott's result 1/4 for noninteract-
and 173 at. %, respectively, related to our RBS scale.ing electron$? electron-electron interaction probably is
(i) A high-T mechanism, which “survives” the transition, important—the question whether or not this value can be
masks the specific localization features to a large extent iffiterpreted in terms of hopping in the Coulomb gap is still
both sample sets. It remains relevant down to temperaturéghder controversial debate, see, e.g., Refs. 81-83. Thus, it
of several hundred mK. Thus determining theoretical paramseems likely that the MIT arises from interwoven localiza-
eters by fitting conductivity formulas which account only for tion and electron-electron interaction processes, see the
one mechanism is not justified for a;SiNi, within the con- ~ speculations in Ref. 8. A theoretical approach in this direc-
sidered T,x) region. (iii) For a-Si_,Ni, also, it is possible tion was very recently published by Chitra and Kotfr.
to prepare metallic samples with the conductivity increasing hese authors incorporate theng-rangeCoulomb interac-
with decreasing’. However, the influence of the mechanism tion into dynamical mean-field theory, and obtain the result
from which this feature originates is weak, and it is directly that the MIT should be discontinuous in two- and three-
visible only for certain preparation conditions. dimensional systems. However, if this hypOthESiS is true, we

We would also like to stress a technological consequencould be left with a new puzzle: Why does Mott's estimate
of our STM investigations: When evaporating from two cru-Of the minimum metallic conductivity, the derivatiGnof
cibles, the surface roughness of the films is large enough tehich neglects electron-electron interaction, still yield a rea-
lead to substantial concentration fluctuations on a mesosonable value fotryy, in a-Sh_Ni,?
scopic length scale, caused by fluctuating incidence angles.
To what extent these fluctuations are washed out by diffusion
is an open question.

Finally, we turn to the question of what can be learned This work was supported by the German-Israeli Founda-
concerning the nature of the MIT in a;SiNi, from the tion for Scientific Research and Development. We are in-
phenomenological results obtained above. Our findings ardebted to many colleagues for helpful discussions, in particu-
in disagreement with conclusions drawn from the treatmenlar to B. Altshuler, W. Brakner, G. Diener, A. Finkel'stein,
of the MIT in terms of one-parameter scaling theonf  P. Haussler, B. Kramer, C. Lauinger, Z. Ovadyahu, G. Reiss,
Anderson localization of noninteracting electrons. But, onand U. Raesler. We are much obliged to A. Isobe, M. Ya-
their own, they cannot explain why this description fails. Formada, and K. Tanaka for sending us the{iT) data of sput-
example, they do not tell us whether it is because electrorntered films. Special thanks go to S. Geoghegan for the sup-
electron interaction had to be taken into account, nor whethguort in presenting three-dimensional STM data by means of
two (or even morg scaling parameters would be needed tOMATHEMATICA .
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