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We report low-temperature carrier transport properties of a series of nominally uncompensated neutron-
transmutation-dope@Ge:Ga samples very close to the critical concentraligrior the metal-insulator tran-
sition. The nine samples closest k. have Ga concentrationd in the range 0.99.<N<1.0IN.. The
electrical conductivityr has been measured in the temperature rding6.02—1 K. On the metallic side of the
transition the standara(T) =a+ bT9 with g=1/2 was observed for all the samples except for the two that are
closest toN, with N betweenN. and 1.0018l.. These samples clearly shog=1/3. An extrapolation
technique has been developed in order to obtain the zero-temperature condud@itfyom o(T) with
different dependence oh. Based on the analysis~0.5 in the familiar form ofo(0)o<(N/N;—1)" has been
found. On the insulating side of the transition, variable range hopping resisti{fty=exp(Ty/T)? with p
=1/2 has been observed for all the samples haWrg0.99IN.. In this regimeTyoc (1—N/Ng)* with «
~1 asN—N,. The values off, agree very well with theoretical estimates based on the modified Efros and
Shklovskii relationkg Ty~ (2.8e%/4meqroéo) (1— N/NL) ¢, wherek, and &, are the dielectric constant and the
Bohr radius, respectively. The insulating samples very close to the transition lQEMN<N.) exhibit quite
a different behavior. In this rangeplincreases rapidly ad changes from 0.9, to N.. The relevance of
our findings to the collapsing of the Coulomb gap is discusg80163-182@08)05339-9

[. INTRODUCTION exponent ofv~0.5 has been obtained with a number of
nominally uncompensated semiconductor$Si:P}314
The doping-induced metal-insulatdMI) transition in  Si:As>*° Ge:As!’ Si:B,'® Ge:Ga(Ref. 19]. This value of
semiconductors has been studied extensively in the past few~0.5 is significantly =~ smaller than »~1-1.3
decade<:2 However, there still remain a number of major predicted?*~2*by the transition purely driven by the disor-
theoretical and experimental challenges. Measurements @fer. It also does not satisfy Chayesal’s inequality’® »
the electrical conductivityr(T) as a function of temperature >2/3 for transitions due to both disorder and electron-
near the Ml transition are fundamental to the understandinglectron interaction. In response to these discrepancies, sev-
of the roles of potential disorder and electron-electron intereral theoretical ideas supportingg~0.5 have been
action. The zero-temperature conductivity0) obtained proposed®?®However, general agreement between the ex-
from an appropriate extrapolation of the temperature deperperimental results and theory has yet to be achieved by any
denta(T) to zero temperature is evaluated as a function obf the model€®?® The interesting observation reported
doping concentratio immediately above the critical con- commonly on uncompensated systems is the relatively wide

centrationN,. for the MI transition; range of N aboveN. (typically up to 1.8, or large) in
which ¢(0) can be fitted very well with Eq(1) with v
a(0)=0o(N/N.— 1), ) ~(0.5. Based on this observation, Fritzs%ﬂﬁproposed a

model composed of one main transition accompanied by two
where o is the prefactor and is the critical exponent. In satellite transitions, one on each sideMyf. Stuppet al*°
several strongly disordered systems, e.g., compensated singjaestioned the large critical region and found a narrow re-
crystalline semiconductor§Ge:Sb? Si:P,B® Ge:Ga,As,  gime N,.<N<1.IN, in which o(0) of uncompensated Si:P
Al Gay -As (Ref. 8] and amorphous alloys! v~1 has  exhibits v~1.3. More recentlyp~1 was claimed also for
been found. These results are in good agreement with thencompensated Ge:As by Shlimekal3! This recent trend
predictiorf for the transition driven by disorder. It was also of » moving from~0.5 to~1—1.3 was ended by our work
found that in compensated AGa, /As the dielectric con- on homogeneously doped, nominally uncompensated Ge:Ga,
stant on the insulating side diverges with the critical expo-in which »~0.5 was established unambiguou¥lyThe ex-
nent ofs~2.3 near the transitiohj.e., s~2v predicted®for ~ ponentsy~1-1.3 claimed for melt-doped Si(Ref. 30 and
the disorder-induced transition holds. Thus there is stron@Ge:As(Ref. 31 should be interpreted with great caution for
evidence that the effect of disorder rather than electronthe reasons we give in the following paragraphs.
electron interaction plays the key role in the MI transition of In the experiment reported here we probe the low-
compensated semiconductors. On the other hand, a critic&émperature electrical properties of nominally uncompen-
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sated Ge:Ga in the region extremely close to the MI transiwhich is stable, i.e., no further acceptors or donors are intro-
tion; 0.9N.<N<1.0IN.. This concentration regime has duced. The post NTD rapid-thermal annealing at 650 °C for
not been fully investigated in our earlier wolkFor the case 10 sec removed most of the irradiation-induced defects from
of melt- (or metallurgically doped samples that have beenthe samples. The short annealing time is important in order
employed in most of the previous studi€s!®3%3the spa- to avoid the redistribution and/or clustering of the uniformly
tial fluctuation ofN due to dopant striations and segregationdispersed’'Ga acceptors. The concentration of the electri-
can easily be on the order of 1% across a typical sample fatally active radiation defects measured with deep level tran-
the four-point resistance measureméangth of ~5mm or  sient spectrometryDLTS) after the annealing is less than
larged.3? For this reason it is not meaningful to discuss0.1% of the Ga concentraticfi,i.e., the compensation ratio
physical properties in this truly critical regiof.g.,|[N/N,  of the samples is less than 0.001The dimension of most
—1/<1%) based on the data taken with melt-dopedsamples used for conductivity measurements was0.®
samples. X 0.7 mn?. Four strips of boron-ion-implanted regions on a
A precise determination dfl in a melt-doped sample is 6x0.9 mnt face of each sample were coated with 200 nm
also difficult due to the spatial fluctuation bif as well as to  Pd and 400 nm Au pads using a sputtering technique. An-
the limited accuracy of the existing method to meashre nealing at 300 °C for one hour activated the implanted boron
near the transition. The determination Nfby Hall effect and removed the stress in the metal films.
may be inaccurate due to the possible divergence of the Hall The Ga concentratioN in our °Ge samples after NTD is
coefficient from unity near the transition. Resistivity mea- given precisely by
surements at two temperatur@s2 K and 300 K (Ref. 15
to find N require an accurate calibration that cannot be es-
tablished easily.
All Ge:Ga samples used in this woflnd in our earlier
study'®) were prepared by neutron-transmutation dopingwheren is the thermal neutron fluenéé.The main goal of
(NTD) of isotopically enriched’°Ge single crystals. Our this study was to fill the gap iN between 1.840 and 1.861
NTD method inherently guarantees the random distributiorx 10" cm™2 that was missing in our earlier wotR,i.e., a
of the dopants down to the atomic leV&3®TheN for each  precise control of of the order of 0.1% is needed. Although
sample is given by the thermal neutron fluence and its relasbtaining such a precision in seems difficult, we success-
tion to N has been accurately establistietbr "%Ge. We  fully used the following approach. When we prepared the
prepared 13 new NTB’Ge:Ga samples with nine of them in insulating samples for our previous studywe doped three 2
the 0.9%N_.<N<1.0IN, region. The sample with thi clos- cm diameter wafers toN=1.733<10' cm3. For the
est toN; hasN=1.000N.. To our knowledge, neither ex- present study 13 pieces were cut from two of Me 1.733
perimental nor numerical studies on the MI transition havex 10! cm™2 wafers. Each of the 13 pieces were then irradi-
ever approached\. as close as this work has. Our study ated a second time to cover the ranbje=1.840—1.861
focuses on the analysis of the temperature dependence 8f10'” cm 2 with a neutron fluence resolution of=2.2
o(T) below 1 K on both sides of the transition; the insulat- X 10'° cm™2? which corresponds tdN=2.5x 10" cm 2 ac-
ing phase N<N;) and the metallic phaseN>N;). We  cording to Eq.(2).
investigate the universality of the(T) in the metallic phase
by introducing a numerical procedure. A quantitative discus-
sion of o(T) in the insulating phase will be given in the
context of the variable range hopping conduction model. The electrical conductivity measurements were carried
out down to temperatures of 20 mK usingre-*He dilution

refrigerator. All the electrical leads were low-pass filtered at

Il. EXPERIMENT the top of the cryostat. The sample was fixed in the mixing
chamber and a ruthenium oxide thermométcientific In-
strument (SI), RO600A, 1.4<1.3x0.5 mnt] was placed

We first describe the preparation of the neutron-close to the sample. To measure the resistance of the ther-
transmutation-doped "°Ge:Ga samples for the low- mometer, we used an ac resistance brigjé-Elekroniikka,
temperature conductivity measurements in the critical regim@&VSs-47). The thermometer was calibrated against
of the MI transition. We use NTD since it is known to pro- 2CeNO5)5-3Mg(NO5),-24H,0 (CMN) susceptibility and
duce the most homogeneous, perfectly random dopant distragainst the resistance of a canned ruthenium oxide thermom-
bution down to the atomic levéf—>®> The Czochralski eter(SI, RO600A2 which was calibrated commercially over
grown, chemically very puré’Ge crystal has isotopic com- a temperature range from 50 mK to 20 K. We employed an
position [%Ge]=96.2 at. % and '“Ge|=3.8 at. %. The as- ac method at 21.0 Hz to measure the resistance of the
grown crystal is free of dislocationg, type with an electri- sample. The power dissipation was kept below 0w,
cally active net-impurity concentration less than 5 which is small enough to avoid overheating of the samples.
x 10 cm 3. The thermal neutron irradiation leading to The output voltage of the sample was detected by a lock-in
NTD was performed at the University of Missouri Researchamplifier (EG&G Princeton Applied Research, 124AAll
Reactor with the thermal to fast neutron ratio f30:1.  the analog instruments as well as the cryostat were placed
Upon capturing a thermal neutrdfGe become$!Ge which  inside a shielded room. The output of the instruments was
decays with a half-life of 11.2 days via electron capture to adetected by digital voltmeters placed outside the shielded
"'Ga acceptor. The small fraction dfGe becomes’Ge room. All the electrical leads into the shielded room were

["'Ga] (cm3)=0.1155<n (cm ?), )

B. Measurements

A. Sample preparation and characterization
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FIG. 1. Electrical conductivity as a function &2 for NTD 00 02 04 06 08 10

/13 173
%Ge:Ga. From bottom to top in units of ¥&cm™3, the concentra- T K™

tions for the samples denoted by solid symbols are 1.853, 1.856
1.858, 1.861, 1.863, 1.912, 2.210, and 2.232, respectively. Ope
symbols are the data taken on the samples used in our previOLi
work (Ref. 19.

' FIG. 2. Conductivity as a function af) T2 and (b) T3, re-
ectively, near the MI transition. From bottom to top in units of
7 em3, the concentrations are 1.853, 1.856, 1.858, 1.861, 1.863,
and 1.912, respectively. The upper and lower dotted lines in each

. figure represent the best fit using the data between 0.05 K and 0.5 K
low-pass filtered. Th(_a output f?f the voltmeters was read by for the first and the third curves from the top, respectively. Each fit
personal computer via GP-IB interface connected through ap shifted downward slightly for easier comparison.

optical fiber.

Here,A is a temperature independent constant Bni$ the
Ill. RESULTS AND DISCUSSION diffusion constant, which is related to the conductivity via

. . . the Einstein relation
A. Electrical transport and the critical conductivity exponent

in the metallic samples o=(onldu)e?D, ()

The temperature dependence of the electrical conductivit
mostly for the metallic samples is shown in Fig. 1. The solid
symbols denote the data taken with the samples prepared
this work and the open ones are the data reevaluated wi . i .
most of the samples described in Ref. 19. Note that severtt apolatingo(T) to T=0 _assummg/? deper_1dence ba_sed on
samples are doped successfully in the immediate vicinity o - (3). Such an analysis was performed in ?éugr earlier work
N¢. Mott’s minimum metallic conductivityr,, for Ge:Ga is smceAa(T)oc VT was found for all the sampl It S.hOUId
estimated to be 7 S/cm wusing the relatioo, be pom_ted out, howev_er, that the above inequaliy(T)
ECM(eZ/h)Ni’?’ with Cy~1/20 as it was used for SiF.14 <‘T(0), s no longer valid a®l approache$\. from the me-
Figure 1 clearly shows that of some of the newly prepared f[a"'c side §|ncea(0) also apprqaches zero. In such cases
metallic samples takes values less thap, even at finite n E_q: (3) is not temperature mdepe.ndent ahd(T) may
temperatures. The critical exponenin Eq. (1) is defined for exh_|b|t a temperature depend(_ence different frgin To ex-
the critical region N/N.—1)<1 through the conductivity at amine th|s_ point for our experimental results, we go b_ack to
zero temperature(0). Experimentally, however, it is impos- Fig. 1. It is seen here_ that thﬁo(T) of the bottom five
sible to reachT=0 and a suitable extrapolation is required. CUrVes are not proportional toT while Ao(T) of the other

The temperature variation of the conductivity is governedigherN samples are well described LW\/f The close-ups
mainly by the electron-electron interaction and can be writ-0f o(T) for the six samples with positivéto/dT in the scale

Where ©n/ou) is the density of states at the Fermi level. In
the limit of A (T) <o (0)=0o(T), D can be considered as a
nstant, i.e.m is constant. Usually-(0) is obtained by ex-

ten as of VT andT¥3 are shown in Figs. (@) and 2b), respectively.
The upper and lower dotted lines represent the best fit using
Ac(T)=a(T)— o(0)=m\T, 3 the data between 0.05 K and 0.5 K for the samples With
(M=0(T)=a(0)=mT ® =1.912x10" cm™® and N=1.861x10 cm 3, respec-
where tively. Each fit is shifted downward slightly for easier com-

parison. From this comparison it is clear thaT #° depen-
m=A/\D. (4) dence holds for samples in the very vicinity of the M
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transition. The opposite is true for the curve at the top. This ' ' '
means that the/T dependence in Eq3) is replaced by a
T3 dependence as the MI transition is approached.

A T3 dependence close to the MI transition was pre-
dicted originally by Al'tshuler and Arono¥ They consid-
ered an interacting electron system with paramagnetic impu-
rities, for which they obtained a single parameter scaling
equation. At finite temperatures, they assumed a scaling form
for conductivity according to the scaling hypothesis;

o (S/cm)

e2
U=h—§f(§/LT),

O 1 1 1
©) 0.0 0.2 0.4 0.6 0.8

172 172,
)

where ¢ is the correlation length antdr=\AD/kgT is the (T/o)” (K* Q" cm
thermal diffusion length. WhenL{>¢, f(&/Ly)=A
+B(¢&/Ly), which is equivalent to Eq(3). In the critical

region, wherd_t<¢—o0, Eq.(6) should be reduced to

FIG. 3. Conductivityo as a function of /) *2 From bottom
to top in units of 16” cm™3, the concentrations are 1.858, 1.861,
1.863, and 1.912, respectively. The solid lines denote the extrapo-

e2 lation for finding o(0).
G:CE' (7)
! the conventional method based on theT extrapolation. A

Combining this equation and Eq5), they obtaineds different method for the determination of0) was proposed
«T'% More recently, theT"® dependence has been pre- recently by Shlimalet al3! but it requiress(T)=a+bT3
dicted based solely on the effect of disofleand on the  for all samples with exactly the sanbe Such a strict condi-
quantum interferenc&. tion is not met in Ge:Ga and in many other systems as we

Although the origin for thér* dependence in the present will show later in Fig. 5.

system neaN_. is unknown at this point, it is important that ~ Based on our new analysis, the M transition was found to

we find a method that allows the determinationo¢®) even
when the temperature dependencer6T) changes from/T

occur between the first and second samples from the bottom
in Fig. 3. HereN, is fixed already within an accuracy of

to T® as N approaches\.. For this purpose we follow 0.16% corresponding to the fractional differenceNnbe-

Al'tshuler and Aronov's manipulatiofi of eliminating m
andD in Egs.(3)—(5) and obtain

o(T)=0c(0)+m'\T/o(T), €S))

where m’=Aey(dn/du), which is temperature indepen-

dent. In the limit of Ac(T)<o(0)=0o(T), this equation
gives the same value af(0) as Eq.(3) does. Whenus(0)

tween the first and second samples from the bottom, i.e.,
unlike the case for Si:¥*3#4the determination of the criti-
cal conductivity exponent wilhot be affected by the ambi-
guity in the value ofN.. Figure 4 shows the{(0) as a func-
tion of N/N.— 1 with an excellent fit by Eq.1) (dotted ling

with »=0.50+0.04 andN.=1.860x 10'" cm™* all the way
down to (N/N.—1)=4x10*. The clear demonstration of
the samer~0.50 in our previous worR was criticized by

<o(T), it yields a T® dependence for(T). Thus it is
applicable to both/T and T2 dependent conductivity. From
today’s theoretical understanding of the problem, Egs.
and (8) are valid only forL;> ¢, and their applicability to
the critical region is not clear, because the higher-order termgv
of the B functiorf which were once erroneously believed to
be zero do not vanist?*°Nevertheless, we expect E®) to

be a good expression for describing the temperature depen-
dence of all metallic samples because it expresses both the
JT and theT® dependences as limiting forms. Then, based
on Eq.(8) we ploto(T) vs T/ (T) for the four close td\,
samples in Fig. 3. As we see, the data points align on straight
lines very well, which supports the adequacy of E&). The
zero-temperature conductivity(0) is obtained by extrapolat-

ing to T=0. The curve on the top of Fig. 3 is for the sample
with the lowestN among the ones showingT dependence

at low temperatures, i.e., this sample has the largest value of
Ao(T)/o(0) among+T samples. The value o#(0) ob-
tained for this particular sample using E8) differs only by
0.6% from the value determined by the conventional ex-
trapolation assuming Ed3). This small difference is com-

10F @ .
g f ®©
ke
25 .
S o
o 1f 4
10 10% 10% 10" 10°
N/Ng - 1

Shlimak et al*® for our doping level's not being close
enough toN.. The present work shows that the critical ex-
ponent is indeed= 0.5 for nominally uncompensated Ge:Ga.
e note thatv=0.46+0.18<0.5 is obtained even when fit-

FIG. 4. Zero-temperature conductivity0) vs the dimension-
less distanc&l/N.—1 from the critical point on a double logarith-

parable to the error arising from the choice of the temperamic scale. The dotted line represents the best power-law fit by
ture range in which the fitting is performed. Therefore thes(0)oc(N/N.—1)” where v=0.50+0.04. The open symbols are
new extrapolation method proposed here is compatible witlrom our previous workRef. 19.



PRB 58 ELECTRICAL PROPERTIES OF ISOTOPICALY.. . . 9855

10 (A ' T T T (K)
! A ; 1 02 005 002
%; Sr _ 10°F 4
= i Iﬂo A ] 10°F 4
o O[T & o ] —_ 4
~ [ ] 10° ¢ 3
-t «O ol E
L ] 3[ ]
5r A o o > 0 Z
; A ] S 10k 7
* @ 1 //”"
0.01 0.1 1 o 10°F - E
N/N-1 10°F 1
10-1, 1 1 1y 2l 1 1 1 l_
FIG. 5. Coefficientm defined in Eq(3) as a function ofN/N 01 2 3 4 5 6 7 8
—1; Ge:Ga of this work®), Ge:Ga of the previous worRef. 19 T (K

(O), Si:B (Ref. 47 (A), and Si:P(Ref. 48 (O).

ting only the results obtained with the four samples closest to FIG. 6. The logarithm of the resistivity as a functionTof 2 for

the transition. As was mentioned in the Introduction, Bg. insulating samples. The triangles denote the data from Ref. 19 with
with v~0.5 holds for many nominally uncompensated crys-the fit by Eq.(9) (solid line). The samples of the present study are
talline semiconductors for a relatively wide rangehbfibove  represented by circles and the concentrations from top to bottom in
N.. The o(0) of Ge:Ga shown in Fig. 4 can be fitted very units of 137 cm™3 are 1.840, 1.842, 1.843, 1.848, 1.850, 1.853,
well with a single exponeni~0.50 over three orders of 1.856, and 1.858, respectively.

magnitude inN/N.—1. In fact it was shown in Ref. 19 that ) ) )
»~0.5 holds up taN=1.4N,. shown for insulating samples that a parabolic shaped energy

In order to compare the low-temperature transport prop92pP(known as the Coulomb gagxists in the single-particle
erties of Ge:Ga with other systems, we evaluate the concerﬁj-ensfg’ of states in the immediate vicinity of the Fermi
tration N* where the sign ofle/dT changesN* of our p Ie_ve!. The yanable range hoppl_ng _reS|st|V|fyfor the ex-
type Ge:Ga lies between 1K4 and 1.08l., while larger ~ Citation within the Coulomb gap is given
values of 1..<N* <1.3N. have been reported for-type = peexd (T-/T)P 9
germanium; Ge:SkRef. 46 and Ge:As’! The magnitude of P=poexi(To/ )", ©
Ac(T) in Ge:Ga is considerably smaller than that of Ge:Sbwherep, is a prefactorp=1/2, and
(Ref. 46 for samples with approximately the sarh&N, »
—1. A number of properties related to the band structure, ke To~ 1 2.8 _
e.g., the valley degeneracy, strength of the spin-orbit inter- 8 4meg k(N)E(N)

action, the degree of the intervalley scattering, etc., can.\y and ¢(N) are the dielectric constant and localization
change the low-temperature transport properties of dOpeéngth, respectively. Moreover(N) = ro(1—N/N.) ~° and

semiconductors. The difference in the behaviorodf) at _ N ‘7 .
finite temperature betwegm andn-type Ge may be under- fa(tm)g sgig(elso'\:gicr)o beim ea:spproacheftxlc from the insu

stood in such contexts. Concerning the critical behavior o
o(0) at the MI transition, it is usually thought to depend on 2.8p2
the universality class to which the system belongs, and can kgTo~

vary depending on the strength of the spin-orbit scattering or
of the spin scattering. From the experiments so far done,
including the present one on doped semiconductors except : i : :
n-type Ge, we conclude, however, that the critical exponent 8
v~0.5 applies, irrespective of the systems as long as the 4
compensation is not important. Regardindype Ge,v~1
was reported in Ge:AgRef. 3] and Ge:SHRef. 3] andv :
~0.9 in Ge:SH® In order to verify whether this is truly the
case, an investigation oftype NTD "“Ge:As is important. It AP P
is also interesting to point out thd* of Ge:Ga is very
similar to N* found in bothp- and n-type Si. TheN* for 2Oy o 5O 03 """ r
Si:B (Ref. 47 is about 1.08l, and for Si:P(Refs. 30 and 48 i E
lies between 1.08; and 1.2.. The coefficienm in Eq. (3)
is compared in Fig. 5 for Ge:Ga, Si:P, and Si:B systems.

(10

Trmegroto (1=N/Ng)“, (11

1/p

0 1 1 1 1
17.0 17.5 18.0 18.5

N (10" cm™®)
B. Variable range hopping conduction in insulating samples

The temperature dependence of the resistivity of insulat- FIG. 7. The inverse of the exponeptdefined by Eq.9) vs
ing samples is shown in Fig. 6. Shklovskii and Efros haveconcentration. The open circles are from Ref. 19.
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' T by the dotted line in Fig. @), agrees very well with the
(a) o .'-‘O experimentally determined, supporting the quantitative
,.-o validity of the theoretical expression fdr,.
€ 10l 0 In some of the earlier studies, the constant 2.8 in(EQ)
-0 had to be adjusted to much smaller values in order to obtain
Q..-O"’ an agreement with experimentally foufig.>>>*In Fig. 8(b),
af po is shown as a function of 2N/N;. The prefactorpg
shows no critical behavior and it approaches néaa value
very close to the inverse of Mott's minimum metallic con-
1 (b) 5 ductivity denoted by the dotted line. Finally we turn our
attention top of the samples having 0.9BIL<<N<N_. in Fig.
..... D — 7. In this regime lying very close tbl;, 1/p increases rap-

01 00 06 ~o Cop © idly as N approached\. due to the collapsing of the Cou-

% lomb gap. However, }/ does not approach a constant value
of 4 expected for the Mott variable range hopping conduc-
tion. In our analysis the temperature dependence of the pref-
o actor pg, which can be significant neax., is neglected.

0.01 0.1 Therefore further analysis taking into account the appropriate
1-NNg dependencies gf, on T is important. Unfortunately we can-
not perform such an analysis with the accuracy needed at this
point since the theoretical models proposed so fapgiulo
not agree with one anoth&t.

30

p, (Qcm)

0.01F 4

FIG. 8. On a double logarithmic scal&, andp, are plotted as
functions of 1-N/N. in (a) and (b), respectively. The open sym-
bols are after Ref. 19. The dotted line(® is a calculated y using
Eq. (11) with @=1. The dotted line inb) represents the inverse of IV. CONCLUSION
the Mott minimum metallic conductivity.

We have measured the electrical conductivity of nomi-
_ . . . . . nally uncompensated neutron-transmutation-doped isotopi-
where a=s+{ is to b.e determined experimentally in this cally enriched’%Ge:Ga samples. Approaching the transition
study. Because the width of the Coulomb ghgs depends g, the metallic side, we find that the temperature depen-

also onN via k(N) asAce[«(N)]~ %7 it collapses rapidly  gence of the formr(T)=a+bT9 with q=1/2 is replaced by
asN approaches tdl. from the insulating side. Whefcg g=1/3. We introduce a method for finding(0) which is
becomes sufficiently small nebi, the excitation energy for  consistent with the conventionglT extrapolation. The criti-
hopping given by the thermal energy can become larger thagy| conductivity exponent~0.5 for p-type germanium has
Acg-*In this case the density of states may be considered tgeen fully confirmed. On the insulating side of the MI tran-
be constant around the Fermi level and the Mott variablesition, the standard relation for the variable range hopping
range hopping withp=1/4 in Eq.(9) is expected to be ob- resistivity p(T)=exp(To/T)? with p=1/2 is observed foN
served. Such a crossover frop=1/2 to p=1/4 asN ap-  <0.99IN.. Shklovskii and Efros’s expression fa, agrees
proachesN, was observed in Si:P.It is of great interest to  quantitatively with our experimentally fouri,.

see if such a crossover exists in our homogeneously doped
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