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We have determined the localization lengtand the impurity dielectric susceptibilityin, as a function of
Ga acceptor concentratiorisl) in nominally uncompensate@’Ge:Ga just below the critical concentration
(Ng) for the metal-insulator transition. Boté and xim, diverge atN. according to the functiongo (1
—N/Ng) 7 and Ximpoc(NC/N—l)’l, respectively, withv=1.2+0.3 and{=2.3£0.6 for 0.9N.<N<N..
Outside of this regionN<0.9N.), the values of the exponents drop #te-0.33+0.03 and{=0.62+0.05.
The effect of the small amount of compensating dopants that are present in our hominally uncompensated
samples, may be responsible for the change of the critical exponeNts @O, .

The metal-insulator transitiofMIT) in doped semicon- cance of their result is the experimental verification of the
ductors is a unique quantum phase transition in the sense thaglation 2v~¢ that had been predicted by scaling
both disorder and electron-electron interaction play a keyheories:>**However, the critical exponents of compensated
role! Important information about the MIT is provided by samples are known to be different from those of nominally
the values of the critical exponents for the zero-temperaturédncompensated samples. Therefore, the present work which
conductivity, correlation length, localization length, and im- Probes¢ and xim, in nominally uncompensated samples is
purity dielectric susceptibility. From a theoretical point of relevant for the fundamental understanding of the MIT. The
view, the correlation length in the metallic phase and thePrevious effort to measurgiy, has also contributetf:**

localization length in the insulating phase diverge at the criti-H€SS €t _al.3f0L_md ¢=1.15-0.15 in nominally uncompen-
cal point with the same exponent i.e., they are propor- sated Si:P? Since x~0.5 was determined for the same se-

tional to [N/N.— 1| " in the critical regime of the MIT. i ries of Si:P samples, 2~ ¢ was again valid. Katsumoto has

is the dopant concentration ait is the critical concentra- found gwianduilslzo_{_ﬁomper:rs]ated &Gai,ﬁ?s:Sl, "Ie"_
tion for the MIT.) Since direct experimental determination of again, u~{ applies. us, In these cases the conclusion

v is extremely difficult, researchers have usually determinedzv~§ was reached indirecthfyy assuming:=u. The V\{ork
instead ofy, the value ofu defined byo(0)o(N/N—1)# rep%rted he;}re, on thel otherr:mnd, deter_mmeﬁ_rectl;(/j, €
whereo(0) is the conductivity extrapolated ©=0.22 It is we do not have to rély on the assumptiar-v in order to

. g . study the behavior of nearN,.
also possible to evaxluate from f|n|t$-temperaturg scahlng of All of the 7°Ge:Ga samples used in this study were pre-
the forma(N, T) = T*f(|N/N.— 1|/T”) wherex/y is equiva-  hareq by NTD of isotopically enriche®Ge single crystals.

4-6 . .

lent to .”"* Values ofv aren%hen obtained assuming=x e yse the NTD process since it is known to produce the
for three-dimensional systems. _ _ . most homogeneous dopant distributforDetails of the

In this work we have determined directly the localization g mpje preparation and characterization are described
length £ and the impurity dielectric susceptibilityin, In g|sewheré.In this study, we determined the low-temperature
neutroYré—trgnsmgtatlon—dope(dNTD), nominally uncompen- g 05_0.5 K) resistivity of nine samples in weak magnetic
sated "Ge:Ga just E%"OV‘NC- The application of NTD 10 fie|ds (<0.4 T) applied in the direction perpendicular to the
isotopically enriched™Ge leads to unsurpassed doping ho-¢rent flow.
mogeneity and precisely controlled doping concentration. AS  Thg glectrical conduction of doped semiconductors on the
a result, we have been able to approach the transition as Cloﬁ%ulating side of the MIT is often dominated by VRH at low

as 0.999, f(regm the insulating side and 1.0084 from the  temperatures. The temperature dependence of the resistivity
metallic side’ In zero magnetic field, the low-temperature p(T) for VRH is written in the form of

resistivity of the samples is described by variable-range hop-

ping (VRH) conduction within the Coulomb giﬁMggnetic p(T)=po(T)exd (To/T)P], (1)

field and temperature dependence of the resistivity are sub-

sequently measured in order to determine direéndx;,,  where p=1/2 for the excitation within a parabolic-shaped

in the context of the VRH theor¥. energy gap(the Coulomb gap® and p=1/4 for a constant
This kind of determination o and y;n, was performed density of states around the Fermi leVlin our earlier

for compensated Ge:As by lonat al” They foundgec(1  work® we reported thatp=1/2 for N<0.99IN, (N,

—N/Ng) ~* and ximp (No/N—1) ¢ with »=0.60+0.04 and  =1.860x 10" cm°) and thatp decreases rapidly ds ap-

{=1.38+0.07, respectively, foN<0.96N.. The signifi-  proached\. from 0.99IN. and becomes even smaller than
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, , , , FIG. 2. T, determined by (T) =T~ ¥ exd(T,/T)?] as a func-
/ tion of the dimensionless concentratior- N/N. .

(b) transition. Such behavior is confirmed experimentally in the
s~ 10} ,/ present systerhj.e., the conductivity of samples very close
¢ g to N, shows aT'® dependence &~0.5 K, irrespective of

= / the phase(metal or insulator to which they belong afl
o ” =0. Based on this consideration we fix=1/3. Figure 1
= | shows pT" with r= or four samples .=0.993,
S h T with r=1/3 for f les N/N.=0.993
© 0.994, 0.996, and 0.99&s a function of(@ T2 and (b)
T~ I T~ Y4 All the data points lie on straight lines wigh=1/2 in
a Fig. 1(a) while they curve upward witlp=1/4 in Fig. 1b).
This dependence is maintained even when we change the
0.1 1'0- . -1'5' — '2'0' — '2'5' : values ofr between 1/2 and 1/4. Thus we conclude that the

resistivity of all samples foN up to 0.998\.. is described by
the VRH theory where the excitation occurs within the Cou-
lomb gap, i.e., Eq(1) with p=1/2.

Based on these findings, we evaludigin Eq. (1) with
p=1/2 andr =1/3, and show it as a function of-AN/N., in
Fig. 2. The vertical and horizontal error bars have been esti-
mated based on the values B§ obtained withr =1/2 and

_ 7 —3
1/4 when we neglect the temperature variationpgfT). ' — /4, and the7valu§s3 of 1N/(1.858< 10" em _% and 1
—N/(1.861x 10'7 cm %), where 1.85& 10" cm™ 3 is the

However, the variation contributes greatly to the temperatun?1ighest concentration in the insulating phase and 1.861

dependence gf(T) nearN. because the factdry/T in the 07 o 2 is the | i th llic oh
exponential terms become very small, i.e., the temperatur& 10 €M ~ is the lowest in the metallic phase, respec-

dependencies gfo(T) and that of the exponential term be- tUVely. According to theory, T in Eq. (1) is given by
come comparable. Theoreticallyg(T) is expected to vary
aspo>T " but the value of including the sign has not been

derived yet for VRH with bothp=1/2 (Ref. 16 and p  in S| units, wheree(N) is the dielectric constant. Here, we

=1/4 (Ref. 17). should note that the conditioh< T, is needed for the theory
Recently, we have shown that the temperature depenp pe valid, i.e.,T, has to be evaluated only from the data

dence of the conductivity of the same series ‘86e:Ga  gptained at temperatures low enough to satisfy the condition.

samples g/vit_hiniO.B% Ofl/'3\|c is proportional toT*? at  This requirement is fulfilled in Fig. 2 for all the samples
0.02-1 K? Since both thé ™ dependence of the conductiv- except for the one witthN=0.998\.. Concerning this latter

ity and the Efros-Shklovskii VRH are results of the electron-samme, we will include it for the determination &&nd xim,

electron interaction in disordered systems, they can be eXfig. 5) but not for the calculation of the critical exponents.
pressed, in principle, in a unified form. Moreover, the  Qur next step is to separaf®, into e and £. For &\

barely insulating samples should be essentially the same at

high temperatures so long as the inelastic scattering length
and the thermal diffusion length are smaller than, or at most
comparable to the correlation length or the localizationwhere \=#/eB is the magnetic length in SI unitsAc-
length. So, the temperature dependence of conductivity atording to Eq.(3), the magnetic-field variation of lmat T
high temperatures should be the same on both sides of theconst. is proportional toB?, i.e., Inp(B,T)=Inp(0,T)

T —1/4 (K—1/4)

FIG. 1. Resistivity multiplied byr*® vs (a) T"*? and(b) T~ ¥4
for %Ge:Ga. From top to bottom in units of ¥0cm™3, the Ga
concentrations are 1.848, 1.850, 1.853, and 1.856.

kgTo~2.82%/4meqe(N)E(N) )

In[ p(B,T)/p(0,T)]~0.0015 &/\)%, 3)
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FIG. 3. Logarithm of resistivity v at constant temperatures 10k N NN
for the sample havingl=1.840< 10" c¢cm™3. From top to bottom 0.001 0.01 0.1
the temperatures are 0.095 K, 0.135 K, and 0.215 K, respectively. _ _
The solid lines represent the best fits. 1 N/NC or NC/N 1

+C(T)B?, and the slopeS(T) is proportional toT % In

FIG. 5. Localization lengttt vs 1—
the dielectric susceptibilityy;y, arising from the impurities vs

N/N. (lower data setand

order to demonstrate that these relations hold for OURy_/N—1 (upper data s¢tThe inset shows the coefficientdefined

samples, we show for the=0.98N. sample Irp(B,T) vs

by Eq. (4) as a function ofT,.

B2 in Fig. 3 andC(T) determined by least-square fitting of

dIn plgB? vs T~%2in Fig. 4. Since Eq(3) is equivalent to

y=C(T)/T~32~0.0015e/%)2&*T3?,

¢ is given by

In this way we have determinegl for nine samples. The
inset of Fig. 5 showsy as a function ofT,. The value ofy

is almost independent df,, and if one assume;soch, one
obtains a small value of=0.094+0.005 from least-square
fitting. Figure 5 showst and xy,= €— €, determined from
Egs.(2) and(5). Here, e, is the dielectric constant of the host
Ge, and henceyjy,, is the dielectric susceptibility of the Ga
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acceptors. We should note that

bathand xim, are suffi-

ciently larger than the Bohr radiu8 nm for Ge and ¢,

(4) =15.4 (Ref. 12, respectively. According to the theories of
the MIT, both ¢ and yi,, diverge atN. as &(N)«(1
—N/Ng) ™" and ximp(N)=(N./N—1)"¢, respectively. We

(5)  find, however, both{ and iy, do not show such simple

dependencies ol in the range shown in Fig. 5, and that

there is a sharp change of

both dependenciesNat

~0.9N.. On both sides of the change in slope, the concen-
tration dependence a@f and xim, are expressed well by the
scaling formula as shown in Fig. 5. Theoretically, the quan-
tities should show the critical behavior whahis very close

to N.. Sov=1.2+0.3 and{=2.3+0.6 may be concluded
from the data in 0.99N/N.. However, the other region

(0.9<N/N.<0.99), where we obtaim=0.33+0.03 and{

perimental sense.

=0.62=0.05, is also very close tN, in a conventional ex-

1 As a possible origin for the change in slope, we refer to
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T -3/2 (K —3/2)

FIG. 4. Sloped Inp/dB? vs T~%? for the sample having\
=1.840< 10"” cm 3. The solid line represents the best fit.
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the effect of compensation. Although our samples are nomi-
nally uncompensated, doping compensation of less than
0.1% may present due to residual isotopes that become
n-type impurities after NTD. In addition to the doping com-
pensation, the effect known as “self compensation” may
play an important role neaX..*® It is empirically known
that the doping compensation affects the value of the critical
exponents. Rentzsdat al. studied VRH conduction af-type

Ge in the concentration range of &R&/N.<0.91, and
showed thafly vanishes a3 yoc(1—N/N¢)* with a~3 for
K=38% and 54%, wher& is the compensation ratfd.
Sincea~v+{ [Eq. (2)], we find for our "°Ge:Ga samples
a=3.5+0.8 for 0.99<N/N.<1 anda=0.95+0.08 for 0.9
<N/N<0.99. Interestingly,a=3.5+0.8 agrees witha

~3 found for compensated samples. Moreover, we have re-
cently proposed the possibility that the conductivity critical
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exponentu~1 in the same’%Ge:Ga only within the very near the critical point for the MIT. While the relationv2

vicinity of N, (up to about+0.1% ofN,).% An exponent of ~{ predicted by scaling theoty** holds for 0.9<N/N,
1 =0.50+0.04, on the other hand, holds for a wide region of <1, the critical exponents for localization length and impu-
N up to 1.4\, .2 Again, u~1 nearN, may be viewed as the ity susceptibility change al/N.~0.99. The small amount
effect of compensation. Therefore, it may be possible that thef doping compensation that is unavoidably present in our
region of N aroundN, where v~1 and u~1 changes its Samples may be responsible for such a change in the
width as a function of the doping compensation. In the limiteéxponents.
of zero compensation, the part which is characterized by
~1 andu~1 vanishes, i.e., we propose=0.33+0.03, ¢ We are thankful to T. Ohtsuki, B. I. Shklovskii, and M. P.
=0.62+0.05, andu=0.50+0.04 for truly uncompensated Sarachik for valuable comments, and V. |. Ozhogin for the
systems and that Wegner’s scaling lawief 1 is not satis-  supply of the Ge isotope. Most of the low-temperature mea-
fied. In compensated systems, on the other hand, Wegner&irements were carried out at the Cryogenic Center, the Uni-
law may hold as it does in the very vicinity df.. The  versity of Tokyo. M.W. would like to thank the Japan Soci-
experiment on compensated,8la, ,As:Si that showed ety for the Promotion of SciencéJSP$ for financial
~2 andu~1 (Ref. 19 is also consistent with the law. How- support. The work at Keio was supported by a Grant-in-Aid
ever, our preceding discussion needs to be proven in thior Scientific Research from the Ministry of Education, Sci-
future by experiments in samples with precisely and systemence, Sports, and Culture, Japan. The work at Berkeley was
atically controlled compensation ratios. supported by the Director, Office of Energy Research, Office
In summary, we have determined directly the localizationof Basic Energy Science, Materials Sciences Division of the
length and the dielectric susceptibility arising from the im-U.S. Department of Energy under Contract No. DE-ACO03-
purities in nominally uncompensated NTfGe:Ga samples 76SF00098 and U.S. NSF Grant No. DMR-97 32707.
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