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Localization length and impurity dielectric susceptibility in the critical regime
of the metal-insulator transition in homogeneously dopedp-type Ge
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We have determined the localization lengthj and the impurity dielectric susceptibilityx imp as a function of
Ga acceptor concentrations~N! in nominally uncompensated70Ge:Ga just below the critical concentration
(Nc) for the metal-insulator transition. Bothj and x imp diverge atNc according to the functionsj}(1
2N/Nc)

2n and x imp}(Nc /N21)2z, respectively, withn51.260.3 andz52.360.6 for 0.99Nc,N,Nc .
Outside of this region (N,0.99Nc), the values of the exponents drop ton50.3360.03 andz50.6260.05.
The effect of the small amount of compensating dopants that are present in our nominally uncompensated
samples, may be responsible for the change of the critical exponents atN'0.99Nc .
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The metal-insulator transition~MIT ! in doped semicon-
ductors is a unique quantum phase transition in the sense
both disorder and electron-electron interaction play a
role.1 Important information about the MIT is provided b
the values of the critical exponents for the zero-tempera
conductivity, correlation length, localization length, and im
purity dielectric susceptibility. From a theoretical point
view, the correlation length in the metallic phase and
localization length in the insulating phase diverge at the c
cal point with the same exponentn, i.e., they are propor-
tional to uN/Nc21u2n in the critical regime of the MIT. (N
is the dopant concentration andNc is the critical concentra-
tion for the MIT.! Since direct experimental determination
n is extremely difficult, researchers have usually determin
instead ofn, the value ofm defined bys(0)}(N/Nc21)m

wheres(0) is the conductivity extrapolated toT50.2,3 It is
also possible to evaluatem from finite-temperature scaling o
the forms(N,T)}Txf (uN/Nc21u/Ty) wherex/y is equiva-
lent to m.4–6 Values ofn are then obtained assumingn5m
for three-dimensional systems.7

In this work we have determined directly the localizati
length j and the impurity dielectric susceptibilityx imp in
neutron-transmutation-doped~NTD!, nominally uncompen-
sated 70Ge:Ga just belowNc . The application of NTD to
isotopically enriched70Ge leads to unsurpassed doping h
mogeneity and precisely controlled doping concentration.
a result, we have been able to approach the transition as c
as 0.999Nc from the insulating side and 1.0004Nc from the
metallic side.3 In zero magnetic field, the low-temperatu
resistivity of the samples is described by variable-range h
ping ~VRH! conduction within the Coulomb gap.8 Magnetic
field and temperature dependence of the resistivity are
sequently measured in order to determine directlyj andx imp
in the context of the VRH theory.8

This kind of determination ofj andx imp was performed
for compensated Ge:As by Ionovet al.9 They foundj}(1
2N/Nc)

2n andx imp}(Nc /N21)2z with n50.6060.04 and
z51.3860.07, respectively, forN,0.96Nc . The signifi-
PRB 620163-1829/2000/62~4!/2255~4!/$15.00
hat
y

re

e
i-

d,

-
s
se

p-

b-

cance of their result is the experimental verification of t
relation 2n'z that had been predicted by scalin
theories.10,11However, the critical exponents of compensat
samples are known to be different from those of nomina
uncompensated samples. Therefore, the present work w
probesj and x imp in nominally uncompensated samples
relevant for the fundamental understanding of the MIT. T
previous effort to measurex imp has also contributed.12–14

Hess et al. found z51.1560.15 in nominally uncompen-
sated Si:P.13 Sincem'0.5 was determined for the same s
ries of Si:P samples, 2m'z was again valid. Katsumoto ha
found z'2 andm'1 for compensated AlxGa12xAs:Si, i.e.,
again, 2m'z applies.14 Thus, in these cases the conclusi
2n'z was reached indirectly,by assumingm5n. The work
reported here, on the other hand, determinesn directly, i.e.,
we do not have to rely on the assumptionm5n in order to
study the behavior ofj nearNc .

All of the 70Ge:Ga samples used in this study were p
pared by NTD of isotopically enriched70Ge single crystals.
We use the NTD process since it is known to produce
most homogeneous dopant distribution.2 Details of the
sample preparation and characterization are descr
elsewhere.3 In this study, we determined the low-temperatu
(0.05– 0.5 K) resistivity of nine samples in weak magne
fields (,0.4 T) applied in the direction perpendicular to th
current flow.

The electrical conduction of doped semiconductors on
insulating side of the MIT is often dominated by VRH at lo
temperatures. The temperature dependence of the resis
r(T) for VRH is written in the form of

r~T!5r0~T!exp@~T0 /T!p#, ~1!

where p51/2 for the excitation within a parabolic-shape
energy gap~the Coulomb gap!,8 and p51/4 for a constant
density of states around the Fermi level.15 In our earlier
work,3 we reported that p51/2 for N,0.991Nc (Nc
51.86031017 cm23) and thatp decreases rapidly asN ap-
proachesNc from 0.991Nc and becomes even smaller tha
R2255 ©2000 The American Physical Society
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1/4 when we neglect the temperature variation ofr0(T).
However, the variation contributes greatly to the temperat
dependence ofr(T) nearNc because the factorT0 /T in the
exponential terms become very small, i.e., the tempera
dependencies ofr0(T) and that of the exponential term be
come comparable. Theoretically,r0(T) is expected to vary
asr0}T2r but the value ofr including the sign has not bee
derived yet for VRH with bothp51/2 ~Ref. 16! and p
51/4 ~Ref. 17!.

Recently, we have shown that the temperature dep
dence of the conductivity of the same series of70Ge:Ga
samples within60.3% of Nc is proportional toT1/3 at
0.02–1 K.3 Since both theT1/3 dependence of the conductiv
ity and the Efros-Shklovskii VRH are results of the electro
electron interaction in disordered systems, they can be
pressed, in principle, in a unified form. Moreover, t
electronic transport in barely metallic samples and tha
barely insulating samples should be essentially the sam
high temperatures so long as the inelastic scattering le
and the thermal diffusion length are smaller than, or at m
comparable to the correlation length or the localizat
length. So, the temperature dependence of conductivit
high temperatures should be the same on both sides o

FIG. 1. Resistivity multiplied byT1/3 vs ~a! T21/2 and~b! T21/4

for 70Ge:Ga. From top to bottom in units of 1017 cm23, the Ga
concentrations are 1.848, 1.850, 1.853, and 1.856.
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transition. Such behavior is confirmed experimentally in t
present system,3 i.e., the conductivity of samples very clos
to Nc shows aT1/3 dependence atT'0.5 K, irrespective of
the phase~metal or insulator! to which they belong atT
50. Based on this consideration we fixr 51/3. Figure 1
shows rTr with r 51/3 for four samples (N/Nc50.993,
0.994, 0.996, and 0.998! as a function of~a! T21/2 and ~b!
T21/4. All the data points lie on straight lines withp51/2 in
Fig. 1~a! while they curve upward withp51/4 in Fig. 1~b!.
This dependence is maintained even when we change
values ofr between 1/2 and 1/4. Thus we conclude that
resistivity of all samples forN up to 0.998Nc is described by
the VRH theory where the excitation occurs within the Co
lomb gap, i.e., Eq.~1! with p51/2.

Based on these findings, we evaluateT0 in Eq. ~1! with
p51/2 andr 51/3, and show it as a function of 12N/Nc in
Fig. 2. The vertical and horizontal error bars have been e
mated based on the values ofT0 obtained withr 51/2 and
r 51/4, and the values of 12N/(1.85831017 cm23) and 1
2N/(1.86131017 cm23), where 1.85831017 cm23 is the
highest concentration in the insulating phase and 1.
31017 cm23 is the lowest in the metallic phase, respe
tively. According to theory,8 T0 in Eq. ~1! is given by

kBT0'2.8e2/4pe0e~N!j~N! ~2!

in SI units, wheree(N) is the dielectric constant. Here, w
should note that the conditionT,T0 is needed for the theory
to be valid, i.e.,T0 has to be evaluated only from the da
obtained at temperatures low enough to satisfy the condit
This requirement is fulfilled in Fig. 2 for all the sample
except for the one withN50.998Nc . Concerning this latter
sample, we will include it for the determination ofj andx imp
~Fig. 5! but not for the calculation of the critical exponent

Our next step is to separateT0 into e and j. For j/l
!1, the magnetoresistance is expressed as

ln@r~B,T!/r~0,T!#'0.0015~j/l!4, ~3!

where l[A\/eB is the magnetic length in SI units.8 Ac-
cording to Eq.~3!, the magnetic-field variation of lnr at T
5const. is proportional toB2, i.e., lnr(B,T)5ln r(0,T)

FIG. 2. T0 determined byr(T)}T21/3 exp@(T0 /T)1/2# as a func-
tion of the dimensionless concentration 12N/Nc .
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1C(T)B2, and the slopeC(T) is proportional toT23/2. In
order to demonstrate that these relations hold for
samples, we show for theN50.989Nc sample lnr(B,T) vs
B2 in Fig. 3 andC(T) determined by least-square fitting o
] ln r/]B2 vs T23/2 in Fig. 4. Since Eq.~3! is equivalent to

g[C~T!/T23/2'0.0015~e/\!2j4T0
3/2, ~4!

j is given by

j'5.1~\/e!1/2g1/4T0
23/8. ~5!

In this way we have determinedg for nine samples. The
inset of Fig. 5 showsg as a function ofT0. The value ofg
is almost independent ofT0, and if one assumesg}T0

d , one
obtains a small value ofd50.09460.005 from least-square
fitting. Figure 5 showsj and x imp5e2eh determined from
Eqs.~2! and~5!. Here,eh is the dielectric constant of the ho
Ge, and hence,x imp is the dielectric susceptibility of the G

FIG. 3. Logarithm of resistivity vsB2 at constant temperature
for the sample havingN51.84031017 cm23. From top to bottom
the temperatures are 0.095 K, 0.135 K, and 0.215 K, respectiv
The solid lines represent the best fits.

FIG. 4. Sloped ln r/dB2 vs T23/2 for the sample havingN
51.84031017 cm23. The solid line represents the best fit.
r

acceptors. We should note that bothj and x imp are suffi-
ciently larger than the Bohr radius~8 nm for Ge! and eh
515.4 ~Ref. 12!, respectively. According to the theories o
the MIT, both j and x imp diverge at Nc as j(N)}(1
2N/Nc)

2n and x imp(N)}(Nc /N21)2z, respectively. We
find, however, bothj and x imp do not show such simple
dependencies onN in the range shown in Fig. 5, and tha
there is a sharp change of both dependencies atN
'0.99Nc . On both sides of the change in slope, the conc
tration dependence ofj andx imp are expressed well by th
scaling formula as shown in Fig. 5. Theoretically, the qua
tities should show the critical behavior whenN is very close
to Nc . So n51.260.3 andz52.360.6 may be concluded
from the data in 0.99,N/Nc . However, the other region
(0.9,N/Nc,0.99), where we obtainn50.3360.03 andz
50.6260.05, is also very close toNc in a conventional ex-
perimental sense.

As a possible origin for the change in slope, we refer
the effect of compensation. Although our samples are no
nally uncompensated, doping compensation of less t
0.1% may present due to residual isotopes that beco
n-type impurities after NTD. In addition to the doping com
pensation, the effect known as ‘‘self compensation’’ m
play an important role nearNc .18 It is empirically known
that the doping compensation affects the value of the crit
exponents. Rentzschet al.studied VRH conduction ofn-type
Ge in the concentration range of 0.2,N/Nc,0.91, and
showed thatT0 vanishes asT0}(12N/Nc)

a with a'3 for
K538% and 54%, whereK is the compensation ratio.19

Sincea'n1z @Eq. ~2!#, we find for our 70Ge:Ga samples
a53.560.8 for 0.99,N/Nc,1 anda50.9560.08 for 0.9
,N/Nc,0.99. Interestingly,a53.560.8 agrees witha
'3 found for compensated samples. Moreover, we have
cently proposed the possibility that the conductivity critic

ly.

FIG. 5. Localization lengthj vs 12N/Nc ~lower data set! and
the dielectric susceptibilityx imp arising from the impurities vs
Nc /N21 ~upper data set!. The inset shows the coefficientg defined
by Eq. ~4! as a function ofT0.
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exponentm'1 in the same70Ge:Ga only within the very
vicinity of Nc ~up to about10.1% ofNc).

6 An exponent of
m50.5060.04, on the other hand, holds for a wide region
N up to 1.4Nc .3 Again, m'1 nearNc may be viewed as the
effect of compensation. Therefore, it may be possible that
region of N aroundNc where n'1 and m'1 changes its
width as a function of the doping compensation. In the lim
of zero compensation, the part which is characterized bn
'1 andm'1 vanishes, i.e., we proposen50.3360.03, z
50.6260.05, andm50.5060.04 for truly uncompensate
systems and that Wegner’s scaling law ofn5m is not satis-
fied. In compensated systems, on the other hand, Wegn
law may hold as it does in the very vicinity ofNc . The
experiment on compensated AlxGa12xAs:Si that showedz
'2 andm'1 ~Ref. 14! is also consistent with the law. How
ever, our preceding discussion needs to be proven in
future by experiments in samples with precisely and syst
atically controlled compensation ratios.

In summary, we have determined directly the localizat
length and the dielectric susceptibility arising from the im
purities in nominally uncompensated NTD70Ge:Ga samples
et
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near the critical point for the MIT. While the relation 2n
'z predicted by scaling theory10,11 holds for 0.9,N/Nc

,1, the critical exponents for localization length and imp
rity susceptibility change atN/Nc'0.99. The small amoun
of doping compensation that is unavoidably present in
samples may be responsible for such a change in
exponents.
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