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Unification of the metal-insulator transitions driven by the impurity concentration and
by the magnetic field in arsenic-doped germanium

I. Shlimak, M. Kaveh, R. Ussyshkin, V. Ginodman, and L. Resnick
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(Received 19 September 1996; revised manuscript received 21 Octobegr 1996

We show that one can unify the scaling behavior of the conductivity in Ge:As in the vicinity of the
metal-insulator transition driven either by the concentration of impurilesr by the magnetic field by
introducing a new scaling variablé=[(N/N.) — (B/B*)— 1], where both the critical impurity concentration
N, and the characteristic magnetic fie8d are constan{.S0163-182@7)10004-3

The metal-insulator transitiofMIT) has been the subject N,=3.50x 10" cm~3 andu=1. Here we present the results
of intensive theoretical and experimental investigation forof an investigation of thé8-MIT. We show thaty=1, and
many years. According to the scaling theory for doped the values oB, increase linearly witAN=N—N_:
semiconductord, the conductivity at zero temperature
a(0)=0(T—0), when plotted as a function of the impurity
concentratiorN, is equal to zero on the insulating side of the
MIT and remains finite on the metallic side, obeying a power
law in the vicinity of the transition

B.=B*(AN/N,). 3)

Finally, we show thalN-MIT and B-MIT can be unified by
o(0)[(N/Ng) — 1]# (1) introducing a new variable

whereN_. is the critical-impurity concentration and is the
critical-conductivity exponent. The thednpredicts u=1.
We will refer to this transition abl-MIT. For barely metallic U=[(N/N.—1)(1-B/B.)]. (4)
samples withN>N,, the MIT will occur upon the applica-
tion of a critical magnetic fiel., because a strong mag- Using Eq.(3), one can rewriteJ in the form
netic field leads to the shrinkage of the electron wave func-
tion. Scaling behavior of the conductivity is also expected in
the neighborhood of this magnetic-field-driven metal- _ *
insulator transition B-MIT): U=[(N/N¢)—=(B/B¥)—1]. ®)
_ v As a result, the unified MITo(0)><U#, u=1 can be char-
o(0)=[1-(B/BJT", @ acterized by only two parameterbl, and B*, which are
wherev is the critical exponent.Most theoretical work®=®  constant.
predicts that the critical exponents should be equal to unity The samples of uncompensated Ge, metallurgically doped
for both N-MIT and B-MIT, i.e., v=u=1. by As with a concentration of impurities close to the MIT,
B-MIT has been studied for different doped semiconduc-were cut from crystals grown by the Czochralski method.
tors. There are many references on this subject. Therefordhe temperature-dependent data were obtained by a four-
we limit ourselves to investigations made in typical semicon-probe method using a dilution refrigerator combined with a
ductors, such as Ge° GaAsl®'? InSb1t3 and Sit**®  superconducting magnet for measurements down to 100 mK
where the temperature dependencies of the conductivitin magnetic fields up to 9 T. In the vicinity of the MIT, the
o(T) have been measured at fixed magnetic fidBdMIT in concentration of impurities measured by the Hall effect may
the form (2) was described in Refs. 7 and 10 amdwas not be equal to the effective concentratibii responsible
found to be close to unity. Regarding the dependendd.of for the low-temperature conductivity because of the sample
on B, inconsistent results have been obtained: in Ref. 17 itnhomogeneity. Therefore, we calculatdf directly from
was found that for Si:BN. does not change &=1 T and the low-temperature resistance data using the method and
increases slightly aB=7.5 T, whereas, in Si:® it was  scale proposed in Ref. 20.
found thatN. is the same aB=0 and 8 T. For Ge:Sb, an The N-MIT for the series of Ge:As samples in zero mag-
increase o, was observed in Ref. 8 &=4 T, in Ref. 9it  netic field has been shown in Fig. 1 of Ref. 19. Figure 1 of
was found thatN.(B) —N.(0)=BY? in weak fields B<2  the present paper shows tBeMIT for one of the sample of
7). Ge:As withN=4.60x 10*” cm~3. One can see that for both
In this work, we present the results of an investigation ofkinds of transitions, in the vicinity of the MIT, the conduc-
the MIT, driven by the impurity concentration and by the tivity o(T) takes the forms(T)=a+ bT3 and crosses the
magnetic field in Ge:As. ThN-MIT in this series of samples MIT at a critical concentratio™N= N, or at a critical mag-
was studied in our previous pap€rwhere we found that netic fieldB=B, wherea(T)=bT"3. This result is in agree-
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FIG. 1. Temperature dependence of the conductivity of one
sample of Ge:As wititN=4.60x 107 cm~2 in different magnetic 1-B/B¢
fieldsB. Magnetic field from top to bottortin T): 0, 1, 2, 3, 4, 5, 6,
7, and 8. The “critical field”"B.=5 T, the straight line corresponds FIG. 2. Dependence dfo(T*) atT*=0.216 K as a function of
to o(T)=bT3 [1—(B/B.)] for one sample of Ge:AsN=5.38x10" cm™3,
B.=8 T). Inset(a) shows the scaling dependenciess¢0), (1) and
Ao (T*) measured af*=0.1 K (2) and at 0.216 K(3) for the
sample of Ge:AsNl=4.60x 10" cm~3, B,=5 T). The straight line
corresponds tav=1. Inset(b) shows the dependence &f on

ment with the Aronov-Altshuler modét,which predicts that .
&N for a series of samples of Ge:As.

at the critical point of the MIT the temperature dependenc
of conductivity must obeyr(T)=bT3,

In order determine the critical indexs, we plot
d(0)=0(T—0) as a function of the scaling variable
[1—(B/B,)]. This dependence is shown in inde} to Fig.  (5), U=[(N/N¢)—(B/B*)—1]. Knowledge ofB* and N,

2. The data ofo(0) were obtained by extrapolating the allows us to calculatd) for any sample withN>N. and
straight lineso(T)« T3 to T=0. To avoid the need to ex- B<B. and plota(0) or Ao(T*) as a function ofu. We
trapolate toT=0, which is the main source of inaccuracy normalize the values af(0) and plot the dimensionless ra-
(especially due to the lack of straight linese consider the
conductivity of any sample in the “critical regime,” i.e., at
B=B., as a ground level of conductivity, and instead of :
o(0), we plot the exact measured quantities [

Ac(T*)=0p(T*)— O'BC(T*) at temperature$*, where the I /
law o(T)=TY? is observed. The data foAo(T*) at

T*=0.1 and 0.216 K are also shown in inget to Fig. 2. 0.1 ¢
One can see that the obtained valueref1l does not depend .
on this replacement. This is due to the fact that in the imme-
diate vicinity of the MIT, all the curves foo(T) are almost
parallel(see Fig. 1 and therefore differences in the tempera- 0.01 L .
ture corrections to the conductivity at fixedl are much '
smaller than those caused by changing the scaling variable i
B. This gives us reason to plot the valuesXod(T*), ob-
tained by sweeping magnetic field at fixed temperature. The
result of this plot is presented in Fig. 2. One sees that
v=1, in accordance with the theoretical prediction.

Inset(b) shows thaB, increases linearly as a function of
N: B.=B*(AN/N), with B* =15 T for Ge:As. This allows FIG. 3. Normalized scaling conductivitho/o for Ge:As vs
us to propose the unification of boM+MIT and B-MIT by new universal variablé) =[ (N/N,) — (B/B*)—1]. 1, 2,B-MIT for
introducing a new scaling variable U=[(N/N;.  two samples of Ge:As withN=5.38 and 4.1%10Y cm~3
—1)(1-B/B.)]. Taking Eq.(3) into account, one can re- (N,=3.50x10Y cm~2, B*=15 T); 3, N-MIT for series of Ge:As
write U for uncompensated samples in the form given by Eqat B=0.
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