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We have investigated the temperature dependence of the electrical condue(iMiti3, T) of nominally
uncompensated, neutron-transmutation-doffi&k: Ga samples in magnetic fields upBe=8 T at low tem-
peratures T=0.05-0.5 K). In our earlier studies aB=0, the critical exponentu=0.5 defined by
a(N,0,0)=(N—N.)* has been determined for the same serie$’6le: Ga samples with the doping concen-
tration N ranging from 1.86X 10" cm™3 to 2.434<10'” cm 3. In magnetic fields, the motion of carriers
loses time-reversal symmetry, the universality class may change and with it the valudrothis work, we
show that magnetic fields indeed affect the valug.of u changes from 0.5 &=0 to 1.1 atB=4 T). The
same exponent’=1.1 is also found in the magnetic-field-induced MIT for three differ&@e: Ga samples,
ie., a(N,B,O)M[BC(N)—B]F" whereB¢(N) is the concentration-dependent critical magnetic induction. We
show thato(N,B,0) obeys a simple scaling rule on thd,B) plane. Based on this finding, we derive from a
simple mathematical argument that= u’ as has been observed in our experimgd0163-18209)10447-9

[. INTRODUCTION According to theoriéson the MIT which take into ac-
count both disorder and electron-electron interaction, the
Semiconductors with a random distribution of doping im- critical exponentu does not depend on the details of the
purities have been studied extensively over the past thresystem, but depends only on the universality class to which
decades in order to probe the nature of the metal-insulatahe system belongs. Moreover, there is an inequaliy2/3
transition (MIT) in disordered electronic systerh8.The  for the critical exponents of the correlation lengtht The
value of the critical exponent of the conductivity for the inequality is expected to apply generally to disordered sys-
meta_lllic side of the traqsition_, however, still remains contro-tems, irespective of the presence of electron-electron
versial. The exponent is defined by interaction'? Hence, if one assumes the Wegner reldffon
w=v, which is derived for systemgithoutelectron-electron
interaction,u~ 0.5 violates the inequality. This discrepancy
has been known as the conductivity critical exponent puzzle.

o(0) is the zero-temperature conductivity* is a prefactor, Kirkpatrick and Belit2* have claimed that there are logarith-
N is the impurity concentration, anil. is the critical con- MIC corrections to scaling in universality classes with time-
centration for the MIT. An exponent of~0.5 has been reversal symmetry, i.e., when the external magnetic field is
found in a number of nominally uncompensated semiconduczero, and thap.~0.5, found at8=0, should be interpreted
tors[Si:P2 Si:As? Si:Sh® Ge:As® and "%Ge: Ga(Refs. 7 and  as an “effective” exponent which is different from a “real”
8)]. This value is considerably smaller than the results ofexponent satisfyingu=2/3. Therefore, comparison ok
numerical calculationsy{=1.2—1.6; e.g., Refs. 9 and ifor ~ with and without the time-reversal symmetry, i.e., with and
the Anderson transition purely driven by disorder. Thereforewithout external magnetic fields becomes important. Experi-
electron-electron interaction, which is undoubtedly present inmentally,u~1 has been found for magnetic inductidsisn
doped semiconductors, must be relevant to the nature of thHie order of one tesla for nominally uncompensated semicon-
MIT, at least when impurity compensation is absent. A con-ductors: Ge:SB>*€ Si:B,}” and Si:P(Ref. 18. Since these
clusion that has been reached over the years is that one hassgstems result in different values pf ranging from 0.5 to
deal simultaneously with disorder and electron-electron in<1.0 atB=0, the applied magnetic field changes the value of
teraction in order to understand the MIT in doped semicon for certain system$Si:B and Si:B, while it does ndt® or
ductors. does only change littlé for the other(Ge:Sh. In this work,

o(0)=o* (N/N.— 1)* (1)

in the critical regime of the MIT (&N/N.—1<1). Here,
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TABLE I. List of "°Ge:Ga samples employed in this stutlyis the concentration of gallium determined
from the irradiation time and the flux of thermal neutrdhe critical concentration for the metal-insulator
transition(MIT) is 1.860< 10" cm 2 (Ref. 8]; ¢(0,0) is the zero-temperature conductivityBat 0; n is the
normalized concentration defined by E2); m is the temperature coefficient of the conductivityBat 0
given by Eq.(3); B, is the critical magnetic induction for the magnetic-field-induced M¥T4 T,0) is the
zero-temperature conductivity Bt=4 T; mg(4 T) is the temperature coefficientBt=4 T which is similar

to m.
N #(0,0) m B. o(4T)0) me(4 T)
Sample  (1& cm™3)  (S/cm) n (Semt K17 (M (Slcm (Sem?t K17

Al 1.861 0.6 0.00 >0 ~0.3 Insulator
A2 1.863 1.6 0.00 >0 1 Insulator
A3 1.912 7.7 0.04 1.7 4.1 0.1 7.5
A4 2.210 15.5 0.15 —-2.3 7 5.7 6.4
A5 2.232 19.1 0.23 —2.4 8 9.6 52
Bl 1.933 7.8 0.04 1.4 4 0.2 7.4
B2 2.004 11.9 0.09 —-1.2 55 2.3 7.8
B3 2.076 12.0 0.09 -1.3 6 2.6 7.4
B4 2.219 18.5 0.22 —2.6 8.0 8.9 55
B5 2.290 19.8 0.25 —2.7 8 10.4 4.9
B6 2.362 19.8 0.25 —2.6 8 10.4 5.0
B7 2.434 22 0.32 —-2.3 9 13.8 3.9

we aim to achieve a complete understanding of the effect oémployed in our previous studyye show here that the criti-
magnetic fields on the MIT in uncompensated semiconduceal exponent of the conductivity is 1.1 in magnetic fields for
tors by studying the critical behavior of the zero-temperaturéboth the doping-induced MIT and the magnetic-field-induced
conductivity as a function of botN (doping-induced MIT  MIT. The phase diagram on thé&(B) plane is successfully
andB (magnetic-field-induced MIin magnetic fields up to  constructed, an@=2.5 is obtained for'°Ge: Ga.

8 T for "°Ge:Ga system. To our knowledge, the MIT in Si or

Ge has not been analyzed as a functioBo€oncerning the

critical point, Il. EXPERIMENT

N(B)—N(0)=B? 2 All of the "°Ge:Ga samples were prepared by neutron-
transmutation dopingNTD) of isotopically enriched’°Ge
with 3=0.5 was obtained for Ge:S6,while 3=1.7+0.4  single crystals. We use the NTD process since it is known to
for Si:B.1® The exponen characterizes the phagmetal or  produce the most homogeneous, perfectly random dopant
insulato) diagram on the i{,B) plane, and provides infor- distribution down to the atomic lev&?-2*The concentration
mation on the nature of the MIT in magnetic fields. The N of Ga acceptors is determined from the time of irradiation
above experimental results, however, imply tgatould be  with thermal neutron. The concentratibhis proportional to
completely different even though in magnetic fields is the the irradiation time as long as the same irradiation site and
same. Hence, a determination gffor various systems is the same power of a nuclear reactor are employed. Details of
important in order to probe the effect of magnetic fields. the sample preparation and characterization are described
In our earlier studie® we obtainedu=0.5 atB=0 for  elsewheré.In this work 12 samples that are metallic in zero

OGe:Ga. This result was obtained from precisely dopednagnetic field are studie@See Table ). The conductivity of
samples with a perfectly random distribution of impurities; the samples in zero magnetic field has been reported in Refs.
our %Ge:Ga samples were prepared by neutron7 and 8.
transmutation dopindNTD), in which an ideally random We determined the electrical conductivity of the samples
distribution of dopants is inherently guaranteed down to theat low temperatures between 0.05 K and 0.5 K using a
atomic leveP°~2% For the case of melttor metallurgically ~ *He-*He dilution refrigerator. Magnetic fields up to 8 T
doped samples that have been employed in most of the prevere applied in the direction perpendicular to the current
vious studies; >%1%he spatial fluctuation ofl due to dop-  flow by means of a superconducting solenoid.
ant striations and segregation can easily be on the order of
1% or more across a typical sample for the four-point resis-

tance measuremeritength of ~5 mm or larger?* and lll. RESULTS
hence, it will not be meaningful to discuss physical proper- q q ¢ conductivi
ties in the critical regimege.g., [IN/N.—1|<0.01), unless A. Temperature dependence of conductivity

one evaluates the macroscopic inhomogeneity in the samples Figure 1 shows the temperature dependence of the con-
and its influence on the results. A homogeneous distributionluctivity of Sample B2 for several values of the magnetic
of impurities is important also for experiments in magneticinductionB. Application of the magnetic field decreases the
fields. Using the same series 81Ge:Ga samples that was conductivity and eventually drives the sample into the insu-
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I concentration n=[¢(N,0,0)/c*(0)]?°=N/N,(0)—1, where
I o(N,0,0) is the zero-temperature conductivity anti(0) is the
%_0 prefactor both aB=0. From top to bottom the magnetic induction

12 12 increases from 1 Tat8 T in steps of 1 T. The dashed curve at the
T° (K™) top is for B=0. The solid curves represent fits of(N,B,0)

o . /2 «[n/ne(B)—1]*®. ForB=6 T, we assumg.=1.15.
FIG. 1. Conductivity of Sample B2 as a function ot at

several magnetic fields. The values of the magnetic induction from. Sj is ind d oB. th ductivity f .
top to bottom in units of tesla are 0.0, 1.0, 2.0, 3.0, 4.0, 4.7, 5.0, 5.3'[,'0n' Incemg Is independent o, the conductivity for vari-

5.6, 6.0, 7.0, and 8.0, respectively. ous values oB plotted againsT*? should appear as a group
of parallel lines. This is approximately the case as seen in
lating phase. This property can be understood in terms of thEig. 1 at low temperaturege.g., T<0.25 K). Values ofm
shrinkage of the wave function due to the magnetic field. (for B=0) andmg atB=4 T differ from each other consid-
The temperature variation of the conductiviggN,B,T) erably for all the samples as listed in Table I. This implies
of a disordered metal at low temperatures is governed mainlyhat F is of the order of unity according to Eq&) and (6).
by electron-electron interactidnand can be written in zero |y order to support this finding, we shall estim&ewithin
magnetic field as the context of the Thomas-Fermi approximation.
o(N,0.T)=a(N,0,0)+ m(N,0) T2 3) The parameterr is related to the averagé of the

) _ o screened Coulomb interaction on the Fermi surface as
When gugB>kgT, i.e., in strong magnetic fields at low

temperatures, the conductivity shows anotfiéf? depen- _ 32[1+3F/4—(1+F/[2)%?

dence F=- 3 F . (7)
o(N,B,T)=0(N,B,0)+ms(N,B) T @ The Thomas-Fermi approximation gives

Here, one should note that these equations are valid only in

the limits of [o(N,0,T)—0o(N,0,0)]<o(N,0,0) or In(1+x)

[o(N,B,T)—a(N,B,0)]<a(N,B,0). It is for this reason F=—7 ®)

that we have observedTd’® dependence rather than th&?
dependence aB=0 in "“Ge:Ga as the critical point where
[(N,0,0)=0] is approached from the metallic sifié¢low-
ever, Fig. 1 shows that th&*? dependence holds wheh x=(2Kkg/k)?, 9
#0 even around the critical point. Hence, we use @&qto . .
evaluate the zero-temperature conductivisgN,B,0) in  With the Fermi wave vector
magnetic fields. o1/
According to an interaction theory for a disordered ke=(37°N)™™, (10)

metall m andmg are given b . . _
B 9 y and the screening wave vector in Sl units

_& 1134 3 \/ s 5 — /3e’Nm*/(e€ghi K2 11
For Ge, the relative dielectric constaatis 15.8 and the
effective massn* of a heavy hole is 0.34,, wherem, is

e2 1 13/4 1. ke the electron rest mag3.Hencex=1.IN"3 whereN is in
Mg=2——> T( ) 7D’ (6)  units of 10 cm~3. Thus, in the concentration range cov-
4m” N2 ered by the samples, the Thomas-Fermi approximation gives

respectively, wherd® is the diffusion constant ang is a 0.48<ﬁ<0.§5, which is consistent with the experimental
dimensionless parameter characterizing the Hartree interaéinding thatF is of the order of unity.

and

3 2
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FIG. 4. Phase diagram dfGe:Ga atT=0. The solid circles

B (T) and the open triangles represent the critical concentratignsand
o the solid diamonds and the open boxes the critical magnetic induc-
FIG. 3. Zero-temperature conductivity(N,B,0) of Samples  {jon B_.
A3, B2, and B4 vs magnetic inductidd.
B. Doping-induced metal-insulator transition e F gueB
- Doping Aog(N,B,0)=— — — «/B. (14)

2
The zero-temperature conductivityg(N,B,0) of the hoam 2hD

7OGe:Gfa samples in various magnetic fields obFained by eXm larger magnetic fieldsg(N,B,0) deviates from Eq(14)
trapolation ofo(N,B,T) to T=0 based on Eq4) is shown  ang eventually vanishes at some magnetic indudionFor
in Fig. 2. Here,o(N,B,0) is plotted as a function of the the samples in Fig. 3, we tuned the magnetic induction to the
normalized concentration: MIT in a resolution of 0.1 T. We fit an equation similar to
Eq. (13),
n=[o(N,0,0)/c*(0)]2°. (12

o(N,B,0)=ag(n)[1—B/B(n)]* ™, (15)
Since the relation betweexd and o(N,0,0) was established - _ )
for "%Ge:Ga in Ref. 8 asa(N,0,0)=0* (0)[N/N.(0) to the data close to the critical point. As a result we obtain
—1]°5° whereN,(0)=1.861x 10" cm 3, n is equivalent to p'=1.1x0.1 for all .of the three sample_s. The value of
N/N(0)— 1. Henceforth, we will use instead ofN because dependg on the ch0|_ce of the magnetic-field range _to be used
employing n reduces the scattering of the data caused b;or the .flttll’.lg, and this fact leads to the error ©f0.1 in the
several experimental uncertainties, and it further helps u§etermination ofu’.
concentrate on observing how(N,B,0) varies asB is in-
creased. Similar evaluations of the concentration have been D. Phase diagram in magnetic fields
used by various groups. In their approach, the ratio of the .0 the critical points1,(B) andB
resistance at 4.2 K to that at 300 K is used to determine th s
concentratiort! The dashed curve in Fig. 2 is fd=0,
which merely expresses E@L2), and the solid curves repre-
sent fits of

<(n), the phase dia-
Sram atT=0 is constructed on the\(,B) plane as shown in
Fig. 4. Here,n.(B) for B=6 T shown by triangles are ob-
tained by assuming.=1.15. The vertical solid lines associ-
ated with the triangles represent the range of values over
which n(B) have to exist, i.e., between the highadh the

a(N,B,0)=0o(B)[n/ny(B)—1]#®). (13)  insulating phase and the lowesin the metallic phase. Solid

) o ] diamonds represerB. for the three samples in which we

The exponeni.(B) increases from 0.5 with increasiBiand  haye studied the magnetic-field-induced MIT in the preced-
reaches a value close to unity B&4 T. For examplex  ing subsection. Estimations &, for the other samples are
=1.03+0.03 atB=4 T and u=1.090.05 atB=5 T. 50 shown by open boxes with error bars.
WhenB=6 T, three-parametdioo(B), n,(B), and u(B)] The boundary between metallic phase and insulating
samples available for the fit decreases with increadng
Hence, we give the solid curves f@=6 T assuming n=C B~. (16)

n(B)=1.15. . ) :
From the eight data points denoted by the solid symbols, we
S _ - obtain C=(1.33+0.17)x10 3 T # and 8=2.45+0.09 as
C. Magnetic-field-induced metal-insulator transition shown by the dotted curve.
We showa(N,B,0) as a function oB in Fig. 3 for three
different samples. When the magnetic field is weak, i.e., the IV. DISCUSSION
correctionAog(N,B,0)=0(N,B,0)— ¢(N,0,0) due toB is _ o i
small compared witho(N,0,0), the field dependence of A. Scaling of zero-temperature conductivity in magnetic fields
Aog(N,B,0) looks consistent with the prediction by the in-  Now we shall consider the relationship between the two

teraction theory, critical exponentsu for the doping-induced MIT ang’ for
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a(N,B,0)/ag(n) and o(N,B,0)/[8* a¢(B)] as functions of[1

—B/B¢(n)] and[n/n,(B)—1]/8, respectively, wherg=2.5 and
pn=1.1. The solid line denotes a power-law behavior with the ex-
ponent of 1.1. The open and solid symbols represent the results

the magnetic-field-induced metal-insulator transitidfT) in the
range (1 B/B.)<0.5 for three different sampld&3, B2, and B4
and the doping-induced MIT in constant magnetic figWis5, 6, 7,
and 8 T), respectively.
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completely even for the highe& we used in the experi-
ments. This is mainly because the number of available data
points at largeB is not sufficient for a precise determination
of u. In Fig. 5, the results of the doping-induced MIT for
B=4 T (solid symbol$ and the magnetic-field-induced MIT
for three different sample®pen symbolsare plotted. Here,
we plot o(N,B,0)/[ 8* o9(B)] vs [n/n,(B)—1]/B8 with 8
=25 and w=1.1 for the doping-induced MIT, and
o(N,B,0)/oo(B)" vs[1—B/B.(n)] for the magnetic-field-
induced MIT. Figure 5 clearly shows that the data points
align exceptionally well along a single line describing a
single exponenu=pu'=1.1.

We saw in Fig. 2 that. apparently takes smaller values in
B=<3 T, which seemingly contradicts the above consider-
ation. We can understand this as follows. We find that the
critical exponentw in zero magnetic field is 0.5 which is
different from the values oft in magnetic fields. Hence, one
should note whether the system under consideration belongs
to the “magnetic-field regime” or not. In systems where the
I\{IIT occurs, there are several characteristic length scales: the
correlation length, the thermal diffusion length, the inelastic
scattering length, the spin scattering length, the spin-orbit
scattering length, etc. As for the magnetic field, it is charac-
terized by the magnetic length=A/eB. When \ is
smaller than the other length scales, the system is in the

the magnetic-field-induced MIT. Suppose that a sample with'magnetic-field regime.” As the correlation length di-
normalized concentration has a zero-temperature conduc- verges at the MITA<¢ holds near the critical point, no

tivity o at B#0 and that [n/n(B)—1]<1 or [1

—B/B.(n)]<1. From Egs(13) and(15), we have two ex-

pressions foir:
o=o0y(n/n,—1)* (17)
and
o=0}(1-BIBy)* .
On the other hand, we have from E36)

(18)

n/n.=(B/B.) #=[1—(1—BIB,)] P~1+B(1-B/B,)

19
in the limit of (1—B/B.)<<1. This equation can be rewritten
as
(n/n.—1)/B~ (1-BIBy). (20)
Using Eqgs.(17), (18), and(20), we obtain
oh(1—BIBy)* ~ B ao(1—BIB)™. (22)

Since EQ.(21) has to hold for arbitraryB, the following
relations

(22
and

m=p (23

are derived.

In Fig. 5, we see how well Eq23) holds for the present

system. In Sec. Il C, we have already shown tpat=1.1

+0.1 is practically independent of Concerning the expo-
nentw, however, its dependence &has not been ruled out

matter how weak the magnetic field is. When the field is not
sufficiently large, the “magnetic-field regime” where we as-
sume u=1.1 to hold, is restricted to a narrow region of
concentration. Outside the region, the system crosses over to
the “zero-field regime” wherew=0.5 is expected. This is
what is seen in Fig. 2.

The constant critical exponent Bi# 0 yields a scaling of
the form

o(N,B,0)=a(n,B)f(n/BF), (24)

wherea(n,B) is a prefactor which is irrelevant to the tran-
sition. The values of the prefactor are listed in Table Il. Here,
we listo* in Eq. (1) instead ofoy; o* in B#0 is calculated
rom oy as

o*=(1+n_ Y oy, (25)

because the relation betwerm.—1 andN/N.—1 is given
by

(n/ng—1)=(1+n_(N/N;—1). (26)

The values ofr* for zero field and for other doped semicon-
ductors are also given in Table Il. The values are normalized
to Mott’s minimum metallic conductivity defined by

(27)

where we assum€,,=0.05 as Rosenbauet al® did. The
prefactor * can be also defined for the magnetic-field-
induced MIT. We proposed to define it based on HG®)
and(23) as

T min= CM(eZ/ﬁ) Nélsy

o*=[(1+n"HIB1* o}. (28)
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TABLE II. Critical exponentu and prefactorc* for the metal-insulator transition. Values of* nor-
malized to Mott’'s minimum metallic conductivity defined by H&Y7) is also listed.

Magnetic induction o*
System Ref. M o (107 Slcm) o | o min
Ge:Ga 8 0 0.56:0.04 0.4 6
Ge:Sb 15 0 ~0.9 0.6 9
Si:B 17 0 0.65°9% 1.5 8
Si:P 3 0 ~0.48-0.55 3 ~13
Si:P 18 0 0.580.08 3 14
Ge:Ga this work 4 1401 0.6 8
Ge:Ga this work 5 1401 0.6 8
Ge:Ga this work 6 110.1 0.6 9
Ge:Ga this work 7 1.10.1 0.7 10
Ge:Ga this work 8 1.10.1 0.7 10
Ge:Sb 15 4 ~1.0 0.6 8
Si:B 17 75 1.0 333 1.7 9
Si:P 18 8 0.86:0.15 3 15

Using this definition, we calculates* for the three’°Ge:Ga  Thus, 8=1/(2v) results. Rosenbaum, Field, and Bhate-

samples in which we studied the magnetic-field-inducedorted3=0.5 andu=1 in Ge:Sb, which satisfies this rela-

MIT. The ratioso* /oy, are 10, 8, and 6 for Samples A3, tion, when one assumes the Wegner reldflgn=v. In the

B2, and B4, respectively. It is reasonable that the ratiopresent system, however, this relation does not hold, as long

o* | omin for the three samples and those in Table Il are of theas we assume the Wegner relation. Experimentally, we find

same order of magnitude. Note that Mott’s minimum metal-8=2.5, while 1/(2)=1/(2u)=1 for %Ge:Ga atB=0.

lic conductivity o, depends on botfB and the system The relation does not hold in Si:B, eitheB€ 1.7 while u

through the critical concentratidd, . [See Eq(27).] =0.65 atB=0).%°
A similar scaling form was studied theoretically by

Khmel'nitskii and Larkin?® They considered a noninteract-

! . B. Critical exponents
ing electron system starting from

Finally, we shall discuss the possible origin for the cross-
e? over of u=0.5 atB=0 to u=1.1 atB+0. According to
U(N,B,O)“h—g f(B*¢), (29 theoried for the MIT dealing with both disorder and
electron-electron interaction, systems can be categorized into
where¢ is the correlation length. They claimed that the ar-four universality classes by the symmetry they have as listed
gument of the functiori should be a power of the magnetic in Table Il and the value of the critical exponent depends
flux through a region with dimensioé. This means only on the universality class. For classes MF, MI, and SO,

the nonlinear sigma model receives some restrictions from
2

€ the symmetry breaker and the critical exponenfor the
o(N,B,0)~ ﬁ_g F(&/N), (30 correlation length is calculated far=2+ ¢ dimensions as
where A=+h/eB is the magnetic length, and hence, 1
=1/2. In order to discuss the shift of the MIT due to the v=_[1+0(e)]. (35
magnetic field, they rewrote E30) as
5 Assuming the Wegner relatibh
e
o(N,B,0)~ SN, (31)

p=v(d=2), (36)
based on the relation in zero magnetic field ) ) ) )
TABLE IIl. Universality classes for the metal-insulator transi-
Eoct ™, (32) tion and values of the critical exponentfor the correlation length
according to Ref. 2. The values are given fbr 2+ ¢ dimensions
Here,t is a measure of distance from the critical point in zeroexcept for class G, where an approximate valuedfer3 is given.
field, e.g.,

Symbol Symmetry breaker v
t=[N/N(0)—1]. (33 .
MF Magnetic field [1+0O(e)]/e
The zero point of the functiogh gives the MIT, and the shift Ml Magnetic impurities [1+0(e)]/e
of the critical point for the MIT equals SO Spin-orbit scattering [1+0O(e)]/e
G None =0.75

Ne(B)—Nc(0)=B?" (34)
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Eq. (35) yields V. CONCLUSION

u=1+0(e), @ We have measured the electrical conductivity of NTD

_ Ge:Ga samples in magnetic fields upBe 8 T in order to
which meangu~1 whene<1. Ford=3 (s=1), however, stydy the doping-induced MITin magnetic fields and the
the theoretical result tells us very little about the valug.of magnetic-field-induced MIT. For both of the MIT, the criti-
A calculation for class G is difficult because there is no re-gg| exponent of the conductivity is 1.1, which is different
striction for the nonlinear sigma model. The value in Tablefom the value 0.5 aB=0. The change of the critical expo-
IIl for d=3 is merely anapproximateone. We believe that npent caused by the applied magnetic fields supports a picture
“v=0.75"" should be treated as less accurate than=1 iy which x varies depending on the universality class to
+0O(1)” for the other classes. So, we conclude that valuesyhich the system belongs. The phase diagram has been de-

of u can only be determined at this time by experimentakermined in magnetic fields for th®Ge: Ga system.
measurements.

Ruling out an ambiguity due to an inhomogeneous distri-
bution of impurities, we have established=0.5 atB=0
andu=1.1 atB#0 for "%Ge:Ga. Since°Ge:Ga is g-type We are thankful to T. Ohtsuki for valuable discussions, J.
semiconductor, it is most likely categorized as class SOW. Farmer for the neutron irradiation, and V. I. Ozhogin for
Electrical transport properties @itype semiconductors are the supply of the Ge isotope. All the low-temperature mea-
governed by holes at the top of the valence band, whersurements were carried out at the Cryogenic Center, the Uni-
spin-orbit coupling partially removes the degeneracy andrersity of Tokyo. M.W. would like to thank Japan Society
shifts the split-off band down in energy by 0.29 eV in Ge andfor Promotion of Scienc€JSP$ for financial support. The
0.044 eV in SF° External magnetic fields change the univer-work at Keio was supported in part by a Grant-in-Aid for
sality class to which a system belongs by breaking the timeScientific Research from the Ministry of Education, Science,
reversal symmetry. According to Ref. 2, a system in class SGports, and Culture, Japan. The work at Berkeley was sup-
at B=0 belongs to class Ml @+ 0 even if it contains no ported in part by the Director, Office of Energy Research,
magnetic impurities. The change of=0.5 to u=1.1 ob-  Office of Basic Energy Science, Materials Sciences Division
served in"%Ge:Ga due to the application of a magnetic fieldof the U.S. Department of Energy under Contract No. DE-
should be understood in such a context. A similar phenomAC03-76SF00098 and in part by U.S. NSF Grant No.
enon was also found in Si:B.(See Table 1. DMR-97 32707.
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