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We report on the electrical conductivity of a series of nominally uncompensated neutron-
transmutation-doped isotopically enrichédGe:Ga samples with the Ga concentration [Ga] near
N, for the metal-insulator transition.or of all insulating samples obeys éno —(T,/T)"/? with
Ty « (N.-[Ga])/N. while the zero temperature conductivity(0) of the metallic samples ig(0) «
{({Gal-N.)/N.}* with the critical exponentr = 0.5. The values ofN, obtained from the two
independent scalings df, and o(0) are identical, i.e.,v = 0.5 is established unambiguously for
uncompensated Ge:Ga. [S0031-9007(96)01533-5]

PACS numbers: 71.30.+h, 72.80.Cw

In experimental studies of the metal-insulator (MI) tran-ing theory (exclusively with disorder and no interactions)
sition one measures the critical behavior of physical quantipredictv = 1.3 [19], and, more importantly, this value is
ties such as conductivity, dielectric constant, heat capacityshown to be independent of time reversal invariance [20]
etc. The doping induced MI transition in semiconductorsand of the strength of spin-orbit interactions [21]. It is
is considered to be a model case for the general theory dfierefore clear that the effect of disorder alone cannot ex-
the critical behaviors of solids. In particular the conduc-plain the experimental results of = 0.5 or 1. Chayes
tivity extrapolated to zero temperature(0)] is evaluated et al. combined the theories of Mott and Anderson and
routinely as a function of doping concentratiod) mme-  successfully set the lowest limit > 2/3 [22]. This re-
diately above the MI transition critical concentratigvi.);  sult permitsy = 1 obtained with compensated semicon-

. » ductors and amorphous alloys. However, there still is no

a(0) = aol(N — N)/N.] () theory which can convincingly explain = 0.5 found for
where o is the prefactor and is the critical exponent. uncompensated semiconductors.
The value ofr, determined experimentally, is compared Very recently a different interpretation of results ob-
with theoretical predictions. Up to now = 0.5 has been tained with uncompensated Si:P leading:tc= 1.3 has
obtained with nominally uncompensated semiconductorbeen proposed by Léhneysen and co-workers [23]. They
(Si:P [1], Si:As [2,3], Ge:As [4], Si:B [5]) whilee = 1 has fitted data fora(0) < 5 (2 cm)~! samples with Eq. (1)
been found with compensated semiconductors (Ge:Sb [6hy redefiningN. which was 6% smaller than the con-
Si:P,B [7], Ge:Ga,As [8]) and amorphous alloys [9—12].ventionally accepted value. Their results, which agree
Exceptions are uncompensated Ge:Sb witls 1 [13]and  perfectly with the model of the disorder induced transi-
Ga,Ar|—, amorphous alloys withy = 0.5 [14]. As we tion, led to many discussions especially among experi-
explain below, the value of = 0.5 obtained with sim- mentalists. Rosenbaum, Thomas, and Paalanen argued
ple systems like uncompensated semiconductors turns otltat ther = 1.3 region below the conventional. should
to be inconsistent with theoretical predictions [15]. In hisbe ignored since it was most likely an artifact due to in-
original theory Mott considered only the electron-electronhomogeneous dopant distribution [24]. Castner, on the
(e -e™) interaction (Mott transition) and predicted a dis- other hand, suggested that th€0) < 5 (0 cm)~! sam-
continuous transition af (0) at N, [16]. Althoughthereis ples in Ref. [23] are insulators since their resistivjsy
much evidence for the importance &f -~ interactions, obeys Mott’s variable range hopping theory characterized
no experimental observation of such an abrupt transitioty Inp o« 7-1/4 [25].
has been reported. Anderson’s idea of MI transitions is The questions raised can be answered only if a se-
based solely on the disordered potential arising from ranries of homogeneously doped samples can be prepared
domly distributed dopants (Anderson transition) [17]. Thiswhich allows an unambiguous determinatiom@fi.e., an
lead to the development of the well-known “scaling the-appropriate scaling of the conductivity td. becomes
ory” which predictedr = 1 for three dimensional systems possible from both the insulatingy < N.) and the metal-
[18]. More recently, higher order calculations of the scal-lic (N. < N) sides of the transition. In this Letter we

4058 0031-9007796/77(19)/4058(4)$10.00  © 1996 The American Physical Society



VOLUME 77, NUMBER 19 PHYSICAL REVIEW LETTERS 4 NdVEMBER 1996

describe such an experiment using nominally uncompen- Figure 1 shows the temperaturg) (dependence of the

satedp-type Ge:Ga semiconductors. resistivities (p) of 14 insulating samples in the range
The present study is the result of an extensive effortv = 0.16-0.99N.. All curves become linear only when

to produce homogeneously doped samples NearEven Inp is plotted againstZ ~'/2 in good agreement with

with today’s advanced semiconductor technology, meltEfros and Shklovskii's theory of variable range hopping

doping of bulk semiconductors always leads to inhomo-conduction for strongly interacting electrons [29]:

geneous dopant distributions due to impurity segregation 12

and striation during crystal growth. We have overcome p = po expTo/T)"~, 3)

such problems by applying the neutron transmutation dopwherep, is a prefactor andy is given by

ing (NTD) technique to a chemically pure, isotopically

enriched”®Ge crystal. A similar approach using a limited To = 2.8¢%/k(N)E(N) . (4)

number of NTD “Ge:As samples has been employed by,

lonov et al. [4]. The "°Ge crystal of isotopic composition ot : ; )
[°Ge] = 96.2 at. % and[’*’Ge] = 3.8 at. % was grown gggat:z;)lin%t\z /?;?efd;\?)g]]s o:n,drefs(lrigcg\/[(]e\lz./(lvl\il Oie
using the Czochralski method developed for uItra-pureN)]g'asN approachesV, from the insulating side so that
Ge [26]. The as-grown crystal was free of disIocations,TO becomes [29] ¢

p-type with an electrically active net-impurity concentra-
tion less thard X 10'' cm™3. A number of wafers were To = A[(N. — N)/N.]%, (5)
cut from the ingot and irradiated with thermal neutrons at

the University of Missouri Research Reactor. Upon cap-Where @ =s + { is to be determined experimentally.

turing a thermal neutrof’Ge becomeg£'Ge which decays The left half of Fig. 2 shows the experimentally deter-
via electron capture to 4Ga acceptor with a half-life of mined 7y vs [Ga] (filled diamonds) together with the re-

T\» = 11.2 days. A very small fraction of?Ge becomes Sult Of a three-parameter-fitting usin§ N., and a as
731C/52e which is sytable, i.e.)j no other acceptors or donors ar\éanables in Eq. (5) (solid curve). We deduced [Ga] for

introduced. We use NTD since it is known to produce theeaCh sample using Eq. (2) since we know the precise neu-

most homogeneous, perfectly random dopant distributioH}?r} flue_tr;]ceE use5d In eacgtlr_rad(;atlt_)tr;] rt%n. Tlhe bESt fit
down to the atomic level [27]. We have shown previ-o o Wi g. (5) was obtained wi e valuas =

— 17 —3
ouslv that th tratior] : 70G | 1.03 = 0.038 andN,. = 1.855 = 0.012 X 10" cm™. A
altjtzryNT?) is gi\fgr?(;:)?gcriselly ;5361] N our 7€ samples much larger value ofr = 2 has been reported for Ge:As

using only three samples with the highdbeing far from
the transition(0.56N.) [30]. T} of the Mott's variable
range hopping theoryln p « (T}/T)"/*] has also been
scaled toN, for Si:P and Si:As leading to a severe dis-
agreementy = 1.45 for Si:P [31] anda = 2.9 for Si:As

ere k(N) and £(N) are the dielectric constant and lo-

["'Gal(cm3) = 0.1155 X n(cm2), (2)

wheren is the thermal neutron fluence [28]. An accurate
control of the neutron fluence permits us to achieve
the desired concentration$!Ga]. The number ratio of T (K)

thermal to fast neutrons during NTD was30:1. It

has been shown that the compensation ratio in our NTD : 1|K °'|5K 0'?K °'|1K °'°|5K
0Ge:Ga becomes less than 0.001 after annealing at®50 10°
for 10 sec [28]. The short annealing time is selected
in order to avoid redistribution of the homogeneously _ ;
distributed "'Ga. The dimension of most samples for § 10° |
the conductivity measurements waésx 2 X 0.2 mny. i
Four strips of boron ion implanted regions on6ax
2 mm? face of each sample were coated with 200 A |
Pd and 4000 A Au pads. Annealing at 3@ for one
hour activated the implanted boron and removed the2

104 |

sistivity (Q

stress in the metal films25 wm Au wires were bonded = 100 ] 3
ultrasonically to the Au pads for four-point electrical 3 E
measurements as well as for heat sinking. The two point O U U A B
measurements with the implanted contacts were employed Y 1 2 3 4 5
for some of the high resistivity insulating samples. All T2 (K'?)

low frequency(<30 Hz) conductivity measurements were ) o )
performed in a dilution refrigerator using a standard lockF!G- 1. The logarithm of the resistivity plotted as a function

! o ) . of T~Y2 for 14 insulating NTD °Ge:Ga samples. Gallium
in amplifier and/or an ac bridge (RV-Elektroniikka, AVS- . cnhirations from top to bottom in units 66 cnT? are

46). Sample heating was avoided by using an electricad 02, 8.00, 9.36, 14.50, 17.17, 17.52, 17.61, 17.68, 17.70, 17.79,
power of less than0~ 4 W. 17.96, 18.05, 18.23, and 18.40.
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FIG. 2. The left side shows the experimentally determifigd 5 i ]
of 14 insulating samples as a function of Ga concentration . 1
(®). The solid curve is the best fit obtained with Eq. (5) with ; 1

a = 1. The right side shows the zero temperature conductivity

Conductivity ("' cm™)

o (0) obtained from the extrapolations in Fig. 3 for ten metallic 0 : : :
samples as a function of Ga concentrati@h. The solid curve 0 0.2 0.4 0.6 0.8
is the best fit obtained with Eq. (1) with = 0.5. T12 (K'2)

FIG. 3. Conductivity plotted as a function df'/> for 10

32], even though these two systems are considered HAISNTD Geh aTIes ol Ines rcai oo
be very similar. Inhomogeneous dopant distributions may, iy of 116 cmi-3 are 18.61, 19.33, 20.04, 20.76, 21.47, 22.19,
have affected the results of these Si studies. In the presepp 90, 23.62, 24.50, and 26.25.
study, @ = 1 has been obtained with 14 homogeneously
doped samples diGa] = 0.16-0.99N,., all demonstrating
the Inp o« T-'/2 dependence, i.e., this data set should benany nominally uncompensated semiconductors [1—5].
considered to be the first reliable determination of the hopWe agree with Rosenbaum, Thomas, and Paalanen that
ping conductivity exponentx for a particular semicon- the v = 1.3 region observed by the Karlsruhe group is
ductor system.s for x(N) is another important exponent most likely an artifact due to an inhomogeneous dopant
to be determined in the future for our NTD Ge. Hessdistribution [24], because we did not observe such a re-
et al. have founds = 1.15 and determined, accurately gion with our homogeneously doped samples.
for Si:P [33]. So far we have considered only the scaling of the

Figure 3 shows the conductivity in ten metallic sam- zero temperature conductivity(0) as a function ofN.
ples plotted againgt'/2. Our extrapolation of each curve In the future it will be of great interest to evaluate
to T = 0, i.e., the determination of the zero temperaturethe dynamical scaling behavior of the conductivity as
conductivity o(0), yields a very small error since the de- a function of bothT and N [Eq. (5.44b) of Ref. [15]
pendence otr on T for all samples is very weako plot- by Belitz and Kirkpatrick]. We are in the process of
ted against other functions of temperatures sucl’'dé  fabricating new NTD Ge samples closerNp for such an
with x = 1-3 does not change significantly the values ofanalysis. Also it is important to note that the combination
o(0). The right half of Fig. 2 shows(0) as a function of Wegner's scaling lawr = £, the relations = 2/,
of [Ga] (filled circles) together with a fit obtained by the and the experimentally determined= 0.5 predictsa =
scaling expression Eq. (1) (solid curve). The values ofs + ¢ ~ 1.5 for our Ge:Ga. This value differs slightly
the parameters determined from this fit are= 0.502 =  from the experimentally determined = 1. Further
0.025 and N, = 1.856 + 0.003 X 10'7 cm™3. Here we investigations are underway to clarify this point.
presentr = 0.5 for uncompensated Ge:Ga semiconduc- In conclusion we have determined the critical expo-
tors with high confidence, since the two values\ofob-  nent for uncompensated Ge:Ga to be= 0.5. The ho-
tained from the scaling df, [Eq. (5)] ando(0) [Eq. (1)] mogeneous dopant distribution, we believe, has been the
agree perfectly. The Karlsruhe group suggested that onligey for our successful experiment demonstrating the scal-
the samples withio/d~/T > 0 in Fig. 3 should be in- ing behavior of the conductivity on both sides of the
cluded in the fitting with Eq. (1) [23]. We have only transition.
two samples exhibiting such a behavior. However, with We are grateful to T. Ohtsuki of Sophia University and
N. fixed hard at1.855 X 107 cm™3 by the fitting with Y. Ono of Toho University for enlightening discussions.
Eqg. (5), » = 0.5 is obtained even with ther(0) of our  The work at Keio was supported in part by the Mazda
two do/d~/T > 0 samples. Therefore the present work Foundation’s Research Grant and in part by the Moritani
lends strong support to = 0.5 obtained previously with  Scholarship Foundation. The work at Berkeley was

4060



VOLUME 77, NUMBER 19 PHYSICAL REVIEW LETTERS 4 NdVEMBER 1996

supported in part by the U.S. NSF Center for Particlg17] P.W. Anderson, Phys. Re®09, 1492 (1958).
Astrophysics under Cooperative Agreement No. ADT-[18] E.P. Abrahams, P.W. Anderson, D.C. Licciardello,
88909616, in part by the Director, Office of Energy and T.V. Ramakrishnan, Phys. Rev. Le#2, 673
Research, Office of Basic Energy Sciences, Materials (1979).

Sciences Division of the U.S. Department of Energy undef9 A. MacKinnon and B. Kramer, Phys. Rev. Let/,

Contract No. DE-AC03-76SF00098, and in part by U.S.  top0 U981: T. ohsuld, B, ggg“;;r Jand Y. ono,
NSF Grant No. DMR-94 17763. 81, : M. :

B. Kramer, and T. Ohtsuki, Europhys. Let7, 389
(1994).

[20] E. Hofstetter and M. Schreiber, Phys. Rev. L&&, 3137
[1] T.F. Rosenbaum, K. Andres, G.A. Thomas, and R.N. (1994).

Bhatt, Phys. Rev. Letéd5, 1723 (1980). [21] T. Kawarabayashi, T. Ohtsuki, K. Slevin, and Y. Ono,
[2] P.F. Newman and D.F. Holocomb, Phys. Rev2& 638 Phys. Rev. Lett77, 3593 (1996).

(1983); Phys. Rev. Letb1, 2144 (1983). [22] J. Chayes, L. Chayes, D.S. Fisher, and T. Spencer, Phys.
[3] W.N. Shafarman, D.W. Koon, and T.G. Castner, Phys. Rev. Lett.54, 2375 (1986).

Rev. B40, 1216 (1989). ) [23] H. Stupp, M. Hornung, M. Lakner, O. Madel, and H.v.
[4] A.N. lonov, M. J. Lea, and R. Rentzsch, Pis'ma Zh. Eksp. Lohneysen, Phys. Rev. Leftl, 2634 (1993).

Teor. Fiz.54, 470 (1991) [JETP Let4, 473 (1991)]. [24] T.F. Rosenbaum, G.A. Thomas, and M.A. Paalanen,
[5] Peihua Dai, Youzhu Zhang, and M.P. Sarachik, Phys. Phys. Rev. Lett72, 2121 (1994).

Rev. Lett.66, 1914 (1991). _[25] T.G. Castner, Phys. Rev. Left3, 3600 (1994).
[6] G.A. Thomas, Y. Ootuka, S. Katsumoto, S. Kobayashi,(56] .. Hansen and E.E. Haller, Mater. Res. Soc. Symp.

and W. Sasaki, Phys. Rev. 35, 4288 (1982). Proc.16, 1 (1983); E.E. Haller, W.L. Hansen, and F.S.

[7] M.J. Hirsch, U. Thomanschefsky, and D.F. Holocomb, Goulding, Adv. Phys30, 93 (1981).

Phys. Rev. 537 8257 (1988,)' , . [27] Neutron Transmutation Doping of Semiconductor Ma-
[8] A.G. Zabrodskii and K. N. Zinov'eva, Zh. Eksp. Teor. Fiz. terials, edited by R.D. Larrabee (Plenum, New York,
86, 727 (1984) [Sov. Phys. JETSD, 425 (1984)]. 1984).

[9] M. Rohde and H. Micklitz, Phys. Rev. B6, 7572 (1987).  15g] K. |toh, W.L. Hansen, E.E. Haller, J.W. Farmer, and
[10] G. Hertel, D.J. Bishop, E.G. Spencer, J. M. Rowell, and V.l. Ozhogin, in Proceedings of the 5th International

R.C. Dynes, Phys. Rev. Le&0, 743 (1983). Conference on Shallow Impurities in Semiconductors,

[11] M. Yamaguchi, N. Nishida, T. Furubayashi, K. Morigaki, edited by T. Taguchil Mater. Sci. Forufil7 & 118 117
H. Ishimoto, and K. Ono, Physica (Amsterdati)8B, 694 (1993)]_y - 18 ! ' ' 8
(1983). [29] B.I. Shklovskii and A.L. Efros, inElectronic Properties

[12] W.L. McMillan and J. Mochel, Phys. Rev. Le#6, 556 of Doped SemiconductorsSolid State Series Vol. 45

(1981). (Spri .
. pringer-Verlag, Berlin, 1984).
[13] Y. Ootuka, H. Matsuoka, and S. Kobayashi,Anderson 301 A N onov, I. S. Shlimak, and M. N. Matveev, Solid State

Localization, edited by T. Ando and H. Fukuyama Commun.47, 763 (1983).

(Springer-Verlag, Berlin, 1988), p. 40. [31] H.F. Hess, K. DeConde, T.F. Rosenbaum, and G.A.
[14] Th. Zint, M. Rohde, and H. Micklitz, Phys. Rev. B1, Thomas, Phys. Rev. B5, 5578 (1982).

4831 (1990). [32] W.N. Shafarman and T.G. Castner, Phys. Re8383570

[15] For general reviews, see D. Belitz and T.R. Kirkpatrick, (1986).
Rev. Mod. Phys.66 261 (1994); N.F. Mott,Metal- 331 | F Hess, K. DeConde, T.F. Rosenbaum, and G.A.
Insulator Transitions,(Taylor&Francis, London, 1990), Thomas, Phys. Rev. B5, 5578 (1982).
2nd ed.; P.A. Lee and T.V. Ramakrishnan, Rev. Mod.
Phys.57, 287 (1985).
[16] N.F. Mott, Proc. Phys. Soc. London Sect. 82, 416
(1949).

4061



