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Scaling of the conductivity of Si:B: Anomalous crossover in a magnetic field
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The zero-temperature conductivity of Si:B with dopant concentrations near the metal-insulator transition
exhibits scaling as a function of magnetic field with an anomalously large crossover exponent. The large value
of & is associated with unusual behavior of the magnetoconductance, which vanishes as a power law approach-
ing the transition. This demonstrates that Si:B, which has an anomalous critical conductivity exponent in zero
field, also exhibits unusual behavior in response to a magnetic f@0.63-18207)07007-0

Based on a number of experimental results, most notablguctivity exponents, exhibit an even larger difference in their
the elegant measurements to very low temperatures bgagnetic-field crossover exponent.
Paalaneret all in stress-tuned Si:P, the metal-insulator tran-  Seven metallic Si:B samples with dopant concentrations
sition that occurs in doped semiconductors and amorphoué 11, 4.20, 4.30, 4.38, 4.56, 4.75, and 4908 cm™3 were
metal-semiconductor mixtures is generally believed to be dneasured at temperatures between 0.06 and 0.5 K in mag-
continuous phase transitian\/arious physica| propertiesy netic fieldsto 9 T. Sample characterization and measurement
such as the conductivity and the Hall coefficient, are ex{echniques are described in detail elsewtérehe conduc-
pected to satisfy appropriate scaling relations as the transfivity of a typical sample is shown as a function % in
tion is approached, and their critical behavior has been ex¥arious fixed magnetic fields in Fig. 1.
tensively studied in a variety of materidlsDespite The de.termlnatlon of .the magnetic-field crossover expo-
considerable experimental and theoretical progress, there apgnt requires extrapolations of the measured values of the
a number of interesting unresolved issues in this area th onductivity to zero temperature. VYe have recent'ly stibwn
continue to receive a great deal of attention. In particular,. at the magnetoconductance of Si:B obeys a universal rela-

while most amor . . Pon consistent with the general form expected for
phous metal-insulator mixtures and mos

doped semiconductors, such as Ge*8inave critical con-
ductivity exponents near 1, the silicon-based matef&it$} 30 frrrTT T T T T 1 H (Tesla)
Si:BS and Si:As(Ref. 7)] exhibit anomalously small conduc- ]
tivity exponents betweeh and 2.2 A number of suggestions
have been advanced to resolve this enigma, but none has
gained general acceptarfteé®

The response to an external magnetic field of systems
characterized by a critical conductivity expongnt1l was
investigated by Rosenbaum, Field, and Bh&fthey showed
that the conductivity of Ge:Sh, a system that exhibits the
widely observed zero-field conductivity exponept=1,
obeys scaling with concentration and magnetic field with the
crossover exponentd=3 predicted theoretically by
Khmel'nitskii and Larkin'? In contrast, we show in this pa-
per that the transport in a magnetic field of Si:B, a material
that exhibits a zero-field conductivity exponent smaller than
1, is highly anomalous. The data for the zero-temperature 0
conductivity in various magnetic fields of several samples of TV2 (K1/2)
Si:B with different dopant concentrations lie on a single
curve, but with a crossover exponefithat is much larger FIG. 1. For a typical metallic Si:B sample with boron concen-
than 1. This anomalously large value can be traced to thgation 4.38<10'® cm™3, the conductivityo(n,H, T) is plotted as a
unusual concentration dependence of the magnetocondufimction of T¥? at various fixed magnetic fields, as labeled. The
tance approaching the metal-insulator transition. Thus, twdines (see text yield zero-temperature conductivities;(n,H,0)
systems Ge:Sh and Si:B, which have different zero-field conplotted in Fig. 2.
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80 : : : ‘ crossover exponent. Nevertheless, we stress that all methods,
2 45 T 12 including simple fits to the raw data, yield a crossover expo-
§ :C:IB o nent larger than 1. The superlinear dependenag, oh mag-
® g netic field is in contrast with Ge:SB, where a crossover
g 2 exponent of} indicates a sublinear, square-root dependence.
&0 < Inset(b) shows the slopem(n) of the curves of Fig. 2,

as well as values of the magnetoconductamgén) deduced
directly from theH/T scaling of Ref. 14; these do not require
zero-temperature extrapolations and confirm the overall va-
lidity of our procedure. The magnetoconductance decreases
rapidly as the critical concentration is approached; a power-
law fit to data for the four samples closest to the metal-
insulator transition yields

CONDUCTIVITY o(H,T—0) (ohm cm)"

my(n)=A(An/ne)*, ()
Pt with @=0.37 andn,=4.01x 10" cm31°
9 456 Using the form for the critical behavior of the conductiv-

ity in zero magnetic fieldg(n,0,0)=oy(An/ng)*, we can
7 rewrite Eq.(2) as

10

4D+ Xe®00
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a(n,H,0)/a(n,0,0=1—my(n)HYZ oo(An/ny*. (4)

0.0 . s .
° ! 21/2 1/32 4 S HereAn=(n—n;), n.is the critical concentration and is
HY< (TV¢) the critical conductivity exponent in zero field. Scaffif

with magnetic field requires
FIG. 2. Zero-temperature conductivities(n,H,0) versusH?

for seven Si:B samples with different boron concentrations, as la- o(n,H,0/a(n,0,0=G(H °An)=F(H/H*) (5)
beled. Inseta) shows the critical concentration, versus magnetic

field H; the dashed line is a fit tAn,~H?, yielding 5=1.7. Inset ~ with a power law dependence &f* on An in the critical
(b) shows the slopen,(n) (in units of [Q~ cm T Y?]), where  region of the form

closed symbols denote the slopes of the cufees Eq.(2)] and

crosses are values deduced from the data of Ref. 14. The solid curve H* ~An%, (6)
is a fit to Eq. (3) of the four closed data points closest to the

transition, yieldingn,=4x 10"® cm™2 and «=0.37. SettingB= A/ andx=H"2~®I(An/n;), comparison of

Egs. (4 and (5) yields a crossover functiorG(x)=1
electron-electron  interactions, Ac=[o(H,T)—o(0,T)]  —BX“"* and crossover exponet=1[2(x—a)]. Using
=KTYF(H/T), with a function F(H/T) associated with #=0.65 for Si:B(Ref. § and a=0.37, one obtaing~1.3,

concentratiom. For valuesgugH >kgT this simplifies to Fig.2. _ _
The ratio o(n,H,0)/a(n,0,0) is shown as a function of

a(n,H,T)=0(n,H,0)+m(n) T2, (1)  magnetic fieldH on a log-log scale in Fig. (8); Fig. 3(b)
demonstrates that all the curves can indeed be brought into

with a slopemy(n) that is independent of magnetic field for coincidence by appropriate choiceskf, corresponding to

a given sample. Based on the form of the functiofH/T) diff J ; : :
o . erent rigid horizontal shifts for each sample. The inset to
and the data above 2 T, the same limiting slopg(n) is Fig. ab) sr?owsH* versusAn=(n-n_) on aﬁ)og-log scale.

used in low fields to obtain the lines shovx_/n In Fig. 1 beIOWDewatlons from a straight line are evident at the highest
the lowest temperature of 0.06 K reached in our experiments . NPT e 2

dopant concentration, indicating that the critical region is
wheregugH <kgT.

The zero-temperature conductivitie§n,H,0) are plotted restricted: it extends no higher thar=1.2n., and probably

B . g d’ncludes only the four samples closest to the transition, or
in Fig. 2 as a function of the square root of the magnetic fiel h<1.101. . in agreement with a recent sudgestion of Stu
for all seven samples of Si:B. The straight-line fits indicate , g — ¢’ 9 99 bp

that the zero-temperature conductivity obeys the relation etal’ The exponent can be obtained from the inverse of
P y y the slope of the straight line region of ingbj. It depends on

a(n,H,0)=(n,0,00 —my(n)HY2 (2)  the breadth assumed for the critical range, as well as on the
choice of the critical concentrationn.. For ng

We have determined the zero-temperature value of the=4.01x 10'® cm™3, fits to four, five, or six data points yield
conductivity by assuming the validity of tHé/T scaling of §=2.2, 1.8, and 1.65, respectively. Equivalent fits for a much
Ref. 14 for the lowest relevant values of the magnetic fieldlower n,=3.90x 10'® cm3 yield §=1.4, 1.2, and 1.15. Al
The zero-temperature intercept for the four samples closeseasonable assumptions thus yield values for the crossover
to the transition yield the, versusH plot shown in inseta) exponent that are well above 1, consistent with the superlin-
of Fig. 2; a fit to An,~H? yields a crossover exponent ear behavior oAn shown in Fig. 2, inseta).
5=1.7+0.4. Different data analyses yield somewhat differ- We now compare our findings with existing theories. The
ent values for the zero-temperature extrapolations and thebservation of scaling suggests that the dopant concentration
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Bhatt!! No definitive value of the crossover exponent was
obtained for Si:As, where the observed behavior was attrib-
uted to changes in the critical exponent and to field-tuning of
the critical concentration. On the other hand, it is instructive
to compare the behavior of Si:B with that found for Ge’b,
which has a distinctly different crossover exponeh 3.
The zero-field conductivity of Ge:Sb vanishes with the usual
exponentu~1, and a magnetic field does not modify its
value substantially'* The zero-temperature conductivity
obeys Eq.(2) with a slopemy(n) that is constant and inde-
pendent of concentratiofw=0). If plotted in Fig. 2, this
would yield a set of parallel lines of equal slope for different
dopant concentrations. Thus, the magnetoconductance of
Ge:Sb is nonzero and negatiyeositive magnetoresistance
for any metallic sample, no matter how close its concentra-
tion to the critical valuen. ; here a magnetic field drives any
metallic sample toward the insulating ph&&he conduc-
tivity exhibits scaling as a function of magnetic field with a
crossover exponert=1/2(u— a)]=3, consistent with ex-
pectations for systems in which orbital effects dominate. The
dependence of the critical concentration lnis sublinear
(square rogt varying strongly withH at small fields. In
contrast, the critical conductivity exponent of Si:B has an
anomalously low valufeof u~0.65 in zero fieldchanging to

the value 1 in a magnetic fié}). The magnetoconductance
my(n) of Si:B (the slopes in Fig. Rdepends strongly on
dopant concentration and decreases continuously as a power
law to zero an.. Near the transition, a magnetic field drives
the system neither toward insulating nor toward metallic be-
havior. The critical concentration exhibits a superlinear de-

FIG. 3. (a) The ratioo(n,H,0)/o(n,0,0) versus magnetic field Pendence on field with an anomalously large crossover ex-
H on a log-log scale for seven Si:B samples with dopant concenPonent near 2. Thus, the large value of the crossover

trations as labeledb) Scaled curves of(n,H,0)/a(n,0,0) versus
H/H* on a log-log plot. The inset shows* versusAn=(n
—n,) on a log-log scale fon,=4.01x10'® cm™3. The solid and

exponent of Si:B is associated with the very unusual behav-
ior of its magnetoconductance.
To summarize, we show that Si:B, one of the prototypical

dashed lines represent fits, respectively, to four and to six doparsilicon-based semiconductors whose anomalous behavior in
concentrations nearest the metal-insulator transition.

zero field has long been an unresolved puzzle, also exhibits
unusual behavior in response to a magnetic field. Its zero-

and the magnetic field enter the conductivity through twotemperature conductivity exhibits scaling as a function of

lengths larger than the microscopic distances, namely, thmagnetic field with an anomalously large crossover exponent
localization length¢ and a magnetic lengthy, . When orbital 8. The large value of can be traced to the vanishing of the
effects dominate, the conductivity is determined by the fluxmagnetoconductance amplitude approaching the metal-
threading an area~¢?, the scaling function depends on insulator transition. We note that measuremgh$ the sus-
B¢&2 and the magnetic crossover exponehis given by  ceptibility of Si:B have shown that the response of the spin
1/(2v). This was first argued by Khmel'nitskii and Larklh; degrees of freedom to a magnetic field becomes stronger as
it is in fact quite general and follows from the gauge invari-we approach the metal-insulator transition. Our paper dem-
ance of the coupling of the vector potential to the metalliconstrates that the response of the charge degrees of freedom
order parametef. In the absence of any complicating fac- to an external magnetic field, namely, the magnetoresistance,
tors, rigorous boundg on the exponent then imply thats  shows the opposite behavior, becoming weaker as the tran-
must be less than 0.75. Magnetic-field coupling to the spirsition is approached. To the best of our knowledge, there is
degrees of freedom can produce another crossover exponentrrently no theoretical explanation for these experimental
Still, approximate calculations for noninteracting electfdns findings, which we hope will stimulate theoretical develop-
and for interacting electrofyield a value of5 that is even ments.
smaller than for orbital effects. It is important to note, how- M.P.S. thanks Sergey Kravchenko, Jonathan R. Friedman,
ever, that the large crossover exponent in Si:B is associateshd Dietrich Belitz for valuable discussions. V.D. would like
with the unusual concentration dependence of the magnette thank Paul Leath and Joseph Straley. This work was sup-
conductance and the val#e=1.7 does not violate any theo- ported by the U. S. Department of Energy under Grant No.
retical bound. DE-FG02-84-ER45153. G.K. was supported by NSF Grant
The crossover behavior of the conductivity in a magneticNo. DMR92-24000 and V.D. was supported by NSF Grant
field has been investigated experimentally in Si:As by ShaNo. DMR 92-24000 and ONR under Grant No. N-11378-
farman et al?! and in Ge:Sb by Rosenbaum, Field, andRUCKENSTEIN.
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