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Scaling of the Conductivity with Temperature and Uniaxial Stress in Si:B
at the Metal-Insulator Transition
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Using uniaxial stressS to tune Si:B through the metal-insulator transition at a critical value
S., we find the dc conductivity at low temperatures shows an excellent fit to the scaling form
o(S,T) = AT*f[(S — S.)/T”] on both sides of the transition. The scaling functions yield reliable
determinations of the temperature dependence of the conductivity in the metallic and insulating phases
in the critical region. [S0031-9007(98)08115-0]

PACS numbers: 71.30.+h

The metal-insulator transition in doped semiconductorsemiconductor mixtures [11], magnetic semiconductors
and amorphous metal-semiconductor mixtures is a continl12], and heavily compensated persistent photoconduc-
ous quantum phase transition which occurs in the limitors [13] all suggest an exponept = 1. In contrast,
of zero temperature. A scaling approach similar to thaglthough the continuous nature of the transition was first
used for continuous phase transitions driven by temperademonstrated in uncompensated doped Si and despite con-
ture, within which the properties of the system do notsiderable effort over more than two decades, a consensus
depend on microscopic details and are controlled by aegarding the critical behavior in uncompensated doped
diverging length scale, suggests that the conductivity in theemiconductors has yet to emerge [14]. There continues
vicinity of the transition (critical) point can be described by to be debate concerning a number of fundamental issues.
a scaling form, Thus, for example, (i) the value of the critical conductivity

o(t,T) = o (T)f[(t — 1.)/T], (1) exponentu has been variously cited as equall{® and

where: is the control parameter (such as dopant concent: (i) the breadth of the critical regime, and thus the range

tration, magnetic field, or uniaxial stress) that drives thePf the critical parameter one can safely use to determine
transition at the critical value = ¢., and the exponent is not known; and (iii) the form of.(T)

oo (T) = AT* ) in the critical region very near the transition has been

. . iy _ claimed to bex T2 and= T'/3 [15].
is the I(_)w—tempelratur_e I!mlt of the _cond_uct|v!ty atthe criti-  he procedure generally used to determine the critical
cal point. By identifying the diverging time scale

> i i ) exponentu entails measuring the conductivity to as low
at the transition withvi/kT, and assuming conventional 5 temperature as possible to obtain a single extrapolated
dynamical scalingr o« &2, where £(¢) o« (r — t.)”7 is

T = 0 value to be used in the fit to Eq. (3). In contrast,

the diverging correla’;ion Ien_gth scale as the transition ig| scaling with temperature, Eq. (1), obviates the need
approached, one easily obtains= 1/zv,andx = u/zv,  for potentially unreliable extrapolations 6 = 0 and

where_,u is the cri.ti<_:al exponent characterizing the onset Ofyields a determination ofx based on all data taken
metallic conductivity at zero temperature:

at all temperatures and values of the control parameter
a(t,T —0) « (t — 1)*. (3) in the critical regime. Inspection of published data for
The applicability of this scaling formulation [1] to the amorphous metal-semiconductor mixtures such as NbSi
metal-insulator transition was first demonstrated for nonin{11] and the persistent photoconductor ABa ;As [13]
teracting electrons by Wegner [2] and by Abrahashal.  indicates that the conductivity of these systems obeys
[3], and subsequently extended to incorporate electrorkqg. (1) in the metallic phase [16,17]. On the other hand,
electron interactions by many authors [4—7]. Within thisthe conductivity of Si:P measured by Paalae¢ral. [18]
theoretical framework, the values of the critical exponentgo temperatures below 5 mK does not obey scaling, while
u, v, andz are determined by the symmetry of the effec-approximate temperature scaling has been reported by
tive field theory, and depend on the presence or absen&upp et al.[19] at somewhat higher temperatures on
of symmetry-breaking fields, such as magnetic field, spinthe metallic side very near the transition in the same
orbit interactions, or magnetic impurities, which determinesystem [20].
the universality class of the system [8,9]. In this paper we report conductivity measurements ob-
The problem of metal-insulator transitions has atained using uniaxial stress to tune through the metal-
venerable history [10]. Data for amorphous metal-insulator transition in Si:B. As demonstrated by Paalanen
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et al.[18] in their classic experiments in Si:P, uniaxial 100 g : T
stress allows very fine control in a single sample, and gives F I oo, 909 0% 8 58988 8o M
precise relative determinations of the critical parameter [ 298 comoo @@ 8L mm 8§§o§ s |1
For a closely spaced set of stresSagear the critical stress < g0 L 430 owomo0o00 O @ ° o o %D%% §
S., we demonstrate that the conductivity of Si:B obeys ‘ & e O ]
scaling, Eq. (1), on both sides of the metal-insulator transi- ges g3
tion. We show that the conductivity in the critical regime S g8
is consistent withor, o« T'/2, This is the same tempera- 1 °

ture dependence as has been calculated [21] and observed
[18] in the perturbative region on the metallic side (weakly
disordered metal). On the insulating side, we find that
the conductivity crosses over#o = exf —(T*/T)"/%], the
Efros-Shklovskii (ES) form expected for variable-range
hopping in the presence of Coulomb interactions [22], with
aprefactor: T'/2 corresponding to the temperature depen- :
dence of the critical curve. ——— : —
A bar-shaped.0 X 1.25 X 0.3 mm’® sample of Si:B '
was cut with its long dimension along the [001] direction.
The dopant concentration, determined from the ratio of th&fIG. 1. Conductivity versus temperature on a log-log scale for
resistivities [23] at 300 and 4.2 K, wds84 x 10'8 cm™3.  different values of stress.
Electrical contact was made along four thin boron-

implanted strips. Uniaxial compression was applied to thejecreased, tending toward finite (metallic) conductivities
sample along the long [001] direction using a pressure cebt 7 = 0, while the lower curves are concave downward,
described elsewhere [23]. Four-terminal measuremeni{gdicating that they are in the insulating phase. The critical

were taken at 13 Hz (equivalent to dc) for differentcurve ats = s, is a straight line heading toward = 0
fixed values of uniaxial stress at temperatures betweegt 7 = 0, and follows a power law.

0.05 and 0.76 K. Measurements were restricted to the Fits to S-T scaling, Eq. (1), were carried out for dif-
linear region of the-V curves. ferent choices ofS, ranging between 560 and 726 bars.
Si:B is considerably more sensitive to stress than Si:Frigure 2 shows a scaled plot of/a. vs (AS/S,)/T%3!
[24]. This is because the acceptor state in Si:B has a fougwhereAS = § — §.) for the best choice§. = 613 bars,
fold degeneracy in the unstressed cubic phase, which igelding exponents = 0.5andy = 0.31. The conductiv-
lifted by uniaxial stress into two doublets, each retainingjty at the critical point thus exhibits a square root depen-
only the Kramers degeneracy. By contrast, the sixfold valdence onr'. A dependence: T'/3, claimed for several
ley degeneracy (on top of the required Kramers or spiryther systems at the critical point [15] is inconsistent with
degeneracy) of an effective mass donor in Si has alreadyur data in stressed Si:B. In terms of the standard expo-
been removed (even in zero stress) by the central-cell copents, one obtaing = 1.6 andzr = 3.2. If we assume
rection of the phosphorus dopants [25]. A consequence qhs is generally done) [28] that = v, it follows that the
the additional degeneracy in Si:B is that uniaxial compresdynamical exponent = 2.
sive stress drives metallic Si:B into the insulating phase, The conductivity in the insulating phase, normalized to
unlike Si:P where (relatively larger) stresses drive an insuthe critical conductivity, is shown in Fig. 3 on a semiloga-
lating sample through the transition into the metallic phaserithmic scale as a function of7*/T)'/2, where T* o«
This is in qualitative agreement with predictions for ef- (A$)!/y. Given thate = o, atT* = 0 so that the curve
fective mass donor systems which take into account masgust go through the upper left corner, the straight line of
anisotropy [26] as well as degeneracy in the presence @fig. 3 shows that fof*/7 > 10 the conductivity obeys
electron correlation [27]. the exponentially activated hopping form [22] expected in
The conductivity of Si:B measured at 4.2 K was foundthe presence of a gap in the density of states due to electron

to be a linear function of stress. Since the conductivity ainteractions, with a temperature-dependent prefactor given
4.2 K is also approximately linear with dopant concentra-y the critical curve, namely,

tion for concentrations near the transition, it follows that N
(S — S.) « (n — n.), and either may be used as the con- o(T) = T exf—(T /)] (4)
trol paramete(r — r.) in the scaling equations (1) and (3). We have thus demonstrated that the ES hopping form
It has generally been assumed that the same value of tlexpected in the insulating phase is also included in the
critical conductivity exponeng should then be obtained scaled conductivity near the transition. Deviations are
by varying stress or dopant concentration. evident forT*/T < 10. In this regime hopping energies
The conductivity as a function of temperature is shownare comparable to or larger than the energy width of the
on a log-log scale in Fig. 1 for twenty selected values ofCoulomb gap, and a crossover has been suggested and
the uniaxial stress. The upper curves bend upwardias observed to Mott variable range hopping with an exponent
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FIG. 2. o/o. versus the scaling variable\S/S.)/T> on a (T'1 T2

log-log scale, withy = 1/(vz) = 0.31.
FIG. 3. For the insulating phase,/o. versus(T*/T)"/? on a

, ) semilogarithmic scale. Plotted as a function(Bf/T)'/* in the
1/4 rather than1/2. The inset shows the normalized jnset the continuous curvature of the data relative to a straight

conductivity as a function dff’*/T)!/. Noting againthat line passing through the upper left cormner indicates that the
the curve must pass through the top left corner, the dateonductivity is inconsistent with Mott variable-range hopping.
are clearly inconsistent with a straight line, demonstrating

that Mott hopping is not observed to be part of the scaled

conductivity in uncompensated Si:B. could “smear” the transition and yield a large value of
We now examine the behavior of the conductivity on the,; however, if inhomogeneities were sufficiently serious

metallic side. Equation (1) can be rewritten as to cause a measurable increaseuinthey would proba-
o(t,T) = (S — SHO*F[T/(S — S.)*"], (5) bly cause measurable deviations from scaling as well. It

with a different universal functioff’. The ratioo (1, T)/ is important to note also that the temperature dependence
(AS/S.)* is shown as a function df'/2/(AS/S.):"/2 in qf _s_tressed and un_stressed s_amples of compa_lrable conduc-
plivities are unambiguously different [23]. This suggests
éhat the question of “universality” of the critical exponent
obtained using stress or dopant concentration to tune the
B 12 transition needs to be examined in more detail.
o(T) = o(0) + BT/, (6) It has been suggested recently [32] that disordered
with o(0) « (§ — S.)*~. systems may violate the Chayetsal. [33] inequalityr =
The critical conductivity exponentt = 1.6 found in  2/d (as some uncompensated semiconductors appear to);
our experiments is considerably larger than other determiself-averaging breaks down for such systems. The system
nations, which range between 0.5 [18,29] and (at mostjvould then become inhomogeneous as the critical point
1.3 [30] in uncompensated doped semiconductors [14]s approached, which could imply that this is ultimately a
We caution that a direct comparison may not be warpercolation-type transition. The conductivity exponent 1.6
ranted for several reasons. The exponent obtained heobtained in our experiments is close to that expected for
is based on experimental results at higher temperaturedassical percolation in three dimensions; this possibility
(50 mK < T < 0.75 K) than, for example, those of Paala- needs to be examined in more detail, however, and other
nenet al. [18], who have emphasized [31] the necessity offactors must be ruled out. We note that it is also close
going belowT = 50 mK to obtain reliable extrapolations to the result for Anderson localization of noninteracting
to T = 0. While our analysis uses the potentially more electrons [34]; however, there exists ample evidence of
reliable full S-T scaling, a test of its applicability below strong electron interactions in both the insulating and
50 mK will require measurements to lower temperaturesnetallic phases of Si:B.
in Si:B. Indeed, confirmation of a breakdown of scaling To summarize, scaling provides an excellent description
at very low temperatures would provide strong impetus foof the conductivity near the metal-insulator transition in
further study. Second, it is possible that stress variationaniaxially stressed Si:B. Based on data at many values
result in an inhomogeneous stress distribution and a consef stress and temperature, the scaling functions yield
quent averaging over a sample consisting of portions thatarticularly reliable determinations of the conductivity in
are at different “distancesA¢ from the transition. This the critical region in both the insulating and metallic
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Fig. 4. The conductivity is everywhere consistent wit
the form calculated in the weak disorder regime (wher
perturbative calculations are valid) [21], namely,
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1000 ———— 5~ tion of these with exponents andz are there additional
I o implicit assumptions concerning the scaling of the diverg-
ing time scale with temperature.
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