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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 val
Sc, we find the dc conductivity at low temperatures shows an excellent fit to the scaling
ssS, Td  ATxffsS 2 ScdyTyg on both sides of the transition. The scaling functions yield reliab
determinations of the temperature dependence of the conductivity in the metallic and insulating p
in the critical region. [S0031-9007(98)08115-0]
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The metal-insulator transition in doped semiconducto
and amorphous metal-semiconductor mixtures is a contin
ous quantum phase transition which occurs in the lim
of zero temperature. A scaling approach similar to th
used for continuous phase transitions driven by tempe
ture, within which the properties of the system do no
depend on microscopic details and are controlled by
diverging length scale, suggests that the conductivity in th
vicinity of the transition (critical) point can be described by
a scaling form,

sst, T d  scsT dffst 2 tcdyTyg , (1)
wheret is the control parameter (such as dopant conce
tration, magnetic field, or uniaxial stress) that drives th
transition at the critical valuet  tc, and

scsT d  ATx (2)
is the low-temperature limit of the conductivity at the criti-
cal point. By identifying the diverging time scalet
at the transition withh̄ykT , and assuming conventional
dynamical scalingt ` jz , where jstd ~ st 2 tcd2n is
the diverging correlation length scale as the transition
approached, one easily obtainsy  1yzn, andx  myzn,
wherem is the critical exponent characterizing the onset o
metallic conductivity at zero temperature:

sst, T ! 0d ~ st 2 tcdm. (3)
The applicability of this scaling formulation [1] to the
metal-insulator transition was first demonstrated for noni
teracting electrons by Wegner [2] and by Abrahamset al.
[3], and subsequently extended to incorporate electro
electron interactions by many authors [4–7]. Within thi
theoretical framework, the values of the critical exponen
m, n, andz are determined by the symmetry of the effec
tive field theory, and depend on the presence or absen
of symmetry-breaking fields, such as magnetic field, spi
orbit interactions, or magnetic impurities, which determin
the universality class of the system [8,9].

The problem of metal-insulator transitions has
venerable history [10]. Data for amorphous meta
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semiconductor mixtures [11], magnetic semiconducto
[12], and heavily compensated persistent photocond
tors [13] all suggest an exponentm ø 1. In contrast,
although the continuous nature of the transition was fi
demonstrated in uncompensated doped Si and despite
siderable effort over more than two decades, a consen
regarding the critical behavior in uncompensated dop
semiconductors has yet to emerge [14]. There continu
to be debate concerning a number of fundamental issu
Thus, for example, (i) the value of the critical conductivit
exponentm has been variously cited as equal to1y2 and
1; (ii) the breadth of the critical regime, and thus the ran
of the critical parametert one can safely use to determin
the exponent is not known; and (iii) the form ofscsT d
in the critical region very near the transition has be
claimed to be~ T1y2 and~ T1y3 [15].

The procedure generally used to determine the criti
exponentm entails measuring the conductivity to as low
a temperature as possible to obtain a single extrapola
T  0 value to be used in the fit to Eq. (3). In contras
full scaling with temperature, Eq. (1), obviates the ne
for potentially unreliable extrapolations toT  0 and
yields a determination ofm based on all data taken
at all temperatures and values of the control parame
in the critical regime. Inspection of published data fo
amorphous metal-semiconductor mixtures such as N
[11] and the persistent photoconductor Al0.3Ga0.7As [13]
indicates that the conductivity of these systems obe
Eq. (1) in the metallic phase [16,17]. On the other han
the conductivity of Si:P measured by Paalanenet al. [18]
to temperatures below 5 mK does not obey scaling, wh
approximate temperature scaling has been reported
Stupp et al. [19] at somewhat higher temperatures o
the metallic side very near the transition in the sam
system [20].

In this paper we report conductivity measurements o
tained using uniaxial stress to tune through the met
insulator transition in Si:B. As demonstrated by Paalan
© 1998 The American Physical Society 137
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et al. [18] in their classic experiments in Si:P, uniaxia
stress allows very fine control in a single sample, and giv
precise relative determinations of the critical parametert.
For a closely spaced set of stressesS near the critical stress
Sc, we demonstrate that the conductivity of Si:B obey
scaling, Eq. (1), on both sides of the metal-insulator tran
tion. We show that the conductivity in the critical regime
is consistent withsc ~ T1y2. This is the same tempera-
ture dependence as has been calculated [21] and obse
[18] in the perturbative region on the metallic side (weakl
disordered metal). On the insulating side, we find th
the conductivity crosses over tos ~ expf2sTpyT d1y2g, the
Efros-Shklovskii (ES) form expected for variable-rang
hopping in the presence of Coulomb interactions [22], wi
a prefactor~ T1y2 corresponding to the temperature depen
dence of the critical curve.

A bar-shaped8.0 3 1.25 3 0.3 mm3 sample of Si:B
was cut with its long dimension along the [001] direction
The dopant concentration, determined from the ratio of t
resistivities [23] at 300 and 4.2 K, was4.84 3 1018 cm23.
Electrical contact was made along four thin boron
implanted strips. Uniaxial compression was applied to th
sample along the long [001] direction using a pressure c
described elsewhere [23]. Four-terminal measureme
were taken at 13 Hz (equivalent to dc) for differen
fixed values of uniaxial stress at temperatures betwe
0.05 and 0.76 K. Measurements were restricted to t
linear region of theI-V curves.

Si:B is considerably more sensitive to stress than Si
[24]. This is because the acceptor state in Si:B has a fo
fold degeneracy in the unstressed cubic phase, which
lifted by uniaxial stress into two doublets, each retainin
only the Kramers degeneracy. By contrast, the sixfold va
ley degeneracy (on top of the required Kramers or sp
degeneracy) of an effective mass donor in Si has alrea
been removed (even in zero stress) by the central-cell c
rection of the phosphorus dopants [25]. A consequence
the additional degeneracy in Si:B is that uniaxial compre
sive stress drives metallic Si:B into the insulating phas
unlike Si:P where (relatively larger) stresses drive an ins
lating sample through the transition into the metallic phas
This is in qualitative agreement with predictions for ef
fective mass donor systems which take into account ma
anisotropy [26] as well as degeneracy in the presence
electron correlation [27].

The conductivity of Si:B measured at 4.2 K was foun
to be a linear function of stress. Since the conductivity
4.2 K is also approximately linear with dopant concentra
tion for concentrations near the transition, it follows tha
sS 2 Scd ~ sn 2 ncd, and either may be used as the con
trol parameterst 2 tcd in the scaling equations (1) and (3)
It has generally been assumed that the same value of
critical conductivity exponentm should then be obtained
by varying stress or dopant concentration.

The conductivity as a function of temperature is show
on a log-log scale in Fig. 1 for twenty selected values
the uniaxial stress. The upper curves bend upward asT is
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FIG. 1. Conductivity versus temperature on a log-log scale
different values of stress.

decreased, tending toward finite (metallic) conductiviti
at T  0, while the lower curves are concave downwar
indicating that they are in the insulating phase. The critic
curve atS  Sc is a straight line heading towards  0
at T  0, and follows a power law.

Fits to S-T scaling, Eq. (1), were carried out for dif
ferent choices ofSc ranging between 560 and 726 bar
Figure 2 shows a scaled plot ofsysc vs sDSyScdyT0.31

(whereDS  S 2 Sc) for the best choice,Sc  613 bars,
yielding exponentsx  0.5 andy  0.31. The conductiv-
ity at the critical point thus exhibits a square root depe
dence onT . A dependence~ T1y3, claimed for several
other systems at the critical point [15] is inconsistent wi
our data in stressed Si:B. In terms of the standard ex
nents, one obtainsm  1.6 andzn  3.2. If we assume
(as is generally done) [28] thatm  n, it follows that the
dynamical exponentz  2.

The conductivity in the insulating phase, normalized
the critical conductivity, is shown in Fig. 3 on a semiloga
rithmic scale as a function ofsTpyT d1y2, where Tp ~

sDSd1yy. Given thats  sc at Tp  0 so that the curve
must go through the upper left corner, the straight line
Fig. 3 shows that forTpyT . 10 the conductivity obeys
the exponentially activated hopping form [22] expected
the presence of a gap in the density of states due to elec
interactions, with a temperature-dependent prefactor gi
by the critical curve, namely,

ssT d ~ T1y2 expf2sTpyT d1y2g . (4)

We have thus demonstrated that the ES hopping fo
expected in the insulating phase is also included in
scaled conductivity near the transition. Deviations a
evident forTpyT , 10. In this regime hopping energie
are comparable to or larger than the energy width of
Coulomb gap, and a crossover has been suggested
observed to Mott variable range hopping with an expon
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FIG. 2. sysc versus the scaling variablesDSyScdyT y on a
log-log scale, withy  1ysnzd  0.31.

1y4 rather than1y2. The inset shows the normalized
conductivity as a function ofsTpyT d1y4. Noting again that
the curve must pass through the top left corner, the d
are clearly inconsistent with a straight line, demonstrati
that Mott hopping is not observed to be part of the scal
conductivity in uncompensated Si:B.

We now examine the behavior of the conductivity on th
metallic side. Equation (1) can be rewritten as

sst, T d  sS 2 Scdmf 0fTysS 2 Scdzng , (5)

with a different universal functionf 0. The ratiosst, T dy
sDSyScdm is shown as a function ofT1y2ysDSyScdzny2 in
Fig. 4. The conductivity is everywhere consistent wit
the form calculated in the weak disorder regime (whe
perturbative calculations are valid) [21], namely,

ssT d  ss0d 1 BT1y2, (6)

with ss0d ~ sS 2 Scdm.
The critical conductivity exponentm  1.6 found in

our experiments is considerably larger than other determ
nations, which range between 0.5 [18,29] and (at mo
1.3 [30] in uncompensated doped semiconductors [1
We caution that a direct comparison may not be wa
ranted for several reasons. The exponent obtained h
is based on experimental results at higher temperatu
s50 mK , T , 0.75 Kd than, for example, those of Paala
nenet al. [18], who have emphasized [31] the necessity
going belowT  50 mK to obtain reliable extrapolations
to T  0. While our analysis uses the potentially mor
reliable full S-T scaling, a test of its applicability below
50 mK will require measurements to lower temperatur
in Si:B. Indeed, confirmation of a breakdown of scalin
at very low temperatures would provide strong impetus f
further study. Second, it is possible that stress variatio
result in an inhomogeneous stress distribution and a con
quent averaging over a sample consisting of portions th
are at different “distances”Dt from the transition. This
ata
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FIG. 3. For the insulating phase,sysc versussT pyTd1y2 on a
semilogarithmic scale. Plotted as a function ofsTpyT d1y4 in the
inset, the continuous curvature of the data relative to a straig
line passing through the upper left corner indicates that th
conductivity is inconsistent with Mott variable-range hopping.

could “smear” the transition and yield a large value o
m; however, if inhomogeneities were sufficiently serious
to cause a measurable increase inm, they would proba-
bly cause measurable deviations from scaling as well.
is important to note also that the temperature dependen
of stressed and unstressed samples of comparable cond
tivities are unambiguously different [23]. This suggest
that the question of “universality” of the critical exponent
obtained using stress or dopant concentration to tune t
transition needs to be examined in more detail.

It has been suggested recently [32] that disordere
systems may violate the Chayeset al. [33] inequalityn $

2yd (as some uncompensated semiconductors appear t
self-averaging breaks down for such systems. The syste
would then become inhomogeneous as the critical poi
is approached, which could imply that this is ultimately a
percolation-type transition. The conductivity exponent 1.
obtained in our experiments is close to that expected fo
classical percolation in three dimensions; this possibilit
needs to be examined in more detail, however, and oth
factors must be ruled out. We note that it is also clos
to the result for Anderson localization of noninteracting
electrons [34]; however, there exists ample evidence
strong electron interactions in both the insulating an
metallic phases of Si:B.

To summarize, scaling provides an excellent descriptio
of the conductivity near the metal-insulator transition in
uniaxially stressed Si:B. Based on data at many value
of stress and temperature, the scaling functions yie
particularly reliable determinations of the conductivity in
the critical region in both the insulating and metallic
139
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phases. Although comparison between different syste
continues to be problematical, we have shown for th
first time that full temperature-stress scaling on both sid
gives internally consistent results for the metal-insulat
transition in a doped semiconductor.
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