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ABSTRACT

Metal-Insulator Transition in Stressed Si:B

by

Snezana Bogdanovich

Thesis Advisor: Dist. Prof. Myriam P. Sarachik

This manuscript contains three chapters: (i) Chapter I contains a
review of the theory of metal-insulator transitions in doped
semiconductors and a review of the scaling theory of localization and
its results. (ii) Chapter II contains experimental data on the
magnetoconductance of metallic Si:B. It will be shown that the
conductivity data for Si:B with dopant concentrations 1.0ln. < n
<1.22n. obey universal scaling of the form expected for electron-
electron interactions for a large range of magnetic fields and
temperatures. The existence of this scaling implies that the metal-
insulator transition is dominated by interactions. Detailed analysis of
the data show that the localization, spin-orbit and spin-flip
interactions do not play an important role in transport processes in

this material.
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(iii) Chapter III contains experimental data on the stress-tuned
metal-insulator transition in Si:B. Uniaxial stress drives a metallic
sample into the insulating phase by decreasing the impurity
wavefunction overlap and increasing the value of the critical
concentration n.. The conductivity obeys dynamical scaling as a
function of temperature and stress near the critical point in both
metallic and insulating phases. Important findings are:

a) the approach to the transition by variation of stress and variation
of the dopant concentration are very different.

b) the critical conductivity has a T'? behavior similar to the
conductivity outside the critical region due to electron-electron
interactions.

c) the conductivity of the insulator obeys Efros-Shklovskii hopping

due to electron-electron interactions o ~ T'’ex [—(To/T)”z] with a
P

temperature dependent prefactor o< T''?,
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CHAPTER I

INTRODUCTION

The Metal-Insulator transition in disordered systems has been the
object of intensive theoretical and experimental study over the past
three decades. Doped semiconductors with a random distribution of
impurities are typical examples of disordered systems that undergo a
transition from insulating to metallic behavior when the concentration
of impurities is increased above some critical value n.. Metallic be-
havior is characterized by a finite conductivity in the limit of zero-
temperature, while the conductivity of insulators vanishes in the limit
of zero-temperature.

Historically, two different models of the metal-insulator transi-
tion have been developed:

a) The Mott-Hubbard model' considers a metal-insulator
transition driven by electron correlations. This model treats only the
Coulomb repulsion between electrons on the same impurity site, ne-
glecting the disorder associated with the random distribution of impu-
rities. At low concentrations of impurities in the insulating phase,
the Coulomb repulsion of two electrons opens a gap in the density of
states that separates the upper Hubbard (doubly occupied) band and
lower Hubbard (singly occupied) band. Increasing the impurity con-
centration broadens the two bands until they merge; the metallic
phase is entered when the gap disappears (see Fig. I-1a). This transi-
tion is discontinuous and entails a minimum metallic conductivity, as

shown in Fig. I-1b.
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The Mott-Hubbard transition
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Fig. I-1a. Disappearance of the gap U with the merging
upper and lower Hubbard band indicates the Mott-
Hubbard transition.

nec n

Fig. I-1b. At the critical concentration ne conductivity
goes to zero discontinuously.
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b) The Anderson® model considers a metal-insulator transition
driven by disorder. This model deals only with a random impurity
potential, neglecting the electron-electron interactions. For high
enough disorder all the states are localized exhibiting insulating be-
havior. There is a critical value of disorder below which delocalized
states begin to appear in the middle of the band; as the disorder de-
creases further, the region of extended states becomes larger, eventu-
ally filling the whole band (see Fig I-2a). Metallic behavior corre-
sponds to a Fermi level that lies in the region of delocalized states.
Here the metal-insulator transition occurs when the Fermi level
crosses the mobility edge (the energy separating localized from delo-
calized states). In this model, the zero temperature conductivity van-
ishes continuously at the transition, as shown in Fig. I-2b. For com-
parison, the conductivity for a percolation transition is also presented
in Fig. I-2b. In contrast to the localization transition which is a
quantum phase transition, the percolation transition that happens in
highly disordered media (granular metals, alloys) is of a classical
nature. The conductivity vanishes continuously, but with a much big-

ger critical conductivity exponent than for a localization transition.

Based on a number of experimental results, largely on the ele-
gant stress-tuning experiments of Paalanen et al.®, the metal-insulator
transition that occurs in doped semiconductors is generally believed
to be a continuous phase transition® and the minimum metallic con-
ductivity characteristic of a discontinuous Mott transition appears to
be absent. On the other hand, the observed temperature dependence of
the conductivity, the temperature dependence of the Hall coefficient,

and the behavior of the magnetoresistance discussed in Chapter I
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The Anderson transition
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Fig. I-2a. Encrgy Ep separates delocalized states at
the center of the band from the localized states in
the tails of the band.

Fig. [-2b. In a localization or percolation transition zero-
lemperature conductivity goes to zero continuously.
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clearly indicate the importance of electron-electron interactions. Both
electron-electron interactions and localization play important roles in
the transport properties of doped semiconductors; however, their
relative importance in driving the transition continues to be a subject

of investigation and debate.

Since a magnetic field is expected to induce different changes
in conductivity depending on whether they originate from localization
or interactions, the magnetoconductance is in general a useful tool to
separate these two contributions. Chapter I gives a review of the
scaling theory of localization, and corrections to the Boltzmann con-
ductivity arising from both disorder and electron-electron interac-
tions. Chapter II contains a detailed study of the magnetoconduc-
tance of Si:B; these results indicate that electron-electron interactions
strongly dominate the behavior of the magnetoconductance of this
material. Chapter III is devoted to the effects of uniaxial stress on the
conductivity of p-type Si:B and its critical behavior. It will be shown
that the approach to the metal-insulator transition in this material by
varying the compressive uniaxial stress is very different from the un-
stressed case, where one changes the dopant concentration to ap-

proach the transition.
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A. Scaling Theory of Localization

Many of the important ideas of the scaling theory of localization de-
rive from work of David Thouless and his coworkers’ in the 1970’s.
In this approach one considers a hypercube of size L in a d-
dimensional space which has a conductance G(L). One can solve the
Hamiltonian of a single particle interacting with a random potential in
the hypercube. The average spacing between single particle levels is
w = (Ng L )", where Ny is the number of energy levels per unit vol-
ume and per unit energy. If we increase the sample size by putting to-
gether hypercubes of size L, the eigenstates of the larger system will
be different from those obtained for the separate hypercubes. If the
width of an eigenstate dE is much smaller then the separation between
the energy levels w, or dE/w << 1, the eigenstates in adjoining hyper-
cubes won't mix appreciably, and the eigenstates of the (2L)‘ sample
will be localized. On the other hand, if dE/w >> 1 the eigenstate of
the (2L)° sample will be extended. Thus, Thouless argued that
whether the wavefunction is localized or extended depends on the ra-
tio dE/w as the length scale is increased. This ratio is related to the

conductance G of the sample by G = (e2 / h) (dE/w ). One can intro-

duce a dimensionless conductance g = G/ (e* / k), which is a physi-
cally measurable quantity. The concept of dimensionless conductance
led to the scaling theory of localization.

In 1976 Franz Wegner formulated a scaling theory in analogy
with critical phenomena in which g plays the role of the scaling vari-
able®. At the critical point the conductivity is expected to vanish
continuously as the impurity concentration approaches a critical value

Ne.
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o =0o(+—2)" (I-A-1)

Abrahams, Anderson, Licciardello and T. V. Ramakrishnan’ formu-
lated a one-parameter scaling theory by postulating that the dimen-
sionless conductance g is the only scaling variable. Following the
concept of scaling theory of localization, diagrammatic perturbation
theory was developed. Section B summarizes the corrections to the
Boltzman conductivity calculated by diagrammatic perturbation meth-

ods.

B. Corrections to the Boltzman Conductivity

I. Noninteracting gas of electrons- Weak Localization

The conductivity of a noninteracting gas of electrons can be calcu-
lated using the Kubo formula® for which the perturbation expansion is
represented by Feynman diagrams. In disordered systems such as
doped semiconductors, electrons scatter frequently, due tc: the random
nature of the impurity potential’. The elastic scattering of electrons
by impurities does not destroy phase coherence of the electron wave
function. The average distance between two elastic scattering events
is the elastic mean free path 1. In order to calculate the probability of
an electron propagating from point A to point B, one must sum the
probabilities of all possible paths connecting A and B. Waves taking
different paths will arrive at B with random phases, averaging to zero.

However, this is not true when one considers closed loops, or the
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probability of returning to the starting point. Any closed path and its
time-reversed path interfere constructively, enhancing the probability
of the electron returning to the starting point. This phenomenon, re-
ferred to as weak localization, inhibits the transport of electrons and
thus diminishes the conductivity. The divergent term in the expansion
of the Kubo formula leading to weak !ocalization is usually called the
particle-particle (Cooper) channel. In three dimensions, the correction
to the Boltzmann conductivity arising from weak localization has the
following form

11
osd(L)=Ug—:_”[T"’Z] (I-B-1.1)

where 6 = ne’t/m* is the Boltzmann conductivity, 1 is the elastic

mean free path and L is the size of the sample.

Inelastic scattering of electrons destroys the phase coherence
which is the origin of weak localization. Electrons diffuse a distance
Ltn between dephasing inelastic collisions and localization effects are

12 where D is the dif-

cutoff beyond Lty. Lty is given by Lty = (D1in)
fusion constant and Ti, is the inelastic scattering time. The inelastic
scattering time depends on temperature as T, < T°, where p depends
on which scattering mechanism (electron-phonon, electron-electron
etc.) is dominant in a given temperature range. This gives L1, =aT "',
the correction to the Boltzmann conductivity then becomes Ao, =
BT??, where B is a constant. The correction AGy is positive and in-
creases with decreasing temperature due to the diverging nature of Ly

as T—O0.
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2. Interaction effects

Coulomb interactions between electrons in metals are of the same or-
der as the kinetic energy of the electrons (30-40meV). Still, most of
the properties of metals can be described by treating the electrons as
a noninteracting gas of Fermions. Landau’s Fermi-liquid theory de-
scribes the strongly interacting Fermi gas in terms of weakly inter-
acting quasiparticles. This theory is valid only in translationally in-
variant systems (without disorder). Altshuler and Aronov'®'!'"'? cal-
culated corrections to the conductivity of a weakly disordered elec-
tron gas arising from the electron-electron interactions. The dominant
correction arises from the particle-hole channel, which in 3-d has the

following form:

9|

Aoy =a(%—-§’-yFo)T (I-B-2.1)
where a—i—l'i; D is diffusi tant and F; is an interaction
=R hp 18 dittusion constant and F; is an in

parameter related to the Fermi-liquid parameter F, the Fermi-surface

average of the screened electron-electron interaction '
32 3F F %
Fs =-_3_[1-T—(1_5) JF. (I-B-2.2)

The value of y depends on the valley degeneracy, mass anisotropy,
and intervalley scattering'’, and it is not known for Si:B. The Fermi-
liquid parameter that results from the Hartree interaction can be

written as
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F=(1/x)In(1+x), (I-B-2.3)

2 . . .
where x=(2kg/K)", kg is the Fermi wave number and K is the Thomas-
Fermi screening wave vector. The screening length K™' becomes very
large near the transition, and F goes to zero approaching the transi-

tion.
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CHAPTER 11

UNIVERSAL SCALING OF THE MAGNETOCONDUCTANE OF
METALLIC Si:B"

A. Magnetoconductance-Theoretical Background

As shown in the preceding chapter, the conductivity of a doped semi-

conductor has the following form:

1 P
o(T) =6(T =0)+mT> + BT> (II-A-1)

where the second term is the correction due to electron-electron inter-
actions and the third term is the correction due to localization. Lo-
calization and electron-electron interactions play crucial roles in de-
termining the behavior of doped semiconductors near metal-insulator
transition. The application of a magnetic field causes different
changes in the conductivity depending on whether they arise from lo-
calization or interactions, and the magnetoconductance has often been
used to attempt to separate these components. To leading order, the
magnetoconductance due to localization and electron correlations are

additive:

Ac = o(H,T) - 6(0,0) = Aci(H,T) + Ao (H,T) (II-A-2)
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1. Magnetoconductivity due to interactions

In the absence of a magnetic field, the interaction term due to
the particle-hole channel is given by equation (I-B-2.1). A magnetic

field splits the spin-up and spin-down bands and gives rise to two

8.11.15.16,
terms: 11,15,16,17

Aoci(H,T) = o1(H,T) - 61(0,0) = Ac’(T) + Ac”(H,T), (II-A-1.1)

where AG”((T) = a[4/3-YF5/2]T'"* is the field-independent exchange +
singlet Hartree contribution and Ac”;(H,T) = -0.770yF,T'*gs(h) -
ayF,T'? is the spin dependent triplet contribution, with h =

gp.gH/kgT, and
g;(h) = [dQIQ1 (¢® - D@+ 1) +(Q - A" —2Q"}. (II-A-1.2)
0
The limiting behavior of gi(h) is the following:

Jh-13 h>>1

00530 h<<l (II-A-1.3)

gs(h)={

The quantity that is deduced experimentally is the difference at finite
temperature T between the conductivity in a magnetic field and in

zero field:
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Aoy = 61(H,T) - 61(0,T) = -0.770yF,T'?gs(h) (II-A-1.4)

The contribution to the magnetoconductance due to the particle-hole
channel of the interacting electron gas is negative (positive magne-

toresistance).

The magnetoconductivity arising from orbital effects associated
with the Cooper channel in an interacting electron gas is also negative

and has the following form'®:

e eH 2DeH

Ao, (H,T)= -g(ﬂm(—ﬁ?)m%( T

) (IT-A-1.5)

where the interaction constant g(T) > O for the mutual repulsion of
electrons, D is a diffusion constant and H is magnetic field. The lim-

iting behavior of the function @3 is:

L9 x>l h 2DeH/ncT -A-1.6
P =033 x<<1 where x = cletl/me L. (II-A-1.6)
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2. Magnetoconductivity Due to Weak Localization

A magnetic field breaks time reversal symmetry and destroys the
quantum interference between the time-reversed backscattered loops
responsible for localization effects. The destruction of localization
leads to an increase of the conductivity with magnetic field (positive
magnetoconductance). The magnetoconductance due to weak local-

ization is given by the following expressionlsz

2 H R 4
e (e_)l,_ £( DeH

2”2’1 hC T, ) (II'A'z.l)

he °

Ao, (H,T) =

where D and H are the diffusion constant and magnetic field, respec-
tively, and 1, is the inelastic scattering time. The limiting behavior of

the function f3 is:

0.6 x>>1

f3(41r)={x3,2/48 re<l where x=(4DeH/kc)1, (II-A-2.2)

The presence of strong spin-orbit effects results in coherent
back-scattering that is out-of-phase rather than in-phase, leading to
destructive rather than constructive interference for a closed loop
path, or antilocalization. In this case the application of a magnetic
field dephases the destructive interference, yielding a negative mag-
netoconductance. In many materials studied to date, spin-orbit scat-
tering is associated with the presence of impurities which have large
mass. In p-type materials such as Si:B, however, strong spin orbit ef-

fects are expected, but they are instead associated with the nature of
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the valence band of the host material itself. Silicon has degenerate
light and heavy-hole J=3/2 valence bands at k=0 and a spin-orbit split
J=1/2 band 44 meV below these. The scattering by impurities causes
transitions among states of different m; values at a rate comparable to

ordinary potential scattering'g'zo.

18,2
11821

According to Altshuler et a , the magnetoconductivity of a

p-type semiconductor is given by:
AoL = oL(H,T) - 61.(0,T) = -1/4Z¢ + 3/4%, -5/4%Z, + 7/4%;5;, (1I-A-2.3)

where the four terms correspond to total angular momentum J = j; + j»
(ji1=j2=3/2) of two holes with values 0, 1, 2 and 3.

X is the same as without the spin-orbit scatteringu, which is:
Lo = (e*/2m2h)(eH/R) *f(H/H,), (1I-A-2.4)

where H; = (h/4De)1:i,.", and the other terms have not been calculated.
For strong spin-orbit scattering the first term of equation (II-A-2.3)
gives the major contribution in small magnetic fields. The magneto-
conductivity due to weak antilocalization for small magnetic fields is

then given by:
AGL(H,T) = -1/4%, =< H? (II-A-2.5)
Significant contributions to the magnetoconductance associated
with localization have been observed in many systems”, yielding in-

formation regarding the dominant phase-breaking processes. On the

other hand, magnetoconductance measurements in Si:P** at very low
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temperature have shown that electron correlations are very important
in this bellwether material.

As described below, our measurements of the magnetoconduc-
tance of metallic Si:B near the metal-insulator transition demonstrate
that electron-electron interactions strongly dominate the behavior of

this system.

B. Experimental Procedure

1. Sample Preparation

The samples for these measurements had already been prepared by Dr.
Peihua Dai. Details of sample preparation, attaching contacts, and
sample characterization can be found in his earlier publications®’*®
and his Ph.D. thesis®*’. A brief summary is given below:

Samples were purchased as wafers of thickness 0.3 mm from
Pensilco Corporation (currently called Puresil). They were grown by
the Czochralski method. Their segregation coefficient (ratio of the
equilibrium concentration of dopant in the crystal to that in the
melt)*® is 0.8, which makes these crystals considerably more homo-
geneous compared to Si:P (segregation coefficient = 0.35). Samples
were cut into bars of approximate dimensions 8x1.5x0.3 mm’ . They
were then etched in a CP-4 solution to remove any mechanical sur-
face damage and impurities incurred during the cutting process. Each

sample was ion~-implanted on four thin striplike areas to insure good
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electrical contact to the surface. Four wires were attached to the im-

planted areas by an arc discharge techniquezg.

2. Sample Characterization

The room temperature resistivity of a large number of Si:B samples
was measured in the van der Pauw?’ geometry by Peihua Dai’®. The
resistivity was plotted as a function of resistivity ratio
p(4.2K)/p(300K), and the Thurber’' calibration was used to obtain a
calibration curve for resistivity ratio versus boron concentration. The
estimated errors in p(300K) and n for bar-shaped samples were 1%.
The advantage of this method is that the resistivity ratio is independ-
ent of sample geometry and a more sensitive function of the concen-
tration than the room-temperature resistivity.

Boron concentrations of the seven samples used in the meas-
urements described below were determined by measuring the resis-
tance ratio and using the calibration curve established by Dai. Table
II-B lists room-temperature resistivities, resistance ratios R4.2/R3oo0,
boron concentrations n, and concentration ratios n/n. (n. - critical
concentration) for all seven samples. The critical concentration n. =

4.06 x10'® cm™ for Si:B was determined earlier by Dai et al**.
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TABLE I1-B. Sample designation, room temperature resistivities p3gok, re-
sistance ratios R, ;k/Rjgox, dopant concentration n, and dopant concentra-
tions n/n., relative to zero-field critical concentration, n. = 4.06x10'? cm™>.

sample P30ok(Qcm) | Raak/Riook | n(10 °cm™) n/n.
A 0.017 2.711 4.11 1.012
B 0.0167 2.466 4.20 1.034
C 0.0165 2.270 4.30 1.059
D 0.0162 2.110 4.38 1.079
E 0.0158 1.833 4.56 1.123
F 0.0154 1.609 4.75 1.170
G 0.015 1.423 4.97 1.224

3. Experimental Setup

The magnetoconductivity of Si:B samples was measured between 0.07
and 0.5K in a Oxford model 75 dilution refrigerator equipped with a
9-T superconducting magnet. The basic principles of dilution refrig-
eration can be found, for example, in O. V. Lounasma®?® or R. Rich-

ardson and E. N. Smith>*.

3.1. Sample Holder
To establish good thermal contact, samples were immersed in the H>-
H* mixture inside a glass mixing chamber. For the measurements in

high magnetic field (up to 9T) a teflon sample holder was used in-
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stead of a copper one. This avoids heating due to eddy currents. Par-
ticular care was taken in mounting the samples onto the sample
holder. It was found by P. Dai that the use of low temperature grease
or GE varnish for thermal anchoring of the samples to the sample
holder changes the character of the samples as the temperature de-
creases. Due to the pronounced sensitivity of Si:B to stress, the
stress applied by th> grease as it hardens changes the properties of
the samples. Samples were attached to the sample holder using dental
floss, oriented perpendicular to the magnetic fields, as shown in Fig.
II-1

3.2 Thermometry and Temperature Control

Two RuO; thin film thermometers, obtained from Dr. Eric Smith at
Cornell University, were used for measuring the temperature: one
placed at the top, the other at the bottom of the sample holder. The
thermometers were calibrated in zero magnetic field at Cornell and
one of the thermometers was calibrated in magnetic field by Dr.
Youzhu Zhang at Rutgers University. Temperatures were then deter-
mined in a magnetic field by taking the magnetoresistance of the
thermometer into account. The advantage of Ru0, thermometers are
their stability, low noise and small magnetoresistance.

A 500Q heater made of Evenohm wire was placed at the top of
the sample holder to obtain uniform heating of the He-He* mixture.
The heater was controlled using a BTI Model 1000 Conductance
Bridge/Controller.
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Fig. II-1. The glass mixing chamber with the sample holder, RuO»
thermoneters, heater, and Si:B samples.
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3.3 Electrical Wiring

Electrical wires connecting samples, heater and thermometers to the
measuring instruments were thermally anchored at the 1K pot, at the
still (0.6K), at the heat exchangers (0.3K) and at the top of the mix-
ing chamber (0.07K). Heat sinks were made of copper in the shape of
a spool, about one inch long. Wires were wound several times around
the spool applying GE-varnish for thermal contact, and the spool was
thermally anchored with a screw. This prevented heat leaks from out-
side (room temperature) into the mixing chamber. Superconducting
wires were used from the bottom of the 1K pot to the top of the mix-
ing chamber. Since their thermal conduction is very poor at low tem-
perature, this further reduced the heat leaks to the mixing chamber.

The wires used inside the mixing chamber were made of copper.

3.4 Superconducting Magnet

The superconducting magnet produced magnetic fields up to 90kOe at
4.2 K, and with the use of a A fridge it can reach 100kOe. The current
provided by a HP model 6260 DC Power Supply was controlled by a
Cryomagnetics model 60 Programmer/Monitor. The persistent switch

heater was controlled by a Cryomagnetics Model 30 Power Supply.
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3.5 Low AC Resistance Measurements

A standard four terminal low-frequency AC method was used to
measure the resistance of the samples. AC methods were used rather
than DC to eliminate possible thermal voltages between the contacts.
The resistance was measured with an AVS-46 ac resistance
bridge of excitation frequency 15 Hz and minimum excitation voltage
of 10UV corresponding to an input power of 10"'' W for a 2Q sample.
At the lowest temperatures, the resistance was measured with a Stan-
ford Research Systems model SR850DSP lock-in amplifier. The ex-
citation frequency was 17.5Hz, and the lowest excitation voltage used
was 0.1pV. This corresponds to a power level of 10" W for a 1Q

sample.

3.6 Data Acquisition

The temperature controller, magnetic field controller/monitor, AC re-
sistance bridge and SS lock-in amplifier were interfaced with an Ap-
ple Macintosh II computer. A Labview program was written and used
to control and record the temperature, magnetic field and sample re-

sistance.
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C. Results and Discussion

The conductivities of seven metallic Si:B samples listed in Table II-B
are plotted in Fig. II-2 as a function of the square root of temperature
between 70 mK and 500 mK in zero magnetic field. The conductivity

below 500 mK is generally fitted by the form

[SYI=

c(0,T)=0(0,0)+mT", (II-C-1.1)

where the second term is due to electron-electron interactions and the

slope m is given by:

m = o(4/3-3/2YF,), (II-C-1.2)

(see also equation (I-B-2.1). Good fits were obtained for all samples
except for the two closest to the transition. More detailed discussion
of the temperature dependence of Si:B in a wide range of tempera-
tures (0.055 - 4.2 K) and concentrations can be found in Physical
Review B 45, 3984 (1992) by Dai et al. For concentrations well
above the critical (n. = 4.06x10'® cm'3)32 concentration the conduc-
tivity increases with decreasing temperature, or m<0. For samples
very near the transition, however, the conductivity decreases as the
temperature is lowered, or m<0. A similar change in the sign of the
slope m has been observed in other doped semiconductors, including
Si:P*’, Si:As*®, Si:P,B¥, Ge:Sb*®, and Ge:Ga*°. From equation (I-B-
2.1) one can see that m depends on y and F,. vy can take different val-
ues depending on the valley degeneracy (6 in the case of n-type sili-

con) and the presence or absence of intervalley scattering”.
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Fig. II-2. Conductivity in zero magnetic field for six metallic Si:B samples plot-
ted as a function of T!/2 Dopant concentration n/n. for each sample is given
relative to the zero-field critical concentration n, =4.06x10'¢ cm">.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

In the case of p-type Si:B, however, the effects of mass anisotropy
are negligible and intervalley scattering is absent because of its p-
type character. Despite these differences, we note that the behavior as
well as the magnitude of m as a function of the concentration is quite
similar for n-type and p-type®’. According to theory'®!?’, m can
change sign depending on the value of the interaction parameter Fg.

3538 the change in sign of m near the transition was

In earlier studies
attributed to a diverging screening length K™' (see equation (II-C-1.2))
and the consequent vanishing interaction parameter Fj.

In Fig. II-3 the conductivity of two samples A and G is plotted
as a function of the square root of temperature in zero field and 18
fixed magnetic fields from 0.1-8.9 T. The theoretical prediction®"’
for the temperature dependence of the conductivity in a strong mag-

netic field such that gugH >> kgT is:

o(H.T)=c(H,T=0)+m'vT (II-C-1.3)

where slope m’ is given by:

m’ = a(4/3-YF4/2). (II-C-1.4)

This is the field-independent exchange + singlet Hartree contribution
of equation (II-A-1.1).

For a high-concentration sample such as G (n = 4.97x10'% cm™)
that displays a negative slope m in the absence of a magnetic field,
the magnetic field changes the slope of the conductivity to positive:
the negative slope at high temperatures becomes positive at low tem-
peratures, the maximum occuring when gugH = kgT, where g=1.2 for

Si:B.
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For magnetic fields of 1T and above, the maximum disappears and
the slope is positive in the whole range of temperatures. As men-
tioned earlier, this negative contribution to the magnetoconductance
is attributed to Zeeman splitting in the particle-hole channel of ac-
ceptor hole states that becomes the dominant effect at high magnetic

fields. A large magnetic field such that gugH >> kgT and gugH >>

h/ts.,.. (1/15.,. is the spin-orbit scattering rate) suppresses the spin de-
pendent triplet channel which is responsible for the negative slope in
zero magnetic field. The remaining field-independent channel given
by equation (II-A-1.1) gives net positive slope.

For samples closer to the transition which have positive slope in
zero field, the curves become steeper with the increasing field, as in
sample A (n=4.11x10'® cm™). Sample A is just 1% above the critical
concentration (nc=4.06x1018 cm'3) for the metal-insulator transition;

* this sample enters the insulating

in agreement with earlier results
phase at high magnetic fields. This is evidenced here by negative
zero-temperature intercepts and a distinct flattening below about
100mK. Data at H=5T and higher were therefore not included in the
scaling analysis for this sample presented below. For the same reason,
data at 8T and above were omitted for sample B.

Fig. II-4 shows the conductivity of sample G as a function of
magnetic field at several different temperatures. As expected, the
magnetoconductivity of p-type Si:B is negative for both high and low
magnetic fields. All seven samples show negative magnetoconduc-

tance in the measured range of temperatures and magnetic fields. The

presence of spin-orbit scattering contributes to a negative
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Fig. II-4. Conductivity as a function of magnetic field at eight different tem-
peratures, as shown, for a Si:B sample with dopant concentration n=1.22 n..

antilocalization term at low fields, making it very difficult to separate

contributions deriving from localization and electron-electron inter-

actions.
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Earlier experiments on the magnetoconductance of Si:P** and Si:B*®
indicated the importance of electron-electron interactions near the
transition. An attempt was made to separate the contributions from
localization and interactions data by plotting the data following the
functional form expected for electron-electron interactions (see equa-
tion (II-A-1.4). Fig. II-5 is a plot of Acy/T'? as a function of H/T for
all seven samples. Surprisingly, the data for each sample in all the
magnetic fields up to 9T and temperatures between 0.07 and 0.5K
collapse onto a single universal curve. The shape of the curve essen-
tially does not vary with the concentration, but the amplitude of the
curve is reduced as the concentration is decreased toward the critical
concentration. Appropriate multiplicative factors applied to each
curve results in superposition onto a single curve, as demonstrated in
Fig. II-6. The prefactor K= 0.77ayF, is plotted as a function of do-
pant concentration in the inset of Fig. [I-6. It decreases as the criti-
cal concentration is approached, indicating the decrease of the inter-
action strength F;. Similar behavior of the interaction strength in Si:B
was deduced from the slope m of equation equation (II-C-1.2). and
slope m’ of equation (II-C-1.4) by Dai et al®®.

Collapse of the data onto a single universal curve suggests that
the magnetoconductance is strongly dominated by electron-electron
interactions. Note that at low fields, localization is expected to con-
tribute a term AoL(H,T) « H'*f3(DH/T?) (see equation (II-A-2.1)),
where the diffusion constant D is expected to decrease rapidly as the
transition is approached. The Cooper (particle-particle) channel of

interacting electrons given by equation (II-A-1.5) contributes a term:

Ao (H,T) « -H'"*f;(HD/T).
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The presence of D in the argument of the f; function would introduce
a different shift for each sample on the x axis of a log-log plot; there-
fore both terms must play negligible role. Another important impli-
cation is that the H/T scaling implies the absence of spin-orbit and
spin-flip scattering. If either scattering mechanism were present, one
would have to replace the argument of g3(gusBH/kgT) function with

(gusBH + 7/t)/kgT, where 1, is the characteristic scattering time.
This would weaken the field dependence and also violate H/T scaling.
Despite the large spin-orbit coupling that characterizes the valence
band of p-type Si:B, we see no effects associated with spin-orbit
scattering in the range of temperatures and magnetic fields of our ex-
periments.

However, detailed comparison of the form of the experimental
function shown in Fig. II-7 with the theory of electron-electron inter-
actions of Lee and Ramakrishnan (dashed line) shows obvious incon-
sistencies. The dashed curve in Fig. II-7 was obtained by numerical
integration of the function g3 of equation (II-A-1.2) using a g value of
1.2 characteristic of p-type Si:B. A different choice of g factor sim-
ply shifts the theoretical curve along the x axis and therefore cannot
yield agreement with the experimental curve. It was noted by V.
Dobrosavljevic that this discrepancy arises from the limitations of the
above theory, which is derived for spin-1/2 particles in the absence of
spin-orbit coupling. P-type semiconductors like Si:B have strong-
spin-orbit coupling due to the nature of their valence band, and the
acceptor states are characterized by total angular momentum J=3/2
rather than 1/2. It was shown by Dobrosavljevic at al.*° that the an-
gular momentum of holes does not change in transport processes at

these relatively low acceptor concentrations.
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This can explain the absence of spin-orbit scattering in the presence
of strong spin-orbit coupling.

Taking this into account, one can generalize®® the standard the-
ory for interactions® to the case of J=3/2. The general form of the
equation (II-A-1.4) remains the same, but the scaling function g3(h) is

replaced by
g’(h) = a;gs(h) + a; g3(2h) + a;g3(3h) (II-C-1.5)

where a,, a;, and a3 are parameters related to the interaction ampli-
tudes in the three magnetic interaction channels. Since the total an-
gular momentum of the particle and hole is conserved J = J; + J, the
corresponding three magnetic channels have M; = +1, +2, +3. With
the simplest assumption that a, = a» = a3, the new function yields an
excellent fit to the experimental data, shown by the solid line in Fig.
II-7. A better fit can be obtained by allowing independent variation of

the three parameters of equation (II-C-1.5).
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CHAPTER II11

STRESS-INDUCED METAL-INSULATOR TRANSITION IN Si:B

A. Metal-Insulator Transition-Scaling Theory

The metal-insulator transition in doped semiconductors is generally
believed to be a continuous quantum phase transition. From the point
of view of general scaling theory of phase transitions, one expects
certain physical quantities such as the conductivity, density of states,
specific heat, etc., to scale as a function of temperature (frequency),
magnetic field, concentration, stress or some other parameter near the

critical point®'.

1. Dynamical Scaling Law

The electrical conductivity is expected to scale as a function of

temperature T and the parameter 8t in the following form:

i3
o(n.T) = AT¥f(-SL ). (I1I-A-1.1)
T1/zv
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Here &t = t-t., where t is the parameter that drives the transition (such
as concentration, stress or magnetic field), A is a constant and u, z,
and v are the critical conductivity exponent, the dynamical exponent

and the correlation length exponent, respectively. The temperature

dependence of the conductivity at the critical point t. is given by

oc(te, T) = AT*#. At zero temperature equation (III-A-1.1) reduces to:

o(t, T — 0)oc 8t" (III-A-1.2)

and describes the critical behavior of the zero-temperature

conductivity consistent with (I-A-1).

For a noninteracting gas of electrons, there is only one relevant
length in the problem, namely the correlation length &. Since
conductivity has dimensions of a length to the power (2-d) and d is
the dimension of the system, the critical conductivity 6(T=0) ~ 1/§d'2.
The correlation length & is expected to diverge at the transition as £ ~

Ot which implies:

K= (d-2)v (ITI-A-1.3)
or 4 = v for d = 3 in the critical region. This is referred to as
Wegner's law. From general theoretical arguments for phase

transitions in random systems, Chayes et al.*? calculated a bound on

the correlation length exponent:
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v 2 2/d, (III-A-1.4)

For u = v this gives U 2 2/3 in three dimensions. This inequality is
expected to hold at all metal-insulator transitions and it is generally
valid unless either the dimensionless  disorder vanishes at the

transition or there are multiple divergent lengths at the transition.

For a metal-insulator transition in an interacting gas of
electrons there are three different time scales®’ : 7o &, te &2,

Toc £3 that diverge with different dynamical scaling exponents z;, z»
. and z3. The scaling law defined by equation (III-A-1.1) is not known
in this case and Wegner's law (ITI-A-1.3) is not valid.

If the scaling law (III-A-1.1) is valid, it is also expected to hold
on the insulating side of the transition and should have the form given
by hopping conduction :

T()‘

o(t,T)ece T (I1I-A-1.5)

where x = 1/4 for Mott variable range hopping or x = 1/2 for Efros-

Shklovskii hoppirg*®. To for ES hopping is given by:

2

[4
o< £ I-A-1.
L=r (II1-A-1.6)

where «x is dielectric constant and € is localization length. Both x and
§ behave critically as t approaches t. from the insulating side: k « &t

and § o 8t so that To becomes:
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Ty Bt , (III-A-1.7)

where a = + v.

For Mott variable range hopping T has the following form:

B
T, =———, III-A-1.8
° k,N(E,)E’ ( )

where B is a numerical coefficient, & is the localization radius and

N(Eg) is the density of states at the Fermi level. Since density of

states N(Ef) does not diverge, here

T, e o 6 (I11-A-1.9)

53

1.1 Critical Conductivity Exponents-Universality Classes

5 and Castellani et al *®

Based on theoretical work of Finkelshtein®
critical behavior near the transition is determined by symmetry
breaking processes such as spin-orbit scattering, spin-flip scattering
or magnetic field. Each of the symmetry breaking mechanisms defines
a different universality class. Theoretically, a critical conductivity
exponent u=1 is expected for the magnetic field universality class
(MF), and in presence of magnetic impurities (MI) and spin-orbit
scattering (SO). Note that these results were obtained for 2+ ¢
expansion where € << 1. In 3 dimensions € =1, so that the above

results can not be taken rigorously. For the generic universality class
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(G), where all of the above symmetry breaking mechanisms are
absent, the critical conductivity exponent has not been calculated.
Experimentally, u=1 was found for compensated semiconductors and
amorphous alloys, while u=1/2 was found for a large number of
uncompensated semiconductors. The following table (Table III-A)
lists the results for systems studied by various experimental groups.
All of these were obtained by varying the dopant concentration n,
except for the first entry for Si:P which was obtained by varying

uniaxial stress (ref. 3.).

Table III-A. List of uncompensated and compensated doped semiconductors,
corresponding references and values of criticai conductivity exponents.

Uncompe | Reference T
n
Systems
Si:P 3 0.55+0.1
Si:P 47 1.3
Si:As 48 0.60+0.05
Si:Sb 49 0.49+0.09
Si:(P,As) 50 0.7+0.2
Si:B 32 0.65%0.05
Ge:As 51 0.5
Ge:Sb 52 0.9
Ge:Ga 39 0.502+0.025
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Compens. | Reference |
Systems
Ge:Sb 53 1
Si:(P,B) 54 0.9+0.08
Ge: (Ga,As) 55 1
Ga:As 56 1

40

Note that uncompensated p-type Si:B and Ge:Ga due to their

degenerate valence band are expected to have strong spin-orbit

scattering and consequently should belong to a SO universality class

with u = 1. Nevertheless experimental findings for u are closer to 1/2

than 1.
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2. Stress Induced Metal-Insulator Transition

A doped semiconductor is an example of a disordered system where
the metal-insulator transition can be tuned by the application of
uniaxial stress. The shallow impurity bands (energies of the order of
~meV compared to the gap energies ~leV) strongly couple to the
stress’’ and allow one to study the metal-insulator transition in a
single sample of dopant concentration n as the critical concentration

n. is tuned through n.

2.1 Effective Mass Approximation

Small impurity binding energies (~ meV) are the consequence of the
large dielectric constant of the host material ( x=11.4 for Si and
x=15.4 for Ge)’. Impurity wave functions extend over many lattice
sites with the Bohr radii ap of the order of 10-100A (see Fig. IlI-1a).
Whether a given impurity is a donor or an acceptor is determined by
its position in the periodic table. In common Group IV
semiconductors like Ge and Si donor impurities are from Group V (P,
Sb, As). The elements of Group V have five valence electrons; four
will form covalent bonds with four valence electrons of Ge or Si, and
the extra electron becomes a donor. Elements from Group III (B, Al,
Ga and In) are acceptors since they lack one electron. The proximity
of a donor (acceptor) level to the bottom (top) of the conduction
(valence) band (see Fig. III-1b) implies that an excess electron (hole)

is weakly bound to the impurity center, and located far from it.
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Fig. III-1a. Phosphorus atom makes four covalent bonds with
nearby silicon atoms, leaving one extra electron that is available
for conduction.

E ‘conduction
Ec band

Edg »

B e — v

Ev[Valenc )
band

»
D(E)

Fig. IlI-1b. Donors form an impurity band E{ near the bottom

of the conduction band E¢, where Ec-E{ ~ 45 meV in Si. Similarly,
acceptors form a band E3-Ey ~ 45 meV above the valence band.
Energy of the gap Eg=Ec-Ey ~ leV.
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One can therefore regard the impurity center as a point charge and

assume its potential to be®°:
U(r)=-e*/xr (III-A-2.1.1)

where e is the electron charge, r the distance from the center and x
the dielectric constant of the lattice. This is the basic premise of the
Effective Mass Approximation EMA, and is only valid far from the
impurity center.

For an ideal lattice, one can write a single electron Hamiltonian

of the following form®’:

2

H, =- 2" A+ V() (I11-A-2.1.2)

m,

where my is the free-electron mass, A is the Laplace operator and V(r)

is the periodic potential of the lattice. The solution to the Schrédinger

equation with the above Hamiltonian is given by the Bloch functions:
1 ik-r

D =—=u II-A-2.1.
¢n'k Vouz un’ke (ITII-A-2.1.3)

where Vo is a normalization volume, u,, is a periodic function with
the period of lattice, k is the wave vector and n is the band index. If
one restricts the wave vector to the first Brillouin zone and assumes
that the eigenvalues E,(k) of Hamiltonian (III-A-2.1.2) are known

within the zone then solutions of the EMA equation®’

(Ho - e’/xr )Y =E ¥ (I11-A-2.1.4)
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should be of the form
V=Y B.(k")g, .(F). (I11-A-2.1.5)

4

Substituting (III-A-2.1.5) into (III-A-2.1.4), taking into account

normalization of the Bloch wave functions, one arrives at:

[E. () - E[8,()+ Y UL B, (k) =0. (I11-A-2.1.6)
n’k’

For the nondegenerate extrema in the center of the Brillouin Zone the
minimum of E,(k) occurs at k=0, so for small values of k one can
write E,(k)=Ak>/2m, where m is the effective mass. It is plausible to
assume that B.(k) is nonvanishing only near the center of the
Brillouin Zone at k=0 and Upx = U, for small k, so that equation (III-

A-2.1.6) will take the form:

hk? -~ 4me® 1 - .
———E]B.(k) - ———B, (k' II1-A-2.1.7
[ —-El1B,(k) rcVo;(k—k')' (k) ( )

where the summation over k’ runs only over the k vectors within the
first Brillouin Zone. Since Bu(k) is vanishingly small outside the
neighborhood of k=0 one can easily extend this summation to infinity.
This allows the change of the coordinate representation of the wave

function

F(F) = %2 B,(k)e™" (III-A-2.1.8)
0 k
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where the summation is over all k. Substitution of (ITI-A-2.1.8) into

(III-A-2.1.7) gives equation:

-2 A5 = EFG) (III-A-2.1.9)
2m T

that looks like the Schrédinger equation for a hydrogen atom, with an
effective mass m and dielectric constant k. The spectrum of the bound

states is given by

1=1,2,... (IlI-A-2.1.10)

and the ground state-wave function is of the form

-1
2 -r/ag

F(r)=(ma’) 2e @ (III-A-2.1.11)

where ag = Ax/me’ is an effective Bohr radius and is the characteristic
dimension of the impurity wave function. The full wave function of
the impurity center becomes

¥(r) = u, o F(r) (II-2.1.12)

which is basically the Bloch wave U, at the extremum of the band

modulated by large-scale hydrogen like function F(r).

In semiconductors like Ge and Si the conduction band has
several minima located at equivalent points of the Brillouin zone. The
conduction band of Si has six equivalent minima located at k =
0.85(2n/a) along [100]directions, where a9 is a lattice constant. The

constant energy surfaces are ellipsoids of revolution around {100].
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Along the z-axis the energy surface near [100] extrema has the

following form®?:

9

h- h?
=—— (k. -k.°) +—— (k.2 +k.2). -A-2.1.
E =g ek 4k k) (III-A-2.1.13)

The longitudinal effective mass of Si is m = 0.916 my and the
transverse mass is m; = 0.19 my. The extrema of the conduction band
of Ge lie exactly on the Brillouin zone boundary along the cube's
body diagonals. Each extremum is shared by two zones. so that the
number of extrema equals half the number of equivalent directions,
which is four. The constant energy surfaces are ellipsoids of
revolution around the (111) axis with effective masses m = 1.58m,
and m, = 0.08 mo. In complete analogy with (II-2.1.12) the solution of

(II-2.1.4) near the extremum at k = k; has the form
Xi(r) = Fi(r) ¢;(r), (II1-A-2.1.14)

where ¢; is the Bloch wave at k = kj, and F; is the envelope function

satisfying the EM equation

(E,(~iV) —%]Fj(i‘) = EF(7) (III-A-2.1.15)

where E;(k) is the conduction band energy in the vicinity of k. The
eigenvalues E are the same for all equivalent minima. This equation
was solved successfully by Kohn and Luttinger®? by variational

methods. The trial function was chosen in the form
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ul—-

F=(na, %) “exp(-[EF X212 1) (11-A-2.1.16)
a;” ay

and the parameters a; and a,; were found by minimizing the energy. It
was found that the EMA approximation gives very good estimates of
excited states; however, it seriously underestimates the energies of
the ground states of silicon and germanium. In reality, the six-fold
degeneracy of the Si ground state and the four-fold degeneracy of the
Ge ground state are partially lifted by the short range potential
representing corrections to the EMA. Very near the impurity, the
potential is not spherically symmetric; instead, local symmetry is
broken by the change of the angle and the length of the tetrahedral
covalent bonds between the impurity and nearby host atoms. The
addition of the short-range potential to equation (III-A-2.1.4)
produces matrix elements in (III-A-2.1.6) that connect the wave
functions belonging to different extrema. This leads to the so called
valley-orbit splitting of the ground state and a shift in the energy
levels usually referred to as a chemical shift. The form of the
splitting can be predicted on the basis of symmetry alone, without
detailed knowledge of the short-range potential. The correct donor

wave functions are linear combinations of the form

i N i
o =Yoy,i=1,...N. (II1-A-2.1.17)

=1
The exact form of the splitting, as well as the coefficients ot,-i for Ge

and Si are determined from the symmetry properties of the tetrahedral

group T4. The six-fold degenerate ground state of Si splits into one
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singlet, one doublet, and one triplet, while the four-fold degenerate
ground state of Ge splits into one singlet and one triplet. Calculations
of the acceptor wave functions near the degenerate maximum of the

valence band will be given in sections 3.3.

2.2 Effect of Stress on the Impurity Wave Function-MIT

Even a modest stress can induce large changes in Bohr radii affecting
the overlap of the neighboring impurity wave functions which in turn

effectively shifts the value of n. defined by the Mott relation®*
n.'%ag = 0.25 (II-A-2.2.1)

This relation was derived from the condition that at the critical point

for the Mott-Hubbard transition,
U = 2zI, (ITI-A-2.2.2)

where U = (5/8)(e*/ag) is the Coulomb energy of repulsion between
two electrons on the same impurity and 2zI is the bandwidth of the
Hubbard band, z is the coordination number and I is an overlap
integral between neighboring impurity atoms. If one defines R as an
average distance between impurity atoms, then for large values of R
or R/ag ~ 4, the overlap integral obtained for s-states is I ~
10(e*/ag)exp(-R/ap). Taking z = 6 in equation (Ill-A-2.2.2) gives R/ap

= 5 and since R = n'” one arrives at the Mott criterion (II1-A-2.2.1).
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Theoretical calculations related to the change of n. with stress,

have beeen done only for n type Ge®® and Si®". Particularly striking
are the results for Ge:Sb, where n. increases by a factor of = 2.2 for a

rather modest compressional stress of ~1 kbaf along the [111]
direction. Unstressed Ge:Sb has a four-fold degenerate donor ground
state (due to the degeneracy of the four valleys), so that electrons are
distributed over four donor envelope wave functions to maximize
their transfer integral (maximum overlap among the wave functions)
and lower their energy. Such a big response of Ge:Sb to stress is
related to the lifting of the degeneracy of the ground state (shifting
the [111] valley down in energy and the remaining three up) and the
redistribution of electrons among the different donor wave functions.
Accordingly, H. Fritzsche®’ found that the longitudinal resistance
measured along the direction of the stress [111] increases rapidly
with the stress. At very large stresses all electrons are transferred to
the state related to the lower valley, any further variation with stress
is small and this is reflected by saturation of the longitudinal
piezoresistance. The limiting form of the ground state wave function
at large stress is pancake-shaped with the axis of rotation along [111].
The extent of the wave function along the [111] direction is therefore
greatly reduced, as is the overlap of the neighboring donor wave
functions. The overlap in the direction perpendicular to [111] is still
close to its zero stress value, but the carriers in this plane hardly
contribute to the current along [111].

In Ge:As approximately the same stress changes n. only by
20%. In contrast to Ge:Sb, Ge:As has a large central cell potential
that has already removed the four-fold degeneracy of the ground state

without stress. Valley-orbit splitting between the ground-state and the
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three-fold excited state is 4A = 4.15 meV. Because of this, the
ground-state orbit of As is about 17% smaller than its effective-mass
value®’. Application of stress increases the ground-state radius and
mixes the ground state wave function with the more extended valley-
orbit split excited states, leading to more overlap along the direction
of the stress. Piezoresistance measurement of Ge:As®’ at temperatures
between 1.5 - 4.2 K show a slight increase of the resistance with the
stress at low stresses, followed by a rapid decrease of the resistance
to very small values. For stresses above 2 kbar the resistance of
Ge:As saturates with a further increase of stress. This in turn implies
that unlike Ge:Sb, n. of Ge:As shifts towards smaller values with
increasing stress.

The valley-orbit splitting of Ge:P with 4A=2.9 meV lies
between that of antimony (0.57 meV) and arsenic (4.15 meV). One
expects the piezoresistance of Ge:P to be somewhere between that of
As and Sb, namely, an appreciable increase followed by a large
decrease of the resistivity with stress, which was in fact observed
experimentally®’.

The first study (experimental3 and theoretical“) of a metal-
insulator transition induced by uniaxial stress was done in n-type
Si:P. Si has six conduction band valleys along the [100] axis; the six-
fold degeneracy of the donor ground state of Si:P is again removed
by the relatively strong central-cell potential (~13 meV) producing a
1-fold, one 2-fold and one 3-fold degenerate state. Application of a
moderate stress causes expansion of the ground state of Si:P, like in
Ge:As. One can look at the metal-insulator transition under stress as a
correlation-driven transition (Mott-Hubbard transition) in a lattice of

hydrogenic atoms, where the disorder is effectively fixed. Stress
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alters only the donor wavefunctions and their overlap. In a Mott-
Hubbard model, the transition from an insulator to a metal occurs at
the concentration n = n. for which the upper Hubbard band (doubly
occupied D band) merges with the lower Hubbard band (singly
occupied D band) and the correlation gap disappears. R. N. Bhatt
showed®® that the application of uniaxial stress in Si:P strong central
cell potential, mixes the ground state with the extended valley-orbit-
split excited state, which in turn causes broadening of the occupied D
band and lowering of the empty D". The latter is caused by the change
of the effective potential due to the occupied band. Both effects
reduce n. as shown in Fig. III-2. He found that a stress of 2 kbar in a
plane normal to the (111) axis induces a 3% decrease in n., in

reasonable agreement with experimental findings of Paalanen et al’.
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NcNe

Fig. III-2. Mott-Hubbard transition at zero stress (solid line) and at some
value of stress (dashed line). D° band denotes doubly occupied donor
(electron) band, whereas D denotes the singly occupied neutral donor state.
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3. Stress-Induced MIT in p-type Si:B

3.1 Band Structure of p-type Semiconductors

The acceptor wave functions of p-type semiconductors are derived
from the Bloch functions at the top of the valence band. The valence
bands of Si and Ge are degenerate at k = 0 at the center of the
Brillouin zone due to the symmetry of their crystal lattice. Both Si
and Ge have diamond structures that consist of two interpenetrating
face-centered cubic (fcc) Bravais lattices, displaced along the body
diagonal of the cubic cell by one quarter the length of the diagonal.
They can be regarded as (fcc) lattices with two-point bases. Point I
at k = 0 has the symmetry I'»s of the full cubic group Oy and the
valence band edge state has 3-fold orbital degeneracy without spin®®.
Bloch wave functions corresponding to point I’ have the
transformation properties of atomic p-wave functions (X, Y, Z) with
orbital angular momentum L=1. This means that the top of the valence
band would be 6-fold degenerate including 2-fold spin S degeneracy,
( 3-fold orbital degeneracy ) x ( 2-fold spin degeneracy) without spin-
orbit coupling. Spin-orbit coupling ( total angular momentum J = L +
S ) partially removes the 6-fold degeneracy, leaving the top of the
valence band 4-fold degenerate corresponding to J=3/2 state and
shifting the 2-fold spin-orbit split, J=1/2 state down in energy by A =

0.044 eV in Si®® and A = 0.29 eV in Gc7°(also see Bassani et al.ss).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

Valence-band energy surfaces have been calculated by k'p
perturbation techniques (see p. 187 ref. 68) generalized to (J,My)
representation to include the spin-orbit interaction. The energy

surface for the J=3/2 band has the following form:
2 2 2 2,2 2 2 2 !
E(k)i1n = Ak® + [B3k* + C¥( k*xk"y + k*.k?, + k’y k7, )],/2' (III-A-3.1.1)

where A, B, and C are inverse band parameters determined by
cyclotron resonance measurement of Dresselhaus et al.®* for Ge and
Si and Hensel and Feher’' for Si. The top of the valence band has two
branches which are usually called light and heavy hole band and are

shown in Fig. III-3. The energy surface of the J=1/2 band has the

form
E(k) = -A + AkK?, (I11-A-3.1.2)

where A is the spin-orbit splitting energy mentioned above.

E (k)

ACCEPTOR 4

GROUND —f=——=——
. STATE"" -

Fig. III-3 Energy surfaces of degenerate heavy and iight hole bands with

spin-orbit split band 44 meV below the top of the valence band.
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3.2 Acceptor States in EMA

The acceptor wave function in the EMA is a product of Bloch waves
from near the top of the valence band and hydrogen-like envelope

wave functions associated with each valence state’>
6
y(F) =) F,(F)e;(F) (I11-A-3.2.1)
i=t

The envelope function F; extends over dimensions of the order of 14
A in Si and 42 A in Ge. Each ¢; is a Bloch wave from the different jlh
valence state, and it is a rapidly varying function compared to the
envelope function, with the periodicity of the lattice. The effective-

mass equation for the holes consists of six coupled differential

equations
6
Y D3¢ )(%aT)F (F) - (A8, +—)F(r)—EF (), j=1,...6, (III-A-
=
3.2.2)
0 j=1.4 , ' o
where §;, = | j=56 and D is 6x6 k'p perturbation matrix in (J, M;)

representation®?. Approximate solutions to the equation (III-A-3.1.4)

737475 gave estimates for the acceptor ground

by variational methods
state and a large number of excited states for Ge and Si. Results for
the ground state energy of Si, in contrast to Ge, were not in a good
agreement with experiments, since they neglected the contribution of
the spin-orbit split band to the acceptor wave function. Variational

calculations of Mendelson and Schultz’® with trial wave functions
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containing a contribution from the spin-orbit split band gave much
better estimates of the ground state energy and ground state wave
function for Si. Reflecting the degeneracy of the valence band, the

acceptor ground state is 2-fold degenerate.

3.3 The Effect of Stress on the Valence Band and The Acceptor
Ground State of Si

Application of uniaxial compressive stress lifts the degeneracy of the
light and heavy hole bands at k = 0. The splitting is highest for stress
applied along the (100) or (111) direction, where the light hole band

shifts upward in energy crossing the heavy hole band that shifts

71,77,78

downward . In the limit of very high stress, complex warped

energy surfaces at zero stress will decouple and become prolate

ellipsoids, as shown in Fig. III-4.
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Fig. III-4 Splitting of the heavy and light hole bands under uniaxial
compression along (001) axis.
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Detailed calculations of the energy shifts with stress for different
valence bands can be found in the paper of Chroboczek et al.”’ and
the Ph. D. thesis of Harold Staunton’® (also, see references therein).
In brief, one starts with the Hamiltonian describing the effects of

spin-orbit interaction and strain on the valence band near k = 07°;
H = Ho+ H; (III-A-3.3.1)

where Ho = Hyx + H;,. is the EM Hamiltonian of Luttinger and Kohn®'
in ( J, my ) representation and H, (in the same representation) is the

strain Hamiltonian given by’'-7%79-80

He = -a( €xx + €yy + €5, ) - 3b[ (Ly® - L¥3)&x + c.p. ] - 6d/V3[
(LL,}€sy + c.p. ] (I11-A-3.3.2)

Here &€ = XSiuX are components of the 3x3 strain tensor, L is the
angular momentum operator, c.p. are the cyclic permutations with
respect to x, y, and z and {L,L,}=1/2(L{Ly + L,L,), etc. The
parameters a, b, and d are the hydrostatic deformation potential, and
the shear deformation potentials for strains of tetragonal [001] and
rhombohedral [111] symmetries, respectively. For the stress applied
along the [001] axis, ignoring the hydrostatic term ( since it shifts all

the bands equally) equation (III-3.3.2) becomes
He = -3b( L. - L¥3 )( S;; - $12)X (III-A-3.3.3)

Si1 and S;; are elastic compliance constants and X is stress. By

diagonalizing the Hamiltonian of equation (II-3.3.1) Chroboczek et
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al.”? calculated the displacement of the valence bands and the
acceptor states with stress. The 2 fold acceptor state splits into two
levels I'; and T's shifting in opposite directions with stress, as shown
in the Fig. III-5 (adopted from Chroboczek et al.”’). Measurements’’
of Si:B down to 1.5 K showed a rapid increase of the resistivity with
stress up to approximately 3 - 4 kbar, followed by a much slower
decrease in resistivity with a further increase of the stress. Similar
behavior of the resistivity with stress at 4.2 K shown in Fig. III-A-6
was found by Bogdanovich et al.’! (unpublished). An initial, rapid
increase of the resistivity with stress is attributed to splitting of the
degenerate impurity ground state (as in n-type Ge:Sb) that leads to
shrinkage of the impurity wave function and a consequent decrease in
the overlap. Application of stress drives a metallic sample into the

insulating phase by increasing n..

T - L P 4 . &

Si " BORON .
- ACCEPTOR

E(1072ev)

) . -
0 T4 8 12 16
Compressive Stress, X (108 Po)

Fig. III-5. Energy level shifting as a function of uniaxial stress along (001)

axis. (Chroboczek et al.””)
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Fig. I11-6. Resistivity at 4.2K normalized to its zero-stress value as a function
of uniaxial stress for two samples with dopant concentration n and direction
of stress as denoted above.
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3.4 Stress-Induced MIT for p-type Si:B

It was found by Bogdanovich at al.?? that the application of a uniaxial
stress of ~ 600 bar in Si:B along the (001) axis induces an increase of
n. of about 20% (for details see part C of this chapter). Using the
same method applied to the stressed-tuned MIT in n-type Si:P°’ one
could predict approximately how the stress-induced MIT occurs in
Si:B. Within the Mott-Hubard picture of the MIT, one expects the
shrinkage of the lower Hubbard (A) band with increasing stress
reflected by the decrease in the overlap of the neighboring wave
function and the splitting of the acceptor ground state with stress.
This in turn, should raise the upper Hubbard (A*) band, so that the
bands will cross each at some higher value of n., as shown in Fig. III-

7.
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Fig. II1-7. Mott-Hubbard transition at zero stress(solid line) and at some
value of stress(dashed line). The A* band denotes doubly occupied acceptor
(hole) band, whereas A denotes the singly occupied neutral acceptor state.
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B. Experimental Procedure

I. Sample preparation and characterization

A boule of Si:B grown along the [100] axis by the Czochralski
method was obtained from Dr. Gordon Thomas at Bell Labs, Lucent
Technologies and cut into 0.3 mm thick wafers with [100] orientation
by Semiconductor Processing Corporation. One side of the wafer was
fine polished at The Laboratory for Laser Crystal Growth at the
Physics Department of City College for better contrast between ion-
implanted areas of the sample and the rest of the sample surface. Laue
backscattering x-ray diffraction was used to determine the orientation
of the [001] axis within the plane of each wafer. Wafers were then cut
along the [001] into bars. The dimensions of a bar shaped-sample
used in these measurements were 8.0x1.25x0.30 mm>. The sample was
then etched in a 2% HF solution of HNO; for 10 minutes to remove
all the impurities and mechanical damage incurred during the cutting
process. For better electrical contacts to the sample ( see Chapter II,
part B, section 1) boron B" ion implants were applied to four thin
striplike areas. It was found that doses of E = 20keV and a concen-
tration of B ions C = 5x10'°cm™ gave best results. The sample was
then annealed in vacuum at 800°C for 30 minutes to activate the im-
plants. After the removal of the oxide layer (using HF:H>O in the ra-
tio 1:50) four thin gold wires were attached to the implanted areas
using an arc discharge technique?’. The room-temperature resistivity
P3ook and the ratio r = p4.2k/p3ook Of the 4.2 K resistivity and the room

temperature resistivity was measured to determine the boron concen-
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tration as described in Chapter II, part B, section 2. The ratio r was
also measured for several other samples cut from the same wafer with
different lead configurations to check for possible inhomogeneous
doping. It was found that the variation in dopant concentration n was
less then 1%. The following table, lists the values of P3ook, I =

R4.2k/R300x, and n of the sample used in these measurements.

TABLE III-B Room temperature resisitivity, ratio
of the 4.2 K resistance and room temperature resis-
tance, and Boron concentration of the sample.

=3
P300K (ohm-cm) r = Ry 2k/Ragoex i n(cm™)

0.0151 1.53 4.84x10'®

The boron concentration of this sample is 20% above the critical con-

- - o]
centration n. = 4.06x10'® cm™? at zero stress>>.

2. Experimental setup

The sample was cooled down to 0.05 K in an Oxford model 75 dilu-
tion refrigerator. A capacitive pressure cell® using He* was used to
uniaxially compress the sample (see Fig. III-8). This device was
tightly screwed to the mixing chamber of the dilution refrigerator,

which is shown in Fig. III-9.
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2.1 Pressure Cell

2.1a Design

The design of the pressure cell used in the experiments of
Paalanen et al.®> was obtained from Bell Labs. The cell was made of
BeCu, a material known for its hardness, good elastic properties
(small hysteresis) and relatively good thermal conductivity. The sam-
ple was seated in the center of the cell, fixed with a copper plate and
two screws to prevent any horizontal motion. In this arrangement half
the area of the sample was covered by the plate. The other half con-
tained four electrical leads connected to the outside wires through
the oval opening on the wall of the cell. The top part of the cell (the
cap) contains a small compartment with a thin circular membrane and
an opening on one side to introduce He®. The cap slides into the body
of the cell and the six copper screws are tightened until the membrane
touches the sample. OFC (oxygen free copper) screws were used for
better thermal contact between the cap and the body of the cell. The
lower part of the cell contains a plate capacitor; the capacitance is
defined as C = g9A/d, where € is dielectric constant of vacuum, A is
the area of the capacitors plates and d is the distance between the
plates. When stress is applied to the sample the upper plate moves
downward decreasing the distance d between the capacitor plates,
which in turn will increase the value of the capacitance. By recording
the changes in capacitance one can determine the amount of stress
applied. Increasing the He! pressure at the top exerts force on the
sample through a =1” diameter membrane. Due to the large ratio of
the area of the membrane to the area of the sample, a few bars of He*

pressure produces a few hundred or thousands of bars of compres-
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sional stress. Thin sheets of silver or 50%-50% SnPb solder were
placed at both ends of the sample to cushion surface roughness and

increase the amount of stress one can apply without breaking it.

2.1b Calibration

The cell was calibrated at room temperature by recording the
changes of capacitance with applied force (weight). The stress is ob-
tained by dividing the force F by the area A of the sample perpen-
dicular to the force, S = F/A. Several curves of force F versus relative
change of capacitance AC were recorded and are presented in Fig. III-
10 a). When the temperature is lowered to 4.2K, the capacitance of
the cell ( ~ 10 pF) decreases by less than 1% and it stays the same
with further decrease of the temperature. At temperatures of 4.2 K
and lower the slope of the calibration curve is smaller in comparison
to the room temperature slope. One can account for this difference by
recording the changes of capacitance AC as a function of He* pressure
AP at 300 K and 4.2 K presented in Fig. III-10 b). Using the ratio (~
1.6) of the two slopes (AC/AP)s3g0k and (AC/AP)4 2x allows us to res-
cale the room-temperature calibration to 4.2K (or lower T)-
calibration. An alternative method would be to calibrate the cell at
4.2 K, since further decrease of temperature will not cause any

change of the slope.
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2.1Ic Capacitance Measurements

The capacitance of the pressure cell was measured using a Gen-
eral Radio Capacitance Bridge model 1615-A, at a frequency of f = 1
kHz. The accuracy of the bridge at this frequency is (£0.01%
+0.00003pF). The smallest change of capacitance recorded on the
100pF range was 107 pF corresponding to approximately 3 bar of
stress. The capacitance bridge was interfaced with a PAR Lock-in
Amplifier model 124A with input impedance of 100 MQ.

The excitation voltage used for the measurement of the imped-
ance of the cell was 2 V. Values of the capacitance were obtained by
balancing the bridge until the voltage reading of the in-phase and out-
of-phase signal of the Lock-in Amplifier became zero (on the 5 uV
scale). A three-terminal measurement of capacitance was used, with
the body of the cell and the shields of the two coaxial cables con-
nected to ground. Two Lakeshore stainless steel coaxial cables (0.04
inch in diameter) were connected to the capacitor at the lower end of

the cell with Microtec miniature coaxial connectors.

2.2 Gas Handling System

The pressure cell was operated by high purity He®, which is in gase-
ous form at room temperature. The gas-handling system consisting of
a cylinder of high purity He*, a 15 liter ballast cylinder, a liquid ni-
trogen cold trap and a capacitive pressure gauge connected by differ-

ent size tubes and capillaries is shown in Fig. III-11.
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A large ballast volume was used to reduce the variations in pressure
caused by the continuous change of the liquid helium level inside the
dilution refrigerator and variations in room temperature. Variations in
pressure in this measurement were of the order of a few mbar, while
the measured changes of pressure were approximately 250 mbar. Be-
fore introducing it into the dilution refrigerator, purified He' was ad-
ditionally cleaned by using a liquid nitrogen cold trap filled with
charcoal. The pressure of the He* gas at room temperature was meas-
ured with MKS baratron model 120A, with an accuracy of + 0.12% in
the range of 33 bar (500 psi). At the lowest temperatures ~50 mK,
He' is in its superfluid phase, and the pressures that could be reached
before He' solidifies are ~30 bar. The highest pressure recorded in
this measurement was 9 bar, much smaller than the critical pressure at
which He* enters its solid phase. Two cylinders, the cold trap and the
pressure gauge were connected by soft-soldered 1/4 inch copper tubes
with a set of high pressure regulating valves. The copper tube was
hard-soldered to a long stainless-steel capillary of 1/16 inch outer di-
ameter and 0.01 inch inner diameter that entered the dilution refrig-
erator from the top. The capillary was then wound several times
around the 1K pot for thermal heat sinking. Additional heat-sinking at
1K was accomplished by using a small volume (few cm?®) OFC cylin-
der thermally anchored to the 1K plate. The cylinder contained two
different size holes on the two ends with the stainless-steel capillary
entering from one end and a Cu-Ni capillary of 0.01 inch outer di-
ameter and 0.004 inch inner diameter connected to it at the other end.
He* undergoes a liquid to superfluid transition at 2.19 K below which
it becomes a an excellent heat conductor. Additional heat-sinking of

the capillary at 0.6 K and 0.3 K was necessary. Since the heat con-
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duction of superfluid He* drops with increasing length of the capil-
lary and with decreasing radius®?, one needs to use very thin capillary
and extend its length to approximately 1/2 m between each heat-
sinking stage. Heat-sinking was achieved by coiling the Cu-Ni capil-
lary around a OFC spool and then soft-soldering to it. Each copper
spool was then tightly screwed to a different cold surface. The end of
the capillary was soft-soldered to the upper part (cap) of the pressure
cell, which is thermally anchored to the mixing chamber of the dilu-
tion refrigerator. In this configuration one has a large density gradi-
ent of He', but uniform pressure from 300 K down to 0.05 K along

the He* line.

2.3 Electrical wiring

Electrical wiring of the sample heater and thermometers was
very similar to that already described in Chapter II, part B, section
3.3, except for different wiring at the mixing chamber. The mixing
chamber used in this éxperiment was made of stainless steel and had
much smaller volume of cooling He*-He® mixture. The sample was
seated inside the cell tightly screwed to the bottom of the mixing
chamber and surrounded by vacuum instead of mixture. Four wires
connecting the sample to the outside of the dilution refrigerator were
low resistance, thin copper wires heat-sinked at several stages as de-
scribed above. Again, superconducting wires were used between the
1K pot and the mixing chamber. Additional heat-sinking of the sample
wires at the mixing chamber was necessary to provide better cooling

of the sample. Four superconducting wires were then connected to
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four thick copper wires thermally anchored at the mixing chamber and
then connected to the sample leads inside the cell. Thick copper wires
were used to increase the cooling of the sample by electrons. At mili
Kelvin temperatures there are very few phonons available for heat
transfer and therefore cooling of the sample through the thermal con-

tact with the cell is limited.

2.4 Thermometry and Temperature Control

Two RuO: thermometers were used to measure the temperature of the
mixture and the sample. One of the thermometers was placed at the
mixing chamber and the other inside the pressure cell very near the
sample. To improve the thermal contact between the thermometer and
the cell, the RuO, thermometer was placed in a small drop of stycast
2850, which was allowed to harden and then glued to the surface of
the cell. The temperature of both thermometers was recorded as the
sample heated up and as it cooled down slowly. A substantial tem-
perature difference between the sample and mixing chamber devel-
oped on heating, becoming larger as the temperature increased; there
was no gradient during slow cooling. Data obtained using the ther-
mometer inside the cell on heating and cooling showed very good
consistency.

Heating of the sample and the cell was achieved by winding a
500Q heater wire around the top part of the cell, just between the
mixing chamber and the cell. The heater and the sample thermometer
were connected to a Linear Research INC. AC Resistance Bridge

model LR-700 for temperature control and measurement.
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2.5 Resistance Measurement

Longitudinal low-frequency AC resistance measurements were done
by passing the current along the stress direction through two outer
leads in a configuration shown in Fig. III-12 and measuring the volt-
age between the two inner leads. The resistance was measured with a
Stanford Research System model SR850DSP lock-in amplifier at a
frequency of 13 Hz. A 100 kQ resistor was placed in series with the
lock-in amplifier to obtain low excitation currents. At the lowest tem-

peratures the power level was always kept below 107'* W.

Fig. III-12 Current I and voltage V configuration of electrical leads on the
sample, with the current applied along the stress direction.
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C. Results and Discussion

The longitudinal conductivity of a Si:B sample with dopant
concentration n = 4.84x10'® cm™ was measured between 0.05 - 0.76 K
at different values of uniaxial compressional stress. Increasing stress
drives this metallic sample into the insulating phase by decreasing its
conductivity. The conductivity as a function of stress at 4.2K is
presented in Fig. III-13. It decreases approximately linearly with the
stress for S > 200bar. Comparing the conductivity as a function of
stress and the conductivity as a function of dopant concentration n
one can determine the relation between the stress and the dopant
concentration. The data at 4.2 K is used to establish this relation,
since at this temperature one is well above the critical region. The
conductivity as a function of dopant concentration at 4.2 K (data
adopted from Dai et al.*’) is presented in Fig. III-14. The boron
concentration n was determined from Thurber’' calibration curve as
mentioned before. From the Fig. III-14, it is clear that the
conductivity varies linearly with dopant concentration as well,
suggesting that stress scales linearly with dopant concentration.

The temperature dependence of the conductivity for twenty
different fixed values of stress is shown on a log-log plot in Fig. III-
15. Starting with metallic behavior at zero stress one enters the
insulating phase at some critical stress which will be determined from
the analysis of the data presented in sections 1, 2, and 3. Flattening
of the curves below 70 mK is due to some thermal decoupling of the
sample from the cell and the thermometer. For the curves with the

highest value of stress the resistance of the sample below 150 mK
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Fig. I11-13 Conductivity as a function of stress at T=4.2 K.
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becomes of the order of 10°Q above which it cannot be measured
accurately using the low frequency AC method. These data will be

disregarded in the following analysis.
1. Dynamical Scaling of the Conductivity near the MIT

Using the dynamical scaling analysis described in part A,
section 1, one can try to scale the conductivity as a function of
temperature T and stress S. Equation (III-A-1.1),where parameter t =
S and 8t = 8S = S-S. can be rewritten in the form o = G.f(T*/T),
where the critical conductivity 6. = AT*®and T* = 8S"*. One starts
by assuming that one of the curves in Fig. III-15 is the critical curve
and then divides every other curve by the critical curve. The ratio of
the conductivity for different values of stress to the critical
conductivity o, for six different choices of S; is plotted as a function
of T*/T in Fig. III-16, Fig. IlI-17, Fig. I1I-18, Fig. III-19, Fig. III-20
and Fig. III-21on a log-log scale. Reasonably good scaling is obtained
for four choices of S. between 583 and 708 bar. The data collapse
onto two different conductivity branches, one metallic (top curve) and
one insulating insulating branch (bottom curve). This was achieved by
shifting each curve on a log-log scale along the x-axis corresponding
to different multiplicative factors T*. It is obvious from Fig. III-16
and Fig. III-21 that the scaling begins to break down for the choice of
Sc = 583 bar (the metallic branch doesn’t scale) and for the choice of
S. = 708 bar (the insulating branch doesn’t scale). These two are
limiting values for the choice of critical stress. Small deviations from
scaling for S = 613 bar and S = 637 bar are due to thermal

decoupling at the lowest temperature, mentioned above. The
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multiplicative factor T* is plotted as a function of 8S = IS-S.l for
both metallic and insulating phase in the insets to Fig. III-17, Fig. III-
18, Fig. III-19, and Fig. III-20. The temperature dependence of the
critical conductivity for the choices of S. =613 bar and S =638 bar

are presented in Fig. III-22 and Fig. III-23, respectively.
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In the range of critical stress for which there is good scaling, differ-
ent choices of critical curves 6.(T,S.) yield the different values of
H/vz and vz, listed in the Table III-C-1 below. For S, = 650, 637 and
613 bar one gets very similar e€xponents vz in both, metallic and in-
sulating phase. For the choice of S. =678 bar the exponent vz ob-
tained for the metallic branch is very different from vz obtained from

the insulating branch.

TABLE III-C-1 For different choices of critical stress S., the table lists:
exponent p/vz deduced from the temperature dependence of o.< TH*, expo-
nent vz from scaling of metallic and insulating branches, average vz, critical
conductivity exponent u = (u/vz) x (vz), critical conductivity exponent from
zero-T conductivity, and exponent & from critical behavior of T,.

Sc(bar) u/vz vz vz vz u=(p/vz) u (o3
metal insulator | average x(vz) c—-0
708 3.1£0.1 2.5%0.1 | badfit
678 0.72+£ 001 | 3.0£0.1 2602 | 28+0.2 [2.0£0.2 {23+0.05 | 19+ 01
649 062+ 001 | 3.0+0.15 | 29+0.2 | 3.0+02 [19+02 | 2.1+ 0.05 | 23+ 01
637 057£001 | 3.240.2 | 3.2£0.2 | 32402 | 1.8402 1.9580.1 | 255+01
613 0500008 | 3.2+0.2 | 3.2+0.2 | 32+ 0.2 | 1.6+0.1 175+ 8}3 28+ 02
583 042+ 001 3.3£0.2 155005 | 33+ Q1

The analysis of the data that exhibit insulating behavior in section 3
will show that among the three choices of S. = 649, 637 and 613 bar
the best fits are obtained for S, close to 613 bar. For S. =613 bar the

critical conductivity behaves as 6. = A(Sc)T”z, and in the analysis of
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critical conductivity behaves as 6. = A(So)T'?, and in the analysis of
the data in the following section the conductivity of a metal will

therefore be plotted as a function of T'’.

2. Metallic conductivity - Critical Behavior

The conductivity of a metal below 500 mK is usually fitted to the

n .
12 term is due to

form described by equation II-C-1.1, where the T
electron-electron interactions. This equation is derived within the
framework of Fermi liquid theory and is expected to be valid outside
of the critical region. Since the critical curve has the form 6. =
AT'?, this implies that even within the critical region the conductivity
has the same T'? behavior as that due to electron-electron
interactions. The conductivity as a function of T'? at different fixed
values of stress is presented in Fig. III-24. The striking feature of the
conductivity is the change of the sign of the slope from negative to
positive with increasing stress. The change of sign of the slope from
negative to positive has also been observed with decreasing dopant
concentration or increasing magnetic field as discussed in Chapter II,
part C.

On the other hand, detailed comparison of the conductivity at
different values of stress with the conductivity without the stress at
different dopant concentration, shown in Fig. III-25, clearly indicates
different critical behavior with and without stress. Extrapolating the
data for metallic samples of Fig. III-24 to zero temperature and
omitting low temperature points (associated with thermal decoupling)

one obtains values of zero-temperature conductivity at each value of
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Fig. 111-24 Conductivity as a function of T'? for different values of uniaxial
stress as shown.
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Fig. III-25 Conductivity as a function of T'? for different values of uniaxial
stress; open symbols, and for different values of dopant concentration; solid
symbols.
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Fig. I11-26 Zero-temperature conductivity as a function of stress.
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stress. A plot of the zero-temperature conductivity versus stress is S-
shaped and is given in Fig. III-26. Reasonable fits to this curve were
possible only for the data extrapolated from the conductivity with the
positive slope. Nonlinear least square fits by

c=o,(1-&) (III-C-2.1)

to the data above 250 bar for different choices of Sc yield values of
exponent U listed in Table III-C-1. They are in a very good agreement
with values of u obtained from the scaling analysis, where p =
(u/vz)x (vz ). For the choice of Sc = 613 bar the parameters Go, and
are listed in Table III-C-2 below, together with the critical parameters

obtained for unstressed Si:B by Dai et al*>.

TABLE III-C-2. Critical parameters for Si:B under uniaxial stress and criti-
cal parameters obtained by Dai et al.>? in unstressed Si:B, for a comparison.

METAL INSULATOR
Bogdanovich et al.®’ (stressed Si:B)
S. [bar] M Gol(Qcm)™] S. [bar] a A [K]
20 015 5 20 3.2+£0.2 6
Dai et al’* (unstressed Si:B)

n.(x10%ant) m Gol(Qem)™]
+0.12 <+005 +10
406 002 | 065_ 014 152 18
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It is very striking that in the case of Si:B, u obtained by varying
the stress®’ is almost 3 times bigger than p obtained by varying the
dopant concentration®’. Such a large value of pn 1is usually
characteristic of a percolation transition (L = 2, see ref. 83) rather
than a localization transition. Experimental findings for p in doped
semiconductors are: B < 1 or p ~ 1. Recently, a different
interpretation of results in Si:P was proposed by Stupp, Von
Lohneysen and coworkers®’. Restricting the critical behavior to the
region for which the slope of the conductivity as a function of
temperature is positive, they obtain g = 1.3 which is very different
from p = 0.55 of Paalanen et al.> The critical region for the metal-
insulator transition is not known; the critical exponents are often
deduced from curves for which the slope of the conductivity as a
function of temperature was positive, zero, and negative. One should
also note, however, that the two experimental groups used different
methods, (see Table III-A) in obtaining the critical conductivity
exponents for Si:P. In the experiments of Stupp et al.*’ p=1.3 was
obtained by varying the dopant concentration n, whereas in
experiments of Paalanen et al.> p=0.55 was obtained by varying the
stress. The results obtained in stressed an unstressed Si:B presented
above indicate that these two methods can in fact yield different
critical behavior.

It suggests that the stressed tuned metal-insulator transition and
concentration driven metal-insulator transition in Si:B may belong to

different universality classes.
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3. Approach to the MIT from the Insulating Side

For values of stress greater then S. it was found that the conductivity
obeys Efros-Shklovskii hopping described by formulae (III-A-1.5),
rather than Mott variable-range-hopping. With t=S and x=1/2 equation

(ITI-A-1.5) can be written as:

T 172
c=0, exp{—(?"-) }, (ITII-C-3.1)

where 0o has a weak temperature dependence that is not known and

To is expected to behave critically with stress as given by III-A-1.7:

T, =A(Si—1)°‘. (1I-C-3.2)

Deep in the insulating phase the ES hopping law described by equa-
tion (III-C-3.1) is dominated by the exponential term, so that one can
neglect the weak temperature dependence of the prefactor. The loga-
rithm of the conductivity for several different values of stress as a
function of T™''* is presented in Fig. III-27. Data below 0.07 K were
excluded from this plot, due to thermal decoupling and conductivities
for 874 bar and 832 bar were plotted down to temperatures where the
low frequency AC method still yielded reliable results. Linear fits to
In(6/0y) = To'*/T'"? gave values of T, for different stresses, which
were then plotted as a function of stress in Fig. III-28. Deviations

from the straight line in Fig. III-27 become
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more pronounced as one gets closer to the transition. Power law fits
by equation (III-C-3.2) for different choices of critical stress S.
yielded different values of the exponent o presented in Table III-C-1.
The exact form of the scaling function for the insulating branch is ex-
pected to be Efros-Shklovskii Hopping*. Plotting the scaled conduc-
tivity of the insulating branch for S. =613 bar , 6/6. as a function of
(T*/T)'”* on a semi-log scale in Fig. I1I-A-29 gives a straight line for
all the values of T*/T except for T*/T < 1, for which the Coulomb
gap energy is of the order of ksT or less. Here, T* behaves critically
with stress T* o 85", and is equivalent to Ty o« 8S% meaning o = vz.
For the choice of S. =649, 637 and 613 bar for which reasonable
scaling of data was found, one obtains o between 2.3 and 2.8,
whereas vz ranges between 3.0 and 3.2, as shown in Table. III-C-1.
The closest agreement is achieved by choosing S. = 613 bar for which
o = 2.8 £ 0.2 and the scaling exponent vz = 3.2 + 0.2.

Ignoring the temperature dependence of the prefactor G, in the
ES hopping formula very near the transition led to an incorrect esti-
mate of the exponent o. One can deduce the exact form of the tem-
perature dependence of the prefactor from the form of the scaling
function presented in Fig. III-29. In fact, the temperature dependence
of the prefactor is the same as the temperature dependence of the
critical conductivity 6., namely o, ~ T'? for S. =613 bar. Plotting
(6/0:)(T*/T) as a function of (T*/T)'"?, and allowing y to take on dif-
ferent values to simulate various different temperature dependencies
leads to deviations from the straight line (see Fig. I1I-30). Assuming a

different o.(corresponding to different S.) leads to deviations from a

straight line. The scaling curve shown in Fig. III-31; o/6. as a func-
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tion of (T"‘/T)“2 is plotted at S. = 637 bar. Downward deviation from
the straight line at low temperatures (high (T*/T)'’?), indicate that
this is not the right choice of o.. One observes similar deviations
from a straight line for the choice of 6. at Sc = 583 bar in Fig. III-32.
Note that for S. = 583 bar the metallic branch does not exhibit good

scaling, also indicating that this is not a good choice of S.. This leads

to the conclusion that S. =(613i-%8) bar is the best choice for the

critical stress with o.~T'? (see Table III-C-1 and Table III-C-2),
where the error bars were estimated from the quality of the nonlinear

square fits to the zero-temperature conductivity and T* .
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This leads to the conclusion that the correct form of the ES law is

given by:

) T\
o(T,S) =BT exp{-(—_ri) }, (III-C-3.3)

where B depends only on stress. If one plots In(o/T'"?) as a function
of T"'"? at different fixed values of stress as shown in Fig-III-33, in-
stead Inc versus T™'' the straight lines through the data are obtained
even very near the transition. To obtained in this manner is the

equivalent of T* and the exponent a = vz = 3.2+0.2 for S. = (613+ 128)

bar. The parameters obtained by fitting the T*(T,) by formula III-C-
3.2 are given in Table III-C-2. The critical behavior is given by the
curves shown in Fig. III-34, where the zero-temperature conductivity
is shown as a function of stress on the metallic side and T* is shown
as a function of stress on the insulating side.

Much smaller values of a=2 for Ge:As* and a=1 for Ge:Ga*’
have been reported for Ty deduced from ES hopping formulae (III-C-
3.1) with temperature-independent prefactor op. Similar analysis of
Mott variable range hopping in Si:P and Si:As led to a=1.7 for Si:P®’
and 0=2.9 in Si:As*®, which are all smaller than o = 3.2 obtained in
this measurement. Large differences in exponents o are consistent
with the large differences in exponents u(v) ( p ~ 1/2 for the systems
mentioned above and u ~ 1.75 for stressed Si:B). One should also
note that the assumption of temperature-independent prefactor in
hopping can lead to serious underestimation of the exponent a for the

data close to the transition.
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If one assumes that Wegner’ s law (III-A-1.3) is valid so that v

= H = 1.75 then our experimental finding that vz =32+ 02 and v =

1.75i8:%(5) gives a dynamical exponent z = 1.8 + 0.2. Since, T, de-

pends on the dielectric constant x and the correlation length & through
relation (III-A-1.6) one can also deduce the critical exponent { for the
dielectric constant from a = { + v. Taking v = 1.75 and a =3.2 one
obtains with { = 1.45 + 0.1.

Measurements of { in unstressed Si:P by Capizzi et al.®’” re-
sulted in { = 1.09 + 0.1 and measurements by Hess et al.*’ gave { =
1.15 £ 0.1. Classical percolation theories give { = 0.6 or less®®?°
value that is much smaller than { deduced from the above analysis.
Independent measurement of { would be necessary to determine its

value reliably.

SUMMARY
This thesis consists of two parts:

I Magnetoconductivity measurement of Si:B have been carried out
in an attempt to separate contributions due to localization and elec-
tron-electron interactions. The magnetoconductivity of p-type Si:B
was found to be negative for all magnetic fields and temperatures, in-
dicating that both contributions are negative. To separate the two
contributions, the conductivity was plotted following the functional

form predicted for electron-electron interactions in the particle-hole
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channel Ac = KT'” f(H/T). It was found that the conductivity meas-
ured at temperatures between 0.07-0.5 K in magnetic fields from 0 to
9 T collapses onto a single universal curve, as demonstrated in Fig.
II-7. This suggests that the metal-insulator transition in Si:B is pre-
dominantly driven by electron-electron interactions and that localiza-
tion, spin-flip scattering and spin-orbit scattering are unimportant de-
spite the strong spin-orbit effects in Si:B. The universal behavior
found in this experiment over an appreciable range of concentrations,
and broad range of temperatures and magnetic fields indicates that
Fermi liquid theory gives a good description of the transport proper-

ties of this system.

II A transition from metal to insulator was achieved in a single
sample of Si:B with boron concentration n= 1.2n, by application of
compressive uniaxial stress. Increasing stress drives metallic Si:B
into the insulating phase by shifting the critical concentration n: to
lower values. The conductivity was measured at temperatures between
0.05 - 0.76 K for different values of stress. It was found that the
conductivity of both metal and insulator obeys the dynamical scaling

law ¢ ~ T*V*f(8S/T'"*) with the same exponent vz = 3.2 + 0.2 for

critical stress S. = (613i%8) bar. For this value of stress the tem-

perature dependence of the conductivity has a functional form o, =
AT!'?, suggesting that the conductivity in the critical region has the
same functional form as the conductivity outside of the critical re-
gion, o(S, T) = o(S,T=0) + A(S)T'"? predicted for electron-electron
interactions by Fermi liquid theory. The zero-temperature conductiv-

ity obtained by extrapolating each curve to zero temperature behaves
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critically as a function of stress, as described by equation (III-C-2.1).

For S chosen at 613 bar, the critical conductivity exponent is U =

1.751-8;%8 which is in good agreement with p = 1.6 £+ 0.1 obtained

from the scaling analysis. The value of the critical conductivity expo-
nent obtained in this measurement is almost three times bigger than
n=0.65 obtained for unstressed Si:B. Detailed comparison of the tem-
perature dependence of the conductivity for different values of stress
and conductivity for different dopant concentration without stress in-
dicates different critical behavior of the conductivity with and with-
out stress.

The conductivity behavior found in the insulating phase follows
Efros-Shklovskii hopping with a temperature-dependent prefactor, de-
scribed by equation (III-C-3.3). The usual analysis of data by fitting
to the ES law with a temperature-independent prefactor o, leads to
incorrect value of the exponent o that does not satisfy vz = a. The
temperature dependence of the prefactor oy is that of the critical con-
ductivity, namely, 6o = 6. ~ T'? at S;=613 bar. With the correct form
of the ES law one obtains an exponent ¢ = vz =3.2 + 0.2 for Sc

=( 613i128) bar. With the assumption that @ = v, one obtains a dy-

namical exponent z = 1.8 £ 0.2. Since a = v + {, one can estimate the
value of the exponent { that describes the critical behavior of the di-
electric constant, taking v = i =1.75. The estimated value of { = 1.45
* 0.1 is larger than { ~ 1 obtained for Si:P , and considerably larger

than { ~ 0.6 predicted for a percolation transition.
In conclusion, the observed critical behavior of the conductivity

of Si:B under stress may indicate a universality class different from
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the conductivity under stress suggests the importance of electron-
electron interactions and, together with a large value of {, excludes

the possibility of a percolation transition.

Suggestions for Future Work
Magnetoconductivity-H/T Scaling

H/T scaling of the magnetoconductivity is a useful method for
determining the relative importance of localization and electron-
electron interactions in other doped semiconductors. Universal
scaling observed in Si:B gives evidence for the validity of Fermi
liquid theory and merits further investigation. The important question
is then, under what conditions one should see the breakdown of the
Fermi liquid concept? The magnetoconductivity of Si:B for high
magnetic fields H >> 1T , follows Ac ~ VH as predicted by Fermi
liquid theory, whereas recent measurements of magnetoconductivity
of Si:P°? showed Ac ~ H, indicating that for H >> (n-n.) one might be

inside the critical region where non-Fermi liquid behavior takes over.

Stress tuning the transition in different samples

Stress tuning of the transition in several samples with different

dopant concentration n should yield information on how 8n = n-n.
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scales with 8S = S-S., and if the results obtained in this measurement

are sample dependent.

The dielectric constant

Studies on Si:P?°, and Si:As®® have shown that the dielectric constant
exhibits critical behavior with an exponent § which is twice that of
the conductivity p and in CdSe:In’' it was found that § = u

Similarly, measurements of the dielectric constant of Si:B as function
of stress can be performed to obtain the critical exponent €. This
would also allow one to check the validity of Wegner’s law (if v = 1),

since v can be deduced from v = a - (.
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