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INDICATIONS FOR DIAMAGNETIC SHIFT IN THE
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Indications for the observation of the diamagnetic shrinkage of the boron ac-
ceptor wave function (WF) in Si are reported. Uniaxial stress (X) was used
to split the ground state (GS) of the boron acceptor into two energy 1evels
with spatially complementary WF. The magnetic field selectively induces a
shrinking of one of the two WF, depending on whether it is applied parallel
or perpendicular to the X axis. As a result, the hopping transitions be-
tween lower and higher energy 1evels are redistributed, leading to significant
changes in the activation energy e3. This effect was borne out by experiment.

PACS numbers: 71.55.Ht, 71.70.—d, 72.20.-i

1. Introduction

The aim of this work was to find an indication for the existence of magnet-
ically induced shrinkage of the impurity wave function of the boron impurity in
silicon, similar to that observed previously in Ge:Ga [1]. However, the main effect
of the magnetic field on shallow acceptor states in Si is the linear splitting of GS.
Combining the effects of X and the magnetic field B one can induce crossing of the
levels of the GS components which gives a non-monotonic behaviour of the piezo-
magnetoresistance (PMR) in the low X region, with a minimum corresponding to
the stress at which the levels cross. This effect has been found in measurements on
Si:B single crystals [2] and is confirmed in the present work on Si:B thin films. The
film bending technique allowed the investigation of the negative stress region and
experiments with the same sample at both B || X and B ┴X.Comparison of the
PMR data obtained in both configurations provides indications of the diamagnetic
shrinkage of the Ґ6andҐ77wave functions, respectively. The shrinkage is related
to the diamagnetic shifts of the GS components that are probably too small to be
detected directly by spectroscopic means.
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2. Experiment

Transverse piezoresistivity measurements were carried out on narrow (L =
13 mm/20 mm, W = 5 mm/6 mm, t = 0.3 mm/0.5 mm), [110] oriented slabs, cut
from three different (111) Si wafers, with the MBE Si:B active layer f the thickness
d = 1 mm and 4 mm. The concentrations ranged from 2 x 10 17 to 4 x 1017 cm-3 and
the samples had both a low and medium range compensation. The contacts were
made of the Ga/Al eutectic, formed directly on the Si surface [3]. We used both
four-point contact measurements and measurements on lithographically etched
Hall bars, with the same results.

Samples, resistance (R < 10 GΩ) was measured with a remotely controlled,
four-probe electrometric circuit with triaxial leads, partially described in Ref. [4].

Uniform uniaxial stresses (-0.3 GPa < X < 0.3 GPa, X || [110]; J [112])
were obtained in the active layer by substrate bending [5]. The stress was calculated
using Bernoulli's formula for the bent beam problem:

S(x) = (2/3)Et(L - x)/L3z(L)

where E is the Young,s modulus, t — thickness of the substrate, L — free length
of the film, x — distance of contacts from fixed end of film, and z(L) — displace-
ment of the film at its free end. A magnetic field was applied by a superconducting
magnet (B < 17 T, B || [110] and B || [111]) and the temperatures T were con-
trolled in a continuous He flow cryostat. The interpretation of our results required
the knowledge of the activation energy ε3 and the preexpotential p3, defined by
p = p3 exp(ε3/kT). Therefore, the measurements were performed at two distinct
temperatures, giving good results compared to full Arrhenius plot measurements.

3. Results

We present our results of the experimentally obtained activation energy ε3 in
Figs. 1 and 2. ε3 (X, B = 0) is a M-shaped function which is centred at X = 0. For
B > 0, B || X the central minimum shifts from X = 0 to some low and positive
stress value. The maximum at X > 0 weakens, whereas the maximum at X < 0
is enhanced. The opposite is true for B 1. X,but no shift of the minimum occurs.

4. Discussion 

Interpreting our results we use the basic notion of the percolation theory that
the resistance of the crystal is proportional to the critical impedance at percolation,
Zє . The latter is inversely proportional to a sum of transition probability terms,
taking into account all the four components of the GS. Each term is a product
of the square of the overlap of wave function components (overlap term, OT),
centred at neighbouring acceptor sites, and a statistical term (ST), which depends
on phonon and GS component occupation numbers.

The boron acceptor state has two complementary wave function compo-
nents: slightly allongated spheres for the ±1/2 components and flattened spheres
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for ±3/2 components [6]. When stress is applied, its direction becomes the sym-
metry axis of the wave function components and the states become separated in
energy. Due to thee splitting of the GS, two of the wave function components (±1/2
for X > 0 and ±3/2 for X < 0) are more populated and the ST is appreciable only
for the transitions between the (hole) lower energy components. The OT is large
for the transitions within the spatial angle where the corresponding wave function
components are more extended. At a spatial angle, where the higher energy wave
function components are more extended, the appropriate OT can over-compensate
the small ST and transitions via the higher energy components are activated (by-
pass effect). The activation energy ε3 increases, since percolation includes now the
transitions which are enhanced by the energy splitting of the GS. However, when
the separation in energy becomes sufficiently large, the bypass effect will no longer
work and transitions into any spatial angle will take place between the lower en-
ergy components alone and ε 3 will decrease again. Hence, ε3 (X) shows maxima
at some positive and at some approximately equal, but negative X value. The
magnetic field induces basically a linear correction to the acceptor state compo-
nents energies. Simultaneous action of both X and B, leads to a crossing of ±1/2
and +3/2 levels and a quasi-degenerate acceptor state at some low X value. This
value increases with increasing B. At the crossing point the total wave function
is similar to that at X = 0, B = 0 and the total resistivity presents a minimum.
This minimum was found for B || X

||
 [110] at approximately the same position

as it has been found for B || X || [100] [2]. This finding is accounted for by the
calculation of the X splitting of GS (cf. p. 1356 in Ref. [7]) and of the g-factors
of its components [8]. For B ┴ X no energy splitting of the GS is available and
we cannot interpret the results at this point in a qualitative manner. However the
lack of the shifts can be traced to the fact that the g-factors of the GS components
are smaller for B ┴ X than for B || X.

We explain the increase of the maximum in ε3 at X > 0, B > 0 for B ┴ X
and at X < 0, B > 0, for B || X, by the presence of a magnetically-induced
small correction of the wave function (diamagnetic shrinking). The wave function
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shrinks in the plane perpendicular to B. For B || X, this affects more the ±3/2
wave function components than the ±1/2 components. Transitions by the ±3/2
components are partially suppressed. At X < 0 the bypass effect (by the excited
±1/2 states) is enhanced and the maximum in ε3(X) increases. At X > 0 the
bypass effect (by the +3/2 component) is reduced and the maximum of 63(X)
flattens. For B ┴ X the shrinking affects more the ±1/2 wave function components
than the ±3/2 components and all the magnetically-induced changes of 63(X)
correspond to those of ε3(—X) for B || X.

5. Conclusions

We measured the PMR of Si:B film samples, cut from three different wafers
and having various acceptor concentrations and compensations. The measure-
ments were done at B || X and B ┴ X, using the film bending method which
allowed application of both positive and negative stress (|X| < 0.3 GPa) on the
same sample. Our results could be qualitatively explained, using a four compo-
nent model of the acceptor state and percolation theory arguments. Indications
are there for the diamagnetic shift of the boron acceptor state in Si.
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