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Abstract

The magnetoresistance of a disordered and highly interacting two-dimensional electron gas (2DEG) in a silicon (111)
MOSFET has been measured in the presence of a magnetic field parallel to the surface of the 2DEG. For high electronic
densities, a linear negative magnetoconductance has been observed. The field of complete spin saturation has been found to
depend linearly on the density. From this result, we have determined the g*m* product, which has been shown to decrease

as the density is reduced.
© 2003 Published by Elsevier B.V.
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During the last decade, transport properties of
strongly correlated and disordered two-dimensional
electron systems (2DES) have attracted much inter-
est: indeed, in contrast to the theoretical expectations
for non [1] or weakly [2] interacting particles, the re-
sistivity of a high mobility (1 00) MOSFET has been
found to decrease with temperature [3] and an appar-
ent metal to insulator transition has been observed.
Today, the nature of the ground state of the system
still remains undetermined: at intermediate densities,
a ferromagnetic Fermi liquid characterized by a full
spin polarization may take place [4] but no direct ex-
perimental evidence of this theoretical prediction has
been found yet.
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In the frame of the Fermi-Liquid theory [5], spin
exchange interactions lead to a renormalization of the
Landé g factor and of the effective mass m: their effec-
tive values are noted respectively g* and m*. A good
way to probe the appearance of a paramagnetic ground
state is the measurement of the g*m™ product. Indeed,
an increase of this product when the density is low-
ered, as has been measured in (1 00) Si MOSFET by
several groups [6], may indicate a spontaneous trend
of spin polarization for densities lower than a critical
value.

In this paper, we focus on the parallel magnetocon-
ductance of a 2DEG in a Si MOSFET near the (111)
surface: this disordered and highly interacting system
is characterized by a very large value of the r¢ param-
eter, about 50, and a nonmonotonic behavior of p(7T')
has recently been observed [7], from which a negative
value of the Fermi liquid constant, Fj ~ —0.3, has
been derived.
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The in-plane magnetoresistance has been measured
up to high fields and in a very broad range of density.
For all concentrations, a linear positive magnetocon-
ductance has been obtained at low field, in agreement
with recent theories based on screening effects. More
surprising, the g*m™ product determined from the field
of complete spin polarization has been shown to de-
crease as the density is increased, in contradiction with
most of the experiments made on (1 00) Si MOSFET.

The structures we have studied are Silicon MOS-
FET grown on a (11 1) surface by means of conven-
tional Si technology. The surface orientation has been
determined by X-ray diffraction within an accuracy of
10 min. The samples have a Hall bar geometry whose
width is 400 pm, equal to the spacing between the
voltage probes. A metallic gate covers the entire struc-
ture. Two samples have been fabricated on the same
model, both have been mounted on a single axis rota-
tion stage, one has been measured in a dilution fridge
with a superconducting magnet (7=30 mK and B=0—
15 T) and the second in an “He pumped bath mounted
in the center of a 20 MW resistive magnet (7 =1.7 K
and B = 0-28 T). Experiments have been performed
in the low-temperature limit, for electronic densities
at which the magnetoconductance becomes roughly
temperature-independent [8]. The measurements were
made by standard four terminal low frequency lock-in
techniques. In both cases, the experimental procedure
was the following: firstly, in magnetic field perpen-
dicular to the plane of the 2DEG, the electronic den-
sity was determined at different gate voltages from
the slope of the Hall voltage. Then, it was turned to
parallel field (precisely determined by minimizing the
Hall voltage) and the in-plane magnetoresistance was
measured in a broad range of density.

Fig. 1 shows the mobility of the 2DEG versus the
electronic concentration, at 7=1.7 K. At low concen-
tration (N, < 14 x 10'" cm~2), the mobility strongly
increases with the density: in this region, the dominant
scattering mechanism is the scattering by charged im-
purities [9]. At higher densities Ny > 14 x 10'! cm~2,
the mobility decreases with increasing density. In this
strong inversion régime, the distance of the carriers to
the interface becomes smaller and interface roughness
scattering dominates. The transition between these two
regimes occurs at Ny ~ 14 x 10'' cm~2 which corre-
sponds to the peak mobility i ~ 2400 cm?/V.s.

The in-plane magnetoconductance at high elec-
tronic density is shown in Fig. 2a: in the complete
range of density, a negative linear behavior has been
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Fig. 1. Mobility of the 2DEG versus density, measured at
T=15K.

clearly observed, which slope is shown to decrease
with increasing density. This result is in agreement
with recent theoretical predictions based on screening
effects due to the spin polarization of the 2DEG [10].

For lower densities, (see Fig. 2b), the conductance
decreases with B at low fields until it saturates at a
density dependant field, previously identified as the
field of complete spin polarization B, [11]. The ampli-
tude of the magnetoresistance decreases with increas-
ing density, p(B.)/p(0) ~ 3.2 at Ny =3 x 10'' cm—2,
and ~ 2 at Ny = 14 x 10'! cm—2.

The value of the valley degeneracy of a Si (111)
2DEQG is a long standing question in the physic of 2D
systems: indeed, the first experimental studies have led
to gy = 2, in contradiction with the predictions based
on the effective mass approximation, g, = 6. There
have been many attempts to explain this discrepancy
based for example on the appearance of strains at the
Si/SiO, interface or on intervalley exchange scatter-
ing. An interesting set of information was given in
[12] where g, = 6 was found at zero magnetic field
from thermopower measurements while, at non zero
field, Shubnikov de Haas measurements led to g, =2.

A comparison of our results to the above mentioned
theory [10] can give another argument to this con-
troversy: indeed, in the impurity scattering regime,
this theory foresees a positive magnetoresistance with
p(B.)/p(0) = 4 for the screening parameter n<1
(where n = \/4nNya*(gsgy)~>/?, gs is the spin degen-
eracy and a* the effective Bohr radius), and a nega-
tive magnetoresistance with a vanishing p(B.)/p(0)
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Fig. 2. In-plane magnetoconductance, (a) at high electronic density
(T =30 mK) and (b) at low density (7 = 1.5 K).

for n> 1. With the parameters of Si (11 1) systems,
one finds that the condition # = 1 is achieved, re-
spectively at Ny = 5.52 x 103 em~2 for g, = 2 and
1.5 x 10" em™2 for g, = 6: clearly, the predictions
for g, = 2 lead to a much better agreement with the
experimental results.

All these data force to make the assumption that
applying both a normal or an in-plane magnetic field
changes the valley degeneracy of a 2D electron gas
near the Si (111) surface, from 6 to 2. However a
complete understanding of this very interesting prob-
lem will obviously require further studies.

A non-linearity of the magnetoconductance at low
field, as can be seen in Fig. 2b, has not been ob-
served in our other measurements: we attribute it to a

non-perfect setting of the parallel field position, lead-
ing to the appearance of a small perpendicular field
contribution to the conductance.

As has already been mentioned, the g*m™ product
is a key parameter in the understanding of the nature
of the 2DEG ground state. There are two main ex-
perimental ways to access this value (see for example
Ref. [8] for a review): the first is based on the mea-
surement of the Shubnikov—de Haas oscillations in
tilted magnetic field or at different temperature. This
method cannot be applied to our systems which mo-
bility is too low to allow for the observation of well
pronounced Shubnikov—de Haas oscillations.

The second way is a direct determination of B,
from measuring of the in-plane magnetoresistance.
This method is mainly limited by the value of the sat-
uration field which increases with the density and so,
has been restricted up to Ny < 7 x 10'! em~2 [13]. To
overcome this limit, we have performed experiments
on a 20 MW magnet at the Grenoble High Magnetic
Field Laboratory, up to B =28 T.

A striking feature of the in plane magnetoconduc-
tivity of St MOSFET has been reported in [14]: it is the
insensitivity of the scaled magnetoconductance versus
scaled field, in broad ranges of density and tempera-
ture. Indeed, in these domains, the curves plotting the
field dependent contribution of the magnetoconductiv-
ity, 6(B) — a(0) normalized by its complete spin po-
larization value a(00) — o(0) versus scaled field B/B.
have been shown to collapse into a single curve. This
method, a scaling with a single parameter B, is a very
reliable way to access to B.(Ns): we have applied it
to our measurements which indeed present very good
scaling properties (see inset of Fig. 3). What is more,
results obtained at 7=30 mK and at 7=1.8 K are sim-
ilar in their common range of density: it confirms the
weak temperature dependence of B, already pointed
in Ref. [14].

The B.(N;) dependence deduced from scaling is
shown in Fig. 3. It turns out that B, is a strictly lin-
ear function of the electronic density, this result is in
agreement with the behavior already pointed out in Si
(100) MOSFETs [8] or in other 2D systems where a
law B. oc (N5 — N,) was established. In these struc-
tures, IV, is a finite electronic density close to the criti-
cal density N, where a zero field metal-insulator tran-
sition (MIT) appends. In our case, however, this quan-
tity was found to be negative. One has to approach this
result to the absence of MIT in our Si (111) MOS-
FET, as pointed out by Ref. [7].
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Fig. 3. Density dependence of B, field of complete spin polar-
ization. Inset: Scaling of the magnetoconductance traces into one
single curve (7' = 1.5 K).

4.24 [ ]
4.1 u -

4.0 .

3.9

3.84 L L

9,.g*m*/ m°

o
£
3.7 t
E
(=]
3.6 - S

3.5

o 20 30 40 5 60 70
Ns (x10% cm~2)

25 50 75 10.0 125 15.0

Ns (><1011 cm_z)

3.44

Fig. 4. g*m*(Ng) deduced from scaling and in insert, from scaling
(dots) and from theory [10] (triangles).

The g*m*(Ns) dependence has then been deduced
from B.(N;) by writing that, when the complete
spin polarization is reached, the Zeeman energy
becomes equal to the Fermi energy: it leads to
B. = W*Ny/2nugg,g*/m*my where ug is the Bohr
magneton.

Fig. 4 shows the density dependence of g,g*m™* /my
in the broad range of electronic concentration allowed
by the experimental setup. At high density, the product

is shown to be roughly insensitive to the density and
equal to ~4.

At lower densities Ny < 6 x 10" cm™2, the g*m*
product has been found to decrease with decreasing
density. This surprising result, in contradiction with
what has been observed in Si (100) MOSFETs [8],
had only been reported before in GaAs very high mo-
bility, dilute 2DEG [15], systems which have obvi-
ously few characteristics in common with disordered
Si(111) MOSFET. Some more theoretical attention
is required to explain this behavior.

In the high density region Ny > 15 x 10!! cm—2
where a linear magnetoconductance has been ob-
served, g*m* can be estimated by fitting the slope
of the conductance with the theory described in Ref.
[10] which predicts o(B)/a(0) = 1 — Dp(N;)|B/B.|,
where Dp is a coefficient expressed in Ref. [10].
Following this method, we have obtained a g*m*
product independent on N within an accuracy of 5%.
Its value can be normalized to the constant value of
g*m* obtained from scaling, at the highest densities,
by dividing it by a factor ~1.15: in the frame of this
theory, this small discrepancy could for example, be
attributed to a non-zero thickness of the 2DEG.
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