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Conductivity of silicon inversion layers: Comparison with and without an in-plane magnetic field

Yeekin Tsui, S. A. Vitkalov, and M. P. Sarachik
Physics Department, City College of the City University of New York, New York, New York 10031, USA

T. M. Klapwijk
Kavli Institute of Nanoscience, Delft University of Technology, Department of Applied Physics, 2628 CJ Delft, The Netherlands
(Received 8 July 2004; revised manuscript received 1 November 2004; published 17 Marg¢h 2005

A detailed comparison is presented of the temperature dependence of the conductivity of dilute, strongly
interacting electrons in two-dimensional silicon inversion layers in the metallic regime in the presence and in
the absence of a magnetic field. We show explicitly and quantitatively that a magnetic field applied parallel to
the plane of the electrons reduces the temperature dependence of the conductivity to near zero over a broad
range of electron densities extending deep into the metallic regime where the high-field conductivity is on the
order of 1@?/h. The strong suppressidor “quenching’ of the metallic behavior by a magnetic field sets an
important constraint on theory.
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The conductivity of low density, strongly interacting elec- in the 2D system under investigation. The resistance was
trons (or holes in two dimensions2D) increases with de- measured in @He Oxford Heliox system as a function of
creasing temperature above a critical electron demgitypr ~ temperature in zero field and in a parallel field of 10 T by
hole densityp,), raising the possibility that there exists an standard four-probe ac techniques using currents in the linear
unexpected metallic phase and a metal-insulator transition ifegime, typically below 5 nA, at frequency 3 Hz. Metallic
two dimensiond. This behavior has been observed in manytemperature dependence was found in zero field for all
different 2D systems and is particularly pronounced in inver-Samples at electron densities abaye= 0.9 10" e,
sion layers in silicon metal-oxide semiconductor field-effect The conductivity of a silicon MOSFET sample in the ab-
transistors MOSFET'S. The application of a magnetic field Sence of magnetic field is shown as a function of temperature
parallel to the plane of the electrofar holes has a dramatic [0F €ight different electron densities in Fig(al, Fig. 1(b)

effect, causing the conductivity to change by many orders o;f}]h:msettiziig%ngﬁgvgyaforlitek:je Saig}lee Iiffﬁrgglggﬂgﬁ'esla':ea
magnitude at low temperatures and low densities ngar 9 pp P P '

- s s The temperature dependence in the absence of a field is
(po)- In _3|I|con MOSFET'’s, the conductivity decreases as thestrongly suppressed by an in-plane magnetic field of 10 T.

; . 2 2 &imilar results were obtained for the two other samples stud-
is approximately constant: Other systems exhibit very jeq |t should be noted that the conductivity is near or at its
similar behavior, with a conductivity that reaches a knee an%igh_ﬁem’ saturated value in 10 T for all the densities

then continues to decrease but with much smaller stopeghown.
Shubnikov—de Haas experiments have been performed that In order to demonstrate the effect of h|gh in-p|ane mag-
indicate that the electrons become fully polarized at or neagpetic fields, we need to obtain an estimate of the temperature
the value of in-plane magnetic field that causes the saturatiolependence with and without magnetic field. The conductiv-
or knee observed in the magnetoconducti¥ityThese in- ity is not a linear function of temperature. However, there is
triguing and quite anomalous effects have been the subject @f range of temperature over which linear fits have been ap-
a great deal of interest and debate. plied by several groups4in order to compare data with the
Although a number of studies have shown qualitativelytheory of Zalaet al!® which predicts linear behavior over a
that a magnetic field decreases the conductivity and supestricted range of temperature. Using this procedure, the
presses the metallic behavfet;*there has been no system- slopes of the conductivity curvesr/dT were determined in
atic investigation of the temperature dependence in moderateero field and in high magnetic field, as illustrated in Fig. 2
and high magnetic field. The purpose of the present note is tfor two different electron densities.
demonstrate explicitly and quantitatively that the application We now examine how the temperature dependence of the
of a magnetic field parallel to the plane of the electrons inconductivity evolves as the magnetic field is increased from
silicon inversion layers sharply reduces the temperature dezero to a value high enough that the conductivity has reached
pendence of the conductivity over a broad range extending tits high-field saturated value where the electron spins are
electron densities deep in the metallic regime where the coreompletely aligned. For a constant electron densityl.64
ductivity at high field is on the order of #/h. X 10* cm™, the closed symbols of Fig. 3 are the slopes
Data are presented for three silicon MOSFET’s with mo-do(H)/dT of the o versusT curves for several values of
bilities x at 4.2 K of=30 000 V/(cn¥s) (sample No. 1land  in-plane magnetic field. Although the versusT curves at
20 000 V/(cn? s) (sample Nos. 2 and)3Contact resistances finite field exhibit some detailed structu¥ethese are small
were minimized by using a split-gate geometry, which allowseffects that do not affect the overall behavior in a substantial
a higher electron density in the vicinity of the contacts thanway. In order to demonstrate that detailed structure and non-
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FIG. 2. For two electron densities, the lines illustrate the proce-
dure used to determine the sloge/dT plotted in Fig. 4. Note that
the range over which the slope is approximately constant broadens
as the electron density is increased. Data shown for sample No. 3.
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FIG. 1. Conductivity of silicon MOSFET sample No. 2 as a
function of temperature for different electron densities, as labeled:
(a) in the absence of external magnetic fielo) in a field of 10 T suppressed the strong zero-field dependence on temperature.
applied parallel to the plane. Similar results were obtained for Many theories have been proposed to account for the in-
sample Nos. 1 and 3. teresting behavior of two-dimensional systems of electrons

such as silicon MOSFET's. Temperature-dependent screen-

linear behavior are unimportant to our conclusions, the opeing in a Fermi gas has been suggested by rhaag the
symbols in Fig. 3 show for comparison the quantity/AT  source of the temperature dependence of the conductivity. A
obtained from the slope of a line drawn between data pointaumber of other theoretical scenarios have been advanced,
at 1.35 and 0.27 K. The main features of the curve are unakncluding percolation in an inhomogeneous system com-
tered. The(negative slope changes rapidly with increasing posed of metallic and insulating regions, a Wigner crystal or
in-plane magnetic field and assymptotically approaches glass, ferromagnetism, superconductivity, a spin glass, and
value near zero as the field approaches the value required &dectron glass.Complete suppression of the zero-field tem-
saturate the conductivity and align the spins. perature dependence by in-plane magnetic field has been

The behavior illustrated in Fig. 3 obtains over a broadfound in numerical studie¥ It is also predicted by the
range of electron densities deep into the metallic phaseheory of Spivak and Kivelsot, which considers phase
where the conductivity is 10 to 20 times the quantum unit ofseparation and intermediate phases between the Fermi liquid
conductance. Figure 4 shows the ratio of the slope in a higland the Wigner crystal.
in-plane field of 10 T to the slope in zero fieldo(H In summary, data are reported for inversion layers in high
=10 T)/dT/[do(0)/dT], plotted as a function of electron mobility silicon MOSFET’s that demonstrate quantitatively
density. As indicated by the dashed horizontal lines, the ratithat an in-plane magnetic field suppresses the metallic tem-
does not exceed +0.1 and is near zero over the rangeerature dependence of the conductivity observed in the ab-
of densities studied, fromn=1.22x10"cm?to 2.5 sence of magnetic field. The metallic behavior is strongly
X 10" cm™2. The temperature dependence in high in-planesuppressedor “quenched) over a broad range of densities
magnetic field is weak but finite. We attribute this to rema-extending deep into the metallic regime where the high-field
nent, weak effects that become dominant when the field hasonductivity is ten times the quantum unit of conductance.
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FIG. 3. The closed symbols denote the slalagdT versus in- FIG. 4. The ratior=do(Hg,)/dT/[do(0)/dT] versus electron

plane magnetic fieldH for silicon MOSFET sample No. 2 at elec- density for three samples, as labeled.
tron density 1.6& 10 cm 2. The open symbols denotks/AT
calculated for the temperature interval 0.27 to 1.35 K.
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