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Abstract. Using several independent methods, we
find that the metal-insulator transition occurs in the
strongly-interacting two-valley two-dimensional elec-
tron system in ultra-high mobility SiGe/Si/SiGe quan-
tum wells in zero magnetic field. The transition sur-

vives in this system in parallel magnetic fields strong
enough to completely polarize the electrons’ spins, thus
making the electron system “spinless”. In both cases,
the resistivity on the metallic side near the transition
increases with decreasing temperature, reaches a max-
imum at a temperature T,q., and then decreases. The
decrease reaches more than an order of magnitude in
zero magnetic field. The value of T, 4, in zero magnetic
field is found to be close to the renormalized Fermi tem-
perature. However, rather than increasing along with
the Fermi temperature, the value T),,, decreases ap-
preciably for spinless electrons in spin-polarizing mag-
netic fields. The observed behavior of T),,; cannot
be described by existing theories. The results indi-
cate the spin-related origin of the effect. At the same
time, the low-temperature resistivity drop in both spin-
unpolarized and spinless electron systems is described
quantitatively by the dynamical mean-field theory.

1. Introduction. Spin and valley degrees of free-
dom in two-dimensional (2D) electron systems have
recently attracted much attention due to rapidly de-
veloping fields of spintronics and valleytronics (see,
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e.g., Refs. [IHl]). The existence of the zero-magnetic-
field metallic state and the metal-insulator transi-
tion (MIT) in strongly interacting 2D electron sys-
tems is intimately related to the existence of these
degrees of freedom [J-H]. The MIT in two dimen-
sions was theoretically envisioned based on the renor-
malization group analysis (see Ref. [[J] for a review).
It was first experimentally observed in a strongly-
interacting 2D electron system in silicon metal-oxide—
semiconductor field-effect transistors (MOSFETs) [
] and subsequently reported in a wide variety of 2D
electron and hole systems: p-type SiGe heterostruc-
tures, p- and n-type GaAs/AlGaAs heterostructures,
AlAs heterostructures, ZnO-related heterostructures
etc. (for recent reviews, see Refs. [[J,[4]). Now
it is widely accepted that the driving force behind
the MIT is the strong correlations between carriers.
Here we study the metal-insulator transition and non-
monotonic temperature-dependent resistivity on the
metallic side near the MIT in the strongly-interacting
two-valley 2D electron system in ultra-high mobil-
ity SiGe/Si/SiGe quantum wells in zero and spin-
polarizing magnetic fields.

Measurements reported here were performed on
ultra-high mobility SiGe/Si/SiGe quantum wells simi-
lar to those described in Refs. [Ld,[Ld]. The peak elec-
tron mobility, p, in these samples reaches 240 m?/V -s.
It is important to note that judging by the apprecia-
bly higher quantum electron mobility (~ 10 m?/Vs) in
the SiGe/Si/SiGe quantum wells compared to that in Si
MOSFETs, the residual disorder related to both short-
and long-range random potential is drastically smaller
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Fig. 1. (a) Temperature dependences of the resistivity in a
SiGe/Si/SiGe quantum well in zero magnetic field. The elec-
tron densities in units of 10’ cm™? (top to bottom) are: 0.37,
0.43, 0.49, 0.55, 0.61, 0.68, 0.74, 0.80, 0.85, 0.88, 0.92, 0.98,
1.17, 1.35, 1.54, 1.72, 1.90, 2.09, 2.27, 2.64, 3.01, 3.38, and
3.75. The solid line corresponds to the separatrix. The inset
shows a close-up view of p(T") at ns = 3.01-10*° cm~2 display-
ing a drop of the resistivity by a factor of 12. (b) Activation
energy and the square root of the threshold voltage as a func-
tion of the electron density in zero magnetic field. Vertical er-
ror bars correspond to the experimental uncertainty. The solid
lines are linear fits yielding n.(0) = 0.87 + 0.02 - 10'® cm™2.
Top inset: Current—voltage characteristic measured at a tem-
perature of 30 mK. Bottom inset: Arrhenius plots of the re-
sistivity in the insulating phase for two electron densities. The
densities in both insets are indicated in cm™?
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Fig. 2. (a) Resistivity of an electron system in a SiGe/Si/SiGe
quantum well placed in the spin-polarizing magnetic field B*
as a function of temperature for electron densities (from top
to bottom) 0.55, 0.61, 0.68, 0.74, 0.80, 0.86, 0.92, 1.01,
1.11, 1.22, 1.35, 1.54, 1.72, 2.09, 2.64, and 3.75-10"° cm™2.
The solid line corresponds to the separatrix. The mag-
netic fields used are spanned in the range between approxi-
mately 1 and 2 T. The inset shows a closeup view of p(T)
for ns = 2.09 - 10'° cm™2. (b) Activation energy, E,, and
square root of the threshold voltage, V2/2 s electron density.
Solid lines correspond to the best linear fits. Upper inset: a
typical I-V dependence on the insulating side of the MIT at
T = 30 mK. Lower inset: Arrhenius plots of the temperature
dependence of the resistivity for two electron densities on the
insulating side
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Fig. 3. Tmax as a function of electron density in B = 0 (circles)

and in B = B (squares). Solid lines are linear fits. Critical

electron densities for the metal-insulator transition in B = 0

and B = B* are indicated. Dashed lines show the Fermi tem-

peratures Tr in B = 0 and B = B™ calculated using the

low-temperature value B* and Eq. (1) from the full version of
the paper

in the samples used here. The approximately 15 nm
wide silicon (001) quantum well is sandwiched between
Sig.sGeg.o potential barriers. The samples were pat-
terned in Hall-bar shapes with the distance between
the potential probes of 150 pm and width of 50 pm
using standard photo-lithography. Measurements were
carried out in an Oxford TLM-400 dilution refrigerator.
Data on the metallic side of the transition were taken
by a standard four-terminal lock-in technique in a fre-
quency range 1-10 Hz in the linear response regime.
On the insulating side of the transition, the resistance
was measured with dc using a high input impedance
electrometer. Since in this regime, the current-voltage
(I-V) curves are strongly nonlinear, the resistivity was
determined from dV/dI in the linear interval of I-V
curves, as I — 0.

The main part of the full version of the paper is
organized as follows. In Sec. 2, using several inde-
pendent methods, we find that the metal-insulator
transition occurs in the strongly-interacting two-valley
two-dimensional electron system in ultra-high mobil-
ity SiGe/Si/SiGe quantum wells in zero magnetic field.
The MIT point and the resistivity drop with decreasing
temperature are discussed comparatively to other elec-
tron systems. In Sec. 3, we show that the metallic state
in ultra-low-disorder SiGe/Si/SiGe quantum wells sur-
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Fig. 4. (a) The ratio (p(T) — p(0))/(pmax — p(0)) as a
function of T/Tmax in B 0. The solid line shows
the result of the dynamical mean-field theory (DMFT)
in the weak-disorder limit [@—@] The electron densi-
ties are indicated in units of 10'° cm™2. (b) The ratio
p/pmax as a function of the product pmaxIn(7/Tmax). The
solid line is the result of the renormalization-group scaling
theory [Hﬂ]

vives in parallel magnetic fields strong enough to com-
pletely polarize the electrons’ spins, thus making the
electron system spinless. The behavior of the spinless
electrons is discussed and compared to other electron
systems. In Sec. 4, we find that the resistivity maxi-
mum temperature on the metallic side near the MIT in
zero magnetic field in ultra-clean SiGe/Si/SiGe quan-
tum wells is close to the renormalized Fermi tempera-
ture but decreases appreciably for spinless electrons in
spin-polarizing magnetic fields, rather than increasing
along with the Fermi temperature. The discrepancy
with existing theories and the origin of the effect are
discussed. In Sec. 5, we show that the low-temperature
resistivity drop in both spin-unpolarized and spinless
electron systems in ultra-clean SiGe/Si/SiGe quan-
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Fig. 5. (a) The ratio dp/0pmax plotted as a function of T'/Tmax
in B = B*. The solid line is the result of DMFT in the weak-
disorder limit |. The electron densities are indicated in
units of 10'® cm™2. (b) The analysis based on the scaling form

suggested by the renormalization-group scaling theory [Eﬂ]

tum wells is described quantitatively by the dynamical
mean-field theory.

The results are represented in Figs. ~E

The results and discussions are supported by
Refs. [1-54].

6. Conclusions. We have found that the metal—
insulator transition occurs in the strongly-interacting
two-valley two-dimensional electron system in ultra-
high mobility SiGe/Si/SiGe quantum wells in zero mag-
netic field and survives in the spinless system in spin-
polarizing magnetic fields. In both cases, this is accom-
panied by the non-monotonic temperature-dependent
resistivity on the metallic side near the transition. In
zero magnetic field, the resistivity maximum tempera-
ture is found to be close to the renormalized Fermi tem-
perature. However, rather than increasing along with
the Fermi temperature, the value T),,, decreases ap-
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preciably for spinless electrons in spin-polarizing mag-
netic fields. The observed behavior of T),,, cannot
be described by existing theories. The results indi-
cate the spin-related origin of the effect. At the same
time, the low-temperature resistivity drop in both spin-
unpolarized and spinless electron systems is described
quantitatively by the dynamical mean-field theory.
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