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Abstract

Electron transport through small Si quantum dot is investigated. TheB-dependence of energy levels is
dominated by the Zeeman shift, allowing us to measure the spin difference between two successive ground
states directly. Combined with the ability to change the number of electronsN in the dot between 0 and 30, we
are able to map the spin of the the dot as a function ofN and B. Various spin-related phenomena, such as
singlet–triplet transitions and spin blockade, are observed. 2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction

In most of the practical devices, spin, which doubles the degeneracy of energy levels at zero
magnetic field, is an elusive property. There are just a few phenomena, such as the Kondo effect,
where a single spin fundamentally changes the macroscopic properties of the system. Recent
proposals on spin-based qubits (for a review of proposals for quantum computation with quantum
dots, see Ref. [1]) have renewed our interest in spin phenomena with very demanding challenges for
single spin detection, manipulation, and for the precise control of spin interactions. Over the last year,
we have shown that most of these goals can be achieved with small Si quantum dots [2–4]. Moreover,
we showed that coherence can be preserved during the charge transfer through a Si double-dot dimer
[5].

2 . Samples

Small Si quantum dot devices are fabricated from a silicon-on-insulator wafer. A narrow bridge
with a lithographically defined dot is formed from the top Si layer; the bridge is connected to wide
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Fig. 1. (a) Three-dimensional schematic of the device structure and (b) SEM micrograph.

source and drain regions via two constrictions (see Fig. 1). Subsequently, a 50-nm thick layer of SiO2

is thermally grown around the dot, followed by a poly-Si gate (for a detailed description of sample
preparation, see Ref. [6]). In most cases, more than one dot is formed in such Si nanostructures and,
most probably, the origin of these additional dots are traps in the gate oxide [7–9]. We were able to
make a few devices that exhibit single dot transport down to the lowest temperatureT 550 mK.

3 . Electron counting

Counting of electrons in quantum dots is not a straightforward task. The onset of Coulomb
blockade (CB) oscillations does not necessarily indicate the entrance of the first electron, especially if
transparency of the tunneling barriers depends on the gate voltageV . In principle, the number ofg

electrons,N, in dots with well defined geometry can be determined by comparing the experimental
and theoretically expected energy spectra. In practice,N was determined in circular dots with
parabolic confinement by matching the measuredB dependence of energy levels with the expected
evolution for the Darwin–Fock states [10,11]. This method cannot be used for dots with unknown
geometry; also, it fails for dots with strong confinement, where theB dependence is dominated by
Zeeman, rather than orbital, effects.

We used the information obtained from high bias spectroscopy, field-dependence of energy levels
and conductance at elevated temperatures to determine the number of electrons in our dot. At room
temperature, the device behaves as a regular MOSFET with a cutoff at20.2 V (Fig. 2c). Thus, we
are expecting the dot to be empty atV , 20.2 V. Results of the high-bias spectroscopy, performed atg

1.2 K, are shown in Fig. 2b, and the peak positions are outlined in Fig. 2a for clarity. The spectrum is
much more complicated than the ones reported for GaAs quantum dots (for a recent review, see Ref.
[12]) and reflects both non-regular geometry of the sample and complexity of the conduction band of
Si. As indicated by the dashed lines in Fig. 2a, there should be two more peaks at 0.13 and20.03 V
which are not resolved at zero bias. It is unlikely that there are any more missing peaks between
20.03 and20.2 V, since the average peak spacing is|0.2 V and the onset of the conductance is
expected to shift to higherV at low temperatures. However, there is one more indication that, indeed,g

the first electron is added into the dot at20.03 V.
Electrostatically, peak shifts in theV 2V plane are determined by the ratios of source, drain andb g

gate capacitances,C /C and 2C /(C 1C ). These ratios increase gradually asV increases. Thisg s g d g g
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Fig. 2. Differential conductance measured at 1.2 K. In (a) peak positions from (b) are outlined, the numbers indicate the total
number of electrons in the dot atV 5 0. In (c) conductance atV 50 is plotted forT 51.2 and 295 K; triangle indicates theb b

onset of the conductance at room temperature.

increase can be attributed to a decrease of the tunneling barriers and the corresponding increase ofCs

and C . However, the slope of the dashed lines in Fig. 2a, which separate regions with zero andd

non-zero conductance, is|5 times different from the slope of the solid lines nearby. We attribute this
slope difference to the ill-defined capacitances in the empty dot in the region below the dashed lines.

As a final check of our electron counting, we compare peak broadening of neighboring peaks. Peaks
4 and 5 (the two large peaks) are fitted to a Lorentzian function convoluted with the Fermi–Dirac
thermal broadening at 50 mK. Peak 4 has negligible coupling to the leadsG , 0.5 meV, while, for4

peak 5,G 52.5meV. Different coupling of energy levels reflects difference in spacial distribution of5

the wavefunctions, and, thus, confirms that these two peaks belong to different energy levels, as
expected for peaks 4 and 5.

4 . Expected field dependence of the energy levels

At zero bias the conductance is non-zero only when the electrochemical potential of the dot equals
pthe electrochemical potential of the leads. Within the constant interaction model, the peak positionV g

is determined by the condition [13]:

2 eCe g p
] ]] *2 V (B)1E (B)1 [S (N)2 S (N 21)] g m B 5E (B)g N z z B FC C

where the first term is the charging energy, the third term is the kinetic energy of the state withN
electrons, the forth term is the Zeeman energy [usuallyuS (N)2 S (N 21)u5 1/2], andE is the Fermiz z F
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energy in the leads.E is field independent as long as the contacts are not spin-polarized. The contactsF
1
] *become polarized at a critical fieldB when E (0)5 g m B , and, for B .B , E (B)5E (0)2c F B c c F F2

1
] *g m B. The B-dependence ofE (B) is suppressed in our samples due to the strong electronB N2

pconfinement provided by the Si /SiO interface [3]). Thus, at low fieldsB ,B , we expectV (B) to2 c g

have a linearB dependence. AtB .B , the Zeeman terms on the left and the right hand sides of thec
pequation cancel andV (B) reflects the weak field dependence ofE (B).g N

5 . Spin transitions in a few-electron regime

ForV , 0.4 V (the first three peaks), the electron density in the contacts is low and the contacts areg

spin-polarized in a moderate magnetic field,B ,13 T. At B .B , the peaks positions become almostc c

field independent [3], as expected for the strong confinement.
For V .0.4 V (N $4), both spin subbands in the contacts are occupied within the experimentalg

range of 0,B , 13 T, theE is field independent and the peak shift reflects only the field dependenceF
2 21 21of the energy levels in the dot (also, mobility of the two-dimensional gas is low,¯300 cm V s

at 4.2 K, and there is no measurable modulation ofE due to Shubnikov–de Haas oscillations forBF

up to 13 T).
pThe peak position as a functionB is plotted in Fig. 3 for peaks 4–7.V was found to be insensitiveg

to the direction ofB: aligning B with the current direction (B , in-plane) or perpendicular to the planeuu
pof the sample (B ) does not changeV significantly. Our lithographically defined dot is elongated' g

along the bridge axis and orbital effects are expected to depend on the direction ofB. Thus, the
pB-dependence ofV is dominated by spin effects.g

For a quantitative analysis, the peak positions are extracted fromG vs.V scans, and the peak shift,g
p p p

DU (B)5 [V (B)2V (0)] /a, is plotted as a function ofB in Fig. 3b. The curves are offset for clarity.g g

* *For comparison, lines with slopes61/2g m for g 5 2 are also shown (solid lines). First, let usB

focus on the low field (B , 2 T) region. Peaks 4 and 5 shift linearly withB and the corresponding
*slopes are1 and 2 1/2g m . In the same low field region the preceding peaks 2 and 3 also shiftB

*with 1 and 2 1/2g m slopes. Thus, at low fields the ground states with up to five electrons in theB

dot have the lowest spin configuration and the dot is filled in a spin-down–spin-up sequence. Such a
filling sequence requires that the valley degeneracy is lifted.

pThe low-field spin configuration is not preserved at higher magnetic fields. For peak 4, dV /dBg

changes sign from positive to negative atB 52.5 T, back to positive atB 5 9 T, and, again, to
negative atB ¯12 T. The spin of the tunneling electron changes from being1 1/2→ 21/2→
11/2→ 2 1/2. The corresponding spin transitions of the ground state can be understood from a
simple model for non-interacting electrons. Let us consider four single particle levelsE , as shown ini

*Fig. 3c. Each level is spin-degenerate at zero field and splits into two levelsE 61/2g m B for B . 0.i B

The 4th ground stateE (B) should follow the thick solid line in Fig. 3c. Qualitatively,E (B) captures4 4
pthe main features ofV vs. B for the 4th peak and the kinks can be attributed to the correspondingg

level crossings. The first kink atB 5 2.6 T marks the singlet–triplet transition and the kink at 11 T
corresponds to the transition from a triplet to a spin-polarized state. The singlet–triplet transition is
not an exchange-driven transition, as in previously reported studies [14–16], but is a result of the
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Fig. 3. (a) Conductance for four consecutive peaks was measured at 200 mK withV 5 50 mV. Individual traces are offsetac
p p plinearly with B and the vertical bars are 1mS scales. In (b), peak shiftsDU (B)5 [V (B)2V (0)] /a are plotted for theg g

same four peaks. The zero-field positions are arbitrarily offset. Points are omitted if the peak conductance is, 0.01 mS.
*Solid and dashed lines have slopes 1/2 and 3/2g m , respectively. (c) Schematic evolution of single-particle energy levels,B

assuming only the Zeeman level splitting.

crossing of levels with different spins. As a result, the energy difference between the singlet and the
triplet states can be continuously and controllably tuned by adjusting the magnetic field.

There are two kinks within the triplet state which do not change the total spin of the four-electron
↓ ↑state. BelowB 59 T the 4th electron tunnels intoE level, while above 9 T intoE level, reversing2 0

its spin. At the same time the three-electron state undergoes a transition fromS(3)5 1/2 to 3/2,
conserving the total spin of a four-electron stateS(4)51. The kink atB 5 7 T, which coincides with

↑ ↓ pthe crossing ofE and E , is a small offset, which does not change the sign of dV /dB. In the0 1 g

absence of interactions there should be no corresponding kink.
There are small deviations from the predictions of the single-particle level crossing model. For

example, there is a|0.5 T shift in the upward kink in peak 4 and downward kink in peak 5 at around
2.3 T. This deviation can be accounted for by considering exchange interactions [17].
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Fig. 4. Conductance is plotted as a function of the gate voltage for different temperatures. Arrows indicate position of peak 6.

6 . Spin blockade

The simple picture of alternating filling does not hold forN . 5 even at low fields. AtB , 2 T,
*peak 6 shifts with a slope close to 3/2g m . The shift of the next, the 7th, peak has a positive slope,B

while the lowest spin configuration for a dot with seven electrons should have a negative Zeeman
shift. We conclude that the ground state with six electrons in the dot is spontaneously polarized and
the total spinS (6). 1/2. Moreover, the spin changeuS (6)2 S (5)u5 3/2. Transitions betweenz z z

ground states that involve a spin changeDS . 1/2 require spin-scattering mechanism in order toz

conserve the total angular momentum and the corresponding peaks are expected to be suppressed [18]
(so-called spin blockade). Indeed, peak 6 is suppressed at low temperatures by more than two orders
of magnitude (see Fig. 4).

7 . Spin transitions for large N

At largerN $19, the energy spectrum is completely dominated by interactions and changes entirely
as electrons are added into the dot. For example, the basic prediction of the level crossing model is an
appearance of a kinks and an anti-kink in the field evolution of two neighboring peaks at the value of
B when the two energy levels cross. This prediction is grossly violated for largeN and some kinks do
not have a counterpart. At the same time, field evolution of some peaks indicates large spin change
DS 5 3/2 without an apparent suppression of the peak height! This lifting of the spin blockade is notz

yet understood.
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8 . Conclusions

We discussed spin-related phenomena in small Si quantum dots. Using the dot whose electron
confinement is so strong that theB-dependence of its energy levels is dominated by the Zeeman
energy, we are able to measure spin directly. We can identify and follow the evolution of the total spin
of the dot as a function of the magnetic field and electron number. Due to interaction effects some
transitions involve spin changesDS .1/2. The large change in spin results in spin blockade and the
corresponding suppression of peaks at lowT for small number of electrons in the dot.
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