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Spin transitions in a small Si quantum dot
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We investigated electron transport through an ultrasmall Si quantum doB @apendence 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 elecitamshe dot between 0 and 30, we
are able to map the spin of the dot as a functiorNoind B. The dot becomes spontaneously polarized at
N=6 with a large spin chang&S=3/2, demonstrating the essential features of spin blockade. Surprisingly,
for N>20, the transitions witlAS>1/2 do not lead to the suppression of the corresponding peaks at low
temperatures.
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The spin configuration of quantum dots is a very attrac4in the range ofB, where AS=3/2. For larger numbers of
tive and challenging theoretical problem, but it proved to beelectrons,N>20, we observed transitions with S=3/2
a formidable task to measure the spin of a few electron mewith no apparent suppression of the peaks atTowWhe spin
soscopic system experimentallySeveral experiments ad- scattering mechanism involved is not currently understood.
dressed spin-related phenomena in quantum dots directly, by The measurements were performed on a small Si quantum
either studying the Kondo effeéthe Zeeman shift of energy dot fabricated from a silicon-on-insulator wafer. The dot re-
levels® or by injecting spin-polarized electrons into the fot. sides inside a narrow bridge patterned from the top Si layer
So far, the most successful mapping of spins in a few electsee inset in Fig. )L A 50 nm thick layer of thermal oxide is
tron dot has been achieved indirectly, by comparing an exgrown around the bridge followed by a poly-Si gate. The
perimentally obtained addition spectrum to the theoreticallyfabrication steps have been described previously in détails.
calculated energy spectrum for a particular geome®rin  Gate capacitance is estimated to be 0.8—1.0 aF, consistent
the most versatile and well studied vertical and lateral quanwith 150-200 mV peak spacing, the total capacitaite
tum dots, where electrons are weakly confined by electro~15 aF and the charging energy.=e/C~10 meV.
static gates, the magnetic fieBldependence of their energy Spacing between excited levels~1—4 meV, measured
levels is dominated by orbital effects, and both the additiorusing nonzero bias spectroscopy, is comparable to the charg-
spectrum and it8 dependence can be calculated for a fewing energy and is consistent with the lithographical size of
simple geometries. Using this method, a spectacular zerghe dotl~ \%/m* §~100-190 A. The gate voltage to en-

field polarization of circular dots, similar to the Hund’s rule
Polysilicon n
A B .
7,

in atomic physics, has been deduéethe nonzero spin po-
[
7/ '
B,

larization was found to build up incrementally iS=1/2 14 L
steps, as electrons were added into the dot. No direct evi
dence of transitions involving a large spin changg>1/2 12
has yet been reported.

In this paper we report direct measurements of the spinin 4 4
a few-electron quantum dot. We use a small Si quantum dot
which uniquely combines the flexibility to change the num- & 4 ¢
ber of electronN in the dot from 0 to 30 with the strong = |
electron confinement provided by the sharp Si/SiGter- o 06
face. At B<13 T, theB dependence of energy levels is |
dominated by the Zeeman shift and we are able to measur ,, |
the difference between the spin of the successive grounc

statesAS=S(N) —S(N—1) directly as electrons are added 02 -
into the dot one by one. The first five electrons are added in 1 l 1 |
a spin-up—spin-down sequenceBat0, and we are able to 00 L eptid s .
follow the evolution of S(N) through the singlet- triplet- 00 05

spin-polarized configurations as a function®fThe ground
state withN=6 hasS>1/2 even aB=0. Remarkably, the

polarization is not achieved incrementally A6=1/2 steps, FIG. 1. Conductance as a function of gate voltage measured at
but, rather, by the change of the total spind$=3/2. Such  T-1.5 K andB=0. Peaks are numbered in sequence starting from
transitions were theoretically suggested as a possible mechge entrance of the first electron into the dpeak 2. In the left
nism for the suppression of some Coulomb blocké@B) inset, differential conductance as a functiorMgfandV,, is plotted,
peaks at low temperatures, the so-called spin blockdde. darker regions represent higher conductance. The lines highlight
deed, the 6th peak is strongly suppressed at low temperaturgssitions of the peaks. The right inset is a schematic of the device.
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ergy conversion coefficient, measured from both nonzero [ T T T T T 7]
bias spectroscopy anddependent scaling of the peak width,

[ - B |1 ]
is a~14 mV/meV. 300f -==-=B |1 ]

A representative trace of the conductaas a function ggo— — ——— |
of the gate voltag®/y atT=1.5 K is shown in Fig. 1. Com- 050 L i
monly for this type of devices, the sample has a parallel L “
conducting channélwhich can be seen as a nonmonotonic [ ]
background atv,>1.5 V; the parallel conduction is sup- > 200 L _ e N
pressed at 60 mK. Electrical transport through the dot and oeomesIIEEE
the parallel channel are decoupled, because Coulomb block-
ade peaks remain thermally broadened within the whole
range ofV, studied. For further discussion, it is important to
determine the exact number of electrons in the dot. At zero
bias, the lowest peak is observed\gt=0.34 V. A high-T
threshold voltage is-0.2 V and there may be 2—-3 more
peaks that are not resolved. Indeed, from high-bias spectros-
copy we can determine positions of two more peaks at
—0.02 and 0.12 Msee inset in Fig. 1 There is a distinct
feature in the spectrum that allows us to determine the en-
trance of the first electron unambiguously. When the dot has [ 24 ]
a finite number of electrons, the dot potential is determined S S —

. ) . 0 2 4 6 8 10
by the ratio of the sourc€s, drainCy, and gateC, capaci- B (T)
tances, in particular, the exited levels and the boundaries of
the CB regions have a slogk/,/dVy= —Cy/Cy~—0.2 for FIG. 2. Relative shift of peak¥§(B)—V{(0) is plotted as a
V¢<0.3 V (this ratio decreases te 0.11 forV,>0.5 V).  function of B for peaks 4-32. Each curve is offset by 10 mV
However, the lowesVy boundary has a much larger slope of (~0.7 meV). Solid lines are foB||I (in plang and dashed lines
dV,/dVg=~—1.0. This large slope boundary marks the en-are forBLI (normal to the sample surfacéata were taken at 1.5
trance of the first electron, because for the empty dot ther, except for the peaks 21, 22 and 238t 1, which were taken at
are no correspondin@y and C4, and the dot potential is 60 MK in a different cooldown.
approximately an arithmetic average betwagnandV, .

The peak position as a function f; is determined by the = range ofB when the contacts are fully spin polarized, W&
degeneracy condition that the electrochemical potentials fofor peaks 1-3 does not depend Brat all.
the ground states withNN—1 andN electrons in the dot are Unlike VS, the peak amplitud&P depends on the direc-
equal. It has long been realiz&dhat for noninteracting elec- tion of B. The GP reflects the tunneling probability and de-
trons the field dependence of the peak positiVQSB) can  pends exponentially on the overlap of wave functions in the
be directly mapped onto the single-particle energy spectrundot and in the contacts. As sudB? is sensitive to the par-
of the dotE(N,B), provided that the Fermi enerdst in the ticular configuration of the wave function within the dot, and
contacts is field independent. Fgy<<0.4 V (the first three  any redistribution of the wave function due to small orbital
peaks, the electron density in the contacts is low and theeffects can result in a significant changeGH.
contacts are spin polarized in a moderate magnetic field. For For a quantitative analysis, peak positions are extracted
Vg>0.4 V (N=4) both spin subbands are occupied withinfrom G vs V, scans, and the peak shifi,UP(B)=[V{(B)
the experimental range o<OB<<13 T, theEr becomes field —vg(o)]/a, is plotted as a function o8 in Figs. 3b) and
independent and the peak shift reflects only the field depem(b). The curves are offset for clarity. For comparison, lines
dence of the energy levels in the daiso, mobility of the  \ith slopes +1/2g* ug for g*=2 are also showr(solid
two-dimensional gas is lows=300 cnf/V's at 4.2 K, and  |ines). First, let us focus on the low-field<2 T) region.
there is no measurable modulation dfr due to Ppeaks 4 and 5 shift linearly witB and the corresponding
Subnikov—de Haas oscillations f&rup to 13 7). slopes aret+ and —1/2g* ug . In the same low-field region,

The Change in peak pOSition as a functidnis plottEd in the preceding peaks 2 and 3 also shift with and
Fig. 2 for peaks 4-32. The measurements were repeated fory/og* ;. slopes. Thus, at low fields, the ground states with
two different orientations OB, defined in the inset in F|g 1. up to five electrons in the dot have the lowest Spin Configu_
We found thalv§ is insensitive to the direction @: aligning  ration and the dot is filled in a spin-down—spin-up sequence.
B with the current directionB)|, in plang or perpendicular  Such a filling sequence requires that the valley degeneracy is
to the plane of the sampld3() does not changvg signifi-  lifted.
cantly. Our lithographically defined dot is elongated along This simple picture of alternating filling does not hold for
the bridge axis and orbital effects are expected to depend dN>5 even at low fields. AB<2 T peak 6 consists of three
the direction ofB. Thus, we conclude that in our small dot peaks separated by0.5 meV at zero field, none of which
the B dependence o\‘/g is dominated by spin effects. This shifts with 1/3* ugB [the zero-field positions of the three
conclusion is also supported by the observation that, in theeaks are marked by triangles in Figag. The slope of the
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FIG. 4. (a) Evolution of peaks 21, 22, and 23 as a function of
BLIl. Conductance was measured &at=60 mK using V.
=20 wV. All three data sets have the same scaléblrpeak shifts
are plotted for the same three peaks, similar to Fig. 3. Solid and
dashed lines have slopes 1/2 andg3/g2g, respectively.

branches can be related to the instability of the polarized
state.

The low-field spin configuration is not preserved at high-
magnetic fields. For peak d,\/g/d B changes sign from posi-
tive to negative aB=2.5 T, back to positive aB=9 T,
and, again, to negative &~12 T. The spin of the tunnel-
ing electron changes from being 1/2— —1/2— + 1/2—
—1/2. The corresponding spin transitions of the ground state
can be understood from a simple model for noninteracting
electrons. Let us consider four single particle levigls as
shown in Fig. 8c). Each level is spin degenerate at zero field

FIG. 3. (a) Conductance for four consecutive peaks was meagnd splits into two levelsE;+1/2g* ugB for B>0.
ﬁ“redl at _ZSOBmKdWEWac:_E’Ol ll;V- '”diVidg"’“ tr?cesl r?l::;a Offsket In the absence of interactions, the position of Ml peak
inearly wit and the vertical bars are scales. eal H H _vN
shiftsXUp(B)z[VS(B)—Vg(O)]/a are plg;ted or the same four 'S Jdetermined by U(N,B) ~U(N—=18)=2E(k,B)

-2 "E(k,B)=E(N,B), whereE(k,B) is the energy of

peaks. The zero-field positions are arbitrarily offset. Points are . ! L
omitted if the peak conductance<s0.01 uS. Peak 6 is comprised the kth electron, including the Zeeman contributid(4,B)

of three peaks aB<2 T [marked with triangles ia)] and only 'S the thick 39“0' line in Fig. &). Qualitatively,E(4,B) cap-
the lowest-energy branch is shown. Solid and dashed lines havélres the main features &fy vs B for the 4th peak and the
slopes 1/2 and 3 ug respectively.(c) Schematic evolution of ~Kinks can be attributed to the corresponding level crossings.
single-particle energy levels, assuming only the Zeeman level splitThe first kink atB=2.6 T marks the singlet-triplet transition
ting. and the kink at 11 T corresponds to the transition from a
triplet to a spin-polarized state. The singlet-triplet transition
lowest-energy branch is close to §/2ug, the other two is not an exchange-driven transition, as in previously re-
branches have smaller than 472« negative slopes. The ported studies;"**but is a result of the crossing of levels
shift of the next, the 7th peak has a positive slope, while thavith different spins. As a result, the energy difference be-
lowest spin configuration for a dot with seven electronstween the singlet and the triplet states can be continuously
should have a negative Zeeman shift. We conclude fronnd controllably tuned by adjusting the magnetic field.
these observations that the ground state with six electrons in There are two kinks within the triplet state that do not
the dot is spontaneously polarized and the total (@) change the total spin of the four-electron state. BeBw
>1/2. The transitions between the-1 andN ground states =9 T, the 4th electron tunnels in®} level, while above 9
that involve a change of the total spin &iy&>1/2 have low T, into E} level, reversing its spin. At the same time the
probability and the corresponding peaks are expected to hibree-electron state undergoes a transition f&{8)=1/2 to
suppressed.Indeed, peak 6 is strongly suppressed at low3/2, conserving the total spin of a four-electron st&d)
temperatures and, presumably, the appearance of severall. The kink atB=7 T, which coincides with the crossing
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of EJJ andE!, is a small offset, which does not change theg* =2), and(ii) it is known that interactions renormalizg
sign ofdvg/dB, In the absence of interactions, there shouldat low electron densities in Si metal-oxide-semiconductor
be no corresponding kink. field-effect transistofSi-MOSFET’9 butg* approaches the
Spontaneous polarization of the dot fide>6 is beyond — Pulk value of two as the density mcreaéés‘l?hus,_ we con-
the description of the model of noninteracting electrons clude that this large slope corresponds to a spin charige
There are some more features in our data that cannot be3/2. Quantum mechanical spin selection rules forbid a
understood within this simple model and require many-bodyehange of the total spin b%S>1/2 duringN—1<N tran-
effects to be considered. The large number of kinks, 3—4itions and the corresponding peaks should be suppressed
kinks per 10 T, requires single-particle level spacing to belSPin blockadg Such a suppression is clearly demonstrated
~0.3 meV, smaller than the 1—4 meV measured using nonfor peak 6. However, there is no apparent suppression of
zero bias spectroscopy. Each level crossing should result inRgaks 21 and 22, which have the §f2.5 slopes, compared
pair of upward-downward kinks in two neighboring peaks atto the amplitude of peak 23, which has the regular slope of
the same value d8. Clearly, the kinks inv§(B) for the pair 1/29” ug - The absence of spin blockade requires an efficient
of peaks 4 and 5 ne& T are shifted by=0.5 T. The most spin scz_itter_lng mechanlsm. The usually consu_jered spm-o_rblt
notable deviation from this simple model of level crossing isinteraction is rather weak in Si and the scattering mechanism
shown in Fig. 4b), where upward kinks at 2.3 T and 5.3 T in involved is not currently understood.
VS(B) for peak 21 have no corresponding downward coun- To summarize our results, we analyzgd the sp_ectrum ofa
terparts invg(B) for peak 22. Another clear inconsistency few electron quantum dot. Using a device that is so small

with the simple picture of level crossing can be seen in Fi that theB dependence of its energy levels is dominated by
Mple pi ng can Ythe Zeeman energy, we were able to measure spin directly.
2, where, in two instances, three neighboring peaks evolv

similarly as a function oB (peaks 13, 14, 15 and 16, 17,)18 e identify and follow the evolgho_n of the total spin of the
L S . . dot as a function of the magnetic field and the electron num-
This kind of repetition is inconsistent with both level cross-

ing and possible two- or fourfold level degeneracy in Si ber. Some transitions _involve the spin chany&>1/2,
Now, we turn to the analysis of th&S>1/2 transitions. which leads to the spin blockade at low However, we

i found that for some other transitions withS>1/2 andN
ﬁ\s shown in Fig. .4b)’ AUP(B) fo: peaks 21 ar_1d 22 have >20 the corresponding peaks are not suppressed even at the
inear segments with a slope3/2g* ugB. The shift of peak lowestT=60 mK
21 has such a large slope in the whole rangeB3<13 T, '
although its sign changes four times. We can rule out en- We gratefully acknowledge discussions with B. L. Alt-
hancement of thg factor becauséi) there are segments in shuler, R. Berkovits, and E. |. Rashba. The work was sup-
the neighboring peak 23 with the slope @72z (assuming ported by ARO, ONR, and DARPA.
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