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Semiconductor few-electron quantum dot operated as a bipolar spin filter
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We study the spin states of a few-electron quantum dot defined in a two-dimensional electron gas, by
applying a large in-plane magnetic field. We observe the Zeeman splitting of the two-electron spin triplet states.
Also, the one-electron Zeeman splitting is clearly resolved at both the zero-to-one and the one-to-two electron
transition. Since the spin of the electrons transmitted through the dot is opposite at these two transitions, this
device can be employed as an electrically tunable, bipolar spin filter. Calculations and measurements show that
higher-order tunnel processes and spin-orbit interaction have a negligible effect on the polarization.
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The spin degree of freedom of electrons has great poterthe orbital states at the<8 1 electron transition was reported
tial as a carrier of classical informatiggspintronicg® and by two groups recentl§#3In dots containing more than one
quantum information(spin quantum bits? Spintronics re- electron, Zeeman energy has, up to now, only been observed
quires a device that can filter electrons by their spin orientaindirectly, by comparing the energy shifts of the ground state
tion, i.e., a spin filter. As for quantum information, spin fil- jnduced by a magnetic field for successive electron
ters can be used for initialization and readout of spinnymberd4
quantum bit$:2 Moreover, they are an important ingredient | this work, we study the spin states of a one- and two-
of recent proposals to measure Bell's inequalities with €ngjectron quantum dot directly, by applying a large magnetic

tangled electron spirfs. field in the plane of the 2DEG. This field induces a large

Much experimental progress has been made using Mmagreeman splitting, but has a negligible effect on the orbitals in
netic semiconductors as spin filtérslowever, many recent

proposals focus on spin filiering in a two-dimensional elec_the dot. Due to the small size of the dot, the exact number of
tron gas(2DEG),” since this allows easy integration with electrons is known and the orbital energy levels are well

other devices such as electron spin entandleBpin- separated. Thus, we can unambiguously identify both the or-

dependent electron transport through a 2DEG with gian[Jital and the spin part of the electron wave functions. Our
Zeeman splitting of the lowest 2D subband was recently’€@surements clearly show Zeeman splitting of the two-
measured.Also, quantum dots formed within 2DEGs have electron triplet states. Furthermore, we observe the single-
been shown to act as spin filters, by utilizing universal con-€lectron Zeeman splitting at the-01 electron transition as
ductance fluctuations controlled by gate voltayjemd via well as at the 1 2 transition. Since the two-electron ground
Spin-dependent Coup”ng to the leads in a perpendicu|ar ma@tate is a spin singlet, this implies that the spin orientation of
netic field2? In the former case, the filtering efficiencyp to  transmitted electrons is opposite at these two transitions.
70% in Ref. 9 and polarity rely on the chaotic character of Thus, our measurements constitute the demonstration of the
the dot. In the latter case, the formation of edge channels igpin filter proposed by Rechet al. The influence of higher-
the leads yields reproducible spin selectivity with a high ef-order tunneling and spin-orbit interaction on the filter effi-
ficiency, but the polarization always corresponds to theciency is discussed and estimated both from calculations and
ground-state spin orientation in the leads, and therefore th@easurements.
filter cannot be bipolar. The same is true for quantum point The quantum dot is defined in a GaAs/AlGaAs hetero-
contacts, which have been used as unipolar spin filt€rs. structure, containing a 2DEG 90 nm below the surface with
For most purposes, however, a filter is required which is bottan electron densityng=2.9x 10*'cm 2. The measurements
bipolar and has a very high efficiency. are performed in a dilution refrigerator at base temperature
Recheret al® proposed to employ the discrete spin- T=20 mK with a magnetic field3, applied in the plane of
resolved energy levels of a quantum dot for spin filtering in athe 2DEG. The same device was used in previous experi-
2DEG. The low-bias electron transport through such a dotents on a one-electron d6t.The results presented here
will be almost completely polarized if the Zeeman energy iswere reproduced with a similar device fabricated on a wafer
much larger than the thermal energy. Furthermore, for simpl&ith a 2DEG 60 nm below the surface.
pairwise spin filling of orbital states, the polarization is op-  We first consider electron transport through the dot at the
posite at any two transitions with successive electron num@« 1 electron transition and show that current through the
bers. The filter polarity can thus easily be reversed by changground state is spin polarized f@& # 0. Since the energy
ing gate voltages. separation of the orbital level&E,,~1.1 me\} in this de-
This spin filter has not been realized experimentally. Thevice is larger than the largest source-drain b, applied
challenge is to demonstrate spin splitting of orbital levels inin the experiments, the one-electron orbital excited states are
a guantum dot for successive electron transitions, and tignored. The orbital ground state is spin degenerat8,at
show that electrons transported at these transitions carry op-0. In a finite magnetic field, the two spin states, pardlfel
posite spin. Direct measurement of the Zeeman splitting obr spin up and antiparalle( |, or spin down to the applied
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 [E)) (b) s (9] of high dI/dVgp define four regions. In the regions indicated
Hs g— 0ol — by CB, Coulomb blockade prohibits first-order tunneling
0ot 01 and the number of electrons on the d¥tjs stable. Coulomb
Uy 0ot blockade is lifted wheneveg,..; is in the bias window,

defining the V-shaped area of transport. The Zeeman splitting
between|1) and ||) is clearly resolved(AE;~ 240 ueV),
allowing us to identify the region where only spin-up elec-
(d) U= T trons can enter the dgtegion ). In region Il both spin-up
S and spin-down electrons can pass through the dot. Thus,
+20 for all combinations ofVg and Vgp within region |, the dot
L . o acts as a spin filter transmitting, to first order, only spin-up
- : : electrons.
Now we analyze the current at the-12 electron transi-
tion and show that in this case the dot filters thgposite
-5 spin. The ground state of a two-electron dot in zero magnetic
field is always a spin singlettotal spin quantum number
S=0),'7 formed by the two electrons occupying the lowest

FIG. 1. (Colon (a)~c) Energy diagrams showingy spin fiter-  Orbital with their spins antiparallefS)=(|1 |)=[] 1)/v2.
ing at the 0— 1 electron transition, which can be lifted by eitigey ~ The first excited states are the spin triplé8s 1), where the
changing the gate voltag&/, or (c) increasing the source-drain antisymmetry of the two-electron wave function requires one
bias, Vsp=(us—up)/e. (d) dl/dVsp as a function ofVg andVsp  electron to occupy a higher orbital. The three triplet
around the @-1 electron transition aB;=12 T (Ref. 16. In the  states are degenerate at zero magnetic field, but acquire dif-
entire region | the dot acts as a spin filter, allowing only spin-upferent Zeeman energy shifis; in finite magnetic fields be-
electrons to flow through the dot. Letters “a”-“c” indicate the level cause their spi -componentgquantum numbemy) differ:
positions depicted by the diagrams(@—c). ms=+1 for |T+>:|T 1), mg=0 for |To>:(|T l>+|l T))/\“‘E,

andmg=-1 for [T_)=|] |).

field, acquire a different Zeeman energy and the orbital The energies of the states can be expressed in terms of the
ground state splitsE| =E; +AE;, with AE;=gugB,. single-particle energies of the two electrons plus a charging

Electron transport through the dot is governed by the elecenergyE. which accounts for the Coulomb interactions,
trochemical potentiaj.. Consider a transition between two

Vgp (MV)

dl/dVegg

(nS)

-

0 N=1 -
-0.676

states of the dot, stat@) with N electrons andb) with Es=E; +E +Ec=2E; + AE; + Ec,
N+1 electrons. The corresponding electrochemical potential
Maop IS given by the difference between the total energy of Er, = 2E; + Es+ Eq,

the dot in statela) and in state|b): w,.,=U(b)-U(a).
Choosing the zero of energy conveniently, this gives
o—1=E; and uo_. =E =E;+AE; for the 0~ 1 electron
transitions.

The ladder of electrochemical potentials in the dot can be Er =2E| + Egr+ Ec = 2E; + Egr+ 2AE; + E,
shifted relative to the electrochemical potentials of the ) ) ) . )
source(us) and the drair(up), by changing the gate voltage With Esrdenoting the singlet-triplet energy difference in the
Vs Ap=AVe.! Since the electrochemical potentials all de- 2PSence of the Zeeman splittingE;. Esr is considerably
pend in the same way oW, the relative positions of the Smaller than the single-particle level spaciB,,, because
electrochemical potentials are independent/gf Thus, by the occupation of different orbitals an(_JI exchange interaction
tuning Vg, we can selectively positiop..; in the bias win- reduce the Coulomb energy for the triplet stafes.
dow (i.e., us™ po..: > pp), allowing transport of electrons Figure 2a) shows .the p_ossmle transitions between the
through the dot via the ground stdté only. This situation is ©On€-electron spin-split orbital ground state and the two-
depicted in Fig. (a). Since only electrons with spin up can electron states. We hav_e omitted th(_e tran3|t|_(1)msT_ and
enter the dot, the dot acts here as a spin filter. If the levels aré™ T+ smcelthese require a change in the spicomponent
pulled down by a change Mg [Fig. 4(b)], or if the source- Of more than; and are thus spin blockéflFrom the energy
drain bias is increasedrig. 1(c)], transport through the spin- dla_gram we can QedL_Jce the electrochemical potential ladder,
excited staté|) becomes possible as well and the current isWhich is shown in Fig. @). Note thatu; .t =u, 7, and
no longer spin polarized. Thus, in an energy window set bys;.7,=# 7 . Consequently, théhreetriplet states change
the Zeeman splitting, the current through the device is carthe first-order transport through the dot at oo values of
ried, to first order, only by spin-up electrons, even though thé/sp. The reason is that the first-order transport probes the
leads are not spin polarized. The influence of higher-ordeenergy difference between states wihccessiveslectron
tunnel processes and spin-orbit interaction on the spin polarumbers. In contrast, the onset of second-o(detunneling
ization is discussed below. currents is governed by the energy difference between states

Figure 1d) shows the differential conductanckd/dVsp,  with the samenumber of electrons. Therefore, the triplet
around the 81 electron transition aB;=12 T. The lines states change the second-or@Etunneling currents at three

ET0: ET + El + EST+ EC: 2ET + EST+ AEz+ Ec,
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(@) T T 1ag, (0) B, respectively. In the regionsC, E, and F several more
Ty S 'AE transitions are possible whiph leads to a more complex, but
T. - y =2 THTo/lHT-—;IAE still understandable behavior of the current. Outside the
o E To T/l Ti— = V-shaped region spanned by the ground-state transition
= ST Egr M. Coulomb blockade prohibits first-order electron trans-
S—F 1 port.
___________ N L] . I s Tag, The experimental data, shown in Figbg is in excellent
P IR 3| oS agreement with the predictions of Fig.ag Three important
§ T I AE. observations can be made. First, we clearly observe the Zee-
w X z man splitting of the triplet states. Second, the transitions be-

tween the one-electron states and the two-electron singlet

FIG. 2. (Color) (a) Energy diagram schematically showing the ground state are spin resolved. Thus, we can easily identify
energy levels of the one- and two-electron states. The allowed trarthe region where the current is carried by spin-down elec-
sitions between these levels are indicated by arrgsElectro-  trons only, i.e., regiomA. The size of this region is deter-
chemical potential ladder corresponding to the transitions shown ignined by the Zeeman energyAE,~ 240 ueV) and the
(a), using the same color coding. Changing the gate voltage 5hiﬂ§inglet-triplet energy differencéEgr~520 neV). The third
the ladder as a whole. Note that the three triplet states appear ghservation is that the Zeeman energy, and therefore the
only two values of the electrochemical potential. g-factor, is the same for the one-electron states as for the

two-electron states, within measurement accurge$ %).
values ofVgp. In our measurements, these cotunneling cur\\Ve note that the large variation in differential conductance
rents were too small to detetee below. observed in Fig. @), can be completely explained by a se-

In Fig. 3(@ we map out the positions of the electrochemi- quential tunneling model with spin- and orbital-dependent
cal potentials as a function &f; andVgp For each transi- tunnel rate€?
tion, the two lines originating a¥sp=0 span a V-shaped To achieve spin-down filtering at the-12 electron tran-
region where the corresponding electrochemical potential isition, it is crucial that the two-electron ground state is a spin
in the bias window® In the region labeled, only transitions  singlet. Indeed, in case of a triplet ground state, the dot
between the one-electron ground state, and the two-  would transmit only spin-up electrons. We made sure that the
electron ground statgS), are possible, since only;_sis  ground state of the two-electron dot Bf=12 T is still a
positioned inside the bias window. Since this transition corspin-singlet state by carefully monitoring the energies of the
responds to transport of spin-down electramdy, the dot two-electron states from zero field, where the ground state is
again acts as a spin filter, but with a polarization opposite talways a spin singlét! Additionally, the line of high
the O— 1 electron case. The polarization of the current is lostdl/dVgp separating regiod from D would not be present in
whenu,_sor u;_, enters the bias windowegionsD and  case the ground state would be a spin trip|&his can be

seen by redrawing the diagram in Figagfor the case of a
(a) 4 triplet ground staté.

The data presented in Figs(dl and 3b) show that our
device can be operated as a bipolar spin filter, as proposed by
Recheret al. Switching between the © 1 electron transi-
tion, where the polarization is spin up, and the>2 electron
transition, where the polarization is spin down, only requires
adjusting the gate voltages, which can already be done on a
subnanosecond time scéfe.

In a sequential tunneling picture, the polarization of the
first-order tunnel current is, due to energy conservation,
~100% wheneveAE,> KT (which is easily fulfilled herg

?
N

(b) We now investigate the influence of tunneling via virtual
10 higher-energy  states (second-order  tunneling or
S | ' cotunneling?® and of spin-orbit coupling on the filter effi-
E B ciency.
N ¥ We first note that the cotunneling curremfyo<I'?,
=~ o e - whereas the first-order tunneling curreal’ and therefore
o IN=2 e s N=1 -0.1 cotunneling can always be suppressed by making the tunnel

-0.725 Vg (V) -0.732 rates small. We obtain an upper bound on the cotunneling
current by measuring the current in the Coulomb blockade
FIG. 3. (Color) (a) Energetically allowed -2 electron transi-  €gion close to the spin filter region. Here, the parameters for
tions as a function o¥/sp andVe. The lines corresponding to— S Cotunneling are the same as those in the spin filter region, but
outline the region of transport; outside this region, where lines ardirst-order tunneling is forbidden, allowing a direct measure-
dashed, the dot is in Coulomb blockadie) dI/dVgp as a function ~ ment ofl .. We find that for both the 8-1 and the -2
of Vg andVgp around the 12 electron transition aB,=12 T. In  electron transition| .. is smaller than the noise floor of our
the region labeled only spin-down electrons pass through the dot. measuremenl014 A).
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Using values for the tunnel rates obtained from first-orderl074.22 We further note that the tunnel barriers are purely
tunneling, we can also calculaltg, in the spin filter regions. electrostatically defined and should therefore not induce ex-
For Vsp<AE;, only elastic cotunneling is possibiAt the  tra spin relaxation.

iti i i 197 j . , .
%ﬁélgs;?tfor_‘ tfalnSI'fﬁlon, Wetfr:nd thag,, |§[_~|1(T_ A'in the . Future experiments will focus on measurement of the spin
: region 1, whereas the sequential Spin-up curreént 195 5rization of the current flowing out of the dot by an ex-
~10 13 A. At the 12 electron transitionl .~ 10° A in ? - g - y -
. ; ; ; ernal analyzer. This can be done, for instance, by focusing
the middle of regionA. With w1, far aboveus, this re- . .
5 S + . the current onto a quantum point cont&eithough this tech-
duces to 10'® A, which is more than three orders of magni- i h nlv allowed polarizati 0 70% 1o b
tude smaller than the sequential spin-down curréaB que has only allowed polarizations up 1o 0 10 b€ mea-
sured. Alternatively, we plan to investigate the filter proper-

X 10718 A). Thus, both the measurements and the calcula> ; | : P
tions show that second-order tunneling processes are negli€s by placing two dots in serié$such that the polarization

gible. configuration can be switched controllably between parallel

Due to spin-orbit coupling the eigenstates in the dot arend antiparallel.

not the pure spin statg$) and||), but each contains a small . .
admixture of the opposite spin, which limits the efficiency of We thank D.P. D|\_/|ncenzo, CM. Marcus, T Fuusawa,_S.
Tarucha, T. Hayashi, T. Saku, Y. Hirayama, A. Sachrajda,

the spin filter in the(7,]) basis. An upper bound on the
spin-orbit coupling can be derived from the spin-orbit-9-A: Folk, D. Loss, V.N. Golovach, and R.N. Schouten for

mediated spin relaxation. The very low spin-relaxation rategliscussions and help. This work was supported by the
measured in our device, 2 MHz at 10 T and 9 MHz atDARPA-QUIST Program, the ONR, FOM, and the EU-RTN

14 T 22lindicate that the reduction in efficiency is less thannetwork on spintronics.
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